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ARTICLE INFO ABSTRACT

Keywords: We studied the effect of oxygen plasma treatment on the drain current and photoconductivity of
Oxygen plasma the two dimensional few-layers MoS; based field-effect transistors (FETs). It was observed that the
2D material oxygen plasma can reduce the photoconductivity of MoS, channel along with variation in the
MoS; . current characteristics. This study shows the contribution of mild oxygen plasma to modulate the
Photoconductivity

photoconductivity of the MoS; FETs which can have potential in optoelectronic detectors and

Opto-electrical characteristics o
sensors applications.

1. Introduction

Since the discovery of graphene, research in two-dimensional (2D) materials have grown exponentially, especially after the entry of
the family of transition metal dichalcogenides (TMDCs) [1-3]. The unique electrical, optical and material properties of these TMDCs
have been projected to replace various semiconductors in the near future. In this regard, the exploration of various properties of atomic
thick TMDCs like molybdenum disulphide (MoS;) for studying and modulating surface reactivity, doping, and defects formation
through multifarious methods are subject of intense study [4-6]. One of such techniques is the plasma exposure of the TMDCs based
devices for novel applications and transport studies. Of these surface modification methods, lattice-defects induced by the non-reactive
plasma and its effect on various properties like photoluminescence (PL), carrier transport and doping are currently under study by
many research groups [7-11].

In this work, we carried out the low energy oxygen plasma treatment on few layer MoS, FETs with back gate structure to study the
effect on electrical and optoelectrical characteristics. Recently, several studies have been carried out to investigate the effect of plasma
conditions on the optical properties like PL and Raman spectra [8,12,13], however the simultaneous study of crucial optoelectrical
characteristics along with optical data has not been reported yet. Therefore, in this study, a detailed analysis of the effect of various
plasma conditions on the optoelectrical characteristics was carried out. The results show that the optoelectrical characteristics agree
well with observed optical quenching effect in PL and Raman scattering after plasma treatment. Such observation must be attributed to
plasma induced defects in the lattice which can trap the photo-induced carriers resulting in quenching and reduction in persistent
photoconductivity as well. This method to control optoelectrical characteristics can be used to load additional functionalities for
various applications like photodetectors and gas and chemical sensors.
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Fig. 1. (a) Microscopic image of the pristine few-layer MoS, device. Schematic of (b) pristine MoS, device on SiO, substrate (c) I-Vys charac-
teristics at different gate voltages (Vg) and (d) transfer characteristics at different drain voltages (Vg) of the pristine device.

2. Experimental
2.1. Device fabrication and plasma treatment

The source for sample fabrication were obtained from the high-quality flake producer, 2D semiconductors [14]. The few-layer
flakes were obtained by scotch tape method directly onto the SiO, substrates. The flakes quality and the effect of plasma exposure
were measured using Raman scattering and PL techniques at room temperature. The exfoliated flakes on SiO, substrates were pro-
cessed to fabricate MoS; based transistor where back gate electrode was heavily doped silicon substrate with 300 nm SiO, dielectric,
which were cleaned in ultrasonic bath of acetone and isopropyl alcohol followed by 1-min oxygen plasma exposure for cleaning any
residues. The exfoliated flakes on SiOy/Si substrate were then processed for photolithography steps to obtain two-terminal metal
contacts on the targeted flake. The contact metal, Cr/Au, was deposited to obtain Ohmic like contacts which was followed by annealing
for half an hour at 300 °C in argon environment to improve contact properties [15]. The channel length and width is 10 pm and 14 pm,
respectively.

The oxygen plasma treatment on the devices was carried out at 50 kHz frequency at 50 W. The exposure to plasma in treatment
mode where the accelerated plasma species are not directly bombarded to the sample surface [16]. The device were exposed to plasma
in the interval of 1 min followed by the measurement and subsequent plasma process in the next step. The optoelectrical measurements
were carried out using Keithley 4200 SCS and the illumination of laser of 450 nm which has the power of 0.1 mW under atmospheric
conditions.

3. Results and discussion

Firstly, the electrical characterization of the pristine MoS; FET device, as shown in Fig. 1a-b, was carried out under atmospheric
conditions. Fig. 1c plots output characteristics (I3 - Vgs) of the device for various back gate voltages. The output resistance in the order
of few hundred kilo-Ohms and symmetric curves for positive and negative bias points towards the formation of Ohmic like metal
contacts to MoS; flakes. However, the absence of I saturation with respect to Vg in the output curves indicates high contact resistance
which is one of the big issues in the realization of the MoS; devices for commercial purposes [17,18]. Fig. 1d plots transfer charac-
teristics (I45-Vgs) of the pristine device and as seen from the figure, the device shows an excellent modulation of the drain current by the
back gate voltage in the drain voltage range from 0.2 V to 1.0 Various device metrics like threshold voltage, field-effect mobility (x.)
and on-off ratio can be extracted from the transfer curves. The threshold voltage of approx. —12 V is obtained by using the method of
linear extrapolation at the peak transconductance [19]. Further, the field-effect mobility can also be obtained using the following
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Fig. 2. Optoelectrical response of the pristine device. Output characteristics at various Vg ranging from —60 V to 60 V in the step of 10 V (a) under
dark conditions and (b) under laser illumination of wavelength 450 nm and power of 100 pW.
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Fig. 3. Optical characterization of MoS,. (a) Raman spectra and (b) Photoluminescence spectra of multilayer MoS, device before and after
plasma treatment.
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Fig. 4. (a-b) Schematic of plasma treatment and laser illumination on the devices. Transfer characteristics (Iz- V), under dark and illumination, of
(c) pristine device and (d) plasma treated device at various drain voltages.



M.A. Khan et al. Superlattices and Microstructures 142 (2020) 106507

a) 8 b) 10°
(a) V= +60 V (b) Ves=-60V
7F Pristine MoS, 4
107 p
6 [ Pristine MoS,
2 , < 102
25 1 min. plasma - 1 min. plasma

2 min. plasma

10° m

1 " 1 Il " ” 1 N Il 1

0 25 50 75 0 25 50 75
Time (s) Time (s)

Fig. 5. (a-b) Time dependence of drain current with switching laser pulse and back gate voltage of +60 and —60 V respectively.

expression [15].

_ L.ogn
=W Cao, Vs
where, L and W represent length and width of the channel, respectively, Vy; is the applied drain voltage, g, represents the differential
of the transfer curve, transconductance, where the peak value of the transconductance is usually considered for maximum field effect
mobility and Cs;o2 is capacitance per unit area which can be obtained by “¥- (g, is the absolute permittivity and &, is the dielectric
constant of SiO5, of thickness d) and for 300 nm-thick SiO5 is 1.19 x 108 Fem 2. Using the above expression, the maximum ., values
of the pristine devices under ambient conditions lies in the range of 20-30 cm?2/V. Various factors like contact resistance (especially in
the two-terminal device configuration), flake quality, interface charge scattering at the MoS, and SiO; interface, defects and impurities
in the exfoliated flakes contribute to the overall carrier mobility of the device.

Fig. 2a and b shows the opto-electrical measurement for pristine MoS; device. As seen from figures, the pristine device shows very
good response to the illumination where the current in the OFF regime (Vg ~ -60 V) jumps from the order of 10~*to 1 pA, whereas ON
regime (Vg ~ +60 V) shows saturation in the optoelectrical response, which is in agreement with other published results [20].

In case of MoS;, optical characterization methods like Raman scattering and PL are good to determine material quality and can
provide additional information like number of layers, defects and band gap information, etc. Therefore, optical measurements were
first carried out for exfoliated flakes and after plasma treatment process. As seen from Fig. 3a where Raman spectra of MoS; flake show

typical signature two peaks attributed to Eég and A, vibration modes where the peak frequencies indicate multilayers flakes [21]. As

seen from the figure, the significant quenching and broadening of Raman peaks after plasma treatment indicate the increase of disorder
in the crystal lattice due to oxidation by oxygen plasma [9]. This lattice distortion induced by plasma treatment is further confirmed by
the quenching of Al exciton (1.86 eV) peak as seen from the PL spectra in Fig. 3b. Such quenching have been attributed to lattice
distortion and doping effects of the oxidized species generated in the plasma treatment process [9,22].

In the next step, the oxygen plasma treatment was carried out for 1 min at 50 kHz frequency and 50 W, on the fabricated MoS,
device. Fig. 4a and b shows the schematic of plasma treatment onto the pristine device and laser illumination on the device. Fig. 4c and
d plot the optoelectrical transfer characteristics of the pristine and plasma treated device. Fig. 4c agrees well with the optoelectrical
response of the pristine device in Fig. 2. It can be seen from the figure that under illumination, the drain current jumps by the 4 orders
of magnitude in the OFF regime whereas in the ON regime, only a slight increase in the current is observed. The current jump in the
OFF regime is attributed to the generation of electron-hole pairs in the depleted MoS, channel under illumination which led to high
drain current in the channel whereas the carrier density becomes saturated in the ON regime which limits the increase in the drain
current upon illumination [23].

Fig. 4d shows the transfer characteristics of the plasma treated device both under dark and illumination. As compared to the
pristine device, the overall photoresponse is reduced after plasma treatment. It can be seen that the current jump in the OFF regime is
reduced to one order of magnitude whereas the photoresponse is negligible in the ON regime. This reduction in the photoresponse
agrees well with the quenching of Raman scattering and PL peaks in Fig. 3. Therefore, this reduced optoelectrical response can also be
attributed to the increase disorder in the lattice and the formation of oxidative species on the exposed surface of the flake. Further, it
can be observed from Fig. 4 that a decrease in on-off ratio of the plasma treated device has been observed. Further, the decrease in
transconductance ultimately results in the lower mobility after the plasma treatment. This can be explained from the combined effect
of the carrier depletion due to formation of the oxidative species which also enhanced remote ionized or coulomb scattering thus
affecting device characteristics adversely [24].

Fig. 5 plots the optoelectrical response of the pristine and plasma treated device for 1 min and 2 min duration consecutively. The
time dependent behavior of optoelectrical response was measured for depletion and saturation region as well. It can be seen that at
both gate voltage, the current reduces after successive plasma treatment. Further, the device characteristics appears to be stable in
depletion mode as compared to less stable saturation mode which can be attributed to several affects including Joule heating induced
higher conductivity at higher operating current. Further besides these adverse outcomes, the persistent photoconductivity, which is
one of the critical issue in photodetectors, seems to be suppressed in the plasma treated devices due to higher and additional



M.A. Khan et al. Superlattices and Microstructures 142 (2020) 106507

(a) Pristine MoS, FET (b) Plasma MoS, FET
Ae.

Ee

Sourc

Source

Under

[llumination
o

(f)

A At the —

/. Pl Interface /
Material . . Traps due to .

defects plasma
(8)  Plasma Mos, FET (h)  plasma Mos, FeT
(V, >>0V) (V << 0V)

Fig. 6. (a-b) Schematics for the energy band diagram of MoS, device (c-d) Electron-holes generation process under applied drain bias (e-f)
Tllustration at the upper interface between MoS; layer and air showing the generation and recombination process under illumination, for pristine
and plasma treated device, respectively (g-h) Illustrating the effect of gate voltage on band diagram of plasma treated MoS,.

recombination process at the plasma induced defects [15].

This is explained further using schematic energy band diagrams in Fig. 6. Fig. 6a-c shows energy bands across source and drain
under dark and illumination for both pristine and plasma treated devices. A slight barrier is shown in the plasma treated device near
the source and drain contacts which indicate a possible shadow region near electrodes. The formation of oxidative species leads to
carrier depletion in the channel thus upward shifting of the bands resulting in the formation of additional barriers at the electrodes
which leads to higher channel resistance to carriers thus reduced drain current under both dark and illumination conditions. The
recovery of persistent photoconductivity in the plasma treated devices can also be explained through the formation of additional states
within the band gap which provides additional recombination path via localized states like SRH (Shockley-Read-Hall), Auger
recombination, and trap/localized states assisted recombination, thus reducing the persistent photoconductivity [15,25]. Fig. 6(e-f)
show the formation of traps in the device after the plasma treatment. These plamsa assisted traps are formed at the top interface of the
channel and are able to capture free carriers and affect both photoconductivity and electrical characteristics of the device. So, on one
hand these traps cause a reduced persistent photoconductivity behavior while on the other side leads to an increase in the leakage
current via various conduction mechanism like hopping conduction, even at reduced carrier concentration in the negative gate regime.
These traps are also shown in Fig. 6g and h, where at high negative gate voltage, electrons captured by traps result in conduction and
flow of leakage current.

4. Conclusions

The pristine and plasma-treated few layers MoS; devices were characterized for optical and optoelectrical properties. Although the
plasma treatment resulted in the quenching of both Raman and PL spectra but the optoelectrical characteristics maintained
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approximately similar values. However, a slight decrease in drain current and corresponding photoresponse was observed after the
plasma treatment, but the reduction in persistent photoconductivity was also observed. This improvement in the photo detecting
properties can be optimized further by using suitable plasma power and exposure time for the specific applications like photodetectors,
gas or chemical sensors.
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