GaN/InGaN Heterojunction Bipolar Transistors with
Collector Current Density > 20 kA/cm?

Yun Zhang, Yi-Che Lee, Zachary Lochner, Hee Jin Kim, Jae-Hyun Ryou, Russell D. Dupuis, and
Shyh-Chiang Shen

School of Electrical and Computer Engineering
Georgia Institute of Technology
777 Atlantic Drive NW, Atlanta, GA 30332
Email: yzhang34@mail.gatech.edu, Tel: +1-404-385-3421

Keywords: GaN, InGaN, heterojunction bipolar transistors, RF

Abstract -- We report GaN/Ingp:sGageyN  npn
heterojunction bipolar transistors (HBTs) grown on
sapphire substrates by metalorganic chemical vapor
deposition (MOCVD). The common-emitter I-V
characteristics show a collector current density (Jc) > 20
kA/cm? with a low collector offset voltage (Vo) OF 0.22
V and a knee voltage (Vinee) 0f 2.1 V. The maximal small-
signal differential current gain (h¢) of 38 and Jc of > 28.6
kA/cm? are also measured. The measured BVcgo is 110
V. The cut-off frequency (fr) of 3.0 GHz is also measured
at Jc = 11.8 KA/lcm®.

INTRODUCTION

I11-Nitride (111-N) transistor technologies have been
actively developed for more than ten years as promising new
choices for high-power RF amplification. Thanks to the wide
bandgap (WBG) and high electron saturation velocity
properties, I11-N transistors combine the advantages of high-
power handling capability and high-frequency operation for
next-generation RF technologies. The WBG IlI-N
semiconductors are also a suitable material system for high-
temperature electronics. Therefore, III-N RF transistor
technologies are attracting great interests for high-
performance circuits and subsystems that enable compact
chip size with high output power density in commercial and
military applications.

The 111-N transistor technologies mainly include 111-N
heterojunction bipolar transistors (HBTs) and 1lI-N
heterojunction field effect transistors (HFETSs). IlI-N RF
HFETs have been extensively studied and commercialized
for over a decade. On the other hand, however, the progress
on I11-N HBT development has been slow. When compared
to HFETs, HBTSs are preferred for linear power amplifiers
because of the higher power density, linear current gain, and
uniform device turn-on characteristics. However, a number
of obstacles inhibit the development of 11I-N HBTs. For IlI-
N npn HBTSs, the major issue is the low-conductivity base
layer, resulting from the difficulty of achieving high free-
hole concentration and the inevitable plasma-induced dry-
etching damage and the consequent type-conversion. Most

of the I1I-N npn HBTs developed in earlier dates had to
employ a complex re-growth schemes to achieve functional
transistor actions [1, 2].

Recent progresses on the much refined MOCVD
epitaxial material growth and device fabrication techniques
have enabled several GaN/InGaN npn HBT demonstrations
that used a single-pass epitaxial growth scheme [3-10].
These results showed that good d.c. performance can be
realized on I11-N HBTs without the need for additional re-
growth schemes. To further develop a viable 11I-N HBT
technology for RF power amplification, high Jc, 10W Vogser
and low Ve are highly desired. In this study, we present a
GaN/InGaN npn HBT fabrication process that can achieve
low-resistive metallization contacts and low-damage etched
sidewall surface that lead to dramatic d.c. performance
enhancement in GaN/InGaN HBTs. The common-emitter I-
V characteristics show that a collector current density (J¢c) >
20 kA/cm? with a low collector offset voltage (Vogsser) Of 0.22
V and a knee voltage (Vinee) Of 2.1 V can be achieved on
these HBTs. We also demonstrate the first GaN/InGaN
HBTs with fr of > 3.0 GHz in this paper.

DEVICE STRUCTURE AND FABRICATION

The epitaxial GaN/InGaN npn HBT structure is grown on
a 2-inch c-plane sapphire substrate in a Thomas-Swan
MOCVD system. The detailed material growth development
was reported earlier [11]. Table | shows the epitaxial layer
structure used in this study. The epi-layer growth starts with
a 2500-nm unintentionally-doped (UID) GaN buffer layer,
followed by a 1000-nm highly Si-doped n*-GaN sub-
collector and a 500-nm lightly Si-doped n-GaN collector.
The free-electron concentration is 3x10"® ¢cm™ for the sub-
collector and 1x10%" cm™ for the collector. Between the base
and collector, a 30-nm n-In,Ga;_\N (x = 0 ~ 0.03) collector
grading layer is included to mitigate the conduction band
discontinuity at the base-collector junction. The base is a
100-nm Mg-doped p-Ingo3Gagg7N layer with the free-hole
concentration of 1x10*® cm™. A 30-nm n-In,Ga, \N (x =
0.03 ~ 0) emitter grading layer is included in between the
base and the emitter to accommodate the strain induced at
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the base-emitter junction. Finally, a 70-nm highly-doped n*-
GaN emitter layer with the free-electron concentration of
1x10% cm™ is grown to complete the HBT growth.

TABLE I: THE LAYER STRUCTURE OF NPN GAN/INGAN HBTS

Lavers Material Thick- Dop | Free-carrier
Y ness (nm) | -ant | Conc. (cm®)
Emitter GaN 70 Si 1x10%°
Emitter GaN to . 19
grading INg.03Gao.e7N 30 Si 1x10
Base INg.03Gag.o7N 100 Mg 1><1018
Collector Ing.03Gag 97N to . 18
grading GaN 30 Si 1x10
Collector GaN 500 Si 1x10%
Sub- GaN 1000 | si 3x10°®
collector
Buffer GaN 2500 UID

The fabrication processing flow is compatible with
conventional GaAs-based HBT fabrication procedures. A i-
line contact aligner is used for the photolithography steps. A
Cly-based inductively coupled plasma etching system is
employed for the emitter mesa, base mesa and the device
isolation steps. An ultraviolet-enhanced electrode-less wet-
etching surface treatment is also applied to remove post-dry-
etching-induced surface damages [12]. Ti/Al-based metal
stacks are deposited to form the ohmic contact on the n-type
emitter and sub-collector layers. The specific contact
resistances of the emitter and the sub-collector are < 2x10°®
Q-cm? The sheet resistance of the emitter and sub-collector
are 1150 Q/o and 85 Q/o, respectively. The p-type InGaN
base contact uses a Ni/Au metal stack. However, the base
contact is slightly Schottky due to the relatively low free-
hole concentration and the dry-etching-induced type-
conversion on the external base surface. The post-device
processing steps include the Benzocyclobutene (BCB)
passivation and via hole opening dry etching. The on-wafer
NiCr resistor is also deposited. Finally, a thick Ti/Au layer is
evaporated to form the probing pads. Fig. 1 shows an SEM
picture of a 4x10 pm? HBT prior to the post-device
processing steps.

D.C. CHARACTERISTICS

Fig. 2 shows a set of common-emitter 1-V family curves
of a GaN/InGaN HBT with the emitter area (Ag) = 3x3 pm?.
The base current (Ig) increases from 5 pA to 70 pA with an
increment of 5 pA/step. The collector voltage (Vcg) is swept
from 0 to 5 V. At Ig = 70 pA, Jc reaches 19.8 kA/cm? (I =
1.78 mA) with a d.c. current gain g (= I¢/lg) of 25. It is also
shown that Vet 1S 0.22 V and Vigee is 2.1 V at Jc = 19.8
kA/cm?. At higher Vg, Jc decreases due to the self-heating
effect. Fig. 3 shows that the BV¢go is 110 V with a low off-
state leakage of 7 nA near the device breakdown.
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Fig. 1. A SEM picture of a HBT (A = 4x10 um?) prior to the device
passivation.

20 T T T — -
| GaN/InGaN
[ HBT 116
15 [ A=3x3um’ _
e [ AROMA {12 _
§ - 1 <
S 10l £
o | {08 -°©
‘j L
o H0.4
0 > I I I I 1 0
0 1 2 3 4 5
VCE (V)

Fig. 2. Common-emitter |-V family curves of a GaN/InGaN HBT (Ag = 3x3
pm?).

Fig. 4 is a Gummel plot of the same HBT device at Vg =
0 V. AtVge = 9.5V, a maximal hg (= Alc/Alg) of 38 and I¢
of 1.75 mA (Jc = 19.4 kA/cm?) is achieved. At Vge = 10 V,
Ic reaches 2.58 mA with a corresponding Jc as high as 28.6
kA/cm® The Gummel plot measurement is consistent with
the common-emitter family curves, indicating normal base-
collector junction behavior in these transistors.

It is noted that the Vge in the Gummel plot is much larger
than that for a typical I11-V HBT. From the Iz vs. Vge data
in the Gummel plot, the base-emitter diode series resistance
(Rge) is about 22.7 kQ. Since the emitter resistance (Rg) is
approximately 24 Q, the base resistance (Rg) is estimated to
be 22 kQ, which dominates the series resistance component
at the BE junction . Consequently, the relatively large Vge is
mainly attributed to the high R value.
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Fig. 3. The BVceo measurement on a GaN/InGaN HBT (Ag = 3x3 pm?).
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Fig. 4. The measured Gummel plot of a GaN/InGaN HBT (Ag = 3x3 pm?)..
RF CHARACTERISTICS

The small-signal S-parameters of GaN/InGaN npn HBTs
are measured using an Anritsu 37397D Vector Network
Analyzer from 40 MHz to 10 GHz at room temperature. On-
wafer SOLT calibrations are used for the device
characterization. As shown in Fig. 5, the |h21|2 and
MAG/MSG of an HBT with Ag=3x5 umz are measured at
Vee = 6 V and Je = 11.8 kA/cm? A 20 dB/decade roll-off
approximation is used to interpolate the |hy|* curve at 0dB
and the resulting fr of 3.0 GHz is obtained. To the best of
our knowledge, this is the first demonstration of GaN/InGaN
HBTs with fr > 3.0 GHz. The small-signal modeling
indicates that the high-frequency tailing of the |h,.|* curve is
mainly due to the capacitive coupling between the emitter
metal pad and the slightly n-doped UID GaN buffer layer.
The measured f. is 950 MHz at MAG/MSG = 0 dB. The
fact that f,,.x is lower than f; indicates that large R is the still
a challenge to achieve higher power gain.

As shown in Fig. 6, the f; and f.. are plotted versus
different Jc on the same HBT under test. This issue may

result from the poor heat conductivity and/or the high
dislocation density for GaN-based HBTs grown on the
sapphire substrate. It can be expected that a better f+ and fax
performance could be achieved for I1I-N HBTs grown on
substrates with good thermal conductivity and low defect
density.
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Fig. 5. The measured |h,,[? and MAG/MSG of a 3x5 um? GaN/InGaN HBT.
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Fig. 6. The fr and fya Of @ 3x5 um? GaN/InGaN HBT at different Jc.

CONCLUSIONS

In summary, we report GaN/Ingy3Gagg;N npn HBTs
grown on sapphire substrates that can achieve high Jc, high
breakdown voltage, 10w Vogser, and low Ve characteristic.
The common-emitter measurement results show Jc > 20
KA/cm? with Vogiset Of 0.22 V and Vigee of 2.1 V. The BVceo
is 110 V with low off-state leakage. Maximal h¢ of 38 is
also measured in the Gummel plot at Vcg = 0 V. These
values are among the best d.c. characteristics reported to
date for I1I-N HBTSs. It is also the first demonstration of
GaN/InGaN HBT that can achieve f; of > 3.0 GHz.
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ACRONYMS

I11-N: I11-Nitride

HBT: Heterojunction Bipolar Transistor

HEMT: High-Electron Mobility Transistor

LDMOS: Laterally Diffused Metal Oxide Semiconductor
pHEMT: pseudomorphic HEMT

MOCVD: MetalOrganic Chemical Vapor Deposition
Jc: Collector current density

Vorrset: Offset voltage

Vinee: Knee voltage

fr: Short circuit unit-gain frequency

fnax: Maximum oscillation frequency

hs.: Differential current gain

BCB: Benzocyclobutene
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