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Abstract

Hall effect measurements on undoped Alo 2sGao7sN/GaN heterostructures
grown by a metalorganic chemical vapour deposition (MOCVD) technique
have been carried out as a function of temperature (20-350 K) and magnetic
field (0-1.5 T). Magnetic field dependent Hall data were analysed using the
guantitative mobility spectrum analysis (QMSA) technique. The mobility
and density within the two-dimensional electron gas (2DEG) at the

Al 25Gag 7sN/GaN interface and within the underlying GaN layer were
successfully separated by QMSA. Mobility analysis has been carried out
using both the measured Hall data at a single field and the extracted data
from QMSA. Analysis of the temperature-dependent mobility of 2DEG
extracted from QMSA indicates that the interface roughness and alloy
disorder scattering mechanisms are the dominant scattering mechanisms at
low temperatures while at high temperatures only polar optical phonon
scattering is the dominant mechanism. Alg 2sGao.7sN/GaN interface related
parameters such as well width, deformation potential constant and
correlation length were also accurately obtained from the fits of the simple
analytical expressions of scattering mechanisms to the 2DEG mobility.

1. Introduction

High electron mobility transistors (HEMTS) are widely used
and accepted as the promising components of the high-speed
electronics. HEMTs  based on  AlGa;-xN/GaN
heterostructures are the most interesting candidate since their
description in 1993 [1] and demonstration of high-power
operability [2]. Due to their large bandgap energy, large
electron drift velocities, high conduction band discontinuity
and high thermal stability, AlxGai-xN/GaN heterostructures

can operate at high power and high temperature conditions
with a 2DEG density and high mobility values as compared
even with GaAs-based devices [3-6]. Even without an
intentional doping, due to strong spontaneous and
piezoelectric polarizations at the AliGa;-xN/GaN interface,
AlGa;-xN/GaN heterostructures have 2DEG density with
high sheet carrier density values [7, 8]. Since the mobility and
density of the 2DEG in heterostructures are the key
parameters related to the device performance, a detailed study
of these parameters together with scattering mechanisms is of
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critical importance for the device applications of
AlyGa;-xN/GaN heterostructures. The analyses of carrier
transport properties in AlyGai-xN/GaN heterostructures have
been reported in a number of papers [9-12]. In the majority of
cases, these studies have been based on the analysis of the
temperature  dependent single magnetic field Hall
measurements. In the mixed conduction (multi carriers) case,
the standard resistivity and Hall effect measurements at a
single magnetic field are of limited use because these
measurements provide only averaged values of mobility and
carrier density. Therefore,

Table 1. Material constants used in scattering calculations [20, 32].

High frequency dielectric constant  €..=5.35 &=
Static dielectric constant ;

; 8.9m =
Electron effective mass
LO-phonon energy LA- 0.22mo
phonon velocity heo™ = 0.092 eV

Density of crystal

Electron wave vector

The electromechanical coupling
coefficient

u=6.56x10°ms?tp=
6.15x 10°kg m3k=7.3
x 108 m-?

K?=0.039

CLa=2.650 x 10N m-2cra
= 0.442 x 10" N m2x =
0.25¢=5.185x10"m

LA elastic constant
TA elastic constant
Alloy mole fraction
Lattice constant in the (0001)
direction
Volume of one atom Qo =3.48487 x 107 m?

36

Alloy potential Ua =2""x101V

single magnetic field Hall characterization is incapable of
providing precise determination of the transport properties of
AlGa;-xN/GaN heterostructures since the charge carriers in
bulk GaN and AlGa;-xN layer can also contribute to the
measurementsinadditiontotheinduced2DEGbypolarization at
the interface.

To extract the correct transport parameters of the
individualcarriersinthemultilayeredsemiconductormaterials
such as AlyGa;-xN/GaN heterostructures, resistivity and Hall
effect measurements are to be performed as a function of
magnetic field. These measurements (variable field) allow the
densities and mobilities to be simultaneously characterized for
each of the multiple carrier species. Recently, the magnetic
field dependent Hall data have been analysed successfully
using QMSA technique, which is an effective technique for
determining individual carriers in the multilayered
semiconductors [13, 14]. Using the QMSA technique, the
mobilities and carrier densities of each electron and hole
species in bulk InN and GaN epilayers, and InP/InAlGaAs,
HgCdTe, AlGaAs/GaAs and AlGaN/GaN heterostructures
were investigated successfully by several groups [15-19].

In this work, firstly resistivity and Hall effect
measurements of Alo2sGao7sN/GaN heterostructures grown
by MOCVD technique have been carried out as a function of
temperature (20-350 K) and magnetic field (0-1.5 T). To
extract the individual mobilities and carrier densities of
Al 25Gag7sN/GaN heterostructures, the measurement results
were analysed using QMSA. Secondly, 2DEG mobility

analyses by taking into consideration the most relevant
scattering mechanisms are carried out using both the
measured Hall data and the extracted 2DEG data from QMSA.
In both cases, Alo2sGag7sN/GaN interface related parameters
were obtained and the differences between two cases were
also discussed.

2. Scattering mechanisms

Scattering mechanisms of two-dimensional (2D) carriers in
I11-V heterojunctions are well described ([20], see references
therein). The analytical expressions of the scattering
mechanisms used in our calculations are summarized below.
The material parameters used in the calculations are also listed
in table 1.

2.1. Polar optical phonon scattering

At high temperatures, the mobility of a 2D carrier is mostly
limited by polar optic phonon scattering. The expression of
the mobility limited by the polar optic phonon scattering is
given by Ridley as [21]

M CfrwﬂmT — lJ
1 (1)

Hpo =
P ewm*2Z

where

€p  foo &, 2)

Here, ho is the polar optic phonon energy, e-and s are
the high and low frequency dielectric constants, respectively.
m*is the effective mass.

2.2. Acoustic phonon scattering

At intermediate temperatures, the acoustic phonon scattering
is another important scattering mechanism. In this work, we
use the elastic acoustic phonon scattering model proposed by
Ridley et al [22]. The acoustic phonon scattering is calculated
by considering two scattering mechanisms, including
deformation potential and piezoelectric scattering. The
mobility expression of deformation potential is given by [22]
16peutn® 1
352](37‘”1*2}7 Jop(k), (3)
In equation (3), p is the crystal density, u, is the
longitudinalacousticphononvelocityandisthedeformation
potential. The factor b is called the Fang—Howard expression
[23] of wavefunctions for Hartree approximation of a
triangular well and is given by [24]

b (33@2171*.*12]-))1/3
S\ Bege? . )

In equation (3), Joe(K) is the integral

2k 1
Jov(k) = f 54" da-
O 2rk3(g + qs)z\/l_i(%)' (5)

In this integral, gs is the two-dimensional reciprocal
screening length which is defined as

= F 0).
Yahege. 11(g) f(0) ©)

Hdp =

2
e m
qs

Here, f(0) is the occupation probability at the subband
edge, which can be assumed that all screening is determined
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by the lowest subband electrons [22]. F11(q) is the form factor
of the ground-state Fang—Howard wavefunction [23].

In strongly polar materials such as GaN the acoustic
phonons are strongly interacted by the piezoelectric effect.
The mobility expression of piezoelectric scattering with a
simplification of angular dependence is given by [22]

neogsh °k 1

ppe = eKoksTms2 Jre(K). ©)

In equation (7), K is the electromechanical coupling
coefficient and given by [25]
LA K2 e? 512“A_

(8) ESCLA EgC
TA

where

B = So/2ke. (13)
In equation (13), ke is the wavevector on the Fermi
surface, and Sy s the screening constant which is given for the
degenerate case by Lee et al as [28]
e2m*

- 2w eh?.

So (14)

2.5. Interface roughness scattering

Interfaceroughnessisanimportantproblemforsemiconductor

heterostructures [20]. Interface roughness can lead to the
perturbation of electron energy [29]. Narrow quantum wells
of AlGa;-xN/GaN heterostructures are more sensitive to
interface roughness that can lead to a large fluctuation in the

Scattering analysis of 2DEG extracted by QMSA in undoped Al 25Gag 7sN/GaN

In equation (8), €A, €ra, Cia, Cra are the effective
piezoelectric constants and the averaged elastic constants
related to longitudinal and transverse acoustic phonons,
respectively. The integral Jpe(K) is in the form

F
1{q) 4 dg.

2k
Jpe(k) :f
0 4k3(q+fls)2\/1_7(2%)2 9)

2.3. Alloy disorder scattering

It is well known that the investigated 2D carriers populate near
the AliGa;-xN layer. The scattering of these electrons by
conduction band disorder is called alloy disorder scattering.
Kearley and Horrell [26] gave the mobility expression of alloy
disorder scattering without screening effects as

16 eh 3

= 3bx(l —x)m* QU
alloy

_ 2, (10)

AL

where x is the alloy mole fraction, ¢ is the volume occupied by
one atom and Ua is the alloy potential.

2.4. Background impurity scattering

Impurity scatterings for 2DEG carriers can be investigated in
two parts; an ionized impurity scattering due to remote donors
which is effective in modulation-doped structures and an
ionized impurity scattering due to interface charges or simply
background impurity scattering which is effective in all
structures. In this work, because our samples are nominally
undoped, we only use the background impurity scattering as
an impurity scattering. The mobility of background impurity
scattering is given by [27]
3,22
ppt = ki ln(B) (11)
eam«2NBI
where ¢ is the dielectric permittivity of GaN, and Ng; is the 2D
impurity density due to background impurities. The integral
Is(B) is defined as
sin” @

I = 1_7(19,
B ﬁ (sin® + f)? (12)
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quantized electron energies [30]. The mobility of interface
roughness scattering is given by [20]

1
2 3
WiER = 2e08; h
napAAN ) e3m*? J
(15)
IFR(K)
~3nm GaN cap
(a) ‘b (undoped) (b)
~25nm Al ,.Ga,,.N
(undoped)
2.5um
GaN Buffer

Nucleation
Layer

E
/. Sapphire Substrate 2 z
VISP IIIIII I IIIIS

Figure 1. (a) Layer structure of Alo2sGao.ssN/GaN heterostructures
sample that used in study. (b) Band structure of the sample. 2DEG
is shown in detail in the inlet.

where is the lateral size of the roughness and A is the
correlation length between fluctuations. The integral Jier(K) in
equation (15) is defined as

2k efqlAzm .
TR (k) = [ q" dq,
O UG +g0%\ 1 - (%) (16)
where g is the screening constant and given by [30]
em* F(g)
gy = ——— .
1 2hleye, 7 17

The form factor F(q) in equation (17) is given by [31]
o0 o0
Fay= [ a [ @r@Pr@ReL as)
0 0



3. Experimental techniques

The sample investigated in this work was grown on a c-plane
(0001) sapphire (Al,O3) substrate in a low-pressure MOCVD
reactor. Prior to epilayer growth, the sapphire substrate was
cleaned in Hyambient at 1100 °C, and then a 25 nm thick low
temperature (LT) GaN nucleation layer was grown at 500 °C.
The reactor pressure was set to 50 mbar during the substrate
cleaning and nucleation growth. After the deposition of the
LT-GaN nucleation layer, the wafers were heated to a high
temperature for annealing. For the sample, the two-step
growth process was applied with the ramp time 2.5 min, and
the annealing temperature 1100 °C. Approximately, a 2.5 um
thick GaN layer was deposited on the annealed nucleation
layers using constant growth conditions. Finally, a 25 nm
thick Alo25Gao7sN with 3 nm GaN cap layers was grown. All
layers are nominally undoped. The details of the samples are
given in figure 1.

For the resistivity and Hall effect measurements by the
van der Pauw method, square-shaped (5 x 5 mm?) samples
havebeenpreparedwithTi/Al/Ni/Auevaporateddotcontacts in
the corners. Current was kept low to maintain ohmic
behaviour, so the 2D electrons were in thermal equilibrium
with the lattice. Current independence of mobility and the
carrier density has been confirmed in the current interval of
1-500 pA. The measurements have been made over a
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Figure 2. Experimental Hall mobility and sheet carrier density in
undoped Alo25Gao 7sN/GaN.

temperature range 20-350 K using a Lakeshore Hall effect
measurement system (HMS). At each temperature step, the
Hall coefficient and resistivity have been measured for both
current directions, both magnetic field polarization, and all
possible contact configurations at 31 magnetic field steps
between 0 and 1.5 T. The magnetic field dependent data have
been analysed using QMSA software provided by Lakeshore.

4. Experimental results and analysis

4.1. Experimental results and quantitative
mobilityspectrum analysis

Resistivity —and  Hall  effect  measurements  of
Alg25Gao7sN/GaN heterostructures have been carried out as a
function of temperature (20-350 K) and magnetic field (0-1.5
T). Figure 2 shows the temperature dependence of the sheet

carrier density and Hall mobility at 0.5 T in the temperature
range of 20-350 K. At high temperatures, the mobility sharply
decreases with increasing temperature while it is independent
of temperature at low temperatures (below 100 K). The sheet
carrier density can be accepted as temperature independent.
These behaviours of sheet carrier density and mobility are
typical of 2DEG structures. Above 100 K, Hall mobility
decreases with increasing temperature with a temperature
dependence of ~T -¥2 which is a typical temperature
dependence of phonon scattering mobility. The sheet carrier
density still tends to be a constant, which is a further
confirmation of the existence of 2DEG even at high
temperatures. At room temperature, Hall mobility and sheet
carrier density of the sample are 850 cm?V-!stand 1.44 x
10 cm-2, respectively. At 20 K, electron mobility is as high
as 3013 cm?V-1s. In the nominally undoped AlGa;xN/GaN
heterostructures, such a high value of sheet carrier densities is
due to the spontaneous and piezoelectric polarization fields
[33, 34].

Magnetic field dependent Hall data taken at a temperature
range of 20-350 K are analysed by using QMSA technique. A
detailedQMSAanalysisofAlg 2sGaNo.7s/GaNheterostructure
wasgiveninourpreviouswork[35]. Figures3(a)and(b)show the
QMSA results as a function of temperature for the mobility
and the integrated density for the studied sample. From
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Figure 3. (a) Mobility versus temperature. The circle represents
measured mobility. The triangle and square represent mobilities
obtained from QMSA. (b) Sheet carrier density versus inverse
temperature. The circle represents measured sheet density. The
triangle and square represent the 2DEG and minority carrier
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densities obtained from QMSA, respectively. Lines show the

proposed trends of the 2DEG and minority carriers.

figure 3(b), it can be clearly understood that both
polarizationinduced 2DEG density (denoted with triangles)
and thermally activated carriers (denoted with squares)
contribute to the measured carrier density. At low
temperatures, the extracted 2DEG mobility is slightly higher
than the measured mobility. Below 100 K, the 2DEG mobility
is temperature independent. Above 100 K, the 2DEG mobility
is limited by lattice scattering mechanisms, which will be
analysed in the next section. The extracted 2DEG density is
independent of temperature at the whole studied temperature
range, as is expected. Its proposed trend with temperature is
shown by the solid line in figure 3(b). On the other hand, at
the whole studied temperature range, the extracted 2DEG
density is also lower than the measured sheet carrier density.
The mobilities and densities of the minority carriers are highly
temperature dependent. The thermally activated minority
carriers (with activation energies of 58 and 218 meV) are
originated from the donor levels of bulk GaN [13, 35].

4.2. Mobility analysis

In this section the mobilities limited by the individual
scatteringmechanisms, polaropticalphonon,acousticphonon,
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alloy disorder, background impurity and interface roughness
scatterings have been calculated from the expressions given
in section 2 using the material parameters given in table 1. In
the calculation, the background impurity (nimp) and lateral size
( ) were taken as 102 m=[36] and 2 x 2.58 x 10-m

(for two monolayers) [32], respectively. The other parameters
such as well width (Z), deformation potential constant () and
correlation length () were used as adjustable parameters.
Using the Mattheisen rule, the total mobility is then calculated
as the combination of individual mobilities.

Firstly, we carried out the fit of the scattering expressions
to the experimental mobility using the measured sheet carrier
density taken at 0.5 T, as the usual approach. The calculated
individual mobilities and the total mobility are given in figure
4(a). It can be seen from figure 4(a) that the total mobility fits
quite well to the experimental data, taken at 0.5 T, using a well
width of Zo=4 nm, a deformation potential constant of E =
12.5 eV and a correlation length of =17.5 nm (corresponds
to approximately 55 atomic spacing).

In general, the single field Hall effect data are widely used
in the scattering analysis. However, since the single field Hall
effect measurements provide only a weighted average of the
mobility and carrier density, an accurate scattering analysis
can only be carried out in the case of single carrier conduction.
If the structure contains multiple carriers such as in
AlyGa;-xN/GaN heterostructures, the single field Hall effect
measurements would not lead to identify the correct transport
parameters of the individual carriers. Secondly, the above
calculations were, therefore, repeated using the extracted
2DEG mobility and 2DEG density from QMSA. The results
are given in figure 4(b). A good agreement with the extracted
2DEG mobility is obtained using the fitting parameters as the
well width of Zo= 7.5 nm, the deformation potential constant
of £ =8 eV and the correlation length of A = 9.5 nm
(corresponds to approximately 30 atomic spacing).

The fitting parameters of the 2DEG obtained from the
scattering analysis using the data extracted from QMSA show
significantdifferencesfromthatoftheobtainedfromthesingle
field Hall data. The former analysis has a smaller well width,
a higher deformation potential value and a higher correlation
length. Since the second analysis has been based on only the
2DEG mobility and density without the effects of the other
carriers, the calculated parameters can be considered as more
accurateparametersrepresentingtherealsamplefigures. Itcan be
seen from figures 4(a) and (b) that the values of calculated
individual mobility are also considerably different than that of
the obtained from the single field Hall data. This indicates
thatanyconclusiondrawnfromsinglefieldHallmeasurements
may be highly misleading.

Considering the results (according to figure 4(b)), we
conclude: (i) the low-temperature mobility is dominated by
interface roughness and alloy disorder scattering mechanisms,
and the background impurity scattering has also a

Scattering analysis of 2DEG extracted by QMSA in undoped Al 25Gag 7sN/GaN

Figure 4. (a) Measured and calculated (using the measured Hall
data) mobility versus temperature. (b) Extracted and calculated
(using the extracted 2DEG density and mobility) mobility versus
temperature.
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considerable influence on the 2DEG formed at the interface in
undoped Aly2sGao7sN/GaN heterostructures. (ii) At high
temperatures, the optical phonon scattering is the dominant
mechanism, and the effects of interface roughness and alloy



disorder scattering mechanisms have only small contribution
to the mobility of 2DEG. It is interesting to note that our
analyses show the acoustic phonon scattering has a negligible
effect on the 2DEG mobility. However, the acoustic phonon
scattering mechanism is, in general, found as a main scattering
mechanism at intermediate temperature [37-39]. (iii) For
Alo25Gao7sN/GaN heterostructures, the well width of Zy=7.5
nm, the deformation potential constant of 2 =8 eV and the
correlation length of A =9.5 nm are obtained. These values
are superior to the single-field measurement analysis results
when compared with the Fermi wavelength well-width
approximation [40] and the Hsu et al calculation for the
deformation potential [9].

5. Conclusions

Hall effect measurements on undoped AlgsGag7sN/GaN
heterostructures grown by MOCVD have been carried out as
a function of temperature (20-350 K) and magnetic field (0-
1.5 T). Magnetic field dependent Hall data were analysed
using QMSA technique. QMSA successfully separated
electrons in the 2DEG at the Alo2sGao.7sN/GaN interface and
electrons in the bulk GaN layer which contribute to the
measurements in addition to the 2DEG at high temperatures.
The mobility analysis has been carried out both using the
measured Hall data at a single field (B = 0.5 T) and the data
extracted from QMSA. The scattering analysis based on the
extracted mobility and density of 2DEG formed at an
Alo25Gag7sN/GaN heterointerface shows that the interface
roughness and alloy disorder scattering mechanisms are the
dominant scattering mechanisms at low temperatures while at
high temperatures only the polar optical phonon scattering is
the dominant mechanism. The values of well width,
deformation potential and correlation length were found as 7.5
nm, 8 eV and 9.5 nm, respectively. Finally, it can be
concluded that any conclusion drawn from single field Hall
data or from any analysis based on single field Hall
measurements would be highly misleading not only for
Al,Ga;xN/GaN heterostructures but also for any
semiconductor structures with multicarrier conduction.
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