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Abstract

In this study, two-dimensional electron gas (2DEG) mobility analysis of AIN/GaN and InAIN/GaN structures with ultrathin
barrier layers by metal organic chemical vapor deposition (MOCVD) has been performed with Hall effect measurements
which is carried out under temperature from 15 to 350 K and a single magnetic field of 0.5 T. As a result of the scattering
analysis made with Matthiessen’s rule, it is shown that while the interface roughness scattering mechanism is dominated
on the 2DEG mobility at low temperatures, the 2DEG mobility has been dominated by the polar optical phonon-scattering
mechanism at high temperatures. Also, the acoustic phonon-scattering mechanism is effective on the 2DEG mobility at
middle temperature. Furthermore, the interface and the quantum well parameters such as deformation potential, quantum
well width, and correlation length of the interface are determined for each. As well as experimental measurements, the
conduction band energy diagrams of the studied samples have been calculated using one-dimensional (1D) self-consistent
Schrodinger—Poisson equations. A 2D quasitriangular quantum well formation has been shown for each studied samples.
2DEG probability density of samples has been investigated.

1 Introduction

In recent years, GaN-based heterostructures with ultrathin
barrier have been studied by several groups [1, 2]. The het-
erostructures with an ultrathin barrier as different from con-
ventional A1GaN/GaN and InAIN/GaN heterostructures have
barrier thickness up to ~7 nm [3]. Usually, AIN or InAIN
have been used as a barrier layer because of their high spon-
taneous polarization [4, 5]. Therefore, these heterostructures
have high electron mobilities and carrier densities. At the
room temperature, the sheet carrier density and the elec-
tron mobility are about 10" em~2 and 1200-1500 cm?/V s,
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respectively [6]. For an AIN/GaN heterostructure, the sheet
carrier density can be controlled from 5x 10'? cm™2 to
~5.5% 10" cm™ [3].

Contrary to AlGaN or InAIN barrier, using AIN bar-
rier layer is very important because of the nearby 2DEG
population is not be affected by alloy disorder scattering
[7, 8]. Usually, an AIN interlayer with about 1 nm is grown
between the barrier layer and the channel layer to eliminate
the alloy disorder scattering when AlGaN or InAIN barrier
layers are used in a heterostructure [9]. A lattice-matched
InAIN growth on GaN crystal as with about 17-18% indium
mole fraction will help to prevent any possible strain relax-
ation in the structure [10, 11]. Theoretically, AIN can be
grown on GaN pseudomorphically up to ~6.5 nm with a
high strain which is caused by lattice-mismatch between
AIN and GaN layers [12, 13]. As AIN barrier thickness is
closed to a critical thickness value, it is expected to induce a
maximum strain in the heterostructure. And after the passing
the critical thickness value, the strain relaxation is expected
to be occurred. Previously, some groups have studied on the
strain relaxation in an AIN/GaN heterostructures [14—17].
Thus, previous studies are shown that the optimal thickness
of AIN barrier is between 2.5 and 4.5 nm for the high tem-
peratures and the high-power applications [18, 19].
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The transport properties of the 2DEG and the crystal
quality are important in terms of the desired output charac-
teristic of the device used [20]. Hence, these problems that
may be occurred during the growth process in the crystal
growth can be seriously affected the 2DEG transport prop-
erties. The interface roughness scattering causing disorders
in the heterointerface is one of the most important limiting
the 2DEG mobility. In particular, this scattering is limiting
the 2DEG mobility at low temperatures while the optical
phonon-scattering dominates the 2DEG mobility at high
temperatures. To determine each scattering mechanism
limiting the 2DEG mobility, it is required to make in detail
investigation.

In this study, the temperature-dependent Hall measure-
ments of three different samples with ultrathin barrier grown
by MOCVD have been carried out. The scattering analysis
of the 2DEG of each sample has been performed using the
Hall data. For each sample, the dominant scattering mecha-
nisms limiting the 2DEG mobility have been determined
both at low and at high temperatures and the parameters
related to the quantum well have been calculated. In addi-
tion, conduction band energy diagrams of the samples have
been calculated using self-consistent Schrodinger—Poisson
equations. For each studied structures, the electron prob-
ability density in 2D quantum well has been determined.

2 Experimental methods

The Hall effect measurements were taken out at tempera-
tures ranging from 15 to 350 K under 0.5 T magnetic field.
AIN/GaN and InAIN/GaN heterostructures with ultrathin
barrier were identically grown by low-pressure MOCVD
method on c-face (0001) on a sapphire substrate. Primarily,
the substrate surface was annealed for 10 min in H, ambi-
ent at 1050 °C with a view to providing the substrate sur-
face clean. Then, 15 nm AIN nucleation layer was grown
at low temperature (LT) of 770 °C to increase the lattice-
match between GaN and sapphire. In the next step, about
~1.3 pm undoped GaN layer was grown at 1100 °C. Bar-
rier layers of samples A, B and C were grown on undoped
1 nm Ing ;Alj g3N at 890 °C, undoped 3 nm In, ;Al, g3N
at 830 °C, 1x 10" cm™ Si-doped 3 nm AIN at 1100 °C,
respectively. For all the samples, the cap layers were grown
at 830 °C. The cap layer thickness of samples A, B, and C
structures are 1x 102 ¢cm™> Si-doped 6 nm GaN, 1x 10%
cm™ Si-doped 2 nm GaN and undoped 2 nm GaN, respec-
tively. To eliminate the alloy disorder scattering resulting
from barrier layer for sample A, about 1 nm AIN interlayer
was grown between the In, ;;Alj 33N barrier and GaN buffer
layers. Figure 1 shows the layer diagram of the studied sam-
ples. In Fig. 1, Z, is schematically represented as the location
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of 2DEG in quantum well between ultrathin barrier and
buffer layers.

3 Results and discussion

2DEG transport properties of the GaN-based heterostruc-
tures with ultrathin InAIN and AIN barrier are investigated
in this study. Moreover, the aim of the study is to compare
the effect of different barrier layers, as well. First of all,
the conduction band energy diagrams of each sample have
been calculated by means of TiberCAD software [21]. The
numerical calculation details can be found in our previous
studies [22]. Figure 2 shows the energy band calculations
and the electron probability densities. It is shown that inves-
tigated samples have a quasitriangular 2DEG quantum wells
between ultrathin barrier and GaN buffer layers. Sample B
and sample C have exhibited similar 2DEG quantum wells,
and sample A has a wider 2DEG quantum well.

Also, the electron probability densities (y?) of hetero-
structures are shown in insert of Fig. 1. The electron dis-
tribution of sample B is closer than other investigated het-
erostructures. Therefore, sample B is may be more affected
from interface roughness scattering.

Figure 3 shows the temperature-dependent sheet carrier
densities and the electron mobilities of studied samples
which are carried out as the Hall measurements. As shown
the sheet carrier density is constant versus the increasing
temperature. Although the electron mobilities of the stud-
ied samples are constant at low temperature, they decreased
proportionally with ~ 732 due to the phonon scattering at
high temperature. It is known that these behaviors accord-
ing to the temperature of the sheet carrier density and the
electron mobility are typically evidence of the 2DEG at
heterointerface.

Sample A has a lower sheet carrier density due to a thin-
ner barrier layer thickness than other studied samples. Previ-
ously, Jeganathan et al. mentioned that heterostructures with
the tensile-strained AIN ultrathin barrier have a low sheet
carrier density because of the surface depletion of accumu-
lated charge carriers at the heterointerface [16]. Also, the
increasing AIN barrier layer thickness will increase the sheet
carrier density of 2DEG; however, 2DEG mobility will be
decreased and the strain relaxation could occur in the struc-
ture. Sample A has the electron mobility higher than other
studied samples owing to AIN interlayer which is about 1 nm
between the InAIN barrier layer and the GaN channel layer.
Since samples B and C have a high sheet carrier density
compared with sample A, as expected their electron mobil-
ity is lower. The sheet carrier density and electron mobility
values of samples A, B, and C are listed in Table 1.

The sheet carrier density and 2DEG mobility of hetero-
structures for the different thickness of the ultrathin barrier
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Fig.2 The conduction band energy diagrams for studied samples

layer are reported in several studies Refs. [1, 3, 19]. In
these studies, the 2DEG mobility values between 330 and
1450 cm?/V s are found for different AIN and InAIN bar-
rier layer thicknesses. At room temperature, all structures
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Fig. 3 Electron mobility and sheet carrier density of samples A, B,
and C as a function of temperature

exhibited lower 2DEG mobilities compared to our samples
except the structure with 2.4-nm AIN barrier layer. The low-
temperature 2DEG mobilities of the structures are higher
than our results and the low-temperature 2DEG mobilities
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Tal(31|e11 tSheet c?)r.;iter deFSity ¢ Sample Sheet carrier density (cm™?) Mobility (cm?/V s) Growth method Barrier
and electron mobility values o 1 thick-
samples A, B, and C 15K 300 K 15K 300 K er e
A 1.03x 10" 9.6x 10" 2721 1193 MOCVD 1
B 1.77x10" 1.97x10"% 2159 1101 MOCVD 3
C 1.49% 10" 1.34x10"% 2510 1246 MOCVD 3
[31] - 2% 1013 - 320 MOCVD 11
[1] - 1.9x10 - 1180 MBE 1
3] 26x10%(77K)  29x108 5032 (77K) 1213 MBE 3.5
[19] 1.5x10% (77K)  1.55x10" 4950 (77K) 1450 MBE 24
[19] 25%x10%(77K)  2.6x10"3 2300 (77K) 920 MBE 3.7
[19] 3.6x10%(77K)  5.6x108 660 (77 K) 330 MBE 4.9
Table 2 Quantum well parameters of studied samples j N T T T T T T T T T T
I Sample A A
Sample Z, (nm) Z (V) A (nm) g
SN
A 2.0 40 477 10° 3
B 1.0 50 9.22 z a 3
C 1.6 38 477 Tl T
S T—%/Z
Z\ o~
E 10* ST E
are related to the interface roughness of the heterointerface < AN ‘"4:5
of the related 2DEG populates. This is well known that inter- - Pttt i N *”*'f"*”*"*”*"*”*”*"*”*”*\V-
face roughness is one of the most important scattering mech- I NN
anisms on 2DEG at low temperature [23]. The lower 2DEG 10° | =
mobility can be explained with the difference in growth b . R BT TN,
10 100 200 300

methods of the structures because it is known that GaN-
based heterostructures grown using MBE have a smoother
interface than heterostructures grown using MOCVD
method [24]. The scattering analyses of the 2DEG mobility
have been carried out depending on the Matthiessen’s rule
which is the sum of the individual scattering mechanisms.
Here, pty,;; and g, are Hall and the total of calculated mobil-
ities, and fo, Hpes Haps Himps Hifis Hacs Hrems Han ar¢ mobilities
corresponding to the polar optical phonon, the piezoelectric,
the deformation potential, the impurity, the interface rough-
ness, the acoustic phonon, the remote impurity, and the alloy
disorder scattering mechanisms, respectively. In the results
of the calculations, the fitting parameters such as deforma-
tion potential constant (=), quantum well width (Z;), and
correlation length (A) are given by Table 2.

In the calculations, the lateral size (4) and the background
impurity (n;,,,) were taken 2.58 X 1071 m (one monolayer)
and 10%* m™3 [25], respectively. For each sample, the analy-
sis of the scattering mechanisms has been made using the
required constants and formulas given in Refs. [26-28]. It is
shown that the 2DEG mobility is dominated by the interface
roughness scattering mechanism at the low temperature in
the studied samples. It is known that the narrower quantum
wells are more affected by the interface roughness scatter-
ing [29]. As can be shown in Tables 1 and 2, the 2DEG

@ Springer

T(K)

Fig.4 Scattering analysis of sample A depending on the temperature

mobility is lower in the narrow quantum wells. On the other
hand, this relation between the width of quantum well and
2DEG mobility can be shown in Fig. 2 because sample A
has a wider quantum well and has a higher 2DEG mobility
at low temperature.

Figure 4 shows the calculated and the Hall mobility of
sample A. While the electron mobility is confined by the
interface roughness scattering at low temperatures, it is
strongly limited by the polar optical phonon scattering at
high temperatures. Also, it is shown that the acoustic pho-
non-scattering mechanism is relatively dominated by the
electron mobility in the middle temperatures as well.

The 2DEG scattering analysis of sample B is shown in
Fig. 5. Although the electron mobility is dominated by the
interface roughness scattering in almost all temperatures,
as expected the acoustic phonon-scattering mechanisms are
dominated at the middle temperature [30-33]. As shown
from Fig. 2, the electron probability density of sample B
is the closest to barrier layer compared with other studied
samples. It is shown that sample B has been affected by
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Fig.5 Scattering analysis of sample B depending on the temperature

interface roughness scattering mechanism at low tempera-
ture and this result is confirmed by 2DEG probability den-
sity results. Compared with the other samples, 2DEG mobil-
ity is more affected by the acoustic phonon scattering in
sample B. As expected, 2DEG mobility is dominated by the
polar optical phonon-scattering mechanism, as well as these
scattering mechanisms, at high temperatures. Moreover, it is
important that the four scattering mechanisms are dominated
by almost equal rate on the 2DEG mobility at the tempera-
ture of 350 K. Therefore, there is no sharp decrease in the
electron mobility compared with sample C and sample A at
high temperature. Also, in this structure, the alloy disorder
scattering mechanism has been considered in terms of the
correct scattering analysis because the electrons in the 2D
quasitriangular quantum well may be scattered due to the
alloy barrier layer.

The scattering analysis of 2DEG which is populated in
sample C is shown in Fig. 6. There are two important scat-
tering mechanisms that are limiting the electron mobility.
These are the interface roughness at low temperatures and
the polar optic phonon-scattering mechanisms at high tem-
peratures. It can be seen that the acoustic scattering is rela-
tively effective on electron mobility at around 200 K. The
remote impurity scattering in sample C is regarded because
of Si-doped barrier layers. But it can be clearly seen that
there is no effect of the remote impurity scattering on the
2DEG mobility.

4 Conclusion

In this study, first, the Hall effect measurements of AIN/
GaN and In, ;;Al ¢sN/GaN with ultrathin barrier grown by
MOCYVD have been carried out in the temperature range
of 15-350 K and at a constant magnetic field of 0.5 T. As
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Fig.6 Scattering analysis of sample C depending on the temperature

a result of the measurements, the sample with the highest
sheet carrier density is sample B due to usage of the mod-
ulation-doped cap layer, although sample A has the high-
est electron mobility among the studied samples owing to
effect of about 1 nm AIN interlayer. As a result of the 2DEG
scattering using Hall mobility data, it is determined that
the interface roughness is the dominant scattering mecha-
nism at low temperatures while polar optical phonon is the
dominant scattering mechanism for the samples at high
temperatures. Moreover, the deformation potential and the
acoustic phonon-scattering mechanisms relatively limited
the 2DEG mobility at the middle temperatures. Besides the
experimental measurements, the conduction energy band has
been calculated for each sample. According to numerical
calculations, quasitriangular quantum well formations and
2DEG probability densities of the studied structures have
been investigated. 2DEG formation in a 2D quasitriangu-
lar quantum well is shown in each studied samples. 2DEG
probability density of sample B is closer than other samples
and experimental results confirmed that sample B is more
affected from interface roughness scattering mechanism.
The fitting parameters such as the quantum well width, the
correlation length and the deformation potential values for
each sample have been calculated. Finally, when the AIN/
GaN is compared with ultrathin barrier heterostructures and
conventional InAIN/GaN and AlGaN/GaN heterostructures,
it has exhibited similar sheet carrier density and the Hall
mobility, though it had an ultrathin barrier layer. It could be
shown that using the AIN barrier layer has a positive effect
on the transport properties of the 2DEG.
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