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Improved mobility of AlGaN channel heterojunction material
using an AlIGaN/GaN composite buffer layer*
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The quality of an AlGaN channel heterojunction on a sapphire substrate is massively improved by using an Al-
GaN/GaN composite buffer layer. We demonstrate an Aly4GaggN/Alg 13Gag.goN heterojunction with a state-of-the-art
mobility of 815 cm2/(V-s) and a sheet resistance of 890 Q/0 under room temperature. The crystalline quality and the
electrical properties of the AlGaN heterojunction material are analyzed by atomic force microscopy, high-resolution X-ray
diffraction, and van der Pauw Hall and capacitance—voltage (C-V) measurements. The results indicate that the improved

electrical properties should derive from the reduced surface roughness and low dislocation density.
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1. Introduction

With the advantages of a wide band gap, high break-
down electric field strength, high electron saturation veloc-
ity, and so on, nitride-based semiconductors are promis-
ing for high-temperature, high-voltage, and high-frequency
applications.'=3! Since AlGaN (energy band gap E, = 3.4 eV—
6.2 eV) and AIN (E; = 6.2 eV) have wider energy band gaps
and higher breakdown field strength than GaN, AlIGaN chan-
nel high electron mobility transistors (HEMTs) have been
proved to hold higher breakdown voltages and better device
stability than conventional GaN channel HEMTs.[*! Using Al-
GaN instead of GaN as the channel layer is one way to en-
hance the breakdown voltage and improve the output power.
However, high-quality AlGaN material is hard to obtain. First,
the large lattice mismatch results in a large number of dislo-
cations; second, the stress generated when the islands merge
will lead to cracks in the film; and third, the micro-particles
produced by the pre-reaction fall in the growing surface will
result in a large number of defects. This is why the ma-
terials reported in low-Al-composition Al,Ga;_,N channel
HEMTs (x = 0.16 and pu = 645 cm?/(V-s),P! x = 0.2 and
=259 cm?/(V-5),I01 x = 0.15 and p = 505 cm?/(V-s),!"]
x = 0.06 and = 590 cm?/(V-s)[8]) have low mobility. This
low mobility makes it hard to meet the requirements of the
applications. To obtain better epitaxial quality and higher mo-
bility, we used an AIGaN/GaN composition buffer layer and
obtained an Aly4Gag¢N/Alp 18Gag g2 N heterojunction with a
state-of-the-art mobility of 815 cm?/(V-s) and a sheet resis-
tance of 890 /] at room temperature by metal organic chem-
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ical vapor deposition (MOCVD) on a sapphire substrate.

2. Experimental procedure

All the heterojunctions were grown using a low-pressure
MOCVD system on two-inch c-plane sapphire substrates, and
the schematic cross sections are shown in Fig. 1. Trimethyla-
lumium (TMAL), triethylgallium (TEGa), and ammonia (NH3)
were used as the sources of Al, Ga, and N, respectively, and
hydrogen was used as the carrier gas. Two kinds of AIGaN
channel samples with different buffer layers were investigated,
labeled samples A and B, respectively. The structures and
growth conditions of the AIN nucleation layer, the AlGaN
channel layer and the AlGaN barrier layer were the same for
both samples. For sample A, the Al composition of the AlGaN
buffer layer was fixed at 18%. For sample B, the AIGaN/GaN
composite buffer layer was made of a 700 nm GaN and a 300
nm linearly graded®! Al,Ga;_,N (x = 0-0.18) buffer layer,
which was used to avoid the generation of a parasitic channel
in the buffer layer. Following the growth of the buffer layer, a
600 nm Alp 13Gap goN channel layer and a 22 nm Al 4Gag N
barrier layer were grown.

High-resolution X-ray diffraction (HRXRD) and atomic
force microscopy (AFM) were used to evaluate the dislocation
density and the surface morphology of the AlGaN film. The
transport properties of the two samples were measured by van
der Pauw Hall measurements from 77 K to 573 K. Capaci-
tance voltage (C-V) analysis was performed at 100 kHz using

a mercury-probe contact.
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Fig. 1. Schematic cross sections of samples A (a) and B (b).

3. Results and discussion

Figure 2 shows the energy band diagrams of the two sam-
ples simulated by solving the one-dimensional (1D) Poisson
equation. The two samples have the same energy band dia-
gram, which means that they have the same carrier confine-
ment. Because the aggregate thickness of the lower AlGaN
layers both exceed 600 nm, the channel layers of the two sam-
ples are both relaxation, and the stress of the interface between
the barrier layer and the channel layer is the same. The polar-
ization is also the same, so we mainly consider the influence
of the composition buffer layer.

The HRXRD and AFM results of the two samples are pre-
sented in Table 1. Typical AFM images with a 3 umx3 um
scan area of the surfaces of the two samples are shown in
Fig. 3. Many V-pits are generated by dislocations and almost
no obvious atom steps can be seen in sample A. In sample B,
fine atomic steps can be clearly seen with few small V-pits.
The V-pit density of sample A is 1.06 x 10'% cm~2, which is
about 3.3 times larger than that of sample B (3.2 x 10° cm~2).
The root mean square (RMS) roughness and the surface P—
V height of sample B are 0.190 nm and 2.418 nm, which are
lower than those of sample A (0.307 nm, 3.065 nm). The re-
sults indicate that the composite buffer layer can improve the
quality of the AlGaN material.!']
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Fig. 2. (color online) Energy band (E.) diagram of samples A and B.
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Fig. 3. (color online) The 3 umx3 um AFM images of samples A (a) and
B (b).

Table 1. Summary of the AFM and HRXRD measurements for samples A and B.

(0002) FWHM  (10-12) FWHM  Threading dislocation  Edge dislocation Pit density
RMS/nm  P-V height/nm . i . i DY
/arcsec /arcsec density/cm density/cm /em
sample A 0.307 3.065 324.8 2041.9 2.12 % 108 2.4 %1010 1.06 x 1010
sample B 0.190 2418 241.1 928.7 1.17 x 108 4.6 x 10° 3.20 x 10°

Figure 4(a) shows the (0002) XRD 26— scans of sam-
ples A and B. A peak signal around 34.7°, originating from the
AlGaN channel layer, a peak signal around 35.1°, originating
from the AlGaN barrier layer, and a peak signal around 36.0°,
originating from the AIN nucleation layer, were observed in
samples A and B, respectively. Additionally, a peak signal

around 34.5°, originating from GaN, was observed in sam-
ple B. In particular, the peak signals originating from the AIN
nucleation layer, GaN buffer layer, AlGaN buffer layer, Al-
GaN channel layer and AlGaN barrier layer were observed
clearly in sample B. This indicates that the grown AlGaN-
channel heterojunction has good crystalline quality.
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Fig. 4. (color online) The (a) (0002) ®-20 scan, (b) (0002) rocking curves, and (c) (10-12) rocking curves for samples A and B.

In order to further evaluate the crystalline quality, the X-
ray rocking curves for the (0002) and (10-12) diffractions of
the channel layers were measured by HRXRD. Figures 4(b)
and 4(c) clearly show the (0002) and (10-12) w-scan rock-
ing curves, which were obtained through the normalized an-
gle and intensity in order to contrast and determine the full
widths at half maximum (FWHMs) of the rocking curves. The
(0002) and (10-12) FWHMs of sample A are 324.8 arcsec
and 2041.9 arcsec, respectively, and the (0002) and (10-12)
FWHMs of sample B are 241.1 arcsec and 928.7 arcsec, re-
spectively, which are obviously smaller than those of sam-
ple A. The pit density from the AFM measurements also shows
the same result. It is believed that threading dislocation affects
the FWHMs of the rocking curves for the (0002) peak, and
edge dislocation affects those for the (10-12) peak.'!) The
dislocation density can be calculated with Dg = B2 /4.36b2,
where Dg is the dislocation density,  is the 0-FWHM, and
b is the length of the Burgers vector. The specific values of
the dislocation densities are shown in Table 1. It is observed
that the gap in the threading dislocation densities in samples A
and B is small, but the edge dislocation density of sample B is
decreased greatly by employing a composite buffer layer.

The reduction in RMS roughness and the improvement in
the material quality are also attributed to the application of an
AlGaN/GaN composite buffer layer. In particular, the crys-
talline quality and surface morphology of the materials are re-
lated to the adatom diffusion on the growing surface.!'?! Com-
pared with Ga adatoms, Al adatoms are easily “trapped” at
sites that do not correspond to the ideal lattice positions due
to the low adatom diffusion, resulting in the difficulty of ob-
taining a high quality and uniform AlGaN epitaxial layer. In
contrast, the Ga adatoms are highly mobile and the step-flow
growth mode of GaN results in a flat surface. It is observed
that as the thickness increases, the crystalline quality of the
GaN epitaxial layer is improved with a flat surface due to parts
of the dislocations annihilating and merging along the growth
direction, but the quality improves slowly when the thickness
exceeds 600 nm.!3! Owing to the small lattice mismatch, a
300 nm high-quality linearly graded Al,Ga;_,N (x = 0-0.18)
buffer layer can be relatively easily grown on a 700 nm high-

quality GaN buffer layer.
Figure 5(a) shows the carrier concentration distribution of
the two samples, which is obtained by associating

-2
~ qeAZ[d(1/C)/(av)]’

Np

W = Ag/C, and using the measured C-V values, where Np is
the impurity concentration of the n region, V (x) is the potential
of the space charge region x, g is the electron charge, W is the
depth of the barrier region, and € is the dielectric constant. 4]

The results show that on one hand, no parasitic chan-
nel is formed in the interface of the AlGaN/GaN composite
buffer layer due to the insertion of a graded Al,Ga;_,N layer
between the Aly 15Gag gpN channel layer and the GaN buffer
layer, and on the other hand, the background carrier concen-
tration is lower, which indicates that few residual carriers exist
in the buffer layer. Therefore, these kinds of AlGaN channel
HEMTs will have better off-state characteristics.!”!

Figure 5(b) shows the transport properties of the two-
dimensional electron gas (2DEG) in both samples. It is clear
that electron mobility is greatly improved from low temper-
ature to high temperature by using a composite buffer layer.
It has been reported that low-temperature mobility is limited
by alloy disorder scattering, interface roughness scattering,
and dislocation scattering mechanisms. %191 In our case, the
mobility of sample B at 77 K is 1080 cm?/(V-s), which is
larger than that of sample A (467 cm?/(V-s)), and the con-
siderably improved mobility can be attributed to lower dislo-
cation density and better interface roughness. The mobility
of sample B at 300 K is 815 cm?/(V-s), while the mobility of
sample A at 300 K is 281 cm?/(V-s). At high temperature,
the mobility of sample B is 200 cm?/(V-s), which is about two
times larger than that of sample A (113 cm?/(V-s)). The dif-
ference in the mobility between samples A and B becomes
smaller and smaller with the increase in temperature, owing
to many scattering mechanisms (longitudinal optical phonon
scattering, acoustic phonon scattering, Piezoelectric field scat-
tering, interface roughness scattering, and alloy disorder scat-
tering) affecting the mobility to a certain extent from 200 K
to 400 K."8! At high temperature, the main scattering mecha-
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nism is optical phonon scattering.!'8! In particular, the mobil-
ity of sample B at 573 K is 200 cm?/(V-s), almost the same as
the value of 210 cm?/(V-s) in the GaN channel heterostructure
reported by Wang er al.!’! The sheet density of the AlIGaN
channel material changes little with temperature. These results
indicate that the electrical properties of the AlGaN channel
material degrade relatively slowly at high temperature. This
is appropriate for high-temperature and high-voltage applica-
tions.
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Fig. 5. (color online) The depth profile of the carrier concentration ex-
tracted from the C-V curve (a), and the temperature dependence of the
Hall electron mobility u (bl), sheet carrier density ng (b2), and sheet
resistance R (b3) of samples A and B.

The mobility was improved greatly and the resistance
rapidly decreased using the AlGaN/GaN composition buffer
layer. To our knowledge, the Hall mobility of sample B is
815 cm2/(V-s), which is the best result so far, owing to the
reduced interface roughness scattering and the lower disloca-
tion density. However, the mobility of sample B is still much
lower than the conventional AIGaN/GaN heterojunction, and
the sheet resistances of the two samples are larger than those
of the GaN channel HEMTs due to alloy disorder scattering
in the AlGaN channel layers.[°! To further reduce the sheet re-
sistance of the AlGaN channel HEMTs, it is necessary to fur-
ther reduce the dislocation density and improve the crystalline
quality of the AlGaN channel layer. The existence of disor-
dered distribution of Ga atoms and Al atoms induces alloy

disorder scattering at the interface between the AlIGaN chan-
nel layer and the barrier layer. Therefore, we can insert an
AIN interlayer between the AlGaN channel layer and the bar-
rier layer, and alloy disorder scattering from the barrier may
be reduced, as reported in the AIGaN/GaN heterojunction. [>!]
As for sample B, if an AIN interlayer was inserted not only
between the AlGaN channel layer and barrier layer but also
between the AlGaN channel layer and the buffer layer, an in-
crement of 2DEG mobility will be observed.

4. Conclusion

In conclusion, an AlGaN channel heterojunction with a
state-of-the-art electron mobility [5-8] of 815 cm?/(V-s) and a
sheet resistance of 890 /] at room temperature was obtained
by using an AlIGaN/GaN composite buffer layer. It is observed
that the use of an AlGaN/GaN composite buffer layer can re-
duce surface roughness scattering and alloy disorder scatter-
ing, thus improving material quality. The improvement in the
crystalline quality of the AlGaN channel heterojunction is es-
sential to improving the mobility and reducing the sheet resis-
tance of 2DEG, which is beneficial in improving the electrical
properties.
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