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Polarization-engineered removal of buffer leakage for GaN transistors
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A dopant-free epitaxial technique is developed to achieve highly insulating buffers on
semi-insulating GaN templates for nitride high electron mobility transistors by using the large
polarization fields. The buffer leakage current density is reduced by several orders of magnitude,
exhibiting outstanding insulating and breakdown properties. The simple polarization- and
heterostructure-based solution should prove highly attractive for GaN high electron mobility
transistors for analog (rf), digital, and high-voltage switching applications. © 2010 American

Institute of Physics. [doi:10.1063/1.3293454]

III-V nitride semiconductor based high electron mobility
transistors (HEMTs) have been extensively developed re-
cently for high speed/high power device applications.lf4
The structure of nitride HEMTs usually consists of an
AlGaN (AIN, or AlInN) barrier and a GaN buffer layer. The
polarization-induced two-dimensional electron gas (2DEG)
formed at the AIGaN(AIN)/GaN heterojunction serves as the
transistor channel. Due to the lack of native GaN substrates,
SiC, sapphire, semi-insulating (SI) GaN templates on sap-
phire, and high-resistivity silicon are the most widely used as
starting substrates for HEMT epitaxy. SiC (owing to high
thermal conductivity) and native GaN lattice matched sub-
strates are ideal for HEMT growths. GaN templates on sap-
phire are the closest to native GaN substrates and are cost-
effective, though the low thermal conductivity of sapphire
limits very high power rf applications.

In the epitaxial growth on both SiC and GaN templates,
shallow dopant impurities such as silicon and oxygen exist at
the regrowth interface of SiC/GaN or SI GaN/GaN. A con-
ducting path is formed at the reggrowth interface due to the
impurities, and causes leakage.s_ This adversely affects both
analog and digital device applications of HEMTs. In digital
applications, the on/off ratio is much degraded, and for high-
frequency applications, the device speed decreases. For high-
voltage applications, buffer leakage severely degrades the
breakdown property of nitride HEMTs.

Various solutions to the problem of buffer leakage have
been attempted such as (a) deep level dopantsgf11 and (b)
thick AIN nucleation grown in N-rich regime followed by a
two-step buffer on SiC substrates.®”!'> Since the critical
thickness of AIN on GaN is less than 7 nm,13 these tech-
niques do not transfer to SI GaN templates. In this letter, we
present a dopant-free thin-layer solution by exploiting the
giant polarization fields in III-V nitride heterostructures.

Commercially available Ga-face GaN templates consist-
ing of ~2 um Fe-doped SI GaN layers on sapphire14 were
used for epitaxy. To highlight the problem of buffer leakage,
an AIN/GaN HEMT structure was first grown by molecular
beam epitaxy (MBE). At the regrowth interface, ~2 mono-
layers of Ga were deposited at a thermocouple temperature
of Trc~600 °C (the substrate temperature is ~60 °C
higher) in ~10 s before opening the nitrogen supply. This
ensures a metal-rich nucleation regime. Thereafter, Tp- was
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increased to 660 °C and a ~234 nm thick unintentional
doped (UID) GaN layer, followed by a f5;y~3 nm AIN cap
layer was grown. The metal and nitrogen fluxes and pres-
sures used have been reported carlier.”” A polarization-
induced 2DEG formed at the AIN/GaN heterojunction. Hall-
effect measurement with indium contacts yielded a mobility
of u=(1646,6740) cm?/V s at [room temperature (RT), and
77 K], respectively. The 2DEG charge density was
n,~(2.0,1.9) X 103 ecm™ at (RT, 77 K), respectively. The
charge difference between RT and 77 K is ~ 102 ¢cm™2, con-
sistent with earlier reports,”’15 and indicative of freezeout of
shallow dopants in a parallel conduction path.

To test the buffer leakage in this control sample,
100X 100 wm? pads of Ti/Al/Ni/Au Ohmic metal stack
were deposited with a separation of ~6 um and annealed to
form Ohmic contacts with the 2DEG. Reactive-ion etching
was then performed using the pads as masks. A etch depth of
~75 nm was verified by atomic force microscope (AFM)
scans. This etch process removes the 2DEG conducting
channel, and any current between the contacts must flow
through unintentional leakage paths [see Fig. 1(a)]. The mea-
sured leakage current density is plotted in Fig. 1(a). The

-

_ ———_ Leaky Buffer
Eood B, Ip ]
£ AN T7som AN e
E; 0.02¢ vult;GHN “\/

“fHighly Insulating Buffe
L ‘ g

o o

Concentration
(atoms/cc)
-10}

!
(2]
ﬁ’ -15
(a)

-0.0! " " n " " -20

-0.02f

urrent Densit;

Soepieyul
ymosBol

O -0.04},

¥
Current Density (nA/mm)
1

(wu) ydeg
00€ 00Z 00L O

4 -2 0 2 4 -20 0 10 20
Voltage (V) Voltage (V) yigrathin AIN:

AIN ) AIN Polarization
barrier Undesired barrier Dipole Barrier

2DEG conducting channel

GaN buffer

FIG. 1. (Color online) (a) Leakage current density in the buffer vs applied
voltage for the control sample. Inset shows the SIMS atomic concentrations
against the depth with strong impurity peaks of silicon, oxygen and carbon
at the regrowth interface. (b) Very low buffer leakage in the nA/mm range
using an ultrathin AIN NL. [(c) and (d)] Energy band diagrams of the two
structures showing removal of parallel conduction path and an electron
back-barrier.
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FIG. 2. (Color online) Comparison of buffer leakage in the control sample,
with 60 s N, plasma treatment, and with 1.5 nm AIN NL.

current density reaches more than 40 mA/mm at =5 V bias,
which is just 25X smaller than the current that flows through
the 2DEG channel (~1000 mA/mm) in the on state of a
typical nitride HEMT. The inset in Fig. 1(a) shows a second-
ary ion mass spectrometry (SIMS) scan of unintentional im-
purities. Large peak concentrations of silicon (~10'"/cm?),
oxygen (~10'8/cm?), and carbon (~10'8/cm?) were found
at the regrowth interface. Both oxygen and silicon are n-tg/pe
dopants in GaN. As shown in the energy band diagram1 in
Fig. 1(c), the potential barrier between the electrons in the
2DEG and the unintentional highly doped regrowth interface
is easily surmountable, especially at high voltages, and this
interface leads to high leakage current.

In comparison, the drastic effect of an ultrathin AIN
nucleation layer (NL) at the regrowth interface is shown in
Fig. 1(b). The buffer leakage current density is cut down by
a factor of 107 at 4 V, and to less than 20 nA/mm at
20 V—this is the major result of this work. The AIN layer
introduces a polarization-induced charge dipole that bends
the bands as shown in the energy band diagram in Fig.
1(d)—it removes the conductive layer by pulling up the con-
duction band edge, and in the process introduces a desirable
“back-barrier” to prevent electrons in the 2DEG from being
injected deep into the substrate. The rest of this letter de-
scribes how this solution was developed, and its impact on
AIN/GaN HEMTs.

The first attempted solution to eliminate the leakage path
at the regrown interface comprised of N, plasma treatment of
the regrowth interface. The surface of the GaN template was
exposed to a Py =400 W rf nitrogen plasma at Trc
~660 °C in the MBE growth chamber for 60 s prior to
growth with metal-rich nucleation. The rest of the growth
proceeded as that for the control sample. This sample yielded
w=(1542,4979) cm?/V s at (RT, 77 K), respectively, with a
2DEG charge density n,~(2.27,2.24) X 10"* cm™? at (RT,
77 K), the smaller freezeout indicative of a smaller density of
active shallow dopants. To prevent breakdown through air,
high-voltage measurements were performed at RT in a
vacuum chamber at a pressure of ~4.5X10™* Torr. As
shown in Fig. 2, the nitrogen plasma treated sample exhib-
ited a leakage current density ~10° A/mm at 4 V, more
than six orders of magnitude lower than the control sample.
Partial formation of SiN is a likely reason for the reduction
in buffer leakage and lower freezeout. However, the leakage
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FIG. 3. (Color online) X-ray measurement results, showing cavity reso-
nance fringes caused by the AIN NL, and its absence in the control sample.
The inset shows a 2 X2 um? AFM scan with the smooth surface of the AIN
NL.

current increased rapidly at higher voltages, reaching
1 uA/mm at ~30 V, and 1 mA/mm at ~70 V. These volt-
ages are far below the potential of the GaN material system,
and from Fig. 1(c), the ease of carriers in the 2DEG leaking
into the regrowth interface can be effectively cut off by the
incorporation of heterostructure design.

Motivated by the energy band diagram in Fig. 1(d), an
ultrathin (~1.5 nm) AIN NL was grown on SI GaN. The
growth was performed at T~ 660 °C, PN2=400 W for the
L5 nm AIN NL and Py =275 W for the rest of the
GaN/AIN heterostructure. This instant switching from a high
to low plasma power ensured a nitrogen-rich AIN NL fol-
lowed by a metal rich GaN/AIN growth. X-ray diffraction
measurement (Fig. 3) showed cavity resonance fringes due to
the existence of the thin AIN NL, which were absent in con-
trol samples. The surface morphology of the NL was studied
by AFM on a sample with just the AIN NL-the inset of Fig.
3 shows a smooth surface with a root-mean-square roughness
of ~0.57 nm over a 2X2 um? scan. This sample yielded
w=(1516,5242) cm?/V s at (RT, 77 K) respectively, with a
2DEG charge density n,~(2.08,2.11) X 10"® ¢cm™ at (RT,
77 K). The low-temperature 2DEG density is actually higher,
hinting at the complete removal of parallel conduction due to
shallow dopants. The small increase in the 2DEG density at
low temperature could be related to the relative change in
band gaps of GaN and AIN, but needs further investigation to
be definitive.

As shown in Fig. 2, the leakage current density in this
sample reached 1 uA/mm at the bias of ~80 V and
1 mA/mm at ~200 V. Compared to the control sample, the
buffer leakage in this structure with a 1.5 nm AIN nucleation
is about seven orders lower in the magnitude. The ultrathin
epitaxial nitrogen-rich AIN buffer thus leads to outstanding
insulating and breakdown properties. Capacitance-voltage
profiling (not shown) indicated the existence of a leakage
path at the regrowth interface in the control sample, and a
complete removal of this channel in the structure with the
AIN NL. We note here that in order to obtain the highly
insulating buffer, it is essential to employ a nitrogen-rich
AIN NL; a metal-rich AIN layer leads to substantial leakage,
quite possibly since the excess metal allows the diffusion of
oxygen and silicon doyant atoms from the regrowth interface
into the buffer layer.1

The reduced buffer leakage using the epitaxial AIN NL
had a substantial effect on the off-state performance of
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FIG. 4. (Color online) The transfer characteristics show that (a) the control
sample suffers from severe buffer leakage, and (b) in the sample with the
AIN NL the buffer leakage has been decreased lower than the gate leakage.

AIN/GaN HEMTs. Both the HEMTs with and without the
AIN NL exhibit gate modulation of the drain current, but the
impact of the AIN NL is more clearly seen by comparing the
logarithmic I, I versus Vg transfer characteristics in Figs.
4(a) and 4(b). The gate width/length (W,/L,) of both the
HEMTs are 24/2 um. The control HEMT sample shows a
substantial difference between the drain and gate currents, a
clear signature of leakage current flowing through the re-
growth interface. This leakage sets a floor of relatively high
off-state current, a feature that is highly undesirable. The
HEMT with the AIN NL solves this problem; the drain and
gate currents become equal below —2.5 V gate bias. In the
process of buffer leakage removal, the on/off ratio improves
from ~10% to 10°, a feature that is highly attractive for both
analog and digital applications. In addition, the natural back-
barrier introduced due to the band offsets and polarization
dipole as shown in the energy band diagram in Fig. 1(b) can
potentially enable reduced short-channel effects for shorter
gate length HEMTs. The combination of lower buffer leak-
age and the back barrier leads to a much steeper subthreshold
slope (300 mV/dec with the AIN NL compared to
650 mV/dec without it).

In conclusion, a polarization-based highly insulating
buffer has been developed on SI GaN templates for GaN
HEMTs by RF plasma source MBE. An ultrathin epitaxial
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AIN NL solves the buffer leakage problem, and is a highly
attractive alternative to competing methods since (a) it is a
dopant-free approach, (b) it saves source materials, (c)
growth time and other resources incurred in the epitaxy pro-
cess. It will become increasingly important for nitride
HEMT: for analog (rf) and digital (power switching) appli-
cations, especially as native GaN substrates become more
widely available in the near future.
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