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ABSTRACT

Al,Ga;_4N/GaN high-electron-mobility transistor (HEMT) structures are key components in electronic devices operating at gigahertz
or higher frequencies. In order to optimize such HEMT structures, understanding their electronic response at high frequencies and
room temperature is required. Here, we present a study of the room temperature free charge carrier properties of the two-dimensional
electron gas (2DEG) in HEMT structures with varying Al content in the Al,Ga;_,N barrier layers between x = 0.07 and x = 0.42. We
discuss and compare 2DEG sheet density, mobility, effective mass, sheet resistance, and scattering times, which are determined by theo-
retical calculations, contactless Hall effect, capacitance-voltage, Eddy current, and cavity-enhanced terahertz optical Hall effect (THz-
OHE) measurements using a low-field permanent magnet (0.6 T). From our THz-OHE results, we observe that the measured mobility
reduction from x = 0.13 to x = 0.42 is driven by the decrease in 2DEG scattering time, and not the change in effective mass. For
x < 0.42, the 2DEG effective mass is found to be larger than for electrons in bulk GaN, which in turn, contributes to a decrease in the
principally achievable mobility. From our theoretical calculations, we find that values close to 0.3m, can be explained by the combined
effects of conduction band nonparabolicity, polarons, and hybridization of the electron wavefunction through penetration into the
barrier layer.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0163754

I. INTRODUCTION capability and increase maximum oscillation frequencies beyond
Al,Ga,_,N/GaN high-electron-mobility transistors (HEMTs) 250 GHz, a thorough understanding of the two-dimensional
are important components in modern high-power and high- electron gas (2DEG) properties in the channel formed at the

frequency electronics.' In order to enhance their output power AlGaN/GaN interface is required. Since both the HEMT
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constituent materials and 2DEG transport govern device perfor-
mance, it is crucial to study how variations in basic parameters,
such as Al composition x, affect heterostructure growth and the
resulting 2DEG properties. The formation of a 2DEG at wurtzite
Al,Ga;_,N/GaN interfaces is enabled by the spontaneous and pie-
zoelectric polarization, where the latter is determined by strain in
pseudomorphic growth of the Al,Ga; (N barrier layer.””
Electrons accumulate at the interface and form a 2DEG as a conse-
quence of strong polarization and band offsets between GaN and
AlGa;_ N> A key parameter for tuning HEMT characteristics
is the Al content x in the Al,Ga;_,N barrier layer, which heavily
influences the magnitude of the polarization fields, pseudomorphic
growth quality, and 2DEG sheet density.”™"~"*

The most critical property of HEMTs which determines high-
frequency performance is the 2DEG mobility, y. At room tempera-
ture, maximum mobilities have been found near x = 0.17 as a
result of various competing scattering mechanisms.””™'® The
highest reported room temperature values for 4 are between 2200
and 2400 cm?/V s, obtained for AlGaN/GaN-based HEMTs with
smooth and abrupt interfaces.'”™> A typical way to achieve high
mobilities is by incorporating a thin (=~1nm) AIN interlayer
between the barrier and channel layers, which reduces interface
scattering, prevents trapping of hot electrons in the AlGaN or at
surface states, and improves the 2DEG confinement. In fact, we
have recently demonstrated a 2DEG mobility of (2370 + 25) cm?/
Vs in an Al,Ga;_,N/AIN/GaN HEMT with Al content of
x=03"

Both electrical and optical methods have been exploited to
assess the 2DEG parameters in Al,Ga;_,N/GaN heterostructures.
Commonly, 2DEG mobility and sheet carrier density are obtained
from electrical direct-current (DC) Hall effect measurements,
which require the fabrication of electrical contacts. Contactless
methods permit testing of structures without need for full device
processing.”*>” The optical Hall effect (OHE) is a contactless
method for studying 2DEG properties in such semiconductor het-
erostructures. The OHE technique measures the change in polari-
zation of light due to the interaction with free charge carriers
subjected to an external magnetic field at infrared (IR) or tera-
hertz (THz) frequencies by employing spectroscopic ellipsome-
try.”® Upon matching calculated OHE data to measured OHE
data, one can obtain the charge carrier density, mobility, and
effective mass parameters, including their anisotropy in bulk**~**
as well as 2D free charge carrier systems.”"”>”* The significance
of the OHE is that the 2DEG effective mass parameter can be
extracted, which along with density and mobility, allows for
improved understanding of 2DEG transport within the
heterostructures.

Although the fundamental principles of the electron effective
mass in GaN and AlGaN epitaxial layers are well known, additional
factors should be considered for the 2DEG effective mass in
AlGaN/GaN-based HEMT structures. Since the 2DEG is confined
in the GaN channel at the Al,Ga; ,N/GaN interface, the electron
effective mass parameter m" of bulk GaN arguably has the strongest
influence on the 2DEG m’". For bulk-like wurtzite GaN, a slightly
anisotropic room temperature electron effective mass has been
found, with m| = (0.237 + 0.006)m; in the direction perpendicu-
lar to the c¢ axis, and mﬁ = (0.228 + 0.008)m, in the direction
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parallel to the ¢ axis, where m, is the free electron mass.””
However, an isotropically averaged value of m" = 0.22m, has been
commonly adopted for n-type GaN.”® Since penetration of the elec-
tron wavefunction into the barrier is expected, the electron effective
mass in bulk Al,Ga;_,N should be considered as well. The m’
parameter of bulk-like Al,Ga;_,N thin films has been studied at
room temperature and can be linearly interpolated between
Mg = 0.232my and m)y, = 0.364m.”” Regarding m’ values
determined for 2DEGs, various studies exist which report effective
masses different from m" = 0.22m, for bulk GaN. A previous
investigation of 2DEG confinement effects in AIGaN/GaN hetero-
structures by electrical Hall effect and Shubnikov-de Haas (SdH)
effect measurements found that a dominant influence on m" was
penetration of the electron wavefunction from the GaN channel
into the AlGaN barrier.”” This hybridized effective mass contribu-
tion was claimed to be even stronger than the effect of band non-
parabolicity,”” which otherwise often governs effective mass
enhancement in 2DEGs."****” An additional increase of the 2DEG
effective mass due to the polaron effect is expected.””*" A further,
although smaller, 2DEG effective mass increase could be expected
at high magnetic fields due to field-induced nonparabolicity."
Prior THz-OHE and THz time-domain spectroscopy (THz-TDS)
investigations on Al,Ga; ,N/GaN HEMT structures have found m’
parameters at room temperature being larger than the bulk value
for GaN.>">>*>** It is worth noting that the electron effective mass
obtained from cyclotron resonances or SdH oscillations requires
high mobilities and consequently is often limited to low tempera-
tures. In many previous reports, low temperature 2DEG m’ values
were found smaller than the value for bulk GaN at room
temperature.'*”*"***=*" Other works reported values close to the
bulk value for GaN.'®*=>°

Knowledge of m" in addition to 2DEG mobility gives access to
the Drude scattering time 7. This parameter separation is important
in determining the mechanisms involved in mobility reduction, i.e.,
shorter scattering times or enhanced effective masses. Despite exist-
ing earlier investigations of the 2DEG at Al,Ga;_,N/GaN inter-
faces, a systematic study for the dependence of m" and 7 as a
function of Al content in the Al,Ga;_4N barriers is still lacking.
Similarly, considerations at room temperature are rare, despite the
fact that typical HEMTs operate at room or elevated temperatures.
These two aspects render the present work distinct from investiga-
tions that only employ electrical Hall effect or low-temperature
methods, such as cyclotron resonance and SdH effect.

In this work, we present a room temperature investigation of
the 2DEG properties in Al,Ga;_yN/GaN HEMT structures with
varying Al content, x, between x = 0.07 and x = 0.42 in the
barrier. Terahertz optical Hall effect (THz-OHE) measurements
and analysis were performed to determine the sheet electron
density Nj, scattering time 7, and m" parameters using the classi-
cal quasi-free electron (Drude) model approximation, as well as
the optical mobility x4 using the linear carrier-momentum-
relaxation approximation model as a function of x. We compare
our findings to results from electrical and contactless measure-
ments and discuss within the context of existing data. The distinc-
tion between m" and 7 enables a more comprehensive evaluation
of 2DEG mobility limitations than could be gained by other
methods.
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Il. THEORY
A. Optical Hall effect

The procedure for analyzing OHE data consists of fitting
appropriate optical model parameters until a match is achieved
between experimental and calculated data. Our model calculations
use a 4 x 4 transfer matrix formalism within which every sample
constituent is described by a characteristic algebraic element.’’
Every element is constructed from its dielectric function tensor
properties and its geometrical thickness parameter. Therefore, the
OHE model also requires parameters for thickness of substrate, epi-
taxial layers, and cavity as well as the anisotropic dielectric function
parameters of all sample constituents. Then, the effect of the free
charge carriers is augmented by adding the magnetooptic Drude
contributions to the tensor of the thin layer which represents
the 2D channel within the sample model structure. The contribu-
tion of free charge carriers subjected to an external magnetic field
B = (b, by, b;) to the dielectric function tensor can then be con-
structed within the laboratory Cartesian frame x-y-z. For the case
when B is aligned parallel/antiparallel to the z direction, i.e.,
B = (0,0, + b,), this contribution can be written as>

Exx iy 0
MOy = | — i€y &€x 0 . (1)
0 0 &,

Assuming for simplicity an isotropic electron effective mass
m" and mobility g, the symmetric tensor elements &,, and &,, and
antisymmetric element &,, become

) o+ iy,
ExxW) = —0WO, ———5 7, 2
» (@) Yol + irp)* — o?] @

1
_ 2
£(0) = —w, 2@t i)’ 3)
ex}/(w) = - : @ (4)

W 5>
Pol(+ ir,) — 2]

with the plasma frequency wf’ = (Ne?)/(gpm"), the cyclotron
frequency . = (gB)/(m"), and the plasma broadening
Yp = (e)/ (um"). Here, N is the volume free charge carrier density, &9
is the vacuum permittivity, e is the elementary charge, and g = —e is
the electron charge. Note, the broadening parameter y, can be
replaced with the scattering time 7 = 1/y,,.

For the situation of an ultra-thin free charge carrier channel,
e.g., for the 2DEG formed at the interface of the AlGaN barrier
layer, the thickness parameter d cannot be obtained from the same
OHE model analysis. This is associated with the so-called ultra-thin
film limit when the probing wavelength is much larger than the
thickness of a given layer’ as in the case for THz frequencies with
millimeter wavelengths compared to few nanometer channel exten-
sion in this work. In this limit, the thickness parameter d and the
dielectric function £ of a given layer are infinitely correlated and
cannot be differentiated, while their product de can be accurately
determined from best-match model calculations of ellipsometry
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data. Therefore, one can introduce the free charge carrier sheet
density, Ny = Nd, which can then be accurately determined from
best-match model calculations when matching OHE measurements.
In practice, this is performed by setting the optical model layer
thickness of the 2D channel to 1 nm. As a result, model parameter
N in Eq. (1) then appears as N; in units of cm™ when units of @
and ¥p are cm™!, and q, My, €, B are computed in conventional SI
units. Thereby, the results of an OHE experiment performed on 2D
free charge carrier channels are parameters N, u, and m’. We note
that this procedure for transforming bulk 3D properties into prop-
erties corresponding to a 2DEG (3D approximation) is based on
assumptions of the validity of the classical Drude model. In this
context, we adopt the long wavelength limit in the Lindhard®*>
dielectric function as a description of the 2DEG response and
therefore ignore the Fermi wave vector dependence of the plasma
frequency. Likewise, a classical treatment of spatial dispersion in
the isotropic free carrier plasma due to carrier—carrier interaction
(carrier gas “pressure”) leads to a wave vector dependence of the
dielectric function. We argue here that we consider the 2DEG
density as a non-interacting carrier gas and therefore also ignore
spatial dispersion in the classical isotropic plasma.” It is further
noted that due to the polar nature of GaN and the relatively large
energy of optical phonons with respect to subband energy separa-
tion, our 3D approximation is a valid approach to describe 2DEG
parameters at high temperatures.'® However, an extension of our
model to account for the wave-vector dependence of the dielectric
function derived from the Lindhard formula for the 2D case is of
general interest and should be further explored.

Since the magnetic field induced terms in Eq. (1) are directly
proportional in sign and magnitude to vector B, it is preferable to
perform OHE measurements at strong magnetic fields which are
obtained using superconducting magnets. However, such instru-
ments are expensive and measurements require long preparation
times. Alternatively, cavity-enhanced methods make use of interfer-
ence enhancement effects of the magnetic field induced birefrin-
gence.”"””*® Fabry-Pérot resonances enhance the signatures caused
by the magnetooptic effects, and thereby enhance sensitivity to the
cyclotron frequency parameter. This enhancement permits to
reduce the magnetic field and implement simpler measurement
setups. In such configurations, cost efficient permanent magnets
can be placed in close proximity to the sample. The field direction
can be reversed by replacing the magnet with opposite face toward
the sample and repeating the OHE measurement. This mode of
cavity-enhanced OHE measurement is performed in this work. It is
demonstrated that simple, cheap permanent magnets lead to suc-
cessful detection of the OHE at THz frequencies and at room
temperature.

B. Hall effect at lower frequencies

Regarding measurements of the Hall effect phenomenon at
frequencies below the THz range, both electrical and quasi-optical
techniques can be utilized. To probe a material’s electrical response
at ® = 0, steady-state DC electrical Hall effect measurements can
be performed. For measurements in the lower-gigahertz range, a
method referred to as contactless Hall effect can be employed.”
This nondestructive, quasi-optical technique was used in our
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investigations to extract information about the 2DEG parameters,
which complements the THz-OHE results. The analysis of such
Hall effect measurements obtained at lower frequencies is usually
dealt with in terms of the conductivity tensor o(®), which is non-
divergent at zero frequency. Using £ = I + (i5)/(gow), the permit-
tivity tensor form can be rewritten as the complex-valued,
frequency-dependent optical conductivity tensor.”® In the absence
of an external magnetic field and at zero frequency, the contribu-
tion from free charge carriers to the optical conductivity is ren-
dered 6™¢(w = 0) = euN. Therefore, knowledge of the conductivity
at lower frequencies also provides access to N and u. However, sep-
aration of the parameters N, u, and m" (or p, O, and yp) remains
unattainable when techniques such as traditional electrical Hall
effect are employed.

C. Poisson-Schroédinger solution and electron effective
mass parameter

Band bending and charge distribution of all layer structures
were modeled using a numerical Poisson-Schrédinger (P-S) solver
by Snider.”*" The Al,Ga; ,N/GaN interface is modeled by a
gradual compositional change over 2 nm, according to experimen-
tal results from high-resolution transmission electron microscopy
in combination with energy dispersive x-ray spectroscopy as shown
in Fig. 2. The calculated electron density profile N is used to
compute a hybridized electron effective mass according to””

—1
m;yb _ < ;fbum'er + fchannel) , (5)

-
MaLGa, N  ™MGaN

where fparmier and fonanne are the fractions of the total electron
volume density located in the Al,Ga;_ N barrier and relevant
portion of the channel region, respectively,  with
fhurrier +ﬁ:hzmnel =1

Additionally, we consider effective electron mass parameter
enhancement effects due to conduction-band nonparabolicity by

. ) 16,38

using Ando’s formula,

*

mnonpambol -

Ey

- ~ 1+ M’ (6)
m EgG, gan
where Eg, gan = 3.42 €V is the bandgap energy, and E, and Ep are,
respectively, the energy of the ground state in the triangular
quantum well at the interface, and the Fermi level with respect to
the conduction band minimum (potential minimum) which
depend on the considered structure.

Furthermore, we consider effective mass parameter enhance-
ment due to the polaron effect,”

*

m o
poltjron ~1 _’_E +0.0250 ~ 1.086, @)

with Frohlich coupling constant & = 0.48 for GaN.® In contrast to
the models for hybridization and nonparabolicity, the polaron
effect enhancement ratio is calculated purely as a bulk effect in
GaN, and therefore is unchanged as a function of Al content in the
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barrier. For all models, simulations are performed using the iso-
tropically averaged values of m" for bulk-like Al,Ga;_,N given in
Ref. 29, i.e,, the linear interpolation between m*GaN = 0.232m, and
My = 0.364m,. Further model calculation details and imple-
mented parameters are described in the supplementary material.

lll. SAMPLES AND METHODS

The AlGaN/GaN HEMT structures were grown epitaxially by
hot-wall metal-organic chemical vapor deposition (MOCVD) on
semi-insulating 4H-SiC (0001).”> A schematic is shown in the inset
in Fig. 1. After a 65nm thick AIN nucleation layer, about 1um
relaxed GaN was grown, followed by an approximately 30 nm thick
pseudomorphic Al,Ga,_,N barrier layer. The Al content x was
varied between 0.07 and 0.42 by changing the relative amount of
trimethylaluminum precursor in the metalorganic precursors gas
phase ratio. Nine samples were grown in total (x = 0.07, 0.11, 0.13,
0.15, 0.18, 0.21, 0.26, 0.30, 0.42). We note that these Al,Ga;_,N/
GaN heterostructures were intentionally grown without an AIN
interlayer in order to evaluate the direct effect of Al content in the
barrier layer on the 2DEG properties.

The crystalline quality of the epitaxial layers as well as the Al
content and strain state in the barrier layers were evaluated by high
resolution x-ray diffraction (HR-XRD) measurements using a triple
axis configuration on a PANalytical Empyrean diffractometer.
Reciprocal space maps (RSMs) were recorded around the GaN

6.35 T T T T T :
B AN
/ - ) -
6.25 /‘j‘/ﬁ// .
= -/ sic
% AlGaN ’ /
S 615} ¢ [AloGoosl |
/ 2DEG
/ GaN
/ AIN
Z/
6.05 & SiC i
GaN
212 ' 213 ' 2:4 ' 2.5
QA7)

FIG. 1. Reciprocal space map (logarithmic intensity scaling) around the 1015
lattice point for the sample with the Aly4,Gap ssN barrier layer, showing pseudo-
morphic growth of AlGaN on GaN. The solid and dashed gray lines represent
the positions expected for pseudomorphic and fully relaxed AlyGai 4N with
varying x, respectively. The inset displays a schematic of the HEMT structure.
All structures are c-plane oriented and metal-polar.
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1015 reciprocal lattice point, using the diffractometer in the
two-axis mode and the detector in the scanning line mode. In this
case, no analyzer was placed in front of the detector. The extracted
lattice constants of the Al,Ga;_,N were used to determine the Al
content by assuming validity of Vegard’s rule for the composition
dependence of the lattice constants and the elastic stiffness
constants.”"*

Spectroscopic ellipsometry (SE) measurements were per-
formed for all samples using a J. A. Woollam RC2-XI ellipsometer
in the spectral range of 0.7-5.9 eV at angles of incidence 40°, 50°,
60°, and 70°. Both the thickness parameters of the Al,Ga; N
layers and the lowest band-to-band transition energies (bandgap
energy) were determined from the best-match model analysis.
Assuming Vegard’s rule for the composition dependence of the
bandgap energy, x values for the barrier layers were also obtained.

The surface morphology and the root-mean-square (RMS)
roughness of the samples were investigated by atomic force micros-
copy (AFM) using a Veeco Dimension 3100 scanning probe micro-
scope in tapping mode.

The interface quality was investigated by high-angle annular
dark-field (HAADF) scanning transmission electron microscopy
(STEM) together with energy dispersive X-ray spectroscopy (EDX).
The investigation employed the Linkoping University double cor-
rected FEI Titan® 60-300 operated at 300kV with the built-in
Super-X EDX system. EDX quantifications were made using the
built-in software.

THz-OHE measurements were performed at room tempera-
ture using a permanent magnet with a field of +0.6T at the
sample surface. We employed our in-house-built ellipsometer
instrument®® to acquire the upper-left 3 x 3 block of the 4 x 4
Mueller matrix from 720 to 950 GHz in increments of 1.5 GHz. All
Mueller matrix data have been normalized by the total reflection at
each frequency (Mj,). For all acquired THz-OHE data, the angle of
incidence was 45°, and the sample-to-magnet air gap was fixed to
approximately 100 um using adhesive spacers. Measurements were
carried out for both directions of the magnetic field, parallel and
anti-parallel to the sample surface. All THz-OHE data were
acquired and analyzed using WVASE (J.A. Woollam Co., Inc.). For
further details of OHE data acquisition and analyses, we refer to
our previous works,*'*%*1577

Contactless Hall effect measurements at 10 GHz radiation
(Semilab/Lehighton LEI 1610) were carried out to independently
obtain mobility and sheet carrier density.””***

Hg-probe capacitance-voltage (C-V) measurements (Agilent
4284A) and contactless Eddy current measurements (Eichhorn +
Hausmann MX 604) were carried out to independently obtain
charge carrier densities N and sheet resistance R;, respectively.

Further details on the AFM, SE, XRD-RSM, THz-OHE, and
C-V characterizations are found in the supplementary material.

IV. EXPERIMENTAL RESULTS
A. Structural properties

Results from AFM investigations are shown in the supplemen-
tal material together with the values for x and layer thicknesses
obtained by XRD and SE. For all samples with 0.07 < x < 0.42, we
observe high epitaxial layer quality without cracks and with RMS
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surface roughness between 0.2 and 0.4 nm over sampling areas of
5x5um?. The smooth surface of the thin AlGaN barrier layer is
indicative for a high quality of the Al,Ga;_,N/GaN interface.

Figure 1 shows the 1015 lattice point RSM for the HEMT
structure with the highest Al content revealing fully pseudomorphic
growth. From evaluating the broadening of rocking curves for mul-
tiple Bragg reflections, ™" typical dislocation densities are esti-
mated to be below 7x107 cm~2 for screw- and below 6x 108 cm—2
for edge-type dislocations. The expected critical thickness value for
pseudomorphic growth at x = 0.42 is around or below 15 nm. For
our 30 nm thick Al,Ga;_,N layers, the critical thickness should be
exceeded already at x about 0.2-0.3.>"> We suggest that the reason
why we obtained crack-free Al,Ga;_,N layers on GaN is a compo-
sitional grading across the GaN/Al,Ga;_.N interface as revealed by
TEM (Fig. 2).

Figure 2 depicts representative results from EDX and
HAADF-STEM investigations across the Al,Ga;_,N/GaN interface
of the sample with x = 0.15. The intensity variations of both the
relative Al-to-Ga signal as well as the integrated image intensity
reveal a sharp transition between the GaN and AlGaN layers,
which is observed to occur within approximately 2 nm.

B. 2DEG properties: THz-OHE, contactless Hall effect,
C-V, and Eddy current results

Figure 3 shows selected THz-OHE data presented as differ-
ences between measurements at positive and negative magnetic
field directions (AMj = Ma’ — M;). The Mueller matrix data
reflect the magnetic field and spectral dependencies of the anisot-
ropy in the dielectric tensor, as described in Eqs. (2)-(4).
Specifically, the off diagonal elements in Eq. (4) are proportional to
the cyclotron frequency and provide most sensitivity to this

Alg15GagesN

Relative Al intensity (EDX, a.u.)
Image intensity (HAADF, a.u.)

-30 -20 -10 0 10
Distance from interface (nm)

FIG. 2. EDX Al/Ga signal (white line) and HAADF-STEM integrated intensity
profile (orange line) as a function of distance from the Al,Ga;_,N/GaN interface
for the HEMT structure with x = 0.15. The HAADF-STEM image is shown in
the background with the intensity variations directly coupled to the local value of
x. The Al,Gas_xN/GaN interface thickness is graded linearly within approxi-
mately 2 nm.
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f(GHz)
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FIG. 3. THz-OHE experimental (open circles) and best-model (solid lines)
difference-spectra for the AlyGa;_,N/GaN HEMT structures with varying Al com-
position, x. Difference-data AM;; are calculated by subtracting Mueller matrix ele-
ments measured with positive (M“Jr ) and negative (M;") magnetic field directions
for each HEMT sample in the set. Only AM,; is shown here. Individual lines are
vertically offset by 0.03 for clarity. The upper-right diagram illustrates the princi-
ple of cavity-enhanced THz-OHE, in which the incident THz radiation reflects off
of the sample surface, sample backside interface, and the permanent magnet
surface to ultimately interfere in the outgoing beam, thereby enhancing the
signal-to-noise ratios.

parameter. Note that the Mueller matrix element differences
between positive and negative fields equal zero in the case of no
free charge carriers. When the permanent magnet’s field is applied,
the 2DEG becomes magnetooptically birefringent due to the
Lorentz force induced by B. Therefore, the
AM,3, AMy3, AM3;, AM3, elements are most representative of the
OHE and are highlighted here. See also the supplementary mate-
rial. The features observed in the Mueller matrix difference spectra
are caused by differences between left and right circularly polarized
light propagation due to magnetooptic anisotropy of the 2DEG.
The differences are enhanced by substrate and sample-magnet
cavity Fabry-Pérot interference resonances and thus enhance the
OHE signal.””*® In this experimental configuration, the OHE dif-
ference spectra are highly sensitive to the HEMT structure’s 2DEG
properties. This enables the extraction of the desired parameters
using the line shape analysis procedure described above. All
THz-OHE data for each sample are analyzed simultaneously to
produce the best-model data (solid lines: Fig. 3). The resulting
parameter values for N; (Fig. 4), m" (Fig. 6), and u (Fig. 7) are dis-
cussed further below. Due to limited sensitivity to the 2DEG
response perpendicular to the sample surface plane, the
out-of-plane m" and y parameters were coupled to the in-plane
values during our OHE model analysis. Therefore, these values of
m’, i, and 7 should be regarded as isotropically averaged.

As seen in Fig. 3 and also in the supplementary material for
all other Mueller matrix element difference spectra, the OHE
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FIG. 4. Sheet density Ns obtained by THz-OHE (open and closed blue
symbols), contactless Hall effect (red open circles), C-V profiling (golden closed
symbols), and Poisson-Schrddinger (P-S) computations from this work (purple
open circles). Lines with no symbols are according to the formulas derived in
Ref. 5 (black solid) and Ref. 4 (black dashed). Results from both the primary
(dashed lines, open circles) and secondary (solid lines, closed diamonds)
THz-OHE model analysis are shown for comparison. The primary analysis
allows all 2DEG parameters N, 1, and m* to be freely fit, whereas the second-
ary analysis fixes m* to the theoretical calculations (Fig. 6:
hyb. + polaron + nonparabol.). Results from the primary THz-OHE analysis
are replicated in the inset for better comparison.

features become more pronounced with increasing Al content x
because of changes in 2DEG parameters. For smaller x values, i.e.,
0.07, the THz-OHE spectra are close to zero due to lower 2DEG
densities. In this case, parameters Nj, m’, and 4 are highly corre-
lated. To provide a helpful comparison, a second model analysis of
the THz-OHE data was performed by adopting theoretically esti-
mated values of m" as discussed in more detail below. The results
for the 2DEG properties determined by both these model
approaches are presented in Figs. 4, 5, 7, and 8.

Figure 4 summarizes the sheet electron density N, obtained
from THz-OHE, C-V, contactless Hall effect, P-S simulations, and
the analytical approximations by Ambacher et al*> The 2DEG
density depends almost linearly on the Al composition x. We find
good agreement between the values obtained from the different
experimental and theoretical methods. For small x, results from
THz-OHE agree better with theoretical expectations and C-V pro-
filing than do values from the contactless Hall measurements.
THz-OHE values deviate more for the highest Al composition
x = 0.42, and depend on whether the effective mass was varied or
fixed. For the contactless Hall effect measurements, results are
shown only for samples with x < 0.3 due to detection limits of the
instrumentation.
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FIG. 5. Sheet resistance Rs obtained from THz-OHE and Eddy current mea-
surements. For the THz-OHE results, values were calculated using
Rs = (euNs)™". As in Fig. 4, results from the primary (open circles) and sec-
ondary (solid diamonds) THz-OHE analyses are shown for comparison.

T T T T
GaN+polaron s
GaN+nonparabol. e -
0.40 |- hybridized (hyb.) === -
hyb.+polaron+nonparabol. = = « ]
THz-OHE --0-- |
0.36 | —
5032
S
5
0.28 |-
0.24 |-
0.20 |- —
1 1 1 1 k|

0.1 0.2 0.3 0.4
Al content (x)

FIG. 6. Isotropically averaged 2DEG effective mass parameter m* experimen-
tally determined by THz-OHE along with theoretical simluations. Simulations are
based on the m* values for bulk-lke n-type Al,Gaj_4N given in Ref. 29.
Effective electron mass enhancement by hybridization [Eq. (5)], nonparabolicity
[Eq. (6)], polaron effect [Eq. (7)], and all effects combined are shown according
to the legend. Note that mass enhancement for the polaron effect is constant as
a function of Al content x, whereas the enhancement due to hybridization and
nonparabolicity are defined as x-dependent. Error bars for the THz-OHE results
correspond to the 90% confidence interval as calculated by WVASE.

ARTICLE pubs.aip.org/aip/jap

2000 F
1800 F
1600 }
1400 F
1200 ¢
1000 F
800
600 F
400
200¢F

—_

1 (cm?Vs

—O— Contactless Hall effect

—e— THz-OHE(fixed m*)
--0-- THz-OHE

0.1 02 0.3 04
Al content (x)

FIG. 7. Isotropically averaged 2DEG mobility x obtained by THz-OHE and con-
tactless Hall effect measurements. As in Figs. 4 and 5, blue circles are results
from THz-OHE modeling with free Ns, 12 and m*, and blue diamonds the same
except with m* values fixed to theoretically calculated values (Fig. 6:
hyb. + polaron + nonparabol.).

Figure 5 shows sheet resistance R, as measured where applica-
ble or computed from Ny and u via Ry = (euN;)™'. A similar trend
is observed for both THz-OHE and contactless Eddy current
results with increasing Al content. This is primarily due to the
large variation of N, which is directly proportional to the DC con-
ductivity. An offset of about 200Q/0] is noted for the Eddy
current results. Results from the primary and secondary THz-OHE
analyses produce nearly identical values of R;.

Shown in Fig. 6 are results for the 2DEG effective mass as a
function of Al fraction determined by THz-OHE experiments
and by theoretical simulations (hybridization, nonparabolicity,
polaron effect, and all effects combined). The calculation for all
combined enhancement effects is implemented by multiplying the
resulting hybridized effective mass [Eq. (5)] by the enhancement
ratios for nonparabolicity [Eq. (6)] and the polaron effect [Eq. (7)].
All  simulations for effective mass enhancement are
performed using the m" values provided in Ref. 29 for electrons in
Al,Ga;_xN, which are calculated by linear interpolation between
Mgy = 0.232my and m); = 0.364 my. Although slight anisotropy
may be expected for m’, all theoretical and experimental results in
Fig. 6 are presented as an isotropic average. According to our theo-
retical calculations for hybridization [Eq. (5)], no significant
increase of m" with Al content is expected due to penetration of
the electron wavefunction into the barrier layer. However, effective
mass enhancement predicted from conduction band nonparabolic-
ity shows a much larger variation of m" with x [Eq. (6)]. For the
polaron effect, no change in m" is calculated as defined by the
model in [Eq. (7)], but rather a constant increase of 8.6% relative to
Mg, Most of the experimentally obtained THz-OHE m" values
are near 0.3 mg, demonstrating a noticeable enhancement even
beyond the various predicted values given in Fig. 6. The only excep-
tion is the data point for x = 0.42, which is closest to the GaN
bulk value mg,y.
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FIG. 8. Isotropically averaged electron scattering time = obtained by THz-OHE
(r= yp‘1 = um* /e). Symbols and color codes are the same as in Figs. 4, 5,
and 7.

Figure 7 summarizes the electron mobility parameters
obtained from THz-OHE and contactless Hall effect measurements.
Results from THz-OHE are shown for the model approaches with
either free or fixed effective mass parameters. The resulting 2DEG
mobilities show a maximum near 15%-20% Al content. Mobility
values from the contactless Hall measurements mimic the trend
found from THz-OHE. However, the absolute values differ from
those obtained by THz-OHE. Attempts to compute mobility by
combining the C-V and Eddy current measurements proved
unsuccessful due to large data uncertainties.

Figure 8 shows the scattering time 7 which is directly obtained
from the Drude model’s plasma broadening parameter after best-
match calculation to the THz-OHE data. We observe that 7 shows
a similar tendency with x as does u. This observation highlights a
central result of this work: the decrease in 2DEG mobility with
increasing Al content is mostly driven by the reduced scattering
times, while the effective mass remains mostly unchanged within
the uncertainty limits (except for x = 0.42).

V. DISCUSSION
A. 2DEG effective mass parameter

Our results on the enhancement of the effective mass at RT
using the models described in Egs. (5)-(7) are different from those
previously reported at LT for similar AlGaN/GaN heterostruc-
tures.>”*>% Using SdH effect measurements at <10 K, Kurakin
et al. found that the main effect of the 2DEG confinement on m"
was penetration of the wavefunction into the barrier layer and the
subsequent hybridization between the GaN and Al,Ga;_.N effec-
tive mass.”” For a penetration in the barrier of about 10%, as
occurs in our structures, an increase of the effective mass parameter
by ~15% should be expected according to Kurakin et al. However,
for our HEMT structures at room temperature we find the calcu-
lated effect of hybridization rather small (<2%). The low-
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temperature experiments reported in Refs. 39 and 47 demonstrated
that conduction band nonparabolicity was the dominant mecha-
nism for m" enhancement on the investigated AlGaN/GaN HEMT
structures using SAH effect and cyclotron resonance. Our theoreti-
cal calculations at room temperature show a similar result, in which
conduction band nonparabolicity is responsible for the largest
increase of m" with x of 17%. For a similar Al-content/2DEG sheet
density range, Ref. 39 estimates an enhancement due to nonparabo-
licity of ~10% at low temperatures. We note that magnetic field
dependent nonparabolicity was not included in our simulations.
However for the THz-OHE experiments, the low magnetic fields
(0.6 T) should not induce a significant change in n".*”"

Comparing all experimental THz-OHE results for m" with x
to our theoretical estimations (Fig. 6) demonstrates that all mecha-
nisms of effective mass enhancement should be considered simulta-
neously in order to explain the larger m" values: hybridization,
nonparabolicity, and the polaron effect. Still, the experimental
results are slightly larger than all combined effects, and appear
rather flat overall, with the exception of the largest Al-content
sample, the values remain around 0.3m,. Although the point x =
0.42 is an outlier, its error bars are the smallest in the series, which
is caused by the larger THz-OHE signal. A future study of higher
Al content HEMT structures would be needed to confirm a down-
ward m’" trend toward higher x values. Partial relaxation of the
barrier layer through Al content change as well as a partially popu-
lated second subband may also play a role in explaining the lower
m’ for this higher Al content sample. However we note that in our
THz-OHE analysis, no indication was found for the existence of a
secondary charge carrier species within the 2DEGs.

Although the physical mechanism is not fully understood, pre-
vious THz-OHE™ and THz-TDS (via 2D plasmon resonance)
studies have measured a strong temperature dependence of the
2DEG effective mass in similar AlIGaN/GaN heterostructures. Both
studies found an effective mass close to mg,y at low temperatures
(m" = 0.22my), but at room temperature determined larger values
of m" = 0.36my. This is in line with the larger room temperature
2DEG effective masses reported in this work of = 0.3m,. Even
though values of 0.3m, can be explained using the enhancement
mechanisms here (hybridization, nonparabolicity, polaron effect),
the investigations in Refs. 33 and 42 show that further work must
be done before this strong temperature-dependent enhancement of
m" is understood. These comparisons demonstrate that HEMT
structure temperature is important to consider in view of the 2DEG
effective mass.

B. 2DEG mobility parameter

Regarding our experimentally determined 2DEG mobilities,
results from both THz-OHE and contactless Hall effect measure-
ments are relatively low due to the absence of an ~1 nm AIN inter-
layer between the AlGaN barrier and GaN buffer layers, which is
commonly incorporated to reduce interface scattering. In a previ-
ous work, we have demonstrated a contactless Hall effect mobility
of (2370 + 25) cm?/V's for an AlGaN/AIN/GaN HEMT structure
at room temperature.”” As mentioned above, the HEMT structures
studied in this work were intentionally grown without a thin AIN
interlayer. Although the experimental errors become larger with
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decreasing Al content, it can be discerned that both the THz-OHE
and contactless Hall effect mobilities reach a maximum near
x ~ 0.17. This is consistent with many previous studies on similar
AlGaN/GaN-based HEMT structures.””>'>">7*

A notable feature of our experimental mobilities is that the
results from THz-OHE and contactless Hall effect differ in their
absolute values. Near an Al content of x ~ 0.2, mobility values
from THz-OHE are approximately 400 cm?/V s lower than for the
contactless Hall effect. Both of these measurement techniques
assume that the 2DEG response can be described by the classical
Drude model. In the simple Drude transport picture, mobilities
extracted by THz-OHE and contactless Hall effect should be identi-
cal. Since our results demonstrate that this is not the case, we
suggest one possible implication may be that more complex trans-
port mechanisms are at work. Therefore, we emphasize the impor-
tance of using multiple characterization methods, since we observe
such a difference between THz-OHE and contactless Hall effect
mobilities.

C. 2DEG scattering time and effective mass separation

Since the Drude mobility parameter can be written as
u=t/(em"), it is beneficial to view the scattering time 7 and effec-
tive mass m’ separately, in order to better understand the factors
involved in 2DEG mobility reduction. For example, we can examine
the results for x = 0.13 and x = 0.42, which correspond to the
highest, (1477 4+ 86)cm?/V's, and lowest, (832 4 14)cm?/V's,
mobilities from the primary THz-OHE analysis, respectively. This
distinction between 7 and m" determines which of the two is mostly
responsible for limiting the mobility for the HEMT structure with
x = 0.42, relative to x = 0.13. For the 2DEG scattering time
(Fig. 8), a reduction of 7 by 59% is seen from x = 0.13 to x = 0.42,
which contributes to a mobility reduction of 59% due to their
directly proportional relationship. For the 2DEG effective mass
(Fig. 6), a decrease of m" by 28% is seen, which contributes to a
mobility increase of 39% due to their inverse relationship.
Therefore, over the Al content range of x = 0.13 to x = 0.42 we
conclude that the limitation of our THz-OHE mobilities is from the
decrease in 2DEG scattering time, whereas the decrease in effective
mass actually contributes to increasing 1.

To the best of our knowledge, there exist no previous reports
of both the 2DEG scattering time and effective mass obtained at
room temperature for AlGaN/GaN-based HEMT  structures.
However, our room temperature THz-OHE results are quite similar
to a previously reported Drude scattering time 7, deduced from
magnetoresistance and SdH effect measurements at low tempera-
tures.'® For this 2DEG within a modulated doped Alg2sGag 75N/
GaN heterostructure, 7o = 0.26 ps was given by Ref. 16, which is
comparable to 7= 0.22ps found for our HEMT structure with
x = 0.26.

VI. CONCLUSION

In summary, we have studied a series of Al,Ga;_,N/GaN het-
erostructures with Al composition of the barrier x varying between
0.07 and 0.42 in order to assess their 2DEG parameters. The
THz-OHE measurements and analysis yield room temperature
values for 2DEG sheet density, effective mass, and mobility
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parameters, which also allows to evaluate the Drude scattering
time. We find the 2DEG sheet densities increase with x according
to theoretical expectations, mobility mostly decreasing for large x,
and the effective mass generally increased with respect to free elec-
trons in bulk GaN. According to our theoretical calculations, the
larger experimentally determined electron effective masses at room
temperature can be explained by the combined effects of the elec-
tron wavefunction penetration into the barrier, conduction band
nonparabolicity, and polaron enhancement. From the scattering
time and effective mass separation provided by the THz-OHE
results, we find that the decreasing 2DEG mobility from x = 0.13
to x = 0.42 is driven by a decrease in scattering time. This investi-
gation highlights the importance of characterizing such HEMT
structures near the frequencies and temperatures at which they will
operate in modern electronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional results and data
regarding the AFM, SE, XRD-RSM, THz-OHE, and C-V character-
izations, as well as the Poisson-Schrodinger simulations.
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