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Abstract

Magnetoresistance (MR) of 2D hole gas (2DHG) samples fabricated from GaN/AlxGa;xN/GaN (x
=0.2~0.25) double heterostructures has been investigated to reveal subband electronic parameters
and low field spin splitting properties. In sample with high sheet hole density (ps < 1.3x10'? /cm?)
2DHG occupies two subbands, while in samples with low ps (< 0.3x10'* /cm?) only one subband is
occupied. In both samples, the low-field spin-orbit coupling constant & of 2DHG were obtained
independently from the weak anti-localization (WAL) data and the FFT analysis of MR oscillations.
The results yield a constant & ~ 0.53 - 6.1 x10™'2 eVm and a spin splitting 4E = 20y ~ 0.6 - 6.0
meV. These results strongly depend on the hole mass value, but appear to be of the same order as the

results for 2D electron gas (2DEG) in similar material systems and structures.
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Alongside silicon carbide (SiC), gallium nitride (GaN) is expected to be a next-generation power
semiconductor material [e.g. 1-3]. This material has a high electron mobility, which makes it suitable
for high-frequency applications requiring fast switching. In addition, the power losses generated
during switching are small, resulting in low heat generation. On the other hand, for applications
requiring high voltages and currents, SiC is currently the material of choice, as GaN devices are
considerably more expensive. For this reason, SiC is mainly used in high-voltage applications, while
GaN is expected to be used mainly in high-frequency applications.

In lateral GaN devices, current is conducted usually by a dense two-dimensional electron gas
(2DEG) formed at the AlGaN/GaN interface mainly due to the piezoelectric effect. Indeed, 2DEG
samples with sheet electron density, ny >> 1x10"3 /cm? and mobility, u >> ~10* cm?Vsec have been
reported [e.g. 4], and their device applications have been extensively studied over the past 30 years.
In this paper, however, we rather focus on the fundamental side, that is, subband transport physics
including (low-field) spin properties of the 2DEGs, which has been carried out in parallel to the
extensive application studies. For example, low-temperature magnetoresistance (MR) measurements
have shown that 2DEGs with ng > 7x10'2 /cm? occupy up to the first excited (second) subband [5].
Further refined MR measurements and analysis of weakly anti-localized (WAL) signals and beat
vibration in Shubnikov de Haas (SdH) oscillations have revealed various low-field spin splitting
properties that are important for future spintronic applications [e.g. 4, 6 and references therein]. Indeed,
values of 0.6 - 7.85 x 1012 eVm for the spin-orbit coupling constant & and 0.22 - 12.75 meV for the
low-field spin splitting AE = 2aks have been reported (kris the Fermi wave vector, (2zny)"’?); Note that
a includes both amy. and a (beat), estimated respectively from WAL and beating measurements. We
now briefly comment on the approximately one order of magnitude difference among as in the tables
in references 4 and 6, in terms of sub-band occupancy and difference in analysis methods. As
mentioned above, when ns is larger than the reference value (~7x10'2 /cm?), the ground and first
excitation subbands are often occupied. In such cases (wWhere n; is relatively large), a (beat) is likely
to be overestimated due to magnetic inter-subband scattering (MIS) [7]. Furthermore, WAL is
generally known to give smaller spin splitting than that estimated by the beat method (even in narrow-

gap semiconductor heterojunctions), although the reason for this is not yet clear.

On the other hand, research on two-dimensional hole gases (2DHGs) has rather progressed in the
last two decades in terms of crystal growth and device fabrication. Indeed, GaN/AlGaN single
heterostructures, p-channel heterostructures [8-13] and GaN/AlGaN/GaN double heterostructures
(2DHG-2DEG coexistence systems) have been grown and studied. And based on these technologies,
various 2DHG based p-channel FETs [14-19] and so-called polarized junction (PJ) FETs [20, 21] have
been proposed, fabricated and studied. In recent years, the high-frequency and high-power

performance of these devices has been significantly improved [22-25].



However, the fundamental transport (subband) physics of 2DHGs is still largely unresolved. Indeed,
other than the work by S. J. Bader et al [26], there are few reports on subband and spin-related transport
in GaN 2DHGs at low magnetic fields. This is probably due to the fact that, despite recent
improvements in the quality of GaN/AlGaN 2DHGs (increased density and mobility) [24, 25], the
relevant transport techniques are not sufficiently advanced for detailed fundamental studies. One of
the difficulties in this type of technology is incomplete ohmic contact [27] to 2DHG. In addition, the
effective mass values of 2DHG are not yet well known experimentally. However, for holes in wurtzite-
type GaN, the masses of heavy and light holes at the band edge have been estimated by photoelectron
spectroscopy studies [28] and the masses of heavy and light holes in the singular 2D plane have been
discussed by phonon studies and calculations [26].

In this paper, low-temperature MR measurements of two 2DHG samples (5 mm square van der
Pauw type with high and low sheet hole densities, pss, sample P and H, respectively) fabricated in
GaN/AlGa;xN/GaN (x = 0.2~0.25) double heterostructure were performed. Electrodes were
fabricated with NiAu, which can only contact to 2DHG. Two types of resistance measurements, low-
field WAL and high-field MR, were performed and the signals were analyzed precisely. As a result,
the electronic subband structure and the low-field spin state of 2DHG could be estimated: Two and
one subband were found to be occupied in sample P with high ps < 1.3x10'3/cm?and in sample H with
low ps < 0.32x10'3/cm?, respectively. Typical spin-orbit coupling constant & and low-field spin
splitting AE were found to be about 0.53 - 6.1 x107'2 eVm and ~0.6 - 6.0 meV, respectively. Again, a
includes both awar and a(beat). These results were discussed by comparing the values obtained for
2DEGs in the same GaN/AlGaN/GaN double heterostructure and narrow gap system
(Ing.75Gao25As/Ing.75Alp25As). For the measurement and analysis of WAL and MR data, we referred to
a number of experiences [29-32] in low-quality, high contact resistance, multi-subband occupied
heterojunction samples. Details on sample preparation/measurement and hole effective masses are

given in the Supplementary Material.

In Fig. 1, we show the two-terminal (2t) and four-terminal (4t) WAL signals for sample H with a
low ns in the upper and lower panels, respectively. Perhaps due to the high contact resistances of the
electrodes at low temperatures, the 2t and 4t WAL signals have a poor signal-to-noise (S/N) ratio and
hence the WAL features were sometimes screened by the noise as seen in the figure. However, the
WAL signal of the quality shown here was reproducibly confirmed for both 2t and 4t conductance,
and the field B,.in (green dashed eye-guides), where the conductance difference o(B) - o(0) takes a
minimum value, was almost identical for the two signals. Therefore, Byi» was estimated to be ~ + 40
mT. The measurement of sample P with a high ny was even easy due to the higher background
conductance (low resistance) and By, was almost the same as above. In the final stage, similar WAL

signals with minima at By, ~ £ 40 mT were also identified in eight different samples and in samples



experiencing thermal histories between low temperature and room temperature. Furthermore, we have
already successfully observed such WAL with similar noise levels in semiconductor samples of
different semiconductor materials (narrow gap) [31].

The usual approach to estimating o for samples in the diffusive regime is to fit the WAL signal with
a curve based on the so-called ILP theory [33]. Here, however, a simpler approximation involving this
minimal field is adopted, as the accuracy of the curve fitting may be compromised due to the
insufficient S/N ratio of the signal. From theory, the value of the spin-orbit coupling constant, @ .
~ \/m /m* [34], in the WAL case can be derived by substituting Byin: at Buin ~ 40 mT,
assuming a heavy hole mass of 1.2 (0.4) mo , apyy is 0.53 (1.6) x 1072 eVm and 4E = 2ayus, ks is
found to be 0.5 - 0.6 (1.4 - 1.8) meV.

Figure 2(a) shows the raw MR data of sample P up to 15 Tesla. Red and blue traces are the up-
sweep and down-sweep signals, respectively and they are slightly offset with each other. At first glance
it appears that both signals are only gradually monotonically increasing by ~ 2% at magnetic field B
=0-15 T. However, careful observation of the signals reveals very small oscillations that are similarly
reproduced in the up- and down-sweep traces. Figure 2(b) shows the differential (dR.) / dB of the
overall MR data for sample H as a function of B~/ (T!) in order to examine the signal in detail. Again,
it can be seen that the red and blue traces correspond to up- and down-sweeps and are reproduced
almost overlapping in the main field range (0.1 - 0.7 T, i.e. ~1.4 - 10 T).

This result suggests that these signals may be significant signals rather than noise, and that analysis
from a quantum mechanical point of view (Landau subbands) should be attempted. Indeed, in another
experiment (not shown), where the direction of the magnetic field B was tilted from the surface normal
of the sample, the main features of the oscillations were found to vary with the cosine law, supporting
the two-dimensional nature of the signal. To obtain further evidence that the signal was a 2DHG SdH
vibration, a careful Fast Fourier Transform (FFT) analysis was performed on the SdH data including
the derivatives. ns values were then obtained from the FFT spectrum and compared with the Hall

measurement results (see Supplement).

The upper and lower panels of Figure 3 show the FFT results of the first derivative dR.. / dB of the
MR data obtained for samples P and H, respectively. For a simple and direct understanding of the
spectra, we start the analysis and discussion with the lower panel corresponding to the simpler case,
sample H. Sample H has a small ps, so the 2DHG is expected to occupy only the one (ground) subband;
if we consider the major peak (indicating a split) in B. < 100 T corresponds to an occupied subband,
the pss corresponding to the two split peaks (indicated by the green dashed eye guide) are 0.1 and 0.15
x 103 /em? from the equation (/i) Bepear for the non-degenerate case. Summing these, the total p of

the subband is estimated to be (2e/h) Bepear ~ 0.25 x 10'3 /ecm?. The position of Bepeat ~ 52 T



corresponding to the sum (average) of the two split peaks is indicated by the green triangle on the far
left. This ps value has an error of about 20% with the Hall measurement result of 0.32 x 10'* /cm? The
higher B. rrr peaks (similarly indicated by the solid green triangle but without splitting) are probably
harmonics of the main peak on the far left.

However, in the upper panel of sample P, there are two large peaks at B. < 150 T, each with a peak
separation (blue dashed guides). These two large peaks can be interpreted without problems if we
assume that the heavy holes (or heavy and light holes) occupy the ground and first excited subbands
(respectively) of sample P. Analyzing each peak in the same way as for sample H above, assuming
that the two subbands are occupied, the sample P also gives a ps value of (0.18+0.22) (low major peak)
+ (0.27+0.33) (high major peak) ~ 1.0x10'* /cm?. This value is also about 20% lower than the Hall
measurement (1.3x10'3 /em?); the B. > 150 T peak is likewise considered to be part of the harmonics
of the two major peaks: some peaks and harmonics are indicated by solid and open blue triangles
(corresponding to the lower major and upper major peaks, respectively), but their origin is not entirely
clear due to the complexity of the FFT results.

Thus, the estimated ps values of the main peaks in the FFT data analysis of samples H and P were
found to be ~20% smaller than the Hall measurements. The reason for this discrepancy is probably the
three-dimensional (3D) Hall conduction. Excluding this effect and taking into account the general
error of the Hall measurements (~10%), the ps results of the MR and Hall measurements are considered
to be in good agreement. This result strongly suggests that the small oscillations observed in MR (Ry)
are due to SdH oscillations reflecting the interfacial 2D electronic structure of 2DHG. As is well known,
in a normal 2D carrier system, the sheet carrier density is proportional to the energy subband level
(difference) by the formula Ey - E; =nh’py/m*, where E;is the bottom level of the i-th 2D subband.
Using the above equation to estimate the energy difference between the two 2D subbands of sample P,
we obtain Ey- E; =~7.9 (~24) and ~12 (~36) meV for the shallow (ps ~ 0.4 X 10'3 /cm?) and deep (0.6
X 10" /em?) subbands, respectively. The heavy hole mass m* assumed here is 1.2 (0.4) mo. See
Supplementary Material for a detailed discussion on hole masses.

In order to determine the normalized wavefunction and E; of the relevant hole subbands, so-called
self-consistent calculations might be useful. However, such calculations are not performed here. One
reason is that the computational model for highly piezoresistive GaN heterojunctions is not established
yet and there are many unknown parameters. Another is that, although subjective manipulation of
parameters can yield plausible results that mimic the sample, there is no guarantee that the results
reflect the sample quantitatively. Instead, from the peak separation of the major peaks, the key
information o and AE = 2ok, evaluated earlier in the WAL analysis, can be estimated in a different
way. The peak separation gives the beating parameter, (Ai/A(B~1)) (T) and ais estimated via the

eh
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equation, a(beat) = ( ) (Ai/A(B™1)) [35]. The values of a obtained for samples P and H by



this method were a (beat) ~ 2.0 - 2.1 (6.0 - 6.2) x 1072 ¢Vm assuming m*pu/mo = 1.2 (0.4).

The electronic subband structures and spin-related parameters of 2DHGs in GaN/AlGaN/GaN
heterostructures estimated in this paper are summarized in Table 1. For comparison, 2DEG results
obtained in narrow-gap Ing.75Gag.25As/Ing.75Alo.25As [36] and in GaN/AlGaN/GaN heterojunctions are
also given. The effective masses used in the calculations are from the literature [37, 26, 28]. The
GaN/AlGaN/GaN 2DEG van der Pauw sample (sample E) is a rectangular cut from a wafer with the
same layer structure as sample P(H), with Ti/Al/Ni/Au alloy as ohmic contact to the 2DEG.

The first important result is that the ps values obtained from the SdH analysis are approximately
equal to those obtained from the Hall measurements with an error of about 20%, as described above.
The second result of note is that for the spin properties at low fields, the spin-orbit coupling constant
o and the spin splitting AE were estimated from both MR WAL and beat FFT analyses. For the former,
amar ~ 0.53 (1.6) x 10"'2 eVm was obtained for both the samples P and H assuming m*yy/mp = 1.2
(0.4). On the other hand, a(beat) is found to be ~ 2.0 (6.1) x 1072 eVm, which is about four times
larger than awsz. The spin splitting corresponding to awaz and a(beat) is AE ~ 0.6 - 2.2 (~2.0 - 6.0)
meV for the 2DHG samples. These values are close to or on the same order of magnitude as the 2DEG
values estimated for sample E and reported in various previous GaN/AlGaN 2DEG papers [4, 6].

Ultimately, in terms of the magnitude of the spin splitting, the 2DHG of the GaN/AlGaN
heterojunction system is almost similar to the properties obtained from a 2DEG with the same material
structure. By studying the gate voltage dependence of the WAL signal, it will be possible to conclude
which Rashba effect in the bulk [38] or at the interface [39, 40] is responsible for this splitting. Indeed,
in the case of 2DEGs in GaN/AlGaN heterojunctions [41], the WAL signal is very robust to gate

voltage, i.e. ns change, leading to the conclusion that the bulk Rashba effect is appropriate.

The magnetoresistance of 2DHG samples fabricated from GaN/AlGaN/GaN double
heterostructures has been investigated, revealing their subband structure and low-field spin splitting
properties. In the high-ps (< 1.3x10'3 /cm?) sample P, the 2DHG occupies two subbands (base and first
excitation) in the form of heavy and light holes or both heavy holes, whereas in the low-ps (< 0.32x10'?
/em?) sample H, heavy hole one subband occupation seems to be found. In both samples, reproducible
WAL signals and small MR oscillations with splitting of the main peak in their FFT spectra were
observed. From these analyses, ps values from Hall and MR analysis were in good agreement.
Moreover, by assuming m*un/mo = 1.2 (0.4), the spin-orbit coupling constant & ~ 0.53 - 2.0 (1.6 - 6.1)
x 10712 eVm and the spin splitting 4E = 2aky~ 0.6 - 2.2 (2.0 - 6.0) meV were evaluated. These were
found to be similar to those of GaN/AlGaN 2DEGs. This low-field spin splitting probably originates
from the Rashba effect due to the bulk crystal or interface piezoelectric field. In spin device
applications, sensitivity to gate voltage is more important than the absolute values of o and 4E. To

elucidate the origin of spin splitting and to develop GaN/AlGaN 2DHG spin devices, samples with



gate electrodes should be studied in the near future.

Supplementary Material
We give a short explanation with two figures about sample preparation and measurement. About

hole masses of GaN also, a brief discussion is given with tables of possible mass values.
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Fig. 1 Typical WAL signal for sample H with relatively high (electrode) contact resistance at low
temperature: the upper and lower traces correspond to the two-terminal conductance o2 and four-
terminal conductance o4, respectively. The black and green dashed lines indicate the position of the
zero field (B = 0) and the minimum o field (Bwins), respectively. For cross-checking the minimum
characteristics in positive and negative symmetrical magnetic fields, the two traces were measured
and recorded simultaneously. As shown in the figure, the typical characteristics of the WAL signal are
reproduced, although the signal-to-noise (S/N) ratio is not relatively high. Almost similar WAL signals

could easily be observed in sample P due to its lower (contact) resistance than in sample H.
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Fig. 2 (a) Four-terminal longitudinal resistance Ry of sample P. There is a slight shift (hysteresis)
between the signals of the upward (red) and downward (blue) sweeps of the magnetic field. (b) dR.. /
dB signal of sample H. Due to the difference operation on the original R.. we can clearly confirm the
fact that dR. / dBs are reproduced between the upward and downward field sweeps, especially in the
main field range of B! =~0.1 - 0.7 T i.e. B=~1.4 - 10 T, which in turn guarantees the reproduced
behavior of Ry, itself against field sweep directions. These results strongly suggest that the very small
oscillations superimposed on the R, background originate from magnetic quantum phenomena, i.e.

Landau quantization of the 2DHG subband.
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Fig. 3 FFT results of the signal dR,. / dBs obtained for sample P (top) and sample H (bottom). In the
upper figure, there are two large peaks at low fields below 150 T (indicated by the solid and open
triangles), both of which may correspond to the two subbands occupied by the 2DHG. There is also a
peak split in each of them (probably due to spin separation), the position of which is indicated by the
blue dashed lines. The peaks located at higher fields than them (shown by similarly solid or open blue
triangles) are considered to be part of the second and third harmonics, which have no clear peak
splitting. The bottom panel shows the results for sample H, which shows almost the same behavior as
sample P (top panel), but with a simpler spectrum with only one subband occupied by the 2DHGs due
to the smaller ps. In other words, the spectrum consists of a main peak (B. ~50 T, green solid triangle)
with a split peak (green dashed line) and several associated harmonics (also green triangle). Thus, by
estimating the origin of the main peaks and analyzing them in detail, information on the sheet hole

density and spin splitting of each subband occupied by 2DHG can be obtained.
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Table 1 Summary of detailed subband electronic parameters and low-field spin properties of

GaN/AlGaN/GaN double heterojunction 2DHGs estimated in this study.

ns/ps (x10'3/cm?) (Hall) ~ 0.064 0.7 0.32

{ns/ps (x10'%/cm?) {1.0 {0.25~

(FFT)} ~ (0.18+0.22) (0.10+0.15)}
+ (0.27+0.33)}

1 (cm?/Vsec) (Hall) 44,000 1,000 12 7

m*/my 0.04 0.22 1.2 (0.4) 1.2 (0.4)

B in (mT) 5 2 40 40

@war (x10"2eVm) 5.1 0.63 0.53 (1.6) 0.53 (1.6)

AER= 20y 4, kr(meV) 2.0 0.88 0.6 (1.8) 0.5(1.4)

a(beat) (x102eVm) 7.6 39 2.1(6.2) 2.0 (6.0)

Note: For comparison, results obtained for 2DEGs in narrow-gap (Ino.75Gao.2sAs / Ing.75Alo25As) and
in GaN/AlGaN/GaN double heterojunctions are also given; the effective masses for 2DEG and 2DHG
in GaN are the values from Refs [36, 26, 28]. Other parameters were measured or estimated values

from measurements via appropriate equations described in the text: @pur ~ /€h3Bp,;, /m* and

a(beat) ~ ( ) (Ai/A(B™Y)). ks is a Fermi wave vector, (2 zny)"?.

2m* Kp.



