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a b s t r a c t

The effect of AlGaN back-barrier on AlGaN/GaN high electron mobility transistors (HEMTs) using free-
standing GaN wafer has been investigated in this work. With the introducing back-barrier structure,
the leakage path underneath the buffer (native nitrogen-vacancies and GaOx compounds of the HVPE-
grown free-standing GaN surface) layer can be suppressed by lift-up the conduction band. As
compared with AlGaN/GaN HEMTs on SiC wafer, AlGaN/GaN HEMTs on free-standing GaN wafer show
enhanced drain current (700mA/mm), improved transconductance (143mS/mm), less current collapse
(12%), higher current gain cut-off frequency (13 GHz), and maximum stable gain cut-off frequency
(24 GHz), which is attributed to the higher epi quality layer on free-standing GaN wafer.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, GaN-based high electron mobility transistors
(HEMTs) have been comprehensively demonstrated and adopted as
high-frequency power amplifiers in long-distance and high output
power communication applications, such as macro-cell base-sta-
tion (BS) and radars infrastructure. It is also expected to be widely
used in millimeter-wave wireless communications for the macro-
cell and micro-cell BS of fifth-generation mobile communications
(5G). For 5G communication systems, a higher peak power density
is required for the power amplifiers (PAs), since the back-off
operation from the peak power of PAs was generally used to in-
crease their linearity [1e3]. However, the dominated substrate
material for traditional GaN high electron mobility transistor
(HEMT) epitaxy is silicon carbide (SiC). The 3.5% lattice mismatch
between GaN and SiC is relatively small but still leads to a
considerable source of lattice defects caused by the threading
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dislocations and these defects also result in the traps inducing
nonlinearity during high power operation. If huge amount of the
traps were found in the buffer region, they end up suppressing the
density of two dimensional electron gas (2-DEG), thereby
increasing the dynamic on-resistance [4,5].

In the past several years, ammonothermal-grown or hydride
vapor phase epitaxy (HVPE)-grown free-standing semi-insulating
GaN bulks, with a low threading dislocation density (TDD<
106 cm�2), provided a highly potential method to demonstrate high
reliability AlGaN/GaN microwave HEMT on latticed matched GaN
substrates [6,7]. Based on the industrial production point of view,
HVPE-grown GaN bulk exhibits a higher growth rate and high
volume production ability. However, huge amount of the native
nitrogen-vacancies and GaOx compounds, or surface Si contami-
nation of the HVPE-grown free-standing GaN substrate formed a
trapping center beneath the buffer for HEMT structure and this
trapping center storages the spillover electron of 2-DEG at high
current and high voltage operation. In this study, the Al0.08Ga0.92N
back-barrier was first employed and investigated in AlGaN/GaN
HEMT on free-standing HVPE GaN substrates to minimize the de-
vice interface traps and thermal effects.
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2. Experiment details

Fig. 1(a) displays the layer structure of in-situ SiNx/AlGaN/AlN/
GaN HEMT with AlGaN back barrier design on a 2-inch semi-
insulating Fe-doped free-standing GaN substrate (350 mm thick)
with (0001) orientation, and the wafer was grown by HVPE
method. The epitaxial layers were grown bymetal organic chemical
vapor deposition, starting with a thin AlN nucleation layer and a
highly Fe-doped GaN buffer where Fe ions act as the deep acceptor
above the midgap to minimize the parasitic channel effect caused
by native nitrogen-vacancies and GaOx compounds or the Si
contamination layer of GaN bulk surface. In addition, recent study
[8] also indicated that the high resistivity GaN substrate was found
a pit halo structure revealing the leakage current path in V-shaped
pits. The resistance in a pit halo edge is much lower than that in the
normal area, resulting in a leakage current path [9]. Therefore, the
back barrier and Fe-doped GaN buffer designs were proposed in
this study. Above the AlN nucleation and Fe-doped buffer layer, the
vertical structure of the wafer consists of a 3- mm-thick buffer layer,
a 50-nm Al0.08Ga0.92N back barrier, 500-nm GaN layer, 1-nm AlN
spacer layer, and an 18-nm Al0.24GaN barrier layer. In order to avoid
the oxidation of AlGaN barrier layer, the wafer was passivated by a
3 nm in-situ SiNx layer in the MOCVD and this thin SiNx was also
adopted as gate insulator. The identical structurewas also grown on
a 2-inch 4HeSiC substrate for electrical characteristic comparisons.
The 2-DEG sheet charge density and mobility for both wafers were
determined using the Hall effect measurement. Room temperature
(RT) Hall measurements revealed a 2-DEG density of 9.1� 1012/cm2

and a mobility of 1524 cm2/V$s, corresponding to a sheet resistance
of 310U/, for GaN on GaN device and these values were
9.82� 1012/cm2, 1676 cm2/V$s, 292U/, for GaN on SiC device,
respectively. Fig. 1 (b) shows a band diagram for the in-situ SiNx/
AlGaN/AlN/GaN HEMT with AlGaN back barrier calculated using a
self-consistent one-dimensional Schr€odingerePoisson equation
solver. A deep 2-DEG channel was formed by Al0.24Ga0.76N/AlN/GaN
heterostructure for high sheet charge density and high carrier
confinement consideration. The AlN spacer layer was designed to
further improve channel mobility and to suppress channel-to-gate
leakage current under high input power swing. The thicknesses of
Fig. 1. (a) Cross-sections of in-situ SiNx/AlGaN/AlN/GaN HEMT, (b) simulated band diag
Al0.08Ga0.92N back barrier layer.
the Al0.08Ga0.92N back barrier is 50 nm and an obvious raise of band
diagram to minimize the carrier injecting into buffer layer at high
drain voltage. In addition, low Al mole fraction of Al0.08Ga0.92N back
barrier also avoid back barrier induced sub-channel effect and
disorder scattering between GaN channel/Al0.08Ga0.92N back bar-
rier. Fig. 1 (c) and (d) show the transmission electron microscopy
(TEM) image and Fast Fourier transform (FFT) image of
Al0.08Ga0.92N back barrier layer, respectively. Based on the clear
crystal structure of TEM and FFT diffractogram, high single crys-
talline quality of the epitaxial AlGaN back barrier layer is obtained,
and no phase separation of AlN and GaN is observed [10e12].

Device fabrication beganwith mesa isolation of the active HEMT
areas through a reactive ion etcher by using a gas mixture of BCl3,
Cl2, and Ar. Then, ohmic contacts were prepared by the electron
beam evaporation of a multilayered Ti/Al/Ni/Au (30/125/50/
200 nm) sequence, followed by rapid thermal annealing at 850 �C
for 30 s in a nitrogen-rich ambient. For the gate process, 0.8-mm-
long gate metal (Ni/Au¼ 30/300 nm) was evaporated onto the in-
situ SiNx layer and the gate was located in the middle place of
6 mm drain-to-source spacing. Finally, interconnection metals were
deposited (Ti/Au¼ 50/300 nm), and a 150-nm thick SiO2 final
passivation layer was deposited.

3. Results and discussion

Fig. 2(a) shows the high resolution X-ray diffraction (HR-XRD)
u-2q scans rocking curves for (002) reflection of AlGaN/GaN
structures grown on bulk GaN and SiC substrates to confirm the Al
composition and the crystal quality. A sharp peak is resolved at
17.2� corresponding to the known equilibrium GaN lattice constant.
Rocking curve measurements on GaN films revealed the full-width
hall maximum (FWHM) of 146 arcsec and 237 arcsec for the HEMT
on GaN and SiC substrates, respectively. The narrower GaN peak
signal was obtained on free-standing GaN substrate because of its
ultralow dislocation density and lattice matched buffer and sub-
strate materials. As to the AlGaN quality, the AlGaN signal was
separated to Al0.24Ga0.76N Schottky layer and Al0.08Ga0.92N back
barrier layer. The fitting Al0.24Ga0.76N FWHM and Al0.08Ga0.92N
FWHM signals were 221 arcsec, 210 arcsec of GaN on GaN device
ram (c) TEM image of Al0.08Ga0.92N back barrier layer (d) FFT diffractogram of the



Fig. 2. X-ray-diffraction profiles of GaN HEMT structure on GaN and SiC substrates.
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and these values were 381 arcsec, 275 arcsec of GaN on SiC device.
In order to further evaluate the heterostructure quality for both
devices, the reciprocal space maps (RSMs) of the in-situ SiNx/
AlGaN/AlN/GaN HEMTs on the bulk GaN and SiC substrates were
obtained by using high-resolution X-ray diffraction (HR-XRD). The
inset figure of Fig. 2 illustrated that the difference in the mosaic
spread, particularly for AlN, AlGaN and GaN, is significant. The RSM
centers of AlN and AlGaN performed the obvious splits in GaN on
GaN device, indicating that misorientations were influenced by the
lattice mismatch between GaN and SiC. Compared to this novel GaN
on GaN structure, broadening in the RSM of the GaN on SiC device
indicates an increase in either mosaicity or the density of
dislocations.

The Micro-Raman spectrums for both samples were shown in
Fig. 3 to investigate the heterostructure stress. For the GaN on SiC
samples, the folded transverse acoustic (FTA) and longitudinal
optical (LO) mode were both observed and these signals showed a
highly agreement with published paper [13]. The E2 (high) phonon
peak was generally used to characterize the in-plane strain state of
the GaN epilayer. The E2 peak of GaN on GaN devicewas found to be
567.12 cm�1 and the standard freestanding GaN film value is
567.1 cm�1 [14]. As compared to the device on SiC substrate
(566.65 cm�1), an obvious epitaxial tensile stress was built in GaN
on SiC device owing to lattice mismatched GaN/SiC interface. The
value of the stress could be calculated according to the formula:
s¼Du/4.2 (cm�1Gp�1), where s is the stress and Duis the E2 (high)
mode shift. Thus, the calculative stresses were determined to be
0.107 GPa for GaN on SiC device.

Fig. 4 displays the drain-to-source current (IDS) and output
transconductance (gm) versus gate-to-source voltage (VGS) of the in-
situ SiNx/AlGaN/AlN/GaN HEMT with AlGaN back barrier design on
the two substrates at VDS¼ 10 V and 300 and 400 K, respectively.
The devices dimension for electrical characterization is 0.8 mm gate
length together with a drain-to-source distance of 6 mm. For devices
on the GaN and SiC substrates, the maximum IDS at VGS¼ 2 V were
700 and 582mA/mm, respectively, and the peak gm values were
143 and 85mS/mm appeared at VDS¼�2 V, respectively. The
output current and gm improvement was thus observed for the bulk
GaN substrate HEMT owing to its less lattice strain. In addition,
previous study has reported that this thermal boundary resistance
(TBR) in traditional GaN HEMT on SiC substrates can reach higher
value than 6� 10�4 cm2K/W, which leads to the device's maximum
temperature increasing by up to 40%e50% [15]. The room temper-
ature thermal conductivity of 250e300Wm�1 K�1 was also
measured for bulk GaN and this value is in the range of the highest
GaN thermal conductivities demonstrated for MOCVD-growth epi
wafers. For traditional buffer without back barrier design, the
buffer/substrate induced current collapse is related to the injection
of hot electrons into the buffer layer traps at high drain voltage. The
energy of hot electrons would be reduced at higher lattice tem-
perature due to the increased scattering of optical phonons. In
addition, the emission of the trapped electrons would be enhanced
at elevated temperature. Thus, the degree of measured buffer-
induced current collapse drops sharply with increased tempera-
ture. At the device of GaN on SiC device, there is comparatively high
characteristics drop in temperature indicating a thermal boundary
resistance at this interface. Adding to the existing heat in the de-
vice, this difference heat is reflected back into the device, further
increasing the temperatures in the active region. Therefore, the
output current and the gm of the GaN HEMT on GaN substrate
showed a better thermal stability which can be easily observed in
Fig. 4 owing to its lattice matched epitaxy/substrate interface.

The pulsed IeV test was performed with an AMCAD AM241
pulsed IeV system at 300 and 400 K environments. In Fig. 5(a), the
IDS-VDS pulsed characteristics were also measured from different
quiescent bias points at VGS¼ 2 V to investigate the influence of
OFF-state drain bias stress on dynamic RON and IDS. The reference
bias was set as (VGSQ, VDSQ) ¼ (0 V, 0 V), which does not induce any
relevant trapping. The device is switched with 2 ms pulse width and
200 ms pulse period, respectively. The quiescent drain bias (VDSQ)
was swept from 0 to 100 V with 20 V increments and the quiescent
gate bias was swept to -6V. The current collapse characteristics [VQ



Fig. 3. The typical Raman spectra for both samples.

Fig. 4. Measured IDSeVGS and gmeVGS curves at VDS¼ 10 V for both devices.
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(0, 0) to VQ (�6100)] were 12% and 24% for bulk GaN and SiC sub-
strate devices and these values were increased to 16% and 33% at
400 K environment. Apparently, the current collapse of GaN on SiC
device is worse than that of GaN on GaN device, and the high drain
lag of the GaN on SiC device under relatively high drain voltage
OFF-state stress result in IeV slope decreases, indicating its buffer
trap density is higher than that of the GaN on GaN device. As
Fig. 5(b) shown at room temperature (300K), the dynamic RON (RON,

D/RON, Q) of GaN on GaN device slightly increased to 1.22 (1.28
@400 K) with higher drain bias stress from 0 V to 100 V because of
low electron injection into the buffer trap states from the gate
electrode, and the dynamic RON ratio was increased to 1.43 (1.54
@400 K) at the OFF-state drain bias stress of 100 V for the GaN on
SiC device. These results have shown highly agreements to the XRD,
Raman, and DC measurement results.

To examine traps in the buffer/substrate interfacial layers of
both devices, low-frequency noise (LFN) spectra were measured at
various gate overdrive voltages. The drain current power spectral
density SIDwasmeasured and normalized to the square of the drain
current versus frequency at a frequency of 100Hz. If the slope of SID/
ID
2 is close to �1, the spectral fluctuation is dominated by the
mobility fluctuation model, but if it approaches �2, it is dominated
by fluctuation in the carrier numbers [16]. A value between �1
and �2 indicates that the noise is attributable to the correlation
between the number of carriers and mobility fluctuation. The
slopes at 300 K for the AlGaN/GaN HEMT on the GaN and SiC sub-
strates are �1.91 and �1.66, respectively. These measured results
were �2.24 and �2.75, respectively measured at 400 K for both
devices. Therefore, the mobility fluctuation theory considers that 1/
f noise is a result of the fluctuation in mobility based on Hooge's
empirical relation for SID/ID2, as follows:

aH ¼ SIDfWLCbðVGS � VthÞ
qI2

(1)

where aH is the Hooge parameter. As illustrated in Fig. 6, the
average aH values at 300 and 400 K were 1.15� 10�5 and
5.02� 10�5, respectively, for the HEMTs on the GaN substrate. The
results for the HEMTs on the SiC substrate were 6.55� 10�5 and
2.89� 10�4, indicating the matched buffer/substrate interface are
beneficial to improve the device interface noise.

To determine the effect of substrate isolation on both devices on
RF performance, the microwave S-parameters of both devices were
evaluated using a common-source configuration and a PNA
network analyzer in conjunctionwith Cascade direct probes. The S-
parameters measurement frequency range is from 100MHz to
28 GHz with the operating condition VDS¼ 10V. Based on the
optimal RF operation for both devices, the VGS were defined at the
appearance of their peak gm and the VGS bias voltages were �2.8V
and �2V for the device on GaN substrate and SiC substrate,
respectively. As shown in Fig. 7, the current gain cut-off frequency
(fT) and maximum stable gain cut-off frequency (fmax) were 13 GHz



Fig. 5. (a)Pulse IeV; (b) Dynamic RON measurement for the two devices.

Fig. 6. Temperature dependent Hooge param
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and 24GHz for GaN on GaN device. Owing to the GaN/SiCmismatch
induced strain, these values were 8.7 GHz and 19.8 GHz for GaN on
SiC one. These microwave gain cut-off frequencies were strongly
influenced by the device mobility fluctuation caused by the trap-
ping effect. These two cut-off frequencies are important indexes to
evaluate the RF bandwidth of a transistor. Generally, following
well-known equations are shown [17]:

fT ¼ fC�
1þ Cgd

Cgs

�
þ ðRS þ RdÞ

�
Cgd

Cgs
ðgm þ gdSÞ þ gdS

� (2)

fMAX ¼ fC

2
�
1þ Cgd

Cgs

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gdSðRS þ RdÞ þ 1

2
Cgd

Cgs

�
RSgm þ Cgd

Cgs

�s (3)

Rg, Rs, Rd are gate resistance, source resistance, and drain resis-
tance, respectively. Gds is the AC drain conductance and Gm is the AC
transconductance. Cds, Cgs and Cgd are the drain-to-source capaci-
tance, gate-to-source capacitance and gate-to-drain capacitance,
respectively. By extracting the small signal model, GaN on GaN
device obviously performed a small output conductance (gds) and a
small gate-to-drain feedback capacitance (Cgd) which are beneficial
to increase device bandwidth as compared with GaN on SiC device.
The detailed small-signal parameters comparison was also shown
in Fig. 7. Therefore, the reduction of gate-to-drain feedback
capacitance can be concluded to the contribution of 50-nm
Al0.08Ga0.92N back barrier which showed a highly agreement and
discussion in previous study with p-GaN back barrier design [18].
4. Conclusion

In this work, AlGaN back-barrier has been introduced in AlGaN/
GaN HEMTs. Due to the higher HEMT epi quality layer on free-
standing GaN wafer, the devices on free-standing wafer show
higher drain current, improved transconductance, less current
collapse, higher current gain cut-off frequency, and higher
eters distributions for the two devices.



Fig. 7. fT and fmax for both devices.

X. Liu et al. / Journal of Alloys and Compounds 814 (2020) 1522936
maximum stable gain cut-off frequency. In addition, traps caused
by the native nitrogen-vacancies and GaOx compounds of the
HVPE-grown free-standing GaN substrate was overcome by this
back barrier design. The lattice matched substrate/epilayer showed
a low thermal boundary interface resulting a thermally stable
electrical characteristics. AlGaN/GaNHEMTs on free-standingwafer
is a promising technology option for high frequency and high po-
wer application.
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