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ABSTRACT

III-nitride-based hot electron transistors (HETs) hold significant promise as high-speed, high-power devices. In our previous work, we dem-
onstrated high current density and common-emitter gain at room temperature. Here, we measure multiple devices at cryogenic temperatures,
extending the Gummel characteristics past the onset of intervalley scattering at 77K. We demonstrate a Gummel current gain of 4.7 at a col-
lector current density of 2.6 MA/cm2 at 77K as well as a peak current density exceeding 3 MA/cm2. From these data, we determine that
dislocation-associated inhomogeneities play a limiting role in AlGaN/GaN HETs, controlling the current gain, density, knee voltage, and
base-collector leakage. A comparison of two nominally identical devices suggests that even a modest reduction in dislocation density would
result in a substantial improvement in HET performance.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0193571

Gallium arsenide-based hot electron transistors (HETs), where
energetic electrons are injected into a base layer, which they traverse
ballistically before surmounting the base-collector (BC) barrier,
attracted significant research effort throughout the 1980s.1–4 However,
the low C to L intervalley energy spacing in GaAs, which limited ballis-
tic transport and gain, eventually caused interest in these devices to
wane. Most exploration of GaAs-based devices involved cryogenic
operation,1–3 with only limited later work showing reasonable gain at
300K.4,5 More recently, progress in III-nitride materials has caused a
resurgence of interest in such devices,6–9 as the large intervalley C to
M-L energy separation of �2 eV of III-nitride materials allows for sig-
nificantly higher injected electron energy Einj before the onset of inter-
valley scattering. However, until recently, reported devices had
relatively low current density and gain, including devices grown on
bulk GaN,7,8 with minimal difference between identical structures
grown on sapphire and bulk GaN.7 Additionally, the behavior of these
devices at cryogenic temperatures had remained unexplored, with only
limited temperature-dependent studies in nitride HETs appearing in
the literature.10 For completeness, we note that HETs with graphene
base layers have also been reported, but the ultra-thin bases have not
resulted in high gain or high current density.11–13

We previously reported on room-temperature GaN-based HETs
exhibiting high common-emitter current gain b¼ IC/IB > 20 and high

current density IC > 440 kA/cm2.14 In our design, the electron beam is
collimated by injecting into the base from a 2D quantized subband
formed in the emitter, with the base doped via polarization only. This
approach eliminates the ionized impurity scattering that significantly
reduced electron mean-free path in most earlier demonstrations. More
recently, we repeated DC testing of our devices at 77 and 4.2K, dem-
onstrating minimal temperature sensitivity in both transistor I–V char-
acteristics and transfer coefficient a¼ IC/IE, indicating a dominant role
of LO-phonon emission in scattering within the GaN base region.15

Now, we have also extended the testing to additional devices to exam-
ine the impact of dislocations on device behavior, as well as demon-
strating IC> 3 MA/cm2 at 77K ambient by immersion in liquid N2.

A schematic cross section of the fabricated device is shown in
Fig. 1(a) together with a top view of the device, with emitter and base
contacts and base mesa outlined (vertical dashed lines indicate the cut-
lines for technology computer-aided design (TCAD) simulations later
in the text). Design simulations were carried out in Synopsys
Sentaurus16 to confirm the formation of a triangular quantum well in
the emitter and a high-density 2D electron gas (2DEG) in the base,
with electron injection energy from the lowest quantized subband in
the emitter not to exceed the C to M-L intervalley energy spacing
under active biasing. The epitaxial structure was grown by MOCVD
(metalorganic chemical vapor deposition) on 2 in. sapphire wafers after

Appl. Phys. Lett. 124, 063505 (2024); doi: 10.1063/5.0193571 124, 063505-1

VC Author(s) 2024

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 07 February 2024 15:53:04

https://doi.org/10.1063/5.0193571
https://doi.org/10.1063/5.0193571
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0193571
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0193571&domain=pdf&date_stamp=2024-02-06
https://orcid.org/0000-0002-2158-053X
https://orcid.org/0000-0001-9775-4500
https://orcid.org/0000-0002-7166-626X
https://orcid.org/0000-0001-6395-9874
https://orcid.org/0000-0002-5240-0271
mailto:Jeffrey_Daulton@brown.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0193571
pubs.aip.org/aip/apl


growth of a �4lm GaN buffer, with 2� 2lm atomic force micros-
copy (AFM) scan of the post-growth surface shown in Fig. 1(b), show-
ing a dislocation density of �5� 108 cm�2, typical of growth on
sapphire.9 The emitter stack consisted of a �1019 cm�3 doped emitter

cap, with a triangular quantum well formed by polarization fields in
the undoped graded AlGaN emitter next to an ultrathin 1.5nm AlN
tunnel barrier. The narrow WB¼ 10nm GaN base is undoped, with a
2DEG density of �3.5� 1012 cm�2 formed by polarization doping.
The collector region consisted of a graded AlGaN base-collector transi-
tion layer to an Al0.12Ga0.88N collector barrier. The resulting band dia-
gram, including the quantized injection subband in the emitter and the
IC and IB electron flow components, as well as base-collector leakage
IBC,leak, is shown in Fig. 1(c). Fabrication details, including damage-
free BCl3/O2 atomic layer etching17 for low-resistance sidewall contacts
to the 2DEG in the base, as well as contact metallization and isolation
steps (including PECVD SiO2 sidewall passivation), are available in
our earlier work.14 Such a structure, where currents are kept away
from semiconductor/dielectric interfaces and that is realized entirely
by pseudomorphic heteroepitaxial growth, limits the impact of traps.12

Figure 1(c) also shows the approximate GaN conduction band
edge EC within the AlGaN regions (dashed lines), because, as we dis-
cuss later, this represents the most extreme local stoichiometry fluctua-
tion that would affect device characteristics. Actual values of EC are
expected to deviate from this locally due to fluctuating vertical polari-
zation dipoles at AlGaN/GaN and AlGaN/AlN interfaces, as has been
observed around dislocations in GaN HEMTs.18

Figure 2(a) presents the transfer coefficient a of three nominally
identical HETs at 300K measured under Gummel condition (VCB¼ 0),
with a increasing rapidly from device turn-on, indicating the onset of
ballistic transport through the base. Devices that see the highest a values
also see the sharpest initial increase in a and the differences between the
curves for VBE> 2V remain generally constant. Figure 2(b) shows 77K
Gummel results for devices T1 and T2 (device T3 with the best a was
damaged during wire bonding) for IC, a, and dIC/dIE. Sharpening of the
initial increase in a is observed, as would be expected from delayed
thermionic filling of the emitter quantum well. Device T1 reaches IC,max

�3.1 MA/cm2 with gm,max¼ dIC/dVBE �1.4 MS/cm2, with maximum
a¼ 0.824 (b¼ 4.7). The maximum value on the Da curves indicates
the onset of intervalley transfer Vtr.

19 This acts as a convenient internal
bias reference for the device. While these values of IC and a exceed val-
ues of previous reports of III-N HETs at 300K7–9,14 and 77K,10,15 fur-
ther improvements are necessary for practical devices that require
higher b, ideally>20 under Gummel conditions.

The transfer coefficient a can be expressed as a¼ a0 exp[�WB/
kMFP], where a0 < 1 is the transfer coefficient forWB¼ 0 nm.20,21 Hot
electron mean-free path kMFP, which exceeds 60 nm for our measured
b given ourWB¼ 10nm, should not vary significantly between devices
due to minimal scattering by charged dislocations, as the dislocation
lines are approximately parallel with the injected electrons. This sug-
gests that the driver of differing a between devices is the off-normal or
below-energy injection3,22 contained within a0, due to the presence of
dislocations visible in Fig. 1(b).

Ideally, electrons are injected from a quantized subband in the
emitter at large Einj, creating a narrow angular distribution Dhinj
� tan�1[(kT/Einj)

1/2]< 7�, even at 300K, but the various types of GaN
dislocations introduce complications. For example, pure screw disloca-
tions have been shown to behave as conductive leakage pathways,23,24

but they represent only a small fraction (<10%) of dislocations in
MOCVD-grown material, with the rest made up of either mixed or
pure edge dislocations.24,25 Since dislocations with a screw component
have been shown to pin epitaxial terraces during growth, they are

FIG. 1. (a) Device cross section and top-view microscope image of a HET, showing
emitter area (red), base mesa area (blue), and base contact area (green); dashed
lines indicate cut lines under the emitter and base contacts used in later simula-
tions; (b) AFM image of epitaxial surface after growth, with �1.3 lm2 emitter area
indicated (red), with several dislocations visible; (c) self-consistent emitter-base con-
duction band diagram at VBE¼ 2 V, VCB¼ 0 V (blue) and VCB¼ 2 V (orange),
showing the lowest 2D subbands in the emitter and base (dotted lines) and the
GaN conduction band in the emitter and collector (dashed lines). Arrows show elec-
tron flow components, including the base-collector leakage IBC,leak.
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readily identifiable by AFM.25 Taken in the context of Figs. 1(a) and
1(b), direct leakage through screw dislocations should not play a major
role, since our material has a pure screw dislocation density
<0.5lm�2. However, dislocations have also been shown to impact
local AlGaN stoichiometry through a variety of mechanisms, with the
most extreme variation localized around a dislocation core,26 but still
significant deviations of 630% from the average composition of the
layer.27–29 This localized variation in film stoichiometry, when applied
to the AlGaN quantum well emitter region, would be expected to cre-
ate lateral (perpendicular to the c-axis) electric fields on the order of
1MV/cm, leading to large-angle (>45�) off-normal injection from the
emitter quantized subband into the base, increasing the base path
length and scattering rate.1,30 Furthermore, the size of these composi-
tional distortions implies that the local EC and the emitter subband
energy vary considerably, broadening Einj and hinj distributions.

31,32 It
may be observed from Fig. 1(c) that electrons injected from the GaN
conduction band, or even some energy above it, are unlikely to sur-
mount the collector barrier at Gummel condition (VCB¼ 0). As a
result, such electrons would necessarily become excess base current,

limiting the Gummel gain b¼ a/(1 � a)¼ IC/IB and output current
IC. Such behavior can be seen in Fig. 2(b), with the higher-gain device
T1 showing a much higher IC at Vtr than the increased gain alone
would suggest. An analogous effect has been seen in GaN HBTs, where
devices fabricated on free-standing GaN substrates exhibited �4�
higher b but a much higher �7� IC when compared to devices fabri-
cated on sapphire substrates.33

Looking at the base from the perspective of electron continuity,
the residence time of electrons becomes important. While electrons
transiting the base ballistically only reside within the base region for str
< 10 fs, assuming a ballistic velocity > 108 cm/s for Einj> 1 eV, elec-
trons scattering to form IB must be considered as resident within the
base until they have relaxed into the 2DEG, a process that would be
expected to occur over srel> 100 fs.34 The resulting nrel¼ qJCsrel/bWB

> 1019 cm�3> n2DEG/WB places the base well into the space-charge
limited regime. However, an assumption of the 2DEG as a metal is not
entirely valid because these fully relaxed electrons will raise the base EF
slightly due to quantum capacitance effects,35 reducing the effective
bias of the emitter-base junction and increasing the effective base resi-
dence time for these electrons. This large differential in base residence
times appears to play a significant role in the outsized increase in IC for
a relatively minor increase in a seen in Fig. 2(b) as the IC curves sepa-
rate at higher currents due to the increased impact of base space-
charge impedance.

Figure 2 describes the Gummel condition; however, under nor-
mal operating mode, there is a VCB > 0 as shown in Fig. 1(c), which
leads to an unwanted IBC,leak. All devices measured here exhibit excess
leakage in the base-collector (BC) diode IC–VCB curve Fig. 3(a),
exceeding the simulated IC–VCB curve by more than four orders of
magnitude at low VCB. This deviation arises from conduction mecha-
nisms not accounted for within the TCAD model. An obvious candi-
date for this is conductivity along dislocations within the III-N crystal,
with a pure screw dislocation density of<0.5lm�2 allowing for signif-
icant device-to-device variation over the �60 lm2 base mesa. This is
consistent with the wide range of excess leakage current seen in the BC
diode at low voltage at both 300 and 77K in all three devices. In addi-
tion to this leakage mechanism, AlGaN compositional fluctuations
have been shown to allow barrier permeability that reduces the effec-
tiveness of the base-collector barrier in blocking base-collector leak-
age.27 The diode IC–VCB characteristic of Fig. 3(a) in the VCB > 0
range shows a visible inflection between VCB¼ 1.5 and 2V in devices
T1 and T2 that is almost absent in device T3. The inflection in the I–V
curves sharpens at 77K in Fig. 3(b), notably occurring at the same VCB

bias point. It can be seen from the band diagram in Fig. 1(c) that the
VCB value at which this conductance step occurs aligns with the VCB

value where the approximate position of the GaN EC within the
collector-base AlGaN region no longer presents any additional poten-
tial barrier to current flow. We attribute this step in conductance to
conduction through Al-depleted AlGaN around a dislocation core.
From the combination of these proposed leakage mechanisms, we can
infer that the relative dislocation counts within the emitter-base mesa
between devices are such that dislocation count of T2>T1>T3, con-
sistent with the relative ordering for a seen in Fig. 2(a).

Turning to the IC–VCB characteristic of Fig. 3(a) where VCB < 0,
there is onset of significant leakage at much lower bias than would be
suggested by the TCAD model. This low turn-on voltage is only mini-
mally increased under 77K operation [Fig. 3(b)]. Conduction band

FIG. 2. (a) Transfer coefficient a as a function of VBE for three devices at 300 K
under Gummel condition (VCB¼ 0 V); (b) Gummel condition IC, transfer coefficient
a and Da¼ dIC/dIE as a function of VBE for devices T1 and T2 at 77 K, with Vtr
marked for T1 (IC¼ 21.2 mA, a¼ 0.787, b¼ 3.68) and T2 (IC¼ 11.6 mA,
a¼ 0.745, b¼ 2.92).
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diagrams of slices through the emitter and base [along cutlines shown
in Fig. 1(a)] are shown in Fig. 4, with�IBC,leak indicated. From these, it
can be observed that the collector-base barrier is suppressed by the
depth of the base contact placement in the GaN base layer. This sug-
gests that, unlike the forward portion of the BC diode IC–VCB curve,
this region is dominated by the behavior of the base contact area, with
a particular sensitivity to base contact etch depth. The approximate
GaN EC position in the AlGaN with respect to EF within the collector
is consistent with the early turn-on behavior, as the modeled uniform
AlGaN EC would be expected to still present a significant energy bar-
rier at such voltages. The delayed turn-on for devices T1 and T3 with
respect to T2 is consistent with higher dislocation count within the
area of device T2 and, when combined with band diagram slices and
the model of AlGaN segregation around dislocations, appears to be a
reasonable interpretation for this early turn-on behavior. An unfortu-
nate consequence of the high IBC,leak on these devices is that it prevents
spectrometer-mode operation of the HET,3 where the collector is
biased such that VCB < 0 in order to raise the barrier height and study
the injected hot electron distribution.

The 77K common-emitter characteristic for device T1 at
VBE¼ 3V is shown in Fig. 5(a) together with the measured IBC,diode–
VCB diode characteristic. For analyzing the relationship between these
curves, the IBC,diode–VCB curve is then shifted upward (dashed line) so
that it intersects the common-emitter curve at the Gummel point. The
vertical line denotes the knee voltage Vknee in the common-emitter IC.
The full common-emitter characteristics for device T1 are shown for
300K in Fig. 5(b) and for 77K in Fig. 5(c), with overlaid IBC,diode
curves for VCB < 0, with the same Vknee reference line as in Fig. 5(a).
From the agreement between the common-emitter Vknee and the turn-
on for the BC diode at both temperatures and the sharpening of the
knee at low T as in the IBC,diode–VCB curves, it is clear that the knee
voltage is not defined by the turn-off of ballistic current into the collec-
tor, but by this current component being canceled out by IBC,leak,
which is clearly dominated by IBC,diode. The output conductance gD,
seen as the slope of the active region of the common emitter curves,
may be understood as a function of increased collection of electrons
passing over a lowered collector barrier with increased bias,3 as well as
the slight penetration of the electric field through the base 2DEG.35

Narrower Einj and hinj distributions, expected from more ideal behav-
ior of the quantum-confined emitter in the absence of dislocations,
would flatten this portion of the common-emitter curves, reducing gD
and simultaneously increasing the current gain b. These expected
improvements in current density, gain, knee voltage, and output con-
ductance as a consequence of reduced dislocation density, as well as
the increased thermal conductivity of free-standing GaN
substrates, make the use of such substrates particularly attractive for
future work.

In conclusion, we have fabricated high-current III-nitride hot
electron transistors and characterized these devices at 300 and 77K,
using base-collector diode behavior as an indicator of relative disloca-
tion density. From this indicator, we have extended the known impact
of dislocations on material properties to explore their impact on rele-
vant device parameters including current density, gain, output conduc-
tance, and knee voltage. We have also identified a mechanism for the
outsized improvement in maximum current density imparted by

FIG. 3. (a) Base-collector diode IC–VCB characteristics for devices T1, T2, and T3
at 300 K with comparison to TCAD simulation; (b) base-collector diode IC–VCB for
T1 and T2 at 77 K (with 300 K simulation shown by dashed line as guide to the
eye).

FIG. 4. Simulated base-collector band diagrams at 300 K for VCB¼�0.5 V with
estimated GaN EC (dotted) for cuts below the emitter and base contacts [see
Fig. 1(a)], with base 2D subband and �IBC,leak indicated.
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improved gain, leading to a demonstration of collector current density
>3 MA/cm2 in our devices.
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