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ABSTRACT: We studied the nature of excitons in the transition metal ] L B LIy
dichalcogenide alloy Mo, sW, 4S, compared to pure MoS, and WS, grown by . 65; - Zl;;f:;:;llll‘ | /
atomic layer deposition (ALD). For this, optical absorption/transmission T !
spectroscopy and time-dependent density functional theory (TDDFT) were oiod %0: : ,[ ,
used. The effects of temperature on A and B exciton peak energies and line %% | RO 3 3
widths in optical transmission spectra were compared between the alloy and ' ° CT o °T > g 0.15F

pure MoS, and WS,. On increasing the temperature from 25 to 293 K, the WW M){K g

energy of the A and B exciton peaks decreases, while their line width = Ao goo-

increases due to exciton—phonon interactions. The exciton—phonon  Structurel Stucwrell g |

interactions in the alloy are closer to those for MoS, than those for WS,. 005/

This suggests that exciton wave functions in the alloy have a larger amplitude

on Mo atoms than that on W atoms. The experimental absorption spectra
could be reproduced by TDDFT calculations. Interestingly, for the alloy, the
Mo and W atoms had to be distributed over all layers. Conversely, we could not reproduce the experimental alloy spectrum by
calculations on a structure with alternating layers, in which every other layer contains only Mo atoms and the layers in between also
contain W atoms. For the latter atomic arrangement, the TDDFT calculations yielded an additional optical absorption peak that
could be due to excitons with some charge transfer character. From these results, we conclude that ALD yields an alloy in which Mo
and W atoms are distributed uniformly among all layers.

Energy (eV)

1. INTRODUCTION For optoelectronic applications, an understanding of

1o . i, electron—phonon and exciton—phonon interactions is im-
Layered van der Waals materials, in particular transition metal P P

dichalcogenides (TMDCs), have gained considerable interest portant. Egl e strength of thes.e 1pter2alc tlon.s governs charge
1,2 transport,” band gap renormalization,” optical heating of the

lattice,”> and intervalley scattering of excitons.””~>* In this

in which transition metal atoms are covalently bound to regard, eﬂfects of temperature on op.tical ab‘sorption and
chalcogen (S, Se, Te) atoms. The layers are stacked on top of photoluminescence spectra can provide information about the

each other and held together by van der Waals forces.”’ coupling strength between excitons and phonons in

. ) - TMDCs.>*~*°
TMDCs with chemical composition MX, (M = Mo, W, etc, 27 .
and X = S, Se) have been studied extensively owing to their More than two decades ago, Ho et al.”" studied the effects of

direct band gap in monolayers,'® valley selective optical temperature on excitons in single crystals of Mo,W,_,S, alloys

11 X Ny 12 . by piezoreflectance measurements, which preferentially probe
coupling,” and large exciton binding energies.”~ Alloying has !
ping 8 & & Vg excitons near the sample surface. We extend these studies on

the atomic layer deposited (ALD)>® bulk part of the
Moy sWo4S, alloy to investigate the effects of temperature on
peak energies and line widths of excitons. The almost equal
content of Mo and W atoms in the alloy is of interest since it

due to prospects for applications in, e.g, photodetectors,
sensors,”* and solar cells.”~” These materials consist of layers

been used to vary the relative content (y) of the transition
metal or chalcogen atoms and obtain layers of M,Mj_X, or
MXZ),Xé(l_},).B’14 For monolayers of Mo,W,_$S, alloys, it was
found that the Mo and W atoms are spatially distributed in a
random way." Increasing the W content in samples of one or a
few Mo,W,_,S, layers caused a blue shift of 1t£1;>.7exciton peak in .
optical absorption and reflection spectra, "’ in agreement Received: November 15, 2021
with time-dependent density functional theory (TDDFT) Revised:  January 13, 2022
calculations.'® According to DFT calculations, the valence Published: January 25, 2022
band of monolayer Mo, W, S, consists of atomic d-orbitals

on both Mo and W atoms, while the conduction band consists

predominantly of d-orbitals on Mo atoms."”
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Figure 1. (a) Room-temperature (293 K) and (b) low-temperature (25 K) optical transmission spectra of MoS, (red), WS, (magenta), and the
Moy ¢W,,S, alloy (blue). The dashed green curves are the average of the MoS, and WS, spectra.

offers the possibility to realize intimate mixing of the transition
metal atoms rather than having separate domains consisting of
one atom type only. To elucidate the effects of the relative
arrangement of Mo and W atoms in the alloy, we compared
the measured spectra with results from ab initio TDDFT
calculations. For this purpose, we constructed supercells having
different positions of the metal atoms in the crystal structure of
the alloy. The TDDFT calculations reproduced the exper-
imental spectrum of the alloy for structures in which all layers
contain both Mo and W atoms. In contrast, calculations on a
structure containing W atoms in individual layers that are
separated by layers containing only Mo atoms do not
reproduce the experimental spectrum. From the latter, we
infer that the ALD growth yields structures with a
predominantly homogeneous spatial distribution of Mo and
W atoms.

2. METHODS

2.1. Temperature-Dependent Optical Transmission
Measurements. We used our previously reported ALD
procedure to grow thin films of MoS, WS, and the
Moy W, ,4S, alloy, with thicknesses of 6.3, 4.1, and 5.2 nm,
respectively, on quartz substrates.”® The uncertainty in the
fraction of Mo and W is +0.01.>° The alloy was grown using an
ALD supercycle length of two cycles (consisting of one MoS,
cycle and one WS, cycle), to realize fine mixing of the Mo and
W atoms. The composition was determined by X-ray
photoelectron spectroscopy (XPS).”® The separation between
adjacent layers in these materials is ~0.6 nm, so the film
thicknesses correspond to 10—11, 6—7, and 8-—9 layers,
respectively.

The optical transmission of the samples was measured using
a home-built setup containing a DH-2000 halogen light source
and an Ocean-optics Maya 2000 spectrometer. To vary the
temperature, the samples were placed under vacuum in a He-
closed cycle cryostat. These measurements yield the fraction of
light transmitted, T, through the sample as a function of
photon energy and temperature.

For the comparison of the optical properties of the samples
with the optical absorption coefficient from TDDFT
calculations (see Section 3.3), we determined the optical
density (OD), using a PerkinElmer Lambda 1050 spectrometer
with an integrating sphere. This could be done only at room
temperature since the spectrometer was not equipped with a
cryostat. Placing the sample in front of the light entrance of the
integrating sphere yielded T, and placing it in the center
provided T + R, where R is the fraction of light reflected. The

1932

results of 1 — T, R, and the fraction of light absorbed A =1 —
R — T are shown in Figure S1 for the pure compounds and the
alloy. The optical density was obtained using the relation

OD = —log(%). The optical absorption coefficient, @, of a

film with thickness L is related to the OD according to e *"
107°P, giving @ = OD In(10)/L.

2.2. TDDFT Calculations of Optical Absorption
Coefficients. Electronic structure calculations were performed
using the all-electron full-potential linearized augmented plane
wave (LAPW) code EIk*’ with PBE (GGA) functionals.”” For
all materials, a hexagonal crystal structure (2H) was used, with
experimental lattice constants of 3.169 and 12.324 A for
MoS,”" and 3.153 and 12.323 A for WS,.> A 2 x 2 X 1
supercell was constructed to study the Mo 4,sW375S, alloy
with lattice parameters of 6.338 and 12.324 A obtained by
doubling the MoS, unit cell. This is the smallest supercell
describing the experimentally studied alloy with a composition
very close to the experimental uncertainty (see Section 2.1).
Note that larger supercells can be constructed. However, we
only considered the 2 X 2 X 1 supercell because larger
supercells require significantly more computational time (at
least 1 order of magnitude) and more computer memory. The
calculation of the dielectric response functions from TDDFT
required a dense k-point grid to sample the Brillouin zone
(BZ), hence a k-point grid of 16 X 16 X 8 for the primitive unit
cell and an 8 X 8 X 8 k-point grid for the supercell were used.
The set of LAPW basis functions was defined by specifying a
cutoff parameter Ik + Gl,,,, whose value was set to 7.0 Bohr™".
Additionally, the response was calculated using G vectors of 1.5
Bohr™! length. The number of conduction bands included in
the calculations was 24 for both MoS, and WS, and 96 for the
alloy.

In TDDFT, a Dyson-like equation was solved to obtain the
dielectric response function” whose real and imaginary parts
can be used to obtain the optical absorption coefficient a.**
The method to obtain optical response functions was a two-
step procedure. First, a ground-state calculation was done to
obtain the converged density and potentials. Next, the
dielectric functions of MoS,, WS,, and the Moy ¢sWj375S,
alloy were calculated as a function of photon energy using the
bootstrap kernel,” as it was capable of capturing excitons in
the TDDFT calculations. The dielectric functions thus
obtained were broadened by 80 meV for MoS, and WS, and
54 meV for the alloy to obtain the best matches with the
experimental optical absorption coefficient spectra (@). Note
that the broadening thus introduced in the calculated spectra

https://doi.org/10.1021/acs.jpcc.1c09806
J. Phys. Chem. C 2022, 126, 1931-1938
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Figure 2. Temperature dependence of the A and B exciton peak energies for (a) MoS,, (b) WS,, and (c) the Moy sW,,S, alloy, obtained from the
measured transmission spectra (markers). The solid cyan curves are fits of eq 1 to the experimental peak energies.
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Figure 3. Temperature dependence of the line widths (FWHM, markers) of the A and B exciton peaks for (a) MoS,, (b) WS,, and (c) the
Moy sWi.4S, alloy. The solid cyan lines are fits to the experimental data.

did not explain the exciton line widths in the experimental
spectra.

The absolute values of exciton energies with respect to the
ground state cannot be accurately captured by TDDFT, due to
the well-known band gap problem. To overcome this, we
employed the so-called “scissor operator” method that shifts
the entire optical absorption spectrum («) in energy. To
reproduce the lowest experimental exciton energy, we used
energy shifts of 0.03, 0.08, and 0.06 eV for MoS,, WS,, and the
Moy 625sWo 3755, alloy, respectively.

3. RESULTS AND DISCUSSION

3.1. Optical Transmission Spectra. Figure la shows the
optical transmission spectra of MoS,, WS,, and the
Moy W 4S, alloy at room temperature (293 K). These spectra
show the magnitude of 1 — T, which is the fraction of incident
light that is not transmitted through the sample. The spectra of
MoS, and WS, agree with previous results.**® Two distinct
peaks (marked by A and B) can be seen in all three materials.
The peaks are due to photoexcitation from the ground state to
A and B exciton states. The energies of these peaks are
determined by spin—orbit coupling and interlayer interactions
at the K and K’ points of the Brillouin zone (BZ).””** Toward
the higher energy side, a broad absorption feature is observed
(often addressed as C exciton), which originates from multiple
transitions from the highest valence band to the lowest
conduction bands near the T" point of the BZ.** On lowering
the temperature to 25 K (Figure 1b), the exciton peaks of all
three materials become narrower and shift to higher energy.

1933

Table 1. Fitted Values of the Exciton—Phonon Coupling
Strength, Sy, the Average Phonon Energy, (fiwx),
Inhomogeneous Line Width Broadening, I'y;, and the
Exciton—Phonon Interaction Strength, I'y ,;,, for MoS,, WS,,
and the Mo, (W, ,S, Alloy

MoS, WS, Moy W48,
Egs (eV) 1.80 + 0.01 1.96 + 0.01 1.83 + 0.01
Egg (eV) 1.97 + 0.01 234 + 0.01 2.09 + 0.01
Sa 14 +02 1.9 + 0.2 15+ 0.1
Sy L5 + 0.1 2.1 + 0.1 1.6 + 0.1
hw, (meV) 264 + 22 22.8 + 3.1 244 + 2.5
hwg (meV) 264 + 1.9 164 + 3.5 244 + 15
[,y (meV) 132.1 + 0.4 271.8 + 0.9 1764 + 0.1
Tp; (meV) 2802 + 0.7 366.2 + 0.6 327.8 + 0.1
[y, (meV) 50.8 + 1.8 724 £ 3.0 54.6 £ 1.9
Ty (meV) 60.8 + 3.1 739 + 1.6 59.7 + 2.5

To gain qualitative insights into the effect of alloying, we
also show the average of the spectra of pure MoS, and WS, as
green dashed curves in Figure 1 (a quantitative comparison of
the measured OD and the results from TDDFT is discussed in
Section 3.3). The average spectra at 293 and 25 K both differ
from the spectra of the alloy. Most strikingly, the B exciton
peak of the alloy appears at significantly higher energy than in
the average spectra. These differences indicate that formation
of excitons in domains consisting of either predominantly
MoS, or WS, is unlikely. As a consequence, the probability
that photoexcitation leads to formation of a charge transfer

https://doi.org/10.1021/acs.jpcc.1c09806
J. Phys. Chem. C 2022, 126, 1931-1938
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Figure 4. Absorption coefficient, a, obtained from TDDFT
calculations (black dashed curves) together with the experimental
results at 293 K for (a) MoS, and (b) WS,.

Table 2. Energies of the A and B Excitons in MoS,, WS,,
and the Mo, (W, ,S, Alloy”

MoS, WS, MogsWo4S:  MogrsWo375S2
E, (exp.) (eV) 1.80 1.96 1.83
Eg (exp.) (eV) 1.97 2.34 2.09
Eg — E, (exp.) (meV) 170 380 260
Ey — E, (TDDFT 179 353 255

calc.) (meV)

“The last two rows show the energy difference between the exciton
energies from experiments (exp.) and the TDDFT calculations.

exciton at a boundary between these material domains is small.
Indeed, the peak of the A exciton in the alloy spectrum appears
at higher energy than that in the spectrum of MoS,, while that
of a charge transfer exciton would be at lower energy.
Inspection of the transmission spectra of the alloy points
toward closer similarities to MoS, than to WS,. Despite
intimate mixing and nearly equal Mo and W content in the
alloy,”® the energies of the A and B excitons in the alloy are
closer to those of pure MoS,, as also found for samples of one
or a few Moy W, S, layers before.'®'” This suggests that the
wave functions of excitons in the Moy W, ,S, alloy have a
larger amplitude on Mo atoms than that on W atoms. The
latter agrees with charge density distributions for the highest
valence and lowest conduction band states obtained from DFT
calculations.'*"? Interestingly, according to our TDDET
calculations, the mutual arrangement of Mo and W atoms
within the material has a large impact on the shape of the
optical absorption spectrum (see Section 3.3). To gain insights
into the nature of exciton—phonon coupling, we first proceed

with a discussion of the measured effects of temperature on
exciton peak positions and line widths in Section 3.2.

3.2. Temperature Dependence of A and B Exciton
Peak Energies and Line Widths. To gain further insights
into the relative contributions of Mo and W atoms to the
character of excitons, we compare the effects of exciton—
phonon coupling in the Mo, WS, alloy with those in MoS,
and WS,. We studied exciton—phonon coupling by the analysis
of the temperature dependence of exciton peak energies and
line widths in the transmission spectra, as outlined in Section 2
in the Supporting Information. The peaks due to A and B
excitons could each be described by a Lorentzian function with
line width Ty, (where X = A, B), which is defined as the full
width at half-maximum (FWHM), see eq S1. The contribution
of optical reflection, below band gap absorption due to
defects,*' and the broad C absorption feature at higher energy
in the optical transmission spectra in Figure 1 could be
described by two Gaussian functions. The total fit function
thus consists of two Lorentzian and two Gaussian functions,
see eq Sl. Figure S2 shows that the fits reproduce the
experimental transmission spectra very well.

Figures 2 and 3 show the temperature dependence of the A
and B exciton peak energies and line widths, as obtained from
fits of eq S1 to the experimental transmission spectra. At all
temperatures, the peak energies and line widths of the
Moy WS, alloy are closer to those of MoS, than those of
WS,. This further supports the idea that excitons have more
Mo than W character, as we already inferred above from Figure
1.

The decrease of the exciton peak energies with increasing
temperature is due to the availability of more phonons at
higher temperatures that can be absorbed upon photo-
excitation from the electronic ground state to an exciton
state, as well as electron—phonon coupling due to interaction
between the motion of electrons and atomic nuclei (change of
bond lengths and breakdown of the Born—Oppenheimer
approximation).”** Following previous studies,””**™* we
describe the temperature dependence of the exciton peak
energies by the following semiempirical O’Donnell equation*’

(hawy)
Ey = E,y — S¢(h th| ———
X 0,X x{hwy)|co ( 2k T

(1)

where X = A, B denotes the exciton type, and kg and 7 are the
Boltzmann and the reduced Planck constant, respectively. In
eq 1, Eyx is the exciton peak energy at zero temperature, Sy is a
dimensionless constant that increases with the exciton—

o |

Figure S. Three physically distinct arrangements of atoms in the Moy 5,sWj 3755, alloy. Each 2 X 2 X 1 supercell of the Moy 5,5Wy 375S, alloy shows
the different arrangements of metal and chalcogen atoms where the Mo atoms are red, the W atoms are blue, and the S atoms are yellow.
Heterogeneous structure I has alternating layers of Mo atoms only and layers containing both Mo and W atoms. In homogenous structures II and

II1, all layers contain Mo and W atoms.
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Figure 6. Calculated absorption coefficient of (a) structure I and (b) structures II and III of the Moy g,sWy 3755, alloy, together with the

experimental spectrum at room temperature (293 K).

phonon coupling strength, and (Awy) is the coupling-weighted
average of the phonon energies that interact with the exciton.**

Fits of eq 1 to the A and B exciton peak energies with Ey,
Sx, and (fiwy) as adjustable parameters are shown as solid cyan
curves in Figure 2. Equation 1 reproduces the temperature
dependence of the exciton peak energies very well and the
values of the fit parameters are presented in Table 1. The
exciton peak energies E,, and E,y for the alloy are closer to
those for MoS, than for WS,. In addition, the fitted values of
Sa and Sy (near 1.5) for the alloy are similar to those of MoS,,
while they are about 25% smaller than the values obtained for
WS, (near 2.0). These findings corroborate our notice in
Section 3.1 that exciton wave functions in the alloy have a
larger amplitude on Mo atoms than that on W atoms so that
the former has a predominant effect on exciton—phonon
coupling. Within the experimental uncertainty, the average
phonon energies (iwy) for both A and B excitons are similar
for all three materials and are close to the value of 22.1 meV
reported for MoS, and WS, in the literature.*”°

We analyze the temperature dependence of the line widths
of the Lorentzians in eq S1 of the A and B exciton peaks by
using the following expression®"

l—‘X, ph

(hox)

)1

g @)

The first term at the right-hand side of eq 2, Iy, represents
inhomogeneous line width broadening induced by temper-
ature-independent mechanisms, such as scattering of excitons
on structural defects or impurities. The second term describes
exciton—phonon scattering for both absorption and emission
of phonons. The average energies of phonons that couple with
excitons, (Awx), were taken equal to the values obtained from
fitting eq 1 to the peak energies, see Table 1.

The solid cyan lines in Figure 3a—c are the least-squares fits
of eq 2 to the FWHM values, with the latter obtained from fits
of eq S1 to the optical transmission spectra in Figure S2. The
results for the inhomogeneous broadening, I'y; and the
broadening due to exciton—phonon scattering, Iy, are
presented in Table 1. For each of the three materials, the
values of the inhomogeneous broadening of the A exciton, Iy,
are smaller than those of the B exciton, I'y}, similar to results
for single crystals.”” Interestingly, the values of both [apn and

=0k +
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[y, of the alloy are close to the corresponding values for
MoS,, while they are significantly lower than those for WS,.
This is in line with the exciton peak energies and the values of
S and Sg for the alloy being nearest to those of MoS,, as
discussed above. The larger exciton—phonon scattering rate for
B excitons can be due to the additional ultrafast decay channel
of B excitons involving their relaxation to A excitons by
emission of phonons, as discussed previously.>”

Our values of Eyx, Sy, (hwy), and Ty, for ALD-grown
MoS, and WS, films are within the range reported for mono-
or few-layer TMDC samples that were obtained by mechanical
exfoliation or chemical vapor degosition (CVD)2045:46:50,54=56
and CVD-grown bulk samples.”””" Note that the values of
these parameters can vary from one sample to another due to
differences in sample preparation, dielectric environment (in
particular for mono- and few-layer samples), etc. Our values for
the inhomogeneous line width broadening, I'y; are higher
than those that Ho et al”’ obtained from temperature-
dependent piezoreflectance measurements on CVD-grown
crystals of MoS,, WS,, and Mo, W,_,S, alloys. This may result
from a larger degree of structural disorder in our ALD-grown
samples. Indeed the grain size in ALD-grown samples is ~10
nm, which is much smaller than that for CVD-grown crystals.57
Interestingly, the values of the exciton—LO phonon coupling
strength, I'y ;, reported by Ho et al.”’ are a factor of 2—3
higher than ours. This could be due to the fact that their
piezoreflectance measurements probe excitons near the sample
surface, which would then appear to couple to surface phonons
with higher strength than the bulk exciton—phonon coupling
probed in our experiments.

3.3. TDDFT Calculations of the Optical Absorption
Spectrum. The real and imaginary parts of the dielectric
functions obtained from the TDDFT calculations are shown in
Figures S3—S5 and these were used to calculate the optical
absorption coefficient, , according to eq S3. The calculated
absorption coefficients for MoS, and WS, are shown in Figure
4, together with the experimental data at 293 K. The optical
absorption coeflicients were obtained, as described in Section
2.2, using the spectra of T and R in Figure S1. The calculations
reproduce the relative energies of the A and B excitons very
well, see also Table 2. In addition, the calculations reproduce
the magnitude of the optical absorption coeflicient to within a
factor 2.
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As discussed in Section 2, we describe the Mo, W, 4S, alloy
by a periodic crystal structure with the smallest possible (2 X 2
X 1) supercell, resulting in the Moy 6,5 W 3755, alloy, see Figure
S. One unit cell then contains 5 Mo atoms, 3 W atoms, and 16
S atoms that are arranged in two layers bonded by van der
Waals forces. By permutation of the 5 Mo and 3 W atoms, one
can realize 28 different arrangements. These can be categorized
into two groups: (1) 4 “heterogeneous” structures in which
every other layer contains only Mo atoms and the layers in
between contain also W atoms, and (2) 24 “homogeneous”
structures in which both layers contain Mo and W atoms.
Applying the symmetry operations of translation, rotation,
mirror planes, and their combinations, we obtain three
physically distinct structures (I, II, and III), as shown in
Figure S.

The calculated optical absorption coefficient of the
Moy 6,5W 3755, alloy with heterogeneous structure I is shown
in Figure 6a, together with the experimental spectrum. The
presence of three peaks in the calculated spectrum disagrees
with the two excitonic peaks in the experimental spectrum. We
suspect, but cannot prove here, that the peak at the lowest
energy calculated for structure I is due to excitons having some
more charge transfer character than the peaks at higher energy.
For such excitons, the electron would have a somewhat larger
probability to reside on Mo atoms, while the hole is
preferentially present on W atoms. Interestingly, the calculated
spectra of structures II and III shown in Figure 6b agree with
the experimental spectrum. The relative energies of the A and
B excitons, as well as the magnitude of the optical absorption
coefficient, are very well reproduced by these structures (see
Table 2). From this, we infer that the Mo and W atoms in the
ALD-grown films are to a large extent mixed homogenously, as
in structures II and IIL. This agrees with the previously
reported random arrangement of Mo and W atoms in
monolayers of these alloys grown by chemical vapor trans-

ort.'¥"> The very different result from TDDFT calculations
for structure I in Figure 6a compared with those for structures
IT and III in Figure 6b shows that the mutual arrangement of
Mo and W atoms has a strong effect on the optical absorption
spectrum.

Unfortunately, the TDDFT calculations performed with the
Elk code do not provide the atom resolved composition of the
exciton wave functions, and therefore, we cannot obtain the
distribution of the electron and hole within an exciton among
the atoms. To investigate the spatial distribution of the
electron and the hole within an exciton, calculations at a higher
level of theory are needed, e.g., by describing excitons on the
basis of the Bethe—Salpeter equation.>®

4. CONCLUSIONS

We performed a combined experimental and time-dependent
density functional theory (TDDFT) study of the optical
absorption/transmission spectra of ALD-grown thin films of
MoS,, WS,, and the MoycW,,S, alloy. The temperature
dependence of the peak energies and line widths of the A and
B excitons in the alloy is close to that for MoS,. This suggests
that the exciton wave functions have a larger amplitude on Mo
atoms than that on W atoms. From the comparison of the
measured optical absorption spectra with those from TDDFT
calculations, we infer that Mo and W atoms are homoge-
neously distributed throughout the alloy. Further, the mutual
arrangement of Mo and W atoms in the material has a strong
effect on the shape of the optical absorption spectrum. These
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results provide clear support toward structural engineering of
two-dimensional van der Waals materials through atomic
arrangements, extending the already rich variety of properties
in this class of materials.
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