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Emerging wide bandgap (WBG) semiconductors hold the potential to advance the global industry
in the same way that, more than 50 years ago, the invention of the silicon (Si) chip enabled the modern
computer era. SiC- and GaN-based devices are starting to become more commercially available.
Smaller, faster and more efficient than counterpart Si-based components, these WBG devices also offer
a greater expected reliability in tougher operating conditions. Furthermore, in this frame, a new class of
microelectronic-grade semiconducting materials that have an even larger bandgap than the previously
established wide-bandgap semiconductors, such as GaN and SiC, have been created, and are; thus,
referred to as “ultra-wide-bandgap” materials. These materials, which include AlGaN, AIN, diamond
and BN oxide-based, offer theoretically superior properties, including a higher critical breakdown field,
higher temperature operation and potentially higher radiation tolerance. These attributes, in turn,
make it possible to use revolutionary new devices for extreme environments, such as high-efficiency
power transistors, because of the improved Baliga Figure of Merit, ultra-high voltage pulsed power
switches, high efficiency UV-LEDs, laser diodes and RF electronics.

There are 20 papers published in this Special Issue focusing on Wide Bandgap-Based Devices:
Design, Fabrication and Applications. Three papers [1-3] deal with RF power electronics for future
5G applications and other high-speed high-power applications. Nine of the papers, [4-12], explore
various designs of wide bandgap high power devices. The remaining papers cover various applications
based on wide bandgaps, such as ZnO Nanorods for High Photon Extraction Efficiency of GaN-Based
Photonic Emitter [13], InGaZnO Thin-Film Transistors [14], Wide Band Gap WO3 Thin Film [15], Silver
Nanorings [16,17] and InGaN Laser Diode [18-20].

In particular, on RF GaN devices, Kuchta et al. [1] proposed a GaN-based power amplifier design
with a reduced level of transmittance distortions. Lee et al. [2] demonstrated a compact 20 W GaN
internally matched power amplifier for 2.5 to 6 GHz jammer systems that uses a high dielectric constant
substrate, single-layer capacitors, and shunt/series resistors for low-Q matching and low-frequency
stabilization. Lin et al. [3] showed a high output power density of 8.2 W/mm in the Ka band by
integrating a thick copper metallization.

Concerning GaN power devices, Wu et al. [4] investigated a double AlGaN barrier design toward
enhancement-mode characteristics. Ma et al. [5] presented a digitally controlled 2 kVA three-phase
shunt APF system using GaN. Tajalli et al. [6] studied the origin of vertical leakage and breakdown in
GaN-on-Si epitaxial structures by carrying out a buffer decomposition. The contribution of each buffer
layer related to vertical leakage and breakdown voltage could be identified. Sun et al. [7] proposes a new
approach to realize normally-off GaN HEMTs using TCAD. The concept is based on the transposition of
the gate channel orientation from a long horizontal one to a short vertical one. Mao et al. [8] introduced
a portion of the p-polySi/p-SiC heterojunction on the collector side of an IGBT to reduce the turn-off loss
without sacrificing other characteristics of the device. Kim et al. [9] implemented a SiC micro-heater
chip as a novel thermal evaluation device for next-generation power modules and to evaluate the
heat resistant performance. Keum et al. [10] investigated the time-dependent dielectric breakdown
(TDDB) characteristics of normally-off AlGaN/GaN gate-recessed MISHEMTs submitted to proton
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irradiation. Abid et al. [11] presented the fabrication of AIN-based thin and thick channel AIGaN/GaN
heterostructures that have been regrown by molecular beam epitaxy on AlN/sapphire. A remarkable
breakdown field of 5 MV/cm has been observed for short contact distances, which is far beyond the
theoretical limit of the GaN-based material system. Sandupatla et al. [12] used vertical GaN-on-GaN
Schottky diodes as «- particle radiation sensors. They reported the highest reverse breakdown voltage
of —2400 V from Schottky barrier diodes on a freestanding GaN substrate with 30 um drift layer.

Besides, Lee et al. [13] demonstrated self-aligned hierarchical ZnO nanorod nanosheet arrays
on a conventional photonic emitter with a wavelength of 430 nm with an improved optical output
power. Zhang et al. [14] improved the electrical performance and bias-stress stability of amorphous
InGaZnO thin-film transistors using buried-channel devices with multiple-stacked channel layers.
Liu et al. [15] developed a tungsten trioxide (WO3) wide band gap using ammonium tungstate to
obtain a high electrochromic modulation ability roughly 40% at 700 nm wavelength. Li et al. [16]
optimized silver nanoring for transparent flexible electrodes applied to wide bandgap devices. Y.
Wang et al. [17] proposed, for the first time, a novel GaN-based heterostructure Gunn diode, which
turns out to be an excellent solid-state source for terahertz oscillators. W. Wang et al. [18] carried out
a theoretical investigation the optical field distribution and electrical property improvements of the
InGaN laser diode with an emission wavelength around 416 nm. Device optimization is favorable for
the achievement of low threshold current and high output power lasers. Deng et al. [19] describes an
optimization of InGaN/GaN distributed feedback laser diodes to enhance the efficiency. Finally, Luo
et al. [20] propose a design based on a p-type composition-graded Al,Ga;_4N electron blocking layer
to improve the output power of GaN-based VCSEL.

I'would like to take this opportunity to thank all the authors for submitting their papers to this
Special Issue. I would also like to thank all the reviewers for dedicating their time and helping to
improve the quality of the submitted papers.
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Abstract: Power amplifiers applied in modern active electronically scanned array (AESA) radars and
5G radios should have similar features, especially in terms of phase distortion, which dramatically
affects the spectral regrowth and, moreover, they are difficult to be compensated by predistortion
algorithms. This paper presents a GaN-based power amplifier design with a reduced level of
transmittance distortions, varying in time, without significantly worsening other key features such
as output power, efficiency and gain. The test amplifier with GaN-on-Si high electron mobility
transistors (HEMT) NPT2018 from MACOM provides more than 17 W of output power at the 62%
PAE over a 1.0 GHz to 1.1 GHz frequency range. By applying a proposed design approach, it was
possible to decrease phase changes on test pulses from 0.5° to 0.2° and amplitude variation from
0.8 dB to 0.2 dB during the pulse width of 40 us and 40% duty cycle.

Keywords: power amplifier; GaN 5G; high electron mobility transistors (HEMT); new radio;
RF front-end; AESA radars; transmittance; distortions; optimization

1. Introduction

Radar systems, mainly 3D Active Electronically Scanned Array (AESA), strongly supported by the
latest achievements in information technology, bring new challenges to the designers of transmit/receive
(T/R) modules, especially High-Power Amplifiers (HPAs) based on solid-state devices [1,2]. In addition,
there are currently rapid advances in high-speed wireless technology, such as 5G [3-9]. In particular,
the power amplifiers, as a key element of RF transmitters, directly and significantly affect the
operation quality of modern wireless communication systems and new generation radars [2,3,9].
The requirements concerning linearity and efficiency of HPAs are confronted with the needs of both
systems for higher output power and improved the efficiency of heat management. In case of AESA,
due to very complex beamforming techniques used, the strong emphasis is put on amplitude and
phase constancy of the amplifier’s transmittance during the RF pulse and pulse-to-pulse [10], as in
pulse the signal is increasingly more often modulated not only in frequency but also in amplitude
and phase [11]. The same is true for the 5G and Long-Term Evolution Advanced (LTE-A) network
systems which are using quadrature amplitude modulation (QAM) of higher orders and orthogonal
frequency division multiplexing (OFDM) methods [11-13]. Both QAM and OFDM are particularly
sensitive to transmittance changes generated mainly by output stages of base station transmitter power
amplifiers [8-13]. Currently, such amplifiers must be linearized to meet wireless transmission standards
defined e.g., by following parameters: in-band error vector magnitude (EVM), adjacent channel power
ratio (ACPR), or the shape of spectrum mask [14-16]. There are many techniques for the amplifier
linearity improvement such as e.g., analog feedforward, digital pre-distortion [6], dynamic biasing [7],
envelope tracking [10], or Chireix’s outphasing method [17]. However, only a few of them are suitable for
linearization of amplifiers operating with wideband spectrally efficient signals and high peak-to-average
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power ratio (PAPR) like LTE or 5G [5,9,18]. The common linearization technique applied in broadband
transmitters of contemporary wireless systems is the baseband digital pre-distortion technique (DPD)
preceded by the shaping of waveform crest factor (CF) [6]. All these methods have restrictions on
applicability and require additional external hardware and/or software implementation consuming
system resources. To reduce the system resource consumption, the nonlinearities of amplifiers should be
as small as possible. There is a new challenge facing amplifier’s designers in developing new amplifier
solutions for modern applications, like AESA, LTE, 5G as well as next-generation systems [2—4].
Our research just goes in this direction to examine amplifier transmittance changes as a function of
load and source impedance of a transistor. Since the transmittance changes are not only a symptom
of transistor nonlinearity but they are also a response to the temperature changes inside a transistor
due to the complexity of amplified signals. It is known that the thermal effects in the transistor active
layer are essentially responsible for the amplitude distortion while variations of internal time delays
inside the transistor are the main reason for a phase distortion during quick signal envelope changes
in time, e.g., in pulse [19]. Therefore, it is necessary to use large-signal electro-thermal models [20].
The paper presents the dependencies of changes in the transmittance phase and magnitude on the GaN
high electron mobility transistors (HEMT) load impedance. The design strategy based on the derived
relationships and numerical simulations are confirmed by sophisticated time-domain measurements.

Our goal was to develop a temperature-dependent HPA modeling technique under operating
conditions with signals of a variable envelope with built-in a function of transistor load impedance
optimization for minimal transmittance distortions. For this purpose, the typical power amplifier
structure was analyzed to find origins and relationships of changes in amplifier transmittance during
radar pulse as well as in the defined time window in case of broadband wireless communication
signals. The minimization of HPA transmittance changes will facilitate the use of correction methods
in baseband, such as DPD and radar calibration.

In the paper, the proposed method is particularly focused on GaN HEMTs but it can be generalized
to other types of transistors. There are few publications regarding GaN-on-5i HEMTs despite their
price is twice as low as GaN-on-SiC. Thus, for the purpose of this work GaN-on-5i HEMT was chosen
to examine its performance.

2. Power Amplifier Analysis

In order to identify sources of transmittance variations, the complete amplifier structure with
the GaN HEMT was measured and analyzed [21,22]. On this basis, the relationship between the
transistor load impedance and amplifier transmittance changes have been derived. We also want to
show what the changes in the transmittance phase and magnitude depend on. The amplifier model
schematic circuit to be analyzed is shown in Figure 1. For this purpose, it is sufficient that we use a
small-signal model. The model represented by the equivalent circuit shown in Figure 1 was described
by a set of parameters dependent on current and voltage values at the transistor operating points i.e.,
its parameters were extracted at the properly selected transistor operating conditions.

Rs+jXs © R,
—1 : ||
I 1T
: ng
Us L G | U Ri || Camm i B | ul] |G
gngsi
RF Source =

GaN HEMT model Load

Figure 1. Power amplifier model with GaN high electron mobility transistors (HEMT).
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It consists of a typical GaN HEMT transistor model with parameters determined at the average
drain current Ip4 corresponding to a saturated output power. Other transistor model components
invisible in Figure 1 are included in the source impedance Zs = R + jX, (Xs > 0) and the load admittance
Y1 = Gp + jBr. The source impedance is connected in series with the RF signal source modeled as an
ideal voltage source Us. For clarity of our analysis, Miller theory is applied but there is a problem with
determining an internal voltage gain K, [23]. In general, the gain K,,;; should be calculated with
account of all elements of the equivalent circuit shown in Figure 1. However, for low frequencies and
roughly estimation for higher frequencies the internal voltage gain Kj,,;; can be simplified in the first
approximation to the following form:

U 8m
Kuint = == =7 M
uint ugsi GL
under the following assumption:
1 1
Rs + R, > or Xg < 2)

w[cgs + (1 + é—rz)cgd} w[cgs + (1 + %{)ng]

where: 1
G =G+ —. 3
L L Ry 3

The simplified HEMT model schematic circuit takes the form as shown in Figure 2.

Rs+jXs © R,

: m
—— Wv1
Us Ci Ui Ry Cou== JBL U, G,
: T gm Ug_vi
L
RF Source =

GaN HEMT model © Load

Figure 2. Amplifier model simplified by the Miller theorem.

The Miller theorem expresses only equivalents of Cgy; Cgs and Cys are parallel to these equivalents,
thus they can be added giving C;, and C,;. Hence the input and output equivalent Miller’s capacitances
are given as:

Cin = Ces + cdg(1 n ‘é—) )
L
G/

Cout = Cds + Cdg(l + g_L) (5)
m

When the amplifier is operated close to saturated output power, the ratio G’; /g;; is much smaller
than unity as given in Table 1. Under this assumption the Equation (5) can be simplified to the
following form:

Cout  Cys + Cdg' ©)

Parameters of three L-band GaN HEMTs, provided by the manufacturer are given in Table 1.
They were calculated at the average drain current Ip, for output power close to Ps;; and implemented
in Keysight software ADS.
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Table 1. Selected parameters for three different GaN HEMTs calculated at the average current for
corresponding to Pgg;.

Parameter NPTB0004A NPT2018 NPT2022

Ipa 034 A 0.6 A 4A
Pou 5W 16W 120 W
Gt 16 mS 14 ms 101 ms
gm 670 mS 584 ms 3.88S

G'1/gm 0.024 0.025 0.026
Cys 6.9 pF 7.8 pF 429 pF
Cad 0.27 pF 0.291 pF 1.66 pF
Cas 0.62 pF 0.56 pF 9.9 pF
Ups 28V 50V 48V

When the GaN HEMT is operated as the current source the output capacitance is almost constant
depending on the drain-to-source voltage Ups and RF signal amplitudes in a wide range [8]. For the
sake of clarity, it was assumed that all frequency harmonics are shorted as for ideal class A and AB [24].

To eliminate the imaginary part of output admittance in the transistor model the load susceptance By,
should be as follows:

B = —wCout, (7)

which leads to the amplifier model schematic diagram as shown in Figure 3.

Rg + jXs R;
e
| S|

A ]
—

Ugsi gngsi Rds UL GL

Figure 3. Simplified power amplifier model with GaN HEMT.

Applying the Kirchhoff voltage law to the model from Figure 3, the transmittance was derived.
The transmittance phase and magnitude are expressed by (8) and (9). These formulas reveal details of
the transmittance dependence on transistor parameters and parameters of the matching networks.

ur, . 8m 1
arg(—) =arg|j : ®)
Vi| _ 8m 1
‘ Vs a G’Low 2 (9)

(Rs + Rin)z + (XS - ﬁ)

Equations (8) and (9) show that changes in the amplifier transmittance magnitude are influenced
by both transistor parameters as well as the structure and parameters of matching networks.

Obviously, the transistor parameters in Equations (8) and (9) depend on temperature [19,25,26].
This explains the impact of temperature on the transmittance changes during pulse transfer as well as
under the large amplitude variations of the signal with higher PAPR. In both cases, due to the high
signal amplitude, the dynamic power dissipated in the transistor also strongly varies in time. As a
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response the temperature inside the active layer of the transistor is changed which proves the first
thesis of this work.

Moreover, Equations (8) and (9) show that the transmittance phase increases monotonically with
the change of load conductance Gy. Test results obtained in [27] confirm a validity of the relations
(8), (9). To increase the accuracy of transmittance model the output capacitance C,,t was taken into
account. The phase and magnitude are given by (10) and (11) accordingly.

1
arg(%) =arg|j - §m - ] (10)
s (G'L + j(Br + wCout))wCin Rs + Rj, + ](Xs - m)
2 \2
Vi|_ gn [ ((Rs+Ri)G] ~(Xs~ 5 )(Br +wCour)) i an
Vsl wCin +((Rs + Rin)(BL + @Cout) + (Xs - ﬁ)GIL)

The Equations (8)-(11) clearly show the dependence of the transmittance on the load impedance
Z1, which can be determined during the amplifier design.

In conclusion, using Equations (8) and (9) it is possible to facilitate initial steps of power amplifier
design for the minimal transmittance changes. Using (8)-(11) formulas we can estimate the level of
reduction of the transmittance changes by tuning Zs and Z; impedances. In our case, these values
are 0.254° and 0.4 dB, for phase and magnitude, respectively, and are consistent with the simulation
results which are 0.3° and 0.6 dB. Although this is a qualitative analysis, it is quite well in agreement
with quantitative simulations using advanced software.

3. Measurement Setup and Amplifier Modelling

As a part of the research, measurements of waveforms of power amplifiers were performed.
These measurements were performed using the Keysight DSAV334A Infiniium V-Series digital signal
analyzer (DSA) (Keysight, Santa Rosa, CA, USA) and Keysight N5172B EXG X-Series vector signal
generator with the option of generating training pulses. The purpose of such measurements was to
examine the amplitude and phase distortions caused by the amplifier. The test program assumed the
use of four pulse trains with a carrier frequency fy, which are illustrated in Figure 4.
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Figure 4. Train pulses used for power amplifier measurements.
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The measurement consisted of recording in the time domain, previously designed, four train
pulses, using DSA. To detect changes in the signal handled by the amplifier under test, the training
signal was recorded before and after passing through the amplifier, working with a power close to
P14p region. For this reason, the signal from the generator was split into two paths using HP11667A
power divider (HP, Palo Alto, CA, USA). One of the paths was directly connected to DSA while the
second one was connected to the amplifier input. The output of the amplifier was connected to the
second DSA channel via the HP778D directional coupler. To protect the measurement instruments
in both paths proper attenuators were used (the impact of attenuation on the obtained results was
checked). The measurement setup is shown in Figure 5.

Probe Digital signal analyser Probe
InfiniiMode InfiniiMode
Lamm Keysight DSAV334A Lo
Keysight N7002A Infiniium V-Series Keysight N7002A
16GHz chl Tigger chz 16GHz
Probe head Probe head
SMA SMA
Keysight N5444A Keysight N5444A

Vector Signal
Generator

DC
supply

power meter

Agilent E4418B

Keysight N5172B

— control of DC supply

EXG X-Series ~ |*%-ife-ee | | Y | L T-.l .
3dB 20dB f 70/ 250W (CW)
power divider —— WEINSCHEL
HP 11667A WA35-20-33

Directional coupler
HP 778D

to force DUT operation near P 5 region

Figure 5. Measurement setup used for transmittance characterization with pulse trains.

The sample measurement results are shown in Figure 6. In the upper part of Figure 6 the input
waveform is presented, in the middle, the output waveform coming directly from the amplifier under
test and in the lower part the difference between these waveforms is calculated as a change of the
transmittance phase during the pulse duration.

Based on the measurements, derived formulas, and using the Envelope simulation technique
available in Keysight ADS software, we developed the power amplifier design method for minimization
of the transmittance changes. To develop an algorithm for determining optimum load impedance,
a test amplifier with 14W GaN HEMT NTP2018 from MACOM (Lowell, MA, USA) was designed using
the large-signal transistor model provided by MACOM. The test amplifier was designed according
to Cripps design methodology to achieve a trade-off between maximum output power and high
efficiency [24]. The MACOM model is closed, and enables only the temperature characteristics under
thermal steady-state conditions to be calculated. Therefore, for the purpose of this work, we developed
our own large-signal model based on the Angelov [28]. Our model includes an extensive thermal
part representing by 5-6 serially connected (R, Cii) parallel cells. The values of Angelov model
parameters were fitted to obtain simulations consistent with the original non-linear MACOM model.
The model thermal parameters were determined by fitting RC-ladder network to the thermal impedance
Zy,(t) of the transistor with was measured by the modified Deltallys method [29,30]. To determine

10



Micromachines 2020, 11, 398

load impedances the load-pull method was applied in ADS Software. The high compliance of the
simulations and measurements of the amplifier was achieved.

Input wavetorm

|

41 42
time [us]

Output wavetorm

time [us]

S
o
——

cos(phase)
L o
T

v time [us]

Figure 6. Sample measurement results: input waveform, output waveform and phase difference
between waveforms above.

An appropriate use of the Envelope simulation [31] together with the large-signal electro-thermal
model allows for simulating and modeling of amplifier’s transmittance changes. The simulation
provides great opportunities to optimize the structure of the amplifiers and facilitates the process
of finding the optimal load impedance by viewing time waveforms. There are no studies in the
literature that combine the electro-thermal model with the envelope simulation to study changes
in the parameters of the transmitted signal. However, so far, a load impedance optimization of
microwave amplifiers has been performed only under quasi-static conditions using simulations in the
frequency domain. This made it impossible to analyze changes, in the signal during operation caused
by widely understood memory effects at the stage of amplifier design. Moreover, optimization of
amplifiers” parameters (e.g., ACPR) generally was based on the appropriate selection of load impedance,
during load-pull measurements, in order to determine its value for which the optimized parameters
reach a satisfactory range [15,32-34]. This approach is unenforceable in case of transmittance changes
that are dynamic over time due to the phase measurement, requiring an accurate calibration of the
reference track with a phase shifter that has to be perfectly synchronized with the load-pull tuners.

4. Test Amplifier

To show the proposed design methodology, step by step, the test amplifier with GaN HEMT
NTP2018 was designed. The amplifier achieves more than 17 W of output power over a 1 GHz to
1.1 GHz frequency range, while MACOM in datasheet provides the information about 14 W. Assembly
drawing and photo of the fabricated amplifier is shown in Figures 7 and 8, respectively. The amplifier
was fabricated on Rogers RO4003C laminate (&, = 3.55, h = 0.020"", T = 10z.).

11
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87mm

Figure 7. Assembly drawing of the test PA with GaN HEMT NTP2018.

Figure 8. Photography of the test PA with GaN HEMT NPT2018.

To generate a sequence of training pulses of a given power, as a stimulus an internally matched
simulation port was used. This enabled us to simulate the pulses transferred by the amplifier in the
time domain. The average pulse power Py (f) over a time interval At was calculated according to
the following formula [35]:

1 At
Pavou(t) = 5; [ PDFR (0Pt 12)

where PDF denotes Probability density function (or the probability distribution function) of the output
power. The simulation ADS schematic is shown in Figure 9.

The simulation was performed for two pulses with a duration of 40 pus and a period of 100 us at
the carrier frequency f = 1.05 GHz being the center frequency of the amplifier working band. In order
to simulate the amplifier operating with output power close to P1dB the excitation power was set to
25 dBm in pulse. The test amplifier was characterized by the measurement setup shown in Figure 5
with the same parameters as given above. GaN HEMT NPT 2018 was biased at the quiescent operating
point Upg = 50 V and Ipg = 75 mA. The simulation and measurement results of pulses at the amplifier
output for frequency f = 1.05 GHz are shown in Figure 10.

12
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Figure 9. Simulation ADS schematic for modeling of PA transmittance.
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Figure 10. Transmittance changes of the amplifier: (a) amplitude changes, (b) phase changes during
pulse for carrier frequency f = 1.05 GHz.

The presented approach allows for simulating the amplitude and phase changes of the amplifier
transmittance during pulse in a wide range of transistor load impedance. It is the basis to develop an
algorithm for optimizing of the source and load impedances for minimal transmittance distortions.

To find the optimum impedance of Z; 1, the Envelope simulation was used. It allows for modeling
the amplifiers with very different waveforms and observing the waveforms at the amplifier output
depending on the input power levels. With access to large-signal electro-thermal models and envelope
simulation, it is possible to calculate the phase and amplitude changes caused by the amplifier during
the pulse transfer. The range of phase and amplitude variations depends on the load impedance.
For the optimum impedance Z;r this range is the smallest. The impedance was adjusted using load-pull
tuners. The ADS schematic used for the load impedance optimization is shown in Figure 11.

The starting point for searching for impedance Z;r is the load impedance Z; which is a
compromise between maximum output power and maximum power-added efficiency (PAE) impedance.
The impedance search area is narrowed down to impedances that meet the following conditions:

Pout = 0.7Poutmax

13)
PAE 2 0.8PAEyx
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Figure 11. ADS schematic for source and load impedance optimization.

It is assumed in the optimization that all harmonics are shorted. The values of Zs and Z;, source
and load impedances seen by transistor before and after optimization are shown in Table 2.

Table 2. Source and load impedances after and before optimization.

Original After Optimization

Zify) 0] 264+266 31.8+35.7]
Zs(f)) (0] 5.6+120j 52+ 17.5

Assembly drawing of amplifier optimized for minimum transmittance changes is shown

in Figure 12.

Figure 12. Assembly drawing of the PA with GaN HEMT NTP2018 optimized for minimum
transmittance changes, modifications of the matching networks in relation to the previous version of

the PA are marked in red.

Pulses shapes as visible result of transmittance variations after and before optimization are shown

in Figure 13.

14
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Figure 13. Transmittance changes of the amplifier after and before optimization: (a) amplitude changes
and (b) phase changes during pulse for carrier frequency f = 1.05 GHz.

Transmittance variations before and after optimization with obtained output power and PAE of
the test amplifier are presented in Table 3.

Table 3. Transmittance changes before and after optimization.

Aarg(Sy)[°]  AlSy|[dB]  PoulWl  PAE[%]

].3ef.ore. 05 0.8 17 W 61
optimization
Opnmgatmn 02 02 14W 54
applied

The simplified guideline for the proposed design method is presented in Figure 14.
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Figure 14. Simplified guidelines for proposed design methodology.

5. Conclusions

The paper presents the method to improve the amplifier transmittance flatness during pulse as
well as other time-varying parameters of amplified signals without deterioration of other significant
amplifier parameters such as output power, PAE and gain. The method comprises the Envelope
simulations and sophisticated measurement. We simulated the transmittance phase and amplitude in
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time, e.g., during the pulse. The results of such simulations were consistent with the measurement
results. The formulas for the amplifier transmittance were derived. These formulas enable the power
amplifiers with minimum transmittance phase changes to be easier designed. For the transparency of
this work, presented results relate to simple pulses, but the calculation can be done for a more complex
radio signal, like 5G. We are currently working on the application of the presented method to this
kind of signal. By applying new design approach, it was possible to improve phase changes on test
pulses from 0.5° to 0.2° and decrease amplitude variation from 0.8 dB to 0.2 dB during the pulse width
of 40us and 40% duty cycle with the 17 W of output power and PAE more than 62%. Though we
used GaN-on-Si HEMT, the results are very promising, and we are currently testing and modeling
amplifiers with GaN-on-SiC HEMTs.
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Abstract: In this paper, we demonstrate a compact 20-W GaN internally matched power amplifier
for 2.5 to 6 GHz jammer systems which uses a high dielectric constant substrate, single-layer
capacitors, and shunt/series resistors for low-Q matching and low-frequency stabilization. A GaN
high-electron-mobility transistor (HEMT) CGH60030D bare die from Wolfspeed was used as an active
device, and input/output matching circuits were implemented on two different substrates using a
thin-film process, relative dielectric constants of which were 9.8 and 40, respectively. A series resistor
of 2.1 () was chosen to minimize the high-frequency loss and obtain a flat gain response. For the
output matching circuit, double A/4 shorted stubs were used to supply the drain current and reduce
the output impedance variation of the transistor between the low-frequency and high-frequency
regions, which also made wideband matching feasible. Single-layer capacitors effectively helped
reduce the size of the matching circuit. The fabricated GaN internally matched power amplifier
showed a linear gain of about 10.2 dB, and had an output power of 43.3-43.9 dBm (21.4-24.5 W),
a power-added efficiency of 33.4-49.7% and a power gain of 6.2-8.3 dB at the continuous-wave output
power condition, from 2.5 to 6 GHz.

Keywords: wideband; GaN; HEMT; power amplifier; jammer system

1. Introduction

GaN high-electron-mobility transistor (HEMT) wideband power amplifiers have been studied for
multi-mode communication systems, electronic warfare systems, and other frequency-agile systems that
required high-power operation over a wide frequency range [1-10]. While the transistor gain decreases
with the frequency, a wideband power amplifier requires a flat gain performance in the interested
bandwidth. In addition, the inherent reactance of the transistor, mainly due to its drain-to-source
capacitance, limits the frequency bandwidth of the power amplifier as the Bode-Fano gain-bandwidth
product describes [11,12]. To overcome this limitation, a multiple inductor-capacitor (LC) ladder
configuration may be a proper choice, but it is area-inefficient and degrades the cost competitiveness,
especially for expensive GaN monolithic microwave integrated circuits.

In this paper, we present a compact 20-W internally matched power amplifier for 2.5 to 6 GHz
electronic warfare jammer applications which uses a GaN HEMT device and can be integrated into a
small metal package. The novelty of this work originates in a practical combination of a series resistor,
a shunt resistor-capacitor (RC)sub-circuit, a high dielectric constant matching substrate, and single-layer
capacitors to maximize the size reduction effect. Input and output matching circuits for the power
amplifier are implemented on two different thin-film substrates with the relative dielectric constants of
9.8 and 40, and, as a part of the matching circuit, single-layer capacitors and thin-film shunt/series
resistors are utilized to achieve the circuit stabilization and flat gain, in addition to its compact size.

Micromachines 2020, 11, 375; doi:10.3390/mi11040375 19 www.mdpi.com/journal/micromachines
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2. Power Amplifier Design

2.1. Device Description

The GaN HEMT bare die with the 0.4 um gate length (CGH60030D, Wolfspeed, Inc., Research
Triangle Park, NC, USA) that is provided by Wolfspeed has a typical power density of 4.5 W/mm and a
maximum output power of 30 W at the drain pad and is applicable up to 6 GHz. Considering the loss
of the matching circuit itself and the impedance mismatch loss, CGH60030D is a proper choice for the
output power of more than 20 W from 2.5 to 6 GHz. Figure 1 and Table 1 show the photograph and
device parameters of CGH60030D [13]. The transistor bare die consists of two 10 x 360 um cells and has
four pads on the gate and drain sides. Because the large-signal model provided by the manufacturer has
only two ports for the gate and drain pads, it is difficult to fully include the bonding wire effect and the
phase balance on each pad. In our work, we use a modified large-signal model combining the transistor
unit cell model, which is based on the manufacturer’s foundry process, with three-dimensional
electromagnetic simulation models of the gate/drain pads and bonding wires [14,15]. Figure 2 shows
the modified large-signal transistor model, the port reference planes of which are on the middle of its
gate and drain pads to consider practical wire bonding effects effectively.

Figure 1. Photograph of a GaN high-electron-mobility transistor (HEMT) bare die (CGH60030D)
from Wolfspeed.

Table 1. Device parameters of CGH60030D.

Parameters Specifications
operating frequency DC—6 GHz
saturated output power 30 W
power-added efficiency 65% at 4 GHz
small-signal gain 15dB at4 GHz
operating voltage 28V
size 920 pm X 1660 um

Port Reference Plane Port Reference Plane

Port

Port = | - Port

Electromagnetic 1 CGHG60030D | Electromagnetic
Simulation Padmodel ' | ppK Model Simulation Pad model

Figure 2. Modified large-signal transistor model with a foundry process design kit model and
electromagnetic simulation pad models.
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2.2. Input and Output Matching Circuit Design

We simulated the GaN HEMT under the bias conditions of Vpg = 28 V and Ipg = 250 mA,
and predicted small-signal input impedances at 2.5 GHz and 6 GHz as Zg» 5 g, = 1.39 +j2.11 Q) and
Zs6GHz = 0.89 +j0.11 Q). Because the transistor was unstable below 7.9 GHz, we performed source-pull
and load-pull simulations after stabilizing the transistor with shunt and series resistors. With the
drain pad effect eliminated, the transistor was simulated up to the third harmonic by a load-pull
tuner [16,17]. The simulation results showed that the optimum load impedances at 2.5 GHz and 6 GHz
were Zj 5 5GHz = 8.00 +j4.91 Q) and Z; ¢ gH, = 541 +j3.86 (), respectively.

Figure 3 shows a schematic circuit diagram of the GaN HEMT with the stabilization circuit.
To secure the low-frequency stability of the transistor and apply the gate bias voltage through the
resistor, the shunt circuit of the resistor Rpjas and the capacitor Cpypass was inserted between the
transistor and the input matching circuit. The element values of the shunt circuit were determined to
be Cpypass = 39 pF and Rpjas = 36 () to simultaneously achieve stability and low loss.

RF choke
LOAD
Rs Titanate
& =40 Leow 3 - GHe0030D
Rsias
i—
Caypass

Figure 3. GaN HEMT with the stabilization circuit of the series and shunt resistors.

Because the high-frequency gain of the transistor is typically lower than its low-frequency gain,
the high-frequency loss of the stabilization circuit should be lower than the circuit’s low-frequency loss.
However, because the input impedance of the transistor is very low, low-loss impedance matching is
very difficult in a wide frequency range only with the simple matching circuit of a few LC elements.
To compromise the low loss and compact size, we used a titanate substrate with the high relative
dielectric constant of 40, and applied a series resistor of Rg = 2.1 () which made the stability factor
k more than 1 and a flat gain in the interested bandwidth by increasing the low-frequency loss and
reducing the high-frequency loss.

Figure 4 shows the variation of the stability factor k, maximum available gain (Gmax), and input
impedance before and after the insertion of the series resistor Rg. As the dotted impedance trace
on the Smith chart in Figure 4 implies, the titanate substrate and bonding wires spread the input
impedance trace of the transistor greatly in both of the low-frequency region and the high-frequency
region, which maintains the low-frequency impedance as very low, and moves the high-frequency
impedance to a high-value region. Therefore, a small series resistor greatly reduces the low-frequency
gain, and, by contrast, does not affect the high-frequency gain because of the frequency-dependent
voltage-dividing ratio.
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Figure 4. Variation of the stability factor k, maximum available gain (Gmax), and input impedance after
the insertion of the series resistor Rg, with the shunt resistor attached.

Figure 5 shows the output matching circuit that is tuned to the optimum load impedance. Double
A/4 shorted stubs were used for a DC drain current supply and had an LC-parallel resonator effect
at the center frequency, thus reducing the variation of the transistor’s output impedance trace and
facilitating wideband impedance-matching within a low-Q region on the Smith chart [18,19]. Figure 6
shows the variation of the output impedance trace before and after the insertion of the A/4 shorted
stubs. The output impedance trace was extracted as we saw the drain of the transistor at the bias line
position. A single-layer capacitor followed the A/4 shorted stubs, which resulted in the size reduction of
the output matching circuit, although multiple thin-film substrates complicated the assembly process a
little. A cascaded low-pass LC network was used for fine tuning of the desired output impedance,
and was implemented on an alumina substrate.

Figure 7 shows a schematic circuit diagram of the designed power amplifier, exemplary
input/output impedance matching traces at 4 GHz, and the designed load impedance trace seen
from the drain of the transistor. The input impedance was not well matched because of the very low
input impedance of the transistor. On the other hand, the output impedance showed a reasonably
good matching. To improve the input matching condition, we should use lossy matching or multiple
LC matching techniques, but the former degrades the gain performance, and the latter increases the
circuit size. An insufficient gain margin makes it difficult to choose lossy matching, and the large
circuit size makes compact integration into a small standard metal package infeasible. Therefore,
the input matching properly compromised with the size of the input matching circuit because the
input mismatch could be improved with the use of the balanced amplifier configuration [20-22].

Vb
s

CByass

LsonD Lsonp Lsonp Cbc BLock

— LOAD
— CsLc I

CGH60030D i
CBypass

Ve

Figure 5. Output matching circuit for the optimum load impedance.
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Figure 6. Variation of the transistor’s output impedance before and after the insertion of A/4
shorted stubs.
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/ Dot: Optimum Load Impedance
Solid: Designed Load Impedance
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Figure 7. Schematic circuit diagram of the designed power amplifier (a), input/output matching
impedance traces at 4 GHz (b), and the designed load impedance trace seen from the drain of the
transistor (c).

3. Fabrication and Measurement

3.1. Power Amplifier Fabrication

Figure 8 shows a fabricated internally matched power amplifier. Input and output matching
circuits were implemented on alumina substrates and a titanate substrate using a thin-film process [23].
The GaN HEMT bare die was attached onto a CPC (Cu/Mo70Cu/Cu) carrier with high thermal
conductivity using an AuSn (80/20) eutectic process. The complete circuit occupied 9.9 mm x 6.8
mm on the carrier. The GaN HEMT bare die, single-layer capacitors, input/output matching circuits,
and microstrip feed lines on RO4003C (Rogers Corporation, Chandler, AZ, USA) for microwave testing
were interconnected by 1 mil Au wedge bonding wires.

Titanate substrate (¢,=40)  Single Layer Capacitor(SLC)

Alumina substrate (g,=9.8)

Figure 8. Fabricated internally matched power amplifier using a GaN HEMT bare die, input/output
thin-film matching substrates, and single-layer capacitors (circuit area = 9.9 mm X 6.8 mm).

3.2. Power Amplifier Measurement

The fabricated power amplifier was measured on a heat-sinking jig under the bias conditions of
Vps =28 V and Ipg = 250 mA. The measured S-parameter data were compared with the simulated
data in Figure 9. The measured results showed a linear gain of more than 10.2 dB and a return loss of
more than 2.3 dB from 2.5 to 6 GHz. The low-frequency gain decreased slightly, and the roll-off of
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the high-frequency gain moved to about 6.5 GHz due to the minute change of the implemented load
impedance after the device assembly.

20

Dot : Simulation
15— Solid : Measurement
521

S Parameter (dB)

L L L L B B B B
20 25 3.0 35

40 45 50 55 6.0
Frequency (GHz)

6.5

Figure 9. Simulated and measured S-parameter results (simulation: dotted lines, measurement:
solid lines).

Figure 10 shows the designed load impedance trace and implemented load impedance trace
estimated after the device assembly on Smith charts, together with the power gain contours and the
output power contours at 2.5 GHz and 6 GHz. As shown in Figure 10, the small shift of the implemented
load impedance from the designed load impedance slightly increased the high-frequency gain.

Power Gain Contour

Pout Contour
. Dotted : 2.5 GHz o

",

: ‘
Solid : 6 GHz “F / B S\ Dotted : 2.5 GHz
h Solid : 6 GHz ( *

)

s

AN

/

Normalized Impedance =10 Q
A : Designed load impedance
B : Esti d impl

/

Normalized Impedance =10 Q
A : Designed load impedance
B: Esti d impl dloadi

P

Figure 10. Designed and implemented load impedance traces with the power gain contours and the
output power contours at 2.5 GHz and 6 GHz.

SsSal

p d load i d

P

Figure 11 shows the output power, power gain, and power-added efficiency (PAE) of the fabricated
power amplifier across the input power at 5 GHz where the maximum PAE was measured. The power

gain was decreased from 11.1 to 7.6 dB with the varying input power, which corresponded to 3.5 dB

power compression. The saturated output power was 43.9 dBm, and the power-added efficiency was
49.7% at the power saturation condition.
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Figure 11. Output power, power gain, and power-added efficiency (PAE) across the input power
at 5 GHz.

Figure 12 shows the measured continuous-wave output power performance of the power amplifier
under the bias conditions of V45 = 28 V and I35 = 250 mA. The measurement was done from 2.5 to
6 GHz with a 0.5 GHz step frequency. The measured results showed that the amplifier had an
output power of 43.3-43.9 dBm, a power-added efficiency (PAE) of 33.4—49.7%, and a power gain of
6.2-8.3 dB. The maximum deviation of the output power was 0.7 dB at 4.5 GHz, and the power-added
efficiency (PAE) was slightly degraded due to some mismatch of the designed load impedance and the
implemented load impedance after the device assembly. Our simulations estimated an insertion loss
of 0.3-0.52 dB for the output matching circuit itself across 2-6 GHz [24]. The power gain decreased
at both ends of the designed bandwidth with the maximum 1.5 dB, which was caused by slightly
earlier compression with the increase in the input power, as predicted from the trace comparison of
the designed load impedance and the implemented load impedance on the output power contours
in Figure 10.
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Figure 12. Measured continuous-wave output power performance of the fabricated power amplifier at

Vps =28V and Ipg = 250 mA in the frequency range of 2.5-6 GHz under the power saturation condition.

Table 2 compares our measured power performance with other published results, showing that
our work is very competitive in terms of the bandwidth, output power, and power-added efficiency,
despite the compact size.
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Table 2. Comparison of our work and previously published wideband GaN HEMT power amplifiers.

References F{f;q;[xze]n Y Power Gain [dB] Pout [dBm] PAE [%] Technology Drain Voltage [V] Size [mm?]
Ref. [25] 1.1-27 9.5-11.5 43-45 59-72 PCB 28 120 x 50
Ref. [26] 2-6 89 43.5-44.5 40-47 PCB 30 est. 68 x 28
Ref. [27] 1.7-3 9.8-10.7 43.8-44.4 57.2-71.11 PCB 28 est. 75 x 35
Ref. [28] 0.3-2.3 >10 40-43.5 58-69 PCB 28 59 x 50
Ref. [29] 0.6-3.8 9-14 40-42 46-75 PCB 28 69 x 40
Ref. [30] 2-4 >9.8 44 37-52'  Quasi-MMIC 50 <420

This work 2.5-6 6.2-8.3 43.3-43.9 33.4-49.7 Thin film 28 9.9 x6.8

1: drain efficiency; est.: estimated.

4. Conclusions

We presented the compact 20-W GaN internally matched power amplifier operating from 2.5 to
6 GHz that utilizes a GaN HEMT bare die, single-layer capacitors, and thin-film substrates for input
and output matching circuits. The fabricated power amplifier achieved stable operation and flat gain
performance by using shunt and series resistors. Under the continuous-wave output power condition,
it showed the output power of 43.3-43.9 dBm (21.4-24.5 W), the PAE of 33.4-49.7% and the power gain
of 6.2-8.3 dB in the frequency range of 2.5-6 GHz. The developed power amplifier will be effectively
used in wireless and military applications that require high output power over a wide frequency range.
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Abstract: Advancements in nanotechnology have facilitated the increased use of ZnO nanostructures.
In particular, hierarchical and core-shell nanostructures, providing a graded refractive index change,
have recently been applied to enhance the photon extraction efficiency of photonic emitters. In
this study, we demonstrate self-aligned hierarchical ZnO nanorod (ZNR)/NiO nanosheet arrays
on a conventional photonic emitter (C-emitter) with a wavelength of 430 nm. These hierarchical
nanostructures were synthesized through a two-step hydrothermal process at low temperature, and
their optical output power was approximately 17% higher than that of ZNR arrays on a C-emitter
and two times higher than that of a C-emitter. These results are due to the graded index change in
refractive index from the GaN layer inside the device toward the outside as well as decreases in the
total internal reflection and Fresnel reflection of the photonic emitter.

Keywords: self-align; hierarchical nanostructures; ZnO nanorod/NiO nanosheet; photon extraction
efficiency; photonic emitter

1. Introduction

The advancements in nanotechnology have facilitated the increased use of ZnO nanostructures
that, for example, are widely utilized in photonic devices because of their peculiar chemical and
physical properties [1-5]. Different dimensions from zero to three-dimensional ZnO nanostructures
have been synthesized using various precursors. These nanostructures are particularly important for
realizing many applications, such as electronic devices, catalysis, and biomedical and sensing usage,
especially, visible ultraviolet optical devices [6-11].

Especially, one-dimensional (1D) ZnO nanostructures can be widely used in photonic emitters and
photodetectors because of their easy refractive index control, transparency in the visible light range, high
photoreactivity, and light waveguide properties [12-14]. According to effective medium approximation
(EMA), the effective refractive index (1) of ZnO (ZnO film: n = 2.1 at visible wavelengths) decreases
when it is converted into nanostructures [15-18].

For achieving a higher photon extraction efficiency (PEE), a material with a refractive index lower
than that of ITO (2.1 at visible wavelengths) is required to reduce the total internal reflection (TIR)
in a conventional photonic emitter (C-emitter) and increase its outward light emission, that is, in air
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(n = 1). Although the ZnO nanostructures can partially mitigate the abrupt change of refractive indices
between p-type GaN and air, TIR and Fresnel reflection losses occur at the ZnO/air interface [19,20].

Therefore, alternative materials and structures are required for effective photon extraction from
a GaN-based photonic emitter to the outside by matching the refractive indices and for realizing
exceptional photon emission from surface nanostructures.

Recently, hierarchical and core-shell nanostructures that provide graded refractive index changes
have been applied to achieve high PEE in photonic emitters [11,21-25]. However, for the realization
of hierarchical nanostructures, a separate seed layer deposition, high cost vacuum systems, and
complicate fabrication processes are required [24,26,27]. To solve these problems, rapid manufacturing
techniques are required.

In this study, we demonstrate self-aligned hierarchical ZnO nanorod (ZNR)/NiO nanosheet
(NNS) arrays to realize the high PEE of a GaN-based C-emitter. These hierarchical nanostructures are
synthesized through a two-step hydrothermal process at low temperatures. The optical output power
of the as-obtained C-emitter is approximately 17% and it is two times higher than that of the C-emitter
with ZNRs and C-emitter without nanostructures. This increase can be ascribed to a graded change in
the refractive index between the GaN layer and the device exterior, as well as a decrease in the TIR and
Fresnel reflection of the photonic emitter.

2. Materials and Methods

2.1. Device Fabrication

Epilayers were grown on a sapphire substrate by metal-organic chemical vapor deposition. The
photonic emitter (chip size: 350 x 350 um?) with a 430 nm wavelength consisted of a 0.12 pm-thick
p-type GaN:Mg (n = 3 x 1017 cm™3) layer, a 0.08 um active layer, a 2.5 um-thick undoped GaN layer,
and a 4.0 pm-thick n-type GaN:Si (n = 5 x 10'® cm™3) layer on the sapphire substrate. All emitter
samples were ultrasonically degreased with acetone, methanol, deionized (DI) water, and a mixture
of sulfuric acid and hydrogen peroxide (3:1) for 5 min in each step to remove organic and inorganic
contaminants. Then, to fabricate the n-electrode, the epilayers were partially etched until the n-type
GaN layer was exposed. The 200 nm thick ITO layer was deposited using an electron-beam evaporator
on the remaining parts of the p-type GaN layer and annealed at 600 °C in O, atmosphere for 1 min
using the rapid thermal annealing. The Ti/Al (50/200 nm) layers were deposited as an n-electrode.
Finally, the Cr/Al (30/200 nm) layers were deposited on the p- and n-electrodes and annealed at 300 °C
for 1 min.

2.2. ZNRs Synthesis

A ZnO seed layer was formed on the selectively deposited ITO by a simple dipping process as
follows. First, 105 mM zinc acetate (Zn(CyH30;);) dissolved in DI water was synthesized at 90 °C for
1 h. Then, ZNRs were grown using 37.5 mM zinc nitrate hexahydrate (Zn(NOj3),*6H,0) and 75 mM
hexamethylenetetramine (CgH;2N4) dissolved in 300 mL of DI water at 90 °C for 6 h.

2.3. Hierarchical ZNR/NNS Arrays Synthesis

Nickel nitrate hexahydrate (Ni(NO3),*6H,0) (10.4 mg) was dissolved in DI water (50 mL) and
stirred for 30 min. Then, this solution was used to synthesis NNSs on the ZNRs at 90 °C for 1 h.

2.4. Characterization

The structural shapes of the self-aligned ZNRs and hierarchical ZNR/NNS arrays were observed
using a field emission-scanning electron microscope (FESEM, Hitachi 54300, Tokyo, Japan), and the
hierarchical nanostructures were analyzed using an energy-dispersive spectroscopy (EDS) mounted on
the FESEM. The electrical and optical properties were measured using a parameter analyzer (Keithley
2400, Tektronix, Beaverton, OR, USA), an optical power meter (Newport 1830C, Irvine, CA, USA), and
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an optical microscope (Velcam CVC5220, Chun Shin Electronics Inc., Taipei, Taiwan). Finite-difference
time-domain (FDTD) simulation was conducted to compare the light output of the fabricated photonic
emitter with that of a C-emitter.

3. Results and Discussion

The schematic diagram of the ZNR/NNS arrays synthesis on the C-emitter by following the
proposed experimental procedures is shown in Figure 1.
Hydrothermal process
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Figure 1. Fabrication process of C-emitter with hierarchical ZnO nanorod (ZNR)/NiO nanosheet
(NNS) arrays.

The FESEM image in Figure 2a shows the ZNRs with an average diameter and length of 300 nm
and 3.5 pm, respectively. To understand the growth mechanism of the ZNR/NNS arrays, the study of
the morphology evolution of hierarchical ZNR/NNS arrays during the reaction time has been carried
out, as shown in Figure 2b—e.
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Figure 2. Field emission-scanning electron microscope (FESEM) images of (a) ZNRs and (b-e)
hierarchical ZNR/NNS arrays grown for different times; (a’) tilt and (b’) cross-sectional FESEM images
of (d). (f) an energy-dispersive spectroscopy (EDS) and (g) atomic composition of the hierarchical
ZNR/NNS arrays.

Since the system tends to minimize the overall surface energy, the ZNRs grew preferentially
along the [0001] direction [28,29]. Then, Ni-based nanoparticles (NPs) nucleated on the surface of the
ZNRs to form active sites, which minimized the interfacial energy barrier to promote the subsequent
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growth of Ni-based NPs. The merge of these NPs reduced the overall energy by decreasing the surface
energy, which was beneficial for adjacent Ni-based NPs to spontaneously self-organize together. The
self-organized NPs shared a common crystallographic orientation and formed a planar interface, as
shown in Figure 2b. When the reaction proceeded for 30 min, these NPs self-assembled to form large
nanosheets (NSs) and finally generated the ZNR/NNS arrays. The above hypothesis is supported by
examining the morphologies of NiO NSs at different growth stages by controlling the reaction time, as
shown in Figure 2¢,d. After exceeding a growth time of 60 min, the NSs transformed into nanowalls
(Figure 2e). Therefore, we selected 60 min as the optimum growth time for obtaining stable ZNR/NNS
arrays. Figure 2a’,b” show the tilted and cross-sectional FESEM images of the well-aligned NNS arrays
grown for 60 min. The results of an EDS analysis along with the atomic and weight values of the
hierarchical ZNR/NNS arrays are shown in Figure 2f. The atomic contents of oxygen, nickel, and zinc
were 16.6%, 60.09%, and 23.32%, respectively. The lower percentage of oxygen was ascribed to the
fact that oxygen is relatively lighter than nickel and zinc [30]. These results confirmed the successful
synthesis of the ZnO and NiO nanostructures.

To evaluate the properties of the fabricated photonic emitters, we measured their current-voltage
curves and optical output intensity. Under the injection current of 20 mA, the threshold voltages of
the C-emitters without nanostructures, with ZNRs, and with hierarchical ZNR/NNS arrays ranged
between 3.00 and 3.03 V, as shown in Figure 3a. This indicates that the ZnO nanostructures did
not affect the electrical properties of the emitters because they were grown using a low-temperature
growth process. At the injection current of 100 mA, the optical output power of the C-emitter with
the hierarchical ZNR/NNS arrays was approximately 17% higher than that of the device with ZNRs
and two times higher than that of the photonic emitter without any nanostructures (Figure 3b). The
inset emission images in Figure 3c—e show that the hierarchical ZNR/NNS arrays on the C-emitter are
brighter than the other emitters at the injection current of 0.05 mA. Compared to other studies on this
topic, we realized the optimal refractive index between the ITO layer and air [31,32]. In addition, the
higher optical output power can probably be attributed to the graded refractive index and the reduced
Fresnel reflection.
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Figure 3. (a) Current-voltage curves, (b) current-optical output power curves, and (c—e) emission
images (at an injection current of 0.05 mA) of the C-emitter without nanostructures, with ZNRs, and
with hierarchical ZNR/NNS arrays.

Then, we performed FDTD simulations to compare the three C-emitter types. Figure 4a,b show
schematic diagrams of the overall structures of the devices with the ZNR and the hierarchical ZNR/NNS.
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Figure 4. Layouts of the C-emitters with (a) ZNR and (b) hierarchical ZNR/NNS. (b") FESEM and
transmission electron microscope (inset) images of the hierarchical ZNR/NNS arrays. (c) Calculated
refractive indices and escape efficiencies. (d—g) Electric field propagation for various C-emitters.

In these simulations, we used the following parameters: ZNR diameter and height of 300 nm and
3.5 um, respectively, based on the corresponding FESEM image (Figure 2a); NNS width and height of
195 nm and 103 nm, respectively; and consistent interval of 88 nm between adjacent NNSs based on
the FESEM and transmission electron microscope results (Figure 4b’). These structures were simulated
on the 200 nm thick ITO layer deposited on the 430 nm photonic emitters. The refractive indices of
various materials were calculated using EMA [15-17]:

I

@

Neff = [n%nOVZnO + i, (1- VZnO)]

where 71, is the effective refractive index of the ZNRs; 17,0 and np;, are the refractive indices of ZnO
and air, respectively; and Vz,0 is the volume fraction of ZnO in the effective medium. The refractive
indices and the volume fraction were determined from the FESEM image, as shown in Figure 2a. The
average refractive index of the ZNRs was significantly lower than that of the ZnO film because of the
inclusion of air in the effective medium. Therefore, according to EMA, ZNRs have a lower refractive
index, even though the refractive index of the ZnO film was similar to that of the ITO film.

Furthermore, the refractive index of NNSs was lower than that of the ZNRs because the refractive
index of NiO is lower (1.68) than that of the ZnO film, even though NiO has the lower air volume,
as can be inferred from the FESEM image shown in Figure 2d. Therefore, we can confirm that the
calculated refractive indices of the GaN, ITO, ZNRs, NNSs are 2.49, 2.1, 1.47, and 1.44, respectively.

The optimal refractive index of the antireflection layer between the ITO film and air can be
computed using the formula: [33,34]

= o, @

The formula yielded a value of 1.449, which is very similar to the refractive index of the NNSs for
a high antireflection effect.
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The escape efficiencies of GaN, ITO, ZNRs, and NNSs (Figure 4c), based on the corresponding
calculated refractive indices, can be given as follows [35]:

2
Pescupe - 1 nm', (3)
P T a2
source nGuN

where ng,y is the refractive index of the GaN layer. Pescape and Psource are the escape and source
powers of the photonic emitter, respectively. According to the equation, the photonic emitter without
the ITO electrode has an escape efficiency of only 4%. This efficiency can be increased to 12.2% by
controlling the refractive index through NNSs growth. However, because this value represents the
escape efficiency of photon extraction obtained by considering only the refractive index, it will decrease
when considering the efficiency lost through GaN, ITO, and ZNRs. Moreover, the photon efficiency of
the device based on various nanostructures is not discussed here, because this calculation considers
only layered thin films.

Figure 4d—g illustrate the simulated electric field propagation for the various photonic emitters.
As can be inferred from the simulation results shown in Figure 4d,e, the two emitters have similar
propagation images. However, the C-emitter shows a higher field extraction toward the outside
compared to the emitter without the ITO electrode because of Fresnel reflection. In the case of Figure 4f,
although the ZNR on the C-emitter shows a remarkably higher propagation of electric field toward
the outside because of the refractive index control and wave guide effect of ZNR, it is limited by the
refractive index difference between the ZNR and air and the flat end of the ZNR. This can be explained
based on the strong intensity of the electric field inside the ZNR because of interference of the reflected
electric field. However, the simulation results of ZNR/NNS on the C-emitter, which are presented in
Figure 4g, shows the stronger electric propagation image than that of ZNR on the C-emitter. This
difference can be explained by the fact that the NNSs have a smoother graded effective refractive index
change and lower TIR loss from the GaN-based photonic emitter to the outside.

4. Conclusions

In conclusion, we successfully grew self-aligned hierarchical ZNR/NNS arrays on a C-emitter
through a low-temperature two-step hydrothermal process. Compared to the device with only ZNRs,
the device with the hierarchical ZNR/NNS arrays exhibited optimal refractive indices (GaN: 2.49,
ITO: 2.1, ZNR: 1.47, NNS: 1.44) and antireflection properties as a result of the graded refractive
index and waveguide effect. Therefore, at the injection current of 100 mA, its output power was
approximately 17% higher than that of the C-emitter with ZNRs and twice as high as that of the device
without nanostructures; in addition, there was no degradation of electrical properties. The proposed
nanostructures can be used to realize various nanotechnology applications, such as photonic emitters,
gas sensors, supercapacitors, electrochromic devices, and solar cells.
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Abstract: Tungsten trioxide (WOs3) is a wide band gap semiconductor material, which is commonly
not only used, but also investigated as a significant electrochromic layer in electrochromic devices.
WO; films have been prepared by inorganic and sol-gel free ammonium tungstate ((NH4),WOy),
with the modification of glycerol using the spin coating technique. The surface tension, the contact
angle and the dynamic viscosity of the precursor solutions demonstrated that the sample solution
with a 25% volume fraction of glycerol was optimal, which was equipped to facilitate the growth
of WO;3 films. The thermal gravimetric and differential scanning calorimetry (TG-DSC) analysis
represented that the optimal sample solution transformed into the WO3 range from 220 °C to 300 °C,
and the transformation of the phase structure of WO3 was taken above 300 °C. Fourier transform
infrared spectroscopy (FT-IR) spectra analysis indicated that the composition within the film was
WOj3 above the 300 °C annealing temperature, and the component content of WO3; was increased
with the increase in the annealing temperature. The X-ray diffraction (XRD) pattern revealed that
WO; films were available for the formation of the cubic and monoclinic crystal structure at 400 °C,
and were preferential for growing monoclinic WO3 when annealed at 500 °C. Atomic force microscope
(AFM) images showed that WOj3 films prepared using ammonium tungstate with modification
of the glycerol possessed less rough surface roughness in comparison with the sol-gel-prepared
films. An ultraviolet spectrophotometer (UV) demonstrated that the sample solution which had
been annealed at 400 °C obtained a high electrochromic modulation ability roughly 40% at 700 nm
wavelength, as well as the optical band gap (Eg) of the WO; films ranged from 3.48 eV to 3.37 eV with
the annealing temperature increasing.

Keywords: tungsten trioxide film; spin coating; optical band gap; morphology; electrochromism

1. Introduction

Currently, an increasing amount of attention has been concentrated on energy saving in buildings
for the reason that the energy used for these is in excess of 30% of the consumption of the total energy
in the word, as a matter of fact [1]. It is worth mentioning that it is the transition metal oxides that
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are the fascinating semiconducting materials which possess a variety of properties, applications and
functions [2]. Tungsten trioxide (WOj3), the most widely studied and used electrochromic material,
has been studied for many years since having been found by Deb in the 1960s, thanks to its attractive
characteristics of high coloring efficiency, good optical modulation ability and decent chemical stability
in the field of electrochromism [3—6]. It is remarkable that WO3 with various crystalline structures by
different synthesis methods is extensively appropriate for diverse device applications [7-9], such as the
electrochromic smart window [10,11], rear-view automatic-dimming rearview mirror [12], gas sensor
device [13-15], and military camouflage [16], etc. A large variety of techniques can be used to prepare
WOj; thin films, such as chemical vapor deposition (CVD) [17], physical vapor deposition (PVD) [18]
and wet chemical deposition methods base on solution [19-21]. In fact, the sol-gel technique that is
used to prepare WOj3 thin films is commonly considered feasible among wet chemical deposition
methods due to a good few favorable and conspicuous advantages, such as large-area film formation,
a repeatable process and inexpensive experimental facilities [22-24]. It is the formation of the gel
network by polymerization that the principle of the sol-gel technique for preparing thin films depends
on [3]. Nevertheless, it cannot be neglected that there is less satisfaction with thin films prepared by
the sol-gel technique because of these following deficiencies, which would be limited in applications
in electrochromism and thin film transistors, etc. Not only the stability of the precursor solution
for the formation of gel structure is generally not adequate enough, and it would not gratify the
industrial production as a significant parameter [25], but also the homogeneity throughout the sol-gel
process would not be guaranteed effectively by producing a homogeneous precursor solution at room
temperature [26]. Furthermore, there are practical limitations for the reason that thin films with
microstructures and nanostructures prepared by the sol-gel technique are more fragile, so that they
possibly cannot maintain well their structure in the course of the assembly process of electrochromic
devices [27]. It is important to note that wrinkle cracks are observed on the surface of the thin films
prepared by the sol-gel technique with the increase in the thickness of films [28,29].

To effectively solve this problem, WO; thin films can be prepared by the spin coating technique
using pure-inorganic ammonium tungstate precursor solution in this present study, which would not
obtain the gel structure. In this work, WOj5 thin films were successfully prepared using the above
precursor solution by the spin coating technique. The glycerol, one kind of excellent solvent with high
viscosity, has been utilized to magnify the adhesiveness of the pure-inorganic ammonium tungstate
precursor solution, so as to sufficiently facilitate the growth of the WOj; films. The sample solution
performance, the film surface morphology, components, crystallization, optical properties and the
electrochromic properties, were investigated and discussed through different characterization methods.

2. Materials and Methods

Tungsten trioxide (WO3, <100 nm, 99.9% metals basis, Macklin Biochemical Co. Ltd, Shanghai,
China) and ammonia hydroxide (NH3-H,O, AR, 26%, Guangzhou Chemical Reagent Factory,
Guangzhou, China) were mixed in a beaker to prepare an ammonium tungstate ((NHy), WOj) solution.
Subsequently, five kinds of sample solution were prepared using glycerol (C3HgO3, AR, Richjoint,
Shanghai, China) for modification. According to the different volume fraction of glycerol, the volume
fractions of glycerol were 0%, 12.5%, 25%, 37.5% and 50%, respectively, and the concentration of
ammonium tungstate solution was approximately 5.5 mol/L. The precursor solutions were uniformly
obtained after being ultrasonically oscillated, which were not only transparent, but also sol-gel free.
Eventually, all of the WO; thin films were prepared, using the spin coating technique, onto indium
tin oxide (ITO) plane glass substrates (2 x 2 cm?), with spin coating parameters (3500 revolutions per
minute for 60 s).

The WOj; thin films were annealed at different temperatures in the air atmosphere: 200 °C, 250 °C,
300 °C, 350 °C, 400 °C, 450 °C and 500 °C, respectively.

The surface tension and the contact angle of the precursor solutions were measured by Attension
Theta (Biolin Scientific, TL200, Gothenburg, Sweden). The dynamic viscosity measurements of the
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precursor solutions were implemented using a rotational rheometer (Thermo Fisher Scientific, HAAKE
MARS 40, MA, USA). Thermal gravimetric analysis (TGA) and differential scanning calorimetry
were characterized by a Differential Scanning Calorimeter (DSC, Differential Scanning Calorimeter,
DSC214, NETZSCH Scientific Instruments Trading (Shanghai) Ltd., Selb, Germany). The thickness
of all films was measured by a probe surface profiler (VeecoDektak150, Veeco, Somerset, NJ, USA).
The crystalline structure of WO5 thin films was characterized by X-ray Diffraction using Cu K radiation
(XRD, PANalytical Empyrean DY1577, PANalytical, Almelo, The Netherlands), and the XRD patterns
were analyzed using the software Jade 6.0. As well as this, Fourier transform infrared spectroscopy
(FT-IR) spectra of the solutions were recorded by an FI-IR spectrophotometer (SHIMADZU IR
Prestige-21, SHIMADZU, Tokyo, Japan) with an ITO glass substrate acting as a blank. The surface
morphology was observed by an atomic force microscopy (AFM, Being Nano-Instruments BY3000,
Being Nano-Instruments, Beijing, China). The transmittance of the films at the initial state, colored
state and bleached state were measured by an ultraviolet spectrophotometer (SHIMADZU UV2600,
SHIMADZU, Tokyo, Japan), with air acting as a blank. The current of the electrochromic test and the
relationship between the change of transmittance and the time were recorded by an electrochemical
workstation (CH Instruments CHI600E, CH Instruments, Shanghai, China) and a micro-spectrometer
(Morpho PG2000, Morpho, Shanghai, China), respectively.

3. Results and Discussion

The surface tension, the contact angle and the dynamic viscosity of all the precursor solutions are
illustrated in Figure 1. Figure 1a shows that as the volume fraction of modified-ammonia tungstate
glycerol increases, keeping the volume of the precursor solutions consistent, both of the surface
tension and the contact angle decrease first, and then increase while obtaining a minimum in the
sample solution with 25% volume fraction glycerol. As shown in Figure 1b, the dynamic viscosity
of the solutions characterizes an increasing tendency with the increase in the volume of the glycerol.
As defined, when the droplet has a tendency to spread out on the solid surface, not only the solid-liquid
contact surface increases and the contact angle decreases, but also the surface tension decreases. In other
words, the smaller the surface tension and the contact angle, the better the surface wettability of the
solution on the substrate. Additionally, bigger dynamic viscosity could facilitate the growth of films.
In comparison to dynamic viscosity, the surface tension and the contact angle exert a decisive part in
selecting the optimal solution in this work. As a consequence, the ammonium tungstate solution with
25% volume fraction glycerol is used to grow WQOj3 thin films in this work.

Figure 2 shows the thermal gravimetric and differential scanning calorimetry (TG-DSC) curves
of the sample solution with 25% volume fraction glycerol and the thickness of the films annealed
at different temperatures. The sample solution successively loses weight from room temperature to
approximately 300 °C, as shown in the TG curve. The drastic weight loss can be as a result of the
water evaporation range from room temperature to 140 °C [30]. It was the pyrolysis of glycerol and the
further evaporation of water that a continuous weight loss of the solution range from 140 °C to 220 °C
results from [31]. It can be seen that there are multiple weak endothermic peaks and exothermic peaks,
and the weight of the sample solution reduces in the temperature between 220 °C and 300 °C, which is
presumably ascribed to the formation of WO3; from ammonium tungstate. The weight of the sample
solution was not observed to change obviously above 300 °C. Besides, the thickness of the WOj5 films
decreases drastically between 200 °C and 300 °C, as shown in Figure 2b. The drastic drop of thickness
probably results from the water evaporation and the pyrolysis of glycerol. The further change in
thickness would be analyzed through the FT-IR and XRD. Furthermore, the slowly endothermic process
between 300 °C and 460 °C could be observed, which is possibly attributed to the transformation of
phase structure of WO3 from ammonium tungstate.

On the other hand, according to DSC analysis, it is concluded that the phase structure of WO3
was also transformed along with exothermic process above 460 °C. The further phase structure
transformation of WO3 would be characterized and analyzed through XRD measurement.
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The FT-IR spectra of the sample solution with a 25% volume fraction of glycerol are illustrated
in Figure 3, which were annealed at 300 °C, 350 °C, 400 °C, 450 °C and 500 °C, respectively. It can
be seen that there are a sharp peak at approximately 980 cm ™! and a weak peak at around 690 cm™!,
which respectively correspond to the characteristic W=0 stretching vibration and W-O-W stretching
vibration [32,33], revealing the successful formation of WO3 from ammonium tungstate when WO3 films
were annealed above 300 °C, which is consistent with the result of the TG-DSC analysis. In addition,
the sharp peak shifts to a higher wavenumber, and becomes sharper from 300 °C to 350 °C in indication
of that the W=0 bond length shortens and the W=0 bond vibrational steric resistance increases.
It is indicated that the film structure becomes dense from loose, and the thickness of film deceases
at 350 °C. Besides, the decrease in the film thickness in the temperature stage of 400-500 °C is also
attributed to the densification of the film in the case of the stable content of WO3 in the film. As shown
in Figure 3, both of the two peaks were intensified with the increase in the annealing temperature,
which indicated that a mounting number of WO3 was generated, and the WOj3 thin film was prone to
be purer. According to FI-IR analysis, WO3 is the dominant composition within the films instead of
glycerol as the annealing temperature increases.
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Figure 1. The surface tension and the contact angle and the dynamic viscosity of the all sample
precursor solutions. (a) The surface tension and the contact angle. (b) The dynamic viscosity.

100 = WY
300°C o E = L —®— Thickness
—DSC © 160
~ 140}
460°C fen) =]
£ S 120t
= 2
@ 100
=
S .
=) = ol n .
140°C -12 ‘ -§ 10|
0 . . . . . £ . . . . . . .
0 100 200 300 400 500 600 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)
(a) (b)

Figure 2. (a) The thermal gravimetric and differential scanning calorimetry (TG-DSC) curves of the
sample solution with 25% volume fraction glycerol. The endothermic process and exothermic process
are appointed as “endo” and “exo”, respectively. (b) The thickness of the WOj3 films annealed at
different temperatures.
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Figure 3. Fourier transform infrared (FT-IR) spectra of WOj films prepared using the sample solution
with 25% volume fraction glycerol.

Figure 4a—f presents the AFM 2D and 3D images (5000 nm X 5000 nm) of the WOj thin films
prepared using the sample solution with 25% volume fraction glycerol, which were annealed at
different temperatures for an hour. Moreover, the surface roughness and the surface grain size of
these films are illustrated in Figure 4g. As shown in Figure 4a,b, it is revealed that the WOj3 thin film
which was annealed at 200 °C is almost smooth and homogeneous. There are few surface grains on
the WOj; thin films annealed at 200 °C for the reason that definite boundary would not be observed.
According to the result of TG-DSC analysis, the film annealed at 200 °C did not transform into WO3
yet. With the increase in the annealing temperature, a slightly rough surface is commenced to emerge
on the WOj3 thin film, which can be observed in Figure 4c,d. There are a great many easily identifiable
grains on the surface of the WOj film in Figure 4e,f, which may be attributed to the crystallization of
WOj3; when the WO; film was annealed at 500 °C. This can be confirmed through the result of XRD
analysis. The average surface grain size of the WOj thin films annealed at 200 °C, 350 °C and 500 °C
are, respectively, 7.8 nm, 63.6 nm and 74.7 nm. The surface root mean square (RMS) roughness of the
WO; films annealed at 200 °C, 350 °C and 500 °C are 0.38 nm, 1.01 nm and 1.68 nm, respectively. It is
worth mentioning that the WO; films prepared in this work are less rough, with a surface roughness of
less than 2 nm in comparison with the sol-gel-prepared WOj; films, although the surface roughness of
WO; films exists a slowly increasing tendency with annealing temperature [34-36]. In other words,
the WOj; films with less roughness prepared in this work can reduce scattering of the incident light,
and are beneficial to the transmission of incident light, so that they are more qualified for application
in an electrochromic device [34].

X-ray Diffraction (XRD) is an effective experimental technique to characterize the crystalline
structure and the grain size of material. The XRD patterns of the WO3 films prepared using the
sample solution with 25% volume fraction glycerol onto ITO glass substrate, and annealed at different
temperatures, are illustrated in Figure 5. The diffraction peaks were analyzed using Jade 6.0 and
PDF#06-0416, PDF#41-0905 and PDF#30-1387. In the XRD of Figure 5, the diffraction peaks of the WO3
thin films annealed at 200 °C and 300 °C are matched well with Indium Oxide (In,O3), according to
PDF#06-0416, indicating acquirement of the amorphous structure of the WOj5 film [20,25,37]. It can be
confirmed that there are some diffraction peaks of the WO; film annealed at 400 °C, except for the
diffraction peaks of ITO glass substrate in Figure 5. In other words, it is indicated that the crystalline
temperature for the WO3 thin films is between 300 °C and 400 °C [2,38]. According to the broad
diffraction peak located at approximately 24°, the formation of the WOj3 cubic crystal structure is
revealed, and monoclinic WO3 also exists at the same time [32]. It is suggested that the crystalline
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transformation in thin film, making the uplift of the film, results in the increase in thickness at 400 °C.
Along with temperature being further increased, the WOj3 film was confirmed to be preferential growth
to monoclinic crystalline structure, rather than cubic crystalline structure when the WO5 film was
annealed at 500 °C [16,39]. Furthermore, this can be in good agreement with the results of TG-DSC
curves and AFM images.
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Figure 4. The atomic force microscope (AFM) 2D and 3D images of the WOj3 thin films prepared
using the sample solution with 25% volume fraction glycerol annealed at different temperatures: (a,b)
200 °C, (c,d) 350 °C, (e,f) 500 °C, respectively. (g) The surface roughness and the surface grain size of
these films.
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Figure 5. The X-ray Diffraction (XRD) patterns of the WOj3 films prepared using the sample solution
with 25% volume fraction glycerol annealed at different temperatures: 200 °C, 300 °C, 400 °C and
500 °C, respectively.

Figure 6a-g display the optical transmittance spectra of the WOj5 films at the initial state, colored
state and bleached state in the wavelength range from 400 nm to 800 nm, which were prepared
using the sample solution with 25% volume fraction glycerol, and annealed at different temperatures,
and the optical transmittance modulation ability (AT at 700 nm) curve of these films is illustrated
in Figure 6h. The transmittance modulation ability (AT) can be defined by the following formula at
700 nm wavelength:

AT=[T. - Ty )

In this formula, T. and Ty, are the optical transmittance of the WOj films at a colored state and
bleached state at the 700 nm wavelength, respectively. It is meant that the greater the AT, the better the
optical transmittance modulation ability. As shown in Figure 6h, AT increased first from 200 °C to
300 °C, and subsequently decreased slightly at 350 °C. After AT achieved a maximum roughly 40% at
400 °C, it decreased again at 450 °C and 500 °C.

In the temperature stage of 200-300 °C, the precursor has not completely transformed. The quite
thick film is attributed to a large quantity of amorphous carbon from the pyrolysis of glycerol. Besides,
the amorphous carbon is the good binding receptor for Li* [40,41], thereby there is a competitive
relationship between amorphous carbon and WO3 in binding to Li*. As the annealing temperature
increases, the thickness of the film decreases, suggesting that the amorphous carbon is gradually
oxidized, and the content of amorphous carbon decreases. WOj3 gradually plays a dominant role in the
competition of binding to Li* with the continuous formation of tungsten trioxide. As a consequence,
the AT of the film gradually increases range from 200 °C to 300 °C.

When the annealing temperature rises above 350 °C, the composition of the film is basically
WQO3;, and the effect of temperature on the mass of WOj is negligible, according to the result of the
TG curve in Figure 2. The AT of the film decreases slightly at 350 °C, which is attributed to the
following possible reason: In the FT-IR of Figure 3, when the annealing temperature increases from
300 °C to 350 °C, the W=0 absorption band shifts to a higher wavenumber and becomes sharper,
which indicates that the W=0 bond length shortens, as well as the W=0O bond vibrational steric
resistance increases. In addition, the mass of WOj is basically constant, while the thickness of film
decreases. It demonstrates that the film structure becomes dense from loose. The steric hindrance of
Li* into and out the thin film increases, and the binding sites may decrease at the same time, which is
not conducive to electrochromism [42—-44]. Therefore, there is a slight decrease in the AT at 350 °C.
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Figure 6. The optical transmittance spectra of the WO3 films annealed at different temperatures at the
initial state, colored state and bleached state: (a) 200 °C, (b) 250 °C, (c) 300 °C, (d) 350 °C, (e) 400 °C,

(f) 450 °C, (g) 500 °C, respectively. (h) The optical transmittance modulation ability (AT at 700 nm
wavelength) with +3.0 V voltages.
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The AT of the film at 400 °C is the best for the possible reasons as follows: Firstly, the crystalline
WO; film possesses a higher carrier mobility [37,45], WOj3 is an n-type semiconductor [2] and electrons
are the majority carrier, which is beneficial to electron injection in the electrochromic double injection
of ions and electrons model [28,46]. Secondly, the crystallization degree of the film is not very high at
400 °C, and there are a lot of grain boundaries within the film in a mixed crystalline phase structure.
Besides, different crystalline phases would produce a lot of crystallographic defects owing to the lattice
constant mismatch. These grain boundaries and defects are essentially W-O-dangling bond, which are
good ion binding sites, contributing to electrochromism. Hence, the AT of the film is the best at 400 °C.

However, with the further increase in annealing temperature, the crystal phase of the film is
mainly monoclinic, and the diffraction peaks become sharper in Figure 5, which indicates that the
crystallization degree of the film increases, suggesting that the grain boundaries in the film decrease
and Li* binding sites decrease. Moreover, the densification of the film is not conducive to the injection
and extraction of Lithium ions [44,47]. In consequence, the AT of thin film decreases gradually in the
temperature stage of 400-500 °C.

The optical properties of the WOj films annealed at different temperatures are characterized in
Figure 7. The optical band gap of these films can be calculated from the following formula [48,49]:

ohv = A(hv — Eg)" (2)

In this formula, A isa content; «, the absorption coefficient, can be computed from the transmittance;
the Planck constant (h) is 6.626 x 1073*] s; v, the photon frequency, can be converted from the wavelength;
nis 2, because WOj is an indirect band gap semiconductor; Eg, the optical band gap, is the value of the
fitting line horizontal intercept of the curve of (ahv)Y/? versus the photon energy hv.

As shown in Figure 7b, the optical band gap (Eg) of the WOj3 films are observed at the 3.48 eV,
3.45 eV, 3.47 eV and 3.37 eV ranges from 350 °C to 500 °C, respectively. The Eg of the WO;3 films
prepared in this work decreased first and then increased, and afterward decreased again with the
increase in annealing temperature. The average bandgap of the WOj3 films with a mixed crystalline
structure, obtaining a minimum, is 3.37 eV at 500 °C [2].
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Figure 7. (a) The transmittance of WOj films prepared using the sample solution with 25% volume
fraction glycerol annealed at different temperatures. The transmittance of air is specified as 100%.
(b) The curve of (ahv)¥2 versus hv for WOj films.

Figure 8a,b illustrate the change of transmittance at 680 nm wavelength of the WO3 films prepared
using the sample solution with 25% volume fraction glycerol and the change of transmittance at
680 nm wavelength under +3.0 V voltages, respectively. Additionally, for sufficiently evaluating the
electrochromic performance, coloration efficiency (CE) as an important parameter is defined by the
following formula [50,51]:

CE = AOD/AQ = log[Tp/TJ/(Q/A) C)
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Q:fldt )

In the formula, AOD is the optical density of the change between two optical states at 680 nm
wavelength; T}, and T. were defined above; the injecting and extracting charge density (Q) were
calculated by integrating the current of a cycle of the electrochromic test; A is the electrochromic total
area. The coloration efficiency (CE) value of sample was calculated to be 46.3 cm?-C~! for WO; thin
films annealed at 400 °C in this work, as shown in Figure 8b. In general the CE value of sol-gel-prepared
films ranges from 25 cm?-C1 to 75 cm2-C~1, which shows that the CE value of sol-gel-free WOj films as
reliable as normal sol-gel WO; films [37,52]. Further studies will be done about the electrical resistance
and the electrochromic reliability.

It is worth comparing the performance in this work with other reported studies by other synthesis
methods. The comparison of coloration efficiency and optical band gap between this work and other
reported works would be demonstrated in Table 1. It is indicated that this work, using the sol-gel-free
method, maintains a proper balance between optical band gap and coloration efficiency better than
other works by synthesis methods in reference.
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Figure 8. (a) Change curve of transmittance at 680 nm of WOj5 films prepared using the sample solution
with 25% volume fraction glycerol. (b) Variation of the optical density (OD) versus charge density for
WO; film. The applied voltage was range from —3.0 V to +3.0 V.

Table 1. The comparison of optical band gap and coloration efficiency between this work and the
reported works by synthesis methods.

Result from Synthesis Method Crystallinity Opc?:;};?)nd Efﬁg(e)rl:z;a:z(x):z /0)
[5] DC magnetron sputtering Amorphous 3.51 40.5
[37] Sol-gel Amorphous 3.31 45.3
[37] Sol-gel Crystalline 3.10 27.4
[52] Sol-gel Crystalline 3.01 46.7
This work Sol-gel free Crystalline 3.37 46.3

4. Conclusions

The WOj3 thin films were successfully prepared on ITO glass substrate by spin coating technique
using the glycerol-modified ammonium tungstate precursor solution. For better surface wetting,
the sol-gel free ammonium tungstate solution with the 25% volume fraction of glycerol was selected to
promote the growth of WOj3 thin films. It is concluded that the ammonium tungstate transformed to
WOj3 range from 220 °C to 300 °C, and the crystalline structure of the WOj5 films was observed when
films were annealed above 300 °C.

Additionally, as the annealing temperature increases, the component content of WO3 within the
film increased. The WO3 films prepared in this work were smoother and more homogeneous than the
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sol-gel-prepared films. The optical band gap of the WO3 films was variational from 3.48 eV to 3.37 eV
with the increase in the annealing temperature above 350 °C. Furthermore, the coloration efficiency of
the WO films attained 46.3 cm2-C~1.
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Abstract: The urgent demand for transparent flexible electrodes applied in wide bandgap devices has
promoted the development of new materials. Silver nanoring (AgNR), known as a special structure of
silver nanowire (AgNW), exhibits attractive potential in the field of wearable electronics. In this work,
an environmentally friendly glycerol-based cosolvent polyol method was investigated. The Taguchi
design was utilized to ascertain the factors that affect the yield and ring diameter of AgNRs. Structural
characterization showed that AgNR seeds grew at a certain angle during the early nucleation period.
The results indicated that the yield and ring diameter of AgNRs were significantly affected by the
ratio of cosolvent. Besides, the ring diameter of AgNRs was also tightly related to the concentration
of polyvinylpyrrolidone (PVP). The difference of reducibility between glycerol, water, and ethylene
glycol leads to the selective growth of (111) plane and is probably the main reason AgNRs are formed.
As a result, AgNRs with a ring diameter range from 7.17 to 42.94 um were synthesized, and the
quantity was increased significantly under the optimal level of factors.

Keywords: wide bandgap semiconductors; flexible devices; silver nanoring; silver nanowire; polyol
method; cosolvent

1. Introduction

With the development of flexible wide bandgap (WBG) semiconductor devices, such as flexible
thin-film transistors (TFT) [1,2], wearable display devices [3,4], photovoltaic devices [5], and energy
storage devices [6], the requirement for flexible electrodes, especially ones that are transparent and
printable, has become urgent. As a traditional transparent conductive thin film (TCF), indium tin
oxide (ITO) is brittle and requires high temperature preparation, which limits its application in
flexible TCFs [7,8]. To meet such demand, several materials like graphene [9], carbon nanotubes [10],
metal grid [11,12], and metal nanowires [13,14] have been studied over the years and achieved some
substantial results.

Among these materials, silver nanowire (AgNW), known as the most suitable material to prepare
TCFs, is considered to be a potential material because of its excellent electrical, optical, and mechanical
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properties as well as simple solution preparation [15-19]. Recently, a new form of silver nanostructure
called silver nanoring (AgNR) was prepared as the by-product of AgNW. It showed high flexible
performance with little effect on light transmission and also exhibited some attractive properties to
be applied in optical nanoantennae, plasmonic devices, and optical manipulation [20,21]. Azani et al.
simulated random networks deposited with conductive rings or wires and declared that AgNR can
reach better optoelectrical property than AgNW at the same sheet resistance [22]. AgNR retains intrinsic
chemical stability and low electrical resistivity like other silver materials and has strong localized
surface plasmon resonance (LSPR) [23] to be used in energy conversion or signal enhancement. When
AgNR and AgNW are deposited in flexible substrates, the two-dimensional structure of AgNR can
increase the probability of overlapping to form a conductive network, and the maximum number of the
contact point is twice as many as that of AGNW, which gives AgNR greater resistance against disconnect.
At the same time, the ring shape gives the conductive network stronger tensile resistance [24]. Owing
to these advantages, AgNR can be fabricated into printable flexible transparent electrodes to form
WBG semiconductor devices with superior performance. However, like other nanorings composed
of Cu [25], GaN [26], AIN [27], and ZnO [28], the preparation of AgNR still faces the difficulties
of low yield and less purity, which seriously affect its application. Ethylene glycol (EG), the most
commonly used solvent in the polyol method to prepare AgNWs, has subacute and chronic toxicity to
humans. Glycerol, another polyol with higher hydroxyl content ratio, is far less harmful to humans
and the environment and is commonly used in food and medicine. In this study, AgNRs were
synthesized through an environmentally friendly glycerol-based cosolvent polyol method. The factors
that influence the yield and average ring diameter were analyzed by the Taguchi design, and the
growth mechanism was investigated by combining the results of structural characterization.

2. Materials and Methods

The AgNRs were synthesized with a glycerol-based cosolvent polyol method. Polyvinylpyrrolidone
(PVP, Shanghai Maclean Biochemical Co., Ltd., Shanghai, China) of different molecular weights
(Mw) (K60, Mw ~360,000, K90 Mw ~1,300,000) was added in glycerol (Shanghai Richjoint Co., Ltd.,
Shanghai, China). The mixture was then heated to 160 °C with vigorous stirring. After 30 min,
26.88 mM NaCl (Shanghai Richjoint Co., Ltd.) or tetramethylammonium chloride (TMA-C, Shanghai
Maclean Biochemical Co., Ltd., Shanghai, China) and 9 mM NaBr (Shanghai Richjoint Co., Ltd.) or
tetrapropylammonium bromide (TPA-B, Shanghai Maclean Biochemical Co., Ltd.) dissolved in glycerol
were added to the mixture and stirred for another 30 min. Next, 137.95 mM AgNOj; (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) dissolved in glycerol mixed with EG (Shanghai Richjoint
Co., Ltd.) or deionized (DI) water was added dropwise to the mixture for 10 min. Then, the mixture
was further kept at 160 °C for 1 h without stirring until the reaction finished. Under pressure conditions,
the reaction was conducted in a hydrothermal kettle, and the reaction time was increased to 7 h.
After cooling, the solution was purified with acetone and ethanol and suspended in ethanol. AgNR
dispersion in ethanol was spin-coated on silicon wafers and then annealed at 130 °C for 15 min for
characterization. SEM images were taken by Hitachi Regulus8100 field-emission SEM, and the quantity
and ring diameter of silver nanorings were measured with Olympus 3D confocal laser scanning
microscope (CLSM) OLS5000 (Olympus Corporation, Tokyo, Japan).

3. Results and Discussion

To fabricate AgNRs, a glycerol-based polyol method with a reaction time of 45 min was used.
As shown in Figure 1a,b, AgNRs could hardly be observed except for several AgNRs before closure
(Figure 1a) and some silver nanoarcs (Figure 1b). By completing the rest of the silver nanoarcs in
Figure 1b, we could see that nearly all of them fitted well with the standard ring shape. This indicated
that such arcs could grow into AgNRs if the reaction time was longer. The AgNRs seemingly grew
along the track of the rings instead of becoming ring-shaped because of internal force after the two
ends of AgNWs met. This suggests that AgNRs grow differently from AgNWs at the early stage, which
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implies that decahedral seeds [29] probably grow at a certain angle during the early nucleation period.
To improve the yield of AgNRs, the reaction time was increased to 1 h. This resulted in AgNRs being
synthesized with perfect geometry (Figure 1c), exhibiting the possibility of fabricating AgNRs with
a higher yield.

o
10.0kV 8:6mm x3.00k SE(U)

Figure 1. (a) SEM image of silver nanorings (AgNRs) before closure; (b) confocal laser scanning
microscope (CLSM) image of silver nanoarcs; (c) SEM images of AgNRs after increasing reaction time
tolh.

To increase the number of decahedral seeds that grow along a certain angle and finally raise
the yield of AgNRs, a cosolvent method was introduced to provide different nucleation effect and
reduction potential [30]. EG, the most commonly used solvent in the polyol method [31], and water,
the solvent for preparing AgNWs by the hydrothermal method [32], were chosen as other solvents
with less unpredictable influence on the reaction. To further select the main factors that affect the
quantity and average ring diameter of the prepared AgNRs, an Lg(2”) orthogonal array was designed,
and the corresponding results are presented in Table 1. The quantity of AgNRs was obtained by
counting 50 images of 250 um X 250 um that were randomly selected by CLSM. The optimal level to be
chosen and the rank of factors analyzed by the Taguchi design are listed in Table 2. The delta value
in Table 2 represents the degree of influence on the result, and the rank values are the sequences of
delta values. Both the concentration of PVP and the ratio of cosolvent strongly affected the quantity
and average ring diameter, while the Mw of PVP and the type of chloride salt had less effect on the
reaction. To increase the yield of AgNRs, the concentration of PVD, the ratio of cosolvent, and the type
of cosolvent were chosen as the main factors for further experiment, while other factors were kept at
the optimal level for greater quantity, as shown in Table 2. It is worth noting that the quantity listed
in Table 1 is much less than that of our abovementioned work with a glycerol-based polyol method
using NaCl, NaBr, and 82.8 mM PVP-K90 without any cosolvent and applying pressure. Among these
factors, the addition of another solvent played an important role, as shown in Table 2, and a smaller
ratio seemed to benefit the generation of AgNRs to some extent. Moreover, with excess addition of
EG or DI water, the viscosity of the solution decreased sharply, which would suppress AgNWs from
curving into the ring shape. Therefore, the ratio of cosolvent was reduced to ~10% of the original.
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Table 1. Lg(27) orthogonal array and the corresponding result.

Mw of

Concentration Chloride Bromide Type of Ratio of

Quantity Average

Sample o, Pressure of Ring
PVP of PVP /mM Salt Salt Cosolvent  Cosolvent/% AgNRs  Diameter/um
1 K90 41.4 Na* Na* EG 5 with 28 14.77
2 K90 414 Na* TPA- DI 10 without 5 10.38
3 K90 82.8 TMA- Na* EG 10 without 76 14.65
4 K90 82.8 TMA- TPA- DI 5 with 75 14.80
5 K60 41.4 TMA- Na*t DI 5 without 24 13.25
6 K60 41.4 TMA- TPA- EG 10 with 10 12.40
7 K60 82.8 Na* Na* DI 10 with 14 15.00
8 K60 82.8 Na* TPA- EG 5 without 108 14.90
Table 2. The optimal level and the rank of factors (larger the better).
Results Factors Mw of Concentration Chloride Bromide Type of Ratio of Pressure
PVP of PVP/mM Salt Salt Cosolvent  Cosolvent/%
Quantity of Level K90 82.8 TMA- TPA- EG 5 without
A NRys Delta 7.00 51.50 7.50 14.00 26.00 32.50 21.50
8 Rank 7 1 6 5 3 2 4
A X Level K60 82.8 TMA- TPA- DI 5 with
‘:frage "ME  Delta 0.24 214 0.01 1.30 0.82 1.32 0.95
lameter  pank 6 1 7 3 5 2 4

Another L14(2'4?) orthogonal array was designed to study the optimal level of concentration of
PVD, the ratio of cosolvent, and the type of cosolvent (Table 3). The analysis results for the quantity of
AgNRs with the Taguchi design are shown in Figure 2 and Table 4. The mean quantity presented in
Figure 2 was achieved by the following regression equation:

Quantity

= 63.25 — 6.0 Concentration of PVP_1
+ 17.8 Concentration of PVP_2

+ 3.8 Concentration of PVP_3

— 8.0 Concentration of PVP_4

— 36.3 Ratio of cosolvent/%_1 1)
— 19.7 Ratio of cosolvent/ %_2

+ 56.0 Ratio of cosolvent/%_3

+ 0.0 Ratio of cosolvent/%_4

+ 1.88 Type of cosolvent_1

+ 1.88 Type of cosolvent_2

The number behind the factor refers to its level, and it was the value employed to substitute into
the equation. According to Figure 2, the best level of above 3 factors was achieved by adding 1% DI
water into glycerol and 82.8 mM PVP. Only the p-value of the ratio of cosolvent was less than 0.05,
which meant the ratio of cosolvent had a significant effect on the quantity. The mean quantity rose
slightly from 27.00 to 43.50 as 0.5% cosolvent was added and then rose significantly to 119.25 when
the ratio was 1%; it finally rapidly declined to 63.25. Despite the significant effect of ratio, the mean
quantity hardly changed with a delta value of merely 3.75 when EG was replaced with DI water.
Similarly, with the increase in concentration of PVP, the mean quantity rose slightly and reached a peak
of 81.00 at 82.8 mM, then eventually decreased to 55.25.
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Table 3. L;(2'4%) orthogonal array and the corresponding result.

Sample Concentration Ratio of Type of Quantit Average Ring
P of PVP/mM Cosolvent/% Cosolvent y Diameter/um

9 414 0 EG 32 12.80
10 414 0.5 EG 18 13.47
11 414 1 DI 140 15.74
12 414 1.5 DI 39 13.57
13 82.8 0 EG 42 15.18
14 82.8 0.5 EG 65 17.15
15 82.8 1 DI 162 16.56
16 82.8 1.5 DI 55 14.43
17 124.2 0 DI 27 15.45
18 124.2 0.5 DI 41 16.31
19 124.2 1 EG 97 16.72
20 124.2 1.5 EG 73 15.28
21 165.6 0 DI 7 15.65
22 165.6 0.5 DI 50 17.48
23 165.6 1 EG 78 16.49
24 165.6 1.5 EG 86 14.77
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Figure 2. Plot of the main effects on the mean quantity of AgNRs.

Table 4. Analysis of variance with the general linear model for the quantity of AgNRs.

Source DF Adj Ss AdjMS  Delta F-Value p-Value
Concentration of PVP 3 1716.5 572.17 25.75 0.79 0.531
Ratio of cosolvent 3 19360.5 6453.5 92.25 8.96 0.006
Type of cosolvent 1 56.3 56.25 3.75 0.08 0.787
Error 8 5761.7 720.22 - - -
Total 15 26895.0 - - - -
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Correspondingly, the mean ring diameter was analyzed by the following regression equation:

Ring diameter

= 15.441

— 1.546 Concentration of PVP_1
+ 0.389 Concentration of PVP_2
— 0.499 Concentration of PVP_3
— 0.657 Concentration of PVP_4
— 0.671 Ratio of cosolvent/%_1
— 0.662 Ratio of cosolvent/%_2
+ 0.937 Ratio of cosolvent/%_3
+ 0.928 Ratio of cosolvent/%_4
— 0.208 Type of cosolvent_1

+ 0.208 Type of cosolvent_2

@

As can be seen from the results in Figure 3 and Table 5, the optimal level was 165.6 mM PVP
and the addition of 1% DI water into glycerol. Like the quantity, the type of cosolvent had little to do
with the mean ring diameter. However, the p-value of both the ratio of cosolvent and concentration
of PVP was less than 0.05, showing a significant effect. However, the mean ring diameter rose more
gently as the ratio of cosolvent increased. It rose greatly when the concentration of PVP increased to
82.8 mM, then rose mildly as more PVP was introduced. Putting the two figures together, the peak of
the ratio of cosolvent appeared at 1%, and no matter how much EG or DI water was added, both of
them produced a noticeable effect without much difference.

17

16

15

14

Mean of mean ring diameter/pum

13

L L I

L L L L L L L L
414 828 1242 1656 O 05 1.0 1.5
Concentration of PVP/mM  Ratio of co-solvent/%

EG
Type of co-solvent

Figure 3. Plot of the main effects for mean ring diameter.

113
DI water

17

14

Table 5. Analysis of variance with the general linear model for ring diameter.

Source DF Adj Ss AdjMS  Delta F-Value p-Value
Concentration of PVP 3 12.8857 4.2952 2.20 9.05 0.006
Ratio of cosolvent 3 10.5079 3.5026 1.86 7.38 0.011
Type of cosolvent 1 0.6931 0.6931 0.42 1.46 0.261
Error 3.7951 0.4744 - - -
Total 15 27.8817 - - - -

The EG or DI water added to glycerol to form the cosolvent had some features distinct from
glycerol. To explain the mechanism of the effect of the cosolvent on the synthesis of AgNRs, a schematic
is illustrated in Figure 4. On the one hand, EG and water were less reductive than glycerol. At the
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early nucleation period of AgNRs, due to the concentration fluctuation, a small amount of EG or water
adsorbed on several (111) planes of decahedral seeds diluted the concentration of glycerol in the micro
area, which provided slower growth rate than those reduced by glycerol on these planes. As a result,
these seeds grew with a certain angle. Meanwhile, EG or water on these planes was localized on
account of the supplement of the reactant. Therefore, the growth direction of AgNRs was maintained,
and the two ends finally met and combined to become rings. When excess EG or water was added,
the difference between the planes became smaller because the concentration of each area was similar,
resulting in the growth of AgNWs instead of AgNRs [33]. On the other hand, the viscosity of EG and
water is far less than that of glycerol. Although glycerol has stronger reducibility, its high viscosity
slowed down the migration velocity, resulting in an incomplete reaction. By adding an appropriate
ratio of EG or water, the viscosity could fall to a more suitable level [34]. What is more, they could
serve as the medium to promote the proton hopping on the surface of the reactant, facilitating the
charge transfer process [35]. The cosolvent system also provided better solubility for AgNOj3 than
glycerol. All these features increased the ion mobility in the solution and then facilitated the process of
reaction. However, when the ratio was too high, the condition beneficial for the growth of AgNRs
provided by glycerol was disturbed, causing a reduction of AgNRs.

Supplement of reactant— ¢~ YO

—H,0or EG @ —Glycerol

Figure 4. Schematic of the growth of AgNR with glycerol-based cosolvent polyol method.

In the case of added PVP, which acts as the capping agent [36], when the concentration increased
to 82.8 mM, the effect of restricting the wire diameter by covering the surface of AgNRs became
significant. More early seeds were controlled to grow into AgNRs or AgNWs, resulting in higher
precursor utilization. In other words, AgNRs with larger ring diameter and higher yield tended to
be generated. With excess PVP, such capping effect was almost saturated [37], showing that the ring
diameter only slightly increased. Besides, as a material that easily absorbs moisture, excess PVP
would absorb the water or EG molecule and restrict it from diffusion, then nullify the cosolvent effect
mentioned above, leading to a low yield of AgNRs. With the optimal level of factors for a greater
quantity of AgNRs (same as Sample 15), AgNRs were synthesized with ring diameter ranging from
7.17 to 42.94 um and wire diameter of about 76 nm, as shown in Figure 5, and the quantity increased
significantly under such conditions. Figure 6 compares the UV—vis adsorption spectra of AgNRs
and AgNWs; the AgNWs here were synthesized using EG as solvent. As can be seen, the adsorption
spectra of both materials had two surface plasmon resonance (SPR) peaks at ~361 nm and ~373 nm,
but the spectra of AgNWs had another peak around ~390 nm with high intensity, which corresponded
to transverse plasmon resonance [38,39]. Such a strong absorption peak at ~390 nm could influence
the optical properties of the film; hence, AgNRs thin films have the potential to substitute AgNWs
as TCF materials. This work provides a new, environmentally friendly method to fabricate AgNRs
with a solvent consisting of glycerol and water instead of EG [40]. This makes the synthesis of AgNRs
a different process from the former method, which is a by-product of AgNWs [20,21].
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Figure 5. SEM images of AgNRs synthesized with the optimal level for greater quantity of AgNRs at
high (a) and low (b) magnification.
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Figure 6. UV—vis adsorption spectra of AgNRs and silver nanowires (AgNWs). The inset is the SEM
image of AgNWs.

4. Conclusions

In conclusion, we have reported a modified, environmentally friendly polyol method to synthesize
AgNRs with higher yield using a cosolvent consisting of glycerol and DI water, with other factors
determined by employing the Taguchi design. Structural characterization revealed that AgNRs grew
along the track of rings from the early stage of the reaction. To achieve high yield of AgNRs, the addition
of DI water or EG was significant, which acted as the medium to increase ion mobility and another
reductant that is less reductive to control the growth direction. Otherwise, the ratio of it should be
precisely controlled. As a result, AgNRs with ring diameter ranging from 7.17 to 42.94 um and wire
diameter of about 76 nm were synthesized with higher yield. The research indicates the potential to
synthesize pure AgNRs and to further apply them in flexible WBG semiconductor devices.
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Abstract: Copper-metallized gallium nitride (GaN) high-electron-mobility transistors (HEMTs) using
a Ti/Pt/Ti diffusion barrier layer are fabricated and characterized for Ka-band applications. With a
thick copper metallization layer of 6.8 um adopted, the device exhibited a high output power density
of 8.2 W/mm and a power-added efficiency (PAE) of 26% at 38 GHz. Such superior performance
is mainly attributed to the substantial reduction of the source and drain resistance of the device.
In addition to improvement in the Radio Frequency (RF) performance, the successful integration
of the thick copper metallization in the device technology further reduces the manufacturing cost,
making it extremely promising for future fifth-generation mobile communication system applications
at millimeter-wave frequencies.

Keywords: high-electron-mobility transistors; copper metallization; millimeter wave

1. Introduction

Gallium nitride (GaN) high-electron-mobility transistors (HEMTs) have become one of the most
popular devices for high-frequency and high-power applications in recent years. Compared to
traditional silicon devices, GaN material has several remarkable properties, such as better electron
mobility at high electric field, wider energy bandgap (3.4 eV), higher breakdown electric field and higher
saturation electron drift velocity [1-3]. Such excellent material properties have made AlGaN/GaN
devices the streamline technology for high-frequency and high-power applications for next-generation
wireless communication systems at millimeter-wave frequencies [4-6].

For the allocation of sufficient bandwidth to meet the stringent demand of ultrahigh data rates,
operating at millimeter-wave frequencies has been a common practice for next-generation wireless
communication networks. One of the main challenging issues is the unavoidable higher level of
signal attenuation in free space as well as the losses induced in the transmission media. In that sense,
device performance is strongly affected by the skin effect at high operating frequencies since the
parasitic resistance tends to increase due to the limited cross-sectional area for current flow. Such
parasitic resistance could possibly be minimized through thick metal deposition for interconnects at
the device level.
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Gold is usually selected as the interconnect material for III-V devices. However, the price of
the material makes production cost inevitably high, making commercialization difficult. To address
this issue, Au-free process technology was developed [7], which demonstrated CMOS-compatible
AlGaN/GaN Metal-Insulator-Semiconductor HEMT (MIS-HEMT) device configuration for power
electronics applications. In [8], an Au-free process was also reported in a thick metal deposition process
using aluminum- and copper-based material as the interconnects. Detailed process steps overcoming
the main fabrication challenges were included, and power devices with enhancement-mode and
depletion-mode performances were demonstrated. In our approach, a thick copper metallization
process is adopted as an alternative in the GaN device because copper has lower resistivity and
higher thermal conductivity with lower cost than gold. Therefore, copper is considered a good
candidate to replace gold for high-frequency device interconnection. Nevertheless, copper material
suffers from the interdiffusion effect. A high-quality diffusion barrier of copper metallization is then
required. Some reports showed that TaN, TiN, WNx and Pt can be used as diffusion barriers for copper
metallization [9-12]. Among them, Pt material has the lowest resistivity. Therefore, a Pt diffusion
barrier is adopted due to its extremely low resistivity, low electrical degradation features and better
temperature stability in this work.

The objective of this study focuses on the investigation of the effect of thick copper metallization
on device performance at millimeter-wave frequencies. In the following sections, device performance
based on small-signal and large-signal characterization will be compared. In order to quantize the
effect of the thick copper metallization, we have also extracted the corresponding parameters of the
small-signal equivalent circuit for comparison purposes.

2. Device Fabrication

From the top to the bottom, the epitaxial layer structure of our device consists of an AlGaN barrier
layer, an AIN spacer layer, the GaN channel layer, a thick GaN buffer layer and the SiC substrate. The
device process can be divided into four major parts including the ohmic contact, mesa isolation, gate
formation and thick copper metallization. First, the fabrication process started with ohmic contact
forming. The ohmic region was defined by the mask aligner using the photoresist; then, deposition of
the Ti/Al/Ni/Au multilayer was conducted by e-gun evaporation, followed by the lift-off process. The
multilayer metal was then annealed at 850 °C for 30 s in an N, ambient environment by a rapid thermal
annealing system (RTA). The device mesa isolation was then performed, which defined the active
region by lithography; then, an inductively coupled plasma (ICP) machine was used with Cl, in an Ar
ambient to etch the AlGaN and GaN layer for around 180 nm. For device gate formation, two-step
e-beam lithography with spatial offset techniques were applied to achieve the I'-gate structure and
small gate length. A 100 nm SiNXx passivation layer was deposited through plasma-enhanced chemical
vapor deposition (PECVD). Then, the ditch for the gate stem was fabricated by e-beam lithography and
SiNx etching by ICP. The second e-beam lithography pattern shifted 100 nm away from the previous
location, which formed an overlap region. The size of the overlap region eventually determined the
device gate length, which was around 90 nm in this study. To further enhance the gate controllability
and improve the device transconductance, gate recess was performed. The gate metal deposition was
then formed by Ni/Au metal stacks, followed by a lift-off process. Finally, a 100 nm SiNx layer was
deposited with the nitride via the fabricated device pad region.

The thick copper metallization process started with triple photoresist coating using AZ5214E to
reach a minimum thickness of 9 um for a thick copper lift-off process. Then, exposure and development
were carried out to define the pattern. Finally, the thick metal stacks with Ti (30 nm)/Pt (40 nm)/Ti (10
nm)/Cu (6800 nm) structure and thickness were deposited by e-gun evaporation. Ti layers were used
to enhance the adhesion ability between Pt and ohmic as well as the adhesion of Cu-Pt interface in this
study [13-15].

Figure 1 shows the overall epitaxial configuration and the device structure. The scanning electron
microscope (SEM) image of the gate was also included in the figure. The source-to-drain distance of
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the device was 2 um with the gate positioned at the center. The schematic of thick copper metallization
technology and the SEM image of thick copper metallization cross-section are shown in Figure 2.

SiNx passivation

S G D
Ti/ANi/Au m Ti/AI/Ni/Au

21 nm AlGaN Barrier layer
0.8 nm AIN Spacer layer

GaN Channel layer

900 nm
GaN Buffer layer

SiC Substrate

Figure 1. AIGaN/GaN high-electron-mobility transistors (HEMTs) epitaxial configuration and device
structure with scanning electron microscope (SEM) image of the gate.

@

Figure 2. (a) Schematic of thick copper metallization structure. (b) SEM image of cross-section of thick
copper metallization for GaN HEMT.

3. Results and Discussions

The two-port network analysis method with a small signal model was used to analyze the
relationship between the drain—source current (Ipg) and the transconductance (G;;) versus source
resistance and drain resistance. The DC and RF measurement results of devices with and without thick
copper metallization were then compared. By utilizing load-pull measurement methodology, output
power and power-added efficiency (PAE) characteristics could be obtained [16]. The impact of gate
width on the device performance are then able to be discussed.

3.1. Two-Port Network Analysis

With a two-port network, the small signal model of the AIGaN/GaN HEMT device can be depicted
as in Figure 3 [17,18]. Utilizing the y-parameter analysis, the drain-source current (Ips) and the
transconductance (G,) of the device can be derived as:

- Y219} + Y220,
1+ y2nRG + y2oRg + y2R)

(O]

Ips

G — dps _ Y21 )
" d'U: 1+ _]/21R/S + yzzR’S + yzzR'D
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+ Intrinsic Component E &
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V,
o VO

Figure 3. Small signal model of GaN HEMT.

It is apparent from Equations (1) and (2) that the decrease of Rg” and Rp’ results in the increase of
Ips and Gy, levels.

3.2. DC Characteristics

The contact resistance for devices with and without thick copper metallization was measured
through the transmission line method (TLM). Figure 4 shows the measurement results. The least
squares regression method was adopted to find the best fit for the sets of measured data points. As
expected, linear behavior was obtained, and the intersecting points with the vertical axis were extracted
as the contact resistance. It was observed that the contact resistances of the samples with (green
line) and without (red line) thick copper metallization were 2.5 x 107 Q-cm? and 1.7 x 107° Q-cm?,
respectively, leading to a difference in metal resistance of 0.96 () between the cases with and without
thick copper metallization.

300
t y = 6.5335x + 9.5367
250 - R?=0.9998 A
[ .
@ 200 r
T [ ——r
Qo [ with thick copper
§ 150 + metallization
o t «
'g - y =5.9657x +7.6162
[ R?=0.9999
® 100}
4 without thick copper
50+ metallization
[
0 L 1 1 1
0 10 20 30 40
space(um)

Figure 4. Transmission line method (TLM) measurement results before and after thick copper metallization.

To evaluate the effect of the thick copper metallization on device performances, a test device with
a total gate periphery of 40 pm—which was composed of two fingers, with each finger of 20 pm in
length—was fabricated. The DC characteristics, including current—voltage (Ips—Vgs) relationship and
the transfer curve (G,;,—Vs) of the device with and without thick Cu metallization, are plotted in
Figures 5 and 6, respectively. As observed, the device without thick copper metallization exhibited
an Ipg of 1010 mA/mm and a maximum G, of 350 mS/mm at Vg = 10 V. For the device with thick
copper metallization at Vpg = 10 V, the measured Ips was 1110 mA/mm and the maximum G, was
380 mS/mm. Such improvement in the DC characteristics was mainly attributed to the reduction in the
source and drain parasitic resistance contributed by the thick copper metallization. Figure 7 shows
the comparison of DC I-V curves for the device with and without thick copper metallization. The
on-resistance (RON) was extracted to be 1.53 ()-mm for the device with thick copper metallization and
1.67 O-mm for the device without thick copper metallization.
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Figure 5. DC characteristic of the 2 X 20 um device without thick copper metallization.
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Figure 6. DC characteristic of the 2 x 20 um device with thick copper metallization.
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Figure 7. The comparison of DC I-V curves for the device with and without thick copper metallization.

3.3. RF Characteristics

Figure 8 shows the comparison of the measured small-signal performance for the cases with and
without thick copper metallization. The measurement was performed using a vector signal analyzer in
an on-wafer probing system up to 67 GHz. With the DC bias set at the maximum transconductance,

the unit-current-gain cutoff frequency (fT) and the maximum oscillation frequency (fmax) were also
extracted for the extrinsic device without de-embedding. As observed, the fT (fmax) of the device with
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thick copper metallization was 42 GHz (115 GHz) compared to that of 32 GHz (100 GHz) for the device
without thick copper metallization.

. 30+
60 —— Without Thick Copper Metallization —=— Without Thick Copper Metallization
50 - —— With Thick Copper Metallization 25 —— With Thick Copper Metallization
40 20+
8 .
T 30+ O 154
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o -t
T 204 .. 104
101 32 o 'Nﬂz GHz 5 . 100 GH fmax = 115 GHz
= z max = z
ol : N 0 : B\ V-
0.1 1 10 100 0.1 1 10 100
Frequency (GHz) Frequency (GHz)

Figure 8. Measured small-signal performance up to 67 GHz with the extracted fT and fmax values for
the devices with and without thick copper metallization.

To further quantize the effect of the thick copper metallization, we performed the extraction of the
parameters of the small-signal equivalent circuit for the devices following the same procedures outlined
in [19]. All the corresponding parasitic components extrinsic to the active region of the device were
extracted using both cold forward and cold pinchoff bias conditions as defined. Figure 9 shows the
S-parameters measured and predicted using the small-signal equivalent circuit model. Good agreement
between the measurement and prediction was obtained up to 67 GHz. The corresponding parameter
values were also included for comparison. As observed, devices with thick copper metallization
generally exhibited lower parasitic resistance values, which contributed to the higher fmax measured.
Additionally, lower gate capacitances were extracted from the measurement for the device with thick
copper metallization.

Without Thick Copper Metallization With Thick Coqgler Metallization
1.0

= S11 (measured)
—— S11 (modeled)

4 522 (measured)
—— S22 (modeled)

= 11 (measured)
—— S11 (modeled)
4 S22 (measured)
—— S22 (modeled)

gm Cgs Cgd Cds Lg Ls Ld Rg Rs Rd
Without 16.5mS  39fF 18.54fF 7.19fF 32pH 44.5pH 7.8pH 65Q 15Q 3.9Q
With 17.8mS  44.4fF 9fF 8.69fF 27.6pH 35pH 7.4pH 248Q 12.6Q 3.6Q

Figure 9. Measured and predicted S-parameters for the 2 X 20 um device with (right) and without
(left) thick copper metallization. The small-signal circuit model was extracted using the procedure
defined in [19].

On-wafer load-pull characterization (continuous mode) was also performed to investigate the
power performance at 38 GHz using an automatic tuning system; the measurement results for the
device without and with thick copper metallization are shown in Figures 10 and 11, respectively.
The output power and power-added efficiency (PAE) were compared at 3-dB gain compression with
respect to the small-signal gain. With the drain bias set at 20 V, the gate bias for the device with
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thick copper metallization was set at =2 V and that for the one without thick copper metallization
was —1.7 V. The corresponding quiescent drain current was 21 mA for the device with thick copper
metallization and 19 mA for the one without thick copper metallization, with both being close to Class
A operation. The measured power density and PAE for the device with thick copper metallization were
5.9 W/mm and 28.7%, compared to those of 4.5 W/mm and 24.8%, respectively, for the one without
thick copper metallization.
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Figure 10. Large-signal performance of the 2 x 20 um device without copper metallization.
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Figure 11. Large-signal performance of the 2 x 20 um device with copper metallization.

As mentioned, for operation at millimeter-wave frequencies, the skin effect would force the current
to flow on the surface of the interconnects, leading to the limitation of the effective area for current
distribution, which in turn gives rise to the effective resistances at RF frequencies. Such effect could be
even worse at higher frequencies since the skin depth is inversely proportional to the square root of the
operating frequency. This is the major reason that the conductor loss is always dominant for planar
circuits. Apparently, utilizing thick copper metallization in the device fabrication process provides a
straightforward solution to such problem. From the measurement results of the 2 X 20 um test device,
it is obvious that performance improvements in the DC characteristics, the small-signal gain and the
large-signal power/PAE are achieved.

3.4. Experimental Study of the Effect of Gate Width on the Device Performance

Based on the previous conclusions, we have fabricated and characterized the devices with different
gate peripheries, namely, 2 X 25 um and 2 x 15 um, with thick copper metallization. The corresponding
results of the large-signal performance characterized using on-wafer load-pull system at 38 GHz are
shown in Figures 12 and 13 for the 2 X 25 um and 2 X 15 um devices, respectively. As shown, the device
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with larger gate periphery (2 x 25 um) exhibited a power density of 7.7 W/mm at the maximum output
power and the peak PAE was measured to be 36% (at the corresponding power level of 6.2 W/mm).
As for the device with total gate width of 2 x 15 um, we obtained a slightly higher power density
of 8.2 W/mm at the maximum output power and the peak PAE was measured to be 26% (at the
corresponding power level of 7.0 W/mm). The higher PAE achieved for the device with larger gate
width of 2 X 25 um was mainly due to the higher gain resulting from the reduction of the parasitic
resistance associated with the device. Table 1 lists the performance comparisons of our devices with
previously published works at the Ka band. As observed, the device exhibited the power density
performance comparable to the state-of-the-art device technologies.
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Figure 12. Large-signal performance of the device with gate width of 2 X 25 um at 38 GHz.
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Figure 13. Large-signal performance of the device with gate width of 2 x 15 um at 38 GHz.
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Table 1. Power performance comparison of the Cu metallization with other reports.

Device Pout

Freq. VDS Lg . PAE Puut, max
References (GHz) W) (am) Size @PAEmax (%) (W/mm)
(um) (W/mm)
This Work—Device 1
with Cu metallization 38 20 %0 2x25 6.2 360 77
This Work—Device 1
without Cu metallization 38 20 %0 2x25 55 32 65
This Work—Device 2
with Cu metallization 38 20 %0 2x15 70 26.0 8.2
This Work—Device 2
without Cu metallization 38 20 %0 2x15 62 232 73
[20] 30 30 60 2 x50 2.9 21.3 -
[21] 30 25 100 2 x50 - 46.8 6.0
[22] 30 20 150 2 x50 5.0 39.0 6.0
[23] 35 25 200 2 x 50 5.1 42.8 -
[24] 40 25 75 2 x50 2.7 12.5 -
[25] 40 15 100 2x25 22 18.0 25
[26] 40 20 200 2X75 1.8 18.5 2.1
[27] 40 15 60 2% 30 - 20.1 3.3
[28] 40 15 225 2% 50 2.0 13.0 -
[29] 40 30 160 2x75 - 33 10.5

4. Conclusions

In this study, the copper metallization technique for GaN HEMT devices operating at
millimeter-wave frequencies has been realized. Thick copper metallization contributes to the reduction
of Rg’ and Rp’ and alleviates skin effect under high-frequency operation, which in turn improves
the DC and RF characteristics of the devices. Experimental verifications revealed that the device
with 2 X 15 um gate width exhibited a record-high maximum output power density of 8.2 W/mm,
which is the highest among the state-of-the-art published results at the Ka band. Such superior results
have proven the feasibility of integrating thick copper metallization in the device process and make it
promising for next-generation wireless communication system applications.
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Abstract: In this work, recessed gate AlIGalN/GaN metal-insulator-semiconductor high-electron-
mobility transistors (MIS-HEMTs) with double AlGaN barrier designs are fabricated and investigated.
Two different recessed depths are designed, leading to a 5 nm and a 3 nm remaining bottom AlGaN
barrier under the gate region, and two different Al% (15% and 20%) in the bottom AlGaN barriers
are designed. First of all, a double hump trans-conductance (gm)-gate voltage (V) characteristic
is observed in a recessed gate AlGaN/GaN MIS-HEMT with a 5 nm remaining bottom Al >GaggN
barrier under the gate region. Secondly, a physical model is proposed to explain this double
channel characteristic by means of a formation of a top channel below the gate dielectric under
a positive V. Finally, the impacts of Al% content (15% and 20%) in the bottom AlGaN barrier
and 5 nm/3 nm remaining bottom AlGaN barriers under the gate region are studied in detail,
indicating that lowering Al% content in the bottom can increase the threshold voltage (V1) toward
an enhancement-mode characteristic.

Keywords: GaN; metal-insulator-semiconductor high-electron-mobility transistor (MIS-HEMT);
recessed gate; double barrier

1. Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTs) are promising for power switching
applications due to the wide band gap, large breakdown electric field, and the inherent high
electron mobility due to two-dimensional electron gas (2DEG) [1,2]. Normally, conventional
AlGaN/GaN Schottky HEMTs suffer high gate leakage, resulting in an unfavorable power loss
during an off-state condition and a low gate overdrive during an on-state condition. In order to
tackle this issue, Metal-insulator-semiconductors high electrons mobility transistors (MIS-HEMTs)
have gained attentions recently [2—4]. Inserting a dielectric in the interface between AlGaN and
gate metal significantly reduces the gate leakage current, allowing a high gate overdrive to have
a fast switch from off-state to on-state operation. Due to a piezoelectric and polarization effects,
a two dimensional electron gas (2DEG) is naturally formed in the interface between GaN and AlGaN,
leading to depletion mode (V11<0) characteristics. However, an enhancement mode characteristic
is more favorable in practical applications due to a lower power consumption, less failure issues,
and a flexible integration. So far, there are several approaches to realize an enhancement mode
operation, such as a recessed gate structure [5-7], p-GaN/p-AlGaN gate [2,8], Fluoride-based plasma
treatment [9], the metal-oxide—semiconductor field-effect transistor structure [10], cascode-based
topology in connecting high voltage D-mode HEMTs with a low voltage Si MOSFETs or E-mode
HEMTs [11,12], etc. HEMTs with a p-GaN/p-AlGaN gate generally suffer the challenges to effectively
dope the Mg into top GaN or AlGaN layer and to remove the top p-GaN/p-AlGaN layer in the access
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region. The thermal stability of the charges induced by Fluoride-based plasma remains a challenge.
The MOS-type GaN FETs suffer the low electron mobility due to the disappearance of the 2DEG.
The cascode-based topology with dual GaN-based transistors increase the active area and complicates
the layout designs. Therefore, the recessed gate-based HEMT is one of the most popular architectures
to obtaining an enhancement-mode characteristic because the 2DEG can be reduced under the gate by
using a simple etching process, i.e., Reactive-ion etching (RIE)-based etching or atomic layer etching
(ALE). Recently, the recessed gate AlIGaN/GaN-based devices show a promising performance toward
an enhancement-mode characteristic [5-7].

Typically, AlGaN/GaN-based HEMTs are fabricated with the single AlGaN barrier layer. A multi
barrier device was demonstrated first in GaAs-based devices in 1985 [13]. Since 1999, a depletion mode
double AlGaN barrier design was first demonstrated by Gaska et al. [14]. Afterwards, depletion-mode
double AlGaN barrier HEMTs have been explored in details in [15-18], showing a high current
drive due to a second transconductance (gm) and lower access resistance. Furthermore, the recent
demonstration using AIGaN/AIN/GaN/AIN epitaxy stack to achieve the double channel has attracted
a lot of attentions [19]. Although the demonstration of the GaN-based HEMTs with a double
barrier exhibits the promising characteristics, the impacts of the Al% in the top and bottom AlGaN
barriers are still unclear. Furthermore, the investigation of the combination of the recessed-based
approach in the HEMTs with double AlGaN barrier designs is lacking as well, which can further
provide the insightful analysis to understand the device physics and structure designs toward an
enhancement-mode characteristic.

In this work, recessed gate MIS-HEMTs with double AlGaN barrier designs with different recessed
depths (3 nm or 5 nm remaining bottom AlGaN barrier under the gate region) and different Al%
content in the bottom AlGaN barrier (15% and 20%) are fabricated and investigated. First of all,
we observed a double hump gm—V g characteristic in a recessed gate AlIGaN/GaN MIS-HEMT with a
5nm remaining bottom Aly,GaggN barrier under the gate region. Then, a physical model considering
the formation of the top channel under a positive V is proposed to explain this double hump in
the gm—V ¢ characteristic. Furthermore, the impacts from the Al% (20% and 15%) in bottom AlGaN
barrier and recessed depth (3 nm and 5 nm remaining bottom AlGaN barrier under the gate region)
are discussed to understand the device characteristics and the Vrp can be increased by designing the
device with a lower Al% in the bottom AlGaN barrier.

2. Device Fabrications

Figure 1 shows the schematic of the epitaxy structure in this study and Figure 2 shows an example
of the transmission electron microscopy (TEM) image in an epitaxy structure with a double AlGaN
barrier. This structure was grown by metal-organic chemical vapor deposition (MOCVD) on a silicon
(111) substrate and consists of an AIN nucleation layer, a GaN channel, a bottom AlGaN barrier with
two different Al contents (20% and 15%), a top AlGaN barrier with 30% Al content, and a 1 nm GaN cap.
The Al% (20% and 30%) in AlGaN barrier is calibrated with the XPS by using a single AlGaN barrier
hetero-structure. The calibrated growing conditions in MOCVD are used for the double AlGaN barrier
hetero-structure. Figure 3 shows the simulated band diagram with the double AlGaN barriers, clearly
indicating the existence of the electrons in the interface between top AlGaN/bottom AlGaN and bottom
AlGaN/GaN. The recessed gate structure was formed by reactive ion etching (RIE). In order to control
the etching depth, low etching rate of 5A/sec is achieved by the mixed BCl3 (10 sccm)/Cl, (15 scem)
gas. A gate recessed process is performed and a 15-nm Plasma-enhanced chemical vapor deposition
(PECVD) SizNy is deposited as a surface passivation layer in the access region and a gate dielectric.
TiN is used as the gate metal. The Ti/Al-based Au-free Ohmic contacts were formed by etching the
Si3Ny layers and etching the AlGaN barrier. This was followed by annealing at 600 °C for 1 min in
Ny, resulting in 1 ohm.mm of R (contact resistance). Figure 4 shows the schematic of recessed gate
MIS-HEMTs with a double AlGaN barrier. The important varied parameters are summarized in Table 1.
The devices with Lg = 1 um, Lgs = 2 um, and Lgd = 6 um are fabricated for electrical characterizations.
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Figure 1. Schematic of the epitaxy structure with a double AlGaN barrier used in this study.
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Figure 4. Schematic of device structures of recessed gate AlIGaN/GaN MIS-HEMTs with a 5 nm
remaining bottom AlGaN barrier under the gate region (a) and a 3 nm remaining bottom AlGaN barrier
under the gate region (b).
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Table 1. Summary of the Varied Parameters.

Parameters Top AlGaN Barrier =~ Bottom AlGaN Barrier
Thickness 10 nm 5nm
20%
Al% 30% 15%
Recessed depth
Remaining bottom AlGaN barrier under the gate region - g 22

3. Results

In the case of devices with a 5 nm remaining bottom AlGaN barrier under the gate area, a gate
recess process is performed to etch until it reaches the surface of the bottom AlGaN barrier (Figure 4a).
The Ip-V g, Ig-V g, and gm—V g characteristics are shown in Figure 5. Note that all Ip—V g characteristics
in this work are measured from a lower V till a higher V. A double hump of gm—V g characteristic
is observed in Figure 5¢, which is similar to the literature [15-18]. The double hump of gn—V¢
characteristics in these references [15-18] arises from a shrinking of the depletion region below the gate,
due to the depletion-mode characteristics. In our case, the recessed gate AlGaN/GaN MIS-HEMTs
has a double barrier design. A double channel model that considers the electron transfer from the
bottom channel to the top channel is proposed to explain the double hump gm-V g characteristics.
First of all, once the Vg is larger than V1, the bottom channel is gradually turned on (Figures 6a
and 7a), resulting in a first g, peak as shown in Figure 5c. It is worth noting that at this stage the top
channel from source to drain is initially disconnected below the gate dielectric due to a recessed gate
process. However, when the V is above 5 V, the top channel could be connected again, as shown in
Figure 6b. In this scenario, the electrons can be transferred from the lateral 2DEG channel in the access
region and/or interface below the bottom AlGaN barrier to the interface between the dielectric and
the bottom AlGaN barrier [20,21] (Figure 7b). Then, the electrons can be accumulated under the gate
dielectric [20,22]. This leads to the formation of the second channel under the gate, further connecting
the source and drain to form the top channel leading to a second g, peak (Figure 5c).
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Figure 5. Ip-V (a), I[g-V (b) and gm—V G (c) characteristics in a recessed gate MIS-HEMTs with a
5nm remaining bottom Al ,GaggN barrier under the gate. By designing a 5 nm bottom AlGaN barrier
with 20% Al content, Vg ~0 V is realized (V1 is defined at Vg of Ip = 0.1 mA/mm).
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Figure 7. Schematic of the band diagram under (a) Vg > Vg and (b) Vg >> Vg

Figure 8 shows an example of Capacitance-Voltage (CV) measurement in the device with 3 nm
remaining bottom Alj ;5Gag gsN barrier. The capacitance is increase when the gate voltage is larger
than 0V, indicating the formation of the first channel (Figures 6a and 7a). Once the gate voltage is
applied larger enough, the capacitance is increased again, which is mainly due to the formation of the
channel between dielectric and bottom AlGaN barrier (Figures 6b and 7b), consistent with the reported
literature [19].
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Figure 8. Capacitance-Voltage (CV) measurement in the device with 3 nm remaining bottom

Al 15Gag gsN barrier.

Figure 9 shows the Ip—-V g characteristics in the devices with different Al% content (Alp,GaggN
and Alp 15Gag gsN) in the bottom barriers and two different recessed depths (5 nm and 3 nm bottom
AlGaN thickness under the gate area). The Ip decreases but the V1 increases with a thinner remaining
bottom AlGaN barrier (Figure 9b). Furthermore, the subthreshold slope (SS) is increased once the
Al% in the bottom AlGaN barrier is decreased, which is mainly due to the low electron density in the
channel between bottom AlGaN/GaN. By designing with 3nm remaining bottom Alj 15Gag g5N barrier
under the gate region, Vry ~3.25 V is achieved (Vty is defined at Vg of Ip = 0.1 mA/mm).
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Figure 9. Ip-V in a linear scale (a,b) and a logarithmic scale (c,d) in the devices with 5 nm or 3 nm

remaining bottom AlGaN layer under the gate region with different Al% in the bottom AlGaN barrier.

Figure 10 shows the gm—V g characteristics in the devices with different Al% content (Aly,GaggN
and Alp 15Gap gsN) in the bottom barriers and two different recessed depths (5 nm and 3 nm bottom
AlGaN thickness under the gate area). In the case of the devices with a 5 nm remaining bottom
AlGaN barrier, lowering the Al% in the bottom AlGaN barrier decreases the gn peaks (Figure 10a).
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Furthermore, double hump ¢~V g characteristics can still be observed in the device with a 3 nm
remaining bottom Aly,GaggN barrier under the gate region. First, the first g, peak decreases with
a thinner remaining bottom AlGaN barrier under the gate dielectric, suggesting that the remaining
bottom AlGaN barrier under the gate region limits the current contribution from the bottom channel.
Second, the gn, increases after 4 V in the device with a 3 nm remaining bottom Aly,GaggN barrier
under the gate region (Figure 10b). Whereas, the gn, increases after 5 V in the devices with a 5 nm
remaining bottom Aly,Gag gN barrier under the gate region (Figure 10a). This is in agreement with the
model proposed above: Due to a thinner AlGaN barrier, a lower gate voltage can allow the electrons to
transfer from the bottom channel to the area below the gate. Third, the second g, is higher than the
first g, in the devices with a 3 nm remaining bottom AlGaN barrier under the gate region (Figure 10b).
However, the first gn, is higher than the second gn, in the devices with a 5 nm remaining bottom
AlGaN barrier under the gate region (Figure 10a). These observations suggest that the main current
contribution in the devices with a 5 nm remaining bottom AlGaN barrier under the gate region is the
bottom channel. However, in the devices with a 3 nm remaining bottom AlGaN barrier under the gate
region, the main current contribution is derived from the top channel.
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Figure 10. gm—V g characteristics in the devices with a (a) 5 nm or (b) 3 nm remaining bottom AlGaN
layer under the gate region with different Al% in the bottom AlGaN barrier.

Table 2 summarizes the comparisons of this work with other recent reports in double channel
HEMTs, indicating our work shows the promising characteristics in terms of Jon/loff ratio and Vpy
toward an enhancement mode characteristic.
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Table 2. Reference for the double channel GaN HEMTs.

R . SS Vrn (V) 1 g ond g
Reference Barrier designs Ton/Iot (mV/dec) @0.1mA/mm  (mS/mm) (mS/mm)
Aly3GagyN/Aly,GaggN/GaN 11 N
5nm remaining bottom Al ,GaggN 1210 807 0 68.9 39
Alg3Gag 7N/Alg.15Gag ssN/GaN
5nm remaining bottom 4.8 %1010 87.9 0.25 348 7.6
Our work Alp15Gag gsN
Alg3Gag 7N/ Aly»GaggN /GaN B
3nm remaining bottom Aly,GaggN 1531 05 188 90
Alg3Gag.7N/ Alg,15Gag gsN /GaN
3nm remaining bottom 5.5x 1010 229.3 3.25 - 712
Alp15Gag gsN
Kamath etal. [17]  Aly3GagyN/GaN/Alg 15Gag 75N/GaN - - ~—7.8 34 89
Weietal 197~ AICANVAINGaNAINwith Lonm g 7 05 170 103

over-etch upper GaN layer

AlGaN/GaN/AlGaN/GaN
Lee et al. [23] Fin Structure - - 0.2 133 -

Deen et al. [24] AIN/GaN/AIN/GaN - - ~—4 190 -

4. Conclusions

In summary, recessed gate AlGaN/GaN MIS-HEMTs with double AlGaN barrier designs are
investigated and discussed. A double hump of the gm—V g characteristic can be observed in the recessed
gate AlIGaN/GaN MIS-HEMTs with double AlGaN barrier designs. A physical model is proposed to
explain the double channel characteristics, which is mainly due to the formation of the top channel
under a high Vg bias. Once the gate voltage is applied at a high enough level, the top channel is
formed, leading to an increase in drain current due to the current contribution from the top channel.
Furthermore, by lowering the Al% in the bottom AlGaN barrier, the devices show a more positive
Vru with the same recessed depth, indicating that a double AlGaN barrier design in recessed gate
MIS-HEMTs can be an alternative strategy to achieve an enhancement mode characteristic.
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Abstract: Renewable energy (RE)-based power generation systems and modern manufacturing
facilities utilize a wide variety of power converters based on high-frequency power electronic devices
and complex switching technologies. This has resulted in a noticeable degradation in the power
quality (PQ) of power systems. To solve the aforementioned problem, advanced active power
filters (APFs) with improved system performance and properly designed switching devices and
control algorithms can provide a promising solution because an APF can compensate for voltage sag,
harmonic currents, current imbalance, and active and reactive powers individually or simultaneously.
This paper demonstrates, for the first time, the detailed design procedure and performance of a
digitally controlled 2 kVA three-phase shunt APF system using gallium nitride (GaN) high electron
mobility transistors (HEMTs). The designed digital control scheme consists of three type II controllers
with a digital signal processor (DSP) as the control core. Using the proposed APF and control
algorithms, fast and accurate compensation for harmonics, imbalance, and reactive power is achieved
in both simulation and hardware tests, demonstrating the feasibility and effectiveness of the proposed
system. Moreover, GaN HEMTs allow the system to achieve up to 97.2% efficiency.

Keywords: gallium nitride (GaN); power switching device; active power filter (APF); power
quality (PQ)

1. Introduction

In recent years, the rapid increase in the penetration level of renewable energy (RE)-based
distributed power generation (DPG) has resulted in noticeable degradation in the voltage stability
and power quality (PQ) of existing power systems. The intrinsic features of DPG systems include (1)
intermittent power flow caused by the utilization of maximum power point tracking (MPPT) control
functions and (2) harmonic current injections caused by various power converters using switching
type control techniques. Moreover, modern technologies such as automatic manufacturing systems
(AMS), Internet of Things (IoT), and Industry 4.0 require a large number of power converters based
on high-switching frequency power electronic devices. It can be imagined that the combination of
a variety of different harmonics in load currents and unbalanced active and reactive powers can
negatively affect the PQ of power networks. In practice, there are a number of compensating schemes
and devices commonly used for PQ improvement applications, such as capacitor banks, passive filters,
series active power filters, shunt active power filters and their combinations. Of the reported methods,
the active power filter (APF) is a very widely adopted solution because, with appropriate control
strategy, it is capable of providing simultaneous compensation for voltage sag, harmonic current,
imbalance, and active and reactive powers. Moreover, with an external energy source and/or energy
storage devices, it can also be used as an uninterruptable power supply (UPS). The main unit of
an APF system is a power converter that performs the desired PQ control functions though proper
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switching control of power electronic devices. An APF is usually connected to the point of common
coupling (PCC) in parallel or series to perform its designed functions; however, shunt APFs are more
commonly used because they provide more flexible compensation functions though current-injecting
control and require less auxiliary equipment. When a series APF and a shunt APF are connected with
a common direct current (DC) link, they can be used simultaneously, known as a unified power quality
conditioner (UPQC) [1-4].

In open literature, there are a lot of papers investigating the application of APF to the mitigation
of PQ issues, such as the improvement of PCC voltage stability [5,6], compensation of harmonic
currents [5-7] and unbalance load currents [7,8], injection of active power [8,9], regulation of reactive
power [6,9], etc. In order to develop high-performance APFs, it is crucial to improve the switching
performance of power converters. In other words, it is very desirable to achieve higher efficiency,
shorter response time, and higher power density of power converters used in APFs. To realize the
aforementioned objective, wide-bandgap (WBG)-based power switching devices offer a promising
solution. Gallium nitride (GaN) is a widely discussed WBG semiconductor material that benefits
power-switching device technology with higher voltage, higher switching frequency, higher power,
and better high-temperature capability in power switches compared with conventional silicon (Si)-based
technologies. It has been expected that GaN high electron-mobility transistors (HEMTs) can greatly
enhance the performance of power converters with less than 1-kV power switching requirement [10-12].
However, in open literature, the published papers on GaN HEMTs mostly address the manufacturing,
device characteristics, driving, and switching performances [13]. Only two papers regarding GaN-based
single-phase APFs were found in the Institute of Electrical and Electronics Engineers (IEEE)/Institution
of Engineering and Technology (IET) Electronic Library (IEL) and ScienceDirect OnSite (SDOS)
databases [14,15]. In [14], a GaN-based single-phase APF with a modified sigma-delta modulator
technique was proposed and verified with simulation studies. In [15], a 5kW single-phase hybrid APF
with a new control system was proposed to improve the system performance. There are currently few
papers addressing the design issues and reporting performances of GaN-based three-phase inverters in
practical application cases. As a result, this paper presents the key design procedure and demonstrates
for the first time the performance of a 2-kVA GaN-based three-phase shunt APF system.

Following the introduction in this section, the next section will briefly describe the features of
GaN HEMTs and its driving requirements. The third section addresses the mathematical modeling
and control strategy of the proposed GaN-based three-phase APF based on synchronous reference
frame (SRF) theory. In the fourth section, the proposed APF and control system are simulated using a
comprehensive PQ control scenario. Hardware implementation and a test of a 2 kVA prototype are
carried out in the fifth section. The sixth section provides some discussions on key technical issues
related to the proposed GaN based three-phase APFE. Finally, this paper is concluded in the last section.

2. Gallium Nitride (GaN) High Electron-Mobility Transistor (HEMT) and Its
Driving Requirements

GaN HEMTs are believed to be the most promising solution for low- to medium-power applications
because of their advantages such as higher breakdown voltage, lower on-resistance, and higher
switching speed compared with conventional Si-based switching devices; these advantages can
increase system efficiency and power density significantly and thus lead to new opportunities for
achieving power converters with improved performance. Commercially available GaN HEMTs now
achieve up to 650 V/50 A and 900 V/15 A [13].

There are normally on and normally off GaN HEMTs. Normally on GaN HEMTs, also known
as depletion mode (D mode) GaN HEMTs, are not popular because normally off switching devices
are a common requirement for power converter applications. On the other hand, normally off GaN
HEMTs such as enhancement mode (E mode) GaN HEMTs and cascode GaN HEMTs can be turned
on with positive Vg and turned off with zero or negative Vs. Generally, the turn-on threshold and
highest allowed driving voltages of a GaN HEMT are much smaller than those of conventional Si-based
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switches. As a result, the careful design of driving circuit is necessary in order to avoid fault turn-on
and high overshoot. Common suggestions include providing separate turn-on and turn-off driving
paths, achieving minimized overlapping between driving and power loops, using Miller clamp and
negative voltage sources to ensure reliable turn-offs, etc. [13].

3. Mathematical Modeling and Control Algorithms of GaN-Based Active Power Filter (APF)

3.1. GaN-Based Three-Phase Active Power Filter

The main power electronic circuit in a three-phase shunt APF system is a three-phase inverter.
The main control functions in an APF are to adjust the DC link voltage of the three-phase inverter to
the rated value and to compensate reactive power, unbalanced current and harmonic components of
the load as required. The circuit architecture of the proposed three-phase inverter is shown in Figure 1.
The DC link voltage control adopts dual-loop control schemes, where the inner loop controls inductor
currents, and the outer loop controls DC link voltage. By controlling the inductor currents, the goals of
regulating DC link voltage and compensating harmonics, unbalanced and reactive components of load
currents can be achieved.

J TshIJ Tsh3J Shs
I

A Ly, lshia. a_ Verid a
+ O
- B Ls M b Vgrid b,
VaTC N— n
- C lShiE c Vgrid_c,

] TJE]}TJE]}Y

Figure 1. Shunt three-phase inverter.

The circuit specifications of the proposed three-phase inverter developed in this paper are the
following: the three-phase line to line voltage of the grid = 110 Vs, grid frequency = 60 Hz, rated
power = 2 kVA, DC link voltage = 200 V, switching frequency = 50-100 kHz, DC voltage sensing
factor = 0.012, AC current sensing factor = 0.05, AC voltage sensing factor = 0.0062, and DC voltage
variation limit = 1%.

3.2. Design of Direct Current (DC) Capacitor and Filter Inductors

The main function of the DC link capacitor is to stabilize DC link voltage. If the DC link capacitance
is too large, the dynamic response of the DC link voltage will be slow, and the cost of the APF hardware
system will be increased; if the DC capacitor is too small, it will be difficult to suppress the disturbance
caused by external power flow. In order to design the appropriate size of the capacitor, we first define
instantaneous power of the DC link:

Py = Vaelge = (Vdc + Vdc)(fdc +Td£‘)' (1)

where Vi and I, represent DC voltage and current, respectively, which can both be separated into
their respective DC components (V. and I;.) and AC components (V. and I;.). In order to simplify
the analysis, we make three assumptions: the conversion efficiency of the three-phase inverter is 100%,
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‘7dc is considered zero, and I is considered zero because Tdc is generally far larger than Tie. As a result,
we obtain the following:

Pge = Vdcfdc(t) = Vdccdcdvsct(t) ’ 2
where Cj. represents DC link capacitance. Then, we obtain the voltage variation of the DC link capacitor:
Vact) = —=— [ Puctoy o

CacVacJo

where fot Py (t)dt represents the capacity of the three-phase inverter. Then, we obtain DC
link capacitance:
S

AVdC = — Cdc =
fswcdcvdc fswAVchdc

©
where fs, represents the switching frequency. It should be noted that if an electrolytic capacitor were
used for this APF design case, a higher capacitor specification will be required.

The function of the filter inductors is to filter out current ripples caused by the switching of the
shunt three-phase inverter. Large inductances suppress the ripples of inductor currents but reduce the
response speed of current controllers. On the other hand, although small inductances improve the
response speed of the current controller, they cause large current ripples. Therefore, the inductances
can be adjusted according to the actual situation. In order to design the filter inductances, we first need
the following inductor voltage equation:

dish (t)
at ®

where L, represents inductance value, and iy, represents inductor current. According to the relationship
between voltage and current on an inductor, (5) can be expressed as follows.

% X Tsw X (Ve = Vgrid)

Algy, =
sh Lsh ’

(6)

where Aly, represents shunt inductor current ripple, D represents duty cycle, Ts;, represents switching
period, and V4 represents grid voltage. The duty cycle can be expressed the following:

D(wt) = my sin(wt), @)

where m, represents modulation factor and equals modulation signal divided by triangular wave
amplitude (vcon/vy). Then, we get output AC voltage:

Van(wt) = Vyemyg sin(wt). (8)
Substituting (7) and (8) into (6) yields the following:

Ve X T.
Aly, = Z9Z2 "5 sin(wt)[1 - mg sin(wt)]. ©)
2Ly,
Then, we differentiate (9) and let the result be zero in order to obtain the maximum value of
inductor current ripple:

dAL, (wt) _ ViacTsw

T T mg[cos(wt) — 2my, sin(wt) cos(wt)] = 0. (10)
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As aresult,

sin(wt) = T (11)
Lastly, substituting (11) into (9) yields the following equation:
Vic
Ly = ———. 12
sh 8 fs oAl (12)

According to the circuit specifications of the three-phase inverter and commonly assumed inductor
current ripple, 10% of output current, it is calculated that the required inductance should be at least
larger than 500 puH.

3.3. Mathematical Modeling and Controller’s Design for GaN-Based Shunt APF

3.3.1. Mathematical Modeling

The mathematical model of the shunt-connected three-phase inverter can be derived according to
Figure 1. First, the following equations are obtained with Kirchhoff’s voltage law:

di,
Ly, ;t’a = UAN — Ugrid_a — UnN, (13)
digy_p
sh% = UBN ~ Ugrid_b — UnN, (14)
dig
sh ;;‘C = UCN ~ Ugrid_c — UnN, (15)

where iy, 4,15 p, and ig,  represent three-phase inductor currents, vy, vpn, and vy represent switching
point voltages, Veyig_a, Vgrid_b, and Viyiq_o represent three-phase grid voltages, and v,y represents the
voltage between the grid ground and the inverter ground. Also, the three-phase three-wire system
satisfies the following condition:

ishJ + ish?b + Z.shfc =0. (16)

As a result, v,y can be expressed as the following:

(AN +9BN +9eN) = (Vgrid_a + Vgrid_b + Vgrid_c)
UnN = 3 . 17)

Substituting Equation (17) into Equations (13)—(15) yields the following:

dig, 4 11

LShd.df 2 17 2 UAN Ugrid_a
i —iq21

Ly=p | = 3 515 |(| vy || ©gridb |)- (18)
di, -1-1 )

Lgp, l;{;*c 7321 UCcN Ugrid_c

In this study, pulse width modulation (PWM) is used in the control, where the three-phase
modulation signals Veona, Veonp, and veone are compared with vy, respectively to trigger the switches of
all three switching legs. The output voltages of the switching legs can be expressed as follows:

1 Ucona
= (= ; 1
VaN (2 + 2007 Wacs (19)
UpN = (1 oy (20)
2 20”1‘ <
1 Veonc
= (= . 21
VN (2 + 200 Wac (21)
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Substituting Equations (19)—(21) into Equation (18) and letting V,3./2V; = Ky yield the following:

digh_q -1-1

Lgp, ,jo 5 1 17 7] Ucona Ugrid_a

TG R [ (P il I i @)
! -1

Ly, dl:;;,: 575 1 Ucone Ugrid_c

Using SRF theory, Equation (22) can be converted into the following:

dlgy
Lgp dIdItJ 100 Ucond 100 Verid_a 0 wLgy 0 || Isna
Lg, 7;}2’[7 = prm 0 1 0 Ucong -0 1 0 Vgrid_q —| —wLg, 0 0 Ish_q . (23)
L, dl;% 0 0 1 Ucon0 0 0 1 Vgrid,[) 0 0 0 IS)LO

3.3.2. Design of Current Controllers

According to Equation (23), we can obtain block diagrams of direct-quadrature axis (d-q axis)
current loops with type-II controllers as shown in Figures 2 and 3, where ks and k;, represent AC current
and voltage-sensing factors, respectively. Under ideal feed-forward conditions, the transfer function of
current loop (d-axis or g-axis) is as follows:

ks prm
SLS;, ’

Hi(s) = (24)

The transfer function of the adopted type II controller, which consists of a proportional-integral
(PI) controller and a low pass filter (LPF), is as follows:

Gi(s) = . (25)

k kSK wm
Li(s) = Gi(s)Hi(s) = %ﬁ (26)

l l grid d
a)]‘xh 1 aLshIth g
kK. ||kK Verit_a
A pum pwm
Lo a k(s+2)| i, L ,L wnd K % % 1 Ishﬁd
X |ss+p|i P sL,
lshid G; Power Circuit
H;
k,

Figure 2. Block diagram of d-axis current controller.
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l sh_d lvgrtdiq aL I

lsh_q G; Power Circuit

Figure 3. Block diagram of g-axis current controller.

In this application case, the crossover frequency of a Type II controller is designed within the
range of 1/4 to 1/10 of the switching frequency. This paper chooses the controller crossover frequency
to be 1/10 of the switching frequency, the zero is designed at 1/4 of the crossover frequency, and the
cut-off frequency of the LPF is designed to be 15 kHz:

w; = 0.1 x50k X 21t = 314167ad/s. 27)
z = w;/4 = 7854rad/s. (28)
p = 2m X 15k = 94248rad/s. (29)

It follows that the gain of the plant at crossover frequency (Gaingy) is as follows:

Gaingg; = hzom — 200 _ o _ 00637

sLgy Jw (30)
= |Gaing;| = 0.0637
The gain of the controller at crossover frequency (Gaing;; ) is as follows:
.  (s+z) jwi+7854 - 6 s 6
Gaingyy = Gop) = o ronas) 8.7535 % 107° — j5.5704 x 10 31)
= |Gaingj| = 1.0376 x 1075
Then, the required gain for compensation at crossover frequency can be calculated:
ke —— 1 15139%10° (32)
" |Gaing| X |Gaingi| '
Finally, the transfer function is obtained as follows:
1.5139 x 10°(s + 7854)
Gi(s) = (33)

s(s +94248)

The designed kp and k; are 16.0633 and 2.5232956, respectively. Figure 4 shows the Bode plot of
the controller and plant, where the designed phase margin is 58 degrees.
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Bode Diagram
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Figure 4. Bode plot of shunt active power filter (APF) inductor current control loop.
3.3.3. Design of DC Link Voltage Controller

The DC link voltage control loop regulates the real power balancing between the alternating
current (AC) and DC terminals of the three-phase inverter. By ignoring steady-state operating point,
we can obtain equivalent small signal model of the voltage loop as shown in Figure 5.

P de P ac
+ 3P . +
== Invert C/Dish =/ sind = (’1‘)
Vv de Cue nverter 9 Vd_‘ Ce T
l‘xhi = Im COSH
(@) (b)

Figure 5. Equivalent circuits of the voltage control loop: (a) equivalent circuit under synchronous
reference frame; (b) equivalent circuit on direct current (DC) side.

The instantaneous AC power at the AC side can be defined as follows:

Py = VysinO#1,sin 0 + V,,, cos 0 * I, cos O, (34)
where V;;; and I;; represent the maximum voltage and current under dq axes, respectively. According
to trigonometric functions, Equation (34) can be simplified as follows:

Poe = Viulp. (35)

Mapping the AC side signals onto the DC side and assuming that the inverter is lossless, we
obtain the following:

Pac = Pge; (36)

Vil = Vielge. (37)
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Then, we can obtain the relationship between the DC side current and the AC side current:

V,
Iie = V_;nlm = kaclm; (38)
c
AV 1
C =1 Vie = Lije— 39
dc dt de = Vic dcscdc, (39)

where k. represents the conversion factor from AC side to DC side. According to Equations (38) and
(39), we can obtain the transfer function of DC side voltage:

Vae _ ke o _Vm

Im stc’ de = Vdc.

(40)

According to the above derivations, we can obtain the block diagram of a DC link voltage control
loop with a type-II controller as shown in Figure 6, where k,; and ks represent the sensing factors of
DC voltage and AC current, respectively. Therefore, the transfer function of the DC voltage loop is

as follows: ek
_ Rwdide
Huels) = 2. 41
The transfer function of the Type II controller is defined as follows:
k(s+z
Gu(s) = ( ) . (42)
s(s+p)

It follows that the loop gain can be expressed as follows:

k kyak
Ly(s) = Go(s)Hyc(s) = %k:édics' )

Vi~ k(s+z)|i,
" s(s+p)
Vi G,

L

Figure 6. Block diagram of DC voltage loop type II controller.

The main purpose of the Type II controller is to use an LPF to reduce possible interference affecting
the DC link when the APF system compensates for PQ problems such as imbalance and harmonics in
three-phase load currents. The crossover frequency is set at 1/500 of that of the current loop, the cut-off
frequency of the LPF is set at 49 Hz, and the zero is designed at 1/5 of the crossover frequency of the
DC loop:

Wy = w; X 0.002 = 62.832rad /s; (44)
p = 21t x 49 = 307.8768rad /s; (45)
Z = wy/5 = 12.5664rad/s. (46)

The gain of the plant at crossover frequency (Gainyq.) can be calculated as follows:

; _ kuakae _ 1189
Gainpge = KCas — jawo 47)

= 0-1.8917 = |Gaing4c| = 1.8917
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The gain of the controller at the crossover frequency (Gaingy) is as follows:

Gai _ (st+2) jwy+12.57
amgGyl] = s(s+tp) — jwo(jwo+307.88)
= 0.003 - ;0.0013 (48)

= |Gaingy| = 0.0032
Then, the required gain compensation at the designed crossover frequency can be calculated by:

— 1
|Gaingygc| X [Gaingy1|

= 165.1953. (49)

Finally, the transfer function of the voltage controller is obtained:

Gols) 165.1953(s + 12.5664)
S) =
i s(s +307.8768)

(50)

The designed kp and k; are 0.5286 and 0.0001329397, respectively. Figure 7 shows the Bode plot of
the controller and plant, where phase margin is 67 degrees.
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Figure 7. Bode plot of shunt APF inductor DC link voltage control loop.
3.3.4. Load Current Compensation Signals of APF

Using the SRF conversion technique, distorted and unbalanced three-phase load currents can be
expressed as follows:
i i i
[.Ld]:[-.“]+ .’ (51)
ILg g 'Lq

where 715 and if; represent dg-axis load currents, ;Ld and ;Lq represent dg-axis load currents with the
fundamental frequency, and iy and?Lq represent the dg-axis components that require compensation.
In order to obtain the compensation signals of the active current (q axis) iLq*, i is firstly filtered with
an LPF and then subtracted from g-axis current feedback signal (i), while the compensation signals
of the reactive current (d axis) ir;* equals the whole d-axis current feedback signal (ir4), as shown in
Figure 8.
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A 4

. ' *
I1d lLdk
Figure 8. The direct-quadrature axis currents compensation signals of the APF.

3.4. Complete System of GaN-Based Shunt APF

According to Figure 8, DC link voltage controller, and inductor current controllers, we can obtain
the circuit configuration of the proposed GaN based three-phase APF system with the block diagram
of complete control architecture, as shown in Figure 9.

[ — == = = = - \
[T oy JOOTTHL g VRTTE oy VAP0
 Jon en e a ™
I H H | .
| A ! L l“'h;a» q. Verid g
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= B L= b, Ver "Lb®
VdL' Ce ! | iSh q Varid c, !
| C, l,wv. = C g ,@_
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I J | e
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¢ Vgridia, b,c
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abc-dgq 4—5’“ ¢
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1L ab,

abc-dgq .
0,

transformation |4—"

Figure 9. The circuit configuration of gallium nitride (GaN)-based shunt APF system and the block
diagram of the control scheme.

4. Simulation Study and Results

With the design presented in the previous section, the proposed Gan-based shunt-type APF is
tested for an integrated compensation of multiple power quality problems, including current harmonics,
load current imbalance, and reactive currents. Powersim (PSIM) software is used to perform the
simulation case of the abovementioned comparison tasks. The PSIM simulation model is shown in
Figure 10.
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Figure 10. Powersim (PSIM) simulation model of the proposed APF system.
4.1. Simulation Scenario

To demonstrate the performance of the proposed controllers, the integrated compensation for
multiple load current quality problems with APF is simulated. In this case, the three-phase load bank
consists of a balanced reactive load, an unbalance resistive load, and a non-linear load, as shown in
Figure 11. Table 1 shows the detailed values of the loads used. At first (tp—t;), the shunt APF, connected
to a three-phase power grid with the line to line voltage of 110 V, 60 Hz, adjusts the DC link voltage
to 200 V and the compensation function is not activated; at t;, compensation is activated to achieve
a set of balanced grid currents, zero distortion, and unit power factor (PF), as shown in Figure 12.
Figures 13-17 show the corresponding simulation results, and Table 2 shows root-mean-square (RMS)
currents and total harmonic distortion (THD) data before and after compensation.

| Lt I
——l‘“m‘ + lNonlinear
] Load
Lovn | $_}RL[ I
f———no 1 Linear
._I_gigllu ' Load
|~ R, |
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Figure 11. Load condition in simulated scenario.
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Table 1. Load parameters for simulation scenario.
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Figure 12. Schematic diagram of simulated scenario.
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Figure 13. The grid-side phase-a voltage and three-phase currents/DC link voltage/shunt APF

three-phase currents (tp—tp).
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Figure 14. Before t;: the grid phase-a voltage and three-phase currents/the fast Fourier transform (FFT)
waveform of the grid phase-a current.
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Figure 15. After t;: the grid phase-a voltage and three-phase currents/FFT waveform of the grid
phase-a current.
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Figure 16. Shunt APF DC link voltage command and feedback signals (to—tp).
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Figure 17. Shunt APF dg-axis current commands and feedbacks (tp—t;).
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Table 2. Root-mean-square (RMS) currents and total harmonic distortion (THD).

Power Grid Currents and Unbalance Ratio (UR)

Item Without APF With APF
(to—t1) (t1-t2)
igrid_a (A) 29 2.84
igrid b (A) 342 2.87
igrid_c (A) 3.87 2.89
UR (%) 14.91 0.94
THD
Item Without APF With APF
(to—t1) (t1-t2)
THD (igrig ) (%) 19.18 3.91
THD (igrig 1) (%) 15.56 3.94
THD (igeig o) (%) 13.89 394

5. Hardware Implementation and Test Results

To verify the performance of the proposed GaN-based APF, this section presents the implementation
of APF hardware prototype for verification and analysis based on the scenario arranged in the simulation
case stated in the previous section. The photograph of the constructed GaN-based APF prototype is
shown in Figure 18, where the numbered devices are listed in Table 3. A programmable three-phase
AC power supply is adopted to emulate the grid voltage. The Texas Instruments (TI) microcontroller,
TMS320F28335 (Texas Instruments, Dallas, TX, USA), is used to provide efficiency and flexibility in
controller design. The system parameters and conditions of the experimental tests and measurement
scenarios are the same as that used in the previous simulation case presented in Section 4.1. Figures 19-24
show a set of test results; Figure 19 shows the waveforms of measured phase-a voltage and three-phase
currents of the grid from ty to t;. Figure 20 shows the DC link voltage and the output three-phase
currents of the shunt APF from t to t;. The related waveforms of grid phase-a voltage and three-phase
currents and the fast Fourier transform (FFT) of the grid phase-a current before the before and after the
APF is activated are shown in Figures 21 and 22, respectively. As can be seen in Figure 22, after the APF
is activated the unbalanced and distorted currents have been well compensated and the current is in
phase with the grid voltage achieving the control objective of unity power factor. To demonstrate the
performance of the designed controllers, Figure 23 shows the command and feedback signals of DC
link voltage and the PI controller output signals. The dq-axis current commands and feedback signals
are shown in Figure 24. To provide a set of quantitative results, Table 4 shows the measured RMS
currents and calculated THD data before and after compensation. In the stage of hardware construction
and tests, the system efficiencies at different switching frequencies are also explored. The arrangement
of the test scenario and the detailed results are presented in the next section.

97



Micromachines 2020, 11, 134

. - Three-phase
A“ 'I’f' % Linear &
C Power Supply Nonlinear Loads
GaN-based
Shunt
Three-phase
Inverter
(b)
Figure 18. (a) Photo of GaN-based three-phase APF hardware; (b) schematic of the hardware test
and system.
Table 3. Devices in Figure 18a.
Number Device Value/Part Number
1) Microcontroller TMS320F28335
2) Interface circuit of the microcontroller N/A
3)-(5) GaN HEMT pairs TPH3207
(6) and (7) DC link capacitors 680 mF/450 V
(8)-(10) Filter inductors 0.5 mH
(11)-(13) Filter capacitors 10 uF/300 V
Tek
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Figure 19. Grid phase-a voltage and three-phase currents (ty—t;).
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Figure 20. DC link voltage and the shunt APF three-phase currents (ty—tp).

Tek

o

S Hz L .-_L
Jz10.0ms J@ 73004 <10H[17:46:43
Chl:5A/div Ch2:5A/div Ch3:5A/div Ch4:40V/div Time:10ms/div

Figure 21. Before t;: the grid phase-a voltage and three-phase currents and the fast Fourier transform
(FFT) waveform of the grid phase-a current.
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Figure 22. After t;: the grid phase-a voltage and three-phase currents and FFT waveform of the grid

phase-a current.
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Figure 23. The command and feedback signals of DC link voltage and the proportional-integral (PI)
controller output signal (tp—t7).
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Figure 24. The shunt APF dg-axis current commands and feedbacks (to—t;).

Table 4. RMS currents and THD.

Power Grid Currents and Unbalance Ratio (UR)

Item Without APF (tp—t1) With APF (t1-t3)
igrid,a (A) 293 291
igridib (A) 3.43 294
igrid ¢ (A) 3.95 3.02

UR (%) 14.83 213
THD
Item Without APF (tp—t1) With APF (t;-t3)
THD (igrid_a) (%) 20.23 4.15
THD (igrid,b) (%) 16.57 4.08
THD (igrid,c) (%) 15.48 4.05

6. Discussion

6.1. The Analysis of System Efficiency

In this paper, the system efficiencies at different switching frequencies (50 kHz, 80 kHz, and 100 kHz)
and under different load levels are explored. Figure 25 shows the system block diagram of the efficiency
tests. In this test, the AC terminals of the proposed three-phase GaN-based APF are connected to the
three-phase power grid having the line to line voltage of 110 V and its DC terminal voltage is regulated
at the designed 200 V by the proposed voltage controller of the APF. For testing the APF efficiencies
under different load levels, a programmable electronic load is connected to the DC terminal of the APE.
By setting different P;. and measuring the corresponding Py, the efficiency at a specific power level
and switching frequency can be readily calculated. In this paper, three switching frequencies, i.e., 50,
80, and 100 kHz were tested. The calculated results are graphically shown in Figure 26. As can be
seen in Figure 26, the maximum efficiency appears at about 50% of the rated load and it is found that
when the switching frequency increases the efficiency decreases. This is mainly due to the increase in
switching losses.

P
. P Grid

Programmable | <*—— 3-P B
Electronic /7 GaN based
Load APF

Figure 25. The system block diagram of the efficiency tests.
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Figure 26. Efficiencies of GaN-based shunt APF system at different switching frequencies.

In the aspect of the efficiency comparison with different technologies, it is indeed difficult to
establish a fair comparative basis due to some system constrains, e.g., the switching technique used,
system capacities, quality of components used, and the control functions designed for the circuits.

To provide a set comparative result, three recently published technical papers [16-18] using different
technologies are summarized in Table 5.

Table 5. Performance comparison of different technologies.

Paper Switching Device Function Power Switching Frequency Efficiency
[16] IGBT Motor drive 8 kW 20 kHz 95.5%
[17] MOSFET Motor drive 1.5kW 15 kHz 92%
[18] SiC Electric vehicle 8.8 kW 50 kHz 97%

50 kHz 97.2%
proposed GaN Active power filter 2 kVA 80 kHz 96.7%
100 kHz 95.6%

6.2. The Thermographic Analysis of the System

Figure 27 shows a set of thermographic photos (using FLIER-E63900, T198547, E4) of the proposed
GaN-based three-phase APF prototype operating under the rated capacity of 2 kW with different
switching frequencies. As can be seen in the photos, the temperature of the switching devices increases
as the switching frequency increases and the temperature of capacitors and the circuit board remain
under 25 °C. Table 6 shows the summary of the recorded temperature data gathered from the presented
thermographic photos. Based on the results of thermographic analysis, it has been found that the
greatest losses are located at the six power-switching devices and the three relays which are designed
for ensuring a successful synchronizing control with the power grid to which the proposed APF is
connected. It should be noted that in practice, these relays can be removed after the overall control

system of the APF has been properly tuned. This means that the maximum efficiency of the proposed
GaN-based APF can be further improved.
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(8 (h)

Figure 27. Thermographic photos of the proposed GaN-based three-phase APF prototype: (a) TPH3207
device switching at 50 kHz; (b) TPH3207 device switching at 80 kHz; (c) TPH3207 device switching at
100 kHz; (d) DSP; (e) communication interface; (f) inductors; (g) relay; (h) signal processing integrated
circuits (ICs).
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Table 6. Summary of operating temperatures of individual devices.

Sensed Object Operating Temperature (°C)
TPH3207 @ 50kHz switching frequency 40.9
TPH3207 @ 80kHz switching frequency 46.7
TPH3207 @ 100kHz switching frequency 51.4
DSP 475
Communication interface 46.5
Inductors 30.4
Relays 43.2
Signal processing integrated circuits (ICs) 31.0

6.3. Related Technical Issues

As mentioned previously, the proposed GaN-based three-phase APF circuit prototype is
demonstrated for the first time. There are some technical issues to be further improved. These include:
(1) the driving circuits can be improved to achieve higher switching frequency and to reduce the size
of inductors; (2) the three relays can be removed or replaced with new devices having better quality in
conduction losses to increase the overall system efficiency; (3) the layout of the circuit can be improved
to reduce the noise level in current- and voltage-sensing mechanisms. It is important to note that
the noise level in sensing signals constitutes the operating limits of the switching frequency of the
proposed GaN-based APF circuit.

7. Conclusions

It has been expected that the mass application of RE-based distributed generation (DG) microgrids
or smart grids, and various static and dynamic nonlinear loads is the future trend of development in
power systems. To ensure an acceptable PQ level, the development of advanced PQ compensation
schemes using new technologies in terms of power-switching devices and state-of-the-art control
algorithms is a significant task. In this aspect, this paper has demonstrated, for the first time,
a shunt-type GaN HEMTs-based three-phase APF controlled by DSP systems and type II controllers
to achieve simultaneous compensation for current harmonics, load imbalance, and reactive currents.
Based on the results obtained from simulation and the hardware tests, the proposed 2-kVA GaN-based
three-phase shunt APF prototype with digitally integrated control scheme is able to achieve satisfactory
compensation results in improving system-wide load current quality of a complex load network
consisting of distorted, non-linear and unbalanced loads. In this study, the TPH3207 power switching
devices and Si8271 driving integrated circuits (ICs) are successfully adopted. It has been found that GaN
HEMTs provide superior performance to conventional Si-based power switches in terms of switching
frequency, temperature feature and system efficiency. To further evaluate the system performance of the
constructed GaN-based circuit prototype, in terms of efficiency, hotspot distribution and power losses
in components, a thermographic analysis has been carried out. Results and discussions for improving
the proposed implementation scheme have been presented. With the proposed APF operating at
50 kHz switching frequency, the THD and UR of the three-phase grid currents can be greatly reduced.
The best THD improvement recorded is from 20.23% to 4.15% and UR is from 14.83% to 2.13% and
the highest system efficiency of 97.2% has been achieved. For future research works, better circuit
components and GaN HEMT driving methods based on a bootstrap design can be used for achieving
higher switching frequency and better system performance.
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Abstract: We investigated the origin of vertical leakage and breakdown in GaN-on-Si epitaxial
structures. In order to understand the role of the nucleation layer, AlGaN buffer, and C-doped GaN,
we designed a sequential growth experiment. Specifically, we analyzed three different structures
grown on silicon substrates: AIN/Si, AIGaN/AIN/Si, C:GaN/AlGaN/AIN/Si. The results demonstrate
that: (i) the AIN layer grown on silicon has a breakdown field of 3.25 MV/cm, which further decreases
with temperature. This value is much lower than that of highly-crystalline AIN, and the difference
can be ascribed to the high density of vertical leakage paths like V-pits or threading dislocations.
(ii) the AIN/Si structures show negative charge trapping, due to the injection of electrons from silicon
to deep traps in AIN. (iii) adding AlGaN on top of AIN significantly reduces the defect density, thus
resulting in a more uniform sample-to-sample leakage. (iv) a substantial increase in breakdown
voltage is obtained only in the C:GaN/AlGaN/AIN/Si structure, that allows it to reach Vgp > 800 V.
(v) remarkably, during a vertical I-V sweep, the C:GaN/AlGaN/AIN/Si stack shows evidence for
positive charge trapping. Holes from C:GaN are trapped at the GaN/AlGaN interface, thus bringing a
positive charge storage in the buffer. For the first time, the results summarized in this paper clarify
the contribution of each buffer layer to vertical leakage and breakdown.

Keywords: Gallium nitride (GaN) high-electron-mobility transistors (HEMTs); vertical breakdown
voltage; buffer trapping effect

1. Introduction

Gallium nitride (GaN) high-electron-mobility transistors (HEMTs) on silicon (Si) substrate are
excellent devices for power applications, and are expected to find wide application in switching power
converters [1], owing to the high breakdown field of GaN (3.3 MV/cm) [2,3]. To grow GaN on Si
substrates, it is necessary to develop complex buffer and transition layer architectures; these allow
to obtain a good crystalline quality, which in turn leads to an improved electrical performance of
the devices. However, the vertical leakage current (Figure 1) in OFF-state conditions may limit the
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breakdown voltage of power GaN-HEMTs. Recently, different efforts have been developed in order to
improve the vertical robustness of such devices [4-7].

OFF state condition: Vg <V,

AlGaN - Barrier _’

uid GaN: Active

AIN - Nucleation
Si - Substrate

Figure 1. Schematic representation of GaN high-electron-mobility transistors (HEMTs), showing

vertical leakage current between drain and substrate in the OFF-state condition.

In this work, we investigated the vertical leakage current and breakdown of GaN-on-Si HEMTs
by a sequential growth experiment. Specifically, we fabricated three tailored samples in order to
analyze the contribution of the aluminum nitride (AIN) nucleation, the AlGaN buffer and the C-doped
GaN layer (GaN:C) on the vertical leakage current and breakdown. Corresponding devices were
characterized at room and high temperatures.

Furthermore, the physical origin of I-V hysteresis and charge trapping were analyzed; finally,
UV LED irradiation was used to investigate the charge trapping phenomena in the Al-rich AlGaN
buffer layers. Evidence for negative charge storage is found for the AlGaN and AIN layers, while we
demonstrate that the GaN:C layer can lead to significant positive charge storage.

2. Experimental Details

Three different structures were grown using metal organic chemical vapor deposition (MOCVD)
under the same growth conditions until growth stopped (Figure 2). The first structure consisted of
a 200 nm thick layer of AIN, epitaxially grown on a conductive 1 x 10! cm~3 boron-doped silicon
substrate, referred to as structure A. Structure B had an additional 350 nm thick Aly.70Gag.30N layer
grown on top of the AIN layer. Lastly, structure C was made of a silicon substrate, a 200 nm AIN
layer, a step-graded stack of AlGaN layers with a total thickness of 2350 nm, and a 2450 nm thick
carbon doped GaN layer; the carbon doping concentration was 2 x 10! cm~3. Ohmic Ti (100 nm)/Au
(400 nm) contacts were defined by photolithography; 95 x 95 um? patterns that had been isolated by
N-implantation were used for electrical measurements [8]. The wafer diameter of all structures was
200 mm.

structure C

C:GaN 2450 nm

structure B

350 nm
200 nm

structure A
AIN

Silicon Silicon Silicon

Figure 2. Schematic representation of the three investigated structures.
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Current-voltage characterization was carried out in order to investigate leakage current,
breakdown, and its physical origins at room and high temperatures as well as charge trapping
before and after UV irradiation. These measurements were done with a Keysight BI505A high-voltage
parameter analyzer, equipped with a high-voltage source measurement unit. The breakdown voltage
was extrapolated as the voltage at which the current of 8 mA was reached. Epitaxial quality in terms
of surface morphology and threading dislocation (TD) density were investigated using a JSM-7500F
scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan), a Bruker Dimension Icon atomic force
microscope (AFM) in tapping mode, and a JEM-2200FS transmission electron microscope (TEM) (JEOL
Ltd., Tokyo, Japan).

3. Results and Discussion

3.1. Material Quality

To investigate the material quality of the various layers, we used several experimental techniques.
Using cross-sectioning and TEM-analysis, the TD-densities were estimated to be 3.2 x 10'° cm ™2 for the
AIN nucleation layers of all three structures, 2.3 X 100 cm™2 for the AlypGazgN layers of structures B
and C, and 3.1 x 10° cm™2 for the GaN:C of structure C. Surface morphologies were analyzed by SEM
and AFM. The results observed by SEM are shown in Figure 3. Structure A exhibits a strongly V-pitted
surface due to non-optimized nucleation conditions [9]. The V-pit density was ~1.5 x 10'0 cm~2 with a
typical V-pit diameter of ~60 nm. A smaller V-pit density of ~5 x 10° cm~2, but with a larger typical
V-pit diameter of ~120 nm was observed for structure B. Finally, no V-pits were observed for structure
C, which was due to successful overgrowth by or below GaN:C. The corresponding rms-roughness
values obtained on a scale of 5 X 5 um? by AFM are 2.35 nm, 7.55 nm, and 0.25 nm for structures A, B,
and C respectively.

(a) (b) (o)

Figure 3. Representative scanning electron microscope (SEM) images of the as-grown surfaces of
structure A (a), structure B (b), and structure C (c).

A non-optimal coalescence of AIN islands on Si during the 3D growth mode gave a rough surface
decorated by V-pits. Overgrowth of such a V-pitted AIN-layer led to enlarging of V-pits in subsequent
layers due to a slower growth rate of V-pit side planes compared to the c-plane. Impurities, especially
oxygen, can be trapped within the V-pit trace [9]. The presence of a large density of V-pits in wafers A
and B resulted in a high variability in the vertical leakage characteristics, as shown in Figure 4 (notice
that apart from a couple of outliers, the I-V curves of structure B were already much more uniform
compared to those of structure A). On the other hand, the use of a thick GaN:C layer results in a much
narrower distribution of the leakage curves due to the substantial reduction in V-pit and dislocation
density obtained through the growth of a thick C-doped buffer layer.
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Figure 4. Vertical current-voltage (I-V) characteristics until breakdown for ten devices on structure A
(left), structure B (center) and structure C (right).

3.2. Vertical Leakage

Vertical leakage characterizations with a grounded substrate and an ohmic contact sweep from
0 V up to catastrophic breakdown were performed on several samples of each structures. Figure 5
shows the typical leakage characteristics of the three heterostructures at room temperature and 170
°C. The vertical leakage current of sample A was not significantly thermally activated. This suggests
that conduction through AIN is dominated by a field-driven tunneling of electrons from an electron
inversion layer at the Si/AIN interface into the AIN layer (in agreement with [10]), possibly with the
contribution of deep levels in AIN (Figure 6b). This process strongly depends on the availability of
deep states within the AIN layer close to the interface with Si, i.e., on the local density of defects such
as those described above.
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Figure 5. Current—voltage characteristics carried out at both low and high temperatures in the three
structures under analysis.

Contrary to structure A, the leakage current of structure B is temperature dependent. The carriers
in AlGaN moved towards the top ohmic contact by means of a thermally-activated defect-assisted
conduction mechanism (Figure 7b), which became the bottleneck for conduction and therefore
dominated the overall behavior. This might be because the AlGaN layer showed a lower defect density
as compared to AIN in terms of V-pits and threading dislocations TDs.
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Figure 6. (a) Double sweep (upward: solid, backward: dashed) current-voltage characterization on
sample A at both room and high temperature. (b,c) represent a schematic band diagram during the
upward sweep and the backward sweep, respectively.
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Figure 7. (a) Double sweep (upward: solid, backward: dashed) current-voltage characterization on the
structure B at both room and high temperature. (b,c) represent a schematic band diagram at room and
high temperature, respectively.

Blue lines in Figure 5 show the strong impact of temperature on the vertical leakage of structure C,
which was compatible to the presence of a acceptor level like Cy within GaN:C. Thus, for this sample,
conduction was likely not only related to electrons as in structures A and B, but also to holes generated
by the 0.9 eV deep acceptor Cy. Holes in GaN:C can easily flow towards the bottom of this layer
and, especially at high temperature, towards the Si substrate. Hole generation was stronger at high
temperatures (consistent with [3,11]).

3.3. Charge Trapping

In order to study the presence of charge trapping, we analyzed the hysteresis in the vertical
leakage characteristics. To this end, the three structures under analysis were submitted to a double
voltage sweep (upward and backward) at both room temperature and 150 °C. A large hysteresis is
indicative of strong trapping effects: if negative charge is stored in the epitaxial stack during the
upward sweep, the current during the backward sweep is significantly reduced [12]. The voltage step
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used was 1V, while the integration time was 20 ms. Contrary to vertical leakage measurements, a
maximum voltage was chosen in order to avoid catastrophic breakdown of the devices. This voltage
was 40 V, 80V, and 600 V for structures A, B, and C, respectively.

The results obtained in this study can be explained as follows:

For structure A (Figure 6a), the upward current was higher than the backward current (positive
shift). This indicates that electrons that were injected from Si into AIN were trapped at defects in
the AIN nucleation layer (Figure 6b). However, this effect was weaker at high temperature, leading
to a considerably reduced hysteresis, possibly due to a thermally-assisted de-trapping process [13]
compatible with the presence of a donor-like trap like oxygen in V-pit traces. In other words, at high
temperature there was a lower amount of trapped charges during the backward sweep with respect to
the room temperature condition (Figure 6b,c).

Structure B showed positive shifts for both temperatures as well. However, the shifts were much
more prominent and, contrary to structure A, the shift at high temperature was stronger. As discussed
above, leakage current in structure B was strongly temperature dependent due to a thermally-activated
defect-assisted conduction mechanism (Figure 7b). At high temperature the contribution of trapped
electrons to conduction was higher and therefore a larger hysteresis was observed.

In contrast to all other samples, sample C showed a negative shift (Figure 8a), i.e., a higher current
was measured for the backward sweep, especially at high temperature. This effect was ascribed to the
presence of positive charges (holes) trapped in the buffer. We suggest that holes flowed from GaN:C
to the GaN:C/AlGaN heterointerface. Due to the valence band discontinuity, part of these holes may
have been trapped there, thus modifying the band diagram as schematically represented in Figure 8b.
This resulted in a higher current during the backward sweep. A high temperature enhanced this
phenomenon, thanks to the higher number of holes available.
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Figure 8. (a) Double sweep (upward: solid, backward: dashed) current-voltage characterization on
structure C at both room and high temperature. (b) represents a schematic band diagram where the
electrostatic effect of the positive trapped charges is highlighted.

3.4. The Effect of UV Light Irradiation on Current—Voltage Charactrization

Figures 6 and 7 show the presence of considerable electron trapping in the AIN and AlGaN layers.
To characterize the traps which caused the experimentally observed hysteresis in the IV characteristic
of structure B, we analyzed the effect of UV light with a wavelength of 385 nm on vertical leakage and
charge trapping. For this, we performed I-V characterization before and after exposing the sample to
UV light for 30 min.

Figure 9 shows the result for the current-voltage characterization upward and backward sweep
from 0V to 80 V. Three consecutive I-V measurements were carried out on a fresh device without UV
irradiation. A considerable decrease of both the current (at 80 V) and the hysteresis (AV at 10 pA) at
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the second and the third I-V characterization was observed, indicating a slow de-trapping process.
Remarkably, after UV irradiation, there was a full recovery of the I-V behavior, which can be explained
as follows: during the upward sweep, electrons were injected and trapped into defects of the AIN and
AlGaN layers and created a substantial hysteresis. When the sample was illuminated with UV-light
corresponding to E = 3.22 eV, the trapped electrons are re-emitted leading to a recovery of I-V behavior.
These results confirm the existence of deep-traps, as provided by TDs especially, in the Al-rich layers
and explain why the I-V curves show a slowly recovering hysteresis.

0T T T T T T T T T T
dark_1

F ——dark_2

[ ——dark 3

10710 b= post_30min_385nm_light

A)

pug [V

Curren

107

10"

10" -
30 40 50 60 70 80

Voltage (V)
Figure 9. Double sweep current-voltage characterization on structure B, first, second, and third I-V on
a fresh sample, then after 30 min irradiation with an LED light at a wavelength of 385 nm.

3.5. Vertical Breakdown

The vertical breakdown voltage of the three stacks was investigated in detail by applying a voltage
sweep on the top ohmic contact while keeping the substrate grounded. Several devices were tested
for each structure. The mean values obtained for samples A, B, and C were 64 V, 142 V, and 780 V,
respectively (Figure 10a). When comparing the breakdown voltages of structures A and B, it is worth
noticing that, by increasing the thickness of the epi-layers by 175%, the breakdown voltage increased by
120%. This indicates a non-uniform distribution of the electric field among the epi-layers. This might
be ascribed to the different conductivity of the layers, as well as to the piezoelectric and spontaneous
polarization charges that originated at the AIN/AlGaN interface. On the other hand, Figure 10a also
demonstrates the role of the thick carbon-doped layer in increasing the vertical robustness.
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Figure 10. (a) Breakdown voltage evaluated on the three wafers under analysis; (b) dependence of the
breakdown voltage of wafer A on temperature.
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For a more detailed analysis, sample A was taken in order to evaluate the temperature dependence
of the critical electrical field of the AIN nucleation layer. Considering that the energy gap of AIN
at 0 Kis 6.15 eV [14], and that such an energy gap decreases at high temperature accordingly with
the Bose-Einstein equation [14] and knowing the dependence of the breakdown field on the energy
gap [15], the expected (theoretical) breakdown electric field reduction in the range of 30-170 °C was
calculated to be equal to 6%. The experimental results show a reduction of the critical electric field
between 30 °C and 170 °C, higher than 12% (Figure 10b).

To understand why the breakdown voltage has a stronger temperature dependence than predicted,
we plotted the failure voltage versus the leakage current at 30 V of the devices (Figure 11). A bias
of 30 V was chosen, because corresponding current is above noise level, but low enough to cause
no damage to the sample. As can be noticed, a clear trend can be observed: devices with higher
leakage current show a lower breakdown voltage, and consequently a lower breakdown field, of the
AIN nucleation layer. This demonstrates that the breakdown process of AIN grown on Si is not only
field-dependent, but also current driven. The flow of current at localized defect sites may lead to a
premature breakdown of the samples, consistent with the percolation theory mentioned in Borga et
al.’s research [8]. This explains why the breakdown field of AIN-on-Si (3.25 MV/cm) is much lower
than that of highly crystalline AIN (up to 12 MV/cm, [8]).
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Figure 11. Failure voltage vs. leakage current measured at 30 V on sample A at different
ambient temperatures.

4. Conclusions

In this work we compared three structures obtained by sequential epitaxial growth on Si substrate.
We were able to separately evaluate the contribution of AIN, AlGaN, and C-doped GaN to the vertical
conduction in the GaN-on-Si stack. Also, we described the related trapping processes, showing that in
presence of AIN/AIGaN layers trapping is dominated by negative charge, while in the presence of
C-doped GaN, positive charge trapping also plays a role.

In addition, we investigated the breakdown voltage of the samples, indicating that a C-doped
GaN layer is needed to substantially increase the breakdown strength. This is ascribed to both the
insulating properties of C-doped GaN, and to the increased thickness of the vertical stack. In addition,
SEM and AFM analysis were used to confirm the substantial absence of extended defects like V-pits at
the surface of the C-doped layer. Finally, the temperature dependence of the critical electric field of
AIN grown on a Si substrate was studied. Experimental results point out that the failure of the AIN is
not related to the intrinsic breakage of the semiconductor crystal, but to a defect-related phenomenon.
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Abstract: In this paper, a novel gallium nitride (GaN)-based heterostructure Gunn diode is proposed
for the first time to enhance the output characteristics of Gunn oscillation waveforms. A well-designed
grooved anode contact is adopted to separate the long-channel diode into two short-channel diodes
in parallel. If the grooved anode contact is positioned in the middle of the device, the output power
nearly doubles in the grooved-anode diode compared with the single-channel ones, as does the output
frequency. Based on the numerical results, the best output characteristics are obtained at the 2.0-um
symmetrical grooved-anode diode, which produces nearly 5.48 mW of power at the fundamental
frequency of 172.81 GHz, with 3.13% efficiency of power conversion. If the grooved anode contact is
not positioned in the middle of the diode, the harmonic frequency would be enhanced. The GaN
heterostructure grooved-anode Gunn diode has been demonstrated to be an excellent solid-state
source of terahertz oscillator.

Keywords: wide band gap semiconductors; numerical simulation; terahertz Gunn diode; grooved-anode
diode

1. Introduction

Terahertz (THz) waves (300 GHz-10 THz) have been extensively studied in recent years due to
their potential applications in the fields of communication, imaging, radar, spectroscopy and security
screening [1-3]. Terahertz has been a “research gap” for a long time. Indeed, no powerful radiation
sources have been available until the last few years. From a practical point of view, solid-state
devices show excellent potential as terahertz sources, which can be integrated with other electronic or
optoelectronic devices within a single chip [4]. GaN-based Gunn diodes are one of the most excellent
solid-state terahertz oscillators [4] and attract much interest thanks to the unique properties of gallium
nitride, such as its wide band gap (3.42 eV) [5], high electron mobility [6], high breakdown field (3.3
MV/cm) [5], high thermal conductivity [7] and so on. In recent years, the research has been mainly
concentrated on heterostructural planar Gunn diodes rather than the traditional vertical ones [8-12].
Compared with the traditional vertical Gunn diode, the heterostructural planar Gunn diode has great
advantages. First of all, it allows for the easy integration with other devices in terahertz monolithic
integrated circuits, as all the contacts of planar diodes are fabricated on one plane [10]. Secondly, its
oscillation frequency is controllable by determining the contacts” distance. Lastly, due to the excellent
electron transport properties of the two-dimensional electron gas (2DEG), the planar Gunn diode
generates a higher oscillation frequency than bulk ones [9-12]. However, on one hand, the radio
frequency (RF) output power of the planar Gunn diode has been predicted to be much lower than
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the vertical ones [13-15]. On the other hand, the fundamental oscillation of Gunn diodes with a
channel length of 1-2 um reported so far have been far from the terahertz regime [8-11]. Achieving
a Gunn diode with a terahertz oscillation and higher output characteristics is a worldwide problem
that should be solved with great urgency. High RF power and high operation frequency seem to be
two contradictory pursuits which are difficult to satisfy simultaneously. The shorter the transit region
length, the higher the oscillation frequency is [16]. However, the operation bias for short-transit-region
diodes is relatively low, which limits their RF output characteristics. In addition, the small-size
devices also face a complicated process. Some reported planar Gunn diodes, like nanowire slot diodes
and self-switching diodes (SSD) produce very high frequency oscillation, even as high as several
THz [17-21]. Nevertheless, all of these emerging devices face the same serious problem-that is, how to
generate sufficient RF power. Some theoretical work also shows other solutions, like the harmonic
Gunn diode reported in [22,23] and the multi-channel Gunn diode in [24], which either suffers from
low RF output power or a complicated process. In order to achieve higher frequency and higher output
power simultaneously, for the first time, we propose this new-type grooved-anode Gunn diode, which
is realized by simply etching a rectangle groove onto the semiconductor layer at one lithographic step.
The anode contact is deposited in the rectangle groove and two cathodes are defined as being adjacent
to terminals of AlIGaN/GaN heterostructural channel. Therefore, one diode actually turns into two
diodes placed in parallel. In the symmetric grooved-anode Gunn diode, where the length of the left
and right channel is equal, the output power and oscillation frequency approximately doubles in the
grooved-anode diodes compared with the single-channel ones. In the asymmetric grooved-anode
Gunn diode, the harmonic frequency is greatly enhanced. In this paper, we present a detailed study
into the GaN-based heterostructural grooved-anode Gunn diode based on the Silvaco simulator. We
have demonstrated that it effectively improves the RF output power and operation frequency of the
Gunn diode simultaneously as compared with many other structures.

The structure of the grooved-anode diode and the simulation method are described in Section 2.
The numerical Results and theoretical analysis are given in Section 3. Important conclusions are given
in Section 4.

2. Device Structure and Simulation Method

The GaN-based Gunn diode studied in this paper is illustrated in Figure 1. Figure 1a shows the
structure of the grooved-anode diode, in which all the structural dimension parameters are labeled
clearly. The doping levels of all the material layers are set to be 1 x 10'®> cm™. The adoption of
the Alp1GaggoN back barrier layer leads to the enhancing confinement of the 2DEG under a high
electric field. A rectangular groove is etched through the GaN layer, which ensures that electrons have
individual paths in the left and right channels. To achieve the dual-channel diode, a groove-anode
area should be defined, and the groove area is etched using a controllable low-damage chlorine-based
Inductively Coupled Plasma- Reactive Ion Etching (ICP-RIE) process [25,26]. The definition of the
specific technology parameters should be explored further in the actual manufacturing. The anode
ohmic contact is deposited in the rectangle grooves and the two cathode ohmic contacts are defined as
vertical contacts instead of surface contacts. On one hand, the vertical contacts introduce the lowest
parasitic resistance; on the other hand, electric field peaks are easily formed by the surface contact,
which results in the premature breakdown of the devices. The total length of the Gunn diode is set to be
L. Meanwhile, in the grooved-anode diode, the length of each channel is set to be L, and L}, separately,
where L, + L, = L. The width of the device is defined as a default of 1 um in this 2-D simulator. The
vertical ohmic contacts can be realized by Molecular beam epitaxy (MBE) regrown technology. In order
to simplify the calculation, we performed the simulations under ideal conditions. We assumed that the
groove separates the longer channel completely, and the substrate is totally insulated. Therefore, we do
not discuss the coupling effect through the substrate here. An energy balance (EB) model with higher
order solution of the general Boltzman transport equation was adopted instead of the drift diffusion
(DD) model. The energy relaxation time T and momentum relaxation time 1y, for GaN 2DEG are
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defined as 500 and 4 fs, respectively [27-29]. The temperature is set to be 300 K, ideally. In order to
calculate the RF output characteristics of the Gunn diode, we use the same method as explained in
detail in [22-24].
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Figure 1. Schematic structures of GaN-based heterostructure Gunn diodes: (a) Grooved-anode diode,
(b) Single-channel diode.

In order to calculate the electrical characteristics of the diode, we put a single-tone sinusoidal
voltage of form Vpc + Vacsin(2nft) across the diode instead of embedding it to a resonant circuit, as
the external circuit adds complexity to the calculation and easily results in non-convergence. This
method is very popular in the analysis of the RF performance of Gunn diodes [30-37] and its validity
has been proved in previous publications [33-37]. The applied DC voltage Vpc has to be above a
critical value so that the device is biased in the negative differential mobility regime. The DC voltage
Vpc is proportional to length of the diode and V¢ = 1/4Vpc. For example, for the 0.6-um single
channel Gunn diode, Vpc =16 V, Vaoc =4 V; for the 1.2-um single-channel diode, Vpc =32V, V¢
=8V; for the 0.6-0.6-um grooved-anode Gunn diode, Vpcy = Vpco =16 V, Vacr = Vacz =4 V. The
DC-to-AC conversion efficiency 1 is defined as | = =Pac/Ppc (Pac is the time-average AC power; Ppc
is the dissipated DC power).

The AC power delivered is given by [30]

Vac (M®
Pac = — I(t) sin(27tft)dt 1)
TR Jo
1
where T = i 2)

Similarly, the DC power dissipation in the device is [30]

Tr
Ppc = % i(t)dt 3)
R 0

3. Results and Discussion

Both the traditional GaN-based heterostructural Gunn diode with only one channel and the
grooved-anode diode were studied as a comparison. In the tradition planar Gunn diode, as the
channel length L ranges from 1.2 to 3.6 um, the frequency f ranges from 143.38 to 45.63 GHz, as
shown in Figure 2. The f-L curve of the grooved-anode diode nearly doubles as compared with that
of the single-channel diode, as the real channel length of grooved-anode diode is only half of the
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single-channel diode. The curves also show that f varies inversely to L, which almost matches the
formula f = vg,t/L. In grooved-anode diode, the best output characteristics are achieved at an L of
2.0 um. The 2.0-um-grooved-anode diode operates at a frequency f of 172.81 GHz with a DC-to-AC
efficiency n of 3.13% and RF output power Pgg of 5.48 mW. Meanwhile, the 2.0-um-single-channel
diode generates a frequency of 86.47 GHz with 1 of 2.09% and Pac of 3.15 mW, as shown in Figures 2
and 3. Therefore, we conclude that the operating frequency and RF output power nearly doubles as
compared with the single-channel diode with the same channel length. In addition, the DC-to-AC
efficiency 1 is also greatly enhanced in the grooved-anode diode.
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Figure 2. Variation of frequency f with the channel length L in the grooved-anode diode and
single-channel diode.
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Figure 3. Variation of efficiency n with the channel length L and RF output power Poc with L in the
grooved-anode diode and the variation of the single-channel diode.

Figure 4 gives the I-V characteristics for the grooved-anode diode and single-channel diode of
2.0 um, from which we can see the grooved-anode diode provides practically the same current, twice
the value obtained in the single diode. The grooved-anode diode is equal to two shorter diodes in
parallel connection, as the grooved anode is designed in the middle of the diode and divides the
long channel into two shorter channels; therefore, the anode current doubles. Perturbation occurs
in the I-V characteristics as the applied voltage increases above 17 V in the grooved-anode diode
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and nearly 34 V in the single-channel diode, which means there are electron domains coming into
being in the 2DEG channel. When the anode voltage of the 2.0-pum -grooved-anode diodes increases
up to 28 V, prefect stable dipole domains come into being. Figure 5a,b separately give the electron
concentration profiles and the corresponding electric field profiles during one oscillating period
extracted from the 2.0-pum-grooved-anode diode which show the electron periodic movement during

one oscillation period. From Figure 5, we can obser

some conditions should be satisfied [16]:

ve the distinct formation of dipole domains rather
than accumulation layers. Theoretically, the dipole domain mode is the most stable mode and generates

the highest RF output power and efficiency as compared with other operation modes of the Gunn
diode. Based on [13], in order to make the GaN Gunn diode work at a stable dipole domain mode,
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Figure 4. DC I-V output for the grooved-anode diode and single-channel diode as L = 2.0 um.
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Figure 5. (a) Electron concentration and (b) Electric field profiles in one oscillation period in the

grooved-anode diode as L = 2.0 um.

Nac is the electron concentration of the active channel, Lac is channel length and d is the channel
thickness. These conditions are easily satisfied in GaN-based heterostructure Gunn diode, as in the

centration of 2DEG is up to 10'° cm~3. Such a
high 2DEG is induced by a strong polarization effect of AlIGaN/GaN without any doping and well

AlGaN/GaN/AlGaN heterojunction, the electron con
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confined in the quantum well. Therefore, 2DEG is well away from the ionized impurity scattering,
ensuring the easier formation of the dipole domain in a short channel length. Even when the length of
the GaN planar Gunn diode is reduced to several hundred nanometers or the channel thickness is
reduced to several nanometers, the diode can still generate stable dipole-domain mode oscillation,
as shown in Figure 6. However, a shorter channel length results in a smaller electron domain. In
the 1.2-pm-grooved-anode diode, each channel length is 0.6 um, which is not long enough for the
electron dipole to grow mature before exiting from the anode side. Therefore, comparing Figures 5
and 6, especially the Figures 5b and 6b, from the electric field distribution for the 2.0-um and 1.2-um
diodes we can conclude that a bigger domain forms in the 2.0-pm-grooved-anode diode. Therefore,
higher DC-to-AC efficiency is obtained in the 2.0-um diode.
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Figure 6. (a) Electron concentration and (b) Electric field profiles in one oscillation period in the
grooved-anode diode as L = 1.2 um.

Meanwhile, if the channel length is too long, the electron domain grows to its mature size before
reaching the anode contact. The remaining channel will be regarded as invalid growth space for the
electron domain, which results in the decrease of the efficiency of the Gunn diode. The formation of
the electron domain results in the current decline. When the electron domain grows to its full size,
the current will drop to its lowest value. If L is too long, the lowest current will last for a period until
the electron domain begins to disappear from the anode side. As shown in Figure 7, the lowest-value
part of the current wave obviously extends as the channel length L increases, which aggravates the
nonlinearity of the oscillation wave, and enhances the harmonic component of the oscillation wave.
It is worth noting that two current peaks occur in the 3.6-um diode, as shown in Figure 7. Figure 8
gives the electron movement tracks in the 3.6-um diode, which shows that two dipole domains form
simultaneously inside each channel; while one forms at near the cathode side, one forms near the
middle of the channel. As the electron concentration of 2DEG is very high, therefore, the effective
channel lengths for both nucleating points satisfy the condition of the dipole domain. The formation of
two domains inside one oscillation circle also aggravates the nonlinearity of the oscillation wave, and
weakens the fundamental frequency. In addition, as the two domains restrict each other, neither of
them are able to grow to their full size. Therefore, the fundamental and harmonic components of both
are reduced. Figure 9 gives the frequency spectrum diagram of the grooved-anode diode for different
L from 1.2 to 3.6 um, which demonstrates that the harmonic component enhances and fundamental
component decreases with L. As a result, the noise performance deteriorates with L. In conclusion,
in order to avoid the harmonic component enhancement and increase the fundamental component,
suitable channel length is of great importance.
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Figure 7. The current oscillation wave in the symmetric grooved-anode diode.
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We also study the asymmetric grooved-anode Gunn diode, where L, = 2L, = 2.0 um. In order
to ensure that the electric field of each channel is in an appropriate range to generate stable Gunn
oscillations, we set Vpcy =2Vpcy =534V, Vacr =2V = 134 V. As the length of the right channel
is twice as long as the length of the left channel, the movement period of the electron domain in the
right channel should be twice as long as that in the left channel. This is verified by Figure 10, which
shows the electric field profiles in one oscillation period derived in the 1.0-2.0-pm-grooved-anode
diode. When the dipole domain in the right channel disappears from the anode contact, the dipole
domain in the left channel completes two circles, which results in the two current peaks in the current
oscillation wave, as shown in Figure 11a. The small current peak is generated as the domain exits
from the shorter channel, and the larger current peak is generated as the domain exits from the longer
channel. Therefore, two frequencies are obtained, and the second harmonic frequency is greatly
enhanced, as shown in Figure 11b. As the two channels are independent of each other, the fundamental
and harmonic frequencies are enhanced at the same time. The frequency of the second harmonic is
about 175.47 GHz, 1 is about 1.85%, and P is about 4.45 mW. The asymmetric structure realizes the
modulation of the operation frequency via a single diode. By changing the length proportion of the
two channels, the size and the number of the harmonic wave are able to be controlled.
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Figure 10. (a—f) The electric field profiles derived at the same time step in one oscillation period in the
grooved-anode diode as L, = 1.0 um and L, = 2.0 um.
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4. Conclusions

In this paper, for the first time we propose the grooved-anode planar Gunn diode to greatly
enhance the RF output power at a high operation frequency. We present an explicit numerical study
into its working principle and output characteristics based on a simulation method. The grooved-anode
diode is equal to two shorter diodes in parallel connection, as the grooved anode divides the long
channel into two shorter channels. In the symmetric grooved-anode diode, the RF output power is
almost doubled in the grooved-anode diode as compared with the single-channel diode. The 1.0-1.0-um
grooved-anode diode shows the best output characteristics. It operates at a fundamental frequency
of 172.81 GHz and the corresponding DC-to-AC conversion efficiency is about 3.13%. It produces
over 5.48 mW of power, nearly twice as high as that of the 1.0-um single-channel diode. This novel
grooved-anode diode realizes the enhancement of the frequency and RF output power simultaneously,
by simply etching a rectangular grooved anode onto the semiconductor layer at one lithographic step,
which provides good design ideas in improving the output characteristic of the terahertz sources
and other power devices. In the asymmetric 1.0-2.0-um grooved-anode diode, two frequencies are
obtained, and the second harmonic is enhanced as compared with the fundamental wave. The
harmonic-enhanced Gunn diode shows its potentials as a mixer or frequency multiplier. Furthermore,
it will provide a fast conversion between two different frequencies without connecting with other
terahertz oscillators. We have demonstrated that the proposed GaN heterostructure grooved-anode
planar Gunn diode is an excellent candidate as a solid-state terahertz device.
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Abstract: Herein, the optical field distribution and electrical property improvements of the InGaN
laser diode with an emission wavelength around 416 nm are theoretically investigated by adjusting
the relative thickness of the first or last barrier layer in the three Ing 15Gag gsN/Ing 5o Gag 9gN quantum
wells, which is achieved with the simulation program Crosslight. It was found that the thickness of the
first or last InGaN barrier has strong effects on the threshold currents and output powers of the laser
diodes. The optimal thickness of the first quantum barrier layer (FQB) and last quantum barrier layer
(LQB) were found to be 225 nm and 300 nm, respectively. The thickness of LQB layer predominantly
affects the output power compared to that of the FQB layer, and the highest output power achieved
3.87 times that of the reference structure (symmetric quantum well), which is attributed to reduced
optical absorption loss as well as the reduced vertical electron leakage current leaking from the
quantum wells to the p-type region. Our result proves that an appropriate LQB layer thickness is
advantageous for achieving low threshold current and high output power lasers.

Keywords: asymmetric multiple quantum wells; barrier thickness; InGaN laser diodes; optical
absorption loss; electron leakage current

1. Introduction

InGaN-based multi-quantum well (MQW) laser diodes (LDs) have drawn much attention in
recent years due to their potential as the light sources in the applications of high-density optical
storage systems, laser printing, full-color displays, small portable projector, among the others [1-10].
To date, although the InGaN based blue LDs are already commercialized and the material growth
technology has been significantly improved, the factors to achieve optimal optoelectronic performance
have not been fully developed. There are still many places that need to be improved. In general,
high output power and low threshold current are two key indicators to attain superior laser diode
performances. The emission mechanism of the InGaN/(In)GaN multiple-quantum-well structure is
important and necessary for further improving the performance of LD. The material composition,
number, and thickness of the multiple quantum well (WQW) in the active region are crucial structural
parameters for optimizing the structure of LD because they directly affect the optical and electrical
properties of the device. Among these parameters, the composition fluctuation of the quantum
well mainly affects the wavelength of the laser emission, because the band gap of the quantum well
varies with composition. Meanwhile, the effect of QW number on the performance of MQW LDs has
also been studied both theoretically and experimentally [11-13], which indicates that the blue-violet
laser (emission wavelength between 392 nm and 420 nm) with two InGaN wells could obtain the
lowest threshold current when the band gap ratio is 7/3. But the QW number is highly dependent
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on other parameters such as laser material, output wavelength, structural design, and so on [14].
When the emission wavelength is around 416 nm, our simulation results and experiments show that
the performance of the laser device obtained from the three quantum wells structure is slightly better
than that of the two quantum wells structure. Thereby, the InGaN lasers with wavelengths around
416 nm generally employ two or three quantum wells structure [15]. Meanwhile, Alahyarizadeh’s
research shows that the thickness of QW can also manipulate the emission characteristic of the InGaN
QW [16]. In addition, the experimental data shows that the threshold current is the smallest when
the width of the quantum well is around 3 nm, which is consistent with the high-quality sample
results [17]. Despite all these findings, the influence of barrier parameters is less studied, especially the
thick barrier. The current research mainly focused on improving the carrier distribution by the special
composite barrier layer [15], and few on the distribution of the optical field. The main reason is that
the common barrier layer is too thin relative to the waveguide layer and the cladding layer, and the
effect on the distribution of the optical field is relatively small.

In principle, the barrier layer of MQW structure affects the asymmetric distribution of carrier
concentration in the p-doped and n-doped regions and the optical field distribution over the whole LD
structure. Due to the huge difference between electron (600 cm?/Vs) and hole mobility (10 cm?/Vs) [18],
the carrier distribution in the MQW region is non-uniform. The concentration of holes in the n-doped
region is significantly lower than the concentration of electrons in the p-doped region. The asymmetry
of the carrier distribution in the MQW and the optical field distribution deviating from the center of
the quantum well are thus enhanced, and the luminous efficiency would be reduced [19]. Since the
barrier thicknesses of the conventional InGaN/GaN MQW LDs are usually thin (8~20 nm), it is
difficult to achieve effective carrier transport into the MQW near the n-layer. So, the actual carrier
density will not be uniform in every QW, and it is hard to affect optical field distribution and the
associated absorption loss. Many researchers have improved the performance of LD by inserting an
unintentionally doped (In) GaN or AlGaN thin layer between LQB and EBL, or thickening of the upper
and lower waveguide layers to reduce optical absorption loss and expand the distribution of the optical
field [20-22]. However, it is difficult to further reduce optical absorption loss and improve the optical
field distribution in these device structures, because the upper waveguide layer is always p-type with a
high absorption coefficient. It is more convenient and effective to improve the optical field distribution
by adjusting the parameters of the quantum well region with a low absorption coefficient. For the sake
of eliminating the unfavorable effect of the asymmetric carrier and optical field distribution mentioned
above, the MQW active region needs to be redesigned and optimized.

In this letter, the relative thickness of the first or last barrier layers in the three
Ing 15Gag g5N/Ing 02Gag 9sN quantum wells laser diode, are designed and optimized to enhance the
optical field distribution into the MQW while reducing the optical absorption loss. Simultaneously,
by redesigning the barrier layer, the comparison between their optical and electrical characteristics
(especially leakage current) are analyzed and compared with the theoretical simulation results.

2. Device Structure and Simulation Setup

For the illustration purpose, a structure of three Ing 15Gag g5N/Ing goGag 9sN quantum wells laser
diodes with various first or last barrier layers are designed to increase the optical field distribution
in the active region, and to reduce the optical absorption loss and the vertical electron leakage
current. For comparison with symmetric quantum well structure, there are series of structures with
various first or last barrier layers of Ing 15Gag g5sN/Ing 02Gag 9gN quantum wells laser diodes shown in
Figure 1. These laser structures with varying thicknesses of quantum barrier layers consist of a GaN
free-standing substrate, a 1 pm thick GaN buffer layer, an n-Alj g3Gap 9oN confinement layer with a
thickness of 1 um and the doping concentration of 3 X 10'® cm~3, an n-type GaN lower waveguide
(LWG,) layer with a thickness of 100 nm and the doping concentration of 1 x 10" em™3, a three-period
3 nm Ing 15Gag gsN well/15 nm Ing gyGag 9gN barrier quantum well with background concentration of
5x 10 ecm™3, a p-Alp2Gag gN electron blocking layer (EBL) with 20 nm thickness, a p- GaN upper WG
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(UWG) layer with 100 nm thickness, a p-AlGaN confinement layer with 500 nm thickness, and a p-GaN

contact layer with 80 nm thickness. The doping concentration of all p-type layers is 5 x 1018 cm=3.

p-GaN  80nm

p-AlGaN 500um
p-GaN WG 100nm

FQB

n-GaN WG 100nm
n-AlGaN 1um

n-GaN 1pm

Figure 1. Schematic of Ing 15Gag g5N/Ing 0o Gag 9sN quantum well laser diodes.

The differences in these laser structures are only the first or last barrier thickness of the
Ing 15Gag 85N/Ing 02 Gag 9gN quantum wells. In the reference structure (marked as FQB-15 or LQB-15),
the active region of MQW is symmetrical and the barrier layer thicknesses is 15 nm. In the first barrier
series of the LD structures (marked as FQB-XX) and the last barrier series of the LD structures (marked
as LQB-XX), the first or last barrier is an Ing o;Gag 9gN single layer with different thickness.

Asymmetric Ing 15Gag g5sN/Ing 02Gag 9sN MQW samples with various barrier layer thicknesses,
photoelectric properties of these laser structures, including the optical filed distributions,
optical confinement factors, peak modal gains, electron leakage currents and output powers,
are theoretically simulated by a powerful semiconductor laser simulation tool Crosslight Device
Simulation Software (Crosslight Software Inc., Vancouver, Canada) [23,24]. In order to eliminate the
influence of the contact, both the p and n electrodes are set as an ideal Ohmic contact type. The cavity
length and ridge width are set to be 800 um and 2 um, respectively. The reflectivity of both sides of the
laser cavity is set to 19%. The screening factor is set to be 0.25 [25], and the band offset ratio (AE./AEg)
is set to be 0.67 [26]. Meanwhile, for the n-type and p-type layers, their absorption coefficients are set
as 5 em™! and 50 em™! [27], respectively. The absorption coefficient of highly doped EBL is 100 cm ™.

3. Results and Discussions

First, the effect of the layer thickness of the first quantum barrier layer is investigated. The optical
characteristics of the four FQB thicknesses of 15 nm, 45 nm, 100 nm and 225 nm are simulated,
respectively. Then, three Ing 15Gag g5N/Ing gpGag 9sN quantum wells with LQB thicknesses of 100 nm,
300 nm and 500 nm, respectively, are calculated. The refractive index profile of the symmetric quantum
well LD structure (red line) and the optical field distributions of the FQB-15 and FQB-100 structures are
shown in Figure 2. The refractive indices of InN, GaN and AIN are set as 3.4167, 2.5067, and 2.0767,
respectively. The refractive indices of InyGa; N and AlyGa;«N are calculated using an approximate
method as follows:

n(InyGa;_4N) = [n(InN) —n(GaN)]-x + n(GaN) 1)

n(AlkGa;_xN) = [n(AIN) —n(GaN)]-x + n(GaN) 2)
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Figure 2. The refractive index profile of the symmetric quantum well LD structure (red line) and the
optical field distributions of the FQB-15 and FQB-100 structures.

According Equations (1) and (2), the refractive indices of the Aly,GaggN, AlyoyGagosN,
Alo‘ogcao'gzN, In0‘15Ga0,g5N and Ino‘ozcao'ggN are calculated to be 2.4207, 2.4766, 2.4723, 2.6432
and 2.5249, respectively. Due to the large refractive index difference between the GaN waveguide
layer and the upper and lower confinement layers, most of the optical field is located to the layer
between the upper and lower GaN waveguides. However, the appearance of the low refractive index
Aly»GapgN EBL decreases the mean value of the p-type refractive index, resulting in an asymmetric
optical field distribution on the left and right sides of the quantum wells, and the peak is not situated at
the middle of the quantum wells. The peak position shifted slightly to the n-type side, and the optical
limit factor (OCF) did not reach the maximum value. In addition, a large part of the optical field is
distributed in the p region with a large absorption coefficient, which causes a large optical absorption
loss and the laser’s threshold current rises.

When the FQB or LQB layer becomes thicker, the EBL or n-GaN WG will move away from the
quantum wells. The optical field peak moves to the p-type region, so that more optical fields are
distributed in the quantum well region, and the OCF is enhanced. In addition, since the optical field
is close to a Gaussian distribution, when the FQB or LQB layer becomes thicker, the optical field
proportion of the p-type region decreases significantly, thereby reducing light absorption loss.

However, the FQB or LQB layer should not be too thick, either. As the thickness of the FQB or LOB
layer increases, the optical field is further deviated from the quantum wells. Meanwhile, the dotted
line in Figure 3 indicates that the peak position of the light field will pass through the quantum wells
region and continue to move to the p region, moving to the position between the quantum wells
and EBL. It can be seen that with the increase of the FQB or LQB layer thickness, the optical field is
more distributed inside the FQB or LQB layer. However, the optical field peak has deviated from the
quantum wells. Even if more optical fields are distributed inside the FQB or LQB layer, the optical
absorption loss further decreases, but the OCF may be reduced by the shift of the peak position of the
optical field [28]. This is consistent with the trend of OFC in Figure 4 as the thickness of the barrier
layer changes. Therefore, with the increase of the FQB or LQB layer thickness, the peak position of the
optical field moves from the n-type regions to the p-type regions, and the optical confinement factor
slowly grows to the maximum and then decreases rapidly.
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Figure 3. Optical field distribution of FQB or LQB structures (dashed lines and red arrows indicate the
position of the electron blocking layer.).
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Figure 4. Optical confinement factor of LDs with different FQB or LQB layer thicknesses.

The peak modal gain of LDs with different FQB or LQB layer thicknesses are shown in Figure 5.
When the optical confinement effect in the quantum well region is enhanced, the modal gain will
increase accordingly, because the modal gain is the product of OCF I'y and the material gain g of the
quantum well. Taking a specific injection current value of 35 mA as an example, the calculated peak
modal gain of four lasers with varying FOB or LQB layer thicknesses are compared, as shown by the
red dotted line in Figure 5. When these structures are injected with the same current, the peak modal
gain grows from 4 to 20 m~! and the corresponding LQB layer thickness increases to 100 nm. When the
thickness of the LQB layer continues to increase to 500 nm, the peak modal gain decreases from 20 to
-3 m~!. In addition, when the thickness of the FQB layer exceeds 45 nm, the peak modal gain will
decrease, which confirms that the optical field shift will not be beneficial to OCF. This is consistent
with the trend of the OFC in Figure 4.
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Figure 5. Peak modal gain of LDs with different FQB or LQB layer thicknesses.

131



Micromachines 2019, 10, 875

The changes in OCF and optical absorption loss (OAL) have a large effect on the electrical
characteristics of the Ing 15Gag gsN/Ing 02Gag9sN QW LD. Figure 6 shows a completely different V-I
characteristic of lasers with varying FQB and LOB thickness. In the laser structure of this paper,
the quantum wells region is close to the electron blocking layer. Increasing the thickness of LQB makes
the distance of the electrons reflected by the EBL to the well layer larger, resulting in greater resistance.
However, increasing the thickness of FQB has little effect on the reflection of EBL on electrons, and
the resistance is basically unchanged. This is quite different from the electron-overflow-suppression
(EOS) layer [22] above the upper waveguide layer. Reference [22] indicates that the EOS layer can
eliminate the voltage rise only when the EOS layer is located between the upper waveguide layer and
the p-doped region. L-I characteristics of lasers with varying FQB or LOB layer thicknesses are shown
in Figure 7. When the modal gain and loss are completely balanced, the modal gain tends to saturate
and the laser reaches the threshold condition [29]:

Tog = o + am )

where «; is the optical absorption loss, &y, is the mirror loss. As the thickness of the FQB and LQB
layers increases, the threshold current will increase first and then decrease. The threshold currents
of lasers with FQB thicknesses of 15, 45, 100, and 225 nm are 48, 39, 42, and 50 mA, respectively.
Similar trends also occur when the thickness of the LQB changes. When the thickness of LQOB is 100,
300, and 500 nm, the corresponding threshold currents are 36 mA, 42 mA, and 57 mA, respectively.
In particular, LQB-300 has a lower threshold current density than the reference structure when the
OFC value is smaller than that of the reference structure, due a small «;. The change trend of the laser
output power in Figure 7 is similar to the threshold current trend in Figure 5. When the thickness of
LQB is 300 nm, the LD device achieves the highest output power of 240 mW.
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Figure 6. V-I characteristic of lasers with varying FQB and LQB thickness.
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Figure 7. L-I characteristics of lasers with varying FQB or LQB layer thicknesses.
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The optimum thickness value of the FQB or LQB layer can be determined based on the changes
in the OAL and OCF. The L-I characteristic curves of asymmetric quantum well LDs with FQB or
LQOB layers of various thicknesses are calculated. Figure 8 depicts the variation in L-I characteristics
with different FQB or LQB layer laser structure under an injection current of 160 mA. It can be seen
that the laser output power increase evidently as the thickness of FQB (or LQB) layer increases from
15 nm to 225 nm (or 300 nm). That is, when the FQB (or LQB) layer gradually increases from the initial
thickness of 15 nm, it will bring two factors that increase the optical confinement factor and decrease the
absorption loss, which are conducive to increasing the output power. For the asymmetric quantum well
LDs with an FQB (or LQB) layer thicker than 300 nm (or 400 nm), the deviation of the peak position of
the optical field from the quantum wells caused a sharp decrease in OCF, which led to a rapid decrease
in the output power of the laser. There is a relatively stable output power area between the two regions
where the output power changes rapidly, that is, 200 nm to 250 nm for the LBQ layer and 250 nm to
350 nm for the FBQ layer. This is the result of the comprehensive effects of the disadvantage of OCF
reduction and the positive compensation of optical absorption loss decrease. When the thickness of the
FQB or LQB layer is further increased, the output power drops, which is caused by the rapid decline of
OCEF is not enough to be compensated by the reduction of the optical absorption loss, so the output
power of the asymmetric quantum well laser decreases. The optimum thickness of the FQB (or LQB)
layer in the laser structure is around 225 nm (or 300 nm). However, the thickness of the LQB layer is
more important than the FQB layer. At 160 mA, the maximum output power of the LQB-300 is 240 mW,
which is 2.92 times that of the FQB-225 layer, and 3.87 times that of the reference structure.
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Figure 8. Variation in L-I characteristics with different FQB or LQB layer laser structure under an
injection current of 160 mA.

In order to compare the impact of the first and last barrier layer thickness on the output power,
the vertical electron current density of the different FQB and LOB layer structures are simulated,
as indicated in Figure 9. It indicates that in the normal working state of the laser, electrons enter
the quantum wells from the n-type region, resulting in radiative and non-radiative recombination of
electrons and holes in each quantum well, so that the electron current density gradually decreases
in the quantum wells. It is noted that the Aly,GaysN EBL can effectively confine electrons in the
quantum wells, and at the same time, it can reflect electrons back into the quantum wells and recombine
with holes, thereby reducing the electron leakage current. The percentage of electron leakage can
be calculated by dividing the electron current entering the p-type region from the quantum wells
by the electron current injected into the quantum wells. For the 15, 45, 100, and 225 nm FQB layers,
the percentages of electron leakage are 67.9%, 52.7%, 56.9%, and 62.8%, respectively. In a series of
laser structures with varying FQB thicknesses, when the thickness of the FQB layer exceeds 45 nm,
the decrease in electron current density from the bottom quantum well to the top quantum well
becomes greater, which indicates that the degree of recombination of electrons and holes is inconsistent
in each quantum well. In addition, the blocking ability of Aly,Gag.sN EBL becomes weaker as the
FQOB thickens.
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Figure 9. Vertical electron current density of LDs with different FQB or LQB layer thickness.

The electron current densities of LQB structures are significantly different from that of FQB
structures. For the 15, 100, 300, and 500 nm FQB layers, the percentages of electron leakage in the LQB
layer changed structure are 67.9%, 18.3%, 9.9%, and 12.1%, respectively. It can be clearly seen that
compared with the FQB structure, the electron current density of the LQB structure decreases more,
and the change of the electron current density is more obvious in the upper quantum well, indicating
that more carriers are recombined in the LQB structure than that of reference structure. This is consistent
with the results of the energy band diagrams in Figure 10. Now, the largest effective EBL barrier for
electrons in the LQB series is AEn = 215 meV in LQB-300, which is much greater than that of the
reference LD (AEn = 184 meV). A large increase in the effective EBL barrier for electrons results in
a significant reduction in electron leakage and improves device performance. The electrons can be
effectively reflected to the quantum wells region to increase the effective recombination probability
of the two quantum wells near the n-type region, so that the electron concentration distribution in
the quantum wells region is more even. This is more advantageous to carrier recombination and
device efficiency. When the thickness of the barrier layer is increased to more than 300 nm, the electron
leakage current remains substantially unchanged or even slightly increased. It means that, the increase
in the thickness of the barrier layer does not effectively reduce the electron leakage, but increases the
resistance of the device, so that the threshold current becomes larger, which is consistent with Figure 7.
The LQB-300 structure has the smallest electron leakage current in the p region, which indicates
that greatly reduced electron leakage is critical to improve the output power of InGaN-based LDs.
Therefore, by decreasing optical absorption loss and greatly reducing the electron leakage, combining
these two factors, we obtain the optimal structure LQB-300 which produces the maximum power of
3.87 times that of the reference structure power.
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Figure 10. Energy band diagrams of reference LD structure (a) and LQB-300 structure (b) under an
injection current of 160 mA.
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4. Conclusions

A series of Ing 15Gag g5N/Ing o Gag 9sN MQW laser diodes (LDs) with different barrier layers are
investigated with the simulator Crosslight. It is found that when the first (or last) Ing 15Gag g5N barrier
layer is no more than 45 nm (or 100 nm), due to the increase in the thickness of the first (or last)
barrier layer, the optical field is limited better in the MQW, and the optical absorption loss is reduced.
Subsequently, a low threshold current and high output power are achieved. As the thickness of the
barrier layer becomes larger, the output powers of the lasers gradually increase, and the positive effects
of the reduced optical absorption loss are partially compensated by the negative effects of the OCF
reduction. However, when the FQB (or LQB) layer is thicker than 225 nm (or 300 nm), the photoelectric
performance of LDs become worse. It is due to the rapid decrement of the OCF, which is not enough to
be compensated by the reduction of the optical absorption loss. Nevertheless, compared to the FQB
structure, the thick LQB layer will significantly reduce the vertical electron leakage current leaking
from quantum wells to p-type region, especially the LQB-300 structure. As a result, the maximum
output power of the LQB-300 is 3.87 times that of the reference structure.
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Abstract: A novel structure scheme by transposing the gate channel orientation from a long horizontal
one to a short vertical one is proposed and verified by technology computer-aided design (TCAD)
simulations to achieve GaN-based normally-off high electron mobility transistors (HEMTs) with
reduced on-resistance and improved threshold voltage. The proposed devices exhibit high threshold
voltage of 3.1 V, high peak transconductance of 213 mS, and much lower on-resistance of 0.53 mQ)-cm?
while displaying better off-state characteristics owing to more uniform electric field distribution
around the recessed gate edge in comparison to the conventional lateral HEMTs. The proposed
scheme provides a new technical approach to realize high-performance normally-off HEMTs.

Keywords: wide-bandgap semiconductor; high electron mobility transistors; vertical gate structure;
normally-off operation; gallium nitride

1. Introduction

Wide-bandgap GaN-based high electron mobility transistors (HEMTs) are promising candidates
in the applications of high-frequency and high-power electronics owing to their superior material
properties such as large bandgap, high critical breakdown field, and high-density carriers in the form
of two-dimensional electron gas (2DEG) with high mobility over 2000 cm?/V's [1-5]. Nowadays,
much progress has been achieved in GaN-based HEMTs with the development of the material
quality and the innovation of the device structure [6,7]. However, there are still several important
issues unaddressed, among which, the normally-off operation with a large threshold voltage (Vi)
is a big concern when the chip products are pushed toward the market [8-10]. Several device
architectures, such as p-GaN cap, barrier layer-recessed, fluorinated-gate, and cascode-connected
metal-insulator-semiconductor high electron mobility transistors (MIS-HEMTs), have been reported
to shift the threshold voltage to be positive [11-16]. Indeed, the device performances have been
improved significantly in the past ten years. However, these normally-off HEMTs still suffer from
either large on-resistance (Ron) or low Vy, which increases the risk of device switching failure. Basically,
the enhancement of Vi, comes at the expense of increasing the Ry, of the devices. A trade-off, hence,
has to be made between them [17]. In recent years, several novel normally-off schemes such as tri-gate,
Fin-gate, and trench etching in the SiO, buried layer have also been proposed and developed [18-20].
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However, a truly effective device structure to gain both high Vy, and low R, simultaneously should
be developed to resolve the mentioned issues effectively.

In this work, a novel scheme featuring a vertical short gate channel is proposed and demonstrated
in AlGaN/GaN MIS-HEMTs to realize the normally-off operation. The source electrode is located at the
trenched GaN bulk region with gate dielectric layer covering the side wall. The proposed vertical gate
HEMT (VG-HEMT) is able to get a higher Vy, (>3 V) and at the same time a lower Ry, due to the short
vertical channel (200-500 nm in this work). To verify this design, a conventional HEMT was fabricated
and its output characteristics were utilized to extract the physical parameters for the subsequent
TCAD simulations for the VG-HEMT design which finally exhibits a much higher output current
and transconductance (gm) while displaying a better off-state electric field profile. The quantitative
dependences of saturated current density and R, on scattering factors in the trenched vertical gate
channel were also investigated in detail in the work.

2. The Proposed Device and Physical Principle

Figure 1 shows the cross-sectional schematics of GaN-based HEMTs, where the same Lgp (distance
between gate and drain) and gate length (including the gate overlap) have been employed. In the
conventional lateral gate-recessed HEMTs (LG-HEMTs), as shown in Figure 1a, the length of the
recessed gate is usually designed to be 1-3 um, which is limited by the influence of the UV light
diffraction in the lithography process. It is hard to get very high pattern resolution just using the
common mask aligner. If the pattern resolution below 1 pm is required, a more precise and expensive
lithography apparatus such as stepper has to be used. The technology processes, such as gate channel
etching and metal lift-off, with resolution below 1 pm are more rigorous and challenging, and hence
increase the cost. It is not easy to control the precision around few nanometers for fully etching just
the thin AlGaN barrier (~20 nm), and the resulting over-etch leads to a severe degradation of 2DEG
channel mobility. Therefore, an unstable Vy, and large Rop, are still the typical issues unaddressed
till now.
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Figure 1. Cross-sectional schematics of (a) the lateral gate-recessed-high electron mobility transistors
(LG-HEMT) and (b) the vertical gate HEMT (VG-HEMT).

In contrast to this, the conductive 2DEG channel is removed completely by fine etching in the
VG-HEMTs and the source electrode is placed at the wafer body, as shown in Figure 1b. A decent
source contact can be formed by Si ion implantation beneath the source region and post-annealing
treatment [21]. To address the mismatch issue, the self-aligned technology will be employed in the
future to precisely adjust the source metal edge to the edge of the recessed region. To make a better
isolation between gate and source, a multiple dielectric stack or a relative thick dielectric film (e.g.,
30 nm) will be employed. The vertical gate on the sidewall can modulate the electric field in the vertical
channel for electron accumulation and hence control the device on/off switching. Considering the
large G-to-S capacitance, the VG-HEMT devices will not be used in high-frequency or microwave
applications. But, for the conventional switching applications at the frequency less than 1.0 MHz,
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they should be able to handle. Moreover, more schemes such as increasing the dielectric thickness
between the gate and source and reducing the overlap dimension of the gate electrode will be employed
to reduce the capacitance. To improve the gate breakdown endurance, the bi-layer dielectric and
slanted gate schemes are considered and the gate overdrive circuit will also be designed to protect the
device. Compared with the long recessed-gate channel in the LG-HEMTs, the main benefits in the
VG-HEMTs include a shorter gate channel originated from the low-mobility trenched region based on
a simple lithography technique and greater tolerance on etching depth error. Therefore, the device is
able to achieve both high Vi, and low Ron.

3. Fabrication Work and Parameter Calibration for TCAD simulation

The heterostructure comprising 25 nm Aly,Gag gN barrier layer and 4 um undoped GaN channel
and buffer layers was grown on a 6-inch p-Si (111) substrate by metal-organic chemical vapor deposition
(MOCVD) technique. The conventional GaN-based HEMTs were fabricated and characterized.
The fabrication work started with the device isolation by employing Cl™-based plasma etching. Source
and drain contacts were formed by depositing Ti/Al/Ni/Au stack using E-beam evaporation system
followed by a rapid thermal annealing (RTA) at 875 °C for 30 s in N, atmosphere. The gate electrode was
deposited by evaporating Ni/Au alloy. Then, 300 nm SiO, layer was deposited on the device surface
at 300 °C by plasma enhanced chemical vapor deposition (PECVD) system for passivation purpose.
Figure 2a indicates the structural schematic of the GaN HEMT. Figure 2b shows the microscopy
image of the fabricated device and the I-V characteristics measured using Agilent B1505A system and
benchmarked by the simulation data.
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Figure 2. (a) Schematic and (b) microscopy image of the fabricated normally-on AlGaN/GaN HEMTs,
and (c) comparisons of output I-V characteristics of the devices for physical parameter calibration.

In TCAD simulations, Auger recombination, Shockley-Read-Hall (SRH) recombination, and Van
Overstraeten-De Man models were used to simulate the device behaviors. To investigate the dry
etching effects on the carrier mobility of gate channel in the normally-off devices, several mobility
models were selected. The Arora model was employed to determine the doping-dependent mobility
in the low-field case, and the transferred electron model was used to describe the effect of a transfer of
electrons into an energetically higher side valley with a much larger effective mass in the high-field
case [22]. The mobility degradations caused by high field and interface scattering are given by
Meinerzhagen-Engl model and Lombardi model, respectively [23,24]. The comparison of simulated
output I-V characteristics with the measurement data is shown in Figure 2c. The displayed I-V curves
match well and the average mismatch for the current density is within 5%. This confirms the validity
of the parameters used in the simulations. The physical parameters used in simulation are listed
in Table 1 [3]. Especially, in the VG-HEMT, it is also of great importance to know the the mobility
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degradation at the etched sidewall. Thus, the effects of the etched roughness at the gate region on the
device performances were investigated in detail in the next section.

Table 1. Physical parameters used in technology computer-aided design (TCAD) simulations after
calibration [3].

Physical Parameters Values

Electron effective mass in GaN 0.22-m,

Electron affinity 34eV

Relative dielectric constant in GaN 9.7

Background electron concentration in i-GaN layer 5.0 x 1015 cm ™
Electron mobility in 2DEG channel 1500 cm?/(V-s)
2DEG sheet density 8.0 x 1012 cm 2
Electron saturation velocity in GaN 1.8 x 107 cm/s

4. Results and Discussions

The output I-V characteristics of the normally-off LG-HEMT and VG-HEMT are illustrated in
Figure 3. The Vy, values are defined by extrapolating the linear section of the Ip—Vg curve to the
voltage axis. The normally-off operation with a positive Vy, is realized in both devices. The VG-HEMT
exhibits a Vy, of 3.1 V and a high peak gn,, of 213 mS/mm compared with 3.6 V and 114 mS/mm in the
LG-HEMT, respectively. The similar Vy, values in both devices are found when the influence of the
polar plane is ignored considering the fact that usually the gate surface polarization might be damaged
severely after a long-time plasma etching in the gate recess process and the polarization charges at the
lateral surface are generally compensated by the high-density surface states, such as donor-like traps.
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Figure 3. Comparisons of (a) transfer characteristics, (b) output Ip-Vp curves, and (c) off-state
breakdown characteristics between the LG-HEMT and VG-HEMT devices, and (d) performance
comparisons among the reported normally-off HEMTs including the VG-HEMT in this work (the
red star).
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Theoretically, the Vi, model for the MIS-HEMT can be expressed in Equation (1) [25]:

AQist
Vth:ﬂ_%_ﬁ_q Qittox 1)

q q q Eox

where @y, is the barrier height for gate metal on the dielectric (3.2 eV for Ni on SizNy), AE. the
conduction band offset between Si3Ny and GaN (1.5 eV), ¢f the conduction band distance from the
Fermi-level in GaN (0.2 eV), tox the dielectric thickness (20 nm), eox the permittivity of dielectric
(6.6 X 10713 F/em), and AQj; the net charge density at the interface (~3.4 x 102 cm~2 in this work which
is reasonable and reported widely for the III-V group GaN-based materials) [26,27]. The calculated
Vi of the VG-HEMT is found to be 3.2 V, which is roughly consistent with the simulation data at
3.1 V. Furthermore, the slight difference of the Vy, value between the two devices is mainly caused
by the increased drain current and transconductance values in the VG-HEMT considering that the
effective vertical gate length is much less than that in the LG-HEMT. The maximum current density and
Ron are found to be 793 mA/mm and 0.53 mQ-cm? at Vi = 7 V in the VG-HEMT, while 381 mA/mm
and 0.92 mQ-cm? in LG-HEMT, respectively. The VG-HEMT shows a higher drain current mainly
owing to the saving of the Lig length by placing the source electrode under the gate and a shorter
gate channel originated from the low-mobility trenched region. The shorter total channel length and
narrower trenched-gate originated from the structural feature of the proposed VG-HEMT result in
the increase of the drain current. Furthermore, a similar off-state breakdown voltage level (606 V vs.
615V at Ip off = 1 pA/mm) is revealed between the VG-HEMT and LG-HEMT, as shown in Figure 3c.
The proposed VG-HEMT exhibits even a lower drain leakage current owing to a more uniform electric
field distribution. Figure 3d gives the performance comparisons with other reported normally-off
HEMTs, which clearly indicates the advantage of the proposed scheme by employing a vertical short
gate structure [27-34].

To further investigate the electrical behaviors of the VG-HEMT, its energy band and electron density
distributions at different biases are calculated and compared, as shown in Figure 4a,b. The conduction
band of vertical channel is pulled down to the Fermi level with the increasing gate and drain bias and an
electron density peak is formed in the conduction channel. The surface potential of the semiconductor
can be affected by the different dielectric deposition processes due to the influence of the high-density
dielectric/GaN interface traps (10'2-10"3 cm~2) and the short distance to the conduction channel. As a
result, the conduction band bending occurs at the interface, as shown in Figure 4a. The concentration
of the accumulated electrons is given by Equation (2) [35]:

e = %‘(Vg A . q@f = @

where Coy is the capacitance of the gate dielectric (3.32 X 1077 F/em™2), Vg the applied gate voltage, and
@i+ the impact on the surface potential caused by the interface electrons. Using the AQ;; value of 3.4 x
10'? em™2, the calculated peak 1, at Vg =7V is 7.8 X 10'> cm™2, which is approximately consistent with
the data of 7.2 x 10'2 cm ™ for the blue line after integral calculation in Figure 4b.

Furthermore, the physical mechanisms of output current conduction in the VG-HEMT were
analyzed. The Ip—Vp characteristics of these two devices are compared because they have similar
electrode distance Lgp and gate length L. A decent source contact technology will make it easier to
obtain a low source resistance and minimize the effect on the on-resistance. In this case, the surface
roughness at the etched gate region becomes the major factor that influences the on-resistance of the
device. The mobility degradation in the etched vertical channel is strongly dependent on several
scattering factors. The sidewall channel mobility u is modeled by the following expression based on

Lombardi model [36]:
1 1 1 1

= — — 3
u Hac  Hp  Hsr ©
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where 1, is the mobility contribution by acoustic phonon scattering, up, the carrier mobility in
bulk, and p, the mobility contribution by surface roughness scattering. In the simulations, p,c was
determined to be 818 cm?/(V-s) using the equation yac = (BT/Eegr + C/Eer (3)-(1/T) [24], where Eqg
is the effective field controlled by the channel charge, T (= 300 K) is the temperature, and B (=9 x
107 cm/s) and C (= 5.8 x 102 cm®3.V=25.571) are the fitting parameters, respectively [37].The , value of
803 cm?/(V's) is extracted from the calibration data. Considering that pi,c and i, are almost constant for
a technically mature GaN wafer at a certain temperature, u in the vertical channel is mainly modulated
by sy, which can be expressed as [33]:

Usr = E% (4)

eff

where « is determined by the experimental fitting. And $ is inversely proportional to the root mean
square (RMS) value of the surface roughness, and is the main factor resulting in mobility degradation
at the etched surface. The p; value was then determined to be 1114 cm?/(V's) by employing the
parameters extracted from the simulation. Therefore, the mobility value of 297 cm?/(V-s) was achieved
for the sidewall channel in VG-HEMT. The quantitative effects of 5 values on the drain current density
and Ron are shown in Figure 4c,d, taking into account the effect from the roughness scattering [37].
The VG-HEMT exhibits much better current characteristics owing to the less scattering amount in
the shorter gate channel, as shown in Figure 4c. Moreover, to further investigate the effect of etching
damage on the output characteristic, as well as distinguish the specific damage between the sidewall
and surface, more experiments will be carried out in future work.
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Figure 4. (a) Energy band and (b) electron concentration diagrams along the horizontal direction across
the gate channel (“y-cut” marked in the inset). (c) Ip—Vp curves affected by different 5 values using
Lombardi model in the VG-HEMT. (d) Dependences of saturated current density and Ry on 6 values.
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Figure 5 shows the 2-D equipotential lines and electric field distributions near the gate region in
the same dimension range of the devices at Vp =400 V and Vg = 0 V. With comparison, the VG-HEMT
exhibits more uniform electrostatic potential and electric field distribution at the gate corner toward the
drain side where usually the electrical breakdown occurs due to the high field crowding. Without an
additional field plate design which requires more lithography and metal deposition steps, the VG-HEMT
can get a reduced electric field at the gate corner owing to the presence of a “natural field plate”, forming
by the overlap of gate metal at the etched edge. The depletion region in the vertical gate structure is
expanded to a wider range to sustain a higher voltage and hence reduce the device leakage current.
Figure 5c,d show the detailed data plots of the electrostatic potential and electric field extracted in the
2DEG channel of both devices. The electrostatic potential increases more smoothly at the gate corner of
the VG-HEMT, while a large field crowding happens in the LG-HEMT. The peak of electric field in the
VG-HEMT is reduced to 26% compared with the LG-HEMT case, which indicates a better stability and
reliability in the VG-HEMT. Furthermore, an improved breakdown voltage can be hopefully achieved
when the length of the “natural field plate” is further optimized. To avoid a punch-through breakdown
in the VG-HEMT due to the off-state conducting path formed in GaN bulk, carbon doping in GaN bulk
to reduce the background carrier density and design of drain-side field plate will be considered and
demonstrated in future work.
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Figure 5. Comparisons of (a) electrostatic potential and (b) electric field distribution profiles between the
LG-HEMT and VG-HEMT devices. The data plots in (c) and (d) are derived along the two-dimensional
electron gas (2DEG) channel within 5 nm near the gate toward the drain side.
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5. Conclusion

In summary, an innovative scheme with a vertical short gate structure in GaN-based HEMTs to
realize normally-off operation is proposed and verified by TCAD simulations. The VG-HEMT exhibits
a large Vy, of 3.1 V and an improved output current density and Ron, which can greatly reduce the
power loss of the device. Furthermore, the VG-HEMT displays a lower leakage current during the
off state owing to the more uniform electric field distribution by reducing the peak electric field to
26% of the LG-HEMT case. The quantitative dependence of saturated current density and Ron on the
scattering factors in the trenched vertical gate channel was investigated in detail which concludes
the benefit of the proposed short vertical gate VG-HEMT scheme. Although the fabrication process
of the VG-HEMT might be complicated and time-consuming, the device structure is proposed for
the first time and does have several advantages. More improved performances will be achieved and
demonstrated in the following experiments.
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Abstract: In this work, an insulated gate bipolar transistor (IGBT) is proposed that introduces a
portion of the p-polySi/p-SiC heterojunction on the collector side to reduce the tail current during
device turn-offs. By adjusting the doping concentration on both sides of the heterojunction, the
turn-off loss is further reduced without sacrificing other characteristics of the device. The electrical
characteristics of the device were simulated through the Silvaco ATLAS 2D simulation tool and
compared with the traditional structure to verify the design idea. The simulation results show that,
compared with the traditional structure, the turn-off loss of the proposed structure was reduced by
58.4%, the breakdown voltage increased by 13.3%, and the forward characteristics sacrificed 8.3%.

Keywords: 4H-SiC; turn-off loss; ON-state voltage; breakdown voltage (BV); IGBT

1. Introduction

In recent years, with the development of semiconductor technology, market demand and power
electronics have undergone great changes [1-5]. The market not only requires semiconductor
devices that work properly in harsh environments, but devices with small sizes and high integration.
Since Si-based devices have reached their material limits, third-generation semiconductor materials
represented by SiC are widely used in device design.

There are two mainstreams processing methods for a 4H-SiC insulated gate bipolar transistor
(IGBT) at present: one is to make a good compromise between the forward and off characteristics of
the device by properly setting the structural parameters of the device such as the n buffer’s thickness
and doping parameters [6], the minority carrier lifetime in the n™ drift region [7,8], and thickness and
doping parameters of the CSL (carrier storage layer) [9,10]; the other is by considering the process
conditions and designing a special device structure that can improve by affecting certain characteristics,
such as an anode short circuit IGBT [11,12], a super junction IGBT [13], or a collector trench IGBT
(CT-IGBT) with an electronic extraction channel [14]. By analyzing the previous research, it can be
observed that researchers have been mainly concerned with the compromise between the on-state and
breakdown characteristics of IGBT devices, and that relatively little research has been made into the
dynamic conversion characteristics of the device.

In this paper, we propose an improved structure of introducing a partial p-polySi/p-SiC
heterojunction on the collector side, which is named H-IGBT. By adjusting the doping concentration
on both sides of the heterojunction, it is ensured that the heterojunction contributes to electron bleed
under the premise of not affecting the forward characteristics, and that the tail current of the device is
greatly reduced and turn-off loss is improved.
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2. Fabrication Procedure and Parameters

2.1. Device Structure

Figure 1 is a schematic cross-sectional view showing the half-cell structure of a conventional
IGBT device (C-IGBT) and the proposed structure of the H-IGBT, respectively. In order to verify the
characteristic advantages of the proposed structure, we simulated the electrical characteristics of the
device using Silvaco ATLAS two-dimensional simulation software. In the simulation process, we first
design the basic structure of a breakdown voltage of 15 kV as the reference structure [15,16], and then
apply the design idea to the new structure while keeping most of the parameters unchanged. The
relevant parameters of the two structures during the simulation process are listed in Table 1 [17,18]. In
this simulation, the carrier lifetime in the n™ drift region is 1 us, and the carrier lifetime of the n buffer is
0.1 ps.

emitter emitter

3 P+ shielding P+ shielding
E N-drift
2. 1pm
N buffer N buffer
I
collector collector
(a) (b)

Figure 1. The schematic cross-sectional views of the (a) conventional insulated gate bipolar transistor
(C-IGBT) and (b) heterojunction insulated gate bipolar transistor (H-IGBT).

Table 1. Devices parameters for the simulations.

Parameter C-IGBT H-IGBT
Gate oxide wall thickness 0.05 um 0.05 um
Gate oxide bottom thickness 0.1 pm 0.1 um
Half-cell width 2.1 um 2.1 um
N drift thickness 160 um 160 um
P* source doping 5% 10" cm™ 5% 10" cm™3
N* source doping 2% 10" em™3 2% 10" cm™3
p-body doping 4%107 cm™ 4x107 cm™3
CSL doping 1x10%% em™3 1x 101 cm™3
N drift doping 45% 10" cm™3 45x 10" cm™3
N buffer doping 1x10Y7 em=3 1x107 cm™3
P* collector doping 1x 10" em™3 1x 10" em=3
p-SiC doping — 1x 10" em™3
p polysilicon doping — 1x 107 em™3
P* source region width 1 pum 1 um
N* source region width 0.45 um 0.45 pm
p-SiC width — 1.1 pm
p polysilicon width — 1.1 um
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2.2. Proposed Fabrication Procedure

Since the relevant flow test work has not been performed, Figure 2 shows the feasibility
manufacturing process of H-IGBT. A p-poly layer, a p-SiC layer, a N~ drift layer, a CSL layer, a
p-body layer, and so on are sequentially grown on the N* substrate [19,20], as shown in Figure 2a. Then,
dry etching [21,22] is used to form gate trench regions, as shown in Figure 2b. The P* shield, P* source
region, and N* source regions are formed by ion implantation [23,24], as shown in Figure 2¢c. The gate
oxide layer is thermally grown in dry O, [25-27] and the trench regions are filled with polysilicon [28],
as shown in Figure 2d. The substrate is removed and backside p-polySi and p-SiC epitaxial layers are
dry-etched, as shown in Figure 2e. Epitaxial growing n buffer and P* collector in the etched portion
are shown in Figure 2f, respectively. The reason why the gate oxide layer is grown under dry oxygen
conditions is to avoid the problem of the oxide layer at the bottom of the trench being too thin under
thermal oxidation conditions. Finally, all electrodes are metalized, including emitter, gate, and collector.

N+ subatrate

)

Figure 2. H-IGBT feasibility manufacturing process. (a) Epitaxial layers. (b) Forming a trench region
by dry etching. (c) Source region and shield layer formed by ion implantation. (d) Forming a gate by
growing an oxide layer and filling the polysilicon. (e) Forming a normal PN junction region by dry
etching. (f) Forming a normal PN junction portion by epitaxy.

In the manufacturing process of the device, it should be noted that in order to obtain a high
quality gate oxide layer, a dry oxygen process is selected. In actual production, it is often necessary
to comprehensively consider the effects of film formation quality and production efficiency using
a dry oxygen-wet oxygen-dry oxygen process; meanwhile, because SiC materials are special, their
hardness is relatively large, so the etching is very difficult. SiO, can be used as a mask and etched by
an inductively coupled plasma (ICP) etching method containing SFs. The specific etching scheme can
use a combination of SF/O/A; gases, with a flow rate of 4.2/8.4/28 sccm, a pressure and temperature
of 0.4 Pa and 80 °C, respectively, an ICP power of 500 W and a bias power fixed at 15 W [29]. Attention
should be paid to the formation of micro-grooves throughout the ICP etching process, which can cause
an electric field concentration effect that in turn reduces the breakdown voltage of the device. After
the etching, the surface of the trench will inevitably appear rough, which can be improved by the
subsequent high temperature annealing process.
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3. Simulation Results and Discussion

The material parameters and simulation models used in the simulation process are based on
previous studies. Since these parameters have been widely used in the simulation of 4H-SiC IGBT,
and the simulation results have been proved by experiments, these parameters and models have
also been applied to this simulation. The models used in the simulation mainly include an energy
band narrowing model (BGN), a parallel electric-field-dependent model (FLDMOB), a Fermi model, a
concentration-dependent mobility model (CONMOB), and recombination models (Schockley-read-hall,
AUGER) [30,31].

3.1. Forward Characteristics

Figure 3 shows the forward I-V characteristic curves of C-IGBT and H-IGBT and the hole
concentration distribution through the drift region. It can be seen from the figure that the on-state
characteristics of H-IGBT are slightly lower than C-IGBT. When Vg, =20 V and L. = 100 Afcm?, the
on-state voltage drops of the two structures are 11.7 and 10.8 V, respectively. After data analysis, it
can be concluded that the conduction voltage drop of the improved structure is increased by 8.3%
compared to the conventional structure. From the heterojunction band diagram, the p-polySi/p-SiC
junction contributes to hole injection, but the number of holes injected into the drift region is controlled
by the upper PN junction, at which point the bias voltage of the PN junction above the heterojunction
is small. As such, the total hole injection efficiency is lower than that of the left half of the PN junction
and the forward characteristics of the C-IGBT are superior to those of the H-IGBT. The hole distribution
of the drift region in the figure further confirms the above explanation.
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Figure 3. Forward I-V characteristics of C-IGBT and H-IGBT and the concentration distribution of
holes in the entire drift region (inset) at x = 1.1pum.

3.2. Breakdown Characteristics

The two-dimensional electric field distribution when the device reaches its avalanche breakdown
voltage is shown in Figure 4. At this time, the collector voltages of C-IGBT and H-IGBT are 15 and
17 kV, respectively. As can be seen from the figure, when the device reaches its breakdown voltage, the
maximum internal electric fields of the conventional structure and proposed structure are 2.96 and
2.98 MV/cm, respectively. The breakdown voltage of the H-IGBT is larger than that of the C-IGBT
because its hole injection efficiency is low, which is equivalent to lowering the doping concentration
of the drift region. Therefore, when the device is blocked in the forward direction, the electric field
strength of the entire drift region is raised, and the breakdown voltage of the H-IGBT is increased.
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Figure 4. The electric field distribution of the C-IGBT and H-IGBT at the time of breakdown and the
electric field cut of the entire drift region at x = 1.45 pum.

3.3. Turn-Off Characteristics

Since the device stores a large number of minority carriers in the drift region during the forward
conduction process, the on-resistance is very small, but this is very disadvantageous for the turn-off
process of the device. When the device is turned off, the carriers stored in the drift regions form a
large tail current that extends the turn-off time of the device and greatly increases the power loss of
the turn-off. In this simulation, we used the test circuit shown in Figure 5 to compare the shutdown
performance of C-IGBT and H-IGBT. The clamped inductive load was modeled by a constant current
source (2.1 x 10°) and the bus voltage was set to 60% of the breakdown voltage. A gate voltage of
5kHz, a 50% duty cycle, and a voltage change from 20 to -5 V were used to control the turn-on and
turn-off of the device.

. 120
T 100
Black:C-IGBT | - L
Red:H-IGBT %
= OH
D 60%.
>
Vbus| | &
Tout T 40 \E.«N
20
______ 0
T T T o T T
0.0 0.5 1.0 1.5 2.0 2.5

transistant time (ps)

Figure 5. Turn-off characteristic curve and test circuit of C-IGBT and H-IGBT.

The turn-off characteristic curves of the conventional structure and the proposed structure are
shown in Figure 5. It can be seen from the figure that the turn-off speed of the proposed structure is
significantly better than that of the conventional structure, which is mainly due to the introduction
of the p-polySi/p-SiC heterojunction on one side of the collector. After numerical calculation, it can
be concluded that the turn-off losses of the traditional structure and the proposed structure were
7.7 and 3.2 m], respectively, and the turn-off loss was improved by about 58.4%. The reason why
H-IGBT can have such excellent shutdown performance is mainly due to the introduction of a collector
heterojunction. Through the adjustment of the doping concentration, the heterojunction can accelerate
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the extraction of electrons during the process of turning off the device, thereby reducing the turn-off
loss. The above explanation can be further proven by the following analysis.

Figure 6 shows the electron concentration and carrier recombination rates near the collector of the
conventional structure and the proposed structure during device turn-offs. It can be seen from the
figure that the electron concentration and the carrier recombination rate of the conventional structure
were higher than those of the proposed structure, indicating that the carriers generally disappeared by
recombination when the conventional structure was turned off. The electron concentration and carrier
recombination rate of the proposed structure were lower than those of the conventional structure, but
the final turn-off loss was lower than that of the conventional structure, further indicating that the
proposed structure had other bleed paths in addition to the composite bleed.
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Figure 6. Electron concentration and carrier recombination rate on the collector side during voltage rise.
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The electric field stubs and the p-polySi/p-SiC heterojunction energy band diagram near the
collector during device turn-offs is shown in Figure 7. As can be seen from the figure, when the
proposed structure was turned off, a much larger electric field spike was introduced to the collector
side than that of the conventional structure, and this larger electric field could drive more electrons
from the drift region to the collector, thus accelerating the turn-off of the device. In addition, it can be
seen from the energy band diagram of the heterojunction that the heterojunction portion was more
favorable for electron bleed than the ordinary PN junction portion. Ultimately, the combined effect of
the two bleeds mechanisms greatly reduced the turn-off losses of the proposed structure.
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Figure 7. Electric field cut line and energy band diagram near the collector in the voltage rising phase.

152



Micromachines 2019, 10, 815

Figure 8 shows a compromise between the on-state voltage and turn-off loss of the device for
different drift region carrier lifetimes. It can be seen from the figure that as the carrier lifetime in the
drift region decreases, the turn-on voltage drop gradually increases and the turn-off loss gradually
decreases. The main reason for this result is that the carrier lifetime injected into the drift region
decreases as the carrier lifetime decreases, which weakens the positive conductance modulation effect
and increases the on-state voltage drop. When the device is turned off, the carrier bleed time is reduced
since less carriers are stored in the drift region, and the device turn-off loss is reduced.
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Figure 8. Tradeoff curve of conduction voltage drop and turn-off loss.
4. Conclusions

We presented a H-IGBT with partial p-polySi/p-SiC heterojunction at the backside of the device,
and compared the electrical characteristics of H-IGBT and C-IGBT with ATLAS simulation software.
The simulation results showed that, under the appropriate doping concentration, the heterojunction
part has little effect on the forward conduction characteristics, and at the same it can greatly improve
the turn-off speed of the device. In the case of forward blocking, the electric field in the entire drift
region of the device is raised due to the introduction of the heterojunction, so the breakdown voltage
of the device is improved. Finally, compared with C-IGBT, the turn-off loss of H-IGBT is reduced by
58.4%, the breakdown voltage is increased by 13.3%, and the on-state voltage drop is increased by 8.3%.
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Abstract: To improve the electrical performance and bias-stress stability of amorphous InGaZnO
thin-film transistors (a-IGZO TFTs), we fabricated and characterized buried-channel devices
with multiple-stacked channel layers, i.e., a nitrogen-doped a-IGZO film (front-channel layer),
a conventional a-IGZO film (buried-channel layer), and a nitrogen-doped a-IGZO film (back-channel
layer). The larger field-effect mobility (5.8 cm?V~1s71), the smaller subthreshold swing value (0.8 V/dec,
and the better stability (smaller threshold voltage shifts during bias-stress and light illumination tests)
were obtained for the buried-channel device relative to the conventional a-IGZO TFT. The specially
designed channel-layer structure resulted in multiple conduction channels and hence large field-effect
mobility. The in situ nitrogen-doping caused reductions in both the front-channel interface trap
density and the density of deep states in the bulk channel layers, leading to a small subthreshold swing
value. The better stability properties may be related to both the reduced trap states by nitrogen-doping
and the passivation effect of the nitrogen-doped a-IGZO films at the device back channels.

Keywords: amorphous InGaZnO; thin-film transistor; nitrogen-doping; buried-channel; stability

1. Introduction

Amorphous silicon thin-film transistors (a-Si TFTs) are the mainstream of active-matrix devices
for flat panel displays (FPDs); additionally, polycrystalline (p-Si) TFTs are used to address some
high-standard FPD products. In recent years, amorphous InGaZnO (a-IGZO) has been extensively
studied as a potential material for the channel layers of TFT devices. In fact, a-IGZO TFTs are considered
to replace silicon TFTs owing to their high mobility, low-temperature deposition, good large-area
uniformity, and simple processing methods [1-3].

However, the electrical performance and stability properties of a-IGZO TFTs still need further
improvements for their applications in FPDs and other fields [4,5]. Recently, some researchers—
including our group—reported that nitrogen-doping (N-doping) effectively improved the electrical
properties (e.g., subthreshold swing (SS) and bias-stress stability) of a-IGZO TFTs by decreasing
the number of deep states and oxygen vacancies (Vo) in the device channel layers and reducing
the channel/dielectric interface trap density with N atoms incorporated into the a-IGZO film [6-8].
However, the field-effect mobility (ugg) of the nitrogen-doped a-IGZO (a-IGZO:N) TFT devices also
decreases due to the suppression of the oxygen vacancy (Vo) level in their channel layers, the main
source of free electrons in oxide semiconductors [9,10]. Therefore, N-doping is an effective method for
improving the electrical properties of a-IGZO TFTs, but its shortcomings still need to be overcome.

In this study, buried-channel a-IGZO:N TFTs, i.e., devices with multiple-stacked channel layers,
were fabricated and evaluated. These devices showed better performance and stability than the
conventional devices. Specifically, the channel layer of the buried-channel device consisted of an

Micromachines 2019, 10, 779; d0i:10.3390/mi10110779 157 www.mdpi.com/journal/micromachines
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a-IGZO:N layer (front-channel layer), an a-IGZO layer (buried-channel layer), and an a-IGZO:N layer
(back-channel layer). We believe this device structure is a feasible approach to improving the electrical
properties of a-IGZO TFTs.

2. Materials and Methods

Inverted staggered a-IGZO TFTs were prepared on p+ heavily doped silicon wafers with 100 nm
thick thermal oxide (5iO,). The silicon wafers and thermal SiO, were used as the gate electrodes and
gate insulators of the TFT devices, respectively. For comparison, three types of TFT devices with
different channel layers were fabricated, as shown in Figure 1. A 30 nm thick single channel layer was
formed with conventional a-IGZO for Device A and with a-IGZO:N for Device B, respectively. Then,
Device C with the buried-channel layer structure (10 nm thick a-IGZO:N (front-channel layer) + 10 nm
thick a-IGZO (buried-channel layer) + 10 nm thick a-IGZO:N (back-channel layer)) was designed
and prepared.

Device A Device B Device C

Figure 1. Schematic cross sections of the amorphous InGaZnO thin-film transistors (a-IGZO TFTs)

prepared in this study.

The channel layers and the source/drain (S/D) electrodes were deposited with the RF-magnetron
sputtering technique. The sputtering chamber was evacuated to a base pressure (<3 x 107® Torr)
before the film depositions. The gas pressure was fixed at 3 x 1073 Torr during the sputtering process.
The channel layers were prepared at room temperature (RT) using an IGZO target (InpO3:Ga;03:ZnO
= 1:1:1 mol%); the RF power and the Ar flow rate were 60 W and 10 sccm, respectively. As for the
depositions of the a-IGZO:N films, the nitrogen gas (N;) was fed into the sputtering chamber at the flow
rate of 1.2 sccm, and the Ar flow rate was fixed at 10 sccm. Then, the 100 nm thick indium-tin-oxide (ITO)
layers were prepared as S/D electrodes in the same sputtering chamber. For simplicity, no passivation
layers were prepared in this study. Both the channel layers and S/D electrodes were patterned by the
shadow masks during sputtering; the channel width (W) and length (L) of the a-IGZO TFTs were fixed
at 1000 and 250 um, respectively. Finally, the TFT devices were annealed in N, atmosphere at 380 °C
for 1 h.

The electrical measurements for the a-IGZO TFTs were performed at RT using an electrical analyzer
(Keithley 4200, Keithley, Cleveland, OH, USA). For the transfer curve tests, the drain-source voltage
(Vps) was fixed at 10 V, and the gate-source voltage (Vs) ranged from —20 to 40 V.

3. Results and Discussion

Figure 2 and Table 1 show the transfer curves and the corresponding extracted electrical parameters
of the TFT devices, respectively. Here the upg was obtained graphically from the square root of drain
current (Ips'/?) versus the gate voltage (Vs) in the saturation region using the intercept and maximum
slope [11]. The threshold voltage (V1) was extracted from the gate voltage value where Ips/(W/L) =
1 nA. The subthreshold swing (SS) was defined as the half value of the difference between the gate
voltages corresponding to the drain currents of 10719 A and 1078 A. The on—off current ratio (Ion/IoFF)
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was obtained from the ratio of the maximum and minimum drain current values within the Vg range
of —20 to ~40 V.
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Figure 2. Transfer curves of the prepared TFTs (Devices A, B, and C).

Table 1. Extracted electrical parameters of the amorphous InGaZnO thin film transistors (a-IGZO TFTs).

Device A B C

upp (cm2V-1s1) 5.8 47 5.8

SS (V/dec) 1.3 0.8 0.8

Vo (V) 2.0 5.0 3.5
Ion/loFr 22x108 34x108 56x108

As switching devices in FPDs, TFTs are expected to have high field-effect mobility and low
subthreshold swing, which can lead to better switching speed and smaller power consumption.
As shown in Figure 2 and Table 1, the a-IGZO:N TFT (Device B) showed an improved SS value
(0.8 V/dec) but degraded ugg (4.7 cm2v-1s1) compared with those of the conventional IGZO TFT
(Device A, SS = 1.3 V/dec and pipg = 5.8 cm?V~1s71). In fact, this result was consistent with the other
reported a-IGZO:N TFTs [7,9]. Besides, from Figure 2 one may clearly observe that the N-doping
process could cause a positive Vry shift for a-IGZO TFTs. As shown in Table 1, the Vyy increased
from 2.0 V (Device A) to 5.0 V (Device B) with the nitrogen doped into the channel layers of the
a-IGZO TFT. This result also agreed well with the findings of a recent study of a-IGZO:N TFTs [12].
Most importantly, the buried-channel TFT (Device C) showed the best electrical performance in this
study. As shown in Table 1, Device C exhibited the smallest SS value (0.8 V/dec) as well as the largest
urg (5.8 cm2V-1s71) amonyg all three devices. In addition, the V11 of the buried-channel device (3.5 V)
lay between those of the conventional a-IGZO TFT (Device A) and the a-IGZO:N TFT (Device B).
It should be noted here that all the tested devices exhibited reasonably good Ion/Iorr Values (>108),
as shown in Figure 2 and Table 1.

Figure 3 shows the transfer curves of the a-IGZO TFTs under positive bias stress (PBS) tests.
For measurements, the gate electrodes were applied by +30 V with the drain and source grounded;
after a period, the transfer curves were instantly measured (Vpg = 10 V). As shown in Figure 3,
the transfer curves of the three devices shifted positively to different extents as the stressing time
elapsed. As shown in Figure 3a, the positive Vg shift of the conventional a-IGZO TFT (Device A) was
as large as +4.5 V under 2500 s of PBS testing. In contrast, the a-IGZO:N TFT (Device B) showed a
much smaller Vry shift (+3 V) than that of the conventional a-IGZO TFT, as shown in Figure 3b. As for
the buried-channel device (Device C), the maximum Vyy shift value (+3.5 V, as shown in Figure 3c)
lay between those of Devices A and B. In fact, the PBS stability of Device C was quite close to that of
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Device B, as shown in Figure 3. In other words, during PBS tests, the buried-channel TFT (Device C)
showed more stable properties than the conventional a-IGZO TFT (Device A).
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Figure 3. Positive bias stress (PBS) testing results of the a-IGZO TFTs: (a) the conventional a-IGZO TFT
(Device A), (b) the a-IGZO:N TFT (Device B), and (c) the buried-channel TFT (Device C). The stressing
conditions were Vg = +30 Vand Vpg =0 V.

Figure 4 shows the transfer curves of the a-IGZO TFT devices under the negative bias stress
(NBS) tests, where the stressing conditions were as follows: Vg = =30 V and Vpg = 0 V. The NBS
measurement operation was the same as that of PBS. One may observe from Figure 4 that the transfer
curves of the three devices exhibited different negative shifts during NBS tests. As shown in Figure 4a,b,
the maximum V1 shift of the conventional a-IGZO TFT (3.3 V) was much larger than that of the
a-IGZO:N TFT (-1 V). Importantly, Device C showed a similar Vry shift (=1.7 V after 2500 s of NBS
testing) to that of Device B, implying that the buried-channel device (Device C) also exhibited better
stability than the conventional a-IGZO TFT (Device A) during NBS tests.
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Figure 4. Negative bias stress (NBS) testing results of the a-IGZO TFTs: (a) the conventional a-IGZO TFT
(Device A), (b) the a-IGZO:N TFT (Device B), and (c) the buried-channel TFT (Device C). The stressing
conditions were Vg =—-30Vand Vpg =0 V.

Figure 5 shows the transfer curves of the a-IGZO TFT devices under negative bias stress with
ultraviolet (UV) light illumination (NBIS) tests. The stressing voltage was Vgg = =20 V; the wavelength
and power intensity of the UV light were 380 nm and 0.1 mW/cm?, respectively. Both the light
illumination and gate stressing were applied for a period, and then the transfer curves were immediately
measured (Vpg = 10 V). According to Figure 5, one may notice that all three devices exhibited serious
negative shifts during NBIS tests. As shown in Figure 5a, the maximum V1 shift of the conventional
a-IGZO TFT (Device A) was up to —7 V, which was the worst among all the tested samples. However,
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this negative Vyy shift could be effectively reduced to -3 V using the buried-channel structure
(as shown in Figure 5¢) or to =2 V by adopting the N-doping technology (as shown in Figure 5b).
Apparently, the NBIS stability of Device C was more similar to that of Device B than that of Device A.
In other words, the experimental results proved that the buried-channel device (Device C) could lead to
a significant improvement in NBIS stability compared with the conventional a-IGZO TFT (Device A).
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Figure 5. Negative bias stress with ultraviolet (UV) light illumination (NBIS) testing results of the
a-IGZO TFTs: (a) the conventional a-IGZO TFT (Device A), (b) the a-IGZO:N TFT (Device B), and (c)
the buried-channel TFT (Device C). The stressing voltage was Vg = =20 V; the wavelength and power
intensity of the UV light used in this test were 380 nm and 0.1 mW/cm?, respectively.

It has been reported by our group and other researchers that the field-effect mobilities of oxide
semiconductor TFTs were evidently improved by employing the double-stacked channel layers (DSCL)
with a high defect-density channel layer and a low defect-density channel layer [13-15]. In this study,
we further designed and prepared the buried-channel a-IGZO:N TFTs using the multiple-stacked
channel layers composed of a 10 nm thick a-IGZO:N layer (front-channel layer), a 10 nm thick a-IGZO
layer (buried-channel layer), and a 10 nm thick a-IGZO:N layer (back-channel layer). This design
exhibited the best electrical performance (e.g., the smallest SS value, the largest g, and the optimum
V1), as shown in Table 1. Furthermore, the buried-channel device exhibited similar stable properties
to those of the a-IGZO:N TFT during PBS, NBS, and NBIS tests, which were much better than those of
the conventional a-IGZO TFT. The related physical mechanisms could be ascertained by analyzing the
channel-layer structure of these devices.

Figure 6 shows the energy band diagrams for Devices A, B, and C. As reported previously [7,9],
N-doping caused a mobility reduction due to the significant suppression of the Vo level in the bulk
channel layer. Former studies [15-17] indicated that N-doping reduced the Vo and defect density in
the a-IGZO films. Hence, there was more Vo acting as the origin of free carriers in the conventional
a-IGZO layer compared with that in the a-IGZO:N film. Therefore, one could assume that fewer free
electrons took part in conductivity for Device B compared with the case for Device A (as shown in
Figure 6a,b). This resulted in a lower mobility for Device B.

But, why did the buried-channel device not show degraded mobility as the a-IGZO:N TFT did?
We attributed this fact to the particular energy band structure of the buried-channel device, as shown in
Figure 6¢. The electrons tended to inject from the conventional a-IGZO layer towards both the bottom
a-IGZO:N layer and the top a-IGZO:N layer owing to the electron concentration difference between the
conventional a-IGZO layer and the a-IGZO:N layer. Due to the positive polarity of the a-IGZO layer,
the electrons accumulated in both the bottom a-IGZO:N/a-IGZO interface and the top a-IGZO/a-IGZO:N
interface. During the operation of the buried-channel TFT device, these accumulated electrons also
took part in conductivity, forming a first sub-channel at the bottom a-IGZO:N/a-IGZO interface and a
second sub-channel at the top a-IGZO/a-IGZO:N interface. In other words, the conduction current
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in the buried-channel TFT was not only dominated by the main channel (channel layer/dielectric
layer interface), but also the two additional sub-channels (bottom a-IGZO:N/a-IGZO interface and top
a-IGZO/a-IGZO:N interface). The total carrier concentration from these three conduction channels
in the buried-channel device might be comparable only with that from the front channel in the
conventional a-IGZO TFT, as shown in Figure 6a,c, leading to the pg values of the buried-channel
device (Device C) that were nearly equal to those of the conventional a-IGZO TFT (Device A). In fact,
these qualitative analyses might also be confirmed by numerical simulations, which are commonly
used in explaining and discussing electrical properties of semiconductor devices [18,19]. The related
study is still ongoing.
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Figure 6. Energy band diagrams for (a) the conventional a-IGZO TFT (Device A), (b) the a-IGZO:N
TFT (Device B), and (c) the buried-channel a-IGZO TFT (Device C). (d) The schematic illustration of the
improvement effect for the N-doping process on the trap states in the bulk-layers and interfaces.

As mentioned before, N-doping effectively decreased the interface trap density as well as the deep
defect density in the channel layer by incorporating the N atoms into the a-IGZO film (as shown in
Figure 6d). Since the SS values of TFTs are closely related to the channel/dielectric trap density and the
number of deep states in the channel layers [7,9,20], it is quite reasonable that the a-IGZO:N TFT had
smaller SS values than the conventional a-IGZO TFT. As shown in Figure 6b,c, both the front-channel
interface and the nearby channel layer of the buried-channel device were the same as those of the
a-IGZO:N TFT, which naturally led to the same SS values for both cases.

The evident stability improvements (during PBS, NBS, and NBIS tests) of the a-IGZO:N TFT
with respect to the conventional a-IGZO TFTs were assumed to result from the following reasons.
First, the incorporation of N atoms into the a-IGZO film led to the suppression of trap states in the
bulk channel layer as well as those in the front-channel interface (as shown in Figure 6d). Second,
the nitrogen atoms doped at the back channel might act as a passivation layer, which could effectively
protect the device from the influence of ambient gas (such as O,, moisture, etc.). Third, the back-channel
a-IGZO:N layer might shield the channel from UV light influence to a certain extent. As for the
buried-channel device, the aforementioned stability-improving effects were also valid. However,
the existence of the buried-channel layer (a-IGZO) more or less increased the trap states in the bulk
channel layers compared with the a-IGZO:N TFT (Device B). Therefore, the stability properties (PBS,
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NBS, and NBIS) of the buried-channel device (Device C) were a little worse than those of the a-IGZO:N
TFT (Device B), but still much better than those of the conventional a-IGZO TFT (Device A).

So far, we can make some overall comments on the buried-channel TFT devices. Compared
with the conventional a-IGZO TFT, the buried-channel device exhibited better electrical performance
(smaller SS value and non-degraded urg) and more stable properties (much smaller Vry shifts during
PBS, NBS, and NBIS tests). Compared with the a-IGZO:N TFT, the buried-channel device showed a
little worse stability under PBS, NBS, and NBIS tests, but better electrical properties (larger ppg and the
same SS value). Notably, the buried-channel structure could be easily achieved by one-pump-down
depositions in the sputtering machines. Therefore, we believe the use of buried-channel devices is
a feasible approach for improving the electrical performance and stability properties of amorphous
oxide thin-film transistors.

4. Conclusions

Buried-channel TFTs with multiple-stacked channel layers including an a-IGZO:N film
(front-channel layer), an a-IGZO film (buried-channel layer), and an a-IGZO:N film (back-channel
layer) were fabricated and measured in this work. Compared with those of the conventional a-IGZO
TFT, the better electrical performance (e.g., smaller SS value, larger ppg, and optimum V) as well
as the improved stability properties (e.g., smaller V- shifts during PBS, NBS, and NBIS tests) were
obtained for the buried-channel device. The a-IGZO:N film used as the front-channel layer in the
buried-channel structure could reduce both the interface trap density and the bulk-layer deep state
density, leading to a smaller SS value (0.8 V/dec) in comparison with the conventional a-IGZO TFT
device (SS = 1.3 V/dec). The non-degraded g (5.8 cm?V~!s71) for the buried-channel TFT might be
attributed to its three conduction channels, including the main channel at the interface between the
channel layer and the dielectric layer, the first sub-channel formed at the bottom a-IGZO:N/a-IGZO
interface, and the second sub-channel formed at the top a-IGZO/a-IGZO:N interface. In addition,
the improved bias-stress and NBIS stability of the buried-channel TFT compared with those of the
conventional a-IGZO TFT might be mainly due to the suppression of the trap states in the bulk channel
layers, the reduction in the defects at the front-channel interface, and the passivation effect created by
using the a-IGZO:N film as the back-channel layer.
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Abstract: This study introduced the SiC micro-heater chip as a novel thermal evaluation device for
next-generation power modules and to evaluate the heat resistant performance of direct bonded
copper (DBC) substrate with aluminum nitride (AIN-DBC), aluminum oxide (DBC-Al,O3) and silicon
nitride (SizsN4-DBC) ceramics middle layer. The SiC micro-heater chips were structurally sound
bonded on the two types of DBC substrates by Ag sinter paste and Au wire was used to interconnect
the SiC and DBC substrate. The SiC micro-heater chip power modules were fixed on a water-cooling
plate by a thermal interface material (TIM), a steady-state thermal resistance measurement and
a power cycling test were successfully conducted. As a result, the thermal resistance of the SiC
micro-heater chip power modules on the DBC-Al,O3 substrate at power over 200 W was about
twice higher than DBC-Si3sNy4 and also higher than DBC-AIN. In addition, during the power cycle
test, DBC-Al,O3 was stopped after 1000 cycles due to Pt heater pattern line was partially broken
induced by the excessive rise in thermal resistance, but DBC-Si3Ny and DBC-AIN specimens were
subjected to more than 20,000 cycles and not noticeable physical failure was found in both of the SiC
chip and DBC substrates by a x-ray observation. The results indicated that AIN-DBC can be as an
optimization substrate for the best heat dissipation/durability in wide band-gap (WBG) power devices.
Our results provide an important index for industries demanding higher power and temperature
power electronics.

Keywords: power cycle test; SiC micro-heater chip; direct bonded copper (DBC) substrate; Ag sinter
paste; wide band-gap (WBG); thermal resistance

1. Introduction

Silicon carbide (SiC) and gallium nitride (GaN), are wide band-gap (WBG) semiconductors, are
strongly recognized as the best materials for the power electronics applications demanding higher
power and higher temperature [1,2]. Since these WBG semiconductors have superior properties, kind
of a wide band gap (>3 eV), a high critical electric field (>3 MV/cm) and a high saturation velocity
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(>2 % 107 cm/s), SiC and GaN can enable to overcome the ultimate performances reached by silicon
(Si) based devices, in terms of power conversion efficiency [3]. In addition, WBG semiconductor
devices can be operating much higher temperatures (>250 °C) than Si based devices (<150 °C) [4-8],
this means massive, complex and heavy cooling systems can be eliminated from power conversion
systems. Inverters and converters automotive components can be change to smaller by the simply
heat dissipation design of in the high temperature environments [9]. In general, the structure of the
power module has multi-layer structures of a semiconductor chip and a heat dissipation/insulation
plate. All the layers have different material properties like a coefficient of thermal expansion (CTE),
which causes thermos-mechanical stress during repetitive operating [10,11].

Besides, to withstand higher power and higher thermal density, how to insulate electricity and
dissipate heat is one of the key issues of WBG power conversion systems. Therefore, there have been
some issues, for instance how to interconnect these multi-layers to implement in high temperature
and have a thermal-stable reliability. In addition, power electronic substrate plays an important role
in dissipating heat to prevent power electronic module failure [12-18]. Heat dissipation/insulation
substrate, which is a direct bonded copper (DBC) and a direct bonded aluminum (DBA), are existed
between power semiconductor device and heat sink. Heat is transferred from surface of the power
semiconductor device to the heat sink. The DBC and DBA were metallized both side of ceramic plate,
to improve the thermal conductivity of ceramic substrates and form circuits [19], and were considered
as the most promising substrates for power modules due to their excellent thermal conductivity, low
thermal resistance, and high insulation voltage.

However, the sandwich structure of the DBC and DBA substrate will cause thermo-mechanical
stresses due to the CTE mismatch. It has been reported that heat resistance of the substrate depending
on the type of ceramics and metals [20-22]. In this regard, our group carried out to evaluate
thermo-mechanical stability of various ceramic applied active metal brazed (AMB) DBC substrates
with the Ni plating layer during a harsh thermal shock cycling test at the temperature range of from
=50 °C to 250 °C [23]. The DBC substrate with silicon nitride (SizN4-DBC) ceramics middle layer
indicate no serious damage within 1,000 cycles of thermal shock cycles, while those of an aluminum
nitride (AIN) and alumina (Al,O3) caused by Cu layer severe delamination after the same cycles [23].

The results indicated that the failures may impress that the AIN and Al,O3; have critical
disadvantage of higher CTE value and lower toughness than SizNy. Since this previous study
just investigated the DBC substrate itself, the failures must be induced by the mismatch between
Cu and ceramic, meaning that the stress occurred from the DBC. Such thermal cycles give only
homogeneous temperature change in the substrate specimens as shown in Figure 1a. However, the
realistic thermal distributions in a ceramic substrate must have a large temperature gradient to transfer
the generated heat from surface of the device chips to the cooling system as shown in Figure 1b. The
stress induced by the CTE mismatch during the thermal conduction from chips to cooling system was
more complexed than single DBC substrate. Therefore, the evaluation of such a practical temperature
distribution is urgently needed for designing power module. In this context, power cycling test is the
strongly useful evaluation methods to evaluate the reliability of a device packaging used in a condition
similar to those in actual operations. In this process, the heat transfer performance of such a substrate
mainly depends on the thermal properties of employed ceramic materials, e.g., A,O3, AIN, and SizNjy.
Power modules was required with a comprehensive combination of conductive Cu and insulation
ceramics, involving the layer thicknesses and circuit patterns to achieve both thermal management
and the least power loss at the same time. Usually, to measure the thermal resistance of devices after a
power cycling test, it needs an equipment of power cycling system and also a T3ster system which
means the Thermal Transient Tester system. It is a technology to monitor the thermal transport through
the devices. However, both of the power cycling system and the T3ster system are very expensive
and need to take up a lot of space. A simple, fast and miniaturized thermal measurement system is
actually necessary.
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Figure 1. Comparison of the test environments and its heat transfer path: (a) thermal shock or aging
condition as non-driving condition and (b) actual power cycling test as driving condition.

In this study, SiC micro-heater chip was designed and used to bond with the various type of ceramic
DBC substrates such as AIN and Al,O3 and Si3Ny. The Ag sinter joining was used as a die to attach
material because which can withstand the high temperature applications and reported in many previous
studies. Steady-state thermal resistance from the SiC micro-heater chip to cooling system with different
type DBC were measured. In addition, the power cycling test also was performed to investigated
the high temperature reliability of the SiC micro-heater chip die attach structure on each type DBC
substrate. The failure after power cycling was analyzed by a micro-focus 3D computed tomography
(CT) X-Ray system. This method can significantly distinguish with traditional thermal cycling test
because thermal properties of material can be considered during repetitive thermal environments.
Our method of power cycling test with SiC heater chip may provide in important evaluation index of
future packaging systems with WBG semiconductors targeted for high-temperature/power density
power modules.

2. Materials and Methods

2.1. SiC Micro-Heater Chip and Direct Bonded Copper (DBC) Substrate

Geometrically 3D designed SiC micro-heater chip was fabricated with n-doped 4H-SiC by using
a lithography technology (see Figure 2a), also it consists of a heater, a probe and an electrode, the
material of heater and probe are platinum (Pt). The DBC substrate with five lands of the top side was
introduced, and the SiC heater chip was die attached onto the center land and its geometric dimension
is as displayed in Figure 2b. At the backside of SiC micro-heater chip and the top side of DBC substrates
were metallized in the order of Ti and Ag layer by a sputtering process.

SiC micro-heater

Ceramic
Electrode

5mm
30 mm
— 4H-SiC die
Probe

: ' Cu (1): 0.32 mm
(Platinum)

Ceramic (t) : 0.64 mm

Figure 2. SiC heater die-attached structure: (a) SiC micro-heater chip structure (b) SiC heater chip on
the substrate.
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2.2. Die Attach Material

Two types of Ag particles were mixed and used to make Ag paste. The first type comprised
flake-shaped Ag particles with an average lateral diameter of 8 um and a thickness of 260 nm, as
shown in Figure 3a (AgC-239, Fukuda Metal Foil and Powder Co., Ltd., Kyoto, Japan). The second
type comprised spherical-shape particles with an average diameter of 400 nm, as shown in Figure 3b
(FHD, MitsuiMining and Smelting Co., Ltd., Tokyo, Japan). The two kinds of Ag particles were mixed
as the Ag filler with a weight ratio of 1:1 [24]. These hybrid particles were then stirred magnetically for
10 min and vibrated ultrasonically for 30 min with viscosity of 100-200 Pa's solvent (alkylene glycols
and polyols) using a hybrid mixer (HM-500, Keyence Corporation, Osaka, Japan) to fabricate Ag paste
to achieve a uniform mixture. The amount of the solvent was maintained at approximately 10 wt % in
the paste to keep a suitable viscosity of 150-250 centi poise (cPs) at room temperature. The Ag paste
was then printed onto the center land of the DBC substrates which were purchased from Mitsubishi
Materials Corporation. For the bonding process, a step-by-step profile with low pressure (0.4 MPa),
including 120 °C and 180 °C for 5 min as pre-heating, and then 250 °C for 60 min, was applied to
prevent pores formation caused by evaporation of organic solvent (see Figure 3b). Finally, the sintered
cross section is formed as shown in Figure 3c. For power supply, 10EA Au wires of 45 um diameter
(TANAKA DENSHI KOGYO, Yoshida, Japan) on the four electrode were each interconnected by an
ultrasonic wire bonding machine (Kulicke & Soffa Industries Inc, 4500 digital series, Singapore).

b ~ Temperature profile c Ti metallization
& c it
2 o Ag metallization
= 250°C S a
[53
g 2
2 © Cu
1] i = -
g 20.min 8 Si3N4 vs. AN (0.64mm)
E =
i m‘? Cu
a

Transverse direction

Time, t (min)

Figure 3. (a) Ag particles, (b) sintering condition and (c) schematic diagram of the assembled image.
2.3. Test Machine and Method

Figure 4 shows the machine of power cycling test and thermal resistance measurement and its
component. The machine consists of four parts, power supplier, controller, monitor and water-cooling
system. Over 200 W of power is supplied from the power source to the electrode, and when heat
is generated from the top of the heater chip, heat is transferred to the heat sink (25 °C) through the
die attach and the DBC substrate. At this time, SiC heater/DBC die-attached specimen is mounted
on the water cooling plate by diamond thermal grease (thermal interface material, TIM). To prevent
delamination between specimen and cooling plate during power cycling, the DBC substrate was
fixed to the water-cooling plate with a force of 20 N. Then, AT is calculated by the temperature of

168



Micromachines 2019, 10, 745

the top surface of the SiC heater chip (T,;p) and the temperature of the thermocouple attached to the
water-cooling plate (Tinermocouple), the equation is as follows:

AT = Tchip - Tthermocuuple 1)

Here, the thermal resistance (Ry;) can be calculated by dividing this temperature difference (AT)
by the input power (Q) as follows:
Ry = AT/Q (@)

where, Q (W) is Joule heating by the electrical power of SiC micro-heater chip and T is the temperature
(K).

' — Power monitoring syste?ng
1 ' ; ; D =

- sipPIy
rodgl
Il -

Borce and electrodé

Figure 4. Power cycling test system with SiC micro-heater chip.

3. Results and Discussion

3.1. Steady-State Thermal Resistance

For thermal resistances measurement, a specimen was packaged by the method introduced in the
previous section (see Figure 3). After the die bonding, the specimen interconnected without noticeable
defects such as oxidation, and its actual manufactured and interconnected SiC heater die attached
specimen are shown in Figure 5a. Furthermore, the electrode and temperature sensor of SiC heater
chip was Au wire bonded with the DBC substrate after die-attach bonding. The Au wire bonded
with the DBC substrate was given at upper left corner in Figure 5a. In addition, an enlarged image of
the packaged SiC micro-heater chip circuit is shown in Figure 5b. When the power is supplied, the
heat transfer path is shown in Figure 6a, where each layer has a thermal resistance. Here, since all
materials except ceramic are the same, input power dependent thermal resistance performance can be
directly compared according to ceramic type. The results of thermal resistance performance are shown
in Figure 6b. The thermal resistance of the SiC micro-heater chip power modules on the DBC-Al,O3
substrate at power over 200 W was about twice higher than DBC-5i3N, and also higher than DBC-AIN.
The thermal resistance of DBC-AIN was lower than that of DBC-SizNy. In addition, thermal resistance
of the SiC micro-heater chip power modules on the DBC-Al, O3 substrate tended to increase thermal
resistance significantly with increasing power but there is almost not so much change for the DBC-AIN
and DBC-5i3Ny with the increased power. The reason of the lowest thermal resistance of AIN is that
the thermal conductivity of AIN (285 W-m~!-K~!, for single crystals) is significantly higher than Al,O3
(25 W-m~1.K™1) and SizNy (60-90 W-m~1.K~1) [21,25]. Therefore, AIN-DBC can be considered to have
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the best heat dissipation performance of an excellent power module when applied properly in the area
where heat dissipation is intensively required.

a
DBC substrate

Heaten (PO} .

SiC heater chip

Figure 5. Test specimen description: (a) interconnected SiC heater chip on direct bonded copper (DBC)
substrate and (b) its SEM image of detail components.
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Figure 6. (a) Schematic diagram of heat path and its thermal resistance measurement during power
cycling (b) results of various ceramics of thermal resistance.

3.2. Power Cycling Test

For the power cycling test, the temperature of the cooling plate was constantly controlled to be
50 °C. The water flow rate was 5.4 L/min. The constant current for heating were tested, and constant
current is necessary to suppress the surge spike when heating was started. The typical temperature
profile of the power cycling is plotted in Figure 7. The input electric current in the test was 2.1 A. The
condition of power cycling test was applied 2 s ON and 5 s OFF at the input power of 200 W.

The results indicated that Al,O3 was stopped during the power cycle test due to excessive rise
in thermal resistance before 1000 cycles, SizN, and AIN specimens were each subjected to more than
20,000 cycles of power cycle tests. In the case of Al,O3 stopping, die-attach and ceramic component
were not any degradation but the Pt heater pattern line was partially broken as shown in Figure 8a due
to the poor heat dissipation performance of Al;O3. The Pt heater pattern line accumulated a lot of heat,
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leading to the temperature increase significantly, leading to the film of pattern line partially melted as
shown in Figure 8b.

Figure 9a shows temperature swing behavior of the SisN4-DBC substrate, the heater temperature
at the beginning was about 240 °C, and when it reached 20,000 cycles, the temperature was about 260 °C.
In the case of AIN-DBC substrate, the starting temperature was about 220 °C, and the temperature
after 20,000 cycles was about 280 °C (see Figure 9b). The temperature ranges of SizN4 and AIN are not
significantly different, but the temperature change tendency was remarkable. Unlike SizNy substrate,
which has a small change in temperature, AIN was largely divided into two stages. The stage 1 is from
the starting point to 4000 cycles, it reached up to saturation temperature. The stage 2 is from 4000
cycles to 20,000 cycles, at a relatively stable temperature, the temperature slowly reached its peak point.
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Figure 7. Temperature swing during power cycling tests.
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Figure 8. Pt heater pattern line was partly broken (a) and its magnified view (b).
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Figure 9. Temperature swing behavior during power cycling tests: (a) Si3Ny and (b) AIN.

To investigate a factor of different temperature behavior, a nondestructive test was performed by a
micro-focus 3D computed tomography (CT) X-Ray system (XVA-160N, Uni-Hite System Corporation,
Yamato City, Japan) on the specimens after power cycling tests. Figure 10 displays nondestructive test
results (X-ray) after power cycling tests after power cycling tests (20,000 cycles). Figure 10a,b show the
SiC micro-heater chip power modules on the DBC-Si3N, substrate and its high magnification image,
respectively. Figure 10b,c the SiC micro-heater chip power modules on the DBC-SizNy substrate of
AIN and its high magnification image Figure 10d, respectively. There was no relationship between
the different temperature behavior of the two substrates and the substantial damage to the die attach
structure. Therefore, no delamination of the ceramic or degradation of the Ag sinter joint occurred
during power cycling tests, and it was clearly found that the temperature rise did not cause physical
failure. Despite the excellent thermal conductivity of AIN, the cause of temperature rise shown in
Figure 9b can be regarded as an issue of the TIM. The mechanism of air entrainment into the TIM
are shown in Figure 11. In the initial state, the DBC substrate and the water cooling plate were
closely adhered by TIM (see Figure 11a), after experiencing expansion and shrinkage, there should be
some gaps generation between the TIM and substrate, the adhesion strength changed to lower with a
little gap generation as displayed in Figure 11b,c. Air entrainment into the TIM also can lead to the
temperature swing increase.
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AU wires

i

Figure 10. Nondestructive test results (X-ray) after power cycling tests (20,000 cycles): (a) specimen of
SizNy and (b) its high magnification image, (c) specimen of AIN and (d) its high magnification image.

Thus, to avoid this phenomenon, it can be prevented by using a soft TIM or warpage suppression
mechanism that does not harden under repeated substrate warpage behavior. The results of the
power cycling test using the SiC micro-heater chip show the heat resistance performance of the DBC
substrate, are significantly different from the traditional thermal shock test. Consequently, the AIN-DBC
substrates may have the best heat dissipation and durability, perhaps by optimizing TIM performance
for WBG power conversion systems.

SiC heater (250°C)
a b c

Load control system (20N)

Re
R atocn
 Reu
| DBC substrate | Resrame:
Py = Ry(air)
.

7R

Heat sink Heat sink Heat sink

i Ry (air) . .

Initial state : Expansion Shrinkage Ry (air)

Power: ON Power: OFF

Figure 11. Schematic diagram of AIN temperature rise mechanism by mechanical behavior during
power cycling test: (a) initial state (b) expansion (c) shrinkage.
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4. Conclusions

In this study, a power cycling test system based on a SiC micro-heater chip was developed to
simulate the active SiC devices where the temperature of the heater chip can be recorded through the
power cycling test in real-time. The new approach is useful for the evaluation of high-power devices
with a similar condition to the real packaging system. The thermal resistance of of the SiC micro-heater
chip power modules on DBC-AIN was lower than that of DBC-Al,0O3; and DBC-5i3Ny. In addition,
thermal resistance of the SiC micro-heater chip power modules on the DBC-Al,O3 substrate tended to
increase thermal resistance significantly with increasing power but there is almost not so much change
for the DBC-AIN and DBC-Si3Ny with the same increased power. Furthermore, no delamination of the
ceramic or degradation of the Ag sinter joint occurred during power cycling tests for both DBC-AIN
and DBC-Si3Ny, and it was clearly found that the temperature rise did not cause physical failure. The
results exhibit that both DBC-AIN and DBC-Si3Ny are excellent candidates for high power modules
with WBG semiconductor devices, suitable for industries demanding high energy efficiency, when the
packaging like the die-attach and the cooling system is well optimized.
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Abstract: In this work, we investigated the time-dependent dielectric breakdown (TDDB)
characteristics of normally-off AlIGaN/GaN gate-recessed metal-insulator-semiconductor (MIS)
heterostructure field effect transistors (HFETs) submitted to proton irradiation. TDDB characteristics
of normally-off AlGaN/GaN gate-recessed MISHFETs exhibited a gate voltage (Vs) dependence
as expected and showed negligible degradation even after proton irradiation. However, a capture
emission time (CET) map and cathodoluminescence (CL) measurements revealed that the MIS
structure was degraded with increasing trap states. A technology computer aided design (TCAD)
simulation indicated the decrease of the vertical field beneath the gate due to the increase of the trap
concentration. Negligible degradation of TDDB can be attributed to this mitigation of the vertical
field by proton irradiation.

Keywords: AlGaN/GaN; proton irradiation; time-dependent dielectric breakdown (TDDB); reliability;
normally off

1. Introduction

Semiconductor technology used in satellites or exploration robots in harsh environments is
mainly based on silicon semiconductor technology, but uses modules for heat dissipation, the hermetic
structure, and the shielding structure for extreme environments, such as high temperature and radiation;
however, these modules are generally heavy and complicated parts. This burden can be relieved
if robust semiconductor materials can be employed in the electronics used for harsh environments.
Among attractive candidates, AlIGaN/GaN heterostructure field effect transistors (HFETs) are attracting
much intention as power switching devices for harsh environmental applications thanks to GaN'’s
superior radiation resistance [1]. Recently, studies on the radiation characteristics of GaN-based
transistors have been widely conducted [2—4]. Especially, studies on the irradiation effects of protons
occupying the majority of low earth orbits (LEO) were carried out [5-7]. In general, AlGaN/GaN
HFETs irradiated with protons exhibit a positive shift in the threshold voltage (V) and a reduction in
the drain current (Ipg), which can be attributed to the displacement damage near the two-dimensional
electron gas (2-DEG) [8,9]. Exceptionally, the improvement of carrier concentration also has been
reported at a relatively low dose [10]. In this paper, a sufficiently high dose (5 x 10'* cm~2) was
used to deteriorate the irradiated devices and the irradiated devices followed the generally reported
results [11].

The main advantage of an AlIGaN/GaN heterostructure is a natural formation of a 2-DEG channel
without intentional doping [12], which leads to high mobility with a high sheet charge density [13].
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Therefore, AlIGaN/GaN HFETs inherently operate as normally-on devices. However, for the circuit
configuration and stable operation, it is essential to implement a normally-off operation [14]. A
gate-recessed metal-insulator-semiconductor (MIS) structure was employed to realize a normally-off
operation and has exhibited a stable Vy, over 1 V and a low gate leakage [15,16]. Gate reliability has
been one of the critical issues of AlIGaN/GaN HFETs and can be aggravated in gate-recessed MIS
structures due to the processes of AlGaN barrier etching and insulator deposition [17-19]. In this
study, we fabricated normally-off AlIGaN/GaN MISHFETs by using a gate-recessed MIS structure
and investigated the effects of proton irradiation on the gate reliability of normally-off AlIGaN/GaN
gate-recessed MISHFETs.

2. Experimental

AlGaN/GaN-on-Si wafer was provided by Enkris, Suzhou, China. As presented in the data sheet
from Enkris, the epitaxial structure, grown using metal organic chemical vapor deposition (MOCVD)
(AIXTRON, Herzogenrath, Germany), consisted of a 10-nm in situ SiNy layer, a 4-nm undoped GaN
capping layer, a 23-nm undoped Alj23Gag 77N barrier, and 5-um undoped-GaN buffer layer on a
GaN-on-Si substrate. A cross-sectional diagram of the fabricated MISHFET is shown in Figure 1.

ICP-CVD SiNy
SiNx, 10 nm
GaN. 4 nm

Aly Gy 7N, 23 nm

GaN / buffer

Figure 1. The cross-sectional view of the fabricated device. (S = Source, G = Gate, D = Drain, ICP-CVD
= Inductively coupled plasma-chemical vapor deposition).

The fabrication process was as follows. Ohmic contacts were formed using an e-beam evaporated
Ti/Al/Ni/Au (20/120/25/50 nm) metal stack and alloyed via rapid thermal annealing at 830 °C for 30
s. After the ohmic process, the mesa isolation and gate recess followed. The AlGaN barrier was
fully recessed using inductively coupled plasma-reactive ion etching (ICP-RIE) (BMR Technology
Corporation, Placentia, CA, USA) with a power of 5 W and a Cl,/BCl3 ambient atmosphere. A
30-nm SiNx layer was deposited using ICP chemical vapor deposition (ICP-CVD) ( BMR Technology
Corporation, Placentia, CA, USA) using SiH4/NHj gas at 350 °C, and a Ni/Au (40/350 nm) metal stack
was evaporated for the gate contact. The gate length/width, gate-to-drain distance, and gate-to-source
distance were 2/100 pm, 15 pm, and 3 pum, respectively.

TDDB characteristics were measured using the gate voltages of 13, 13.5, and 14 V at the temperature
of 150 °C. Proton irradiation was carried out using a MC-50 cyclotron (Scanditronix, Vislanda, Sweden)
at the Korea Institute of Radiological and Medical Sciences (KIRAMS) with an energy of 5 MeV, and
a total fluence of 5 x 10 cm~2 was chosen to deteriorate the irradiated devices. Proton irradiation
was performed at room temperature. Electrical characteristics and cathodoluminescence (CL) were
measured using a Agilent 4155A semiconductor parameter analyzer (Agilent Technologies, Santa Clara,
CA, USA) and a JXA-8530F (JEOL Ltd., Tokyo, Japan), respectively.
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3. Results and Discussion

Figure 2a shows a representative result of the time-zero breakdown (TZB) and TDDB characteristics
with Vg = 13 V at 150 °C. For TDDB measurements, we used the constant voltage method. In the
constant voltage method, the gate voltages close to TZB were applied and the gate current (Igs) was
measured periodically. The gate current typically decreased before the time-dependent breakdown.
Igs increased after certain period of time and this time was defined as the time to breakdown (tgp) [20].
In order to investigate the TDDB characteristics of normally-off AlIGaN/GaN gate-recessed MISHFETs,
we carried out constant voltage stress tests with gate voltages of 13, 13.5, and 14 V. Figure 2b shows the
relationship between the TDDB and Vg before and after the proton irradiation. TDDB characteristics
showed an almost negligible change, although the devices were irradiated with protons.

10" —— 16*
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,\g 107 : 2w .
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— 107~ B
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Figure 2. (a) The results of time-dependent dielectric breakdown (TDDB) characteristics carried out on
one representative device (inset) time-zero breakdown (TZB) characteristics. (b) The Vg dependence
of TDDB characteristics at 150 °C with Vgg =13, 13.5, and 14 V.

In order to investigate a broad distribution of overall traps through the gate region, which are
widely believed to be applicable to GaN HFETs, capture emission time (CET) maps [21-23] were
extracted using a stress—recovery sequence before and after proton irradiation. A CET map can be
constructed from the shift of the I-V or Capacitance -voltage (C-V) characteristics. Every defect has a
capture time (7¢) and emission time (7.) during stress and recovery. Empty defects are charged and
charged defects will emit its electron after the stress and recovery times of 7¢ and 7., respectively. This
behavior of defects can be described using the 7-axis and is called a CET map. A typical measurement
procedure of CET maps is as follows. A positive voltage is assigned to the gate to trap electrons in
the interface between the insulator and GaN, and then the time-dependent recovery characteristics
are observed. During the stress sequence, traps with a capture time constant smaller than the stress
time are occupied. During the recovery sequence, traps with an emission time constant smaller than
the recovery time are released. According to this scheme, CET maps can extract traps with a specific
capture time and recovery time by repeating the time-based stress-recovery experiments. From the Vy,
variation value obtained through the stress-recovery experiments, the following Equation (1) is used
to obtain the overall interface trap level (Nj) of the gate region:

_ €0€q AV,

q ti M

it
where € and ¢, are the dielectric constants of air and insulator, respectively, and f; is the thickness of
the insulator. Nj; was derived from Q = C-AV. The bias stress instability was induced by the 8 V of Vs.
Vin was extracted at the point where the drain current of 100 pA/mm flowed into the transfer curve
with Vpg =1V (linear region). The V, variation through the typical stress and recovery experiments
for this analysis are summarized in Figure 3. AVy, increased with stress time in the stress plot and
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decreased with recovery time in the recovery plot for several extraction points. The squares of CET
maps represent the behavior of Nj; with each capture time and recovery time. CET maps obtained
from the Vy, variation and Equation (1) before and after proton irradiation are described in Figure 4.
The overall darkening of the squares after proton irradiation qualitatively indicates the increase of
trap states under the gate region. Further investigation needs to be carried out to understand the
more pronounced increase in the traps within a certain time window. Figure 5 shows the change of
AV, and Nj; as the stress time increased up to 1000 s with a Vigg = 8 V before and after the proton
irradiation. Nj was increased from 5.6 x 101 cm™2 to 1.6 x 102 cm™2 at the stress time of 100 s with
the Vs of 8 V. The values of Nj; obtained from this experiment are comparable with and even lower
than those in the literature with/without a gate-recessed structure [5,11,24-26]. AVy, and Nj increased
after proton irradiation. Table 1 summarizes the correlation of the interface traps states (Nj; or Dj;) and

proton irradiation on GaN-based transistors. D;; has the same meaning with Nj; at the specific energy
of trap levels.

2.0 —&— Stress before irradiation —&— Recovery before irrad
—®— Stress after irradiation —8— Recovery after irradiation
15 % —
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Figure 3. Stress and recovery behavior of normally-off AlGaN/GaN gate-recessed

metal-insulator-semiconductor heterostructure field effect transistors (MISHFETs) up to 1000 s with a
Vs =8 V before and after proton irradiation.
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Figure 4. Capture emission time (CET) maps in normally-off AIGaN/GaN gate-recessed MISHFETs:
(a) before proton irradiation and (b) after proton irradiation.
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Figure 5. AVy, and Nj; drift over stress time up to 1000 s measured using a Vg of 8 V before and after

proton irradiation.

Table 1. The correlation between the interface traps states and the proton irradiation on

GaN-based transistors.

Operation Nj; or Dj; (cm~2 or Irradiation Dose Irradiation Reference
Mode cm~2-eV-1) (cm~2) Energy (MeV)
Normally Off 1.2 x 1012-2 x 1012 5x 101 5 This work
Normally Off 1.1 x 10126 x 1013 5x 101 5 [51
Normally Off 1.3 x 1013-2.6 x 103 5x 10 5 [11]
Normally On 1.8 x 1012-1.8 x 103 5x 10 3 [25]
Normally On 1.4 x 1013 1015 5 [26]

The CL spectra of normally-off AlGaN/GaN gate-recessed MISHFETs shown in Figure 6a was
measured to understand the proton irradiation effects on the optical properties before and after
irradiation. The typical measurement procedure of CL is as follows. First, the electron beam is
irradiated onto the target semiconductor. Then, the interaction of the electron beam with the target
semiconductor results in the promotion of electrons from the valence band to the conduction band.
When the promoted electron and hole recombine, the exposed semiconductor provides information
about its optical property. This optical property can be collected using a retractable parabolic mirror.
CL was measured in the access region between the gate and drain, as shown in Figure 6b. White circles
indicate the points irradiated by the electron beam. The decay of CL intensity was decreased by 31.7%
after the proton irradiation. This suggests that the trap states generated by the proton irradiation
reduced the recombination of electron-hole pairs generated by the electron beam.
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Figure 6. (a) Cathodoluminescence (CL) spectra of normally-off AlIGaN/GaN gate-recessed MISHFETs
before and after proton irradiation. (b) SEM image of the analyzed device.
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The main degradation mechanism of TDDB characteristics is attributed to the breakdown of the
gate dielectric around the gate overhang [27]. Therefore, we carried out a TCAD simulation using
Silvaco ATLAS (Silvaco Atlas, Santa Clara, CA, USA) to profile the vertical electric field distribution of
the normally-off AlIGaN/GaN gate-recessed MISHFETs. Figure 7 shows the simulated transfer curves
compared with the measured ones (a) and the vertical electric field within the gate dielectric under
the gate for Vs = 14 V (b) before and after the proton irradiation. Proton irradiation was applied to
the simulation by employing negatively charged traps in accordance with Patrick et al. [28]. Proton
irradiation can generate Ga and N vacancies in the irradiated devices via collisions. Ga vacancies can
act as acceptor-like traps [29], and N vacancies can act as both acceptor- and donor-like traps [30].
These two vacancies can also compensate each other, but the quantitative analysis is still unclear.
However, proton irradiation results in a V', shift in the positive direction, which can infer that the
acceptor-like traps (negatively charged traps) are dominant in the irradiated device. The volume
density of the traps was calculated using stopping and range of ions in matter (SRIM) and its value
was reported to be about the order of 1017 cm 3 [28,31,32]. Within GaN, there are pre-existing traps
with various activation energies from shallow to deep level states. Proton irradiation increases the
concentration of pre-existing traps and new trap states with different activation energies [33]. Therefore,
the activation energies of the trap level applied to the TCAD simulation were distributed uniformly
through the bandgap of GaN. As negatively charged traps were applied, the vertical electric field of the
gate dielectric under the gate was significantly decreased by 83%. CET maps and CL spectra verified
the deterioration of the irradiated devices, but it was also confirmed through the TCAD simulation
that the trap states induced via proton irradiation reduced the vertical electric field of the dielectric
under the gate region. It is presumed that TDDB characteristics negligibly changed, even after the
proton irradiation, due to the offset of these two opposite effects. C—V measurements can provide
useful information for understanding the defect level and should be analyzed in our future work.
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Figure 7. (a) The simulated transfer curves (dashed lines) compared with the measured ones (solid
lines). (b) The vertical electric field distribution of the gate dielectric with Vgg =14 V.

4. Conclusions

TDDB characteristics of normally-off AlIGaN/GaN gate-recessed MISHFETs were investigated
before and after proton irradiation. After proton irradiation, the irradiated devices exhibited the same
Vs dependence and a negligible change. Although the interface and trap states were deteriorated
by proton irradiation, it was observed using a TCAD simulation that the vertical electric field under
the gate was significantly reduced as the trap concentration increased. The field reduction via proton
irradiation seemed to be linked to unchanged TDDB characteristics despite the deterioration of interface
and trap states. Further investigation is needed to figure out the definite origin of the unchanged
TDDB characteristics of normally-off AlIGaN/GaN gate-recessed MISHFETs.
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Abstract: A variety of potential applications such as visible light communications require laser sources
with a narrow linewidth and a single wavelength emission in the blue light region. The gallium
nitride (GaN)-based distributed feedback laser diode (DFB-LD) is a promising light source that meets
these requirements. Here, we present GaN DFB-LDs that share growth and fabrication processes
and have surface gratings and sidewall gratings on the same epitaxial substrate, which makes LDs
with different structures comparable. By electrical pulse pumping, single-peak emissions at 398.5
and 399.95 nm with a full width at half maximum (FWHM) of 0.32 and 0.23 nm were achieved,
respectively. The surface and sidewall gratings were fabricated alongside the p-contact metal stripe
by electrical beam lithography and inductively coupled plasma etching. DFB LDs with 2.5 um ridge
width exhibit a smaller FWHM than those with 5 and 10 um ridge widths, indicating that the narrow
ridge width is favorable for the narrowing of the line width of the DFB LD. The slope efficiency of
the DFB LD with sidewall gratings is higher than that of surface grating DFB LDs with the same
ridge width and period of gratings. Our experiment may provide a reliable and simple approach for
optimizing gratings and GaN DFB-LDs.

Keywords: GaN laser diode; distributed feedback (DFB); surface gratings; sidewall gratings

1. Introduction

Gallium nitride (GaN) laser diodes (LDs) are potentially used in displays, medical application,
visible light communications (VLC), etc [1-4]. Some applications require a single peak and
narrow-linewidth laser source. Distributed feedback lasers diodes (DFB-LDs) with these advantages
have attracted extensive concern in both academia and the industry. In optical atomic clocks,
an extremely narrow-linewidth blue laser is required to aim at atomic cooling transition [5]. In medical
diagnostics, the DFB LD is a promising light source for fluorescence spectroscopy, where the emission
wavelength can be precisely targeted [6].

GaN-based DFB LDs have been achieved by buried gratings [7-9], sidewall gratings, and
surface gratings [10-13]. In the beginning, the first order DFB LD was achieved by establishing the
buried gratings [14]. Subsequently, the third and 39th DFB LDs were fabricated by etching sidewall
gratings [15-17]. Additionally, the single longitudinal mode emissions of the 10th DFB LDs with
surface gratings were realized under optical pumping and electrical impulse driving [18,19]. In contrast
to burying gratings, DFB LDs with sidewall and surface gratings do not require high-cost and hard
crystal regrowth processing, preventing the device from being damaged in the regrowth process [20,21].
Surface gratings and sidewall gratings are preferred for DFB LDs due to simpler fabrication processes.
Though there have been varieties of DFB LDs fabricated using surface gratings or sidewall gratings,
to the best of our knowledge, all of them, regardless of grating type, are achieved on different epitaxial
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wafers; there are no reports on GaN DFB-LDs that share growth and fabrication processes and have
surface gratings and sidewall gratings on the same epitaxial substrate. Therefore, it is inevitable that
there are distinct differences in the optical and electrical properties of DFB LDs with different kinds of
grating structures. It is difficult to systematically compare and analyze the performance of DFB LDs
with surface and sidewall gratings, because they are fabricated on diverse epitaxial wafers. Hence,
in order to further understand the performance differences of DFB LDs with different structures, it is
necessary to fabricate DFB LDs with different types of gratings on the same epitaxial substrate, which
can provide some experimental evidences for the optimal design of DFB LDs.

In this work, the finite-difference-time-domain (FDTD) tool was used to analyze the influence of
the width of the ridge and the types of gratings on the properties of DFB LDs. Based on the designed
structure of LDs, DFB-LDs with surface and sidewall gratings of different periods and ridge widths
were fabricated on the same epitaxial wafer. Fabry—Pérot (F-P) LDs with the same ridge widths were
also fabricated on the same epi-wafer for comparison. The well-proportioned gratings were defined
alongside the p-contact metal stripe by electrical beam lithography (EBL) and inductively coupled
plasma (ICP) etching. The morphology characteristics of all the LDs were observed by a scanning
electron microscope (SEM) with an FEI Nova NanoSEM 450. The electrical and optical characteristics
of the DFB LDs, including the linewidth, slope efficiency, and threshold current, were measured
and analyzed.

2. Simulation and Fabrication

According to the coupled mode theory, the coupling coefficient can be achieved approximately by
the following equation [22]:
2(ny —ny) sin(rtm y)

K= ()

/\1 m

where m is the grating order, A; is the wavelength, n; is the effective modal index in the broad area
including the sections of the ridge and grating, 1, is the effective modal index in the section of the
ridge, and y is the duty-cycle of gratings.

The effective modal index (11e) of the waveguide in a GaN LD can be calculated using the
finite-difference-time-domain (FDTD), where the epitaxial structure and device structure of the
simulation can be found in the parameters displayed in the following sections. Generally, there is
a decreasing trend in modal index with ridge width at a certain etch depth. Typical optical field
distributions are given in Figure 1, with ridge widths of 2.5 and 5 pm. It is obvious that a reduction of
the waveguide width restriction the optical field more, resulting in a decreasing in mode number.
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Figure 1. Optical field profiles for ridge widths of (a) 2.5 um and (b) 5 um.

The refractive modal index increases with ridge width and gradually approaches the maximum
value when the ridge width is relatively large, which is shown in Figure 2a. It is worthy pointing
out that coupling length kL has a great influence on the characteristics of the DFB LDs. Figure 2b
shows the coupling length kL as a function of the ridge width when the etch depth was 500 nm and
the cavity length was 600 um. For the sidewall grating, the broad section including the ridge and
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grating had a width twice the size of the section of the ridge, whereas for the surface grating, the
broad section possessed a fixed width of 80 um. Obviously, kL showed a decreasing trend as the ridge
width increased. It must be pointed out that this calculation was based on the fundamental mode;
in the high order, mode kL had a relatively large value, leading to a moderate reflectivity. Since the
surface gratings had a greater width (and thus refractive index) in the broad area for the same ridge
width (compared with the sidewall gratings), they had a bigger refractive index difference An = (1,
—n1). As demonstrated in Equation (1), the coupling length kL was proportional to refractive index
difference An when the order and duty ratio of the gratings were defined. As such, the kL of the DFB
LD with surface gratings was slightly higher than that of the one with sidewall gratings when the ridge
widths of the two kinds of structures were identical.
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Figure 2. (a) Refractive index as a function of the ridge width. (b) Coupling length kL as a function of
the ridge width of the sidewall and surface gratings. Etching depth: 500 nm.

According to the Bragg condition, A = Am/2neg and the characterization of the emission at around
403 nm of the F-P LDs fabricated on the epitaxial wafer, the periods of the 10th-order and 20th-order
Bragg grating were calculated and found to be 824 and 1648 nm, respectively. Another parameter for
the gratings is the duty cycle y = (A — 0)/A, where 0 denotes the width of the etched trench. A duty
cycle of around 0.8 was adjusted for the gratings.

The designed complete structures of the DFB LDs with surface and sidewall gratings are depicted
in Figure 3. It is worth noting that the surface gratings had a larger grating width than the sidewall
grating and were much wider than the width of the ridge waveguide, while the width of the sidewall
grating was closer to that of the ridge waveguide. The LDs were fabricated from the AllInGaN
epi-structure composed of n-type and p-type epitaxial layers and InGaN/GaN multiple quantum
wells (MQWs) designed for the emission of 403 nm, including a lower cladding layer of 850 nm
Alp 075Gag 925N:Si, a 60-nm-thick Ing g3Gag 97N:Si lower waveguide layer, a multiple quantum well with
three 6.5- or 2-nm-thick undoped GaN quantum barriers and two 2.7 nm Ing ;Gag 9N wells, an upper
waveguide layer of doped 60 nm InGaN:Mg, a 20 nm Al 13Gg g7N:Mg electron blocking layer, a 450 nm
Alp 05Gag95N:Mg upper cladding layer, and a 10 nm GaN:Mg subcontact layer. The F-P LDs and DFB
LDs were fabricated on the same epi-wafer by the same manufacturing process except for the building
of the surface and sidewall gratings of DFB LDs. The 2.5-, 5- and 10-um-wide Ni/Au p-contact stripes
with a thickness of 10/30 nm were formed on the wafer by electron beam evaporation and a rapid
thermal process. The 150-nm-thick SiO; layer was deposited on the whole wafer by plasma-enhanced
chemical vapor deposition (PECVD) as the hard mask of etching of gratings and ridge waveguides for
DFB LDs. The 250-nm-thick positive polymethyl methacrylate (PMMA) resist was used to define the
gratings with periods of 824 and 1648 nm, the patterns of the gratings were constructed on both sides of
the p-contact stripes and perpendicular to them with this method of electron beam lithography (EBL),
the model of the EBL was Raith i-line plus with a write resolution of 7 nm. The patterns of gratings
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and ridge waveguides were transferred to the epi-structure of the wafer through reactive ion etching
based on CHF3/SF; gas and the dry etching of inductively coupled plasma (ICP) using Cl,/BCl; gas
in succession. The 300 nm-thick SiO, insulating layer was formed on the wafer by PECVD, and the
2-,4.5- and 8.5-um-wide openings on the ridge were given shape by dry etching the SiO; layer using
CHF3/SFg mixed gas before the 50/250 nm Ti/Au metal pad was deposited. The back side of the wafer
was thinned and polished to a thickness of 120 um, and then an n-contact Ti/Pt/Au metal layer with a
thickness of 50/50/250 nm was deposited on it. The processed sample was cut into bars with a cavity
length of 600 pm, and both front and back facets were uncoated.

—w  p-contactmetal s contactlaver
v

~a
n-contact metal
InGaN/GaN multiple

the structure of DFB laser with surface gratings quantum wells

the structure of DFB laser with sidewall gratings epitaxial structure

Figure 3. The structures of processed distributed feedback laser diodes (DFB-LDs) with surface gratings
and sidewall gratings, as well as the diagrammatic drawing of the cross profile of the gallium nitride
(GaN)-based epitaxial wafer.

3. Results and Discussions

3.1. The DFB LDs with the Surface Gratings

Table 1 compares the structure parameters of different manufactured LDs. Devices 1 and 4 are F-P
LDs with ridge widths of 2.5 and 10 um, respectively, that are compared with the fabricated DFB-LDs
with surface gratings. Devices 2 and 3 have the same ridge width and width and duty ratio of surface
gratings, but they have different grating periods of 824 and 1648 nm. The same parameters also apply
to Devices 5 and 6 except for the ridge width. All of them were fabricated from the same epitaxial
wafer and shared the same processing.

Table 1. The structure parameters of the fabricated distributed feedback laser diodes (DFB-LDs) of
surface gratings and Fabry—Pérot (F-P) LDs.

Sample Devicel Device2 Device3 Device4 Device5 Device6
Ridge width 2.5 um 2.5 um 2.5 um 10 pm 10 um 10 um
Width of grating of each side - 40 um 40 pm - 40 pm 40 pm
Period of gratings z 824 nm 1648 nm - 824 nm 1648 nm
Duty ratio of grating - 80% 80% - 80% 80%

The structures of the ridge and gratings of the DFB LDs with surface gratings were well formed,
as shown in Figure 4. The high resolution SEM graph in Figure 4a shows a lateral view of the DFB
LD with surface gratings, thus displaying the general structural features of the device. The actual
parameters of the ridge and the grating of the processed DFB LD are shown in Figure 4b, which were
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close to the designed values shown in Table 1. Figure 4c presents the sectional feature of the surface
gratings with a period of 1648 nm. It can be concluded that the gratings have the desired quality and a
depth of 481 nm close to the head of the upper waveguide layer, which means that they basically meet
our design requirements.

Figure 4. Scanning electron microscope (SEM) images of (a) an oblique view of the fabricated DFB

laser diodes with surface gratings, (b) a top vision of the 20th order surface gratings alongside a metal
stripe, and (c) a sectional structure of the surface gratings perpendicular to the facet of LDs.

The spectral measurements were conducted by a fiber spectrum analyzer (BIM6002, Brolight,
Hangzhou, China) with a resolution of 0.16 nm under a pulsed operation of a 500 ns pulse length and
1kHz repetition frequency. Figure 5 shows the emission spectrum chart of the DFB LDs (Devices 1-6)
with surface gratings and F-P LDs. All of them were operated at the impulsive condition of 1.2 times
the threshold current by the fiber spectrometer. Since the emission peaks of those LDs had different
intensities under certain test currents, the differences in the position of the bottom of the spectrums of
LDs were caused by the normalization process of dividing by the different highest intensities. The
emission peaks of Devices 1-6 were located at 402.13, 398.86, 398.50, 402.86, 400.50 and 400.86 nm,
respectively. Obviously, the DFB LDs had a shorter lasing wavelength than the F-P LDs with the same
ridge width because of the interaction between gratings and multiple quantum wells. The offset of
the 2~3 nm emission wavelength between the DFB and the F-P laser also confirms the modulation
effect of the grating. The full width at half maxima (FWHM) corresponding to DFB LDs for Devices
2,3, 5, and 6 were 0.37, 0.32, 0.52, and 0.50 nm, respectively. We can conclude that the DFB LDs
exhibited a narrower emission width and a single peak emission because of the modulation of the
gratings, while the F-P LDs for Devices 1 and 4 had distinct multimode characteristics. Additionally,
the FWHM of the emission of the DFB LD with the same ridge seems to have rarely been related to
the period of the gratings, while the DFB LD with the 2.5 um ridge width had a lower FWHM than
that with the 10 um ridge width. This can be partly explained by the fact that, as depicted in Figure 1,
the simultaneous oscillation of lateral modes sharing the same longitudinal mode number eventually
results in a wider spectral width. In addition, according to the equation L = Am/2neg—where neg =~ 2.5
and L = 600 um—the expected free spectral range (FSR) of the longitudinal modes of the F-P laser could
be approximately 0.05 nm at around 400 nm. Therefore, the DFB LDs possibly showed multi-mode
operation, but this phenomenon was not been confirmed because of the lack of the measurement
condition of the high resolution spectrum and the lateral far field.
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Figure 5. Emission spectrograms of fabricated laser diodes (Devices 1-6) driven by electrical impulses
with a 500 ns pulse width and a 1 kHz repetition rate.

3.2. The DFB LDs with the Sidewall Gratings

In addition, the DFB LDs with sidewall gratings were fabricated on the same epitaxial wafer, and
they shared the same processing steps with the surface grating DFB LDs. The structure parameters of
the fabricated LDs are shown in Table 2. Devices 7 and 8 had the same ridge width of 2.5 um, gratings
width of 1.25 um, and 80% duty ratio of gratings, but they had different grating periods of 824 and
1648 nm, respectively. The same parameters for DFB LDs with sidewall gratings except for the widths
of the ridge and gratings were applied to Devices 10 and 11. Device 9 was the F-P LDs with a ridge
width of 5 um, which was in contrast with the DFB LDs for Devices 10 and 11.

Table 2. Structure parameters of the fabricated DFB LDs of sidewall gratings and F-P LDs.

Sample Device 7 Device 8 Device9  Device 10 Device 11
Ridge width 2.5 um 2.5 um 5 pum 5 um 5 pum
Width of gratings of each side 1.25 pm 1.25 pm - 2.5 um 2.5 um
Period of gratings 824 nm 1648 nm - 824 nm 1648 nm
Duty ratio of gratings 80% 80% - 80% 80%

Figure 6 shows that the DFB LD with 20th order sidewall gratings was well fabricated. Figure 6a
is the top view of the DFB LD with sidewall gratings, and it depicts the structure of ridge, sidewall
gratings, double etching grooves, and the p-contact metal on the ridge. Figure 6b,c shows the actual
parameters of the ridge and gratings of the processed device, which are basically in conformity to the
values in Table 2. Sidewall gratings with a period of 1648 nm, a duty ratio of approximately 80%, and a
width of 1.25 um of each side alongside the ridge waveguide were observed. Since the corresponding
etchings processes were under the same experimental condition, the surface and sidewall gratings had
a similar etching depth and sectional morphology, as shown in Figure 4. The notches of the gratings
had a tilt angle as a result of the ICP etch process, so the average duty ratio of the fabricated gratings
was greater than 80% [23,24]. Moreover, the simulation results showed that the influence of the relative
large grating angle of 70° could be ignored [25], offering a high enough reflectivity for the DFB LDs.
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Figure 6. SEM images of a top view of the fabricated DFB laser diodes with 20th order sidewall gratings.
(a) An overall view of the DFB LD with double etching grooves; (b) a low power and (c) a high power
perspective of the ridge waveguide and the sidewall gratings along it.

The emission spectrum of the DFB LDs with sidewall gratings and the F-P LDs for Devices 7-11
can be seen in Figure 7, and the LDs were operated at a current around 20% above threshold current.
The emission peaks of the Devices 7-11 were 399.59, 399.95, 403.76, 401.4 and 401.77 nm, respectively.
The FWHMSs of the DFB LDs for Devices 7, 8, 10, and 11 were 0.25, 0.23, 0.42, and 0.48 nm, respectively,
which were slightly higher than the resolution of the fiber spectrometer. In the context of comparing
the multimode morphology of F-P LDs with the ridge of 5 um during lasing, the emission spectrum of
the DFB LDs showed a single peak because of the existence of the gratings. Similar to the previous
results, the DFB LDs of sidewall gratings had a lower lasing wavelength than the F-P LDs with the
same ridge width. In addition, the DFB LDs with a 2.5 um ridge width had a lower FWHM than those
with the 5 um ridge width, thus indicating that a narrow ridge width is favorable for the narrowing of
the linewidth of the DFB LD. According to the spectrum characteristics, we could speculate that the
effect of grating periods on the line width of LDs is not very evident.
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Figure 7. Emission spectrograms of processed laser diodes for Devices 7-11 driven by electrical
impulses with a 500 ns pulse width and a 1 kHz repetition rate.

3.3. The Comparison of Properties of the DFB LDs with Surface and Sidewall Gratings

Meanwhile, based on the good linewidth characteristics of DFB LDs with a ridge width of 2.5 um,
the characteristics of DFB LDs with sidewall and surface gratings and the F-P LD were compared in
the case that their ridge widths were all 2.5 um. The sidewall gratings need lower costs for writing
a smaller area of patterns than surface gratings which use EBL. The light output power and voltage
versus current (L-I-V) characteristics of the LDs were tested under the pulsed driving condition with a
pulse width of 1 us and a pulse repetition frequency of 10 kHz at room temperature to avoid generating
excess heat. Figure 8 shows L-I-V characteristics of the DFB LDs and the F-P LDs with the same
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ridge width of 2.5 um. The values of the threshold currents of Devices 1, 2, 3, 7, and 8 were between
450 and 560 mA, and their slope efficiencies were approximately 0.24, 0.12, 0.17, 0.13, and 0.19 W/A,
respectively. The deviations of the threshold current and slopes efficiency of the LDs with the same
structures were less than 8% and 13%, respectively. However, all of the F-P and DFB LDs tested
showed comparatively high threshold currents and lower slope efficiencies, which was mainly deemed
to owe to the performance of the epitaxial wafer. More intuitive and detailed results are shown in
Table 3.
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Figure 8. Light output power—current—voltage characteristics of Devices 1, 2, 3, 7, and 8 operated in
pulsed mode with a 1 us pulse width and a 10 kHz repetition rate.

Table 3. Electrical properties of the fabricated DFB LDs and F-P LDs.

Sample Device 1 Device 2 Device 3 Device 7 Device 8
Type of gratings - Surface Surface Sidewall Sidewall
Order of gratings - 10th 20th 10th 20th
Threshold current (518 £ 12) mA (539 £ 4) mA (550 + 10) mA (458 £ 7) mA (485 +19) mA

The slopes (235 + 15) (116 + 3) (172 £ 11) (129 £7) (189 + 6)
efficiency mW/A mW/A mW/A mW/A mW/A

FWHM 1.96 nm 0.37 nm 0.32 nm 0.25 nm 0.23 nm

From the data in Figure 8 and Table 3, it can be seen that DFB LDs with the same ridge width and
a lower grating period exhibited lower slope efficiency because of the higher value of kL compared to
those with high order gratings [26]. In addition, the slope efficiency of DFB LDs with sidewall gratings
was slightly higher than that of the DFB LDs with surface gratings but smaller than F-P LDs because
of the scatter losses and diffraction losses from the gratings. Besides, the FWHM of DFB LDs with
sidewall gratings was slightly lower than that of DFB LDs with surface gratings, and this may have
been due to the fact that the sidewall grating DFB LD had a narrower effective width in the whole
structure compared to the surface grating of the DFB LD with the same ridge width. Given its smaller
grating area, the sidewall grating DFB LD had fewer transverse modes, thus resulting in a smaller
FWHM compared to the surface grating DFB LD. Additionally, the linewidth of the DFB LDs with
a single peak emission showed a drastic reduction compared to that of the F-P LDs with multiple
lasing peaks.

4. Conclusions

In conclusion, the GaN-based DFB LDs that integrated with the surface and sidewall gratings
were investigated by the FDTD method. The surface and sidewall gratings alongside the p-contact
metal stripe on the ridge waveguide were fabricated by EBL and ICP etching on the same epitaxial
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wafer. The DFB LD with the 20th order, 80% duty-cycle surface gratings showed a single wavelength
emission at 398.86 nm with an FWHM of 0.32 nm under the electrical pulsed driving, and the DFB LD
with the 20th order, 80% duty-cycle sidewall gratings obtained a peak emission at 399.95 nm with an
FWHM of 0.23 nm. Additionally, both of the DFB LDs showed a narrower linewidth compared to that
of the F-P LDs. Moreover, the FWHM of the DFB LDs with the ridge width of 2.5 pm was obviously
lower than that of the DFB LDs using the same type of gratings with ridge widths of 5 or 10 um, which
indicates that the narrow ridge width was favorable for the narrowing of the linewidth. Furthermore,
the sidewall grating DFB LDs possessed a slightly higher slope efficiency than that of the surface
grating DFB LDs with the same ridge width and period of gratings. Given that, the DFB LD with
sidewall grating required a lower fabrication cost and achieved better device performance compared
to the surface grating DFB LDs, which makes it a better choice for these applications. In addition, in
order to further improve the performance of the DFB LDs, the optimization of the structure of the
gratings and the conduction of the cavity surface coating process are required to reduce threshold
current and improve slope efficiency. Additionally, the side-mode suppression ratio and the high
resolution spectral measurement are also required in future work.
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Abstract: The vertical-cavity surface-emitting laser (VCSEL) has unique advantages over the
conventional edge-emitting laser and has recently attracted a lot of attention. However, the output
power of GaN-based VCSEL is still low due to the large electron leakage caused by the built-in
polarization at the heterointerface within the device. In this paper, in order to improve the output
power, a new structure of p-type composition-graded AlyGaj_yN electron blocking layer (EBL) is
proposed in the VCSEL, by replacing the last quantum barrier (LQB) and EBL in the conventional
structure. The simulation results show that the proposed EBL in the VCSEL suppresses the leaking
electrons remarkably and contributes to a 70.6% increase of the output power, compared with the
conventional GaN-based VCSEL.

Keywords: GaN-based vertical-cavity surface-emitting laser (VCSEL); composition-graded AlyGa;_«N
electron blocking layer (EBL); electron leakage

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELSs) exhibit several advantages over edge-emitting lasers
(LDs), including high-speed direct modulation, circular mode profile, low threshold current, etc. [1-3].
Recently, although GaAs-based VCSELs that emit red or infrared light have been commercialized and
applied to various products, it is still hoped that VCSELs will not only cover the red area, but also
the blue and green spectrum region, thus constituting the ternary color of light for illumination,
display and communication of the next generation [4]. As wide-bandgap materials, the bandgap width
of gallium nitride (GaN) and its alloy materials are continuously adjustable from 0.7 eV to 6.2 eV,
covering near-red, green, blue, and ultraviolet. They have become the main material for manufacturing
short-wavelength light-emitting diodes (LEDs) and LDs. Recently, the GaN-based materials have been
applied to VCSELs and achieved important progress [5]. Universities and research institutes such as
National Chiao-Tung University [6], Nichia Corporation [7], University of California, Santa Barbara [8],
Sony Corporation [1], Xiamen University [9] and Meijo University [10] conducted good work on
the designing and manufacturing of blue GaN-based VCSELs. In 2018, Stanley Electric Co., Ltd.
demonstrated a GaN-based VCSEL with an output power of 7.6 mW by reducing both the internal loss
and the reflectivity of the front cavity mirror [11]. This structure achieved the highest output power of
a GaN-based VCSEL ever produced to the best of our knowledge. However, it is still relatively low as
a result of ignoring other mechanisms. For example, for InP and other semiconductor-based lasers,
lower threshold and higher output power can be achieved by designing the micro-cavities, which may
also have good effects in GaN-based VCSELs [12-14].
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Beyond designing the micro-cavities, in order to obtain higher output power, methods which
maximize the radiative recombination rate have been adopted by minimizing the electron leakage out
of the active region. Among those methods, AlyGa;_«N electron blocking layer (EBL) is usually placed
between the active region and p-GaN layer, since it provides a higher energy barrier in the conduction
band between quantum wells (QWs) and the p-layers. The higher energy barrier in the conduction
band contributes to the confinement of the electrons in the active region, so stronger output power can
be achieved [15]. However, the very commonly used Al,Ga;_«N EBL sometimes cannot efficiently
reduce electron leakage due to the polarization charge in that layer, which decreases the barrier height
for electron transport [16,17]. As such, the blocking effects of AlyGa;_ N EBL on electron overflow
are limited [18]. In addition, there are big differences in the polarization value and the energy barrier
height in the conduction band between Al,Ga;_«N EBL and In,Ga;_«N last quantum barrier (LQB),
which results in a large built-in polarization field and significant free electron accumulation at the
heterointerface between the two layers. This free electron accumulation outside of the active region
severely degrades the internal quantum efficiency. To solve this problem, Zhang et al. proposed a design
which replaces the In,Ga;_ N LOB with a tapered Al,Ga;_ N LOB in GaN-based LD [19], and Lin et al.
proposed another structure which replaces the Al,Ga;_ N EBL with a composition-graded Al,Ga;_4N
EBL in the VCSEL [20].

In this work, our concept is to improve the output power by optimizing the carrier transport.
We proposed an improved GaN-based VCSEL structure called GVCSEL to reduce the electron leakage.
In GVCSEL, the LQB and EBL in the conventional GaN-based VCSEL are replaced with a new layer
which consists of a composition-graded p-AlyGa;_«N layer and a p-AlyGa;_«N layer. The physical and
optical properties of the GVCSEL are investigated numerically with the Photonic Integrated Circuit
Simulator in 3D (PICS3D) software (Crosslight Corporation, Vancouver, BC, Canada). The results show
that the GVCSEL effectively confines the electrons in the active region and has a more uniform carrier
distribution. This contributes to a better radiative recombination and helps achieve a 70.6% increase of
the output power compared with the conventional GaN-based VCSEL.

2. Device Structure and Simulation Parameters

In this work, the conventional GaN-based VCSEL was used for comparison, as shown in Figure 1a[21],
which consists of 11 pairs of TayOs/SiO; as the bottom and top distributed Bragg reflectors (DBRs),
respectively. Then, there is a 5.3 um-thick n-type GaN layer (n-doping = 2.5 x 10'® cm~3) and five
periods of Ing 1Gag gN/Ing 935Gag 965N multi-quantum wells (MWQs). The thicknesses of the well and
the barrier are 4 nm and 8 nm, respectively, the n-doping of the barrier is 1 x 10'® cm~3, whilst the LQB
is undoped. Next there is a 20 nm-thick Alj21Gag 79N (p-doping = 5 X 10'® cm~3) EBL, followed by a
0.54 um-thick p-type GaN layer (p-doping = 1 x 10'® cm~3). On the p-type GaN layer, a 20 nm-thick
Si0; is employed as the current-confined layer. Following that, a 20 nm-thick indium-tin-oxide (ITO)
layer (p-doping =1 x 10! em™3) is employed as the current spreading layer and the diameter of the
current injection aperture is designed to be 10 um. The top metal ring contact confining the optical
mode is 12 um in diameter. Figure 1b shows the schematic diagram of the GVCSEL in this study,
which is formed by replacing the 8 nm-thick Ing 035Gag 965N LQB and 20 nm-thick Al »1Gag 79N EBL in
the conventional GaN-based VCSEL with a new layer. The new layer consists of a p-Aly_,021Gaj—079N
(p-doping = 5 x 10 cm™3) layer and a p-Alg2;Gag 79N (p-doping = 5 X 10'® cm3) layer, where the
thickness of the first layer is L nm and the thickness of the second layer is (28-L) nm. The GaN-based
VCSEL samples with L equals 6 nm, 8 nm and 16 nm are named GVCSEL1, GVCSEL2 and GVCSEL3,
respectively, and their parameters are given in Table 1. The conventional GaN-based VCSEL is named
CVCSEL for comparison.

The physical features and optical properties of the GVCSEL and CVCSEL were investigated
numerically with the Simupics3d program of Crosslight software. An important issue in simulation
is the selection of proper parameters in the physical models. In this study, we used a Mg activation
energy of 170 meV for GaN, which was assumed to increase by 3 meV per Al% for AlGaN [12].
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The Shockley-Read-Hall (SRH) lifetime and the Auger recombination coefficient were estimated to
be 100 ns and 1 x 1073* cm®s™1, respectively [22]. The built-in polarization caused by piezoelectric
polarization and spontaneous polarization was represented by fixed interface charges at every
heterointerface within the device, which was calculated using the methods developed by Fiorentini
et al. [23]. Here we took 50% of the theoretical value by setting the polarization screening to 0.5 [24].
We also considered the energy band offset ratio as 50:50 [25]. Other material parameters in the
simulation can be found in [26].
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Figure 1. Schematic diagrams of the (a) conventional gallium nitride (GaN)-based vertical-cavity
surface-emitting laser VCSEL (CVCSEL) and (b) proposed structure which is formed by replacing the
LOB and EBL in the CVCSEL with a new layer (GVCSEL).

Table 1. The thickness of p-Alj»1Gag 79N layer and p-Aly_21Gaj—079N layer of GVCSEL.

Sample Name GVCSEL1 GVCSEL2 GVCSEL3
p-Alp21Gag 79N 22 nm 20 nm 10 nm
p-Alp—021Ga1-079N 6 nm 8 nm 16 nm

3. Results and Discussions

Since the output power and the threshold current are interlinked, investigating both of them is
crucial to understand the performance of GaN-based VCSELs [17], we calculated the two performances
of CVCSEL and GVCSEL1-GVCSELS3, as shown in Figure 2. It was found that the output power of
CVCSEL was 0.179 mW and was lower than that of the GVCSELs in Figure 2a. In addition, the output
power increased from 0.267 mW to 0.306 mW when the thickness of L of the p-Aly_,021Gaj—0 79N in
the GVCSEL was increased from 6 nm to 8 nm, while with further increase of L from 8 nm to 16 nm,
the output power decreased from 0.306 mW to 0.303 mW. Thus, the highest output power was obtained
in GVCSEL2, which achieved a 70.6% increase of output power compared with the CVCSEL. Figure 2b
shows that the current threshold of the four samples first decreased and then went up. The lowest
threshold current was also achieved in GVCSEL2.

In order to reveal the origin of the observations in Figure 2, we calculated the distribution of the
electrons and the holes and the current density flowing along the vertical direction near the active
region of the four samples at an injection current of 6 mA, as shown in Figure 3. We also calculated the
distribution of the radiative recombination rate as shown in Figure 4a—d. In Figure 3a, the highest
electron concentration in the p-GaN layer was obtained in CVESEL, thus there was the largest electron
leakage. For the GVCSELSs, the electron concentration in the p-GaN layer decreased when L was
increased from 6 nm to 8 nm. However, the electron concentration in the p-GaN layer increased
when the thickness of L went up from 8 nm to 16 nm. Therefore, the lowest electron concentration in
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the p-GaN layer was obtained in GVCSEL2, which means that the largest reduction of the electron
leakage was obtained in GVCSEL2. Thus, the reduction of electron leakage is one of the origins of the
increase of output power and the reduction of the threshold current for CVCSEL-GVCSEL3. Figure 3b
illustrates that the hole concentration in p-GaN layers of the GVCSELs was almost the same with that
of the CVCSEL, which means that the hole injection is not changed in GVCSELs compared to CVCSEL.
Thus, the hole injection is not the origin of the change of output power and threshold current for the
samples. Figure 3c demonstrates that the electron overflow of GVCSEL was efficiently suppressed
and the most effective suppression of the electron overflow was obtained in GVCSEL2. There was
more uniform carrier distribution with the reduction of electron overflow. As a result, the radiative
recombination rate in GVCSEL was improved, as can be seen in Figure 4a—d, and the highest one was
obtained in GVCSEL2, as shown in Figure 4c. In summary, Figures 3 and 4a—d show that the increase
of the output power and the decrease of the threshold current for samples of GaN-based VCSEL can be
attributed to the reduced electron leakage and an increased radiative recombination rate.
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Figure 3. The distribution of (a) electron concentration; (b) hole concentration; (c) vertical electron
current density, of GVCSEL1-3 and CVCSEL at an injection current of 6 mA.

198



Micromachines 2019, 10, 694

Finally, for the purpose of investigating in-depth the origin of the reduced leaking electrons in the
GVCSEL, we calculated the distribution of the energy band at an injection current of 6 mA, as plotted
in Figure 4e-h. In CVCSEL, the effective barrier height of the EBL for the electrons was 223 meV,
which was lower than that of GVCSEL. Therefore, in CVCSEL the electrons were easier to leak into the
p-GaN layer. The increase of the electron leakage resulted in a more nonuniform carrier distribution in
the active region, thus lowering the radiative recombination rate and the output power. For GVCSELs,
when the thickness of L was increased from 6 nm to 8 nm, the effective barrier height increased from
263 meV to 303 meV. But the effective barrier height decreased from 303 meV to 280 meV when the
thickness of L further increased from 8 nm to 16 nm. This means that the highest effective barrier height
was the origin of the highest output power obtained in GVCSEL2. We can also see that the effective
barrier height of EBL for the holes was about 176 meV in CVCSEL and all three GVCSELs. Therefore,
the ability inject holes into the active region is almost the same in the CVCSEL and the GVCSELs, as
shown in Figure 3b. In summary, the origin of the increased output power for the GVCSEL is not the
rate of the injection holes but the suppressed electron leakage.
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Figure 4. Distribution of (a-d) the radiative recombination rate and (e-h) the energy band of GVCSELs
and CVCSEL at the injection current of 6 mA.

4. Conclusions

In our work, in order to improve the output power of GaN-based VCSEL, we proposed a structure
called GVCSEL, based on the concept of modulating the carrier distribution. A new layer was used
by combining the LQB and EBL in the conventional GaN-based VCSEL, which was made up ofa L
nm-thick composition-graded p-AlyGa;_«N layer and a (28-L) nm-thick p-Alj»1Gag 79N layer and
the Al component in the graded Al,Ga;_yN changed from 0 to 0.21. The thickness of L for the three
GVCSEL samples was selected to be 6 nm, 8 nm and 16 nm. The numerical simulation results showed
that all the GVCSELSs had improved output power. The higher output power in the GVCSELSs is an
attribute of the decrease of the large built-in polarization field and the reduction of the free electron

199



Micromachines 2019, 10, 694

accumulation at the heterointerface between the LOB and the AlyGa;_«N EBL. This further helped
the suppression of the electron leakage and contributed to a more uniform carrier distribution in the
active region, resulting in a higher radiative recombination rate in the quantum wells. What is more,
this proposed layer also introduced a stronger quantum barrier which can confine the carriers in the
quantum wells. In the GVCSELs, the one with a thickness of L of 8 nm obtained the highest output
power, which was 70.6% stronger over that of the CVCSEL, since it had higher effective barrier height
in the conduction band for electrons. Therefore, the GVCSEL output power can be accurately designed
by selecting the thickness of L.
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Abstract: In this paper, we present the fabrication and Direct Current/high voltage characterizations of
AlN-based thin and thick channel AIGaN/GaN heterostructures that are regrown by molecular beam
epitaxy on AIN/sapphire. A very high lateral breakdown voltage above 10 kV was observed on the
thin channel structure for large contact distances. Also, the buffer assessment revealed a remarkable
breakdown field of 5 MV/cm for short contact distances, which is far beyond the theoretical limit of
the GaN-based material system. The potential interest of the thin channel configuration in AIN-based
high electron mobility transistors is confirmed by the much lower breakdown field that is obtained on
the thick channel structure. Furthermore, fabricated transistors are fully functional on both structures
with low leakage current, low on-resistance, and reduced temperature dependence as measured up
to 300 °C. This is attributed to the ultra-wide bandgap AIN buffer, which is extremely promising for
high power, high temperature future applications.

Keywords: GaN; high-electron-mobility transistor (HEMT); ultra-wide band gap

1. Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTs) is a promising device for high-power
and high-voltage electronic applications [1-9]. GaN-based HEMTs are already commercially available
for up to 650 V applications. However, they are currently restricted to below 1 kV mainly because of
the total buffer thickness limitation with low bow and high crystal quality on large wafer diameters.
SiC is another attractive wide bandgap for higher voltage but still has limited impact for the moment
because of cost issues. In order to address the dynamic medium and high voltage markets beyond
1200 V while benefiting from low on-resistances, low leakage current, and low switching losses in a
cost-effective way, a novel breakthrough in power electronics performance requires a new generation
of materials. In this frame, the so-called ultra-wide-bandgap (UWBG) [10-13] materials such as AIN
(6.2 V), which have energy bandgaps that are larger than SiC and GaN, are very promising in enabling
the next leap forward in power electronics. An AIN-based material system has a unique advantage due
to its prominent spontaneous and piezoelectric polarization effects, but also its flexibility in inserting
appropriate heterojunctions, thus dramatically broadening the device’s design space. Furthermore,
AIN material represents the ideal back barrier for high voltage HEMT applications due to its large
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electrical breakdown field combined with a high thermal conductivity [14-17]. In turn, the AIN buffer
can potentially not only increase the electron confinement in a transistor channel, but can also help to
boost the breakdown voltage (BV), owing to its wider bandgap, while benefiting from an enhanced
thermal dissipation as compared to GaN-based devices [18-20]. In this paper, we experimentally
explore two AlGaN/GaN HEMT structures using a sub-10 nm thin and 240 nm thick GaN channel that
is grown on AlN/sapphire templates.

2. Material Description and Device Fabrication

Figure 1 shows a schematic cross section of the AIN-based heterostructures grown by ammonia
molecular beam epitaxy (MBE). The first structure, referred to as the thin channel structure, includes a
190 nm AIN buffer that was regrown on a 6 um thick AIN-on-sapphire commercial template followed
by a 8 nm thin GaN channel, a 10 nm AlGaN barrier layer with a high aluminum content (90%), and a
5 nm in-situ SiN cap layer. The growths were performed in a Riber Compact 21T MBE system that was
equipped with 80 cc crucible effusion cells that were designed to supply a uniform flux of group III
elements on 50 mm wafers [21]. After outgassing under high vacuum at 500 °C, the AIN-on-sapphire
templates were annealed under NHj3 (flow rate 200 sccm) at 850 °C prior to the growth of AIN buffer
using the same conditions at a growth rate of 100 nm/h. Then, the temperature was reduced to
780 °C in order to grow the rest of the structure, starting with the GaN channel. Based on previous
calibration samples, the growth rates of GaN and AIN were then adjusted to produce AlGaN barriers
with the desired Al content. While the structure with a 240 nm GaN channel and 29% Al barrier
was capped with a thin GaN layer in quite a standard procedure, which produced high performance
Radio Frequency HEMTs on silicon [22], the structure with 90% Al barrier was capped with a 5 nm
SiN layer in-situ grown at 700 °C using a silicon sublimation source (SUSI) from MBE Komponenten
(Weil der Stadt, Germany). The crystal quality of AIN was assessed by X-ray diffraction (XRD) using
omega scans. Rocking curves around the symmetric (002) reflections are mainly sensitive to screw
type threading dislocations and asymmetric (101) reflections are sensitive to any type of threading
dislocations, edge, mixed, and screw type. The full widths at half maximum (FWHM) of AIN (002)
and AIN (101) reflection peaks were estimated below 350 arcsec and 500 arcsec, respectively, for both
samples, indicating a mean threading dislocation density in the range of fewer than 108/cm?. On the
other hand, the signal of GaN reflections were too weak for the correct determination of (002) and (302)
peak widths for the 8 nm channel, whereas they were evaluated at 450 arcsec and 1940 arcsec for the
240 nm GaN layer, indicating a mean threading dislocation density in the range of fewer than 10°/cm?.
Interestingly, such values are in a similar range as 1,7 um thick GaN layers were developed to produce
high performance HEMTs on silicon [22,23]. The 2DEG properties that were obtained by the Hall Effect
measurements show a sheet carrier density of 1.9 x 10'3 cm~2 and an electron mobility of 340 cm?/V's.
The rather low mobility can be attributed to the thin channel and/or the high Al content into the barrier
layer, which can still be optimized, with large room for improvement. A high resolution Transmission
Electron Microscopy picture of the active layers is also shown in Figure 1. Sharp interfaces and high
material quality are observed. The second structure (Figure 2), which was grown on a similar template,
consists of a 240 nm thick GaN channel, a 10 nm AlGaN barrier (29% Al), and is capped with a 2 nm
GaN layer. The 2DEG properties show a charge density of 1.1 x 10'*> cm™ and a higher electron
mobility of 1500 cm?/V's.
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Figure 1. Schematic cross section of the thin channel structure (left) and high resolution Transmission
Electron Microscopy picture of the active layers grown by molecular beam epitaxy (MBE) (right).
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Figure 2. Schematic cross section of the thick channel structure.

For the two structures, a Ti/Al/Ni/Au metal stack was used to form the ohmic contacts on top
of the barrier layers by fully etching the cap layers, using a Fluorine-based plasma for the SiN cap
layer and a Chlorine-based plasma for the GaN cap layer. A rapid thermal annealing was applied at
750 °C and 875 °C on the thick and thin channel structures, respectively. Contact resistances of about
0.6 ('mm were obtained. Then, the device isolation was achieved by nitrogen ion implantation. Ni/Au
stack was used as a gate metal and was deposited on top of the cap layers.

3. Results and Discussion

Figure 3 shows typical lateral breakdown measurements performed on isolated contacts with a
2 pm spacing for both structures while the substrate is floating. The probes are emerged in a Fluorinert
solution in order to avoid electrical arcing in air under high voltage. The thin channel structure shows
a lateral BV that is slightly higher than 1000 V, which corresponds to a remarkable breakdown field
above 5 MV/cm. It can be pointed out that this value is far beyond that of a GaN-based material
system [24]. To the best of our knowledge, this is the first high voltage demonstration on AIN-based
HEMTs using a thin GaN channel. The lateral BV was measured on the thick channel structure in
the same way, resulting in 270 V for the same contact distance of 2 um (<2 MV/cm). As expected,
BV is dominated by the thick GaN channel in this case and is thus similar to the best conventional
GaN-based HEMTs. However, it appears that the breakdown mechanism may not be a limitation when
using a sub-10 nm thickness, enabling it to benefit from the AIN bandgap for short contact distances
(i.e., under high electric field).
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Figure 3. Lateral breakdown voltage at Room Temperature on isolated contacts with a 2 um distance of
thin and thick channel structures. The probes that were emerged in a Fluorinert solution on top of the
contacts are also shown.

Figure 4 shows the lateral breakdown measurement on isolated contacts with a 96 um spacing
using a Keysight B1505A with N1268A Ultra High Voltage Expander. A significant lateral breakdown
up to 10 kV (limit of the set-up) is achieved with a leakage current of 300 nA/mm on the thin channel
structure. The very high blocking voltage and the low leakage current show that the heterostructure
does not suffer from any parasitic conduction as full depletion down to the sapphire substrate may
occur. The thick channel structure yields a value below 7000 V. On top of the much lower BV, we
can also notice a higher leakage level compared to the thin channel structure. Figure 5 represents the
lateral BV for various contact distances, confirming a systematically lower breakdown field for the
thick channel structure. The lower breakdown field for the larger contact distances can be attributed to
the regrown interface states that are activated under very high electric field. Considering that the AIN
templates and the MBE regrowth are similar, it can be stated that the sub-10 nm channel thickness is
beneficial for high voltage operation in this material system.
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Figure 4. Lateral breakdown voltage at RT on isolated contacts with a 96 um distance of thin and thick
channel structures. The probes that were emerged in a Fluorinert solution on top of the contacts are
also shown.
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Figure 5. Lateral breakdown voltage at RT on isolated contacts with a 96 um distance of thin and thick
channel structures. The probes that were in a Fluorinert solution on top of the contacts are also shown.

DC characteristics of both structures show fully functional devices, as seen in Figure 6 for both
structures. For the thin channel structure, the off-state leakage current at Vpg = 4 V is around 200 nA/mm
and the static on-resistance Roy scales are expected with the gate-drain distance to reach values below
15 mQ-cm? for a 5 um distance. However, despite fully functional transistors with low leakage current
and low on-resistance, a rather limited BV on transistors of about 600 V was measured, which is
attributed to the non-optimized SiN passivation layer. On the other hand, in agreement with the buffer
characteristics, more than two orders of magnitude higher off-state leakage current is observed on
thick channel transistors.
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Figure 6. Transfer characteristics (left) for thin and thick channel structures and output characteristics
(right) of the thin channel structure at RT.

Figure 7 depicts the transfer characteristics at various temperatures for the thin and thick channel
structures at Vpg = 10 V. A low variation of the off-state leakage current and the threshold voltage (V1)
is observed up to 300 °C even though the thick channel structure delivers a higher leakage current level.
It can be stressed that at such a high temperature, AIGaN/GaN HEMTs using standard (Al)GaN-based
buffer layers generally show Vry shift and especially significant leakage current increase due to a
higher charge conductivity within the buffer layers. Therefore, it appears that the use of AIN material
as a buffer may enable it to push the temperature limitation of GaN-based transistors. Furthermore, as
expected, the on-state current density drops with the temperature increase due to the decrease of the
electron mobility, which is induced by increasing phonon scattering [25]. However, the current density
degradation is lower in the case of the thin channel. This indicates that the channel temperature for
the thin channel devices is lower under the same bias conditions. This effect is probably due to the
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lower dislocation density at the GaN/AIN interface in the case of the thin layer, in turn reflecting the
benefit of the high AIN thermal conductivity [26,27]. Further experiments such as Infrared/Raman
thermography would be needed in order to fully confirm the thermal stability improvement.
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Figure 7. Transfer characteristics at Vpg = +10 V as a function of temperature (from 150 °C to 300 °C)
of the thin channel structure (left) and the thick channel structure (right).

4. Conclusions

This work presents the fabrication and characterization of thin and thick channel AlGaN/GaN
HEMTs grown on AlN/sapphire templates. Lateral buffer breakdown voltage assessment of the thin
channel reveals a remarkable breakdown field of 5 MV/cm for short contact distances, which is far
beyond the theoretical limits of a GaN-based material system. Furthermore, fabricated transistors are
fully functional with low leakage current and low on-resistance. The use of a sub-10 nm ultrathin
GaN channel may not be a limiting factor for the breakdown mechanism of transistors. Temperature
measurements up to 300 °C show that the AIN buffer enables increased temperature stability of
GaN-based transistors. When combined with a thin channel, the related transistors may deliver lower
channel temperatures as compared to devices with thicker channels. Proper passivation and associated
processing will allow us to take advantage of the properties offered by AIN-based devices, providing
both low resistances and high voltages well above 1 kV.
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Abstract: Among the different semiconductors, GaN provides advantages over Si, SiC and GaAs
in radiation hardness, resulting in researchers exploring the development of GaN-based radiation
sensors to be used in particle physics, astronomic and nuclear science applications. Several reports
have demonstrated the usefulness of GaN as an x-particle detector. Work in developing GaN-based
radiation sensors are still evolving and GaN sensors have successfully detected a-particles, neutrons,
ultraviolet rays, x-rays, electrons and y-rays. This review elaborates on the design of a good radiation
detector along with the state-of-the-art a-particle detectors using GaN. Successful improvement
in the growth of GaN drift layers (DL) with 2 order of magnitude lower in charge carrier density
(CCD) (7.6 x 10/cm?) on low threading dislocation density (3.1 x 106/cm?) hydride vapor phase
epitaxy (HVPE) grown free-standing GaN substrate, which helped ~3 orders of magnitude lower
reverse leakage current (Ig) with 3-times increase of reverse breakdown voltages. The highest
reverse breakdown voltage of —2400 V was also realized from Schottky barrier diodes (SBDs) on a
free-standing GaN substrate with 30 um DL. The formation of thick depletion width (DW) with low
CCD resulted in improving high-energy (5.48 MeV) a-particle detection with the charge collection
efficiency (CCE) of 62% even at lower bias voltages (=20 V). The detectors also detected 5.48 MeV
a-particle with CCE of 100% from SBDs with 30-um DL at —750 V.

Keywords: GaN-on-GaN; schottky barrier diodes; high-energy a-particle detection; low voltage;
thick depletion width detectors

1. Introduction

Nuclear reactions normally emit different high-energy particles such as a-particle, 3-particles,
neutrons, y-radiation and x-rays. As each of these emitted particles interacts with matter differently,
a study into a-particle detection is highly important [1]. Due to the high mass and density of an
«a-particle, the distance traveled by «-particle is limited to only a few centimeters during which it
loses all its energy along the path. In general, x-particles traverse only a few microns in any solid
before losing all its energy. The energy transferred from the x-particle gets converted into heat. This
distance traversed by «-particle plays an important role as only the atoms in this area can interact with
the «-particle.

Micromachines 2020, 11, 519; d0i:10.3390/mi11050519 211 www.mdpi.com/journal/micromachines
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1.1. Gaseous Ionization Detectors

Ionization detectors are used to detect ionizing radiation like x-particle and 3-particle. Figure 1
shows a typical schematic of an ionization chamber in which an external voltage is applied to keep the
conditions in ionization region. A basic ionization detector consists of a chamber filled with a suitable
gaseous medium (see Figure 1). Ionization detector is dependent on the effect of a charged particle
passing through the gaseous medium. The gaseous medium should have the following qualities:

e  chemically stable and inert
e low ionization energy realizes maximum ionization of the medium
e low sensitivity to radiation damage to realize a longer lifetime of the detector.

lonization Chamber

HV v

high penstrating gamma || Px

rays can enter via the (42

i’ 1 i
outer wall ai 1B

low penetrating alpha and
beta rays can enter via an
end window

Figure 1. Schematic set-up of an Ionization detector [2,3].

Typically noble gases like helium (He) and argon (Ar) are used in nuclear power plants to measure
a-particles, 3-particles and y-rays.

The ionization chamber has two electrodes across which a very large voltage (>1 kV) is held.
When ionizing radiation enters the ionization chamber it generates electron-ion pairs, whose behavior
is dependent on the external electric field. Under the high electric field, the generated electron-ion pairs
move towards opposite electrodes as the extremely high electric field prevents their recombination.

Ionization chambers are preferred for high radiation dose rates as they do not have any dead
time as these detectors have no inherent amplification of the signal. The absence of an amplification
component enables the use of ionization chamber immediately after large current detection. In addition,
the absence of amplification also helps to provide excellent energy resolution as amplification increases
electronic noise.

Although Ionization chambers have many advantages discussed above, the high voltage requirement
and the required directionality of incident x-particles restricts its use. The use of a gas chamber increases
the fragility of the equipment and reduces portability of the detector. Further details on the principle and
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method of operation of ionization detectors can be found in Lamarsh, J.R. et al. [1], Burn, R.R. et al. [4]
and Rossi, B. et al. [5].

1.2. Scintillation Detector

Scintillation is a flash of light observed when a transparent material interacts with a charged
particle. By detecting the flashes of light produced by a scintillator using a photodetector detection of
radiation is possible (see Figure 2). A scintillation detector mainly consists of two key elements.

e  Scintillator—it generates photons in response to incident radiation.
e  Photodetector—a sensitive photodetector converts the incident light into an electrical signal.

Incident Particle Luminous - High Voltage

Photon Secondary - Source
Photoelectron

“ . ’ ‘ ‘\\ 7
STl S~ < Pulse discriminator,
L LT digital counter,
\ - 4 !
v - multichannel analyser
VA > or
el a coincidence curcuit

TLight Screen

Photoelectron High Voltage Divider
& Pulse Amplifier I 1 i

Photo Cathode

Photo multiplier

Light Guard

Optical Contact

Scintillator

Datastorage ]
system

Figure 2. Schematic set-up of a Scintillation detector [3].

The basic operating principle of the scintillation detector involves the conversion of incident radiation
energy to optical energy by a scintillator, which produces flashes of varying intensity. The intensity of the
optical energy generated is dependent on the energy of the incident radiation (see Figure 2).

Scintillation detectors are highly beneficial for its high efficiency, precision and counting rates.

The intensity of flashes generated by the scintillator and the output voltage is directly proportional
to the energy of the incident particle. Therefore scintillators can be used for the determination of the
number of incident x-particles and their energy.

The use of Scintillation based detector involves multiple energy conversions resulting in conversion
losses and introduction of noise. Along with multiple energy conversions presence of amplifiers in
the circuit results in a significant dead time which reduces the maximum dosage of a-particles which
can be detected. The amplifier also introduces electronic noises resulting in poorer energy resolution.
Apart from the disadvantages due to the setup, scintillation based detectors generate 1/10 the intensity
of light due to the incidence of x-particles when compared electrons of the same energy. This reduced
sensitivity is due to a-particles being heavier in comparison to electrons. Inorganic crystals like ZnS
are generally used in the fabrication of scintillators [1,2]. Further details on the principle and method
of operation of scintillation detectors can be found in Teo, W.R. et al. [6] and Knoll, G. et al. [7].
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1.3. Solid-State Semiconductor Detectors

Solid-state detectors are made of semiconductors and operate by generating current on interaction
with ionizing radiation. The interaction of semiconductor material with ionizing radiation like x-particle
results in the excitation of an electron. This excited electron moves out of its energy level creating
electron-hole (e-h) pairs. The energy of the incident radiation particle is utilized to generate multiple
e-h pairs, hence higher the incident energy higher the e-h pair generation. Figure 3 shows a schematic
of a semi-insulating GaAs «-particle detector.

Very thin front Back Ohmic
Schottky Contact Contact

a-particle semi-Insulating Bulk

GaAs Wafer /'

n-type implants

<

®

Figure 3. Schematic diagram of GaAs Schottky Barrier Diodes for a-particle detection.

Operating principles of Semiconductor radiation detectors:

e Jonizing radiation enters the depletion width (DW) of Schottky Barrier Didoes.

e Radiation passing through the DW generates e-h pairs. The number of e-h pairs generated
depends on the incident energy of the particle.

e The external electric field forces e-h pairs to traverse to the electrodes and result in a pulse which
can be recorded by an external circuit. The ratio of detected energy to incident energy has been
termed as charge collection efficiency (CCE).

e  Generated pulse carries information about the energy of the incident radiation and the number of
such pulses gives the intensity of the radiation.

Based on the principles of operation of semiconductor detectors, for their successful operation,
the following considerations are important. These considerations can be classified into material
characteristics and device characteristics.

e  Material Characteristics—Material characteristics like the displacement energy (E;) and e-h pair
creation energy of the semiconductor play a vital role. While E; determines the lifetime of the
detector, e-h pair creation energy determines the sensitivity of the detector.

e Device characteristics—Electrical characteristics of the fabricated device like the generated DW
and leakage current determine the maximum detectable energy incident on the detector and the
sensitivity of the detector.

Properties of Selected Semiconductors

While electrical properties like E; and e-h pair creation energy of the semiconductors play a vital
role in determining the detector performance, other properties like thermal conductivity, bandgap,
breakdown strength and so forth, also play a role. Bandgap defines the lowest detectable energy,
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thermal conductivity regulates the maximum operable temperature range and breakdown strength
determines the maximum DW, which can be generated for any material. A summary of important
material characteristics has been listed in Table 1 below.

Table 1. Material characteristics of different semiconductors used for the o-particle detection along
with the best-reported detector performances.

Properties Si GaAs SiC GaN Diamond
Band gap (eV) 1.12 1.4 3.3 3.4 6
Electron Mobility (cm?/Vs) 1450 8500 800-1000 1000 1800-2200
Sat. elec. Drift velocity (x107 cm/s) 1.0 1.2 2 2 27
Breakdown Strength (MV/cm) 0.5 0.4 2.2 33 10
e-h pair creation (eV) 3.6 43 7.8 8.9 13
Displacement Energy, E; (eV) [8] 13 10 Si—c?;g ?9] N—Cl;g‘;4[51 0] 35[11]
Bias Voltage Required to achieve 100% CCE (V) 24 [12] 150 [13] 200 [14] 300 [15] 15 [16]
Detected Spectral Energy Resolution (%) 0.23 15 0.25 1.29 0.35

Si-based radiation detectors—Si has a decently high E; of 13 eV accompanied by a well-developed
device fabrication technology [8]. While high E; results in a good life-time of the detector, the established
fabrication technology is important to fabricate detectors with wide DW and low leakage currents.
Diodes are made from narrow strips of Si (~100 um), which are then reverse biased to generate a thick
DW. As a-particles pass through this DW, they cause small ionization currents that are detected and
measured. Arranging multiple such thin detectors in an array can provide an accurate picture of the
a-particle distribution in a measurement setup. Such strip detectors are widely used in the Inner
Tracking System (ITS) of A Large Ion Collider Experiment (ALICE) [3]. The matured Si technologies
have resulted in the development of Si detectors with the lowest energy resolution (0.23%) [12] which
is very advantageous in differentiating various spectra of x-particles based on their energies.

Similarly, other semiconductors like GaAs were also explored as an alternative to Si-based
detectors. Although GaAs has lower E; at 10 eV [8], GaAs is a direct energy bandgap semiconductor
that allows direct transition of electrons from the valence band to conduction band without any change
in their momentum. Electrons in the direct conduction band valley experience very high mobility
(~7000 cm?/V-s) which helps the device function at lower voltages. The high electron mobility in GaAs
accompanied with developed growth process development of GaAs have led to the development
of Semi-insulating GaAs based «-particle detectors. The low doping density helps generate a thick
DW at even at low voltages resulting in decently good energy resolution (0.89%) [17]. The primary
drawback of both GaAs and Si-based detectors is that they have low Ej; resulting in a lower lifetime of
the detector.

Although SiC, GaN and Diamond are not as developed in terms of growth and fabrication, their
material characteristics exhibit their immense potential as radiation detectors due to their higher E;.
Among the semiconductors listed in the Table 1, diamond shows the best material characteristics for
radiation detection [16], which has resulted in the fabrication of a-particle detectors with a high energy
resolution of 0.35% while detecting 5.48 MeV o-particles with 100% CCE at 15 V. Despite the superior
material characteristics, the difficulties involved with the growth of a single crystalline diamond
accompanied by the cost involved restricts the usage of single crystalline diamond for radiation
detection. While SiC based «-particle detector have performed exceedingly well in low voltages with
good energy resolution (0.25%), the E; of SiC is still lower than GaN making GaN a better choice for
fabricating a-particle detectors.
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2. GaN «-Particle Detector

Among the III-V semiconductors, Gallium Nitride (GaN) emerged as the best semiconductor
materials for lighting [18-20], electronic [21,22] and sensing applications [23,24] due to their superior
inherent material properties such as a high direct bandgap, critical electric field, electron and saturation
velocity in comparison with other popular semiconductors. High energy bandgap accompanied with
large theoretical E; (109 eV for N and 45 eV for Ga) [25] and high thermal stability (melting point 3500 K
at a 9 GPa pressure [26]) has also resulted in GaN being used for radiation detection applications [27].
Compared with semiconductor materials like Si and GaAs, GaN can operate at higher temperatures for
a longer time. A review article by Sellin, PJ. in 2006 compared different wide bandgap semiconductors
in high radiation environments and concluded that GaN was a promising candidate for «-particle
detection despite GaN being relatively immature as a semiconductor [28].

The first group to report an o-particle detector fabricated on GaN employed a 2-2.5 pm thick
GaN layer grown by metalorganic chemical vapor deposition (MOCVD) on a sapphire substrate.
While these detectors performed reasonably well, their performance was highly limited due to the
thin DW and high leakage currents in the devices. The absence of free-standing GaN substrate
resulted in hetero-epitaxial GaN which used sapphire, Si or SiC as its substrates. The high lattice
mismatch between epitaxial GaN with its substrate has resulted in high threading dislocation density
(TDD). High TDD increases the reverse leakage current (Jg), which is detrimental to the x-particle
detector performance.

With the improvement in GaN growth technology researchers developed free-standing GaN with
low TDD and thereby GaN-on-GaN wafers. This led to the development of Schottky barrier diodes
(SBD) which have thick epitaxial layer and low TDD. Zhao et al. has previously reported the effects of
reduced TDD by comparing SBD characteristics of GaN on sapphire and GaN-on-GaN SBDs. Use of
GaN substrate has helped reduce TDD by ~3 orders of magnitude (see Table 2) thereby reduce leakage
current by more than ~6 orders of magnitude [29].

Table 2. Lowest reported threading dislocation density (TDD) in GaN drift layers on different substrates.

Parameter Si Sapphire SiC GaN
Lattice mismatch -17% —33% 3.5% 0
Thermal Mismatch 116% -23% 24% 0

TDD (/em?) ~10° ~10° ~107 ~10*

In addition to the semiconductor material properties, the electrical properties of DW also affect
the performance of the detector. Devices like p-n diode, pin diode and Schottky diode structures can
be used to generate a DW. Detector performance widely depends on the device fabricated.

2.1. p-n Diodes

Sugiura, M. et al. has recently reported for the first time a p-n diode-based x-particle detector.
Figure 4 shows the schematic of GaN p-n diode used for x-particle detection [30]. These p-n diodes
exhibited a mobility/life-time product of 4.6 x 10~ cm?/V which is lower than the values reported
for CdTe (~1073 ecm?/V) and TIBr (~1073 ¢m?/V). From the values of mobility/life-time product
M. Sugiura et al. also concluded that GaN is a suitable material for radiation sensing applications.
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Ni/Au
p-GaN

Ti/Al/Ti/Au

Figure 4. Cross-sectional schematic of GaN p-n diodes for x-particle detectors.
2.2. PIN Diodes

Wang, G. et al. has reported a PIN diode based x-particle detector. The use of an 8 um intrinsic
GaN layer between p-GaN and n-GaN increases the thickness of formed DW, which in turn helps to
detect higher energy particles with improved sensitivities [31].

Figure 5 shows the diode schematic of the PIN «-particle detector used to detect 700 keV «-particles
with a CCE of 80% and an energy resolution of 50%.

Ni/Au
p-GaN

Un-doped GaN

Figure 5. Cross-sectional schematic of GaN PIN diode structure for a-particle detector.

Authors also predict the use of a thicker intrinsic layer may increase detectable energy and reduce
energy resolution.

2.3. Schottky Barrier Diodes

Unlike the p-n diodes and PIN diodes, SBDs have been the most popular GaN device for radiation
detection. Multiple research groups have fabricated different structures at different stages of the
development of GaN growth technologies. The various schematics of different structures of GaN SBD
based a-particle detectors have been reviewed by Wang, J. et al. [32].

The best performing x-particle detector structure is shown in Figure 6. This kind of structure is
called a sandwich structure. The use of a thick GaN layer sandwiched between both electrodes helps
generate a thick DW hence detect higher energies of x-particles. This structure was first employed by
Lee et al. [33] reported the first implementation of a sandwich structure, in which the GaN layer had
unintentional H5 traps in the top 30 um of the active area. These H5 traps resulted in reducing the
charge carrier density (CCD) resulting in the detection of 5.1 MeV «-particle energy with 90% CCE.
The sandwich structure was also fabricated by Mulligan et al. [34] but the detector had a very high
CCD (10'%/cm3) resulting in the formation of a thin DW and detection of only 325 keV a-particles. Most
recently, Xu, Q. et al. has reported x-particle detector based on a sandwich structure that can detect
5.48 MeV a-particles with 100% CCE at —550 V [35], which is the highest detected «-particle energy.
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Schottky

Figure 6. Sandwich structure of alpha particle detectors.

In comparison to the thin film structures, sandwich structures with free-standing GaN substrates
have lower TDD. surface morphology Thicker DW helps to detect higher energy particles. Other than
TDD, CCD also plays an important role in the generation of a thick DW. Higher CCD reduces DW,
hence it is mandatory to reduce the CCD of the detector to detect higher energies. The use of a bulk
GaN substrate with low CCD increases the resistance of the detector thereby increasing the voltage
required to function at full potential. Table 3 lists all reported GaN a-particle detectors including their
structure, detected energy and CCE.

Table 3. The state-of-the-art GaN-based o-particle detectors.

e Type of DLT Reverse Source Energy  Det. Energy

Affiliation Detector (um) Bias (V) (MeV) (MeV) CCE

Vilnius Univ. [36] DsC 2-25 28 5.48 0.55 92%
Institute of Rare Metals [37] Mesa 3 - 5.157 1.129 100%
. 2.5 16 5.48 0.477 94%

Univ. of Glasgow [38] Mesa 12 150 5.48 12 53%

Ohio State Univ. [34] Sandwich bulk 20 5.48 0.325 6%
Ohio State Univ. [35] Sandwich bulk 550 5.48 5.48 100%
Chonbuk National Univ. [33]  Sandwich 30/bulk 120 5.1 4.59 90%

From Table 3, it can be observed that higher energy has been detected by sandwich structures but
they require high reverse voltage bias conditions for successful operation. To overcome the high-voltage
requirement of a sandwich structure, a low CCD epitaxial layer on highly doped GaN substrate could
be used [15]. The low CCD epitaxial layer helps to operate the detector at lower voltages however,
highly doped substrate helps to form a low resistance Ohmic contacts.

3. Design Considerations and Material Characteristics

In order to improve the low voltage functionality of a GaN-based a-particle detector, an epitaxial
layer whose thickness is corresponding to the target detectable a-particle is required. The required
thickness of DW can be simulated using stopping range of ions in matter (SRIM) [39].

From the simulation results shown in Figure 7, 14.58 um was determined to be the minimum DW
required to detect 5.48 MeV a-particle energy generated from a *! Am source. In order to generate a
14.58 um DW SBDs with 15 um and 30 um drift layer thickness with very low CCD need to be fabricated.

Material characteristics of the GaN DL like crystalline quality, threading dislocation density
(TDD), surface morphology and CCD of GaN DL play an important role in determining the detector
performance. Use of thick GaN substrate to grow the 15 um and 30 um GaN DL has ensured the high
crystalline quality of the DL which was measured by 2 theta-omega scan using XRD. The full-wave
half maximum (FWHM) was measured at 108.4 arc.sec and 260.6 arc.sec in 002 and 102 orientations,
respectively (see Figure 8a and Table 4). These values of measured FWHM are lower than the maximum
reported values of 310 arc.sec (002) and 350 arc.sec (102) [40]. The use of a GaN substrate has also
reduced the TDD in DL generated due to lattice mismatch between the substrate and the DL. A TDD of
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3.6 x 10°/cm? was measured using multiphoton excitation photoluminescence microscopy (MPPL) [41]
which was similar to the TDD of the GaN substrate (see Figure 8b and Table 4). Polishing of the DL has
reduced the rms roughness of the surface of the DL 0.206 nm (see Figure 8c and Table 4). While to
reduce the unintentional n-type CCD and increase DW p-type dopant (Mg) was doped in the drift
layer [42,43]. The presence of Mg and its concentration in the DL was extracted from Secondary Ions
Mass Spectroscopy (SIMS) analysis. The reduced CCD of 7.6 x 10'#/cm?® was measured from the
elemental concentrations and verified Hall measurements (see Figure 8d and Table 4).

Energy (MeV)

0 S
0 4 8 12 16 20 24 28 32 36
DW (um)

Figure 7. o-particle range in GaN calculated by stopping range of ions in matter (SRIM).

25
GaM 002
20 0.03°
kS 108.4 arc sec
=15
=
[
§'° GaN 102
E 0.072°
5 2680.6 arc.sec
. giu
165 17.0 235 240 245

Omega ()

(b)

1x101

1x10"7

Concentration (Atoms/cm?)

2 1x10%
1x10%
1x10M
0 1 2 3 4 5
Depth (um)
(d)

Figure 8. (a) X-ray diffraction (XRD), (b) TDD (MPPL), (c) Atomic force microscopy (AFM) and (d) SIMS
Characteristics of the wafer.
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Table 4. Material properties of MOCVD grown GaN drift layers (DL)s such as 2 theta-omega scan,
root mean square (RMS) surface roughness, TDD, elemental concentrations and charge carrier density
(CCD) measured by SIMS (Si limit 1.0 x 10™ and Mg limit 2.0 x 10'#) and Hall.

XRD (2 theta-omega scan) TDD RMS Siconc. Mg conc. CCD = Np-Nj (/em®)
DLT 002 102 (MPPL) Roughness (/em®) (/em®)
(um) (arc.sec) (arc.sec) (x10%cm?)  (AFM) (nm) (Np) (Na) SIMS Hall
15 108.4 260.6 3.3 0.206 15%x 10  15x10° 76x10™ 75x10™
30 130 236 42 0.210 6x10"°  1x10® 5x10 52x10%°

4. Detector Fabrication

The SBD fabrication started with a complete cleaning of the wafer with piranha solution
(H2504:Hy0; = 4:1) and organic cleaning (acetone and isopropanol) followed by dipping the wafer
in buffered oxide etchant (BOE) for 2 min for the formation of an excellent metal-semiconductor
interface [44]. After the preparation of the surface, the ohmic contact was formed by depositing
Ti/Al/Ni/Au (20/120/40/50 nm) at the bottom of the wafer (N-face) of the wafer using e-beam, followed
by rapid thermal annealing at 775 °C for 30 s in N, ambience. Ti acts as the first layer of Ohmic stack
which forms a low-resistance contact, as Ti helps in the generation of N-vacancies after annealing,
which increases CCD and promotes tunneling [45]. The second layer deposited was Al which is used
to absorb excessive Ti material [44], while Ni is used as a barrier metal, which confines the downward
diffusion of the fourth layer (Au) [46]. The top layer of Au protects layers below from oxidization [47].
Multiple SBDs of varying sizes were then fabricated by depositing Ni/Au (50/1000 nm) on the Ga-face
of the wafer. Ni was selected to be the first layer due to the difference in work functions of GaN (4.2 eV)
and Ni (5.04 eV) [48], which helps to form good Schottky contact (see Figure 9).

As-grow wafer Ohmic Contact Formation Schottky Contact Formation

Schottky Contact

Gal - Gal

Ohmi':cq,,mt

'Mic Contact

Figure 9. Fabrication of 1 mm GaN Schottky barrier diodes (SBD).

5. Electrical Characterization of SBD

To understand the effects of Mg-compensation on the performance of the SBDs, the electrical
characteristics of an Mg-compensated SBDs with 2 different DL thicknesses (15 um and 30 pm).

5.1. I-V Characterization

Figure 10a and b show both the reverse and forward current characteristics of SBDs with 15 pm
and 30 um. It can be observed in Figure 10a that both SBDs exhibit similar Ig at —20 V. Figure 10b
shows the forward characteristics in which we observe a slight decrease in forward saturation current
(Isat), the drop observed could be due to increase in DL thickness. Increased series resistance due to an
increase in DL is the primary cause of the decrease in ;.

From the measured forward I-V characteristics, Ideality Factor (n) and Barrier Height (®p) were
extracted using Equations (1) and (2) [2].

Op = KTqlnls AA=T? ()

I = (eqVnKT/-1), 2
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where I is the forward saturation current, A is the SBD contact area, K is the Boltzmann’s constant
and A* is the Richardson’s constant with a theoretical value of 26.9 A/cm?2.K2.
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Figure 10. (a) Reverse and (b) Forward I-V characteristics of SBDs with 15 um and 30 um GaN DL.

Average ideality factors of 1.03 and 1.05 were extracted from 10 SBDs with compensated and
conventional DL, respectively. The near-unity ideality factor signifies an excellent metal-semiconductor
interface at the Schottky-semiconductor contact. The use of the Piranha solution followed by organic
cleaning and dipping in BOE for 2 min has resulted in the formation of an excellent metal-semiconductor
interface. The similarity of values in n among the SBDs with both 15 um and 30 um DLs indicates the
thickness of DLs does not play any role in the determination of n [49]. Similarly, the extracted ®p for
both SBDs of 0.81 eV (15 um) and 0.78 eV (30 um) SBDs are close to each other and similar to other
reported ®p for Ni-based Schottky contacts (see Table 5). From the comparison, the extracted n and ®p
were found to be within the reported range of 1.01 to 1.4 for the ideality factor and 0.74 eV to 1.1 eV for
barrier height.

Table 5. List of state-of-the-art SBDs fabricated on GaN-on-GaN wafers.

Affiliation DL (um) CCD (/em?®) Barrier Height (eV) Ideality Factor
NTU [49] 15 7.6 x 1014 0.81 1.03
30 3x 101 0.78 13
Army Res. Labs 6.6 3 x10'° 0.75 1.05
Maryland [50,51] ) 2 % 1016 079 11
AIST Japan [52] - 5x 1016 0.74 1.09
Toyoda Gosei Co. [53] 10 22x101% 1.01 1.01
University of Fukui [54] 12 106 1.05 1.03
Univ. of Notre Dame [29] 0.3 3 x 1016 1.1 1.4

5.2. Capacitance-Voltage (C-V) Characteristics

C-V measurements were performed to extract the DW of the SBDs. No significant variation
in capacitance was observed in a voltage range of —20 V to 5 V (see Figure 11), which signifies the
complete depletion of the DL [55,56].
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Figure 11. Variation of capacitance and DW with voltage of 0.5 mm diameter GaN SBDs with 15 pm.

DW can be extracted from the C-V characteristics using Equation (3):
C = e, (A/DW). 3)

A uniform DW of ~15 um was measured at all voltages (=20 V to 5 V), which implies the total
depletion of DL even at 0 V.

5.3. Reverse Conduction Mechanism of SBD

Reverse Conduction mechanism (CM) helps to understand the physical constituents leading to
the reverse leakage current (Jg) Thermionic Emission (TE) is present if all electrons traverse over the
barrier and Thermionic Field Emission (TFE) is the dominant CM if electrons tunneling through the
barrier. The study of CM at elevated temperatures is worthy and important to understand the overall
performance of the fabricated SBDs. Moreover, high voltages are required to generate a thick DW
which will help in the detection of higher energies with improved sensitivity and higher CCE [15,35].
CM of Jr was extracted by comparing measured Jg with theoretically calculated Jr using equations
for TE and TFE. Further details on the extraction of CM have been reported [43,57]. Figure 12 shows
the measured Jr at different temperatures over a wide voltage range for SBDs with (a) 15 um DL and
(b) 30 um DL. I-V-T characteristics of both devices have been divided into 3 zones depending on the
observed CM.

B\ of —0C ----50C
3 i 1 Teley . 75°C - 125°C "
1---- 150°C 1 -===-150°C
-300 -200 -100 0 -800 -600 -400 -200 0
Voltage (V) Voltage (V)

Figure 12. I-V-T characteristics of vertical GaN SBDs with (a) 15 um DL, (b) 30 um DL. Adapted from [58]
A. Sandupatla et al. 2020 Appl. Phys. Express in press https://doi.org/10.35848/1882-0786/ab93a0.
Copyright [2020] by Japanese Society of Applied Physics.
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Various changes in CM were observed with a change in both temperature and voltage, which have
been shown in Figure 13. To understand the physical significance of the change in CM The activation
energy was also extracted in all voltage zones [55,56]. The extracted E, of 0.4 eV corresponds to the
presence of Mg ions in the DL [59,60]. The activation of N-vacancies [61] (E; = —1.67 eV) with an
increase in temperature resulted in the trapping of tunneling electrons and changing the CM from
TFE to TE in Zone-II of both SBDs. Similarly, activation of C-traps (E; = 0.69 eV) released electrons
into the depletion region when a high reverse voltage was supplied. The release of these electrons
increased the probability of tunneling through the DW changing the CM to TFE. This change of CM at
elevated temperatures can be used in aid of the design of high breakdown voltage SBDs for high-power
switching and high-energy radiation sensing applications.

(@ (b)
. C(E,=0.69eV)
High temp. C(E,=0.69eV) Hi 2
o - igh temp.
100Cto - TE H 100°Cto ] | TE TE | ——~|TFE
oot 1 [TE] el | tovow ) [TE] 7]
V, (E;=-1.67¢eV) V, (E; =-1.67 eV)
Low temp. Low temp
0Cto 1 ITFE TFE 0 ] E—
e [7E]
75°C Mg (E, = 0.4 eV)
Zone-1 (0to-20 V) & Zone-lll Zonle_| Zonle—ll Zonle-III
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Figure 13. Change of CM with voltage zones and temperature ranges in SBDs with (a) 15 um DL and
(b) 30 um DL. Adapted from [58] A. Sandupatla et al. 2020 Appl. Phys. Exp. https://doi.org/10.35848/
1882-0786/ab93a0. Copyright [2020] by Japanese Society of Applied Physics.

5.4. Breakdown Voltage of SBD

The maximum voltage and power handling capability of SBDs are determined by its breakdown
voltage characteristics. High voltages are essential to generate thick DW which is a primary requirement
for an improved radiation detector performance. GaN has a high bandgap and high electric field
strength, which makes it an optimum material to fabricate devices with high Vgp. For breakdown
characterization, SBDs were exposed to increasing voltages until it reaches the set compliance of
1 A/em? or when it reaches the catastrophic failure of the device. The SBDs were also dipped in
Flourinert FC-40 prior to the measurements to insulate the SBDs from atmospheric flashover [62].
Figure 14 shows the semi-log breakdown characteristics of fabricated vertical SBDs with both 15 um
and 30 um DLs. Thicker DW in SBDs with 30 um DLs results in larger Vgp.
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Figure 14. Reverse breakdown voltage characteristics of SBDs with 15 um and 30 um in (a) log and
(b) linear scale.
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Figure 15 shows the plot of Vgp vs. DLT for the state-of-the-art reported vertical SBDs [63-68].
Saitoh et al. realized a Vpp of 1100 V for the SBDs with DLT of 5 pm after using a field plate (EP) [63].
Shibata, D. et al. has reported the use of junction barrier Schottky (JBS) with p-type termination on
SBDs with 13 pum thick DL to measure a Vpp value of 1600 V [64]. The improvement in Vgp was
reported to be due to the reduction of CCD in the MOCVD grown GaN DLs [43,58].
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Figure 15. Benchmarking of measured reverse breakdown voltages of vertical GaN SBDs with
state-of-the-art results.

6. Measurement Setup for «-Particle Detection

After electrical characterization, both wafers were diced into individual detectors and packaged
onto a dual inline package (DIP) with silver paste for the ground contact (cathode) and wire-bonding
for the Schottky contact (anode) (see Figure 16a). 5.48 MeV o-particles were generated from 24! Am
source with an active area of 7 mm?2, which was placed at 8 mm from the detector (as shown in
Figure 16b). Radionuclides of >*! Am were deposited onto a stainless-steel disc of 16 mm diameter,
which was held in place by a plastic holder. The change in the current flowing through the circuit
due to interaction with an a-particle was amplified by passing through pre-amplifier, amplifier and
signal processing circuit. A Si surface detector from ORTEC was used as a reference, along with an
ORTEC-671 amplifier for energy calibration.

B i Plastic Holder (dia. 25
mm)

Uncovered stainless
Packaged SBD steel disc (dia. 16 mm)

24

1
Am source active
area (dia. 7 mm)

Diameter: 1mm

(a) (b)

Figure 16. (a) Packaged Device and (b) Schematic drawing of Source-Detector measurement setup (not to scale).
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6.1. Detection of a-Particle Spectra

The performance of any x-particle detectors is defined by its CCE. CCE is defined as the ratio
of energy detected and the energy incident on the detector. The acquired data needs to be calibrated
using a standard Si detector as a reference [69,70]. The fabricated GaN detectors require higher energy
for the generation of e-h pairs in comparison with the reference Si detectors. The final detected energy
is described by the following Equation (4) [34]:

E = Eg + Wgan/Ws; X k X Channel, 4)

where E is the energy absorbed, E is the loss in energy at the metal-semiconductor interface, which
can be estimated from Transport of Ions in Matter (TRIM) simulations; k is a calibration factor of the
reference detector; Wg,n is 8.9 eV and Wyg; is 3.6 eV.

6.1.1. Low Voltage x-Particle Detection

For the detection of high energy a-particles, researchers have increased the DW of the detectors
by fabricating them on GaN substrates. These detectors have generated 27 um of the depleted region
at very high voltages (—550 V) [34]. The requirement of high voltages in the generation of a thick DW
increases the detector complexity and size, which severely affects its portability.

The a-particle energy spectra obtained from the 15 um detectors under low-bias conditions (=20 to
—80 V) are shown in Figure 17a. Figure 17b compares the variation of CCE with the voltages of different
reported detectors (sandwich structures). Detectors with compensated DL exhibited lower variation in
CCE (7%) in comparison to reports using a bulk GaN-based sandwich detector. The observation of
lower variation in CCE was reported to be due to formation of a thick DW.

66.4%

Compensated
Detectors

L}
—eo— GaN-on-GaN
25 —=n— Bulk GaN [35]

75 A

N\

“ —a— Bulk GaN [33]
0 2'0 4b Gb 8I0
Energy (MeV) Voltage (V)
(a) (b)

Figure 17. (a) Acquired a-particle spectra of compensated detectors for different voltages (—20 V to
—80 V) and (b) Comparison of variation in CCE with voltages (—20 V to —80 V) for state-of-the-art
a-particle detectors.

6.1.2. High Voltage «-Particle Detection

Although researchers have increased the energy detected by using bulk GaN-based sandwich
structures, the complexity of generating a thick DW only two research groups have successfully
developed a-particle detectors capable of detecting 5.48 MeV energy generated from 24! Am source.
CCE of the compensated detectors improved from 72% at —80 V to 96.7% at —300 V (see Figure 18a)
due to the increase in DW. The high-voltage performance of the compensated detectors requires 250 V
lower bias conditions in comparison to the detector fabricated by Q. Xu et al. (see Figure 18b).
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Figure 18. (a) x-particle spectra of compensated GaN detectors for different applied voltages (—100 V
to =300 V) and (b) Comparison of variation in CCE with voltages (=100 V to =550 V) for state-of-the-art

x-particle detectors.

Figure 19 shows the x-particle energy spectra obtained by SBD detectors with 30 um DL at
different voltages (—400 V to =750 V). An increase in applied bias conditions increases the detected
energy increasing CCE. CCE of 100% in the detection of 5.48 MeV a-particle was obtained at —750 V.
The high CCE obtained ensures complete energy detection from incident charged «-particle.
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Figure 19. Acquired a-particle energy spectra of GaN SBDs at different voltages in vacuum.

6.1.3. Variation in «-Particle Spectra-Air vs. Vacuum (SBDs with 15 pum DL)

Figure 20 shows the comparison of the energy spectrum of GaN detectors biased at =100 V
measured in a vacuum and in air reported for compensated detectors. 7% reduction in CCE was
reported due to the presence of air. In vacuum, the complete energy of an x-particle is transferred to
the detector, resulting in the detection of higher energies. While in air energy of x-particles is lost due
to scattering. This loss in a-particle energy lowers detected CCE.
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Figure 20. Acquired a-particle energy spectra of GaN SBDs at —100 V under air and in a vacuum.

6.2. Benchmarking

Figure 21 compares the performance of various reported GaN-based a-particle detectors as a
function of detected energies. About 30% higher CCE was reported for the compensated 15 um
«-particle detectors at =20 V. In addition, compensated detectors also exhibit 96.7% CCE at =300 V,
which is 250 V in comparison to other published literature. These promising results pave the way for
compensated «-particle detectors to achieve high CCE with low operating voltage.
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Figure 21. Benchmarking of extracted CCE of compensated detectors with epitaxial-grown GaN
detectors (squares) and bulk GaN detectors (triangles) at low voltages.

7. Summary

GaN SBDs have demonstrated great potential in radiation detection on the virtue of its high
displacement energy, wide bandgap and critical electric field strength. Conventionally, GaN particle
detectors employ either a thin GaN epitaxial layer on the hetero-epitaxial substrate or thick free-standing
GaN substrate to fabricate a radiation detector. While the thin epi-layer detector worked at low voltages
(—28 V) with high CCE, they are only able to detect very low energies (< 1 MeV). The defects present
in GaN such as high TDD and unintentional doping, have been the major constraints in terms of
improving the detector performance. With improvement in growth technologies, free-standing GaN
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detectors with low TDD and doping densities have been fabricated which has increased the detected
energy (5.48 MeV) but they require very high voltages (=550 V) to detect these energies with 100% CCE.

High performing GaN «-particle detector can be achieved by designing a thin compensated GaN
DL on conducting GaN substrate. Compensation of thin DL by doping p-type (Mg) ions in DL reduces
the CCD generated by unintentional n-type doping. The increase in DW can reduce the Jr and increased
the Vgp without affecting the ideality factor and barrier height of the SBDs. A ~3 times improvement in
Vip from 430 V to 1480 V due to compensation has helped realize SBDs with the highest reported Vpp at
2400 V (SBDs with 30 um DL) without any additional termination or field plates.

The improvement in reverse characteristics have helped in improvement of the performance of
the detector by improving the sensitivity and reducing the voltage requirement of the detector. These
compensated GaN-on-GaN SBDs exhibit a 30% increase in CCE (65%) at low voltages (=20 V) in
comparison to previously reported GaN «-particle detectors. High CCE of 96.7% was also measured at
—300 V, which is 250 V lower than the previously reported bias requirement. The improved performance
in x-particle detection is due to the formation of thicker DW at low voltages. The spectral resolution of
71 keV is also 30% better than the previous reports. Presence of air results in scattering of «-particle
incident on the detector, which in turn reduced its efficiency by ~7%. While detectors with thicker DW
do require a higher voltage (750 V) to detect a-particles with 100% CCE, they can also detect higher
energies (9.1 MeV).
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