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Abstract

Co-doped and undoped MoS; layered crystals were
grown by chemical vapor transport (CVT) method us-
ing iodine as the transport agent. Optical properties
were studied by reflectance (R) and piezoreflectance
(PzR) measurements, while electrical properties were
investigated by Hall effect measurements and photo-
conductivity (PC) measurements. Two direct band edge
transitions of excitons around 1.9 and 2.1 eV are ob-
served by R and PzR measurements. Hall effect meas-
urements were carried out to consider the electrical ef-
fects of Co dopants on MoS,, which indicate that the
Co-doped MoS, sample has a low carrier concentration
and lowered mobility. Furthermore, using PC meas-
urements we find that Co-doped MoS, has a better
spectral responsivity than undoped MoS,.

1. Introduction

MoS, is a layered semiconductor and belongs to the
family of transition-metal dichalcogenides (TMDCs) [1]. A
unit layer structure consists of two hexagonal plans of sul-
fur atoms and an intermediate hexagonal plan of molyb-
denum atoms, which are prismatically coordinated to the
sulfur atoms. It is crystallized in a lattice with strong cova-
lent bonds within a unit layer and weak interactions, usual-
ly of the van der Waals type, between the individual layers.
Owing to the unique optical and electrical properties, the
layered semiconductors have attracted considerable interest
in basic studies and applications, such as photodectors [1],
solar cells [2-5], hydrogen fuel generation [6], hydrodesul-
furization, water splitting [7], biosensors [8,9]. Moreover,
MoS, has a direct band gap about 1.8 eV and high spectral
responsivity for becoming phototransistors or photodetec-
tors with good device mobility. The existence of band gap
makes the devices much easier to being switch, which is an
essential characteristic of phototransistors [10].

In this study, we studied the electrical and optical
properties of Co-doped and undoped MoS, crystals grown
by CVT method using the reflectance and piezoreflectance
measurements for optical properties, Hall effect measure-
ment and photoconductivity measurements for electric
properties. From the results we found the optical character-
istics do not have significant changes due to the doping of
cobalt atoms, which means the crystal structure did not be
distorted, but the electric properties change a lot. Doping
cobalt atoms into MoS, can form bound states of electrons

and holes to increase the resistance. As a result, the light
ON/OFF current ratio is considerably increased and the
spectral responsivity has been increased a lot.
2. Results and discussions

Figures 1 and 2 show the R and PzR spectra of the
Co-doped and undoped MoS,; crystals at different tempera-
tures between 20 and 300 K. In the spectra two main reso-
nance features are observed and assigned to be A and B
features, respectively. The photon energy values of features
A and B are a little lower than that observed in the absorp-
tion peaks and PL peaks of atomically thin MoS, samples
[11]. In Fig. 3 the fitted transition energies of features A and
B are indicated by solid squares and hollow triangles, re-
spectively. Their temperature dependences are fit to Varshni
equation and the empirical expression proposed by
O’Donnel and Chen.

Their carrier concentrations and mobilities are measured
at room temperature by Hall effect measurements and listed
in Table I. Co-doped MoS, has a high resistance due to low
carrier concentration and the mobility decreases from 79 to
10 ¢cm?/Vs. The Doping of cobalt atoms introduce some
lattice imperfections and impurity states to form bound
states of electrons and holes. As a result of high resistance,
the light ON/OFF current ratio is considerably increased
and the spectral responsivity has been increased as well.

The PC spectra were measured at different tempera-
tures between 20 and 300 K. The results are shown in Fig.
4. The absorption edge of indirect band gap and its temper-
ature dependence are clearly observed and well determined
[12,13]. The frequency dependence is studied by the PC
spectra measured at 20 K at different frequencies between 7
to 200 Hz as shown in Fig. 5. Theresults show that the
doping of cobalt atoms increase the responsivity a lot as
shown in Fig. 6 and the frequency dependence show that
from 200 to 7 Hz the responsivity of Co-doped MoS,; in-
creases about three times.

3. Conclusions

In this study, we presented the Co-doped and undoped
MoS, layered crystals grown by CVT method and investi-
gated the effect of Co dopants on the electrical and optoe-
lectronic properties of MoS, by using Hall effect, R, PzR
and PC measurements. Tow direct transitions and one indi-
rect band gap absorption were observed. The doping of
cobalt atoms lowers the carrier density and mobility. But
the spectral responsivity has been increased a lot.
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Fig. 1 Reflectance spectra of (a) Co-doped MoS, and (b) undoped
MoS, at different temperatures.

s s L L L
20 22 23 18 19

i 21
Photon Energy (eV)

18

24

Co-doped MoS, Undoped MoS,

(0) » .

300K 300K

280K

220K

160K

100K

ARJR (arb. unit)

60K

20K

22 23

19 20 21
Photon Energy (eV)

19

20 21 22 24
Photon Energy (eV)

Fig. 2 Piezoreflectance (PzR) sprctra of (a) Co-doped MoS, and (b)
undoped MoS, at different temperatures.
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Fig. 3 Temperature dependence of excitonic transition energies of
(a) Co-doped MoS, and (b) undoped MoS,.
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Fig. 4 Photocurrent spectra of (a) Co-doped MoS, and (b)
undoped MoS, at different temperatures.
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Fig. 5 PC spectra of (a) Co-doped MoS, and (b) undoped MoS,
measured at 20 K in the frequenay range of 7 to 200 Hz.
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Fig. 6 Frequency dependence of responsivity at 20K for (a)
Co-doped MoS,; and (b) undoped MoS,.
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Table I Hall effect parameters of MoS, and Co-doped MoS,.

Sample Undoped- MoS, Co-doped- MoS,
Type n n
Resistance (Q) 6.7x10° 8.9x10°
Carrier density (cm™) 1.1E13 9.8E10
Mobility (cm? / V *5) 79 10
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