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Abstract - In this research, due to the non-toxic nature of inorganic perovskite CsGeBr; (CGB), this material is applied to fabricate a
CGB/WS; FET by drop-casting of lead free perovskite CGB on the WS, NFs FET. Then the electrical characterization of a hybrid lead
free CsGeBrs perovskite/ WS, Nano-Flakes (NFs) Field-Effect transistor is investigated in ambient air and vacuum conditions with a
simple back-gate device structure. The characterization of the fabricated device has been performed under the illumination of a laser
source with a wavelength of ~532 nm and power of 9.13 mWcm™ out and inside the vacuum chamber at a constant pressure of ~3x107
mbar. By comparing devices in and out of vacuum. It is apparent that atmospheric adsorbates on CGB/WS, NFs FET degrade external
quantum efficiency, photo-responsivity, and detectivity doubled and reached 2.9%, 0.012 AW-!, and 4.15x106 Jones in comparison with
the WS, NFs FET in the atmosphere. The results demonstrate that the observed shift in threshold voltage suggests the L4 of the CGB/WS,
NFs FET in vacuum conditions have increased compared to the WS,-NFs FET in the atmosphere. Most importantly, the vacuum plays a
significant role and shows the superior photo-sensing properties of the CGB/WS; NFs FET in vacuum are very promising to extend the
hybrid heterostructure optoelectronic devices with excellent performance, especially in space.

Keywords: Ficld-Effect Transistor, CsGeBrs, WS,, Hetero-structure, vacuum

1. Introduction

Semiconductor photodetectors and transistor are used to convert the modulated light signal to the electrical domain,
which have wide applications ranging from optical communication, and remote control to detection and image sensing [1—
3]. Most appliances of photodetectors today adopt conventional inorganic materials such as Si, InGaAs, MoS; and especially
WS, as a transition metal dichalcogenides (TMDCs), due to their unique properties, namely strong spin-orbit coupling, band
splitting, good sensitivity and high robustness and high nonlinear susceptibility [4-9]. In recent decades, the 2D-TMDCs
have received much interest to be applied in photonic applications that take advantage of variations in a material’s band gap
properties as a function of the 2D layer thickness [10—11]. However, some of the TMDCs nanomaterials have similar atomic
structure and chemical behaviours like the 2D-WS; and MoS,, but 2D-WS; has a much smaller effective electron mass in
comparison to the latter one. Subsequently, transistors based on the 2D-WS; show a better performance rather than transistors
based on the Si and MoS: due to its inert, non-toxic, and environmentally friendly properties [12—14]. In this context, all-
inorganic perovskites CsPbXs (X = Cl, Br, I) also possess the large carrier diffusion length, low recombination of charge
carriers, and demonstrating the great potential to be the next-generation active materials of photo-detectors at the aspects of
low-cost, solution-processed, low-voltage operational features [15-21]. on the other hands, the lead base perovskites are
toxic and dangerous for humans’ health and may cause environmental damage because of its chemical stability [22-23]. To
eliminate this problem, the CsGeBr; as a lead-free perovskite can be formed by replacing the lead component with
germanium at the CsPbX3 perovskite, which can detoxify the environment from the pollution of lead based perovskites and
make these materials more environmentally friendly [24-26]. The performance of semiconductor heterojunction devices has
markedly increased since the introduction of heterostructures. Perovskite heterostructure (PHS) devices are fabricated by
combining semiconductors of varying bandgap energies such as the transition metal chalcogenides into a lattice of matching
variables; these new structures are playing an increasingly important role in optoelectronics. It has been observed that when

112-1



heterogeneous materials are integrated many electronic and photo-electronic devices with high-performance properties
can be created [2,22]. Some researches show that electrical transport properties were strongly affected by interfacial
charged impurities, the adsorbates in ambient air adsorb on the surface or at the MoS,/SiO; interface and affect not only
the carrier transport behaviours but also the photoelectrical responses [27]. These adsorbates interact strongly with the
MoS; film, resulting in the carrier scattering increase, and the decrease of the electron mobility, photoresponsivity, and
gain. On the other hand, the adsorbates assist photocurrent relaxation and decrease the photocurrent decay times [28—
30].

In this research, the performance of synthesized the CGB/WS; NFs Field-Effect-Transistors (FETSs) is investigated
under the illumination of the green laser with P=9.13 mWcm as excitation power in ambient air and vacuum conditions.
Optoelectronic properties of the devices such as external quantum efficiency, and photo-responsivity are measured and
characterized. The optoelectronic measurements of the CGB/WS, NFs FET reveal a better performance in vacuum under
illumination in comparison ambient air. summary, the effects of ambient air adsorption on the optoelectronic properties
of a CGB/WS; NFs FET transistor are systematically studied. The results show that the adsorbates in ambient air adsorb
on the surface. These adsorbates interact strongly with the surface of the device, resulting in the decrease of the
photocurrent, photoresponsivity, and performance. In this study, the various characterization methods such as X-Ray
Diffraction (XRD, and output and transfer characteristics are employed to evaluate the structure, performance and
optoelectronic characteristics CGB/WS; FET transistor.

2. Experimental
2.1. Preparation of the WS, Nano—flakes

Figure.1l schematically illustrates our experimental Thermal Chemical Deposition Vapor TCVD set-up used in this
work for the preparation of the WS,-Nano Flakes. Prior to the growth the SiO,/Si substrate and starting TCVD process
for the furnace heating, the furnace is necessarily purged with Ar gas with a flow rate of ~ 450 sccm for 30 minutes for
eliminating gas impurities. The WO3 powder (supplied by BDH laboratory reagents England with a 99.99% purity) is
placed in a ceramic boat and SiO»(300 nm)/Si substrate was faced down and mounted on the top of the boat, which was
located at the center inside the high-temperature zone of the tube furnace. A separate ceramic boat with sulfur powder
(TTRACHEM 99 %) is placed in the lower temperature zone inside the inlet of the furnace. The temperature of the
furnace is increased up to 1100°C and the deposition is carried out at the same temperature for 60 minutes under Ar gas
with a rated flow of ~ 200 sccm as the carrier gas [7,31]. Figure. 2 (b) illustrates XRD patterns of the WS, NFs using an
X-ray source at L. = 1.54 A. The results show there is three sharp diffraction peaks at ~28.92, 43.98, and 59.90° attributed
to the reflectance on (004), (006), and (008) crystalline surfaces related to the WS, NFs, respectively. The peak at about
68.91° is related to the silicon substrate [7].
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Fig. 1: Schematic of the TCVD setup for preparation of the WS2- NFs.

2.2. Preparation of the lead free perovskite CsGeBr;

ssynthesis the CGB perovskite, three primal materials H;PO: (50%), HBr (48%), and GeO> (99.998%) are mixed
and heated up to120 °C with the amount of 0.15, 0.69, and 0.001 mol for each one respectively. This mixing is continued
for 6 hours and finally cooled down to room temperature (RT). After removing the remain precipitate, CSBr with amount
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0f 0.01 mol is added to the solution and then the temperature raised to boiling point for 5 minutes. Finally, the mixture cooled
down to RT and a light-yellow precipitate is obtained. To avoid the interaction with other environmental gases, all processes
are carried out under N, gas with a flow rate of 450 sccm. To eliminate the residual precursors, the purification is done using
the solution of HBr and alcohol with a ratio of 1:1. The process for purification is repeated seven times and finally the yellow
CGB precipitate is annulled at 80°C for 12 h [31-33]. Figure. 2a present the XRD patterns of CGB perovskite powder using
an X-ray source at \=1.54 A. The pattern of CGB exhibits several crystalline orientations with two main peaks at 27.68° and
31.78° attributed to (111) and (200) planes of the orthorhombic phase [31,33]. Moreover, the presence of the impurities
corresponded to the initial precursors including the CsBr and GeO, are observed in the pattern.
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Fig. 2: XRD patterns of the a) CGB perovskite and b) WS, NFs [7,31-32].

2.3. Fabrication of the CsGeBri:/WS; hybrid FET Transistor

Figure.3 contains a schematic drawing of a CGB/WS , NFs FET with a back-gate that is coated by CGB perovskite
using the drop casting method. In order to prepare the CGB suspension, 2.5 mg of the CGB nanostructures are dispersed in
Scc ethanol by using an ultrasonic homogenizer (50 W) for 10 min. The carbon glue is used as a Two-probe measurement in
this study means the standard FET measurement that has the source and the drain added with the gate, The channel width
and length between the two electrodes are 10mm and 12mm, respectively.
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Fig. 3: Schematic diagram of preparation of the CGB/WS, NFs FET.

3. Result and Discussion

Figure.4 depicts the current — voltage (Iss-Vas) curves at different back gate voltages for fabricated transistors in air
ambient and vacuum. It is clear that Iss—Vgs curve has linear relation corresponded to the Iss and Vs for entire gate voltages
and this linear behaviour indicates the carbon glue contact with WS, is ohmic in nature. According to figure.4a and figure.4b,
The Iy for transistors are raised by increasing the back gate voltages but the number of I in vacuum reached around 0.13
mA for Vg =4 (V) and V4 = 0.5(v) which improved in comparison with device in air ambient. It seems the increase of Iy
for the CGB/WS2 NFs FET in vacuum is most likely because of the removing some adsorbates from the surface of WS; or
Si0,/Si interface [33-34].

112-3



020 0.20

(a) — V., =05 ®) —V,,~ 0.5(v)
V=1V — V¥V, =1¥)
V=2V — Vi =2v)
015 | — VT4 1 0ash Vi =d¥) -
= <
< £
g CGB/WS 2 NFs FET =
el In air £ CGB/WS 2 NFs FET
5 o010} = 010 In Vacuum
E =
= O
o =
£ B
£ a
S aes| 0.05
0,00 L 1 M M 0.00 L L A L
00 01 02 03 04 05 0.0 0.1 02 03 04 05

Drain Voltage V,(v) Drain Voltage V4 (v)
Fig. 4: Output characteristics in low source-drain bias of the WS>—NFs in a) air ambient, and b) vacuum.

Figure.5 presents the transport characteristics (Iss-Vog) of transistor device for Vi, in the range of 0- 4v and V¢=0.5v
under green laser illumination for the wavelength of 455nm and illumination power =9.33mwcm™. As shown in figure,
the putting the CGB/WS,-NFs in vacuum is affected the performance of devices while the Iy of transport curve is
increased by positive biased voltage of V.. it is also obvious that the I of CGB/WS; NFs FET of device is improved
and could pass larger current by putting it in vacuum condition than air ambient for the same bias voltage then finally
enhancement reached around 1.29mA at Vy= 4v due to green laser illumination and finally by increasing back gate
voltage. It is a sign of using the pristine chamber added the laser illumination which help charge mobility and transfer
from WS, to CsGeBr; lead free perovskite [7,32]. The threshold voltage is defined as the intercept of the Vi, axis
obtained by extrapolating the linear portion of the curve of ly—Vye curve [35]. The inlets in figures are shown the
threshold voltage (Vi) of CGB/WS; NFs FETs which are approximately 0.25V, and 0.1v in air and vacuum respectively.
It observed that Vy, is shifted toward lower voltage to 0.1v by putting the device in vacuum. In addition, the observed
shift in threshold voltage suggests that atmospheric adsorbates induce substrate doping and/or trapped charge. Similar
effects have also been observed on bilayer MoS, devices, where adsorbed oxygen and water were implicated in degraded

device performance [36]. e
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Fig. 5: Transfer curve of He CEBRWSyNP:s FET in and out of vacuum.
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To compare the performance of transistors in different situations, the Photo-responsivity (R), External Quantum
Efficiency (EQE), and detectivity (D*) are calculated by using the equations (1), (2), and (3) respectively. The photo-
responsivity is defined through Eqs (1):

_ I-lgark
R= AXP (1)

where A, P, I, and, 4k are, the area of the photoconductor, the power of the laser illumination, the measured current

current under illumination, and darkness respectively [36-38]. The EQE of the photodetectors is calculated according to
Equation (2):

__ RxhXc

EQE = (2)

exA

where h, ¢, e, and A are the Plank’s constant, the velocity of light in a vacuum, the electronic charge, and the wavelength
of the laser. The detectivity of the photodetector is calculated via Egs (3): [7,37-38].

. R
b= ((2exIgqri)/A)Y/? ®3)

Table 1: The EQE, D, and R comparison of the WS, -NFs and CGB/WS, NFs devices under the green laser with a wavelength of ~ 532
nm and excitation power of ~9.13 mwem™? at RT and Vg =1 V.

Device R(A/W) | EQE (%) D* (Jones)
CGB/WS;,NFs FET (in air) 0.007 1.6 2.09x10¢
CGB/WS: NFs FET (in vacuum) 0.012 2.9 4.15%10°

Table. 1 present the amount of EQE, D* and R parameters for CGB/WS; NFs device in and out of vacuum at RT. As
summarized in Table. 1, the EQE, responsivity, and detectivity values of the CGB/WS, NFs device in vacuum approximately
are doubled compared to the device in air. The maximum responsivity is also equal to 0.012 AW-!, which is driven using
Vs at 1v related to the CGB/WS, NFs FET under the green laser illumination in vacuum.

4. Conclusion

In summary, the CsGeBr; perovskite was synthesized, and CGB/WS,NFs FET was fabricated to evaluate the effect of
atmosphere and vacuum on the performance of it. For each in and out of vacuum chamber, increasing the Vy, in transfer
characteristic enhanced in the performance of the device in vacuum which detectivity, Responsivity and EQE of CGB/WS,
NFs device was doubled in comparing the device in atmosphere. In addition, the observed shift in threshold voltage toward
the lower voltage suggests that atmospheric adsorbates induce substrate doping and/or trapped charge.
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