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Abstract

The structural properties of co-deposited ultrathin PtSe, films grown at low temperatures by
molecular beam epitaxy on c-plane Al,O3 are studied. By simultaneously supplying a Se flux from
a Knudsen cell and Pt atoms from an electron-beam evaporator, crystalline (001)-oriented PtSe,
films were formed between 200 °C and 300 °C. The long separation between substrate and electron
beam evaporator of about 60 cm ensured minimal thermal load. At optimum deposition
temperatures, a ten times or even higher supply rate of Se compared to Pt ensured that the
pronounced volatility of the Se was compensated and the PtSe, phase was formed and stabilized at
the growth front. Postgrowth anneals under a Se flux was found to dramatically improve the
crystalline quality of the films. Even before the postgrowth anneal in Se, the crystallinity of PtSe,
films grown with the co-deposition method was superior to films realized by thermal assisted
conversion. Postgrowth annealed films showed Raman modes with narrower peaks and more than
twice the intensity. Transmission electron microscopy investigations revealed that the deposited
material transitioned to a two-dimensional layered structure only after the postgrowth anneal.
PtSe, growth was found to start as single layer islands that preferentially nucleated at atomic steps
of the substrate and progressed in a layer-by-layer like fashion. A close to ideal wetting behavior
resulted in coalesced PtSe, films after depositing about 1.5 PtSe; layers. Detailed Raman
investigation of the observed PtSe; layer breathing modes of films grown under optimized
co-deposition conditions revealed an interlayer coupling force constant of 5.0-5.6 x 10! N-m—.

1. Introduction

Due to the promising electronic properties of the
transition metal dichalcogenide (TMD) PtSe,, such as
carrier mobilities up to 1000 cm? V s~! and a scal-
able band gap from zero in the bulk up to 1.2 eV
in the single layer (L)—comprising one monolayer
(ML) of Pt sandwiched between two MLs of Se—
limit, combined with its robustness in ambient con-
ditions, PtSe, stands out among the recently pro-
posed TMD candidates such as MoS, or WS,, and
makes it a potential contender as channel mater-
ials for low power high performance transistors
[1-3]. First experimental work using exfoliated PtSe,
flakes of 2 nm thickness amounting to 3 or 4

© 2022 IOP Publishing Ltd

layers already demonstrated electron mobilities of
210 cm? V~!s7! at room temperature in a field effect
transistor configuration, which already outperforms
other TMDs that range at or below 100 cm? V—! 57!
[1, 3, 4]. These encouraging initial result were sub-
sequently confirmed on exfoliated 2-3 nm thick
PtSe, flakes [5, 6]. Excellent low-resistance ohmic
contacts were achieved by keeping a sufficiently
large PtSe, thickness in the source/drain region,
and reducing it to few layers in the channel region
[2,3,5]. Beyond those properties, PtSe, has also
shown promise for photovoltaic [7], optoelectronic
[8-15], and gas sensing applications [16], motivat-
ing the development of a scalable, low-temperature
fabrication process yielding high-quality PtSe, layers


https://doi.org/10.1088/2053-1583/ac606f
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/ac606f&domain=pdf&date_stamp=2022-4-5
https://orcid.org/0000-0002-2824-1549
mailto:mxh752@psu.edu
mailto:engel-herbert@pdi-berlin.de

10P Publishing

2D Mater. 9 (2022) 025029

that can be easily integrated with existing material
platforms.

The before mentioned exfoliation method is
done at room temperature and therefore quali-
fies as a complementary metal-oxide-semiconductor
(CMOS) back-end-of-line (BEOL) compatible pro-
cess. However, exfoliation poses the risk of unin-
tentional defect formation through mechanical stress
and process environment, inherits limitations in
thickness control, and additional roadblocks towards
scaling up [3, 17], alternative methods suitable for
bottom-up wafer-scale high-quality PtSe, film syn-
thesis with controlled layer thickness have to be
found. Reports of PtSe, synthesized by chemical
vapor transport (CVT) failed similarly in the abil-
ity for up-scaling, and the lack of thickness con-
trol [3, 17]. Chemical vapor deposition has shown
limited potential due to lack of thickness control,
combined with a low degree of crystallinity and
synthesis temperatures exceeding the BEOL pro-
cess compatible threshold temperature of 450 °C
[17-22]. The search for alternatives turned atten-
tion to thermal assisted conversion (TAC) of Pt
layers into PtSe, in Se-saturated atmosphere. This
method has been shown to be compatible with
CMOS BEOL processes, but only few layer PtSe, were
formed that showed a low degree of crystal ordering
[2, 15,17, 18,23-27]. The inferior quality of PtSe,
produced by TAC coincided with the observation of
hole dominated transport [23, 27-30]. First-principle
calculations have identified Pt vacancies as possible
origin, which shift the Fermi level down towards the
PtSe, valence band through localized state forma-
tion in the bandgap [27]. Growth of TMDs such as
MoSe;, TiSe,, HfSe,, and WSe, by molecular beam
epitaxy (MBE) has been shown to give significant
material quality improvements [31-34]. As repor-
ted earlier, a TAC-like process solely performed in
an MBE system revealed similar limitations as found
for the conventional TAC method. However, a co-
deposition growth approach by simultaneously sup-
plying Pt and Se fluxes and direct PtSe, phase form-
ation on the substrate proved itself successful on an
epitaxial bilayer graphene/6 H-SiC(0001) substrate
[18]. This process was performed at 270 °C, involving
a post-growth annealing step to 400 °C, both com-
patible with CMOS BEOL fabrication. Furthermore,
angle-resolved photoemission spectroscopy did not
show signs of localized defect states due to impur-
ities or defects in the band gap down to the single
layer limit. MBE thus offers the potential to produce
high-quality PtSe,. A stringent determination of the
electronic properties and possible application in elec-
tronic devices calls for an investigation and optimiza-
tion of PtSe, growth on insulating, atomically flat and
even amorphous substrates.

This work aims at a comprehensive investigation
of PtSe, growth on crystalline Al,O3(0001) using a
co-deposition growth approach in MBE. First, the
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effect of substrate temperature on the degree of crys-
tallinity in PtSe; is evaluated by growing 10 nm thick
films in a temperature range from 100 °C to 500 °C.
Characterization of the sample topography by atomic
force microscopy (AFM), and crystal properties by
reflection high-energy electron diffraction (RHEED),
x-ray diffraction (XRD), and Raman spectroscopy
identified an optimum growth temperature in the
range between 200 °C and 300 °C. Subsequently, the
excess Se FR relative to the Pt flux was determined to
be >10. RHEED, AFM, XRD, Raman, and transmis-
sion electron microscopy (TEM) revealed a consistent
improvement of the crystallinity for 20- and 2-layer
thick samples that were subject to a post-growth
anneal in a Se flux at 400 °C for 30 min. By employ-
ing the optimized growth procedure, PtSe, films with
varying thickness from below one single layer up to 20
layers were grown. The growth was observed to nuc-
leate at the substrate step edges of the Al Os. Full cov-
erage of the substrate with a coalesced PtSe; film was
obtained after nominally depositing 1.5 L, proving
a close to ideal wetting behavior and a pronounced
lateral growth from initially nucleated PtSe;, islands.
The interlayer breathing force constant for the low-
frequency out-of-plane interlayer vibration observed
in Raman for the 1-5 L thick PtSe, films was calcu-
lated to range from 5.0 to 5.6 x 10! N m~2, coincid-
ing with values reported in literature for Bi,Ses, PtS,,
and PtSe;, and indicating strong interlayer interaction
in PtSe; [3, 35, 36].

Utilizing optimized growth conditions, 3 L thick
PtSe, films were grown on back-gated MOSFET
structures using Si/SiO, wafers with buried Al gates
and an amorphous Al,O3 gate oxide grown by ALD,
that yielded record on/off ratios for PtSe, channel
MOSFET devices [37].

1.1. Methods

1.1.1 Growth

Single crystal c-plane Al,O; substrates (Cryscore,
0.2° miscut towards the a-plane) with terrace steps
running along the 1120 direction were cleaned with
acetone, isopropyl alcohol, and DI-water using an
ultrasonic bath of 3 min for each step. To condition
the sapphire surface, substrates were annealed for 8 h
at 1150 °C in air and subsequently cleaned in acet-
one, isopropyl alcohol, and DI-water using a 15 min
ultrasonic bath for each step. Finally, substrate pieces
were dipped into Nanostrip for 40 min at 140 °C and
rinsed thoroughly with DI-water.

MBE growth was carried out in a R450 type MBE
reactor (DCA Instruments) with a base pressure of
3 x 107'° Torr. Pt was supplied using an ultra-high
vacuum linear four-pocket electron beam evaporator
source (Telemark model 575-02) operated at 10 kV
with emission currents of about 120 mA, which pro-
duced a flux of about 1.5 x 10" atoms cm ™2 s~!
measured at the sample position using a quartz crystal
microbalance from Colnatec. The tooling factor for Pt
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fluxes was determined from physical film thicknesses
in XRD and TEM. The evaporator was situated 60 cm
below the substrate to minimize the thermal load
during growth. During a 30 min long Pt depos-
ition with an emission current of about 190 mA
(Pt flux ~ 2 x 10 atoms cm ™2 s~! ) the unheated
substrate remained at constant temperature of 10 °C.
Selenium was supplied from a low temperature Knud-
sen effusion cell operated at about 150 °C, resulting in

a flux of about 2 x 10" atoms cm—2 s~ 1.

1.1.2. AFM

Ex-situ investigation of the film and substrate surface
topography was performed using a Dimension Icon
Bruker Atomic Force Microscope operated in Peak-
Force Tapping mode using RTESPA type AFM tips
from Bruker and a scan rate of about 1 Hz.

1.1.3. Raman spectroscopy

Raman spectra were recorded ex-situ with a Horiba
LabRam system using a laser power of 110 mW and a
wavelength of 532 nm. A neutral density power filter
of 10% or 5% was typically used with a notch filter of
+10 cm™!. Laser light was focused onto the sample
through an objective lens (magnification 100x) and
collected for 30 and 120 s in a backscattering geo-
metry using an 1800 g mm ™! grating. An autofocus
routine was carried out in the spectral range of the
Eg PtSe; Raman mode between 150 and 200 cm ™!
before taking data. Measurement height was set to the
z-position of maximum signal during the autofocus
routine. All spectra were normalized to the 417 cm ™!
mode of the Al O3 substrate.

1.1.4. XRD

A four-circle diffractometer (Panalytical X'Pert?)
equipped with a PIXcel 3D detector was used
for ex-situ XRD measurements. Cu K; radiation
was focused on the sample in high resolution
configuration.

1.1.5. Transmission electron microscopy
Cross-sectional transmission electron microscope
(TEM) specimen were fibbed using a FEI Helios 660
focused ion beam (FIB) system. A 1 kV final clean-
ing step was applied after samples became electron
transparent to avoid ion beam damage to the sample
surface during FIB. The high angle annular dark field
scanning transmission electron microscopy (STEM)
was performed using a FEI aberration corrected
S/TEM at 200 kV (Titan G2 60-300) and energy-
dispersive spectroscopic (EDS) maps were collected in
STEM mode using a SuperX EDS system (Bruker).

2. Effect of deposition temperature

A series of nominally (based on the earlier described
Pt flux calibration) 10 nm thick PtSe, films were
grown on c-plane sapphire at varying temperatures
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between 100 °C and 500 °C. A Se to Pt FR of 10 was
used at all temperatures to ensure sufficient Se over-
supply. Figure 1 shows RHEED images in the upper
left collected from the substrate along the 1120 dir-
ection with high contrast including sharply defined
Kikuchi lines as expected for an ultra-flat and clean
substrate. The surface AFM topography of the sub-
strate in the bottom left shows nearly perfect atomic
step terrace morphology with a root mean square
(rms) roughness of 0.08 nm.

For PtSe, films grown at 100 °C the pronounced
highly intense RHEED pattern from the sapphire sub-
strate transitioned into a diffuse, evenly distributed
intensity, typical for amorphous material. The film
topography revealed an ultra-flat surface with a root
mean square (rms) value of 0.36 nm absent of any dis-
tinct topographic feature typical for dense, amorph-
ous films. No PtSe, related diffraction peaks were
observed in the XRD 26 —w scans, see figure 2.

At higher growth temperatures of 200 °C and
300 °C broad diffraction rods appeared in RHEED,
marked by yellow lines in figure 1. The distance
between the diffraction rods were in good agree-
ment with the in-plane reciprocal spacing expected
for PtSe,. In addition, two broad Laue rings were
found in RHEED for films grown at 200 °C, indic-
ated by yellow circle segments, indicating a poly-
crystallinity or at least a poor in-plane alignment
of PtSe,. Diffraction rod intensity was more pro-
nounced for films grown at higher temperature while
the Laue rings appeared weaker in intensity, indicat-
ing a higher degree of crystallinity and an improved
in-plane alignment. The surface roughness is com-
parable for films grown in this temperature regime
and was found to be somewhat higher compared
to 100 °C. The surface texture consisted of a dense
array of small islands. As the degree of crystallinity
improved at 300 °C, islands were found to be larger
and exhibit smooth surfaces in AFM. This evolution
can also be seen in XRD presented in figure 2, where
a PtSe,(001) diffraction peak appears at 26 = 16.7°
only at 200 °C, which had increased intensity for films
grown at 300 °C.

Even higher growth temperatures lead to a dif-
ferent spacing in the RHEED diffraction rods, high-
lighted by light blue lines in figure 1, which cor-
responded to the lattice spacing of pure Pt. Marked
by light blue circle segments, a minimum of 5 Laue
rings was observed. At the highest temperature, Pt
crystallinity appeared more ordered and therefore the
Laue rings had reduced intensity. The Pt formation at
these temperatures lead to an increased island dens-
ity and height, resulting in a higher surface roughness.
In accordance with RHEED, XRD characterization in
figure 2 showed solely a Pt(111) peak at 20 = 39.7°
at high temperature, i.e. no signature of the desired
PtSe, formation was present. The sample temperat-
ure was therefore too high for the given Se flux to get
incorporated into the solid phase of PtSe;.
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Figure 1. RHEED and AFM data collected from the pristine sapphire substrate and 10 nm thick PtSe;, films grown at different
temperatures. Yellow lines and circles in RHEED denote the position of PtSe, diffraction rods and Laue rings, light blue lines and
circles indicate Pt related diffraction rods and Laue circles. The root mean square (rms) roughness values are given above the
AFM micrographs. The lateral dimensions of all AFM images are in the scale of 100 nm, their respective z-height scale is given

below each image.
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Figure 2. 26 —w XRD and Raman data corresponding to the samples shown in figure 1. * labeled XRD peaks correspond to
diffractions from Al;Os. Right plot shows the FWHM and peak center of the E; and A1y modes versus the growth temperature.

The middle panel in figure 2 shows Raman spectra
obtained from the PtSe; films introduced in figure 1
along with the bare sapphire substrate at the top
for comparison. The most pronounced substrate fea-
ture was a weak Raman peak at 417 cm™! from the
pristine Al,O; [38]. Two additional modes at 178
and 206 cm~! were found in the Raman spectra for
samples grown at 100 °C, attributed to the E; and A,
mode of PtSe; respectively. Both modes became more
pronounced in intensity and sharper with increas-
ing growth temperature up to 300 °C, while a broad
shoulder developed at around 230 cm™! attributed
to overlapping LO modes in PtSe, [29, 39]. There
is a slight peak shift observed with increasing tem-
perature for the A;; and Eg peak, as summarized on
the right in figure 2, accompanied by a significant
drop in the full width at half maximum (FWHM) of
both modes, and an increase in the Ag to Eg intensity

ratio from 0.38 at 100 °C to 0.52 at 300 °C. Pos-
itions of the vibrational modes are consistent with
earlier reports on PtSe; [24, 39]. As the A}y mode is
related to the out-of-plane vibration mode in PtSe,,
the increase of the A4 to E, intensity ratio was found
to be indicative of an improvement in long range
crystalline order of the film [24, 29], a trend also
revealed in the FWHM values [40]. Raman results are
thus in excellent agreement with XRD and AFM data,
indicating that the highest quality PtSe, films were
achieved at growth temperature between 200 °C and
300 °C. Although, PtSe; related vibration modes were
still observed at higher temperatures, peak intensit-
ies were significantly decreased and FWHM values
increased. The E; mode shifted slightly to higher wave
numbers for films grown at 400 °C-500 °C, which
is consistent with a decreasing thickness of PtSe,.
Meanwhile, the A;g mode shifted back to 206 cm™!
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in this temperature window indicating a declining
long range crystalline order. Both trends are in good
agreement with the observation that PtSe, forma-
tion at these temperatures is neglectable. No vibration
modes from pure Pt films were expected in the recor-
ded range. It is therefore concluded that although
the structural characterization of RHEED and XRD
indicated that elemental Pt was the dominant phase,
still small amounts of PtSe, were nevertheless present
[3, 18, 24, 29, 30].

3. Necessary Se oversupply

About 10 nm thick films were deposited at 200 °C
with varying Se/Pt FRs from 2 to 20 to study the
amount of Se excess flux necessary for PtSe, phase
formation in the optimum growth temperature win-
dow. Figure 3 shows RHEED, AFM, and Raman ana-
lysis of the FR series.

RHEED images of films grown at a FR of 2 and 5
showed hazy background intensity characteristic for
amorphous material. A smooth surface with large,
circularly shaped islands with an average distance
of 100-400 nm was observed for FR = 2, while at
FR = 5 the surface was characterized by an uniform
and dense island array, having a three times larger
rms roughness value. The PtSe; related Raman modes
were weak for FR = 2, indicating that PtSe, formation
was hindered, which became stronger and narrower
at FR = 5. Broad diffraction rods and Laue rings
from PtSe, appeared for FRs larger than 5. Samples
grown with high FR showed an island textured surface
with slightly increased rms values at higher FR. Peak
intensities of the E; and A;; Raman modes showed a
consistent increase with FR. Similarly, the FWHM of
associated peaks decreased compared to FR = 5 and
stayed nearly constant for FRs of 10-20.

Therefore, optimal FR values were found to be in
the range of 10-15 with the smallest rms roughness
values at FR = 10, and smallest Raman FWHM values
at FR = 15, both giving a good compromise between
degree of crystallinity and surface roughness.

4. Effect of post-growth anneal

Earlier work on co-deposition growth of PtSe, and
conversion of pure Pt layers into PtSe, by direct sel-
enization showed that film crystallinity significantly
improved through a post-growth anneal in Se atmo-
sphere [18, 41]. Figure 4 shows the effect of an in-situ
post-growth anneal for 30 min of a 10 nm thick PtSe,
film grown at 200 °C with FR larger than 10.
RHEED showed much more pronounced diffrac-
tion rods of PtSe; after the post-growth anneal and
Laue rings were not present anymore. Specifically, 3rd
and 4th order diffraction rods were observed after
the anneal (highlighted by yellow lines), indicating a
significant improvement of the long-range crystalline
order in the film. While the in-plane alignment was
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much improved the width of the RHEED streaks was
also reduced, indicating a larger grain size and thus
overall an improved crystallinity. Although the rms
roughness of the film increased slightly (0.89 nm and
1.33 nm for a 10 nm thick film grown at 200 °C before
and after the post-growth anneal, respectively), film
surface topography showed less spherically shaped
islands after the anneal. Instead irregularly shaped
grains with a lateral size of 20-50 nm were found,
confirming the RHEED trends and directly reveal-
ing the formation of larger grains during the post-
growth anneal. XRD measurements are in agreement
with these findings. The PtSe, 001 peak intensity at
260 = 17.1° increased by more than a factor of 2. In
addition, higher order diffraction peaks, such as the
PtSe, 003 diffraction at 20 = 54° were detected after
the post-growth annealing step.

The improved crystallinity after the post-growth
anneal was also reflected in Raman, where Eg and A,
modes had a higher intensity. The intensity ratio A,
over E,; increased from 0.39 to 0.7, while the peak
widths were reduced by 0.7 cm~! and 0.3 cm™! for
the E; and A, mode, respectively.

A post-growth annealing step in Se atmosphere
was thus key to improve the film crystallinity. It
has to be noted that the highest quality PtSe, films
were obtained using the two-step approach, where
films were deposited at lower temperatures between
200 °C to 300 °C and annealed at 400 °C during a
post-growth anneal under a Se flux, whereas direct
growth at 400 °C (figures 1 and 2) did not yield sim-
ilarly high-quality material, although the exact same
Se fluxes were supplied. Furthermore, post-growth
selenization anneals resulted in noticeable improve-
ments within the first 20 min irrespective of PtSe; film
thickness.

The dramatic post-growth annealing effect on
the crystallinity and long range order of PtSe, was
seen best in cross-sectional STEM images shown in
figure 5. Few layer deposition of PtSe, at 200 °C
resulted in disconnected 2 nm thick PtSe, islands.
No layered or otherwise crystalline order could be
observed within the individual islands. This was
attributed to a low degree of crystallinity as well as
insufficient drive for an in-plane alignment.

After a 30 min postgrowth anneal at 400 °C in
Se atmosphere the disjointed islands had transformed
into a continuous 2 L, i.e. 1 nm thick PtSe, film.
Although a portion of approximately % of the PtSe,
film is not showing a distinct epitaxial relation, %
of the top right layer encircled in figure 5 is. In this
part a coherent crystal ordering in the PtSe, coincid-
ing with the zone axis of the substrate can be seen in
the high-resolution STEM with a lateral size of about
10 nm. The post-growth anneal therefore not only is
crucial for the two-dimensional structure to evolve
but furthermore increases the crystal ordering within
the individual PtSe; layers as well. An estimate of the
PtSe; crystalline domain sizes in optimized samples of
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10 nm to 50 nm can be derived from AFM in figure 4
and TEM in figure 5.

5. Down-scaling of the film thickness

Using the optimized growth conditions of a depos-
ition temperature of 200 °C, a Se/Pt FR larger than
10 and Se postgrowth anneal for 30 min to 400 °C,
a PtSe, thickness series ranging from nominally one
single layer up to 20 layers was grown.

Figure 6 shows an AFM micrograph of the sub-
L sample, illustrating the nearly perfect atomic ter-
race substrate surface. The height profile from A

to B across a terrace edge revealed a step height
of (2.7 £ 0.9) A, while an PtSe, island step height
of (5.0 & 0.9) A was extracted from the line scan
between C and D. While the first height difference
is in good agreement with the interplanar distance of
2.17 A found for {0001} Al, O3, the PtSe; island height
is in excellent agreement with the interplanar dis-
tance of PtSe,{001}. The PtSe; islands formed on sap-
phire have thus a thickness of one single layer, and the
majority of islands appear to touch the substrate sur-
face step edges. Either PtSe, preferentially nucleated
at step edges and subsequently grew laterally over the
terraces, or step edges are not preferential nucleation
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Figure 5. High-resolution STEM of a 2 L-thick PtSe; layer grown on AlO3(0001) after growth at 200 °C (left—image taken along
the 1100-zone axis), and after a followed Se post-growth anneal (right—image taken along the 1120-zone axis).
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Figure 6. AFM micrograph of a sub-L PtSe; film grown on c-plane sapphire at 200 °C. Extracted line profiles from A to B across
the substrate step edges—traced for better visibility by dashed lines, and C to D across the edge of a PtSe; island along with a step

function fit is shown on the right.

sites, but represent a sizeable Schwoebel barrier that
cannot be overcome at this low temperature. It is
noticable that PtSe, has the tendency to grow in a
layer-by-layer fashion and therefore exhibited very
good wetting behavior on sapphire. No bilayer nuc-
leation was observed in AFM scans for this sample.
The excellent wetting behavior was further supported
by RHEED observation, where the sapphire diffrac-
tion pattern completely vanished after the deposition
of nominally 1.5 PtSe, layers. This remarkable result
indicates that PtSe, can be scaled down to a single
layer and that coalesced films are to be expected in
the single layer limit.

Figure 7 shows AFM micrographs and Raman
spectra of the PtSe; thickness series.

For the 1 and 2 L deposition, the film covered
the substrate uniformly. The underlying sapphire
step terrace structure was still visible in the AFM
scans. Three-layer-PtSe, and thicker films developed
a grainy texture, the average step height between
grains remained to be about a single PtSe, layer
thickness. Films of 3 L thickness and above show

the characteristic surface texture of spherical shaped
islands on smooth patches of material.

In addition to the Eg; and Aj; modes at 160 and
240 cm™!, respectively Raman spectra were exten-
ded to smaller energies closer to the laser line. 1 L
PtSe, showed very weak Raman signal, only one dis-
tinct E; peak was detected, which shifted to smal-
ler wave numbers with increasing layer number. In
contrast, no noticeable peak shift was found for the
A mode. For films consisting of more than a single
layer, an interlayer vibration mode (LVM) around
24 cm~! evolved which shifted to smaller energies
with increasing layer number, until it could not be
distinguished from the main laser line at a film thick-
ness of 6 PtSe, layers. The nature of this mode was
deduced from polarization dependent Raman scatter-
ing to be a layer breathing mode [3, 35]. Additional
LVMs occurred in the ultra-low frequency range for
even thicker films starting at 3 L thick films but could
not be resolved individually. Instead a broad intens-
ity band up to 40 cm ™! was seen in Raman for thicker
films [39].
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Figure 7. AFM micrographs and Raman spectra including ultra-low frequency modes collected from PtSe; films grown on

Al,03(0001) at 200 °C followed by a post-growth Se anneal at 4
scaled by a factor of 10 as indicated.

To demonstrate the observed peak shifts for
the LVM and E; mode, Raman peaks were fitted
and the extracted peak position and intensity ratio
A14/E; plotted versus the layer thickness in figure 7.
The trend of Eg and LVM peak shift with increas-
ing thickness is in good agreement with previously
published results [3, 18, 24, 29, 30]. The LVM
for the 2 L film (w(2)) was found at 23.87 cm™!
and a fit to the LVM dependence on N = num-
ber of layers for the first Ny = 1 phonon branch

(w(N) =w(2) /1 —cos(MZ)) in figure 7 yielded
25.2 cm™!. Calculations of the interlayer coupling

N
force constant K+ for these values of w (2) follow-

ingw(2)= \/217” \/% with ¢ = speed of light, and
M = mass of one PtSe; layer per unit area resulted in
K+=50x10"Nm>,and K+ =5.6 x 10 Nm >,
respectively [36]. Similar values for the interlayer
breathing force constant are reported for Bi,Ses, and
PtS,, and overlap with published values on PtSe,,
confirming a strong interlayer interaction in PtSe,
[3, 35]. The intensity ratio A;4/E; showed a consist-
ent increase with layer thickness from values less than
0.2 up to 0.7 for the 20 L thick PtSe, film, similar to
the trend observed for the samples in figure 4 with
and without post-growth Se anneal. This observa-
tion is most likely linked to the out-of-plane vibration
nature of the A}, mode (In this mode the Se atoms in
the upper ML are displaced homogeneously out-of-
plane against the Se atoms in the lower ML within
one L of PtSe,.), which shows a consistent intens-
ity increase with increasing film thickness through-
out literature [18, 24]. The intensity ratio A;4/E, is
therefore a sensitive indicator for the crystallinity and
thickness of the material.

00 °C for 30 min. The Raman intensity for the 1 L sample is

6. Conclusion

This work evaluates the microstructural properties of
MBE grown PtSe; films using a co-deposition syn-
thesis method. In contrast to TAC, where only one to
few-layer PtSe, films were realized on top of a thicker,
metallic Pt layer [2, 41], this approach enabled the
deposition of PtSe; films directly on insulating Al,O3
substrates with excellent film thickness control ran-
ging from 1 to 20 layers, which showed remark-
ably high crystalline quality compared to any pre-
vious bottom-up growth attempts. Charcterization
by AFM, RHEED, XRD, and Raman spectroscopy
identified an optimum growth temperature range
between 200 and 300 °C with an excess Se FR relative
to the Pt flux of >10. A remarkable improvement of
the crystallinity for 20- and 2-layer thick samples was
observed after PtSe, films were subjected to a post-
growth anneal for 30 min in a Se flux at 400 °C. STEM
revealed that the two-dimensional layered texture
of PtSe, was only realized after such a post-growth
anneal. Crystalline PtSe, grain sizes ranged between
10 nm and 50 nm. PtSe, co-deposition growth was
observed to nucleate at the substrate step edges. A
close to ideal wetting behavior and a pronounced lat-
eral growth lead to a full coverage of the substrate
with a coalesced PtSe; film after nominally deposit-
ing 1.5 L. A strong interlayer interaction in PtSe; coin-
ciding with values reported for Bi,Ses, PtS,, and PtSe,
was observed by an interlayer breathing force constant
ranging from 5.0 to 5.6 x 10 N m~2 for the low-
frequency out-of-plane interlayer vibration mode in
Raman for the 1-5 L thick PtSe, films [3, 35, 36].
Despite the fact that optimized reported growth
conditions yielded crystalline domain sizes that were
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only on the order of 10 nm to 50 nm, 3 L thick PtSe,
films grown on back-gated MOSFET structures using
Si/SiO, wafers with buried Al gates and an amorph-
ous Al,O5 gate oxide grown by ALD, showed record
on/off ratios for PtSe, channel MOSFET devices
[37]. These encouraging results will motivate fur-
ther work to improve the crystalline properties of
PtSe,. Although carrier mobilities of PtSe; films co-
deposited under optimized MBE growth conditions
ranged in the single digit cm? V~! s7! [37], the
demonstrated improvement of long-range crystalline
order in the material caused by a simple anneal-
ing procedure in Se atmosphere provides a roadmap
towards increasing crystalline domain sizes and thus
further enhance carrier mobilities. Our work has
demonstrated that the upper limit of Se supply access-
ible in MBE, which was used for the post-growth
anneal, is not sufficient to compensate the Se desorp-
tion out of the co-deposited PtSe, film at temper-
atures higher than 400 °C [41]. To push crystal-
line domain sizes well beyond lateral sizes of 50 nm,
an ex-situ CVT annealing after MBE co-deposition
growth and in-situ Se anneal at higher temperatures
under significantly higher Se background pressures
seems very likely to succeed but is beyond the scope
of this work.
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