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Determination of the electron effective mass of 2D
electrons in AlGaN/AIN/GaN heterostructure by Raman-

scatte ring measurements
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The electron effective mass in AlGaN/AIN/GaN heterostructure grown by the metalorganic chemical vapor deposition
(MOCVD) technique was determined from the phonon-plasmon coupled-mode line-shape analysis of vibrational
spectroscopy measurements. The vibrational properties of AIGaN/AIN/GaN heterostructures were studied using Raman
scattering spectroscopy at room temperature. 532 nm (2.33 eV) was used as the excitations in the Raman scattering
measurement. The effective mass obtained from the Raman scattering spectroscopy is in good agreement with the current

results in the literature.
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1. Introduction

The HI-N and III-V-N are ideal materials for the
construction of blue/green light-emitting devices (LEDs
and lasers) and high electron mobility transistors that are
intended to operate at high power and high temperatures
because of their wide band gap structure [1].

Despite the progress in the development of devices,
many fundamental material parameters of
AlGaN/AIN/GaN are still not fully understood. The
knowledge on these parameters, such as effective mass of
electrons, is important for the exploration and optimization
of this material system in device applications.
Determination of the effective mass of electrons, under the
environmental conditions in the steady state, provides
useful information about the electron—phonon interactions.
Furthermore, electron—phonon scattering  processes
determine the high-field transport phenomena in
semiconductors and thus form the basis for many ultrafast
optoelectronic devices. The field of electron—phonon
scattering processes in semiconductors thus provides a link
between fundamental semiconductor physics and high-
speed devices. The effective mass of electrons in many
semiconductors is also affected from the environmental
conditions such as temperature, magnetic field, electrical
field, light intensity. Therefore, it needs to be determined
the effective mass of electrons from different experimental
techniques. There are three main techniques used in the
evaluation of the transport properties of materials, namely,
magnetotransport, cyclotron resonance absorption under
high magnetic field and Raman spectroscopy.

To date, many experimental work reported effective
masses of AlGaN/GaN structure that were obtained from
the analysis of magnetotransport [2-4], cyclotron
resonance [5-6], and both of these techniques’

measurements [7-8]. Due to small electron mobility, it is
difficult to obtain the 2D electron effective mass from
magnetoresistance measurements. Experimentally
evaluated electron effective mass in AlGaN/GaN as a
function of the two-dimensional electron gas density
formed at the interface of an AIGaN/GaN heterostructure
with different alloy composition was summarized by
Kurakin et al [4]. They found the electron effective mass
in AlGaN/GaN to be independent of the electron
concentration. This result for the effective mass of 2D
electrons was in good agreement with the bulk effective
mass in GaN where effective mass was reported [4, 9] to
be 0.24+0.02my (m is the free electron mass).

Raman scattering is a non-destructive technique to
characterize crystal quality. In addition, Raman scattering
by longitudinal-optic-phonon-plasmon-coupled (LOPC)
mode measurements are commonly used to determine the
effective mass and carrier concentration in III-N [10-13],
II-V [14-21] and II-V-N semiconductors [22, 23] by
using the Drude, hydrodynamical, and Lindhard-Mermin
models. The mechanisms for light scattering in the
theoretical approach play an important role. The
deformation potential associated with the allowed electro-
optic, charge density fluctuation, and forbidden Flohlich
light scattering mechanisms are usually considered in
these calculations [17].

In this work, electron effective mass in
AlGaN/AIN/GaN heterostructures is determined by using
Raman measurements. The experimental Raman LOPC
mode results are compared with analytical expressions of
the Drude and Lindhard-Mermin models. The results are
discussed in the framework of the current theoretical
models concerning electron  effective mass in
semiconductors.
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2. Experimental

The AlGaN/AIN/GaN heterostructure was grown by
the metalorganic chemical vapor deposition (MOCVD)
technique. Standard trimethylgallium (TMGa),
trimethylaluminum (TMALI), trimethylindium (TMIn) and
ammonia (NH3) were used as the precursors for Ga, Al, In
and N, respectively. During the growth, the sample
parameters including doping density, alloy fractions, and
layer thicknesses were estimated from the calibrated charts
for the specific growth conditions and materials. The
sample was grown on c-face (0001) sapphire (Al,O3)
substrates. Before initiating the epitaxial growth,
substrates were subjected to a heat process under a
nitrogen environment at 1100 °C in order to clean oxides
on the surface for 10 min. The growth process started with
the growth of a 320 nm thick AIN buffer layer was grown
at 1150 °C. A 1700 nm thick undoped GaN template layer
was grown at 1050 °C. To reduce the penetration of the
electron wave function to the barrier layer and hence alloy
scattering, an approximately 1 nm thick AIN spacer layer
was grown at 1150 °C. Then, an AlGaN barrier layer of 20
nm thick was grown over the spacer layer at 1050 °C. The
AlGaN layer was also doped with Si, doping density 10'®
cm . The growth process was finished with a 3 nm thick
GaN cap layer at 1050 °C. After the growth, these
parameters were measured for each wafer, using standard
characterization techniques such as atomic force
microscope, ellipsometry capacitance-voltage profiling,
and energy dispersive x-ray analysis [24]. The 2D electron
gas was formed at the interface between the undoped GaN
layer and AIN spacer. The layer structure of the sample is
shown in Table 1.

Table 1. Layer structure of the AIGaN/AIN/GaN
heterostructure sample.

Layer Thickness (nm)
GaN (cap layer) 3

AlGaN 20

AIN (spacer layer) 1

GaN (undoped) 1700

AIN (buffer layer) 320

Sapphire (substrate)

The Raman spectra were obtained at room
temperature by using the Bruker Optics FT-Raman Scope
IIT system. As an excitation source, a wavelength of 532
nm (2.33 eV) was applied in the sample growth direction
(c-axis). A 50x objective is used. Extreme care is taken to
avoid sample damage or laser induced heating.
Measurements are performed from 20 to 0.2 mW incident
power. No significant spectral change is observed in this
range.

3. Results and discussions

Fig. 1 shows the room-temperature Raman for
AlGaN/AIN/GaN heterostructures recorded in the grown-

axis backscattering configurations (z(xx)z). In our

sample, GaN crystallizes in a wurtzite structure whose z-
axis is perpendicular to the sapphire substrate plane. The

space group is Cév and the A{(LO) and E, modes are

allowed in this configuration [25]. There is a sharp and
strong peak at 573.5 cm™, known as the non-polar high
frequency E, mode, which implies the strong correlation
between Ga and N atoms on the c-plane [14, 26]. The
polar vibrations A, observed at 738.5 cm™ correspond to a
correlation between Ga and N atoms. Since the light
penetration depth of 532 nm is longer than the thickness of
the coated wafer on the sapphire substrate, the sapphire
origin A, and E, modes were observed at approximately
421 (also at 658 cm™) and 753 cm’, respectively.
Although the contribution to the vibration modes that
implies the correlation between Ga and N atoms is caused
by both GaN cap layer and undoped GaN layer where 2D
electron gas formed, the main source of the peak
intensities may come from undoped GaN layer where
excess free carrier concentration.
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Fig. 1. Raman spectra in AIGaN/AIN/GaN
heterostructure.

The scattering mechanisms that affected to the Raman
spectra intensity play an important role. At high
temperatures polar optical phonon scattering is dominant
in GaN [27]. In this perspective, it has been shown that the
three-dimensional (3D) approach to polar optical-phonon
scattering is justifiable for the 2DEG (Refs [28-30]).
Therefore, 3D approach to Raman scattering line shape
fitting analysis is justifiable for 2D electron gas. A similar
method has been used also for InGaAsN/GaAs single
quantum wells [22].
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In order to simulate the Raman scattering line shapes
for plasmon-related excitations, it is considered the
dielectric function [12, 14-17, 19, 31]:

g(q,a)):gw +47z(;(i +;(e). €))

The first term on the right-hand side of eq. (1) is the
high-frequency dielectric constant which refers to the
contribution of the background,
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is the polar lattice contribution to the susceptibility, and .
is the free-carrier contribution to the susceptibility, o is

the scattering light frequency, I is the phonon anharmonic
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where C is the Faust-Henry coefficient [17, 19, 31].

The Raman scattering intensity is also examined by
Lindhard-Mermin model. In this model, scattering
mechanisms that contributed to the intensity is assumed to
be independent of each other. The deformation potential
associated with the allowed electro-optic (DP+EQ), charge
density fluctuation (CDF), and forbidden Flohlich (IIF)
mechanisms are widely used in these calculations [27]. In
the Lindhard-Mermin model, the Raman scattering
intensity equation is given by [12, 17, 18, 20]:

I(w) < S(w) Im{— (;} 5)
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where function S(w) depends on the scattering
mechanisms [41]. For the deformation potential associated

2

damping constant, o and @, are the frequencies of the
transverse and longitudinal optical phonons, respectively.

According to the Drude model, the y,. term is described by
2
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where y, (=e/uym*) is the collision frequency of the free
charge carriers in which e is the electron charge and m* is
the electron effective mass, a, (=4nN.*/e;m*) is the
plasma frequency in which N, is the 3D carrier
concentration [31]. In the Drude model, the intensity of
Raman scattering under the deformation potential and
electro-optic mechanism is given by
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with the allowed electro-optic (DP+EQO) scattering
mechanism, the function S(w) is given by [14, 17]
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For the charge density fluctuation (CDF) mechanism,
the function S(w) is given by [17]
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The contribution of the allowed electro-optic So, it has been taken as I'=8.2 ¢cm’ for the best

(DP+EOQO) scattering mechanism in GaN is large when
compared to those of the charge density fluctuation (CDF)
mechanism [14]. For the numerical calculation of the
Raman scattering intensity, the phonon frequencies
(@ro=533 e, @,,=735 cm‘l), Faust-Henry coefficient
(C=0.4) and high frequency dielectric constant (£,=5.35)
values of GaN given in Ref. 26 have been used. In the
theoretical calculation, the phonon anharmonic damping
constant (I') has a significant effect on the amplitude and
width of the A;(LO) peak rather than peak position.

amplitude and width peak shape. For the N, and y, (=211
cm’), the room temperature low-field Hall Effect
measurements sheet electron concentration value (N,=
2x10" c¢m™) and room temperature Hall mobility value
(= 1325 cm*/V.s) have been used, respectively [32].



790 Engin Tiras

1.0

o
ey
2

o
D
=

o
ey
S

o
)

Experiment

Effective mass, m* (m,)
=)
>

05 J

Model —

Raman Intensity (arb. units)

0.0 T T T T T T T T T
700 720 740 760 780 800
Raman Shift (cm™)

Fig. 2. Experimental evaluated Raman spectra near

A;(LO) and calculated line shapes of the LO mode. Inset:

A;(LO) frequency dependence of the calculated effective
mass for N,=2x10"" em?,

Both the Lindhard-Mermin model and the Drude
model were used in the calculations and the peak position
of the A;(LO) is found to be same. The calculated results
are shown in Fig. 2. Effective mass of 2D electrons in
AlGaN/AIN/GaN heterostructures is found to be
m*=0.206m, and this value is exactly the same as
determined from the SdH measurements [33]. The A;(LO)
mode observed in AlGaN/AIN/GaN heterostructures is
particularly sensitive to variations in m* which decrease
with increasing A;(LO) mode frequency. The calculated
A(LO) mode frequency versus effective mass at constant
sheet electron concentration is also shown inserted graph
in figure 2. This result demonstrates that a change in
A;(LO) mode frequency has measurable effects on the
effective mass, and hence that the analysis of the Raman
spectra can provide useful information about m* in
AlGaN/AIN/GaN  heterostructures. The determined
electron effective mass agrees with that obtained by other
research groups [12] for AlIGaN/GaN heterostructures with
the same aluminum mole fraction.

5. Conclusions

The electron effective mass in AlGaN/AIN/GaN
heterostructures can be determined by means of optical
technique. The analysis of the LOPC mode Raman line
shape based on the Lindhard-Mermin and Drude models
allow the effective mass to be determined from fits to the
experimental Raman spectra. The results obtained from
Raman spectra are in good agreement with the results of
Shubnikov de Haas effect results. These results constitute
an independent and definite validation of the reliability of
Raman scattering as a tool for contactless effective mass
determinations in semiconductors.
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