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Ultrathin optical interference in a system composed of absorbing material and metal reflector has attracted extensive
attention due to its potential application in realizing highly efficient optical absorption by using extremely thin semicon-
ductor material. In this paper, we study the physics behind the high absorption of ultrathin film from the viewpoint of
destructive interference and admittance matching, particularly addressing the phase evolution by light propagation and in-
terface reflection. The physical manipulations of the ultrathin interference effect by controlling the substrate material and
semiconductor material/thickness are examined. We introduce typical two-dimensional materials — i.e., MoS, and WSe;
— as the absorbing layer with thickness below 10 nm, which exhibits ~ 90% absorption in a large range of incident angle
(0° ~ 70°). According to the ultrathin interference mechanism, we propose the ultrathin (< 20 nm) MoS;/WSe; hetero-
junction for photovoltaic application and carefully examine the detailed optoelectronic responses by coupled multiphysics
simulation. By comparing the same cells on SiO; substrate, both the short-circuit current density (up to 20 rnA/crn2) and
the photoelectric conversion efficiency (up to 9.5%) are found to be increased by ~ 200%.

Keywords: photovoltaic, subwavelength structures, interference coating

PACS: 42.25.Hz, 78.66.—w, 88.40.H—

1. Introduction

Highly efficient optical absorption plays a funda-
mental role in a broad range of optoelectronic applica-
tions, including photoelectric conversion (e.g., photodetec-

1,2]

tion and photovoltaics),!'? photochemical cells,>*! light

emission, 150!

sensing,[”l etc. A photon-harvesting device
without a good absorption can hardly obtain a high per-
formance, no matter how the electrical conversion is opti-
mized. Unfortunately, highly absorbing materials are always
highly impedance-mismatched with air, leading to high re-
flection by the device surface.[®! Strengthened optical ab-
sorption can be achieved by employing the photonic de-
signs. The most conventional strategy is to introduce sin-
gle layer or multi-layer antireflection (AR) coatings com-
posed of lossless dielectrics.!”) However, the AR layers need
a quarter-wavelength in thickness, which hinders the minia-
turizing of the optoelectronic devices (especially for infrared
or far-infrared devices). Recently, with the rapid progress

of nanofabrication technologies, the deep-subwavelength sys-
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tems with broadband and high absorption (e.g., those that are
based on plasmonics or metamaterials) have been extensively

d.[10-14] Nevertheless, such systems

studied and demonstrate
largely rely on the precisely nanopatterning one or several lay-
ers, which require costly and complicated fabrication, thus
hindering them from being used on a large-scale and lowing
their cost in application.

Recently, a simple and ingenious solution based on anti-
reflection principle was proposed to realize a broadband, wide-
angle, and ultrahigh absorption in the ultrathin film with
10 nm-20 nm in thickness (far less than the quarter-wave
thickness).[?15-18] In the solution, 1) light-absorbing semicon-
ductor replaces the conventional lossless dielectric material
and 2) metal is used as back reflector. The special combi-
nation of highly absorbing semiconductor and metal reflec-
tor can greatly reduce the AR thickness because the reflec-
tion phase-shift introduced by the semiconductor/metal inter-
face is significantly increased so that the required phase vari-
ation through the semiconductor becomes substantially small,
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allowing a much smaller thickness of the material. The unique
thin-film planar scenario enables an extremely high absorption
in the ultrathin semiconductor film. For example, Kats (Park)
et al. reported that the 15 (12) nm Ge film on Au (Ag) sub-
strate can absorb over 80% (98%) of light at a wavelength of
A ~ 670 (625) nm.!>1%] Such a planar system has also various
applications, e.g., in ultrathin color coatings,[9] broadband so-
lar energy harvesting,!") ultrathin devices based on van der
Waals semiconductors,[!5! ezc. It has been indicated that the
material and dimension of the metal and the semiconductor
are critical for the ultrathin system to achieve high optical per-
formance. Moreover, various deep-subwavelength film/metal
systems under the same AR condition exhibit very distin-
guished optical absorbing performances. Therefore, more de-
tails of the fundamental optics within the ultrathin devices are
required if we wish to better control the light coupling with
the materials. In addition, the applications of this new sys-
tem need to be further explored. For example, for the ultra-
thin solar cells, it is necessary to combine the superior optical
performance with the realistic carrier transport/recombination
process so that the complete optoelectronic performance of the
device can be evaluated for a better device design.

In this paper, we first investigate the underlying optical
mechanism responsible for the high absorption of the ultrathin
semiconductor film on metal substrate, particularly address-
ing the phase evolution with the interface reflection and inter-
nal propagation, and also quantifying the phase condition for
the destructive interference. The optical performances of the
system under various semiconductor materials, semiconduc-
tor material thicknesses, and substrate materials are system-
atically studied. Moreover, an ideal substrate enables the sys-
tem to possess the better absorption performance of the system
than the systems under realistic metal or dielectric substrates.
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The scheme is further applied to a two-dimensional (2D) sys-
tem with typical 2D materials, i.e., MoS, and WSe;, which ex-
hibits nearly perfect absorption and good angular dependence
with a material thickness below 10 nm. Finally, we design
the ultrathin MoS,/WSe; heterojunction for photovoltaic ap-
plication with carefully examining the detailed optoelectronic
responses, such as external-quantum efficiency (EQE) and
current—voltage (J-V) curve. Compared with the same solar
cell on conventional SiO, substrate, the short-circuit current
density (Js) and photoelectric conversion efficiency (PCE) are
both improved by ~ 200%. The strong ultrathin-film interfer-
ence provides the possibility of realizing miniaturized planar
systems for high-performance, low-cost, and large-scale opto-
electronic applications.

2. Device and method

A sketch of the ultrathin multilayer system is shown in
Fig. 1(a), where N (: n = 1), N> (= ny + iky) and Nj
(= n3 + ik3) are the complex refractive index of Air, a-Si, and
Ag, respectively, and d is the thickness of the a-Si film. Ini-
tially, the ¢-Si film is considered as the absorbing AR layer on
Ag (more material options to be determined later). Since the
Ag layer is thick enough (much larger than the skin-depth of
light in Ag), the substrate below Ag can be ignored; therefore,
we refer to the Ag (or other metals) on the top of substrate as
the Ag-substrate (or other metals) system. Considering that
the light is perpendicularly incident onto the film from air, the
optical response of the device is investigated by the Fresnel
formula and transfer matrix method (TMM). The optical pa-
rameters of the materials under consideration are cited from
the Palik table. 2!
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Fig. 1. (color online) (a) Sketch of device, where Ny, N, and N3 are refraction indexes of air, @-Si, and Ag substrates, respectively. Pyps versus
wavelength and a-Si thickness d on (b) Ag and (d) SiO; substrate under perpendicular incidence. (c) absorption, reflection, and transmission
of the ultrathin film system versus d with A = 500 nm. The top-x-axis shows corresponding AY¥.
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We first briefly introduce the calculation process for
studying the special optical interference in the ultrathin dielec-
tric/metal system. The reflection coefficient and phase shift in
the air/film (film/Ag) interface are denoted as r» (723) and ¥,
(P3), respectively, the phase accumulation in the thin film is
represented by ¥;, and the phase difference between the di-
rect surface reflection (Ry) and the reflected light by film/Ag
after a round-trip propagation through the film (R;) is denoted
as A¥ (without considering the high-order components). The
phase change by interface reflection can be calculated by Fres-
nel formula. Note that the phase relation just considers the
first-order propagation wave inside the ultrathin system. Given
that the high-order components show dramatically reduced in-
tensity, this treatment can approximate to the actual antireflec-
tion condition. Then we utilize TMM to calculate the optical
response of the ultrathin system, including absorption (Pyyg),
reflection (Ref), and transmission (Tra). The admittance of
air, film, and substrate are 7, 1>, and 73, respectively. Note
that the free space admittance (yg) is taken to be the unit of ad-
mittance. The unpolarized sunlight absorption is modelled by
the average of light absorptions under transverse-electric (TE,
s-polarized) and transverse-magnetic (TM, p-polarized) inci-
dence. The equivalent admittance of the whole system is 1.
The admittance difference between air and the system (i.e., M;
and 7,) is denoted as An.

3. Results and discussions

Figures 1(b) and 1(d) show the profiles of P, of the ul-
trathin -Si film versus A and d on Ag and SiO, substrates,
respectively. It is obvious that: 1) both systems exhibit several
absorption bands in the dispersion diagrams due to the exci-
tation of various modes under destructive interference, and 2)
the d value and the peak A have a nearly linear relation, which
can be explained by calculation formula of ¥j. Moreover, the
thinner absorbing layer leads the wider-band absorption to in-
crease, which is beneficial to the design of many photocon-
version devices such as the solar cells.!"?! If we compare the
results of the two systems based on Ag and SiO, substrates,
the peaked absorption in the Ag system (Fig. 1(b)) is sub-
stantially higher than that of the SiO, system (Fig. 1(d)) due
to the ultrathin optical interference effect as mentioned in the
literature. 15171

Table 1. Values of d, A¥, and An at M =0, 1, 2, and 3.

M=0 1 2 3
d/nm 11 68 125 182
AY () 1 3 5 7
An (vo) 0.21 1.5 2.6 3.1

At A =500 nm, the ot-Si P,ps, Ref, and Tra of the ultrathin
a-Si/Ag system versus d are plotted in Fig. 1(c), where AV is

given to justify the interference situation. On the whole, Py
and Ref oscillate with d in a contrary way and the absorption
peaks (reflection dips) occur when AV = 2M + 1) (M =0,
1,2,...); i.e., the destructive interference between the directly
reflected light and the first order propagation light in the AR
layer. Further study shows that the peaked P,y decreases grad-
ually with increasing d (i.e., enlarging the order number m),
which can be explained by the higher admittance mismatch
An between air and the system (see Table 1), weakening the
AR effect despite the fact that the destructive phase condition
is preserved. This suggests that the AR phase matching is not
a sufficient condition for ultrahigh absorption because the ad-
mittance matching is also an important ingredient. In addition,
the Ag substrate as a back reflector plays also a key role in en-
hancing absorption by efficiently restraining the transmission
and elongating the light-path in the ultrathin film.

Figure 1(c) indicates that the Py peak of ¢-Si material at
d of only 12 nm can reaches up to 90%. Such an outstanding
light-trapping ability by an ultrathin semiconductor is due to
the following reasons: 1) the phase change by the reflection of
a-Si/Ag (air/a-Si) interface is 1.637 (1.027); therefore, the
phase accumulation in the a-Si layer is only 0.397 to satisfy
the AR phase condition, allowing thickness to be very small—
far less than the quarter wavelength; 2) there is a good admit-
tance matching between the incident medium and the struc-
ture, and 3) Ag substrate reduces dramatically the transmission
and enhances light-path in the ultrathin @-Si film.

Actually, for such an ultrathin system, the choice of back
reflector is critical because it strongly affects the optical inter-
ference on the top surface. Moreover, as mentioned in Fig. 1,
the ultrathin system can be used to achieve the broadband op-
tical absorption; therefore, in the following, we introduce the
AM1.5G solar illumination and evaluate the overall system
performance by using the spectrally integrated photocurrent
density Jyh.1>!! With an assumption of a perfect internal quan-
tum process, which means that photo-generated carriers trans-
form completely into output current, the photocurrent den-
sity Jon can be calculated from Jp, = |, )ﬁ 2 gFs(A)Paps(A)dA,
where A; (4;) is the starting (cutoff) wavelength, g the electron
charge, and Fs the spectral photon flux density of AM1.5G.
Figure 2(a) shows the plots of Jy, versus d under ideal, Ag,
Au, and SiO; substrate. Here, the ideal substrate is obtained
by sweeping real and imaginary part of the substrate refrac-
tive index (N3 = n3 + ik3) at each thickness of ¢-Si layer. It
is obvious that as a broadband absorber, the system with SiO;
substrate shows fundamentally lower Jpp,, since the phase vari-
ation within the ultrathin a-Si layer is insufficient for AR in-
terference. The Ag and Au substrates enable the AR effect to
achieve much higher Jy, and comparably the Ag system can
obtain the peak J,, > 10 mA/cm? atd = 15 nm; i.e., a surpris-
ingly high photocurrent by such an ultrathin semiconductor.

124202-3



Chin. Phys. B Vol. 27, No. 12 (2018) 124202

Nevertheless, the existing metals do not provide the best opti-
cal performance. It can be seen from Fig. 2(a) that the system
with an optimized substrate can exhibit a Jp, > 12 mA/cm?
with d = 16 nm.

To achieve a high Jpy,, figure 2(b) reveals that n3 has to
be sufficiently small and k3 has to be appropriately designed
(see the inset of Fig. 2(b), where Jpy, versus k3 is shown with
n3 = 0.01). It suggests that the ideal N3 = 0.01+3.9i (denoted
as Ideal sub 1 here). Correspondingly, figure 2(c) shows the
map of the reflection phase change by the a-Si/substrate inter-
face (i.e., ¥3) at A = 500 nm. Our calculation indicates that

121 (a) —@—1Ideal sub
N —p— Ag sub
107 —%— Au sub
§ sl —®Si0, sub
T off :
~
=
~  A4F
21 ¥
ol . . . .
0 10 20 30 40 50

d/nm

Y3 = 1.54x and, therefore, A¥ ~ 1.087 when using the Ideal
sub 1, approximately satisfies the AR phase matching. There
is a tiny difference from the calculated A¥ (1.087) in the ideal
situation (7r) since the design is for the full solar-spectrum ab-
sorption rather than the single AR wavelength. Figure 2(d)
displays the P,,s spectrum of the a-Si film on Ideal sub 1 ver-
sus d, where the Py spectra at d = 16 nm with Ag and ideal
substrates are compared in the inset. It is clear that the absorp-
tion ability of the ultrathin -Si film on Ideal sub 1 is superior

to that on the Ag substrate in a wide waveband.
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Fig. 2. (color online) (a) Plots of J,p, versus d on various substrates. (b) Plot of J,p, versus N3(=n3 + iks) with d = 16 nm, where inset
shows plot of Jy, versus k3 with n3 = 0.01. (c) Reflection phase (¥53) by the film/substrate interface. (d) Plots of Pys versus d and
wavelength with Ideal sub 1 (Ngyp = 0.01 4 3.91), where the inset shows plot of Py,g spectrum of system (with d = 16 nm) on Ideal

sub 1 and Ag, respectively.

® MoS, «WSe, ao0-Si
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Fig. 3. (color online) Pyps versus Na (= ny + ik2) when d = 9 nm and
A =500 nm respectively on (a) Ideal sub 2 (Ng, = 0.01 + 1.361), (b)
Ag, (c) Au, and (d) Cu substrate.

However, with the o-Si thickness decreasing into nano-

size, the defect density of the ultrathin film becomes dra-
matically high!'3! and this seriously limits the photoelectric
conversion performance (despite the fact that the optical per-
formance has been optimized significantly). Therefore, it is
necessary to replace the conventional semiconductor mate-
rial by the high-quality 2D materials; for instance, MoS,,
WSe,, and other transition metal dichalcogenides layered ma-
terials (TMDLM). These 2D materials show many outstand-
ing properties:?>">1 1) no surface dangling bond, thus reduc-
ing the carrier loss caused by surface recombination, 2) strong
light-absorbing ability [light is absorbed by the single layer
MoS; (0.65 nm) is approximate to that of 50-nm-thick Si], and
3) reasonable and tunable bandgap by controlling the num-
ber of layers. In Fig. 3, we continually modulate the real and
imaginary part of the refractive index of the AR material, i.e.,
N, = ny + ikp, and examine the absorption performances at
a representative wavelength of 500 nm on various substrates
(Ideal sub 2, Ag, Au, and Cu). Here, the thickness of the AR
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layer is d = 9 nm and the Ideal sub 2 (with N3 =0.01+ 1.361)
is designed by sweeping n3 and k3 under the given system con-
figuration (similar to Fig. 2(b)). In these patterns, we can iden-
tify the materials of MoS,, WSe;, and «-Si according to their
refractive index. It is found that the systems under Ideal sub 2
and Ag substrate show higher absorptions than those under the
Au and Cu substrates. With Ideal sub 2 (Ag substrate), WSe;
(MoS,) system shows nearly unity absorption. The P, values
under various AR and substrate materials are listed in Table 2.

Ref/% Pays/%
10 0 100
N ()
-
6 99
4
2
98
5 10
An/yo
1.001 10 0.10
8
6
0.05
4
2
0

5 10
ks

Fig. 4. (color online) Ref, P,,s, A¥Y, and An of 1 nm of film versus N, on
ideal substrate (N3 = 0.01 +0.011) with 500 nm of perpendicular incidence.

Table 2. P, values under various film and substrate configurations,
with film thickness d = 9 nm and perpendicular light wavelength
500 nm.

a-Si MoS; WSe;
Paps/% . . .
Ny =437+0.651 Ny =5.1+142i N, =3.66+1.23i
Ideal 77.02 74.9 99.1
Sub Ag 75.9 89.3 67.5
Au 44.8 54.7 534
Cu 40.8 53.5 46.1

By simultaneously modulating the film and substrate, it is
found that even thinner film can obtain ultrahigh absorption.
Figure 4(b) shows that 1-nm-thick ideal film on a designed
substrate with N3 = 0.01 + 0.01i can achieve Pyps = 99% un-
der perpendicular incidence at the wavelength of 500 nm. Fig-
ure 4 also displays the corresponding Ref, AW, and An. It
is shown that the reflection dip, absorption peak, phase rela-
tion under antireflection, and the admittance match happen at
an identical N,. Moreover, figure 4(c) indicates that there are
many options for antireflection phase condition; however, the
system does not show the corresponding high absorption or
low reflection, indicating that the phase matching is just a nec-
essary but not sufficient condition for antireflection effect.

Since the material is extremely thin, the angular perfor-
mance is expected to be much higher than the angular perfor-
mance of the conventional AR system.m] Here, the TE and

TM light incidence are taken into account and their average
is used to mimic the non-polarized sunlight illumination. Fig-
ure 5 exhibits the angular response of Py,s of MoS, and WSe;
ultrathin film with d =9 nm and A = 500 nm on Ideal sub 2
(Figs. 5(a) and 5(b)) and Ag substrate (Figs. 5(c) and 5(d)).
From the figure, the Py, value of MoS, and WSe; ultrathin
film keep sufficiently high within a broad range of incident
angle (0°-70°). This is because the phase responsible for the
destructive interference comes mostly from the semiconduc-
tor/metal interface, rather than from the wave propagation in
the AR layer; therefore, the AR effect can be roughly satisfied
under different incident angles. The performance will be dra-
matically degraded only when the incident angle is sufficiently
large (~ 80°) due to the obvious phase mismatch.

Figure 5 also shows that the MoS, (WSe;) ultrathin films
absorb mainly the long (short) wavelength light; therefore, we
can design the MoS;,/WSe; heterojunction ultrathin solar cell
as an interesting application of the deep-subwavelength AR ef-
fect. When considering the solar cells, the detailed carrier dy-
namics during the generation, recombination, and collection in
the device must be taken into account in order to evaluate the
photoelectric performance accurately. The coupled optoelec-
tronic simulation has been introduced to study various pho-
toelectric devices in our previous research.[21:20-291 Here, we
show the fundamental equations of the semiconductor model:

v T
v. [—DnVn g, (wb n 7" + k’i}vacﬂ
= G(x,y,l)—U, (1)
Vy VE
V. [—Dpvp—pup (v¢>+7‘ T B kBTvaVﬂ
a9 qa q
= G(x,y,l)—U, (2)
Vo=-L (n_piNy—
Soer(n p+Na—Np), 3)

where Dy, (Dy) is the electron (hole) diffusion coefficient, iy,
(up) the electron (hole) mobility, n (p) the electron (hole)
concentration, Nc (Ny) the effective conduction (valence)
band density of states, y the electron affinity, @ the elec-
trostatic potential, 7 (300 K) the operating temperature, kg
the Boltmann’s constant, E; the band gap, & (&) the vac-
uum permittivity (relative permittivity of the material), Np
(Np) the donors (acceptors) concentration, and G(x,y,A) the
carrier generation distribution, U the recombination. In the
proposed heterojunction system comprised of 2D materials,
the surface recombination can be ignored due to the ab-
sence of the surface dangling bond;[? the bulk and inter-
face recombinations include the contributions from Langevin
and Shockley—Read-Hall (SRH) mechanisms.[*! Here we
solve the Maxwell’s equations, electron/hole transport equa-
tions, and Poisson’s equation by the finite-element method
(FEM) and finite-volume method (FVM) in COMSOL Mul-
tiphysics to obtain the photoelectric performance of the ultra-
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thin MoS,/WSe, heterojunction solar cell.’?°! Since no high-
dimensional nanopatterns are used in this system, the simu-
lation can be performed by 2D models. The thickness of the
multilayer MoS, and WSe, are 9.8 nm and 8.64 nm, respec-
tively, and the key material parameters used in the simulation
are cited from the literature. [2+26-30-41]
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Fig. 5. (color online) Angular response of Py,s of MoS; and WSe, ultrathin
film with d = 9 nm on (a) and (b) Ideal sub 2 and (c) and (d) Ag substrates.
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Fig. 6. (color online) (a) Pyps and EQE spectra of MoS,/WSe; ultrathin het-
erojunction solar cell on Ag and SiO; substrates. (b) Corresponding J—V
characteristics and output power density (P), where the typical performance
parameters are inserted.

Figure 6(a) displays the P,s and EQE spectra of the ul-
trathin MoS,>/WSe; heterojunction solar cells on Ag and SiO;
substrates. It is clear that the improved optical response un-
der the ultrathin interference effect is well transferred into the
electrical domain, showing much higher EQE than the EQE

of the conventional system with SiO, substrate. It should

be mentioned that the ultrathin interference effect here is de-
signed for the AR dual-layers, showing that the new opti-
cal scheme is applicable for the multilayer systems. Fig-
ure 6(b) shows the corresponding J-V curves under the two
system configurations. Moreover, the optoelectronic perfor-
mance parameters are inserted into the figure, in which the
PCE = (Pmax/Pn) X /%, where Py (= JV) is the maximal
output power density and P, (= 100 mW/cm?) is the input
power of AM1.5 solar illumination. These parameters include
Johs Jsc, open-circuit voltage (Voc), and PCE, which are 21.3
(7.6) mA/cm?, 20 (7.0) mA/cm?, 0.61 (0.59) V, and 9.5%
(3.2%), respectively, for the proposed heterojunction solar cell
on Ag (SiO,) substrate. It is obvious that the photocurrent
densities and the PCE are enhanced by almost 200% by uti-
lizing the ultrathin interference effect. Interestingly, the het-
erojunction system with thickness less than 20 nm is predicted
to show a PCE of 9.5%, which could be an opportunity for

ultrathin high-performance photoconversion devices.

4. Conclusions

We have presented a comprehensive study on the
ultrathin-film interference effect of the system, which is com-
posed of strongly absorbing dielectric and back metal reflec-
tor, from the underlying physics, photonic manipulation, op-
tical performance optimization, and also the photoconversion
application. The transfer-matrix treatment, impedance match-
ing condition, and the antireflection effect are used/discussed
in detail. The various geometry and material options of the ab-
sorbing dielectric and substrate are considered through a com-
parable study of the system optical performance. It is found
that the phase matching of antireflection is necessary but not
a sufficient condition for ultrahigh absorption because the ad-
mittance matching is also an inevitable requirement. Particular
attention is also paid to the incorporating of the 2D materials
into this ultrathin-film system, which shows very good opti-
cal absorption in a large range of the incident angle. Finally,
we construct an ultrathin MoS,/WSe; heterojunction system
for photovoltaic application. Under an AM1.5 solar illumina-
tion, the short-circuit current density, open-circuit voltage, and
light-conversion efficiency of the proposed heterojunction on
Ag (Si0;) sub are 20 (7.0) mA/cm?, 0.61 (0.59) V, and 9.5%
(3.2%), respectively. Compared with the conventional system
with dielectric substrate, the dielectric/metal setup shows the
photocurrent density and PCE to be enhanced by ~ 200%, thus
promoting the practical application of TMDLM in photoelec-
tric conversion.
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