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Abstract

The heterojunction between two materials brought into contact, for example in the form
of vertical van der Waals heterostructures, exhibit interesting features offering
functionalities to devices stimulated by light. We report in this article, an investigation
of the optical and electronic properties of the heterojunction formed between Sh,Ses, a
material with promising role in photovoltaics characterized by 1D topology (ribbons)
and an emerging 2D material, PtSe,, exhibiting unique optical properties for
photoelectronics and photonics. The controlled growth of PtSe, on SboSes underlayer
takes place using a transfer-free process by low temperature selenization of 1-2 nm Pt
films thermally evaporated on Sbh»Ses ultrathin substrates. XPS data analyzed in the
context of the Kraut method, provided an estimate for the band offsets at the interface.
The valence band offset and the conduction band offset of the PtSe»/Sb»Ses
heterojunction was found to be —0.25eV and1.0eV, respectively, indicating a type-II
heterojunction. The ultrabroad optical absorption of the heterojunction and the
protection offered by PtSe, to Sh»Ses, against oxidation of the latter, render this
particular heterojunction a robust candidate for applications in photovoltaics. Finally,
the current study of a heterojunction between materials of different dimensionality, may

pave the way for a rational design in the field of trans-dimensional heterostructures.
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1.  Introduction

A great deal of effort has been dedicated over the last years to understand basic
phenomena and application-oriented subtleties for a very large number of two-
dimensional (2D) crystals. Apart from discovering unconceivable new physics, the
exploration of 2D materials has paved the way for a wide range of potential applications
related to energy, environment, bioscience, and high-technology products . Graphene-
related materials and group VIB transition metal dichalcogenides (TMDCs) have
dominated, during the past years, fundamental studies and device evaluation. Vertical
and horizontal heterojunctions of various types of 2D crystals, have also emerged as
promising combinations of materials, which offer additional functional features at the
heterojunction, by combining the unique properties of the individual crystals 2. Besides
enhanced performance, simple fabrication processes of heterojunction devices is of
vital importance for up-scaling and production compatibility. Here, we demonstrate,
for the first time, the scalable low temperature growth of heterojunctions based of 1D-
ShoSes and 2D-PtSe». Investigations of their optical properties and band alignment,
highlight the prospects of this heterojunction in optoelectronic devices such as excitonic
transistors, switches, lasers and photo-detectors 2,

Antimony triselenide, which belongs to group 6 chalcogenides, differs from TMDCs as
it is considered a one-dimensional (1D) semiconducting crystal composed of (SbsSee)n
ribbons arranged along the (001) direction. The ribbons are covalently bonded,
interacting via weak van der Waals forces forming two-dimensional layers. Antimony
chalcogenides have been mostly known as non-crystalline materials prepared as
amorphous films and/or glasses . Bulk glasses can be prepared at any composition of
the binary SbxSeso-x system for the composition range 0 <x < 30 °. Due to its low optical

bandgap and large absorption coefficient, the stoichiometric compound, Sbh.Ses, has
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attracted vivid attention over the last years as absorbing material for potential
applications in photovoltaics 5.

The layered structure of group-10 or noble-transition metal dichalcogenides, such as
PtSe,, is known since decades 2°. However, the development of novel experimental
methods and theoretical tools for 2D materials, have brought group-10 dichalcogenides
again under focus 12, Few-layer PtSe, crystals exhibit fascinating photonic and
optoelectronic properties 3. High-quality PtSe; crystals of controlled thickness can be
produced in a variety of ways compatible with current technology platforms. A major
merit of PtSe; is that it can be grown at much lower temperatures, i.e. below 450 °C, in
contrast to other TMDCs. This enables the PtSe, growth on temperature-sensitive
underlayers, such as Sb>Ses. While bulk or multi-layer PtSe, exhibit semimetallic
character (zero bandgap) the monolayer exhibits semiconducting properties (Eq ~ 1.2
eV). The layer-dependent broad distribution of the bandgap energy straddles up the
mid-IR region, rendering few-layer PtSe; an essential photonic material. While
systematic studies have been undertaken for few-layer PtSe, pristine crystals,
investigations concerning properties of van der Waals heterojunctions based on PtSe;
with other 2D crystals are still sporadic in the literature.

Because Sh;Ses and PtSe> have emerged as two very important optical materials we
attempt here an exploration of the optical and electronic properties for the vertical
heterojunction formed by these two crystals. It is well-known that Sh,Ses is highly
prone to oxidation which could alter its properties and hence its performance as a solar
absorbing layer in photovoltaics. Hence, studies have focused on investigating the band
alignment details between Sh,03 and Sb,Ses 4. The increased interest on Sh,Ses-based
heterojunctions is demonstrated by recent studies exploring combinations with ZnO for

self-powered, flexible photodetectors *° and self-powered broad spectral photodetectors
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with fast response based on Sh,Ses/\VO- heterojunctions . Owing to the very high
stability of PtSe, at environmental conditions, PtSe, / Sh,Sez heterojunctions could
emaciate the propensity of SboSes to oxidation by providing a protective layer, which

at the same time increases the light absorbance towards the mid-infrared.

2. Experiments

2.1 Materials preparation

Sh2Ses films with various thicknesses (< 5 nm, 150, and 320 nm) were deposited on
BK7 glass substrates; hereafter, films with thickness <5 nm will be denoted as ultrathin
films. Before deposition, substrates were ultrasonically cleaned using detergent, ethanol
and deionized water for 10 min. Sb>Ses amorphous films were deposited onto substrates
by RF magnetron sputtering with a 99.99% pure stoichiometric Sb>Ses target obtained
by high temperature melting method *’. The pressure of the vacuum chamber was less
than 3 x 10~ Pa before deposition. The Sb,Ses target was initially etched by argon
plasma for about 10 min to eliminate surface contaminants. The working pressure and
sputtering power were fixed at 0.5 Pa and 12 W, respectively with 30 sccm of Ar, to
obtain a low and constant deposition rate. The substrate temperature was not
specifically controlled during the sputtering process. The amorphous as-deposited films
were crystallized by heating at 300 °C for 60 minutes, under a pressure of 0.2 mbar 18,
The sputtering times were 1, 36 and 80 min, which correspond to film thicknesses of <
5 nm, 150, and 320 nm, respectively. The 150 and 320 nm films thicknesses were
determined by spectrophotometer method °. The 1 min sputtered ultrathin film was
estimated to be ~3 nm in thickness.

PtSe, / ShoSes heterojunctions were grown by depositing ultrathin layers of Pt (between

1-2 nm nominal thickness) on top of the ultrathin Sb>Ses surface by thermal
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evaporation, followed by low temperature selenization using pellets of ultrapure Se
(Alfa Aesar, purity 99.9990%). The selenization step took place in a tube furnace at
430 °C for 90 min, under the flow of N2/H»:95/5 gas at a flow rate of 100 sccm. Pristine
PtSe; films were also prepared on Si/SiO, and SiO; substrates, following the same
procedure, to study their properties in relation to the heterojunctions. Direct growth of
PtSe. on Sbh,Ses avoids any transfer step of the heterojunctions, as has been the case in
previous studies, hence preventing contamination and alteration of the as-grown

heterojunctions.

2.2 Materials characterization

Raman spectra were recorded at room temperature using the micro-Raman Jobin-Yvon
(T-64000) spectrometer and 1800 grooves/mm gratings for the analysis. Spectra were
excited with a He-Ne laser (632.8 nm or 1.96 eV) using a power less than 0.2 mW on
the sample. This intensity is low enough to secure that thermal-induced oxidation of
ShSes films is avoided, within the time scale of spectra accumulation. A large number
of spectra were collected from various points of the films surface to ensure homogeneity
of the grown materials. The absorption spectra were recorded with a Perkin—Elmer
(model Lambda 900) spectrophotometer over a broad spectral range (2800 to 350 nm).
Optical spectra were also recorded repetitively from various areas of the samples,
demonstrating identical spectra shapes. Electron microscopy images for characterizing
the surface morphology of the heterostructure, were recorded by a high-resolution field-
emission scanning electron microscope (FE-SEM) instrument (Zeiss, SUPRA 35VP)
operating at 10 kV.

X-ray and ultra-violet photoelectron spectroscopies (XPS and UPS) were performed in

UHV (P~5x1071° mbar) system equipped with a hemispherical electron analyzer

ACCEPTED MANUSCRIPT/ CLEAN COPY



(SPECS, Phoibos 100-1D-DLD) and a non-monochromatized dual-anode Mg/Al x-ray
gun. The spectra were recorded with MgKa at 1253.6 eV photon energy and an analyzer
pass energy of 10 eV giving a Full Width at Half Maximum (FWHM) of 0.85 eV for
Ag3d5/2 line. The analyzed area corresponds to a spot of ~3 mm diameter. For spectra
collection and treatment, including fitting, the commercial software SpecsLab Prodigy
(by Specs GmbH, Berlin) was used. The XPS peaks were fitted by decomposing each
spectrum into individual mixed Gaussian-Lorentzian peaks after a Shirley background
subtraction. The atomic ratios were calculated from the intensity of the XPS peaks
divided by the appropriate relative sensitivity factors derived from the Scofield cross-
section taking into account the electron transport properties of the matrix, and the
energy analyzer transmission function characteristics. For UPS measurements a UV
source (model UVS 10/35) was employed, using Hel irradiation (hv=21.22 eV) with
the analyzer operating at the Constant Retarding Ratio (CRR) mode, with CRR=3. The
work function (WF) and the Valence Band Maximum cut off (VBM) were directly
estimated by the UPS spectra, by linear extrapolation of the high and low energy cutoffs
to the baseline and determining their intersections with the binding energy axis. For the
WF determination a bias of —12.30 V was applied to the sample to avoid interference
of the spectrometer threshold in the UPS spectra.

3. Results and Discussion

FE-SEM images at different magnifications are show in Fig. S1, demonstrating the
surface  morphology of the as prepared heterostructure, which reveals their
polycrystalline nature. This morphology is expected as the top layer, PtSey, is
synthesized by selenizing the pre-deposited Pt films. The morphology is identical to
that of previously reported PtSe, films grown using thermally assisted conversion

(TAC) method 22! The thickness of the Sh,Ses layer has been estimated by atomic
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force microscopy (AFM). A typical AFM image and the corresponding height profile
are shown in Fig. S2. Further, Raman spectroscopy was employed to study the
crystallinity and estimate the number of monolayers for the PtSe; films. Figure 1
displays the Raman spectra of the pristine materials, Sh.Ses, PtSe,, and their
heterojunction. The Raman spectra of thermally crystallized Sh.Ses films of various
thicknesses are shown, revealing that the shapes are identical, while the ultrathin Sb>Se3

film exhibits the lowest intensity. Despite that

PtSeZ/szse3
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Fig. 1: Representative Raman spectra of the pristine films and the heterojunction.
The top spectrum stands for the pristine PtSe; film grown on Si/SiO». Multiplicative
factors, for better visualization of the spectra for PtSe, and ultrathin Sh,Ses are
applied to raw data.
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a large number (30) Raman active modes are expected by the symmetry of the crystal,
only a few bands are typically observed in the experimental Raman spectra. In the
spectral range shown in Fig. 1, the Sh,Ses spectra contain the three characteristic bands
of the crystal, located at ~153 (EZ), ~190 (43 ,) and ~211 (combination mode) cm, in
accordance with literature results 222, The absence of bands near 234 and 250 cm™
demonstrates the lack of both elemental Se and oxides on the film surface, respectively,
which indicates excellent stoichiometry and good purity of the Sh,Ses films.

PtSe, crystals grow in the 1T octahedral structure which is characterized by the Daqg
point group symmetry. Like any other transition metal dichalcogenide, PtSe, exhibits
layer-dependent Raman spectra. The two main Raman modes with symmetries Aig and
Eg correspond to out-of-plane and in-plane vibration of Se atoms, respectively. Raman
spectra of pure PtSe; (top spectrum) are collected by crystals grown on Si/SiO>
substrate with pre-deposited Pt layer with minimum thickness. The Eq and Aig peaks
are observed at 178 and 207 cm™, respectively. Along with these two prominent
vibrational peaks, a broad weak band in the area 230-235 cm™ arises as the
superposition of IR-active modes Ay and Ey. These values agree with the literature data
by O’ Brien et al. * who proposed a useful correlation among Raman spectra
parameters and the thickness of the PtSe> layer. The wavenumber of the Eg band and
the band intensity ratio Aig / Eg are useful indicators of the film thickness. For the
current spectra of pristine PtSe; we find Eq ~ 178 cm™ and Ay / Eq ~ 0.5. Based on the
data provided in Ref. 24, our spectra reveal a pristine PtSe; film thickness up to 1.5 nm.
It is worth mentioning that the optical and band alignment studies for the heterojunction
in this work, refer to PtSe, grown on the ultrathin Sb,>Ses film.

As far as the heterojunction is concerned, the vibrational modes of PtSe», which is the

top layer, dominate the Raman spectra. Due to the higher Raman cross section of PtSe»
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in comparison to Sh.Ses, and the stronger absorption of the former at the laser energy
(1.96 eV), the weak intensity of Raman modes of the Sh.Ses film (underlayer) is not
resolved in the spectrum. The Eq and A1q peaks appear at 177 and 207 cm™?, respectively
and the Aig/Eq intensity ratio is of about 0.6. These values for the heterojunction
indicate a similar thickness of the PtSe> film grown on Sb»Seg, i.e. less than 1.5 nm.
Slight changes in the band wavenumbers and the intensity ratio observed between the
pristine PtSe> film on Si/SiO> and the heterojunction may arise from interactions of the
PtSe, with the ShySes.

Optical absorption curves were transformed to the form of Tauc plots, which can
provide insight into the character of the optical absorption. The Tauc plot has emerged
as a versatile method in determining optical properties of amorphous and crystalline
thin films, such as the magnitude and the type (direct or indirect) of the optical bandgap
E4. In particular, the absorption coefficient, « depends on energy according to the
following relations:

a=0 for E < E, 1(a)
(ahv)™ = B(hv — E,) for £ > E, 1(b)

where h is Planck’s constant, v is the frequency of light, and B is a proportionality
constant. The value of the exponent n is indicative of the type of the electronic
transition, as it can be used to determine whether the transition is direct (i.e. negligible
variation of the electron wave-vector), indirect, allowed or forbidden. Specifically, for
direct allowed transitions n = 2, for direct forbidden transitions n = 2/3, for indirect
allowed transitions n = 1/2 and for indirect forbidden transitions n = 1/3. Considering
that the allowed transitions are prevailing in the absorption processes, the typical
explored cases pertain to the exponents, n = 2 and n = 1/2, for the direct and indirect

transition, respectively. Therefore, (ahv)™ is plotted against the photon energy by

10

ACCEPTED MANUSCRIPT/ CLEAN COPY



choosing the proper value of n that creates a linear dependence for a certain photon
energy range. An extrapolation of the linear part of the absorption coefficient, intersects
the energy axis at the value of the direct or indirect bandgap, E,. In a more generalized
approach, the absorption coefficient is described by a combination of processes
involving direct and indirect transitions, represented by the first and second terms,
respectively, of Eq. (2), °
ahv = B'(hv — ES") " 4+ B"(hv — i T E,,)° @)

where B” and B’ are proportionality constants, E,, is the absorbed/emitted phonon
energy, and EJ™, EI"® are the direct and indirect bands energies, respectively.
Neglecting reflection from the film’s surface, the absorption coefficient of a film of
thickness d, is calculated by the measured absorptance, A =1 —T — R, (where T and R

stand for the transmittance and reflectance, respectively) via the relation 2°:

a(cm™1) = %ln (%) 3)
Despite that Sh,Ses is a material which has been thoroughly studied over the last thirty
years, there are still contradictory reports in the current literature about the direct 2" or
indirect 2230 nature of the optical bandgap of this semiconductor. It has been reported
that the bandgap magnitude lies (typically) in the range 1.0 — 1.5 eV, while higher
values (up to 1.8 eV) have also been reported. Early works on single crystals have
suggested that indirect forbidden 312 transitions are responsible for the changes of the
absorption coefficient. It has also been reported in a temperature-dependent study 2’
that the bandgap is direct at low temperatures (5 — 100 K) and indirect at high
temperatures (100 — 300 K). Further, representing the absorption coefficient data both
with the n = 1/2 and n = 2 values, it has been shown 32 that the corresponding linear

parts of each curve could provide both the indirect (1.1 eV) and direct '®** bandgaps of

ShoSes. The Tauc plot shown in Fig. 2(a) reveals that the n = 1/2 transforms the

11
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experimental data to a better straight line than the n = 2 exponent. Therefore, the
indirect bandgap of Sh2Ses is estimated to be E.* ~ 1.05 eV, in agreement with the

majority of the previous recent studies .

PtSe2, a more recently explored material, exhibits a layer-dependent bandgap as is the
case of other TMDCs. However, the dependence of the bandgap on the number of
monolayers for PtSez, is much stronger than that observed in other typical layered
dichalcogenide crystals. Bulk PtSe> exhibits semimetallic character (zero bandgap)
whereas a semimetal-to-semiconductor transition takes place when the number of
layers decreases below 3. The mono- and bi-layer have bandgaps of ~1.2 (direct) and
~0.2 eV, respectively *. A bandgap of ~0.75 for the bilayer at room temperature has
also been reported 3. Notably, there are reports about a much weaker dependence of
the optical bandgap on the number of layers Zhao et al. 3 who estimated bandgaps
ranging for 0.97 to 0.57 eV when the thickness varies in the range from 2 to 8 nm. The
authors assigned this unexpected finding to the coexistence of semiconducting and
semimetallic for CVD-grown PtSe; films.

Figure 2(b) shows the experimentally measured absorptance curves for pristine PtSe;
and the heterojunction, Sb.Ses/PtSe>. The curves bear the same shape as those reported
elsewhere % over a wide energy range. Obviously, in the case of the heterojunction, the
absorption of the PtSez film dominates the absorption spectrum in relation to the
absorption of Sh.Ses. Using Eq. (2), the indirect bandgaps of these materials were found
to be E**(PtSez) ~ 0.30+0.05 eV and E.**(Sh2Ses/PtSez) ~ 0.40+0.05 eV. The phonon
energies for PtSe> is too low, ~0.02 eV, i.e. less than the error, to affect these values.
Despite the discrepancies in previously reported results about the thickness-dependence

of the bandgap magnitude in PtSe, as stated above, the values obtained by the current

12
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study suggest that the PtSe, films (pristine and heterojunction) are up to 2 or 3

monolayers thick.
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Fig. 2: (a) Tauc plot (ahv)'/2 vs. energy for the Sh.Se; pristine film. (b) Absorptance
curves for pristine PtSe, and the Sh2Ses heterojunction. (c) Tauc plot (ahv)'/? vs.
energy for the PtSe; pristine film. (d) Tauc plot (ahv)'/? vs. energy for the Sb2Ses /
PtSe> heterojunction. The dashed lines represent best fits to the linear parts of the

experimental data.

XPS and UPS have been employed to investigate the energy band alignment at PtSe;
/Sh,Ses heterojunction with a focus on the estimation of the valence band offset (VBO)
AEy,, and the conduction band offset, AE.. The AE, can be derived based on a method
by Kraut et al. 3°, using the core level (CL) energy spectra of the related atoms, whereas
AE, is estimated using the energy bandgaps calculated from the Tauc plots *°. UPS
measurements, shown in Fig. S3, were performed in order to estimate the ionization

potential, i.e. the energy distance between the valence band maximum (VBM) and the

13
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vacuum level. Details are provided in the Sl file. To apply the Kraut method the binding
energy of the core levels and the VBM must be measured for the two neat materials and
their heterojunction. The overlayer materials of the heterojunction must be thin enough
to allow the penetration, through this layer, of the photoelectrons arising from the
underneath film. Therefore, XPS peaks from both layers need to be resolved in a single

measurement. According to the Kraut’s method AEy, is defined as:
AEy = (EgP% — Eppa?®) — (Egp2°% — Eppas ) + AEg, (4a)
Where E./ % — EJ1>¢2 denotes the core level BE (Pt4fr) relative to the VBM of the

deposited PtSey, Ex 2% — E; o2 correspond to the core level BE (Sh3ds/2) with respect
to the VBM of the underlying Sh>Ses and AE., represents the BE separation of two core
levels from materials Sh,Sez and PtSe> for the heterojunction.

The conduction band offset (CBO) 4E,, is calculated as:

AEc = E;72%% — E)*5% — AE,. (4b)

XPS analysis of the ultrathin Sh>Ses film (~ 3 nm) reveals the presence of an oxide
overlayer Sh,03 as shown in Fig. 3(a) ¥. The Sb3d peak consists of two Sh3d doublets
(with spin-orbit separation of 9.25 eV) due to ShoSes and Sh,0Oz; additionally, a single
O1s peak at 532.2eV is visible **. The oxide thickness, d, is determined from the XPS
intensities of Sb3d components using an appropriate model, which is based on the ratio,
R, of component’s intensities of each Sb>Sesz and Sh.Os chemical states and the
attenuation experienced by the Sb3d electrons passing through the Sb.O3 overlayer
(inelastic mean free path, 2=1.56 nm) #**2, In the current case, the native oxide is formed
due to air exposure of the Sh.Ses surface after being removed from the sputtering
chamber. Therefore, the equation for the oxide thickness is simplified to d =
Leos(a)In(K - R + 1), where L is the effective attenuation length, equal to ~0.9 x 1 ~

1.4 nm, and K is the intensity ratio of Sb>Ses and Sb2O3 materials in their bulk form.

14
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The above estimation yields d ~ 1.4+0.2 nm. The region near the valence band
maximum is shown enlarged in Fig. 3a, which serves to determine VBM positions for

each material. The binding energies of Sb3ds relative to valence band are: E5, 2% —

Ejp2%3 = 530.16 + 0.05eV and E 2% — Ej223% = 52873 + 0.05eV for Sb,Os and
Sb2Ses, respectively.

In order to investigate the effect of the oxide on the Sh»Ses surface, a reference sample
was prepared by additional selenization of Sb2Ses at 300 °C for 30 min to substitute Se

for O. This sample was immediately transferred to the XPS chamber to avoid surface

oxidation. The XPS data of this pure Sb2Ses film are presented in Fig. 3(b). The BE

position of Sb3ds: relative to VBM is Egr2° — E523¢ = 529,04 + 0.05eV which does

not differ significantly from the Sh,Sesz film with the oxide overlayer. This finding

demonstrates that partial oxidation does not practically affect the material electronic

properties which are of interest in this study.

Figure 4(a) shows the Pt4f and the VBM of a reference PtSe: thick film. The binding
PtSe, EPtSe2

energy of Pt4f2 iS E, ) o2 over — Evpym’ = 72.85 £ 0.05¢eV, in agreement to the literature

value *3. The absence of Pt-O and Pt-Pt bonds indicates the high quality of

15
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Fig. 3: Deconvoluted Sh3d peaks and valence band maximum of (a) an ultrathin

Sh,Ses film deposited on BK7, and (b) a freshly selenized, oxygen-free, Sb.Ses film.

the PtSe, crystals. Figure 4(b) shows the Pt4f and Sb3d peaks of the ultrathin PtSe, /
Sh»Ses heterojunction. The Sb3d spectrum for the heterojunction is identical to the
corresponding spectra of ultrathin Sb.Ses sample with the oxide overlayer (shown in

Fig. 3) demonstrating both components, i.e. SboSes and Sb203 along with O1s peak.
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Fig. 4: (a) Pt4f peak and valence band maximum of a thick PtSe> film. (b) Pt4f and
deconvoluted Sh3d peaks of the PtSe2 / Sh,Ses heterojunction.

The PtSe, film thickness is calculated using the peak intensities of Pt4f and Sh3d
considering a homogeneous PtSe; thin film and is ~2.5 nm. The binding energy
difference between Pt4f7; and Sb3ds,, (of the Sh.Sez component) is 4E;, = 455.63 +

0.05eV. Thus, the VBO between the PtSe; and Sh.Ses estimated by Eq. (4a) is AE, =
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—0.25eV + 0.05eV. Consequently, the CBO calculated via Eq. (4b) is 4E; = 1.0eV +
0.05eV. Combining the XPS/UPS analysis and the optical band gaps calculated from
the Tauc’s plot, the energy level positions, the “natural” band alignment of the interface

and the proposed band structure for the PtSe, / Sb2Ses heterojunction, are illustrated in

Fig. 5.
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—
n
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> o e
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o
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Sb,Se; PtSe,

Fig. 5: (a) Energy level positions determined by XPS for PtSe; and Sh,Ses, showing
electron affinity (EA) and ionization potential (IP) of each material. (b) band
alignment of the interface between PtSe; and Sb,Ses based on the Kraut’s method.
(c) Schematic band structure diagram for the PtSe2/Sh2Ses heterojunction. For clarity,

the energy levels are not shown in scale.

The band structure of the interface is of great importance for the functionality of a
device built with this heterojunction. The above analysis demonstrates that the
PtSe2/ShoSes heterojunction exhibits band alignment of type Il at the interface,
exhibiting a staggered gap. It is well known, that in their majority van der Waals

heterojunctions exhibit type Il band alignment #4. Such heterojunction structure implies
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that after the photogeneration of charge carriers, electrons and holes move towards
opposing direction through the interface, engendering a built-in electric field due to the
spatial separation. Indeed, when the interface is formed, electrons will flow for the
material with the higher Er (Sh2Ses) to that of the lower Er value (PtSe2), which will
create a built-in voltage. Such charge distribution is essential for photodetectors,
photovoltaics and other optoelectronic devices, where the control over charge carriers
critically affects device performance. It should be noted that an ultrathin layer of Sb2Os
is sandwiched between the capping layer of PtSe. and the Sb>Sez underlayer film. As
discussed above, this oxide layer is formed due to the exposure of as-prepared ShoSes
films to the ambient environment and the high proclivity of this material to oxidation.
The presence of the oxide has been investigated in detail by Shiel et al. [14] who studied
the band alignment of Sb>Os and Sb>Ses. The influence of native oxides due to air
exposure was compared with intentionally deposited Sh>Os films. Negative valence
band offset was observed for both the air-exposed and the intentionally deposited
oxides. The difference in values was attributed to various factors including the
polycrystalline vs. single crystal structure and the thickness of the oxide layers. On the
same direction, Fleck et al. *° studied the effect of oxides, grown due to air exposure,
on the time-dependent performance of photovoltaic devices. Interestingly, the presence
of ultrathin layers of oxide, through which holes can tunnel, results in enhanced device
performance in comparison to Sb>Ses samples stored in vacuum. The oxide over layer
(~ 1 nm) creates Se-rich Sh,Ses underlayers that in turn assist efficient performance,
although thicker oxide layers can be detrimental for the devices. In this regard, our
findings demonstrate that the PtSe, overlayer provides shielding preventing further

oxidation. At the same time, the thin oxide layer present at the interface between PtSe;
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and Sh,Sesz is beneficial for PV devices, albeit detailed device study is necessary before
drawing solid conclusions.

In such type Il heterojunctions, light absorption can be extended to longer wavelengths
in relation to the absorption edges of the individual components. The van der Waals
epitaxy between PtSe, and SbhoSes permits the unstrained growth of one material on top
of the other even if their lattice parameters do not perfectly match, as is the case of these
materials, i.e. 3.98 A (Sb2Ses) and 3.75 A (PtSe2). The van der Waals epitaxy of 2D
materials arises from their fairly chemically inert surfaces and can significantly reduce
the strict requirements for lattice matching in epitaxial growth. The lack of an
appreciable fraction of dangling bonds decreases the covalent bonding of the epilayer
atoms. Overall, the van der Waals epitaxy benefits from the strain-free growth and the
proper rotational alignment among the two materials. It should also be emphasized that
irrespective of the growth method, i.e. selenization of a Pt ultrathin film, or other growth
method of the ShoSes / PtSe; systems, the bonding characteristics of the heterojunction
between two materials with “inert” outer surfaces, will be similar, because it will be
ultimately dictated by the van der Waals interactions. From a device perspective, this

is important because the constrain of a truly epitaxially grown interface can be lifted.

4. Conclusion

In summary, a van der Waals heterojunction of PtSe»/Sbh>Ses was prepared in a direct
way that does not necessitate the transfer of any of these materials. Ultrathin Pt films
were evaporated onto Sh.Ses films and were selenized at low temperature to prepare
crystals of high purity and crystallinity. The heterojunction was investigated by Raman
spectroscopy, optical absorption and XPS/UPS. Raman spectra revealed the successful

growth of few layer (less than ~3) PtSe,, which was confirmed by optical absorption,
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resulting in indirect bandgaps for both the PtSe; and the PtSe»/Sh,Ses heterojunction,
namely ~0.30+0.05 eV and ~0.40+0.05 eV, respectively. The combination of XPS and
UPS data enable the construction of the band structure diagram for the PtSe,/Sh.Ses
heterojunction interface, which was found to be of type Il. Due to the particular
attention paid to Sh,Ses over the last years in the field of photovoltaics owing to its
enhanced absorption, the fact that PtSe2/Sh.Ses heterojunction exhibits type-11 behavior
is essential. Indeed, type-1l heterojunctions are currently under scrutiny because they
offer enhanced charge separation between the carriers which is beneficial to develop
high performance optoelectronic devices. Further, the current study has shown that the
PtSe, overlayer acts as a barrier layer eliminating the oxidation of the very sensitive to
ambient condition Sh,Sez underlayer. The handy benefits provided by the particular
heterojunction between materials of different dimensionality, i.e. 2D/PtSe, —
1D/Sh,Se3, may pave the way for a rational design in the field of trans-dimensional

heterostructures.
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Figure S1: FE-SEM images of Sh,Ses/PtSe; heterostructure surface demonstrating

polycrystalline morphology.
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Figure S2: AFM image of Sh,Ses on silica surface demonstrating polycrystalline morphology
and height thickness of ~3.7 nm with surface roughness of approximately 1.86 nm.

All AFM measurements were performed on a Bruker Dimension Icon under ambient
conditions. PeakForce-Quantitative nano-Mechanical (PF-QnM): Silicon nitride ScanAsyst-
Air probe (R=2 nm, k=0.4 N/m, f=70 kHz) was used for topographic images. The forces exerted

were as low as possible in order to get a better visualization of the finer sample features.
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Figure S3: UPS spectra for neat Sh,Ses (black line) and PtSe; (red line) samples. The low
binding energy region is shown enlarged.

UPS spectra of neat Sh.Se; and PtSe; films. The ionization potential is determined by

subtracting the spectral width from the Hel excitation energy, hv = 21.22 eV. The spectral
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width, is derived by linear extrapolation of the secondary electron cut-off and the valence band
maximum cut-off as shown in the figure. According to this estimation: IP (SbzSes) = hv —width
=21.22 - (16.74 - 0.65) =5.13 £ 0.05 eV and IP (PtSe;) = hv — width = 21.22 - (15.34 - 0.26)

=6.16+0.05eV.

29

ACCEPTED MANUSCRIPT/ CLEAN COPY



