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Tuning the photoresponse of monolayer MoS, could extend its potential application in many fields, how-
ever, it is still a challenge. In this study, CsPbBr; nanoparticles were prepared and spin-coated on the sur-
face of monolayer MoS, to fabricate hybrid CsPbBr;3/MoS, photodetectors. By combing the photoelectrical
property of the CsPbBrs, the synergistic effect has been systematically studied from its carrier mobility,
photoresponse and detectivity. It was found that nanofilm-coating of CsPbBr; would impede the photo-
electric performance due to the electron-hole recombination facilitated by the defects at the interface of
CsPbBr; and MoS; films. While the nanoparticles decorating was observed to significantly improve the
conductivity of the monolayer MoS,, which also increased the on/off ratio of the MoS, transistor from
8.2 x 10° to 4.4 x 10%, and enhanced the carrier mobility from 0.090 cm? V-! s to 0.202 cm? V-1 571,
ascribing to a mixed electron recombination-injection process. Furthermore, the CsPbBr; nanofilm would
decrease the responsivity to 136 and 178 A/W under the light wavelength of 400 and 500 nm, respec-
tively, while decorating CsPbBr3; nanoparticles improve the photoresponse to 948 and 883 A/W with the
detectivity at the level of 10 Jones. This work may provide an easy and cost-efficient way to tune the

photoresponse of MoS, photodetectors.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are promising candidates for next-generation elec-
tronic and optoelectronic devices [1-5]. As a typical member in
TMDCs family, molybdenum disulfide (MoS,) gains much attention
due to its excellent properties, such as layer-dependent band
structure, high carrier mobility and current on/off ratio [5-8].
Moreover, as the thickness decreasing to monolayer, its energy
band structure evolves to direct band gap with the value of 1.8eV.
Therefore, it is widely used as photoresponse in visible. Combing
the realization of the wafer-scale growth strategy, monolayer MoS,
has been considered as the most promising candidate to potential
application in industry [5,6,9-13].

However, the intrinsic and constant electronic structure limits
the application of MoS,. For example, its detection wavelength is
usually in the visible range without reasonable photoresponse in
near-infrared or further long wavelength. Moreover, the monolayer
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structure makes the light adsorption lower, thus, the photoelectri-
cal conversation much lower. Therefore, the photoresponse is much
lower in the range of mA/W. Although the gating tuning and ferro-
electric tuning could suppress its dark current, as a result improve
the photoresponse [6], the fabrication become much complex. Re-
cently, surface decoration is utilized to further enhance the electric
and photoelectric properties of the MoS,-based devices where the
introduction of additive tunes the electronic structure of MoS,. For
example, Cho et al. [14] enhanced the photocurrent of monolayer
MoS, by coating PbS nano materials. Wang et al. [15] improved
the electron concentration and source-drain current of back-gated
monolayer MoS, transistor by surface charge transfer doping with
black phosphorus (BP) nanoparticles. Different with PbS and BP,
CsPbBr3 is a typical light harvesting material in perovskite solar
cells with excellent moisture and thermal stabilities [16-18]. It was
applied in photodetectors with the powerful weak-light detection
and ultralow dark current (< 1 pA) [16,19]. However, this applica-
tion was limited by the slow light response due to the long charge
transport distance between the two electrodes and the require-
ment of extra power amplifier [16,20,21].

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Characterization of the CsPbBr; NPs and MoS,-FET devices. (a) TEM image of the CsPbBr; NP; the inset shows the corresponding size distributions with Gaussian
fits. (b) Absorption spectrum of the CsPbBr; NPs; the inset shows the Tauc plot for the corresponding absorption spectrum. (c) XRD patterns of the nanoparticle samples
and the PDF cards of #18-0364 and #25-0211; the inset shows the crystal structure of the monoclinic CsPbBrs;. (d) PL spectra of MoS, and CsPbBr3/MoS,; the inset shows
the representative optical microscope image of the MoS,-FET. (e) Raman spectra of the MoS, and CsPbBr;/MoS,. (f) High-resolution XPS Mo 3d spectra of the MoS, and

CsPbBr3;/MoS,.

Herein, the combination of CsPbBr; and MoS, photoelectric ma-
terials was taken into consideration to achieve a photodetector
with high light sensitivity, high photoelectric current and ultra-
high on/off ratio. In this purpose, the MoS, phototransistor was
decorated by CsPbBrs nanoparticles in two configurations, nano-
film (NF) coating and nanoparticle (NP) doping. The results of the
photoelectric performance investigation showed that CsPbBrz NP-
doping decoration can improve the current, carrier mobility and
on/off ratio of the monolayer MoS, device, which provide a poten-
tial strategy to tune the property of MoS,.

Firstly, Cs,CO3 (0.065g), octadecylene (ODE, 3mL), and oleic
acid (OA, 0.25mL) was added to the three-neck flask. Then, the
mixture was stirred and heated at 120 °C for 1h under the nitro-
gen atmosphere. Finally, the Cs (oleate) solution was obtained. Si-
multaneously, PbBr; (0.144 g), ODE (10 mL), oleylamine (1 mL) and
OA (1 mL) were added to another three-neck flask. And the mixture
was heated at 105 °C for 1h under the nitrogen atmosphere. Then
the obtained Pb solution was heated to 170 °C. Next, the Cs (oleate)
solution (0.9 mL) was heated to 150 °C and rapidly injected to the
170 °C Pb solution under vigorous stirring for 5s. Subsequently, the
reaction was quenched by the ice-water bath treatment. At last,
the obtained product was mixed with toluene and centrifuged for
5min to collect the sediment.

MoS, films were grown on sapphire substrate by CVD method
in a two-zone tube furnace, using pre-oxidized molybdenum foil as
Mo source and sulfur powder as S source. The volatilization tem-
perature of sulfur was at 170°C, while the Mo source was heated
at 850°C under Ar flow rate of 150 sccm for growth of MoS,.

The as-grown MoS, was then transferred to the fresh SiO,/Si
substrate under assistance of PMMA layer to fabricate a back-gate
field effect transistor (FET). The source and drain electrodes were
pre-prepared on the SiO,/Si substrate. Then the device was an-
nealed at 250°C for 2h in mixed H,-Ar gas before spin-coating
with CsPbBrs3/hexane solution (1 and 0.001 mg/mL concentrations)
for surface decoration. The optoelectronic property of the device
was measured by a homemade vacuum probe station containing
Keithley 2614B (Tektronix, US) as the source and meter. The UV-
vis-NIR spectrophotometry was performed by UV-3600 (Shimadzu,
Japan). The TEM images were obtained using Tecnai G2 F20S (FEI,
us).

TEM image in Fig. 1a elucidates the morphology and mi-
crostructure of the CsPbBr3 nanoparticles (NPs), where the in-
set shows the size distribution based on Gaussian fits and the
average size to be 45.12+20.25nm. UV-vis-NIR spectrophotom-
etry was used to investigate the optical properties of the as-
synthesized NPs and the absorption spectrum of the solution-
processed CsPbBr3 is displayed in Fig. 1b. The absorption edge is
located at about 550nm, which is consistent with the literature
[16,22]. The corresponding bandgap of the NPs is derived to be
2.32eV from a plot of (Ahv)? versus (hv) (inset of Fig. 1b) using
Kubelka-Munk equations [16,23]. As shown in Fig. 1c, the XRD
peaks at 26 =15.2°, 21.7°, 23.5°, 28.6°, 30.9°, 34.3°, 37.9° and 43.9°
indicated the monoclinic phase of CsPbBr; (PDF #18-0364; the
crystal structure is shown in the inset of Fig. 1c), which consists
with the structure of the perovskite CsPbBr; NPs reported in litera-
ture [22,24,25]. Whilst, the phase of tetragonal CsPb,Brs (PDF #25-
0211; 20 =11.7°, 29.5°, 33.5°, 35.5°, 37.9° and 48.0°) was also ob-
served in the XRD pattern, which might be the residuals from the
CsPbBr3 sample preparation. Some work [22,24,26] has reported
that the CsPb,Brs; may remain in the CsPbBr; samples, because
these two structures can reversibly transition under different tem-
peratures. The inset of Fig. 1d displays the back-gate FET used in
this study, which was fabricated by transferring as-grown MoS,
film to the fresh SiO,/Si substrate under assistance of PMMA layer.
Then two types of surface decoration with CsPbBr3 perovskite were
proceeded for them to turning their photoelectrical properties. One
transistor was spin-coated with 1 mg/mL CsPbBr;/hexane solution
for a nano-film coating decoration (NF-coating). Another one was
spin-coated with 0.001 mg/mL CsPbBr3/hexane solution for a nano-
particles doping decoration (NP-doping). An obvious peak shift was
found from the photoluminescence (PL) spectra of monolayer MoS,
in Fig. 1d, which indicated an electronic band structure change
for the decorating MoS, film. As seen, the pure MoS, exhibits a
stronger PL intensity as compared to the NP-doped MoS,, owing
to its low lattice scattering [6]. Moreover, an intensity drop was
observed after NF-coating, due to the unperfect CsPbBr3/MoS, in-
terface, which impeded the recombination of excitons, resulting in
less direct band gap emission [27,28]. In addition, the sharp peak
around 693 nm is for the sapphire substrate [29]. Raman spectra in
Fig. 1e clearly show two typical optical vibration modes located at
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Fig. 2. Electrical property of MoS, and CsPbBr;/MoS;. (a, b) Transfer curves of the MoS, and CsPbBr3/MoS, transistors; the Vg5 was fixed at 3V. (c, d) Structure schematic
of the NP-doped and NF-coated MoS; transistors. (e) The energy band diagram of CsPbBr; and monolayer MoS,.

about 386 and 406 cm~! corresponding to the in-plane Ezg1 mode
and out-of-plane A;g mode, respectively [6]. Fig. 1f shows the high-
resolution Mo 3d spectra of the as-grown and decorated MoS,. C
1s peak at 284.8 eV was used for the baseline calibration [30]. The
peaks of the as-grown MoS, at 232.5, 229.3 and 226.3eV can be
assigned to the signal of Mo** 3ds,, Mo** 3d;); and S 2s, respec-
tively [6,31,32]. It also can be seen that a distinct shift towards
lower binding energy occurred after CsPbBr; decorating, which in-
dicated the electron migration from CsPbBr; to MoS; at their in-
terface. This mechanism is also consistent with their Fermi level
[25,33].

To well reveal the tuning of CsPbBr3 NPs, the electrical and
photoelectrical property of MoS, device is firstly investigated, and
then in-situ decorated with CsPbBrs NPs. Therefore, the effect of
the electrode contact property can be neglect. Fig. 2 shows the sur-
face decoration effects of NF-coating and NP-doping for the MoS,-
FET. It was found that the threshold voltage (V1) had a slight right
shift by 3-6V after CsPbBr; decoration, as a result of the p-type
CsPbBr3 doping to the n-type MoS, semiconductor [6,34,35]. This
shift was not sensitive to the different decorating types. However,
they showed different effects on the electrical property of MoS,-
FET. The Iy of the transistor decreased by one order of magnitude
at the gate voltage (Vg) of 40V after NF-coating (Fig. 2a), which
was mainly due to the electron-hole recombination at the interface
between the CsPbBr;3 and MoS, [35,36]. The on/off ratio decreased
from 10° to 8 x 103 after NF-coating. The carrier mobility (u) de-
creased from 0.040 cm? V-1 s~1 to 0.001 cm? V-1 s~1 at the AV,
of 12V. In addition, AV is the increment of gate voltage at the on-
state current calculated by (Vg - V). The w is calculated by [37]:

_ L dly
= WG dVg

where Vg, is the basis bias voltage. Cy is the capacitance of the
SiO,. L and W are the channel length and width, respectively. As
shown in Fig. 2c, the NF-coating decoration formed a conductive
film layer on the surface of the MoS, film, which works simi-
larly as parallel circuit in the transistor. The hole of the NF re-
combined with the electron of the MoS, at the interface, which
reduced the electron carriers in the MoS, and decreased its elec-
tron current. According to Tong et al. [23,38], the defects at the
interface of CsPbBr3 film usually act as charge recombination cen-
ters in devices, which significantly impedes electron carrier trans-
port. Meanwhile, the rest hole carriers still dominated the conduc-
tive NF with a decreased hole current. Thus, the total current of

(1)

the transistor decreased [39]. On the other hand, the NP-doping
decoration showed an improvement in conductivity (Fig. 2b), at-
tributing to its different action principle. As shown in Fig. 2d, the
0.001 mg/mL CsPbBr3 doped on the MoS, surface instead of form-
ing a conductive layer. At first, the hole in the NPs recombined
with the electron of the MoS,, which led to a decrease of I4s. As Vg
increases, the Iy; of the CsPbBr3/MoS, transistor exceeded that of
the original MoS, transistor from the intersection point as shown
in Fig. 2b, which was due to that the higher positive Vg prompted
the electron carriers of the NPs to join in the electron current in
the MoS, film. This kind of surface charge transfer doping with
NPs were also reported by Wood [40] and Wang [15]. Moreover,
the on/off ratio increased from 8 x 103 to 4 x 10* after NP-doping,
which was attributed to the higher on-state current and lower off-
state current. The increase in on/off current ratio indicated an en-
hancement in controllability of conductive channel by Vg [37]. The
w1 value increased from 0.090 cm? V-1 s~! at the AVg of 7V to
0.202 cm? V-1 s~1 at the AV; of 5V, which benefits the electrical
property of the device [15].

The threshold voltage (V) is the sign that the channel current
(Igs) enters on-state [37]. Fig. 3a shows the transfer curve of the
NP-doped MoS, under 400nm wavelength. It was found from
Fig. 3b that the V; of both the NF-coated and NP-doped MoS,
had a positive shift by 6-9V under 400 nm wavelength, which is
not sensitive to the power density. This increment of AVg was
suggested to be expended by the doped p-type CsPbBry with the
extracted holes [41]. Responsivity (R) is defined as the photocur-
rent induced by the excitation of unit incident laser power and
detectivity (D*) is defined as the capacity of the detector to detect
weak light signals [42]. They can be calculated as following [37]:

I — Iy
= @
1
p= AR 3)
(261(11)j

where I is the photocurrent, I is the dark current, Popt is the
optical power density, A is the effective device area and e is the
electronic charge. Figs. 3c and d show the comparison of the R and
D* results of the MoS, and CsPbBr3/MoS, phototransistors at var-
ious power density under wavelength of 400 nm. It was observed
that the R and D* of the phototransistor dropped by about seven
times after NF-coating, which was suggested to due to that the
photoelectric response of MoS, film was replaced by the response
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Fig. 3. Photoelectric property of MoS, and CsPbBr;/MoS, phototransistors. (a)
Transfer curve of the NP-doped MoS, photodetector under 400 nm wavelength. The
bias voltage is fixed at 3V. (b) Threshold voltage, (c) responsivity and (d) spe-
cific detectivity of the MoS, and CsPbBr;/MoS, photodetectors under 400 nm wave-
length with different power density.

of the covered NF [38]. The larger bandgap of CsPbBrs than that
of MoS, makes it harder for electrons to be excited from the
valence band to the conduction band [6,22]. As the power density
increased, more excited holes contributed to the photocurrent of
CsPbBr3, resulting in a higher photo responsivity (see the curve
of NF-coated MoS, in Fig. 3c) [4]. Meanwhile, the R and D* of
the phototransistor show a decrease after NP-doping, which was
attributed to the reduction in photocurrent caused by the recom-
bination between the hole of CsPbBr; NPs and the electron of
MoS, film. Contrary to the NF-coated MoS,, the R value decreased
as the power density increased for NP-doped MoS,, which was
due to that the higher power density promotes the hole-electron
recombination between the doped NPs and the MoS, film [43].

The increased electron concentration (An) caused by increased
positive Vg can be calculated by [37]:

An = AVy(Gy/e (4)

where Cj is the capacitance of the SiO, and e is the charge. The
carrier mobility (@) can be obtained from the derivation of the
I45-Vg curve, which indicates the gradient of the transfer curve. As
shown in Fig. 4a, the u curve can be divided into three regions:
rise, drop and flat, corresponding to a rapid growth, slow growth
and saturation of 4. Therefore, the three regions present the dif-
ferent dominant factors affecting the variation of I4 under a rising
Vg. In Region I, the value of n has a highest growth rate and the
slope is higher than 1, which indicates that the increase of carrier
mobility is the dominant factor for the increase of Iy, that is, the
increase of Vg mainly affects u [44]. In Region II, the value of p de-
creases with increasing Vg. This is due to the gradually increasing
carrier concentration, which increases the scattering probability in
the system. w is inversely proportional to the scattering probability
[12,45]. The current in channel can be expressed as (qnvs), where
q is the electric charge, n is the carrier concentration, v is the elec-
tron velocity and s is the cross-sectional area [44]. The electron
velocity can be determined as (uE), where E is the electric field.
Thus, the Iy can be expressed as [44]:

las = anuEs 5)

where n and p are the two main contributing factors for the cur-
rent. As w is decreasing, n becomes the dominant contributor for
the increasing I4s in Region II. In Region IIl, I;; becomes satura-
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Fig. 4. Analysis of photoelectric performance of MoS, and CsPbBr;/MoS, phototran-
sistors. (a) Segmentation of the transfer and carrier mobility curves. (b) The effect
of illumination on the transfer curve and carrier mobility. The power density of the
400nm wavelength light was 1.6 W/m?2. The V, was fixed at 3V. (c, d) The effect
of power density on the carrier concentration and mobility.

tion with increasing Vg, where the semiconductor presents metal-
lic property [37]. Furthermore, it was also found that its peak of
variation and onset point of saturation shifted to right with higher
power density (Fig. 4b), which indicates a longer lifetime of the
carrier. The values of the peak and the onset point are graphed in
Fig. 4c and show a linear correlation with the power density. That
is, the power density can increase the carrier mobility and car-
rier concentration linearly, and consequently delay the time of cur-
rent saturating. Fig. 4d shows the value of (Region I/(1+1I) x 100%)
versus power density, which presents the transformation of dom-
inant factor affecting the I,;. The I/(I+]1I) value of phototransistor
decreased slightly with increasing power density, which indicates
that the increasing power density would enhance the increment of
w under increasing Vg. The value of NP-doped MoS; shows a simi-
lar curve trend with a higher I/(I+1I) value. That is, the NP-doping
can benefit the carrier mobility, which may be attributed to the
lower scattering of electron [45,46]. However, the NF-coated MoS,
threw off the trend of I/(I+1I) value, as a result of the compilated
combination of the CsPbBr; and MoS, phototransistors.

Fig. 5 exhibits the photoelectric properties of MoS, and
CsPbBr3/MoS, phototransistors under different wavelength of 400,
500 and 700nm. As shown in Fig. 5b, NF-coating made the R of
MoS, decreased from 878, 1838 and 833 A/W to 136, 178 and 367
A/W, which was attributed to the recombination between the p-
type CsPbBr; NF and the n-type MoS, film. Moreover, the pho-
toelectric response of CsPbBr3 layer consumed part of the light
energy without a significant photoelectric response and weakened
the light for MoS, film. Also, defects of the interface would restrict
the electron mobility [43]. The R of the NP-doped MoS, decreased
from 1299, 1645 and 647 A/W to 948, 883 and 413 A/W, due to the
recombination between the photogenerated hole of the doped NPs
and the photoelectron of the MoS,. Meanwhile, the D* value re-
mains at 10! Jones after NF-coating and NP-doping. Figs. 5e and f
show the rise and fall time of the photoelectric response at wave-
length of 400, 500 and 700 nm. The rise (fall) time is defined as
the time-resolved photocurrent increases (decreases) from 10% to
90% (90% to 10%) of the maximum photocurrent [37], which was
measured under the fixed Vg at Vg, of 5V. It was found that the
NF-coating extended both the rise and fall time for MoS,, which
was caused by the shield of the CsPbBr3 layer over the MoS, film.
However, the NP-doping did not impact the photoresponse speed
significantly.
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Fig. 5. Photoelectric property of MoS, and CsPbBr3/MoS;, phototransistors under different wavelengths. (a) The maximum responsivity of the MoS, and CsPbBr; NP-doped
MoS, with increasing illumination power density under different wavelengths at a gate voltage range of —60~60V. (b, c) Responsivity and specific detectivity of the MoS,
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In summary, CsPbBr; nanoparticles were used to decorate the
MoS, FET via NF-coating and NP-doping methods separately. It
was found that the conductivity, carrier mobility and on/off cur-
rent ratio of the monolayer MoS, were significantly improved after
CsPbBr; NP-doping, which was suggested to due to a mixed elec-
tron recombination-injection process. Furthermore, it was found
that nanofilm-coating of CsPbBr; would impede the photoelectric
performance due to the electron-hole recombination facilitated by
the defects at the interface of CsPbBrz and MoS, films. By decorat-
ing with CsPbBr; nanoparticles, the photoresponse of MoS, tran-
sistor could improve to 948 and 883 A/W at 400nm and 500 nm
illumination, and the detectivity can rise to about 10!! Jones. This
work may provide an easy and cost-efficient way to tune the pho-
toresponse of MoS, photodetectors.
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