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Magnetotransport investigation of conducting channels and spin splitting in high-density
AlGaN/AIN/GaN two-dimensional electron gas
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Magnetotransport properties of a high-density AIGaN/AIN/GaN two-dimensional electron gas are reported. A
quantitative model of amplitude and phase modulation of Shubnikov-de Haas oscillations was developed. This
analysis allows the extraction of the spin splitting energy even if nodes and double peaks in the Fourier spectrum
are not clearly observed. In this way the presence of two conducting channels was clearly identified. A spin

splitting of 1.2 meV was found.
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I. INTRODUCTION

Two-dimensional electron gases (2DEGs) in GaN-based
heterostructures are interesting systems for both technological
applications, such as high-frequency and high-power HEMTs
(high electron mobility transistors),' andfundamental research.
In these heterostructures the presence of the high electric
field produced by spontaneous and piezoelectric polarization?
not only induces a large-density 2DEG without doping,’
but it is also expected to enhance the spin-orbit interaction
through the Rashba-Bychkov mechanism.* These 2DEGs have
allowed experiments on ballistic transport,® the integral and
fractional quantum Hall effect,® and spin-orbit interaction
(SOI).” Concerning this latter property, a large spin splitting in
the conduction band at zero magnetic field would be interesting
for spintronics applications.

Theoretical and experimental studies have not yet resulted
in a clear picture of the spin-orbit interaction strength in
these systems. In the wurtzite structure which is the crystal
lattice of the system investigated in this work the SOI strength
is governed by several factors: the Rashba and Dresselhaus
effects,® the wurtzite structural inversion asymmetry (WSIA),’
and the coupling between Ac; and Acs conduction bands.'”
Models that include these contributions predict a spin-splitting
increase upon increasing carrier density.’-!%!!

From the experimental point of view, conflicting results
have been found: Spin splitting energy values from O up to
13 meV have been reported (see Ref. 11 and references therein,
and Refs. 12 and 13). The limiting values (13 meV in Ref. 11
and 0 in Ref. 13) were reported for samples which had similar
and large carrier densities.

Spin-orbit splitting was investigated by different exper-
imental techniques. Circular photogalvanic'*!'> and weak
antilocalization'?!31-18 effects have been employed, but
magnetoresistance measurements have been the most used
method. Athigh magnetic fields, spin-splitting effects manifest
themselves as beatings in the Shubnikov-de Haas (SdH)
oscillations.®!""1°2* However, beatings can also originate
from mechanisms that are different from spin splitting. In

1098-0121/2011/83(15)/155318(6)

155318-1

PACS number(s): 72.20.My, 71.70.Ej, 73.40.Kp

particular, it is necessary to exclude the occupation of two
subbands in the 2DEG, the presence of parallel parasitic
channels, or of carrier density inhomogeneities.'® Finally, also
magnetointersubband scattering (MIS) between two subbands
can lead to a beatinglike pattern in the SdH curve.”” In
principle, the investigation of SdH oscillations as a function of
temperature,”’?? the analysis of the phase, and a comparison
with magnetotransport data taken at low magnetic fields'!
should establish the origin of the beatings.

In the present work we have investigated magnetotransport
at low and high magnetic fields in several devices made
out of An Al,Ga;_,N/AIN/GaN heterostructure containing
a 2DEG of high density and high mobility. We found that
the usual analysis of the SdH oscillations in terms of Fourier
transforms was not able to provide conclusive evidence for
the presence of spin-orbit splitting. While one of the devices
exhibited a clear beating, giving rise to a split peak in the
Fourier transform, three more devices, although built from
the same heterostructure, did not show reliable signatures. It
will be shown, however, that a detailed analysis of the Dingle
plot could provide convincing evidence for the presence in
all measured devices of two conducting channels, originating
from the SOI. A spin-splitting energy equal to 1.2 meV has
been determined. A preliminary account of the measurements
was reported in Ref. 26.

II. EXPERIMENTAL METHODS

The Al,Ga;_,N/AIN/GaN 2DEG was grown by metalor-
ganic chemical-vapor-deposition (CVD) on a SiC substrate.
The layer sequence consists of an 80-nm-thick AIN nucleation
layer followed by a 1.8-um-thick GaN buffer, a 2-nm-thick
AIN exclusion layer, and finally a 23-nm-thick Aly,3Gag77N
layer. The heterostructure was passivated by depositing a
50-nm-thick Si3Ny layer using plasma-enhanced CVD.

Hall bars for the study of 2DEG transport prop-
erties were defined by optical lithography. Four Hall
bars, different in size and in geometry, were in-
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vestigated: Device 1 is a standard 100x200 pm?
Hall bar; device 2 is a 10x20 wm? Hall bar partially covered
by split-gate electrodes (less than 5% on the surface), whose
geometry was designed for the study of transport in quantum
point contacts;?® device 3 is a 100x200 um? Hall bar
completely covered by a gate electrode; and device 4 is a
100x200 wm? Hall bar with a 1-um-wide transverse gate.

Ohmic contacts were obtained through Ti/Al/Ni/Au deposi-
tion, followed by rapid thermal annealing at 850°C. Electrical
isolation was achieved via ion implantation.

Magnetotransport properties were measured by low-
frequency (17 Hz) lock-in techniques in the presence of a
perpendicular magnetic field whose maximum intensity was
12 T. Measurements were performed in the 0.25-300 K
temperature range. At T=0.25 K the 2DEG carrier density
and mobility, as measured by the classical Hall effect, were
in the 1.01-1.05 x 10'7 m~2 range and 2.1-2.3 m?/Vs range,
respectively.

III. RESULTS AND ANALYSIS

Preliminary insights into the characteristics of the conduct-
ing channels were obtained by the analysis of the longitudinal
and transverse conductivity in the low magnetic-field regime
(0-5 T range for our devices). We have used the reduced
conductivity tensor (RCT) formalism, a method useful to
ascertain the presence of multiple conducting channels with
different mobilities.?” A typical result is shown in Fig. 1, where
we report the longitudinal (X) and transverse (¥) conductance,
normalized to the zero-field value, as a function of magnetic
field. The behavior is compatible with the presence of a
single conducting channel or two channels with very close
mobility values. Fits of the X and Y components obtained in the
hypothesis of a single conducting channel, with the mobility
Wy as the only fitting parameter, are shown as continuous
lines in the figure. The obtained value for pp is 2.2 m?/Vs,
in excellent agreement with the value obtained by the Hall
measurement at fixed magnetic field on this bar. Concerning
the hypothesis of two conducting channels, we notice that fits
of similar quality to those shown in Fig. 1 were obtained,
provided that the channels had similar conductivity and their
mobilities differed by less than 10%. Therefore, these data are

FIG. 1. X (squares) and Y (circles) components of the reduced
conductivity tensor as a function of magnetic field for device 1 and
least-square fits of data (continuous lines) obtained in the hypothesis
of only one conducting channel in the sample. Measurements were
performed at T=0.25 K.
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FIG. 2. Longitudinal resistivity as a function of magnetic field
and FFT for devices 1 (upper panels) and device 2 (lower panels),
respectively (a background was subtracted from resistivity data). Data
were acquired at 7= 0.25 K.

compatible with the presence of two parallel channels but put
severe limitations on their n and & values.

Next, we have analyzed the SdH oscillations as a function
of magnetic field, present in the longitudinal resistivity o,
in the 3-12 T range. In Fig. 2 two representative SdH curves
taken on two different Hall bars (devices 1 and 2, respectively)
are shown along with the fast Fourier transforms (FFTs)
of their derivatives. Concerning the FFT spectra, a single,
slightly asymmetric peak at frequency f equal to 220 T is
found in device 1. The corresponding carrier density, given
by n=gef/h and by assuming spin degeneracy (g, =2), is
n=1.07x10"7 m~2, in excellent agreement with the value
determined by the Hall measurement at fixed magnetic field.
In device 2 a clear beating is found in the SdH curve, which
manifests itself as a split peak in the FFT spectrum, with
components at 215.8 and 220.6 T. SdH curves and FFT spectra
similar to those of device 1 were found for devices 3 and 4.

We notice that the minimum difference in frequency
between two harmonic components that can be resolved in
the FFT spectrum is determined by several contributions: the
natural width of the peak, the width of the window function,
and the frequency step, which depends on the measurement
conditions. The frequency step is given by

: }_1 (1)
Bmin Bmax .

step(f) = [

In our case B,y is equal to 12 T. By, is set by the onset of
the SdH oscillations and it is equal to 3 T in our 2DEG. The
resulting frequency step is 4.5 T. The splitting found in device
2 is very close to the limit posed by the measuring frequency
step.

The main difference between device 2 and the other devices
is in the Hall bar area, the former being almost two order of
magnitude smaller than the latter. It is reasonable to argue,
therefore, that the oscillation frequency of the larger devices
had a broader distribution due to the average on a larger
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FIG. 3. (Color online) (a) Dingle plots and (b) residual phases as
a function of the inverse of magnetic field of the four investigated
devices.

area, resulting in wider FFT components that could not be
resolved.

In summary, the analyses of magnetotransport data we
have reported thus far are compatible with the existence of
two parallel channels with similar conducting characteristics
but do not prove unambiguously their presence. We have,
therefore, proceeded to a more subtle scrutiny based on the
so-called Dingle plot,?® which is very sensitive to the presence
of multiple conducting channels.

We remind that a Dingle plot of the resistance oscilla-
tions is obtained by reporting ln(%) vs 1/B, where
AR,./Ry isthe normalized damping of the resistance os-
cillations and D7 is the thermal damping factor Dy =
n2K T /hw.)/ sinhQr?K T /hw,). In the case of a single
conducting channel, a linear Dingle plot is expected:

AR,, am* 1

NS o
4D7(B)R, et, B

where 1, is the quantum lifetime, and a Lorentzian density
of states for each Landau level is assumed. Any deviation
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from the linear behavior signals the presence of more than one
conducting layer or “anomalies” in the conducting channels.?

Figure 3(a) shows the Dingle plots of all the investigated
devices. All the curves exhibit a nonlinear dependence on
1/B and a slope variation at ~ (.22 T-!, which becomes a
pronounced dip in the case of device 2. The different line
shape of device 2 reflects the presence of the beating node in
the SdH curve.

The nonlinear behavior of the Dingle plots bears conclusive
evidence for the presence of multiple conducting paths.

To gain further information we have also analyzed in detail
the phase of the SdH oscillations. Figure 3(b) shows the
residual phase ¢ as a function of the inverse magnetic field
for all the investigated bars. The residual phase was calculated
in two ways. In the first procedure, ¢y was obtained from the
abscissa of the oscillations” maxima (B ™" )max = Xmax through
the relation 27 foxmax+®o = 2N, where N is an integer. fj
was determined from a least-square fit and is close to the FFT
peak frequency of the investigated device, as expected.?® In the
second procedure, the phase was calculated from the analytic
representation of the signal.*® The values obtained using the
two procedures were identical.

The main characteristics of the phase behavior as a function
of 1/B are the jumps concomitant with the variation of slope in
the Dingle plots. Also, with regard to phase behavior, device
2 exhibits a sharper feature than the other devices. The jump
in the residual phase requires the presence of two frequency
components in the SAdH oscillations pattern: Indeed, in the
case of a single conducting channel (thus a single-frequency
component) the phase should be constant and equal to wrad.

To verify quantitatively the two-channel hypothesis, we
have extended the model of Eq. (2) by introducing a second
component. The two frequency components, labeled f; and f>,
correspond to two conducting channels with carrier densities
ny and n, and with a Lorentzian density of states for Landau
levels. The oscillating part Rggy of the longitudinal resistance
as a function of magnetic field is®!

Rsan

5 X 01 exp (—rm(lq)B) cos (27 fi/B+ ) + o,
T

X exp (—n/p,(zq)B) cos (27 fo/By + 1), (3)
(@)

where 7’5 is the quantum mobility given byetl(?z) /m*, 012 =

eu(&n 1,2 s the conductivity, and M(,t)z is the transport mobility.
The envelope AR, /Dy of this expression can be written
in terms of fo=(f1 + f2)/2 and Af = f; — f>, obtaining

ARxx
o & \/012 exp (—Zn/u(lq)B) + 03 exp (—2n/u(2q)B) + 20105 exp (—n/u(lq)B - n/,u(zq)B) cos (2w Af/B). 4)
T
Taking the logarithm of this expression and sorting the terms yields
2
ARy, 1 1= Af/2fo u 2 2
In :const—%—f-—ln 1+ M% exp —%—i—%
Dy Mlq B 2 1+ Af/2f0 M[q qu B /qu B
1= Af[2fo ul?
2<M%> exp (—@L)—i-%) cos2r Af/B) |, 5)
L+ Af /2o i w"B - wB
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which will be labeled the LL model in the following and where
all the terms not depending on B are included in the “const.”

In this equation and in the following we assume
/,L(lt)//,L(lq) :u(zt)/u(zq). The fit of Eq. (5) to the data, using
quantum mobilities u%, the frequency difference Af, and the
constant “const” as fitting parameters, is reported in Fig. 4(a)
(LL model, dashed line) for device 1.

Fits of similar quality were obtained for the other devices.
We see that the model reproduces correctly the change of slope
in the Dingle plot, but slightly departs from the data, mainly at
high magnetic field. We checked that this discrepancy cannot
be attributed to the condition s //L(lq) =uf /,u(zq). Attempts
to fit the data without this constraint did not change the fits
significantly.

AR, 2 1
In—— =const— ———+-In| 1 +
DT Zﬂ(lq)nBz 2

Lo (LA /20 s B N
T Ar/of @ | &P @’ p2
+Af/2f W 2us"" B

which will be labeled the GL model. The fit obtained using
Eq. (7) is shown in Fig. 4(a).

Finally, we mention that the effect of an inhomogeneous
spatial distribution of carrier density on the resistance oscil-
lation damping was also estimated. To this end, a Gaussian
carrier density distribution (DD), whose central density was
no (corresponding to a frequency fp) and standard deviation
of én (8f), was introduced in the two-channel model with a

In(AR_/4R Dr)
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FIG. 4. (a) Dingle plot (squares) and data fits (lines) for device 1
obtained using the models discussed in the text. (b) Residual phase
of the SdH oscillations (squares); lines are the phase calculated with
the LL + DD (dashed-dot) and GL (continuous) models. The vertical
line marks the change in the slope of the Dingle plot and in the phase.
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The quality of the fits was substantially increased by
introducing a Gaussian line shape, with width independent
of magnetic field, for the state density of the Landau levels.?
The resulting resistance oscillation damping is characterized
by a quadratic dependence on B! and the absence of a linear

term,
AR,, 2 1\?
In -7 (=) 6)
4D7(B)Ry 2pu@” \ B

To include the Gaussian line shape in the model with two
conducting channels, we have proceeded as in Eq. (5) and
found

Af )21 12\ 72 2
@) TP\ T T 2 @7 p2
Hy, B ny B

2 2

T
Zuﬁ")282> cos 2n Af/B) |, 7

Lorentzian line shape for the Landau-level state density. The
effect on the magnetoresistance of such a density distribution
is described mathematically by a convolution, as shown by
Syed et al.,’* and its presence is included in the Dingle plot
formula by adding the term —272(8f)?/B? to Eq. (5). In the
model (labeled the LL 4+ DD model) §f is an additional fitting
parameter. As reported in Fig. 4(a), the fitting curve obtained
with this model overlaps that of the GL model.

As for the phase behavior shown in Fig. 4(b), a two-
conducting channel model also accounts for its variation. It
was found that the phase increases or decreases as a function
of 1/B according to the respective magnitude of the channel
mobilities. A decrease at high 1/B values requires that the
channel with the higher carrier density have the smaller
mobility, and vice versa. For device 1 this condition is satisfied
only by the n, u values obtained for the GL model.

The fits of the GL model to the other device data have
resulted in very similar values for the fitting parameters. We
report in Table I the frequency and mobility values, averaged
on all the measured devices, as representing the properties of
the 2DEG investigated. The standard deviation of the values
was assumed as the uncertainty. The lifetimes were calculated
from the mobility values. The ratio u® /@, assumed to be
the same for the two conducting channels, was evaluated from
the classical Hall-effect formula

2 2
. Ay + fud
A+ Hud

We notice that this relation is independent of the spin
degeneracy.

®)

IV. DISCUSSION

Inspecting Table I, we see that the two channels have
frequency and mobility differing only slightly. It is not
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TABLE I. Average frequency, quantum and transport mobilities, and lifetimes of the two conducting channels obtained from the fit of the
GL model for the four devices. The ratio u® /@ is assumed to be the same in the two channels. The standard deviation is assumed as the

uncertainty.

F() p (m*/Vs) n® (m*/Vs) 74 (PS) 7, (ps)
Channel 1 220.8£3.0 0.29+£0.03 2.17+£0.16 0.36£0.04 2.72+£0.20
Channel 2 218.4+32 0.30£0.02 2.23+£0.08 0.38£0.02 2.79+£0.10

wO /D =74 404

surprising, therefore, that they were not “detected” by the first
two data analyses shown in Figs. 1 and 2.

The presence of two conducting channels with almost equal
oscillation frequency, i.e., with almost equal charge density
(n| &~ ny), necessarily implies a lifting of the spin degeneracy,
since nj + ny &~ 2n must be equal to the total carrier density
npy obtained from the classical Hall effect. Indeed, assuming
spin degeneracy the total carrier density would be twice the
experimental ny. We can, therefore, rule out two of the
hypotheses mentioned in the Introduction as the source of
the two-channel characteristics we are discussing, namely, the
occupation of two subbands and the presence of a parasitic
channel parallel to the 2DEG.

Regarding the possibility of fluctuations of geometrical
parameters (e.g., well thickness) giving rise to the presence
of two macroscopic regions having different carrier densities,
we believe it is highly unlikely in our case. First of all, the
fluctuations should be such as to produce identical regions in
four devices differing in size, gate presence, and geometries.
Furthermore, we notice that a diffuse inhomogeneity in the
heterostructure may give rise to a carrier density distribution.
In this case we expect a bend in the Dingle plot, without
beatings>3.

It has also been suggested that MIS between two subbands
can result in a beatinglike pattern in the SdH curve.>> We have
checked this hypothesis by trying to fit the data with the MIS
formulas,”>* but we did not obtain any physically meaningful
values for the parameters. In particular, the best fit parameters
obtained did not reproduce the RCT curves shown in Fig. 1.

In conclusion, the two conducting channels in the het-
erostructure are identified as spin-split subbands. To evaluate
the spin-splitting energy AE, we have exploited the relation-
ship between AFE and the charge density difference An in the
low-temperature limit:

_ 2mh?

m*

AE

An, ©)]

where m* = 0.22m, is the effective mass in GaN. From AE itis
possible to estimate the Rashba coefficient « = AE/2kp—the
common figure of merit for the SOI through the Rashba-
Bychkov mechanism. We obtain AE=1.2+0.1 meV and
a=0.76 £0.06x 1072 eV m, respectively.

As for the small difference of mobility found for the
two channels, an asymmetry in the spin-flip relaxation®* can
explain it. We note that different mobilities in the two spin-split
channels were also revealed in SdH oscillations measurements
where a modulation without nodes was observed.®

Finally, we discuss the Gaussian line-shape model, which
well describes the Dingle plot of our devices. The Gaussian
line shape describes the density of states of Landau levels
when the correlation length A of the disorder scattering
potential is smaller than the de Broglie length.*> To check
this condition, we have calculated the correlation length in our
sample assuming that the dominant scattering mechanism is
due to roughness scattering, as in Ref. 36. In this hypothesis
the ratio 7, /7, = 1@ /u® depends only on A and, through
kr, on the carrier density,

7, o cos @—CXP(_ZE SWAIPTC)
Bt (10)
Tt fo pPL—q d@

7
8‘1

with © being the scattering angle, g = 2kr sin(®/2), ¢, =
14 ¢gs/q is the dielectric function in the Thomas-Fermi
approximation, and ¢, = m*e?2mwe,oh>.

In order to reproduce the average value of u@/u in
Table I with this formula, it is necessary that A = 5.4 nm. The
de Broglie length for electrons in a magnetic field (circular
orbit) is given by Agg = lm/Nz/z,32 where I,, and N, are the
magnetic length and the Landau index. For our sample we get
Agg = 15 nm, thus the condition for the validity of the Gaussian
line shape is well fulfilled.

V. CONCLUSIONS

We have investigated the magnetotransport properties of
several devices built from a AlIGaN/AIN/GaN heterostructure
containing a high-density 2DEG. We observed SdH oscilla-
tions with anomalous amplitude damping. A detailed analysis
of damping and phase of the oscillations indicates the presence
of two conducting channels whose density of states is well
described by a Gaussian function. The analysis provides strong
evidence in favor of spin-orbit splitting as the origin of the
two channels. We have determined a zero-magnetic-field spin
splitting of 1.2 meV.
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