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Abstract
We report on AlGaN/GaN hetero-junction bipolar
transistors (HBTs) on sapphire substrates with metalorganic chemical vapor deposition (MOCVD) selectivearea regrown n type AlGaN emitters. The metalsemiconductor contact on the p-GaN base layer is
remarkably improved by using a dry-etching-free
process. The HBT exhibits current density JC of 4
kA/cm2 and power density of ~ 60 kW/cm2 observed from
common-emitter I-V curves. These values are the highest
reported for regrown GaN based HBTs. The open-base
breakdown voltage (BVCEO) is higher than 145 V which is
comparable to direct-growth GaN-based HBTs. The
maximum current gain hfe calculated from the Gummel
plot is around 6.
INTRODUCTION
GaN-based transistors combine advantages of high power
handling capability, high voltage, and high temperature
operation. Compared to high electron mobility transistors
(HEMTs), heterojunction bipolar transistors (HBTs) have
inherent advantages such as acceptable linearity, high
current and power densities, and normally-off operation.
Recently, GaN-based HBTs have shown high current gain
(β) and high current and power densities [1]– [4]. A cut-off
frequency (fT) greater than 8 GHz was also demonstrated
[5]. However, the maximum oscillation frequency (fmax) was
no higher than 1.8 GHz even though InGaN was employed
as the base material for relatively higher free hole
concentration [5], [6]. Besides the low concentration and
mobility of holes, another obstacle limiting fmax is dryetching-induced damage to the base layer. Dry etching
creates nitrogen vacancies on the surface of the p-type GaN
or InGaN base layer, resulting in a Schottky metalsemiconductor contact [7]. Although wet repairing [8] and
N2-incorporated dry etching [9] were reported to remove the
etching damage, the Schottky barrier still existed, resulting
in high base-emitter junction voltage, which caused high
power consumption. A regrown p-type InGaN or GaN
external base contact layer [10]– [12] also has been used to
address the etching damage issue, but it still needs accurate

etching depth control on the emitter/base interface. On the
other hand, regrown n-type emitter layers can avoid the
etching process [13]– [15]. An AlGaN/GaN HBT with a
selective-area regrown emitter was reported to reach a high
operation voltage of > 300 V [14]. In Ref. [15], ammonia
molecular beam epitaxy (NH3 MBE) was used to grow
AlGaN/GaN HBTs with regrown external base contact
layers and emitter layers for reducing the leakage current
induced by dislocations.
In this work, we demonstrate AlGaN/GaN HBTs with
selective-area regrown n-type AlGaN emitters by metalorganic chemical vapor deposition (MOCVD). Improved
contact on the p-GaN base layer is achieved by avoiding dry
etching. The current and power densities of the HBT are 4
kA/cm2 and 60 kW/cm2 in common-emitter operation.
These high values benefit from high base conductivity,
which allows higher base current.
The open-base
breakdown voltage (BVCEO) reaches 145 V, which is
comparable to reported direct-growth GaN-based HBTs.
Due to high recombination currents, the maximum hfe in the
Gummel plot is only slightly over 6. The β may be greatly
improved through optimizing the base thickness, device
layout design, and regrown interface.
WAFER GROWTH AND DEVICE FABRICATION
The AlGaN/GaN HBT was grown by MOCVD.
Trimethyl gallium (TMGa) and trimethyl aluminum (TMAl)
were used as alkyl sources, and ammonia (NH3) was used as
the hydride source. Silane (SiH4) and bis(cyclopentadienyl)magnesium (Cp2Mg) were employed as n-type and p-type
dopants. The layer structure growth started with a 2-μm
unintentionally-doped (UID) GaN buffer layer on a sapphire
substrate, followed by a 1-μm highly-doped n+-GaN subcollector, a 500-nm UID GaN collector layer, and a 100-nm
p-type GaN base layer. Then, the wafer was taken out of the
reaction chamber to prepare for the selective-area growth of
the n-type AlGaN emitter. A SiO2 mask layer was deposited
on the wafer by plasma-enhanced chemical vapor deposition
and patterned by photolithography and buffered oxide etch
(BOE) wet etching to define the emitter area. Then the
wafer with SiO2 mask layer was taken back into the reaction

chamber of MOCVD and 100-nm of n-type AlGaN was
regrown at 980 ℃ and 200 Torr in an H2 ambient. The Al
composition of the regrown n-type AlGaN emitter was
determined by X-ray diffraction (XRD). For testing the
electron concentration and mobility by Hall measurement, a
planar n-type AlGaN layer is grown on an UID GaN
template on a sapphire substrate in the same run with the
regrown n-type AlGaN emitter layer.
After removing the SiO2 mask by buffered oxide etch
(BOE), the base-collector mesa was formed by inductivelycoupled plasma (ICP) etching. Then Ni/Ag/Pt metal stacks
were deposited and annealed as metal-semiconductor base
contacts. Ti/Al/Ti/Au metal stacks were deposited as emitter
and collector contacts. The critical distances between our
contact metals and mesas, WEB and WBC, were both 5 μm.
Transmission Line Method (TLM) tests were carried out to
determine the sheet resistances (Rs) and the specific contact
resistivities (ρc) of the base, emitter, and collector. DC
characteristics of the AlGaN/GaN HBT device were tested
using an Agilent B1500A analyzer at the room temperature.
RESULTS AND DISCUSSION
The hole concentration of the p-type GaN base layer is
9.8×1017 /cm3 with a mobility of 14.1 cm2/V•s. The electron
concentration and mobility of the regrown n-type AlGaN
emitter layer are 7.4×1018 /cm3 and 245 cm2/ V•s. A
regrown n-type AlGaN region with area of 5×7 mm2
designed for XRD testing on the same HBT wafer shows
that the Al component is ~7.9%.

Fig. 1. TLM results of the p-GaN base layer.
I-V curves of TLM contact pads on the 100-nm-thick ptype GaN base layer are plotted in Figure 1. Ohmic contact
is achieved although the I-V curves of the pads with a 4-µm
space is not perfectly linear. For direct-growth HBTs, the
contact on a dry-etched p-type InGaN base layer with the
hole concentration of 2×1018/cm3 is obviously a Schottky
barrier [7]. We attribute the good p-type base contact
characteristics to the elimination of p-GaN base dry-etching
process by using the selective-area emitter regrowth method.

Fig. 2. Common-emitter family curves of the AlGaN/GaN
HBTs.
Common-emitter family curves of the HBT with emitter
area (AE) = 7×40 µm2 were characterized with VCE from 0 to
15 V and the base current from 0.5 mA to 3 mA, 0.5 mA per
step, as shown in Figure 2. The collector current density JC
is up to 4 kA/cm2 at VCE=11 V. A DC power density of ~ 60
kW/cm2 is also attained at VCE= 15 V. These values are the
highest reported values on regrowth GaN-based HBTs. The
high JC and power density benefit from the realization of
base ohmic contact, which increases the base conductivity,
and consequently enhances the base current injection.
We also notice that the offset voltage (Voffset) is from 1.2
V to 3 V in Figure 2. The Voffset results from a combination
of the different turn-on voltages for the base-emitter junction
and collector-base junction, different junction areas, and
resistive voltage drops between the external base contact and
intrinsic device [16]. On the other hand, knee voltage (Vknee)
less than 6 V also can be observed in the common-emitter
family curves. The Vknee is among the lowest values
reported for regrown GaN-based HBTs, thanks to the
relatively low spreading resistance [17]. Both Voffset and
Vknee can be further reduced by down scaling the device
layout.
Gummel plot curves were measured at VBC = 0 V, as
shown in Figure 3. IB and IC cross over at 900 µA and VBE =
6.3 V. The high crossover current indicates that the base
generation-recombination current (IBr) is high [18]. The
current gain β (= IC/IB) reaches its maximum value over 5 at
VBE = 12 V with IB = 10 mA and IC = 50 mA. The relatively
low β may be because of high IBr. The hfe (= dIC/dIB) is also
given in Figure 3 and reaches a maximum value of 6 at VBE
= 11.5V. The fact of hfe being higher than β may be due to
trap states at the base-emitter junction, including surface
states and interface states [18].

Fig. 3. Gummel plot curves of the AlGaN/GaN HBT.
An open-base breakdown voltage (BVCEO) of 145 V on
the AlGaN/GaN HBT with a 500-nm UID GaN collector is
achieved. Because the emitter, base, and sub-collector all
have much higher carrier concentrations than the UID GaN
collector layer, the voltage mainly falls on the UID GaN
collector layer, and the field is considered approximately
uniform. Therefore, the breakdown field is ∼2.9 MV/cm,
which is comparable to reported direct-growth GaN based
HBTs [1], and much higher than that of reported regrown
GaN based HBTs. This result proves the great advantage of
high voltage for GaN-based HBTs grown by MOCVD.
To further analyze the high base recombination current,
the I-V curves of the base-emitter junction and basecollector junction on the same HBT were measured from -15
V to 5 V, as shown in Figure 4. The base-collector junction
shows good current rectification characteristics. The turn-on
voltage is about 2 V, and the leakage current is around 2 pA
at -15 V. Before the base-collector junction turns on, the
generation-recombination current in the depletion region is
lower than 1 pA. These results reveal that the base-collector
junction has good crystal quality. That is why the HBT has
high BVCEO. However, on the other hand, the base-emitter
junction suffers much higher reverse leakage current and
generation-recombination current, despite its smaller mesa
area than the base-collector junction. The source of this may
be the defects on the regrown interface between the p-GaN
base and n-AlGaN emitter. Furthermore, these defects can
act as carrier traps and dramatically increase base
recombination currents, resulting in low current gain. Other
reasons that the current gain may be lower include Al/Si
diffusion during AlGaN emitter growth [19], the triangular
quantum well formed near the abrupt base-emitter junction
interface, the relatively thick base layer, and the large
external base design.

Fig. 4. The I-V characteristics of the base-collector junction
and base-emitter junction of the AlGaN/GaN HBT.
CONCLUSIONS
We demonstrated n-p-n structure AlGaN/GaN HBTs
with selective-area regrown n-type AlGaN emitters by
MOCVD. Compared with other reported HBTs with baseemitter mesa dry-etching processes, the p-type base metalsemiconductor contact shows ohmic contact behavior owing
to dry-etch-free processing. As a result, a high JC of 4
kA/cm2 and power density of ~ 60 kW/cm2 are obtained on
the HBT. The open-base breakdown voltage is 145 V, and
as a consequence the breakdown field is ∼2.9 MV/cm.
These values are advanced compared to reported regrown
GaN-based HBTs. The maximum β of the device is about 5
due to high base generation-recombination current IBr.
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ACRONYMS
HBT: Heterojunction Bipolar Transistor
MOCVD: metal-organic chemical vapor deposition
NH3 MBE: ammonia molecular beam epitaxy
HEMT: high electron mobility transistor
XRD: X-ray diffraction
ICP: inductively-coupled plasma
TLM: Transmission Line Method
BOE: buffered oxide etch
Rs: sheet resistance
ρc: specific contact resistivity
BVCEO: open-base breakdown voltage
IBr: base recombination current

