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Abstract — Antireflection by microdome texture on MoS2 thin
films is reported. MoS2 films with uniformly distributed
microdomes were grown by atmospheric pressure chemical vapor
deposition, with structure and composition confirmed by Raman,
x-ray diffraction, and energy dispersive x-ray analysis. The
morphology and distribution of the domes were investigated by
scanning electron microscopy. Finite difference time domain
simulations of reflectance show that parabolic domes of 0.5 pm
base diameter and 1 pm height can eliminate reflection for
incidence angles up to 50°, which can improve light harvesting and
efficiency of MoS2-based solar cells.

Index Terms — antireflection microdomes, chemical vapor
deposition, molybdenum disulfide, Raman spectroscopy, scanning
electron microscopy, solar cells, x-ray diffraction

1. INTRODUCTION

Light harvesting of incident light on solar cells is critical for
boosting their efficiency. A 33% reflectance means we lose one
third of the incident light energy. Minimizing this reflectance
to zero would increase the efficiency by 50% if all the absorbed
photons generate hole-electron pairs that are collected. Two
techniques are known to reduce reflections. The first is smooth
antireflection coatings, which strongly reduce reflectance at a
specific wavelength and for a narrow range of light incident
angles by destructive interference [1]-[3]. The second is
engineered micro- or nano-structures on the front surface of
solar cells [4]-[6], which advantageously feature broad spectral
range and omnidirectionality in comparison with the smooth
coatings [5]-[9]. For such antireflection structures, three main
geometries have been studied, namely pyramids [6, 10-14],
domes [5], [8], [9], [15]-[17], and pillar [18]-[22]. Nanotips,
nanocones, and nanowires can be considered special cases of
the basic shapes by considering elongation in one direction. The
usual Fresnel reflection due to the sudden refractive index
discontinuity is decreased or almost eliminated by the surface
structures, which gradually change the effective refractive
index between the two media [23]. Inspiration comes from the
dome structures on the corneal surface of moths’ eyes, which
efficiently suppress reflectance for better light-harvesting and
night vision [15], [17], [23]-[26]. The optimum structure
geometries depend on the materials considered, while ease of
fabrication depends strongly on the specific shapes. Thus,
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experimentally optimizing for structure shape is impractical.
Simulating these structures using rigorous three-dimensional
finite difference time domain (3D-FDTD) method facilitates
the study and optimization of structures geometries.

MoS; is one of the promising materials for solar cells due to
its favorable optical, electrical, chemical, and mechanical
properties [27]-[29]. MoS, absorption coefficient ~ 103 cm™
exceeds that of silicon [28], [29], potentially allowing thinner,
lighter, and cheaper solar cells. The bandgap of MoS; is 1.3 eV,
which matches well the solar spectrum. The predicted high
mobility (410 cm? V' s!), mechanical flexibility and the
chemical inertness to most acids of MoS, have attracted the
attention [30]. On the other hand, MoS; has high refractive
index ~ 3.5 which causes 31% reflection loss for light normally
incident on its smooth surface [31]. Therefore front-surface
antireflection structures are essential to maximize light
harvesting and minimize losses [8].

Here we investigate different anti-reflection structure
geometries on a smooth film of MoS; for solar cell applications.
This study is relevant to MoS; films with microdome texture,
which we grew by atmospheric pressure chemical vapor
deposition. The microdomes which appear spontaneously
without any lithographic processing are shown to be effective
as an omnidirectional light trap. The demonstrated method of
growth has significance for MoS;-based solar cells and other
optical and optoelectronic applications.

II. SIMULATION

Microdomes of MoS, on a smooth film of MoS, supported
by sapphire substrate were simulated and analyzed using the
3D-FDTD method to determine the best structure geometry and
arrangement that results in minimum reflectance at different
angles and broad spectrum. The incident light source was a
plane wave with either S or P polarization. The reflectance from
unpolarized light source was calculated as follows:

1,5 115 |2
<|E|2)=E|ES|2+E|Ep| (l)
Where <|E[>> represents the time-averaged electric field

. . . . = = 2
intensity of an unpolarized beam light source. |E;|?and |Ep|
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represents the reflectance from S and P polarized light source
respectively. Bloch boundaries were used vertically and
perfectly matched layers (PML) boundaries were used
horizontally above the domes and below the substrate. The
wavelength dependence of refractive index and extinction
coefficient of the domes, the film and, the substrate was
considered in the simulation. We used the FDTD software
(Lumerical Solutions, Inc.) to calculate total reflectance
(specular plus diffuse) for different shapes and geometries.

Parameters that affect reflectance include dome base
diameter, height, and spatial distribution on the surface. We
first investigated the effect of different base diameters on
reflectance using monochromatic incident light with 500 nm
wavelength, which corresponds to the peak of the solar
spectrum [8]. The best base diameter that minimized
reflectance was then considered in simulations at different
wavelengths from 300 to 1200 nm. The effect of height and
distribution have been investigated as well.

[II. EXPERIMENTAL

MoS, was grown by a two-step process. First, a 100 nm
molybdenum thin film was electron-beam evaporated on a pre-
cleaned c-plane sapphire wafer. Second, the molybdenum film
was sulfurized in a two-zone atmospheric pressure chemical
vapor deposition (APCVD) system, which is illustrated
schematically in Fig. 1.

Argon gas t ‘ l
inlet Outlet
to exhaust
Zone
e Zone ]
Fig. 1.  Schematic illustration of a two-zone APCVD setup.

The sulfur powder (Sigma-Aldrich purum > 99.5%) was
placed in the middle of the first zone (150 °C), and the Mo film
was placed face-up in the middle of the second zone (900 °C).
Ultrahigh pure argon carried sulfur vapor to the growth zone at
a rate of 24 sccm/min. Once the second zone reaches 900 °C, it
was kept for 30 minutes (sample A) or 60 minutes (sample B)
at this temperature, then cooled down to room temperature at a
rate of 20 °C/min.

Raman spectroscopy was carried out at room temperature
using a Renishaw’s inVia micro-Raman spectrometer system
with 532 nm 100 mW laser excitation. The laser spot size was
1-2 pm. X-ray diffraction (XRD) was performed using a
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PANalytical X'Pert? MRD X-ray diffractometer with a hybrid
monochromator source, operating at 45 kV and 40 mA. The
surface morphology of as-grown MoS; thin films was
characterized by a Zeiss ULTRA-55 FEG scanning electron
microscope (FEG-SEM). The composition was analyzed by an
energy dispersive x-ray analyzer (EDX) coupled to the FEG-
SEM. The total reflectance (specular plus diffuse)
measurements were performed using LABSPHERE integrating
sphere attached to CARY 500 spectrophotometer.

IV. RESULTS AND DISCUSSION
A. Simulation

Fig. 2 shows the total reflectance of parabolic domes with
different base diameters. The square array of domes is on a 2.5-
um-thick smooth film of MoS; supported by a sapphire
substrate. Each reflectance point in the plot represents the
average reflectance over all light incident angles from 0° to 80°.
This demonstrates the omnidirectionality of these structures.
The domes height is half the diameter in all cases. The incident
light wavelength is 500 nm.
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Fig.2. The reflectance of MoS: domes with different base
diameters.

The reflectance decreases from 33.6% to 12.2% with
increasing the base diameter from 0 to 0.5 pm. Then the
reflectance slightly increases to 18.5% with increasing the
diameter from 0.5 pm to 2 pm. Therefore we chose the 0.5 um
diameter for further studies over a broad range of wavelengths.
As shown in Fig. 2 the most effective base diameter equals the
incident wavelength, but we next demonstrate that the same
base diameter is nearly equally effective at all relevant
wavelengths.

Fig. 3 shows a comparison between the reflectance of a
smooth film and 0.5 pm diameter domes over a broad range of
wavelengths from 300 nm to 1200 nm. Each reflectance point
in the plot represents the average reflectance over all light
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incident angles from 0° to 80°. The reflectance decreased by
51% over the whole range. This demonstrates the broad spectral
range for the effectiveness of these structures. The wavelength
independence of reflectance reinforces the effective medium
theory [32] and shows that the antireflection effect is due the
gradual change of effective refractive index rather than
scattering.
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Fig. 3. The reflectance of a square array of MoS2 domes with 0.5
um base diameter compared to that of the smooth film.

Fig. 4 shows the reflectance of square arrays of parabolic
domes with different heights but constant 0.5 pm base diameter.

60
{2 =500 nm ¢
0.25 ym
50 - >
0.50 pm
40- O
s | Smooth film o
430 W-e-e-a-B-a=g ‘! ¢1,Uﬁpl‘l‘l
c
8 7
@ 204
ETRE
x
10 \ 2.00 um
04
-
I 0.50 um
10 4+——v~r—-v~-—-va-—-—-r———vr———va—v

-10 10 30 50 70 90 1“0 130
Incident angle [degree]

Fig. 4.  The reflectance of square arrays of MoS: parabolic domes
with different heights. The domes base diameter is 0.5 pm for all
heights.

The total (specular plus diffuse) reflectance averaged over

all the incident angles from 0° to 80° decreased from 12.18% to
4.22% as the height of the dome increased from 0.25 pm to 2
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pum. Importantly, the average reflectance of domes with heights
1 um and 2 pum is practically zero over all the incident light
angles from 0° to 50°.

Fig. 5 shows the reflectance averaged over incident angles
from 0° to 80° for different spatial distributions of domes and
monochromatic incident light with 500 nm wavelength. The
hexagonal array of parabolic domes with 0.5 um base diameter
and 0.25 pm height reduces the reflectance more efficiently
than a square array of these domes, but this effect is less than
the difference in fill factors: For the square array of parabolic
domes, the fill factor is 39%, while for the hexagonal array it is
45%. In addition, we compared the former two arrays to
hexagonal arrays of pyramids, cones, and hemispherical domes
of the same base area and height. The average reflectance of the
pyramids was the highest while the hexagonal array of
parabolic domes was lowest. Cones had the second highest
reflectance after the pyramids. Thus smooth structures such as
domes are better than faceted structures such as pyramids.
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Fig. 5. The total reflectance of arrays of different structures and
spatial arrangments.

B. Raman Spectroscopy

Fig. 6 compares Raman spectra of samples A and B to a
reference spectrum of c-plane sapphire. The sapphire reference
spectrum has five peaks located at 378, 417, 449, 576 and 750
cm’!, which match published [33] values of 378, 418, 451, 578,
and 751 em™!. A sixth previously reported peak at 432 cm™! [33]
is an unresolved shoulder in our spectrum. The MoS; samples
A and B have Raman spectra comprising four peaks located at
283, 379, 406 and 450 cm™! in agreement with earlier reports
for 2H-MoS>, which has first order Raman-active modes E;g,

E%g, and Aqg [34]-[37]. The peaks are slightly red-shifted and

broadened, as expected for polycrystalline material in
comparison with single crystal [36]. It is evident from the
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Raman spectra of samples A and B that the difference in growth
time does not have a great effect on the quality of the as-grown
MoS; film.
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Fig. 6. Raman spectra of MoSz-on-sapphire (a) sample A, (b)

sample B, and (c) blank c-plane sapphire wafer.

C. X-ray Diffraction

Fig. 7 shows symmetric out-of-plane X-ray diffraction
patterns for samples A and B of MoS. Six diffraction peaks of
MoS; are identified which corresponding to the (002), (004),
(100), (006), (110) and (008) planes, respectively. The location
of these peaks matches well the XRD card PDF # 00-37-1492.
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Fig. 7.  Symmetric Out-of-plane XRD patterns of (a) sample A, (b)

sample B and (c) reference XRD pattern of MoS2. MoS:z peaks are
labeled in red and sapphire peaks are labeled in blue.
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The presence of diffraction peaks from unparallel planes
confirms the polycrystalline nature of the film. Two diffraction
peaks (006) and (0 O 12) from the sapphire substrate are
identified (PDF # 01-070-5679). The relative strength of the
(002) peak indicates preferred orientation such that the (002)
plane of MoS; is parallel to the (006) plane of the sapphire
substrate. The polycrystalline nature according to the x-ray
diffraction agrees well with Raman analysis.

D. SEM and EDX

Fig. 8a shows a SEM image of the surface of evaporated Mo
thin film before sulfurization. The Mo film was smooth and
dense. SEM images of the surface of sample B of MoS, at
different magnifications are shown in Fig. 8b-d. The
microdomes are randomly distributed and uniformly cover the
whole surface. EDX data of sample B over an area equivalent
to the field of view of Fig. 8d gives S/Mo ratio of 1.96, which
indicate that the film is almost stoichiometric. A reasonable
explanation of the cause of the formation of these microdomes
is the small thickness of the Mo thin film and coefficient of
thermal expansion mismatch between the sapphire substrate
(7.3%x107%/°C ) and the grown MoS, (10.7x1076/°C ) [38],
[39].

(a)}

Fig. 8.

SEM images of the surface of (a) Mo thin film before
sulfurization (b-d) Sample B of MoS: at different magnifications.

E. Reflectance Measurement And Simulation

Fig. 9 compares the experimentally measured total
reflectance (specular plus diffuse) spectrum of MoS, sample B
with that simulated for a square array of parabolic domes (2 pm
in diameter and 1 pm in height) with a period of 2.2 pm. The
simulation of an area of a few microns requires large computing
resources, therefore we chose to simulate a periodic spatial
distribution with Bloch boundary condition. Although the
regular distribution of simulated domes differs from the random
arrangement on the actual sample, it nevertheless demonstrates
a strong reduction in reflectance that agrees well with
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experiment. Based on experimental measurement and
simulation domes with 2 pm base diameter could reduce the
reflectance by 45% which consequently improves light
harvesting and solar cell efficiency.
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Fig.9. The reflectance of MoSz-on-sapphire sample B in
comparison with simulation for parabolic domes with 2 um base
diameter.

V. CONCLUSION

Different structures and geometries have been studied and
analyzed by FDTD method to assess their performance for
antireflection applications. A comparison between cones,
pyramids, parabolic and spherical domes of the same base area
and height showed that parabolic domes are the best
antireflection structures. A parabolic dome of 0.5um base
diameter and 2pum height can reduce reflectance to almost zero
for all incident angles from 0° to 50°. These antireflections
structures can boost MoS;-based solar cells efficiency by
almost 50%. MoS; films with microdome texture were grown
by APCVD. SEM images revealed the uniform random
distribution of these microdomes. Stoichiometric composition
and structure of MoS; have been confirmed by EDX, Raman
spectroscopy, and x-ray diffraction. Based on experimental
measurement and simulation domes with 2 pm base diameter
and 1 pm height could reduce the reflectance by 45%.
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