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Platinum diselenide (PtSe,), a 2D noble metal dichalcogenide, has recently
received significant attention due to its outstanding properties. It undergoes a
semimetal to semiconductor transition when thinned, offers a bandgap in the
infrared range, and exhibits excellent stability in ambient conditions. These
properties make it a prime active material in optoelectronic and chemical
sensing devices. However, there is a high demand for a synthesis method that
can produce large-scale and reliable high-quality PtSe,. In this study, the
growth of PtSe, is presented by metal-organic vapor deposition on a variety
of substrates. Comprehensive Raman, X-ray photoelectron, and X-ray
diffraction spectroscopy, as well as scanning tunneling microscopy
characterization reveals the high quality of the deposited PtSe,. Domains
within the films are found to be up to several hundreds of nanometers in size,
and their highly ordered crystalline structure is evident from atomic-scale
measurements. Electrical characterization demonstrates improved
conductivity relative to conventional synthesis methods. This study provides
fundamental guidance for the scalable synthesis and implementation of high
quality PtSe, layers with controllable thickness, offering a key requirement for

the implementation of PtSe, in future applications.

1. Introduction

2D materials are an important pillar of current materi-
als research. Amongst the 2D materials, layered transition
metal dichalcogenides (TMDs), with the general formula
MX, (M = Metal, X = chalcogen), offer unique and di-
verse electronic,!?] photonic,>! optoelectronicl®! and sensing
properties.”®! In this context, the noble metal dichalcogenide

platinum diselenide (PtSe,) distin-
guishes itself from most other TMDs
with excellent high-stability in ambi-
ent conditions,”!% which makes it a
prime candidate for many applications
and electronic device integration.[''-15]

PtSe, has six possible crystallographic
phases!'®l with the 1T phase being the
most commonly experimentally ob-
served. One distinguishing feature of
PtSe, is that it undergoes a semimetal-to-
semiconductor transition when thinned
from bulk.'718] As a monolayer, it dis-
plays a band gap in the infrared (IR)
rangel!™! and carrier mobilities!®!
amongst the highest observed for TMD
materials. PtSe, has been shown to be
a prime material for chemical sensing
devices, 3201 optoelectronic IR waveg-
uide detectors!®! but it also has proven
viability for use in transistors!’”! and in
thermoelectric devices due to its high
Seebeck  coefficient.!]  Nevertheless,
a high-quality, large-scale, and reproducible synthesis approach
for PtSe, is still highly sought after to fully exploit its unique prop-
erties in novel devices.

To date, besides exfoliation techniques,”! a limited number of
synthesis techniques for large-scale, thin PtSe, films have been
reported, which mainly fall into two related categories, chemi-
cal vapor deposition!??%] (CVD) and thermal-assisted conversion
(TAC).[68:9.20] In TAC, pre-deposited Pt layers are converted with
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Se vapor to PtSe, which can produce continuous large-scale films
of controlled thickness. TAC synthesis can be performed at low
temperatures, enabling synthesis even on flexible substrates.[?¢]
Conformal and selective deposition has been reported with TAC
in combination with atomic layer deposition of the Pt film.[®]
However, the individual PtSe, crystallites of TAC-produced films
typically have sizes of only a few nanometers,[2°2%?7] which limits
the fabrication of single crystal devices and the growth of mono-
layer films. CVD growth of PtSe, with inorganic precursors can
yield monolayer individual flakes, in particular when using crys-
talline substrates such as sapphire or polycrystalline films over
limited areas.?>-»] Ultimately controllable growth of continuous
films of PtSe, on a large scale remains elusive since seeding, uni-
formity, and reproducibility of CVD remain as open challenges
and the growth kinetics are yet to be well understood.!?®?] Hence,
new growth techniques are required, with the prospects of im-
proved material characteristics, that combine the material quality
of CVD with the versatility, reproducibility, and scalability of TAC
synthesis.

In this work, we introduce metal-organic (MO)CVD growth
of PtSe, as a highly reproducible synthesis route. MOCVD com-
bines vaporized CoH, Pt as a platinum precursor and evapo-
rated Se under H, carrier flow as selenium source to achieve
scalable growth of high-quality PtSe, layers on a variety of com-
monly used substrates such SiO,, c-plane sapphire, and pyrolytic
carbon (PyC). A custom-built synthesis setup fully encapsulated
in a glovebox was used for the PtSe, growth, allowing versatile
and safe growth on large areas, accommodating up to 6-inch
wafers. The characteristics of the grown films were evaluated
using Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), and X-ray diffraction
spectroscopy (XRD), which consistently demonstrated high ma-
terial quality. Furthermore, the atomic and electronic structure
of the deposited layers is investigated by scanning tunneling
microscopy (STM) and spectroscopy (STS), which revealed do-
main sizes within the layers of up to 300 nm. These domains
were found to have large areas of defect-free growth, as ob-
served in STM measurements. Finally, an etching process was
developed, and a transfer length method (TLM) was performed,
which indicated the good electrical performance of the MOCVD-
synthesized PtSe,. The electrical results demonstrated improved
conductivity over TAC-derived films. This work provides a syn-
thesis and integration route for high-quality, large-scale PtSe, lay-
ers, laying a cornerstone for the integration of PtSe, into novel
devices.

2. Results and Discussion

2.1. Scalable Synthesis of PtSe, on Various Substrates

PtSe, films were synthesized by MOCVD in a custom-built cold-
wall reactor shown in Figure 1a. The key components of the low-
pressure growth chamber and the gas flow directions during de-
position are sketched in Figure 1b. The sample substrates are
placed on a 6-inch substrate plate. H, is allowed to flow over
heated selenium powder (225 °C), serving as a chalcogen pre-
cursor. The metal-organic CyH, Pt platinum precursor heated
to 40 °C and supplied through heated pipes. Prior to deposi-
tion, the substrates are typically annealed under an H, flow for
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15 min at 600 °C. The temperature was kept at 600 °C during
growth. All parameters used are carefully optimized to ensure
reproducible growth of high-quality PtSe,.*) Homogenous de-
position was achieved on 1 X 1 cm? ¢-plane sapphire (Figure 1c)
and SiO, (Figure 1d) substrates. Additional scanning electron mi-
croscopy images of deposited layers can be found in Figure S1
(Supporting Information).

The growth method allows fine control of film thickness
by adjusting the growth duration. It is noteworthy that the
process time for MOCVD-grown thin films is significantly
shorter than for conventional TAC processes.[2227] The growth
rates (GRs) on different substrates were determined by subse-
quent AFM measurements (Figure le,f) and were found to be
GR (sapphire) = 1.2 — for cplane sapphire (Figure 1g) sub-
strates and GR (SlOz) = 1.0 2 for SiO, substrates (Figure 1h).
Notably, the growth rate is shghtly higher on crystalline c-plane
sapphire compared to amorphous SiO,. The intercepts with the
x-axis of the linear fits indicate the time need for seeding and
are found to be similar at ~129 and 120 s for c¢-plane sapphire
and SiO,, respectively. However, looking at growth times close to
this limit, no PtSe, growth was observed by either Raman or AFM
measurements on the SiO, surface for a deposition time of 110s,
a time which already resulted in a ~#1 nm thick film on c¢-plane
sapphire. This indicates that the first layers are formed faster on
the c-plane sapphire than on the amorphous SiO,. The root mean
square roughness values derived from AFM measurements are
lower for PtSe, films on sapphire than on SiO,, suggesting better
planar alignment and more efficient nucleation on the crystalline
substrate (see Figure S2, Supporting Information). These influ-
ences on growth dynamics are consistent with the CVD of other
TMD materials due to the different surface energy and morphol-
ogy of the substrates.[3132]

2.2. Layer Quality Analysis by Raman Spectroscopy, XPS, and
XRD Measurements

To investigate the material quality, Raman spectra were acquired
for PtSe, layers of different thicknesses grown on c-plane sap-
phire substrates. The spectra were averaged over a total of 100
measurement points distributed over the whole samples to in-
crease statistical significance (Figure 2a). A detailed Raman anal-
ysis for PtSe, grown on SiO, substrates can be found in the
Supporting Information. For all spectra, the fundamental PtSe,
fingerprint E, and A,;, modes can be identified, while also a
prominent interlayer mode located at 24 cm™' is present in the
spectrum of the 1 nm PtSe, (black). The absence of the in-
terlayer mode for thicker layers is expected as it becomes less
prominent for increasing film thickness.®3] The evolution of
the peak center position and FWHM for the E, and A;, modes
are shown in Figure 2b. For the E, (A,;) mode a redshift from
181.07 cm™ (208.62 cm™!) to 178.2 cm™' (206.54 cm™!) is ob-
served with increased thickness, and is consistent with other re-
ports on the growth PtSe, and TMD materials.[**-3*] The FWHM
of the E, mode, which is directly correlated to layer quality,*>*¢!
ranges from 4.3 to 5.6 cm™, indicating high layer quality.3®

However, the highest FWHM from the 46 nm thick film indi-
cates an increasing variance of crystallite thickness and corre-
lates with increased roughness of the thickest film. The XRD
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Figure 1. Synthesis of PtSe, by MOCVD. a) Photograph of the 6" custom-built MOCVD reactor. b) Schematic of the reactor chamber. c) 1 nm and d)
3.2 nm PtSe, layer homogenously deposited on 1 x 1 cm? scale c) c-plane sapphire and d) SiO, substrates. e) AFM image including height profile
(white) and fit (green) for 4.6 nm thick PtSe, grown on ¢-plane sapphire and f) 1.8 nm PtSe, grown on SiO,, profile positions are marked as white lines.
The scale bars (black) are 1 um. g,h) PtSe, layer thickness versus growth time on c-plane sapphire and SiO,, respectively. Growth rates (GR) have been

calculated from linear fits (dashed lines).

pattern (Figure 2c) shows a strong feature at 17.3° which can be
attributed to the (001) plane of PtSe,**%’] and suggests planar
alignment of the crystallites.[*®! The presence of further peaks
(inset) from higher-index planes of PtSe,*! shows the high crys-
tallinity of the material. For chemical binding analysis of the
synthesized PtSe,, spectra of the core level binding energies
of the Pt4f (Figure 2d) and Se3d (Figure 2e) regions are ac-
quired by XPS measurements. The signal acquired from the Pt4f
peak (grey) region consists of three peaks. The main contribu-
tion (blue) has its maximum at 73.3 eV and indicates that 90%
of the Pt is present in the form of PtSe,. About 6.8% (red) of
the signal contribution stems from Pt-atoms present in a sub-
stochiometric form PtSe,. The remaining 3.2% (green) are found
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in a slightly higher binding state which is tentatively attributed
to surface oxidation. Sufficient fitting of the Pt4f spectrum can
also be achieved without incorporating an oxidized Pt species, by
using asymmetrical peak shapes due to the semi-metallic prop-
erty of PtSe,.*") The latter two contributions are mainly present
on the surface of the films, where a loss of selenium atoms
(PtSe,), and consequently oxidation (PtO,) is expected.*!] The
raw signal of the Se3d core level region (Figure 2e, grey) con-
sists of three doublets and a singlet. The main contribution, with
88.2% (blue), originates from PtSe,, while 1.7% and 10.1% are
attributed to PtSe, and SeO,, respectively. The last contribution
(purple) stems from the Pt5p; , orbital and was not taken into ac-
count when calculating the PtSe, stoichiometric ratio of 1:1.83.
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Figure 2. Raman spectra, XRD, and XPS analysis of MOCVD grown PtSe,. a) Normalized, averaged Raman spectra of different thickness PtSe, films
grown on c-plane sapphire. b) Peak center of the E, (black triangle) and A, (black square) mode and respective FWHM (red) for different thickness
PtSe, films. c) XRD pattern of a 35 nm thick PtSe, ﬁlm Inset showing a magnification of the same plot. XPS of the Pt4f core level region (d) and Se3d
core level region (e). The spectra have been fitted to highlight the individual contributions to the raw signal (grey).

Furthermore, the survey spectrum (see Figure S4, Supporting In-
formation) did not show any significant other chemical compo-
nents in our sample. In summary, detailed Raman analysis and
XRD measurements confirm the high-quality growth of PtSe, by
our newly developed MOCVD approach. In addition, XPS mea-
surements support the conclusions drawn from Raman and XRD
analysis.

2.3. Structural and Electronic Investigation by Atomically
Resolved STM and STS Measurements

The atomic structure and local density of states of the PtSe,
were examined with STM (Figure 3a,b,d) and STS (Figure 3c).
Single-crystalline PtSe, domains with sizes of 50 to 300 nm could
Dbe identified in large-scale STM and SEM images, as shown in
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Figure 3a and Figure Slc (Supporting Information). Although
at smaller scales some contamination is visible, likely from ex
situ transfer, large uniform terraces can be observed (Figure 3b).
STS measurements and STM at a number of bias voltages were
performed within the region outlined by the black dash square
in Figure 3b. As illustrated in Figure 3c, the plot of conductivity
(dI/dV) evinces the semimetallic character of the ~35 nm thick
PtSe, film. Despite the reduced density of states near zero bias,
there is no discernible gap opening, indicating that the film pos-
sesses semimetallic properties.l*?] This result is consistent with
previous reports of semimetallic behavior in PtSe, films of this
thickness.[*~] Furthermore, atomically resolved STM images
(Figure 3d; Figure S5, Supporting Information) show an ordered
PtSe, lattice without any visible defects, once again substantiat-
ing the high quality of PtSe, by our newly developed MOCVD
approach.

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. STM and STS of a 35 nm thick PtSe, film on PyC. a) Large-scale STM image of PtSe, grown on PyC (V= 2.8 V, I = 70 pA, 1500 x 1500 nm?).
Domain sizes in the range of 50 to 300 nm are visible. The black dash square in (b) (V= 2.8 V, I = 90 pA, 85 x 85 nm?) indicates the area where
the STS measurement has been conducted and the atomic resolution image obtained. c) Derivative of current (black) and current (red) dependent on
bias voltage used in STS. d) Atomically resolved structure of PtSe, obtained at —0.4 V bias voltages. The scale bar is 2 nm, the total size of the scan is
13 X 13 nm2. Images at other bias voltages are displayed in Figure S5 (Supporting Information).

2.4. Device Fabrication and Electrical Characterization of
MOCVD-Grown PtSe,

Large-scale PtSe, thin films would have potential applications for
devices such field effect transistors,!°! gas sensors,?%! or optical
waveguides.[®8] However, to realize these applications it is nec-
essary to structure such large-area films. Even though selective
synthesis of PtSe, is a possible fabrication route,®! it is more vi-
able to structure the PtSe, after synthesis when MOCVD is used.
Consequently, we developed a dry-etching process using reactive
ion etching (RIE) to structure the as-grown PtSe, layers. A litho-
graphically structured photoresist was used to define and protect
channel regions and a combination of SF, and oxygen plasma
was used to etch the PtSe, at a rate of ~2 nm min~!, allowing
a precise etching. In a second lithography step, Ni/Au contacts
were deposited with a variety of separations to define different
channel lengths. This method was applied to films with a vari-
ety of thicknesses to electrically characterize the PtSe, using the
transfer length method (TLM).3]

Figure 4a shows the drain current I, versus the applied voltage
V, for different channel lengths for a 100 ym wide and 9.2 nm
thick MOCVD-grown PtSe, film. The measured resistances and
corresponding channel lengths were plotted and a linear fit was
applied, yielding an adjusted R* of 0.998 (Figure 4b). A sheet
resistance (Rg) of 4.7 kQ sq~! and a contact resistance (Rc) of
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0.3 kQ were derived from the slope and y-intercept, respectively.
The output characteristics of all MOCVD-grown samples are dis-
played in Figure S6 (Supporting Information). Notably, the con-
ductivities of the MOCVD-grown PtSe, films exceed the values
determined for films of equivalent thickness prepared by the TAC
process by more than an order of magnitude (Figure 4c), also
when compared to previously reported PtSe, synthesized by TAC
using standard parameters.®) Details on the processes are de-
scribed in the Experimental Section. The electrical conductivity
of MOCVD-grown PtSe, is superior to that of TAC-grown materi-
als due tolarger grain size, improved homogeneity, and enhanced
crystallinity.*®! This aligns with structural analysis outcomes and
provides evidence of the superior quality of the material synthe-
sized using our newly developed technique.

3. Conclusion

PtSe, was grown by combining an MO platinum and a sele-
nium precursor source. Centimeter-scale synthesis was shown
on SiO,, c-plane sapphire, and PyC substrates. The high qual-
ity of the synthesized material was verified by Raman, XPS, and
XRD measurements. Atomically resolved STM measurements
revealed hexagonal PtSe, single crystals up to 300 nm in size.
In addition, STM images confirmed the low defect concentration
and highly ordered nature of the crystallites, demonstrating the
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Figure 4. Sheet resistance from TLM measurements. a) Output characteristics (I4—Vy4 curves) of 9.2 nm thick MOCVD-grown PtSe, for a 100 um wide
channel with various channel lengths. The channel was defined by the RIE of the MOCVD PtSe, followed by subsequent deposition of metal contacts.
Inset: an optical image of the TLM structure. b) Resistance versus channel length for 9.2 nm MOCVD-grown PtSe,, with linear fit showing resistance
is proportionally dependent to channel length. c) Conductivities of PtSe, films of different thicknesses grown by TAC (blue squares) and MOCVD (red
circles). For all thicknesses, the MOCVD-grown material is observed to have higher electrical conductivity.

high quality of the material. The superior electrical conductiv-
ity of MOCVD-grown material compared to TAC-grown films of
similar thickness aligns with the outcomes of structural analysis
and demonstrates the advantage of our newly developed method.
Additionally, the study demonstrates successful growth in a 6’
wafer tool, paving the way toward industrial-scale synthesis of
PtSe, and its future implementation into real-world devices.

4. Experimental Section

MOCVD Growth of PtSe,:  The various sample substrates were placed
on the 6-inch substrate plate within the custom-built cold-wall reactor
sketched in Figure 1b. Se powder (VWR, > 99.9% purity) was evaporated
at 225 °C and carried by a 100sccm H, flow towards the reaction cham-
ber, partially converting to H,Se. The metal-organic platinum precur-
sor (Trimethyl)methylcyclopentadienylplatinum(IV) (CHj;); (CH;CsH,)Pt
(Strem Chemicals, 99% purity), provided in a Swagelok cylinder, was ex-
ternally heated to 40 °C and supplied through heated pipes via diffusion
from the heated container into the chamber. The material flux into the re-
action chamber could be set via a needle valve in the connecting piping
or by adjusting the precursor temperature. Prior to deposition, the sub-
strates were typically annealed under a H, flow for 15 min at 600 °C. The
growth of the PtSe, was typically carried out at 600 °C under low-pressure
conditions.

TAC Synthesis of PtSe,:  For comparison of the electrical performance,
PtSe, samples were synthesized using the standard TAC method.[203446]
SiO, substrates were sputter-coated with Pt thin films of varying thick-
nesses using a 108auto sputter coater from Cressington. Consecutively,
the platinum films were converted into PtSe, under Se atmosphere at
450 °C for 120 minutes.

Growth Substrates: Successful MOCVD growth of PtSe, was shown
on SiO,, c-plane sapphire substrates, and PyC. PyC was used as a conduc-
tive substrate for STM/STS measurements. For electrical characterization,
PtSe, films were synthesized on Si/SiO,, which was thermally grown on
Si wafers in a calibrated wet oxidation process.

AFM Analysis: A Jupiter XR AFM in tapping mode was used for the
acquisition of AFM data within this study. OMCL-AC160TS tips were used
in tapping mode, the tapping frequency was set in between 200 to 400
kHz. Processing of the acquired raw data and extraction of topographical
information was performed using Gwyddion 2.60 (64bit).

Characterization by Raman and X-Ray Photoelectron Spectroscopy: Ra-
man data were acquired with a WiTec Alpha 300 confocal Raman system.
For all measurements, a green laser (532 nm) with a power of 2 mW was
used with a 100x objective (NA = 0.9). A grating with 1800 grooves per
mm was used. All Raman data shown were averaged over 100 acquisition

Adv. Electron. Mater. 2024, 2400392 2400392 (6 of 8)

points from a 1x 1cm? PtSe, film. The data was analyzed and processed
using the software provided with the instrument. XPS was performed on a
Versa Probe XPS tool (Physical Electronics GmbH) using the monochro-
mated Al Ka line (1486.7 eV). Single spectra were acquired at 61.8 W beam
power with a 100 pm spot size. The core-level region of the C1s peak was
recorded as a reference to account for any residual surface charge not
compensated by the tool’s built-in neutralization. Spectra were fitted with
Gaussian—Lorentzian fit functions using Multi-Pak.

X-Ray Diffraction: High-resolution XRD analysis was obtained using
Bruker D8 Discover equipment with a monochromated Cu Ka source.

Scanning Tunneling Microscopy and Spectroscopy: STM and STS mea-
surements were conducted on a low-temperature microscope (Createc) at
liquid nitrogen temperature (77 K). The base pressure in the main STM
chamber was 5 x 10~"" mbar. Data were obtained in constant current
mode using a single-crystalline W(001) tip.

Device Fabrication: To structure the MOCVD-grown PtSe, for device
fabrication, a 100 um wide channel was covered with nLOF 2070 resist
using optical lithography. Subsequently, the uncovered area was etched
using RIE at 850 W plasma power and 100 pa pressure with 100 sccm
SF¢ 200 sccm O, supply. For TAC-synthesized samples, Pt channels were
pre-structured before conversion using optical lithography.

Electrical Characterization: Electrical measurements were performed
using TLM. The PtSe, on Si/SiO, was structured into a 100 pm wide chan-
nel and Ni/Au contacts were deposited by evaporation, spaced 200 um,
400 pm, 600 pm, 800 um, and 1500 um apart, defining the respective chan-

o1y
vy
curve shown in Figure 4a. The sheet resistance Rg = Z—T
from the slope of the linear fit in Figure 4b and the channel widthw = 100

um. The y-intercept corresponds to 2Rc.

nel length. The resistance R = was derived using a linear fit of the 1,-V/,

X w was derived
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