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2D materials display very promising intrinsic material properties, with mul-
tiple applications in electronics, photonics, and sensing. In particular layered 
platinum diselenide has shown high potential due to its layer-dependent 
tunable bandgap, low-temperature growth, and high environmental stability. 
Here, the conformal and area selective (AS) low-temperature growth of 
layered PtSe2 is presented defining a new paradigm for 2D material integra-
tion. The thermally-assisted conversion of platinum which is deposited by AS 
atomic layer deposition to PtSe2 is demonstrated on various substrates with 
a distinct 3D topography. Further the viability of the approach is presented 
by successful on-chip integration of hybrid semiconductor devices, namely 
by the manufacture of a highly sensitive ammonia sensors channel with 3D 
topography and fully integrated infrared-photodetectors on silicon photonics 
waveguides. The presented methodologies of conformal and AS growth 
therefore lay the foundation for new design routes for the synthesis of more 
complex hybrid structures with 2D materials.
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1. Introduction

2D materials are at the forefront of mate-
rial research. Besides graphene[1] and black 
phosphorus[2] in particular compound 2D 
materials such as transition metal dichal-
cogenides (TMDs) have been proposed 
for many future electronic,[3] photonic,[4,5] 
optoelectronic devices[6,7] or sensor 
devices.[8] High-performance devices 
based on TMDs have been demonstrated 
in virtually every field of nanotechnology, 
such as field-effect transistors (FETs),[9] 
ultraviolet (UV) to infrared (IR) photo-
detectors,[10,11] micro- and nanoelectrome-
chanical systems (MEMS/NEMS),[12,13] and 
gas sensors.[14,15] Moreover, newly discov-
ered 2D materials and their heterostruc-
tures continue to reveal unique physical 
phenomena and well observable quantum 
effects.[16]

A major bottleneck towards real-life applications of 2D mate-
rials is the lack of a viable integration technology with high 
process control and large yield.[17] Even though there have been 
large progress in the controlled synthesis of 2D materials on spe-
cific growth substrates and their subsequent transfer, numerous 
challenges remain towards more complex devices and systems. 
Here, we propose several integration routes for 2D materials 
with distinct advantages over the current state of the art.

Conformal deposition is widely used in semiconductor man-
ufacturing, but not attainable with the common growth-and-
transfer approach for 2D materials. It allows the coating of 3D, 
topological surfaces and thus enables fabricating sophisticated 
devices that exceed the planar limits, such as FinFETs, MEMS/
NEMS, or memory cells.[18] Even though the state of the art 
for 2D film transfer has somewhat matured,[17] the approach 
is obviously barely suitable for coating topological surfaces as 
they have to be mirrored and aligned with the transfer stamps, 
to avoid bridging and tearing of the transferred films. Here, 
we demonstrate instead the growth of 2D films directly on the 
target substrates, including conformal coating.

Another common technique in advanced semiconductor 
manufacturing is area selective (AS) growth, which enables 
bottom-up processes for building complex structures and 
devices.[19–22] Atomic layer deposition (ALD) processes are par-
ticularly suited for AS growth because their controlled surface 
chemistry can be exploited to achieve not only conformality 
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on 3D structures but also selectivity regarding the growth sur-
face material.[21–23] With this self-aligned method, in which the 
film only forms on pre-defined areas, vertical structures can be 
built without additional processing steps such as lithography, 
etching, or transfer. This is not feasible with the conventional 
transfer approaches for atomically thin 2D materials,[24] but 
demonstrated here.

The third prerequisite for 2D material integration is a low 
thermal budget for synthesis and processing. Recently, the 
low-temperature formation of the 2D noble metal dichalcoge-
nide platinum diselenide was reported.[25,26] It has been derived 
from sputtered or evaporated thin Pt layers at temperatures 
below 450  °C allowing even direct growth on plastics.[13] This 
low-temperature budget is regarded as a crucial threshold for 
the use of new materials in electronics, as it allows for back-
end-of-line (BEOL) integration in state-of-the-art silicon produc-
tion lines.[27,28] The remarkable properties of PtSe2, leading to 
numerous potential applications have been recently reviewed.[29] 
In short, PtSe2 which undergoes a semimetal to semicon-
ductor transition when thinned to a few layers,[30,31] has shown 
to have high potential in transistors,[32] chemical sensing,[25] 
IR-photodetection,[33,34] and piezoresistive sensors.[12] However, 
sputtering and evaporation processes offer a lower degree of 
conformality compared to ALD, leaving the highly demanded 
3D unattainable. Moreover, PtSe2 has shown to be highly stable 
in air which is a prerequisite for most applications.[35,36]

Here, we demonstrate the conformal and AS deposition of 
layered PtSe2 by low temperature thermal assisted conversion 
(TAC) of ALD deposited Pt. This enables a 2D material that 
is directly grown on the target substrate, independent of the 
topography, using the conformality of ALD to overcome the 
limitation to lateral device structures.[37] Furthermore, AS-ALD 
of PtSe2 enables the bottom-up, templated definition of device 
structures already in the growth step. We demonstrate the via-
bility of our methodology with IR photodetectors directly inte-
grated in 3D silicon photonic waveguides and a highly sensitive 
chemical sensor that utilizes enhanced surface areas through 
deep trenches covered in PtSe2.

2. Results and Discussion
2.1. PtSe2 Growth by ALD and TAC

TAC of thin metal layers is a universal growth approach that 
has shown great success in yielding large-scale and continuous 
layered 2D films with controlled thicknesses at low thermal 
budgets.[25,38,39] TAC growth in general consists of two steps, 
the first one being deposition of a metal layer, for instance by 
physical vapor deposition like sputtering or evaporation. This is 
followed by its conversion at elevated temperatures with vapor-
ized elemental chalcogenides or chalcogenide compounds. The 
resulting layered films (Figure S1, Supporting Information) are 
polycrystalline with nanometer-scale domain sizes.[13,25]

To overcome the physical limitations of the aforemen-
tioned metal deposition techniques we employ ALD of 
Pt, allowing us to grow conformally on 3D substrates. Our 
process flow is illustrated in Figure  1a. The target sub-
strate (Step 1) is coated by Al2O3 using ALD (Step 2). The 
Pt layer is deposited using ALD by alternating pulses of 

Trimethyl(methylcyclopentadienyl)-platinum(IV) and oxygen 
(Step 3). TAC at 450 °C is then used to convert the deposited 
metal layers to PtSe2 (Step 4) using Se as a solid-state pre-
cursor (see also methods section).

The thickness of the Pt layer, and, therefore, the thickness of 
the resulting PtSe2 layer, is controlled by the number of ALD 
cycles (Figure S1, Supporting Information). Even though platinum 
ALD is known to suffer from Ostwald ripening,[40,41] TAC leads to 
a full reformation of the film, resulting in a polycrystalline and 
continuous PtSe2 layer (Figure S2, Supporting Information).

Raman spectroscopy has been carried out on flat substrates to 
confirm the formation of PtSe2 from the ALD grown Pt. Raman 
spectra of four different PtSe2 film thicknesses are presented in 
Figure 1b. All spectra show two modes at wavenumbers of 175 
and 210 cm−1 associated with the Eg and A1g modes of PtSe2, 
respectively. For increasing film thicknesses, we observe a red-
shift of the modes (indicated as dashed orange lines) and an 
increase of the Eg/A1g intensity ratio. These changes have been 
reported before and are typical for thin films of PtSe2.

[42]

In Figure 1c and Figure 1d, the X-ray photoelectron spectros-
copy (XPS) spectra of the selenium 3d and platinum 4f core 
level region of flat samples are depicted. The Pt4f region con-
sists of three sets of doublets, with the main contribution indi-
cating that 80 % of the Pt atoms are present in the form PtSe2. 
The remaining two doublets contributing with 4 % and 16 % 
can be attributed to a substoichiometric form (PtSex) and oxida-
tion (PtOx), respectively. It is worth noting that the two doublets 
are only present at the surface layer of platinum atoms, where 
a loss of selenium atoms due to degradation (PtSex), and, there-
fore, oxidation (PtOx) is expected.[43] The Se3d region consists 
of three doublets and one singlet. Similar to the Pt4f, the main 
contribution corresponds to 72 % of the Se atoms bound to Pt 
atoms in the form of PtSe2 while 17 % of the Se atoms are pre-
sent in substoichiometric PtSex.

[44] The third doublet indicates 
that 11 % of the Se atoms are oxygen bound (SeOx). Finally, the 
singlet corresponds to the Pt  5p orbital. The overall stoichio-
metric ratio of Pt to Se is 1:2, supporting the Raman data which 
have shown growth of high-quality PtSe2. We furthermore 
acquired and analyzed a survey spectrum, which did not show 
any significant other components (Figure S3, Supporting Infor-
mation). To investigate the alignment of our grown film, we 
acquired high-resolution cross-sectional transmission electron 
microscopy (HR X-TEM) images (Figure 1e). The layered struc-
ture of the material is clearly visible, moreover, the layers are 
well aligned with the substrate surface. We therefore can con-
clude, taking into account Raman, XPS, and HR-X-TEM anal-
ysis, that combination of Pt-ALD and TAC yields high-quality 
and layered PtSe2 films.

2.2. Conformal Deposition of PtSe2 on Topological Substrates

The conformality of the ALD-based PtSe2 growth has been 
investigated on substrates with a distinct topography. We pre-
pared substrates by cutting 66 trenches into flat silicon wafers 
with a width of 40 µm and a depth of 140 µm resembling an 
aspect ratio of 3.5 (Figure  2a,b). After ALD deposition of 
20  nm Al2O3, platinum has been deposited and selenized 
as described above. We chose a relatively thick PtSe2-layer  
(200 cycles with higher Pt-precursor pressure) to enhance 
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visibility in cross-sectional scanning electron microscopy 
(X-SEM) and X-TEM. Figure  2c shows an X-SEM image of 
one coated trench. We compared X-SEM and X-TEM images 
acquired from the top (Figure  2d,g), the side (Figure  2e,h), 
and the bottom (Figure 2f,i) regions of the trench-structured 
samples. For all investigated areas, two different PtSe2 spe-
cies can be identified. The first regime of grown material 
shows a horizontal alignment with the target substrate, while 
the remaining PtSe2 grows in a vertical direction on top of 
the layered material. The transition of the growth regimes 
is marked with a white dashed line in Figure  2g–i. This 
phenomenon of changing growth alignment for different 
thicknesses in TAC-grown TMD films has been reported 
previously.[45,46] It can be explained with a change in sur-
face energy: Vertical growth is preferred when the surface 
energy of the grown material becomes more dominant with 
increasing initial metal layer thickness.[46] For the top, side, 
and bottom areas, we identified an average thickness of 
20 nm for the PtSe2 grown in the first regime. This layer of 
well-aligned PtSe2 is covered by unaligned PtSe2, grown pre-
dominantly vertical with respect to the initial surface and 
with a thickness of up to 50 nm in the top region and less for 
the bottom area of the trench. Independent of these vertically 
aligned layers, which are thinner in the bottom of the trench 

than on the top, we conclude that layered 2D and well-aligned 
PtSe2 has been grown conformally in all three regions despite 
the challenging substrate topology.

2.3. Ammonia Gas Sensing with Topological Sensors

2D materials have been proposed for chemical sensing due to 
their large surface-area-to-volume ratio. Numerous reports on 
chemi-resistors or chemical field-effect transistors (ChemFETs) 
with graphene,[47] BP,[48] and TMDs[49] demonstrating high sen-
sitivities have been published. In particular, PtSe2 has shown 
great potential in chemical sensing for NO2 as reported[25] and 
also theoretically predicted.[50] Herein we established the sen-
sitivity of our PtSe2 TAC-grown films towards NH3, a gas that 
is known to be more difficult to detect with TMD films com-
pared to NO2. As only the surface of the material of choice can 
be used as an active sensing area, one can reduce the physical 
sample size using 3D topographic samples, and therefore 
enable packaging of more active material within less lateral 
physical space. Starting from the 3D trenched samples shown 
in Figure  2a, we realized electrical contacts by sputter deposi-
tion of 30 nm Pt using a shadow mask, forming an effectively 
2.8 cm long channel while only taking 1.1 cm of lateral length. 

Figure 1. Low-temperature PtSe2 growth on structured substrates. a) Process flow: After deposition of Al2O3 by ALD on the target substrate (Step 2), 
the (structured) substrate is decorated with Pt using ALD (Step 3). In the last step, the sample is converted to PtSe2 using TAC (Step 4). b) Raman 
spectra of PtSe2 for four different thicknesses. Spectra have been normalized to the PtSe2 Eg mode. c) XPS spectrum for Pt4f and d) Se3d region of a 
70 nm thick PtSe2 film. e) HR X-TEM image of an as-grown PtSe2 film. The layered structure is clearly visible.
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For the 80 nm thick PtSe2 film, a resistivity of ρ = 1.3×10−3 Ωcm 
was derived (Figure S4, Supporting Information).

The performance of the gas sensors based on the confor-
mally grown PtSe2 films was evaluated by measuring the rela-
tive resistance changes upon periodic NH3 gas exposure. The 
test chamber introduces 100 sccm of NH3 gas diluted with dry 
N2 gas.[39,51,52] Figure 3a shows a typical gas sensor response at 
various concentrations from 0.5 to 8 ppm, where the resistance 
of the trench-structured PtSe2 increases upon exposure to NH3. 
While most resistive gas sensors based on low-dimensional 
materials commonly suffer from slow recovery kinetics, PtSe2 
films show acceptable recovery speed upon NH3 exposure for 

1  min. Gas introduction at a higher concentration requires 
a much longer recovery time which is noticeable through the 
not-fully-recovered resistance of PtSe2 sensors after a NH3 
introduction at 8 ppm—unlike the other lower concentrations—
in a periodic exposure (1  min for exposure and 5 mins for 
recovery) of this work. As a result, a baseline drift of sensor 
response curves was found and we believe that the acceleration 
of the recovery speed, such as UV illumination[53,54] and higher 
working temperature,[55] is helpful to attenuate this drifting 
phenomenon. The limit of detection (LOD) was extracted by 
simple signal processing based on the signal-to-noise ratio 
(SNR), as the signal must be at least three times or larger than 

Figure 2. Conformal deposition of PtSe2 in trenches. a) Top view optical microscopy image of the 2 × 1 cm2 Si chip, with 66 trenches fabricated using 
a mechanical dicing saw b) Magnified optical image of the region highlighted in (a) showing individual trenches. c) SEM image of the cross-section 
of a trench with an aspect ratio of 3.5. d–f) X-sectional SEM images of top (blue frame), side (green frame) and bottom (red frame) of a trench after 
deposition of Al2O3 and PtSe2 (bright contrast) (c). g–i) X-sectional TEM images at top (blue frame), side (green frame), and bottom (red frame) of 
a trench after deposition of Al2O3 and PtSe2. The layered and approximately 20 nm thick PtSe2 region (dark) above the approximately 25 nm layer of 
Al2O3 is highlighted by white dotted line. Above vertically grown PtSe2 with lighter contrast is visible.
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the root-mean-square noise of the measured device.[56] SNRs at 
various gas concentrations tend to follow an exponential decay 
equation based on the isotherm model as shown in Figure 3b. 
The theoretical LOD can be derived by extrapolation of the fitted 
curve, through which 370  ppb of NH3 gas is expected to be 
detected and experimentally confirmed (Figure S5, Supporting 
Information). Up to date, only once empirical NH3 sensitivity 
of PtSe2 has been briefly mentioned even though it wasn’t fully  
investigated as an NH3 gas sensor.[57] Our work therefore is the 
first PtSe2 study that presents an NH3 LOD for PtSe2.

In previous theoretical and experimental reports of low 
dimensional material-based gas sensors, NH3 sensitivity is 
typically inferior compared to other toxic gases like NO and 
NO2, because the sensing mechanism of resistive gas sen-
sors is based on the charge transfer model from analytes in 
general.[50,55,58–61] Therefore, NH3 detection is challenging, 
especially for short exposure time and without activating the 
reaction through UV illumination or accelerating the recovery 
time through elevated working temperatures. However, our 
conformally deposited PtSe2 films show very promising gas 
sensor performance with much shorter exposure times, even at 
room temperature, resulting in superior gas sensing abilities.

2.4. Selective Area Deposition of PtSe2 on Aluminum Oxide

The assembly of structures with higher complexity, such as 
heterostructures and the integration of 2D materials in future 
devices require patterning and alignment onto target areas. 
Transfer processes have limited accuracy and conventional 
top-down approaches like wet- or reactive ion etching require 
post-growth fabrication steps including resist application, devel-
oping, and resist removal. In addition, the remaining residues 
on top of the grown materials may induce defects and harm 
the layer quality, and consequently the overall device perfor-
mance, in particular in ultra-thin 2D materials.[17] Hence, it is 
favorable to grow the 2D material only in the areas of interest, 
making a post-growth patterning step redundant.[21,22] AS-ALD 

of platinum is a pathway to selectively grow metal films only on 
predefined parts of the substrate and, thus, enabling selective 
growth of PtSe2 by the subsequent conversion of those layers. 
One way to gain selectivity during ALD growth is selective 
precursor adsorption which can be enabled by controlling the 
chemical surface termination of the growth substrate.[19]

The process flow for AS deposition of PtSe2 is presented in 
Figure  4a. We chose the example of silicon waveguides fabri-
cated from silicon on insulator (SOI) material, which have a 
certain topography and where both conformality and selective 
growth can be tested. First, the chips and the waveguides were 
covered by ALD with 10 nm Al2O3. Then, a lithographic step 
with resist was used to define the regions of interest (Step 1).  
The Al2O3 was wet etched with buffered hydrofluoric acid 
(BHF), leaving pads of Al2O3 on the surface in the areas of the 
waveguides after resist removal (Step 2). Processing in this 
way results in a significant difference in the surface chemistry 
between the Si and Al2O3 surface, as the BHF etched Si areas 
are hydrogen-terminated, that is, hydrophobic,[62] while the 
Al2O3 pads are hydrophilic. Thus, Pt-ALD is selectively seeded 
on the Al2O3 surface (Step 3). The Pt on the Al2O3 region is 
then converted to PtSe2 exactly on the Al2O3 region through the 
TAC process (Step 4). Figure 4b shows a micrograph of a PtSe2 
area with a size of 50  × 25 µm² fabricated in this fashion partly 
covering the silicon waveguide. The presence of PtSe2 was con-
firmed through chemical XPS mapping. Figure  4c shows the 
corresponding map of the same area as shown in Figure  4b, 
revealing a clearly higher response of the Pt4f-peak in the 
region of the PtSe2 pad than on the silicon. As a measure for 
the selectivity of our developed process, we calculated the selec-
tivity factor (SF) which is can be defined as

SF GGAA nnGGAA

GGAA nnGGAA

θ θ
θ θ

= −
+

 (1)

Equation (1). Definition of the SF.

where θGA and θnGA are the amounts of material presented 
after deposition on the growth and off the growth areas, 

Figure 3. Structured PtSe2 for NH3 sensing. a) Fast sensor response at room temperature upon periodic declining NH3 concentrations. b) SNR of 
sensor at various NH3 concentrations (dots). The fitted curve (black line) reveals a LOD of 370 ppb for NH3. Inset: Schematic of the cross-section of 
the PtSe2 gas sensor.
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respectively.[19,63] Those values can be obtained by extracting 
the integrated peak area of the Pt4f peak on and off the 
growth region (Figure  4c) resulting in SF  =  0.752 using 
(Equation  (1)). This is further supported by Raman meas-
urements (Figure  4d), which show a much more prominent 
PtSe2 fingerprint in the channel area compared to the bare Si 
substrate. Notably, the PtSe2 Raman modes are also present 
around the deposited PtSe2 pad. This parasitic deposition can 
be attributed to the exposure of the sample to ambient atmos-
phere during transportation to the deposition chamber, which 
partially destroys the hydrogen termination of the silicon by 
natural oxidation and therefore somewhat lowers the selec-
tivity of the process. Nevertheless, the SF can be significantly 
improved by dedicated transport systems capable of encapsu-
lating samples under an inert gas atmosphere. Selectivity can 
also be improved by deposition of thinner PtSe2 films, as in 
general selectivity gets lowered with an increasing number of 
deposited (Pt-)ALD cycles.[22]

2.5. On-Chip Integrated IR Photodetector by AS and Conformal 
Deposition of PtSe2

Thick PtSe2 behaves as a semimetal, but turns into a semicon-
ductor with a bandgap value in near to mid-IR range for mono- to  

few-layer thickness, making it a promising material for IR 
photodetection.[32–34] Here, we demonstrate the application 
of our AS and conformal deposition with IR photodetectors 
integrated on silicon waveguides. In these structures, light is 
guided by a rib waveguide with 50 nm step height while in and 
out-coupling is realized via two grating couplers optimized for 
1550 nm wavelength. The PtSe2 patch (Figure 4b), can be used 
as a photodetector if it is electrically contacted, as shown in the 
schematic in Figure 5a. Here, we used Ni/Al deposited by sput-
tering and subsequent lift-off, resulting in a 50 µm long and 
13 µm wide PtSe2 photodetector channel (Figure 5b). The total 
detector resistance was 125 MΩ (See Supporting Information 
for further details).

To measure the photoresponse of the photodetector, laser 
light at 1550 nm was modulated using an electro-optic modu-
lator at 1  kHz frequency and coupled into the waveguide 
through a single-mode fiber. The photoresponse of the PtSe2 
detector was measured by connecting the output of the contact 
electrodes to a Lock-In amplifier (Stanford Research Systems 
SR380), which amplifies the photo-signal (AC signal at 1 kHz) 
and filters the noise of the system. The bias voltage was applied 
from the same two contact electrodes to the device. The initial 
test of functionality was performed by periodically switching 
the excitation laser on and off. The resulting photovoltage (Vph) 
response of the as-grown PtSe2 channel is shown in Figure 5c, 

Figure 4. AS deposition of PtSe2. a) Process flow: Step 1: Lithographic patterning of a hard mask on Al2O3 covered substrate. Step 2: Wet etch of Al2O3 
with buffered HF and resist removal. Step 3: AS Pt-ALD on Al2O3. Step 4: TAC of Pt with Se to PtSe2. b) Optical microscopy image showing selectively 
deposited PtSe2 on an Al2O3 pad on a silicon waveguide. c) Chemical XPS map of the Pt4f peak of the same region shown in (b) with the PtSe2 area 
and the Si waveguide highlighted by white dashed lines. d) Raman spectra at points indicated by red and blue stars in (b) showing clearly distinguish-
able PtSe2 response at the red point only.

Adv. Funct. Mater. 2021, 31, 2103936
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confirming that the device response is indeed triggered by IR 
illumination. Furthermore, we find a nearly linear depend-
ence of the extracted photovoltage versus illumination power 
(Figure  5d). The response is present even without external 
bias (Vbias = 0V), which may be explained with a built-in field 
due to the work function difference at the PtSe2-Ni/Al inter-
face. The response is enhanced by a factor of ten upon appli-
cation of Vbias = 5 V. Figure 5e shows this in more detail, that 
is, we plot the dependence of the extracted photovoltage versus 
the applied bias voltage. In the dark state, we find no signifi-
cant increase in extracted photovoltage upon increasing Vbias, 
while Vph increases significantly with Vbias upon illumination. 
The responsivity of the PtSe2 photodetector is calculated to be 
241 mV W−1, which corresponds to 1.93 nA W−1. This value is 
limited by the high resistance of the channel. Although the 
responsivity of this first fully waveguide integrated photode-
tector is smaller in comparison to graphene photodetectors 
produced by mechanical exfoliation or epitaxially grown germa-
nium detectors, the advantage of our approach is obvious.[64,65] 
First, the PtSe2 has been grown directly and selectively on the 
waveguides without any requirement for planarization of the 
waveguide. This makes the transfer, post-transfer etching, and 
patterning processes completely redundant. Second, this has 
been achieved at BEOL compatible temperatures, which is  

currently impossible with graphene and with 3D photodetector 
materials. Third, the conformal growth process enables the 
coating of arbitrary waveguide (or substrate) shapes without 
extensive strain, where transfer-based approaches reach clear 
physical limits. Furthermore, the thickness-dependent bandgap 
of PtSe2 may be utilized to reduce the photodetector’s dark 
current significantly, promising better SNRs compared to gra-
phene. Finally, AS and conformal ALD of platinum and TAC 
are easily scalable to arbitrary size.

3. Conclusion
The conformal and AS deposition of large-scale, layered PtSe2 
films by combining ALD of platinum with TAC is shown. 
Raman spectroscopy, XPS, X-SEM, and X-TEM reveal the high 
quality, conformality, and area selectivity of the deposition. As it 
is based on ALD it is highly versatile towards other substrates, 
materials, and topographies. The TAC process can be scaled-
up and due to its low-temperature budget, it is fully compatible 
with BEOL semiconductor fabrication.

The versatility and applicability of our newly developed 
methodology are demonstrated by the fabrication of an on-
chip ammonia gas sensor and a fully waveguide-integrated 

Figure 5. On-chip integrated IR-photodetector created by AS and conformal PtSe2 deposition. a) Schematic of the integrated PtSe2 IR-photodetector 
on a silicon waveguide. b) Color-enhanced SEM image of the selectively grown and contacted PtSe2 channel. c) Time-resolved photoresponse of the 
PtSe2 photodetector at 5 V applied bias under pulsed excitation (black) and averaged signal response (red line). On state of the laser is marked as red 
background. d) Photovoltage versus exciting light power at 0 (black) and 5 V (red) bias voltage. e) Photovoltage versus applied bias voltage at 27 mWpp 
input laser power for dark (black) and illuminated (red) state.
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PtSe2 IR-photodetector. The 3D structured gas sensor showed 
an outstanding LOD of 370 ppb for the detection of NH3. The 
combination of conformal and AS deposition was exploited 
to directly grow PtSe2 on pre-defined areas on Si-waveguides 
as an active channel for IR-photodetection. It performed at 
λ  =  1550  nm and showed photovoltages up to 241 mV W−1. 
It may be improved by optimization and completely working 
in inert atmosphere. The AS and conformal deposition of 
PtSe2 presented in this work will be applicable to further 2D 
materials and other topologies to create further complex struc-
tures and devices. Thus these processes will allow new design 
routes for manufacturing of future nanodevices based on 2D 
materials.

4. Experimental Section
Synthesis of PtSe2 by Pt ALD and TAC: For all deposition processes, 

a custom-built cold-wall reactor (ATV) was used, fully encapsulated in 
a glovebox filled with N2 (<1 ppm H2O and O2). On silicon substrates, 
a dielectric layer of Al2O3 was deposited using a standard ALD process 
by alternating TMAH (25 wt. % in water) and H2O pulses at 1 mbar 
process pressure and 200 °C process temperature. Platinum ALD was 
carried out at a pressure of 0.5 mbar, at a substrate temperature of 
250  °C. (Trimethyl)methylcyclopentadienylplatinum(IV)(99%, Strem 
Chemicals) heated up to a temperature between 50 (all processes 
except trench-structured samples) and 65  °C (for trench-structured 
samples) and pure oxygen with a flow of 80  sccm were used as 
precursor sources with pulse times of 2 and 5  s, respectively. In 
between the precursor steps the reactor was purged for 30 s using N2 
(purity 6.0) with a flow of 60  sccm. Subsequent TAC was performed 
at process temperatures of 450 °C substrate temperature and 4 mbar 
process pressure. Pure selenium powder (>99.5%, VWR) was heated 
up to 220 °C and transported toward the sample with a flow of 50 sccm 
hydrogen, taking 120 min in total. All 3 processes, meaning deposition 
of Al2O3 seeding layer, Pt-ALD, and subsequent conversion to PtSe2 
were carried out in the same chamber.

Characterization by Raman and X-Ray Photoelectron Spectroscopy: 
Raman data was collected using a WITec Alpha 300 Confocal Raman 
system, using 532 nm excitation wavelength and 3 mW laser power on 
the sample surface with a 100x objective (NA = 0.9) The grating used 
for Raman measurements had 1800 grooves per mm. XPS data were 
acquired using a Physical Electronics Versa Probe XPS tool. This system 
uses the monochromated Al Kα line (1486.7  eV). For single spectra 
acquisition, a spot size of 100 µm with a beam-power of 96.7 W was 
used, while for chemical XPS mapping a spot size of 20  µm with a 
power of 4.6 W was used. The spectra have been fitted using Gaussian–
Lorentzian fit functions. For chemical XPS mapping, a spot size of 
20 µm with a power of 96.7 W was used.

Cross-Sectional Imaging with Scanning and Transmission Electron 
Microscopy: For the acquisition of X-SEM images, a JEOL JSM 6700F was 
used with an acceleration voltage of 10 kV. Cross-sections of the samples 
were prepared by mechanical cleaving. For cross-sectional transmission 
electron microscopy (X-TEM) analysis a JEOL JEM-2100 at 200  kV in 
bright field mode was used. The lamellas have been prepared using a 
Dual Beam Focused Ion Beam (FIB) FEI Helios NanoLab 600i. A 50 nm 
carbon layer, followed by a 300 nm platinum layer were deposited within 
the Dual Beam FIB by electron beam-induced deposition and a 2 µm 
carbon layer was deposited by ion-beam-induced deposition. Those 
three layers were deposited for the protection of the samples during 
milling process. The lamella was prepared and thinned down to less 
than 200 nm thickness. The thinning at 30 kV was finished by polishing 
at 5 kV to reduce the ion-beam-induced damage to a region smaller than 
2 nm at both sides (final thinning at 93 pA and 30 kV, final polish at 2 kV 
and 28 pA).

Selective Deposition of PtSe2 and Subsequent Fabrication of PtSe2 
Photodetectors: Photonic rib waveguides and grating couplers were 
fabricated on a commercial silicon-on-insulator substrate (Top Si crystal 
axis: 100) with 220 nm top silicon using electron beam lithography and 
reactive ion etching. The waveguide core was 3 µm wide and was formed 
by a 50 nm step. The waveguide supports multiple modes, but only the 
fundamental TE mode was excited by the grating coupler and no mode 
conversion was expected, as the waveguides were completely straight. 
The grating couplers have typical losses of 3.5 dB before and 4.5 to 6 dB 
after AS-PtSe2 deposition. An Al2O3 coating of 10  nm thickness was 
deposited using Al2O3 ALD process. Resist was applied and structured 
by optical lithography leaving pads of resist on top of the Al2O3 surface 
after developing. Samples were dipped into BHF solution for 45  s. 
Removal of the resist was done by N-Methly-2-pyrrolidone (5  min, 
55  °C), acetone (5 min, 55  °C), and isopropanol (5 min, 55  °C) after 
which the samples were transported to the deposition chamber while 
keeping the exposure to ambient conditions below 5 min. Deposition 
was performed as described above.
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