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ARTICLE INFO ABSTRACT

Featured with the large Rashba constant (ag ~ 4.2 eVA) coupled with the ferroelectricity, GeTe has attracted
much interest, proposing novel energy-efficient spintronic devices. However, those approaches are ham-
pered by the high hole density of GeTe around 10?°-10%' cm™3, which deteriorates both the ferroelectricity
and the bulk Rashba effect of GeTe. To solve this problem, we have investigated the superlattices composed
of Bi,;Te; and GeTe ([BT|GT] SL), the former of which is known as a topological insulator (TI) with typically n-
type conduction and strong spin-orbit coupling. We have investigated the magnetotransport properties of
25 [BT,|GTy], SLs with varying thicknesses (x, y: the thickness in the multiples of the unit cell of the re-
spective layer) of each layer and the repetition number (z) systematically. We have observed a minimum
carrier density of 5.7 x 10'® cm™ in [BT|GeTeg]s superlattice sample smaller than that (~4.4 x10%° cm™) of
GeTe single film by an order. In addition, we have found that some [BT|GT] SLs with reduced carrier density
have a larger Rashba constant compared to that of a single GeTe film. This is explained by the change of the
spin polarization which can be modulated by the Fermi level in the Rashba band. These results provide a
viable way to realize robust ferroelectricity and strong SOC in GeTe-related material systems simulta-
neously.
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Rashba effect by the ferroelectric polarization, enabling a large re-
duction in the operation energy [18-21]. As a prototypical FeRSC
with a very large Rashba constant (ag ~ 4.2 eV*A) [22-25], GeTe (GT)
has attracted much interest for spintronic applications such as SO
torque magnetic random-access memory [26] (SOT-MRAM) and
novel non-volatile spintronic memory devices [27].

Since a theoretical prediction of the huge bulk Rashba effect of GT
by Di Sante et al. in 2013 [12], it was experimentally verified by
optical spectroscopy and electrical measurements
[19,22-24,26,28,29]. Nevertheless, the application of GT in spin-

1. Introduction

The concept of spintronics has provided the working principles of
novel information devices based on rich fundamental physics, for
example, memories [1], transistors [2], and oscillators [3]. Never-
theless, the energy efficiency of these devices needs to be improved
to replace the current potentiators of information devices. To this
end, in second-generation spintronics [4-9], researchers pursue the
electrical control of the electron spin through the spin-orbit (SO)
coupling [1,10,11]. In this regard, ferroelectric Rashba semi-

conductors (FeRSCs) [12-17] are intriguing in that they exhibit the
bulk Rashba effect originating from spontaneous electric polariza-
tion and strong SO coupling. It implies a possibility of controlling the
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tronic devices is hampered by the high p-type carrier density (10%°-
10%' cm™) of GT. Such prevailing carriers are known to originate
from the inevitable Ge vacancies [30-32], and they are infamous for
deteriorating the efficiency of ferroelectric switching [18,33-35] and
decreasing the intrinsic Rashba effect of GT [36]. Therefore, it is very
important to suppress the generation of carriers in GT for the
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Fig. 1. Structural analysis of the [GT|BT] SLs. (a) Schematic representation of the [BT|GT] SLs. (b) Cross-sectional STEM images of SLs of [1]|3]2s, [2|6]13, [3]9]s, [4]12]e, [6]18]4, and
[2]18]6, where [x|y], notation represents an SL composed of x (u.c.) of the layer BT and y (u.c.) of the GT layer with z representing the repetitions of the layers. (c) (left panel) XRD ¢-
20 scans of SLs same as in (b). (right panel) Magnified view in the range from 2theta =21° to 30° to show satellite peaks clearly. The positions of (000 n) reflection obtained from
the 50 nm-thick GT and BT films are indicated by the red and blue vertical lines, respectively. 20 =25.106° (0003), 51.558° (0006), and 81.43° (0009) for GT and, 17.37° (0006),
44.51° (00015), 54.035° (00018), 64.05° (00021), 74.66° (00024), and 85.86° (00027) for BT. (d) XRD reciprocal space map (RSM) of the [2|6];3 SL around Si (224).

development of highly-efficient spintronic devices utilizing the fer-
roelectricity coupled Rashba effect.

The most prominent approach for reducing the carrier density of
GT has been chemical doping with Sb, Se, Bi, and Mn elements
[37-40]. Such approaches revealed the limitation of solubility,
leading to a reduction in carrier density by less than an order. In
addition, the dopants as defects are likely to deteriorate the peri-
odicity of the lattice and, as a result, weaken the ferroelectricity and
the Rashba effect [41]. Indeed, an attempt for the tuning of GeTe’s
Rashba effect through doping K was reported to lead to a reduction
of the Rashba effect as well as the effect being limited to the surface
state [42].

In this work, we have investigated superlattice (SL) systems
composed of GT and Bi,Tes (BT), because SL can be designed with a
high degree of freedom to supply electrons that compensate for
holes in GT beyond the solubility limit. Furthermore, the crystalline
structure of GT can be preserved with a proper choice of the
matching layer. In this regard, BT is chosen as an n-type material that
can supply electrons to compensate for holes in GT. Moreover, BT has
a hexagonal lattice symmetry with the rhombohedral crystalline
structure (R3m space group) same as GT (R3m space group) [43,44]
and is a well-known three-dimensional topological insulator (TI)
with strong SO coupling [45]. We investigate the 25 [BT|GT] SLs by
systematically varying the thicknesses of each layer, the period, and
the repetition number. We focus on the carrier density and the SO
coupling strength of the [BT|GT] SLs depending on the above struc-
tural parameters of SL. The SO coupling strength of the SLs is in-
vestigated by the analysis of the weak anti-localization [46-49]
signal appearing in the magneto-resistance. This investigation will
provide information for designing a FeRSC material to have desired
properties.

2. Methods
2.1. Film growth and characterization

[BT|GT] SLs were grown with a total thickness of 50 nm by
thermal evaporation of atomic sources (Bi, Ge, and Te) on an intrinsic
Si (111) substrate at the growth temperature of 250°C. Before
loading into the process chamber, Si (111) substrate was cleaned in
the following order: Piranha cleaning, SC1 cleaning, and removal of

natural SiO4 in diluted HF solution. After being loaded into the
process chamber which has a base pressure of ~1078 Torr, the sub-
strate was preheated to 150 °C for 1 hr to remove residual water on
the surface and heated to the growth temperature of 250 °C. Before
the SL growth, the buffer layer of 2 nm GT was deposited on Si (111)
for reducing the lattice mismatch with BT. The AFM surface image of
3 nm buffer GT on Si (111) substrate is shown in Fig. S4. The fluxes of
Bi, Ge, and Te were monitored and controlled by the quartz crystal
microbalance (QCM) thickness monitor. The fluxes were set as 0.1,
0.4, and 2.0A/s for Bi, Ge, and Te, respectively. By controlling the
shutters with the time interval of 5s, BT and GT were alternately
grown. The grown SL films were characterized using XRD (Em-
pyrean, Malvern Panalytical), AFM (XE-70, Park systems), and TEM
(TitanTM 80-300, FEI) analysis.

2.2. Carrier transport measurement

The [BT|GT] SLs films were cut into the 5x5mm? square and
electrical contacts were made at four edges of the samples with
indium. The samples were loaded into a commercial cryogen-free
cryostat (Cmag Vari.9, Cryomagnetics Inc.) and measured in the
temperature range of 1.8 ~ 250 K and the magnetic field range of -9
~ 9T. The longitudinal and the Transversal (Hall) resistances were
measured using the conventional Van der Pauw (VdP) method. In
the measurement, an SMU (2612 A, Keithley Inc.) as a current source
and a nano-voltmeter (2182, Keithley Inc.) as a voltage meter
were used.

3. Results and discussion
3.1. Structural characterization of [BT|GT] SLs

The schematic structure of the SL is represented in Fig. 1a. The 25
SLs of [BT,|GT, ], (hereafter denoted as [x|y],), where x and y denote
the thickness of the respective film in the multiples of the unit cell
(u.c.) of each layer and z is the repetition number, are grown by the
thermal evaporation technique using Bi, Ge, and Te atomic sources.
The thicknesses of each layer (tgr and tcr in nm) are varied sys-
tematically to be 1, 2, 3, 4, and 6 nm, respectively. The thickness of 1,
2, 3, 4, and 6 nm of BT(GT) layers corresponds to the thickness of
1(3), 2(6), 3(9), 4(12), and 6(18) u.c.’s, respectively. z is set by the
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total film thickness around 50 nm to exclude the size effect on the
transport properties of the SL. We have optimized the growth tem-
perature and the flux of the sources for the high crystalline quality of
the grown films (see the “Methods” section for the details of the
growth process).

The cross-sectional scanning transmission electron microscope
(STEM) images of five symmetric (same thickness for the BT and GT
layers) SLs ([1|3]2s, [2]6]13, [3|9]s, [4]|12]e, and [6]18]4) and an
asymmetric SL ([2|18]s) are presented in Fig. 1b to show the struc-
tural quality of the investigated SLs. The magnified STEM images are
presented in Fig. S1 in the Supporting Information. All SLs show
distinctly separated BT (yellow) and GT (red) layers with the in-
tended (tgr, tgr, Z) although a slight sign of intermixing is observed
for the SLs having a small period.

The out-of-plane (OOP) crystallinity of the SLs is investigated by
XRD 6-26 scans within 10° - 90° range (left panel in Fig. 1c). The
reference peak positions of GT (000 n) and BT (000 n), obtained from
50 nm-thick single films of BT and GT, are indicated by blue and red
vertical lines, respectively. It is found that GT layers in the SLs have
the preferred orientation along the c-axis with a slight shift to the
higher angle. These peak shifts are associated with the tensile stress
exerted by the adjacent BT layers, which is supported by the de-
creasing trend of the c-lattice constant of the GT layer (cgr) with
increasing the period (see Fig. S2a in the Supporting Information).
On the other hand, the characteristic XRD peaks of the BT layer in SLs
become clear for tgy >3 nm (left panel in Fig. 1¢), for which the peak
positions are kept nearly constant independent of BT thickness with
the lattice constant same as the 50 nm-thick single BT film (see Fig.
S2b in the Supporting Information). It is associated with the two-
dimensional (2D) nature of the crystal structure of BT. In addition,
Fig. 1c (right panel) shows the SL satellite peaks [50] around GT
(0003), which guarantees the well-grown epilayer with the coherent
periodicity of SLs. From the distance between the main peak and the
satellite peak, the period of [1|3]2s, [2|6]13, [3]9]s, [4]112]6, [6]18]4,
and [2|18]s SLs are calculated to be 2.9, 4.5, 6.6, 9.2, 14.2, 8.2 nm,
respectively, which agree with the designed period values within an
error of at most 10%.

Fig. 1d shows the XRD reciprocal space map (RSM) of [2]|6]3 SL as
a representative example (for the others, see Fig. S3 in the
Supporting Information). The peaks are only observed at Qy
~1.67 A1, which correspond to (011n) of GT or BT and implies the
well-ordered in-plane crystallinity. The stretched peaks in the Q
direction suggest a strain effect due to ~ 5% in-plane lattice mis-
match between GT and BT.

The morphology of the SL structures is investigated by using the
atomic force microscope (AFM, see Fig. S4 in the Supporting
Information) to find a quite flat surface of the SLs with the root-
mean-square (RMS) roughness of 0.3 ~ 0.5 nm.

3.2. Basic carrier transport properties of [BT|GT] SLs

The basic carrier transport properties of [BT|GT] SLs have been
investigated by measuring the longitudinal and transversal re-
sistance with varying temperatures and magnetic fields (see Fig. S5-
S7 in the Supporting Information). Fig. 2a-c shows the resistivity,
carrier density, and carrier mobility at 1.8 K as a function of tgr and
ter, respectively. In Fig. 2a, note that the resistivity changes drasti-
cally from 0.3 mQcm to 3.8 mQcm as the composition changes from
[1|6];2 to [3]3]13 with a composition-dependence similar to that of
the carrier density (Fig. 2b). The maximal carrier compensation is
acquired in the case of tgr/tgr =3, leading to the crossover of the
carrier type across that region (the white region in Fig. 2b). It is
consistent with the fact that the hole density (4.36 x10%° cm™) in the
GT layer is ~ 3 times larger than the electron density (1.49 x10%°
cm™3) in the BT layer. For the investigated SLs, the minimum carrier
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density is observed to be ~ 5.7x 10" cm™ in [6]6] SL, reduced by
about an order compared to the single GT film.

The carrier mobility (us;) of SLs at T=1.8 K is presented in Fig. 2c,
where us; tends to increase as tgr decreases and tgr increases. It is
intriguing to find that the colormap of us; resembles that of ng,
implying that the interaction between carriers plays an important
role in carrier transport in SL. In addition, the SL seems to play as a
whole conductor, not as a simple sum of separated GT and BT
channels, which is supported by the quite linear dependence of the
transversal resistance (Ryy) on the external magnetic field (H) as
shown in Fig. S7 in the Supporting Information. These observations
validate our idea in this work, which assumes the carriers in the GT
layer can be compensated in the SL with an appropriate design of SL
parameters.

Fig. 2d shows |n| as a function of z for various values of tgy/tcr.
Note that |n| tends to increase as z increases, which implies that the
alloying at the interface rarely contributes to the carrier compen-
sation effect, because the alloying volume is proportional to z. In-
stead, the carrier compensation effect can be explained through the
charge transfer effect between BT- and GT- domains, in which the
area of the interface is less important. In Figs. 2e and 2f, |n| is plotted
as a function of the period (tgr + tgr) of an SL and tgr, respectively, for
various tgr/ter. In Fig. 2f, it is interesting to find that the |n| vs. tpr
curve shows a universal behavior independent of tgr/tsr. It can be
explained in terms of the depletion width at the BT side. In detail,
due to the difference in the work functions (¢gr ~ 4.8eV, ¢pr ~
4.5eV)[18,51], GT and BT layers transfer major carriers to each other,
forming a depletion region at each side of the interface. In a p-n
junction, the depletion width (wpyp) is given by

_ |2eag Na@y 1 . .
Whp) = @ Moo e+ N [52], where ¢, q, and A¢ are the dielectric

constant of the medium, the electron charge, and the built-in vol-
tage, respectively. N, and Ny are the density of acceptor and donor
atoms, which are assumed to be pgr (43x10%° cm™) and ngr
(1.5 x10%° cm3), respectively. In addition, from the assumption of egr
=32 [53] and egt =30 [54], the wgr and wgr are calculated to be ~
2nm and ~ 0.7 nm, respectively, indicating that the BT layer thicker
than 2 nm is required for sufficient charges to be transferred into GT
layer. Conversely, the BT layer with a thickness under 2 nm leads to
the increase in |n| as observed in Fig. 2f. In addition, the character-
istic decay length of the phenomenological exponential dependence
of |n| on tpr (dashed line in Fig. 2f) is estimated around 1 nm, which
means the 86% reduction of |n| when tgr =wpr, supporting the
model.

3.3. Rashba constant of [BT|GT] SLs

For investigating Rashba SO coupling of [BT|GT] SLs, we have
analyzed the magnetoresistance (MR) vs. H curve that shows the
weak antilocalization (WAL)-induced cusp whose magnitude de-
pends on the spin-orbit coupling [55-57]. The representative MR vs.
H curves of [BT|GT] SLs (tgr = 1 nm and t¢r = 1, 2, 3, 4, and 6 nm) at
T=1.8K are presented in Fig. 3a, where the cusp near H =0 is ob-
served clearly with its saliency depending on the composition of the
SL (see Fig. S8 and Fig. S9 in the Supporting Information for MR(H)
curves of the other SL samples and the typical temperature-depen-
dence of the MR(H) curve, respectively).

For the quantitative analysis of the WAL, the MR(H) is decom-
posed into the WAL-induced MR (MR,y,) and the classical one
(MRoq) (for the details of this process, see Fig. S10 in the Supporting
Information). Fig. 3b-f shows the MRy, (H) in which the cusps are
more emphasized. The functional form of MRy, (H) depends on the
spin relaxation mechanisms (Elliot-Yafet (EY) [58,59] or D’yakonov-
Perel (DP) [60]) and the dimensionality of the transport channel.
Among the models, the Fukuyama-Hoshino (FH) model assumes the
three-dimensional (3D) transport whose validity in [BT|GT] SLs is
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justified by the charge transfer (Fig. 2d) and the DP spin relaxation

mechanism which covers the Rashba system.
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Here, #, g*, ug, and D are the reduced Planck constant (4/2m), the
effective Landé g factor, Bohr magneton, and the diffusion coefficient
of the electron in the SL, respectively. B, (a=1i, 0, so, and ¢) is the
characteristic magnetic field representing the inelastic scattering
(a=1), the remanent which means the dephasing field at T=0 (a=0),
the SO interaction (a=s0), and the dephasing (a=¢), respectively.
Among these four B,s, only B, and B, are set as two independent

fitting parameters with a constraint given by Eq. (5) and an as-
sumption of By =0 [63]. By fitting Eq. (1) to the data, B, and By, are
estimated with assumptions of g*= 0.3 [65] and D = ukgT/e (where,
u=the carrier mobility, kg = the Boltzmann constant). In Fig. 3(b) ~
(f), the solid lines represent the fitting curves showing that the MR
(H) of [BT|GT] SLs are well described by the FH model except for the
[6]3]7. The discrepancy in the [6]3]; might be due to the relatively
large portion of BT, where the carrier transport is likely to have 2D
nature and the spin relaxation is dominated by the EY mechanism,
deviating from the 3D nature and DP mechanism assumed in the FH
model.

Figs. 4a and 4b show the extracted fitting parameters, B, and B,
in [BT,|GTy ], as the color maps in (x, y)-plane. It is observed that By,
increases from 2 T up to 31 T as x/y increases showing a trend similar
to ng (Fig. 2b). It seems to imply that there is a correlation between
nsy and Bs,, which will be discussed in the later part. On the other
hand, the observed increase in B, with increasing y implies that the
dephasing scatterings become dominant with the Ge vacancies. This
is supported by the observation of B, inversely proportional to x (see
Fig. S11(a) in the Supporting Information). In contrast, the B, is
found to increase as p increases (see Fig. S11(b) in the Supporting
Information), supporting the spin relaxation by the DP mechanism
[66]. When the spin relaxation is governed by the DP mechanism,
the Rashba constant (ag) can be calculated from B, by using the

relationship of ag = % where m*is the effective mass of the
electron [57,67]. Fig. 4c shows the calculated ag(m*/m.) as a color
map in space of tgr-tgt. In addition, the same quantity is plotted as a
function of n in Fig. 4d, in which a linear relationship between ar and
n with a negative slope is observed. For [1]|18]; SL, aR is estimated
around 0.31 ~ 2.14 eVA with m*=0.022 ~ 0.15 [65,68], much lower
than the known value of 4.2 eVA of GT. Such a low ag in GT-rich SLs
can be associated with their large carrier density. Indeed, in the
recent calculation of the spin Hall conductivity of GT, a relatively
small spin Hall angle of only 0.01 which is reduced due to their large
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carrier density was predicted [36]. Nevertheless, ag of SLs is found to
increase up to 1.1 ~ 7.4 eVA as tgy increases. Such an increase in ag
with increasing tgr can be explained in terms of the strong SO
coupling in the BT layer. Proximity-induced SOC crossing the Van der
Waals (VdW) gap can endow strong SOC in the BT layer to the GT
layer [69,70]. However, the observed maximum ag of 7.4 eVA is
significantly larger than the reported values of 0.1-1 eVA in BT, re-
quiring alternative scenarios to explain it. Fermi level (Er) tuning
confirmed by carrier density variation can effectively explain the
observed variation of ag in SL. Fig. 4e shows a schematic electronic
band structure of a [BT|GT] SL. When the BT layer is thin, hole car-
riers are abundant positioning Er lower than the crossing point (Ex)
of the spin-up band and the spin-down band. In that case, the car-
riers with a specific sign of momentum (for example, +k, or - k
momentum) are not fully spin-polarized lowering the effective
Rashba constant (agefr). As tpr increases, n decreases making Er
higher than E,, in which the spins of the carriers are fully polarized
with being locked to their momentum. As a result, a large og e iS
observed, consistent with our observation [71].

4. Conclusions

We have systematically investigated the [BT,|GT, ], SLs aiming at
achieving robust ferroelectricity and strong SO coupling simulta-
neously by suppressing the generation of carriers prevalent in GT.
From the analysis of the basic transport properties of SLs, we have
found that the carrier density has its minimum when tgr =3 % tgr
with the value lower by orders of magnitude compared to that of a
single GT film. Such a condition of the minimal |n| is determined by
the relationship between bulk carrier densities of GT and BT layers.
With this composition, it is found that the strength of the Rashba
effect does not deteriorate, but rather increases in the [BT|GT] SL
structure. Therefore, these results provide a viable way to realize
robust ferroelectricity and strong SOC in GeTe-related material sys-
tems simultaneously. In addition, we believe that our results provide
useful information for developing thermoelectric materials with a
high figure of merit by reducing the carrier density.
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