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While conventional group IV or III-V based device technologies have reached their technical
limitations (e.g., limited detection wavelength range or low power handling capability), wide bandgap
(WBG) semiconductors which have band-gaps greater than 3 eV have gained significant attention
in recent years as a key semiconductor material in high-performance optoelectronic and electronic
devices [1,2]. These WBG semiconductors have various definitive advantages for optoelectronic and
electronic applications due to their large bandgap energy. WBG energy is suitable to absorb or emit
ultraviolet (UV) light in optoelectronic devices [3]. It also provides a higher electric breakdown field,
which allows electronic devices to possess higher breakdown voltages [4].

In this Special Issue, 13 papers published, including various AlGaN/GaN, SiC, and WOj3 based
devices. More than half of papers reported recent progress on AlGaN/GaN high electron mobility
transistors (HEMTs) and light emitting diodes (LEDs). Wojtasiak et al., and Sun et al, reported
a structural modification of AlIGaN/GaN HEMTs to improve turn-on voltage, contact resistance,
and on-resistance [5]. Huang et al. investigated high-temperature characteristics of AlGaN/GaN
HEMTs and successfully established the thermal model [6]. Mao et al. and Li et al. simulated
AlGaN/GaN HEMTs with a large signal model to investigate the kink-effect [7,8]. All of these
efforts toward AlGaN/GaN HEMTs enable readers to understand current issues in AlIGaN/GaN
HEMTs and offer various experimental and theoretical solutions. Beside transistor works, flip-chip
GaN LEDs that were combined with TiO,/SiO, distributed Bragg reflectors (DBRs) was reported
by Zhou et al [9]. An improved GaN HEMTs and their microwave performance by employing the
asymmetric power-combining was reported by Kim et al [10]. Along with another GaN LED built
on a modified micron-size patterned sapphire substrate by Hsu et al. [11]. These GaN LED works
are also guided broad readers in the field of optoelectronics and biomedical areas toward future
high-performance optogenetics and photonics applications. Also, Sun et al. reported an enhanced
AlGaN/GaN Schottky Barrier by engineering the structure of the diode [12].

In addition to AlxGal-xN system, two SiC simulation efforts have been made by Huang et al.
and Jia et al. Huang. They focused on the improvement of higher added efficiency (PAE) factor
in 4H-SiC metal semiconductor field effect transistors and breakdown voltage of 4H-SiC diodes,
respectively [13,14].

Besides popular AlxGal-xN and SiC-based applications, three papers report InGaZnO thin-film
transistors (TFTs), Si/GaP one-transistor dynamic random-access memory (1T DRAM), and WO3
thin-film. Zhou et al. investigated a stress tolerance of InGaZnO TFTs with a SiO; or Al,O3 passivation
layer which shows a stable positive bias during the operation [15]. Kim et al. simulated a novel
1T DRAM design by inserting a GaP pillar which showed a stable high-temperature operation [16].
Finally, Zhang et al. reported the changes of the optical bandgap in Tungsten trioxide by thermal
annealing which can be used for various electrochromic devices [17].

Micromachines 2019, 10, 213; d0i:10.3390/mi10030213 1 www.mdpi.com/journal /micromachines



Micromachines 2019, 10, 213

To the end, I would like to take this opportunity to thank all the authors for submitting their

papers to this special issue. I also want to thank all the reviewers for dedicating their time and helping
to improve the quality of the submitted papers.
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Abstract: Tungsten trioxide (WO3) is a wide band gap semiconductor material that is used as an
important electrochromic layer in electrochromic devices. In this work, the effects of the annealing
temperature on the optical band gap of sol-gel WOj3 films were investigated. X-ray Diffraction
(XRD) showed that WO3 films were amorphous after being annealed at 100 °C, 200 °C and 300 °C,
respectively, but became crystallized at 400 °C and 500 °C. An atomic force microscope (AFM) showed
that the crystalline WO3 films were rougher than the amorphous WOj3 films (annealed at 200 °C
and 300 °C). An ultraviolet spectrophotometer showed that the optical band gap of the WO3 films
decreased from 3.62 eV to 3.30 eV with the increase in the annealing temperature. When the Li*
was injected into WOj3 film in the electrochromic reaction, the optical band gap of the WO; films
decreased. The correlation between the optical band gap and the electrical properties of the WO3
films was found in the electrochromic test by analyzing the change in the response time and the
current density. The decrease in the optical band gap demonstrates that the conductivity increases
with the corresponding increase in the annealing temperature.

Keywords: optical band gap; tungsten trioxide film; annealing temperature; electrochromism

1. Introduction

Tungsten trioxide (WQO3) is an important indirect band gap semiconductor material [1]. It is used
as a functional layer in the applications of gas sensors [2], photocatalysis [3], solar cells [4], water
splitting [5] and electrochromism [6]. Electrochromic devices, such as smart windows [7], can meet
the market demand of energy-saving devices. Since WO3's electrochromic properties were found,
researchers have widely studied WO3-based electrochromic thin films and device applications [8].

There are various choices for preparing WOj3 films with the development of thin film technology.
These include sputtering [9], chemical vapor deposition [10], vacuum evaporation [11], and sol-gel [12],
among others. Currently, magnetron sputtering is a commercial technology that is used to prepare
WO; films due to its uniformity of film and reliability. However, the high cost issue and problems in
preparing large-size devices cannot be ignored. The sol-gel method is a feasible technology for reducing
the cost even, though there are still some problems at the present stage, such as film inhomogeneity
and poor process repeatability, among others. With the development of new sol-gel techniques, such as
inkjet printing [13], sol-gel technology is promising for commercial applications in the future.

The optical and electrical properties of WO3 film are related to the parameters of the sol-gel
technique, such as the solvent [14], precursor [15] and annealing temperature [16], among others.

Micromachines 2018, 9, 377; d0i:10.3390/mi9080377 4 www.mdpi.com/journal /micromachines
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In previous work, there was a significant difference in the band gap of the WO; films obtained
using different processes [17,18]. Therefore, it is worthwhile to launch further investigations into the
relationship between band gap and the optical and electrical properties of WOj films, especially in
regards to electrochromic properties. In this paper, we conducted a study on the optical band gap
of WO3 films with different annealing temperatures. The crystallinity, response time morphology
and conductivity were also analyzed together. A correlation between the optical band gap and the
electrical properties (conductivity) was found.

2. Materials and Methods

Tungsten powder (W, 99.5% metals basis, Macklin Biochemical Co. Ltd, Shanghai, China) and
hydrogen peroxide (H,O,, Hydrogen peroxide 30%, Guangzhou chemical regent factory, Guangzhou,
China) were mixed in a beaker with a water bath at 25 °C. After the reaction finished, an evaporative
concentration treatment (at 150 °C) was conducted to remove the surplus H,O,. Finally, an appropriate
anhydrous ethanol was added into the concentrated solution and the mixed solution was sealed and
stirred for 3 h at 70 °C to obtain the sol-gel. A spin coating technique was used to prepare the WO3
films (around 80 nm) on the indium tin oxide (ITO) glass. The thickness of the WO3 film was optimized
and controlled by the concentration of solution and spin coating parameters and it had an important
influence on the electrochromic transmittance modulation ability [19]. In this work, the annealing
temperature was focused on and other unrelated variables (sol concentration, spin coating parameters,
substrate, electrolyte, etc.) were controlled. These as-deposited films were annealed at 100 °C, 200 °C,
300 °C, 400 °C and 500 °C for 60 min, respectively.

The crystallization of the film was analyzed by X-ray Diffraction (XRD, PANalytical Empyrean
DY1577, PANalytical, Almelo, The Netherlands). The surface morphology was measured by atomic
force microscopy (AFM, Being Nano-Instruments BY3000 Being Nano-Instruments, Beijing, China).
The electrochromic test was performed using 0.8 mol/L of lithium perchlorate/propylene carbonate
(LiClO4/PC) electrolyte and an electrode gap (~1 mm). The transmission spectra were measured
by an Ultraviolet spectrophotometer (SHIMADZU UV2600, SHIMADZU, Tokyo, Japan), with ITO
glass (Optical band gap: >4 eV) acting as a blank. The current of the electrochromic test was
recorded by an electrochemical workstation (CH Instruments CHI600E, CH Instruments, Shanghai,
China). The relationship between the change of transmittance and the time was measured by a
micro-spectrometer (Morpho PG2000, Morpho, Shanghai, China), with ITO glass acting as a blank.

3. Results and Discussions

Figure 1 illustrates the X-ray patterns of the WO; films that were annealed at different
temperatures. The crystalline structures of these films were further analyzed using Jade 6.0 and
PDF#30-1387 and PDF#41-0905. In Figure 1la, there are diffraction peaks of WOj3 at the patterns
of the WOj films annealed at 400 °C and 500 °C, which demonstrate that these films transformed
from amorphous to crystalline when the annealing temperature is higher than 400 °C. Furthermore,
the change of crystalline structure was analyzed in Figure 1b. The characteristic diffraction peaks of
WO; films (400 °C) indicate that the WO3 films initially transform from an amorphous to a monoclinic
structure. When the annealing temperature reached 500 °C, there was only one diffraction peak of the
WO; film in the range of 26 (22° to 26°), which demonstrated that the monoclinic structure of the WO3
films turned into a cubic structure. Strictly speaking, the stoichiometric ratio of tungsten and oxygen
was not fully satisfied with 1:3. Therefore, there was an oxygen vacancy which influenced the optical
and electrical properties of WO3 films [20].
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Figure 1. X-ray patterns of WOj films annealed at different temperature. (a) The XRD patterns in a
large range of 26 (10° to 80°); (b) The XRD patterns in a small range of 20 (22° to 26°). The amorphous
WOj3 transformed into monoclinic structure and cubic structure at 400 °C and 500 °C, respectively.

The surface morphology of these films was measured by AFM and the results are shown in
Figure 2. Figure 2f shows a comparison of the roughness of these films at different annealing
temperatures. The surface of the WOj5 film that was annealed at 100 °C is rougher than other films,
which is confirmed by Figure 2a and its roughness. In this work, the solvent of sol was ethanol and
water, which has a boiling point of around 80 °C. The 100 °C annealing treatment can remove the
solvent, but it is not enough to remove the bound water in the tungsten acid [21]. In addition, solvent
evaporation can cause defects in the surface, such as pores [22], and there is not enough energy to
reduce these defects during annealing treatment. Therefore, among these samples, the WO3 film
annealed at 100 °C had the highest roughness.

The roughness of the films annealed at 200 °C and 300 °C was around 1.9 nm, which is less
than that of the films (around 3.3 nm) annealed at 400 °C and 500 °C. This demonstrated that
the crystalline film was rougher than the amorphous film because of its grain growth at a high
temperature. The change in roughness indirectly revealed that the change in the WOj3 film composition
and crystalline structure was due to the increase in the annealing temperature, which is consistent
with the results of XRD.
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Figure 2. Cont.
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Figure 2. The atomic force microscope (AFM) images 8000 nm x 8000 nm) and the roughness of WO3
films. (a) 100 °C; (b) 200 °C; (c) 300 °C; (d) 400 °C; (e) 500 °C; (f) the roughness of WOj films, which are
read by the support software of AFM.

The band gap of WO3 film can be measured and analyzed by an ultraviolet spectrophotometer.
The optical band gap is distinguished from the band gap measured by other methods. According to
Equation (1), the optical band gap can be calculated [23].

aho = A(hv — Ep)" 1)

where a is the absorption coefficient, which can be measured by the ultraviolet spectrophotometer; & is
the Planck constant; v is the light frequency; A is a proportionality constant; Eg is the optical band gap;
and 7 is a number which is 1/2 for the direct band gap semiconductor and 2 for the indirect band gap
semiconductor. In this work, 7 is 2 because the WO3; was an indirect band gap semiconductor.

To further investigate the electrochromic effects on the optical band gap of WOj3 film, the optical
band gap of WOj; film in a bleached state and colored state were analyzed. Electrochromism involves
an electrochemical reaction, as shown in Equation (2) [24]:

WOs3(colorless)+ xLi™+ xe™ «» LiyWO;3(blue) ()

At its bleached state, the WOj film is colorless. When both Li* and the electron are injected into
the WOj film under an applied voltage, the bleached state of WOj3 turns into a colored state due to the
generation of blue Li,WOs3.

Figure 3a—e illustrates the curves of (ahv)'/? versus the photon energy /v, which are calculated
using the transmission spectra of the WOj films in the colored state and the bleached state. Eq can be
extracted through the onset of the optical transitions of the WOj3 films near the band edge, which is
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equal to the value of the fitting line intercepts. Figure 3f shows a comparison of the optical band gap
value of the WO3 film that were annealed at different temperatures and electrochromic state (colored
and bleached) and it indicates that the E¢ of bleached WOj3 films decreases from 3.58 eV to 3.3 eV as
the annealing temperature increases. Similarly, the E¢ of the colored WOj3 film tends to decrease with
an increased annealing temperature. In addition, the E, of all the colored WO3 films was less than that
of their respective bleached WO3 films.
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Figure 3. Optical band gap energy of WOj films in a colored state and bleached state. (a) 100 °C;
(b) 200 °C; (c) 300 °C; (d) 400 °C; (e) 500 °C; and (f) a comparison of optical band gap energy of WO3
films annealed at different temperature and electrochromic state (colored and bleached).



Micromachines 2018, 9, 377

As for Eg, which decreased when the annealing temperature increased, a reasonable explanation
was that as the annealing temperature increased, the oxygen vacancies increased, which may have
provided free electrons and enhanced the conductivity of the WOj3 films [25].

To further investigate the relationship between E,, conductivity, and electrochromic response
time, an electrochromic test was conducted. Figure 4a,b illustrates the current density of the different
WO; films and the change of transmittance (at 600 nm) under £2.5 V voltage, respectively. The peak
current density of these films in the coloring process increased when the annealing temperature
increased (an increase from 2.6 mA /cm? at 100 °C to 16.1 mA /cm? at 500 °C). This indicated that the
conductivity enhanced with the increase in the annealing temperature. Similarly, the peak current
density of these films in the bleaching process shows a similar change (increase from 11.0 mA/cm? at
100 °C to 22.2 mA /cm? at 500 °C). These were attributed to the decrease of Eq and the increase of free
electrons. In addition, Figure 4a illustrates that the peak current density of the bleaching process was
larger than that of coloring process, which results from the good conductivity of LiyWOj [26]. This is
related to the decrease of Eg after WO3 film coloring.

Figure 4b illustrates an intuitive change of transmittance response curves. The response time is
defined by the time corresponding to 90% of the total transmittance change. Figure 5 shows a specific
comparison of the response time in the electrochromic test. The curve of the bleaching response
time in Figure 5 shows that the bleaching response time increases from 1.2 s to 22.7 s, when the
annealing temperature increased. In the bleaching process, the applied voltage drop is mainly across
the electrolyte and the Liy\WOj layer. The extraction of Li* depends largely on the voltage across
the LixWOj3 layer [27]. The Eg of the WOj3 film at the colored state reduced with the increase in the
annealing temperature, which was attributed to the increase in the number of free electrons. In other
words, the conductivity enhanced with the increase in annealing temperature. Therefore, the voltage
across the Liy,WOj layer reduced with the increase in annealing temperature, which resulted in the
increase of the bleaching response time. However, there was no similar trend in the coloring response
time. The influence factors are not only the conductivity of the WOj3 film, but also the interface
barrier of electrolyte-film [28]. The coloring response time increased when the WO3 film changed
from amorphous into crystalline, which resulted from the decrease in the voltage drop at the WO3
layers, due to the increase in the conductivity.The band gap mainly influenced the transmission of the
electrons, but the transmission of Li* depended more on the structure of films (such as crystallinity,
morphology, etc.) [29].
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Figure 4. (a) Current change of WOj films at different annealing temperature. The applied voltage was
+2.5V and the WOj3 films were placed in the cathode; (b) change of transmittance (at 600 nm) of WO3
films at different annealing temperature.
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Figure 5. The curves of coloring and bleaching response time versus annealing temperature. The time
corresponding to 90% of the total transmittance change is defined as the electrochromic response time.

4. Conclusions

The effects of the annealing temperature on the E¢ of the WO; films were investigated. When the
annealing temperature was higher than 400 °C, the crystalline structure of the WO3 film changed from
amorphous to monoclinic (400 °C), and then to cubic (500 °C). The Eg of the WO; films decreased from
3.62 eV to 3.30 eV when the annealing temperature was increased. In addition, the Eq of the colored
WO3 films was less than that of the bleached WOj films. The relationship between the Eg, conductivity,
and electrochromic response time of the WOj5 film with different annealing temperatures demonstrates
that the conductivity of the WOj3 film enhanced with the decrease in Eg, while the high conductivity
increased the electrochromic response time.
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Abstract: An improved empirical large signal model for 0.1 um AlGaN/GaN high electron mobility
transistor (HEMT) process is proposed in this paper. The short channel effect including the drain
induced barrier lowering (DIBL) effect and channel length modulation has been considered for the
accurate description of DC characteristics. In-house AlGaN/GaN HEMTs with a gate-length of
0.1 pm and different dimensions have been employed to validate the accuracy of the large signal
model. Good agreement has been achieved between the simulated and measured S parameters,
I-V characteristics and large signal performance at 28 GHz. Furthermore, a monolithic microwave
integrated circuit (MMIC) power amplifier from 92 GHz to 96 GHz has been designed for validation
of the proposed model. Results show that the improved large signal model can be used up to W band.

Keywords: AlGaN/GaN HEMT; DIBL effect; channel length modulation; power amplifier; W band

1. Introduction

Wide band gap semiconductor Gallium Nitride (GaN) high electron mobility transistors (HEMTs)
are excellent candidates in high frequency power electronics due to their unique advantages of higher
breakdown voltage and higher output power density [1]. With the rapid development of process,
the feature size of GaN HEMTs have been shrinking to less than 0.1 pm. GaN HEMTs with good
performance for application in W band have been reported [2-5]. Also, over the past few years,
several GaN HEMT based monolithic microwave integrated circuits (MMICs) up to W-band have
been developed, due to their applications in high speed wireless communications or radar systems [6].
A GaN MMIC power amplifier at 91 GHz was reported to have 1.7 W output power that is associated
with 11% power added efficiency [7]. A W-Band MMIC power amplifier with 3.46 W/mm output
power density and 21% associated power added efficiency was then reported. The associated power
gain is 13.7 dB. It offers a peak small signal gain of 16.7 dB over 90-97 GHz [2].

For applications of these devices in circuit design, compact nonlinear device modeling plays an
important role in practical design. Recently, a few physical based compact models have sprung up due

Micromachines 2018, 9, 396; d0i:10.3390/mi9080396 13 www.mdpi.com/journal /micromachines
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to their advantages in less fitting parameters and good accuracy up to the Ka band [8-11]. However,
things will be different when the frequency is up to W band. Firstly, the parasitic effect will become
obvious with the increasing of frequency and make the parameter extraction more difficult [12,13].
This problem can be solved by FW-EM (Full-wave electromagnetic) simulation [14]. Secondly,
along with the reduction of feature size, the short channel effect becomes obvious. This phenomenon
will in the end give rise to shift of threshold voltage. Thirdly, the gradual channel approximation
(GCA) that is used in many kinds of physical based compact model [15,16] is no more effective as the
channel length modulation is obvious in short channel devices. These effects will largely decrease
the accuracy of physical based compact model. The empirical modeling method has been widely
used due to their excellent performance in convergence and accuracy [17-22]. An effective validation
of large signal model is validated by on-wafer load-pull measurement [23,24]. However, due to the
complication of load-pull measurement, only one input/output impedance is validated. Nevertheless,
more input/output impedances need to be validated for a large signal model in practical MMIC power
amplifier design [25].

In this paper, the short channel effect, including the DIBL effect and channel length modulation,
is studied. An improvement for the accuracy of the area near the pinch-off region in IV curve is
performed based on an empirical modeling method as the GCA is no more effective in most physical
based model. In-house AlGaN/GaN HEMTs with gate length of 0.1 pm is used for validation of the
model. Performance, including S parameters, DC characteristics, and large signal characteristics at
28 GHz is validated by on-wafer measurement. Finally, a MMIC power amplifier is designed based on
the proposed model for further validation.

This paper is organized as follows. In Section 2, the investigation on short channel effect is
presented. The modeling method of it, which is based on an empirical method, is given in detail.
In Section 3, the proposed large signal model is validated with two GaN HEMTs with different gate
width. In Section 4, a MMIC power amplifier based on the large signal model in this work is designed
for further validation of the model in W band. Finally, in Section 5, the conclusion of this work
is presented.

2. Model Description

2.1. Short Channel Effects

Along with the decrease of gate length, the short channel effect, such as the drain induced barrier
lowering (DIBL) effect will become obvious. The thickness of the barrier will not only be modulated
by gate voltage, but also drain voltage. This will, in the end, lead to the drift of threshold voltage
along with the drain voltage. This phenomenon can be easily captured in the static IV curve of 0.1 um
AlGaN/GaN HEMTs with different gate width in this work, which have been shown in Figure 1.
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Figure 1. Drain induced barrier lowering (DIBL) effect in Static IV curves of 0.1 um AlGaN/GaN high
electron mobility transistor (HEMT) with different gate width: (a) 4 x 20 um and (b) 4 x 50 um.
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It can be seen from Figure 1 that the DIBL effect will weaken the effect that is brought by
gate voltage. The device will be turned from off-state to on-state with the rise of drain voltage.
This phenomenon must be taken into consideration, especially for high efficiency power amplifier or
switching applications.

In order to accurately describe the output performance of AlGaN/GaN HEMTs with short gate
length in large signal modeling, the short channel effect, including the DIBL effect and channel length
modulation, should be taken into consideration. An empirical method that is based on the Angelov
model is employed for the devices in this work. As we know that the coefficients of the ¢ polynomial
in Angelov model, which is shown in Equation (1), mainly affect the accuracy of the region close to
pinch-off state.

2 3
§ = Prx (Vs = Vpia) + Po x (Vgs = Vi) + B3 x (Vs = Vs o)

where Vs refers to the gate-source voltage. Vo n=1,2, 3) are fitting parameters. P, (n =1, 2, 3) are
fitting coefficients of the ¢ polynomial.

To accurately model the DIBL effect, the drain-source voltage Vs has been included in
P, (n=1, 2, 3) to take the modulation effect of V;; into consideration, as shown in Equation (2).

Py, =P+ (Pnl X Vg — PHO) X tanh(lenz X Vds) (Tl = 1,2,3) )

where Py, Pyy1, Prp and a are all fitting parameters.

The modification was validated by a comparison between simulation results and measured
data. The comparison between the original Angelov model and modified one are shown in Figure 2.
The gate-source voltage Vs is from —6 V to —3 V and the drain source voltage V4 is from 0 V to 20 V.
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Figure 2. Comparison between simulated and measured results when Vs is close to pinch-off voltage.

It is clear in Figure 2 that the original Angelov model cannot accurately describe the DC
characteristics when Vs is close to the pinch-off voltage. The DIBL effect can be successfully modeled
by using proposed model.

Apart from the DIBL effect, the channel length modulation can also be captured in the static IV
curves, as shown in Figure 3.

It clearly shows that the partial derivative of I to Vs is not equal to zero due to channel length
modulation. The channel length effect is mainly induced by expanding of the depletion region towards
the source. The effective channel is then shortened. This phenomenon is shown in Figure 4.
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Figure 3. Channel length modulation effect in Static IV curves of 0.1 um AlGaN/GaN HEMT with
different gate width: (a) 4 x 20 um and (b) 4 x 50 um.
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Figure 4. The schematic diagram of the short channel modulation effect.

2.2. Large Signal Model up to W Band

With the frequency up to W band, the RF dispersion will become more and more obvious due to
the parasitic effects inside devices. A wide band small signal model [14], which has been proved to be
able to cover the frequency band from 0.2-110 GHz, is employed in this work. The topology of the

large signal model is shown in Figure 5.
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Figure 5. Topology of Large signal model up to W band.

The main part of the nonlinear current model as well as the capacitance model, including Cgs
and ng mentioned in [21], is employed in this work. The improvement for accurate characterization
of short channel effect, which is mentioned in the previous section, has also been included in the
nonlinear current model. In order to accurately characterize the self-heating effect in Al1GaN/GaN
HEMT. The three-pole thermal network in [25] is used. Thermal resistances as well as the thermal
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capacitances are extracted by a method based on FEM simulation in ANSYS. The trapping effect is
modeled by the equivalent voltage method in [26]. The scalability of the model parameters, including
the I ko, Ry, and Cy, has been realized with the method that is mentioned in [22] for practical monolithic
microwave integrated circuit design. With the help of MATLAB coding, model parameters, except the
coefficients in Equation (2), are all extracted with the method in [27]. In terms of parameters in Equation
(2), they are all extracted by fitting the transfer characteristics curve with the least square method.

3. Model Validation

3.1. Small Signal Characterization

The large signal model was embedded into Keysight ADS (Advanced Design System) by a
symbolically defined device (SDD) tool. Small signal characteristics of the devices are measured by
cascade probe station (Summit 11000B, FormFactor, Livermore, CA, USA), which is shown in Figure 6.
The vector network analyzer is Keysight N5247A (Keysight Technologies, Santa Rosa, CA, USA).
The frequency extenders close to probes are used to achieve the S parameters ranging from 75 GHz to
110 GHz as the vector network analyzer can only reach up to 67 GHz.

|

twork Analyzer(N5247A)

!Fre!uenci extenders‘ 75 GHz~110 GHZ'

Figure 6. On-wafer measurement system for small signal characteristics.

PNA-X Ne

The proposed model was validated by 0.1 um AlGaN/GaN HEMTs with different gate width.
AlGaN/GaN HEMTs were all fabricated on a 4-inch SiC substrate. T-shape-gate technology was
introduced to reduce the contact resistance. The fr of the 0.1 um GaN process is 90 GHz, while f;;4y is
220 GHz. The peak power density for a specific device can reach up to 3.46 W/mm. The photography
of devices is shown in Figure 7.

(a) (b)

Figure 7. 0.1 um AlGaN/GaN HEMTs: (a) 4 x 20 um and (b) 4 x 50 pm.

The comparison of simulated and measured S parameters is shown in Figure 8. Results show that
the proposed model can predict the small signal characteristics ranging from 0.2 GHz to 110 GHz for
devices with different gate width and under different bias.
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(@) (b)

Figure 8. Comparison of simulated and measured S-parameters: (a) 4 x 20 umat Vgs= -2V, Vds =10 V
and (b) 4 x 50 pm at Vgs = -1V, Vds =15 V.

3.2. The Large Signal Model Validation

The DC characteristics for the proposed scalable large signal model was validated by different
gate width, including 4 x 20 um and 4 x 50 pm, as shown in Figure 9. The gate-source voltage Vs
is investigated from —6 V to 0 V, while the drain-source voltage V, is from 0 V to 20 V for these
two devices.

o Measurement
" : o Measurement
—— Simulation 0.30 — Simulation

Tds(A)
Ids(A)

0 5 10 15 20
Vds (V) vds (V)

(@) (b)

Figure 9. Comparison of simulated and measured DC characteristics of 0.1 um AlGaN/GaN HEMTs:
(a) 4 x 20 um and (b) 4 x 50 pm.

Figure 9 shows that the DIBL effect is accurately characterized based on the improvement in
Equation (2). The channel length modulation effect is also the same.

Due to the absent of W band load-pull system, the load pull performance at 28 GHz was used
to validate the large signal model first, as shown in Figure 10. The system is on cascade probe
station (Summit 12000, FormFactor, Livermore, CA, USA), the input signal generator is Agilent
E8257D (Keysight Technologies, Santa Rosa, CA, USA), and the output power is detected by power
meter Agilent N1912A (Keysight Technologies, Santa Rosa, CA, USA) and Vector Network Analyzer
(Keysight Technologies, Santa Rosa, CA, USA).

The maximum output power load-pull measurement is performed. The bias is chosen at
Vgs = =26V, Vs = 15V, which is at deep class AB working state. The quiescent drain current is
82 mA at this bias. The optimum source and load resistance for the maximum output power are
Zs=(1344 + 1241 x j) Qand Z; = (27.19 + 27.44 x j) Q. The power sweep was then performed based
on the optimum resistance with the input power ranging from —4 dBm to 22 dBm. The comparison
between the simulated and measured results, including output power (Pout), gain, and power added
efficiency (PAE) are shown in Figure 11. Also, the influence that is brought by the DIBL effect has also
been investigated in Figure 11. Results show that the DIBL effect will lead to the reduction of Pout,
gain, and PAE. This can be explained by the variation of static bias point due to the DIBL effect.
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Figure 11. Investigation on the influence brought by DIBL effect on large signal performance.

The simulated and measured impedance charts achieved by maximum Pout and PAE load-pull
measurement are presented in Figure 12.

Figure 12. Comparison between simulated impedance chart and measured one: (a) maximum Pout
and (b) maximum power added efficiency (PAE).

4. W Band MMIC Power Amplifier Design

For further validation of the proposed large signal model for applications in the W band, a MMIC
power amplifier whose operation frequency is 92 GHz-96 GHz was designed. Based on the above
large signal model, a W-band power amplifier is designed. Figure 13 presents the schematic of the W
band amplifier.

The output stage used the planar spatial power combiner to realize the impedance transformation
and combine the four-way power element. The millimeter wave GaN device is very easy to
oscillation at low frequency due to the high gain. Multi-order RC network was used to improve
the stability of the circuit. In order to enable the former stage to have enough power to drive the
latter stage, the driving ratio of amplifier circuit is 1:2:4. Passive components include micro-strip line,
MIM (Metal-insulator-Metal) capacitance, and resistor. All of the passive components were simulated
by EM simulator in ADS. Figure 14 shows photograph of a W-band GaN MMIC amplifier.
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Figure 14. Photograph of a W-band Gallium Nitride (GaN) monolithic microwave integrated circuits
(MMIC) amplifer.
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The chip was loaded into a jig for measurement. The schematic of the measurement setup for
large-signal measurements is shown in Figure 15. The large signal measurement was performed at
room temperature. The commercial amplifier, frequency multiplier, and signal analyzer in Figure 15
are used to assistant the measurement. Other instruments including power meter (VDI Erickson,
Virginia Diodes, Inc., Charlottesville, VA, USA), DC sources (Agilent E3633A and E3634A, Keysight
Technologies, Santa Rosa, CA, USA), and attenuator (Rebes, Suzhou, China) were also employed.
The amplifier is measured in CW (Continuous Wave) mode over 90 GHz-97 GHz frequency. The device
was bias at Vy, =15 Vand Vg = =2 V.

Generator | Aoilent ER257D Meter
gilent ER257D

e

]
Power Meter
[

Power Probe

Attenuator
T

Figure 15. Photograph of the measurement setup for the W band MMIC power amplifier.

Figure 16 displays measured and simulated S-parameters of the MMIC amplifier. The difference in
Figure 16 may come from the cavity and gold wire used for assisting the measurement. Their influence
on frequency shift has not been taken into consideration during the MMIC design. However,
this accuracy is sufficient for the application of practical circuit design. Figure 17 shows Gain, PAE,
and output power. Over 90 GHz-97 GHz frequency range, the output power is greater than 1 W.
The peak output power is 1.2 W. Except for 94 GHz and 98 GHz, the measured PAE was greater
than 15%.
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Figure 16. Measured (solid) and simulated (Symbol) S parameters of W band MMIC amplifier.
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Figure 17. Measured (Symbol) and simulated (solid) large-signal characteristics of the W-band
MMIC PA.

5. Conclusions

In this paper, an improved large signal model for AlIGaN/GaN HEMT up to the W band is
presented. The short channel effects including the DIBL effect and channel length modulation are
added in the Angelov model. In-house AlGaN/GaN HEMTs with gate length of 0.1 um are used
for the validation of the model. A MMIC power amplifier is designed based on the proposed model
for further validation. Results show that the large signal model can give good accuracy up to W
band. The results of this paper can provide guidance to many other kinds FET (Field Effect Transistor)
devices modeling in the W band. Also, they are useful for the improvement of the GaN process and
also are helpful for the practical MMIC design in the W band.
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Abstract: AlIGaN/GaN high electron mobility transistors on semi-insulating bulk ammonothermal
GaN have been investigated. By application of regrown ohmic contacts, the problem with obtaining
low resistance ohmic contacts to low-dislocation high electron mobility transistor (HEMT) structures
was solved. The maximum output current was about 1 A/mm and contact resistances was in the
range of 0.3-0.6 Q-mm. Good microwave performance was obtained due to the absence of parasitic
elements such as high access resistance.

Keywords: high electron mobility transistors; high electron mobility transistor (HEMT); AlIGaN/GaN;
ohmic contact; regrown contact; ammonothermal GaN; power amplifier

1. Introduction

There is a consensus in the nitride community that, although several GaN-based devices have
already reached the market, their properties are still inferior with respect to predicted performance [1].
There are still many technological issues to be faced in order to fully exploit the enormous potential of
these materials. The main limitations come from the lack of large area native bulk GaN substrates of
reasonable cost and quality for homoepiaxial growth; some other issues concern device processing.
Here, reliable low resistance homogeneous Ohmic contacts being fundamental building blocks of GaN
devices are highly required.

In the quest to push the performance limit of AlGaN/GaN high electron mobility transistors
(HEMTs), our work on advanced devices focuses on two main areas: development of epitaxial growth
of HEMT structures on low defect density and high quality bulk ammonothermal semiinsulating GaN
and fabrication of compatible nonalloyed ohmic contacts with subcontact n*-InyGa; ,N:Si epilayer
regrown by metal organic vapor phase epitaxy (MOVPE).

The AlGaN/GaN HEMT structures for high power applications are usually grown on silicon
carbide substrates [2], but recently there has been significant progress in developing high quality
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GaN substrates with low defect density using hydride vapor phase epitaxy and ammonothermal
growth techniques [3-7]. In particular, truly bulk ammonothermal GaN substrates could be used
for homoepitaxy of transistor active layers characterized by excellent crystal quality and low surface
roughness due to low threading dislocation density at the order of 1 x 10* cm~2 [8] and negligible bow.
This can lead to improved reliability, radiation hardness, high yield and repeatability of the parameters
of the final devices [9-12].

In addition, due to the reliability and performance issues, the problem of self-heating and heat
dissipation inside the epitaxial structure of GaN-based HEMTs is especially important for high power
devices. While the thermal conductivity is higher for 4H-SiC than for bulk GaN, the heat flow inside
typical GaN-based HEMT on the SiC substrate is significantly limited because of the presence of
nucleation layers (e.g., AIN) between epilayers and SiC substrate. This effect is commonly called
thermal boundary resistance (TBR) [13]. Dislocations at the interfaces have a large share in the TBR [14].
In the case of AlIGaN/GaN structure grown on the bulk gallium nitride, the thermal resistance of
GaN-based HEMT is only determined by the thermal conductivity of bulk GaN, and temperature rise
under operating conditions can be comparable to that in devices on SiC substrates [15].

While preliminary results on some aspects of device technology were reported [16], AlGaN/GaN
HEMTs on ammonothermal GaN substrates with satisfying DC and RF parameters have not yet been
published. Moreover, difficulties in obtaining low resistivity ohmic contacts to HEMT structures
made on a substrate with a lower dislocation density were reported [17]. In this work, we
present AlGaN/GaN high electron mobility transistors on semi-insulating bulk ammonothermal
GaN substrates with nonalloyed regrown ohmic contacts. By using metal organic vapor phase
epitaxy (MOVPE)-regrown highly-doped n*-InyGa;_,N:Si layers, low resistivity ohmic contacts (R,
~0.3-0.6 :mm) and high output current (1 A/mm) along with satisfying RF parameters are obtained.

2. Experimental Details

HEMT structures used in this study (see Figure 1a) were grown on a 1-inch c-plane, ~400 um
thick, semi-insulating ammonothermal bulk GaN (SI Ammono-GaN) substrates. The resistivity of
semi-insulating Ammono-GaN is typically no less than 10° Q-cm in paralel direction to the c-axis,
as measured by frequency domain capacitive technique [18,19], and over 1 x 10° Q-cm (above the
measurement method range) in the perpendicular direction to c-axis, as determined by microwave
methods [19,20].

High resistivity of SI Ammono-GaN substrates are obtained by compensation of residual oxygen,
incorporated during ammonothermal growth, by deep acceptors i.e., transition metal ions or by Mg
shallow acceptors. It is worth to noting that a low level of impurities (~2 x 10'® cm~3) contributes
to the high value of room temperature thermal conductivity of semi-insulating Ammono-GaN (x
~230 W/mK) [21]. The HEMT structure was grown by MOVPE. It consists of 1 nm GaN-cap,
25 nm Al 6Gag 73N barrier layer, 0.8 nm AIN spacer, 0.7 um unintentionally doped (UID) GaN
and 1 pm GaN:C highly resistive buffer. As shown in Figure 1a a dotted line indicates the position of
two-dimensional electron gas (2DEG) formed in the quantum well at AIN spacer/UID GaN interface.

The high resolution 26-w and rocking curve X-ray diffraction (XRD) scans of epilayers (Figure 2a)
prove the excellent crystal quality of epilayers grown on SI Ammono-GaN with FWHM = 0.007°.
Atomic force microscopy (AFM) scans (5 um x 5 um) of the top of AlIGaN/GaN HEMT structure shows
an atomically smooth surface with a root mean square roughness of about 0.12-0.14 nm (Figure 2b).
Electrical parameters of 2DEG were obtained by Hall effect and C-V measurements. Sheet resistivity
(Rsp,), sheet carrier concentration (ns) and Hall mobility () were 315 /[, 1.64 x 10" em~2 and
1210 cm?/ Vs, respectively.
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Figure 1. Cross-sectional schematics of the AlGaN/GaN-on-Ammono GaN high electron mobility
transistors (HEMTs) under study: semiconductor device structure (a) and HEMT layouts with
recessed Ti/Al/Mo/Au ohmic contact; (b) with subcontact n*-InyGa;_,N:Si regrown epilayer
and Ti/Al/Mo/Au ohmic contact (c), and with subcontact n*-In,Ga; _,N:Si regrown epilayer and
Ti/RuSi/Au ohmic contact (d).
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Figure 2. (a) 26-w high resolution X-ray diffraction (XRD) scan and XRD rocking curve along with
(b) AFM image of the surface of AlIGaN/GaN HEMT structure on SI Ammono-GaN substrate.

The first step of HEMT processing was the deposition on the semiconductor device structure
a double-layer SiOy (200 nm)/AIN (35 nm) mask and its patterning for the selective recess etching
of AlGaN/GaN followed by selective MOVPE regrowth of n*-In,Ga; _yN:Si/n"-GaN:Si subcontact
regions of source and drain. The SiOy film was deposited using plasma-enhanced chemical vapor
deposition (PECVD) and AIN layer was grown by MOVPE. Mask patterning was performed by
BCl3/Ar and CHF3/CF, plasma etching. The depth of recess etching was 20 nm below the
AlGaN layer. The doping and thickness of subcontact regrown region was as follows: n™-GaN:Si
(Si: 1.7 x 10 em3-40nm, 5 x 10 cm3-7 nm) and graded (x from 8% to 26% at the top)
nt-In,Ga;_(N:Si (Si: 5 x 101 cm™3-10 nm). Schematic cross-section is presented in Figure 1c,d.
To lower the surface barrier, doping of the first n*-GaN:Si layer was kept below Mott concentration,
while the next 7 nm n"-GaN:Si layer was doped to the higher level of Si. For further lowering
the surface barrier, n*-InyGa; ,N:Si graded layer was doped to 5 x 10 cm~3 of Si and indium
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composition was chosen in such a way that with 26% of In, the Fermi level is pinned to the conduction
band.

The AIN/SiO; mask was removed by soaking in hydrofluoric acid solution while regrown
nitride films remained in contact regions. Figure 3 shows a cross-sectional transmission electron
microscope (TEM) images of regrown GaN on top of a low-dislocation GaN homoepitaxial epilayer.
High resolution imaging (HR-TEM) at Figure 3b reveals a smooth, dislocation-free n*-GaN/UID GaN
interface, the key attribute of GaN on GaN technology. The etched sidewalls are at a 56° angle to the
c-plane (0001). The sidewall angle is close to the optimal 62° angle at which the density of dangling
bonds on the etched surface is similar to a c-plane surface [22].

a)
[0001]
e n’-GaN:Si
[1100]
100 nm
TP \ interfejs regrown GaN/UID-GaN
b)

Figure 3. (a) TEM image of n*-In;Ga;_,N:Si/n*-GaN:Si subcontact region and (b) HR-TEM image
of n*-GaN:Si/UID GaN interface.

Next, the ohmic contact metallization was sputter-deposited and annealed. To compare the
properties of alloyed and ohmic contacts, we studied the characteristics of conventional recessed
Ti/Al/Mo/Au (15/60/60/35 nm) metallization annealed at 850 °C for 30 s in a nitrogen flow (Figure 1b)
with contacts with subcontact n*-InyGa;_;N:Si regrown epilayer metallized using conventional
Ti/Al/Mo/Au (15/60/60/35 nm) (Figure 1c) or thermally stable Ti/RuSi/Au (20/50/100 nm)
metallizations(Figure 1d).

In the following, the isolation of adjacent devices was done by using two-step Al ion
implantation [23]. The implant consisted of Al ions at (Ist step) energy of 800 keV, and dose
1.5 x 10! cm~2 and (2nd step) at energy 300 keV, and dose 1 x 10'® cm~2. The sheet resistivity
of as-implanted isolation was 10'! Q/C]. With this technique, a sufficiently high vacancy density
was obtained in the surface region down to 0.7 pm. To prevent the active regions from becoming
implanted, a 3 pm thick photoresist mask was applied. Then, rectangular gate electrodes were an
electron-beam deposited Ni/Au (50/100 nm) bilayer. Finally, the devices were passivated by 100 nm
SiNy layer deposited by plasma-enhanced chemical vapor deposition. Finally, windows for contact
pads were opened and pads were thickened by Au evaporation. The cross-section schematic of
fabricated devices are shown in Figure 1b-d. The gate length (L) was 0.8 um and gate width was 2 x
200 um for two-finger devices. The source-gate (Ls;) and gate-drain distance (Lgp) were 1.2 pm and
4 um, respectively.

3. Results and Discussion

3.1. Electrical Characterisation of Ohmic Contacts with Subcontact n*-InyGay _,N:Si Regrown Epilayer to
AlGaN/GaN Heterostrucutres on Semi-Insulating Ammono-GaN Substrates

As already mentioned in the Introduction, fabrication of low resistivity ohmic contacts to higher
quality HEMT structures appears to be a difficult task. According to numerous studies of Ti/Al-based
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alloyed contacts to AlGaN/GaN 2DEG, the mechanism of ohmic contact formation is related to
spiking through dislocations. Thus, the likely explanation of difficulties is the limited availability of
dislocations in reduced defect density HEMTs [17,24,25].

One of the approaches to overcome this problem is to form a recess below 2DEG and form alloyed
Ti/ Al-based contact [26,27]. This method was reported successful for HEMTs with dislocation density
above 10° cm~2 i.e., epistructures grown on SiC, Si or even HVPE (hydride vapour phase epitaxy)
GaN substrates. In our case, the ohmics resistance of recessed alloyed Ti/Al/Mo/Au contacts to
HEMT structures on SI Ammono-GaN are in the range of 0.8-1.1 (-mm. As a example, as shown
in Figure 4a, the contact resistance and resistivity extracted from circular transmission line method
(CTLM) measurements [28] for recessed Ti/Al/Mo/Au ohmic contacts were R¢ = 0.8 O-mm and
pc =13 x 107° Q-cm?.

Alloyed Ti/Al/Mo/Au ohmic makes contact with subcontact n*-In,Ga;_ yN:Si regrown epilayer
show resistances from the range of 0.3-0.6 Q-mm. For the HEMT structure used in this work, the
contact resistance and resistivity were Rc = 0.43 Q-mm and p. = 6.4 x 107 Q-cm?, respectively,
as extracted from CTLM measurements(Figure 4b). It is worth mentioning that measured contact
resistance presents an upper limit of actual contact resistance as the measured value also includes the
contribution of the n*-GaN access region and regrown n"-GaN-2DEG interface [29].
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Figure 4. Four-point probe I-V plot of circular transmission line method (CTLM) patterns (image
in inset) and measured resistance R vs. CTLM contact spacing, (the solid line is the result of
fitting to experimental data) for (a) recessed and (b) Ti/ Al/Mo/Au ohmic contacts with subcontact
n*-InyGaj _,N:Si regrown epilayer annealed at 850 °C.

The non-alloyed ohmic contacts with Ti/Al/Mo/Au and Ti/RuSi/Au metallizations with
subcontact n*-InyGa;_,N:Si regrown epilayer were mildly annealed at 400 °C for 1 min, in N,
for promoting the adhesion. The comparison of current-characteristics and determination of contacts
parameters using CTLM method is depicted in Figure 5. The contacts’ resistance and reactivities
obtained from the CTLM method were Rc = 0.38 £ 0.3 (o, = 3.4 x 107% Q-cm?) O-mm and
Rc =0.43 4 0.8 Q-mm (o, =5 x 107¢ O-cm?) for Ti/ Al/Mo/Au and Ti/RuSi/ Au contacts, respectively.
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The use of regrown highly-doped In,Ga;_,N/GaN:Si makes it possible to create non-alloyed
ohmic contacts to AlGaN/GaN heterostructures without high temperature annealing. Moreover,
it allows for using thermally stable metal schemes, which allows for fabricating devices
designed for high temperature applications. Sputter-deposited RuSi layers owing to amorphous
microstructure [30,31] and high melting point, large work function and low resistivity are the material
of choice for a diffusion barrier layer in metallization schemes They have already been proven reliable
and thermally stable in GaN-based devices [32].
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Figure 5. Four-point probe I-V plot of CTLM patterns (a) and measured resistance R vs. CTLM
contact spacing (b) (the solid line is the result of fitting to experimental data) of Ti/Al/Mo/Au and
Ti/RuSi/ Au ohmic contacts with subcontact n*-InyGaj _,N:Si regrown epilayer annealed at 400 °C.

3.2. Electrical Characterization of AIGaN/GaN HEMTs on Semi-Insulating Ammono-GaN Substrates with
Ohmic Contacts with Subcontact n-InyGay _N:Si Regrown Epilayer

The output and transfer characteristics of the devices (with Ti/Al/Mo/Au ohmic contacts
with subcontact n"-InyGa; _N:Si regrown epilayer, annealed at 850 °C) are depicted in Figure 6a,b.
The maximum drain current density for Vgs =2 V is about 1 A/mm. Extracted on-state resistance
Ro; was 4.4 QO-mm. The kink effect on the output characteristics is not observed. This effect is usually
attributed to slow traps located in GaN buffer layer under gate region [33], which was described in
previous reports on AlGaN/GaN HEMTs on ammonothermal bulk GaN [17]. The negative slope
in the output characteristics for higher Vps and Vg values results from the self-heating [34,35].
The transconductance (g;,) is about 220 mS/mm and achieves maximum values for the expected range
of operating points of transistor. The transfer characteristics show a clear pinch-off at Vgg = —6 V and
very good linear behaviour up to Vg = —2 V. The measured leakage current is about 0.1 mA/mm and
can be attributed to the gate leakage current. We do not observe any additional, measurable leakage
current through the buffer layers or the substrate.
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Figure 6. (a) output and (b) transfer characteristics of fabricated AlGaN/GaN HEMT on SI

Ammono-GaN substrate with Ti/Al/Mo/Au ohmic contacts with subcontact n*-InyGa;_N:Si
regrown epilayer, annealed at 850 °C.
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The frequency performance of transistors was also investigated. The S-parameters of fabricated
transistors were measured over a 45 MHz to 24 GHz frequency range using on-wafer measurement
station Cascade M150 with an Agilent N5242A network analyser (Keysight, Santa Rosa, CA, USA) and
50 Q) input and output impedance. Figure 7a shows RF characteristics such as current gain (1hy I),
maximum stable/available gain (MSG/MAG), unilateral gain (U) and |Sy; | gain at quiescent point
Vps =28 Vand Ipg = 46 mA (115 mA/mm). The chosen operating point corresponds with condition
to achieve maximum gain, at typical supply voltage used in standard GaN HEMT microwave circuits
(Vps =28 V). The maximum frequency (far4x) and cut-off frequency (fr) was 30 GHz and 21.1 GHz as
obtained by linear extrapolation with —20 dB/dec slope of U (or MSG/MAG) and | hy; |, respectively.
The fr value (21.7 GHz) was also estimated using the Gummel method [36] as shown in Figure 7b.
An fr-Lg product of 16.8 GHz-um was achieved. The 1Sy | gain attains 0 dB for frequency (f;s) of
22 GHz. The MAG and |S;y; | was 22.7 dB and 15.3 dB at 2 GHz and 19.8 dB and 12.7 dB at 4 GHz.
It is worth noting that 1Sy | depends on the source and load impedances and the 50 2 impedance
of the measurement system is not optimal neither for maximum gain nor for maximal output power.
Therefore, 15,1 | should not be used for direct comparison of the transistor structures. In order to
estimate microwave properties and usability of the transistor, a small-signal model was extracted
on the basis of the measured S-parameters. The measured and simulated input (S17) and output
(S22) reflection coefficients are shown in Smith chart (Figure 7c) and forward (Sy;) and reverse (Sy2)
transmission coefficients are plotted on the polar chart (Figure 7d). An equivalent circuit along with
extracted model parameters are presented in Figure 7e. The microwave measurements indicate the
lack of significant parasitic elements and confirm the high quality of fabricated HEMTs with ohmic
contacts with subcontact n"-InyGa;_ N:Si regrown epilayer. The g;, value obtained from equivalent
circuit was about 80.8 mS (200 mS/mm). As the slope of the g,,(Vs) curve is steep, the DC g, value
of 200 mS/mm corresponds to Ipg value of about 120 mA /mm as can be deduced from Figure 6b. This
value is close to the used Ipg value, and confirms correspondence between the DC characteristics and
the AC model.

In order to fully compare the Ti/Al/Mo/Au and Ti/RuSi/Au ohmic contacts with subcontact
n*-In,Ga;_,N:Si regrown epilayer, with reduced annealing temperature, another set of devices with
each metallization were fabricated (on the parts of the same wafer), in a similar manner and with the
same dimensions as described in the experimental section.

The comparison of output and transfer characteristics of AlIGaN/GaN HEMTs with Ti/Al/Mo/Au
and Ti/RuSi/Au ohmic contacts with subcontact n*-In,Ga;_,N:Si regrown epilayer, annealed at
400 °C, are shown in Figure 8a—c. The transistors with Ti/RuSi/ Au metallizations have a maximum
output current of 756 mA/mm as compared to 736 mA/mm for the devices with Ti/Al/Mo/Au
metallizations annealed at 400 °C. For both of the transistors, the pinch-off voltage was about —3.6 V,
as is not dependent on used ohmic contact metallization schemes. It is worth noting that maximum
output current is lower than described earlier; however, it is not connected with ohmic contact
resistance but with parameters of 2DEG for AIGaN/GaN HEMT heterostructures used for fabrication
of transistors, as suggested by lower pinch-off voltage values in those devices as compared to reported
earlier in the text. The maximum transconductance value was 159 mS/mm at Vgg = —2.32 V
for Ti/RuSi/Au devices and 167 mS/mm at Vg = —1.79 V for the devices with Ti/Al/Mo/Au
metallizations annealed at 400 °C.
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Figure 7. (a) high frequency characteristics of ISy; |, Ihy; |, U and MSG/MAG of the fabricated
AlGaN/GaN HEMT on SI Ammono-GaN substrates with Ti/Al/Mo/Au ohmic contacts with
subcontact n*-InyGa; _N:Si regrown epilayer, annealed at 850 °C; (b) f7 determination using the
Gummel method; (c) the Smith chart of 511 and Sy, reflection coefficients; (d) section of polar plot of Sy;
and Sy transmission coefficients; (e) equivalent circuit with extracted parameters used for simulations.

Figure 8d,e shows the comparison of high-frequency characteristics (measured at quiescent point
Vps =28 V) of AlGaN/GaN HEMTs on semi-insulating Ammono-GaN substrates with Ti/Al/Mo/Au
and Ti/RuSi/Au ohmic contacts with subcontact n"-In,Ga;_,N:Si regrown epilayer, annealed at
400 °C. As can be seen, the transistors with both Ti/Al/Mo/Au and Ti/RuSi/Au exhibit a similar good
high frequency performance and extracted dynamic parameters are very similar. Observed differences
in those parameters do not deviate from typical values of parameter scattering for used technology.
The maximum frequency (fp4x) and cut-off frequency (fr) was 28.4 GHz and 18.8 GHz and 28.8 GHz
and 19.2 GHz for transistors with Ti/Al/Mo/Au and Ti/RuSi/Au ohmic contacts with subcontact
n't-InyGa;_,N:Si regrown epilayer, annealed at 400 °C, respectively, showing comparable values as
for transistors with Ti/ Al/Mo/Au ohmic contacts with subcontact n*-In,Ga;_N:Si regrown epilayer,
annealed at high temperature of 850 °C.
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Figure 8. Comparison of (a) output and (b,c) transfer characteristics, (d,e) high frequency characteristics
of 1Sy 1, Ihyy I, Uand MSG/MAG and fr determination using the Gummel method for the fabricated
AlGaN/GaN HEMT on SI Ammono-GaN substrates with Ti/Al/Mo/Au and Ti/RuSi/ Au ohmic
contacts with subcontact n*-InyGa; _,N:Si regrown epilayer, annealed at 400 °C.

3.3. Design and Fabrication of the on Microwave Power Amplifier Using AIGaN/GaN HEMTs on
Semi-Insulating Ammono-GaN Substrates

To verify usability of the GaN HEMTs on Ammono GaN substrate in microwave designs, a
class-AB power amplifier was designed using a small-signal approach based on a very popular
Cripps method. This method enables a load impedance optimal for maximum output power level
based on DC current-voltage characteristics and small-signal output impedance at a given transistor
operating point to be determined [37]. The impedance condition recommended by Cripps suggests
a series circuit, as the load, leaving aside the actual structure of transistor output circuit, which in
the MESFET (metal semiconductor field effect transistor) and HEMT case has parallel circuit-parallel
connection of Cpg and Rpg on the equivalent circuit (Figure 7e). Therefore, the definition of admittance
condition in the plane of Cps and Rpg elements seems natural. This approach is described in detail
in [38,39]. In the assembly of the amplifier circuit, we use AlGaN/GaN HEMT on semi-insulating
Ammono-GaN substrate with subcontact n*-In,Ga;_,N:Si regrown epilayer and Ti/Al/Mo/Au
ohmic contact annealed at 850 °C (representative characteristics of one of the devices from the same
wafer are presented in Figures 6 and 7).

According to the aforementioned procedure, the amplifier was designed in a Keysight Advanced
Design System (ADS) environment in the microstrip technique on Rogers RO4003C laminate (Chandler,
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AZ, USA) with h = 0.02 and €, = 3.35. The output matching section was optimized to fulfill maximum
power condition while the input matching circuit was optimized for minimum input return loss.
The input network contains lossy elements to stabilize the amplifier. The assembly schematic and
photography of the fabricated amplifier are presented in Figure 9, respectively. The use of a F&S
BONDTEC 5632 bond machine (Braunau, Austria) ensures good control over the length and shape of
bond wires. This is confirmed by the excellent compliance of simulations and measurements.
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Figure 9. (a) assembly schematic and (b) photography of the fabricated amplifier.

The small-signal measurements were performed over a 2 GHz to 4 GHz frequency range and for
input power level of —10 dBm. The simulations and measured results of the amplifier are compared in
Figure 10.
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Figure 10. (a) the reflection coefficient 1S; | and (b) the small-signal gain 1S, | of the amplifier.

The power transfer characteristics Py,¢(P;;,) of the amplifier measured for continuous wave (CW)
mode from 2.5 GHz to 3.5 GHz frequency range are shown in Figure 11. Despite the gain irregularity,
the available power is more equal. The output power at 1 dB gain compression (1 dB G.C.P.) point
with associated gain vs. frequency is shown in Figure 12. In the whole frequency range, 1 dB G.C.P. is
30.3 £ 0.1 dBm.

The maximum output power of 32.2 dBm (1.66 W) was obtained at 3 GHz for the RF ON bias
point Vpg =28 V and Ipg = 150 mA (shallow class AB) of the transistor. Due to the high GaN HEMT
chip thickness of 400 um, the thermal conditions inside the transistor result in a drain current drop. It
is the main limitation to obtaining higher output power level as well as higher efficiency. To reduce
thermal resistance Ry, value, the chip thickness should be decreased e.g., to standard used thickness
of 100 um. Additionally, source to ground connection is made using bond wires that decrease gain.
Going through metal via holes from source pads to ground can improve the heat dissipation and gain,
and reduce R,;.
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The parameters of the amplifier show a high quality of fabricated transistors. The output power
level is higher than 30 dB m at 1 dB G.C.P. over a 2.5 GHz to 3.5 GHz frequency range with 13.5 = 1.0 dB
gain. The maximum output power density of 4.15 W/mm is comparable with commercially available
GaN HEMTs e.g., Wolfspeed CGH6008D 3.8 W/mm (Durham, NC, USA) [40], Qorvo TGF2023-2-01
4.8 W/mm) (Greensboro, NC, USA) [41].
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Figure 11. Transfer characteristics for continuous wave (CW) excitation—(a) output power Py = fP(;;,)
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Figure 12. The output power at 1-dB gain compression point with associated gain of the amplifier.
4. Conclusions

In this work, AlGaN/GaN HEMTs, with active layers homoepitaxially grown on semi-insulating
Ammono-GaN substrates, were fabricated. The use of regrown, highly-doped In,Ga;_,N/GaN
sub-contact layers resulted in decreasing the contact resistivity from 0.8-1.1 Q»-mm (as for recessed
ohmic contacts) to 0.3-0.6 O-mm and decreasing value of parasitic elements like source and drain
resistance (see Table 1). This leads to enhancement of DC and RF performance as compared to
AlGaN/GaN HEMTs on semi-insulating Ammono-GaN substrates with recessed Ti/Al/Mo/Au
ohmic contacts [23]. An 1 A/mm on-state current was achieved and fr and fj1ax were 21 and
30 GHz, respectively, for 0.8 pm gate length devices. Moreover, thanks to the use of selectively
regrown highly-doped In,Ga;_,N/GaN:Si layers, it is possible to use new types of metallization,
e.g., with potentially increased thermal stability like Ru-based metallization schemes or to reduce
the thermal budget to obtain low resistivity ohmic contacts, which is not possible to achieve
using conventional technologies. Those ohmic contacts exhibit very good electrical parameters
(R¢ = 0.38-0.43 ():mm) and allow for obtaining transistors with DC and high-frequency parameters
comparable to those for devices with Ti/ Al/Mo/Au ohmic contacts with subcontact n*-InyGa;_ N:Si
regrown epilayer, annealed at high temperature of 850 °C.
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Table 1. Comparison of ohmic contact resistances (R¢), and source and drain resistances (Rg and
Rp) obtained from S-parameters of AlIGaN/GaN high electron mobility transistor (HEMT) on SI
Ammono-GaN substrates with Ti/Al/Mo/Au ohmic contacts with subcontact n*-InyGa;_N:Si
regrown epilayer and with recessed Ti/ Al/Mo/Au ohmic contact.

Ohmic Contact Rc (QOmm) Rs(Q)) Rp ()
recessed Ti/Al/Mo/Au 0.8-1.1 0.86 3.4
Ti/Al/Mo/ Au with regrown epilayer 0.3-0.6 0.31 1.78

Overall, we have shown AlGaN/GaN high electron mobility transistors fabricated on truly bulk
monocrystalline semi-insulating GaN substrates with parameters (output current and output power
density) comparing well with devices manufactured on silicon carbide substrates available from
commercial manufacturers. The high potential of developed technology was proved by assembly
of microwave systems using our devices (S-band power amplifiers). The fabricated S-band power
amplifiers with AlGaN/GaN HEMTs on semi-insulating Ammono-GaN substrates have maximum
power density of 4.15 W/mm. The high power and high frequency performance can be further
enhanced by optimizing gate design and length and formation of via hole interconnections.
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DC characterization of HEMT devices, and M.W. performed structural characterizations.
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Abstract: The effect brought by the I-V kink effect on large signal performance of AIGaN/GaN high
electron mobility transistors (HEMTs) was investigated in this paper. An improved compact model
was proposed to accurately characterize the I-V kink effect. The bias dependence of the I-V kink
effect has also been taken into consideration. AlIGaN/GaN HEMTs with different gate width were
utilized to validate the proposed model. Built on the proposed model, the effect brought by the I-V
kink effect on large signal performance has been studied. Results show that the I-V kink effect will
lead to the degradation of characteristics, including output power, gain, and power-added efficiency
at the saturation region. Furthermore, the influence of the I-V kink effect was found to be related
with the input power and the static bias point in this work. The time domain waveform and AC
dynamic load line were used for validation of results based on simulation. The consequences of this
paper will be useful for the optimization of practical circuit design.

Keywords: I-V kink effect; AlGaN/GaN HEMT; large signal performance

1. Introduction

Due to the special characteristics of the material itself, gallium nitride (GaN) has been widely used
in wireless applications, THz band emerging devices, space industry, power electronics, and many
other fields [1-3]. Also, with the development of fabrication techniques, the feature size of GaN-based
devices have been shrinking to less than 100 nm [4]. Together with its unique characteristics, especially
higher breakdown voltage and higher output power density, it has been proven to be an excellent
candidate in high frequency applications [5]. Numerous circuit designs based on GaN processes
with outstanding performance have sprung out these recent years [6-8]. The rapid development of
GaN-based devices also stimulates the improvement of compact modeling, which serves as a key to
practical circuit design [9].

In the past few years, lots of work has been focused on the characterization of electrothermal [10-12]
and trapping effects [13-15] in compact modeling of GaN high electron mobility transistors (HEMTSs).
Many compact models, such as EE_HEMT1 model [16], Angelov GaN model [17], MVSG model [18],
and ASM GaN model [19], have been developed for accurate characterization of device performance.
Besides the development of the core model mentioned above, other real device effect models, such as
noise model [20] and gate current model [19], are also proposed to improve the core model. I-V kink
effect is also a common phenomenon observable in several kinds of transistors [21]. The mechanism has
been thoroughly studied in many works. The setting of maximum value of drain-source voltage [22],
as well as the sweeping direction of drain-source voltage in measurement [23], will also affect the kink
degree. Also, the influence brought by the I-V kink effect on S parameters has been studied in [24].
However, the characterization of the I-V kink effect in compact model [25], and the influence brought
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by it on the large signal performance, have seldom been reported. As the I-V kink effect is observable
when the device is biased at linear region, the load line will be influenced by it. In terms of practical
circuit design, especially for high linearity and many other applications, it is worthy to develop an
accurate I-V kink effect model and investigate the influence brought by it on large signal performance.

In this paper, the effect brought by the I-V kink effect on large signal performance of AlGaN/GaN
HEMTs was studied. An improved compact model was proposed to accurately characterize the I-V
kink effect. The model was validated via GaN HEMTs with different gate widths. Built on the proposed
model, the effect brought by the I-V kink effect on large signal performance has been studied with
different input power and under different bias points, separately. The time domain waveform and AC
dynamic load line were also used for validation of results based on simulation in this work.

This paper is organized as follows. In Section 2, the model description was presented. The modeling
method of the I-V kink effect was given in detail. In Section 3, the proposed model was validated by
two AlGaN/GaN HEMTs with different gate width, at first. Then, the influence brought by the I-V
kink effect with different input power and under different bias points was analyzed separately. Finally,
in Section 4, the conclusion of this work is presented.

2. Model Description

2.1. Characterization of the I-V Kink Effect

The I-V kink effect is a common physical phenomenon in several kinds of transistors. Trapping
effects have been proved to be the main reason for the occurrence of I-V kink effect [26]. Due to the
defect induced by fabrication, the trap distributed in devices will lead to the current collapse when
devices are biased at linear region [27]. However, along with the increase of drain-source voltage, the
rise of the electric field in the channel will assist the de-trapping process. This will, in the end, lead to
the “jump” of drain-source current [28]. The drain-source voltage V5, when the current recovers, is
called Vs ginx in numerous works. This phenomenon can also be captured in the AlIGaN/GaN HEMTs
used in this work. I-V curves of GaN HEMTs with different gate width are presented in Figure 1.
It is worthy to mention here that the AlIGaN/GaN HEMTs used in this work were fabricated in WIN
SEMICONDUCTORS Corporation NP25-00 Gallium Nitride process. These devices were grown on a
4 mil and 100 um thickness SiC substrate.

4x75pm AlGaN/GaN HEMT 04 4x90pum AlGaN/GaN HEMT
.35 — . ————————
] ! i O
222 O Fds<kink % ool O Yk E-I-i
25F e L - 8 8 i @
Y= — ——— SN = - : .
Zo0.15 ———— "] 3z 1
R~ — Y~z : t
0.10 /%o — A=0.2V4 0.1 % : A=0.2V]
0.05—— 1 e ———— B S ——— *
0.00f—— 4y o v{
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Vds(V) Vds(V)
(a) (b)
Figure 1. I-V kink effect in 0.25 um AlGaN/GaN HEMTs with different gate width: (a) 4 x 75 um and

(b) 4 x 90 um.

As the I-V kink effect only leads to the current collapse when Vy; is lower than 10 V in Figure 1,
muodification is needed to revise the nonlinear current formulation in the conventional compact model.
In order to improve the convergence of the compact model, a simplified version based on the method
in [25] was employed, in this work, to characterize the kink effect. The parameter V; in [25] was not
found to be suitable in this work, and was replaced by drain-source voltage V4 to simplify the model.
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Also, as the parameter Vg o in [25] directly determines the value of Vi ki in Figure 1, it has been
changed to Vs kink in this work. The formulation of the whole I-V kink model is shown in Equation (1).

Viis — Vigs ki
Tiink = Ix X <1 + tanh(%) >/ (1a)
Vs — Vs g0 | -
Iy = Lo xexp| — <gsvg5k0> , (1b)
gs_k1

where Ixo, Vias k1, Vis_kinks Vgs_ko, and Vs (1 are parameters which can be achieved by measured
I-V curve.

In Equation 1, Iyg denotes the maximum difference between the I;; curve with I-V kink effect, and
the one without I-V kink effect [25]. The Vi i refers to the gate-source voltage Vys when I is equal to
Ixo. Since the GaN HEMT in this work is a kind of depletion mode device which is mainly for power
amplifier application, gate-source voltage Vs is equal to or less than zero. As a result, Vs 1 is equal to
zero in this work. Vg 1 is a parameter used for describing the variation of Iy under different Vgs. It can
be achieved by fitting I under different Vgs. Vs 1 denotes the slope of the I-V curve transferring
from the kink region to the region without kink. Vg i, refers to the drain-source voltage when the
I-V kink effect disappears in the I-V curve.

However, with the model in Equation (1), the value of Vs iy« remains the same under each V.
The bias dependence of Vs jiyx cannot be accurately characterized only with Equation (1) because
the parameter Vg ginx is not an expression related to the gate-source voltage Vgs. As the variation
of Vis_ink, along with the change of Vg5 shown in Figure 1, agrees well with the trend of a cubic
function, the formulation in (2) was used in this work to add bias dependence into parameter Vs ik
in Equation (1).

Vis_kink = aVes® + bVes” + cVgs + d, @)

where 4, b, ¢, and d are all fitting parameters. They can be achieved by polynomial fitting with the
extracted discrete Vs gy under different Vs, which have been marked in red circles in Figure 1.

With the parameter extraction method mentioned above, the I-V kink effect model can be achieved.
The extracted parameters of the I-V kink effect model in Equations (1) and (2) for the 4 x 75 um
AlGaN/GaN HEMT in Figure 1a are presented in Table 1.

Table 1. The extracted I-V kink effect model parameters in Equations (1) and (2).

Ixo Vds k1 a b Ugs k0 Ugs k1 c d
0.04 0.012 —-0.7 —1.01 0 3.08 2.51 9.82

2.2. Compact Modeling and Its Validation

Comparing with other physical based [18,19] or empirical [16] compact model, the Angelov
model [17] takes advantage of good convergence and much easier parameter extraction. As a result,
an empirical compact modeling method [29] based on the Angelov theory was used in this work to
model the drain-source current of the GaN HEMT. With the modification based on Equations (1) and
(2), the bias dependence of the I-V kink effect can be accurately described. The self-heating effect
was modeled by the variation of channel temperature and the trapping effect was modeled by the
equivalent gate voltage method [15] in the compact model of this work. Then, the I-V kink effect model
is integrated into the compact model by direct addition into the current model expression shown in
Equation (3a). The proposed model in this work is also scalable. The capacitance model, including Cgs
and Cgy mentioned in [29], is used in this work.

Ids = Idsfnkink + Ikink/ (33)
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Lis_nkink = Lpkin ¥ (1 + Mipgsn X tanh(zp)) x tanh(aVys), (3b)

where Ly, Mipkin, ¢, and a are all model parameters of the improved Angelov model in [29]. ik
denotes the expression in Equation (1a).

The static DCIV curves in this work were measured on cascade deck (Summit 12000, FormFactor,
Livermore, CA, USA) with the help of power device analyzer/curve tracer (Keysight B1505A, Keysight
Technologies, Santa Rosa, CA, USA). The photography of the on-wafer measurement system is shown
in Figure 2a.

Figure 2. The on-wafer measurement system. (a) The measurement desk for DCIV and S parameter;
(b) The on-wafer load-pull system.

The on-wafer load-pull system used for achieving maximum output power is shown in Figure 2b.
The measurement is performed on Cascade Summit 11000 (FormFactor, Livermore, CA, USA).
The testing block diagram is the same as the one mentioned in [30]. The main instruments in this
work include the source and load tuner (Focus CCMT-5080, Focus Microwaves Inc., Québec City, QC,
Canada), vector network analyzer (Agilent N5245A, Keysight Technologies, Santa Rosa, CA, USA),
DC power (Agilent E3633A/E3634A, Keysight Technologies, Santa Rosa, CA, USA), and the input
signal amplifier (Agilent 83020A, Keysight Technologies, Santa Rosa, CA, USA). S parameters in this
work are measured with Agilent N5247 (Keysight Technologies, Santa Rosa, CA, USA), and the DCIV
curves are measured with Keysight B1505A (Keysight Technologies, Santa Rosa, CA, USA).

In order to validate the proposed model, two AlGaN/GaN HEMTs with the gate width of 4 x 75 um
and 4 x 90 um were used. The flow chart for validation procedure is presented in Figure 3.

DC-1V DC-IV Validation
Measurement
Pulsed IV Pulsed IV Validation
Measurement

SpoeTeir S parameter Validation
Measurement
Power sweep Validation
Load-pull
Measurement

Impedance Contour
Validation

Figure 3. Flow chart of the validation procedure of the proposed model.
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The comparison between simulation results and measured data of the DCIV of 4 x 75 pm and
4 x 90 um GaN HEMTs at room temperature are shown in Figure 4. The gate-source voltage Vs is
swept from —4 V to 0 V stepped by 0.2 V, and drain-source voltage V; is from 0 V to 28 V, stepped by
1V to include the I-V kink effect.

T T 1.2 T v T T
— Simulated| | 1.0 4X90pm — Simulated
= Measured — = Measured
< X

0 5 10 15 20 25 30
Vds(V)
(©)

Figure 4. Validation of DCIV characteristics of the proposed model: (a) 4 x 75 um GaN HEMT,
(b) 4 x 90 pm GaN HEMT and (c) Results of the modeling approach in [25].

Comparing with Figure 4c, it is clear that the bias dependence of V., in Figure 4a,b can be
accurately described under different gate-source voltage V¢s based on the proposed bias dependence
model in Equation (2).

3. Investigation on Large Signal Performance

3.1. Validation of the Large Signal Model

The large signal model was embedded into Keysight ADS by symbolically defined device (SDD)
tool. The small signal characteristics of the model have been validated at first. Results for S parameters
at Vgs = —2.2V, Vg =20 Vand Vs = —2.6 V, V4, = 28 V are presented in Figure 5. The frequency band
is from 0.1 GHz to 40 GHz in Figure 5.

It can be observed in Figure 5 that the proposed model can accurately characterize the small signal
characteristics under different bias points over the frequency band. Then, in order to validate the
large signal characteristics of the model, on-wafer load-pull measurement was performed to achieve
the impedance of maximum output power. The impedance contours of a 4 x 75 um GaN HEMT for
maximum output power and maximum power-added efficiency (PAE) are presented in Figure 6.
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(b)

Figure 5. Small signal characteristic validation of the proposed model at different bias points:
(@) Vgs = —2.2V, V4o =20 Vand (b) Vgs = —2.6 V, Vs =28 V.
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Figure 6. Validation of the impedance contours of the proposed model: (a) Impedance contour for
maximum output power and (b) Impedance contour for maximum PAE.

It is clear in Figure 6 that the proposed model can accurately predict the impedance contours.
Terminated at the optimum source and load impedance, power sweep characteristics at a certain bias
and frequency point can be achieved. The power sweep characteristics, including output power (Pout),
gain, and power-added efficiency (PAE), are also validated for the AlIGaN/GaN HEMTs with gate
width of 4 x 75 um and 4 x 90 um. Results when the frequency of the input signal is 10 GHz are
presented in Figure 7.
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Figure 7. The influence brought by the I-V kink effect on large signal performance of AlGaN/GaN
HEMTs @10GHz: (a) 4 x 75 pm and (b) 4 x 90 um.

The influence brought by the I-V kink effect on large signal performance was also studied in
Figure 7. The comparison between two conditions when one has taken the I-V kink effect into
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consideration, while the other has not, are shown in Figure 7. It can be seen in Figure 7 that the I-V
kink effect will lead to the degradation of large signal performance, including output power (Pout),
gain, and power-added efficiency (PAE) at the saturation region. In terms of output power and gain,
the degradation induced by the I-V kink effect is only 1 dB or even smaller. This degradation is in an
acceptable range for circuit design. However, the degradation of power-added efficiency is observable,
comparing with output power and gain. This should be taken into consideration in practical circuit
design, especially high efficiency applications.

Besides the large signal performance at a certain frequency point, the influence brought by the I-V
kink effect on time domain characteristics was then studied by simulation. The 4 x 75 um AlGaN/GaN
HEMT was used for investigation. It was terminated in its optimum impedance for maximum output
power at 10 GHz. The input impedance Z; is 14.05 +j * 18.50 (), while the output impedance Z; is
30.37 +j * 48.27 (). The input power was set to 14.5 dBm. Results are shown in Figure 8.
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Figure 8. The influence brought by the I-V kink effect on time domain characteristics of AlGaN/GaN
HEMTs @10GHz: (a) time domain waveform and (b) AC dynamic load line.

It is clear in Figure 8 that the I-V kink effect affects both the time domain waveform and the AC
dynamic load line. Also, the I-V kink effect only affects the magnitude of output waveform. The phase
remains the same in two conditions.

3.2. The Influence of I-V Kink Effect with Different Input Power

In order to further validate the influence brought by the I-V kink effect on large signal performance
shown in Figure 7 on the aspect of input power, the time domain characteristics of the 4 x 75 um
AlGaN/GaN HEMT used in this work were studied. Characteristics, including the AC dynamic load
line and output time domain waveform of the device with different input power, are shown in Figure 9.
The input power was swept from 13 dBm to 21 dBm for investigation of different working states of the
4 x 75 um GaN HEMT.

It can be observed in Figure 9a,b that, with the increase of input power, the influence brought by
the I-V kink effect aggravates for both time domain waveform and AC dynamic load line. The decrease
of the amplitude of the waveform will, in the end, lead to the degradation of output performance
presented in Figure 7. The decrease of the amplitude of the waveform can be further explained by the
distribution of AC dynamic load lines with different input power, shown in Figure 9c. Along with the
rise of input power, more parts of the trace of AC dynamic load line will be located in the kink region
marked in the dashed box in Figure 9c. Nonlinear effects will be induced by the current collapse in
the region at this time. As a result, the I-V kink effect-induced current collapse should be considered
the main reason for the variation shown in Figure 9a,b. Based on the analysis above, a compromising
input power should be chosen in circuit design if the I-V kink effect is observable in the transistors.
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Figure 9. Investigation on influence brought by the I-V kink effect on time domain characteristics with
different input power @10 GHz: (a) time domain waveform, (b) AC dynamic load line and (c) DCIV
and AC dynamic load line.

3.3. The Influence of I-V Kink Effect under Different Bias Points

As the static bias point of a certain device also affects the distribution of AC dynamic load line,
the bias dependence of the influence brought by the I-V kink effect has also been studied. The large
signal performance at bias points, including Vgs = —=2.6 V, V3, =20V, Vgs = =26 V, V3, = 28 V,
Vgs = —2.2'V,and Vs = 28 V were investigated in Figure 10. The time domain waveforms for each bias
point are also included. The input power chosen for investigation is 21 dBm because the device is
saturated. The influence brought by the I-V kink effect is observable under this circumstance.

The influence brought by the I-V kink effect on the amplitude of the waveform weakens along
with the variation of bias points from Figure 10a—c. The variation trend in Figure 10 is the same as
the one in Figure 7, that there is degradation of characteristics, including output power, gain, and
power-added efficiency at the saturation region. Also, the degradation of PAE is observable compared
with output power and gain. As the influence of the I-V kink effect on power-added efficiency (PAE)
is observable, the influence has been further calculated by APAE = PAEnk — PAEk. Where PAEnk refers
to PAE calculated without the I-V kink effect, while PAEk refers to PAE calculated with the I-V kink
effect. Results for four different bias points are listed in Table 2.

Table 2 shows that the influence of the I-V kink effect on PAE is related with both gate bias and
drain bias. This phenomenon can be further validated by the distribution of AC dynamic load lines
at these bias points. The input power was also 21 dBm, which was the same as the one in Figure 10.
Results are shown in Figure 11. The index 1, 2, 3, and 4 in Figure 11 refer to the four bias points, which
are consistent with the ones in Table 2.
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Figure 10. Investigation on the influence brought by the I-V kink effect at different bias points:
(a—c) refers to the large signal output performance while (d—f) refers to the time domain waveform.

Table 2. The influence of I-V kink effect on power-added efficiency.

Index Bias Point APAE
1 Ves = =22V, V4 =28V 3.3%
2 Vs =—=26V, V4 =28V 3.8%
3 Vs = =22V, V4 =20V 4.3%
4 Vs = =26V, V4 =20V 5.1%
0.5 r———r——T——T
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0.3
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0.1
0.0
-0.1
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Figure 11. The distribution of AC dynamic load lines at four different bias points.

It can be observed in Figure 11 that, with the rise of index presented in Table 2, more parts of each
trace will be located in the kink region marked in the dashed box. As a result, the influence brought by
the I-V kink effect will aggravate, at the same time. It can be concluded that the bias dependence of
the influence is directly dependent on the length of the trace located in the kink region.

4. Conclusions

In this paper, the effect brought by the I-V kink effect on large signal performance of AlGaN/GaN
HEMTs was investigated. An improved compact model was proposed to accurately characterize the
I-V kink effect. The effect brought by the I-V kink effect on large signal performance has been studied
with different input powers and under different bias points. Results show that the I-V kink effect will
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lead to the degradation of characteristics, including output power, gain, and power-added efficiency
at saturation region. The degradation of output power and gain is in an acceptable range, while the
degradation of PAE should be taken into consideration in circuit design. Results of this paper will be
useful for optimization of practical circuit design.
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Abstract: An improved ultrahigh upper gate 4H-SiC metal semiconductor field effect transistor
(IUU-MESFET) is proposed in this paper. The structure is obtained by modifying the ultrahigh
upper gate height /1 of the ultrahigh upper gate 4H-SiC metal semiconductor field effect transistor
(UU-MESFET) structure, and the 4 is 0.1 um and 0.2 um for the IUU-MESFET and UU-MESFET,
respectively. Compared with the UU-MESFET, the IUU-MESFET structure has a greater threshold
voltage and trans-conductance, and smaller breakdown voltage and saturation drain current,
and when the ultrahigh upper gate height / is 0.1 pm, the relationship between these parameters
is balanced, so as to solve the contradictory relationship that these parameters cannot be improved
simultaneously. Therefore, the power added efficiency (PAE) of the IUU-MESFET structure is
increased from 60.16% to 70.99% compared with the UU-MESFET, and advanced by 18%.

Keywords: 4H-SiC; MESFET; ultrahigh upper gate height; power added efficiency

1. Introduction

As a representative of the third generation semiconductor power radio frequency (RF) device,
4H-SiC metal semiconductor field effect transistors (MESFETs) have excellent DC and RF characteristics,
such as a high output power density, large saturation current, high breakdown voltage, and large
trans-conductance [1-6]. Therefore, 4H-SiC MESFETs have great potential in the fields of radars,
electronic countermeasures, and other electronic systems. In recent years, many scholars have devoted
themselves to studying the direct-current (DC) and RF characteristics of 4H-SiC MESFETs to meet the
requirements of the development of electronic science and technology for 4H-SiC MESFETs. However,
in response to the national “Energy Conservation and Emission Reduction, the Green Development”
call [7,8], to improve the power added efficiency (PAE) of 4H-S5iC MESFETs will become a new trend
of research and development.

In this paper, an improved ultrahigh upper gate 4H-SiC metal semiconductor field effect transistor
(IUU-MESEFET) structure with high PAE is proposed based on an ultrahigh upper gate 4H-SiC metal
semiconductor field effect transistor (UU-MESFET) [9]. The proposed IUU-MESFET structure achieves
high PAE by modifying the ultrahigh upper gate height / of the UU-MESFET. This is because increasing
the ultrahigh upper gate height & can reduce the area of the depletion layer under the ultrahigh
upper gate, which not only increases the saturated drain current, but also restrains the expansion
of the depletion layer to source/drain sides and reduces the gate-source capacitance. Meanwhile,
the enhancement of the ultrahigh upper gate height & alleviates the edge effect of the electric field,
thereby improving the breakdown voltage. In sum, the ultrahigh upper gate & affects the DC and RF
characteristics of the device, affecting the PAE of the structure. The [UU-MESFET structure has a larger
threshold voltage and trans-conductance, and smaller breakdown voltage and saturated drain current,
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compared with the UU-MESFET. Additionally, a small threshold voltage absolute value indicates that
the IUU-MESFET device is more easily depleted from the steering inversion; a high trans-conductance
illustrates that the decrease of the distance between the ultrahigh upper gate and the bottom of the
channel makes the gate voltage more capable of controlling the drain current in the channel. In general,
the JIUU-MESFET balances the size relationship between the structure parameters, so that the structure
has high PAE and better DC and RF characteristics.

2. Device Structure

The schematic cross sections of the UU-MESFET and IUU-MESFET structures are shown in
Figure 1a,b, respectively. From the bottom to the top of the two structures are, in order, a semi-insulating
substrate, a p type buffer with a doping concentration of 1.4 x 10'> cm™3 and a thickness of 0.5 um,
an n type channel with a doping concentration of 3 x 107 cm~2 and a thickness of 0.25 um, and two
highly doped n type cap layers with a doping concentration of 1 x 10?° cm™2 and a thickness of
0.2 pm. The same dimensions are as follows: gate-source spacing Lgs = 0.5 um, gate length Le = 0.7 um,
gate-drain spacing Lgs = 1 um, the low gate length is 0.35 um, and the channel is etched 0.05 um to
form the low gate. However, the obvious difference between the UU-MESFET and IUU-MESFET is the
ultrahigh upper gate height . The & of the two structures is 0.2 um and 0.1 pum, respectively.

gate drai source gate drain
source Lg=0.7um rain Le=0.7um
| _ — o
o o Nt e N+
Los0.5 h=0.1ym
Lgs=0.5um I h=0.2pm 05pm T . . . .
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0.25um 035um N-channel N-channe
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Semi-insulating substrate Semi-insulating substrate

@ (b)
Figure 1. (a) Structural cross sections of ultrahigh upper gate 4H-SiC metal semiconductor field effect

transistor (UU-MESFET); (b) Structural cross sections of improved ultrahigh upper gate 4H-SiC metal
semiconductor field effect transistor IUU-MESFET).

The DC and RF characteristics of the two structures are simulated by the two-dimensional
simulation software integrated systems engineering technology computer aided design (ISE-TCAD)
based on three basic equations of semiconductors (Poisson equation, electron and hole continuity
equation, and electron and hole drift and diffusion equation). In the process of advanced design system
(ADS) simulation [10], the eesof scalable nonliear GaAsFet model (EE_FET3) is used because the model
satisfies the characteristics of 4H-SiC MESFETs. The modified EE_FET3 model is put into the “Load
Pull-PAE, Output Power Contours” of ADS for simulation. Additionally, the working conditions are
set as follows: Vg5 is 3.2V, Vg, is 28 V, RF_Req is 850 MHz, Pavs_dBm is 24 dBm, and characteristic
impedance Zj is 50 (). The influence of parameters on PAE is obtained by changing the structural
parameters of the device and maintaining the working conditions.

3. Results and Discussion

3.1. The Influence of Structural Parameters on Power Added Efficiency (PAE)

Figures 2 and 3 show the changes in PAE with the trans-conductance (g;;), the saturation drain
current (I;), the breakdown voltage (V}), and the threshold voltage (V;) for the UU-MESFET structure.
It is found that improving the trans-conductance, the saturation drain current, the breakdown voltage,
and the forward conduction threshold voltage is beneficial to increasing the PAE of the UU-MESFET
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structure. By comparing the influence degree of structural parameters on PAE, it can be seen that the
threshold voltage has the greatest impact on PAE, followed by trans-conductance and the breakdown
voltage, and the saturation drain current is the least affected. However, there is a contradiction between
the structure parameters of the [UU-MESFET device, and the structure parameters cannot be added at
the same time, so a suitable ultrahigh upper gate height / is needed to balance these parameters so as
to obtain a higher PAE.
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Figure 2. The effect of structural parameters g, and I3 on power added efficiency (PAE).
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Figure 3. The effect of structural parameters V;, and V; on PAE.

PAE represents the power amplification capability of the device [10]. Its mathematical expression
is shown as (1). Furthermore, the maximum output power density for a Class A amplifier is given by
expression (2).

o Pout — Piyy

Pyc

L(Vy . Vinee) %)
where P,y is the output power of the device, P;, is the input power, P, is the DC dissipative
power, and Vi, is the knee voltage. The combination of expressions (1) and (2) can prove that
increasing the saturation drain current and the breakdown voltage of the device can enhance the PAE.
However, the mechanism of increasing PAE by raising the forward conduction threshold voltage and
trans-conductance remains to be explored.

PAE 1)

Ppax =

3.2. Optimization and Analysis of the Device Structure

Figure 4a,b show the optimization results obtained by changing the ultrahigh upper gate height /.
It can be seen that the device has the highest PAE when the ultrahigh upper gate height /1 is 0.1 um,
and with the increase of the ultrahigh upper gate height /1, the saturation drain current and breakdown
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voltage first increase, and finally tend to saturate, whereas the trans-conductance and threshold voltage
decrease by degrees. Therefore, it is impossible to improve PAE by increasing the breakdown voltage,
threshold voltage, saturation drain current, and trans-conductance at the same time.
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Figure 4. (a) The effect of the ultrahigh upper gate height  on PAE, V; and V},; (b) The effect of the
ultrahigh upper gate height 1 on PAE, V; and V},.

In order to solve the problem that the structural parameters cannot be increased simultaneously,
it is necessary to find a suitable ultrahigh upper gate height /1 to balance the relationship between
these structure parameters, so as to obtain a larger PAE. As can be seen from Figure 4, the suitable
ultrahigh upper gate height /1 is 0.1 um. When the ultrahigh upper gate height /1 is 0.1 pum, the device
structure has a larger threshold voltage and trans-conductance, and smaller breakdown voltage and
saturation drain current, compared with the device structure with an ultrahigh upper gate height of
0.2 pm. Hence, in order to improve the PAE of the UU-MESFET, we must balance the relationship
between structural parameters while pursuing the increase of breakdown voltage, threshold voltage,
saturation drain current, and trans-conductance.

3.3. Discussion of the Device Structure

It can be seen from Figure 4 that the optimal structure known as the IUU-MESFET device is
obtained when the ultrahigh upper gate height # = 0.1 um. Table 1 shows the simulation results by
ISE TCAD and ADS for the UU-MESFET and IUU-MESFET. According to the Table 1, the PAE values
of the two structures are 60.16% and 70.99%, respectively. It can be calculated that the [UU-MESFET
structure has an approximately 18% larger PAE value than that of the UU-MESFET structure. Therefore,
the IUU-MESFET structure obtains a significant improvement in PAE.

Table 1. Comparison of structural parameters for the two structures.

Parameter UU-MESFET IUU-MESFET
Vi (V) —9.82 —9.17
gm (mS/mm) 55.93 57.84
Vi (V) 156 143
I; (mA/mm) 549.28 530.20
PAE (%) 60.16 70.99

It can also be found from Table 1 that the UU-MESFET structure has a larger saturation drain
current and breakdown voltage, and the IUU-MESFET structure has a greater threshold voltage and
trans-conductance. Therefore, from the DC and RF characteristics of the MESFETs, the UU-MESFET
structure is a good choice. However, in terms of efficiency, the UU-MESFET structure is the best.
This shows that PAE is not always the best when the MESFETs exhibit a good performance.
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4. Conclusions

In this paper, how to improve the PAE of the UU-MESFET structure has been studied, and the
IUU-MESFET structure with high PAE is obtained when the ultrahigh upper gate height / is 0.1 pm.
The simulation results indicate that improving the threshold voltage, trans-conductance, breakdown
voltage, and saturation drain current can increase the PAE of the UU-MESFET. It is found that
enhancing the ultrahigh upper gate height 1 can increase the breakdown voltage and saturation drain
current, and reduce the trans-conductance and threshold voltage. When /1is 0.1 pm, the IUU-MESFET
structure has a high PAE value and better DC and RF characteristics. The simulation results of ISE
TCAD and ADS show that in order to improve the PAE of the UU-MESFET device, the breakdown
voltage, the threshold voltage, the trans-conductance, and the saturation drain current should be
increased, and the size relationship between them should be balanced. This may serve as a general
design direction for improving the PAE of 4H-SiC MESFETs.
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Abstract: These days, the demand on electronic systems operating at high temperature is increasing
owing to bursting interest in applications adaptable to harsh environments on earth, as well as
in the unpaved spaces in the universe. However, research on memory technologies suitable to
high-temperature conditions have been seldom reported yet. In this work, a novel one-transistor
dynamic random-access memory (1T DRAM) featuring the device channel with partially inserted
wide-bandgap semiconductor material toward the high-temperature application is proposed and
designed, and its device performances are investigated with an emphasis at 500 K. The possibilities
of the program operation by impact ionization and the erase operation via drift conduction by
a properly high drain voltage have been verified through a series of technology computer-aided
design (TCAD) device simulations at 500 K. Analyses of the energy-band structures in the hold
state reveals that the electrons stored in the channel can be effectively confined and retained
by the surrounding thin wide-bandgap semiconductor barriers. Additionally, for more realistic
and practical claims, transient characteristics of the proposed volatile memory device have been
closely investigated quantifying the programming window and retention time. Although there is an
inevitable degradation in state-1/state-0 current ratio compared with the case of room-temperature
operation, the high-temperature operation capabilities of the proposed memory device at 500 K have
been confirmed to fall into the regime permissible for practical use.

Keywords: harsh environment; space application; 1T DRAM; wide-bandgap semiconductor;
high-temperature operation; TCAD

1. Introduction

An integrated electronic system capable of operating at high temperature would be beneficial to
various industrial applications, harsh environment systems, and core functional components for the
aerospace systems [1,2]. When a semiconductor device is operated in a high-temperature environment,
a number of problems mainly caused by the leakage currents due to greatly increased generation
rate of electron-hole pairs (EHPs) are more likely to take place [3]. In order to resolve the issues,
wide-bandgap materials such as GaN have been usually employed as the platform for the applications,
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instead of Si [4,5], by which the number of thermally generated carriers threatening the ideal electronic
device performances can be reduced. Although there have been studies on high-temperature-operation
transistors based on wide-bandgap materials towards the purpose, relatively less interest has been
devoted to high-temperature memory technology. Additionally, although there is some research on
nonvolatile memories [6-8], high-speed volatile memories coping with the processing unit in the
specifically designed system have great deal of room to delve into.

In this work, we develop a novel volatile memory having high-temperature operation capabilities.
In most of the conventional one-transistor dynamic random-access memory (1T DRAM), the holes
stored in the channel region modulate the threshold voltage and the drain current level in performing
the read operation [9]. Additionally, in the conventional 1T DRAM device, the hole storage is provided
by the energy barriers constructed by PN junctions at both ends of the channel and by the buried oxide
(BOX). The stored holes can have several leakage paths, such as recombination, drift, diffusion, and
inter-band tunneling [3]. 1T DRAMs in various novel structures have been proposed to suppress the
data leakage and increase the retention time [10-12]. However, the previous studies are limited to
room-temperature operation in most cases. An existing study introduces a 1T DRAM operating at
high temperature, but the confirmed upper limit is 370 K and the subsequent studies are not active
yet [13]. In this work, we propose, design, and characterize a novel 1T DRAM featuring a physical
barrier made of wide-bandgap semiconductor material which confines the stored carriers highly
effectively, verifying the memory operations through series of technology computer-aided design
(TCAD) simulation works.

2. Device Structure and Simulation Strategy

The proposed 1T DRAM device with a pair of partially introduced vertical thin wide-bandgap
barriers is illustrated in Figure 1a. As mentioned briefly, as temperature increases, junction leakage
increases, and the stored holes smear out of the storage in most 1T DRAM devices [14]. Although the
energy barrier formed by the gate oxide is as high as 3 eV, that introduced by a Si PN junction is at
most the bandgap energy of Si, approximately 1.12 eV. Therefore, the leakage through source/drain
junction becomes more prominent as temperature gets higher, owing to the carriers occupying the tail
states of the Fermi-Dirac distribution with higher flatness about the Fermi level due to the temperature
effect. In order to reduce the leakage currents stemming from the carriers coming over the energy
barrier by PN junction, the 1T DRAM proposed in this work employs wide-bandgap material on
both borders between channel and source/drain junctions. GaP has the least lattice mismatching
among the single-species and compound semiconductors that can be used for device fabrication.
We have sought the wide-bandgap materials with the highest degree of lattice matching for this
application [15]. Unfortunately, GaP processing is not allowed in most of the Si CMOS clean rooms
yet but molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD) needs
to be schemed for the epitaxial growth of GaP on Si. Si and GaP have similar thermal expansion
coefficients of 2.6 x 107® K1 and 4.65 x 107° K1, respectively, at 300 K. Moreover, the thermal
expansion coefficient of Si monotonically increases with temperature and that of GaP increases but
shows a relatively slow slope, which makes both of them practically the same at the processing
temperature above 800 K. Thus, the thermal expansion coefficient matching acts as another merit in
forming the Si/GaP heterostructure. A more tangible effect of lattice matching and thermal expansion
coefficient matching can be quantified as the interface trap density eventually. The interface trap
densities between Si and GaP and between GaP and SiO, were reported to be 1 x 10'® cm~2 and
7 x 10'2 em~2, respectively [16,17], which are comparably low as the trap density between Si and SiGe
under a well-controlled epitaxial growth. This favorable interface status between Si and GaP results in
the permissibly low off-state current in the metal-oxide-semiconductor field-effect transistor (MOSFET)
operation. The wide-bandgap of GaP provides the energy barriers at both ends of the Si channel,
which more effectively confines the carriers at high temperature compared with the energy barriers
electrically formed by counter-doped Si regions [18]. SiC can be also adopted for our application in
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the sense that SiC has a stronger Si processing compatibility and wider energy bandgap than GaP.
There are several different phases of SiC, but all the bandgap energies are larger than that of GaP,
2.26 eV. Thus, more effective carrier confinements become presumable with SiC for its application to
high-temperature 1T DRAM technology. On the other hand, the lattice mismatch between Si and SiC is
larger than that between Si and GaP regardless of the phases of SiC. Accurate control of the SiC barrier
thickness should be performed in consideration of its epitaxial critical thickness on Si for being more
affirmative with its application.
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Figure 1. Device structure. (a) Schematic of the one-transistor dynamic random-access memory
(1T DRAM) with partially introduced wide-bandgap barriers; (b) energy-band diagram along the
channel direction in the proposed device.

Figure 1b shows the energy-band diagram along the channel direction beneath the gate oxide.
As can be confirmed by Figure 1b, since the large difference between bandgap energies of Si and GaP
is mostly projected to the conduction band offset (CBO), the energy barrier seen by the conduction
electrons is considerably higher than the barrier in the valence band, valence band offset (VBO), seen
by the conduction holes. This high energy barrier in the conduction band effectively prevents the
stored electrons from escaping to either source or drain junction, even at an elevated temperature.
In order to make full use of the beneficial energy-band structure, the proposed 1T DRAM device
stores electrons in a way different from that employed by most of the previously reported 1T DRAM,
having an* channel to minimize unwanted loss of stored electrons by recombination in preserving the
stored data. The electrical characteristics and the memory operations of the proposed 1T DRAM cell
have been investigated by a commercial TCAD package, Sentaurus by Synopsys (Mountain View, CA,
USA). Gate length is 100 nm, thicknesses of gate oxide and HfO, are both 3 nm, thickness of BOX is
10 nm, and barrier width and depth are designed to be 10 nm and 75 nm, respectively. The doping
concentrations of source/drain junctions and substrate are n-type 1 x 10?° cm =3 and n-type 1 x 10'® cm 3,
respectively. A number of physical models including the Shockley-Read-Hall recombination model,
Fermi statistics model, band-to-band tunneling model, and doping- and electric field-dependent
mobility models are activated simultaneously in cooperation for higher accuracy and reliability of
the simulation results. In particular, temperature models have been employed for reflecting the
temperature effects. The highest operating temperature of a commercial memory device is known to
be about 400 K. Considering the temperature robustness of metals used in the back-end-of-the-line
(BEOL), the characterization and evaluation have been carried out at 500 K, which far extends the
known upper limit of temperature warranting the permissible memory operations.

3. Results

In typical MOSFET transistors and barrier-assisted 1T DRAMs, the energy barriers formed
between the channel and the source/drain junctions control the off-state current. The role is taken over
by the Si/GaP heterojunction in the proposed 1T DRAM device. Although the barrier introduced by
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the GaP heterojunction is even larger than that by the Si anisotype homojunction, the energy barrier
can be effectively lowered by a high enough gate voltage. The tiny segments of HfO, at both ends of
the gate oxide are positioned to enhance the gate controllability over the barrier height of GaP, which
is required for program operation which draws electrons from outside into the channel.

Figure 2a shows the Ip-Vg characteristic curves of the proposed 1T DRAM device at different
temperatures of 300 K, 400 K, and 500 K. The current increases in both low and high Vg regimes,
which is owing to the increase of thermally generated carriers. Figure 2b demonstrates the output
characteristic curves at different Vg values. Operation voltage is higher than that of Si MOSFET
with a comparable channel length since Vg needs to be high enough to lower the high energy
barrier brought by GaP for electron conduction. Focus in this work is made on the high-temperature
operation capabilities of the proposed device eventually aiming the applications in the extremely
harsh environment, and the dimension and drive voltage scaling criteria have not been taken forward.
As can be confirmed by comparing Figures 1b and 2¢, applying a high enough Vs lowers the energy
barrier between the channel and the source/drain junctions. Additionally, since the electrons see an
increase number of allowed energy states by the increased occupation probability determined by the
Fermi-Dirac distribution at 500 K, a significant number of carriers overcome the energy barrier even
though the higher energy barrier is constructed compared with the case of previously reported 1T
DRAMs [3].
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Figure 2. Operation characteristics. (a) Ip-Vgg characteristic curves with Vpg = 0.2 V at 300 K, 400 K,

and 500 K; (b) Ip-Vps characteristic curves at different Vg values at 500 K; (c) energy-band diagram
along the channel beneath the gate oxide at Vgs =8 V and Vpg = 0.2 V at 500 K.

3.1. Program and Erase Operation Schemes

In order for the proposed device to operate as a 1T DRAM, it is necessary to create and store
carriers to change the threshold voltage of the device. Electrons are created by impact ionization, which
is one of the conventional carrier generation methods in 1T DRAM devices [19]. The proposed device
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differs from the existing ones in the sense that electrons are used instead of holes between carriers
generated by impact ionization. As mentioned above, the energy barrier for the electrons constructed
by Si/GaP heterostructure is larger than that for holes. In the erase operation, a large positive voltage
is applied to the drain and a small negative voltage is applied to the gate. The detailed bias conditions
for all the memory operations are summarized in Table 1.

Table 1. Bias conditions for program, erase, and hold operations.

Program Erase Read Hold
Vs Vbs Vs Vbs Vs Vbs Ves Vbs
—-05vV 50V —-05V 50V 05V 02V ov ov

In order to give rise to impact ionization in the program operation, a large electric field should
be applied in the channel direction. Figure 3a shows the simulated energy-band diagram under the
high lateral electric field. The influences of the large-magnitude negative drain voltage and the small
negative gate voltage are combined so that the energy barrier due to GaP substantially disappears.
As the energy barrier introduced by GaP is lowered, it becomes possible to inject a large number of
carriers into the channel while performing the program operation.
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Figure 3. Verification of program operation. (a) Energy-band diagram along the channel direction
under program bias condition at 500 K; (b) contour of impact ionization rate in the program operation
at 500 K; (c) electron concentration after program operation at 500 K.
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The program operation can be confirmed by investigating the contour of the impact ionization
rate over the device as demonstrated in Figure 3b. The high impact ionization rate is observed near
the Si/GaP heterostructure near the source junction. The change in concentration of electrons stored
in the channel after a program operation is depicted in Figure 3c. Electron concentration as high as
1 x 10" cm~3 in the channel storage is assured even in the high-temperature environment at 500 K.

For removing the stored electrons, a large positive voltage is applied to the drain junction.
As shown in Figure 4a, since the energy barrier between the channel and the drain gets lower, the
electrons in the channel are repelled to the drain junction. Additionally, a small negative gate voltage
assists the repelling force on the electrons stored in the channel. As a result, the electron concentration
in the channel is reduced as shown in Figure 4b, which can be clearly confirmed by comparison with
Figure 3c. Since a massive amount of EHPs are generated at 500 K, even the lowest concentration
of electrons in the channel region is higher than the channel doping concentration. The electron
concentration increase by the EHPs degrades the read current ratio at the elevated temperature.
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Figure 4. Verification of erase operation. (a) Energy-band diagram along the channel direction under
the erase bias condition at 500 K; (b) Electron concentration after erase operation at 500 K.

3.2. Hold Operation and Retention Characteristics

In the 1T DRAM technology, hold operation can be optionally prepared to maintain the number
of stored carriers, after program and erase operations before the read operation. For reducing the total
power consumption over a period of memory operations, zero voltages are applied to both gate and
drain terminals for holding the carriers stored in the channel.

Figure 5a,b shows the potential distribution and the energy-band diagram under the hold-1 and
hold-0 conditions, respectively. In state 1, electrons are generated and the potential in the channel
region is lowered. On the other hand, in state 0, the electrons are removed, and the potential is
recovered to a high value leveling with the potentials in the source and drain junctions. Figure 5c
depicts the energy-band diagrams in the channel direction in state 1 and 0 for the explicit comparison.
The most important feature in the high-temperature operations is determined by whether a sufficiently
high energy barrier can be steered or not so that the stored electrons are not allowed to escape to
either source or drain junctions in state 1 at a high temperature. The original high electron energy
in Figure 1b gets lower as electrons are accumulated in the channel as the program operation is
progressed. However, as can be seen in Figure 5c¢, a high electron potential energy barrier of 0.5 eV
still exists between the channel and the source/drain junctions in state 1. The energy barrier can be
changed by introducing different wide-bandgap semiconductor material in the physical barrier with
different energy bandgap and electron affinity.
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Figure 5. Verification of hold operation. (a) Potential distribution under the hold-1 condition;
(b) potential distribution under the hold-0 condition; (c) energy-band diagrams under the hold-1
and the hold-0 conditions along the A-A’ cutline in (a).

3.3. Transient Simulation Results for the Cyclic 1T DRAM Operations

Figure 6 demonstrates the transient simulation results for 1-cycle memory operations of the
proposed 1T DRAM. The cyclic operation consists of program/hold 1/read 1/hold 1/erase/hold
0/read 0/(hold 0) and the drain currents in each operation have been extracted at 300 K and 500 K.
Read-1/read-0 current ratios are 1000 and 100 at 300 K and 500 K, respectively. Although the
current ratio is reduced at 500 K compared with that at room temperature, not a small ratio is still
preserved, and the ratio can be practically amplified and sensed by the supplemental functions of
peripheral circuits.

The reasons that the current ratio decreases at 500 K can be considered to be the following:
(1) Carrier recombination rate increases as the operating temperature increases as shown in Figure 7.
For maintaining the steady-state carrier concentration, the recombination rate should be equal to the
generation rate and the latter is a strong function of temperature. This also leads to reduction of carrier
storage time in the end; (2) high temperature increases EHP generation, which results in higher electron
concentration. Thus, the initial current level at 500 K should be significantly higher than that at 300 K
as can be confirmed by Figure 6 along with the previous work [15]. Contemplating the quantitative
analysis in Figure 6, the reason (2) is considered to be dominant. The carrier storage time, i.e., retention
time is defined as the time moment when the read-1 and read-0 current ratio reduces down to 10%.
Unlike the conventional DRAM where the retention is evaluated by the bitline voltage drop with time,
state current reading should be performed for 1T DRAM where the bitline precharge scheme for read
operation is not employed. By this method, the storage time is extracted to be 1 ps. At this moment,
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we have no idea how long or short this retention might be, since there is no concrete standard and
requirement for 500 K operation at all yet. However, it is sure that the obtained retention time is much
shorter than that of conventional DRAM in the 1-transistor 1-capacitor (1T1C) configuration.
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Figure 6. Transient simulation results for memory operations of the proposed 1T DRAM at 300 K and
500 K.

sthRecombination (em’-3's*1)

! amsaon

62534200

e
prvees

95830107
287100
172010

Figure 7. Distributions of the Shockley-Read-Hall (SHR) recombination rates under hold-1 condition at
(a) 300 K and (b) 500 K.
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4. Conclusions

We have proposed, designed, and characterized a novel 1T DRAM operational at 500 K featuring
double wide-bandgap barriers for elongated data storage capability. The wide-bandgap semiconductor
material, GaP, is introduced in the Si platform in order to heighten the energy barrier seen by the
electrons stored in the channel storage. The series of simulation results support that the stored electrons
in the channel are effectively preserved, even at 500 K. The firstly proposed scheme utilizing Si and
lattice-matching wide-bandgap material GaP, and the device structure design, have prepared the
strong potential for memory technologies in the high-temperature environment which can be found in
the applications for auto-vehicles, industrial turbine systems, and aerospace systems.
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Abstract: Passivation (PV) layers could effectively improve the positive gate bias-stress (PGBS)
stability of amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs), whereas the related physical
mechanism remains unclear. In this study, SiO;, or Al,Oj3 films with different thicknesses were used
to passivate the a-IGZO TFTs, making the devices more stable during PGBS tests. With the increase
in PV layer thickness, the PGBS stability of a-IGZO TFTs improved due to the stronger barrier effect
of the PV layers. When the PV layer thickness was larger than the characteristic length, nearly no
threshold voltage shift occurred, indicating that the ambient atmosphere effect rather than the charge
trapping dominated the PGBS instability of a-IGZO TFTs in this study. The SiO, PV layers showed
a better improvement effect than the Al,O3 because the former had a smaller characteristic length
(~5 nm) than that of the Al,O3 PV layers (~10 nm).

Keywords: amorphous InGaZnO (a-IGZO); thin-film transistor (TFT); positive gate bias stress (PGBS);
passivation layer; characteristic length

1. Introduction

Amorphous InGaZnO thin-film transistors (a-IGZO TFTs) have considerable potential for
applications in next-generation flexible, transparent, and large-size flat panel displays (FPDs)
because of their superior electrical characteristics, such as large field-effect mobility (~10 cm?/Vs),
low subthreshold swing (~0.2 V/decade), small leakage current (<10~13 A), and so on [1,2]. However,
the reliability issues, e.g., threshold voltage (Vi) shift under positive gate bias stress (PGBS), remain
to be solved. Both charge trapping [3-6] and ambient atmosphere effect [7-14] have been reported to
be responsible for Vy, shifts in a-IGZO TFTs during PGBS tests. Meanwhile, some research groups
have demonstrated that the bulk trapping effect [15,16] and plasma damage [17,18] could also lead
to Vy, shifts under PGBS. Evidently, this Vy, instability is not preferred. In fact, PGBS instability may
seriously hinder the actual applications of a-IGZO TFTs in FPDs because it may directly impact the
brightness uniformity and stability of display panels. Therefore, some measures must be taken to make
the devices more stable during PGBS tests. Passivation (PV) layers, such as SiO,, Si3Ny, etc., have been
reported to exhibit a good resistance to ambient atmosphere, and thus improve the PGBS stability
of a-IGZO TFTs [19-24]. However, the exact physical mechanism for how PV layers make devices
more stable remains unclear. In this paper, we sputtered SiO; (or Al,O3) with different thicknesses
to passivate a-IGZO TFTs, observing the variation of their PGBS instability. Both SiO, and Al,O3
were chosen for the PV layers because of their good compatibility in TFT process integration. It was
found that the Vy, shift was reduced by increasing the PV layer thickness and the SiO, improved the
PGBS stability of a-IGZO TFTs more significantly than the Al;O3. The related physical mechanism was
classified based on the experimental observations.
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2. Materials and Methods

Inverted staggered a-IGZO TFTs were fabricated, the schematic cross-section of which is shown
in Figure 1. P-type silicon wafers (gate electrodes) with a 200 nm-thick thermal SiO, (gate insulators)
were used as substrates. After thorough cleaning, 50 nm-thick a-IGZO films (In:Ga:Zn = 1:1:1 in mol
ratio) as the channel layers were prepared on the substrates using radio frequency (RF) magnetron
sputtering at room temperature (RT) with a power of 60 W, a pressure of 5 mTorr, and an Ar flow
rate of 30 sccm. Then, Indium Tin Oxide (ITO) films with a thickness of 200 nm were deposited
as source/drain (S/D) electrodes using direct current (DC) magnetron sputtering at RT, where the
power was 100 W, the pressure was 5 mTorr, and the Ar flow rate was 30 sccm. For the passivated
devices, SiO, (or Al,O3) films with different thicknesses were deposited using RF sputtering at RT
with ta power of 50 W, a pressure of 5 mTorr, and an Ar flow rate of 30 sccm. The channel layers, S/D
electrodes, and PV layers were patterned using shadow masks during their depositions, leading to
a channel width/length (W /L) of 1000/275 pum. Finally, the devices were annealed at 400 °C for 1 h.

The electrical characteristics of the TFTs were measured using a 2636 A parameter analyzer
(Keithley Instruments, Inc., Beaverton, OR, USA) in an unsealed chamber, which maintained the
atmospheric pressure and little gas circulation. The moisture content in the chamber was controlled by
feeding the water molecules with the flow of N,. All the devices were measured at RT in darkness.
For the transfer curve measurements, Vpg of 10 V was employed. In this study, Vy, is defined as the
gate voltage of the normalized drain current (Ips/(W/L)) reaching 100 nA.

a-1GZO
SiO,

Si (pt+)

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

3. Results and Discussion

Figure 2a,c shows the time evolution of the transfer characteristics of the unpassivated a-IGZO
TFTs under PGBS as well as the relative humidity (RH) of 10%, 50%, and 90%, respectively. During
the PGBS tests, direct voltage of +20 V was applied to the gate electrodes for a period and then the
transfer curves were instantly measured. With the increase in the stress time, the transfer curve
positively shifted, which was apparently influenced by RH. In order to quantitatively describe the
stable properties of a-IGZO TFTs under PGBS, we defined a useful term AVy,, the difference between
the Vy, under stress and its initial value. The AVy, values under various RH were extracted and listed
in Figure 2d. After 4500 s of PGBS test, the positive Vy, shifts of 5V, 11.5V, and 4.5 V were observed
under RH = 10%, 50%, and 90%, respectively. It is worth noting that the largest AVy, occurred at
RH = 50% (as shown in Figure 2d), which is consistent with our previous report [22].

The positive Vy, shift of a-IGZO TFTs under PGBS was attributed to charge trapping at the
dielectric/channel interface (front-channel effect) [3—6], ambient atmosphere effects at the back surface
(back-channel effect) [7-14], or bulk trapping in the IGZO bulk (bulk effect) [15,16]. According to our
previous work [22], The biggest Vy, shift at RH = 50% is mainly attributed to the competition of oxygen
(or moisture) adsorption/desorption at the IGZO back surface during PGBS tests. This result indicates
that RH = 50% is the severest condition to characterize the bias-stress stability of a-IGZO TFTs.

In addition, we measured the negative gate bias-stress (NGBS) instability of a-IGZO TFTs at
RH = 50%, as shown in Figure 3. During the NGBS tests, a direct voltage of —20 V was applied to
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the gate electrodes for a period and then the transfer curves were instantly measured. After 4500 s
of NGBS test, nearly no Vy, shift was observed. When a negative voltage was applied to the gate
electrode of a-IGZO TFTs, the oxygen atoms in a-IGZO tended to be repelled into the ambience, leading
to negative shifts of Vy, [25]. However, this process might have been effectively prohibited by the
moisture-assisted oxygen adsorption [11,12,22], especially when the ambient RH was high. Therefore,
no evident Vy, shifts were exhibited during the NGBS tests in this study.

In this study, we deliberately adopted the severest measurement condition (RH = 50%) to examine
the influence of PV layers on the bias-stress stability of a-IGZO TFTs. Since the devices were rather
stable during the NGBS tests, only PGBS stabilities were characterized for the following studies.
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Figure 2. Transfer characteristics of the unpassivated a-IGZO TFTs as a function of the positive gate
bias-stress (PGBS) time under relative humidity (RH) of (a) 10%, (b) 50%, and (c) 90%, respectively;
(d) variations of the AVy, with PGBS time for the a-IGZO TFT devices.

2\

T 10 wo PV RH=50% e

§ 10'51 VGs= -20V (Stress)

5 10::1 Vps=10V

£ 107 1 Stress Time (s)

s 10°# a0

2 1071 —e—900

T101] 1800

= 1011 —v-2700

g 10_121 —— 3600

£1071 4500

=) 10-13 . . . . . . .
20 -10 0 10 20 30 40

Gate Voltage (V)

Figure 3. Transfer characteristics of the unpassivated a-IGZO TFTs as a function of the negative gate
bias-stress (NGBS) time under RH = 50%.
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It is well-known that PV layers can effectively improve the stability of TFT devices, whereas the
exact physical mechanism involved is still not very clear. However, we may phenomenally describe
the dependence of Vy, shift (AVy,) during PGBS tests on PV layer thickness (d) as follows [19],

AV = x-ed + (1)

where $ is the Vy, shift affected by charge trapping, bulk trapping, and plasma damage, « is a constant
relating to the Vy, shift affected by ambient atmosphere, and ¢ is the characteristic length related to the
gas diffusion. When d is larger than ¢, the ambient gases hardly influence the PGBS stability of a-IGZO
TFTs. In other words, the characteristic length e is the critical dimension for the ambient atmosphere
effect during PGBS tests. From an application perspective, a small ¢ is usually preferred.

To further investigate the ambient effects during PGBS tests, the a-IGZO TFTs were applied
using PV layers with different thicknesses. SiO;, one of the most popular dielectric materials in
TFT fabrications, was used to passivate the devices here. For comparison purposes, Al,O3, another
dense material [23], was also adopted as PV layers for the a-IGZO TFTs in this study. The water
vapor transmission rate (WVTR) and oxygen transmission rate (OTR) are reported to be inversely
proportional to the PV layer thickness [24]. To analyze the influence of PV layers on PGBS stability of
a-IGZO TFTs in depth, SiO, and Al,Oj3 films with different thicknesses (0-30 nm) were deposited to
passivate the devices.

Figure 4a,e shows the PGBS time evolution of the transfer characteristics of the a-IGZO TFTs with
a SiO, PV layer thickness of 0 nm, 5 nm, 10 nm, 20 nm, and 30 nm, respectively. We noticed that the
passivated a-IGZO TFTs exhibited a similar tendency to that of the unpassivated device, i.e., with the
increase in the stress time, the transfer curve gradually shifted in the positive direction. However,
the a-IGZO TFTs with SiO, PV showed more stable properties during the PGBS tests. To describe
this tendency more clearly, we extracted the Vy, shifts and listed them in Figure 4f. When the PV
layer thickness increased from 0 nm to 30 nm, the AVy, decreased evidently from 12 V to nearly 0.1 V
after 4500 s of bias stress test. This can be attributed to the PV layer barrier effect, i.e., preventing
the exchange of O, /H,O molecules between the channel layers and the ambient atmosphere. When
the PV layer thickness was larger than 5 nm, the Vy, of the a-IGZO TFTs barely changed. This can
be understood by considering the concept of characteristic length (see (1)) in PV layers, which was
about 5 nm here. When the SiO, PV layer thickness was smaller than the characteristic length, the O,
molecules easily diffused from the atmosphere into a-IGZO (the H,O diffused inversely) under PGBS,
resulting in positive Vy, shifts of the a-IGZO TFTs. As the PV layer thickness was larger than ¢,
the diffusion of O,/H,O molecules through the PV layers became rather difficult. This is why the
device with a thicker PV layer showed less degradation of its electrical behavior. Since a sufficiently
thick PV could nearly eliminate the Vy, shifts (as shown in Figure 4f), we can assume that the ambient
atmosphere effect, rather than charge trapping, dominated the instability of a-IGZO TFTs during the
PGBS tests in this study.

For comparison purposes, we also measured the PGBS stability of the a-IGZO TFTs passivated
by Al,O3 PV layers with a thickness of 0 nm, 5 nm, 10 nm, 20 nm, and 30 nm, respectively, as shown
in Figure 5a—e. We may observe that a fairly similar tendency to the case of SiO,-passivated devices
was obtained here, i.e., the a-IGZO TFTs under PGBS became increasingly stable with the increase in
the Al,O3 PV layer thickness. Meanwhile, for both Al,O3 and SiO; PVs, the transfer curve positively
shifted as the PV layer thickness increased, which can be attributed to the extra interface states
generated during the PV depositions [26,27]. However, the Al,O3 PV layer also exhibited something
different. As shown in Figure 5e, for the device with a thick PV layer (>20 nm), its leakage current
gradually rose with the increase in the stress time. This phenomenon was probably due to the plasma
bombardment on the surface. Since the deposition rate of Al;O3 (0.7 nm/min) was smaller than that
of 5iO; (1.5 nm/min), more sputtering time was needed for the deposition of the Al,O3 PV layers,
leading to more serious plasma damage at the back channels. What is more, the ion bombardment
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of the plasma can result in a positive Vy, shift [17,18], which explains why the leakage current of the
devices with thick Al,O3 PV layers increased during the PGBS tests.
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Figure 4. Stress-time dependence of the transfer characteristics of the a-IGZO TFTs with a SiO, PV
layer thickness of (a) 0 nm, (b) 5 nm, (c¢) 10 nm, (d) 20 nm, and (e) 30 nm, respectively; (f) experimental
data and fitting curves of the AVy, under PGBS as a function of PV layer thickness of the a-IGZO TFTs.

To precisely denote the influence of the Al,O3 PV layer on the PGBS stability of a-IGZO TFTs,
the Vy, shifts were extracted and listed in Figure 5f. Compared with the data shown in Figure 4f,
we may note that the Al,O3 PV layers had an inferior barrier function to SiO,. When the Al,O3 PV
layer thickness was larger than 10 nm, the Vy, shift of the devices changed slightly, indicating that the
characteristic length of the Al,O3 PV layer was around 10 nm. When the PV layer thickness reached
30 nm, the AVy, became much smaller (~1 V), again confirming that the ambient atmosphere effect
dominated during the PGBS tests in this study.

So far, we have obtained two important experimental results: (1) the PGBS stability of a-IGZO
TFTs gradually improved with the increase in PV layer thickness; (2) the SiO, PV layer exhibited
a better improvement effect on the PGBS stability than Al,Os. In order to discuss the theoretical origin
of these results, we extracted the critical parameters in (1) of the PV layers. We fit the measurement
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data of SiO, PV and Al,O3 PV with (1), as shown in Figures 4 and 5, respectively. One may observe
that the fitting curves agreed well with the measurement data, from which the fitting parameters were
obtained and summarized in Table 1.

< &)
E 10*{(a) wo PV RH=-50% ‘E’ 10*{(b) 5nm ALO, PV RH=-50%
2 10°] v a0 istesy B 10°] v a0y snes e
5 10 5 10°
C 107] Vostov . C 1g7] vostov
_2 10% tre_s:_ ';me () ‘a 10° / 7\ Stross 1";mo (s
A 10° ——900 & 10° iy SN
E 101 1800 E 1010 1800
. —v— 2700 -11 —v—2700
F10 F1M o
E10m T 1o s e
S 1013 Ol < 13 1 s
10 10
“7 730 10 0 10 20 30 40~ 20 10 0 10 20 30 40
Gate Voltage (V) Gate Voltage (V)
<
;g 10*](d) 20 nm ALO; PY RH=50% ...
g :g: Ves-20V (Stesy
9]
:g: Stress Time (s)|
—0
g 10° —o—900
2 101 1800
% 107 —e—2700
g 1012 —o— 3600
= > ’5 10-19 —<— 4500
- 20 -10 0 10 20 30 40 - 20 -10 0 10 20 30 40
Gate Voltage (V) Gate Voltage (V)
2
S 10%1(6) 305m ALO,BY RH-50% _sce 100 ALO, PV
8 10° STy %=
B 406 ~kEs,
10 SS=a8s.
6 107 S0 A Esag
8 10° tress Time (s)| E
-4 —=—0 = -
X o ¢ : Measurement Fitting
A 10° i ——900 : Stress time (9 Stress time (5)
‘310-10 1800 101 = o - =900
11 v 2700 = 1800 & 20
o < om o i
510 13 —<— 4500 02 4500 B ﬂg
10° 1
& 20 -10 0 10 20 30 40 0 10 20 30
Gate Voltage (V) Thickness (nm)

Figure 5. Stress-time dependence of the transfer characteristics of the a-IGZO TFTs with an Al,O3 PV
layer thickness of (a) 0 nm, (b) 5 nm, (c) 10 nm, (d) 20 nm, and (e) 30 nm, respectively; (f) experimental
data and fitting curves of the AVy, under PGBS as a function of the PV layer thickness of the
a-IGZO TFTs.

Table 1. Fitting parameters of the PV layers used for a-IGZO TFTs.

Materials Stress Time (s) a (V) B (V) ¢ (nm)

900 6.47 0.06 5.93

1800 8.46 0.07 522

SiOy 2700 10 0.04 5.03
3600 10.86 0.14 4.86

4500 11.45 0.06 5.13

900 6.07 1.39 9.24

1800 7.95 1.09 9.53

Al O3 2700 9.31 0.84 10.21
3600 10.46 0.30 11.23
4500 11.07 0.25 11.06

As shown in Table 1, the a values of both PV layers were much larger than the 3 values for the same
stress time, indicating that the ambient atmosphere effect instead of charge trapping dominated during
the PGBS tests in this study. Therefore, with the increase in PV layer thickness, the ambient atmosphere
effect was more strongly prevented, resulting in better PGBS stability of a-IGZO TFTs. The o value
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increased with the increase in the bias time, whereas the ¢ remained nearly unchanged. The increase in
a resulted from more O, /H,O exchange between the device back channels and the ambience, leading to
a larger Vy, shift. Most importantly, SiO, and Al,O3 exhibited quite different characteristic length (¢)
values, as shown in Table 1. The characteristic length of the SiO, PV layers (~5 nm) was far smaller than
that of AlO3 (~10 nm), leading to better improvement of the PGBS stability of a-IGZO TFTs by SiO, PV
layers than Al,O3. Therefore, based on our results, the sputtered SiO,, rather than the sputtered Al,O3,
should be preferred to passivate a-IGZO TFTs in applications of FPDs.

4. Conclusions

The transfer curve of a-IGZO TFTs shifted positively during the PGBS tests, which could
effectively be improved by applying PV layers. In this work, both SiO; and Al,Oj films with different
thicknesses were used to passivate the a-IGZO TFTs, indicating that the ambient atmosphere effect
rather than charge trapping dominated the Vy, shifts during the PGBS tests. A simple model was
used to theoretically discuss the related physical mechanism. With the increase in PV layer thickness,
the devices became increasingly stable, as a result of the stronger prevention of the ambient atmosphere
effect. When the PV layer thickness reached the characteristic length, the variation in Vy, became quite
small. The SiO, PV layer showed a better improvement effect than the Al,O3 PV layer because the
former had a smaller characteristic length.
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Abstract: In this paper, an edge termination structure, referred to as step-double-zone junction
termination extension (Step-DZ-JTE), is proposed. Step-DZ-JTE further improves the distribution
of the electric field (EF) by its own step shape. Step-DZ-JTE and other termination structures are
investigated for comparison using numerical simulations. Step-DZ-]JTE greatly reduces the sensitivity
of breakdown voltage (BV) and surface charges (SC). For a 30-um thick epi-layer, the optimized
Step-DZ-JTE shows 90% of the theoretical BV with a wide tolerance of 12.2 x 102 cm~2 to the JTE
dose and 85% of the theoretical BV with an improved tolerance of 3.7 x 10'2 cm~2 to the positive SC
are obtained. Furthermore, when combined with the field plate technique, the performance of the
Step-DZ-JTE is further improved.

Keywords: edge termination; silicon carbide (SiC); junction termination extension (JTE); breakdown
voltage (BV)

1. Introduction

Silicon carbide (SiC), a representative of the third generation of semiconductor materials, is
a promising candidate for power devices due to its superior properties such as wide bandgap,
high breakdown electric field, high thermal conductivity, and high drift saturation speed [1-5].
Hence, SiC devices are more suitable than silicon counterparts for high-voltage, high-frequency,
and high-temperature applications. However, the potential performance (e.g., high blocking) of SiC
materials is limited due to the presence of the effect of field crowding at the device edge.

To achieve high breakdown voltages (BV) for the planar junction close to its theoretical voltage,
using a proper edge termination structures is essential. In the past few decades, a large number of edge
termination structures have been investigated and applied in SiC power devices, including field plate
(EP) [6,7], floating field rings (FFRs) [8-10], and junction termination extension (JTE) [11-13]. FP is easy
to design and fabricate, but introduces electric field (EF) peaks at the end, which limits their application
to high-voltage devices. FFRs are widely used in power devices because they can be formed at the
same time as the P+ region in a PIN or junction barrier Schottky diode, while this reduces the number
of processing steps, but FFRs are more demanding to design with specific ring requirements such
as width, spacing, and number of rings. Among them, JTE is a prevalent and highly efficient edge
termination structure for SiC power devices. The effective JTE can sustain high BV, but is strongly
dependent on precise JTE dose control, which is a big challenge. The BV for conventional single-zone
junction termination extension (SZ-JTE) is very sensitive to JTE dose. Feng [14] investigated PIN
diodes in 4H-SiC with different terminal structures. The results showed that, for 90% of the theoretical
BV, a conventional SZ-JTE obtained a narrow JTE dose tolerance of 1.0 x 102 cm~2. Therefore, many
modified forms of JTE have been proposed to improve the sensitivity, such as guard ring-assisted
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JTE (GA-JTE) [15-17], double-zone JTE (DZ-JTE) [18,19], multiple-zone JTE (MZ-JTE) [20,21], etched
JTE [22,23], counter-doped JTE (CD-JTE) [24], and mesa combined with JTEs [25,26]. Feng [14] also
reported that the JTE dose tolerance (4.8 x 10'2 cm~2) in the conventional DZ-JTE was improved
compared with the conventional SZ-JTE. Huang [24] proposed and investigated PIN diodes with
CD-JTE and other conventional terminal structures. The simulation results in his paper showed
the CD-JTE with a JTE dose tolerance of 11.0 x 10'> cm~2? was greatly improved compared with
other structures.

In this paper, an edge termination structure called Step-DZ-JTE for 4H-SiC PIN diode is proposed
and investigated. Combined with conventional DZ-JTE, the proposed structure changes the shape of
DZ-JTE to a step type to adjust the distribution of the electric field. On the one hand, the Step-DZ-JTE
does not add to the number of p-type implants. On the other hand, the simulation results show that
a wide tolerance of 12.2 x 10'2 em~2 is obtained for the Step-DZ-JTE, which is greatly improved
over the conventional DZ-JTE and slightly improved compared with the CD-JTE. Moreover, when
combined with the FP technology, the performance of the Step-DZ-JTE is further improved, as verified
by numerical simulations.

2. Materials and Methods

2.1. Device Structure

In this section, a 4H-SiC PIN diode with a 30-um epi-layer doped at 3 x 10> cm~3 can attain
4000 V from the ideal parallel junction [27]. All termination structures for PIN diodes were investigated
using Silvaco TCAD 2-D device simulations (atlas 5.22.1.R, Silvaco Inc., Santa Clara, CA, USA).
The breakdown condition was defined as the point at which the calculated impact ionization integral
reaches unity [23]. The major models used in simulations include Schokley-Read-Hall (SRH), Auger
recombination, impact ionization, and incomplete ionization. Cross-sectional views of PIN diodes
with three termination structures are shown in Figure 1, including: (a) single-zone JTE (SZ-JTE);
(b) double-zone JTE (DZ-JTE); (c) Step-DZ-JTE; (d) Step-DZ-JTE with FP. The feature of Step-DZ-JTE is
a step structure, which improves EF distribution by adjusting the depth and length of the step JTE.
In addition, Step-DZ-JTE with FP can reduce the amount of EF crowding near the main junction in a
low JTE dose by adding an anode FP. In this figure “Ds”, “Ls”, “Wg,” are the depth and length of step
JTE1, and the length of the anode FP, respectively. Among these structures, the length of termination
region is fixed at 100 um, where the simulated BV of the JTE starts to saturate. The values of the major
optimized parameters of the proposed structure are summarized in Table 1.

100;

Anode  F————"""———— oide Anode F———1°%" — | ,ige
P+ JTE e JTE1 JTE2
A B| [a B|
Cathode Cathode
(@) Wi (b)
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Anode }—'—1 oxide oxide

(2 JTEN

JTE2

——
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=

Cathode Cathode
(© )
Figure 1. Schematic structures of (a) single-zone junction termination extension (SZ-JTE);

(b) double-zone JTE (DZ-JTE); (c) Step-DZ-JTE; (d) Step-DZ-JTE with field plate (FP). The n- epi-layer
is 30-um thick and 2 x 10’5 em~3 doped.
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Table 1. Major optimized parameters of the proposed structure.

Parameter Value
P+ anode junction depth 0.6 um
Junction termination extension (JTE) junction depth 0.8 um
Depth of the step JTE (Ds) 0.3 pm
Length of the step JTE (Ls) 45 pm
Length of the anode FP (Wy,) 20 pm
Thickness of drift 30 um
n- drift dopant concentration (Np) 3.0 x 1015 ecm 3
p* anode dopant concentration (N ) 1.0 x 10! em ™3

2.2. Fabrication Procedure

Figure 2 shows a feasible fabrication procedure for building a step JTE in the Step-DZ-JTE.
As shown in Figure 2a, an n- 4H-SiC epitaxial layer is first grown on an n+ 4H-SiC substrate. Then, SiO,
layer as the mask materials are thermally grown on the epitaxial layer and a photoresist is patterned
on the mask to form a JTE2 window [28]. Next, multiple aluminum implantations are applied to form
the JTE2 region. Then, a graphite cap layer is grown on the surface after removing the mask material
to prevent the sublimation and roughening of the surface during the next annealing [28,29]. Next the
implantations of the JTE2 are activated by high temperature annealing to activate acceptor impurities
and form a box profile, as shown in Figure 2b. In order to form the step distribution of the JTE1, the
step mask, as shown in Figure 2c is the key to the formation of the JTE and its shape can be form by
the etching process. Similarly, the JTE1 region is formed using ion implantation through the mask and
then activation annealing. Finally, the main P+ region is formed using ion implantation with high
doses, as shown in Figure 2d. All annealing conditions are implemented at the temperature of 1650 °C
under argon ambient with the graphite cap [30]. This process is easier to implement than etching, and
it avoids the extra interface charges caused by filling the dielectric after etching.

JTE2 implantation

s

JTE2

N- drift N- drift

(a) (b) G
" 3 JTE1 implantation
P+ implantation mask
) — VALV b —
P+| B\ e | Tl e |

N- drift N- drift

(d) (c)

Figure 2. Fabrication procedure of making step JTE in the Step-DZ-JTE. (a) Base layers. (b) JTE2
region formed by ion implantation. (c) JTE1 region fromed by ion implantation with the specific mask.
(d) Main junction P+ formation.
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3. Results

3.1. Simulation Optimization of the DZ-JTE

Based on the optimized conventional SZ-JTE, this section discusses the optimization of the DZ-JTE,
which mainly involves the length and dose of the double JTE. Figure 3 shows the simulated BV versus
the ratio of dosel in JTE1 to dose2 in JTE2 for DZ-JTE. In the higher JTE1 dose range, the ratio of
doses has a significant effect on the BV. The BV increases as the ratio increases, and then drops sharply.
There is a reasonable ratio value of doses to avoid a sharp decrease in the BV. As can be seen from the
figure, the optimized ratio value of dosel/dose2 is 3.

Based on the optimized ratio above, the simulated BV versus JTE1 length for DZ-JTE with different
JTE1 dose is shown in Figure 4. We see that JTE1 length has little effect on BV in the lower of JTE1 dose
range. This phenomenon is explained by the fact that too low a concentration makes no difference
between JTE1 and JTE2. In other JTE1 doses, as JTE1 length increases, the curve gradually rises.
When JTE1 length is 50 um, the curve reaches its highest point. In addition, the curve drops rapidly as
JTE1 length exceed 50 pum. This is because, when the JTE1 length is too long, the JTE2 length is shorter
and the effect of JTE2 (alleviating the EF of JTE1) is reduced.
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Figure 3. Simulated breakdown voltage (BV) versus ratio of the doses with different doses for the
DZ-JTE optimization.
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Figure 4. Simulated BV versus JTE1 length with different doses for the DZ-JTE optimization.
3.2. Simulation Optimization of the Step-DZ-]TE with FP

Based on the optimized DZ-JTE, this section optimizes the length and depth of the step JTE1 for
the proposed Step-DZ-JTE. Figure 5 shows the simulated BV versus the depth (Ds) and the length (Ls)
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of step JTE1 for Step-DZ-JTE with FP. As can be seen from Figure 5a, the curve of the BV versus JTE1
dose rises first and then declines as the D increases in higher of JTE1 dose range (i.e., >12 x 1012 cm~2).
This is because the EF is more concentrated at the end of the step JTE1 with the Ds increases, leading to
premature breakdown. When the Dy is 0.3 pm, the Step-DZ-JTE with FP attains the maximum value of
the BV, meaning the optimized value of Ds is 0.3 um. Figure 5b shows the simulated BV versus the
length (Ls) of step JTE1 for Step-DZ-JTE. When JTE1 dose is lower than 12 x 10'2 cm~2, the Lg has no
effect on the relationship between the BV and JTE dose. In the other range of JTE1 dose, the value of
45 um is a critical value of the Ls. Regardless of whether the L; is larger or small than the value, the
curves of the BV versus JTE1 dose are lower than the curve corresponding to 45 um. It can be seen
from the figure that the longer the Ls is, the faster the curves fall. This phenomenon can be explained
by the fact that the longer the L; is, the higher the carrier concentration is in the step JTE1, resulting in
EF crowding at the end of the step JTE1 in the reverse blocking state.

Figure 6 shows the effect of FP on the simulated BV for the Step-DZ-JTE with FP. The maximum BV
is obtained when the FP length (Wg,) is 20 um. The insets of Figure 6 show simulated EF distribution
at breakdown with different Wg,. As shown in inset (a), the peak EF occurred near the main junction
when the W, is less than 20 pm (e.g., 5 pm). As the Wy, increases, the EF crowding near the main can
be effectively suppressed by the FP as shown in inset (b). The oxide field is 2.77 MV /cm, shown in
inset (b), which is less than the oxide critical field (6 MV /cm in [31]). This means that there is no oxide
degradation at breakdown. When the Wy, is more than the optimal length, the location of the peak EF
shifts into the periphery of the FP, as shown in inset (c). As can be seen from inset (c), the oxide field
(2.92 MV /cm) is also less than 6 MV /cm.
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Figure 5. Simulated BV versus (a) the depth (Ds) and (b) the length (Ls) of the Step JTE for
Step-DZ-JTE optimization.
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3.3. Compare Electric Field Distribution

The distribution of the electric field under the reverse blocking characteristic can reflect the
problem of the conventional terminal structures and the proposed Step-DZ-JTE can be clearly compare
with them. Figure 7 compares the simulated EF distribution along the cutline of AB (shown in Figure 1)
and on surface of the JTE for SZ-JTE, DZ-JTE, and Step-DZ-JTE with FP at the reverse blocking voltage
of 3500 V when JTE1 dose is 2 x 1013 cm~2. Regardless of the distribution of the EF along the bottom
of the JTE (Figure 7a) or the distribution of the EF along the JTE surface (Figure 7b), the trend of their
curves is generally the same. At this high JTE dose, the peak EF occurred at the end of JTE for the
SZ-JTE, resulting in breakdown prematurely. The DZ-JTE can improve the EF at the terminal edge,
but a new peak EF appears at the end of the JTE1. Under the effect of step JTE, the Step-DZ-JTE with
FP further suppresses the EF crowding at the end of the JTE1. However, the effect of the FP for the
Step-DZ-JTE with FP is very small. This is because that concentration of the acceptor carrier is too
large at this high JTE dose, so that the effect of the FP absorbing part of the EF is not obvious.
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Figure 7. Simulated electric field distribution at OFF-state breakdown (a) along the cutline of AB
and (b) on the surface for SZ-JTE, DZ-JTE, Step-DZ-JTE with FP (dosel/dose2 = 3, and JTE1 dose =
2 x 103 em™2).

4. Discussion

In order to evaluate the performance of the Step-DZ-JTE, it is compared with other termination
structures while examining the effects of JTE1 dose and surface charges (SC). First, we discuss the
effect JTE dose has on the simulated BV. Figure 8 shows the BV as a function of the JTE1 dose and
total JTE dose. As can be seen from Figure 8a, the SZ-JTE shows a very narrow JTE dose tolerance
of 0.4 x 102 cm~2 at 90% of the ideal BV. For the SZ-JTE, the percentage of positive and negative
variation allowed to deviate from the optimized dose are +2.2% and —2.2% (positive means tolerance
to allow for exceeding the optimized JTE dose; negative means tolerance to allow for less than the
optimized JTE dose). By adopting two zones with different doses, the DZ-JTE shows a significant
improvement of 4.1 x 10'> cm~2 at 90% of the ideal BV, of which the percentage of positive and
negative variation are +17.5% and —17.0% The Step-DZ-JTE, proposed in this paper, is superior to
the two termination structures mentioned above. The Step-DZ-JTE has a BV with reduced sensitivity
to JTE1 dose and exhibits a wider JTE1 dose tolerance of 12.2 x 102 cm~2 at 90% of the ideal BV of
which the percentage variations are +75% and +18.4%. In the Step-DZ-JTE with FP, the curve coincides
with the Step-DZ-JTE at the higher JTE dose. However, at a low JTE1 dose, the Step-DZ-JTE with FP
performs better than the Step-DZ-JTE. This is because FP can relieve the EF in the main junction at
low JTE1 dose. Thus, the Step-DZ-JTE creates a wide range of JTE1 dose at 90% of the ideal BV with
13.8 x 102 cm~2, of which the percentage variations are +75% and —35%. In addition, the total JTE
dose can be calculated based on the previously optimized ratio value of dosel/dose2. The relationship
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between the BV and total dose is shown in Figure 8b. Total JTE dose tolerance for 90% of the ideal BV
with four terminal structures are listed in Table 2.

On the other hand, the effect of SC on the BV is investigated since SC will affect the charge
distribution and, thus, the EF distribution. In particular, positive SC has a large influence because the
positive charges cancel the depleted acceptors in the JTE region. As a result, as shown in Figure 9,
the SZ-JTE exhibits a very small tolerance to positive SC and obtains a positive charge density of
0.5 x 10" cm~2 at 85% of the ideal BV. The DZ-JTE and Step-DZ-JTE show a BV with reduced
sensitivity to SC and they obtain a positive charge density of 3.2 x 10'2 cm~2 and 3.7 x 102 cm 2 at
85% of the ideal BV, respectively. However, after adding the FP, the Step-DZ-JTE with FP shows the
widest positive charge density of 5.5 x 10'? cm~2. Table 2 summarizes the basic performance of the
four different termination structures. Compared with DZ-JTE, the number of p-type ion implantations
for the proposed Step-DZ-JTE did not increase, and the performance of the Step-DZ-JTE is greatly
improved. Combined with FP technology, the Step-DZ-JTE with FP further reduces the sensitivity of
BV to JTE doses and surface charges.
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Figure 8. Simulated BV versus (a) JTE1 dose and (b) total JTE dose for SZ-JTE, DZ-JTE, Step-DZ-JTE
without FP, and Step-DZ-JTE with FP.
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Figure 9. Simulated BV versus surface charges for SZ-JTE, DZ-JTE, Step-DZ-JTE without FP, and
Step-DZ-JTE with FP.
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Table 2. Basic properties of different JTEs.

Step-DZ-JTE
Structures SZ-JTE DZ-JTE Step-DZ-JTE wsith FP
JTE total length (um) 100 100 100 100
Number of p-type implant 1 2 2 2

JTE1 dose tolerance for 90% BV (x 10'2 cm~2) 0.4 4.1 12.2 13.8

Total JTE dose tolerance for 90% BV ((x 10'2 cm™2) 0.4 5.6 16.3 184
The percentage of positive and negative variation (+2.2%, —=2.2%)  (+17.5%, —=17.0%)  (+75%, —18.4%) (+75%, —35%)

Max. positive SC density for 85% BV (x 10'? cm~2) 0.5 3.2 3.7 5.5

5. Conclusions

A Step-DZ-JTE edge termination scheme is proposed in this paper and the device simulation
results show that it has superior terminal performance. A comparison of the simulation results
for the SZ-JTE and DZ-JTE shows that the Step-DZ-JTE greatly reduces the sensitivity of the JTE
dose and SC. For a 30-um epi-layer, the Step-DZ-JTE can exhibits a wider JTE dose tolerance of
12.2 x 10'2 cm~2 at 90% of the ideal BV and a positive charge density of 3.2 x 1012 cm~2 at 85% of the
ideal BV. The Step-DZ-JTE with FP is introduced on the basis of a Step-DZ-JTE by adding an anode FP.
The Step-DZ-JTE with FP further improves the effects of JTE dose and SC. Moreover, the Step-DZ-JTE
with FP does not require an additional fabrication process. These performance improvements show
that the Step-DZ-JTE with FP is a promising edge termination technique for SiC devices.
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Abstract: In this paper, we present a Ku-band 50 W internally-matched power amplifier that
asymmetrically combines the power transistor cells of the GaN high electron mobility transistor
(HEMT) (CGHV1J070D) from Wolfspeed. The amplifier is designed using a large-signal transistor
cell model in the foundry process, and asymmetric power combining, which consists of a slit pattern,
oblique wire bonding and an asymmetric T-junction, is applied to obtain the amplitude /phase balance
of the combined signals at the transistor cell combining position. Input and output matching circuits
are implemented using a thin film process on a titanate substrate and an alumina substrate with the
relative dielectric constants of 40 and 9.8, respectively. The pulsed measurement of a 330 us pulse
period and 6% duty cycle shows the maximum saturated output power of 57 to 66 W, drain efficiency
of 40.3 to 46.7%, and power gain of 5.3 to 6.0 dB at power saturation from 16.2 to 16.8 GHz.

Keywords: Ku-band; GaN high electron mobility transistor (HEMT); power amplifier; asymmetric
power combining; amplitude balance; phase balance

1. Introduction

Conventional radar systems used traveling wave tubes, magnetrons, or klystrons to obtain high
output power, but they had the disadvantages of a high operating voltage, large size, a short lifetime,
and low reliability. Recently, a GaN high electron mobility transistor (HEMT), which features a low
operating voltage, easy maintenance, a small form factor, and better reliability, has been widely used in
solid-state power amplifiers (SSPAs), a key component of modern radar systems [1-3]. In comparison
with other GaAs-based or Si-based transistors, the GaN HEMT has superior electron transport,
high breakdown voltage, and high thermal conductivity; therefore, GaN HEMT power amplifiers
showing larger output power and better efficiency have been actively studied and published [4-7].

In this paper, we present a Ku-band internally-matched power amplifier, which uses a GaN
HEMT (CGHV1J070D) bare die from Wolfspeed (Durham, NC, USA) and a thin film process for input
and output matching circuits on two different substrates. For the balance of the amplitude and phase
of the signals at the power-dividing and power-combining positions, we apply the asymmetric power
combining of transistor cells which uses a slit pattern, oblique wire bonding and asymmetric T-junction
in the input and output matching circuits.

2. Power Amplifier Design

2.1. Device Description

In this work, the GaN HEMT, which is fabricated on a SiC substrate with high thermal conductivity,
has a 0.25-pm gate length and operates up to 18 GHz. It has a size of 800 um x 4800 pum and a saturated
output power capability of 70 W at the reference plane of its drain pad. Considering output matching

Micromachines 2018, 9, 619; d0i:10.3390/mi9120619 81 www.mdpi.com/journal /micromachines
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loss, we chose this device for a Ku-band 50 W power amplifier. A photograph of its chip and its main
performance parameters are shown in Figure 1 and Table 1 [8].

o 08 ot b Jot ot ol o e e et o e

Figure 1. Photograph of a GaN high electron mobility transistor (HEMT) (CGHV1J070D)
from Wolfspeed.

Table 1. Main performance parameters of CGHV1J070D.

Parameters Specifications
Operating frequency 10 MHz—18 GHz
Saturated output power 70W
Power-added efficiency 60% at 10 GHz
Small-signal gain 17 dB at 10 GHz
Operating voltage 40V
Size 800 pm x 4800 pm

2.2. Device’s Optimal Source and Load Impedances

The GaN HEMT consists of 12 transistor cells and is estimated to have a total gate width of
14.4 mm [8,9]. Because a conventional large-signal model from Wolfspeed has only 4 ports, we cannot
control or tune output signals from the transistor cells to achieve the balance of their amplitudes and
phases using only the given model. In this work, we use the transistor cell model (r7 model) of the
process design kit from the company’s foundry service and modify it to include its gate and drain pad
effects obtained by 3D electromagnetic simulations.

Figure 2 compares S-parameters and load-pull results of the conventional large-signal
CGHV1J070D model and our modified r7 model. Contrary to the former, the latter has 24 ports
as input and output ports and shows almost the same DC curve, maximum available gain and stability
performance. As seen in Figure 2, the S-parameter and load-pull simulation results also show only a
slight difference due to the parasitic gate and drain pad capacitance.

Pdel_max=48.19 dBm Pdel_max=48.70 dBm
N DE =49.50% DE =42.98%
. DE_max=50.98 % . DE_max=46.38 %

DE contours
Step=5%
A

DE contours
Optimum Load S‘:pzbu"
~" Impedance@ f, A

=0.442+]1.493Q
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=0.549+(1.145Q
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Step=0.5dB Step=0.5dB
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Figure 2. Comparison of S-parameter and load-pull simulation results of the conventional large-signal
CGHV1J070D model and our modified r7 model: (a) S-parameter simulation; (b) load-pull simulation
(left: modified r7 model, right: conventional CGHV1J070D model).
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The optimum source impedance and load impedance are obtained by source-pull and load-pull
simulation results of our modified r7 model using the Keysight Advanced Design System (ADS) circuit
simulator (ADS 2015, Keysight, Santa Rosa, CA, USA). The simulation results show that the optimum
source impedance and load impedance are Zg = 0.121 —j 0.251 Q) and Zj, = 0.442 +j 1.493 () at 16.5 GHz,
respectively. The obtained optimum impedances are so small that the impedance matching is very
challenging in the Ku-band power amplifier design.

2.3. Input and Output Matching Circuit Design

Typically, the optimum source impedance and load impedance of a high-power transistor
operating at 10 GHz or above are so small that its impedance matching requires a multi-stage
impedance transformer with a high impedance ratio to secure the proper operating bandwidth,
which results in a large matching circuit.  In the internally-matched power amplifier,
which integrates transistor bare dies and thin-film matching circuits in a standard package, a large
impedance-transforming matching pattern is not preferable. While maintaining the circuit performance,
reducing the size of the matching circuit is essential because of the limited space available in the
package. In this work, we use a titanate substrate with a high relative dielectric constant of 40 near the
transistor to obtain the impedance matching trace in the low-Q region of the Smith chart and to reduce
the size of the matching circuit. The overall input and output matching circuits are fabricated on two
different substrates with the relative dielectric constants of 40 and 9.8, respectively. Figure 3 presents a
schematic circuit diagram of our Ku-band 50 W GaN HEMT power amplifier.

input = il ey I —&H~ output

: Alumina T e Alumina

ly
| substrate | LI I, substrate :

Titanate substrate (&, = 40)

Figure 3. Schematic circuit diagram of the Ku-band 50 W GaN HEMT internally-matched
power amplifier.

The output signal of each transistor cell should be combined with the same amplitude and phase
to generate high output power efficiently. Although the signal traces in the matching circuit are
symmetrically placed at the combining point, the output signals experience different delays due
to a combination of various bends, so the power-combining element with the symmetric matching
pattern provides each transistor cell with different load impedance, not the optimum load impedance.
This results in degraded power performance, rather than an optimized output power. Several design
techniques are studied and published to resolve this problem [10-13].

In this work, to obtain amplitude and phase balance at the power-combining point, we apply the
asymmetric power combining, which consists of a slit pattern, oblique wire bonding and an asymmetric
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T-unction, to the matching circuit patterns on the gate and drain sides. The slit is fabricated on a
titanate substrate and the oblique wire bonding and asymmetric T-junction are implemented on an
alumina substrate. Figure 4 shows the slit, oblique wire bonding and asymmetric T-junction which are
applied to 6 transistor cells. The slit is located on the side of the outer transistor cells (ports 1 to 3),
and the Tjunction is off-center to the inner transistor cells (ports 4 to 6). In addition to the slit and
asymmetric T-junction, the oblique wire bonding improves the maximum amplitude imbalance within
0.3 dB and the maximum phase imbalance within 0.2 degree from 16 GHz to 17 GHz.

i
‘Aw/?"*EEDDE O
<«— Port1 —>E::L\ /Il\\ 4)7 =
=N %, oblique
<«— Port2 —>E‘:: E=2L wire bonding
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0 <«— Port6 —>:: [ [
.y i i B M @ mp

Figure 4. Input and output matching patterns with the slit, oblique wire bonding and
asymmetric T-junction.

Figure 5 shows impedance traces on the Smith chart which are seen at several representative
positions of the input and output matching circuits. The impedance matching patterns are carefully
designed to maintain their traces in the low-Q region of the Smith chart. Figure 6 compares the
designed source impedance and load impedance with the optimum source impedance and load
impedance. The designed impedance traces make the saturated output power be within the contour
plots above 47.6 dBm.
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Figure 5. Impedance traces at the representative positions of input and output matching circuits.
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Figure 6. Designed source and load impedance traces overlapped on the simulated source-pull and
load-pull contour plots.

3. Fabrication and Measurement

3.1. Power Amplifier Fabrication

A GaN HEMT bare die and 4 input/output matching circuits on the titanate and alumina
substrates are attached to a CuW carrier using a eutectic die-attach process and silver epoxy process,
to facilitate heat sinking and spreading and interconnect the power amplifier circuit to a printed circuit
board (PCB) test circuit using 1-mil wedge bonding. Figure 7 shows the fabricated internally-matched

power amplifier.

Titanate substrate (&, = 40)

Alumina substrate (&, = 9.8)

Figure 7. Fabricated internally-matched power amplifier using a GaN bare die and 4 input and output
matching substrates.

3.2. Power Amplifier Measurement

The performance of the fabricated GaN HEMT power amplifier was measured under the bias
conditions of Vpg = 40 V and Ipg = 400 mA. Figure 8 compares the simulated (dotted lines) and
measured (solid lines) S-parameter results of the power amplifier. The measured small-signal gain
(S21) was more than 8.9 dB and the input return loss was better than 7.7 dB in the range of 16.2 to

16.8 GHz, which was in good agreement with the simulated results.
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Figure 8. Simulated and measured S-parameter results (simulation: dotted lines, measurement:
solid lines).

The output power performance of the fabricated power amplifier was measured from 16.2 to
16.8 GHz and is shown in Figure 9. Figure 9a shows the power gain and drain efficiency with the
output power at 16.5 GHz and Figure 9b shows the saturated output power, power gain, and drain
efficiency with the input signal frequency of 16.2 to 16.8 GHz, under the pulsed measurement with the
pulse period of 330 ps and the duty cycle of 6%. The measured output power performance showed the
saturated output power of 48.0 dBm (63.2 W), the power gain of 6 dB, and the drain efficiency of 44.6%
at 16.5 GHz. From 16.2 to 16.8 GHz, the measured output power was 47.6 to 48.2 dBm (57 to 66 W),
and the drain efficiency was 40.3 to 46.7%, while the power gain was 5.3 to 6.0 dB.
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Figure 9. Cont.
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Figure 9. Measured output power performance results of the fabricated power amplifier at Vpg =
40 V and Ipg = 400 mA under the pulsed condition: (a) power gain and drain efficiency with output
power at 16.5 GHz and (b) saturated output power, power gain and drain efficiency with input signal
frequency of 16.2 to 16.8 GHz.

Table 2 compares the measured output power performance with previously published results of
GaN power amplifiers operating in the Ku band. As seen in the table, our internally-matched power
amplifier achieves comparable performance or better results in terms of output power and efficiency
in comparison with the performance of other GaN power amplifiers.

Table 2. Comparison of our work and previously published Ku-band GaN HEMT power amplifiers.

References Frequency (GHz) Power Gain (dB) Psat (W) Efficiency @ Pga¢ (%)  Drain Voltage (V)

[14] 16.0 12.8 24.2 2! 31
[15] 16.0~16.5 612 82 2512 8
[16] 16.2~16.8 5.0 50 30 50
[17] 14.0~14.5 55 50 211 40
This work 16.2~16.8 5.3~6.0 57~66 40~47 40

1 Power-added efficiency; 2 Measured values at P45 compression point.

4. Conclusions

In this work, we designed and fabricated a Ku-band GaN HEMT internally-matched power
amplifier using the asymmetric power-combining of the transistor cells, which utilized a slit pattern,
oblique wire bonding and an asymmetric Tjunction. The asymmetric power-combining helps to
obtain the amplitude and phase balance of the transistor power cells, which can increase the power
of combined output signals by combining the power transistor cells in phase. The fabricated power
amplifier showed the saturated output power of 57 to 66 W, the power gain of 5.3 to 6.0 dB and the
drain efficiency of 40.3 to 46.7% from 16.2 GHz to 16.8 GHz under the pulsed condition. The fabricated
power amplifier achieved very competitive performance for the applications of Ku-band radar systems
and other high-power transmit/receive systems.
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Abstract: Micron-sized patterned sapphire substrates (PSS) are used to improve the performance of
GaN-based light-emitting diodes (LEDs). However, the growth of GaN is initiated not only from the
bottom c-plane but also from the sidewall of the micron-sized patterns. Therefore, the coalescence of
these GaN crystals creates irregular voids. In this study, two kinds of nucleation layers (NL)—ex-situ
AIN NL and in-situ GaN NL—were used, and the growth of sidewall GaN was successfully
suppressed in both systems by modifying the micron-sized PSS surface.

Keywords: micron-sized patterned sapphire substrate; growth of GaN; sidewall GaN

1. Introduction

High-brightness GaN-based light-emitting diodes (LEDs) are used in a wide variety of
applications [1,2]. However, a GaN epitaxial layer usually contains several defects due to the large
lattice mismatch and the thermal expansion coefficient difference between GaN and sapphire.

An AIN (or GaN) nucleation layer (NL) is commonly introduced prior to growth of GaN epilayer
to overcome this lattice mismatch problem [3,4]. Moreover, micron-sized patterned sapphire substrates
(PSS) have been successfully used to reduce these defects and enhance the performance of LEDs [5-12].

When PSS are used, the growth of GaN is initiated not only from the bottom c-plane but also from
the sidewall of the micron-sized patterns [13-16]. As the growth time increases, irregular voids are
created during the coalescence of these GaN crystals [17].

A GaN NL is usually deposited by metal-organic chemical vapor deposition (MOCVD), and it is
called in-situ GaN NL. An AIN NL can be deposited either by MOCVD or sputtered physical vapor
deposition (PVD), and they are generally called in-situ AIN NL and ex-situ AIN NL, respectively. It has
been found that ex-situ sputtered AIN NL has better GaN quality than in-situ GaN NL and in-situ
AIN NL [15,18].

In this study, sulfuric-phosphoric acid was used to modify the micron-sized patterns in order
to suppress the growth of sidewall GaN. The effect of this modification on the growth mechanism of
GaN was also investigated.

Micromachines 2018, 9, 622; d0i:10.3390/mi9120622 89 www.mdpi.com/journal /micromachines
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2. Materials and Methods

In this study, commercial dry etching c-plane micron-sized PSS (2.8 um width and 0.2 pm spacing)
was modified. As shown in Figure 1, two kinds of PSS samples were used to investigate the effect
of modification of micron-sized PSS patterns on the GaN growth mechanism: (1) RPSS (regular PSS
without etching) and (2) PSSE (RPSS etched in sulfuric-phosphoric acid (ratio 3:1) at 270 °C for 30 s).
As shown in Figure 1b, 3T {1105} facets were observed on the pattern of PSSE [19-23].

\_/
3 3T facets

o

20.0kV 12.8mm x15.0k SE(U) 20.0kV 13.3mm x15.0k SE(U)

(b)

Figure 1. SEM images of (a) RPSS (regular patterned sapphire substrates) and (b) PSSE (RPSS etched
in sulfuric-phosphoric acid).

Two kinds of nucleation layers (NL) were used: (1) ex-situ AIN NL and (2) in-situ GaN NL.
To fabricate ex-situ AIN NL, 40 nm AIN was deposited by RE-sputter system using Al target in N; gas
at 650 °C. As for the in-situ GaN NL, an in-situ 25-nm-thick low-temperature GaN layer was deposited
at 550 °C by MOCVD.

As shown in Table 1, four kinds of micron-sized PSS samples were then used to investigate the
effect of modification of PSS patterns on the GaN growth mechanism: (1) AINR (RPSS with AIN NL);
(2) AINE (PSSE with AIN NL); (3) GaNR (RPSS with GaN NL); and (4) GaNE (PSSE with GaN NL).

Table 1. Summary of sample preparation parameters.

Sample AINR AINE GaNR GaNE AINOE GaNOE
Nucleation layers (NL) AIN AIN GaN GaN AIN GaN
PSS substrate RPSS PSSE RPSS PSSE PSSO PSSO

To investigate the GaN epitaxial behavior, high-temperature undoped GaN (HTU-GaN) was
grown by MOCVD at 1060 °C with chamber pressure of 200 torr (26,664 Pa) for 2 min.

3. Results

Figure 2 shows the surface morphologies of micron-sized PSS after GaN was grown.
The morphologies of bottom GaN (B-GaN) and sidewall GaN (S-GaN) were different. There were
two kinds of B-GaN: (1) B3-GaN (GaN grown among three micron-sized patterns) and (2) B2-GaN
(GaN grown between two patterns). Two kinds of S-GaN were found: (1) S3-GaN (with AIN as NL;
Figure 2a) and (2) S6-GaN (with GaN as NL; Figure 2c). To measure the thicknesses of B-GaN and
S-GaN, cross-sectional SEM was carried out by focused ion beam (FIB) cutting along the dash lines as
shown in Figure 2a,c. Some of the related images are shown in Figure 3, and the measured maximum
thicknesses are summarized in Table 2.
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Figure 3. Cross-sectional SEM images from Figure 2. (a) AINR, (b) AINE, (c) GaNR, and (d) GaNE.
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Table 2. The measured maximum thicknesses of GaN.

Thickness GaN Type AINR AINE AINOE GaNR GaNE GaNOE
Hpz-can 520 136 540 1261 616 969
. Hgo-can 520 54 540 776 157 951
Thickness (nm) Hes con 74 250 0 0 0 0
Hse-caN 0 0 0 371 641 0

4. Discussion

A simple treatment of the MOCVD thin-film growth kinetic involves mass transport and
reaction [24,25]. It is reasonable to assume that the mass transport was the same for all the samples as
GaN was grown in the same conditions.

In a reaction between A and B to give products C and D, the following applies according to the
balance equation:

aA+bB—cC+dD 1)

The reaction is related to the reactant concentrations in the following way:
Rate = K [A][B]¥ 2)

where K is the rate constant; the numbers x and y are partial orders of reaction.
In this case, there were four surface reaction constants: (1) sidewall with AIN (Kga;n), (2) bottom
with AIN (Kgan), (3) sidewall with GaN (Ksg,n), and (4) bottom with GaN (Kggan)-

4.1. Ex-Situ AIN as NL

When ex-situ AIN NL was used, as shown in Figure 2a, two kinds of GaN were found on AINR.
B-GaN was initiated from the bottom c-plane as expected, while S-GaN (S3-GaN) was from sidewall
surfaces, which has been reported earlier [14,15,26,27]. Both B-GaN and S3-GaN were Wurtzite
structures. The orientation relationship between GaN (including B-GaN and S3-GaN) and sapphire
was established as (0001)gan // (0001) sapphire and [1100]gaN // [11§O]sapphire~

As shown in Figure 3a, no void was found among GaN crystals as there was no coalescence yet
between S-GaN and B-GaN.

Table 2 and Figure 3a show that the maximum thicknesses of B3-GaN (Hg3.Gan) and B2-GaN
(Hpz-gan) of AINR were around 520 nm, which was much thicker than that of S3-GaN (Hgsz_.gaN, 74 nm),
indicating that Kp4;y was much greater than Kgz 4y [26].

However, with the modification of PSS patterns (AINE), Hsz.gan of AINE did not diminish but
increased. As shown in Figures 2 and 3, and Table 2, compared with AINR, the Hs3.c,n of AINE
increased from 74 to 250 nm. At the same time, Hgs.gan decreased from 520 to 136 nm, and Hpp.gan
decreased from 520 to 54 nm.

Moreover, as shown in Figure 3b, irregular voids (circled with dashed lines) were observed
between S3-GaN and B2-GaN. These voids were created during the coalescence of GaN crystals [17].

This observation suggested that instead of reducing the reaction constant of S3-GaN (Kg34n),
modification of PSS patterns (AINE) enhanced Kgyny and reduced Kpgy. As Kpgny should be a
constant, we believe this Kg;y reduction should have been caused by the change in the area of the
bottom c-plane.

Figure 4 is the high magnifications of (a) RPSS and (b) PSSE. In addition to sidewall facets, an
extra six 6B {3417} facets were found on the bottom of patterns of PSSE [28], as shown in Figure 4b.
The appearance of 6B facets reduced the bottom c-plane fraction as determined by estimating the B3
(B2) vs. total area on the SEM images.
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Figure 4. The high magnification SEM images of (a) RPSS, (b) PSSE, and (c) PSSO.

Compared with RPSS, B3 fraction of PSSE reduced from 18% to 12%, while B2 fraction reduced
from 3% to 0 %. This reduction of bottom c-plane made epitaxy of GaN film on PSSE very difficult [29].
Consequently, it appeared that the Kp4;y of AINE was much less than that of AINR.

In addition, compared with AINR, Hgs.can of AINE increased from 74 to 250 nm, as shown in
Figures 2 and 3 and Table 2. This is because the consuming of the reactants in front of the bottom
c-plane can affect reactant concentrations in front of the sidewall. As shown in Figure 4, the distance
between the sidewall and the bottom c-plane was only around 1 um. As the growth rate of AINE
was much smaller than that of AINR, the formation of B-GaN of AINE would consume only a small
portion of the reactants. As a result, the reactant concentrations in front of the sidewall of AINE were
increased. Consequently, Hgs.can of AINE was thicker than that of AINR.

4.2. In-Situ GaN as NL

When in-situ GaN NL was used, as shown in Figure 2¢, two kinds of GaN were found on
AINR: (1) B-GaN and (2) S6-GaN [13-16]. They were both Wurtzite structures, and the orientation
relationship between GaN and sapphire was established as (0001)Gan // (0001) sapphire and [1100]Gan
!/ [11T0]sapphire~
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Table 2 and Figure 3¢ show that Hpz.gan and Hpp.gan of GaNR were 1261 nm and 776 nm,
respectively. Their thicknesses were much greater than Hgs.can (371 nm) [14,27]. In other words,
Kpgan was much greater than Kgsgan-

We also found that modification of PSS patterns (PSSE) did not diminish the growth of sidewall
GaN (S6-GaN). Compared with GaNR, Hse.can of GaNE increased from 371 to 614 nm. At the same
time, Hpz.gan decreased from 1261 to 616 nm, and Hgp_ gan decreased from 776 to 157 nm, as shown in
Figure 2 and Table 2. We believe that these thickness changes were also due to the reduction in the
bottom c-plane of GaNE.

In both cases, beside voids between S3-GaN and B2-GaN (circled with dashed lines), voids were
also found between B3-GaN and B2-GaN (squared with dashed lines). These voids were created
during the coalescence of GaN crystals [17].

4.3. Bottom C-Plane Protection

To avoid the reduction of the bottom c-plane areas of micron-sized PSS, the bottom c-plane
was protected by SiO, and then etched with sulfuric-phosphoric acid. This was designated as
PSSO. Figure 5 shows the PSSO fabrication processes. Micron-sized RPSS was first deposited with
200-nm-thick SiO; film (Figure 5a). A photoresist (PR) layer was spun onto the surface to protect
the bottom oxide (B-OX). Sidewall oxide (5-OX) and PR were then removed, as shown in Figure 5b,c.
Samples were etched in sulfuric-phosphoric acid at 270 °C for 30 s. B-oxide was then removed
(Figure 5e).

200nm Si0, S-0x B-OX
(a) 5i0, deposition (b) Spin-coated PR (c) Removed S5-0X

M - Ak

(d) Removed PR & Etching sapphire (e) Removed B-OX
Figure 5. The flow charts of PSSO fabrication processes.

Figure 4c is the high magnification of the PSSO surface. Only sidewall 3T facets were found, and
no 6B facets were observed. Compared with RPSS, B3 fraction and B2 fraction were the same as those
of RPSS. There was no reduction in the bottom c-plane areas of micron-sized PSSO.

Two kinds of PSSO samples were then fabricated to investigate the growth mechanism of GaN:
(1) AINOE (PSSO with AIN NL) and (2) GaNOE (PSSO with GaN NL).

As shown in Table 2 and Figure 6, no S3-GaN was grown from AINOE, and no S6-GaN was grown
from GaNOE either. In both case, no void was found among GaN crystals, as shown in Figure 7.
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(b)

(b)
Figure 7. Cross-sectional SEM images from Figure 6. (a) AINOE and (b) GaNOE.

5. Conclusions

In this study, the growth of sidewall GaN was successfully suppressed by modifying the surface
of micron-sized PSS. Sulfuric—phosphoric acid was used to modify the surface of dry etching c-plane
PSS. Two kinds of nucleation layers—ex-situ AIN NL and in-situ GaN NL—were introduced prior to
growth of GaN epilayer.

After etching, three 3T {1105} facets were found on the pattern sidewall. At the same time, six 6B
{3417} facets were observed on the bottom of the patterns. The appearance of 6B facets reduced the
bottom c-plane fraction, which made epitaxy of GaN on bottom c-plane very difficult. Consequently,
instead of reducing the growth of sidewall GaN, this modification appeared to enhance the growth of
GaN from the sidewall of the patterns.

A 200-nm-thick SiO, film was used to protect the bottom c-plane areas. After etching, only
sidewall 3T facets were observed, and no 6B facet appeared. The bottom c-plane areas did not reduce.
As a result, sidewall GaN was successfully suppressed in both NL systems.
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Abstract: We demonstrated two types of GaN-based flip-chip light-emitting diodes (FCLEDs) with
distributed Bragg reflector (DBR) and without DBR to investigate the effect of dielectric TiO,/SiO,
DBR on optical and electrical characteristics of FCLEDs. The reflector consisting of two single
TiO, /SiO, DBR stacks optimized for different central wavelengths demonstrates a broader reflectance
bandwidth and a less dependence of reflectance on the incident angle of light. As a result, the light
output power (LOP) of FCLED with DBR shows 25.3% higher than that of FCLED without DBR
at 150 mA. However, due to the better heat dissipation of FCLED without DBR, it was found that
the light output saturation current shifted from 268 A/ cm? for FCLED with DBR to 296 A /cm? for
FCLED without DBR. We found that the use of via-hole-based n-type contacts can spread injection
current uniformly over the entire active emitting region. Our study paves the way for application of
DBR and via-hole-based n-type contact in high-efficiency FCLEDs.

Keywords: flip-chip light-emitting diodes; distributed Bragg reflector; light output power; external
quantum efficiency

1. Introduction

The wide bandgap GaN and related materials have been extensively studied and implemented
for optoelectronic devices that emit light in the spectrum between ultraviolet and visible light [1-7].
GaN-based light-emitting diodes (LEDs) have been extensively adopted in a number of applications
such as high-resolution micro-displays, automotive lighting, optogenetics, visible light communication
(VLC), and solid-state lighting. [8-14]. The progress in the LED development has been attributed to
significant improvement in device efficiency [15,16]. To further enhance the performance of LEDs,
there is a great need to improve both internal quantum efficiency (IQE) and light extraction efficiency
(LEE). The improvement of IQE has played a key role in LED development. Specifically, the IQE
of the InGaN LEDs have been improved by using the large overlap quantum well concept or the
new active material concept [17-20]. Generally, LEDs should be driven at a high current density to
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obtain higher light output power (LOP), which also inevitably generates a large portion of heat [21].
Increasing the operating current density of LEDs is also an effective method to decrease the carrier
lifetime and increase the modulation bandwidth of VLC [22,23]. However, GaN-based top-emitting
LEDs grown on sapphire substrate suffer from inferior heat dissipation performance due to the poor
thermal conductivity of sapphire substrate [24,25]. Additionally, the LEE of top-emitting LEDs was
limited by the absorption of light by opaque metal electrodes and total internal reflection (TIR) of
the generated light at the GaN (n = 2.45)/air (n = 1) interface resulting from their very different
refractive indices [26-29]. The vertical structure LEDs fabricated on a substrate with high thermal
conductivity (such as Cu) can overcome the thermal issues. However, wafer bonding and laser
lift-off techniques, which are critical fabrication processes for vertical structure LEDs, suffer from
low-yield and high-cost [30-33]. The flip-chip technology was brought up to overcome these problems.
The LEE of flip-chip LEDs (FCLEDs) was relatively higher compared with the top-emitting LED
because of lower refraction index contrast between the sapphire (n = 1.77) and air (n = 1) [34,35].
The FCLEDs can also avoid light absorption by the opaque metal electrodes because light is extracted
through sapphire substrate [36,37]. Furthermore, FCLEDs are commonly bonded to a high thermal
conductivity submount such as silicon, resulting in a superior heat dissipation capability and a higher
light output saturation current density. Accordingly, the FCLEDs can effectively improve modulation
bandwidths of VLC since the FCLEDs can be operated at a higher injection current density as compared
to top-emitting LEDs.

Photons generated from InGaN/GaN multiple quantum wells (MQWs) active region of FCLEDs
emit in any direction. As a result, a large portion of photons emitted from the active region will be
lost, particularly for those photons emitted downward. Thus, depositing a reflector onto p-GaN in
order to reflect photons emitted downward can significantly enhance the LEE of the FCLEDs [38].
It has been reported that various reflectors, such as metallic mirrors and dielectric distributed Bragg
reflectors (DBRs), have been used to enhance the LEE of FCLEDs [39-42]. In addition, highly reflective
DBRs are also important for realizing high performance vertical-cavity surface emitting laser [43,44].
The metallic mirrors have high reflectivity in the visible wavelength range. However, metallic mirrors
including Al and Ag suffer from inferior ohmic contact behavior and poor adhesion to the p-GaN layer.
As an alternative to metallic reflector, the dielectric DBR has many advantages over a metallic reflector,
such as low optical loss, high reflectance, and high mechanical robustness [45,46].

In this study, indium-tin oxide (ITO) transparent conductive layer combined with dielectric
DBR is used as reflective p-type ohmic contact for FCLEDs, which leads to a significant reduction in
absorption of light by opaque metal electrodes. We investigated the effect of dielectric TiO, /SiO; DBR
on the electrical and optical properties of FCLEDs. The dielectric DBR is composed of 14 alternating
nanometer-thick layers of silicon dioxide (SiO;) and titanium dioxide (TiO,), which demonstrates
high reflectance over the wavelength range from 400 nm to 650 nm at normal incidence. As a result,
the light output power of FCLED with DBR was 25.3% higher than that of FCLED without DBR at
150 mA. In addition, via-hole-based n-type contacts were used to spread injection current uniformly
over the entire active emitting region of FCLEDs.

2. Materials and Methods

GaN epitaxial layers were grown on c-plane (0001) patterned sapphire substrate (PSS) by metal
organic chemical vapor deposition (MOCVD). The GaN-based LED structure consists of a 20-nm-thick
low-temperature GaN nucleation layer, a 3.0-pum-thick undoped GaN bulffer layer, a 2.5-um-thick
Si-doped n-GaN layer, a 16-pair IngpGaggsN (2.1 nm)/GaN (2.3 nm) superlattice, a 12-pair
Ing 16GaggalN (3 nm)/GaN (12 nm) multiple quantum wells (MQWs), a 20-nm-thick low-temperature
p-GaN layer, a 45-nm-thick p-Alj 15Gag gsN electron blocking layer, and a 120-nm-thick Mg-doped
p-GaN layer. The LED wafer was subsequently annealed at 750 °C at N, atmosphere to activate Mg
acceptor in the p-GaN. The peak wavelength of FCLEDs is 465 nm.
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Figure 1 shows a schematic illustration of the fabrication processes for FCLED with DBR.
The detailed fabrication processes were shown as follows: a. First, an inductively coupled plasma
(ICP) etching based on BCl3/Cl,/Ar gas chemistry was used to form n-type via holes by etching a
portion of the p-GaN and the InGaN/GaN MQWs to expose the 7-GaN layer. b. A 200-nm-thick SiO,
was then deposited on the p-GaN layer by plasma enhanced chemical vapor deposition (PECVD),
followed by optical photolithography and buffered oxide etch (BOE) wet etching process to form
strip-shaped SiO, current blocking layer (CBL). c. A 115-nm-thick ITO was deposited on the p-GaN as a
p-type ohmic contact using electronic beam evaporator, followed by thermal annealing at 550 °C under
N, ambient. d. Next, Cr/Al/Ti/Pt/Au (20 nm /100 nm/50 nm/50 nm/1 um) metal was deposited
on the ITO and n-GaN layers to form the p- and n-electrodes. e. DBR consisting of 14 alternating
pairs of TiO,/SiO, was deposited on the ITO by ion beam sputtering. f. Cr/Al/Ti/Pt/Ti/Pt/Au
(20 nm /100 nm /50 nm /50 nm/50 nm/50 nm/1 pm) layers were then evaporated into p-type via holes
and n-type via holes as p- and n-pads. Finally, the LED wafers were thinned down to be about 150 um
and diced into chips with a dimension of 380 pm x 760 um. The schematic illustration of the FC-LED
with DBR is shown in Figure 2. FCLED without DBR was also fabricated for comparison. For device
characterization, current-voltage (I-V) characteristics were measured by using a semiconductor
parameter analyzer (Keysight B2901A). The light output power (LOP)-current (L-I) characteristics of
LED were determined using a calibrated integrating sphere. The light emission images of LED were
obtained using a calibrated charge-coupled device (CCD) camera mounted on a microscope.
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Figure 1. Schematic illustration of the fabrication process for a FCLED with DBR.
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Figure 2. Schematic illustration of a FCLED with DBR: (a) Top-view image. (b) Cross-section image.
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3. Results and Discussion

We used the commercial software, TFCalc, to model the design of a conventional single DBR
stack consisting of 14 pairs of TiO,/SiO, dielectric layers optimized for central wavelength at 465 nm.
In the simulation, the refractive indices of the SiO, /TiO, were fixed at 1.45/2.55, and the thicknesses
of the 5i0, /TiO, were fixed at 47.4 nm/79.5 nm. Figure 3a shows reflectance spectra of the 14 pairs of
single TiO, (47.4 nm) /SiO; (79.5 nm) DBR stack as a function of incident angles of light. It was clearly
observed that the reflective bandwidth was narrowed and blueshifted toward the short wavelength
when the incident angle of light was increased. Figure 3b shows normal-incident reflectance
spectra of the single TiO,/SiO, DBR stack optimized for central wavelength of 465 nm, 545 nm,
and 620 nm. The thickness of TiO, /SiO, dielectric layers was 47.4 nm/79.5 nm, 64.29 nm/92.73 nm,
and 65.0 nm/105.1 nm. As the thickness of the TiO, /SiO, dielectric layers was increased, the reflective
bandwidth of the single DBR stack was redshifted. The redshift toward the long wavelength for the
single DBR stack with increasing thickness of TiO, /SiO; dielectric layers can counteract the blueshift
toward the short wavelength when the incident angle of light increased from the surface normal
toward the grazing angle to the DBR stack [47]. To obtain a larger bandwidth of reflectance band and
less dependence on incident angles of light, we combined two single DBR stacks into double DBR
stacks. Each single TiO, /SiO, DBR stack was optimized for a different central wavelength. The first
DBR stack is composed of seven pairs of TiO, /SiO; (47.4 nm/79.5 nm) dielectric layers optimized for
a central wavelength at 465 nm; the second DBR stack consists of another seven pairs of TiO, /SiO,
(65.0 nm/105.1 nm) dielectric layers optimized for a central wavelength at 620 nm. Figure 3¢ shows
the reflectance spectra of the double DBR stacks as a function of incident angles of light. We find
that as the incident light deviates from normal incidence, the blueshift of the double DBR stack is not
obvious. This phenomenon indicates that the double DBR stacks exhibit less angular dependence as
compared to the single DBR stack. Figure 3d shows the measure reflectance spectra of double DBR
stacks. The measured reflectance bandwidth of double DBR stacks was in good agreement with the
result of numerical simulation.

Figure 4a shows the top-view SEM images of the FCLED with DBR. The electrode pattern of
FCLED without DBR is the same as that of FCLED with DBR. For the FCLEDs with and without DBR,
two p-contact fingers are finely distributed on both sides of the n-contact finger, which can improve the
uniformity of current spreading over the active region by reducing lateral current spreading distance
between the p-type contact and the n-type contact. Figure 4b,c show the cross-sectional SEM images of
the FCLED with and without DBR, which were obtained by focused ion beam milling along the A-A
direction, as shown in Figure 4a. Figure 4d shows magnified cross-sectional SEM image of the FCLED
with DBR. In Figure 4d, contact to ITO was obtained by the formation of p-type via holes through
dielectric TiO, /SiO, DBR. The sheet resistance of 115-nm-thick ITO film (36 Q}/sq) is much larger than
that of the as-grown n-GaN layer (18 (2/sq), resulting in severe current crowding at the edge of the
p-contact electrode. Therefore, a strip-shaped SiO, CBL underneath the p-electrode was implemented
to further improve current spreading of FCLEDs.

Figure 5 shows spatial distribution of light emission intensity images of FCLEDS with and without
DBR measured by a calibrated CCD camera. Figure 5a—d show the light emission intensity distribution
images of FCLED without DBR at 100 mA, 150 mA, 200 mA and 250 mA. Figure 5e-h show the light
emission intensity distribution images of FCLED with DBR at 100 mA, 150 mA, 200 mA and 250 mA.
As a higher current density can cause a stronger light emission intensity, the spatial distribution of
light emission intensity is closely related to the distribution of current density. We observed that the
light emission intensity of FCLEDs increased with the increase of injection current density. The current
crowding occurring in both FCLEDs is not obvious at 100 mA, as shown in Figure 5. As the injection
current is further increased, the current congregated near the p-electrode of FCLEDs, leading to
non-uniform light emission intensity in both FCLEDs. It was clearly indicated that the FCLED with
DBR exhibited a stronger light emission intensity due to the use of dielectric TiO,/SiO, DBR having
high reflectance.
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Figure 3. (a) Reflectance spectra of the single DBR stack as a function of incident angles of light.
(b) Normal-incident reflectance spectra of the single TiO, /SiO, DBR stack optimized for a different
central wavelength. (c) Reflectance spectra of the double DBR stacks as a function of incident angles of
light. (d) Measured reflectance spectra of double DBR stacks.
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Figure 4. (a) Top-view SEM image of the fabricated FCLED with DBR. (b) Cross-sectional SEM image
of the FCLED without DBR. (c) Cross-sectional SEM image of the FCLED with DBR. (d) Magnified
Cross-sectional SEM image of the FCLED with DBR.
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Figure 5. (a-d) Light emission intensity distribution images of FCLED without DBR at 100 mA, 150 mA,
200 mA and 250 mA. (e-h) Light emission intensity distribution images of FCLED with DBR at 100 mA,
150 mA, 200 mA and 250 mA.

The current versus voltage for the FCLEDs with and without DBR is shown in Figure 6a.
At 150 mA, the forward voltages of the FCLEDs with and without DBR were 3.11 V and 3.03 V,
respectively. The LOP versus current and external quantum efficiency (EQE) versus current
characteristics of the FCLEDs with and without DBR were shown in Figure 6b. At 150 mA, the LOPs of
the FCLEDs with DBR and without DBR were 204.6 mW and 152.8 mW, respectively. The LOP of the
FCLED with DBR was 25.3% higher than that of the FCLED without DBR at 150 mA. This result can
be attributed to the use of DBR having high reflectance in blue light wavelength region. At 150 mA,
the corresponding EQEs of the FCLEDs with DBR and without DBR were 49.5% and 39.0%, respectively.
The EQE of the FCLED with DBR was 21.2% higher than that of the FCLED without DBR. The light
output saturation currents of the FCLED with and without DBR were 875 mA and 1025 mA, respectively.
As the dielectric TiO,/SiOp DBR has low thermal conductivity, the FCLED without DBR exhibited
higher light output saturation current compared to the FCLED with DBR, owing to a better heat
dissipation performance in FCLED without DBR.
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Figure 6. (a) Current versus voltage of FCLEDs with and without DBR. (b) Light output power versus
current and EQE versus current characteristics of FCLEDs with DBR and without DBR.

103



Micromachines 2018, 9, 650

4. Conclusions

In summary, we have compared the optical and electrical characteristics of FCLEDs with and
without DBR. To reduce angular dependence of single DBR stack and increase reflectance bandwidth,
we combined two single TiO,/SiO, DBR stack into double DBR stacks. The double DBR stacks
exhibited a high reflectance of 97.8% at 465 nm. Additionally, via-hole-based n-type contacts were
used to improve current spreading of FCLEDs. As a result, the LOP of FCLED with DBR was 25.3%
higher than that of the FCLED without DBR at 150 mA. However, owing to low thermal conductivity
of dielectric TiO,/SiO, DBR, FCLEDs with DBR exhibited lower light output saturation current as
compared to FCLEDs without DBR.
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Abstract: Temperature-dependent threshold voltage (V) stability is a significant issue in the practical
application of semi-conductor power devices, especially when they are undergoing a repeated
high-temperature operation condition. The Vy, analytical model and its stability are dependent on
high-temperature operations in wide-bandgap gallium nitride (GaN)-based high electron mobility
transistor (HEMT) devices that were investigated in this work. The temperature effects on the physical
parameters—such as barrier height, conduction band, and polarization charge—were analysed to
understand the mechanism of Vy, stability. The Vy, analytical model under high-temperature
operation was then proposed and developed to study the measurement temperatures and repeated
rounds dependent on Vy, stability. The validity of the model was verified by comparing the theoretical
calculation data with the experimental measurement and technology computer-aided design (TCAD)
simulation results. This work provides an effective theoretical reference on the Vy, stability of power
devices in practical, high-temperature applications.

Keywords: threshold voltage (Vy,) stability; gallium nitride (GaN); high electron mobility transistors
(HEMTs); analytical model; high-temperature operation

1. Introduction

Gallium nitride (GaN)-based high electron mobility transistors (HEMTs) have demonstrated
a great potential in the fields of power electronics, mainly owing to their large semi-conductor
bandgap (~3.4 eV), low intrinsic carrier concentration, and high-density two dimensional electron gas
(2DEG) (>10' ecm™2), along with their high electron mobility (>2000 cm?-V-s~1) at the AlGaN/GaN
heterojunction interface [1-3]. In comparison with Si or GaAs-based field-effect transistors (FETs),
the wide-bandgap GaN-based devices have lower specific on-resistance and a faster ON/OFF
switching speed. Therefore, they are well suited for high power switching applications in renewable
energy systems, smart power grids, industrial motors, and the like. In particular, in the last decade,
GaN-based HEMTs have attracted significant interest for high-frequency applications because the
devices exhibit good noise properties comparable to GaAs-based HEMTs, but with the advantage
of having a much higher input power robustness [4-7]. GaN-based HEMTs with a selected short
gate length have overcome laterally diffused metal oxide semiconductor (LDMOS)-based transistors
for the applications above the L-band owing to their higher frequency capabilities. Furthermore,
GaN-based devices are also very promising when employed in various high-temperature environments,
such as aerospace turbines and automotive internal combustion engines [8-10]. As a result of the
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considerable and worldwide attention given to the GaN techniques, they have achieved rapid and
remarkable progress.

However, there are still several issues that need to be worked out for the practical application
of GaN-based products [11,12]. An urgent task is to investigate the temperature-dependent
performance stability, for instance, the device threshold voltage (Vy,) stability [13]. To date, there has
been much research on the temperature-dependent analytical model, focusing on investigating
a device’s temperature-dependent output current—voltage characteristics and equivalent circuits.
The temperature-dependent semi-conductor interface state and electron mobility have been extensively
investigated [14-17]. The equivalent circuit modelling of GaN-based HEMTs as a function of ambient
temperature has been accurately established, which is meaningful since the equivalent circuit is a very
useful tool for circuit designers [18,19]. Besides, some work has studied the Vy, variation according
to the measurement temperature [20-22]. However, there is still a lack of sufficient research on the
Vi analytical model and, in particular, on its stability when subjected to repeated high temperature
operations, which might result in an unrecoverable impact on the material properties, for example the
interface trap density.

This paper systematically investigates the Vy, analytical model and the stability mechanism when
subjected to the different measurement temperatures and repeated rounds in GaN-based HEMTs.
Considering that a relatively large gate length of 2 pm was employed in the fabricated devices,
the direct current (DC) characteristics are analysed in this work. The physical model was developed
step-by-step by first building and analysing the Vy, model in the conventional Schottky gate, with an
emphasis on the influence of the physical parameters of the basic device on the Vy,. The model was
then analysed in the metal-insulator-semiconductor (MIS) gate structure, with an emphasis on the
influence of the charged interface traps. A series of Vy, values for the fabricated HEMTs were derived
after repeating high-temperature measurements from room temperature to high-temperature for
several rounds. The effects of the high temperature on the physical parameters, such as barrier height,
conduction band, Fermi level, polarization charge, and interface traps were analysed to understand
the Vy, stability mechanism. Both the experimental measurement of the device and technology
computer-aided design (TCAD) simulation work were carried out and the validity of the model was
finally verified.

2. Physical Mechanism and Threshold Voltage (Vi) Analytical Model

Schottky contact is a basic element in power electronic devices. Therefore, physical modelling
work starts with an investigation of the characteristics of simple Schottky-gate HEMT devices.
The detailed study of effects of high-temperature on the Schottky-gate devices was carried out
to understand the role of the basic physical parameters, such as barrier height, conduction band,
Fermi level and polarization charges in the operation at high-temperature. Then, more complicated
structures with the MIS gate were involved to analyse the effects of the interface traps beneath the
gate, considering that the MIS gate structure has a much higher density of interface traps between
the dielectric and AlGaN barrier layer than the Schottky gate. These charged traps could induce an
instability of the V', value, especially when the devices were operated under the high-temperature
condition [23-25]. The physical mechanisms of the trap density variation with the different operation
temperatures and sequences were discussed and the analytical model was proposed and developed.

2.1. Schottky-Gate AlGaN/GaN High Electron Mobility Transistors (HEMTs)

By taking into account the combined effects of the device’s physical parameters at different
temperatures, such as Schottky barrier, polarization charges, energy band and doping-induced charges,
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the equation to generally describe the Vy, of the Schottky-gate devices can be modified and expressed
as below [26].

Vi (T) = %;T) ,AE%(T) + EF(?/](T)
_qdvpol(T) (1)
£AIGaN
_ qNy(T)d?
2€ A1GaN

In the equation, ¢y, is the contact barrier height between the gate metal and AlGaN barrier layer.
AE( is the conduction band offset at the AIGaN/GaN interface. Ery is the energy difference between
the intrinsic Fermi level and the conduction band edge of GaN bulk. 0}, is the net polarization charge
at the AlGaN/GaN interface. N; is the doping concentration in the AlGaN layer, and €1G,N is the
AlGaN permittivity. For simplicity, the AlGaN doping-induced effect on Vy, can be ignored in the
unintentionally doped AlGaN/GaN structure, due to its low intrinsic carrier concentration in the
wide-bandgap semiconductor. Therefore, only the effects of the front four terms in Equation (1) were
discussed here.

2.1.1. Schottky Barrier Height

The Schottky barrier height under zero bias can be determined by the expression [27]:

¢o(T) = n9es(T) — (1 = 1)[AEc — Epo(T)] @)

where ¢gpp and 7 are the effective Schottky barrier height and ideality factor related to the applied
electric field, respectively. They can be deduced from the experimental data using the expression
In(Igs/aA*T?) = q(Vgs — 7@es)/nkT. Here, Igs and Vs are the gate-to-source current and voltage,
a is the gate contact area, and A (= 28.4 A-cm~2-K~?2) is the effective Richardson constant.

2.1.2. Conduction Band Offset

Conduction band offset (AEc) plays an important role in determining the 2DEG density at the
AlGaN/GaN interface. AEc at different temperatures can be expressed as below [28,29].

AEC(T) = 07 [E'S™N(T) — EG™N(T)] 3)

where the material bandgap with the different Al composition x can be obtained by

EgISN(T, x) = xER™N(T) + (1 — x)ESN(T) — x(1 — x) @)
AIN -3 r
EQN(T) = 631~ 180 x 107 x s ®)
T2

EG®N(T) =351 —9.09 x 10~ * x (6)

T +830

2.1.3. Fermi Energy

The Fermi energy level in GaN semiconductor can be defined by the empirical equation,
as below [26].
Epo(T) = ki (T) + ka(T)ni/*(T) + ks(T)ns @)

where ki, ky, and k3 are the temperature-dependent parameters and 7; is the sheet charge density.

2.1.4. Polarization Charge

High-density 2DEG will be formed at the AIGaN/GaN interface due to the existence of the
large spontaneous and piezoelectric polarization induced electric field that can be determined by
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the elastic and piezoelectric constants of the materials in the c-axis direction. The sheet charge
density induced by the net polarization will be deduced directly by the polarization expression from
the published material parameters [28]. Although the net polarization-induced charge density is
obviously changed depending on the Al composition and AlGaN barrier thickness, the pyroelectric
coefficients that describe the changes in polarization depending on the temperature were found to be
very small [30,31]. Chang et al. proved that the effect of pyroelectric coefficients on the channel current
at high temperatures is negligible [3]. Therefore, the net polarization charge density was considered to
be constant at a temperature less than 150 °C in this work.

2.2. Metal-Insulator-Semiconductor (MIS)-Gate AlIGaN/GaN HEMTs

The Vy, shift occurs more often in MIS-gate HEMTs than in Schottky-gate devices. The dominant
reason is the existence of high-density traps at the dielectric/ AlGaN interface near the gate. Although it
is generally accepted that the Vy, instability is induced by the combined effects of several trap species
that are located in the GaN bulk or dielectric oxide or at the dielectric/AlGaN interface, the influence
of the dielectric/ AlGaN interface traps should be the most significant, given that it has the highest
trap density (10'>-~10'3 cm~2) and shortest distance to the 2DEG channel.

The band energy level of these traps plays an important role in determining the Vy, values of the
devices when they are operated at different high temperatures. Moreover, the amount of variation of
these traps also affects the consistency of the Vy, during repeated high-temperature operation. The trap
amount will finally decrease and become stable after high-temperature measurements for several
rounds. The repeated carrier injection and hopping among the traps due to thermal diffusion or the
tunnelling process with the help of an electric field, are considered to be the main physical mechanisms
that finally stabilize the trap energy level and amount after repeated high-temperature current-voltage
(I-V) measurements. Therefore, the effects of the trap energy level and amount at the dielectric/ AlGaN
interface are included in this section to redefine the Vy, in the MIS-gate AlIGaN/GaN HEMTs. The Vy,
can be derived from the expressions below.

Vi (T) = op(T)  AEc)(T) i Epg(T)  AEqy(T)  9dopor(T)  qdoxope(T)

' 7‘7'710?(1\’7””) ! i EAIGaN €ox ®)
€0x
1
Ni7(T,t) = N7o(T) {1—ktexp<_?>] o
o AE(T

Nio(T) = Nio(T = 25 °C) exp {7%} w0

_ Ec —Ep
Tn = NCUU’n exp( T ) (11)

Here dpx and epx are the thickness and dielectric constant of the gate oxide, respectively.
AEcq and AE; are the conduction band offsets at the AlIGaN/GaN and dielectric/ AlGaN interfaces,
respectively. Nyr(T) is the charged trap density at the dielectric/AlGaN interface which is varied
with the measurement temperature and operation count at high temperature up to 150 °C. Ny1o(T)
is the initial interface trap density. k; is the coefficient to describe the effect of the high-temperature
measurement count on the trap amount and ¢ is the repeated measurement rounds. AE;1(T) is the
variation value of the trap energy level at different measurement temperatures. N¢, v, oy, and Ep are
the effective density of states in the conduction band, the thermal velocity of electrons, the capture cross
section and the energetic location of the traps, respectively. Ec — Ep =0.37 eV and v = 6 x 10° cm-s ™!
at AlGaN surface were used in the work [12].

The front six terms in Equation (8) describe the combined effects that originated from the basic
physical parameters, i.e., the Schottky barrier, energy band, and polarization-induced charges on
the Vy, variation in the MIS-gate HEMTs, which are similar and consistent with the Schottky-gate
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case discussed earlier. The term qdoxapol(T)/ eox in Equation (8) indicates an additional effect
of the polarization-induced charges on the Vy, by adding the gate oxide dielectric in the HEMTs.
As mentioned, the effect was negligible since the variation of the polarization charge density with
the temperature was small. The last term in Equation (8) related to the interface traps will play a key
role in how the Vy, changes with the measurement temperature and repeated rounds. Equation (9)
is proposed to govern the amount variation of the charged interface traps, with increasing high
temperature measurement rounds. Initially (£~0), Nyt is equal to Ny7o(T), corresponding to the case
without any high-temperature operation. Then Nyt decreased with the increasing measurement count
t and finally the trap amount will be constant, and the V', value will be stable from Equation (9).
The coefficient k; is used to distinguish the effects of different measurement temperatures on the trap
amount during the repeated high-temperature measurements. In Equation (10), the trap energy level is
dependent on the temperature. The effective trap amount can be determined by the variation of the trap
energy level with the increasing measurement temperature. In this work, the Shockley-Read-Hall (SRH)
model was employed to describe the physical charge-trapping behaviour through the deep defect
level in the gap. Several mathematical models were used to determine the temperature-dependent
parameters, such as the material bandgap, Fermi level, polarization charge, carrier mobility and carrier
lifetimes (or time constant) in the simulation work.

3. Experiments and Results

3.1. Fabrication and Measurement Process

The schematic and optical microscopy image of the typical MIS-gate HEMTs are shown in
Figure 1a,b, respectively. The specifics of the device structure are contained in Figure 1a. The fabrication
work of the devices began with the mesa isolation by selectively etching the epitaxial layers with
300 nm depth. Ideal source and drain Ohmic contacts were achieved by depositing Ti/Al/Ni/Au
(25 nm/125 nm/ 45 nm/55 nm) metal alloys using the E-beam system and annealing at 850 °C for
30 s in Ny. SiO; film with 150 nm thickness was deposited using a plasma-enhanced chemical vapour
deposition (PECVD) system for surface passivation. Then the gate window with 2 um length and
200 um width was defined by photolithography, followed by the removal of the SiO, film by wet
etching. The Al,O3 gate dielectric layer with 15 nm thickness was deposited by the atomic layer
deposition (ALD) system. Ni/Au metals were then deposited using the E-beam system for the
gate electrode.

Gate
Source . Si0, (150 nm) Drain

o o i i e

2DEG

Source’

i-GaN (1.5 pm)

(a) (b)

Figure 1. (a) Cross-sectional schematic and (b) optical microscopy image of the fabricated AlIGaN/GaN
metal-insulator-semiconductor (MIS)-gate high electron mobility transistors (HEMTs).

The I-V characteristics of the fabricated devices were measured at gradually increasing
temperatures from 25 °C to 150 °C with a step of 25 °C using an Agilent B1505A semi-conductor device
analyser (Agilent, Santa Clara, CA, USA). The measurement process was repeated for several rounds,
and the testing platform was always cooled down naturally to room temperature before starting a new
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measurement round. Each measurement point was maintained at a setting temperature for 10 min in
ambient air and then the drain current-gate voltage (I3-V) transfer curves were measured. The average
measurement time for each I-V curve was around 2 s. The device-related physical parameters employed
in the modelling and TCAD simulation processes were calibrated by benchmarking the device I-V
characteristics with the measurement data. The typical parameter values are listed in Table 1 [12,32].
Verification was made by the simulation and laboratory measurement data to support the validity of
the proposed model in the paper.

Table 1. Summary of the typical parameters adopted in this work. 2DEG-two dimensional electron gas.

Parameters Descriptions Values
s 2DEG sheet density 6.7 x 102 cm™2
Sheet density of polarization charges at the .
ol AlyGaI\I?/GaN interface 8 1.0 101 em™2
Nir Donor-like trap density at the gate dielectric/ AlGaN 65 x 102 cm—2
interface
Un Electron mobility 1050 cm?-V-s~!
PNi Ni work function 51eV
£0x Al,O5 dielectric constant 9.0
£AIGaN AlGaN dielectric constant 10.3 (when x = 0.25)
[ Barrier height 1.5 eV for Schottky and 3.7 eV for MIS gates
Ero Fermi level from GaN conduction band edge 0.39 eV
AEcp Conduction band offset at the Al,O3/AlGaN interface 1.10eV
AEcy Conduction band offset at the AlGaN/GaN interface 0.36 eV
ky Stability coefficient 0.75 at 25 °C; 0.32 at 100 °C; 0.15 at 150 °C
Tn Time constant at 25 °C 86x1077s
Nc Conduction band state density 2.2 x 108 cm~3 for GaN and 4.1 x 10'® cm 2 for AIN
on Capture cross section of the traps 1.0 x 10~'% em? for both GaN and AIN
- 9.09 x 10~* eV-K~! for GaN and 1.80 x 1073 eV-K~!
s Temperature coefficient £
or AIN

3.2. Model Verification and Discussion

3.2.1. Results for Schottky-Gate AlIGaN/GaN HEMTs

Figure 2 shows the detailed effects of the main physical parameters that varied with the
temperature on the Vy, stability. The Vy, shifted slightly towards the negative direction as the
temperature increased. The general effect on the Vy, variation in the Schottky-gate HEMTs is displayed
in Figure 2. The variation value of Vy, was found to be around 0.15 V in the Schottky-gate devices when
the temperature changed from 25 °C to 150 °C, which demonstrates that the Vy, shift in Schottky-gate
devices is relatively small.
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Figure 2. Specific contributions of the main physical parameters to the threshold voltage (Vy,) variations
in the Schottky-gate AlGaN/GaN HEMTs using the analytical model (dash lines). The solid line shows
the general Vy, value that varied with the temperature.
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3.2.2. Results for the MIS-Gate AlGaN/GaN HEMTs

Figure 3 shows the measurement of the temperature-dependent DC output characteristics of the
fabricated MIS-gate HEMTs. The drain current density decreased with the increasing temperature.
This was mainly attributed to the degeneration of the electron mobility in the 2DEG channel induced by
the thermal lattice vibration scattering. The source-to-drain channel conductance g45 was found to be
52.3 mS/mm, 46.6 mS/mm, 39.8 mS/mm, 35.6 mS/mm, 30.4 mS/mm, and 27.5 mS/mm, respectively.
Figure 4a shows the typical I4-V; curves and gate transconductance gm characteristics of the fabricated
MIS-gate, AlGaN/GaN HEMTs. The gn, peak declined by 34.7% when the measurement temperature
was up to 150 °C, which suggests a reduction of the device switching frequency.

The Vy, values were determined by extrapolating the linear portion of the plot of the drain
current density (Ig) to the x axis (V). The intercept at the voltage axis was defined as the Vy, in
this paper. V4 =1V was used in the measurement process for the device transfer characteristics.
An illustration of Vy, definition is provided in Figure 4a. Figure 4b displays a trend of the Vy, data
variation with various temperatures. It was found that the measured Vy, data shifted from —4.1 V
to —2.7 V, towards more positive values with the increasing temperature. The big variance likely
mainly originated from the combined effects of the change of interface trap number and the shift
of the trap energy level during the process of the temperature increasing. More electrons may be
captured by high-density ionized donor-like traps at the Al,O3/AlGaN interface beneath the gate at
high temperatures. Thus, the number of the interface positive charges decreased, which resulted in
the shift of the Vy,. Equation (10) was employed to clearly describe the relationship between the trap
density and the operation temperature. Both the calculation results based on the proposed analytical
model and the simulation work agree well with the experimental data, which supports the validity of
the physical model.
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Figure 3. Measurement of the temperature-dependent direct current (DC) output characteristics of the

fabricated MIS-gate HEMTs. Vgr = Vg — Vi, =5V was employed in the measurements.
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Figure 4. (a) Temperature-dependence of the typical device transfer characteristics and gate
transconductance gm in the MIS-gate HEMTs, and (b) the Vy, data changed with the increasing
temperatures in the experimental measurement, analytical calculation using the model, and technology
computer-aided design (TCAD) simulation work.
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Figure 5 shows the repeated measurement-dependence of the DC output characteristics of the
fabricated MIS-gate HEMTs, which demonstrates that the drain current remained almost unchanged
even after several rounds of I-V measurements. Figure 6 shows the typical I4-Vy curves and gm
characteristics of the fabricated MIS-HEMTs, dependent on the repeated measurement rounds. The g,
peak changed slightly after several measurement rounds and the variation was less than 7.8%. Figure 7
displays the Vy, values and the measurement flow. The data were measured at gradually increased
temperatures from 25 °C to 150 °C and then the sample was cooled down naturally to room temperature
before starting a new measurement round. The measurement process was repeated for several rounds
until the Vy, value was stable. Thus, the repeated measurement dependence of the Vy, was achieved,
as shown in Figure 7. A big variance around 1.1 V was found at the beginning, while the Vy,
value was kept nearly constant and only a small change of 0.1 V was found after several rounds of
high-temperature measurements. This indicates that most ionized donor-like traps capture the free
electrons and hence the number of charged traps is finally close to constant.
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Figure 5. Repeated measurement-dependence of the DC output characteristics in the fabricated
MIS-gate HEMTs.
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Figure 6. Repeated measurement dependence of the typical device transfer characteristics and gate
transconductance gm in the MIS-gate HEMTs at (a) 25 °C and (b) 100 °C, respectively.
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were measured at gradually increasing temperatures from 25 °C to 150 °C and the measurement process
was repeated for several rounds. The dotted lines and arrows show the measurement sequence.

Figure 8 shows the employed trap density data at the Al,O3/AlGaN interface in the analytical
model and TCAD simulation, which are dependent on the measurement temperature and sequence.
The amount of variation of these charged traps greatly affected the consistency of the Vy, during
the repeated high-temperature operations. The charged trap amount was assumed to decrease
with the increasing measurement rounds and finally became stable in the proposed physical model.
The repeated carrier injection and hopping among the traps by the thermal diffusion and/or tunnelling
process in the measurements, were considered to be the main physical mechanism responsible for
the amount of variation of the charged traps. This process might repair some defects to some extent,
and finally stabilizes the charged trap number after repeated high-temperature I-V measurements.
Future work should explore whether the applied low electric field at high temperatures helps to repair
the interface defects around the gate. Equation (9) in the manuscript was employed to govern the
amount of variation of the traps with the increasing high-temperature measurement rounds. Figure 9
displays the Vy, values that changed with the measurement sequence based on the experimental
measurement, analytical model, and TCAD simulation work. The results were basically consistent and
the average mismatch for the Vy, value was kept within 5%, which again supports the validity of the
physical model.
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Figure 8. Trap density data at the Al;03/AlGaN interface employed in the analytical model and TCAD
simulation, dependent on (a) the operation temperature and (b) measurement sequence.
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Figure 9. The Vy, data changed with the measurement sequence from the experimental measurement,
analytical calculation using the model, and TCAD simulation work when operated at (a) 25 °C,
(b) 100 °C, and (c) 150 °C, respectively.

4. Conclusions

GaN-based HEMT devices were fabricated and measured to investigate the effects of the operation
temperature and repeated rounds on the Vy, stability. The Vy, analytical model was proposed and
developed to study the mechanism of the V', variations in the repeated high-temperature operations.
The combined effects of the amount of change of the interface charged traps and the shift of the trap
energy level were considered to be the main reason for the Vy, shift. The validity of the proposed
analytical model was verified by experimental measurement and TCAD simulation results. The work
can assist the engineers find a better understanding of the Vy, stability of power devices in practical
high-temperature applications.
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Abstract: In this paper, an AlGaN/GaN Schottky barrier diode (SBD) with the T-anode located
deep into the bottom buffer layer in combination with field plates (TAI-BBF FPs SBD) is proposed.
The electrical characteristics of the proposed structure and the conventional AlGaN/GaN SBD with
gated edge termination (GET SBD) were simulated and compared using a Technology Computer
Aided Design (TCAD) tool. The results proved that the breakdown voltage (Vpk) in the proposed
structure was tremendously improved when compared to the GET SBD. This enhancement is
attributed to the suppression of the anode tunneling current by the T-anode and the redistribution of
the electric field in the anode—cathode region induced by the field plates (FPs). Moreover, the T-anode
had a negligible effect on the two-dimensional electron gas (2DEG) in the channel layer, so there is no
deterioration in the forward characteristics. After being optimized, the proposed structure exhibited
a low turn-on voltage (V) of 0.53 V and a specific on-resistance (Ron sp) of 0.32 mQ-cm?, which was
similar to the GET SBD. Meanwhile, the TAI-BBF FP SBD with an anode-cathode spacing of 5 pm
achieved a Vg of 1252 V, which was enhanced almost six times compared to the GET SBD with a Vgx
of 213 V.

Keywords: T-anode; GaN; buffer layer; anode field plate (AFP); cathode field plate (CFP)

1. Introduction

At present, most power semiconductor devices are fabricated from Si materials, but as the process
progresses, the performance of Si devices is approaching the material limit. Therefore, wide-bandgap
semiconductor materials such as diamond [1,2], SiC [3,4], and GaN [5] have become promising
candidates to make high power semiconductor devices. These wide-bandgap semiconductor materials
have a high breakdown field [2], high thermal conductivity [6,7], and an extremely low intrinsic carrier
concentration at room temperature, which can make power devices with high potential figures of
merit [2]. However, GaN power devices such as AlIGaN/GaN HEMT and Schottky barrier diodes
(SBD) have attracted more attention, as the GaN heterojunction can make them have a faster switching
speed, high breakdown voltage, and low on-resistance [8-13]. In this work, an AlGaN/GaN SBD
will be investigated in detail. Despite the advantage mentioned above, there are still many unsolved
problems before AlGaN/GaN SBD can be used on a large scale, such as the high turn-on voltage, high
anode leakage, and low breakdown voltage. By now, numerous approaches like the etching barrier
layer [13] and selective Si diffusion [14] have been demonstrated to effectively reduce the onset voltage,
but the leakage current is relatively large. In addition, combinations of high/low Schottky barrier
metals [15], carbon-doped GaN buffer [16,17], Fe-doped GaN buffer [18], and gated edge termination
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(GET) [19,20] have been proposed to suppress the reverse leakage, but the double Schottky barrier
metal and GET are still a challenging manufacturing issue, and the doped GaN buffer will affect the
device’s forward characteristics, especially the on-resistance. The utilization of field plates (FPs), such
as anode FPs (AFP) [21] and cathode FPs (CFP), is a simple and effective method to modulate the
electric field. In our previous work, vertical FPs (VFP) [22] were proposed for the redistribution of
the electric field in the anode-cathode region. However, the effect of a vertical FP is much lower than
a lateral FP, and the VFP does not contribute to suppressing the anode leakage current.

In this work, a T-anode located deep into the bottom buffer layer of the SBD in combination with
field plates (TAI-BBF FPs SBD) is proposed where the T-anode not only plays the role of VFP, but also
introduces the leakage electrons into the bottom buffer layer with high concentration acceptor traps,
resulting in the significant suppression of the anode leakage current. As a result, the 2DEG in the
channel can be depleted and the space charge region will be extended, which leads to the enhancement
of the breakdown voltage. Compared to the previous work, double GaN buffers were selected for the
T-anode located deep into the bottom buffer layer of the SBD (TAI-BBF SBD). The first buffer layer
with low concentration acceptor traps is called the middle buffer layer, and the second buffer layer
with high concentration acceptor traps is called the bottom buffer layer, and can not only suppress
the leakage current, but also has a negligible effect on the device’s forward characteristics. Moreover,
the combination of the T-anode and the bottom buffer layer can cause most of the leakage electrons to
be trapped in the bottom buffer. Meanwhile, the electrons in the bottom buffer layer can effectively
modulate the device’s surface electric field. In addition, the GET is integrated into the Schottky contact
(SC) serving as the anode [19,20] to reduce the turn-on voltage. The AFP along with the CFP are
located separately at the anode and cathode, which can modulate the electric field distribution in the
anode—cathode region, which in turn results in an appreciable Vgx improvement. More importantly,
the proposed structure has a minor influence on the forward characteristics, thus obtaining a huge
breakdown voltage while maintaining a low Ronsp-

2. Device Structure and Simulation Model

Devices with identical physical dimensions consisting of a conventional GET SBD [20], a SBD with
gated edge termination in combination with field plates (GET FPs SBD), TAI-BBF SBD, and a TAI-BBF
FPs SBD are shown in Figure 1.

Gate Dielectric [

Ly Log)|

GaN Middle Buffor

GaN Middle Butfer

GaN Bottom Buffar GaN Bottom Buffer

Figure 1. Cross-section of: (a) Schottky barrier diode (SBD) with gated edge termination (GET SBD),
(b) SBD with gated edge termination in combination with field plates (GET FPs SBD), (c) T-anode
located deep into the bottom buffer layer of the SBD (TAI-BBF SBD), (d) T-anode located deep into the
bottom buffer layer of the SBD in combination with field plates (TAI-BBF FP SBD).

These architectures in the simulation included a passivation layer, an unintentionally-doped
AlGaN barrier layer/GaN channel layer, and a buffer layer. Si3Ny of the size 100 nm was selected as
the passivation layer [23] and the AlGaN contained a 0.25 Al mole part. In addition, the dielectric layer
in the GET was also SizNy and the thickness was set to 20 nm. The passivation layer and Aly5Gag 75N
barrier layer under the anode were etched completely in order to achieve a low Vr. The proposed
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device had an additional T-anode with an initial length of 0.445 um connecting the Schottky contact
with the bottom buffer and two field plates located at the anode and cathode. The buffer layer was
divided into a middle buffer and a bottom buffer [17]. The donor impurity would inevitably be
introduced in the process of device growth, so the donor concentration in all GaN layers was set to
1 x 10'® em~3 [17] to emulate the donor impurity. In order to reduce the buffer layer leakage, acceptor
type traps were doped into both the middle buffer layer and the bottom buffer layer. The effective
concentration of the acceptor type traps of 2 x 10'® cm =3 [10] and 4 x 10'8 cm~3 [16,17] were selected
to dope into the middle and bottom buffer layers, respectively, in order to neutralize the dopants and
reduce the buffer layer leakage. Therefore, the middle and bottom buffer layers became slight p-type
and heavy p-type layers, and the density of the hole provided by the two buffer layers could reach
2 x 10'® and 4 x 10'® cm~3 [16,24], respectively. The middle buffer close to the channel layer could
suppress the leakage current effectively, but it had an imperceptible impact on the 2DEG because
of the slight p-type. In contrast, the heavy p-type bottom buffer layer combining with the T-anode
could play a leading role in reducing the anode leakage current. Meanwhile, the bottom buffer layer
had little effect on the 2DEG, due to its distance from the channel layer. In addition, the energy
level of the acceptor trap was set at Ey + 0.9 eV [17,25,26] and the cross-section o, was selected at
1.3 x 10~ cm~2 [17] in this simulation, because in the previous report [25,26], the energy level of the
acceptor trap was defined at Ey + 0.86 eV to Ey + 0.93 eV. Other device parameters along with their
values used in the simulation are listed in Table 1.

The Sentaurus software was selected for 2D numerical simulation. Some necessary physics
models [27,28] were adopted, such as mobility models, the Shockley-Read-Hall recombination model,
and a polarization model. Furthermore, in the AlIGaN/GaN SBD, tunneling leakage at the Schottky
junction played the leading role in the reverse leakage current [29], so a nonlocal tunneling model [27]
was set at the Schottky contact, and the work function of Schottky anode was defined to be 4.6 eV [20].

Table 1. Major optimized parameters of the proposed structure.

Parameter Value
Anode length (Lp) 0.2 um
Gated edge length (Lgg) 0.45 um
Cathode length (L¢) 0.1 um
Anode—cathode spacing (Lac) 5 um
T-anode length (Lt) 0.445-0.945 pm
Barrier layer thickness (Tpq;) 25 nm
Channel layer thickness (Tchan) 50 nm
Bottom buffer layer thickness (Tp) 1.6 um
Middle buffer layer thickness (Tpyq) 0.4 um
Cathode field plate length (Lcg,) 0.6 um
Anode field plate length (Lagp) 0.83 um

Fabrication Process

In order to explain how the proposed device could be implemented, a brief schematic of the
fabrication process steps is presented in Figure 2.
The corresponding description of these process steps is summarized as follows.

(a) Metal organic chemical vapor deposition (MOCVD) was adopted to grow the base structure
including the GaN bottom buffer layer, the GaN middle buffer layer, the GaN channel layer,
and the AlGaN barrier layer, and the Si3Ny passivation layer was then deposited using
plasma-enhanced chemical vapor deposition (PECVD) [30].

(b) The Si3Ny passivation layer, AlGaN barrier layer, GaN channel layer, and GaN bulffer layer were
etched through inductively coupled plasma reactive ion etching (ICP RIE), using a BCl3/Cl, gas
mixture [30].
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(c) The SizgNy layer was deposited on the anode region using plasma-enhanced chemical vapor
deposition (PECVD) [30].

(d) ICP RIE was adopted to etch the Si3Ny layer of the anode region and kept at a thickness of 20 nm
for the Si3Ny layer at the right and bottom side.

(e) ATi/Al/Ni/Au ohmic metal was deposited using e-beam evaporation on the cathode, followed
by rapid thermal annealing at 800 °C for 30 s in N, ambient [12]. Lastly, the Schottky metal stack
of Ni/Au (40 nm/350 nm) was deposited [12].

The above fabrication process was relatively easy to implement, the only difficulty was that the
depth of the groove was not well controlled when etching the T-anode groove. Fortunately, when the
T-anode reached 0.445 um, the breakdown voltage almost reached the saturation value, so there was
a certain fault tolerance to the depth of the etched groove.

GaN Middle Buffer

GaN Bottom Buffer

Figure 2. Schematic of the fabrication process steps for the proposed structure.

3. Results and Discussion

3.1. Forward and Reverse Characteristics

The breakdown and forward characteristics of the GET SBD, GET FPs SBD, TAI-BBF SBD,
and TAI-BBF FPs SBD are shown in Figure 3.
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Figure 3. (a) The breakdown characteristics of the GET SBD, GET FPs SBD, TAI-BBF SBD and TAI-BBL
FPs SBD; (b) The forward characteristics of the GET SBD and TAI-BBL FPs SBD.

The breakdown criterion of all the devices was when the anode leakage current reached
0.1 pA/mm, as shown in Figure 3a. In contrast to GET SBD, with a Vgk of 213 V, the Vgx was
enhanced to 320 V in the GET FP SBD, implying that the improvement of Vg was inconspicuous.
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However, the Vgx was improved to 908 V in the TAI-BBF SBD and further promoted to 1210 V in
TAI-BBF FP SBD. In addition, the leakage current reached 1.5 nA/mm when the reverse voltage was
100 V, which was consistent with the experimental results in [20]. The voltage of the forward current
reaching 1 mA/mm was defined as the V1. As shown in Figure 3b, the V1 and Rop, of the proposed
structure were 0.53 V and 5.62 ()-mm, similar in magnitude to the GET SBD, indicating that the
proposed structure showed significant improvement in the reverse characteristics while maintaining
the forward characteristics.

3.2. Equipotential Line and Horizontal Electric Field Distribution

The equipotential line and horizontal electric field distribution of four devices when the
breakdown occurred are described in Figure 4 to account for the enhancement of the breakdown
characteristics. In the GET SBD, the equipotential lines from the anode to point A were very compact.
They became sparse after point A, indicating that there were still a large number of electrons in the
channel and there was little space charge created from point A to the cathode while the breakdown
took place. In the GET FP SBD, the AFP and CFP were added to the GET SBD to modulate the electric
field focused on the right of anode and the left of the cathode. However, the Vpk of the GET FP
SBD only achieved minor improvement. As the electrons in the channel were not being depleted,
the FPs did not work out as desired. In contrast to the GET SBD, the introduction of a T-anode in
the TAI-BBF SBD resulted in the direct connection of the anode to the bottom buffer layer. A bottom
buffer layer with a substantial amount of acceptor traps could help deplete the 2DEG in the channel to
expand the space charge region, which could make the equipotential lines more compact throughout
the anode—cathode region. Furthermore, the AFP and CFP were placed on the anode and cathode
separately in order to make the equipotential line more uniform and denser throughout the whole
TAI-BBF FP SBD, as shown in Figure 4d. As a result, the Vg in the TAI-BBL FP SBD was promoted
further compared to the GET SBD and TAI-BBL SBD.
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Figure 4. The equipotential line profile of: (a) GET SBD, (b) GET FP SBD, (c) TAI-BBF SBD, (d) TAI-BBF
FP SBD when breakdown occurs, (e) The corresponding horizontal electric field distribution in the
2DEG area.

A horizontal cutting line aa” at 1 nm below the channel of the three devices was carried out to
obtain the horizontal electric field distribution, as depicted in Figure 4e. In the GET SBD, the electric
field peak occurred at the GET and the field declined sharply to a very small value on the right. In the
GET FP SBD, a new field peak occurred to the right of the GET, but the value of the field peak was very
small and it then dropped to a small value. In the TAI-BBF SBD, there was another electric field peak
at the cathode because almost all of the 2DEG in the channel was depleted by the bottom buffer layer
via T-anode, which resulted in the flattening of the electric field contribution in the anode—cathode
region, consequently improving Vpx. However, the electric field peak at the anode was too high,
which resulted in the GET being punctured in advance. In the TAI-BBF FP SBD, the electric field at
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the GET declined and a new electric field peak appeared below the AFP and CFP due to electric field
modulation. After the optimization described above, the Vpx became further enhanced as the electric
field distributed more uniformly over the anode—cathode area.

3.3. Electron Concentration Distribution

The electron concentration distribution of the GET SBD and TAI-BBL FP SBD when the breakdown
occurred are depicted in Figure 5 to explain the role of the T-anode. In the GET SBD, the electron in the
channel from the anode to point A was depleted, but from point A to the cathode it was not, as can be
seen at the black circle. In addition, there was a very low electron density in the buffer layers, especially
the bottom buffer layer, which meant that the high concentration of traps in the buffer layers did not
capture the leakage electron as desired. Therefore, there was no space charge generated from point A
to the cathode to bear the breakdown voltage, due to the heavy leakage current when the breakdown
occurred. In contrast, in the TAI-BBL FP SBD, the electron in the channel was fully depleted, as can be
seen in Figure 5c. Moreover, the buffer layers were full of the leakage electron, which implied that
the high concentration traps in the buffer layers captured the leakage electron effectively with the
assistance of the T-anode. Consequently, the space charge region was extended from point A to the
cathode in the TAI-BBL FP SBD resulting in the breakdown voltage being enhanced.
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Figure 5. The electron concentration distribution of: (a) GET SBD, (b) the TAI-BBL FP SBD when the
breakdown occurs, (c) the corresponding curve distribution.

3.4. The Path of the Leakage Current and the Vertical Electric Field Distribution

The path of the anode leakage current due to the tunneling process [20] and the vertical electric
field distribution below the SC during breakdown were generated in order to explain the function of
the T-anode directly, as shown in Figure 6.
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Figure 6. The path of the anode leakage current of: (a) GET SBD, (b) TAI-BBF SBD, (c) TAI-BBF FP SBD,
(d) the corresponding vertical electric field distribution under the SC.
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In the GET SBD, the leakage current tunneled from the SC through the channel and middle
buffer layer, and then to the cathode. Thus, the bottom buffer layer had little effect on suppressing
the leakage current. In contrast, a part of the leakage current still tunneled through the channel and
middle buffer layer to the cathode, but most of the leakage current tunneled from the terminal of the
T-anode through the bottom buffer layer to the cathode in the TAI-BBL SBD and the TAI-BBL FP SBD.
Therefore, the leakage was significantly suppressed and the Vg was enhanced. A cutting line bb’
of the vertical electric field distribution for all devices was made in the middle of the SC during the
breakdown, as shown in Figure 6c. Compare to the GET SBD, the value of the electric field in the
vertical orientation was much larger in the TAI-BBF SBD and TAI-BBF FP SBD, which corroborates that
the T-anode played the role of a vertical plate [22], so that the electrons were more able to tunnel from
the termination of the T-anode into bottom buffer layer. As a result, the anode leakage current was
suppressed and the Vgg was enhanced. However, if the T-anode only reached the channel layer or the
middle buffer layer, the bottom buffer layer would not work as desired and the Vgx would decrease,
as most of the electrons would tunnel from the T-anode through into the channel and middle buffer
layer. Hence, the concentration of electrons in the middle buffer of the TAI-BBL SBD and TAI-BBL FP
SBD were much higher than that of the GET SBD, which resulted in the device being punched through
in advance.

4. Parameter Optimization

The dependence of the breakdown characteristic on the length of the T-anode and the
concentration of the acceptor traps in the bottom buffer layer are plotted in Figure 7. Initially,
the length of the T-anode from 0 to 0.3 um was far from the bottom buffer layer, resulting in
a low Vgk. When the length of the T-anode exceeded 0.3 um, the Vgk began to increase sharply.
Eventually, the Vg achieved a saturation value when the length of T-anode reached 0.845 um.
Thus, the Vg depended on the distance between the T-anode and the bottom buffer layer, as is
evident from Figure 6. The concentration of acceptor traps versus the Vpk are also shown in
Figure 7. However, when the concentration of the acceptor traps of bottom buffer layer increased
from 3 x 10'8 cm 3 to 6 x 10'8 cm 3, the Vg remained constant. With the doping concentration of
the acceptor traps of 6 x 108 cm~3, Vpx = 1252V was obtained for a T-anode length of 0.845 um.
In particular, changing the concentration of the acceptor traps of the bottom buffer layer had a negligible
effect on the forward characteristics, as the bottom buffer layer was far from the GaN channel layer.
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Figure 7. Dependence of the breakdown characteristics on the length of the T anode and the
concentration of the acceptor traps of the bottom buffer layer.

5. Conclusions

The function of the T-anode and the bottom buffer was discussed comprehensively in this work.
The simulation results showed that the bottom buffer layer with high concentration acceptor traps

125



Micromachines 2019, 10, 91

was able to suppress the anode leakage current effectively via the T-anode, and the T-anode along
with the AFP and CFP made the electric field contribution more uniform all over the anode-cathode
region. The forward and breakdown characteristics of the GET SBD and the proposed structure were
simulated and compared, demonstrating that the proposed structure was able to withstand a larger
breakdown voltage while maintaining similar forward characteristics. Finally, a TAI-BBL FP SBD with
Lac =5 pm achieved a Vg of 1252V and a Ron sp of 0.32 mQ-cm?, corresponds to the Vg of 213V
and Ronsp of 0.32 mQ-cm? of the GET SBD. This implies that a satisfactory trade-off between Ron sp
and Vg was obtained in the proposed structure.
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