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ABSTRACT

The van der Waals heterostructures have evolved as novel materials for complementing the Si-based semiconductor
technologies. Group-10 noble metal dichalcogenides (e.g., PtS,, PtSe,, PdS,, and PdSe,) have been listed into two-dimensional
(2D) materials toolkit to assemble van der Waals heterostructures. Among them, PdSe, demonstrates advantages of high
stability in air, high mobility, and wide tunable bandgap. However, the regulation of p-type doping of PdSe, remains unsolved
problem prior to fabricating p—n junction as a fundamental platform of semiconductor physics. Besides, a quantitative method for
the controllable doping of PdSe, is yet to be reported. In this study, the doping level of PdSe, was correlated with the
concentration of Lewis acids, for example, SnCl,, used for soaking. Considering the transfer characteristics, the threshold voltage
(the gate voltage corresponding to the minimum drain current) increased after SnCl, soaking treatment. PdSe, transistors were
soaked in SnCl, solutions with five different concentrations. The threshold voltages from the as-obtained transfer curves were
extracted for linear fitting to the threshold voltage versus doping concentration correlation equation. This study provides in-depth
insights into the controllable p-type doping of PdSe,. It may also push forward the research of the regulation of conductivity
behaviors of 2D materials.
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1 Introduction increasingly used in diverse applications, including defect

Two-dimensional (2D) materials, such as graphene [1,2] and engineering [4], exciton dynamics [5], and organic/inorganic

MoS, [3], have facilitated the production of atomically thin heterointerfaces [6]. However, difficulties in bandgap opening and
transistors and van der Waals heterostructures. They are manipulation limit the transistor applications of graphene. The
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direct bandgap of monolayer MoS, limits its optoelectronic
applications [7]. Junctions of two types of materials with arbitrary
bandgaps are in high demand for application in optoelectronic
devices. For example, a type-I heterojunction affords a
combination of electron-hole pairs, enabling electroluminance
[8-10]. In contrast, the use of type-II heterojunctions leads to the
separation of charge carriers in photovoltaic devices and solar cells
[11-13]. The van der Waals heterostructures show advantages of
self-powered photodetectors [14]. Another anisotropic 2D
material ReS, exhibits excellent electrochemical catalysis [15] and
energy storage performances [16,17], as well as stimuli-response
upon water [18, 19] and heat [20]. It can be assembled with edge
orientation [21] and doped for magnetism [22]. The ReS, has
potential applications of sensing and therapy [23]. The anisotropic
etching [24, 25] and epitaxial growth [26] become significant for
heterostructure fabrication [27]. The power consumption should
be investigated to utilize the advantage of 2D materials [28].
Again, the chemical vapor deposition continues to scale up the
production of 2D materials [29-31].

Then, the library of materials that satisfy these requirements is
confined to black phosphorus and noble metal dichalcogenides
(NMDCs) [32], including PtS,, PtSe,, PdS,, and PdSe,. The
bandgap of black phosphorus can be continuously tuned [33, 34]
from 0.3 to 1.59 eV [35] by reducing its thickness from bulk [36]
to monolayer phosphorene. However, as 2D materials are affected
by oxygen and humidity, a passivation layer [37, 38] is necessary
for their efficient operation, which introduces complexity in
standard operation protocols. Chemical vapor deposition-grown
PtS, does not exhibit a uniform phase and comprises mixed
phases with PtS. PdS, may be subjected to sulfur loss, which alters
its stoichiometric ratio [39].

Therefore, PdSe, has emerged as an ideal candidate for
engineering and manufacturing optoelectrical devices with tunable
bandgaps and air stability [40]. It has attracted significant attention
for applications involving direct growth over dielectrics via
chemical vapor deposition [41-44], metal selenization [45],
nanoribbon formation [46], doping and phase transformation via
plasma treatment [47-49], and layer-by-layer thinning [50, 51].
New trends emerge, such as vapor phase growth [52] or epitaxy
over template [53]. Owing to its air stability [54], high mobility
[55,56], and broad tunable bandgap (0-1.3 eV) [57], PdSe, has
promising application prospects in conventional semiconductor
physics, as a channel material or saturable absorber for utilization
in electronics [58,59], thermoelectrics [60], ultrafast photonics
[61-64], and optoelectronics [65-68]. The conductance
characteristics of a PdSe,-based field-effect transistor (FET) can be
regulated from n-type to p-type by changing the pressure of the
sealed FET chamber from vacuum conditions (0.01 atm) to
0.2 atm and again to 1 atm under an N, atmosphere [69]. In
addition, electron irradiation (10 keV) can change the transfer
characteristics from n- to p-type [70]. Under vacuum conditions,
PdSe, remains as an n-type material as the majority of charge
carriers are electrons. In an electric field of 100 V-um™, an electric
current of pA levels was achieved via field emission [71]. PdSe, has
been demonstrated to be a novel material for application in
condensed-matter physics, including spintronics [72] and
straintronics [73].

Recently, Lewis acid treatment [74], the adsorption of organic
benzyl viologen [57], and elemental substitution [75] via
metal-organic chemical vapor deposition have been demonstrated
to be effective strategies for manipulating the band structure of 2D
materials, based on preliminary studies. The Lewis acid treatment
strategy for doping is described as follows. According to the Lewis
acid-base theory, substances are categorized into acids and bases
based on their ability to accept or donate electron pairs. Bases
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provide electron pairs, whereas acids accept them. The commonly
used Lewis acids are BF;, FeCl; [76], SnCl,, SbCl; [77], and WClg
[78]. The widely employed Lewis bases include H,0O, -OH, NH;
-NH,, and I,, which possess lone pairs of electrons. The Lewis
adduct formation reaction occurs between Lewis acids and Lewis
bases (with N in an NHj; radical), which leads to a charge-transfer
complex [76]. Lewis acids, such as trimethyl borane, possess
unoccupied orbitals that accept electron pairs from Lewis bases,
including NH;. Eventually, a Lewis adduct (NH;-BMe;) is formed
with a dative covalent bond. Lewis acids often serve as hole-
injecting dopants in the hole transport layers of organic devices.
Overall, they act as p-type dopants. In contrast, cation-exchange
reactions occur when Lewis acids are mixed with inorganic
compounds. High-valence Sn cations (+4 valence) replace low-
valence cations (+3 valence), such as those in In (In,O;), thereby
achieving p-type doping [79]. Recently, Sn-substituted Pd was
employed for the p-type doping of PdSe, [74]. However, a
quantitative evaluation of the impact of the Lewis acid
concentration on the doping level has not been conducted thus
far.

In this work, the p-type doping level was correlated to the
concentration of SnCl, to develop a Lewis acid model for doping
PdSe, (by immersive soaking). The shift in the threshold gate
voltage was utilized as an indicator of the p-doping level, which
depicts the doping of graphene and other 2D materials via water
or oxygen chemisorption [80]. The drain current was minimized
at the threshold gate voltage in the transfer characteristics of the
PdSe,-based FET. To the best of our knowledge, this is the first
correlation equation obtained by linearly fitting the threshold gate
voltage to the doping concentration. In addition, the structures
and electrical performances of pristine and Sn-doped PdSe, were
investigated.

2 Results and discussions

First, the pristine PdSe, film was prepared via metal selenization.
The PdSe, film was prepared by depositing a palladium metal film
onto an Si/SiO, substrate (Fig.1(a)), followed by thermal
selenization (Fig. 1(b)). Optical microscopy images of the Pd film
before and after selenization are shown in Figs. 1(c) and 1(d),
respectively. We achieved the synthesis of large-area noble
transition metal dichalcogenides (n'TMDCs), ie., PdSe, over a 4-
inch wafer scale.

After selenization, a distinct color change was observed in the
Pd membrane, indicating a transformation to PdSe, The
formation of PdSe, was further confirmed using Raman
spectroscopy. The Raman spectrum (Fig. 1(e)) exhibits four
prominent peaks at 142.1, 202.1, 2184, and 2527 cm’,
corresponding to vibration modes of A}, A}, B}, and A} of
PdSe,, respectively. This result is in agreement with the findings
reported in Refs. [81, 82]. Theoretically, six vibration modes (A},
A, A}, B, Bj,, and B},) exist in the PdSe, lattice; therefore, the
Raman spectrum of PdSe, should show six significant peaks [83].
However, the peaks of the A, and B}, modes overlapped to form a
single peak at 142.1 cm™. In addition, A} and Bj, peaks are
located close to each other such that only a single peak is observed
at 252.7 cm™. Therefore, the Raman spectrum of PdSe, shows only
four peaks [83]. The atomic force microscopy (AFM) height
profile analysis revealed the thicknesses of the Pd and PdSe, films
as 5 and 18 nm, respectively (Fig.S1 in the Electronic
Supplementary Material (ESM)). The number of PdSe, layers
obtained in this study was ca. 40, estimated by dividing the total
thickness by 0.4 nm for each layer [53, 81, 84].

A puckered pentagonal structure, which corresponds to the
atomic structure of PdSe,, is observed in the atomic-resolution
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Figure1 Large-area growth of the PdSe, full film via selenization. Scheme of synthesis approach: (a) evaporation deposition of the Pd film and (b) selenization.
Optical micrographs of (c) Pd and (d) PdSe, films. (¢) Raman spectrum and (f) EDX analysis of the PdSe, film. (g) Atomic configuration and ((h) and (i)) Cs-corrected

atomic-resolution TEM images of PdSe,. Pentagons marked in (i) represent PdSe, atomic configurations.

transmission electron microscopy (TEM) image [85,86],
confirming the formation of PdSe,. The PdSe, film was then
transferred onto the TEM grid for low-magnification imaging
(Fig. S2(a) in the ESM). In addition, the formation of PdSe, was
characterized via an energy-dispersive X-ray (EDX) spectroscopy
system, integrated into the TEM chamber (Fig. S2(c) in the ESM).
The atomic ratio of Pd to Se (1:2, Fig. 1(f)) in the sample was
consistent with the stoichiometric ratio of PdSe, [67, 74, 87]. High-
resolution TEM analysis revealed the lattice structure of PdSe,
with a (211) orientation and a d spacing of 0.244 nm (Fig. S2(b) in
the ESM). Figure 1(g) shows the atomic configuration of PdSe,.
Figures 1(h) and 1(i) show Cs-corrected atomic-resolution TEM
images of PdSe,, which are analogous to previous reports. In Fig.
1(i), the PdSe, atomic configuration is marked using pentagons.

The doped PdSe, film was analyzed after the initial SnCl,
soaking treatment. By mixing SnCl, with ethanol to a
concentration of 60 pL-mL”, the obtained SnCl, solution was
dropped onto the PdSe, film (Fig.2(a)). Compared to pristine
PdSe, (Fig.2(b)), Sn-doped PdSe, (Fig.2(c)) turned to a light-
yellow color from cyan, as observed via optical microscopy.
Therefore, the doping mechanism should be evaluated. SnCl, can
interact with PdSe, in two ways: via molecular doping with SnCl,
(physisorption and chemisorption) or ionic exchange reactions
(Sn* substituting Pd*"). AFM and Raman analyses were employed
to determine the doping type, that is, to explore whether
molecular doping occurred via adsorption [88,89] or ion-
exchange reactions.
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The electron energy loss spectroscopy (EELS), which is often
equipped inside a scanning TEM (STEM) equipment, provides
chemical environmental information analogous to X-ray
spectroscopy (XPS) data. By the electron energy loss spectrum, the
emergence of Sn M edge (500-530 eV) at Fig. 2(f) confirms the
successful doping of Sn, while Pd M edge (ca. 300 eV) and Se M
edge (with an M,s peak at ca. 57 eV) emerge for both samples,
which match the EELS Atlas database (powered by top EELS
spectroscopy provider GATAN ametek: https://eels.info/atlas)
well.

The Raman peak positions and full-width at half maximum
(FWHM) values of the peaks related to the vibration mode were
sensitive to doping. Hence, Raman spectral measurements were
conducted to characterize the pristine and doped PdSe, samples.

First, the effect of SnCl,; molecular doping on the treated PdSe,
sample was investigated. The presence of SnCl, residues on the
sample surface after rinsing in organic solvents (noted in the
experimental details of the SnCl, treatment) was evaluated, which
is an important aspect of this study. The Raman measurements of
these samples were within the wavenumber range covering the
vibrational modes of the Sn-Cl bond. Based on literature reports,
three peaks emerge at 311, 229, and 158 cm™, corresponding to
the three vibration modes of the Sn-Cl bonds, A}, E,, and F.
[90], respectively. However, no significant peaks were observed for
these bands (Fig. $4 in the ESM).

To determine whether a thickness change occurred upon Lewis
acid treatment, AFM measurements of the PdSe, films were
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Figure2 Lewis acid treatment of PdSe, by SnCl, soaking. (a) Scheme for the soaking of the PdSe,-channeled transistor in diluted SnCl, (with ethanol). Optical
micrographs of PdSe, (b) before and (c) after SnCl, soaking for 30 min. Electron energy loss spectroscopy data for (d) Se, Pd, and Sn in (e) pristine and (f) treated
PdSe, samples. XPS results: (g) Pd 3d, (h) Se 3d, and (i) Sn 3d spectra of the pristine PdSe, sample. (j) Pd 3d, (k) Se 3d, and (1) Sn 3d peaks of SnCl,-treated specimen.

conducted before and after SnCl, treatment. The thicknesses of
pristine and Sn-doped PdSe, films did not show any difference
(Fig. S5 in the ESM). Both Raman and AFM data confirmed that
the doping in this study was not SnCl, molecular doping
Therefore, rinsing with organic solvents does not recover the p-
doping level of the samples to that of pristine PdSe,.

Next, the accuracy of the hypothesis that Sn replaced Pd in an
ionic exchange reaction was investigated. The vibration peaks of
the Sn-Se bond were detected at 180 cm™ (Fig. S6 in the ESM),
which corresponds to the A, mode of SnSe, [91]. The FWHM of
the A} mode peak of Sn-doped PdSe, is relatively less than that of
pristine PdSe, (Table S1 in the ESM). Additionally, a red Raman
shift is observed (i.e., the peak position shifted to low-wavenumber
regions) in the A] mode. Furthermore, EDX analysis was
conducted for evaluating the elemental composition of the pristine
and doped samples. For pristine PdSe,, Pd and Se peaks were
observed, whereas Sn and Cl peaks were not detected (Fig. S7(a) in
the ESM). For Sn-doped PdSe,, an additional peak (3.44 keV)
emerged, which was assigned to Sn (Fig.S7(b) in the ESM),
whereas no Cl peak appeared (2.62 keV). Therefore, EDX
confirmed that the ion-exchange reaction by the Sn-substitution
of Pd dominated the underlying chemistry of the treatment.

The samples were further characterized using XPS to verify the
changes in surface chemical compositions and electronic
structures after SnCl, doping. Before Sn doping, the spectra of the
original PdSe, sample shows Pd 3d;, (337 eV) and Pd 3d,,
(342.3 eV) peaks (Fig. 2(g)), as well as Se 3ds, (55 eV) and Se 3d;),
(55.8 eV) peaks (Fig.2(h)), which are consistent with the
characteristic peaks of PdSe, [47, 54]. Besides, no peak of Sn is
observed (Fig. 2(i)). After Sn doping, the spectra of SnCl,-doped
samples exhibit Pd 3ds, (336.3 eV) and Pd 3d;, (341.6 eV) peaks
(Fig. 2(j)), in addition to Se 3ds, (54.4 eV) and Se 3d;, (55.2 eV)
peaks (Fig. 2(k)). Moreover, the peaks of Sn 3ds, and Sn 3ds,
emerge at 486.9 and 495.5 eV (Fig. 2(I)). These results confirm
that Sn is doped into PdSe, (Table S2 in the ESM). In addition, the
Pd 3d and Se 3d peaks shifted to low binding energies by 0.7 and
0.6 eV, which is consistent with previous reports on p-type doping
[75,92]. The binding energy shift provides the basis for
understanding the pathway of charge transfer between SnCl, and
PdSe,, which leads to an increase in the number of PdSe, valence
band hole carriers as observed in the electrical characterization.

Next, the impact of SnCl, soaking treatment of PdSe, on the
transistor performance was examined. An FET was fabricated
(Fig. 3(a)) by placing a PdSe, film on an SiO,/Sisubstrate, and

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Demonstration of p-type doping of PdSe, via Lewis acid treatment. Scheme of FETs based on the channel of (a) pristine PdSe, and (b) treated PdSe, with Sn
substitution. Transfer characteristics of FET's based on (c) pristine PdSe, and (d) Sn-doped PdSe,. Threshold voltage increases after Lewis acid treatment, indicating p-

type doping.

Ti/Au electrodes (5/50 nm) were plated on both ends of the film
with a mask plate, which were used as the source and drain
electrodes, respectively (Fig.S8 in the ESM). I-V tests were
conducted at different gate voltages (Fig.S9 in the ESM). The
typical output current exhibited a linear relationship with the
drain voltage. The sweeping of the gate voltage from —8 to +8 V
shows a continuous regulation of the channel conductance.

Transfer characteristics were analyzed for the original PdSe,
FET device. The transfer characteristic curve of PdSe, was
obtained at drain-source voltage (Vpg)= 0.1 V (Fig. 3(c)). The
parabolic transfer curve satisfies quadratic fitting (y = Ax’),
indicating that the PdSe, FET device exhibits bipolar transfer
characteristics. Considering the linear range of the transfer curve,
the hole and electron mobility values of the pristine PdSe,
transistor are estimated as 359 and 337 cm*V's”, respectively
(transistor mobility extraction is detailed in the ESM).

The prepared PdSe, FET was immersed in 60 pL-mL™" of an
SnCl, solution, and thereafter, its performance was measured after
drying. The threshold voltage of PdSe, shifted to a positive gate
voltage (Fig. 3(d)), showing typical p-type doping behavior. This p-
type doping phenomenon agrees well with doping of other 2D
materials such as PdSe, [81, 93], WSe, [94], and PtSSe [95].

The Lewis acid treatment of PdSe, facilitated the regulation of p-
type doping level. Herein, the shifts in the threshold gate voltage
are compared for the five SnCl, concentrations (Fig. 4). The PdSe,
FETs with various levels of doping were considered. PdSe, FETs
doped with 0, 20, 40, 60, and 100 pL-mL" of the SnCl, solution
were analyzed. Similar doping behaviors were observed for all
devices. Photographs of the transistor devices are presented in
Table S3 in the ESM.

A linear relationship between the threshold voltage shift and the
SnCl, doping concentration was determined. Therefore, linear
fitting was conducted, and the relationship between the threshold
voltage shift (AVipenaq) and doping concentration (c) was
obtained as follows

AVipeshos = 0.023¢ — 0.11 (1)

where ¢ denotes the doping concentration of SnCl,. The unit for
the doping concentration is pL-mL", which represents the amount

Tsinghua University Press

of SnCl, in microliters in 1 mL of ethanol. The slope of the curve
is 0.023 V-mL-uL™, with an intercept of —-0.11 V.

The threshold voltages of all the PdSe, devices doped with
SnCl, are similarly shifted to positive gate voltages, confirming
that they are p-doped. In addition, the shift in the threshold
voltage has a linear relationship with the doping concentration
(Fig. 4(f)). The higher the doping concentration, the larger the
shift in the threshold voltage. In the transfer curves (Figs.
4(a)-4(e)), the drain current of the doped PdSe, slightly decreased
compared to that of the original PdSe, device. The decrease of
drain current can be attributed to the scattering of charge carriers
caused by the substitutional defect [96]. The field-effect electron
and hole mobility values after doping were 351 and 307 cm*V™"s7,
respectively, indicating a high retention ratio of mobility after
doping.

The highlights of this work have stemmed from the finding of
the linearly dependent doping level versus the doping
concentration, which may provide reference for the manipulation
of doping of 2D materials. Indeed, the quantitative evaluation of
the doping level can be modulated with the concentration of
dopants. We provide an equation (Eq. (1)) to follow for the design
of doping level.

A possible mechanism of band structure regulation at the
doping level was then investigated. To explain the p-type doping
mechanism of PdSe,, we simplified the atomic structure versus
Fermi level shift relationship by the atomic structure and change
in the band structure of pristine PdSe, (Fig. 5(a)) and doped PdSe,
(Figs. 5(b)-5(d)).

When SnCl, was dissolved in ethanol, Sn" was released,
providing the Sn ions required to replace the Pd ions (Fig. 5(b)).
Therefore, the doping mechanism of Sn-substituted Pd should be
evaluated before regulating the doping level. Sn substitution of Pd
occurs during a cation-exchange reaction. The valences of these
two elements must be analyzed to determine the doping type, that
is, whether additional electrons or holes are introduced during this
reaction.

Sn has a valence of +4 in SnCl, [97]. However, the assignment
of the valence state of Pd is uncommon. The common Pd-based
compounds were investigated. Pd shows a typical +2 valence,
which is the most stable valence in both simple inorganic salts,
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AVpeshoi Tepresents the shift in the threshold voltage of p-doped PdSe, with respect to that of pristine PdSe, owing to Lewis acid treatment.

such as PdCL, PdS [98], and PdO [99], and coordination
complexes, such as [Pd(CO),]*" [100] and Pd(acac),(II) [101].

Recently, Pd was assigned a +2 valence in both PdS, and PdSe,
samples [102] via an XPS analysis, where S, and Se, demonstrated
a total charge of -2, i.e., S, and Se,*. Therefore, Pd was assigned a
+2 valence state in the PdSe, compound [54]. Pd*, which may
possess an electron configuration of [Kr] 4d* (two electron losses
from the 4d orbital 4d", data from Encyclopedia of Inorganic
Chemistry), was confirmed for PdSe, by the Berkeley Lab in the
Materials Project (a crystal database, No. mp-2418). In addition,
Se” may possess an electron configuration of [Ar] 3d"° 4s* 4p°
(accepting one electron to the 4p orbital, 4p*). The lone pair
electrons of Se” occupy the empty orbitals of Pd*, forming a PdSe,
complex through coordination covalent bonds.

Upon cation exchange [103, 104], Pd* cations are substituted
by Sn* cations. As a result, additional positive charges are
introduced into the lattice system, which shows hole conduction,
that is p-type doping. In summary, p-type doping occurs during
the Sn substitution of Pd in the PdSe, lattice.

Besides, selective resonant doping concept was applied to the
emerging metal oxyselenide [105]. The proton irradiation provides
n doping of 2D materials by incorporation of hydrogen [106]
while surface charge transfer also applies [107]. The stacking of 2D
materials at different doping levels has led to the proof of the
concept photodetector [108] and related photonic circuits [109].
Moreover, the effective doping could break the limit of electronic
transport performances of pristine 2D materials [110], which
promotes the complementary metal-oxide-semiconductor based
integrated circuits [111].

The PdSe, FET was immersed in SnCl, solutions of different
concentrations (see Experimental section for details). With an
increase in the concentration of the SnCl, solution, the Sn*
concentration increased, along with increasing probability of Sn
ion exchange with Pd ions with increasing dopant concentration,
which may lead to different levels of doping. Figures 5(a)-5(d)

show the atomic structures of pristine PdSe,, along with the
atomic structures of PdSe, treated with increasing concentration of
SnCl,. The band structure changes in PdSe, treated with different
concentrations of SnCl, are shown in Figs. 5(f)-5(h). The Fermi
level gradually shifts closer to the valence band maximum (VBM),
and the number of hole carriers in the valence band increases,
which explains the p-type doping behavior.

The band structure as well as density of states (DOS) of PdSe,
and Sn-doped PdSe, were calculated, as shown in Fig. 6. The
orbital of Sn is strongly hybridized with Pd and Se atoms at the
Fermi level, revealing that Sn doping increases the p-type charge
carrier concentration.

Device stability is a key parameter for evaluating the long-term
applications of a device. The stability of the Sn-doped PdSe,-based
FETs using electrical measurements was evaluated, and the as-
prepared freshly doped sample was compared with the sample
stored for 60 days. The device exhibited a good retention of the
transfer curves for p-type doping after 60 days (Fig. S10 in the
ESM). In this work, Sn element substitutes Pd in the pristine PdSe,
in a small portion. The doping does not change the crystal
structure of PdSe,, which retains the air stability of PdSe, [54, 68,
112].

During the course of this study, large amount of doping
experiments have emerged for catalysis, sensing, and
transconductance, including the element N [113], O [114], Br
[115], Al [116], Ce [117], Co [118,119], and V [120]. The
transition metals such as V and Nb could be incorporated into 2D
materials during [75] or after the chemical vapor deposition
process [121,122]. The doping elements may determine the
functional performances of the doped 2D materials such as
nanomagnet [123] by Fe doping, catalysis [124] by Pt doping, and
superconductivity [125] by Nb doping. More exciting effects of
doping of low-dimensional semiconducting materials await
further explorations.

The recent advances of PdSe, come to the defect engineering
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[126,127], catalytic sites [128] for electrosynthesis, contact
engineering (semiconductor devices) [129-131], nonvolatile
memory [132], self-powered photodetectors [133], light-matter
interaction [134-136], quantum dots for photovoltaics [137],
thermoelectric heat transfer, twistronics [138], and mechanical
compressibility [139].

3 Conclusions

In this work, a quantitative approach for the p-type doping of
PdSe, by regulating the concentration of the Lewis acid is
reported. Prior to doping, pristine PdSe, was grown on an Si/SiO,
substrate via the thermal selenization of a Pd film. The synthesis of
PdSe, was confirmed wusing optical microscopy, Raman
spectroscopy, TEM, and EDX. After Lewis acid treatment, the
lattice structure remained unchanged. However, XPS showed
emerging peaks of Sn 3d as well as the shift of Pd 3d and Se 3d
peaks to low-binding energy regions, confirming the
incorporation of Sn as a p-type dopant by substituting Pd. Five
concentrations of the SnCl, solution in ethanol (0, 20, 40, 60, and
100 uL-mL") were employed for doping PdSe,. The results
indicate a shift in the threshold voltage (the gate voltage
corresponding to the minimum drain current), ie., an offset
voltage of 0.3, 0.8, 1.1, and 2.3 V, for the transistors after doping.
Linear fitting of these data leads to the correlation equation
AVipehod = 0.023¢ — 0.11, where ¢ denotes the Lewis acid
concentration. The findings of the quantitative evaluation
presented herein provide general guidelines for the controllable
doping of other 2D materials by regulating the concentration of
Lewis acids. This strategy may broaden the choice of p-type 2D
materials for assembling van der Waals heterostructures for
atomically thin optoelectronic devices.

Two major strategies dominate the doping of low-dimensional
semiconductors [140]; viz., one is induced by the environments
such as the surface etching [141] and soaking [142], substrate

(contact) [143], and physical electrostatic field [144]; and another
is composition and structure regulation [145,146], including
superlattice, twisted stacking, later and vertical heterostructures
[147], Janus structures, and local intercalations.

Indeed, electrostatic doping [148] remains most frequently
employed, which shows chirality tuning [149]. In addition, p-type
doping can be achieved by compensating layer for hole injection
and Fermi level alignment between metal and
semiconductor [150]. Emerging trend relies on the remote charge
transfer with an intermediate layer of hexagonal boron nitride (h-
BN) to avoid the Coulomb scattering from dopants [151].

To this end, the controlled doping of low-dimensional
semiconductors is still at its infant stage. More efforts should be
put into this field for reporting more clues to obtain a big picture
of controlled doping for wafer-scale homogeneity.

Several p-n junctions have been reported based on PdSe, and
its counterparts, such as MoS, [152], MoSe, [14], MoTe, [59], WS,
[153], black phosphorus [154,155], and other 2D materials
[156-158]. Future opportunities could be mined out by revisiting
the textbook of the physics of semiconductor devices [159].
Indeed, one can design devices such as current rectifiers [160],
photodetectors, solar cells, light-emitting diodes, and lasers, based
on the p-n junctions. With the p- and n-type modulation of
PdSe,, the possibility of innovation on materials pairing become
broader. We expect more upcoming device structures, which
provide references in the semiconductor industry.

4 Experimental section

41 Growth of the PdSe, film via metal selenization

First, a Pd film was deposited on Si/SiO, wafers using an electron
beam evaporation instrument, and then, the Pd film was post-
selenized at 380 °C for PdSe, formation in a horizontal tube
furnace in an Ar (135 sccm)/H, (15 sccm) atmosphere. Notably,
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Figure 6 ((a)-(c)) The crystal structures, ((d)-(f)) band structures, and ((g)—(i)) projected density of states of PdSe, and Sn-doped PdSe,. DOS denotes the density of

states.

the thermal deposition approach adopted in this study ensured the
homogeneity of large-area 2D materials, and thickness remained
constant for all samples. Therefore, simultaneous doping
treatments (in the next step) were optimal for investigating the
doping strategy of the five types of individual samples considered
in this study. In addition, batch experiments with several doping
concentrations might avoid operational differences caused by
changes in the physical and physiological characteristics of the
operators.

4.2 PdSe, doping by Lewis acid treatment

SnCl, liquids were dissolved in 10 mL of an ethanol solution at
concentrations of 0, 200, 400, 600, and 1000 pL. Thereafter, five
types of SnCl-in-ethanol solutions were prepared with
concentrations of 0, 20, 40, 60, and 100 pL-mL". Five batches of
PdSe,-based transistor devices were immersed in the five SnCl,
solutions for 30 min, respectively. One PdSe,-based device was
maintained in an Ar-filled tube (as a reference without any
treatment). The devices were then rinsed three times with pure
ethanol. Subsequently, the devices were blow-dried using N, gas.
The devices were stored in Ar-filled tubes for subsequent
measurements.

4.3 Materials characterization

Images of the device were obtained using an optical microscope
(BX53M; Olympus). Raman spectroscopy was performed using a
Raman spectrometer (LabRAM HR Evolution) with a 532 nm
laser at room temperature. XPS (Axis Supra) was used to
characterize the composition of the samples. A TEM system (FEI
Titan Cubed Themis G2 300) with Cs-corrected tools at an
acceleration voltage of 80 kV, equipped with a super-X energy-
dispersive X-ray spectrometer, was used to analyze the surface

morphology, crystal structure, and elemental composition of the
samples. In the scanning TEM mode, the electron energy loss
spectroscopy was employed for examining the valence states of the
elements, with an EELS model, Gatan imaging filter (GIF)
quantum detector with electron energy-filtering, and Gatan 894
ultriscan CCD camera.

44 Computational section

Crystal structures of heterojunction PdSe,, Sny,sPd,;sSe,, and
SnysPdysSe, were constructed by 3 x 3 x 2 supercells with a
vacuum spacing of > 15 A to avoid interaction between adjacent
surfaces. All calculations were performed using density functional
theory (DFT) in the Perdew-Burke-Ernzerhof (PBE)
parameterization of generalized gradient analysis (GGA) and
implemented in the Vienna ab initio simulation package (VASP)
code [161,162]. The projector augmented wave (PAW) method
was used to describe electron-ion interactions. The Brillouin zone
(BZ) sampling used a grid spacing of 4 x 4 x 3 and the plane wave
basis cutoff was set to 400 eV. Equilibrium geometries were
obtained by the minimum energy principle until the energy and
force respectively converge to 10 eV and 0.02 eV-A".
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