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To study the electron transport properties in InGaN channel-based heterostructures, a revised Fang—Howard wave
function is proposed by combining the effect of GaN back barrier. Various scattering mechanisms, such as dislocation
impurity (DIS) scattering, polar optical phonon (POP) scattering, piezoelectric field (PE) scattering, interface roughness
(IFR) scattering, deformation potential (DP) scattering, alloy disorder (ADO) scattering from InGaN channel layer, and
temperature-dependent energy bandgaps are considered in the calculation model. A contrast of AlInGaN/AIN/InGaN/GaN
double heterostructure (DH) to the theoretical AllnGaN/AIN/InGaN single heterostructure (SH) is made and analyzed with
a full range of barrier alloy composition. The effect of channel alloy composition on InGaN channel-based DH with
technologically important Al(In,Ga)N barrier is estimated and optimal indium mole fraction is 0.04 for higher mobility in
DH with Alg 4Ing 97Gag 53N barrier. Finally, the temperature-dependent two-dimensional electron gas (2DEG) density and
mobility in InGaN channel-based DH with Al g3Ing.13Gag 04N and Alg 4Ing g7Gag 53N barrier are investigated. Our results
are expected to conduce to the practical application of InGaN channel-based heterostructures.
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1. Introduction

InGaN material has proved its potential for the realization
of blue-green light-emitting diodes and laser diodes.!'! Ow-
ing to the large carrier sheet density attainable and relatively
high saturation velocity, the heterojunction field effect transis-
tors (HFETs) using InGaN alloys as channels layer promise in
high-frequency and large-power fields. Furthermore, the rela-
tively small bandgap of InGaN materials conduces to enlarg-
ing the discontinuity of conduction band and leads to better
carrier confinement in the quantum well. However, the growth
of InGaN layer is still a challenge due to the solid phase im-
miscibility of InN and GaN and the interdiffusion of In and
Ga in InGaN/GaN system.?! The randomly distributed In and
Ga atoms at the periodic lattice sites also cause ADO scatter-
ing, which is proved to be one of the main issues limiting the
carrier mobility of InGaN channel heterostructures. >*! There-
fore, further optimizations of the heterostructure and process
are necessary to fully realize the potential of InGaN channel
HFETs.

The insertion of a thin AIN interlayer between AlInN
barrier and GaN channel contributes to the increase of con-
duction band offset and the elimination of the ADO scat-
tering from barrier layer, which results in higher two-
dimensional electron gas (2DEG) density and electron

5,61

mobility>®! Zhang et al.!”l adopted a two-step AIN in-
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terlayer in AlGaN/InGaN heterostructure and improved the
channel electron mobility to 1681 cm?/V-s due to the rel-
atively smooth interface between barrier and buffer layer.
Laboutin et al.’¥! realized the record electron mobilities
from 1070 cm?/V-s to 1290 cm?/V-s with a sheet carrier
density of ~2x103cm™2 in AlInGaN/AIN/In,Ga;_,N (x =
0.05-0.1) high electron mobility transistor (HEMT) struc-
tures. Wang et al.l®) designed a depletion-mode HEMT
with Ing 13Alg 83Gag.04N/AIN/Ing 5Gag 95N heterojunction on
an SiC substrate and obtained a record high /fr - fimax of
239 GHz.

ity of 1230 cm™2 for indium-doped AlGaN barrier with

Xie et al.l'" declared an improved mobil-
Ing.04Gag9eN channel. Recently, we studied the electron
mobility in AllnGaN/InGaN heterostructures and analyzed
in detail the scattering mechanisms,!'!! while the practically
grown InGaN channel layer is generally few nanometers thick
and is achieved on a thick GaN buffer layer, which signifi-
cantly changes the distribution and density of 2DEG in the
channel. In this work, the electronic transport properties in
AlInGaN/AIN/InGaN/GaN double heterostructure (DH) are
recalculated based on a modified Fang—Howard (FH) wave
function!'?! and analyzed as a function of alloy composition

and temperature.
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2. Results and discussion

In AllnGaN/AIN/InGaN/GaN DH as shown in Fig. 1,
electron confinement in the channel is modified and a DH-
based Fang—Howard model is proposed to calculated the elec-
tron distribution. 2! That is, a new form of 2DEG wave func-
tion u(z) is established with considering the joint polarization
effects from the top AllnGaN/InGaN and bottom InGaN/GaN
heterostructures and u(z) equals Nz (e_bz/2 - e_b’/z) for 0 <
z < t, where t is the thickness of InGaN channel and pa-
rameters N and b are resolved from normalization condi-
tion [; lu(z)|*dz = 1, otherwise, u(z) vanishes. Accordingly,
2DEG density can be computed by applying Gauss’ law at
each heterointerface. In terms of the scattering process, we
consider the DP scattering, PE scattering, POP scattering, DIS
scattering, IFR scattering, and ADO scattering. Based on the
models in SH, the relaxation time for each scattering mecha-
nism is analytically computed by using a mathematical soft-
ware with two renewed form factors: F (¢) = [u®(z) e %dz,
and G(q) = [dzidzu® (z1)u® (z2)exp(—q|z1 — z2|) regard-
ing to the DH-based 2DEG wave function. Owing to the intro-
duction of AlN interlayer, barrier ADO scattering is eliminated
and the electrons suffer only the channel ADO scattering. The

(a) AlInGaN/AIN/Ing02GaN/GaN

\

{1200

1000

Mobility (cm?2-V-1.s~1)

calculations are similar to those in Ref. [11]. The thicknesses
of the barrier and channel layers are assumed to be 17 nm and
12 nm!'%13] unless otherwise stated. The parameters of corre-
lation length and RMS roughness are taken as 2.5 nm[*! and
0.45 nm,""%13] respectively. The dislocation density is set to
be 1.3 x 10° cm™~? and the metal work function is assumed to
be 5.1 eV for Au gate contact.!!'*] The rest parameters involved
in the calculation are taken from Ref. [15].

(a) 2DEG
AlzIHyGal,r,yN AIN InGaN
barrier 1 nm)| channel GaN buffer
>
0 z

Fig. 1. Schematic diagram of calculated AllnGaN/AIN/InGaN/GaN DH,
showing (a) epitaxy structure and (b) conduction band profile.

(b) AlInGaN/AIN/Ing ¢sGaN/GaN

(1014
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Fig. 2. Electronic transport properties in AlInGaN/AIN/Ing o4GaN/GaN DH at room temperature, with red balls denoting LM DH.

We first compare the electronic transport properties in
AlInGaN/AIN/Ing g4GaN with and without GaN back barrier
layer, whose variations with barrier alloy composition are dis-
played in Figs. 2 and 3. Thereinto, the lattice-matched (LM)
heterostructures are indicated in red balls with indium mole
fraction y relating to aluminum mole fraction x in AllnGaN
barrier as y = 0.224x+0.04. As shown, both electron mobility
and 2DEG density surface in AllnGaN/AIN/Ing o4GaN/GaN
DH and AlInGaN/AIN/Ingo4GaN SH are similar, the for-
mer presents parabolic curves along the directions of in-

creasing aluminum content and indium content, while 2DEG

density is apparently proportional to aluminum composition
and inversely proportional to indium composition of Alln-
GaN barrier.
AlInGaN/AIN/Ing g4GaN/GaN DH is narrowed due to the su-

perimposed electric field caused by the polarization charges

The scope of barrier alloy composition in

at the bottom InGaN/GaN interface.!'?! For clarity, we ex-
tract the theoretical data for LM heterojunction from Figs. 2
and 3, and contrast the effects of detailed scattering mecha-
nisms in Fig. 4. As indicated in Fig. 4, the 2DEG density in-
creases with increasing aluminum mole fraction in AllnGaN

barrier due to the enlarged conduction band offset and po-
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larization charges at AlInGaN/AIN/Ing o4GaN heterointerface,
whose value is lower in InGaN channel-based DH than that in
SH caused by the effect of GaN back barrier. For the InGaN
channel-based SH in Fig. 4(a), the effects of ADO scattering
and PO scattering are almost equally important in the whole

range of alloy composition, while the effect of DIS scattering

(a) AlInGaN/AIN/Ing 0sGaN
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fades away due to the strengthened screening effect by rela-
tively large two-dimensional electron gas density. For InGaN
channel-based DH in Fig. 4(b), the mobility curve is mainly
determined by DIS scattering for lower two-dimensional elec-
tron gas density and ADO scattering for relatively high elec-

tron density.

(b) AlInGaN/AlN/In0_04GaN
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Fig. 3. Electronic transport properties in AlInGaN/AIN/Ing o4GaN SH at room temperature, with red balls denoting LM SH.
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Fig. 4. The mobility limited by various scattering mechanisms in LM
AllnGaN/AIN/Ing g4GaN SH and AlInGaN/AIN/Ing o4GaN/GaN DH at room
temperature.

Then the electronic transport property in Alln-
GaN/AIN/InGaN/GaN DH is analyzed as a function of in-
dium mole fraction in InGaN channel layer. Since the
technologically important AllnGaN barrier layers are either
indium-doped AlGaN or gallium-doped AlInN, the compar-
isons in 2DEG mobility and density among InGaN chan-
nel heterostructures with Alg4Ingg7Gag 53N, Alg4GaggN,
Alp g3Ing.13Gag 4N, and Alg g3Ing 17N barriers are conducted.
The results are shown in Fig. 5. As shown in the figure,
with the increase of indium mole fraction in InGaN chan-
nel, the mobility in AllnGaN/AIN/InGaN/GaN DH with

Aly 4Ing g7Gag 53N barrier first increases for indium content

less than 0.04 and then gradually decreases, while the curves
for DH with other barriers decline uniformly. The detailed
mechanisms are discussed below. In contrast with the mobil-
ity value in InGaN channel-based DH with Al 4Gag¢N bar-
rier, replacing few gallium by indium in barrier layer reduces
the mobility for InGaN channel with relatively small indium
content (less than 0.35), but increases the mobility hereafter.
While for AllnN-like barrier layer, the substitution of indium
for gallium brings a minor effect on electron mobility. As
shown in Fig. 5(b), 2DEG density increases after indium has
been substituted for gallium with aluminum mole fraction
fixed in Al(In)GaN barriers, which is due to the enhancing
polarization strength at Al(In)GaN/InGaN heterointerface.

To illustrate the effects of different barrier layers, the
variations of mobility limitedby various scattering mecha-
nisms in AllnGaN/AIN/InGaN/GaN DH are computed and
the results are shown in Fig. 6. Here, Al 4Ing07Gag 53N and
Al 83Ing.13Gag 4N barriers are taken for example. As shown
in Fig. 6(a), when indium content in InGaN channel is small,
the 2DEG mobility in Algy4Ing07Gag 53N/AIN/InGaN/GaN
With in-

dium composition increasing further, ADO scattering becomes

DH is determined mainly by DIS scattering.

strong and dominates the 2DEG mobility. Therefore, the cal-
culated 2DEG mobility first increases to a maximum value at
indium mole fraction of 0.04 in InGaN channel and then de-
scends with indium content increasing. Since the increased
2DEG density in InGaN channel-based DH with Aly4Gag¢N
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depresses DIS scattering and highlights the effect of ADO
scattering, the final 2DEG mobility decreases directly and
turns lower than that for the case with Aly 4Ing g7Gag 53N bar-
rier. For DH with Alg g3Ing 13Gag 04N barrier, as displayed in
Fig. 6(b), the 2DEG mobility is mainly determined by POP
and ADO scatterings and decreases monotonically with the
increase of indium composition in InGaN channel. For this
case, electron mobility is immune to the substitution of little
gallium for indium in barrier.

1500 T T T
(a) = Alg 4Ing 07Gag 53N barrier
-o-Alg.s3Ing.13Gag.0aN barrier |

1000

500

(b) —AlgGageN barrier
2r = -Alp.s3Ing 17N barrier

0 0.05 0.10 0.15 0.20
In mole fraction in InGaN channel

2DEG density (103 cm~2) Mobility (cm*V-1s71)

Fig. 5. Plots of electron mobility in Al(In)GaN/AIN/InGaN/GaN DH versus
indium mole fraction in InGaN channel layer at room temperature.
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Fig. 6. Plots of electron mobility and 2DEG density versus indium mole
fraction limited by various scattering mechanisms in InGaN channel layer
at room temperature for (a) Alp 4Ing 07Gag 53N/AIN/InGaN/GaN DH and (b)
A10A33In0A13Ga0Ao4N/AlN/InGaN/GaN DH.

Finally, we investigate the temperature dependence of
electron mobility in AllnGaN/AIN/Ing 04Gag9eN/GaN DHs
with Alg4Ing07Gags3N and Algg3Ing 13Gag04N barriers in
Fig. 7, where 2DEG density is combined with the temperature-
dependent band gaps. Although 2DEG density value is higher
in Ing04Gag ogN channel-based DH with Algg3Ing 13Gag gaN
barrier than the case with Alg4Ing ¢7Gag 53N barrier (on the

2 versus 1012 cm_z), the increment of elec-

order of 103 cm™
tron density in a temperature range from 10 K to 1000 K is rel-
atively small in Al g3Ing 13Gag 04N/AIN/Ing 04 Gag 96 N/GaN
DHs (9.6%), in contrast to the case with Aly4Ingg7Gag 53N
barrier (120.3%).

scattering mechanisms, DIS, IFR, and ADO scatterings are

Therefore, the temperature-independent

changed by the noticeable variation of 2DEG density with
temperature for the case with Alg 4Ing.97Gag 53N barrier but re-
main almost unchanged for the case with Alg g3Ing 13Gag 4N
barrier. With the increase of temperature, the effects of sev-
eral scattering processes related to lattice vibration, includ-
ing PE scattering, DP scattering, and POP scattering are re-
markably strengthened. Theoretically, mobility limited by DP
or PE scattering is proportional to the reciprocal of temper-
ature (Upp, Upg o< T-1), while the influence of POP scat-
tering increases exponentially as temperature rises (Upo o<
exp(hw o/ksT), where hoyo is the POP energy of InGaN
channel, kg is the Boltzmann constant), making POP scat-
tering the main limiting scattering mechanism at temperature
over 300 K in both cases. As shown in Fig. 7(a), 2DEG mo-
bility is limited mainly by the DIS scattering for temperature
below 320 K and then POP scattering for higher temperature in
A10,4In0,07Ga0_53N/AlN/In0.04Ga0.96N/GaN DH, while for the
case with Alg g3Ing 13Gag g4 barrier as shown in Fig. 7(b), the
dominating scattering mechanism is ADO scattering for tem-
perature below 310 K and POP scattering hereafter. Since the
intensity of ADO scattering and POP scattering are both di-
rectly proportional to 2DEG density as shown in Fig. 4, higher
density in InGaN channel-based DH with Alg g3Ing 13Gag 04N
barrier results in lower mobility. As a result, the reduction of
2DEG mobility in a temperature range from 10 K to 1000 K
is relatively small for the case with Alg 4Ing.07Gag s3N barrier
(88.5%) compared to that for the case with Alg g3Ing.13Gag gaN
barrier (92.2%).

106 T T T T ] T T T T ] 20
‘ (2) \ (b) 31
- Alg aIng 97Gag 53N barrier AlgssIng.13Gag.uN barrier o
- S k| ol 4
105k L\ DIS o =
2 3 PR T TTT J1018 S
| ; Lt 2
cz 104 I 3 2
3 Nl , 1106 2
<  ADO P 5
> S =
Z 10%¢ g
;8 101t O
10%¢ N E %
ﬁlﬁ///’/- i
I L L Il Il Il Il 1012
0 40 800 0 400 800

Temperature (K)

Fig. 7. The temperature-dependent electron mobility and the 2DEG
density in (a) A10,4In0,07Gao_53N/A1N/In0<o4Ga0_96N/GaN DH, and (b)
Al g3Ing.13Gag 04N/AIN/Ing g4 Gag 96 N/GaN DH.

3. Conclusions

In this paper, the electronic transport properties in Alln-
GaN/AIN/InGaN/GaN DH are analyzed based on a modified
FH wave function and the effects of alloy composition from
both barrier and channel layers are considered. The mobil-
ity in InGaN channel-based SH and InGaN channel-based DH
behave as parabolic curves along the directions of increas-
ing aluminum content and indium content of AllnGaN barrier,
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while their corresponding 2DEG densities are apparently pro-
portional to aluminum composition and inversely proportional
to indium composition. For InGaN channel-based heterostruc-
tures with Aly4GaggN-like barrier layer, replacing few gal-
lium with indium in barrier layer will reduce the mobility
for InGaN channel with relatively small indium content (less
than 0.35), but increases the mobility hereafter. While for the
case with AlggsIng 17N-like barrier layer, the substitution of
indium for gallium brings minor effect on electron mobility.
To achieve higher mobility, the optimal indium mole fraction
in InGaN channel is 0.04 for the case with Aly4Ing g7Gag 53N
barrier, while for the Al g3Ing 13Gag 04N barrier layer, the in-
corporation of indium depresses the mobility. Comparing with
the case with Alg g3Ing 13Gag 04N barrier, the high temperature
tolerance of mobility is slightly improved for Ingo4GagosN
channel-based DH with Al 4Ing 07Gag 53N barrier layer.
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