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ABSTRACT: Gate-defined quantum point contacts (QPCs)
were fabricated with Aly,sGa;;sN/GaN heterostructures grown
by metal—organic chemical vapor deposition (MOCVD). In the
transport study of the Zeeman effect, greatly enhanced effective g
factors (g*) were obtained. The in-plane g* is found to be 5.5 +
0.6, 4.8 + 0.4, and 4.2 + 0.4 for the first to the third subband,
respectively. Similarly, the out-of-plane g* is 8.3 & 0.6, 6.7 + 0.7,
and 5.1 + 0.7. Increasing g* with the population of odd-numbered
spin-splitted subbands are obtained at 14 T. This portion of
increase is assumed to arise from the exchange interaction in one-
dimensional systems. A careful analysis shows that not only the exchange interaction but the spin—orbit interaction (SOI) in the
strongly confined QPC contributes to the enhancement and anisotropy of ¢* in different subbands. An approach to distinguish
the respective contributions from the SOI and exchange interaction is therefore proposed.

KEYWORDS: Quantum point contacts (QPCs), Aly,sGa,,sN/GaN heterostructures, effective g factor, spin—orbit interaction (SOI),
exchange interaction
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he electron-spin degree of freedom in nanometer-scaled polarization. Moreover, the lattice mismatch of GaN and
structures has aroused great interests due to potential Al,Ga;_,N causes a piezoelectric field at the heterointerface.
applications in quantum information processing technologies." Both polarization fields are as large as a few MV/cm, giving rise
One ingredient in realizing the quantum processing function- to a large Rashba SOL'>"" which can be further tuned by an
alities is the ability to manipulate the spin electrically therein. external electric field and provides a convenient electrical
This is applicable in a strong spin—orbit interaction (SOI) modulation on g*. It has been shown that the SOI in the
system. The SOI in nanostructures results in a fluctuation and heterostructure is positively proportional to the Al content in
anisotropy of the effective Landé g-factor (also denoted as g*) the AL Ga,_N barrier layer."” This fact allows us to design
in different energy levels.’~” Recent studies further show that appropriate device structures based on Al ,Ga; N/GaN
the electron—electron interaction also plays a similar role on heterostructures. In this work, the Al content of x = 0.25 was
the modification of g* in low-dimensional systems.*” So far, the adopted to obtain a large built-in electric field pointing to the
contributions to g* from such two interactions have yet been substrate, while holding a high quality surface and a high two-
studied comprehensively. In this work, quantum point contacts dimensional electron gas (2DEG) mobility. In such materials,
(QPCs) with both strong SOI and strong electron—electron the Rashba coefficient is obtained to be a = 2.6 X 107 eV m,
interaction are designed and fabricated in Al,Ga,_.N/GaN and tge spin splitting caused by Rashba SOI is as large as 3.7
heterostructures, in order to clarify the two contributions at low meV.
temperatures by experimentally measuring g* from the Zeeman The Al,5Gag;sN/GaN heterostructures were prepared by
effect of opposite spins in a magnetic field. means of metal—organic chemical vapor deposition (MOCVD)
In comparison to GaAs, GaN is expected to possess stronger methods on c-plane sapphire substrates. The growth processes
electron—electron interactions, due to larger electron effective
mass m* = 0.2m, and smaller dielectric constant € = 9. In Received: May 15, 2013
addition, in both GaN and Al,Ga,_,N, the reduced symmetry Revised:  August 31, 2013
of the wurtzite crystal structure results in a large spontaneous Published: September 16, 2013
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were initiated by a 20-nm-thick nucleation layer at 530 °C,
followed by the growth of a 2-um-thick unintentionally doped
GaN (i-GaN) buffer layer at 1060 °C. Subsequently, a 1-nm-
thick AIN interlayer and a 25-nm-thick unintentionally doped
Aly,5Gag 75N barrier was grown at 1085 °C. The layer structures
are shown schematically in Figure 1 a. The two-dimensional
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Figure 1. (a) Schematic layer structures of the Aly,;Gay;sN/GaN
heterostructure; (b) a representative SEM image of a QPC fabricated
in the same batch, with the definition of the coordinates; (c)
conductance G of the QPC device measured as a function of V, at Vy
=100 uV.

electron density and mobility are n = 1.0 X 10" cm™ and y =
1.1 X 10* cm?/(V s), respectively, extracted from the Hall
measurements at 1.3 K. The high carrier concentration is
induced by the large built-in electric field.

Device fabrications of QPCs started from the heterostructure
mesas defined by photolithography and inductively coupled
plasma (ICP) etching techniques. Etching down 2.0 ym deep
to the sapphire substrate was employed to avoid parallel
conductions in the i-GaN layer. Ohmic contacts of the 2DEG
were realized by Ti/Al/Ni/Au multiple layered metal electro-
des with thickness of 20/150/35/200 nm and a rapid annealing
at 850 °C for 45 s in a N, ambient. In order to passivate the
Aly,5Gagy,sN surface for stable gate performance, the sample
was then treated in the solution of [(NH,),S,/H,O = 1:9] at
60 °C for 20 min right before the gate dielectric deposition. A
24-nm-thick high-x HfO, thin film, deposited by atomic layer
deposition (ALD) at 100 °C, was employed as the gate
dielectric to suppress gate leakage and to keep an effective
gating performance. The mesas were patterned in another
photolithography process to prepare large bonding pads by
using Ti/Au with thickness of 5/200 nm. [See Figure SI,
Supporting Information, for the SEM image of the mesa after
the previous steps.] Split gates with an opening of 60 nm,
defined by electron-beam lithography, metal evaporation of S-
nm-Ti/45-nm-Au, and liftoff techniques, were extended to the
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bonding pads. Figure 1b shows a scanning electron microscope
(SEM) image of a representative QPC with a schematic
electrical measurement setup.

The QPC was studied by dc measurements in a *He cryostat
at 1.3 K. [See Figure S2, Supporting Information, for the
schematic of the measurement setup.] The series resistance of
QPC, arising from connection cables, pad contacts, and 2DEG
body, was obtained to be 450 Q at zero gate voltage (V,). At a
nonzero V,, the resistance of the QPC is derived by subtracting
that series term from the total resistance. When V, is swept
negatively toward pinch-off, the resistance of the QPC
drastically increases due to depletion effect. Around —10 V of
Vy a few numbers of remained conduction paths (one-
dimensional subbands) can be observed in light of well-resolved
quantized conductance plateaus at the height of 2n x ¢*/h, as
shown in Figure lc. Here, n represents the nth subband, e the
elemental charge of electron, and h the Plank’s constant. The
differential conductance (G = dI,4/dV,4y) was obtained by
numerical method. Here, V4 is the source-drain voltage and Iy
the source-drain current. It is worthwhile to mention that a 0.7
structure shoulder'*"> was found as indicated by an arrow but
excluded from our following discussions in the present letter.

In order to highlight the changes of the conductance, dG/
dVj as functions of V4 and V, is shown in Figure 2, in which
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Figure 2. Numerical dG/dV; of the QPC as functions of both V4 and
Vg An example of AV, is indicated by the white arrowed line.

the transition regions between conductance plateaus are
depicted by peaks and represented by bright lines. A lever
arm factor a, correlates a change of V, (AV,,) to the
corresponding nth energy level’s shift (AV,y,). In concrete, for
the nth subband, the lever arm factor is extracted as follows: '

(Zn = d(‘/sd'n)/d(AVg,n) (1)

In Figure 2, the dimension of the diamond structured regions
indicates an energy separation between neighboring subbands.
Accordingly, the energy spacing between the first and second
energy levels is 11 meV. We attribute this large orbital energy
to the strong confinement of the one-dimensional (1D)
channel.

Magnetotransport characteristics were investigated in a linear
response region at a dc bias of Vg = 100 ¢V with a magnetic
field B applied from 0 to 14 T along the directions parallel to
the current (in-plane orientation defined as the x-axis) and
perpendicular to the 2DEG (the out-of-plane orientation
defined as the z-axis). In a nonzero magnetic field, each spin
degenerated 1D subband opens an energy gap by E, = g*uB
due to Zeeman effect, where E_ is the Zeeman splitting energy
and py the Bohr magneton. As a consequence of the spin
degeneration lifting, each of the 2¢%/h conductance plateaus

dx.doi.org/10.1021/nl401724m | Nano Lett. 2013, 13, 4654—4658
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evolves into two subplateaus with a height of ¢*/h, and the spin-
up and -down levels shift oppositely in the colormap plot of
transconductance in Figures 3a,b. When B is along the x-axis as
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Figure 3. (a) Transconductance of the QPC as functions of V, and the
magnetic field B applied along the direction of the current (x- ams) (b)
Transconductance of the QPC as functions of V, and the magnetic
field B applied perpendicular to the 2DEG (z-axis). Both measure-
ments were carried out at V4 = 100 xV. In both figures, bright lines
indicate the peaks of dG/ dVg, and the unit for the color bar is (e?/h)
V™', Examples of AV, are indicated by the white arrowed lines. (c)
The Zeeman splitting energy of the first three subbands obtained in
the magnetic field along the z-axis as a function of B. The square,
circle, and triangular legends denote the first, second, and third
subbands, respectively.

indicated in Figure 3a, the splitting along the gate voltage
corresponds to the two levels of spin-up and -down evolving
linearly in opposite directions. The Zeeman splitting energy can
be obtained by using the lever arm factor derived from eq 1,
and thus g* can be obtained as

e d(0Vg,)

=a——
Mg dB ()

The first three subbands turn out to have gf, = 5.5 + 0.6, g5,
= 4.8 + 04, and gf, = 4.2 + 0.4. When B is along z-axis, the
magnetic potential gives rise to an extra parabolic confinement
to the Hamiltonian. Consequently, an extra orbital energy is
added to the nth energy level, leading to magnetic

g*
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depopulation, as shown by the bendlng of each energy level
toward positive gate voltage in Figure 3b.'” Such bending does
not change the Zeeman splitting of each subband so that 5V,
keeps linearly proportional to B in low magnetic fields (below 8
T). The Zeeman splitting energies of the first, second, and third
subbands as a function of B in this region are shown in Figure
3¢, and gff, =83 + 0.6, gf, = 6.7 £ 0.7, and g, = 5.1 £ 0.7 are
calculated as well. In a higher magnetic field, the carrier
concentration varies much with B due to the magnetic
depopulation, giving rise to a considerable change of the
lever arm factor with V. Therefore, the curves in Figure 3¢ may
deviate from a linear trend in a higher B. It is worthwhile to
mention that, in Figure 3a, the curves also bend a little bit
toward the positive gate voltage because the 2DEG defined by
the triangular well at the heterointerface has finite thickness;
therefore, it also goes through a negligible magnetic
depopulation in the in-plane B. However, such bending effect
is trivial to be considered in the calculation of g*.

The g* of QPC in this work shows prominent anisotropy,
and in both field orientations, g* is greatly enhanced co gared
with g% = 2.06 as obtained in GaN/AlGaN 2DEGs."® For
electrons confined along z-axis in a quantum well, in the Kane
model taking into account the SOI the couplings of energy
bands have individually different contributions to the in-plane
and out-of-plane g factors, giving rise to a larger out-of-plane g
factor than the in-plane one.'”*® In Aly,;Gay,sN/GaN
heterostructures, the strong Rashba SOI leads to a clear
anisotropy of the g factors. When the angle between the
magnetic field and the 2DEG normal is decreased g* gets
larger as it tends to the out-plane value*' As such, it is
reasonable to speculate that the extra lateral confinement could
further add to the anisotropy of g* in the 1D subands of QPCs.
Theoretical studies proved that in a model of rectangular
quantum wire, both the value and anisotropy of g* are modified
by lateral confinement.’ Experimentally, in a QPC based on
MBE- grown Al 06Gag o4, N/GaN heterostructures, Chou et al.
obtained g* = 2.55 in the first subband.*> The more remarkable
enhancement effect shown in this work may result from a much
larger Al ratio (0.25 vs 0.06) and a smaller opening of QPC (60
nm vs 80 nm), proving the point that g* benefits from a large
Rashba SOI in quantum confined systems. The large Rashba
SOI is induced by the high Al ratio, which also has a positive
correlation with both the band offset and the polarization field
in heterostructures. The width of the triangular quantum well is
narrowed by large band offset and polarization field;
consequently, in Alj,;Ga;,sN/GaN heterostructures, the
quantum well is as narrow as a few nanometers. Given the
much smaller size of our QPC, the electrons in it are more
confined compared with that in ref 22. Furthermore, the
confinement potential from V, gives rise to an additional
structure inversion asymmetry (SIA), which modifies the band
structure and dispersion relationship of the electrons. Such
effect gets more important as 1D channels are narrowed, adding
to the enhancement and the anisotropy of g***** SOI in
AlGaAs/GaAs heterostructures is smaller than in Alj,;Gay,sN/
GaN heterostructures. In AlGaAs/GaAs QPCs, g* is found to
be enhanced from 0.44 for 2DEGs to a value ranging from 1.1
to 1.3 for the first 1D subband,"*' the enhancement of which
are less than g* in this work.

Besides the SO, it is suggested that the electron—electron
interactions can also give rise to an enhancement of g*, which
can be reflected in the dependence of g* upon the filling status
of the 1D subbands.® As described below, this can be analyzed

dx.doi.org/10.1021/nl401724m | Nano Lett. 2013, 13, 4654—4658
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by the stability diagram of spin-splitted subbands. At V4 = 0,
the Fermi level (Eg) in the QPC is as high as the chemical
potential of the source and drain reservoirs, denoted as i, and
Uy respectively. When an external magnetic field is applied, the
spin-up (i) and -down (y,) levels would be well separated by
the Zeeman splitting energy E,. The value of E, used in the
above calculation is derived from two specific gate voltages at
which either p; or y, level lines up with p, and p4 The g*
obtained by this way is, in fact, at a specific filling status, i.e,, the
1, level of the identical subband just being lined up with Ef, as
shown by the inset indicating Mark-F in the middle panel of
Figure 4a. In a general case, E, is considered to depend on the

e
-10.9

FRT—
-11.0

Vg (V)

Figure 4. (a) Middle panel shows the stability diagram at 14 T in
perpendicular magnetic field (z-axis), and the upper panel shows the
V, dependences of conductance along the green dotted line-cut at V4
= 0. The bottom panel is g* of the first subband as a function of V,.
The three insets illustrate the configuration of the subbands at Marks-
C, -F, and -A (-B), as indicated by the arrows. (b) The middle panel
shows the stability diagram at 14 T in the in-plane magnetic field (x-
axis). The upper panel shows the V, dependences of conductance
along the green dotted line-cut at V4 = 0. The bottom panel is g* of
the first and second subbands as a function of V.

filling status of the two spin levels, i.e., the position of Ep with
respect to gy and ;. To dlarify this point, we made further
measurements to obtain the stability diagram at a magnetic field
of 14 T for both B orientations. We would like to point out that
if E, (or g*) is derived from the lever arm factor q, the
discussion should be limited in low magnetic fields for the
negligible magnetic depopulation effect; however, if a is not
involved in the derivation, such limitation is not necessary. The
stability diagrams in the in-plane and out-of-plane fields are
shown in the middle panels of Figures 4a,b, respectively. For a
specific subband, e.g., the first one, the dashed (dash dotted)
lines represent the positions where the spin-up (-down) level is
aligned with either the source or drain reservoir. The crossing
of the two lines, e.g., Mark-C in the middle panel of Figure 4a,
represents the situation that Ej lies in the middle of the two
spin levels (4¢; and y;). When Eg moves toward either y; or y,
certain V4 is required to allow either y or yq4 to align back with
either of the spin levels, as illustrated by Marks-A and -B. Thus,
E, can be extracted for each V; as E, = [Va(A) + V4(B)]/2,
and g*(V,) in both B orientations can be calculated as well. g*
for the first subband in perpendicular B and for the first two
subbands in parallel B is shown in the bottom panels of Figures
4a,b, respectively. An increased g* with V, for each subband can
be found, as electrons are populated from g to u; of the
identical subband.

The above observed results are assumed to be induced by the
exchange interaction in the one-dimensional system. Whenever
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Eg reaches the yi; level, the spin polarization effects take place
and become larger as the Ep continues to gradually move to the
U, level. The spin polarization effect leads to an exchange effect,
which repels the spin-up and -down levels of the identical 1D
subband toward opposite directions, resulting in an increasing
g* with rising Er. We note here that Mark-D corresponds to the
status that Ep, lies a little bit lower than y,. Up to Mark-F where
Ey. reaches i, g* should further increase from g*(D) to the
above-mentioned g*(F), which was obtained using 0V, and the
lever arm a. A good consistency can be found between g*
calculated by the two methods, proving that an enhancement
induced by the exchange interaction does exist in the previously
obtained g*. Noticeably, at Mark-E where Ey, aligns with 4, the
g* is dominated by the SOI, which is actually already larger
than that in Al Ga,_,N/GaN 2DEGs. With Eg approaching the
U, level, the enhancement of g* is dominantly contributed by
the exchange interaction, which is suggested to be anisotropic
with large SIA.>

In summary, a large Rashba SOI was realized in a quasi-1D
QPC fabricated on MOCVD-grown Aly,sGa,y,sN/GaN hetero-
structures. The effective Landé factor g* of the first three
subbands was extracted from Zeeman effect in two magnetic
field orientations, arriving at gf, = 5.5 + 0.6, &, = 4.8 + 0.4,
and g¥, = 42 + 0.4 as well as gff, = 8.3 £ 0.6, g, = 6.7 £ 0.7,
and gf, = 5.1 = 0.7. The enhanced g* is anisotropic and
increases as the lateral confinement becomes stronger. Both the
large Rashba SOI and the exchange interaction in the 1D
system contribute to this enhancement. g* within each subband
is further found to increase with the population of odd-
numbered spin-splitted subbands, due to the exchange
interaction only. One may thereby clarify the two contributions
qualitatively and quantitatively. In addition, the nanodevices
fabricated on Al,Ga; N/GaN heterostructures with great
polarization-induced built-in electric field could find prospec-
tive applications on electron-spin manipulations for quantum
information processing.
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