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Abstract

The scattering mechanisms limiting the carrier mobility in AIInN/AIN/InGaN/GaN
two-dimensional electron gas (2DEG) heterostructures were investigated and compared with
devices without InGaN channel. Although it is expected that InGaN will lead to relatively
higher electron mobilities than GaN, Hall mobilities were measured to be much lower for
samples with InGaN channels as compared to GaN. To investigate these observations the
major scattering processes including acoustic and optical phonons, ionized impurity, interface
roughness, dislocation and alloy disorder were applied to the temperature-dependent mobility
data. It was found that scattering due mainly to interface roughness limits the electron
mobility at low and intermediate temperatures for samples having InGaN channels. The room
temperature electron mobilities which were determined by a combination of both optical
phonon and interface roughness scattering were measured between 630 and 910 cm? (V s)~!
with corresponding sheet carrier densities of 2.3-1.3 x 10'* cm™2. On the other hand, electron
mobilities were mainly limited by intrinsic scattering processes such as acoustic and optical
phonons over the whole temperature range for Alg g>Ing 1sN/AIN/GaN and
Alp3Gap7N/AIN/GaN heterostructures where the room temperature electron mobilities were
found to be 1630 and 1573 cm? (V s)~! with corresponding sheet carrier densities of 1.3 and
1.1 x 10" cm™2, respectively. By these analyses, it could be concluded that the interfaces of
HEMT structures with the InGaN channel layer are not as good as that of a conventional GaN
channel where either AlGaN or AlInN barriers are used. It could also be pointed out that as the
In content in the AlInN barrier layer increases the interface becomes smoother resulted in
higher electron mobility.

(Some figures in this article are in colour only in the electronic version)

1. Introduction frequency and high-power microwave applications because
nitride-based material systems have desirable fundamental
physical properties, such as a large band gap, large breakdown
field and strong spontaneous and piezoelectric polarization
6 Author to whom any correspondence should be addressed. fields [1]. To improve the performance of devices, various

Al(In)GaN/(In)GaN-based high electron mobility transistors
(HEMTSs) have attracted a great deal of attention for high-
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barriers and channel alternatives have been used in nitride-
based HEMTs [2-10]. Several achievements have been made
by optimizing the growth and design parameters. In recent
years, an AllnN barrier layer has been implemented instead of
AlGaN to improve the HEMT performance after the original
proposal of Kuzmik [11]. The advantage of using an AlInN
barrier lies in the ability to adjust the composition of the alloys
to obtain a lattice- or polarization-matched heterostructure.
The HEMTs with nearly lattice-matched AlInN barrier layers
were essentially predicted to provide higher carrier densities
than in those with an AlGaN barrier layer [12], promising for
high-power and high-frequency transistor operations [13].

It has also been reported that the incorporation of an
InGaN layer between an AlGaN barrier and a GaN channel
in conventional heterostructures leads to a higher carrier
density induced by larger polarization fields and its tighter
confinement at the interface due to the larger conduction
band offset [14]. Lanford et al reported an improvement in
the electron transport characteristics by suppressing current
collapse with the inclusion of an InGaN channel compared to
the conventional AIGaN/GaN heterostructre [15]. However,
it is quite difficult to improve the quality of the InGaN channel,
so the mobility of two-dimensional electron gas (2DEG) in the
InGaN channel is limited to be lower than 800 cm? (V s)~!
with an ~2 x 10" cm™2 sheet carrier density at room
temperature [16]. An InGaN layer has also been used as a back
barrier in the AlGaN/GaN/InGaN/GaN DH to improve the
confinement of the 2DEG and increase the electron mobility
in the GaN channel [17-19].

Recently, Xie et al studied the effect of barrier layers
on the electron mobility in InGaN channel HEMTs [2].
They reported that with the proper choice of a barrier,
such as Alg4Ing 9 Gag 75N, the HEMT containing a 12 nm
Ing 0uGagosN channel exhibited a 1230 cm? (V s)~! Hall
mobility at room temperature, which is higher than previously
reported mobilites in InGaN channels with a conventional
AlGaN barrier. Despite these results reported in the literature,
there are only a few reports in terms of the detailed analysis
of the transport characteristics of HEMTs with the InGaN
channel [13, 20, 21].

In the present work, we investigate the transport properties
of AlInN/AIN/InGaN/GaN heterostructures with different
alloy compositions of the AlInN barrier layer in conjunction
with conventional AlGaN/AIN/GaN and AlInN/AIN/GaN
using temperature-dependent Hall effect measurements.
Analytical models were applied to the experimental data in
order to understand scattering mechanisms that govern the
transport properties of devices in a temperature range of
10-300 K. If the scattering mechanisms that are dominant
for high-density 2DEGs can be identified, it will guide the
optimizaion of the growth and/or the layer structure that
will be necessary to further improve the conductivity. This
work has emphasized that although the mobilities of samples
with InGaN channels are lower than those of the conventional
HEMT structures with either AlIGaN or AlInN barrier layers,
their two-dimensional sheet resistances are comparable due to
higher sheet carrier densities of the former. This indicates that
the overall performance of HEMTs with InGaN channels can
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Figure 1. High-resolution XRD (0002) w — 26 scans of samples
A, B, C and D. The curves are shifted for clarity.

be further improved by optimization of the growth conditions
and device parameters.

2. Experimental details

Three HEMT structures with 12 nm thick InGaN channel
layers were grown on 2 inch (000 1) sapphire substrates in a
vertical low-pressure metal-organic chemical vapor deposition
(MOCVD) system. The growth was initiated with the
deposition of a 200 nm AIN buffer layer grown at ~1050 °C,
followed by a4 pum thick nominally undoped GaN layer grown
at ~1000 °C. The wafer was cooled down to 800 °C for
the growth of the Ing04GagosN channel. The ~1 nm AIN
spacer layer was grown after InGaN channel growth. Next,
17 nm thick Al;_,In,N barrier layers with compositions of
0.16, 0.18 and 0.20 (will be referred to as samples A, B and
C, respectively throughout the text) were grown afterward.
Finally, the samples were caped with 2-3 nm thick GaN layers.
Asreferences, two samples without InGaN channels were used
for comparison of transport properties. One has an Al 3Gag 7N
barrier and the other has a lattice-matched Alg g»Ing 1gN barrier.
The former will be referred to as sample D and the latter
as sample E. The details of growth conditions for sample
E can be found in [21]. After growth, the samples were
characterized by high-resolution x-ray diffraction (HRXRD),
atomic force microscopy (AFM) and variable temperature Hall
measurements.

3. Experimental results

The structural quality and the alloy compositions of all
samples were determined by high-resolution x-ray diffraction
measurements (HRXRD). X-ray data were collected on the
(0002) reflections with w — 20 scans. Figure 1 shows
XRD patterns around the (000 2) reflection for all structures.
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Figure 2. 5 x 5 um? AFM images of (a) sample B and () sample D.

Table 1. Summary of the main structural parameters as In content and AIN spacer layer thickness and characterization results: AFM rms,
Hall mobility, sheet carrier density, sheet resistance at low and room temperature.

2DEG Sheet

Mobility density resistance

Sample Barrier (%) Channel (%) rms A (nm) £ (ecm? (Vs)™) (x101 cm™?) (Qsq™H
Al_In,N Al,Ga;_,N In,Ga,_,N 10K 300K 10K 300K 10K 300K

A 16 - 4 0.44 9.09 1310 628 212 2.29 225 435
B 18 - 4 0.59 12.6 1950 820 214 2.12 150 360
C 20 - 4 0.45 13.0 2060 903 122 1.32 249 524
D - 30 - GaN 0.37 53.0 12000 1573 1.10 1.13 48 350
E*? 18 - - GaN 040 55.0 23100 1630 1.16  1.20 23 320

2 Reference [21].

The structural qualities of the samples were revealed by
Pendellosung fringes, clearly resolved in HRXRD curves. The
well-resolved diffraction peaks related to AlInN barrier layers
for samples A, B and C are observed at 17.60, 17.52, and
17.46°, respectively. The peak related to the InGaN layer
could not be resolved due to a wider GaN peak which possibly
obstructs the observation of such a layer with low In content
(only 0.04% estimated from the growth conditions). From the
relative XRD peak positions and by using the lattice constants
of GaN, AIN and InN given in table 1 and Vegard’s law, the In
compositions in AllnN were determined to be around 20, 18
and 16% for samples A, B and C. The diffraction peak related
to the AlGaN barrier layer for sample D is observed at 17.50°
corresponding to an Al composition of 30%. The actual In and
Al compositions are still somewhat debatable due the deviation
from Vegard’s law reported in the literature [22]. However,
such a variation would not violate the arguments made on the
transport properties of the studied samples.

Figure 2 shows the representative AFM images of samples
B and D. The other samples have similar surface morphology.
Since the sample surface is strongly affected by the surfaces
of the under-layers, the rms roughness values obtained from
AFM scans listed in table 1 could mimic one of the interface
parameters used in the theoretical calculation of mobility
limited by interface roughness scattering.

Temperature-dependent Hall measurements were carried
out from 10 to 300 K using a van der Pauw geometry in a
LakeShore Hall measurement system. Ohmic contacts were
prepared by 60 s rapid thermal annealing of Ti/Al/Ti/Au
(30/100/30/30 nm) at 850 °C. Figure 3 shows the

temperature-dependent Hall sheet carrier density and two-
dimensional sheet resistance for all HEMT structures. As
seen in the figure, the sheet carrier densities for all samples
remain nearly constant through the studied temperature ranges.
This temperature-dependent behavior of sheet carrier densities
implies that the conduction is dominated almost exclusively
by the carriers at the AIN/(In)GaN heterointerfaces. In the
same figure, the temperature dependences of corresponding
two-dimensional sheet resistances are also shown. The
temperature dependence of two-dimensional sheet resistances
of all samples is determined by their temperature-dependent
mobility, which decreases as the temperature increases, as will
be discussed later. The corresponding sheet carrier densities
and sheet resistance values at ~10 K and room temperatures
are listed in table 1. The minimum room temperature sheet
resistance is obtained as 360 € sq~! (the corresponding
sheet carrier density and mobility are 2.12 x 10" cm~2 and
820 cm? (V s)~!, respectively) for sample B with the lattice-
matched Alg gxIng ;N barrier layer. This value is comparable
to samples D (GaN channel with the Aly 3Gag 7N barrier layer)
and E (GaN channel with the Al g>Ing ;3N barrier layer), where
the room temperature sheet resistances are measured to be
350 Q sq!' and 320 Q sq~!, respectively (corresponding
sheet carrier densities and mobilities are 1.13 x 10'3 cm™2 and
1573 cm? (Vs)~'and 1.20 x 10" em™2 and 1630 cm? (V s)~!
respectively).

To calculate the 2D sheet carrier concentrations from the
polarization-induced sheet charge densities and compare them
with the observed values for samples A, B, C and D, the theory
presented by Ambacher et al [8] and Asbeck et al [23] has been
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Figure 3. The temperature dependence of measured sheet carrier
density and sheet resistance for all samples.

Table 2. The constants used for the calculation of the polarization
and sheet carrier density in AlInN/AIN/GaN heterostructures.

AIN GaN InN
Psp(cm™2) —0.081 —0.029 —0.032
e33(cm™?) 1.46 0.73 0.97
e3;(cm™?) —0.60 —0.49 —0.57
C13(GPa) 108 103 92
C33(GPa) 373 405 224
ap(A) 3.112 3.189 3.540

pursued. The constants used in our calculations were taken
from Bernardini er al [24] and Wright [25] and are given in
table 2. Figure 4 shows the calculated maximum sheet electron
densities ny(x) as a function of Al composition that exist at
the AIN/(In)GaN interface of the AlGa(In)N/AIN/(In)GaN
HEMT structures along with the experimental data obtained
from Hall measurements. In these calculations, the effects
of the AIN spacer layer and GaN cap layer were taken
into account. The calculated sheet carrier densities were in
excellent agreement with the experimental values for samples
A, B and D. However, the experimental value of sheet carrier
density for sample C is slightly lower than the calculated
one due to probably partial relaxation of the InGaN layers
[26].

Here, we will discuss the temperature-dependent Hall
mobilities for all samples along with the results of the
theoretical model. The model accounts for the major scattering
mechanisms such as optical phonon, acoustic phonon, through
deformation potential and piezoelectric, interface roughness,
background impurity and alloy disorder. The details of the
calculations are given in [27] and the references therein. The
parameters used in these calculations are taken from [1] and
tabulated in table 3. In these calculations, since the measured
sheet carrier densities were nearly constant through the whole
temperature range, they were accepted as constants. The

Sheet Carrier Concentration (10'° cm™)

-4 — AlIn N/AIN/In Ga N/GaN
B Sample A
6 ® Sample B
----- Al Galr N/AIN/GaN
-8 A Sample D
_1 0 1 1 1 1 1

02 03 04 05 06 07 08 09 1
Al Composition

Figure 4. Composition dependence of the maximum sheet carrier
concentration of the 2DEG confined at Al,Ga;_,N/AIN/GaN and
Al,In;_,N/AIN/InGaN/GaN interfaces including the GaN cap
layer and AIN spacer layer. For comparison, the experimental sheet
carrier densities obtained by Hall measurement at room temperature
are also indicated.

Table 3. Values of GaN material constants used in the calculation of
scattering mechanisms.

Electron effective mass (m) m* =0.22

High frequency dielectric constant (g¢) 0o = 5.35
Static dielectric constant (&) g =89
LO-phonon energy (meV) ho =92
Longitudinal acoustic phonon velocity (ms™!) v, = 6.56 x 10°
Density of the crystal (kg m™) p=6.15x10°
Deformation potential (eV) Ep =83

Cra = 2.65 x 10”
Ctpa = 0.442 x 10“

Elastic constants (N m?)

Electromechanical coupling coefficient K?=10.039
Electron wave vector (m™!) k=727 x 108
Effective Bohr radius in the material (A) ap =23.1
Lattice constant in the (000 1) direction (A) co = 5.185

2D Thomas Fermi wave vector (m™!) gtr = 8.68 x 108

results are shown in figure 5. The calculated total mobility
as a function of lattice temperature is in very good agreement
with the experimental data for all samples. The temperature-
dependent Hall mobility revealed that the Hall mobilities in
samples A (figure 5(a)), B (figure 5(b)) and C (figure 5(c)) are
mainly determined by interface roughness scattering at low
temperatures. As the temperature increases (above ~100 K),
acoustic phonon scattering in addition to the interface
roughness becomes operative in the determination of the
overall mobilities. At higher temperatures, the mobilities
are limited by a combination of both interface roughness
and optical phonon, and to a lesser degree, acoustic phonon
scattering mechanisms.

On the other hand, as seen in figure 5(d), which shows
the experimental and calculated temperature-dependent Hall
mobilities of sample D, the high temperature (T > 240 K)
mobility is mainly determined by both acoustic and polar



Semicond. Sci. Technol. 25 (2010) 045024

S Gokden et al

10° F—
\
e eN e e e e e e emmmmmm e memmmme———————————————————
AN
\ -~
_ ~
i 4] ————— - l\__\_ —— e A
> 10°} i
o ~ "‘\
£ T—
o . _—
-~
>
=
'_g ———————————————
2 10°t
p— == Acoustic phonon
© — Alloy disorder
T == Background impurity
""" Optical phonon
- — Interface roughness
Total
102 ° Ei( P L ! ! ! !
0 50 100 150 200 250 300
Temperature (K)
. (@
10 "
\
N O,
AN
\\ .
ey ~
@ 4] e 1\_\_ e
> 10*} S
o~ ~e—
£ T —
o .. -—
~
P~ S O S S S — -
3
3
= 10" F —— Acoustic phonon
= — = Alloy disorder
© -- Background impurity
I | e Optical phonon
= — Interface roughness
Total
® Exp
1 02 ! ! L L L L
0 50 100 150 200 250 300

Temperature (K)

(b)

10° —
\
\
S N
"""" *\':""-""-"'""-—"""'-"""""'"
—_ ~
£ 104 F = o~ T~ - *
o Te—
£ T — e
) -
g |- — - bt
= 103 F == Acoustic phonon
= — — Alloy disorder
© =====Background impurity
X [ - Optical phonon
- — Interface roughness
Total
® Exp
102 L L L L L L
0 50 100 150 200 250 300
Temperature (K)
(c)
5
10° — -
\
\ .
- _ﬁ_—_- e e e = = = = =
\
______ \_______________-________-_____________-____
N
‘N .
~ .
~Zo

—— Acoustic phonon
— = Alloy disorder
----- Background impurity
""" Optical phonon

= — Interface roughness
Total

Hall Mobility (cm?/V.s)
8#

® Exp
103 ! ! ! ! I !
0 50 100 150 200 250 300
Temperature (K)
(d)

Figure 5. The temperature evolution of the measured Hall mobility in comparison with the theoretical calculations including major
scattering mechanisms for (a) sample A, (b) sample B, (c) sample C and (d) sample D.

optical phonon scattering with increasing strength of the
optical phonon component as the temperature increases to
room temperature. At moderate temperature ranges, the
acoustic phonon scattering through both deformation potential
and piezoelectric interactions with nearly equal strength
dominate the Hall mobility. As the temperature decreases
further, the mobility is characterized by the combination of all
(except optical phonon) scattering mechanisms. Therefore,
the low field transport in this sample is assumed to be nearly
intrinsic. The weaknesses of extrinsic scattering mechanisms
are indicative of a high-quality GaN channel with a low
dislocation density and a smooth interface. The same argument
can be made on the transport characteristics of sample E, as
discussed in [21].

To compare the transport properties in detail, the
conduction band potential profiles and the spatial distribution
of the amplitude of the electron wavefunctions are calculated
by solving 1D nonlinear self-consistent Schrodinger—Poisson
equation [28]. The results are shown in figure 6. The
material parameters of alloys for simulation were deduced
using Vegard’s law and the layers were assumed to be
pseudomorphically grown. As seen in the figure, the
spatial variation of the electron wavefunctions, particularly its

penetration into the barrier, decreases due to the higher band
offset of AIN. Keeping the carriers in the channel away from
the scattering centers (the ternary barrier) results in effective
suppression of the scattering due to alloy disorder for all
samples. The unavoidable (intrinsic) scattering mechanisms
associated with acoustic and optical phonons are mostly
influenced by charge carrier density, effective well width at the
heterointerface and the position of the Fermi level. As seen
in figure 6, the pseudo-triangular potential wells are deeper
for samples with the InGaN channel compared to the sample
with the GaN channel only. In the calculation of the mobility
limited by phonon scattering, we used the effective potential
well widths deduced from the full width at half maximum of
the electron wavefunctions.

Since the potential depth and hence the effective well
width of samples A, B and C is almost the same, the mobility
values purely limited by optical phonons are found to be the
same for samples A and B (1556 cm? (V s)~!), but lower than
that of sample C (2057 cm? (V s)~1) due to lower sheet carrier
density of the latter. The effect of other scattering mechanisms
(excluding the interface roughness) would be expected to
give close mobility values as calculated. Therefore, the
interface roughness scattering should be considered as the
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Figure 6. The calculated conduction band potential profiles and
spatial distribution of the amplitude of the electron wavefunctions
for all samples.

main scattering mechanism limiting the mobility in these
samples. In general, there are two parameters used in
the calculation of the mobility limited purely by interface
roughness scattering, namely the correlation length A and
the lateral size A at the AIN/GaN interface, respectively.
In the calculation, the root mean square (rms) roughness
values obtained from AFM scans were taken as the lateral
size parameter (A). The correlation length was taken in
the range of 5-25 nm [29] as a free parameter to fit the
experimental mobility data. The mobility increases as A
decreases and A increases and hence the larger the A/A,
the smoother the interface. In this calculation, the effect of
the sheet carrier density and the shifting of the centroid of the
electron distribution toward the interface on the effectiveness
of the interface roughness scattering [30] was also taken into
account.

When the mobilities limited by interface roughness are
compared for samples with InGaN channels, one can see the
effect of the alloy composition of the AlInN barrier layer on the
AIN/InGaN interface. When the average lateral roughness (A
or A/A) deduced from the mobility analysis is considered, the
channel/barrier interface becomes smoother as the In content
increases in the AlInN barrier. This helps to reduce the
interface roughness scattering which results in higher electron
mobility as seen in table 1. On the other hand, the interfaces
of the samples with GaN channels only (samples D and
E) are remarkably much smoother compared to the samples
with InGaN channels when both A and A parameters are
considered. The larger roughness of the AIN/InGaN interfaces
can be attributed to the fluctuations in In composition and layer
thickness.

4. Conclusions

We studied the transport properties of AlInN/AIN/InGaN/
GaN heterostructures with different alloy compositions of

AlInN barrier layers as well as conventional AIGaN/AIN/GaN
and AlInN/AIN/GaN heterostructures using temperature-
dependent Hall effect measurements. The scattering
mechanisms were successfully analyzed and the dominant
scattering mechanisms in the low- and high-temperature
regimes were determined for all heterostructures.  After
studying the scattering mechanisms governing the transport
properties of our samples, we concluded that the interface
roughness is the main mobility limiting mechanism
for the samples with InGaN channels. It has also
been observed that the channel/barrier interface becomes
smoother as the In content increases in the AlInN
barrier. When these results are compared with the
conventional GaN channel HEMTs, which have either AlIGaN
or AlInN barrier, mobilities are mainly limited by intrinsic
scattering mechanisms such as optical and acoustic phonons
indicating much smoother interfaces as deduced from AFM
images. On the other hand, as far as the sheet resistance
is concerned, we obtained the lowest sheet resistance value
of 360 Q sq~! for sample B with the optimal In content
of 18% in an AlInN barrier layer. This sheet resistance is
comparable with that of the conventional HEMTs. Therefore,
the sheet resistance of HEMT structures with InGaN
channels can be reduced further once the AIN/InGaN/GaN
interface is improved by optimizing the growth conditions.
However, this is not an easy task due to the very different
growth dynamics of the constitutive components.  To
overcome this problem, using a double heterostructure of
Al(In)GaN/AIN/GaN/InGaN/GaN can be considered as
another alternative design for the usage of the advantageous
InGaN channel.
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