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High electron mobility transistor (HEMT) structures of AlInGaN/AIN/InGaN/GaN were grown by
metal-organic chemical vapor deposition. A combination of low growth rate and high growth
temperature during synthesis of the InGaN channel layer led to significant improvement in HEMT
electron transport properties. The improvement was correlated with an evolution of both surface
roughness and photoluminescence intensity of InGaN. Record electron mobilities from 1070 to
1290 cm?/V-s with associated sheet charge density of ~2 x 10'>cm ™ were obtained across the
In,Ga, (N channel composition range x =0.05 to 0.10. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3697415]

While GaN-based high electron mobility transistors
(HEMTsSs) have demonstrated record DC and RF power per-
formance attributable to underlying material properties,
some physical limitations exist when scaling conventional
GaN HEMTs to deep submicron dimensions required for
ultra-high frequency operation. To mitigate short-channel
effects and ensure adequate pinchoff characteristics at high
drain bias, it is necessary to appropriately scale the Ly/ty,, ra-
tio, where L, is device gate length and ty,, is the thickness of
the wide bandgap barrier layer under the gate.' For conven-
tional AlGaN/GaN HEMTs, the two-dimensional electron
gas (2DEG) density rapidly decreases with decreasing ty,;,
resulting in a minimum practical barrier thickness of
10—15 nm, thus limiting minimum gate length and peak oper-
ation frequency. Owing to significantly larger spontaneous
polarization charge, AlInN-based HEMTs with barrier thick-
ness of only 6-10nm have demonstrated marked improve-
ments in drain current® and cutoff frequency>” relative to
conventional AlGaN/GaN HEMTs. However, since the
2DEG in AlInN/GaN HEMT structures is formed in the GaN
channel without 2DEG confinement from the buffer side,
such devices still suffer from short-channel effects.*” To
address this limitation and spatially confine channel elec-
trons, two back-barrier concepts have been proposed for
GaN-based HEMTs: an AlGaN buffer layer® and a thin
InGaN polarization barrier between GaN buffer and GaN
channel layers.” However, the AlGaN buffer approach suf-
fers from poor AlGaN material quality and low buffer ther-
mal conductivity. For the InGaN back-barrier HEMT,
material quality of the GaN channel can be degraded due to
InGaN roughness. Furthermore, electrons from the 2DEG
may be injected into the back-barrier under high drain bias,
potentially leading to screening of the piezoelectric field in
the back-barrier and degradation of electron confinement.

The most robust and straightforward solution to this
problem would be a narrow bandgap channel layer formed
between the wide bandgap barrier and the GaN buffer, simi-
lar to the approach widely used in GaAs pHEMTs. Recently,
there have been several attempts to employ InGaN as a chan-
nel in AlGaN-based and InAIN-based HEMTs.*"'? In these
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structures, the GaN buffer layer below the InGaN channel
served as a natural back-barrier and improved electron con-
finement as verified by capacitance-voltage measure-
ments.>!! However, all the HEMT structures with InGaN
channel synthesized so far exhibited high sheet resistance
due to either low mobility or low carrier density. It has been
suggested that both interface roughness (IR) scattering and
alloy scattering in the InGaN channel are responsible for
these reduced transport properties.'> Further compounding
the problem, although AlInN-based HEMTs are advanta-
geous for Ly/ty,, scaling, the strong polarization field in these
structures pushes the 2DEG centroid closer to the barrier
than in AlGaN-based structures and thus elevates IR scatter-
ing.13 In this work, we demonstrate enhancement of electron
mobility in InGaN channel HEMTs by reduction of both IR
and alloy scattering. Through the optimization of metal or-
ganic chemical vapor deposition (MOCVD) conditions, re-
cord transport properties for HEMTs employing an InGaN
channel are obtained.

All growths were performed in a close-coupled shower-
head MOCVD reactor operating at low pressure. The nomi-
nally undoped AlInGaN/AIN/InGaN/GaN HEMT structures
of this study consisted of thin GaN or AIN nucleation layer,
1.9 um thick GaN back-barrier buffer layer, 5-9nm thick
InyGa; 4N channel, 11 nm thick composite AllnGaN/AIN
barrier and were grown on sapphire substrates unless other-
wise noted. Optimization of the composite barrier consisting
of quaternary AlIlnGaN near lattice-matched to GaN and
AIN spacer has been described elsewhere.'* Growth temper-
ature was about 750 °C for the barrier layer and varied in the
range of 710-790 °C for the InGaN channel layer as verified
by pyrometer measurements. Growth rate and composition
of the InGaN channel were controlled by adjusting trimethyl
gallium (TMG) and trimethyl indium (TMI) molar fluxes,
respectively. In order to grow an InGaN channel with fixed
InN molar fraction of 0.06, the TMI flux was increased from
1.5 to 25 umol/min when the growth temperature increased
from 710 to 790 °C. The TMG flux was decreased from 18 to
6 umol/min decreasing growth rate of InGaN from 0.03 to
0.08 nm/s. The thickness and composition of the InGaN
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channel were calibrated using thick single InGaN layers and
InGaN/GaN multilayer structures characterized by high reso-
lution x-ray diffraction and room temperature photolumines-
cence (PL). The InGaN composition in thin layers was
verified using PL. Thickness of the AllnGaN/AIN barrier
was estimated using x-ray reflectivity. Electron transport
properties were studied by room temperature Hall-effect
measurements and sheet resistance (Rg,) was mapped using
contactless eddy current measurements.

The 6 nm thick InGaN channel in AllnGaN/AIN/InGaN/
GaN HEMT structures was initially grown at 750 °C employ-
ing 0.08 nm/s growth rate. Measured HEMT 2DEG sheet
charge density was ~2 X 10" cm ™2 with only a weak depend-
ence on In content of the In,Ga;_ N channel. However, when
In content increased from x = 0.02 to x =0.10, the 2DEG mo-
bility decreased from 690 to 260 cm?/V-s. Due to lattice mis-
match, the InGaN channel is compressively strained by the
underlying GaN buffer and can form a rough surface before
the AIN spacer is grown on top. Alloy scattering, the other
factor believed to limit mobility, is caused by randomly vary-
ing alloy potential in the channel and is intrinsic at the atomic
scale. However, indium segregation phenomena are well-
known in InGaN films and such segregation can change elec-
tron effective mass and electron potential energy, resulting in
alloy scattering at the mesoscopic scale.

In order to estimate the roughness of the channel-
barrier interface, we interrupted growth after the InGaN and
checked the surface morphology using atomic force micros-
copy (AFM). The AFM surface topography of 9nm thick
Ing0sGagos N layer grown with 0.08 nm/s growth rate at
710°C revealed significant roughness (RMS A~ 0.8 nm)
due to surface pits and trenches as seen in Fig. 1(a). The
cross sectional analysis of the AFM surface topography fur-
ther revealed the average distance between surface trenches
of about 160nm and average trench/pit depth of about
2.6 nm. In attempt to smooth the InGaN surface, both lower
growth rate and higher growth temperature were explored
during synthesis of uncapped InGaN samples. Fig. 1(b)
shows the AFM surface topography of a 9 nm thick Ing g
Gag o4 N layer grown with 0.03 nm/s growth rate at 790 °C,
clearly illustrating improvement in the surface morphology.
RMS reduced to A~0.5nm while the average distance
between surface trenches increased to about 260 nm and av-
erage trench/pit depth decreased to about 1.2 nm. Similar
trend of decreasing InGaN surface roughness with decreas-
ing growth rate and increasing growth temperature was
observed on SiC substrate. In the IR scattering model,

FIG. 1. 2 pum x 2 um AFM images of 9 nm uncapped Ing 0sGagos N grown
(a) with 0.08 nm/s growth rate at 710 °C and (b) with 0.03 nm/s growth rate
at 790 °C. Height contrast of AFM images is 5 nm.
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IR-limited electron mobility is proportional to 1/A*. There-
fore, an obvious improvement in mobility is expected from
reduced surface roughness of InGaN.

Interestingly, the improvement of the InGaN surface
roughness was accompanied by a significant change in the
room temperature PL intensity. Two HEMT samples with
5nm thick Ing0gGaggr N channel grown under two different
sets of growth conditions, one with 0.08 nm/s growth rate at
750°C and the other with 0.03 nm/s growth rate at 790°C
were studied by PL measurements. The PL spectra from this
study are reported in Figure 2. The main PL peak originated
from the InGaN channel and was centered near 3 eV for both
samples. Other peaks centered near 3.4 and 2.2eV were
associated with the near band-edge and yellow band emis-
sions from GaN. The intensity of the main peak was strik-
ingly different, more than two orders of magnitude lower in
the sample grown with low growth rate and at high tempera-
ture. High luminescence efficiency in InGaN alloys is often
ascribed to a localization of free carriers at centers associated
with composition and/or thickness fluctuations.'>'® Thus, it
can be inferred that the reduced PL intensity of the InGaN
channel grown with low growth rate and at high growth tem-
perature is an indicator of improved composition and/or
thickness uniformity compared to the sample grown with
high growth rate and at low temperature. This was verified
by Hall effect measurements where electron mobility of a
HEMT with 5nm Ing(gGag o, N channel increased dramati-
cally from 350 to 1050 cm?/V-s when both low growth rate
of 0.03nm/s and high growth temperature of 790 °C were
introduced for deposition of the InGaN channel.

To further demonstrate the improvement in transport
properties by the combination of low growth rate and high
growth temperature for the InGaN channel, a series of Alln-
GaN/AIN/InGaN/GaN HEMT structures with varying InGaN
channel composition were grown on SiC substrates. For these
structures, thickness of the InGaN channel was held constant
at 5nm. An AllInGaN/AIN/GaN structure with conventional
GaN channel was grown as a reference. The 2DEG sheet
charge density was again constant at ~2 x 10" cm™? for all
InGaN channels. Fig. 3(a) shows electron mobility as a func-
tion of InGaN channel composition as well as previously
reported HEMT mobility values from the literature. In our
study, the electron mobility monotonically decreased from
1690 cm?/Vs in the GaN channel to 1070 cm?/Vs in the
Ing 1Gag o N channel. The trend of decreasing electron mobil-
ity with increasing In concentration seen in Fig. 3(a) is

InGaN
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FIG. 2. Room temperature photoluminescence spectra of two AllnGaN/
AIN/InGaN/GaN HEMTs with 5nm Ingo3GaggoN channel grown with
0.08 nm/s growth rate at 750 °C and with 0.03 nm/s growth rate at 790 °C.
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FIG. 3. Electron mobility as a function In,Ga; (N channel composition for
HEMT structures of this work (l) and from the literature. Other data include
Ref. 8 (X) for Aly,sGag7sN barrier and ng=1.1 x 10'*>cm 2, Ref. 10 (CJ)
for Aly33Gage;N barrier and ng=1.5x 10"%cm™2, Ref. 11 (0) for
Alg3Gag ;N barrier and ng=1.3 x 10"*cm™2, Ref. 12 (&) for Algaalngor.
Gag 75N barrier and ng=1.1 x 10 em 2, and Ref. 12 (A) for Algg3Ing 7N
barrier and ng=2.1 —2.8 x 103 cm 2.

similar to observations from AlGaN-based structures.'®!!

A record high electron mobility of 1290 cm?/V-s was
obtained for the HEMT structure with InN molar fraction of
0.05. In spite of higher sheet charge density in our structures,
the electron mobility was higher than that in the AlGaN struc-
tures®>”!! within the entire In,Ga, 4N compositional range
0<x<0.1. The results achieved in this work also exceeded
the mobility reported for HEMT structures with Al;_,In N/
AIN (y =0.16 — 02) and A10_24IH0.0IG30.75 N/AIN barriers
with In,Ga, ,N (x=0.04 —0.09) channel.'"> The superior
transport properties of AlGalnN/AIN/GalnN/GaN HEMT
structures from this study are illustrated in Fig. 3(b) reporting
the sheet resistance versus InGaN channel composition. Sheet
resistance mapping across a 3in wafer with IngosGagos N
channel produced an average value of 240 Q/sq with standard
deviation of 4.2%.

In conclusion, by optimizing growth conditions for
InGaN, we have demonstrated a record high electron mobil-
ity window of 1070-1290 cm?/V-s for AllnGaN/AIN/InGaN/
GaN HEMT structures with In,Ga; (N (x=0.05—-0.10)
channel. This study provides an approach to obtain high
quality back-barrier HEMTs with improved carrier confine-
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ment for advanced high power and high speed device
applications.
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