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Abstract: An electroluminescence (EL) phenomenon in unipolar-doped GaN/AIN/GaN double-
barrier heterostructures—without any p-type contacts—was investigated from 4.2 K to 300 K. In
the range of 200-300 K, the extracted peak photon energies agree with the Monemar formula. In
the range of 30 to 200 K, the photon energies are consistent with A-exciton emission. At 4.2 K, the
exciton type likely transforms into B-exciton. These studies confirm that the EL emission comes
from a cross-bandgap (or band-to-band) electron-hole radiative recombination and is excitonic. The
excitons are formed by the holes generated through interband tunneling and the electrons injected
into the GaN emitter region of the GaN/AIN heterostructure devices.

Keywords: GaN/AIN; electroluminescence; unipolar; holes; interband tunneling; exciton emission;
A exciton; B exciton

1. Introduction

In GaN-based LEDs and laser diodes, two types of contacts are required for gen-
erating light emission. One is n-type, which acts as reservoir for electrons; the other is
p-type, which acts as reservoir for holes. However, there are a few exceptions. Recently,
we reported an electroluminescence (EL) phenomenon observed in unipolar n-doped
GaN/AIN/GaN double-barrier resonant tunneling diodes (RTDs) without any p-type
contacts (Figure 1a—c) [1]. We hypothesized that the holes necessary for the EL are gener-
ated near the depleted spacer region on the collector side of GaN/AIN RTDs via Zener
interband tunneling, which is enabled by the unusually high electric fields—on the or-
der of ~5 x 10°V/cm—originating from the polarization effect that is native to Wurtzite
heterostructures (Figure 1d) [2]. The holes migrate to the emitter region, where they can
radiatively recombine with those electrons injected from the emitter contact (Figure 1d).
Hence, the emission is a cross-bandgap recombination. This is supported by the fact that
the peak wavelength of the emission is ~360 nm with photon energy equal to the bandgap
of GaN at room temperature (~3.44 eV) [3] (Figure 1b).

In this letter, we report temperature dependent studies on the unipolar EL in n-doped
GaN/AIN heterostructures. The results not only further verify that the EL is a cross-
bandgap (or band-to-band) radiative recombination, but also reveal its excitonic nature.
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Figure 1. (a) Unipolar near-UV EL. (b) Spectrum of the EL emission. (c) Structure of GaN/AIN/GaN
heterostructure stack. (d) An illustration of the hole generation process and the cross-bandgap
optical recombination.

2. Materials and Methods

The GaN/AIN double-barrier heterostructures were grown via plasma-assisted
molecular-beam epitaxy (PAMBE) at 860 °C on free standing Ga-polar semi-insulating GaN
substrates created separately using hydride vapor phase epitaxy (HVPE) [4]. The n™ " Si
doping profiles in the GaN emitter and collector are 3 x 10 em~—3, 5 x 101 ecm 3, respec-
tively (Figure 1c). The substrates have low dislocation densities of approximately 10® cm~2.
The substrate wafers were cleaned using an aggressive wet chemical etch prior to loading
in the ultrahigh vacuum MBE system. Once loaded, the wafers were de-gassed for 30 min
at 600 °C and transferred into the MBE deposition chamber. The device layers were grown
continuously without interrupts at a constant temperature and growth rate of ~3 nm/min.
Transmission electron microscopy (TEM) images confirmed the heterostructures had high
crystalline quality [4]. And the hetero-interfaces between GalN and AIN layers were abrupt,
ideal for quantum transport devices.

The GaN/AIN heterostructure devices were fabricated using a 5-level mask set that
consisted of the following steps: (i) top contact/mesa definition, (ii) bottom contact defi-
nition, (iii) device isolation, (iv) via hole creation, and (v) RF pad definition [5]. Both the
top and bottom ohmic contacts were a Ti/ Al/Ni/Au stack. The isolation was done with a
patterned PECVD-5iO; top layer, and the via holes were dry-etched with a CF4 plasma.

All temperature measurements were conducted using a state-of-the-art Lakeshore
CPX-HF cryogenic probe station. The system has two 3-axis translation stages built inside
its vacuum chamber. One stage was mounted with a ground-signal-ground (GSG) probe
with a 200-micron pitch, which could contact devices under test. Bias voltages were applied
to the probe via a coaxial cable from outside the chamber. The other stage carried an optical
fiber probe. Photon emission was collected by the fiber probe, guided and coupled into
a StellarNet UV-VIS spectrometer located outside the chamber via a multimode fiber.
The fiber probe had a fixed zenith angle of 30 degree relative to the vertical (z) axis
perpendicular to the horizontal plane where the devices were placed. The integration time
of the UV spectrometer and the number of scans for averaging were set the same for all the
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measurements. The resolution was maintained at 0.5 nm, corresponding to 4.4 meV for
wavelength (A) = 360 nm.

Once a targeted temperature was reached using a computerized thermal feedback
loop from a Lakeshore controller, a device under test was contacted by the GSG. The fiber
probe was maneuvered to the proximity of the device. Alignment was achieved by reaching
spectroscopic maximum at A ~ 360 nm. For each temperature, spectra were taken with
the device biased at multiple voltages from a source meter located outside the vacuum
chamber. Therefore, neither the GSG nor fiber alignment was disturbed during the voltage-
dependence studies. However, for temperature-dependence studies, the GSG was lifted
up, and then put down for contacting the device again to accommodate possible lateral
changes of the GSG probe in response to temperature variations. Alignment between the
fiber probe and the device had to be re-done.

3. Results

Figure 2a plots an I-V curve for a GaN/AIN RTD device tested at room temperature
(T = 300 K). Negative differential resistance (NDR) with a chair-like self-oscillation-related
pattern is displayed in the range of 7.0-7.5 V, which confirms the high quality of the
PAMBE-grown GaN/AIN heterostructure. The peak-to-valley ratio (PVCR) of the NDR
is estimated to be ~1.1, small but acceptable for this research. Figure 2b plots the I-V
curves at eight different temperatures ranging from 4.2 to 300 K, showing only slight
variations. The bias voltages V), were limited to the range of 5-6 volts for the unipolar
emission characterization. We observed that the UV spectrometer begun to pick up reliable
signals once the device under test was biased greater than a threshold of V,;, ~ 5.0,
happening to all the temperatures.
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Figure 2. (a) I-V curve at room temperature, and (b) I-V curves at different temperatures.

Figure 3a—e show spectral intensity ®(}) vs wavelength (\) under four different biases:
5.2, 5.4, 5.6 and 5.8 volts at five temperatures: T = 4.2 K, 30 K, 70 K, 250 K and 300 K,
respectively.

By integrating the spectral intensities over wavelengths numerically, we can esti-
mate light emission power (defined as I), which is presumably proportional to the hole
density generated by interband tunneling. We discretized the integral I = [ dA®(}) into
the following summation [ ~ A)\E{(\’ ®(\;), where A\ = 0.5 nm is the resolution of UV
spectrometer and N is the total number of sampling points. We carried out self-consistent
Poisson-Schrddinger calculations showing that the electric field Fg,n in the depleted GaN
collector—responsible for the interband tunneling—is approximately proportional to the
bias voltage Vj, (Figure 1d). Because of this linearity, we plot and examine In (I/V?) vs.
(1/V}) in Figure 3f, where good linear relationship is exhibited at almost all the temper-
atures except T = 4.2 K. Overall, these fitting curves are consistent with the multiband
interband tunneling process described by the Kane model in [6].
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Figure 3. EL spectra at (a) 4.2 K (b) 30 K (c) 70 K, (d) 250 K, (e) 300 K, and (f) In (I/ th) vs. 1/V,.

Figure 4a plots spectra at T = 4.2, 30, 70, 250, and 300 K, all under the same bias,
Vp = 5.8 V. Obviously, the peak positions A, shifts as the temperature varies. The change of
peak emissions, ®();), is not monotonic because of the maximum light emission intensity
I at T = 30 K (Figure 4b). This is inconsistent with the Kane-model predication that the
interband tunneling probability decreases with increasing bandgap, which is monotonically
increased by the reduced temperature. However, we should be aware of possible uncer-
tainties in collecting the maximum light emission because the fiber probe was re-aligned
with the device every time the temperature was set at a new value.

In the following, we focus on the shifts of peak positions A, of Figure 4a. The photon
energy Eg, = hc/), (h, Planck constant; ¢, light speed) vs temperature T is plotted in
Figure 4c. Similar results are obtained in the rest sets of bias voltages, hence not plotted here.
We notice the photon—energy curve bares a strong similarity to the A-exciton-temperature-
dependence curve shown in the literature such as [7].

Quantitatively, the bandgap (unit: eV) of bulk GaN vs. temperature is estimated with
a formula given by Monemar [8]

T2

_ . —4
Ec(T) = 3503 ~5.08 x 10~ 50—

)
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The curve is shown in Figure 4c. The Varshni formula for GaN gives almost the same
estimation as the Monemar curve does (Figure 4c) [9,10].

4000 ' ' ' : : :
6x10*- .
2 3000+ L ,?\-\
g 3, i N
o 1! 1 i
> 2000 A0
B =y d \
S 2 \
£ 1000 L g 2x10% T 1
E '\Of' -\.
/ \ hS)
i 2 . ~ | 0 . i i
340 360 380 400 0 100 200 300
Wavelength (nm) Temperature (K)
(a) (b)
S |\ ® Exp. . L
% 3.50 5 exciion Monemar
1 exclion., Varshni:
S | | 1
R i S TSN S S— -
> L M S :
-— 3.46—””Aexcnon””””’:”’p\”e’x’dféﬁ ”””””””””””””””””””” r
o (bound exciton?)
e | !
o : : :
BAA] S S— S— i
0 100 200 300
Temperature (K)
(c)

Figure 4. (a) EL spectra at different temperatures, V;, = 5.8 V. (b) Light emission vs. temperature.
(c) The comparison between the extracted photon energies and the models.

In the range of 200 K-300 K (equivalent to kg T = 17.3 meV to 25.9 meV), the extracted
Egp increases as the temperature drops, and is almost perfectly overlapped with the ex-
trapolated related to experimental bandgap of the bulk GaN. The agreement supports that
the unipolar EL is a cross-bandgap (or band-to-band) radiative recombination in the GaN
emitter region. It does not come from any impurities. Below T ~ 200 K, the experimental
peak position Eg, becomes significantly less than the bulk bandgap. Interestingly, the Eg,
is almost flat between 30 K and 200 K, but starts to increase again at T = 4.2 K.

Exciton in GaN is extensively studied and well understood [7,8,11-18]. We mark the
energies of A-exciton transition A = 3.4751 eV and (free) B-exciton transition B = 3.4815 eV
in Figure 4c, respectively [8]. The exciton energies may be slightly changed subject to
differences in substrates (e.g., GaN, or sapphire) and strain tensors of structures (e.g.,
homoepitaxy or heteroepitaxy) [7]. For example, Ref. [7] gives A =3.478 eV, B =3.483 eV;
Ref. [15] and Ref. [16] give A = 3.4776 eV, B = 3.4827 eV; Ref. [17] gives A = 3.477 eV,
B =3.482 eV; and Ref. [18] gives A =3.474 eV, B =3.483 eV.

By comparing the spectra and extracted peak photon energies with the literature,
we categorize the unipolar emission as A-exciton and B-exciton, respectively. The optical
transition at ~4.2 K is most likely B-exciton emission, being associated with the interband
transition T'Y (upper valence band)— I'S in bulk GaN. At T = 30 K, the emission is likely
A-exciton emission but it may be mixed with or even dominated by shallow-donor-bound
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exciton emission as the temperature is below ~ 50 K according to [7,19-23]. Differentiation
of the two, free or shallow-donor-bound, requires reflection experiments as only the free
(or A type) excitons is strong in reflectance (e.g., [14-16,22]), this is beyond the scope
of this paper and may not be feasible for the electroluminescence phenomenon we are
investigating. The optical transition in the range of 70 K to 200 K is most likely free
A-exciton emission, which is related to the interband transition Fg — Fg in GaN.

Figure 5a plots linewidth (or equivalent energy AE) vs temperature over three bias
voltages, and Figure 5b plots their averages and standard deviations showing similar
patterns as the peak position Eg, in Figure 4c. Specifically, the linewidth is the narrowest
~13.0 nm at the lowest 4.2 K. It increases slowly in the range of 30 K-200 K, but starts to
increase quickly as the temperature rises above T =200 K. It is estimated to be ~15.8 nm
at room temperature, and its equivalent energy is AE ~ 150.2 meV which is significantly
greater than the thermal broadening 1.8 kT ~ 46.6 meV [24] (kp, Boltzmann constant).
The discrepancy may be explained with the broadening due to random impurity concentra-
tion fluctuation, which is estimated ~100 meV according to Ref. [24] because of the heavy
doping density in the emitter 3 x 10'° cm~3 (Figure 1c). This impurity broadening from
the random distribution of dopants may also be dominant in the spectral linewidth for
T=42K.
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Figure 5. (a) Linewidth vs. temperature curves when bias voltages were 5.6 V, 5.8 V, and 6.0 V.
(b) The mean linewidth curves of (a) in the form of both wavelength (right axis) and equivalent
energy (left axis).

4. Conclusions

We carried out temperature studies on the EL phenomenon in n-type GaN/AIN het-
erostructures. At high temperatures 200-300 K, the photon energies and the bulk bandgap
of GaN are in close agreement with each other. In the range of 50-200 K, the emission is
A-exciton emission, which may be replaced by shallow-donor-bound exciton when the
temperature drops below 50 K. At 4.2 K, the EL may transform into B-exciton emission.
This confirms the EL is a cross-bandgap electron-hole recombination in GaN, not from
any impurities or extrinsic. Without any p-type contacts, the holes are likely produced by
the interband tunneling due to the strong polarization fields in Wurtzite heterostructures.
The fine spectral features of the excitonic emission were not fully resolved likely because
of the limitation from the resolution of the UV spectrometer. This will be pursued in
future studies.
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Abbreviations

The following abbreviations are used in this manuscript:

EL Electroluminescence

MBE Molecular-beam epitaxy

PAMBE Plasma-assisted molecular-beam epitaxy
HVPE Hydride vapor phase epitaxy

PECVD  Plasma Enhanced Chemical Vapor Deposition
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