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Abstract: Palladium (Pd)-based sulfides have triggered extensive interest due to their unique properties and potential applica-
tions in the fields of electronics and optoelectronics. However, the synthesis of large-scale uniform PdS and PdS,
nanofilms (NFs) remains an enormous challenge. In this work, 2-inch wafer-scale PdS and PdS, NFs with excellent stability can
be controllably prepared via chemical vapor deposition combined with electron beam evaporation technique. The thickness of
the pre-deposited Pd film and the sulfurization temperature are critical for the precise synthesis of PdS and PdS, NFs. A corre-
sponding growth mechanism has been proposed based on our experimental results and Gibbs free energy calculations. The elec-
trical transport properties of PdS and PdS, NFs were explored by conductive atomic force microscopy. Our findings have
achieved the controllable growth of PdS and PdS, NFs, which may provide a pathway to facilitate PdS and PdS, based applica-
tions for next-generation high performance optoelectronic devices.
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1. Introduction

Since the discovery of graphene in 2004, two-dimen-
sional (2D) materials have attracted intensive attention due
to their intriguing properties!'-4. Recently, group-10 novel
TMDs (nTMDs) have received a lot of attention because of
their attractive properties including widely-tunable bandgap,
high carrier mobility, anisotropy, and long-term air
stability®=9l, PdS,, as a typical member of the nTMDs family,
exhibits a unique pentagonal-layered structure and tunable
bandgap (indirect band gap in monolayer and semi-metallic
in bulk), which has created much interest in electronic, opto-
electronic and anisotropic applications('%-14, Moreover, 2D
PdS, nanostructures display broad application prospects in
the fields of thermoelectricity, piezoelectricity, nonlinear
optics, and catalysis!'*-171, At present, PdS, nanoflakes are
mainly prepared by liquid-phase exfoliation or chemical
vapor transport methods!('% 18, Nevertheless, these methods
have the limitation of uncontrollable sample size and thick-
ness, and inevitably introduce impurities during the synthe-
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sis process, which cannot meet the requirements of practical
applications. Therefore, it is crucial to develop an effective
approach to synthesize high-quality and large-scale 2D PdS,
nanofilm (NF) for fundamental research and future applica-
tion. Direct sulfurization/selenization of pre-deposited metals
or oxides has been demonstrated to be an effective method
for preparing large-area films[9-211,

PdS is a typical nonlayered semiconducting material with
a tetragonal structure, which has also attracted considerable
attention due to its intriguing properties in the last few
decades(?2-251, PdS has been demonstrated to be n-type semi-
conductor with high carrier density ((8.0 £ 2.0) x 10'8 cm™3)
and electron mobility ((20 £ 2) cm?/(V-s))22. Moreover, PdS
exhibits high optical absorption coefficient (higher than
10% cm~! at photon energies hv > 2.0 eV) and ideal band gap
energy (~1.6 eV), which make it an appealing material for
potential applications in photoelectrochemical energy conver-
sion, thermoelectricity and solar cellsi22-271, Extensive efforts
have been made to investigate the precise growth of PdS
and PdS, nanostructures. However, the controllable synthe-
sis of PdS and PdS, NFs still faces significant challenges.

In this work, we have achieved the precise growth of 2
inch wafer-scale uniform PdS and PdS, NFs via chemical
vapor deposition (CVD) combined with electron beam evapora-
tion (EBE) technique. Our experimental results demonstrate
that the thickness of pre-deposited Pd and sulfurization tem-
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Fig. 1. (Color online) (a) Side and top views of the schematic crystal structures for PdS, and PdS. (b) Schematic for the synthesis of PdS and PdS,

NFs.

perature are critical for the controllable synthesis of PdS and
PdS, NFs. The corresponding growth mechanism was further
proposed based on our experimental results and Gibbs free
energy calculations. In addition, the PdS,-based thin film
field-effect transistors (TFTs) were investigated exhibiting n-
type behavior. Our study provides a facile strategy for fabricat-
ing wafer-scale uniform PdS and PdS, NFs, which can be a
guidance for the synthesis of other 2D material systems.

2. Experimental details

Pd NFs with different thicknesses were deposited on the
SiO,/Si substrate by employing the electron-beam evapora-
tion method (EBE, DE400DHL). The as-deposited Pd films
were placed at the center zone of the growth furnace while sul-
fur (S) powder (1 g, 99.9%, Aladdin) was located at the
upstream zone. The quartz tube was purged for 20 min with
500 standard cubic centimeters per minute (sccm) Ar gas to
remove residue air. Then the Ar flow rate was reduced to
50 sccm during the growth process. The temperature of the
center zone was heated to 500 °C for 25 min and kept under
this temperature for 10 min.

The morphologies and nanostructures of as-prepared sam-
ples were carried out by optical microscopy (OM, Nikon,
LV150N) and atomic force microscopy (AFM, Bruker Dimen-
sion Icon). The surface potential distribution and local electri-
cal properties were systematically performed by Kelvin probe
force microscopy (KPFM) and conductive AFM (C-AFM, Bruker
Dimension Icon). The KPFM and C-AFM measurements were
conducted in an ambient environment and the humidity was
around 30%. Raman spectra and mappings of the as-pre-
pared sample were investigated by a Raman spectrometer
(Witec Alpha 300R) with a 532 nm laser excitation. The compo-
sition and chemical bonding states of as-synthesized sample
were examined by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha). The crystallographic structure and
the quality of as-prepared samples were characterized by trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), selected area electron diffraction (SAED) and energy
dispersive spectroscopy (EDS; JEOL 2100F).

The back-gated TFT based on PdS, NF was fabricated by
laser direct writing lithography (Microwriter ML Baby), reac-

tive ion etching (Haasrode-R200A), and EBE (DE400DHL). First,
the source (S) and drain (D) regions were defined by pho-
tolithography, and a Ti/Pd/Au (0.6 nm thick Ti, 20 nm thick
Pd and 30 nm thick Au) film was deposited by EBE. Second,
redundant PdS, were etched by photolithography and the
reactive ion etching (RIE) process under oxygen plasma for
60 s. As-prepared devices were measured using a semiconduc-
tor analysis system (Keithley 4200A-SCS).

3. Results and discussions

A the schematic top view and side view crystal struc-
tures of PdS, and PdS are shown in Fig. 1(a). In 20 phase
PdS,, two Pd atoms and three S atoms form a wrinkled pentag-
onal ring and each Pd atom combines with four S atoms in
the same plane while a covalent S-S bond is formed
between two neighboring S atoms”l. The crystal structure of
PdS is the tetragonal structure, which belongs to the space
group of P42/m (84). Fig. 1(b) presents the schematic dia-
gram of the growth setup for synthesizing PdS and PdS, NFs.
Figs. S1(a) and S1(b) show the AFM images before and after
the sulfurization when the pre-deposited Pd film thickness is
0.5 nm. Raman spectra (Fig. S1(c)) confirmed that the prod-
ucts are not PdS, or PdS under different sulfurization tempera-
tures. Interestingly, pure PdS, NF can be synthesized when
the thickness of pre-deposited Pd film is increased to 1 nm. A
typical OM image of the PdS, is shown in Fig. 2(a), and the
inset exhibits the corresponding photo image of as-prepared
2-inch PdS;, NF grown on SiO,/Si substrates. Fig. 2(b) presents
Raman spectrum of the synthesized PdS, NF. Two Raman
peaks were observed at 299 cm~' and 422 cm~! correspond-
ing to the E; mode and Ay mode of PdS,, respectively, which
are in good agreement with previous reports!3l. Raman map-
ping of the representative A; mode (422 cm™) is displayed in
Fig. 2(c), which indicates the uniformity of as-grown PdS, NF.
The inset shows corresponding OM image. We found that
Raman spectra exhibit clear characteristic peaks with
unchanged Raman signals when the sample was stored in air
for six months (Fig. S2), which means that the as-prepared
PdS, NF exhibits excellent air stability. Fig. 2(d) shows the rep-
resentative AFM image of PdS, NF. The surface potential of
as-synthesized PdS, NF was investigated by KPFM (Fig. 2(e)).
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Fig. 2. (Color online) (@) OM image of as-prepared PdS, NF (the thickness of pre-deposited Pd ~1 nm). Inset: photograph of 2-inch wafer-scale
PdS, NF. (b) Raman spectrum of as-prepared PdS, NF. (c) Raman intensity mapping (A mode) of PdS, NF. Inset: corresponding OM image.
(d) AFM image of PdS, NF. (e) Corresponding surface potential image. (f) HRTEM image of PdS, NF. Inset: corresponding SAED pattern. (g) EDS
analysis of PdS, NF. (h, i) XPS spectra of the PdS, NF corresponding to Pd 3d and S 2p core level peaks, respectively.

The as-prepared PdS, NF displays a homogeneous surface
potential distribution, which means that the as-prepared
films are uniform. In addition, it is beneficial to fabricate
PdS,-based optoelectronic devices with relatively consistent
performance.

To investigate the crystalline nature and chemical compo-
sition of as-synthesized PdS, NF, HRTEM, SAED and EDS charac-
terizations were systematically performed. The HRTEM image
presents clear lattice fringes indicating high-quality crys-
tallinity of PdS, as shown in Fig. 2(f). The lattice distance is
found to be 0.316 nm corresponding to the (102) plane of
PdS,. The inset is the corresponding SAED pattern, which
shows two ring shapes corresponding to the PdS, planes of
(111) and (102), respectively. SAED pattern indicates that the
PdS, NF is polycrystalline. The EDS spectrum confirms that
the atomic ratio between S and Pd elements is determined to
be 1.95: 1 as shown in Fig. 2(g). To further explore the compo-
sition and element bonding states, XPS was conducted for
the as-prepared PdS, NF. The high-resolution XPS spectra of
Pd 3d and S 2p of the synthesized PdS, are presented in
Figs. 2(h) and 2(i), respectively. Two peaks at 336.86 eV

(Pd 3ds,,) and 342.08 eV (Pd 3ds,,) have been detected, which
are ascribed to the S—Pd bonding of PdS,28l. The S 2p
regions for PdS, NF are fitted with two doublets from
two chemical states of sulfur. The two peaks at 161.78 and
162.88 eV can be ascribed to the S—Pd bonding state of PdS,,
respectively. Meanwhile, elemental sulfur was detected at
163.76 and 165.01 eV, corresponding to the S 2p3, and S
2p, 5, respectively29l, To investigate the influence of sulfuriza-
tion time on the synthesis of PdS, NF, we have fabricated
PdS, NFs under different sulfurization time. Figs. S3(a)-S3(e)
present AFM images of as-prepared samples with sulfuriza-
tion time to be 10, 30, 60, 120, and 180 min, respectively. It is
clear that the thickness was maintained at ~3.3 nm as dis-
played in Fig. S3(f). When the sulfurization time was 10 min,
the root-mean-square roughness (Rq) was 0.46 nm. And
when the sulfurization time was extended to 30 min or much
longer, the Rq was around 1.8 nm (Fig. S3(g)). Fig. S3(h) dis-
plays the corresponding Raman spectra. Fig. S3(i) shows the
position evolution of Ay and E; modes as a function of sulfur-
ization time. No variation in Raman peak positions of PdS,
NFs was observed, which confirmed the PdS, NF can be suc-
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Fig. 3. (Color online) (a) OM image of PdS—PdS, hybrid NF (the thickness of pre-deposited Pd ~2 nm). (b) Corresponding AFM image. (c) Raman
spectra taken from the red and black points marked in (a) corresponding to the PdS, and PdS, respectively. (d) Raman intensity mapping (Aq

mode) of PdS, NF. Inset: corresponding OM image. (e) Raman intensity mapping (Bg mode) of PdS NF. (f) Statistical diagram of area ratio of PdS,

and PdS.

cessfully fabricated just using short growth time (10 min). We
have further investigated the effects of different growth tem-
peratures on PdS, NF. Figs. S4(a)-S4 (h) show corresponding
OM images under different growth temperature. It can be
clearly seen that the surface of the synthesized film is very uni-
form. Corresponding Raman spectra indicate that PdS, can-
not be synthesized under growth temperatures below 360 °C,
and crystalline PdS, NFs can be successfully prepared from
400 to 650 °C (Fig. S4(i)). Furthermore, the PdS, pattern can
be fabricated by sulfurizing the Pd pattern fabricated using
Cu grid as physical mask, which is critical to the construction
of functional devices. Fig. S5 display the OM images of the
as-prepared Pd pattern before and after sulfurization. Mean-
while, uniform PdS, NF can also be prepared on soda-lime
glass and c-plane sapphire substrates as shown in Figs. S6(a)—
S6(d). The insets are the corresponding Raman spectrum.
Monolayer MoS, and WS, nanoplates were also chosen as
growth substrates to fabricate van der Waals (vdW) heterojunc-
tions. Figs. S6(e) and S6(g) show the corresponding OM
images of as-prepared samples. The Raman spectra further
demonstrated the synthesis of PdS,—WS, and PdS,—MoS, het-
erojunctions as displayed in Figs. S6(f) and S6(h), respectively.
These results reveal that our method is universal for the con-
trollable growth of other vdW heterostructures.

Interestingly, when the thickness of pre-deposited Pd
film was increased to 2 nm, the obtained sample exhibits obvi-
ous phase separation (as shown in Fig. 3(a)). Corresponding
AFM image of the synthesized film reveals negligible height
difference across the interface (Fig. 3(b)). Fig. 3(c) shows the
Raman spectra collected from the different regions, which con-
firms that the separate domains are PdS, and PdS, respec-
tively. The Raman mappings of the PdS, A, (422 cm™') peak
intensity and PdS By (327 cm™') peak intensity were col-

lected as displayed in Figs. 3(d) and 3(e), respectively. PdS,
and PdS domains can be clearly distinguished with sharp inter-
face. According to statistics in Fig. 3(f), the area proportion of
PdS, is about 45% and the area proportion of PdS is about
55%. The effect of sulfurization temperature on the synthe-
sized samples was further systematically investigated. We
found that PdS,—PdS hybrid NF cannot be synthesized when
the sulfurization temperature was below 360 °C (Fig. S7(a)),
which was confirmed by Raman spectrum as shown in
Fig. S7(b). Fig. S7(c) displays the representative AFM image of
as-prepared NF with the thickness ~5.91 nm. The OM image
and corresponding Raman spectra of PdS,-PdS hybrid NF
were presented in Figs. S7(d)-S7(e) when the growth tempera-
ture is 540 °C. AFM image indicates that the thickness of as-pre-
pared sample is 6.02 nm (Fig. S7(f)). Interestingly, pure PdS
NF can be synthesized when the sulfurization temperature is
up to 650 °C. Fig. S7(g) displays the OM image of as-pre-
pared PdS NF. This is confirmed by the Raman spectrum
(Fig. S7(h)). The corresponding AFM image shows that the
thickness is ~6.18 nm (Fig. S7(i)). Figs. S8(a)-S8(i) show the
OM images of synthesized film under different sulfurization
temperatures, which demonstrate that crystalline PdS,—PdS
hybrid NF can be synthesized in the temperature range of
380-620 °C. Our experiments confirm that sulfurization temper-
ature plays a crucial role for the controllable of pure PdS, and
PdS,—PdS hybrid NFs.

When the thickness of pre-deposited Pd film was further
increased to 4 nm, the as-prepared sample is still PdS,—PdS
hybrid NF and Fig. S9(a) shows the OM image. Fig. S9(b) is
the corresponding AFM image of the PdS,—PdS hybrid NF. A
corresponding KFPM image is provided with sharp interface
between PdS and PdS, (Fig. S9(c)). The surface potential of
PdS, is determined to be 10 mV lower than PdS (Fig. S9(d)).
Fig. S9(e) shows the Raman spectra of the hybrid PdS,—PdS
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Fig. 4. (Color online) (a) OM image of as-grown PdS NF (the thickness of pre-deposited Pd ~10 nm). (b) Raman spectrum of as-prepared PdS NF.
(c) Raman intensity mapping (By mode) of PdS NF. Inset: corresponding OM image. (d) AFM image of PdS NF. (e) Corresponding surface poten-
tial image. (f) Low-magnification TEM image of PdS NF. Inset: corresponding SAED pattern. (g) HRTEM image of the PdS NF. (h, i) XPS spectra of
the PdS, NF corresponding to Pd 3d and S 2p core level peaks, respectively.

NF obtained from the black and red points marked in
Fig. S9(a). The black line represents the PdS,, and the red line
corresponds to the PdS. Raman mappings of the representa-
tive PdS, Ag mode (422 cm~") and PdS By mode (327 cm™)
are shown in Figs. S9(f) and S9(g). The inset of Fig. S9(f) corre-
sponds to OM image. The statistical results indicate that the
area proportion of PdS, is 5% and the area of PdS proportion
is 95% (Fig. S9(h)), which indicates that the synthesis of PdS
NF is preferred with increasing the thickness of pre-deposited
Pd film.

Interestingly, pure PdS NF can be synthesized when the
thickness of the pre-deposited Pd film finally increases to
10 nm. The OM image of PdS NF is displayed in Fig. 4(a), and
the inset exhibits the corresponding photo image of 10 nm
Pd film deposited on SiO,/Si substrate and as-prepared PdS
NF. Fig. 4(b) presents the typical Raman spectrum of as-pre-
pared PdS NF. It is clearly that two vibrational Raman modes
were observed, which were assigned as Aq (134 cm™), and By
(327 cm™), respectively3% 31, Raman mapping (B4 mode) fur-
ther demonstrates the uniformity of as-prepared PdS NF as

shown in Fig. 4(c). The thickness of PdS NF was determined
to be ~27 nm investigated by AFM (Fig. 4(d)). Moreover,
KPFM was carried out to detect the surface potential of synthe-
sized PdS NF in the ambient environment, and the surface
potential value of PdS is 58 mV higher than the SiO,/Si sub-
strate as shown in Fig. 4(e). The KPFM image of PdS NF is rela-
tively homogeneous revealing the uniform surface potential
and charge distributions. The crystallographic structure and
chemical composition of PdS NF were further explored by
TEM, HRTEM, SAED, and EDS characterizations. Fig. 4(f) shows
a low-magnification TEM image of the as-prepared PdS NF.
The inset is the corresponding SAED pattern, which suggests
that the sample has a polycrystalline structure. The HRTEM
image shows the corresponding atomic structure with a lat-
tice spacing of 0.48 nm, which is consistent with (101) planes
(Fig. 4(g)). The elemental compositional analysis of obtained
PdS NF was performed by EDS (Fig. S10). The atomic ratio
between S and Pd elements is determined to be 0.95 : 1,
which is in good agreement with the stoichiometric ratio of
PdS.
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Fig. 5. (Color online) (a) AFM image of the PdS, NF grown on the SiO,/Si substrate. (b) Corresponding electrical current image of the PdS, NF.
(c) I-V curve of PdS, NF. (d) In(l/T?) verse V curve of PdS, NF fitted by the thermonic emission model. (€) AFM image of the PdS NF. (f) Correspond-
ing electrical current image of the PdS NF. (g) I-V curve of the PdS NF. (h) In(//T?) verse V curve of PdS NF fitted by the thermonic emission model.

The elemental composition and the chemical states were
further characterized by XPS. The Pd 3d and S 2p core level
peaks of the film are shown in Figs. 4(h) and 4(i), respectively.
The palladium 3ds, and 3ds/, peaks for PdS are determined
at 336.50 eV and 341.72 eV, respectively (Fig. 4(h)). A split-
ting of 5.22 eV is observed for Pd-3d signal in PdS NF, which
is attributed to the spin orbit coupling. As for the S 2p core
level spectra, the two peaks at 164.01 and 165.21 eV are
ascribed to the S 3p;/, and S 3p,,, core level spectra of the
S—Pd bonding of PdS (Fig. 4(i)). It is noteworthy that the
binding energy (BE) position of Pd in the PdS and PdS, sam-
ples was shifted by nearly 1.7 eV relative to pure Pd (3ds,,
335.1 eV) toward the high BE side. While the BE of S is shifted
toward the low BE side indicating the direction of charge trans-
fer from Pd to S, which further confirms the formation of PdS.
AFM images of as-prepared samples under different sulfuriza-
tion times (5, 30, 60, 90, 120, and 180 min) were performed,
and the results indicate that the thicknesses of as-synthe-
sized PdS NF were all around 30 nm after sulfurization as
shown in Figs. S11(a)-S11(e). Systematic studies demon-
strate that the Pd film can be completely sulfurized even
under growth time as short as 5 min.

In order to reveal the corresponding growth mechanism,
we have conducted thermodynamic growth investigationt32.,
Once the sulfur vapor is available, the possible reactions that
may initiate the sulfurization process are described by
Eqgs. (1)-(3):

Pd+S, - PdS,, (1)
1

Pd +5S; - PdS, )

2Pd + S, - 2PdS. 3)

The priority of different products using the same reac-
tants can be judged from Gibbs energy (AG). The AG of these
reactions will be expressed per mole of Pd because it is the lim-
iting reactant for the global process. Since the formation

energy difference between PdS, and PdS is very small and it
is hardly possible to discriminate their reaction activation ener-
gies. The evolution of the Gibbs free energy for PdS, and PdS
was investigated to forecast the priorities of the reactions
(1-3) at different temperatures. The detailed calculation of
the Gibbs free energy is provided in the supporting informa-
tion.

The dependence of AGy, on temperature for each reac-
tion is plotted in Fig. S12. Pd film with the thickness ~1 nm cor-
responds to small amount of Pd. AGY, of Eq. (2) is lower and
the reaction is more likely to occur from 600 to 900 K, so the
product after sulfurization is pure PdS, NF. When the pre-
deposited Pd film was 2 nm, the amount of Pd increased
slightly, so the Eqgs. (1) and (2) were carried out simultane-
ously from 600 to 900 K. The product was a PdS and PdS,
hybrid NF with the PdS proportion of ~45%. When the sulfur-
ization temperature was above 900 K, AGﬁ1 of Eq. (1) was
higher, so it was easier to synthesize PdS,. More Pd can be sup-
plied with the thickness of Pd film increased to 4 nm, there-
fore Eq. (3) can also take place, and the final product is in-
plane PdS and PdS, hybrid NF with the proportion of PdS up
to ~95%. When thickness of Pd increased to 10 nm, the sup-
ply of Pd is always sufficient for reaction. Only Eq. (3) can be
carried out, which results in the synthesis of pure PdS NF.

C-AFM is an essential tool for probing local electrical con-
ductivity and surface electrical properties of micro-nano semi-
conductor materials with nanometer resolution. In this study,
we employ C-AFM to systematically investigate the current
distribution and transport properties of PdS, and PdS NFs.
Ag electrodes were made to investigate the lateral electrical
measurements on the PdS, and PdS NFs. A schematic dia-
gram of the C-AFM electrical measurement is shown in
Fig. S13. Fig. 5(a) displays the AFM image of as-synthesized
PdS, NF. The corresponding electrical current image of the
PdS, NF was obtained under a constant bias of 1 V as shown
in Fig. 5(b). The conductivity remains constant indicating uni-
formity of the PdS, NF. Fig. 5(c) displays the -V curve of PdS,
under the bias ranging from —2.0 to 2.0 V. The AFM image of
PdS NF is shown in Fig. 5(e). Fig. 5(f) exhibits the correspond-
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ing current image, which shows the uniformity of the cur-
rent distribution. Fig. 5(g) shows /-V curves of PdS under the
bias ranging from -2.0 to 2.0 V. The typical -V curves
obtained from the measurements exhibit obvious nonlinear-
ity and asymmetry properties, which indicates that the Ag elec-
trode and Pt/Ir-coated tip make two Schottky barrier (SB) con-
tacts with the PdS or PdS, NFs, respectively. The back-to-back
SBs are formed. Egs. (4) and (5) are used to fit the curve and
In(l/T2) verse V presented linear, which coincides with the trans-
port characteristics in the thermal emission model33. 34, as
shown in Figs. 5(d)-5(h).

=1, [exp(%_) - 1}, 4)
lo =AA*T2exp(—%), (5)

where Iy is the reverse saturation current, @3 is the Schottky
barrier, n is the ideality factor, and A* is the Richardson con-
stant (31.6 A/(cm-K)2 for PdS and 96 A/(cm-K)2 for PdS,)l7: 351,
By fitting Eqg. (4) in the electrical characteristics in the for-
ward bias of Figs. 5(d)-5(h), the ideality factor of PdS and
PdS, were calculated as 13.3 and 14.3, respectively. Our stud-
ies could provide experimental support for the fabrication of
TMDs NFs optoelectronic devices.

The electrical transport properties of as-synthesized PdS,
NF were further investigated and PdS,-based TFT have been
fabricated. Fig. S14(a) displays the photographic images of
PdS, TFT arrays. Fig. S14(b) is corresponding OM image of
one typical TFT device. It can be clearly seen that the PdS, NF
presents typical n-type semiconductor characteristics with an
on/off ratio of about 9.2 (Figs. S14(c) and S14(d)). The field
effect mobility was evaluated from the equation:

_Ldlg d
M= W dV eoe Ve (6)

where L = 20 um and W = 130 um are the channel length
and width, respectively, ;= 8.85 X 10'2 F/m is the vacuum per-
mittivity, & = 3.9 is the relative dielectric constant of SiO,, d =
300 nm is its thickness, and V4 = 1 V. The field-effect mobil-
ity was determined to be about 0.017 cm?/(V-s). Our work
presents a convenient chemical route to construct high-perfor-
mance n-type TFT with low-dimensional materials for future
electronics.

4, Conclusion

In summary, wafer-scale PdS and PdS, NFs have been suc-
cessfully synthesized via atmospheric pressure CVD com-
bined with EBE technique. The uniform pre-deposited Pd film
promotes the growth of wafer-scale PdS, NF. Our experimen-
tal results demonstrate that the thickness of pre-deposited
Pd film and sulfurization temperature play important roles for
the precise synthesis of pure PdS, and PdS NFs. The corre-
sponding growth mechanism was further illuminated
through the thermionic growth study. We have systemati-
cally investigated the electrical transport properties of PdS,
and PdS NFs by C-AFM, which can be illuminated by ther-
monic emission model. These results provide a new route for
the controllable synthesis of large-area nTMDs NFs, which is
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beneficial for their applications in high-performance elec-
tronic and optoelectronic devices.
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