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We report on the extensive structural and optical studies of Re-doped molybdenum disulfide (MoS2) grown by the chemical vapor transport (CVT)
method using Br2 as a transport agent. To evaluate the influence of Re on the structural properties of crystals, we have conducted X-ray diffraction
(XRD) and transmission electron microscopy (TEM) experiments. For optical characterization, we carried out piezoreflectance (PzR) and
electrolyte electroreflectance (EER) measurements. The Re dopant clearly caused a structural change in MoS2 from a two-layer hexagonal (2H)
structure to a three-layer rhombohedral (3R) structure, which has been clearly verified and identified herein.

© 2015 The Japan Society of Applied Physics

1. Introduction

Molybdenum disulphide belongs to the family of transition-
metal dichalcogenides,1) MX2 where M = Mo or W and
X = S or Se. In particular, the as-crystallized two-dimen-
sional layered-type structure can impart substantial aniso-
tropy to most of the physical properties of these compounds
and has attracted investigators aiming to acquire a better
insight into the fundamental physics of these compounds.1–3)

The materials have also been extensively investigated
because of their possible practical applications such as
efficient electrodes in photoelectrochemical solar cells,4–6)

catalysts in industrial applications and in secondary bat-
teries,7–9) and solid-state lubricants.10–12) The successful
application of this semiconductor compound originates
largely from its sandwich interlayer structure, loosely bound
by the weak van der Waals forces, as evidenced by easy
cleavage perpendicular to the c-direction along which the
S–Mo–S layers are stacked to form a crystal. There are
two known polytypes of MoS2;1,13) two-layer hexagonal and
three-layer rhombohedral termed 2H and 3R, respectively.
Naturally occurring 3R-MoS2 has been found to be con-
sistently rich in certain minor elements such as Re and Nb.14)

The incorporation of the impurity elements will essentially
influence the structural symmetry of MoS2, that is, the
adoption of the polytype 3R-MoS2. Zelikman et al. reported
that the 3R modification of MoS2 is a result of substitution of
some part of the Mo atoms by Re in the MoS2 lattice, which
made the three layer 3R packing more stable than the two-
layer 2H polytype.15) In the previous work, we investigated
the electrical properties of Re-doped MoS2 by temperature-
dependent resistivity and Hall coefficient measurements; the
optical absorption measurements indicated that Re-doped
MoS2 is an indirect semiconductor and its energy gap shows
a red-shift with increasing dopant concentration.16) Herein,
we have also undertaken a series of experiments to analyze
the structural and optical properties of undoped and Re-
doped MoS2.

In this study, both MoS2 samples with and without the Re
dopant were prepared by the chemical vapor transport (CVT)
method. To determine the structural and optical properties
of both samples, X-ray diffraction (XRD), scanning trans-
mission electron microscopy (STEM), piezoreflectance
(PzR), and electrolyte electroreflectance (EER) measure-

ments were carried out. A series of experimental results
confirmed the Re dopant effect on the fundamental material
properties, which could provide guidance for further
electronics and optoelectronics production of MoS2.

2. Experimental methods

Single crystals of the Re-doped MoS2 were grown by the
CVT method with Br2 as a transport agent. The total charge
used in each growth experiment was about 10 g. A stoichio-
metrically determined weight of the doping material was
added in the hope that it would be transported at a rate similar
to that of Mo. Before the crystal growth, the powdered
compounds were prepared from the elements by reaction
at 1,000 °C for 10 days in an evacuated quartz ampoule. Prior
to the crystal growth, a quartz ampoule (22mm OD, 17mm
ID, 20 cm length) containing Br2 (³5mg/cm3) and the
elements (purity: Mo, 99.99%; Re, 99.99%; S, 99.999%) was
evacuated to 10¹6 Torr and sealed. It was shaken well for
uniform mixing of the powder. The ampoule was placed in a
three-zone furnace and the charge prereacted for 24 h at
800 °C with the growth zone at 950 °C, preventing the
transport of the product. The temperature of the furnace was
increased slowly. The slow heating was necessary to avoid
any possibility of explosion due to exothermic reaction
between the elements. The furnace was then equilibrated to
give a constant temperature across the reaction tube and
programmed over 24 h to produce the temperature gradient
at which single crystal growth took place. Optimal results
were obtained with the temperature gradient of approximately
960 ¼ 930 °C. After 240 h, the furnace was allowed to cool
slowly (40 °C/h) to about 200 °C. The ampoule was then
removed and wet tissues were applied rapidly to the end
away from the crystals to condense the Br2 vapor. When the
ampoule reached room temperature, it was opened and the
crystals were removed. The crystals were then rinsed with
acetone and deionized water. Single crystalline platelets up
to 10 © 10mm2 in surface area and 2mm in thickness were
obtained.

XRD patterns of single crystals were obtained using a
Rigaku RTP300RC X-ray with Ni-filtered Cu K¡ radiation
(­ = 1.5418Å), and a silicon standard was used to calibrate
the diffractometer. The morphologies of the samples were
investigated by STEM at a high magnification. A JEOL
2100F STEM equipped with a delta corrector and a cold field
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emission gun was employed at 60 kV in these experiments.
Single-layer and few-layer Re-doped MoS2 samples were
mechanically exfoliated from the CVT synthesized crystals
using scotch tape and transferred onto a silicon substrate
with 300 nm thermal oxide. The surfaces of Re-doped MoS2/
SiO2/Si samples were spin coated with 1.5-µm-thick
polycarbonate (1wt% dissolved in chloroform). The single-
layered Re-doped MoS2 flakes were transferred from the
SiO2 surface to the TEM microgrid (quantifoil) using 2-
propanol and cleaned using chloroform for 12 h before the
TEM observation. Then, the specimens were cleaned by
baking in air at 200 °C for 10min, after which they were
placed in the TEM chamber. The JEOL double tilt holder
was precleaned using ion-plasma cleaner (JEOL, operated at
360V for 10min) after ethanol treatment. The vacuum level
in the TEM chamber was ³1.7 © 10¹5 Pa.

The experimental setup for the PzR measurements has been
described elsewhere.17,18) Our systems were prepared by
gluing the thin single crystal specimen onto a 0.15-cm-thick
lead–zirconate–titanate (PZT) piezoelectric transducer driven
by a 200Vrms sinusoidal wave at 200Hz. The alternating
expansion and contraction of the transducer subjects the
sample to an alternating strain with a typical rms ¦l/l of
³10¹5. A 150W tungsten–halogen lamp filtered using a
McPherson 0.35m monochromator provided the monochro-
matic light. The reflected light was detected by an EG&G
HUV-2000B silicon photodiode. The DC output of the silicon
photodiode was maintained constant by the servo mechanism
of a variable neutral density filter. A dual-phase lock-in
amplifier was used to measure the detected signal. Modulated
spectra were normalized to the reflectance to obtain ¦R/R.
An RMC 22 closed-cycle cryogenic refrigerator equipped
with a model 4075 digital thermometer controller was used to
control the measurement temperature between 25 and 300K
with a temperature stability of 0.5K or better.

For the EER experiment, maximum-size crystals of 1%
Re-doped MoS2 were selected. The EER measurements were
taken on a fully computerized setup for modulation spec-
troscopy described elsewhere.17,19,20) Detailed investigations
of the polarization dependence of the prominent features, A
and B excitons in the energy range of 1.75–2.25 eV, were
undertaken. For the Re-doped MoS2, the spectra were
recorded for the perpendicular (E ¦ c) and parallel (E ¬ c)
polarizations together with an unpolarized spectrum for the
k ¦ c (edge plane) configuration, whereas only the unpolar-
ized spectrum was recorded for the k ¬ c (van der Waals
plane) configuration. For the undoped MoS2, only the k ¬ c
and unpolarized spectrum was taken. The detector response
to the DC component of the reflected light is kept constant
by either an electronic servo mechanism or a neutral density
filter so that the AC reflectance corresponds to ¦R/R, the
differential reflectance. Scans of ¦R/R versus wavelength
were obtained using a 0.35m McPherson grating mono-
chromator together with an Oriel 150W xenon arc lamp as
a monochromatic light source. Phase-sensitive detection
was carried out to measure the differential reflectance. The
electrolyte was a 1N H2SO4 aqueous solution, and the
counter-electrode was a 5 cm2 platinum plate. A 200Hz
100mV peak-to-peak square wave with VDC = 0V versus a
platinum electrode was used to modulate the electric field in
the space charge region of the MoS2 electrode.

3. Results and discussion

Figure 1 reveals the XRD patterns of doped and undoped
MoS2 single crystals. The relative intensity and resolution
of observed peaks change for the Re-doped sample. For
Re-doped crystals, the observed peaks correspond to the
rhombohedral structure (3R) crystal with the cell dimension
of a = 3.164Å and c = 18.371Å, whereas for the undoped
crystal, the patterns correspond to the hexagonal structure
(2H). The lines were identified with a 3R in which, by
referring to the 2H, the a parameter of the unit cell is similar
to that of the 3R (a = 3.160Å) but the c parameter was about
1.5 times larger than that of that 2H (c = 12.295Å). We
observed that the a parameter remains unchanged for the
undoped and Re-doped samples, whereas the c parameter
shows an appreciable increase, which is in agreement with
the increase in the d-spacing.

In Figs. 2 and 3, the STEM images of Re-doped MoS2
crystals are presented. It is clearly seen that Re atoms tend to
occupy or substitute Mo atoms in the host MoS2 lattice. The
Re dopants are well dispersed in MoS2 layers and show no
formation of clusters in the host material.21) The observed
doping concentration of ³1% Re is in agreement with the
synthesis condition. About 7% of the Re dopants were found
as adatoms. Those Re adatom dopants on MoS2 can become
mobile by receiving kinetic energy (Ek) from the focused
incident electron beam. The energy transferred from the
60 kVelectron beam to Re atoms is Ek = 0.75 eV.22–24) In this
case, substitution to the Mo site has the lowest formation
energy by a large margin. Among the adatom sites, the
position on the top of Mo is favored. This is in good
agreement with the observations that nearly all Re atoms are
located at Mo sites, and rarely on the adatom sites on top of
Mo and S. The way the Re atoms moved has been discussed
in more detail in our previous work.24)

The PzR spectra near the direct band edge over the range
of 1.7–2.3 eV for the undoped and Re-doped MoS2 single
crystals are respectively shown in Figs. 4(a) and 4(b). The
spectra are characterized by observing two prominent
excitonic transitions, A and B. In the case of undoped
MoS2, a higher-series A exciton, denoted as A2, is also
detected. The dashed lines in Fig. 4 are the experimental PzR
spectra and the solid curves are the least-square fits to a
derivative Lorentzian functional form appropriate for the
interband transitions expressed as17,19)

�R

R
¼ Re

Xm
i¼1

Aex
i e

j’exi ðE � Eex
i þ j�ex

i Þ�2

" #
; ð1Þ

where Aex
i and ’ex

i are the amplitude and phase of the line
shape, and Eex

i and �ex
i are the energy and broadening

parameters of the interband excitonic transitions, respec-
tively. For the first derivative functional form, the exponential
term 2.0 is appropriate for the bound states, such as excitons
or impurity transitions.19) The fits yield the parameters Ai, Ei,
and ¥i. The obtained values of Ei are indicated as arrows and
denoted as A1, A2, and B. The nomenclature was commonly
used previously by Wilson and Yoffe,1) Beal et al.,25) and
Fortin and Raga.3) The fitted values of Ei are listed in Table I
together with some of the values from previous works.3,25–28)

The energies of prominent A and B excitons of 3R are
observed to be lower than those of the 2H undoped MoS2.
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Fig. 3. (Color online) ADF-STEM image of Re atoms tending to occupy Mo atoms.
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Fig. 4. (Color online) Piezoreflectance spectra of (a) undoped and (b) Re-doped MoS2 at several temperatures between 25 and 300K. The dashed curves are
the experimental results, and the solid curves are the least-squares fits of Eq. (1).

Fig. 2. (Color online) Low magnification annular dark-field STEM image
of Re-doped few-layer stacked MoS2 flakes, where the atomic element
arrangements and the number of MoS2 layers can be clearly distinguished by
the Z-contrast. The numbers 0, 1, 2, 3, and 4 correspond to the number of
layers.
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Fig. 1. (Color online) XRD patterns of the undoped and Re-doped MoS2
single crystals.
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The energy separations between A and B excitons (¦BA =

EB ¹ EA) are 152 « 5meV for Re-doped MoS2 and 212 «
8meV for undoped MoS2. The Re incorporation can reduce
the energy separation between A and B excitons. The
linewidth of the exciton B is much broader than that of
exciton A. The A exciton originates from the valence-band
top whereas the B exciton comes from the valence-band
splitting. In general, the Rydberg series of the A and B
excitons of undoped MoS2 can be described by three-
dimensional Mott–Wannier excitons,25,26,29) as En = E¨ ¹
Rn¹2, where n = 1, 2, 3, + , and E¨ and R are the critical and
binding energies, respectively. For Re-doped MoS2, only
n = 1 Rydberg series for both excitonic transitions are
observed. It has been shown that excitons for the 3R MoS2
are more appropriately described by the two-dimensional
Mott–Wannier excitons.25,26,29) The absence of higher-order
series is an inherent nature of the two-dimensional Mott–
Wannier excitons.26) From more recent theoretical and
experimental studies,30,31) the A and B excitons are attributed
to the smallest direct transitions at the K point of the Brillouin
zone split by interlayer interaction and spin–orbit splitting.
The A exciton belongs to K4 to K5 optical transition whereas
the B exciton corresponds to K1 to K5 optical transition. The
K states have been shown to be predominantly determined by
the metal d states with a small contribution from the non-metal
p states.30,31) The energies and linewidths of A and B excitons
can be determined accurately by using the fits of Eq. (1).
When the temperature increased, both excitonic transitions
showed energy reduction which is a general semiconductor
behavior. The linewidths also become broadened in the
process. The temperature-dependent variations of the energies
of A and B excitons for the undoped and Re-doped MoS2 are
shown in Fig. 5. The dashed curves in Fig. 5(a) are the least-
squares fits to the Varshni-type equation:32)

EiðTÞ ¼ Eið0Þ � �iT
2

�i þ T
; ð2Þ

where i = A or B, Ei(0) is the transition energy at 0K, and ¡i
and ¢i are the Varshni coefficients. The constant ¡i is related to
the electron (exciton)–phonon interaction and ¢i is closely
related to the Debye temperature. For the undoped sample, the
fitted values for exciton A are E(0) = 1.935 « 0.005 eV,
¡ = 0.47 « 0.05meVK¹1, and ¢ = 148 « 45K; and for
exciton B, they are E(0) = 2.151 « 0.005 eV, ¡ = 0.46 «
0.05meVK¹1 and ¢ = 188 « 45K, whereas for the Re-
doped MoS2, the fitted values for exciton A are E(0) =
1.917 « 0.005 eV, ¡ = 0.43 « 0.05meVK¹1, and ¢ = 170 «
45K; and for exciton B they are E(0) = 2.071 « 0.005 eV,
¡ = 0.43 « 0.05meVK¹1, and ¢ = 185 « 45K.

The temperature dependence of excitonic transition
energies EA(T) and EB(T) of the undoped and Re-doped
MoS2 can also be analyzed (solid curves in Fig. 5) by using
another expression containing the Bose–Einstein occupation
factor for phonons33,34)

EiðTÞ ¼ EiB � aiB 1þ 2

expð�iB=TÞ � 1

� �
; ð3Þ

where i = A or B, aiB represents the strength of the electron
(exciton)–phonon interaction, and ©iB corresponds to the
average phonon temperature. For the undoped sample, the
fitted values for exciton A are EAB = 1.932 « 0.01 eV, aAB =

40 « 15meV, and ©AB = 180 « 65K; and for exciton B,
they are EBB = 2.148 « 0.01 eV, aBB = 41 « 15meV, and
©BB = 190 « 65K, whereas for the Re-doped samples, the
fitted values for exciton A are EAB = 1.905 « 0.01 eV, aAB =

42 « 15meV, and ©AB = 220 « 65K; and for exciton B
EBB = 2.07 « 0.01 eV, aBB = 40 « 15meV, and ©BB =

205 « 65K. The obtained values are typical of the layered-
type transition metal dichalcogenides.27,35–37) The line-width
broadening parameter of the A and B excitons can be
analyzed by33,34)

�iðTÞ ¼ �i0 þ �iLO

expð�iLO=TÞ � 1
; ð4Þ

where i = A or B. The first term represents the broadening
induced by temperature-independent mechanisms, such as
impurity, dislocation, electron interaction, and Auger proc-
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Fig. 5. (Color online) Temperature-dependent variations of the energies
of the A–B excitonic pair for undoped and Re-doped MoS2. Representative
error bars are shown. The dashed and solid curves are least-squares fits to
Eqs. (2) and (3), respectively.

Table I. Energies of excitons A and B for the undoped and Re-doped
MoS2. The corresponding values in previous reports are included.

Material
EA1

(eV)
EA2

(eV)
EB

(eV)
Temperature

(K)

Undoped
MoS2a)

1.932 « 0.005 1.970 « 0.005 2.148 « 0.008 25

1.927 « 0.005 1.966 « 0.005 2.144 « 0.008 77

1.853 « 0.008 1.903 « 0.008 2.070 « 0.008 300

Re-doped
MoS2a)

1.910 « 0.005 2.068 « 0.008 25

1.905 « 0.005 2.062 « 0.008 77

1.846 « 0.008 2.004 « 0.008 300

Re-doped
WS2b)

2.039 « 0.002 2.454 « 0.003 15

1.958 « 0.005 2.340 « 0.008 300

Undoped
MoS2c)

1.929 « 0.005 2.136 « 0.008 25

1.845 « 0.008 2.053 « 0.010 300

MoS2d) 1.88 2.06 300

MoS2e) 1.9255 2.137 4.2

MoS2f ) 1.92 2.124 4.2

2H-MoS2g) 1.910 2.112 5

3R-MoS2g) 1.908 2.057 5

a) Present work. b) Ref. 28 (PzR). c) Ref. 27 (PzR).
d) Ref. 26 (reflectance). e) Ref. 3 (WMR). f ) Ref. 3 (photoconductivity).
g) Ref. 25 (transmission).
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esses, whereas the second term is caused by the Fröhlich
interaction. The quantity ¥iLO represents the strength of the
electron (exciton)–LO phonon coupling, whereas ©iLO is the
LO phonon temperature. The solid curves in Fig. 6 represent
least-squares fits to Eq. (4), which determine the values of
¥i0, ¥iLO, and ©iLO for the excitonic transitions. For the
undoped MoS2, the fitted values for exciton A are ¥0 =

18.3 « 1.0meV, ¥LO = 77 « 20meVK¹1, and ©LO = 562 «
50K; and for exciton B they are ¥0 = 37.6 « 2.0meV,
¥LO = 76 « 30meVK¹1, and ©LO = 562 « 50K, whereas
for the Re-doped MoS2, the fitted values for exciton A are
¥0 = 16.2 « 1.0meV, ¥LO = 83 « 20meVK¹1, and ©LO =

515 « 50K; and for exciton B they are ¥0 = 38.5 « 2.0meV,
¥LO = 88 « 30meVK¹1, and ©LO = 522 « 50K. These
values are typical and similar to all of the layered structure
transition metal dichalcogenides.27,35–37)

Figure 7 shows the polarized and unpolarized EER spectra
of undoped and Re-doped MoS2 measured from the
van der Waals plane or edge plane in the energy range of
1.75 to 2.25 eV. The EER spectrum of the undoped MoS2 is
displayed on the bottom of Fig. 7. Two bands, EA1 =

1.881 eV and EA2 = 1.925 eV, were detected for exciton A.
The direct band gap Eg = 1.94 eV and the exciton binding
energy R = 58.7meV can be estimated from the A exciton
series.25,26) These values are similar to those in Ref. 25. The
features of ARA = 1.986 eV and ARB = 2.15 eV are identi-
fied to be those of the antiresonance structures.25) For
exciton B, the EER transition feature is much broadened and
the energy is approximately 2.07 eV.

The top four curves in Fig. 7 are the EER spectra of the
1% Re-doped MoS2 sample obtained on the edge plane [(1)
E ¬ c and k ¦ c, (2) E ¦ c and k ¦ c, and (3) unpolarized and
k ¦ c, from top] and on the basal plane [i.e., (4) unpolarized
and k ¬ c spectrum]. The higher bands (i.e., A2, ARA, and
ARB observed in undoped MoS2) in all the spectra of the Re-
doped MoS2 are absent. The energies of excitons A and B
showed a decrease when the Re element was incorporated
into the MoS2. In particular, the reduction of ³65meV for
exciton B with the k ¬ c configuration in Re-doped and
undoped MoS2 is identical to the separation of the feature

labeled B+ from exciton B of the WMR measurement in
Ref. 3 where the same k ¬ c configuration is employed. The
presence of B+ is attributed to the coexistence of 3R and 2H
phases3,15) in the synthetic crystals. In the E ¬ c and k ¦ c
spectrum, we have additionally detected one distinct structure
of unknown origin located between excitons A and B at
1.906 eV. It is possibly closely related to the antiresonance
feature such as ARA that has been detected in the undoped
MoS2. In addition, the undoped and Re-doped MoS2 in Fig. 7
also show that excitons A and B are respectively lowered by
27 and 65meV for the Re-doped MoS2. This is due to the
presence of the rhenium impurity altering the original crystal
symmetry of MoS2. During the crystal growth of Re–MoS2,
rhenium ions can substitute Mo atoms in the MoS2 lattice.15)

Consequently (by the interlayer interactions), the excitonic
transitions with A–B energy separation of the spin orbit
doublet can reduce from ³210meV for undoped MoS2 (i.e.,
2H) to approximately 158meV for the Re-doped MoS2 (i.e.,
3R). As shown in Fig. 7, the unpolarized spectra of k ¬ c
and k ¦ c configurations for Re-doped MoS2 show that the
measured energy difference between excitons A and B is
identical (³158meV) but the energy shift is about 21meV.
The ³21meV energy shift is attributed to the crystal
anisotropy.38,39) The appearance of the measured crystal
anisotropy for the Re-doped MoS2 [i.e., measurements on the
basal (k ¬ c) and edge (k ¦ c) planes] is due to the fact that
the incorporation of Re ions not only transforms the stacking
structure from 2H to 3R but also pushes the layered sample to
become thicker to form a large area of the edge (side) plane
available for EER measurement. This evidence also supports
the dopant effect of the Re ions in MoS2 as previously
described in STEM. Besides, the top two spectra in Fig. 7
from the edge plane (i.e., k ¦ c) of E ¬ c and E ¦ c
polarizations showed A1 = 1.838 and 1.833 eV, respectively.
The broadened B exciton shows insensitivity (no energy
shift) to the polarizations. A measured shift of 5meV for A1

can be consistently obtained by careful repetition of the
measurements by E ¬ c and E ¦ c operations on the edge
plane. The unpolarized spectrum measured from the edge
plane (i.e., unpolarized and k ¦ c) can be regarded as a
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random superposition of the two spectra, whose transition
energy is determined to be A1 = 1.836 eV in Fig. 7. The
intralayer bonding of MoS2 is partially ionic and partially
covalent with the latter being dominant in the crystal.40,41)

The presence of Re atoms in the MoS2 lattice enhances the
ionicity of the metal–chalcogen bonding and also increases
the lattice polarizability40) in the Re-doped MoS2. From
the top-two EER spectra in Fig. 7, the E ¦ c spectrum
demonstrates a more pronounced lattice field than that of the
E ¬ c spectrum to render a shift of 5meV in exciton A. From
all of the optical results of the EER measurements, the Re
dopant surely substitutes the Mo atom in the Re–MoS2
lattice. By the Re incorporation, the stacking structure of
MoS2 has thus been changed (2H ¼ 3R), and the crystal
polarizability and lattice iconicity have therefore been
reconstructed.

4. Conclusions

We have demonstrated the synthesis of single crystals of
undoped and Re-doped MoS2 by the CVT method using Br2
as a transport agent. XRD revealed the 3R structure of the
Re-doped compound and 2H of the undoped one. Re atoms
tend to occupy or substitute Mo atoms in the host MoS2
lattice. Optical spectra were recorded to clarify the spectral
features near the direct band-edge excitonic transitions and
showed a splitting of approximately 150meV between the A
and B excitons for the 3R compound. The corresponding
splitting is measured to be 200meV for the 2H compound.
The temperature dependence of the broadening function has
also been interpreted in terms of a Bose–Einstein equation
that contains the electron (exciton)–LO phonon coupling
¥LO. The Re ions stabilize the formation of 3R-MoS2. Re
doping can strongly reduce the splitting between A and B
excitons and cause their redshift in relation to the undoped
MoS2. The electronic states of the MoS2 crystals are modified
and affect the symmetry selection rules of the excitonic
transitions.
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a  b  s  t  r  a  c  t

Single  crystals  MoS2:X  with  different  dopants  X  (X  =  Re, Nb,  Fe,  Co,  Ni) were  grown  by the  chemical  vapor
transport  method  using  Br2 as  transport  agent.  By  analyzing  the  X-ray  diffraction  patterns,  the  structure
of  the  single  crystals  shows  rhombohedral  symmetry  for  Re and  Nb-doped  and  hexagonal  symmetry  for
Fe, Co,  and  Ni-doped.  Piezoreflectance  (PzR)  measurements  along  c-axis  at 300  and  25  K  were  carried  out
to confirm  the origin  of the  broad  peak  as observed  in  electrolyte  electroreflectance  (EER)  measurements
and  check  the  optical  quality  of the  samples.  The  energies  and  broadening  parameters  of  the  A and  B
excitons  of  the  MoS2:X single  crystals  have been  determined  accurately.

© 2015  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Molybdenum disulfide (MoS2), a two dimensional layered-
structure materials which belong to the group VIA [1,2], have
attracted much interest in recent years for their unique physi-
cal properties in thermal, optical and electronic devices. Recent
demonstrations of MoS2 devices such as field-effect transistors
[3,4], logic circuits [5], phototransistors [6], chemical sensors and
photonic detectors [7–9] are already promising. Early studies on the
Hall and photoresponse measurements indicate that cobalt can be
present only on the surface of MoS2 and has not diffused apprecia-
bly into the bulk [12,13]. In catalyst, Co or Ni added to Mo  increases
the reactivity of catalysts, and because only a small fraction of Co or
Ni relative to Mo  is needed, they are considered promoters rather
than catalysts in their own  right [14] while in Fe-doped MoS2, the
charge carrier change from holes to electrons [15].

There are two known polytypes of MoS2 [1,2,10]; two-layer
hexagonal and three-layer rhombohedral termed 2H and 3R,
respectively. Both have regular layered structures with six-fold
trigonal prismatic coordination of the Mo  atoms by the sulfur atoms
within the layers; 2HMoS2 has two layers per unit cell stacked in
the hexagonal symmetry and belongs to the space group D4

6h, while
3R-MoS2 has three layers in the c-direction but has rhombohedral
symmetry and belongs to the space group C5

3v. Previous studies

∗ Corresponding author. Tel.: +886 2 27376385; fax: +886 2 27376424.
E-mail address: mulasigiro@gmail.com (M.  Sigiro).

[11] suggest that natural rhombohedral MoS2 is consistently rich
in certain minor elements (e.g. Re, Nb, Ti, Zr, Fe), and that incorpo-
ration of such impurity elements has predetermined the adoption
of the lower structural symmetry of MoS2, i.e. 3R-MoS2. The influ-
ence of dopant in transforming 2H-MoS2 to 3R-MoS2 had also been
reported recently [16]. However, only few works concerning the
effects of dopants in affecting the optical properties of MoS2 have
been reported [17].

In this study, we  reported optical investigation of MoS2:X sin-
gle crystals with different dopants X (X = Re, Nb, Fe, Co, Ni) grown
by the chemical vapor transport method using Br2 as transport
agent. The crystal structure was analyzed by X-ray diffraction (XRD)
patterns. Room-temperature electrolyte electroreflectance (EER)
measurements were carried out. Piezoreflectance (PzR) were also
performed at 300 and 25 K. EER [18] and PzR [19,20] measurements
have been used very extensively for semiconductor characteriza-
tion. The derivative nature of EER and PzR spectrum suppresses
uninteresting background effects and greatly enhances the preci-
sion in the determination of interband excitonic transition energies.
The sharper line shapes as compared to the conventional optical
techniques have enabled us to achieve a greater resolution and
hence to detect weaker features. The EER and PzR spectra are
fitted with a form of the Aspnes equation of the fist derivative
Lorentzian lineshape [18,20]. From a detailed lineshape fit we are
able to determine accurately the energies and broadening parame-
ters of the excitonic transitions. The parameters which describe the
behavior of excitonic transitions indicate that A–B, caused by inter-
layer interaction and spin-orbit splitting, correspond to excitonic

http://dx.doi.org/10.1016/j.ijleo.2014.07.140
0030-4026/© 2015 Elsevier GmbH. All rights reserved.
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Fig. 1. Set up profile for the growth of MoS2:X single crystals.

transitions with different origin. The origin of A, B excitons and the
effects of dopant are discussed.

2. Crystals growth

The crystal growth of set up profile is shown in Fig. 1. MoS2:X
with different dopants X (X = Re, Nb, Fe, Co, Ni) single crystals have
been grown by the chemical vapor transport method with Br2 as a
transport agent. The total charge used in each growth experiment
was about 10 g. The stoichiometrically determined weight of the
doping material was added in the hope that it would be transported
at a rate similar to that of Mo.  The quartz ampoule (40 mm in diam-
eter) containing Br2 (∼5 mg  cm-3) and uniformly mixed elements
(99.99% pure Mo,  Re, Nb, Fe, Co, Ni and S) was sealed at 10−6 Torr.
The ampoule was then placed in a Linberg model 54529 three-zone
tube furnace and the charge prereacted for 24 h at 800 ◦C with the
growth zone at 950 ◦C, preventing the transport of the product.
The temperature of the furnace was increased slowly to avoid any
possibility of explosion due to the exothermic reaction between
the elements. The furnace was then equilibrated to give a con-
stant temperature across the reaction tube, and programmed over
24 h to produce the temperature gradient at which single-crystal
growth took place. Optimal result was obtained with a tempera-
ture gradient of approximately 960 → 930 ◦C. After 24 h, the furnace
was allowed to cool down slowly (40 ◦C/h) to about 200 ◦C. The
ampoule was then removed and wet tissues applied rapidly to the
end away from the crystals to condense the Br2 vapor. When the
ampoule reached room temperature, it was opened and the crystals
removed. The crystals were then rinsed with acetone and deionized
water. Single crystalline platelets up to 10 × 10 mm2 surface area
and 2 mm in thickness were obtained. The as-grown MoS2:X single
crystal is shown in Fig. 2. We  do not expect the two solid solu-
tions to be miscible. It was found that a 5% nominal doping of MoS2
prevented the growth of single crystals.

Fig. 2. Photograph of the as-grown MoS2:X with different dopants X (X = Re, Nb, Fe,
Co,  and Ni) single crystal with the surface normal to c-axis.

Fig. 3. X-ray diffraction patterns of the MoS2:X with different dopants X (X = Re,
Neb,  Fe, Co, and Ni) single crystal.

3. Characterization

3.1. X-ray diffraction

XRD patterns of single crystals were obtained by using a Rigaku
RTP300RC X-ray with Ni-filtered Cu K� radiation (� = 1.5418 Å) and
a silicon standard was  used to calibrate the diffractometer. For the
studies, several small crystals from batches of as-grown MoS2:X
with different dopants X (X = Re, Nb, Fe, Co, Ni) were finely ground
with a mixture of glass powder and the X-ray powder patterns were
taken and recorded by means of a slow-moving radiation detector.
Lattice parameters were calculated with the aid of computer using
a least-squares refinement program.

From the evaluation of the X-ray powder diffraction patterns
in Fig. 3, we  may  conclude that Re and Nb-doped MoS2 samples
are of 3R polytype and Fe, Co, and Ni-doped MoS2 samples are 2H-
polytype. The X-ray pattern of of Re and Nb-doped MoS2 crystals
differed from that of the crystals of Fe, Co, and Ni-doped MoS2 in
that the relative intensities of the lines were different and addi-
tional lines were present. The change in relative line intensities
could not be explained but the additional lines were determined
to be due to the presence of the rhombohedral polytype hav-
ing cell dimension a = 3.164 Å and c = 18.371 Å, these numbers are
quite similar with JCPDS no. 77-0744 for comparison. The lines
were identified with a rhombohedral structure in which, by refer-
ring to the hexagonal lattice, the a parameter of the unit cell was
similar to that of the hexagonal polytype (a = 3.160 Å) but the c
parameter was about 1.5 times larger than that of the hexago-
nal polytype (c = 12.295 Å), these number agreed well with the
JCPDS no. 37-1492 for comparison. We notice that the a-parameter
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remains unchanged for the Fe, Co, and Ni-doped MoS2, while the
c-parameter shows appreciable increase in consistent agreement
with the increase in the d-spacing.

3.2. EER measurements

EER measurements were carried out at room temperature. The
modulated electrical field can easily be applied to the electrolyte-
semiconductor interface by a function generator. The sample
preparation is achieved by attaching the sample on a copper plate
with silver conducting paint. The copper plate and the round edge
of the sample must be insulated from the electrolyte by spread-
ing with the Microstop epoxy cement. This insulation conforms
that all modulated field was applied to the space charge region of
electrolyte-semiconductor interface only. An aqueous solution of
0.5 M H2SO4 electrolyte was filled into a Teflon tank and a 5 mm2

platinum plate was used for the counter-electrode. The electric
field is transversely applied to the exposed semiconductor surface
by an ac voltage across the immersed sample and Pt electrodes.
The surface states and the nature of impurity determine the sur-
face potential and consequently resulted in a band bending near
and at the electrolyte-semiconductor interface. The built-in elec-
tric field varied either accumulation or depletion mode depending
on the variation of the externally applied voltages. A photomulti-
plier tube is used for optical detection and the detector response
to the DC component of the reflected light is kept constant by
an electric servo mechanism so that the ac reflectance is a direct
measurement of �R/R, the differential reflectivity. Scans of �R/R
versus wavelength were obtained using a 0.25 m Photon Technol-
ogy International (PTI) grating monochromator together with a
150 W tungsten–halogen lamp as a monochromatic light source.
Displayed in Fig. 4(a) and (b) are the EER spectra over the range
1.65–2.2 eV at room temperature and characterized by two  promi-
nent excitonic transitions, A and B excitons. In order to determine
the positions of the transition accurately, the functional form used
in the fitting procedure corresponds to a first derivative Lorentzian
line shape function on the form [18]

�R

R
= Re

n∑

j=1

Aje
iØ j

(
E − Ej + i�j

)−ni (1)

where the subject j refers to the type of interband transition, Aj and
Øj are the amplitude and phase of the line shape Ej and �j are the
energy and broadening parameter of the transition and the value
of nj depends on the origin of the transition. The fitted values of Ej
and � j are displayed in Table 1. The prominent A and B excitons are
observed to be red-shifted. The excitonic transition energies were
determined precisely and the splitting were estimated to be around
150 meV  for Re and Nb-doped MoS2 and 200 meV  for Fe, Co, and Ni-
doped MoS2. According to Coehoorn et al. [21], this experimentally
confirmed that Re and Nb-doped MoS2 structure are 3R-polytypes
which has three layers in the c-direction but has rhombohedral
symmetry and belong to the space group C5

3v, while Fe, Co, and
Ni-doped MoS2 structure are 2H-polytypes which has two layers
per unit cell stacked in the hexagonal symmetry and belong to the
space group C4

6h.

3.3. PzR measurements

The PzR measurements were achieved by gluing the thin sin-
gle crystal specimens on a 0.15 cm thick lead–zirconate–titanate
(PZT) piezoelectric transducer driven by a 200 Vrms sinusoidal wave
at 200 Hz. The alternating expansion and contraction of the trans-
ducer subjects the sample to an alternating strain with a typical
rms  �l/l value of ∼10−5. A 150 W tungsten–halogen lamp filtered
by a model 270 McPherson 0.35 m monochromator provided the
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Fig. 4. Electrolyte electroreflectance (EER) spectra of MoS2:X with different dopants
X  (a) X = Re, Nb and (b) X = Fe, Co, Ni at room temperature. The dashed curves are
the experimental results and the solid curves are the least-squares fits of Eq. (1).

monochromatic light. The reflected light was detected by EG&G
type HUV-2000B silicon photodiode. The DC output of the sili-
con photodiode was  maintained constant by a servo mechanism
of a variable neutral density filter. A dual-phase lock-in amplifier
was used to measure the detected signal. Modulated spectra were
normalized to the reflectance to obtain �R/R. A RMC  model 22
close-cycle cryogenic refrigerator equipped with a model 4075 dig-
ital thermometer controller was used to control the measurement
temperature between 25 and 300 K with a temperature stability of
0.5 K or better.

Displayed in Figs. 5 and 6 are the PzR spectra for the van der
Waals plane over the range 1.6–2.2 eV at 300 and 25 K for Re and
Nb-doped (top) and Fe, Co, and Ni-doped and undoped (bottom)
MoS2 single crystals. The spectra are characterized by two  promi-
nent excitonic transitions, A and B excitons [22,23]. If we focus our
attention on exciton A feature which lies at the lower energy side,
we notice that for the spectra at 300 K, a weak structure denoted as
A2 which belongs to the higher series of exciton. A is visible for Fe,
Co, and Ni-doped, while not for Re and Nb-doped. In order to ascer-
tain the accurate position of all observable features, we refer to the
PzR spectra at 25 K, where the same features are blue shifted and
clearly resolved. To determine the positions of the transitions accu-
rately, we have fitted the experimental line shape to the function
of the form Eq. (1).

The least-squares fits using Eq. (1) with n = 2.0 can be achieved
and the fits are shown as solid curves in Figs. 5 and 6. Arrows at Figs.
5(b) and 6(b) show the peak positions of the interband excitonic
features, A1, A2 and B, while A1 disappear for Figs. 5(a) and 6(a),
respectively. The energies and broadening parameters obtained for
these spectra are summarized in Table 1. Comparing the PzR and
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Table  1
Fitted peak positions and broadening parameters of the excitonic features from EER and PzR measurements.

Dopants Temperature (K) Eex
A1

(eV) Eex
A2

(eV) Eex
B (eV) � ex

A1
(meV) � ex

A2
(meV) � ex

B (meV)

Re 300 (EER) 1.839 ± 0.005 1.993 ± 0.005 42 ± 5 65 ± 5
25  (PzR) 1.911 ± 0.005 2.069 ± 0.005 20 ± 5 38 ± 5
300  1.838 ± 0.005 1.994 ± 0.005 38 ± 5 55 ± 5

Nb 300  (EER) 1.834 ± 0.005 1.982 ± 0.005 41 ± 5 73 ± 5
25  (PzR) 1.928 ± 0.005 2.167 ± 0.005 13 ± 5 33 ± 5
300  1.833 ± 0.005 1.981 ± 0.005 30 ± 5 62 ± 5

Fe 300  (EER) 1.851 ± 0.005 1.946 ± 0.005 2.051 ± 0.005 51 ± 5 41 ± 5 67 ± 5
25  (PzR) 1.937 ± 0.005 1.975 ± 0.005 2.152 ± 0.005 17 ± 5 13 ± 5 40 ± 5
300  1.852 ± 0.005 1.948 ± 0.005 2.050 ± 0.005 40 ± 5 33 ± 5 56 ± 5

Co 300  (EER) 1.852 ± 0.005 1.953 ± 0.005 2.053 ± 0.005 48 ± 5 43 ± 5 68 ± 5
25  (PzR) 1.941 ± 0.005 1.978 ± 0.005 2.156 ± 0.005 22 ± 5 15 ± 5 39 ± 5
300  1.851 ± 0.005 1.952 ± 0.005 2.051 ± 0.005 39 ± 5 34 ± 5 58 ± 5

Ni 300  (EER) 1.852 ± 0.005 1.950 ± 0.005 2.053 ± 0.005 49 ± 5 45 ± 5 67 ± 5
25  (PzR) 1.938 ± 0.005 1.975 ± 0.005 2.151 ± 0.005 17 ± 5 12 ± 5 34 ± 5
300  1.852 ± 0.005 1.949 ± 0.005 2.052 ± 0.005 38 ± 5 33 ± 5 58 ± 5

Undoped 300  (EER) 1.853 ± 0.005 1.904 ± 0.005 2.071 ± 0.005 49 ± 5 45 ± 5 67 ± 5
25  (PzR) 1.932 ± 0.005 1.970 ± 0.005 2.148 ± 0.005 19 ± 5 15 ± 5 40 ± 5
300  1.853 ± 0.005 1.903 ± 0.005 2.070 ± 0.005 34 ± 5 48 ± 5 68 ± 5

EER measurements, we see that the broad peak for Fe, Co and Ni-
doped observed previously can be taken to be the average of the
room-temperature values for A1 and A2 in the PzR measurements,
while for Re and Nb-doped only A1 detected. If we  focus our atten-
tion on the experimental data of Fe, Co and Ni-doped MoS2, we  can
conclude that the quality is almost the same as that of the pure crys-
tal (undoped) [22,24]. This experimental observation is consistent
with the electrical transport and EER measurements.

Fig. 5. Piezoreflectance (PzR) spectra of MoS2:X with different dopants X (a) X = Re,
Nb and (b) X = Fe, Co, Ni at room temperature.

XRD, EER and PzR results confirmed that doping is an effective
approach and strongly bound for modulating the band structures
of MoS2 materials may  be understood as follows. The MoS2 single
crystals may be stacked in different ways (polytypism) by mate-
rials of doping. Thus, MoS2, either natural or synthetic, may  be
2H-polytype or 3R or a mixture of both. The unit cell of 2H-MoS2
and 3R-MoS2 contain two  and three alternating S–Mo–S layers,
respectively. The 2H-polytype is more stable than 3R-polytype.

Fig. 6. Piezoreflectance (PzR) spectra of MoS2:X with different dopants X (a) X = Re,
Nb  and (b) X = Fe, Co, Ni at 25 K.
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The 3R-polytype transform into the 2H-polytype upon heating.
Published experimental data show that (l) both polytypes can be
synthesized [25], (2) 3R-polytype converts to 2H, when heated for
long periods at temperatures in excess of 500 ◦C [26], (3) the time
necessary for complete conversion in creases drastically as tem-
perature falls [27], (4) 3R-polytype converts to 2H, faster and more
completely in the presence of sulfur gas [28], and (5) 3R-polytype
converts to 2H, only by recrystallization [28]. Experimental synthe-
sis of MoS2 by reaction of molybdenum metal with sulfur vapor or
liquid generally results in a mixture of the 3R and 2H polytypes [29].
In one experiment two MoS2 layers were formed: a 2H layer next to
the molybdenum metal and a mixed 3R + 2H layer next to the sulfur
[30]. These results are inconsistent with the theory that 3R forms in
comparatively sulfur-poor environments. Rather, as Zelikman et al.
point out [30], there are differences in the growth mechanisms of
MoS2 formed at the metal and sulfur interfaces. The exciton spectra
of MoS2 also indicate that the 2H-polytype is energetically stable
relative to 3R [1]. This work has supposed that 3R-type in low sulfur
fugacity environments and impurity content and is sulfur deficient
relative to 2H-polytype because of impurity or dopant. Finally, the
addition of an impurity or dopant in synthetic MoS2 affects the
3R-polytype to 2H, conversion reaction.

4. Conclusions

In conclusions, we have demonstrated the synthesis of single
crystals of MoS2:X with different dopants X (X = Re, Nb, Fe, Co, Ni)
were grown by the chemical vapor transport method using Br2 as
transport agent. The effect of doping on the optical properties is
studied. Our measurements indicate that Re and Nb-doped are sta-
bilize the formation of 3R-MoS2, while Fe, Co and Ni-doped are
stabilize the formation of 2H-MoS2. The splitting of excitonic tran-
sition energies for A and B were estimated to be around 150 meV
for 3R-MoS2 formation and 200 meV  for 2H-MoS2 formation.
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Abstract— We report on extensive structural and optical studies of a variety of pure and Re-, Au-, Fe-doped 
molybdenum disulfide (MoS2) single crystals which grown by chemical vapor transport (CVT) method. In order to 
compare structural properties of crystals with different doping we conducted X-ray diffraction (XRD) and 
transmission electron microscopy (TEM) measurements.  For optical characterization we used Raman spectroscopy, 
piezoreflectance (PzR), electrolyte electroreflectance (EER) and photoconductivity (PC).  

Keywords—transition-metal dichalcogenides, piezoreflectance,  photoconductivity, excitons 

I.  INTRODUCTION 

Dopant in solid generally governs the physical and chemical properties of any kind of materials and is of 
great technological importance. In the case of bulk system, a prominent example is seen in semiconductor 
industry where doping is used to adjust carrier densities and to tailor the electronic characteristics of the devices 
[1]. Moreover, the effect of doping is very significant in two dimensional systems. Recently, transition-metal 
dichalcogenide compounds (TMDs), particularly molybdenum disulfide (MoS2), have been extensively 
investigated because of the possible practical application as catalysts, lubricants, lithium batteries, and 
phototransistors as well as in nanoelectronics and excellent candidates for the study of fundamental physics in 
two-dimensional materials [2]. The knowledge of how dopant atoms influence and interact with the host TMD 
lattices are highly important both in fundamental science and future device technology. This paper deals with 
the influence of dopant elements (Re, Au, Fe) mainly on the structural and optical properties of MoS2 single 
crystals grown by chemical vapor transport method using Br2 as a transport agent. These results provide useful 
guidance for the fabrication of semiconductor and electronic devices using MoS2 structures. 

II. EXPERIMENTAL METHODS, RESULTS AND DISCUSSIONS 

Experimental methods 
The MoS2 single crystals were grown by the chemical vapor transport (CVT) method, using Br2 and I2 as a 

transporting agent. The elements including Mo(99.99%), S(99.99%) and dopants(99.99%) were used for the 
crystal growth and the next steps of methods are similar to that of ReS2 we grown before [3]. In order to 
characterize our samples we used different experimental methods like X-ray diffraction (XRD), transmission 
electron microscopy (TEM), piezoreflectance (PzR), electrolyte electroreflectance (EER), and 
photoconductivity (PC). They are described in detail in our previous work [3-6].     
Results and discussions     

Fig. 1 reveals the XRD pattern of doped and undoped  MoS2 single crystals. The relative intensity and 
resolution of observed peaks change for different doping. For Re and Au doped crystals observed peaks 
correspond to 3R phase (cell dimension a = 3.164 Å and c = 18.371 Å) , whereas for Fe-doped and pure crystals 
the patterns correspond to 2H phase. In 2H lattice, a- parameter of the unit cell is similar to that of the 3R (a = 
3.160 Å), while c parameter is about 1.5 times larger (c = 12.295 Å). We noticed that a-parameter remains 
unchanged for the Fe-doped and undoped samples, whereas the c-parameter shows appreciable increase in 
consistent agreement with the increase in the d-spacing. 

In Fig. 2 the TEM images for differently doped MoS2 crystals are presented. It is clearly seen that Re atoms 
tend to occupy or substitute Mo atoms in host MoS2 lattice. However, Au atoms move around on the MoS2 

surface  and they can jump to different position. On other hand, Fe atoms are segregated into groups and 
dispersed not uniformly on the surface. Fig. 3 shows the peaks of two (unpolarized) and three (polarized) 
dominant first order Raman-active modes on the edge plane. Also, we measured for basal plane which 
confirmed that only two modes even used polarizer. From Raman spectra analysis we could not able to 
distinguish 2H and 3R. The PzR spectra have recorded in the range 25 to 300 K to determine the energies, 
broadening parameters, and temperature dependence of the line-width of the A dan B excitons accurately via a 
detailed line shape fit, Varshni and Bose-Einstein equations of the which these formulations are similar to that 
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of Mo1-xWxS2 we did before [6]. The fitted values of PzR and EER for exciton and broadening parameter given 
in Table 1 and the splitting of A and B excitons of 3R calculated around 150 meV, while around 200 meV for 
2H. EER measurements confirmed that the amplitudes of excitons A and B are proportional to modulation 
voltage. Fig. 4 revealed that these materials are an indirect semiconductor. 
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  Fig.1 XRD spectra of the MoS2 with different dopants                      Fig.3 . Raman spectra on the edge plane 
 
 
 
 

Fig.2 TEM image of the MoS2 with different dopants 
 
        

 
 

 
 
   Fig.4 PC spectra of the MoS2 with different dopants 
 
 

Table I Fitted peak positions and broadening parameters of the excitonic features from EER and PzR 
measurements 

Dopants Temperature (K) )(
1
eVEexA  )(

2
eVE exA )(eVEexB )(

1
eVex

AΓ )(
2
meVex

AΓ  )(meVex
BΓ

Re  300 (EER) 1.839 ± 0.005 1.993 ± 0.005 42±5  65±5
       

 
Au 

25  (PzR) 1.911 ± 0.005 2.069 ± 0.005 20±5  38±5
300 1.838 ± 0.005 1.994 ± 0.005 38±5  55±5
300 (EER) 
25  (PzR) 
300 

1.833 ± 0.005
1.931 ± 0.005
1.854 ± 0.005

1.981 ± 0.005
2.091 ± 0.005
2.014 ± 0.005

30±5
22±5 
18±5 

 62±5
41±5 
58±5 

Fe  300 (EER) 1.851 ± 0.005 1.946 ± 0.005 2.051 ± 0.005 51±5 41±5 67±5
      25  (PzR) 1.937 ± 0.005 1.975 ± 0.005 2.152 ± 0.005 17±5 13±5 40±5

300  1.852 ± 0.005 1.948 ± 0.005 2.050 ± 0.005 40±5 33±5 56±5
Undoped  

      
300 (EER) 1.853 ± 0.005 1.904 ± 0.005 2.071 ± 0.005 49±5 45±5 67±5
25  (PzR) 1.932 ± 0.005 1.970 ± 0.005 2.148 ± 0.005 19±5 15±5 40±5
300 1.853 ± 0.005 1.903 ± 0.005 2.070 ± 0.005 34±5 48±5 68±5
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a  b  s  t  r  a  c  t

Tungsten  disulphide  single  crystals  doped  with  gold  (WS2:Au)  have  been  grown  by the  chemical  vapor
transport  method  using  iodine  as a transporting  agent.  The  structure  of  the  materials  was  characterized
by  scanning  electron  microscope  (SEM),  X-ray  diffraction  (XRD),  and  Raman  measurements.  The  doping
effects of the  materials  are  characterized  by  surface  photovoltage  (SPV)  and  piezoreflectance  (PzR) mea-
surements.  The  SPV  spectrum  reveals  an  impurity  level  located  below  the  A exciton.  The  direct  band-edge
excitonic  transition  energies  for  WS2:Au  show  redshifts  and  the  broadening  parameters  of the  excitonic
transition  features  increase  due  to impurity  scattering.

© 2015  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Tungsten disulphide (WS2) belongs to group VIA transition
metal dichalcogenides MX2 that exhibit many interesting physi-
cal properties with a pronounced two dimensional character [1].
The peculiar properties of these materials result from their layered
structure, consisting of almost covalently bonded X-M-X sheets
linked by weak van der Waals forces. WS2, an indirect-gap semi-
conductor, has the subject of great interest, because its band gap is
well matched to the solar spectrum. Taking into account preven-
tion of photocorrosion, WS2 can act as an efficient photoconductive
layer in photovoltaic devices and photoelectrochemical solar cells
[2]. Up-to date, only a few works concerning the doping effect on
the properties of WS2 was reported [3,4].

In this work, we report a detailed characterization, includ-
ing scanning electron microscope (SEM), X-ray diffraction (XRD),
Raman, surface photovoltage (SPV) and piezoreflectance (PzR)
measurements of Au-doped WS2 single crystals. The effects of
dopant (Au) on the optical properties of WS2 were analyzed and
discussed.

2. Experiment

Single crystals of the system Au-doped WS2 were grown
using the chemical vapor transport (CVT) method with Br2 as a

∗ Corresponding author at: Center of Semiconductor Physics Studies (CSPS),
University of HKBP Nommensen, Medan, Indonesia. Tel.: +62 61 4522831;
fax:  +62 61 4571426.

E-mail address: mulasigiro@gmail.com (M.  Sigiro).

transport agent. The total charge used in each growth experi-
ment was  about 10 g. The stoichiometrically determined weight
of doping material was added in the hope that it will be trans-
ported at a rate similar to that of Mo.  Before the crystal growth,
the powdered compounds were prepared from the elements by
reaction at 1000 ◦C for 10 days in an evacuated quartz ampoule.
Prior to the crystal growth, a quartz ampoule (22 mm OD, 17 mm
ID, 20 cm length) containing Br2 (∼5 mg/cm3) and the elements (W,
99.99% pure; Au, 99.99%; S, 99.999%) was evacuated to 10−6 Torr
and sealed. It was shaken well for uniform mixing of the pow-
der. The ampoule was placed in a three-zone furnace and the
charge prereacted for 24 h at 800 ◦C with the growth zone at 950 ◦C,
preventing the transport of the product. The temperature of the
furnace was increased slowly. The slow heating was necessary to
avoid any possibility of explosion due to the exothermic reaction
between the elements. The furnace was then equilibrated to give
a constant temperature across the reaction tube, and was pro-
grammed over 24 h to produce the temperature gradient at which
single crystal growth took place. Optimal results were obtained
with temperature gradient of approximately 960 ◦C → 930 ◦C. After
240 h, the furnace was  allowed to cool down slowly (40 ◦C/h) to
about 200 ◦C. The ampoule was  then removed and wet tissues
applied rapidly to the end away from the crystals to condense the
Br2 vapor. When the ampoule reached room temperature, it was
opened and the crystals removed. The crystals were then rinsed
with acetone and deionized water. Single crystalline platelets
up to 10 mm × 10 mm surface area and 2 mm in thickness were
obtained.

The morphology of the WS2:Au was recorded using a JEOL-
JSM6500F field-emission scanning electron microscope (FESEM).

http://dx.doi.org/10.1016/j.ijleo.2015.11.056
0030-4026/© 2015 Elsevier GmbH. All rights reserved.

dx.doi.org/10.1016/j.ijleo.2015.11.056
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Fig. 1. The schematic diagram of the CVT setup and temperature profile for the
growth of Au-doped WS2 single crystals.

For X-ray studies, several small crystals from each grown batch of
WS2:Au were finely ground into powders. The powder X-ray pat-
terns were taken and recorded by means of a slow moving radiation
detector. The copper K� radiation (� = 1.542 Å) was  employed in
the X-ray diffraction measurements and a silicon standard used for
experimental calibration.

The SPV measurements, which used normalized incident light
intensity, were performed at normal incidence using a fixed
grid and probe light chopped at 200 Hz [5]. The method of
PzR has been described in the literature [6]. The measure-
ments were achieved by gluing the thin single-crystal specimens
on a 0.15 cm thick lead zirconate titanate piezoelectric trans-
ducer driven by a 200 Vrms sinusoidal wave at 200 Hz. An RMC
model 22 closed-circle cryogenic refrigerator equipped with
a model 4075 digital thermometer controller was  used for
low-temperature measurements. The measurements were made
between 15 and 300 K with a temperature stability of 0.5 K or better
(Fig. 1).

3. Results and discussion

The photo of the pristine WS2:Au single crystals with centime-
ter sizes grown by CVT is shown in Fig. 2(a). The FESEM image of
the WS2:Au single crystals after preliminary mechanical exfolia-
tion is depicted in Fig. 2(b) and most of the flakes have a random
shape. The structure of WS2:Au single crystals was further exam-
ined by the XRD measurement. Fig. 3 illustrates the XRD patterns.
Four major diffraction peaks centered at 29.0◦, 44.0◦, 59.9◦, and
77.2◦ were detected, which belong to a single orientation group of
〈0 0 1〉 (c-axial) (JCPDS #381367) for the mixed of rhombohedral
and hexagonal structure of WS2. Fig. 4 depicts the Raman scatter-
ing measurements for the WS2:Au single crystals, the intensity of
Raman lines in unpolarized and polarized (Z(XX)Z̄ and Z(XY)Z̄) con-
figurations differ appreciably showing the first order Raman active
modes. Two  major Raman modes, respectively, at around 353 and
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Fig. 3. The XRD pattern of WS2:Au single crystals.
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Fig. 4. The Raman spectra of WS2:Au single crystals.

Fig. 2. (a) Photograph and (b) SEM image of WS2:Au single crystals grown by CVT.
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Table  1
Transition energies of the excitons A, B, d and C at 15 and 300 K. The corresponding values in previous works are included.

Sample Temperature (K) EA (eV) EB (eV) Ed (eV) EC (eV)

2H-WS2:Aua 15 2.048 ± 0.002 2.460 ± 0.003 2.715 ± 0.005 2.799 ± 0.005
300  1.959 ± 0.005 2.347 ± 0.008 2.664 ± 0.010 2.743 ± 0.010

2H-WS2
a 15 2.068 ± 0.002 2.494 ± 0.003 2.729 ± 0.005 2.821 ± 0.005

300  1.986 ± 0.005 2.384 ± 0.008 2.680 ± 0.010 2.770 ± 0.010
2H-MoS2

b 300 1.853 ± 0.008 2.070 ± 0.008
3R-MoS2:Auc 300 1.854 ± 0.005 2.082 ± 0.005
3R-MoS2:Nbd 300 1.834 ± 0.005 1.982 ± 0.005

a Present work.
b Previous work [15].
c Previous work [16].
d Previous work [17].
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Fig. 5. Room-temperature SPV and PzR spectra of WS2:Au single crystals.

418 were detected, which are consistent with the E1
2g and E1g modes

in the previous reports for the WS2 single crystal [7–12]. By normal-
izing the intensity of E1

2g and E1g modes, no significant difference

can be observed from the peak broadening and position of E1
2g and

E1g modes for the unpolarized and polarized (Z(XX)Z̄ and Z(XY)Z̄)
configurations.

Fig. 5 shows a room-temperature SPV and PzR spectra of
WS2:Au. The excitonic feature A has been detected in both SPV and
PzR spectra. An additional feature located ∼50 meV  below exciton
A, denoted as X, is observed in the SPV spectrum. The possible ori-
gin of this feature can be explained as follows. It is known that the
surface photovoltage signal is proportional to the absorption coef-
ficient ˛. The appearance of an additional feature in SPV spectrum
is related to an impurity absorption peak due to the doped of Au,
since such feature only observed in the doped sample.

Displayed in Fig. 6 are the PzR spectra over the range 1.8–3.0 eV
at 15 K and room temperature for the Au-doped and undoped WS2
single crystals. The spectra are characterized by four excitonic tran-
sitions marked by A, B, d and C according to previous results [13].
In case of undoped WS2, the higher series of the A exciton and an
adjacent resonance feature above the A series denoted as A2 and AR,
are also detected. In order to determine the positions of the tran-
sitions accurately, we used a first-derivative Lorentzian line shape
function of the form [14]

�R

R
= Re

[
n∑

i=1

Aex
i ejϕex

i (E − Eex
i + j� ex

i )−2

]
, (1)

where Aex
i

and ϕex
i

are the amplitude and phase of the line shape, Eex
i

and � ex
i

are the energy and broadening parameters of the interband
excitonic transitions, respectively. The fits yield the parameters Aex

i
,

Eex
i

and � ex
i

. The obtained values of Eex
i

indicated as arrows and
denoted as A1, A2, AR, B, d and C. The fitted values Eex

i
are displayed

in Table 1. For undoped WS2, the exciton A Rydberg series can be
described by three-dimensional Mott–Wannier excitons. As listed
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Fig. 6. PzR spectra for Au-doped and undoped WS2 at (a) 15 K and (b) room tem-
perature. The dashed curves are the experimental curves and the solid curves are
least  squares fits to Eq. (1). Arrows under the curves show the energy location for
the  excitonic features.

in Table 1, the transition energies for the excitons show redshifts
due to the presence of a small amount of Au.

4. Summary

Single crystals of Au-doped WS2 have been grown by the chem-
ical vapor transport method using bromine as a transport agent.
XRD spectra revealed that single crystals of WS2:Au have mixture
rhombohedral and hexagonal structure. Two major Raman modes,
respectively, at around 353 and 418 were detected, which are con-
sistent with the E1

2g and E1g modes, respectively. The presence of
Au impurity has been determined to play a major role in influenc-
ing the electrical and optical properties of the doped sample. In
SPV spectrum an additional feature located ∼50 meV  below exci-
ton A has been observed and tentatively assigned to the impurity
absorption caused by Au dopant. The redshift of peak positions and
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increase of the broadening parameters of the band-edge excitonic
features are mainly due to the presence of a small amount of Au.
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Abstract 
The temperature dependence of the spectral features in the vicinity of the direct 
band edge of Mo1-xWxSe2 single crystals was measured in the temperature range 
of 25–300 K using piezoreflectance (PzR). The near band-edge excitonic 
transition energies of the mixed layered compounds of Mo1-xWxSe2 single crystals 
determined accurately from a detailed line-shape fit of the PzR spectra. From a 
detailed line-shape fit of the PzR spectra, the temperature dependence of the 
energies of the band-edge excitons are determined accurately.  

1.   Introduction   
Layered-structure transition metal dichalcogenides have the formula MX2, where M = Mo, W 
and X=S, Se that exhibit many physical properties with a pronounced two-dimensional 
character.1-3 The peculiar properties of these materials result from their layered structure, 
consisting of mostly covalently bonded X–M–X sheets linked by weak Van der Waals (VdW) 
forces. The layered transition metal dichalcogenides MX2 semiconductors have been 
extensively investigated due to the potential application of the materials as solid lubricants, 
catalysts and photovoltaic solar cell materials.4-7 Agarwal et al. have successfully described 
the growth and some of the key properties of Mo1-xWxSe2, Mo0.5W0.5Se2 and WSxSe2-x single 
crystals.8-11 Similar mixed-layered crystals of compounds such as MoxW1-xSe2, Mo0.5W0.5Se2 
and Mo0.02W0.98Se2 by using various methods have been published.12-14 Our previously work, 
Mo1-xWxS2 single crystals have been experimentally realized to vary their bandgap values and 
temperature dependence of energies and broadening parameters of the band-edge excitons.15,16 

In this paper we report a detailed study of the temperature dependence of the 
piezoreflectance (PzR) measurements in the spectral range near the direct band gap of Mo1-

xWxSe2 single crystals in the temperature range 25–300 K. The PzR spectra are fitted with a 
form of the Aspnes equation of the first-derivative Lorentzian line shape.17 From a detailed 
lineshape fit we are able to determine accurately the energies and broadening parameters of 
the excitonic transitions.  

 
2.   Experiment  
Single crystals of Mo1-xWxSe2 solid solutions were grown by chemical-vapour transport 
method. The chemical transport was achieved with Br2 as transport agent in the amount of 
about 10 mg/cm3. Prior to the crystal growth the powdered compounds of the series were 
prepared from the elements (Mo: 99.99%; W: 99.99%; and Se:99.99%) by reaction at 1000 0C 
for 10 days in evacuated quartz ampoules. To improve the stoichiometry, sulphur 2 mol% in 
excess was added with respect to the stoichiometry mixture of the constituent elements. The 
mixture was slowly heated to 1000 0C. This slow heating is necessary to avoid any explosions 
due to the strongly exothermic reaction between the elements. The growth temperature was 
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about 1050 °C in a temperature gradient of about 3 °C/cm and the growth time was about 20 
days. The crystals had the shape of thin layer plates with a thickness of 20–100 µm and a 
surface area of 5–200 mm2. X-ray analysis confirmed that the samples were single-phase 
materials of two hexagonal structure over the entire range of the W composition x. The lattice 
constants determined for the crystals were practically identical to those of the stoichiometric 
polycrystalline starting materials.   

The PzR measurements were achieved by gluing the thin single crystal specimens on a 
0.15 cm thick lead-zirconate-titanate (PZT) piezoelectric transducer driven by a 200 Vrms 
sinusoidal wave at 200 Hz. The alternating expansion and contraction of the transducer 
subject the sample to an alternating strain with a typical rms �l/l value of ~ 10-5. A 150 W 
tungsten-halogen lamp filtered by a 0.25 m monochromator provided the monochromatic 
light. The reflected light was detected by a silicon detector. The DC output of the silicon 
photodiode was maintained constant by a servo mechanism of a variable neutral density filter. 
A dual-phase lock-in amplifier was used to measure the detected signal. Modulated spectra 
were normalized to the reflectance to obtain �R/R. A close-cycle cryogenic refrigerator 
equipped with a digital thermometer controller was used to control the measurement 
temperature between 25 and 300 K with a temperature stability of 0.5 K or better. 

3.    Results and discussion 
Displayed by the dashed curves in Figs. 1(a) and 1(b) are the PzR spectra in the vicinity of 
direct band edge for several mixed crystals of Mo1-xWxSe2 at 25 and 300 K. The nature of the 
line shape indicates the presence of two oscillators on the high-energy side of the spectra. The 
oscillations on the lower-energy side are caused by the interference effects. The experimental 
curves have been fitted to a functional form appropriate for excitonic transitions that can be 
expressed as a Lorentzian line-shape function of the form.17  

( ) �
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�
�
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� Γ+−=Δ −

=
� 2
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Re ex

i
ex
i

n

i

jex
i jEEeA

R

R ex
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where ex
iA  and ex

iϕ are the amplitude and phase of the line shape, ex
iE  and ex

iΓ  are the energy 
and broadening parameters of the interband excitonic transitions, respectively. Shown by the 
solid curves in Fig. 1 are the least-squares fits using Eq. (1). The fits yield the parameters ex

iA

, ex
iE  and ex

iΓ . The obtained values of ex
iE  are indicated by arrows and denoted as A1, A2 and 

B in the figures. However, at 300 K (see Fig. 1(b)), only A1 and B features are clearly visible 
over most of the x values except that of x = 0, x = 0.2, x = 0.3 and x = 0.4 where a weak 
shoulder on the higher-energy side of A1 excitonic transitions is visible. The weak shoulder 
corresponds to the A2 peak.  The energies and their splitting of the A, B excitons of 
Mo1�xWxSe2 are listed in Table II. For comparison purposes, we have also listed numbers for 
MoS2,18,19 MoSe2,19 MoTe2,19 WS2,20,21 WSe221 and our previous work of Mo1�xWxS2.22 
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Figure. 1 The experimental PzR spectra (dashed curves) of Mo1-xWxSe2 at (a) 25 K and (b) 
300 K. The solid curves are least-squares fits to Eq. (1) which yields the excitonic transition 
energies indicated by the arrows. 
 
 
Table.1 Energy of A, B excitons and their splittings in Mo1-xWxSe2, Mo1-xWxS2, MoSe2, 
MoTe2 and WSe2. 

Materials  EA 
(eV) 

EB 
(eV) 

EA-B 
(eV) 

Temperature 
(K)  

MoSe2
a  1.622 ± 0.005  1.892 ± 0.008  0.270 ± 0.013 25  

 1.546 ± 0.008  1.799 ± 0.01  0.253 ± 0.018  300 
MoSe2

b 1.57 1.82 0.25 300 
Mo0.9W0.1Se2

a  1.619 ± 0.005  1.909 ± 0.008  0.290 ± 0.013  25  
 1.544 ± 0.008  1.816 ± 0.01  0.272 ± 0.018  300 
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Mo0.8W0.2Se2
a  1.620 ± 0.005  1.929 ± 0.008  0.309 ± 0.013  25  

 1.550 ± 0.008  1.834 ± 0.01  0.284 ± 0.018  300 
Mo0.7W0.3Se2

a  1.621 ± 0.005  1.947 ± 0.008  0.326 ± 0.013  25  
 1.552 ± 0.008  1.871 ± 0.01  0.319 ± 0.018  300 
Mo0.6W0.4Se2

a  1.622 ± 0.005 1.966 ± 0.008 0.344 ± 0.013 25  
 1.553 ± 0.008  1.903 ± 0.01  0.350 ± 0.018  300 
Mo0.5W0.5Se2

a  1.631 ± 0.005  2.018 ± 0.008  0.387 ± 0.013  25  
 1.555 ± 0.008 1.942 ± 0.01 0.387 ± 0.018 300 
Mo0.4W0.6Se2

a  1.638 ± 0.005  2.044 ± 0.008  0.406 ± 0.013  25  
 1.561 ± 0.008  1.960 ± 0.01  0.399 ± 0.018  300 
Mo0.3W0.7Se2

a  1.645 ± 0.005  2.057 ± 0.008  0.421 ± 0.013  25  
 1.569 ± 0.008  1.980 ± 0.01  0.411 ± 0.018  300 
Mo0.2W0.8Se2

a  1.668 ± 0.005  2.110 ± 0.008  0.442 ± 0.013  25  
 1.583 ± 0.008  2.001 ± 0.01  0.418 ± 0.018  300 
Mo0.1W0.9Se2

a  1.687 ± 0.005 2.130 ± 0.008 0.443 ± 0.013 25  
 1.600 ± 0.008  2.043 ± 0.01  0.443 ± 0.018  300 
WSe2

a  1.714 ± 0.005  2.187 ± 0.008  0.473 ± 0.013  25  
 1.629 ± 0.008  2.113 ± 0.01  0.484 ± 0.018  300  
2H-WSe2

c 1.71 2.30 0.59 77 
Mo0.7W0.3S2

d 1.932 ± 0.005  2.223 ± 0.008  0.291 ± 0.013  25  
 1.858 ± 0.008 2.168 ± 0.01 0.290 ± 0.018 300 
Mo0.5W0.5S2

d 1.943 ± 0.005  2.252 ± 0.008  0.309 ± 0.013  25  
 1.860 ± 0.008  2.170 ± 0.01  0.310 ± 0.018  300 
Mo0.3W0.7S2

d 1.976 ± 0.005  2.333 ± 0.008  0.357 ± 0.013  25  
 1.902 ± 0.008  2.253 ± 0.01  0.351 ± 0.018  300 
MoS2

d  1.929 ± 0.005  2.136 ± 0.008  0.207 ± 0.013  25  
 1.845 ± 0.008  2.053 ± 0.01  0.208 ± 0.018  300 
WS2

d 2.064 ± 0.005 2.489 ± 0.008 0.425 ± 0.013 25  
 1.981 ± 0.008  2.401 ± 0.01  0.420 ± 0.018  300 
WS2

e 2.06 2.47 0.41 77 
 2.0 2.386 0.386 300 
3R-WS2

f 2.06 2.50 0.44 77 
MoTe2

g 1.71 2.30 0.59 77 
MoS2

h 1.9255 2.137 0.2115 4.2 
MoS2

i 1.92 2.124 0.204 4.2 
athis work                       dReference 22.                  gReference 19.     
bReference 19.                eReference 21.                  hReference 18.          
cReference 20.                fReference 20.                   iReference 18.       
                                                            

 
The A and B exciton peaks near the optical absorption edge are characteristic features of the 
optical spectra of all layered molybdenum and tungsten dichalcogenides.22 The nature of the 
direct gaps has been investigated by studying these exciton pairs. Following Wilson and 
Yoffe22 many authors have attributed the A–B exciton pair to transitions at the Γ point, split 
by spin–orbit splitting, as suggested by the dependence of the splittings on the masses of the 
constituent elements.  
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4. Conclusions 
In conclusions we have measured the temperature dependence of the energies and broadening 
parameters of the direct band-edge excitonic transitions of Mo1-xWxSe2 using PzR in the 
temperature range between 25 and 300 K. The transition energies of A, B excitons and their 
separation at various temperatures change smoothly with W composition x, indicating that the 
nature of the direct band edges of Mo1-xWxSe2 are similar, even for Mo1-xWxS2 . The splitting 
of excitons A and B for Mo1�xWxSe2 is larger than Mo1�xWxS2 at various temperatures.  
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A series of MoxW1−xS2 (0 ≤ x ≤ 1) layered mixed crystals was grown by the chemical vapor transport method.

A systematic study of these crystals was then conducted using the Raman scattering measurements. The peaks of
the two dominant first-order Raman-active modes, A1g and E1

2g, and of several second-order bands are observed
from 150 cm−1 to 500 cm−1. The peaks corresponding to A1g mode show one-mode type behavior, whereas the
peaks of E1

2g mode demonstrate two-mode type behavior for the entire series. These results can be explained by
the atomic displacements of each mode. For A1g mode, only S atoms vibrate, thereby resulting in a one-mode type
behavior for the mixed crystals. For E1

2g mode, metal and S atoms vibrate. The mass difference in the vibrating
Mo and W cations causes the two-mode type behavior of E1

2g mode. In addition, the largest asymmetry and
broadening of A1g mode for Mo0.5W0.5S2 is attributed to random alloy scattering.

DOI: 10.12693/APhysPolA.131.259
PACS/topics: Raman-active mode, layered mixed crystal, atomic displacement, chemical-vapor transport method

1. Introduction

Layered semiconductors TX2 are receiving significant
interest because of their structural properties. MoS2 is
an important member of layered-type transition metal
dichalcogenides, which have a VI-group layer-type struc-
ture [1] MX2 (or WX2), where M = Mo or W, and X = S
or Se. The “layered” structure of MoS2 is formed by a
graphene-like hexagonal arrangement of Mo and S atoms
stacked together to achieve S–Mo–S sandwiches, which
are coordinated in a triangular prismatic fashion. The
S–Mo–S sandwiches are bonded together by weak Van
der Waals forces [2]. Layered semiconductors are poten-
tial candidates in various important technologies, such
as solid lubricants [3–5], photovoltaic and polymer so-
lar cells [6–10], and hydrosulphurization catalysts [11].
The possibility of obtaining MoS2 by exfoliation of multi-
layered MoS2 into single-layered MoS2nanosheets, follo-
wed by a Li-intercalation and exfoliation method [12, 13]
allowed the solution-based production and thin-film fa-
brication of MoS2 sheets, which are applicable in high-
performance electronics. In addition, a high in-plane car-
rier mobility of ≈ 200 cm2 V−1 s−1 to 500 cm2 V−1 s−1

and superior mechanical properties of the MoS2 nanos-
heets have made them promising materials for various
applications in electronic devices [14–17]. Given these
versatile properties, many researchers have investigated
the utilization of MoS2 as a semiconducting channel ma-
terial for high-performance unipolar or ambipolar field-
effect transistors [14, 18–21]. Over the last two decades,
several papers concerning the preparation and characte-

∗e-mail: mulasigiro@gmail.com

rization of MoxW1−xS2 compounds using various met-
hods have been published [22–26]. The X-r has layered-
type structure with hexagonal symmetry [22, 23]. The
thermal decomposition of thiometallate solid solutions
(NH4)2Mo1−xWxS4 in an inert or hydrogen atmosphere
yields MoxW1−xS2 nanotubes and related structures [24–
26]. Using piezoreflectance measurements in the vici-
nity of the direct band edge, the transition energies were
found to vary smoothly with the W composition x, the-
reby indicating that the natures of the direct band edges
are similar for the MoxW1−xS2 compounds [23].

In this report, we present a systematic Raman scatte-
ring study of a series of MoxW1−xS2 layered mixed cry-
stals grown using chemical-vapor transport method. The
peaks of the two dominant first-order Raman-active mo-
des, A1g and E1

2g, and several second-order (SOR) bands
were observed. Polarization-dependent measurements in
the backscattering configuration were performed to de-
termine the positions of A1g and E1

2g modes at different
W composition x. The peaks that correspond to A1g

mode show one-mode type behavior, whereas the peaks
of E1

2g mode demonstrate two-mode type behavior for
the entire series. The composition-dependent behaviors
of A1g and E1

2g modes are discussed.

2. Experimental

Solid solutions of MoxW1−xS2 single crystals were
grown using chemical-vapor transport method with Br2
as a transport agent. The total charge used in each gro-
wth experiment was approximately 10 g. The W and
Mo materials were added in such manner that the W
composition x changes with respect to increases of the
Mo from 0 to 1 with a composition step size ∆x = 0.1.
Prior to crystal growing, the powdered compounds of the
series were prepared from the elements (Mo: 99.99%,

(259)
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W: 99.95%, and S: 99.999%) by reaction at 1000 ◦C for
10 days in evacuated quartz ampoules, which was sea-
led at 10−6 Torr. The ampoule, which contained Br2
(≈ 5 mg cm−3), was then placed in a three-zone furnace,
and the charge was pre-reacted for 24 h at 800 ◦C with
the growth zone at 950 ◦C, thereby preventing the trans-
port of the product. The temperature of the furnace was
increased slowly to avoid any possible explosion caused
by exothermic reaction between the elements. The fur-
nace was then equilibrated to achieve a constant tem-
perature across the reaction tube, and then program-
med over 24 h to produce the temperature gradient at
which single-crystal growth occurred. Optimal results
were obtained at a temperature gradient of approxima-
tely 960 ◦C to 930 ◦C. Single crystalline platelets up to
10 × 10 mm2 surface area and 2 mm in thickness were
obtained. We do not expect the two solid solutions to be
miscible.

The Raman measurements were performed at room
temperature using the backscattering configuration on a
Renishaw micro-Raman system with 1800 grooves/mm
grating (Fig. 1). An optical microscope with a 50× ob-
jective was used to focus the laser beam on the sample
placed on an X−Y motorized sample stage. A linearly
polarized Ar+ laser beam (514.5 nm excitation line) with
a power of ≈ 1.5 mW was focused into a spot size of
≈ 5 µm in diameter. Prior to measurement, the system
was calibrated using the 520 cm−1 Raman peak of a po-
lycrystalline Si. The time of acquisition of a particu-
lar spectral window was optimized for individual sample
measurements. Fifty accumulations were performed to
obtain a spectrum.

Fig. 1. Schematic diagram of the setup for Raman
spectroscopy system.

3. Results and discussion

Polarization-dependent measurements in the backscat-
tering configuration were performed to determine the
position of A1g and E1

2g modes accurately, as well as
the SOR band located in the vicinity of E1

2g of the W-
containing samples. The Porto notation method [27] was
used for the designation of the crystal and polarization
directions. The [1 0 0], [0 1 0], and [0 0 1] crystallographic
axes are denoted by the letters X, Y , and Z, respecti-
vely. The notation Z(XX)Z̄ means that the direction
of incident radiation is along the Z, the first and second
terms in the bracket denotes the polarization of the in-
cident and scattered light, respectively, and Z̄ represents

the direction of scattered light. For Z(XX)Z̄ configura-
tion, the analyzer, which was placed just in front of the
charge-coupled device (CCD) camera, was set to have po-
larization axis that is parallel to the polarization of the
incident linearly polarized laser beam. A fine adjustment
in the orientation of the [1 0 0] crystallographic axis of the
sample to the E vector of the incident linearly polarized
laser beam was performed by maximizing the intensity
of the A1g mode. The Z(XX)Z̄ configuration was obtai-
ned simply by placing the half-wavelength plate directly
between the analyzer and the CCD camera.

Fig. 2. Unpolarized Raman spectra between 150 and
500 cm−1 of MoxW1−xS2 layered mixed crystals. The
dotted lines guided by eyes show position dependence
of the peaks with Mo compositions x.

Fig. 3. Polarized Raman spectra between 150 and
500 cm−1 of MoxW1−xS2 layered mixed crystals. The
dotted lines guided by eyes show position dependence
of the peaks with Mo compositions x.

The results of polarization-dependent Raman spectra
between 150 and 500 cm−1 of several MoxW1−xS2 mixed
crystals are shown in Figs. 2 and 3. The intensity of
the Raman lines in Z(XX)Z̄ and Z(XY )Z̄ configurati-
ons differ significantly, showing the strong polarization
dependence of the first-order Raman-active modes. In
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Fig. 4. Raman spectra (between 150 and 500 cm−1)
of MoxW1−xS2 layered mixed crystals for polarized ad-
ded half wave plate. The dotted lines guided by eyes
show position dependence of the peaks with Mo compo-
sitions x.

this wave number range, for 2H-MoS2 single crystal, the
peak denoted by I, which corresponds to A1g mode, is
detected for Z(XX)Z̄configuration and quenched almost
completely for that of Z(XY )Z̄ configuration. The lower
lying peak denoted by II is associated with E1

2g mode
and observed both for Z(XX)Z̄ and Z(XY )Z̄ polariza-
tion configurations. Furthermore, the measured intensi-
ties of peak II for both Z(XX)Z̄ and Z(XY )Z̄ polari-
zation show very similar values. The obtained results,
together with the strong polarization dependence, are
consistent with the selection rules of A1g and E1

2g mo-
des as given by the Raman scattering tensors [28]. For
the 2H-WS2 sample, a similar polarization behavior for
higher wave-number peak I is observed and assigned as
the A1g mode. The lower lying structure is determined to
be composed of two peaks at 356 cm−1 (designated as III)
and 352 cm−1 (designated as IV) in the Z(XX)Z̄ confi-
guration. A clear resolution of this structure can be seen
in the unpolarized Raman spectrum of 2H-WS2 (Fig. 2),
as well as in the Z(XY )Z̄ configuration in the polarized
spectra (Fig. 3). The relative intensities for peaks III and
IV in the Z(XY )Z̄ configuration are larger than that of
the Z(XX)Z̄ configuration. This observation agrees with
that reported by Sekine et al. [29]. Hence, the peak at
356 cm−1 is assigned as the E1

2g mode, whereas the peak
at 352 cm−1 is attributed to a SOR band. For the mixed
MoxW1−xS2 samples, the assignment of peaks I and II
can be facilitated by comparing their locations and pola-
rization dependence with that of the binary end crystals.
The relation of the relative intensities of peaks III and
IV in the polarized Raman spectra were utilized for the
assignment (Figs. 3 and 4).

Figure 4 shows the Raman spectra from 150 cm−1 to
500 cm−1 of MoxW1−xS2. From top to bottom, the va-
lue of the W composition x increases from 0 to 1 with a
composition step size ∆x = 0.1 according to the stoichi-

ometry of the constituent elements W and Mo. With the
increase in W composition, peak I moves to higher wave
number. By contrast, as the value of x increases, peak
II shifts to lower wave number with reduced peak inten-
sity. In addition, with the increase in W composition,
on the lower wave number side of the Raman spectra of
MoxW1−xS2, two additional peaks (III and IV) appear.
Both of these additional peaks demonstrate blue shift and
become the dominant peaks at higher x values. An alloy
disorder-related peak [30], which is positioned between
peaks II and III, is also observed for the mixed ternary
MoxW1−xS2 samples.

Fig. 5. The dependence of the wave numbers of the
Raman-active modes on the composition of MoxW1−xS2

layered mixed crystals.

The dependences of the wave numbers of the Raman-
active modes on the composition of MoxW1−xS2 layered
mixed crystals are shown in Fig. 5. For the A1g mode, a
one-mode behavior is the most typical, whereas for the
E1

2g mode, a two-mode behavior is observed. These expe-
rimental results can be explained satisfactorily on the ba-
sis of the atomic displacements for each mode. In the A1g

mode, only S atoms vibrate, thereby resulting in a one-
mode type behavior for the mixed crystals. In the E1

2g

mode, metal atoms vibrate, as well as S atoms (Fig. 2).
The atomic weight of W atom is 1.92× larger than that of
Mo atom, and this mass difference most probably causes
two-mode type behavior of E1

2g mode. These composi-
tion dependences are often seen in the Raman spectra of
solid solutions with no ordered distribution of the con-
stituent atoms [31, 32]; hence, the mixed crystals cannot
have an ideal periodic lattice. As the composition of
W increases, the disorder effect increases in the layered
mixed crystals of MoxW1−xS2, and the intensities of the
modes related to 2H-MoS2 decreases, whereas the 2H-
WS2-associated modes increase. This finite periodicity
in the mixed crystals relaxes the q = 0 Raman selection
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rule, thereby leading to the broadening and asymmetry
of the Raman line shape. Symmetric phonon line of the
A1g mode for pure 2H-MoS2 and 2H-WS2 become asym-
metric for MoxW1−xS2 mixed crystals.

Line shape analysis of the Raman spectra under A1g

mode for MoS2, Mo0.5W0.5S2, and WS2 layered cry-
stals; the inset in MoS2 represents the W composition
dependence of linewidth broadening of A1g mode for the
MoxW1−xS2 layered mixed crystals. Similar broadening
and asymmetry of the phonon lines were previously ob-
served in TlGaxIn1−xS2 layered mixed crystals [33]. The
inset of Mo0.5W0.5S2 shows the composition dependence
of the full width at half maximum (FWHM) for A1g

mode. The FWHM values of the corresponding modes
for MoS2 layered crystals were higher than those for WS2
crystals. In addition, as expected, the FWHM depen-
dence is maximal at x = 0.5, which corresponds to the
maximum substitution disorder in the mixed crystals.

4. Conclusions

The Raman spectra of MoxW1−xS2 layered mixed cry-
stals were investigated for a wide range of composition
(0 ≤ x ≤ 1). The peaks of the two dominant first-order
Raman-active modes, A1g and E1

2g, and several SOR
bands were observed between 150 cm−1 and 500 cm−1.
The peaks, which correspond to A1g mode, show one-
mode type behavior,whereas the peaks of E1

2gmode de-
monstrate two-mode type behavior for the entire series.
These results are explained on the basis of the atomic dis-
placements for each mode. For A1g mode, only S atoms
vibrate, thereby resulting in a one-mode type behavior
for the mixed crystals. By contrast, for the E1

2g mode,
metal atoms vibrate, as well as S atoms. The mass dif-
ference of the vibrating Mo and W cations causes the
two-mode type behavior of the E1

2g mode. The largest
FWHM value and asymmetry of A1g mode, which are
due to crystal disorder, are found at x = 0.5.
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Abstract. Single crystals of MoS2 doped with gold (MoS2: Au) have been grown by the chemical vapor transport method 
using iodine as a transporting agent. The transmission electron microscopy (TEM) images showed that doping sites and 
migration behaviors of Au atoms moved around the MoS2 and jumped with different positions. The doping effects of the 
materials were characterized by temperature-dependent piezoreflectance (PzR) spectroscopy measurements at 
temperature of 25 to 300 K. The temperature dependence of the spectral features in the vicinity of direct band-edge 
excitonic transition of the Au-doped and undoped one was figured out. The energies and broadening parameters of the A 
and B excitons have been determined accurately via a detailed line shape fit of the PzR spectra. The parameters that 
describe the temperature variation of the energies and broadening functions of the excitonic transitions are analysed. In 
addition, the origin of these excitonic transitions is evaluated and discussed. A plausible suggestion will be put forth to 
explain the role of gold in affecting the variation of the excitonic transitions. 

INTRODUCTION 

Molybdenum disulfide (MoS2) is an important member of layered type transition metal dichalcogenides that has 
a VI- group-layer-type structure [1] MX2 where M = Mo or W and X = S or Se 2 is 
formed by a graphene-like hexagonal arrangement of Mo and S atoms stacked together to give S Mo S sandwiches 
coordinated in a triangular prismatic fashion. The S Mo S sandwiches are bonded together by weak Van-der-Waals 
forces [2]. The material is of interest as a potential candidate in a variety of important technologies such as solid 
lubricants [3], photovoltaic and polymer solar cells [4, 5], hydrosulphurization catalysts [6]. Recently, the possibility 
of obtaining MoS2 by exfoliation of multi-layered MoS2 into single-layered MoS2 nanosheets, followed by a Li-
intercalation and exfoliation method [7, 8] has allowed the solution-based production and thin-film fabrication of 
MoS2 sheets that are applicable in high-performance electronics. Due to these versatile properties, many researchers 
have been intensely investigating the utilization of MoS2 as a semiconducting channel material for high performance 
unipolar or ambipolar field-effect transistors [9, 10]. Topics investigated commonly deal with the strong anisotropy 
of physical properties [1] , the role of the d orbitals of the transition metal atom in the electronic band scheme [11] 
and the sharp excitonic structures in the visible region [12, 13]. These structures are generally attributed to the 
existence of the excitonic transitions A and B characterized by fundamental levels still evident at room temperature. 
Various assignments for these structures have been proposed both from theoretical band structure calculations [11, 
14 16] and experimental measurements [17 19]. Moreover, previous works [20] found several results that X-ray 
photoelectron spectroscopy showed a slight down shift of the Mo 3d and S 2p binding energies, field-emission 
scanning electron microscopy showed foliate morphology and single crystalline structure, room temperature Hall 
effect measurement indicated p-type semiconducting character for the sample, and the optical transmittance 
measurements revealed that Au-doped MoS2 is an indirect semiconductor. In this context, the knowledge of how 
dopant atoms interact with the host TMD lattices is highly important both in fundamental science and future device 
technology. However, conclusive results concerning origins of these structures have not been obtained. Besides, 
only few works concerning the effect of the dopants on the temperature dependence study of the excitonic 
transitions have been reported [21].        
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In this article, we report the transmission electron microscopy (TEM) images of Au-doped and a detailed study 
of the temperature dependence of the piezoreflectance (PzR) measurements in the spectral range of the A, B 
excitonic structures of undoped and Au-doped MoS2 single crystals from 25 to 300 K, which were grown by 
chemical vapour transport method with I2 as the transport agent. Piezoreflectance has been proven to be useful in the 
characterization of semiconductors [22, 23]. The derivative nature of modulation spectra suppresses uninteresting 
background effects and greatly enhances the precision in the determination of interband excitonic transition 
energies. The sharper lineshape as compared to the conventional optical techniques has enabled us to achieve a 
greater resolution and hence to detect weaker features. The PzR spectra are fitted with a form of the Aspnes equation 
of the fist derivative Lorenzian lineshape [22, 24]. From a detailed lineshape fit, we are able to determine accurately 
the energies and broadening parameters of the excitonic transitions. The parameters which describe the temperature 
behaviour of excitonic transitions indicate that A-B, caused by interlayer interaction and spin-orbit splitting, 
correspond to excitonic transitions with different origin. The origin of A, B excitons and the effects of dopant are 
discussed. The temperature variation of the transition energies has been analyzed by the Varshni equation [25] and 
an expression containing the Bose-Einstein occupation factor for phonons [26, 27]. The temperature dependence of 
the broadening function also has been studied in term of a Bose-Einstein equation that contains the electron 
(exciton)-longitudinal optical (LO) phonon coupling constant [26, 27].  

EXPERIMENTAL METHODS 

Gold-doped MoS2 single crystals have been grown by the chemical vapour transport method with Br2 as the 
transport agent. The total charge used in each growth experiment was about 10 g. The stoichiometrically determined 
weight of the doping material was added in the hope that it would be transported at a rate similar to that of Mo. The 
quartz ampoule containing Br2 (~5 mg cm-3) and uniformly mixed elements (99.99% pure Mo, Au and S) was sealed 
at 10-6 Torr. The ampoule was then placed in a three-zone furnace and the charge prereacted for 24 h at 800 0C with 
the growth zone at 950 0C, preventing the transport of the product. The temperature of the furnace was increased 
slowly to avoid any possibility of explosion due to the exothermic reaction between the elements. The furnace was 
then equilibrated to give a constant temperature across the reaction tube, and programmed over 24 hours to produce 
the temperature gradient at which single-crystal growth took place. Optimal result was obtained with a temperature 
gradient of approximately 960  930 0C. Single crystalline platelets of 10 x 10 mm2 surface area and 2 mm in 
thickness were obtained. We do not expect the two solid solutions to be miscible. It was found that a 5% nominal 
doping of MoS2 prevented the growth of single crystals.   

The high magnification of morphologies of the Au-doped MoS2 was investigated by scanning the transmission 
electron microscope (STEM). A JEM-2100F equipped with a delta corrector and cold field emission gun was 
operated at 60 kV in these experiments. Image structures were obtained by density functional theory (DFT) 
calculation and the corresponding STEM image in fig. 2 of (a) Au adatom on Mo site, (b) Au substitute S atom and 
Au adatom on hollow center (HC) site, and (c) Au adatom on S site, the annular dark field (ADF) images of each 
possible positions were occupied by Au atom. The ADF images are processed by Gaussian blur filter to increase the 
S/N ratio. The simulated atomic structure has been tilted -20° in x-axis and 3° in y-axis.  

The PzR measurements were achieved by gluing the thin single crystal specimens on a 0.15 cm thick lead-
zirconate-titanate (PZT) piezoelectric transducer driven by a 200 Vrms sinusoidal wave at 200 Hz. The alternating 
expansion and contraction of the transducer subjects the sample to an alternating strain with a l/l value 
of ~ 10-5. A 150 W tungsten-halogen lamp filtered by a model 270 McPherson 0.35 m monochromator provided the 
monochromatic light. The reflected light was detected by EG&G type HUV-2000B silicon photodiode. The DC 
output of the silicon photodiode was maintained constant by a servo mechanism of a variable neutral density filter. 
A dual-phase lock-in amplifier was used to measure the detected signal. Modulated spectra were normalized to the 

R/R. An RMC model 22 close-cycle cryogenic refrigerator equipped with a model 4075 
digital thermometer controller was used to control the measurement temperature between 25 and 300 K with a 
temperature stability of 0.5 K or better. 

 

RESULTS AND DISCUSSIONS 

Displayed by the dashed curve in Figs. 1(a) and 1(b) are the PzR spectra near the direct band edge over the range 
1.65 2.35 eV for the undoped  and 1.7 2.25 eV for the Au-doped MoS2 single crystals. The spectra are 
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characterized by two prominent excitonic transitions, A and B excitons. In the case of undoped MoS2, a higher series 
of A exciton, denoted as A2, is also detected. In order to determine the position of the transitions accurately, we 
performed a theoretical line shape fitting. The energies of both excitonic transitions showed the general trend of up-
shifting as the temperature was lowered. The linewidths also became narrower in the process. The functional form 
used in the fitting procedure corresponded to a first derivative Lorenzian line shape function of the form [22, 24]. 
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iA  and ex

i are the amplitude and phase of the line shape, ex
iE  and ex

i  are the energy and broadening 

parameters of the interband excitonic transitions and the value of ni depends on the origin of the transition. For the 
first derivative functional form, n = 2.0 was appropriate for the bounded states, such as excitons or impurity 
transition, while n = 0.5 was applicable for three dimensional critical point interband transitions [24]. The least-
squares fits using equation (1) with n = 2 can be achieved and the fits are shown as solid curve in fig. 1. The fits 

yielded the parameters Ai, Ei and i . The obtained values of Ei were indicated as arrows and denoted as A1, A2 and 

B. The nomenclature used here followed closely that of Wilson and Yoffe [1] and Beal et al [28]. The value of Ei 
obtained here showed a general agreement with slight deviation from the corresponding low temperature 
transmission data of Beal et al [28]. We believed the derivative nature of the PzR spectra should offer better 
accuracy. The fitted values of Ei are displayed in table 1 together with the relevant works of [13, 21, 28 30] for 
comparison. The prominent A and B excitons were observed to be red-shifted. The energy position of A and B 

excitons were measured accurately with the PzR experiment. The splittings of excitons A and B ( ABBA EE ) 

were determined to be 0.16 ± 0.013 eV for Au-doped MoS2 and 0.216 ± 0.013 for undoped MoS2. These number 
agreed well with the corresponding previous works [21, 29], transmission data of Beal et al. [28], Reflectance [30], 
and wave length modulated reflectance (WMR) spectra of Fortin and Raga and Photoconductivity [13]. In the case 
of the WMR data of Fortin and Raga, their observed signature, B* is almost certain to be due to the presence of 3R-
MoS2 in their 2H-MoS2 sample. For undoped MoS2, the excitons A and B Rydberg series can be described by three-

dimensional Mott-Wannier excitons [28, 30, 31] which followed closely the relations, 2RnEEn , where n = 

E and R were the exciton-series limit and binding energy, the calculated values for exciton A were 

E = 1.981 ± 0.02 eV and R = 0.051 ± 0.005 eV. For Au-doped MoS2, only n = 1 Rydberg series for both excitonic 

transitions were observed. It has been shown that excitons for the three-layer rhombohedral MoS2 are more 
appropriately described by the two-dimensional Mott-Wannier excitons [28, 30, 31]. The non-detection of higher 
series is an inherent nature of   the two-dimensional Mott-Wannier excitons [30]. The physical origin of the 

measured difference in the energy splitting of A and B excitons BA for the Au-doped and undoped MoS2 may be 

understood as follows. From the more recent theoretical and experimental studies [15, 16, 32], the A and B excitons 
were attributed to the smallest direct transitions at the K point of the Brillouin zone split by interlayer interaction and 
spin-orbit splitting [15, 16]. The exciton belongs to K4 to K5 while the B exciton corresponds to K1 to K5 optical 
transitions. The K states have been shown by Coehoorn et al [15, 16] to be predominantly metal d states with a small 
contribution from the non-metal p states. Then according to the fig. 2, during growth of Au-doped MoS2, once the 
Au atom jumps into the S vacancy as a substitutional dopant, it stays much more stable than the other adatom cases, 
also Au atoms tend to weakly couple to the MoS2 layers as adatoms, while doping with Au atoms may give rise to 
interesting magnetic properties. On the contrary, the Au adatoms on MoS2 surface give rise to similar mid-gap states 
at all the three sites (Au-S, Au-Mo and Au-HC). Au dopants in two other positions (as adatoms on HC (Au-HC) 
sites and in substitutional position at S sites (Au@S)) can also be found, but they are quite rare. Very interestingly, 
our results suggest that Au adatoms can possess magnetic moments on MoS2 surfaces, so that the introduction of Au 
impurities may lead to new functionalities of MoS2 and likely other TMDs. One Au-S atom in the single layer 
region is continuously moving and has a different position in each frame. Another Au atom is found to suddenly 
jump into the imaging area. The first Au atom continues to migrate in the two-layer region. Although it is not 
possible for us to say whether the Au atom can be on the top or bottom surface of two layers, the migration behavior 
of the Au atom can be interpreted without any ambiguity as it is migrating at the inter-layer positions [33, 34]. 
Moreover, gold nanoparticles on MoS2 were reported to dramatically enhance the photocurrent [35]. In a stark 
contrast, substituting Mo with Au is highly unfavorable, and the Au atoms are expected to be located predominantly 
at the adatom sites. Indeed, no Au substitution was found in the experiments. The resulting splitting should open up 
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slightly if no other mechanisms were involved. This plausible deduction is inferred from other experimental work on 
mixed crystals of MoS2 with either WS2, WSe2 or MoSe2 where larger anion or cation masses will result in a 

widening of BA . However, the measured shrinkage of BA showed the opposite trend. Other mechanisms such the 

well known process of intercalation which usually involves a distortion of a crystal structure and a variation of the 
electronic states of the synthesized compounds [36] may be responsible. It is very likely that Au ions stabilize the 
3R polytype of MoS2. The resulting van der Waals forces of 3R-MoS2 should be weaker than the 2H polytype and 

this is reflected by the measured reduction in BA .  

 
 

FIGURE 1. Piezoreflectance spectra of (a) undoped and (b) Au-doped MoS2 at several temperatures between 25 and 300K. The 
dashed curves were the experimental results and the solid curves were least squares fits of Eq. (1). 

 
 

 

FIGURE 2. Image structures obtained by density functional theory (DFT) calculation and the corresponding STEM image of (a)-
(c) the ADF images of each possible positions occupied by Au atom.  

 
The temperature variations of the energies of A and B excitons for the doped MoS2 are displayed in fig. 3. The 

dashed curves in fig. 3 are the least-squares fits to the Varshni empirical relationship [25].    

(a) (b) 
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Where i = 1 or 2, )0(iE  is the transition energy at 0 K, and i  and i  are Varshni coefficients. The constant 

i  is related to the electron (exciton)-phonon interaction and i  is closely related to the Debye temperature. For 

the Au-doped MoS2, the fitted values for exciton A were E(0) = 1.934 ± 0.005 eV,  = 0.39 ± 0.05 meV K-1 and 

 = 136 ± 45 K, and for exciton B E(0) = 2.096 ± 0.005 eV,  = 0.43 ± 0.05 meV K-1 and  = 157 ± 45 K. 

These numbers are quite similar to other layered structure transition metal dichalcogenide compound [21, 29]. The 

Debye temperature can be estimated from the Lindemann formula 3/16/52/1120 ATmD [37], where Tm is the 

melting temperature, A the atomic weight, and is the density of the material. We have computed D = 253 K for 

MoS2 with Tm = 1185 0C [37], A=53.357 g mol-1,  = 4.8 g cm-3 [37]. These number for D  are in reasonable 

agreement with the fitted values of  as given by equation (2). The temperature dependence of the excitonic 

transition energies EA(T) and EB(T) of the doped and undoped MoS2 can also be fitted (solid curves in fig. 3) by the 
expression containing the Bose-Einstein occupation factor for phonon [26, 27].   

       ,
]1)[exp(

2
1)(

T
aETE

iB
iBiBi  (3) 

Where i = 1 or 2, iBa  represents the strength of the electron (exciton)-phonon interaction, and iB  corresponds 

to the average phonon temperature. For the Au-doped samples, the fitted values for exciton A were EAB = 1.931 ± 

0.01 eV,  ABa
 
= 30 ± 15 meV and AB = 175 ± 65 K, and for exciton B EBB = 2.092 ± 0.01 eV, BBa

 
= 35 ± 15 

meV and BB = 188 ± 65 K. Again, these values are typical of all layered structure transition metal dichalcogenides 

[21, 29].  

 
FIGURE 3. Temperature variations of the energies of the A-B excitonic pair for undoped and Au-doped MoS2. Representative 

error bar are shown. The dashed and solid curve are least squares fits to Eq. (2) and (3), respectively. 
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FIGURE 4. Temperature variations of the broadening parameters of A and B excitonic transitions for undoped and A-doped 

MoS2. Representative error bar are shown. The solid cures are least squares fits to Eq (4).  
 

The experimental values of the linewidth )(Ti  of  A and B excitons at several temperatures between 25 and 

300 K as obtained from the line shape fit with equation (1) are displayed in fig. 4. Linewidth broadening nearly 
independent of temperature below 100 K characterizes both excitonic transitions. The temperature  independent 
broadening characteristics of the excitonic transitions for the layered structure transition metal dichalcogenides at 
temperature below 100 K has been observed previously [13, 21, 29]. The relatively high value of this temperature 
was attributed to the high value of the exciton reduced mass for the MoS2 crystals [13]. The temperature dependence 
of the line-width can be expressed as [26, 27]:   

,
]1)[exp(

)(
LO

LO
0 T

T
i

i
ii  (4) 

Where i = 1 or 2. The first term represents the broadening invoked from temperature-independent mechanisms, 
such as impurity, dislocation, electron interaction, and Auger processes, while the second term was caused by the 

Fröhlich interaction. The quantity LOi  represents the strength of the electron (exciton)-LO phonon coupling while 

LOi  is the LO phonon temperature. The solid curves in fig. 4 represent least-squires fits of the experimental data 

which enable the evaluation of 0i , LOi  and LOi  for the excitonic transitions of undoped and Au-doped MoS2. 

The obtained values of these quantities are listed in table 2 together with the numbers for [21, 29, 38 41] for 
comparison.  

The parameter i  of equation (2) is related to iBa  and iB of equation (3) by taking the high-temperature limit 

of both expressions. This yields iBiBi a /2 . According to the existing theory [26, 27], this leads to a value of 

iB  that is significantly smaller than iLO . Our results agreed favorably with the theory [26, 27].  From table 2, the 

values of 0i  for Au-doped MoS2 for An excitons are slightly smaller than that of the undoped sample, but for B 

excitons are slightly higher. This means that probably once the Au atom jumped into the S vacancy as a 
substitutional dopant, it stayed much more stable than the other adatom cases. On the contrary, as has been said 
earlier, the Au dopant atoms showed extremely high mobility during the observation and easily migrated under the 
electron beam. Our experimental showed that Au ions stabilized the rhombohedral 3R phase of the MoS2 crystal 
instead of forming the ternary Mo1-xAuxS2 system. Our experimental observations thus far supported this assertion. 
However, from the close similarity of the experimental line shapes and of the fitted parameters, the observed 
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difference may not be significant enough to account for the effect of gold induced impurity scattering. The apparent 

ambiguous reasoning is not unreasonable considering the relatively small quantity of dopant. The value of 0i for

the A1 and B excitonic transitions of MoS2 were about 20 and 40, respectively. These values were much larger than 
those of most semiconductors. The results agreed well the previous reports on GaAs ( 20 meV) [41], ZnSe ( 24 
meV) [40], and MoS2 [13] that reported a detailed study on the excitons in molybdenum disulfide: the results 
showed that a very large natural broadening nearly independent of temperature below 100 K characterized all the 

excitonic peaks and a high characteristic temperature c   was deduced from the half width of the A1 and B 

structures as function of the temperature and was attributed to a high value of the exciton reduced mass. The value 

of iLO were quite close to the previous report of the longitudinal optical phonon temperature for MoS2 (557K)

obtained from Raman measurements [42]. The close match between the fitted values of iLO and the LO phonon

temperatures obtained from Raman scattering indicated that the temperature variation of i was indeed mainly due

to the interaction of the electron with optical phonons. These observations confirmed the existing theory [26, 27], 
however, a more systematic experimentation should be carried out to verify this property.   

TABLE 1. Energies of the excitons A, B and their splitting in MoS2, MoS2: Au using equation (1). Relevant values for previous 
works are included for comparison. 

Material A 
(eV) 

B 
(eV) 

EA-B 
(eV) 

Temperature 
(K) 

MoS2:Au a 1.931 ± 0.005 2.091 ± 0.008 0.16 ± 0.013 25 
1.926 ± 0.005 2.088 ± 0.008 0.162 ± 0.005 77 
1.854 ± 0.008 2.014 ± 0.01 0.16 ± 0.018 300 

Undoped MoS2 
a 1.932 ± 0.005 2.148 ± 0.008 0.216 ± 0.013 25 

1.927 ± 0.005 2.144 ± 0.008 0.217 ± 0.013 77 
1.853 ± 0.008 2.070 ± 0.01 0.217 ± 0.018 300 

MoS2:Re b 1.915 2.066 0.151 15 
Undoped MoS2 

b 1.928 2.136 0.208 15 
MoS2 

c 1.88 2.06 0.18 300 
MoS2 

d 1.9255 2.137 0.2115 4.2 
MoS2 

e 1.92 2.124 0.204 4.2 
MoS2 

f 1.929 ± 0.005 2.136 ± 0.008 0.207 ± 0.013 25 
1.845 ± 0.008 2.053 ± 0.01 0.208 ± 0.018 300 

2H-MoS2 
g 1.910 2.112 0.202 5 

3R-MoS2 
g 1.908 2.057 0.149 5 

aPresent work.     ePhotoconductivity [13].  
bPzR [21].   fPzR [29]. 
cReflectance [30].   gTransmission [28]. 
dWMR [13].     
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Undoped MoS2
c A1 18.0 ± 1.0  75 ± 20 560 ± 50 

B 37.4 ± 2.0 75 ± 35 560 ± 50 
ReS2 : Aud exE1

5.9 ± 0.5 75 ± 15 315 ± 100 

exE2
6.8 ± 0.5 60 ± 15 360 ± 100 

WS2 : Aue A 21 ± 1 80 ± 20 520 ± 50 

B 41 ± 2 120 ± 30 520 ±50 

GaAsf g
dE 2 20 ± 1 417 

ZnSeg g
dE 6.5 ± 2.5 24 ± 8 360 

aThis work.     eReference [39]. 
bReference [21].   fReference [41]. 
cReference [29]. gReference [40]. 
dReference [38].

CONCLUSION 

Single crystals of gold-doped and undoped MoS2 have been grown by chemical vapor transport method using 
iodine as the transporting agent. We have studied the temperature dependence of the energies and broadening 
parameters of the direct band-edge excitonic transitions of these samples using PzR in the temperature range of 25 to 
300 K. From the experimental observations and detailed analysis of the broadening parameters and energies of the 
excitonic features A and B, we can infer that once the Au atom jumps into the S vacancy as a substitutional dopant, 
it stays much more stable than the other adatom cases. The TEM results of Au-doped MoS2 propose that the 
introduction of Au impurities may lead to new functionalities of MoS2 and likely other TMDs. Furthermore, we can 
infer that Au ions stabilize the formation of 3R-MoS2. As a result, the electronic states of the MoS2 crystals are 
modified with a reduction of energy splitting of A and B excitons. In addition, the parameters that describe the 
temperature variation of the energies and broadening function of the interband excitonic transitions were evaluated. 

The values of 0i  for Au-doped MoS2 for B excitons were slightly higher than that of the undoped sample.
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TABLE 2. The values of the parameters which describe the temperature dependence of the broadening function of the band-edge 
excitonic transitions of MoS2: Au and undoped MoS2. Relevant value for previous works and direct band-edge transitions of 

GaAs and ZnSe are included for comparison. 
Materials Feature 

0

(meV) 
LO

(meV) 
LO

(K) 
A1 562 ± 50 
B 562 ± 50 
A1 450 ± 50 
B 572 ± 50 

Undoped MoS2
a

MoS2:Au 
a

MoS2:Re 
b A1 510 ± 50 

B 

18.3 ± 1.0 77 ± 20 
37.6 ± 2.0 76 ± 30 
11.2 ± 1.0 55 ± 20 
37.8 ± 2.0 85 ± 30 
16.4 ± 1.0 85 ± 16 
34.0 ± 1.0 90 ± 17 520 ± 50 
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Abstract. An inverted pendulum has nonlinear dynamic, so it is not easy to do in
analysis to see its behavior. From many observations which have been made, there
are two things that need to be added on the perfection of inverted pendulum.
Firstly, when the pendulum has a large mass, and the second when the pendulum
is given a load mass much larger than mass of the inverted pendulum. There are
some question, first, how big the load mass can be given so that the movement of
the inverted pendulum stay stable is. Second, how weight the changes and moves
of load mass which can be given. For all the changes, it hopes the inverted
pendulum is stay stable. Finally, the final result is still expected to be as stable, it
must need conclude what kind of controller is capable of carrying such a mass
burden, and how large the mass load limit can be given.

1. Introduction
A behaviour of nonlinear plant on an inverted pendulum can allow the system to become
unstable, if its load mass changes suddenly occur on inverted pendulum. The load mass can
change with constant values, or it will change depend on time, there is also the burden of
mass change all at once moving. The load on cart mass can be made by giving additional load
mass after the system is stable. For load mass changes and moves, the movement of that load
mass can be done by giving disturbance to the mass of the cart, and it changes depend along
with time changes.

If the mass of the cart has changed we can observe the changing of occurring on the
position of pendulum, how is that possible to affect the stability of the inverted pendulum.
The magnitude of the load mass changes can be made gradually to see the stages of the
process, so at last we will find the limit of the mass imposition to the inverted pendulum.

There’re so many researchers have designed the stability of an inverted pendulum by
using different controllers. One of the techniques was standard pole-placement which
proposed by Hari Vasudevan [1]. The controller design was done with the approach of linear
system, it has realized to a nonlinear inverted pendulum. The other one has designed the
stability of an inverted pendulum by using fuzzy controller which proposed by Ahmad M. El-
Nagar [2]. Ronzhina M N [3], have designed the stability of an inverted pendulum by using
full feedback from state space techniques, and Sorokin V S [4] has designed stability an
inverted pendulum by using swing-up controller techniques. In all these cases, the behavior of
the system stability has observed with well, but none of them observe the effect of changing
load mass on system stability.

http://creativecommons.org/licenses/by/3.0
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In the other case, the behavior of pendulum's response was observed through giving
disturbance and changing the load mass, but the effect of movement of load mass still yet to
be observed by them. All those cases have proposed by Prasad at all [5] and Arda and Kuscu
[6].

Finally, it needs to observe the effect of mass moving on the stability of the pendulum
and analyse the limit of mass on inverted pendulum with a large mass. This paper present a
discussion to observe by the influence of changing the load mass on inverted pedulum
stability based on simulation study, and expected will give a good contribution to the fields of
control systems.

1.1 System Details

Figure 1. General Arrangement of An Inverted Pendulum

Second, based on the topic above, the load mass of the cart can be changed with the constant
mass from 8 kg become 18, 28, 38 or 48 kg. The variable load mass can also be varied by
using time, as shown the Figure 2 below. Mass of the cart changed and it changed according
to a half sinus with magnitude started from 8 to 18, 20, 38 or 38 48 kg.

Figure 2. Varies of Pendulum’s Mass
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1.2 Modelling Inverted Pendulum
The dynamics of an inverted pendulum can be derived from its arrangement as shown in
Figure 1. It consists of a cart, a pendulum and a driving force unit. The cart uses four wheels
can move left or right on the floor freely. The pendulum is placed on the centre of the top
surface of the cart. The cart able to rotate to the left or right as like as the cart movement. If all
frictions are neglected on the system, the dynamic equation of the inverted pendulum have
two equations as expressed below:

̈ ( ) = ̇ ( ) (1)̈ ( ) = ̇ ( ) (2)

 is the the position of pendulum, x is the position of the cart. The initial position of
pendulum was  =  0 in the unit (rad), the initial position of the cart with x = x0 = 0 in the unit
(m). The parameters mc and mp are respectively by the mass of the cart and pendulum in the
unit (kg), and g = 9,81 (m/s2) is the grafity acceleration.

1.3 Optimal Control Design
From the dynamics of inverted pendulum equation (1) and (2), it needs an approach

to generate the linear form with asumtions: for small , the value of sin  = , and the value
of cos For those asumtions, the dynamics of inverted pendulum have changed into the
equation (3) and (4) below:̈ ( ) = (3)̈ ( ) = −

(4)

̇ ̇̇̇ = ⎣⎢⎢
⎢⎡ 0 1 0 00 0 00 0 0 10 0 0 ⎦⎥⎥

⎥⎤ + ⎣⎢⎢
⎢⎡ 00 ⎦⎥⎥
⎥⎤

(5)

Equation (5) has the general form with ̇ = + . By using the Riccati’s equation [9] to
design the optimal feedback, we can choose the weight Q and R as below:= [20 0 0 0 ; 0 1 0 0 ; 0 0 20 0 ; 0 0 0 1] and = [1]
We found the optimal feedback gain by using the matlab’s command,= [ ] = lqr ( , , , ) (6)

and the result was = [32.6220 6.8964 − 1.4142 − 2.4721].
On insertion of those gain feedback  in the form of closed loop system with r(t) is the
reference intput, the control force is,( ) = ( ) − ( ) (7)
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Finally, the equation (8) and (9) are obtained for the closed loop system dynamics:̈ ( ) = ̇ ̇ ̇( ) (8)

(1)̈ ( ) = ̇ ̇ ̇( ) (9)

The examination of equations (8) and (9) have been done with = 0 and the initial conditions (0) =0 0 0 . It shows the state variables of inverted pendulum are coupled.

1.4 The Comparison Between Nonlinear and Linear Dynamics

If we applied the optimal feedback gain from the equation (7) for the linear
system as given in  equation (3) and (4), we can express both equations as below:̈ ( ) = ̇ ̇

(10)̈ ( ) = − 1 + 1 ̇ + 3 + 4 ̇ (11)

The responses of the linier system ( ) and ( ) from equation (10) and (11) must resemble
to the nonlinear system from equation (8) and (9), then the error between the responses
nonlinear and linear system must be as small as possible.

2. Simulation
In the first step of the simulation, the initial position responses of pendulum and cart showed
by the Figure 3. The simulations carried out by using Runge-Kutta integration.

Figure 3. Initial Responses of Inverted Pendulum’s Positions( ) is ( ) in degree (o), ( ) is ( ) in (m). From the results, it can be seen that the
pendulum will continue oscillating from 22.5o to 337.5o. The movement of the cart starts from
zero to infinity, so the pendulum and cart position become unstable.

In the second step of the simulation, it shows the optimal respond the linier and
nonlinear system according to the Figure 4.
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Figure 4. Comparison of Responses of Linear and Nonlinear System

From the results, we saw the response of the pendulum and the cart will be continued toward
zero. These all responses mean, the system has stable, the both responses toward equilibrium
pont. The position error between nonlinear and linear response are calculated by sum of
square error, and those equal to 0.4865 % and 0.9815 % for each for the pendulum error and
the cart error. Both the error are small enough, and all the responses are eligible.

3. The Influence of Load Mass Changes
The change of the load mass from 8 kg to 18, 28, 38 and 48 kg was appiled as given in Figure
5. It seems the response of the pendulum and cart for the different mass was stay stable.

Figure 5. The effect of cart’s mass change on position response

When the change of a different load mass appiled  to the cart of inverted pendulum, the
respon of position was found as shown in Figure 6. All responses show that all load mass
changes can be overcome by controller, so the the inverted pendulum always stay stable, and

the inverted pendulum has already designed to a strong controller.
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Figure 6. The effect of mass load disturbance changes on pendulum’s position

4. Conclusion
As we have described in the introduction, we need to observe the influences of load mass
moving on the stability of pendulum and analyse the limit of mass on inverted pendulum with
a large mass, according to the given result on Figure 5 and Figure 6 we can say that we have
producted a strong controller with big power and automatic. The limit of load mass which
given by the cart has reached 50 kg.

Lastly, the controller has been designed to the strong controller by using the optimal
techniques. The weight for optimal conditions to be selected with trial and error several times,
so we found the best feedback gain to eliminate all the disturbances.
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Abstract. We have measured the temperature dependence of the spectral features
in the vicinity of direct band-edge excitonic transition of the Nb-doped MoS2

single crystals from 25 to 300 K using piezoreflectance (PzR). The energies and
broadening parameters of the A and B excitons of the Nb-doped MoS2 samples
have been determined accurately via a detailed line shape fit of the PzR spectra.
we can infer that the Nb ions are most likely intercalated between the van der
Waals gap and stabilize the rhombohedral 3R phase of the MoS2 crystal.

1. Introduction
Molybdenum disulphide MoS2 belongs to the group IVA layer type transition metal
dichalcogenides having C7 type crystal structure which is formed of unit layers consisting of
transition metal (Mo) atoms sandwiched by chalcogen (S) atoms [1]. The MoS2 compound
has been extensively investigated because of  the possible practical application as a solid state
lubricant and a catalyst for hydrodesulfurization (HDS) and hydrogen evolution reaction
(HER) [2-4], photoelectrochemical solar cells [5-6] , and can also be synthesized in large
scale by chemical vapor deposition  [7-11]. The monolayer MoS2 single crystal exhibits high
luminous energy photoconversion efficiencies [12-13], excellent electrical [14-16] and optical
performance [17, 18] compared to its bulky counterpart. The successful application of this
semiconductor compound originates largely from the sandwich interlayer structure, loosely
bound by the weak van der Waals forces, as evidenced by easy cleavage in the c-direction
along which the S-Mo-S layers are stacked to form the crystal [1, 19]. There are two known
polytypes of MoS2 [1, 19]; two-layer hexagonal and three-layer rhombohedral termed 2H and
3R, respectively. Both have regular layered structures with six-fold trigonal prismatic
coordination of the Mo atoms by the sulfur atoms within the layers; 2H-MoS2 has two layers
per unit cell stacked in the hexagonal symmetry and belongs to the space group D while 3R-
MoS2 has three layers in the c-direction but has rhombohedral symmetry and belongs to the
space group C . Naturally occurring 3R-MoS2 has been found to be consistently rich in
certain minor elements such as Re, Nb etc [20]. The incorporation of the impurity will
essentially influence the structure symmetry of MoS2, this is the adoption of the polytype 3R-
MoS2. For Nb-doped MoS2, the niobium substitutions improve the photocurrent gain much
more slowly than in the case of rhenium [21]. Niobium dopants seems to serve more than just
as an impurity donor, it is most likely that niobium transition ions can either substitute for the
Mo metal ions interstitially or intercalate between the Vander Waals gap resulting in a
distortion of crystal structure [20, 21]. The sandwich Nb ions create stronger bonds than the
original van der Waals forces and transform the two-layer hexagonal MoS2 (2H-MoS2) into
three-layer rhombohedral MoS2 (3R-MoS2). The transformation of 2H-MoS2 into 3R-MoS2

by doping with niobium is perhaps not too surprising as it has been found that naturally

http://creativecommons.org/licenses/by/3.0
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occurring 3R-MoS2 is consistently rich in certain minor elements such as Nb, Re etc [21].
Despite the potentially attractive fundamental research offered by Nb-doped MoS2, very few
studies concerning the influence of niobium dopant on the electrical and optical properties of
the material have been reported.

In this study, we present piezoreflectance (PzR) measurements which has been proven to
be useful in the characterization of semiconductors [22, 23]  of Nb-doped MoS2 which grown
by chemical vapor transport method with I2 as transport agent. An elaborate temperature
dependence of the spectral features near the direct band-edge excitonic transitions of the Nb-
doped MoS2 in the range 25 to 300 K has been obtained. The derivative nature of modulation
spectra suppresses uninteresting background effects and greatly enhances the precision in the
determination of inter band excitonic transition energies. The sharper line shape as compared
to the conventional optical techniques has enabled us to achieve a greater resolution and
hence to detect weaker features. The PzR spectra are fitted with a form of the Aspnes equation
of the fist derivative Lorenzian lineshape [23, 24]. From a detailed lineshape fit we are able to
determine accurately the energies and broadening parameters of the excitonic transitions. The
parameters which describe the temperature behaviour of excitonic transitions indicate that A-
B, caused by interlayer interaction and spin-orbit splitting, correspond to excitonic transitions
with different origin. The origin of A, B excitons and the effects of dopant are discussed. The
temperature variation of the transition energies has been analyses by the Varshni equation [25]
and an expression containing the Bose-Einstein occupation factor for phonons [26,27]. The
temperature dependence of the broadening function also has been studied in term of a Bose-
Einstein equation that contains the electron (exciton)-longitudinal optical (LO) phonon
coupling constant [26,27]. The addition of dopant impurities to a semiconductor is what
enables the fabrication of a multitude of interesting devices. The physical role of niobium in
influencing the electronic states of the MoS2 crystal will also be discussed.

2. Experimental
Niobium-doped MoS2 single crystals have been grown by the chemical vapour transport
method with I2 as a transport agent. The total charge used in each growth experiment was
about 10 g. The stoichiometrically determined weight of the doping material was added in the
hope that it would be transported at a rate similar to that of Mo. The quartz ampoule
containing Br2 (~5 mg cm-3) and uniformly mixed elements (99.99% pure Mo, Nb and S) was
sealed at 10-6 Torr. The ampoule was then placed in a three-zone furnace and the charge
prereacted for 24 h at 800 0C with the growth zone at 950 0C, preventing the transport of the
product. The temperature of the furnace was increased slowly to avoid any possibility of
explosion due to the exothermic reaction between the elements. The furnace was then
equilibrated to give a constant temperature across the reaction tube, and programmed over 24
h to produce the temperature gradient at which single-crystal growth took place. Optimal
result were obtained with a temperature gradient of approximately 960 → 930 0C. Single
crystalline platelets up to 10 x 10 mm2 surface area and 2 mm in thickness were obtained.
After 24 h, the furnace was allowed to cool down slowly (400C/h) to about 2000C.
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Figure. 1 Photograph of the as-grown niobium-doped MoS2 single crystal with the surface
normal to c-axis

The ampoule was then removed and wet tissues applied rapidly to the end away from the
crystals to condense the I2 vapor. When the ampoule reached room temperature, it was opened
and the crystals removed. The crystals were then rinsed with acetone and deionized water.
Single crystalline platelets up to 10×10 mm2 surface area and 2 mm in thickness were
obtained. The as-grown niobium-doped MoS2 single crystal is shown in Fig.1. MoS2

crystallizes with 2H or 3R structure, while NbS2 crystallizes in a distorted C6 structure, so
that only a small solubility range is to be expected. We do not expect the two solid solutions
to be miscible. It was found that a 5% nominal doping of MoS2 prevented the growth of single
crystals.

The PzR measurements were achieved by gluing the thin single crystal specimens on a
0.15 cm thick lead-zirconate-titanate (PZT) piezoelectric transducer driven by a 200 Vrms

sinusoidal wave at 200 Hz. The alternating expansion and contraction of the transducer
subjects the sample to an alternating strain with a typical rms Δl/l value of ~ 10-5. A 150 W
tungsten-halogen lamp filtered by a model 270 McPherson 0.35 m monochromator provided
the monochromatic light. The reflected light was detected by EG&G type HUV-2000B silicon
photodiode. The DC output of the silicon photodiode was maintained constant by a servo
mechanism of a variable neutral density filter. A dual-phase lock-in amplifier was used to
measure the detected signal. Modulated spectra were normalized to the reflectance to obtain
ΔR/R. An RMC model 22 close-cycle cryogenic refrigerator equipped with a model 4075
digital thermometer controller was used to control the measurement temperature between 25
and 300 K with a temperature stability of 0.5 K or better.

3. Results and Discussions
Displayed by the dashed curve in Fig. 2 are the PzR spectra near the direct band edge over the
range 1.7-2.25 eV for the Au-doped MoS2 single crystals. The spectra are characterized by
two prominent excitonic transitions, A and B excitons. In order to determine the position of
the transitions accurately, we performed a theoretical line shape fitting. The energies of both
excitonic transitions show the general trend of up-shifting as the temperature is lowered. The
linewidths also become narrower in the process. The functional form used in the fitting
procedure correspons to a first derivative Lorenzian line shape function of the form [23, 24]
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where ex
iA and ex

i are the amplitude and phase of the line shape, ex
iE and ex

i are the energy

and broadening parameters of the inter band excitonic transitions and the value of ni depend
on the origin of the transition. For the first derivative functional form, n = 2.0 is appropriate
for the bounded states, such as excitons or impurity transition, while n = 0.5 is applicable for
three dimensional critical point inter band transitions [28]. The least-squares fits using
equation (1) with n = 2 can be achieved and the fits are shown as solid curve in figure 1.The
fits yield the parameters Ai, Ei and i . The obtained values of Ei are indicated as arrows and

denoted as A and B. The nomenclature used here follows closely that of Wilson and Yoffe [1]
and Beal et al [29]. The value of Ei obtained here show a general agreement with slight
deviation from the corresponding low temperature transmission data of  Beal et al [29]. We
believed the derivative nature of the PzR spectra should offer better accuracy. The fitted
values of Ei are displayed in table 1 together with the relevant works of [29-33] for
comparison. The prominent A and B excitons are observed to be red-shifted. The energy
position of A and B excitons are measured accurately with the PzR experiment. The splittings
of excitons A and B ( ABBA EE  ) are determined to be 0.16 ± 0.013 eV. These number
agreed well with the corresponding previously work [31,32], transmission data of Beal et all
[29], Reflectance [33], Wavelength modulated reflectance (WMR) spectra of Fortin and Raga
and Photoconductivity [30]. In the case of the WMR data of Fortin and Raga, their observed
signature, B* is almost certain to be due to the presence of 3R-MoS2 in their 2H-MoS2 sample.
From the more recent theoretical and experimental studies [34-36], the A and B excitons are
attributed to the smallest direct transitions at the K point of the Brillouin zone split by
interlayer interaction and spin-orbit splitting [34, 35]. The A exciton belongs to K4 to K5 while
the B exciton corresponds to K1 to K5 optical transitions. The K states have been shown by
Coehoorn et al [34, 35] to be predominantly metal d states with a small contribution from the
non-metal p states. According to the figure 2, during growth of Nb-doped MoS2, the niobium
transition ion can interfere between two layer, according to the weak van der Waals forces
which link them together. This well known process involves a reduction in stoichiometry,
distortion of the crystal structure and/or a variation in the position of the Fermi level. The
sandwich Nb ions creates stronger bonds than the original van der Waals forces and converts
the two-dimensional structure MoS2 (2H-MoS2) of the compound into a three-dimension
structure MoS2 (3R-MoS2). It is very likely that Nb ions stabilize the 3R polytype of MoS2.
The resulting van der Waals forces of 3R-MoS2 should be weaker than the 2H polytype and
this is reflected by the measured reduction in BA .
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Figure.2. Piezoreflectance spectra of Nb-doped MoS2 at several temperatures between 25 and
300 K. The dashed curves are the experimental results and the solid curves are least squares
fits of Eq. (1).

Table.1 Energies of the excitons A, B and their splitting in MoS2, MoS2:Au using equation
(1). Relevant values for previously works are included for comparison.

Material A
(eV)

B
(eV)

EA-B

(eV)
Temperature
(K)

MoS2:Nb a 1.928 ± 0.005 2.167 ± 0.008 0.157 ± 0.013 25
1.920 ± 0.005 2.160 ± 0.008 0.159 ± 0.005 77
1.852 ± 0.008 2.086 ± 0.01 0.160 ± 0.018 300

MoS2:Re b 1.915 2.066 0.151 15
Undoped
MoS2

b
1.928 2.136 0.208 15

MoS2
c 1.88 2.06 0.18 300

MoS2
d 1.9255 2.137 0.2115 4.2

MoS2
e 1.92 2.124 0.204 4.2

MoS2
f 1.929 ± 0.005 2.136 ± 0.008 0.207 ± 0.013 25

1.845 ± 0.008 2.053 ± 0.01 0.208 ± 0.018 300
2H-MoS2

g 1.910 2.112 0.202 5

3R-MoS2
g 1.908 2.057 0.149 5

aPresent work. ePhotoconductivity [30].
bPzR [31]. fPzR [32].
cReflectance [33]. gTransmission [29].
dWMR [30].

4. Summary
In summary we have measured the temperature dependence of the energies and broadening
parameters of the direct band-edge excitonic transitions of Nb-doped MoS2 using PzR in the
temperature range 25 to 300 K. From the experimental observations and detailed analysis of
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the broadening parameters and energies of the excitonic features A and B, we can infer that
the Nb ions are most likely intercalated between the van der Waals gap and stabilize the
rhombohedral 3R phase of the MoS2 crystal instead of forming the ternary Mo1-xNbxS2 system.
As a result the electronic states of the MoS2 crystals are modified with a reduction of energy
splitting of A and B excitons.
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Abstract 
 

This paper is designed for the purpose of analytic design and numerical simulation of a controller for nonlinear mobile inverted pendu-

lum. It needs to obtain a method to overcome the difficulties in the design problem of controller for nonlinear plant. The method was 

using local stability analysis of two fixed points in two-dimensional ordinary nonlinear differential equation. The result provides a stable 

response solution using a special pole placement design, and transient stability is simulated using simulink. The response behavior can be 

selected according to the desired poles. The results obtained at this work are different from the optimal control problem. Indeed, our re-

sults have been summarized in the design method, target response and simulation process. 

 
Keywords: analytic design, special pole placement, simulation, stable response 

 

1. Introduction 
 
A nonlinear inverted pendulum model has dynamics with two 

movements, its angle and its wheel movements, as shown in Fig. 

1. These dynamics[1]–[4] can be elaborated by two nonlinear 

second order differential equations shown with its arrangement 

as can be seen in equations (1) and (2). 

 

𝜃̈(𝑡) =
𝑊 (𝑀𝑝 𝑔 𝐿 sin 𝜃−𝐹)− 𝑄 cos 𝜃 (𝑀𝑝 𝐿 𝜃̇2  sin 𝜃+ 

1

𝑟
 𝐹)   

𝑊 𝑃 − 𝑄2  cos 𝜃2  (1) 

𝑥̈(𝑡) =
(𝑀𝑝 𝐿 𝜃̇2  sin 𝜃+ 

1

𝑟
 𝐹) 𝑃 − (𝑀𝑝 𝑔 𝐿 sin 𝜃 − 𝐹) 𝑄 cos 𝜃 

𝑊 𝑃 − 𝑄2  cos 𝜃2  (2)  

 
Fig. 1. Model of Inverted Pendulum 

 

Both equations use three parameters can be seen in equation (3). 

 

𝑊 =  𝑀𝑤 + 𝑀𝑝 +
𝐽𝑤

𝑟2, =  𝐽𝑝 + 𝑀𝑝 𝐿2 , 𝑄 =  𝑀𝑝 𝐿 (3) 

 

 is the position of pendulum; x is the position of the wheel. 

The initial position of pendulum was  = 0 in the unit (rad), the 

initial position of the wheel with x = x0 = 0 in the unit (m). The 

parameters Mw and Mp are respectively by the mass of the wheel 

and the pendulum in the unit (kg), and g = 9.81 (m/s2) is the 

graffiti acceleration. To do the simulation it needs the parame-

ters: L = 0.6 m, Mp = 1.6 kg, Mw = 1.551 kg, Jw = 0.005 kg-m2, 

Jp = 0.027 kg-m2, r = 0.2 m[1]. 

The equations (1) and (2) can be modeled in the state space 

equation. It chooses four states, where, 𝑥1 =  𝜃, 𝑥2 =  𝜃̇, 𝑥3 =
𝑥, 𝑥4 =  𝑥̇. Based on equations (1) and (2) have been formed the 

state space equation (4) below[5]:  

 

𝑥̇1 = 𝑥2 

𝑥̇2 =
𝑊 𝑄 𝑔 sin 𝑥1− 𝑄2 𝑥2

2 sin 𝑥1 cos 𝑥1−(𝑊+
𝑄

𝑟
 cos 𝑥1)𝐹   

𝑊 𝑃 − 𝑄2  cos 𝑥1
2   

𝑥̇3 = 𝑥4  

𝑥̇4 =
𝑃𝑄 𝑥2

2 sin 𝑥1− 𝑄2𝑔 sin 𝑥1 cos 𝑥1+(
𝑃

𝑟
+𝑄 cos 𝑥1)𝐹 

𝑊 𝑃 − 𝑄2  cos 𝑥1
2  (4) 

 

The behavior of the open loop inverted pendulum has been sim-

ulated using matlab-simulink[6]–[8], as shown in Fig. 2. 

 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
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Fig 2. The Simulation of Open Loop System 

 

The responses can be seen on Figs. 3 and 4. All the responses 

are oscillation and make the system unstable. The characteristic 

of the open loop system equation (4) include damping factor and 

natural frequency cannot be explained analytically because both 

these dynamics are nonlinear. 

 

 
Fig 3. Response of 𝜃(𝑡) and 𝜃̇(𝑡) on Open Loop System 

 

 
Fig 4. Response of 𝑥(𝑡) and 𝑥̇(𝑡) on Open Loop System 

 

To stabilize all the responses of the open-loop system it needs 

the state feedback. It is difficult to design feedback as a linear 

plant. First it needs a way to do the process for linearization of 

system dynamics. The local stability analysis method can be 

developed in model of open loop system; furthermore it needs to 

apply the pole assignment or pole placement to the local stabil-

ity analysis. 

2. Local Stability Analysis 
 

The local stability analysis of fixed points in two-dimensional 

nonlinear ordinary differential equations such as equations (1) 

and (2), it is based on approximating the nonlinear equation with 

linear equation (5) in the following below[9]–[11]: 

 
𝑑𝑥

𝑑𝑡
= 𝑓1(𝑥, 𝑢), 

𝑑𝑢

𝑑𝑡
= 𝑓2(𝑥, 𝑢) (5) 

 

Let is assumed that there is a fixed point (x*, u*) for which f1(x*, 

u*) = f2(x*, u*) = 0, occurs on the plant. The linear analysis 

involves to carry out a Taylor expansion of the nonlinear func-

tions in f1(x,u) and f2(x,u) in the neighborhood of form f(x*, u*), 

as can be seen in the following below: 

 

𝑓(𝑥, 𝑢) = 𝑓(𝑥∗, 𝑢∗) +
𝜕𝑓

𝜕𝑥
|(𝑥∗,𝑢∗)(𝑥 − 𝑥∗) +

𝜕𝑓

𝜕𝑢
|(𝑥∗,𝑢∗)(𝑢 − 𝑢∗) +

 … (6) 

 

Based on equation (6), it can be defined: 

𝑋 = 𝑥 − 𝑥∗, 𝑈 = 𝑢 − 𝑢∗ (7) 

 

Then it can expand equation (6) become, 

 
𝑑𝑋

𝑑𝑡
= 𝐴 𝑋 + 𝐵 𝑈 + ⋯  ,   

𝑑𝑈

𝑑𝑡
= 𝐶 𝑋 + 𝐷 𝑈 + ⋯ (8) 

 

The equation (8) needs two functions 𝑓1 and 𝑓2 related to equa-

tions (1) and (2) in the form of equation (6), then it found: 

 

𝐴 =
𝑑𝑓1

𝑑𝑥
|(𝑥∗, 𝑢∗), 𝐵 =

𝑑𝑓1

𝑑𝑦
|(𝑥∗, 𝑢∗), 𝐶 =

𝑑𝑓2

𝑑𝑥
|(𝑥∗, 𝑢∗),  

𝐷 =
𝑑𝑓2

𝑑𝑦
|(𝑥∗, 𝑢∗)     (9) 

 

In the first order of differential equation, the nonlinear form of 

equation (8) can be approximated by a linear equation (10), 

 
𝑑𝑋

𝑑𝑡
= 𝐴 𝑋 + 𝐵 𝑌 ,    

𝑑𝑈

𝑑𝑡
= 𝐶 𝑋 + 𝐷 𝑌 (10) 

 

The poles of the linear approximation in equation (10) will be 

found with the formula below[5]: 

 

𝑀 = [
𝐴 𝐵
𝐶 𝐷

] (11) 

 

It found the poles 1 and  2 in equation (11), these are, 

 

|𝜇𝐼 − 𝑀| =  |
𝜇 − 𝐴 −𝐵

−𝐶 𝜇 − 𝐷
| = 0 (12) 

 

After taking determine of equation (12), both of the poles have 

equation as can be seen in the following below: 

 

1 = 
𝐴+𝐷

2
+

√(𝐴−𝐷)2+4 𝐵𝐶

2
 

2 = 
𝐴+𝐷

2
−

√(𝐴−𝐷)2+4 𝐵𝐶

2
 (13) 

 

If the result of equation (13) has the real part with 1 < 0 and 2 

< 0, the system is called stable and the responses of the system 

has steady-state value. 

 

3. The Special Pole Placement 
 

Based on the dynamics of nonlinear plant equation (1) and (2), it 

needs equation (9) and (10) to generate the linear form of non-

linear plant. Furthermore, it found the dynamics of nonlinear 

plant has changed into the linear equation, and the process of 

pole placement is explained with some steps in the following 

below. First, the four states have defined in equation (4), those 

are: 

𝑥1 = 𝜃, 𝑥2 = 𝜃̇, 𝑥3 = 𝑥, 𝑥4 = 𝑥̇ (14) 

 

Second, refers to equation (6), it needs to make both equations 

(1) and (2) become 𝑓1 and 𝑓2. By using equations (9) and (10), it 

found all parameters for equation (11) as shown below: 

 

𝐴11 =
𝜕𝑓1

𝜕𝑥1
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐴12 =

𝜕𝑓1

𝜕𝑥2
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),  
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𝐴13 =
𝜕𝑓1

𝜕𝑥3
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),𝐴14 =

𝜕𝑓1

𝜕𝑥4
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),  

𝐴21 =
𝜕𝑓2

𝜕𝑥1
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐴22 =

𝜕𝑓2

𝜕𝑥2
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹) 

𝐴23 =
𝜕𝑓2

𝜕𝑥3
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐴24 =

𝜕𝑓2

𝜕𝑥4
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 

𝐶11 =
𝜕𝑓3

𝜕𝑥1
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐶12 =

𝜕𝑓3

𝜕𝑥2
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),  

𝐶13 =
𝜕𝑓3

𝜕𝑥3
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐶14 =

𝜕𝑓3

𝜕𝑥4
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),  

𝐶21 =
𝜕𝑓4

𝜕𝑥1
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹),  𝐶22 =

𝜕𝑓4

𝜕𝑥2
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹) 

𝐶23 =
𝜕𝑓4

𝜕𝑥3
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐶24 =

𝜕𝑓4

𝜕𝑥4
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹) 

𝐵1 =
𝜕𝑓1

𝜕𝐹
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐵2 =

𝜕𝑓2

𝜕𝐹
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹) 

𝐷1 =
𝜕𝑓1

𝜕𝐹
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹), 𝐷2 =

𝜕𝑓2

𝜕𝐹
|(𝑥1,𝑥2,𝑥3,𝑥4,𝐹) (15) 

 

Third, if equation (15) is applied to equation (10) then it found 

equation (16) in the following below: 

 

[

𝑥1̇

𝑥2̇

𝑥3̇

𝑥4̇

] = [

𝐴11 𝐴12

𝐴21 𝐴22

𝐴13 𝐴14

𝐴23 𝐴24

𝐶11 𝐶12

𝐶21 𝐶22

𝐶13 𝐶14

𝐶23 𝐶24

] [

𝑥1

𝑥2
𝑥3

𝑥4

] + [

𝐵1

𝐵2

𝐷1

𝐷2

] 𝐹 (16) 

 

To stabilize the system equation (16) it needed the feedback F(t) 

with equation (17) in the following below[5], [12]–[14]: 

 

𝐹(𝑡) = 𝑣(𝑡) − 𝐾 𝑥(𝑡) (17) 

 

Where K = [K1 K2 K3 K4], and v(t) is the reference input to the 

system 

 

This process didn’t use the Riccati’s equation to design the 

optimal feedback, but it used special pole placement method and 

chooses four the stable desired poles.  

Furthermore, equations (15) and (16) has been completed 

with the fixed point x1 = /4, x2 = 0, x3 = 0, and x4 = 0, it found 

the parameters, 

 

𝐴11 = 0 ,  𝐴12 = 1 ,  A13 = 0 ,  A14 = 0 

𝐴21 =  
𝑊 𝑀𝑝 𝑔 𝐿 sin (

𝜋

4
) 

𝑊 𝑃 − 𝑄2 (cos(
𝜋

4
))2

 , A22 = 0  ,  A23 = 0 ,  A24 = 0 

𝐴11 = 0 ,  𝐴12 = 0 ,  A13 = 0 ,  A14 = 1 

𝐴41 =
−𝑀𝑝 𝑔 𝐿 𝑄 sin(

𝜋

4
) cos(

𝜋

4
)

𝑊 𝑃 − 𝑄2 (cos(
𝜋

4
))2

 , A42 = 0  ,  A43 = 0 ,  A44 = 0 𝐵1 =

0, 𝐵2 =
𝑊+ 𝑄 cos(

𝜋

4
)/𝑟

𝑊 𝑃 − 𝑄2(cos(
𝜋

4
))2

,  𝐵3 = 0, 𝐵4 =
𝑃/𝑟+ 𝑄 cos(

𝜋

4
)

𝑊 𝑃 − 𝑄2(cos(
𝜋

4
))2

 (18) 

Now for the linearization system, equation (18) to equation (16) 

can be applied as written below: 

𝑥̇ = [

0 1
𝐴21 0

0 0
0 0

0 0
𝐴41 0

0 1
0 0

] 𝑥 +  [

0
𝐵2

0
𝐵4

] 𝐹, 𝑥 = [

𝑥1

𝑥2
𝑥3

𝑥4

] (19) 

 

Fourth, the next step was to perform the controller needed to 

stabilize the system. Define the desired closed loop system with 

four poles; those are 1, 2, 3 and 4. The characteristic equa-

tions to all poles are given in equation (20). 

 

L 



If the controller in equation (17) is substituted in equation (19), 

the closed loop equation can be found as below: 

 

𝑥̇ = [

0 1
𝐴21 0

0 0
0 0

0 0
𝐴41 0

0 1
0 0

] 𝑥 +  [

0
𝐵2

0
𝐵4

] [𝑣 − 𝐾1 𝑥1 − 𝐾2 𝑥2 − 𝐾3 𝑥3 −

𝐾4 𝑥4] (21) 

 

Then the equation of closed loop system can be written down 

with equation (22) below: 

 

𝑥̇ = [

0 1
𝐴21 − 𝐵2 𝐾1 −𝐵2 𝐾2

0 0
−𝐵2 𝐾3 −𝐵2 𝐾4

0 0
𝐴41 − 𝐵4 𝐾1 −𝐵4 𝐾2

0 1
− 𝐵4𝐾3 −𝐵4 𝐾4

] 𝑥 +  [

0
𝐵2

0
𝐵4

] 𝑟

 (22) 

 

In general form, the equation (22) can be written with equation 

(23) below: 

 

𝑥̇ = 𝐴𝐶𝐿 𝑥 +  𝐵𝐶𝐿 𝑟 (23) 

 

Where, 

 

𝐴𝐶𝐿 = [

0 1
𝐴21 − 𝐵2 𝐾1 −𝐵2 𝐾2

0 0
−𝐵2 𝐾3 −𝐵2 𝐾4

0 0
𝐴41 − 𝐵4 𝐾1 −𝐵4 𝐾2

0 1
−𝐵4 𝐾3 −𝐵4 𝐾4

], 

𝐵𝐶𝐿 =  [

0
𝐵2

0
𝐵4

] (24) 

 

Finally the value for the special pole placement for state 

feedback should be found as K = [K1 K2 K3 K4] with the proce-

dure below:   

First, it needs to elaborate the equation (20) to find the charac-

teristic equation below: 

 

L () = mmmm 



Where, 

m

m

m

m 

 

Next, the characteristic equation of the closed loop system in the 

equation (24) was found with equation below: 

 

| ACL | = 0 (26) 

 

The determinant of equation (26) gave the characteristic equa-

tion was shown in equation (27) below: 

 

LCL () =  [B4 K4 + B2 K2]  [B4 K3 + B2 K1 – A21]  

[A41 B2 – A21 B4] K4  [A41 B2 – A21 B4] K 



To find the special feedback K = [K1 K2 K3 K4], the equation (27) 

must be equal to equation (25). If both equations are equal, it 

found these four equations below: 

 

B4 K4 + B2 K2  = m3 

B4 K3 + B2 K1 – A21 = m2 

[A41 B2 – A21 B4] K4 = m1 

[A41 B2 – A21 B4] K3 = m0 (28) 

 

By using the analytical process in equation (28), finally the 

equation to obtain the value of K by the four equations was ob-

tained below: 
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𝐾3 =  
𝑚0

𝐴41 𝐵2−𝐴21 𝐵4
     

              

𝐾4 =  
𝑚1

𝐴41 𝐵2−𝐴21 𝐵4
     

             

𝐾2 =  
𝑚3 − 𝐵4 𝐾4

𝐵2
 

              

𝐾1 =  
𝑚2+ 𝐴21− 𝐵4 𝐾3

𝐵2
 (29) 

4. Simulation 
 

Using the parameters of the open loop system in equations (18) 

and (19) it found the state-space equation below: 

 

[

𝑥1̇

𝑥2̇

𝑥3̇

𝑥4̇

] = [

0 1
6.2843 0

0 0
0 0

0 0
−0.1200 0

0 1
0 0

] [

𝑥1

𝑥2
𝑥3

𝑥4

] + [

0
1
0
1

] 𝐹 (30) 

 

It needs to choose four the desired poles refer to the equation 

(25) with the value in the following below: 

 

[

 

By using equations (29) and (25) it found the value of state 

feedback in the following below: 

 

𝐾 = [−170.2331 − 68.5773 − 99.3821 − 94.4130] (31) 

 

The state feedback can be written as in the following below: 

 

𝐹(𝑡) = 𝑣(𝑡) −  [𝑘1    𝑘2    𝑘3    𝑘4] [𝑥1 𝑥2 𝑥3 𝑥4]𝑇 (32) 

 

By inserting F(t) from the equation (32) to equation (30), the 

closed loop system has the result in the following below: 

 

[

𝑥1̇

𝑥2̇

𝑥3̇

𝑥4̇

] = [

0 1
   6.2843 0

0 0
0 0

0 0
−0.1200 0

0 1
0 0

] [

𝑥1

𝑥2
𝑥3

𝑥4

] −

[

0
1
0
1

] [𝑘1  𝑘2  𝑘3 𝑘4] [

𝑥1

𝑥2
𝑥3

𝑥4

]  + [

0
1
0
1

] 𝑣(𝑡) (33) 

 

Finally, with the input v(t) = 0, the equation (33) can be applied 

to the nonlinear system in equations (1) and (2) as in the follow-

ing below: 

 

𝜃̈(𝑡) =
𝑊𝑀𝑝𝑔𝐿 sin 𝜃 −𝑄𝑀𝑝𝐿 𝜃̇2 sin 𝜃 cos 𝜃–(𝑊+

𝑄 cos 𝜃

𝑟
)[−𝑘1 𝜃− 𝑘1𝜃 ̇ − 𝑘3 𝑥− 𝑘4 𝑥̇]  

𝑊𝑃 − 𝑄2 cos 𝜃2

 (34) 

𝑥̈(𝑡) =
𝑃𝑀𝑝𝐿𝜃̇2 sin 𝜃−𝑄𝑀𝑝𝑔𝐿 sin 𝜃 cos 𝜃 +(

𝑃

𝑟
+𝑄 cos 𝜃)[−𝑘1 𝜃− 𝑘1𝜃 ̇ − 𝑘3 𝑥− 𝑘4 𝑥̇]  

𝑊𝑃 − 𝑄2 cos 𝜃2  

 (35) 

 

To build the simulation using simulink diagram for the system 

with equations (34) and (35), it performed four sub-systems, as 

can be seen in Fig. 5. 

 

 
Fig 5. The Simulation of Closed Loop System 

 

The sub-system consists of the plant’s parameter, the nonlinear 

plant, the controller parameters and the state feedback as shown 

in Figs. 6 to 9. 

 

 
Fig. 6. The Plant’s Parameter of Fig. 5 

 

 
Fig. 7. The Nonlinear Plant of Fig. 5 
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Fig. 8. The Controller Parameters of  Fig. 5 

 

 
Fig. 9. The State Feedback of Fig. 5 

 

There are two figures that captured by scope in the simulation, 

those are x1, x2 as can be seen in Fig. 10 and x3, x4 as can be seen 

in Fig. 11. 

 

 
Fig 10. Response of 𝜃(𝑡) and 𝜃̇(𝑡) on Closed Loop System 

 

 

Fig 11. Response of 𝑥(𝑡) 𝑥̇(𝑡) on Closed Loop System 

Based on the results in Fig. 10 and 11, all the responses of the 

nonlinear plant will run toward stable with oscillation damped 

until the responses toward zero, and all the responses are eligible. 

5. Conclusion 
 

Based on the result, it can be described that responses of lineari-

zation of the nonlinear plant has been adequate. Then the con-

troller has been produced for the nonlinear plant by using the 

local stability analysis. The process needed the special feedback 

pole placement method like equation (21) to (32) that should be 

applied at simulink process. Lastly, the controller has been 

simulated by using simulink techniques. All the behavior of the 

responses was stable revering to the poles given. The results of 

these responses on the Fig. 10 and 11 have been taken after 

choosing the best poles by the trial and error process.. 
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