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ABSTRACT

Huge thermal noise owing to the narrow energy bandgap is one of the critical issues for group IV-based photonics in the mid-infrared
regime. With this motivation, we examined to form Ge1�xSnx/Ge1�x�ySixSny quantum heterostructures (QHs) by molecular beam epitaxy
for realizing resonant tunneling diodes composed of group-IV materials. We confirmed the formation of approximately 2 nm-thick
Ge1�xSnx/Ge1�x�ySixSny QHs with atomically flat interfaces by x-ray diffraction and transmission electron microscopy methods. Moreover,
by the current density–voltage (J–V) measurement at 10 K, we observed the occurrence of a non-linear distinct hump in the J–V character-
istic, which is possibly originated from quantum transport of heavy holes. According to the tunneling transmission spectra simulation
result, the hump property would be due to two possible scenarios: a resonant tunneling of heavy holes in the QH and/or a resonance
phenomenon that heavy holes pass just above a potential barrier.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024905

Recently, Ge1�x�ySixSny, which is an alloy of the group-IV semi-
conductors, Si, Ge, and semimetal Sn, has been an attractive material
to realize scalable Si photonics, which are compatible with the current
Si CMOS technology.1 Moreover, the narrow bandgap nature of
Ge1�xSnx makes it an ideal candidate material for group IV-based
photonics in the mid-infrared (MIR) regime, which offers various
potential applications from molecular spectroscopy2 until MIR
imaging.3 Lasing4–6 and photodetection7 in the MIR regime have been
experimentally demonstrated using Ge1�xSnx, although the thermal
noise due to its narrow bandgap is still one of critical issues. To
suppress the thermal noise, it is important to develop devices with a

functionality of negative differential resistance (NDR) such as resonant
tunneling diodes (RTDs) based on Ge1�xSnx utilizing resonant tunneling
transport.

Resonant tunneling is a quantum transport phenomenon of
carriers (electrons or holes) manifested in a quantum heterostructure
(QH) with two potential barriers. Because a quasi-bound energy state
exists inside the quantum well, resonant tunneling occurs via this state
when the energy of incoming carriers coincides with the quantized
energy levels. As a result, NDR regions appear in its current– volt-
age characteristics.8,9 We expect that Ge1�xSnx-based RTDs will
provide another degree of freedom for further development of
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MIR technologies because the NDR of the RTD can provide elec-
trical gain for optoelectronic devices, as has been demonstrated in
conventional group-III–V compound semiconductors.10–12

Wu et al. have theoretically predicted that sandwiching Ge0.9Sn0.1
between moderate tensile-strained barrier layers of a Ge1�x�ySixSny
ternary-alloy semiconductor will give the resonant tunneling due to
sufficiently large band offsets.13 However, the experimental proof of
resonant tunneling for the Ge1�x�ySixSny/Ge1�xSnx/Ge1�x�ySixSny
system has not yet been achieved, while an experimental evidence of
band-to-band tunneling using Ge1�xSnx has been reported.14

Recently, our group achieved Ge1�x�ySixSny/Ge0.9Sn0.1/Ge1�x�ySixSny
double heterostructures with a good crystallinity with the layer thick-
ness of 15 nm each for various compositions of Ge1�x�ySixSny layers,
which are targeted for laser applications.15,16 We also experimentally
confirmed that one of the Ge1�x�ySixSny/Ge0.9Sn0.1/Ge1�x�ySixSny
double heterostructures provides, in principle, sufficient band offsets
for at least the first resonant tunneling state to occur.16

In this study, we demonstrated the formation of Ge1�xSnx/
Ge1�x�ySixSny QHs with an ultra-thin thickness of each layer and char-
acterized their electrical properties. We first discuss the epitaxial growth
of the QHs and their electrical transport properties by measuring the
current–voltage characteristics. Then, we present theoretical simulation
to understand the underlying quantum transport mechanism.

In this study, we prepared two different samples with different
substrate types to clarify the carrier type for resonant tunneling. Both
samples were designed to have the same energy band alignment with
two potential barriers as shown in Fig. 1(a). The design of the band
offset is followed from Ref. 15. We used p-type and n-type Ge(001)
wafers as substrates for the epitaxial growth of Ge1�xSnx/
Ge1�x�ySixSny QHs of sample 1 and sample 2, respectively. After
chemical cleaning of the substrates using de-ionized water, ammonia

solution (NH4OH: H2O¼ 1: 4), and sulfuric acid (H2SO4: H2O¼ 1:
7), in this order, the substrates were introduced into the ultra-high vac-
uum (UHV) chamber. Subsequently, the substrates were thermally
cleaned at 430 �C in a UHV chamber with a pressure below 10�7Pa
for 30min. After that, the epitaxial growth of Ge1�xSnx/Ge1�x�ySixSny
QHs was carried out with the molecular beam epitaxy (MBE) method
at a base pressure below 10�7Pa. Ge and Sn were deposited using
Knudsen cells, and Si was deposited using electron beam evaporation.
The QHs are composed of a 6 nm-thick quantum well (QW) structure
[consisting of 2 nm-thick Ge0.41Si0.50Sn0.09 (barrier), Ge0.91Sn0.09
(well), and Ge0.41Si0.50Sn0.09 (barrier) layers] that is sandwiched
between two 20-nm-thick Ge0.96Sn0.04 layers (spacers) as shown in Fig.
1(b). The growth temperature for the spacer and the barrier layers was
200 �C, and that of the high-Sn content well layers was 150 �C.
According to previous studies,17–19 the carriers in Ge1�xSnx and
Ge1�x�ySixSny films without doping grown by MBE are likely to be p-
type due to unintentional generation of holes related to vacancy
defects. Finally, top and bottom Al electrodes were deposited using
vacuum evaporation to characterize the electrical properties; top Al
electrodes have a circular shape with an area of 1.2–2.2� 10�4 cm2,
whereas the bottom Al electrodes were deposited on the whole area of
the wafer backside.

The epitaxial growth of each layer was examined during the MBE
growth process using in situ reflection high-energy electron diffraction
(RHEED) with the incident beam directed along the [110] direction.
The observed RHEED patterns of sample 1 after the growth of each
layer are presented in Fig. 1(b). Streaky and spotty diffraction patterns
are observed, indicating that the epitaxial layers with atomically flat
surfaces were achieved. Next, the structural analysis was performed
by x-ray diffraction two-dimensional reciprocal space mapping
(XRD-2DRSM) with a monochromatic Cu Ka x-ray source

FIG. 1. (a) Schematic of the energy band alignment of the samples. (b) Schematic of sample 1 and the RHEED patterns after the growth of each layer.
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(PANalytical MRD Pro). Figure 2 shows the XRD-2DRSM result of
sample 1. The mapping result indicates the pseudomorphic growth of
the Ge1�xSnx spacer layers without the formation of any strain-relaxed
layers. By assuming Vegard’s law, the Sn content in the Ge1�xSnx
spacer layers was estimated to be 4–6%. Since it is difficult to judge
whether or not the layer structures were grown only by XRD, we per-
formed energy dispersive spectroscopy (EDS) elemental mapping
using a scanning transmission electron microscope (STEM) JEM-
2100F (JEOL, Japan) operating at 200 keV, equipped with an EDS sili-
con drift detector DrySD30GV (JEOL, Japan). Figure 3 shows the
cross sectional STEM images of sample 1 and the corresponding rela-
tive concentration maps estimated from the STEM-EDS spectrum
imaging data using Cliff–Lorimer k-factor implemented in Noran
System Seven software (Thermo Fisher Scientific, USA). It can be
observed that the 20 nm-thick spacer layers and the 6 nm-thick QW

structure (composed of a 2 nm well and two 2nm barrier layers) were
sufficiently formed with flat interfaces, which is consistent with the
RHEED results. It was also verified that the thickness fluctuation is
less than 1nm. In addition, Si only exists in the barrier layers as
designed. Although the relative elemental contents in each QW layer
can be quantitatively obtained from the STEM-EDS maps, their quan-
titative accuracy is relatively poor. This is due to the underestimation
of the Si content as the fluorescent Si–K line was strongly absorbed
within the specimen compared with Ge–K and Sn–L lines. Also, our
present TEM specimen was too thick, and it showed a large thickness
variation like a wedge-shaped specimen, indicating the accurate cor-
rection on x-ray absorption effect is difficult.20 To obtain more accu-
rate results, the STEM-EDS measurement using a flat thin specimen,
and the content estimation by more accurate Cliff-Lorimer k-factors
or f factors,21 calibrated using appropriate reference specimens, are
necessary in our future work.

From these structural analyses, it is concluded that the ultra-thin
Ge1-xSnx/Ge1�x�ySixSny QHs were formed, although the correct esti-
mation of the element contents in QW layers is a remaining issue.
Next, we discuss the electrical properties of ultra-thin Ge1-xSnx/
Ge1�x�ySixSnyQHs.

The current density–voltage (J–V) characteristics of Ge1�xSnx/
Ge1�x�ySixSny QHs were measured at cryogenic temperatures using a
Semiconductor Device Analyzer (Agilent, B1500A) to suppress strong
influences of thermal-assisted scatterings at higher temperatures, such
as from phonon scattering.13 Figure 4 shows the J–V characteristics of
sample 1 and sample 2 at 10K. All samples exhibit non-linear J–V
characteristics. For sample 1, a distinct hump property at a voltage
around 0.3V is observed although the NDR region is not clear. This
property is more easily observed as a clear minimum in the differential
conductance curve (Fig. 4, inset). We had also confirmed the repro-
ducibility of this distinct hump property for other devices across the
same wafer. This distinct hump property can be related to a huge leak-
age current in addition to a typical resonant tunneling NDR.22 In our
present sample, the huge leakage current can be attributed to the fact

FIG. 2. XRD-2DRSM result around the reciprocal lattice point of Ge 224.

FIG. 3. Cross sectional STEM images with the EDS content mapping of sample 1.
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that the surface of samples prepared in this study was not passivated
by either the insulator or mesa structure. Next, sample 2, which was
grown on the n-Ge(001) substrate, shows a rectifying characteristic
similar to that observed in a typical p–n junction despite the fact that
the epitaxial layers were grown without doping. One plausible expla-
nation for this characteristic is that the majority carriers of the epitaxial
layers are holes, resulting in an unintentionally formed p–n junction in
sample 2. Essentially, it suggests that the observed tunneling J–V hump in
sample 1 should be related to the hole transport.

The hole tunneling transport observed in the present sample was
also verified by simulating the transmission coefficient using the trans-
fer matrix method.23 The simulation was computed by matching the
wave functions across the double potential barriers following the
potential profile as shown in Fig. 5(a). In this simulation, the effects of
band splitting of the light hole (LH) and the heavy hole (HH) valence
bands were considered, as our samples are fully strained.24 The fully
strained HH valence band offset is expected to have a similar value to
that of the relaxed case,15 while the fully strained LH valence band
offset is expected to have a much smaller value roughly half of the HH
counterpart.24 However, the exact values for the band offsets are not

known at the present. Hence, in the simulation, we varied the valence
band offset values to be 150–300meV for HH. The choice of this offset
range is based on our previous experiments reported in Ref. 15 expect-
ing that the Si content in the barrier layers is between 23 and 50%. The
valence band offset values for LH were assumed to be 75–150meV,
i.e., half of the HH case. In addition, the spacer and well layers were
assumed to have the same band energy alignment, as shown in
Fig. 5(a). We have verified that it is a fairly good assumption since
changing the spacer layer valence band offset from 0 to 50meV does
not affect the general trend in the transmission spectra. In addition,
the simulation assumed that the interferences come from perfectly
coherent hole wave functions without any scatterings with LH and
HH assumed to be distinguishable (no mixing)25 and the effective
mass assumed to equal to that of Ge, 0.044mo and 0.284mo for LH
and HH, respectively.26 Here, mo is the rest mass of an electron
(9.11� 10�31kg).

Figure 5(b) shows the simulation results for the case of HH. Two
clear peaks can be observed in the tunneling transmission spectra of
the HH with the lower energy peak well below the band offset. This
essentially means that this lower energy peak corresponds to a reso-
nant tunneling state. However, the higher energy peak exists at the
energy beyond the band offset. It suggests that this higher energy peak
is a result of a resonance phenomenon related to a normal quantum
transport when holes pass just above a potential barrier. For the LH
case, only one peak is observed at �0.2 eV (i.e., beyond the band off-
set) with a very low peak-to-valley ratio. Considering these results and
the fact that the HH has a larger density of states than the LH for fully
strained Ge1�xSnx/Ge1�x�ySixSny QHs,24 the observed J–V humps are
due to quantum transport of the HH.

In summary, we fabricated ultra-thin Ge1�xSnx/Ge1�x�ySixSny
QHs on Ge(001) substrates by MBE. The RHEED patterns reveal that
the present QHs have relatively flat interfaces. Also, STEM-EDS and
XRD analyses show the formation of QHs. In addition, from electrical
characterization at cryogenic temperatures, we have experimentally
observed a J–V tunneling hump in sample 1, which corresponds to
quantum transport of holes. Considering the transmission spectra sim-
ulation showing the existence of a resonant tunneling state of HH and
a resonance state related to a normal quantum transport when the HH
passes just above a potential barrier, the observed hump property is
due to the quantum transport of HH. The most essential next step is

FIG. 4. J–V characteristics measured at 10 K of sample 1 (blue solid line) and sam-
ple 2 (red dashed line). Inset: the differential conductance curve of sample 1.

FIG. 5. (a) Potential profile used in the theoretical simulations. (b) Calculated transmission spectra for HH and (c) LH for various band offsets at equilibrium.
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to clarify whether or not the observed hump property of the QHs is
due to the resonant tunneling property of HH by developing a suitable
passivation process to the current device structure using a mesa and/
or oxide layer to suppress the huge leakage current. This work is an
important step-up to pave the way for realizing practical RTDs using
Ge1�xSnx/Ge1�x�ySixSny QHs for further development of group
IV-based MIR technology.
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