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Hybrid heterostructure-based phototransistors are attractive owing to their high gain induced by the
photogating effect. However, the absence of an in-plane built-in electric field in the single-channel-
layer transistor results in a relatively higher dark current and requires a large operating gate voltage
of the device. Here, we report air-stable cesium lead iodide/tungsten di-sulfide (CsPbls/WS;) mixed-
dimensional heterostructure-based photo-field-effect-transistors (photo-FETs) with asymmetric metal
electrodes (Cr/WS,/Au), exhibiting extremely low dark current (approximately 10~'2 A) with a respon-
sivity of approximately 10 A/W at zero gate bias. The Schottky-barrier- (WS,/Au interface) induced
rectification characteristics in the channel accompanied by the excellent photogating effect from solution-
processed a-phase CsPbl; nanocrystal sensitizers, resulting in gate-tunable broadband photodetection with
a very high responsivity (approximately 10* A/W) and excellent sensitivity (approximately 10°). Most
interestingly, the device shows superior performance even under high-humidity (50—65%) conditions
owing to the formation of cubic a-phase CsPbl; nanocrystals with a relatively smaller lattice constant
(a=6.2315 A) and filling of surface vacancies (Pb** centers) with the sulphur atoms from the WS,
layer, thus protecting it from environmental degradation. These results emphasize an exciting strategy
for developing mixed-dimensional hybrid heterostructure-based phototransistors for futuristic integrated

nano-optoelectronic systems.
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I. INTRODUCTION

Fabrication of high-performance phototransistors
demands superior channel material, which should be of
high carrier mobility for a high-gain bandwidth prod-
uct, a direct band gap for efficient optical absorption, a
thinner layer for full depletion, leading to ultralow dark
current and very low trap state density for low subthreshold
swings. Layered semiconducting two-dimensional (2D)
transition-metal dichalcogenides (TMDs) fulfil most of
these requirements [1—4] making them a potential candi-
date for a photo-field-effect transistor (photo-FET). How-
ever, some trade-offs are found in single-semiconductor-
channel-based phototransistors, due to the simultaneous
occurrence of both absorption and amplification processes
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within the same layer, compromising the device perfor-
mance [5—7]. To overcome this shortcoming, as well as for
fabrication simplicity, attention has been paid to few-layer
TMDs over a monolayer with a wider spectral photore-
sponse and relatively higher absorbance [8—10], which in
turn increases the dark-current values requiring a higher
gate voltage to operate the device in full depletion mode
[11]. This issue can be addressed via incorporating a
Schottky barrier by judiciously selecting the metal contacts
and utilizing the developed depletion region to facilitate a
unidirectional current transport, which leads to the signif-
icant lowering of dark current in few layered TMD-based
photo-FETs at zero gate bias [12—14]. The built-in electric
field of the Schottky interface further helps in the separa-
tion of photogenerated charge carriers across the channel
layer [15], leading to zero-gate-bias-driven enhanced pho-
tosensitivity. WS, is one of the useful members of the
semiconducting TMD family, having the highest mobility
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due to its reduced effective mass and larger valance-band
splitting owing to the strong spin-orbit coupling [16,17].
Although mono- and few-layer WS, phototransistors have
been widely explored, the responsivity of these devices is
limited owing to weak optical absorption in thin 2D layers
[10,18,19]. For the further improvement of photorespon-
sivity, recent works are focused on sensitizing the thin
channel material with semiconductor nanocrystals (NCs),
referred to as sensitizers, having excellent absorption char-
acteristics and opposite doping polarity to create a vertical
junction for subsequent charge separation [20-23].

Recently, all-inorganic cesium lead halide (CsPbXj:
X = 1, Br, and CI) perovskite NCs have drawn tremen-
dous interests in the field of optoelectronics [24], fea-
turing superior emissive (approaching photoluminescence
quantum yield approximately 100%) [25] characteristics,
extremely high absorption coefficient [26], large carrier-
diffusion lengths (>3 mm), fast radiative recombination
rates, and of note their improved stability [27] over
organic-inorganic hybrid perovskites [28,29]. Weerd et
al. have recently reported colloidal CsPbl; NCs with
high quantum yield of approximately 98% prepared by
hot-injection method, which reveals highly efficient car-
rier multiplication as well as longer build-up of free-
carrier concentration [30]. Particularly colloidal synthe-
sized zero-dimensional (0D) «-CsPbl; NCs exhibit an
extended photoabsorption band covering the whole visi-
ble spectrum with a high absorption coefficient (approx-
imately 3 x 10* cm™! at 680 nm) [31] and better photo-
stability, making them attractive as a photoactive material
for high-performance optoelectronic devices under ambi-
ent condition. According to the theoretical calculations
by Marronnier et al., among four existing phases (a-
cubic, B-tetragonal, y -orthorhombic, and §-orthorhombic)
of CsPbl; NCs, a-phase (approximately 1.61 eV) has a
lower band gap compared to the 8 (approximately 1.83 eV)
and y (approximately 2.25 eV) phase perovskites [32].
Further, the rotation of the [Pblg]*~ in both ¥ and 8 phase
leads to destabilizations of the conduction-band minima
(CBM). On the other hand, cubic « phase has high stabil-
ity due to its low surface-to-volume ratio (lattice constant
a=6.23 A) without any octahedral inclination or lattice
distortion in the [Pbls]*~ octahedra as well as in the unit
cell [33-35]. These extraordinary properties of a-phase
CsPbl; NCs provoke to utilize them as an effective sensi-
tizer in 2D channel-based hybrid phototransistor devices.
However, owing to the vulnerability towards moisture for
halide perovskite NCs, recently, the surface passivation
of CsPbl; via coordination of Pb> centers with sulphur
donors has been explored to protect them from environ-
mental degradation [36] to improve the device stability
under ambient conditions.

In this work, we present a proof-of-concept for 0D
and 2D CsPbl;/WS;-based mixed-dimensional van der
Waals heterostructure (MvWH) photo-FETs utilizing the

superior photoabsorption attributes of «-phase CsPbl; NCs
as sensitizers, along with a sub-5-nm-thick 2D WS, chan-
nel, which acts as an expressway for carrier transport.
In our device configuration, the developed built-in elec-
trical field at the CsPbl;/WS, heterostructure facilitates
efficient transfer of photogenerated carriers from CsPbl;
NCs into the WS, layer resulting in an excellent broadband
visible photoabsorption in the hybrid system. Moreover,
asymmetric metal contacts (Au-Cr) as source and drain
electrodes are purposefully chosen to utilize the large built-
in potential along the WS,/Au Schottky junction for a
diodelike unidirectional current flow and effective sepa-
ration of photogenerated electron-hole pairs, leading to
an excellent rectifying ratio of approximately 10* with
a very low dark current of the order of approximately
PA under a low source-to-drain bias (Vps) in the absence
of a back gate voltage. Fabricated hybrid phototransistor
devices exhibit a very high photoresponsivity of approx-
imately 10* A/W at approximately 40 V gate bias upon
visible light illumination (approximately 0.1 pW) due to
the photogating effect and a broad spectral bandwidth
across the entire visible range. In addition, the coordina-
tion of sulphur atoms of WS, layer with Pb>" centers of
CsPbls NCs reveals an excellent device stability under
50—-65% humidity condition. Our results are not only excit-
ing in terms of fundamental carrier transport and relaxation
pathways in hybrid van der Waals heterojunctions, but
also pave the way for constructing high-performance opto-
electronic devices using mixed-dimensional 0D and 2D
hybrid building blocks, rather than using purely 2D layered
materials.

II. EXPERIMENTAL SECTION
A. Synthesis of a-phase CsPbl; NCs

This is a two-step reaction, where, in the first-step cae-
sium oleate (Cs-OA) is prepared followed by the synthesis
of a-phase CsPbl; NCs in the second step.

(1) Firstly, caesium carbonate (Cs,;CO3) of 814 mg and
40 ml olive oil are added in a round bottom two-neck flask,
which is heated at 120 °C for 1 h under vacuum condition.
Followed by the rise in temperature to 150 °C under N,
atmosphere for 10—15 min, the desired transparent solution
of Cs-OA is stored for further use to synthesize CsPbl;.

(i1) Next, 870 mg of Pbl, and 5 ml of olive oil [instead
of 1-octadecene (ODE)] are mixed, which is heated to
120 °C under vacuum for 1 h. Thereafter, we swiftly inject
1 ml of Oleyl amine (OLAm) in the reaction mixture
under N, atmosphere to get a transparent solution. Finally,
preheated (100 °C) Cs-OA is injected to the reaction mix-
ture and cooled immediately in an ice bath to quench the
reaction to obtain desired «-phase CsPbl; NCs.
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Finally, as-synthesized CsPblj; is purified through centrifu-
gation using excess hexane. The centrifugation process
(20000 rpm) is repeated for several times to remove
excess OLAm/olive oil from the product. Finally, the sed-
imentation is collected and redispersed in hexane. The
collected dispersion is stored in a sealed vial for further
characterizations and device fabrications.

B. CsPbl; /WS, MvWH photo-FET device fabrication

For the fabrication of the CsPbl;/WS, MvWH photo-
FET device, WS, flakes are mechanically exfoliated from
the bulk WS, crystal (2D semiconductor Inc. Scottsdale,
AZ, USA) using a Scotch tape (3M Inc. USA) on poly-
dimethylsiloxane (PDMS) gel film (Gel-Pak Inc. Hayward,
CA, USA) and the interested few-layer flakes are identified
under an optical microscope, followed by the layer confir-
mation via Raman characteristics and AFM height profile.
Note that, mechanically exfoliated flakes are chosen for
their high quality and clean interface promising greater
mobility and high-performance device fabrication. Further,
for the Au contact with WS,, electrodes are patterned in
advance on a prepatterned SiO;,/Si (285-nm oxide thick-
ness) substrate using e- beam lithography technique and
then Cr (5 nm)/Au (30 nm) are deposited via e-beam
evaporation followed by lift off with acetone. Then, the
selected few-layer flakes are deterministically transferred
on the targeted Au electrodes from PDMS gel film fol-
lowing the dry-transfer technique to make sure residue-free
clean transfer. After the successful transfer of the flakes on
Au electrodes, again electrodes are patterned using second-
step e-beam lithography followed by metal deposition Cr
(5 nm)/Au (30 nm) for Cr contacts on WS;. To remove
the resist residue and improve the contact conductance, the
fabricated devices are annealed at 150 °C for 2 h in a high
vacuum of approximately 10~ Torr. Finally, the 10 ul of
synthesized diluted solution (0.1 mg ml~!) of perovskite
NCs is uniformly spin-coated several times (varying from
one to four) onto the WS, layer with a speed of 2000 rpm.

C. Characterizations and measurements

X-ray diffraction (XRD, Philips MRD X-ray diffrac-
tometer) patterns are recorded using characteristic Cu-
Ka (A=1.5418 A) radiation with 2.0° grazing incidence
angle. For the TEM sample preparation, CsPbl; NCs
solution is dissolved in hexane and then placed into a
TEM grid and dried for a few minutes and the measure-
ment performed. The TEM images are carried out using
TECNAI G2 TF20-ST and JEM-2100F Field Emission
Electron Microscope operating at 200 kV equipped with
Gaytan’s latest CMOS camera. All the images are pro-
ceeding by Digital Micrograph Software for the estimation
of d spacing and indexing. UV-vis-NIR absorption spec-
tra of as-synthesized CsPbl; samples are recorded using a
fiber probe-based UV-vis-NIR spectrophotometer (Model:

U-2910 Spectrophotometer, HITACHI) and a broadband
light source. Raman and PL spectra are recorded using
a semiconductor laser of excitation wavelength 532 nm,
equipped with a CCD detector, an optical microscope of
100x objective lens and a spectrometer (WITec alpha-
300R). The photogenerated carrier lifetime is measured by
exciting the material with a pulsed diode laser of wave-
length 372 nm and detecting the signal using Edinburgh
LifeSpec-II fluorescence lifetime spectrometer fitted with
a PMT detector. Room-temperature current-voltage char-
acteristics are recorded using a Keithly semiconductor
parameter analyzer (4200 SCS) in the presence of an argon
laser (514 nm) and a broadband solar simulator (AM 1.5,
100 mW/cm?) as a visible light source.

I1I. RESULTS AND DISCUSSIONS

To study the crystal structure of as-synthesized CsPbls
NCs, we record x-ray diffraction pattern, followed by
their fitting with Rietveld refinement full proof software,
which are presented in Fig. 1(a). An excellent agree-
ment with fitted results indicates the growth of dominantly
single-phase («a-phase) cubic CsPbls. The crystal struc-
ture of CsPbl; NCs visualized using VESTA 3D software
through Rietveld fitting is shown in Fig. 1(b). The VESTA
3D (1 x 1) structure shows the absence of any octahe-
dral inclination in the perovskite NCs, which is known
to be beneficial for achieving higher stability under lab-
oratory ambient (45-50% humidity). Typical HRTEM
image reveals almost cubic shape of the synthesized NCs
(15.05 x 18.04 nm?), as shown in Fig. 1(c). Corresponding
fast-Fourier-transform (FFT) pattern presented in Fig. 1(d)
of the red squared portion of Fig. 1(c), shows pure cubic
a-phase pattern along the zone axis [002]. Whereas, the
high-resolution fringe pattern from the yellow squared
region of Fig. 1(c) shows a d spacing of 0.62 nm, which
is well matched with the cubic o phase of CsPbl; [35],
as shown in Fig. 1(e). The result indicates (100) direc-
tional growth of cubic phase CsPbl; NCs, which is in
good agreement with our previously reported results [35].
Corresponding selected area electron diffraction (SAED)
patterns shown in Fig. 1(f), with indexed (200), (220), and
(020) planes along the zone axis [004], also corroborate the
pure cubic structure of synthesized CsPbl;.

Figure 2(a) presents the optical absorption and emis-
sion properties of the as-synthesized «-phase CsPbl; NCs
in the visible wavelength range with an absorption edge
extended up to approximately 680 nm and the correspond-
ing direct band-gap value is approximately 1.814 eV [35],
as extracted from the Tauc plot shown in Fig. S1 within
the Supplemental Material [37]. Further, the PL. maxima at
approximately 687 nm confirms the formation of excitons
(Xy) across the direct band gap (approximately 1.80 eV)
of a-phase CsPbl; NCs represented via the blue curve in
Fig. 2(a). The Gaussian line shape of the PL spectrum and
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(a) Rietveld refinements («-phase fitting) of the XRD pattern of a film of cubic CsPbl; NCs. (b) 1 x 1 3D VESTA visualiza-

tion image of «-CsPbls cubic crystal structure. (¢) Typical HRTEM image of CsPbl; NCs with an energy 200 keV revealing cubic
morphology. (d) FFT patterns from a region marked by the red dotted square on the micrograph (c). (¢) A magnified view of the
corresponding HRTEM image in the selected yellow square region on micrograph (c). (f) SAED pattern of o-CsPbl; NCs showing
well-defined diffraction spots indexed as (200), (220), and (020) planes viewed along the [004] zone axis.

the absence of any other PL peaks clearly supports the
synthesis of pure a-phase CsPbl; without the presence of
any mixed phase. Further, the extracted direct band-gap
nature from the Tauc plot and strong photoluminescence
attributes of as-synthesized o-CsPbl; nanocrystals make
them a potential candidate as a light sensitizer material.
To examine the charge-transfer mechanism at the CsPbl;
NCs/WS, interface, Raman spectroscopy and micro-PL
(#-PL) measurements are carried out by spin coating of
a dilute solution of CsPbl; NCs uniformly on the exfoli-
ated WS, surface. For the room-temperature y-Raman-PL
measurements, samples have been excited with a cw laser
having a wavelength of 532 nm with the laser power
being kept at a very low value to avoid any local-heating-
induced sample degradation. Figure 2(b) represents com-
parative Raman spectra of WS, and mixed-dimensional
van der Waals heterostructure (MvWH) samples, showing
intense in-plane 2LA +E';, Raman modes at approxi-
mately 351 cm™! and out-of-plane vibrational 4, peaks at
approximately 420 cm™! [38]. The 4, vibrational Raman
mode, which preserves the symmetry of the lattice, is
clearly red shifted by approximately 4.7 cm~! in the case
of the CsPbl;-decorated WS, layer [inset of Fig. 2(b)],
revealing the interfacial charge-transfer phenomena. The
external electron doping in 2D WS, leads to the filling
up of antibonding states of the conduction band, mostly

made up of d.> orbitals of transition-metal atoms [39].
This makes the bonds weaker and the 4, peak of pristine
WS, is shifted towards a lower wave number on significant
electron doping from CsPbl; NCs [40].

On the other hand, the monolayer (ML) WS, PL-
emission characteristics [Fig. 2(c)(i)] consist of a strong
A~excitonic emission at approximately 1.995 eV, corre-
sponding to the direct band-to-band transitions at the K
(and/or K') point of the Brillouin zone, and a weaker
trionic A~ emission at approximately 1.965 eV with a
binding energy of approximately 30 meV, which are in
good agreement with the previously reported results [40].
Further, the sublinear variation in the double logarithmic
plot of deconvoluted PL-peak-integrated intensity with
laser power (Fig. S2 within the Supplemental Material
[37]) confirms the emissions attributing to neutral exci-
tons (A) and trions (A7) from ML WS, [40,41]. It is
to be noted that, ML WS, is purposefully chosen for
the charge-transfer study via PL measurements due to its
extraordinary luminescence property at room temperature
owing to the direct band-gap transition. The existence of
trions in the room-temperature emission spectrum indi-
cates the unintentional doping in the unpassivated WS,
flake from the substrate as well as the surrounding environ-
ment [42,43]. A systematic PL study of the hybrid structure
with increasing layer numbers of CsPbl; NCs spin coated
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(a) Absorption (green) and photoluminescence (blue) spectra of as-synthesized cubic phase CsPbl; NCs. (b) Comparative

Raman spectra of WS, flakes before and after CsPbl; NCs’ decoration showing characteristic £»¢ and 44 peaks of layered WS,. Inset
shows the magnified image of the out-of-plane 4;, mode revealing a clear peak shift to lower wave numbers due to electron doping
in WS, flakes from CsPbl; NCs. (¢) Deconvoluted PL spectra of (i) a bare ML WS, flake and (ii—v) the heterostructure samples with
varying number of spin-coated layers of CsPbl; NCs on the WS, flake. The spectra (ii), (iii), (iv), and (v) represent the PL emission
from the first, second, third, and fourth spin-coated layers of CsPbl; NCs, respectively. The green (red) peak represents the A excitonic
(A~ trionic) emission from ML WS, flakes and the blue peak represents the emission from band-to-band transition of cubic «-phase
CsPbl; NCs. (d) Energy-band diagram of CsPbl; /WS, hybrid heterostructures showing effective electron doping in WS, from CsPbl;
sensitizers and hole trapping in the NCs giving rise to a strong photogating effect. (¢) Schematic representation of the charge-transfer
mechanism in 0D and 2D CsPbl; /WS, hybrid heterostructures giving rise to trion formation in ML WS,. (f) Normalized time-resolved
PL decay curves of CsPbl; NCs (blue curve) and CsPbl; /WS, hybrids (red curve), measured using an excitation wavelength of 372 nm.

over ML WS, shows a pronounced excitonic-PL quench-
ing in MvWH as compared to both the pristine materials
(Fig. S3 within the Supplemental Material [37]). Further,
the CsPbl; /WS, MvWHs show relatively broad PL spec-
tra with combined contributions from CsPbl; NCs as well
as ML WS, and the spectral shape changes with increas-
ing CsPbl; spin-coated layer numbers [Fig. 2(c)(ii—v)].
To explore the effect of CsPbl; coating over WS,, we fit
each spectrum with three Gaussian peaks containing the
characteristics of the excitonic features of both the mate-
rials and analyzed their intensity variation with increasing
concentration of CsPbl; treated on WS, flakes, as shown
in Fig. 2(c). It is noticed that the distinctive trion peak
(A7) of WS, becomes prominent with increasing density
(coating number) of CsPbl; NCs and finally excitonic-to-
trionic (integrated intensity) crossover is observed above
a critical concentration of CsPbl; NCs (Fig. S4 within
the Supplemental Material [37]). The possible explanation
behind these observations is as follows: upon illumina-
tion, photoexcited electron-hole pairs are generated in both
WS, and CsPbl;, however, due to the type-1I energy-
band alignment of the heterostructures, electrons are easily
transferred from CsPbl; NCs to ML WS,, as illustrated in

Fig. 2(d). On the other hand, photogenerated holes remain
trapped in the NCs, resulting in a reduced recombination
rate and giving rise to a quenched excitonic PL inten-
sity for CsPbl; NCs and increased trionic emission in ML
WS,. The enhanced generation rate of trions results in the
reduced density of excitons inside the system, leading to
the suppression of excitonic peak intensity and the dom-
inance of the trion peak in the PL spectra of MvWH, as
schematically depicted in Fig. 2(e) [40]. To further confirm
the charge-transfer phenomena, time-resolved photolumi-
nescence (TR-PL) spectra are measured. Figure 2(f) shows
the TR-PL decay curves of CsPbl; NCs (blue curve) and
CsPbl; /WS, MvWHs (red curve). The PL decay curves
are fitted using a biexponential function to extract the
average excitonic life time (t,y). The t,, of CsPbl; NCs
decreases from 40.2 to 33.7 ns after hybridization with
WS,, corroborating the successful charge-transfer mech-
anism from CsPbl; NCs to WS, flakes [44-46]. As a
conclusion, the type-II band alignment in CsPbl;/WS,
heterostructure facilitates an efficient electron-hole pair
separation and strong electron doping into the WS, chan-
nel, making the hybrid system ideal for fabrication of
superior performance phototransistor devices [47].
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The CsPbl; NCs/WS,; MvWH photo-FET with asym-
metric metal contacts is demonstrated by exploiting the
Schottky-barrier-induced dark-current suppression for the
zero-gate-bias-driven photosensitivity of the device with
a simpler fabrication technique. Figure 3(a) schemati-
cally demonstrates the as-fabricated phototransistor device
structure consisting of a few-layer WS, channel and asym-
metric Cr and Au electrodes as source and drain terminals,
respectively. The inset shows the optical micrograph of the
connected few-layer WS, flake (5 x 2 pm?) having a thick-
ness of approximately 4.5 nm corresponding to four—five
atomic layers of WS,, further corroborated by the AFM
analysis (Fig. S5 within the Supplemental Material [37]).
The deposition of a lower work function Cr (&c,=4.5 eV)
and higher work function Au (®x,=5.1 eV) on n-type
WS, as asymmetric contacts reveals room-temperature
rectifying diode characteristics with rectification ratio up
to 5.2 x 10> even at zero applied back gate bias, as
depicted via the current-voltage (Ips-Vps) characteristics
in Fig. 3(b). Under an applied reverse drain voltage, the
potential barrier height between Au and WS, becomes
higher to suppress the current flow through the junction
compared to Cr, and thus exhibits the /ps-Vps character-
istics of an ideal diode [13]. The I-V characteristics is
fitted with the Richardson-Schottky Eq. (A1) as depicted
in Fig. S6 within the Supplemental Material [37] with
the extracted barrier potential (®p) value approximately
0.588 eV, an ideality factor (1) approximately 2.09 and a
series resistance of approximately 800 MS2. The origin of
a relatively higher ideality factor is the presence of inter-
facial defects at the metal-semiconductor interface. The
proposed asymmetric metallization scheme breaks the mir-
ror symmetry of the built-in potential profile within the
channel, which facilitates the reduction of the dark current
significantly, making the device architecture an ideal pro-
totype for operating in full depletion mode even at zero
gate bias, leading to a very high sensitivity of the device
[48,49]. On the other hand, a linear Ips-Vpg characteris-
tics with a comparatively larger current value (100 nA)
confirms the formation of an Ohmic-like junction with
a very low contact resistance (250 M) for Cr-WS,-Cr
device [50]. Further, the Au-WS,-Au system reveals a
rectifying output characteristics with relatively lower cur-
rent than Cr contacts, confirming a typical high resistive
back-to-back Schottky diode [15]. We fit the curve consid-
ering the presence of two Schottky barriers at both contacts
and the estimated Schottky-barrier height is 0.553 and
0.523 eV, indicating the presence of two equal Schottky
barriers in the Au-WS;-Au device [48] (Fig. S6 within the
Supplemental Material [37]). The energy-band alignment
with different metal contacts is schematically depicted in
Fig. S7 within the Supplemental Material [37], reveal-
ing an easy current flow through the Ohmic Cr junction
and restricted flow via built-in potential barrier in the Au
Schottky junction. Figure 3(c) shows the transfer (/ps-Vgs)

characteristics of the WS, phototransistor with asymmet-
ric Cr-Au contacts under dark condition at a reverse drain
voltage of —2 'V, revealing excellent n-type channel prop-
erties at room temperature with off currents of the order
of 10 pA and a transistor on:off ratio approximately 10%.
Further, to understand the effect of CsPbl; treatment on
the device performance, the CsPbl;/WS; hybrid transis-
tor characteristics is compared with the pristine WS, one,
referred to as the control device. The incorporation of sen-
sitizing perovskite NCs on the 2D-WS; layer results in a
junction formation via Fermi-level alignment in equilib-
rium under dark condition. In this case, there will be an
adequate electron flow from WS; to CsPblj; side, as elec-
trons in WS, have a higher energy than those in CsPbls.
The draining of electrons from the WS, channel to CsPbl;
NCs leads to the depletion of majority carriers in the WS,
channel resulting in the lowering of the current flow under
dark condition. Further, we study the output characteris-
tics of the hybrid phototransistor under dark condition on
application of gate voltage varying from 10 to 40 V, as
depicted in Fig. 3(d). For a higher positive gate voltage,
more electrons are induced in the WS, channel and the
transistor has a higher current in the saturation state. On
the other hand, under a negative gate bias a small amount
of current flows through the channel owing to the deple-
tion of carriers, leading to the off state of the transistor
[Fig. 3(c)].

The performance of the CsPbl;/WS, MvWH photo-
FET is analyzed by recording the room-temperature /ps-
Vps characteristics for zero gate bias under dark as well as
visible illumination using a Newport solar simulator hav-
ing broadband emission with irradiance of 100 mW/cm?
under air mass (AM) 1.5G condition, as shown in Fig. 4(a).
For comparison, the characteristics of the pristine WS,
control device is also presented. The suppression of dark
current to the order of tens of pA even without any gate
bias along with the significant reduction of noise currents
are attributed to the built-in electric field at the Au/WS,
Schottky junction, which further helps in effective sep-
aration of photogenerated carriers created in the WS,
channel.

On illuminating the heterojunction device, the reverse
current tends to increase due to the collection of pho-
togenerated minority carriers (holes) at the electrodes.
The photo-to-dark current ratio of MvWH photo-FETs
by illuminating with a broadband light source is esti-
mated to be much higher compared to the pristine WS,
one (approximately 1000 times) under the applied reverse-
bias condition, which reaches a value of approximately
1.08 x 10% at Vpg of —2 'V, as shown in Fig. S8 within the
Supplemental Material [37]. The decoration of the WS,
channel with superior light-absorbing perovskite CsPbl;
NCs facilitates enhancement in the photocurrent by ele-
vating the photogenerated carriers in the channel via effi-
cient charge transfer from CsPbl; to WS, due to type-II
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FIG. 3.

(a) Schematic 3D view of the fabricated back-gated phototransistor comprising of CsPbl; sensitized WS, channel with

asymmetric electrodes (Au and Cr) acting as a source and drain. An optical micrograph of the device is shown in the inset. (b) Linear
Ips-Vps characteristics of three fabricated devices with different source-drain contacts (i) Cr-Cr (yellow curve), (ii) Au-Au (orange

curve), and (iii) Au-Cr (brown curve) without any back gate bias.

Inset: the corresponding semilogarithmic Ips-Vps characteristics

plots. (c) Transfer (Ips-Vs) characteristics of the CsPbls /WS, hybrid transistor (green curve) and control WS, transistor (blue curve)
devices in linear scale and logarithmic scale (inset). The current value in the accumulation region decreases and the threshold volt-
age is shifted to a higher positive voltage in the hybrid device due to charge transfer through the CsPbl;/WS; junction. (d) Output

characteristics of the hybrid device with varying gate voltage.

energy-band alignment [7,23]. This explains the significant
enhancement (approximately 10° times) of response of
MvWH transistor over the control one, revealing the
role of photoabsorbing CsPbl; NCs in boosting the
performance of the phototransistor. Further, the spec-
tral responsivity of the fabricated MvWH photo-FET,
the most useful figure of merit to evaluate a detector
performance, is studied displaying a broadband spec-
tral photoresponse covering the entire visible wavelength
range, as shown in Fig. 4(b). It may be noted that a
peak responsivity of approximately 1.05 x 10> A/W at
approximately 460 nm at an applied bias (Vpg) of —2 V
is achieved, which is close to the C-exciton absorp-
tion edge of WS,;. Two other peaks at approximately
620 nm (R~ 0.97 x 10> A/W) and approximately 720 nm
(R~0.77 x 10> A/W) correspond to the direct band-gap
absorption of few layer WS, and a-phase CsPbl; NCs,
respectively. Further, the spectral responsivity increases
with increasing reverse Vpg that assists in the efficient
extraction of photogenerated carriers. On the other hand,
the control WS,-based device also exhibits a similar
trend with increasing bias showing a maximum peak
responsivity of approximately 10 A/W at approximately

460 nm at —2 V applied Vps (Fig. S9 within the Sup-
plemental Material [37]). It is to be noted that the
decoration of CsPbl; NCs on WS, flakes not only
improves the detector responsivity by more than ten-
fold but also extends the spectral responsivity window
up to 800 nm, as shown comparatively in Fig. 4(b).
Hence, the decoration of the WS, active channel layer
with excellent photoabsorbing CsPbl; NCs appear to be a
promising approach for next-generation high-performance
optoelectronic applications. To further investigate the
role of CsPbl; in photocarrier generation and efficient
charge transfer, the electromagnetic simulations are per-
formed using the cOMSOL Multiphysics software. Figure
4(c) shows the electric field distribution of the hybrid
CsPbl; /WS, device, illuminated with an electromag-
netic plane wave of wavelength A =680 nm from the
top, which propagates through air and the nanostruc-
ture. The distribution clearly depicts that the electric field
is trapped along the edges of the nanocubes of CsPbl;
with the maximum confinement occurring near the base
(as demonstrated by the color index profile), resulting
in strong charge transport in the CsPbl;/WS,; hybrid
heterostructure.
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FIG. 4.

(a) Comparative Ips-Vpg characteristics of pristine WS, and CsPbl; /WS, MvWH photo-FET under dark and illumination

via broadband light source for zero gate bias. (b) Spectral responsivity curves of MvWH photo-FET at Vg =0 V with increasing
reverse Vpg from 0 to —2 V, as shown via yellow, green, and blue curves. The blue curve represents the responsivity of the photo-FET
at a maximum Vpg of —2 V, while the spectral responsivity of the control device (orange curve) showing an order of magnitude lower
device response at the same Vps. (¢) COMSOL Multiphysics simulated E-field distribution at the vicinity of the hybrid system upon
excitation with an excitation wavelength of 680 nm. (d) The transfer characteristics (Ips-Vgs) of MvWH photo-FET for a range of
incident powers (from 0.1 to 35 pW) with an illumination of wavelength 514 nm at Vpg = —2 V. (e) The variation of responsivity of
the device with incident illumination power for Vg varying from 0 to 40 V. (f) The shift in threshold voltage (A Vy,) with increasing
illumination power (Py,) fitted with a power law. Blue dots represent the extracted data points from (a) and the green line represents
the fitted curve. Inset: the power-law fit of the variation of photocurrent with incident power at Vps=—2 V and Vg =40 V showing
a sublinear photocurrent dependency with incident optical power.

Further to explore the impact of gate bias on tran-
sistor performance, the photoinduced transfer character-
istics (Ips-Vgs) of the WS,/CsPbl; MvWH photo-FET
is recorded under the dark (black markers) and 514-nm
illumination with a range of optical powers (from 0.1
to 35 uW) at a constant Vpg of —2 V, as illustrated in
Fig. 4(d). The corresponding logarithmic current repre-
sentation is depicted in the inset. Under illumination of
a fixed power of 35 pW, the drain current of the MvWH
photo-FET is enhanced by approximately 13 times (from
approximately 20 nA to approximately 0.26 pA) at a con-
stant gate voltage of approximately 40 V, manifested by the
strong photoabsorption in CsPbl; and subsequent transfer
of photoexcited electrons to the WS, channel. Further, with
the increase of laser power, the photocurrent significantly
increases in the accumulation region (i.e., Vgs > Vi) and
the transfer curves are gradually shifted to a negative gate
voltage. As illustrated in Fig. 2(d), the favorable energy-
band alignment rules out the possibility of hole injection

from CsPbl; into WS,, leading to the trapped-hole-induced
strong photogating effect in the hybrid system [51]. This
leads to significant photocurrent increment in the accumu-
lation region and negative threshold voltage shift (A Vy,)
with increasing incident power density of illumination
[45]. To investigate in greater detail, the calculated respon-
sivity as a function of illumination power is plotted for
different gate-bias voltages in Fig. 4(e). Here, the respon-
sivity value increases with increasing positive gate bias in
case of MVWH photo-FETs and reaches to a high value
of approximately 1.1 x 10* A W~! at a back gate volt-
age of approximately 40 V under an illumination power
of 0.1 uW. Further, for all the gate voltages, the mea-
sured responsivity dropped with increasing power because
of the saturation of sensitizing traps in CsPbl; NCs, which
is a characteristic footprint of trap-dominated photore-
sponse [52—54]. Despite using higher values of illumina-
tion power, the extracted responsivity of our device is quite
remarkable, as compared to those previously reported 0D
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(a) Back-gate bias-dependent photocurrent (right axis) and photo-to-dark current ratio, (left axis) of the phototransistor

device under five different illumination intensities (from 0.1 to 10 uW) for 514 nm. Despite the strongest photoresponse at higher gate
bias (Vgs A~ 40 V), the highest sensitivity of the device is achieved in the depletion regime (Vg5 &~ 0 V). The schematic representation
of channel current transport mechanism and energy band diagram of the asymmetric contact hybrid phototransistor under reverse
drain-source voltage with (b) zero and (c) and (d) different gate-bias conditions.

and 2D hybrid phototransistors [45,47] for similar power
levels. The specific detectivity (D*), which is another use-
ful figure of merit of a photodetector, is estimated using the
following equation [55]:

VAB  R+/A
pr= YAB_ RVA (1)
NEP Sy

where, NEP is the noise equivalent power, R is the respon-
sivity, 4 is the optically active area of the detector, B is
the noise bandwidth, and S, is the noise spectral density of
the device. The frequency-dependent noise spectral density
of the device is presented as Fig. S10 within the Supple-
mental Material [37]. The calculated specific detectivity
value for the hybrid device is estimated to be approxi-
mately 1.26 x 10'3 Jones at Vps=1 V and V5g=40 V.
We extract the threshold voltage via extrapolating the lin-
ear region of each transfer curve under different incident
laser powers and the shift in threshold voltage is plotted as
a function of incident power. The variation is fitted with
the power-law function Vy, o< P?, as depicted in Fig. 4(f),
to understand the possible photoconduction mechanism.
The extracted fitting exponent, b~ 0.17 clearly indicates

a sublinear dependency on laser power confirming the
existence of photogating-dominant carrier conduction in
MvWH photo-FETs [56]. Further, it is also observed that
the change in Vy, is large in the lower power region and
starts to saturate gradually at a higher power owing to the
saturated trap states present in sensitizer interface leading
to the saturation of the photogating effect. The photocur-
rent /pp= I photo— / dark Versus gate voltage for different illu-
mination intensity [Fig. 5(a)] shows a strong modulation
with Vg, and a clear maximum in response can be iden-
tified around +35 V. The strongest response of the FET
device corresponds to the region with highest transcon-
ductance, due to the favorable Fermi-level alignment, for
low-contact resistance operation leading to many cycles of
electron circulation to produce maximum gain. Hitherto, in
this region the FET device operates at a relatively higher
dark current, compromising the SNR of the device, which
is also a very useful figure of merit of photo-FETs.

The SNR defined as /photo//dark 1s illustrated in the
same panel in Fig. 5(a), which reveals the potential of 0D
and 2D hybrid phototransistors for the highest sensitiv-
ity detection in its depletion regime with Vg from 0 to
5 V. In this region, a lower dark current and a maximum

034051-9



SHREYASI DAS et al. PHYS. REV. APPLIED 19, 034051 (2023)

< sensitivity are achieved, despite the device’s concurrent
NG 2 T @I §© z drop in the photocurrent. So the maximum sensitivity of
BT = == == = F the device can be achieved via contact engineering where
g g
© the transistor is operated in the depletion region, even with-
out applying any gate bias, hitherto unreported for photo-
z2 R Z - a2 FET devices. While the peak responsivity of our device is
Z 8| — S S S = comparable or superior to the reported 2D-material-based
o £l | x x| ‘ X P P . P . ..
sll22|— & © é é a hybrid phototransistor devices with perovskite sensitizers,
]A — N — the sensitivity is found to be significantly higher without
= y g y hig
iz application of any external gate bias (see Table I). These
% . > > o . results illustrate the superior performance of broadband
T al> s K z 8 25 o phototransistor, with ultrahigh sensitivity and responsivity,
2 fNg Eg) ® ® ® E"@ e ® 2 using the CsPbl; NCs’ sensitized 2D WS, layer.
g é g ®®3 s =2 g = ® & ® On the other hand, a remarkable photoresponse of
sl .8 E 5 I < <2< z < CsPbl; /WS, MvWH photo-FET is explained by consid-
2222 = Es L P P Y
B & Slasd S &= 8 3 = f ering the influence of positive gate voltage on energy-
= ®| i X x =X <2 X 3 band alignment at the contact interfaces and heterostuc-
84 ~ K < g. . C e
F = < - N tures leading to efficient charge injection into n-type WS,
z g ge 1) yp
S channel layer from photoabsorbing CsPbl; NCs. As illus-
S y g
= SN trated in Fig. 5(b), the Schottky barrier at the Au/WS,;
5l o, . . . interface is high enough to inhibit the charge conduc-
= *q: UO S oo =S 22 22 = = tion mechanism across the WS, channel layer at reverse
Faz N drain bias without any gate electric field under dark con-
S|~ dition. Hence, the transistor immediately goes to the o
. y g
% state with very low dark current in the order of pA. At
2 % £ this condition, when the visible light is illuminated on
g 2 < <« < 2< < the 0D and 2D heterostructure, the photogeneration takes
A 3 = < =} < = < 3. < = 3. < . p g
all ¢ Sa s s Sa Fx v & place in both CsPbl; NCs as well as the WS, channel
BI=< & < S Zz<° ° layer, as depicted in Fig. 5(b). The effective photogen-
2 g S y p g p g
) erated carrier separation takes place by the built-in elec-
S 1Y p y
2 tric field at the Schottky junction (WS,/Au) as well as
= £ Y]
Ellg ol ge = g g at CsPbl; /WS, interfaces. The subsequent transition of
2|l g €| € € v g = q
AEEIEEE § EE gE B s photoexcited electrons from CsPbl; to WS, starts to pop-
% £E Z E g L o9 i A= : ulate the active channel layer, which are collected by the
23323 S ¥ Fe g * 08 external electrodes under an applied reverse Vpg, lead-
= ” " ing to the photoresponsivity of approximately 10> A/W
:)si " at Vps =—2 V and Vgg =0 V. Further, the application of
2 w 2 E: 5 a back gate voltage (Vgs) to the device modulates the
3 é ,?:m’ ~ .2 § 2 B 2 @ oo Schottky barrier height at Au/WS,; interface as shown in
s = g % = 3 § & s aS = SE S Figs. 5(c) and 5(d) [65,66]. An application of negative gate
g 5| SR JES cAE TS ER § © £ bias (Vs < Vi) increases the barrier height leading to the
g g % % % é é % g 5.‘; Tg" g g.: %g % % E % transis.t(?r pperation in the depletion r§giop, Wher.e the pho-
g g TR LTOTESRERE o< & 5ar tosensitivity (/pnoto//dark) Of the device is maximum. On
O ©n|LOO o oo =2Uu O 3 the other hand, on increasing the Vgs beyond Vy, initi-
. = ates the lowering of the Schottky barrier at the Au/WS,
— z g y
53] < interface, resulting in a higher magnitude of charge-carrier
3 = 4 g g g g
g £ < injection from the Au electrode to the WS, channel layer
= ~ < y y
= Z =2 S 5 & through thermoionic as well as tunneling mechanisms,
< < 2 U O g g
- = P as illustrated in Fig. 5(d). Thus, the cumulative effects
t = =~ Q < g . . .
2| 2 25 5 zZ <3 % ~ of CsPbl; NCs’ decoration-mediated strong photogating
2358 2 2% 2% o < henomena as well as the gate-voltage-induced Schottk
S| S = = <\ 2] <\ S = = p . . . & . & Y
E § § E o5 § =3 2 g2 barrier lowering result in a drastic enhancement of the
§ E E} < “g R % >~ = photocurrent (/pnoto— /dark) through the transistor chan-
= }}% % %‘E? %S % % nel at on state (Vgs> V). This leads to an ultrahigh
Al << < << << < < hotoresponsivity of the order of approximately 10* A/W
p P y pp y

034051-10



PHOTOSENSITIVE FIELD-EFFECT TRANSISTOR. ..

PHYS. REV. APPLIED 19, 034051 (2023)

(a) (©
- -— d
3l 2V 15V-0-—1V 25k N 1,
05V 1) M :’ o o T
2.0 1 1
= 2 = |
< « |
= = 15 1 I
S 1 2 1.0 : I
1
‘ON‘» ‘ON 0.5 ! 1
0 .7 OFF__,_ .7 0.0f " F - J|__ - . . L Nl .
0 20 40 60 80 0 20 40 0 602 1205 1807 1890 1920
Time (s) Time (s) Time (s) Time (s)
(b) (C)) (e)
1.2 1.2
A= Vg =0V -A-V =40V 3tVps=-2V V=0V 41=514nm 50% humldlty ‘ 65% humidity
- _A=A Dayl Day3 Day5 2 [ 0 S R e Cem e e
G ~ 0.8} f
0.8 —_ =
3 <7 S
= II = E
o A ~
£ 04 4 211 £ 04f
5 ' ~ 5
Z ! P4
0 0 _ e D D e D D D D
0.0 A/X/A \ALA 0 5%,9“"3’
675 680 685 690 6.95 7.00 Time Time

Time (s)

FIG. 6.

(a) Transient response of the MvWH photo-FET device under illumination of a 514-nm laser at different applied Vps. (b)

Temporal photocurrent response of the MvWH device for a wavelength of 514 nm with and without any applied gate bias. The temporal
response indicates a significant decrease in rise time (from 43.8 to 34 ms) as well as fall time (from 32.7 to 24 ms), measured at a
relatively higher power of 35 uW. (c) Operational stability of the fabricated MvWH photo-FET device under visible illumination for
more than half an hour. (d) The transient photocurrent response of the fabricated transistor over a span of 7 days from the beginning
and end of the stability test. (¢) Stability of the device tested under extreme humid conditions (varying from 50 to 65% RH). The last
four cycle is the response under 65% of humidity showing around 5% decay in the photoresponse.

at Vgs=40 V. Such gate-modulated responsivity and
sensitivity of MvWH photo-FET devices via interface
engineering is fascinating for next-generation high-per-
formance and low-power-integrated photonic technology.

Temporal photoresponse is also a useful parameter for
the phototransistors’ performance in terms of switching
speed and device stability. The transient photoresponse of
the as-fabricated CsPbl;/WS, MvWH photo-FET upon
visible illumination (A =514 nm) at Vs =0 V with vary-
ing reverse Vps is demonstrated in Fig. 6(a). Upon illu-
mination of four periodic pulses of the argon-ion laser,
relatively fast and consistent photocurrent modulation
characteristics of the device reveals the stability and repro-
ducibility of the as-fabricated MvWH photo-FET. The
device exhibits a much stronger photoresponse charac-
teristics revealing on:off ratio of approximately 10° as
compared to the control device with pristine WS, with the
value approximately 103 (Fig. S11 within the Supplemen-
tal Material [37]), which is attributed to the injection of
high-density photogenerated charge carriers into the WS,
channel from strong light-absorbing CsPbl; NCs. With
the increment of reverse Vpg, a consistent photocurrent

enhancement is distinctly noticed from the switching char-
acteristics owing to the increase of depletion-region width
at the Schottky barrier interface and subsequent separa-
tion of photogenerated charge carriers. Further, the rise and
fall times of the fabricated device in the absence of gate
bias are estimated using an enlarged single-cycle response
[Fig. 6(b)] and are found to be around approximately 43.8
and approximately 32.7 ms, respectively, which are fur-
ther reduced to 34 and 24 ms, respectively on applying a
gate voltage of 40 V. The response speed of these devices
are found to be relatively slower, which is attributed to
the trapping of charge carriers in various structural and
surface-defect states present in WS, as well as CsPbl; NCs
and their local junction interfaces. These interface traps
present in the WS, layer are mostly empty when biased
under depletion condition, i.e., Vgs < Vi, owing to lack
of enough mobile carriers in the channel. This allows a
large number of photogenerated electrons to get trapped
by the defect states while some of the gate-induced elec-
trons, although small in number, can be trapped as well.
This results in a relatively slow rise of current, as depicted
in the photocurrent dynamic response. On the other hand,
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the interface traps are nearly filled up with gate-induced
electrons in accumulation condition, when Vgg > Vy,, as
shown in Fig. 6(b). Hence, the trapping probability of
photogenerated carriers is lower and a relatively faster
response (approximately 34 ms) is observed in MvWH
photo-FET devices. Further, owing to the fact that the
perovskite materials are prone to environmental degrada-
tion via oxygen diffusion through iodide vacancies upon
illumination, the long-term operation stability of the fab-
ricated devices are tested in this study upon visible light
illumination at zero gate bias for prolonged duration (more
than 60 min). From the /-f curves for the first 100 s
[Fig. 6(c), left] and the last 100 s [Fig. 6(c), right], it
is observed that the photocurrent has almost no atten-
uation, indicating that these devices show an excellent
light stability under ambient condition, even without the
use of a glovebox or encapsulation. The device stability
has also been tested via recording the photocurrent under
illumination over a period of one week, as illustrated in
Fig. 6(d). Here, the phototransistor sustains under labora-
tory ambient conditions [relative humidity (RH) approxi-
mately 45—-50%, temperature approximately 22 °C] for one
week with negligible change in the photocurrent via degra-
dation after storing. Further, as CsPbl; NCs are vulnerable
to environmental humidity, to explore the device perfor-
mance in the extreme humid condition, we perform the
temporal response under 65% RH showing an insignifi-
cant degradation (5% decay) in terms of device response
[Fig. 6(e)]. This superior performance stability is due
to the surface-defect passivation of CsPbl; through the
interaction with the sulphur of WS, ensuring the outstand-
ing environmental stability of as-fabricated CsPbl;/WS,
MvWH photo-FETs. The sulphur atoms present on the
top layer of WS, may have stronger coordination to the
Pb>* centers of CsPbl; NCs leads to reduced defect states
in perovskites enabling higher reluctance to the degrada-
tion [36]. It may be noted that the performance of the
devices could be further improved by process optimiza-
tion, device encapsulation, and incorporation of buffer lay-
ers. This work reveals the significant potential of colloidal
synthesized air-stable a-CsPbl; NCs on 2D materials in
fabricating 0D and 2D mixed-dimensional heterostructure
photo-FETs for applications in next-generation optoelec-
tronic devices.

IV. CONCLUSION

To summarize, significant improvements in per-
formance are realized in CsPbl;/WS, 0D and 2D
mixed-dimensional phototransistors with asymmetric metal
electrodes leading to combinatorial effect of Schottky-
barrier-induced suppression of dark current and efficient
charge transfer from photoabsorbing CsPbl; nanocrys-
tals, resulting in enhanced photosensitivity and spectral
responsivity. The WS, channel with asymmetric contacts

(Cr/WS;/Au) shows a rectifying /-V characteristics under
an applied Vpg with the dark current in the order of pA.
Further, by combining the channel sensitization via dec-
orating the WS, with photosensitive air-stable a-phase
CsPbl; NCs, a responsivity of approximately 10> A/W is
achieved at low Vpg (approximately —2 V) for an incident
optical power of 0.1 uW even without any external gate
bias. The device exhibits a broad spectral photoresponsiv-
ity between 400 and 800 nm due to the extended visible-
light absorption features of CsPbl; NCs. Using gate-
controlled carrier modulation in the transistor channel, a
peak responsivity approximately 10* A/W (Vgs =40 V) is
achieved owing to the photogating-effect-mediated charge
conduction whereas the maximum sensitivity (approxi-
mately 10° at approximately Vps=—2 V) in terms of
signal-to-noise ratio is observed by depleting the chan-
nel carries (Vs =0 to 5 V). These devices show superior
performance in terms of environment stability, owing to
the filling of surface trap states present in CsPbl; NCs
via conjugation with sulphur atoms of the 2D WS, layer.
The fabricated hybrid heterostructure devices combining
2D TMDs and superior light absorbing 0D perovskite
nanocrsytals, through proper interface engineering, would
open up pathways for advanced optoelectronic functional-
ities and energy-harvesting applications.
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APPENDIX: THE MODELING OF DARK Ips-Vps
CHARACTERISTICS OF WS, TRANSISTOR

The dark Ips-Vps characteristics of all three types of
metal-semiconductor contact pairs (Au/Cr, Cr/Cr, and
Au/Au) are modeled with appropriate current-voltage rela-
tions and represented as Figs. S6(a)-S6(c) within the
Supplemental Material [37]. Figure S6(a) within the Sup-
plemental Material [37] represents a typical diode like
asymmetric Ipg-Vpg characteristics of the WS, photo-
transistor with one Cr and the other Au contacts with a
high rectification factor of approximately 10> under 2 V
applied Vps (2.8 nA @ 2 V; 5.3 pA @ —2 V). We model
the curve with the Richardson-Schottky equation [Egs.
(A1) and (A2)] and the extracted barrier potential (Pp)
is approximately 0.588 eV and the ideality factor (1) is
approximately 2.09.

Iy = Is[e " "D — 1],
Is = SA*T°e™(P3/4D.

(A1)
(A2)
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Figure S6(b) within the Supplemental Material [37] repre-
sents linear Ipg-Vps characteristics of WS, phototransistor
with symmetric Cr/Cr contacts. From the literature the
WS, electron affinity ranges from 3.74 to 4.6 eV, while
the Cr work function is 4.5 ¢V. Hence, Cr clectrodes with
a low work function (®c,=4.5 eV) form an Ohmic-like
junction with WS,, which we model with the linear current
equation [Eq. (A3)], and the extracted conductance value
is 3.99 x 107 A/V from the fitting.

Ir="V/R. (A3)
Finally, Fig. S6(c) within the Supplemental Material [37]
reveals almost symmetric nonlinear /ps-Vpg characteristics
of WS, phototransistor with both side Au contacts. As, n-
type WS, is in contact with a higher work-function metal
(Pau=15.1 eV), back-to-back Schottky junctions with rel-
atively high resistive contacts are formed. So, we model
the Ips-Vps characteristics considering the double Schot-
tky barrier [Eq. (A4)] and the barrier heights are found to
be 0.553 and 0.523 eV, respectively, for two different Au
contacts, which are almost similar [48].
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