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ABSTRACT: Spin—orbit coupling (SOC), the relativistic effect describing
the interaction between the orbital and spin degrees of freedom, provides an
effective way to tailor the spin/magnetic orders using electrical means. Here,
we report the manipulation of the spin—orbit interaction in the lattice-
matched InSb/CdTe heterostructures. Owing to the energy band bending at
the heterointerface, the strong Rashba effect is introduced to drive the spin
precession where pronounced weak antilocalization cusps are observed up to
100 K. With effective quantum confinement and suppressed bulk
conduction, the SOC strength is found to be enhanced by 75% in the
ultrathin InSb/CdTe film. Most importantly, we realize the electric-field
control of the interfacial Rashba effect using a field-effect transistor structure
and demonstrate the gate-tuning capability which is 1—2 orders of
magnitude higher than other materials. The adoption of the InSb/CdTe
integration strategy may set up a general framework for the design of strongly spin—orbit coupled systems that are essential for
CMOS-compatible low-power spintronics.
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hen electrons move in a solid, their spin states are
Wsubjected to the spin—orbit coupling (SOC) term

that is described by the relativistic Dirac Hamil-
tonian:'

_ eh

H,, = _WG'Beff =- c-(p X E)

(2m*c)* (1)

where e is the electron charge, 7 is the reduced Planck
constant, m* is the electron effective mass, ¢ is the speed of
light, ¢ is the Pauli spin matrix vector, and B is the magnetic
effective field determined by the product of the momentum
operator p and the electric field E. Accordingly, strong SOC
can be generated in materials with a large atomic potential
gradient (i.e, E = VV), and a multitude of heavy metals and
narrow-band semiconductors have been utilized to explore
emerging spin—orbit effects.” ™ Moreover, when the SOC is
strong enough to invert the conduction and valence bands, the
resulting topological insulators/semimetals with spin-polarized
states have unleashed progressive development of spintronics
and topological quantum physics in the past decade.””"
Alternatively, following the guidance of eq 1, a large built-in
electric field introduced at the inversion—asymmetric hetero-
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interface can also lift the spin degeneracy (i.e, Rashba
effect).'*™"'® Compared with the bulk materials, heterostruc-
tures take full advantage of band engineering and interfacial/
low-dimensional effects, hence enabling the spin accumulation
and precession in an electrically controllable manner, which is
of particular importance for magnetic-based nonvolatile logic
and memory computation.”_19

In order to further enrich the candidate pool that is more
suitable to regulate spin/magnetic orders, opportunities may
lie in the incorporation of large SOC materials into the
heterostructure/superlattice forms through appropriate struc-
tural optimization, and recent efforts have been applied to
design heavy metal/topological quantum material-based hybrid
systems with nontrivial interface/surface states.”” >* In this
article, we make use of the lattice-matched InSb/CdTe
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Figure 1. Weak antilocalization effect in the InSb(15 nm)/CdTe(1.2 pm) heterostructures. (a) Schematic of the Al,0,/InSb/CdTe structure
on the GaAs substrate and relevant energy band diagram. The strong band bending and large conduction band offset at the InSb/CdTe
interface warrant the well-defined 2D conduction channel with large interfacial Rashba SOC strength. (b) HRSTEM image highlights the
highly ordered crystalline configuration across the InSb/CdTe interface with negligible defects. (c) Temperature-dependent
magnetoconductance results. As temperature decreases, the MC curves show the negative-to-positive transition. Inset: Pronounced WAL
cusps are observed from 1.5 to 80 K. (d) Fitting the WAL data with the ILP model. The amplitude and width of the WAL cusp characterize
the phase-coherent transport and Rashba SOC, respectively. (e) Temperature-dependent Rashba coefficient and phase-coherent length.

heterostructures as the platform to showcase the highly tunable
interfacial Rashba effect by a top-gate voltage. For the narrow-
band semiconductor InSb, it is known that the small band gap
(Eg = 0.18 eV) ensures the strong intrinsic SOC, and the
ultrahigh electron mobility (¢ > 40,000 cm*V~"s™! in thick
InSb films and sandwich quantum wells at 300 K) may enable
long phase-coherent/scattering length and high-speed oper-
ation at room temperature.23 More importantly, when the InSb
layer is adjacent to the wide-gap semiconductor CdTe with the
same lattice constant, the type-I quantum well with a large
conduction band offset (AE. = 0.31 eV) will be formed at the
atomically flat heterointerface (Figure 1a).”* As a result, the
strong band bending in the integrated InSb/CdTe hetero-
structures would not only confine the coherent electron
conduction in the defect-free channel (i.e., two-dimensional
electron gas, 2DEG) but also serve as the fountainhead of the
interfacial Rashba interaction that can be manipulated
electrically.”® With further dedicated interfacial element-
bonding and critical thickness selection, it is predicted that
the large internal polar field at the InSb/CdTe interface may
trigger the band inversion and give rise to a topologically
nontrivial edge state with a giant Rashba-type spin splitting.”®
Consequently, all these salient features hosted in the InSb/
CdTe system, if they can be experimentally implemented,
could offer more flexibilities in controlling versatile spin—orbit
dynamics for low-power spintronic applications.

RESULTS AND DISCUSSION

Large WAL Effect and Rashba Coefficient in InSb/
CdTe Heterostructures. To elucidate the aforementioned
proposal, high-quality lattice-matched InSb/CdTe heterostruc-
tures are grown on the 3 in. semi-insulating GaAs(111)B
substrate via molecular beam epitaxy (MBE).”” The use of the
(111) crystal orientation can facilitate the fast strain relaxation

and limit the dislocation formation during the initial CdTe
nucleation stage. Subsequently, the obtained smooth CdTe
buffer layer helps to promote the layer-by-layer growth of the
single-crystalline InSb thin film, and the sharp InSb/CdTe
heterointerface with well-ordered zinc-blende configuration
and negligible crystallographic defects is confirmed by the
high-resolution scanning transmission electron microscopy
(HRSTEM) in Figure 1b.

After sample preparation, we carry out standard four-point
magneto-transport measurements on the InSb(15 nm)/CdTe-
(1.2 pm) Hall bar device with a dimension of 1.5 mm X 3 mm.
Figure Ilc displays the temperature-dependent normalized
longitudinal magnetoconductance (MC) Ac,, = 6,,(B) —
0,(0) results as a function of the external magnetic field. In
opposite to the Lorentz force-driven negative MC background
(ie, 0., « 1/(1 + uB*)) of bulk InSb, the thin InSb/CdTe
sample exhibits an obvious negative-to-positive MC evolution
trend as the temperature drops from 80 K, and its overall
contour is dominated by a marked positive MC exceeding
100% in 14 T at 1.5 K (ie., corresponding to a negative
magnetoresistance in Figure Sla). It is noted that similar
positive MC behaviors under large perpendicular magnetic
fields have also been observed in the LaAlO;/SrTiO,
heterostructures, and its origin may relate to the presence of
the strong spin—orbit interaction that affects the electron
transport in the 2DEG channel at the interface.”®

In addition to the positive MC curve, the quantum
interference-induced conductance correction, namely the
weak-antilocalization (WAL) effect, represents another intrigu-
ing feature of the MBE-grown InSb/CdTe heterostructures.
Given that the coherent electron propagation is intrinsically
related to the spin and electronic band structure (i.e., Berry
phase) at the Fermi level, WAL is served as the hallmark to
evaluate the SOC in solid-state systems.”” As highlighted in the
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Figure 2. Thickness-dependent WAL phase diagram of the InSb/CdTe heterostructures. All the four samples have the same growth
condition and CdTe buffer layer (1.2 gm) configuration but different InSb layer thicknesses of d = 15, 20, 40, and 150 nm, respectively. (a—
d) Temperature-dependent large-field MC results. With the increase of the top InSb layer, the overall transport behavior is dominated by the
InSb bulk conduction with negative MC background and SdH quantum oscillations. Temperature-dependent WAL data of the four samples
plot within the (e—h) [1.5 K, 50 K] and (i—1) [1.5 K, 100 K] regimes. Same color code is used for a direct comparison, and the white dash-

lines in (e—h) indicate the WAL width of each sample.

inset of Figure 1lc, the sharp positive MC cusp is well-
developed in the low magnetic-field regime and maintains its
characteristic line shape up to 80 K. Compared with other
reported material candidates,"*°™*" the WAL phenomena
observed in the InSb/CdTe sample is most significant in terms
of both the large amplitude (Ao, = 0.2 */h) and wide width
(magnetic-field range = + 0.54 T at 1.5 K), as defined in
Figure 1d. In order to quantitatively investigate the large WAL
in the mm-size InSb(1S nm)/CdTe(1.2 um) device, we apply
the Iordanskii, Lyanda-Geller, and Pikus (ILP) model whose
explicit expression is described as™

B,
2ag+ 1+ -2
B, B,

a Dso ) _ 5 Bs0
0 al(a0+B) 23

2
—e

Ao, (B) =
(B) 4n’h

2a, + 2%, — 1 - 202n + 1)

BSO BSO
(an + 7)%_1(1”1 = 2=2[(2n + Da, — 1]

B B
+21n(i]+‘1‘l+—"’
B 2 B

)
where C is the Euler’s constant, ¥ is the digamma function,
B, By, B, are the characteristic effective magnetic fields
gauging the first-order interfacial Rashba interaction, phase-
coherent transport, and momentum scattering process in the
system, respectively, and the coeflicient

B
a,=n+ % + ;”' + %. Since the carrier mobility (u =
650—1000 cm?*V~'s7! from 1.5 to 80 K) can be obtained
from the Hall measurement, B, = #A/4Dum* (D is the

17398

diffusion constant) is determined, therefore leaving B, and B,,
the only two fitting parameters. As identified in Figure 1d, the
wide WAL width highlights the strong SOC strength, and the
amplitude of the WAL effect is closely linked with the ratio of
the phase-breaking and spin-relaxation rates in the InSb/CdTe
system. By further converting the fitted B, and B, into Rashba

coefficient oy = e3tho /m* and phase-coherent length

l, = \Jh/4eB,, we plot their temperature-dependent results

in Figure le (detail information is elaborated in Supporting
Information S2). As the sample is cooled down, the magnitude
of ay first stabilizes at 0.56 eV-A in the high-temperature
region and then experiences a dramatic increase up to 0.7 eV-A
when T < 10 K. Compared with the classical InSb/InAlISb
quantum well structure (ay = 0.05—0.14 eV-A),?>*1% the
large enhancement of ay in our InSb/CdTe sample may stem
from the better band confinement due to the larger AE and
improved heterointerface quality. In the meantime, the phase-
coherent length [, decreases monotonically with elevated
temperature, and the power-law correlation may suggest the
electron—electron scattering mechanism in our device
(Supporting Information S3).*° Nevertheless, we need to
point out that the extracted I, is always longer than the spin—
orbit relaxation length (I, ~ 25 nm) for 1.5 K < T < 80 K, thus
guaranteeing the observation of the quantum interference
signals in the whole temperature regime. Besides, the inversely
proportional relationship between spin—orbit relaxation time
(7,, = h/4eDB,,) and the momentum scattering time (7, =
um*/e) justifies that the spin-relaxation process is indeed
associated with the spin-precession in which the effective
magnetic field Bg is originated from the interfacial Rashba
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Figure 3. Thickness-dependent Rashba coefficient and phase-coherent length of the InSb/CdTe thin films. (a) Temperature-insensitive ag
slopes of the d = 20, 40, 150 nm samples coincide with each other, manifesting the fully developed 2D conduction channel with the same
Rashba SOC origin in thick samples. On the other hand, the two d = 15 nm samples, with similar carrier density but different carrier
mobilities, exhibit almost the same az—T scaling behavior. Inset: Thickness-dependent &t enlarges from 0.4 eV-A to 0.7 eV-A when d < 20
nm. (b) The phase-coherent length shows a positive correlation with the InSb layer thickness and decreases monotonically with elevated

temperature.

interaction (i.e, D’yakonov—Perel mechanism), and it also
validates the analysis of the magneto-transport data with the
ILP model throughout this work (see Supporting Information
$4).*' To conclude, the pronounced WAL effect and large
Rashba coefficient possessed in the lattice-matched InSb/
CdTe heterostructures warrant a promising potential for
energy-efficient spintronic applications.

Mapping the Thickness-Dependent WAL Phase
Diagram. Inspired by the discoveries in Figure 1, we further
prepare a set of InSb/CdTe(1.2 ym) thin films by varying the
top InSb layer thickness d, for which Figure 2 lists the
systematic results on four selected samples with d = 15, 20, 40,
and 150 nm. By comparing their magneto-transport data in
Figure 2a—d, it can be clearly seen that the overall MC slope
undergoes a positive-to-negative transition with the increase of
the InSb layer thickness, and the pronounced high-field
Shubnikov de Haas (SdH) quantum oscillations in thick
samples signify the high-mobility (i.e., increase with InSb layer
thickness) and large g-factor of the InSb layer. However, unlike
the InSb bulk conduction, universal WAL effects are observed
in all samples across the whole examined temperature range
(i.e., we have confirmed the 2D nature of the WAL cusps as the
0, — log(T) slopes of these four Hall-bar devices all follow a
linear relation, as discussed in Figure 85).* To better visualize
such Rashba effect-induced WAL phenomena, we summarize
the low-field MC information on each sample with respect to
temperature and applied magnetic field and present the three-
dimensional (3D) plots in Figure 2e—I (i.e, we have chosen
the same color code in all figures for a fair comparison). The
corresponding WAL phase diagrams reveal two unusual
features. First, the WAL width remains almost constant around
+0.2 T in all d > 20 nm samples, whereas it enlarges to +0.4 T
and discloses a clear temperature-dependent trait below 10 K
for the InSb(15 nm)/CdTe(1.2 um) case. Second, instead of
the gradual attenuation of the WAL amplitudes in Figure 2e,f,
the Ao, peak values of the d = 40 and 150 nm samples do not
appear at the lowest temperature T = 1.5 K, which may imply
the multichannel conduction scenario in thick InSb/CdTe
heterostructures.

In light of the importance of the thickness-dependent WAL
phase diagram and its underlying physical origin, the same ILP
model fitting procedure is applied on the four InSb/CdTe
samples, and the calculated ay and I, datasheets are provided

17399

in Figure 3. Consistent with the traces of the white dashed-
lines depicted in Figure 2e—h, the temperature-dependent
Rashba coeflicient can be divided into two distinct categories
regarding the InSb layer thickness. Specifically, the relatively
constant ay = 0.4 eV-A may indicate the intrinsic temperature-
invariant property of the 2D conduction along the fully
developed quantum well in thick InSb/CdTe heterostructures.
By contrast, the dimension reduction along the z-axis could
modify the band bending situation at the InSb/CdTe interface,
thus giving rise to the enhancement of az by more than 75% in
the thinnest sample at T = 1.5 K, as captured in the inset of
Figure 3a. Meanwhile, the sheet carrier density (n,p) in the
InSb(15 nm)/CdTe(1.2 ym) film is also found to be more
sensitive to the temperature variation, namely the carrier
freeze-out effect helps to suppress n,p at deep cryogenic
temperatures (Supporting Information S6). Given the positive
correlation between the carrier density and the electron
effective mass of InSb,** the lighter electrons act as another
boosting factor for the sharp increase of the Rashba coefficient

ag = \ehB,, /m" when T < 10 K. Moreover, although in

general [, is longer in thicker InSb layer (Figure 3b), yet we
need to emphasize that the phase-coherent scattering process
has little impact on the thickness-dependent ap scaling
behavior. To address this point, we have grown another
InSb(15 nm)/CdTe(1.2 um) sample (sample B) with a similar
carrier density (n,, = 6—7 X 10" cm™) but much lower
phase-coherent length (l,p =40 nm). As illustrated in Figure 3a,
the temperature-dependent ay curves of both d = 15 nm thin
films are similar to each other (i.e, the 3D MC plots of sample
B also resemble those of sample A, as shown in Figure S7).
Based on these findings, it is suggested that structural
engineering via quantum confinement may play an indis-
pensable role in tailoring the interfacial Rashba SOC strength
of our InSb/CdTe heterostructures.

Electric-Field Control of Rashba Interaction in the
Top-Gated InSb/CdTe Device. As we addressed in the
introduction, the unparalleled advantage for heterostructures-
based spintronics lies in the electric-field control capability.
Accordingly, we further deposit a S0 nm Al,Oj thin film on top
of the 3 in. InSb(15 nm)/CdTe(1.2 ym) wafer as the high-k
dielectric layer and design the top-gated field-effect transistor
(FET) using a multistep photolithography and ion-beam
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Figure 4. Electric field control of the interfacial Rashba SOC strength in the top-gated InSb(15 nm)/CdTe(1.2 pm) FET device. (a) Optical
microscopy image of the fabricated device with the gate size of 100 um (length) X 20 ym (width). (b) I4—V, transfer characteristics of the
FET at 1.5 K. Both the large ON/OFF ratio and narrow hysteresis gate-sweeping window underline the high device performance. Inset:
Illustration of the top-gated FET device structure with I-V measurement setup. (c) Gate-dependent channel resistance and carrier density at
T = 1.5 K. Inset: Real-space band diagrams of the device under V, = —1.2 V (lower left panel) and 0.9 V (upper right panel), respectively. (d)
Gate-controlled MC curves of the FET device. When the carrier density of the InSb channel is tuned to n,, =7 X 107! cm 2 at V,=-12V,
the MC line-shape is similar to the purple line of Figure 1c, while the WAL signal is almost suppressed in the heavily n-type region. (e)
TCAD-simulated carrier density distribution profile in the FET structure at V, = —1.2 V (left panel) and 0.9 V (right panel). Along with the
band bending situation, it is seen that the main electron conduction channel switches from the InSb/CdTe interface to the Al,O;/InSb side
when the applied gate voltage varies from —1.2 V to +0.9 V. (f) The Rashba coefficient displays a nearly linear relationship with the applied

top-gate voltage. When V, > 0.9 V, the WAL signal becomes too weak, and ay cannot be extracted any more.

etching process. Figure 4a shows an optical microscope image
of the fabricated device structure with a gate aspect ratio of 100
um (length) X 20 um (width). After device fabrication,
electric-field controlled measurements are carried out at low
temperatures. As shown in Figure 4b,, the near linear
relationship between the electron density and the gate voltage,
along with the narrow hysteresis gate-sweeping window, not
only reflects high Al,O;/InSb interface quality but also allows
for efficient gate manipulation. Consequently, by successively
applying the top gate voltage V, between +2 V, the I-V
transfer characteristics unveil a large ON/OFF ratio of 10*
(Figure 4b), and the InSb channel resistance can also be
changed by 100 times (Figure 4c), both of which are at least 2
orders of magnitude larger than the topological quantum
materials and heavy metal counterparts.”**> Concurrently, the
magnetoconductance of the FET device also displays a striking
response to the applied gate voltage at T = 1.5 K. In particular,
the combination of the low-field WAL cusp and high-field
positive background governs the MC curve in the V, < 0 V
regime. When the carrier density (1,p = 7 X 10" cm_f atV, =
—1.2 V) is tuned to the same level as the pristine InSbflS
nm)/CdTe(1.2 ym) sample, the WAL width and MC line-
shape (blue line in Figure 4d) coincide with mm-size Hall-bar
data (purple line in Figure lc), again manifesting the scale-
invariant nature of the interfacial Rashba effect with identical
structure and carrier density (i.., yet the magnitude of the
WAL cusp is more vulnerable to device fabrication process
which may deteriorate the phase coherent length in the ym-
size device). On the contrary, once the positive bias is applied
on the device, the low-field MC is overwhelmed by a rather flat
background, and the weak WAL signal becomes indistinguish-
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able when V, > 0.9 V. Furthermore, from the summarized az—
V, slope in Figure 4f, it is verified that the measured Rashba
SOC strength exhibits a linear dependence on the applied gate
voltage (i.e., carrier density), and the magnitude of ay can be
tuned from 0.47 eV-A (V, = 0.9 V) to 0.73 eV-A (V, = —1.2
V), achieving a more than 50% modulation efficiency at T =
1S K

Together with the temperature-dependent behaviors and
quantitative band diagram simulation results using technology
computer-aided design (TCAD), we propose that the band
bending and Fermi level position (i.e., carrier density) may
exclusively determine the average Rashba coefficient of the n-
type InSb(1S nm)/CdTe(1.2 pum) sample. Considering the
top-gate configuration, the applied V, is able to effectively
modulate the overall carrier density of the InSb layer by a
factor of S, as illustrated in Figure 4c. According to the gate-
dependent simulated band diagrams (inset of Figure 4c) and
carrier density distribution profiles within the InSb layer
(Figure 4e and Figure S8), it is seen that when Vg >0 Vis
applied, a majority of the electrons with a high carrier density
level would flow through the Al,O;/InSb interfacial channel,
resulting in the bulk-dominated conduction featured by the
negative MC background and weak WAL signature. On the
other hand, the applied negative bias would drive the Fermi
level position toward the InSb band gap center and change the
band diagram to the opposite situation: The upward band
bending brings about the electron depletion near the top
Al,O;/InSb region, while an enhanced built-in electric field is
generated at the bottom InSb/CdTe interface. Under such
circumstances, both the larger WAL width (i.e., higher B,,) and
the greatly reduced InSb layer carrier density (ie., smaller

https://dx.doi.org/10.1021/acsnano.0c07598
ACS Nano 2020, 14, 17396—17404


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07598/suppl_file/nn0c07598_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07598?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07598?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07598?ref=pdf

ACS Nano

www.acsnano.org

electron effective mass, see Figure S9) are expected to amplify
the value of ag in the V, > 0 V region.

Finally, we choose the average Rashba coefficient (@) and
its electric-field tunability (dagp/dE) as the two figure-of-merits
to benchmark material performance. As summarized in Table

1, our InSb/CdTe heterostructures hold both records (ay =

Table 1. Comparisons of the Average Rashba Coefficient oy
and Its Electric-Field Tunability day/dE in Various Strong
SOC Material Systems

strong SOC material systems ag (eV-A) dog/dE (eV-A%V~)

InSb/CdTe 0.4—0.7 60
InSb/InAlSb*’ 0.05—0.14 -
InAs/GaSb>>*’ 0.05—0.14 6.0

InAs nanowire>® 0.06—0.2 144
LaAlO,/SrTi0;*%*¢ 0.03—0.05 0.96
MoS,** 0.04 1.1

Te*’ 0.054 0.3

0.7 eV-A and dag/dE = 60 eV-A>V™') among all semi-
conductor-based candidates (e.g, narrow-band III-V thin
films/quantum wells/nanowires, oxide 2DEG, and large SOC
2D materials),”**"**7*7*%* and our experiment data are
comparable with the values estimated in topological hybrid
systems.”"*>** Additionally, given the temperature-insensitive
property of the Rashba SOC strength (Figure 3a), it is
reasonable to speculate that the large a would persist to the
high-temperature regime even though the absence of the WAL
effect prevents us from quantifying the accurate value above
100 K. Finally, we need to mention that the magneto-transport
characterization and the device configuration adopted in this
work can only estimate the average Rashba SOC strength of
the whole InSb/CdTe quantum well structures, since the
electron effective mass is extracted from the overall carrier
density through the ordinary Hall effect. In order to further
distinguish the ay contributions from the InSb/CdTe and
Al)O3/InSb interfaces, an additional double-gated device and
relevant multichannel transport model are needed in the
follow-up study.

CONCLUSION

In conclusion, we have shown the universal WAL phase
diagram with a large Rashba coefficient, long phase-coherent
length, and high onset temperature in the lattice-matched
InSb/CdTe heterostructures. The enhancement of SOC may
benefit from the improved InSb/CdTe interface quality with
strong band bending. We have also demonstrated that the
Rashba SOC strength at the InSb/CdTe interface can be
optimized through both deliberate structural engineering and
electric-field manipulation. By further adding another magnetic
layer, we may explore the feasibility of energy-efficient spin—
orbit torque-driven magnetization switching and spin-to-charge
inversion in the hybrid system.*****° Governed by the same
operational principle, the generic approach used in this work
can also be transferred to other lattice-matched narrow-band
III—V/II-VI heterostructures (e.g., InAs/CdSe and InAsSb/
ZnCdTe), and such a material integration concept may help
construct a wide range of gate-controlled, ultralow-power
spin—orbitronics applications.
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EXPERIMENTAL METHODS

Sample Growth. The InSb/CdTe heterostructures growth was
carried out in an ultrahigh-vacuum DCA dual-chamber MBE system.
Semi-insulating (p > 10° Q-cm) 3 in. GaAs (111) B wafers were
preannealed in the growth chamber at up to 570 °C in order to
remove the native oxide. To obtain a smooth surface morphology, a
two-step growth procedure was adopted for the CdTe growth with a
relatively low growth rate of 1.1 A-s™!. After a moderate postannealing
at 355 °C, the CdTe film was exchanged onto another substrate
holder and later transferred to the III—V chamber. For the subsequent
InSb layer growth, the substrate temperature was kept at 300 °C, and
the growth rate was fixed as 3.5 A-s™. During the entire epitaxial
growth, the beam flux monitor was used to calibrate element flux rate,
and in situ RHEED was applied to monitor the real-time growth
conditions.

Device Fabrication. The 3 in. InSb/CdTe wafers were patterned
into pm-size six-probe Hall bar devices using conventional photo-
lithography and ion-beam etching methods. Ti/Au (10 nm/190 nm)
was deposited by e-beam evaporation to form the ohmic contacts after
etching. A 50 nm-thick high-x Al,O; dielectric layer was deposited by
atomic layer deposition (ALD) at 150 °C, and another Ti/Au (10
nm/90 nm) layer was deposited as the top-gate metal so as to
complete the top-gated FET structure.

Transport Measurement. The magneto-transport measurements
on both the mm-size Hall bar and pm-size top-gate FET devices were
performed with a He-4 refrigerator (Oxford TeslatronPT system).
Several experimental variables such as temperature, magnetic field,
and lock-in frequency were varied during the measurements. Multiple
lock-in amplifiers and Keithley source meters were connected to the
samples to enable the precise four-point transport experiments for all
devices.

Device Simulation. The Sentaurus TCAD device simulator from
Synopsys was used to investigate the band diagram and carrier density
profile of the top-gated InSb/CdTe device. A typical ALO5(50 nm)/
InSb(1S nm)/CdTe(1.2 um) MOS structure was defined by the SDE
tools. The dielectric constant of Al,O; was set to 8.6 in reference to
the capacitance test result of our ALD grown Al,Oj; thin film. During
the simulation process, the gate electrode was placed at the top of the
Al,O; layer, and ground electrodes were placed at the right/left edge
of the InSb channel. The designed device structure was later exported
to the SDevice tool in which the 2D Poisson solver including both
electron and hole was performed to obtain the real-space band
diagram and carrier distribution under different gate voltage bias.
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