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Effect of rhenium doping on various physical properties of single crystals of MoSe,
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Abstract: Effect of rhenium doping is examined in single crystals of MoSe; viz. MoRey go55€1.995,
MoRey.g015€1.999 and Mog.g95Re.005S€e2, which is grown by using the direct vapor transport (DVT) technique.
The grown crystals are structurally characterized by X-ray diffraction, by determining their lattice parameters a
and ¢, and X-ray density. Also, the Hall effect and thermoelectric power (TEP) measurements show that the single
crystals exhibit a p-type semiconducting nature. The direct and indirect band gap measurements are also undertaken

on these semiconducting materials.
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1. Introduction

In the last several years transition metal dichalcogenides
(TMDC) materials have received rapidly growing attention.
Many compounds of this family have a layered structure and
occupy a central position in the class layered compounds due
to their various important applications such as solid lubri-
cants, energy converters, semiconductors, switching devices
and model substances for testing and exploring photo-emission
methods. Moreover, their polytypic and anisotropic behavior
in the past few years has become an intensively investigated
field in the study of the solid state research. Such compounds
have a general formula TX,, where T is a transition metal
from IV-B,V-B and VI-B group of the periodic table and X is
one of the chalcogens i.e. sulfur, selenium or tellurium. The
basic structure of loosely coupled X—T—X sheets make such
materials extremely interesting such that within a layer, the
bonds are strong, while between the layers they are remarkably
weak!! =191, Some of the TMDCs have recently found applica-
tions in the construction as an electrode in photoelectrocham-
ical (PEC) solar cell for conversion of solar energy into elec-
trical energy as well as photonic devices in various electronic
applications. Intercalated compounds of disulphide and dis-
elenide of molybdenum and tungsten have been extensively
studied by various researchers in the literature so farl!=1%],
These single crystals become superconducting when interca-
lated with alkali and alkaline earth metals.

Agarwal et al.['7] have reported growth conditions, growth
mechanism and lattice parameters, room temperature resis-
tivity, low temperature resistivity and thermoelectric power
of the single crystal of Mog.g95Re.0055€2. Also, they have
noted that the Seeback coefficient and Hall coefficient mea-
surements reveal that all the samples are n-type in nature. Agar-
wal and Guptal'®! have reported the energetic band location of
rhenium-doped MoSe, single crystals to assess their useful-
ness in PEC solar cell fabrication and noted that the transmis-
sion spectra show the crystals of MoSe, and rhenium-doped
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MoSe, to be direct band gap semiconductors with band gaps
of 1.6 and 1.2 eV, respectively. While, Hu et al.l'®! have re-
ported a chemical vapor transport (CVT) process where Br,
is used as a transporting agent for growing large sized MoSe,
single crystals by adding Re (rthenium) doping (nominal con-
centration of 1%) during the growth process. Study of the in-
fluence of crystal anisotropy on the electrical and optical prop-
erties of the layered crystals was carried out by Hu e al.l'%.
It is found from the study of Hu ef al.['®! that the conductiv-
ity anisotropy decreases drastically as a result of doping and
the crystal anisotropy has a more pronounced influence on the
indirect gap as compared to the direct gap of the layered crys-
tal. Very recently, we have studied various optical properties of
inte[rcala]ted and Re-doped compounds of MoSe, single crys-
tals!! =131,

2. Experimental details

It has now been decided to carry out the intercalation
of MoSe, either by cation or by anion substitution with ele-
ments having more electrons than molybdenum. It means that
the compounds will either have the formulae Mo;_,B,Se,
or MoB,Se,_y, with B as the intercalating metal. For carry-
ing out effective intercalation at the cation site with elements
of groups higher than that of the molybdenum, the general
rule for solubility defined by Hicks[2%] has been followed. Ac-
cording to Hicks!2%), not only must the intercalating elements
have an ionic radius close to that of the host metal, but also
it must come from an adjacent group of the periodic table. In
the case of MoSe,, two elements, ‘Mn’ and ‘Re’, are available
in the group VII-B, which is the next higher group from that
of molybdenum, only rhenium (Re) has appreciable solubility,
apparently because its ionic radius is closer to that of molyb-
denum than that of manganese (Mn). Therefore, we have de-
cided to work on Mog.995Reg.005S€e2 compounds in the form of
the single crystals as an example of intercalation at the cation
site and MoRey go55€1.995 and MoReg 091 S€1.999 compounds
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in the form of the single crystals as an example of intercala-
tion at the anion site. Therefore, the effect of intercalation at
the cation and anion sites by rhenium on the various physical
properties has been thoroughly studied and discussed in this
article.

Re-doped single crystals are grown by using the direct va-
por transport (DVT) method inside a dual zone horizontal fur-
nacel!”- 18] In the present case the furnace is controlled by a
micro controller with thermal profile programming facility and
a solid-state relay (SSR) based power unit for the two zones of
the furnace with suitable back up to account for power supply
issues has been used. A high quality fused quartz tube is used
for crystal growth.

X-ray powder diffractograms were recorded with the help
of an X-ray diffractometer using Cuko radiation. For this pur-
pose, many small crystals from each group were finely ground
with the help of agate mortar and filtered through 106 pm sieve
to obtain grains of nearly equal size. The X-ray diffractograms
are taken from X-ray spectrometer. Basically, it is useful to
know about the structure of the single crystals and diffracting
path of the X-ray from lattice cites. The X-ray diffractograms
are taken from the reported data of Gupta e al.[17- 18],

The density of the grown crystal was calculated by!?!

_ 24
P=NV (1)

where " A, N and V are the total weight of the atom in unit
cell, Avogadro’s number and volume of the unit cell, respec-
tively. The volume of the unit cell is written as!?!

V3

V= 7azc = 0.866a°c. ()

The crystals with an irregular shape and a larger size
were normally selected to investigate their electrical behav-
jor through the Van der Pauw method[?!. This method has cer-
tain requirements related to the ohmic contacts of the sample;
if the method is not followed perfectly the observed results
may be associated with some error. This error will be propor-
tional to the dimension of the contact. After reducing the error
with proper contacts, the Hall effect measurement is performed
by using standard apparatus. The experiment is performed by
measuring the voltage across the currents between the diago-
nally opposite contacts under a standard electromagnet. This
magnetic field modifies the path of the electrons producing the
Hall voltage. By knowing the values of difference in resistance
(R), magnetic field (B) and the thickness of the sample (¢), the
mobility of charge carriers was evaluated using the equation,

IR
=3
where p is the room temperature resistivity of the sample. The

Hall coefficient and carrier concentration were calculated using
the formula

i &)

Ry = pnp, 4)

and for carrier concentration is given by

1
P=—e. 5
RHe )

From the sign of the Hall coefficient, the nature of the
charge carriers in the grown samples could be ascertained. The
magnetic field used here varied from 8.79 to 13.64 kG. The
Hall coefficient and carrier concentration for each samples are
calculated by using Egs. (4) and (5).

Basically, the thermoelectric power measurement provides
information on the mechanism of electrical conduction when a
material is subjected to a temperature gradient under a condi-
tion in which no current is drawn a thermo-electromotive force
is developed between the two terminals. This phenomenon
is known as the Seeback effect. Thermo power measure-
ments of the Seeback coefficient (S) of MoReg.g055€1.995,
MoReg.001S¢€1.999 and Mog 995Req.095Se; single crystals were
carried out on TEP apparatus in the temperature range from
room temperature to 140 °C. To measure the S of the sam-
ple used in the present investigation as a function of tempera-
ture standard differential temperature controller apparatus was
used. It consists of two blocks: (1) sample holder with heaters
and pick up probes; and (2) electronic circuits controlling tem-
perature and temperature gradient across the sample. The sam-
ple holder consists of two low power heaters A and B (15 W
each). Temperature 7" of A is measured by using a thermocou-
ple (TC;) and the temperature gradient AT between A and B
is measured by using a differential temperature sensor (TC;).
Both the thermocouples are of k-type. The sample under inves-
tigation is mounted directly on the heaters and is held by two
pick-up probes, which are made of copper or stainless steel.
These probes are also measure the Seeback voltage developed
across the two ends of the sample. With the help of such elec-
tronic control circuits, it is possible to generate a stable temper-
ature gradient between two heaters. It is possible to control 7'
from 298 to 573 K and AT to 10 K stability simultaneously
with better than £1 stability. The problem usually encountered
in making thermoelectric power measurements are stray choice
of electro-motive forces (emfs). In the present instrument, this
problem has been eliminated by providing a choice of temper-
ature gradient in the range between 1-10 K. The sample holder
and the electronic circuits have been integrated into one unit.
The use of low power heaters and electronic controllers make
the operation easy and the Seeback coefficient of the samples
can be measured very conveniently. The thermoelectric power
or Seeback coefficient S is obtained as

s—arim & _ 4 (6)
AT dT

where AV is the potential difference produced due to the tem-
perature difference AT between two points.

A Back Man model DK-A spectrometer provides a means
for analyzing liquids, gases and solids through the use of ra-
diant energy in far and near UV, visible and IR regions of the
electronic spectrum. Analytical information can be revealed in
terms of transmittance, absorbance and energy of reflectance
in the wavelength range between 160 and 3500 mill pm.
This model utilizes a single beam of energy which is chopped
into alternative reference and sample beam to provide a dou-
ble beam system within the sample component. The sample
and reference beam have common detection and amplification
components. Since these crystals are semiconducting in nature,
the optical characterization for determining the direct and in-
direct band gap is carried out on a UV-VIS-NIR spectropho-
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Fig. 1. X-ray diffractogram of MoReg. go5Se1.995 single crystal.
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Fig. 2. X-ray diffractogram of MoReg.g01S€1.999 single crystal.

tometer in the range 700 to 1450 nm.

3. Results and discussion

The X-ray diffractograms and thermoelectric power
or Seeback coefficient (S§) of MoReg.0055€1.995,
MORCo,()()lse].ggg and M00.995Re0,005Se2 single crystals
are displayed in Figs. 1-4. While, the values of lattice para-
meter ‘a’ and ‘c’, volume, X-ray density obtained from the
X-ray diffractograms, the Hall coefficient, the resistivity,
mobility and carrier concentration of the MoRey.g055¢€1.995,
MoRey.0015€1.999 and Mog.g95Req.0055€, single crystals are
listed in Table 1.

A comparison of Figs. 1-3 reveals that the direction pat-
terns of the intercalated compound have a marked resem-
blance with the diffraction pattern of 2H-MoSe,. The defe-
cation peaks are visible as seen in the MoSe,. This enables
us to index the intercalated compounds on a hexagonal unit
cell basis and it is possible to assign index nearly all peaks
in the diffractograms. A study of the X-ray diffractograms
shown in Figs. 1-3 reveals the following features: (1) for each
sample, the (002) reflection is of the maximum intensity and
thereby indicates strong orientation along the c-axis, (2) the
intensity of nearly all (101) reflections show gradually de-
creases with Re-content, and (3) for nearly all (001) reflections,
the intensity decreases and broadening increases with increase
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g. 3. X-ray diffractogram of Mog 995Req.005Se2 single crystal.
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Fig. 4. Seeback coefficient (S) (uV/°C) of Re-doped MoSes single
crystals.

in the Re-content. The diffractograms for MoReg.g05S¢1.995,
MOR80,001Sel.999 and M00.995R60.005862 single crystals are
similar to those of MoSe, compounds. The lattice parameter
‘a’ remains constants for all the samples while there is a slight
amount of increase in ‘c’ parameter indicates that rhenium has
been doping in between the layers thereby expanding the ‘¢’
parameter. This increase is very small because the amount of
rhenium doped with MoSe; is also lesser in proportion. As the
proportion of rhenium addition is increased in MoSe;, its X-
ray density also increases, which can be seen from Table 1.
This may be because of rthenium atoms added to the lattice of
MoSe,. Room temperature resistivity obtained from the Hall
effect decreases by addition of rhenium, which can be corre-
lated to the decrease in band gap. Mobility and carrier concen-
tration also increases as the proportion of rhenium increases
in MoSe, crystal, which indicates the increase in the charge
carriers after doping!!7-'8]. Mobility and carrier concentration
are strongly dependent on the Hall coefficient. In the present
case, such coefficient increases after doping, may have a large
effect on the mobility and carrier concentration of presently
studied single crystals. The positive sign of the Hall coeffi-
cient indicates that all the samples are p-type in nature while
Agarwal et al.'! have reported that all MoReg.g055¢1.995,
MOR€0,001S61.999 and M00.995R€0.005862 single crystals are
n-type in nature. This may be due to certain experimental con-
ditions.
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Table 1. Physical, structural, electrical and optical data of Re-doped MoSe;single crystals.

Parameter MoSe, MoReo.0055€1.995 MoReg.0015¢1.999  Mog.995Re0.005Se2
a (A) 3.287 3.772 3.776 3.766

c(A) 12.921 13.102 13.140 13.026
Volume (A3) 120.90 121.64 121.88 120.65
X-ray density (gm/cm?) 6.972 6.8247 6.8344 6.9143
Room temperature resistivity (£2-cm) 5.4577 0.1061 1.3590 0.3445

Hall coefficient (cm3/coul.) 638.22 781.80 2594.47 546.49
Mobility (cm3/(V-s)) 117.02 7367.79 1909.08 1586.28
Carrier concentration (cm™3) 0.97 x 1016 7.98 x 1016 241 x 1016 1.14 x 1016
Direct band gap (eV) 1.47 1.45 1.425 1.50
Indirect band gap (eV) 1.195 1.215 1.125 1.10

The variation of thermoelectric power or S with tem-
perature for MOReo.oossel.ggs, MOR60.001861.999 and
Mog.995Re0.005S€, single crystals are shown in Fig. 4. It is
observed that the samples are semiconducting in behavior and
p-type in nature, which are also confirmed from Hall effect
measurements. For p-type semiconductors, this effect is due
to the flow of holes from high temperature end to the low
temperature end, thereby, building up a negative space charge
region near the high temperature end and a positive space
charge region near the low temperature end. This gives rise
to an electrical field or potential difference to make the net
current flow zero.

The optical absorption spectra have been obtained in the
range 700 to 1400 nm because the absorption edge is ob-
tained in this region. The direct and indirect band gaps for
MoRey.g05S€1.995 are obtained from the graph of (ahv)? ver-
sus hv and (ahv)'/? versus hv. The values obtained are shown
in Table 1, which shows that there is no change in the indi-
rect band gap of MoSe, after doping of rhenium while a small
variation in the direct band gap has been observed. The de-
crease in the band gap may be because of the impurity lev-
els introduced due to the addition of rhenium in MoSe,[! 131,
The optical data reported here is taken from our earlier refer-
ences!! =131, One possible mechanism determining the features
of the energy bands may be caused by inter-layer low-energy
membrane rigid phonon modes, which was demonstrated by
Rybak et al.[21],

4. Conclusion

According the Hicks!'®] the intercalating element rhe-
nium (Re) has appreciable solubility, because its ionic radius
is closer to that of molybdenum (Mo). Therefore, we have de-
cided to work on Mog.995R€¢.005S€2 compounds in the form
of single crystals as an example of intercalation at the cation
site and MoReg.g055€1.995 and MoReg 91 S€1.999 compounds
in the form of the single crystals as an example of interca-
lation at the anion site. Hence, the effects of intercalation at
the cation and anion sites by rhenium on the various physical
and chemical properties have been changed thoroughly. The
analysis of accurate measurements of the physical, structural,
electrical and optical properties of the presently studied single
crystals have shown that rhenium doping strongly affects these
properties in comparison with MoSe, single crystal. Also the
Hall effect and thermoelectric power measurements show that
such single crystals are p-type in nature and exhibit semicon-

ducting behavior. There is no change in the indirect band gap
of MoSe, after doping of rhenium while a small variation in
the direct band gap has been observed.
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