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ABSTRACT: We report on plasmon-enhanced hybrid organic—inorganic
perovskite solar cells with methylammonium lead iodide (MAPbI;) as the
active absorbing material. Three-dimensional finite-difference time-domain
simulations were performed on perovskite solar cells that consist of
perovskite films with varied thicknesses on top of corrugated gold electrodes
with different light trapping geometries, such as arrays of nanoholes and
nanodisks. The absorption within the perovskite and gold films was estimated
by calculating the electric field at every mesh point within the simulation
volume, which allowed for the calculation of the solar cell power conversion
efficiency (PCE) as a function of relevant design parameters. Optimal
nanostructure designs were obtained by systematically varying the geometry
dimensions. The results show that 100 nm-thick perovskite films on top of
corrugated gold electrodes can exhibit up to 52% increase in PCE compared
to their flat counterparts (i.e., from 19.2% for a flat cell to 29.2% for an

28 foN S - Flat
’ ! e Nanoholes
< 26 ! Nanodisks
L
O 24 ]
o
22 1

100 150 200 _250 300 350 400
Perovskite Thickness (nm)

optimized nanocorrugated cell). Moreover, we show that a 150 nm-thick perovskite film cell with opportunely corrugated back
metal contacts can exhibit a PCE value of 31.3%, which is comparable to that of a 400 nm-thick bulk-like cell (31.6%). These
findings may pave the way for plasmon-enhanced high-performance perovskite solar cells with ultrathin absorbing layers.

performance of perovskite solar cells can also be enhanced by
employing nanoparticles (either dielectric*®

27
“" or metal-

Hybrid organic—inorganic perovskite solar cells have proven to
be the most rapidly growing photovoltaic technology to date
with reported power conversion efficiency (PCE) reaching up
to 23.2%." The high PCE, together with low-cost fabrication
processes” ® and remarkable optoelectronic properties,” such
as high absorption coefficient® and long carrier diffusion
length,” makes perovskite solar cells a promising alternative to
traditional silicon solar cells. Perovskite materials can be
described by the general formula ABX;, where A is an organic
cation [e.g,, methylammonium CH;NH; (MA) or formamidi-
nium HC(NH,),], B is an inorganic cation [e.g, most
commonly lead (Pb)], and X is a halide which is usually
iodine (I). So far, the most widely used perovskite material has
been methylammonium lead iodide CH;NH;Pbl, (MAPbI;)
which possesses an optical energy band gap of 1.55 eV,'? close
to the ideal value of 1.34 eV for single junction solar cells as
imposed by the Shockley—Queisser limit.'"'> By adding a
fraction of Sn, Br, or Cl, the band gap of MAPbI; can be tuned
from 1.3 to 2.3 eV, 7' which allows for the design of
multijunction cells with absorption properties that are better
tuned to the solar spectrum. Although the absorption
coefficient of MAPbI; is so high that thin (~300—400 nm)
layers of the material are sufficient to absorb most of the
incident visible solar spectrum, the reported efficiency of these
perovskite solar cells is still lower than the theoretical limit.
Among other methods, plasmonic absorption enhancement
has been extensively utilized to improve the performance of
various solar cell technologies,”’18 includin% organic,lg’20 dye-
sensitized,”' and semiconductor materials.”*™>° Similarly, the
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lic** ") or plasmonic concentrators that are embedded in
the cell electrodes’™ ** and can enhance the optical field
intensity within the active layer.

The main aim of this paper is to investigate the feasibility of
plasmon-enhanced perovskite solar cells with significantly
thinner active layers to achieve similar performance compared
to thicker cells, which can bring the following benefits: (a)
because most high-performance perovskite cells use thick Pb-
based materials, which may pose threats to human health and
the environment, drastically reducing the thickness of the
active layer would allow for a significant suppression of the
overall amount of toxic material employed to fabricate the
cell;>* (b) moreover, cells with thinner active layers but with
the same overall light absorption are characterized by higher
carrier concentration and therefore higher open circuit voltage
and efficiency compared to thicker cells;>” and (c) finally,
thinner films are more amenable to fabricate flexible solar
cells.*

Here, we present a systematic study of the plasmonic
absorption enhancement in MAPDI; perovskite solar cells
using three-dimensional finite-difference time-domain
(FDTD) simulations. Specifically, the PCE enhancement was
calculated using the simulated electric fields within perovskite
films coated on top of flat or corrugated gold surfaces [i.e.,
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Figure 1. (a,b) Schematic of simulated perovskite/gold geometries consisting of a perovskite (MAPbI,) thin film on top of corrugated gold surfaces
with a ND or NH array arranged in a hexagonal pattern. D and h denote the diameter and height for the NDs or NHs, respectively; p represents the
pitch of the hexagonal lattice; ¢ is the perovskite film thickness. The gold layer thickness is assumed to be semi-infinite. (c—f) Simulated absorption
spectra in the perovskite film of thicknesses ¢ = 100 and 300 nm for flat (dashed gray lines) and corrugated gold substrates (solid lines) with ND/
NH diameter D = 125 nm and height h = +70 nm. The pitch of the hexagonal pattern p = 200—350 nm. The vertical dashed line indicates 4 = 560

nm, below which the transmitted light through the perovskite film is negligible due to the large imaginary part of its refractive index.

nanodisk (ND) or nanohole (NH) arrays] by leveraging
various geometry parameters (i.e., perovskite film thickness ¢,
ND and NH diameter D and height h, as well as array pitch p).

B COMPUTATIONAL DETAILS

A commercial-grade simulator (FDTD Solutions by Lumerical
Inc.) based on the FDTD method was used to perform all
calculations reported in this paper.*' The simulated structure is
a simplified perovskite solar cell without an electron or hole
transporting layer, nor a top transparent contact. It consists
only of a MAPbI; absorbing film and a flat or corrugated gold
electrode with NDs or NHs in a hexagonal pattern, as shown in
Figure la,b with the unit cell denoted by dashed lines. A
positive value of /i corresponds to ND arrays while a negative h
corresponds to NH arrays on top of the gold contact. The top
surface of the perovskite layer is set to be flat, in accordance to
experimentally realistic perovskite films typically fabricated via
spin coating. A plane wave light source with wavelength 4 =
300—800 nm was positioned above the cell stack. Perfectly
matched layers were used at the top and bottom boundaries. In
contrast, anti-symmetric and symmetric boundary conditions
were used in the lateral directions because of the periodicity of
the structure. The mesh size was set to 1 nm in Cartesian
coordinates, which balanced the accuracy and computational
cost. The real and imaginary parts of the refractive index used
in the simulation were obtained by ﬁttin§ the experimental
tabulated data for MAPbL,** and gold" (see Supporting
Information). Simulations were performed for various values of
relevant geometry parameters, such as perovskite film thickness
t, ND/NH diameter D and height h, and array pitch p, as
shown in Figure la,b. The electric field E was obtained at each

mesh point within the simulation volume, which allows for the
decoupling of the absorption A in the perovskite and gold
films, respectively, by using the following equation

AQQ) = / %e”(ﬂ)lﬁ(/l)l2 dv (1)

where ¢ is the speed of light, €”(4) is the wavelength-
dependent imaginary part of the permittivity, and E is the
electric field. The integration in eq 1 over the total volume V of
the perovskite or gold results in the absorption within that
specific material.

B RESULTS AND DISCUSSION

Figure 1c—f presents the simulated absorption spectra APem(ﬂ)
within the perovskite film with representative thicknesses [i.e.,
t = 300 (c,d) and 100 nm (e,f)] on top of flat and corrugated
(ND or NH arrays) gold surfaces. The nanostructure geometry
is fixed with D = 125 nm and h = 70 nm, while p varies from
200 to 350 nm with incremental steps of S0 nm. For ¢ = 300
nm (see Figure 1c,d) and 4 < S60 nm (as denoted by vertical
dashed lines), the absorption is almost independent of the
geometric parameters because of the high absorption
coefficient of MAPDbI; in that wavelength range (see
Supporting Information). The spectral shapes in this wave-
length range are attributed to the wavelength-dependent
transmission at the air/perovskite interface. For 4 > 560 nm,
the Fabry—Pérot cavity modes can significantly affect the
absorption in MAPbI;. For flat (uncorrugated) metal
substrates, the observed spectral peaks correspond to
destructive interference (low reflection, high absorption),
whereas the dips correspond to constructive interference
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Figure 2. (a—e) ND and (f—j) NH array schematic and electric field intensity profiles IEP at the horizontal (i.e., both top and bottom interfaces of
nanostructures) and vertical cross sections for t = 300 nm and 4 = 676 nm as well as ¢ = 100 nm and 4 = 736 nm. The nanostructure geometry is h
= +70 nm, D = 125 nm, and p = 250 nm.
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Figure 3. Representative color maps of simulated total absorption spectra (including contributions from both perovskite film and gold substrate) as
a function of the incident light wavelength A and array pitch p for (a) ND arrays and (b) NH arrays. The nanostructure diameter D = 125 nm, its
height & = £70 nm, and the perovskite thickness £ = 100 nm. The dashed line in (a) represents the collective SPP resonance mode indicated in eq
2, which agrees well with the wavelength positions of the FDTD-simulated absorption peaks.

(high reflection, low absorption). In the presence of nano- pitch. This results from the fact that the metal disks occupy
structured gold substrates, the absorption in the perovskite film space at the expense of perovskite material. Structures with
is enhanced at wavelengths near the constructive interference smaller array pitch are characterized by a higher density of
wavelength (4 = 598 nm) because of plasmonic effects. On the NDs, which determines an overall reduction in perovskite
contrary, compared to the flat case, the absorption of incident material and a concomitant reduction in light absorption. For

light with wavelength near the destructive interference
wavelength (4 = 670 nm) is systematically suppressed with
decreasing array pitches in the presence of nanostructured
metal contacts. This effect is attributed to the disruption of the
Fabry—Pérot cavity modes caused by significant light scattering
by the nanostructures (NDs or NHs), with the NDs being
more effective due to their higher scattering cross section.
When the thickness t is decreased to 100 nm (see Figure

lef), the perovskite film no longer supports Fabry—Pérot . )
cavity modes. Moreover, the film is less effective at absorbing overall smaller absorption compared to NDs (see Figure lef),

incident light in a single pass, and, as a result, plasmonic effects al'though th‘? absorption enhancement can be significantly
can play a more significant role. For 4 < 560 nm (as denoted higher especially near the band edge. For t = 300 nm, the NH

A > 560 nm, the incident light is not entirely absorbed by
MAPbI; and a significant fraction can reach the perovskite/
metal interface thus strongly interacting with the gold
nanostructures. Specifically, for both types of structures (i.e.,
NDs and NHs), the absorption in a 100 nm-thick film on top
of corrugated films is much higher compared to the flat case
because of plasmonic effects.

It is worth noting that for t = 100 nm, NHs determine an

by vertical dashed lines), the spectral shape is still mainly geometry can help achieve overall higher absorption values
determined by the wavelength-dependent reflection at the air/ compared to ND arrays (see Figure lc,d). Moreover, the NH
perovskite interface. In the presence of NDs (see Figure le), arrays seem to better preserve the Fabry—Pérot cavity modes,
the absorption in the perovskite film is reduced compared to therefore in this case the solar cell absorption can benefit from
the flat case and is shown to decrease with decreasing array both plasmon resonances and Fabry—Pérot cavity modes.
23693 DOI: 10.1021/acs.jpcc.8b07063

J. Phys. Chem. C 2018, 122, 23691-23697


http://dx.doi.org/10.1021/acs.jpcc.8b07063

The Journal of Physical Chemistry C

Thickness, t =400 nm

Thickness, t =150 nm Thickness, t =100 nm

32
(@) 32
o 31
N = = =
w  w 830 g g
o] m
. OEE g g
o o .
350 5
N — . 300 o 200 200 ;
anodisk array A 250
Height, h =70 nm 20050 10 o ple®
Dy o
24
32 32
30 o
X X
€ 28 &
g 2 g2
20
20
200 0508 200 300 200
Nanohole array ey, | 250 100 153 o e 250 100 '2%m Pty 250 100 20
’ : 200 50 o 2 0 ‘o D
Height, h = -70 nm 0/,,/))} o\a“"e‘e"o Oy 200 50 o\a“‘e‘e‘ Oy, 200 50 o\a“\e‘e‘

Figure 4. Examples of calculated PCE as a function of pitch and diameter for representative perovskite thickness values, t = 400, 150, and 100 nm
with (a) NDs or (b) NHs patterns etched in the back metal contact. The height of the nanostructures h = 70 nm. Left panels report schematics of

both ND and NH structures.

To better understand the physical mechanisms responsible
for enhanced absorption, the electric field intensity distribution
IEP for both types of nanostructures is calculated and
presented in Figure 2 at a wavelength corresponding to the
absorption peaks. The two horizontal cross sections in Figure
2b,d,g,i correspond to the top and bottom planes of the
nanostructures, while the vertical cross sections through the
center of the nanostructure show the field intensity across
different layers in Figure 2c,e/h,j. For t = 300 nm and 4 = 676
nm, bright horizontal bands in the perovskite layer (see Figure
2¢,h) result from Fabry—Pérot cavity modes. Fabry—Pérot
interference effects are weaker in the ND array compared to
the NH array because of stronger scattering provided by the
NDs. The features similar to bright rings on top and bottom of
the nanostructure correspond to localized surface plasmon
resonances with high field intensity. Even though localized
plasmonic resonances are weaker in NH arrays, Fabry—Pérot
cavity modes are better preserved and yield a relatively higher
absorption when compared with ND arrays (see red lines in
Figure 1c,d). In contrast, for t = 100 nm and A = 736 nm,
Fabry—Pérot cavity modes no longer exist (see Figure 2e).
Instead, purely plasmonic effects become dominant in the
absorbing process as observed by stronger localized fields at
the ND/perovskite interface that lead to overall higher
absorption in the perovskite films (see red lines in Figure
lef). It is worth noting that even though Figure 2 reports
similar features corresponding to localized surface plasmon
resonances for different perovskite film thicknesses, the actual
field intensity is 2 orders of magnitude stronger for the 100
nm-thick film than for the 300 nm-thick film, as captured by
the different logarithmic range of the corresponding color bar
scales.

Furthermore, here we investigate the physical origin of the
red shift observed in the absorption peaks reported in Figure
lc with increasing array pitch. Simulated absorption intensity
maps are shown in Figure 3a, which reports total absorption as
a function of array pitch and incident wavelength. The
presence of a high absorption band that red shifts with

23694

increasing array pitch is clearly visible. This absorption band
can be attributed to pitch-dependent collective surface
plasmon polariton (SPP) resonance modes that are excited
when incident light interacts with the hexagonal lattice of ND
arrays. The resonance condition can be expressed as**

4, 5 2
= [Z(m* + mn+n*)2
p \/3 (m mn + n°) Agpp @

where m and n are integers denoting different-order SPP
resonances and Agpp is the surface plasmon wavelength
calculated by the finite-difference frequency-domain method
in the air/perovskite/gold three-layer system. Both (m =1, n =
0) and (m = 0, n = 1) indicate two degenerate first-order SPPs.
The peak shift resulting from collective SPP modes is
confirmed by superimposing the first-order SPP dispersion
(dashed blue line) on the total absorption spectra, as shown in
Figure 3a. Despite small deviations, the positions of the
perovskite absorption peaks coincide with those of the total
absorption. For incident light of different polarizations, the
electric field can be decomposed into two first-order SPP
components, and therefore, the spectral shapes are independ-
ent of incident polarization (see Supporting Information). In
contrast, perovskite absorption in the presence of NH arrays
does not exhibit a significant spectral peak shift, as shown in
Figure 3b. Indeed, incident light with wavelength shorter than
the band gap wavelength is strongly absorbed by the perovskite
film, in a single-pass, and therefore, very little light reaches the
NHs and can interact with them. Therefore, collective SPP
resonances are suppressed. At longer incident wavelengths, the
perovskite material becomes almost transparent near its band
edge; therefore, the incident light can strongly interact with the
NHs beneath, causing significant SPP interference and
absorption enhancement. Indeed, a narrow yellow band at
the lower right corner of Figure 3b indicates an increase in
overall light absorption, which is caused by plasmonic
interference effects.
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The simulation results imply that different nanostructures
may be employed to optimize light absorption for perovskite
films with different thicknesses. For thin films lacking Fabry—
Pérot cavity modes, nanostructures with stronger plasmon
resonances can achieve higher absorption, while for thick films,
nanostructures should be designed to preserve the cavity
modes in addition to preserving the plasmonic enhancement.

An upper limit for PCE can be estimated for various cell
geometries by using the obtained absorption spectra Aperov(/l)
in MAPbI, and performing detailed balance calculations' "** as
follows

.,
A<ﬁg32ﬂhg pErov(l)E dﬂ

PCE =
1 sun (3)

where dJ,/dA is the AM1.5 G solar spectrum,®® 7 is the
reduced Planck constant, ¢ is the speed of light in vacuum, 4 is
the incident wavelength, 4, is the wavelength corresponding to
the perovskite energy band gap (E ) , and 1 sun is the incident
solar power density of 1000 W/m? It is worth pointing out
that, with the detailed balance assumption, the obtained values
of PCE represent an ideal upper limit for the simulated solar
cells. Practically, the PCE of a thicker-film cell is lower than
that of a thinner one with same absorption because of its
relatively lower V. Therefore, the PCE of a thicker cell is
overestimated compared with that of a thin-film cell.

In order to optimize the geometry for different perovskite
thicknesses, parameters over a broad range are investigated,
that is, D = 50—200 nm with a step of 25 nm, p = 200—350 nm
with a step of 50 nm, and h = +40 and +70 nm. Representative
PCE values are shown in Figure 4 for h = +70 nm with t = 400,
150, and 100 nm. For t = 400 nm, the PCE values do not
depend significantly on nanostructure dimensions. This results
from strong single-pass light absorption in the thick perovskite
film, which prevents light from reaching the nanostructure with
consequent suppression of plasmonic enhancement. However,
for thinner active layers (i.e., t = 150 and 100 nm), plasmonic
enhancement becomes more significant for certain nanostruc-
tures. For ¢ = 150 nm, higher PCE values can be achieved with
arrays of NHs because they can better preserve the Fabry—
Pérot cavity modes, compared to ND arrays that show higher
scattering cross section. On the contrary, for t = 100 nm, NDs
generally show better performance than NHs for various
pitches and diameters, while both NDs and NHs yield a
maximum PCE of 29.1 and 29.2%, respectively. This
enhancement mostly results from plasmonic effects. The
PCE values of optimized structures as a function of perovskite
film thickness t are shown in Figure S, together with reference
values for flat cases (dashed gray line). The PCE for a flat film
oscillates, showing maxima at t = 186 and 338 nm
corresponding to PCE = 30 and 31.3%, respectively. The
oscillation results from constructive and destructive interfer-
ence effects within the perovskite film. The blue and red
symbols correspond to optimized PCE values in the presence
of NHs and NDs, respectively, whereas (p, h, D) denotes the
geometric parameters for optimized structures that show
maximum PCE, for any given perovskite thickness. Generally,
both NH and ND structures yield a similar PCE at
wavelengths near the flat cell PCE minima (where there is
constructive interference), while at other wavelengths (where
there is destructive interference), NHs generally yield higher
PCE. By employing proper nanostructures, the PCE for a 100
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Figure S. Maximum PCE achievable in optimized ND (blue
symbols)/NH (red symbols) arrays as a function of perovskite film
thickness, for h = 40 (circle symbols) and +70 nm (square
symbols). The dashed gray line represents the PCE of flat structures.
The values in parentheses denote the geometry parameters (p, h, D)
that give rise to maximum PCE. A strong PCE enhancement is clearly
observed in the presence of plasmonic arrays.

nm-thick cell can be increased from 19.2 to 29.2%, comparable
to that of a 400 nm-thick flat cell.

B CONCLUSIONS

We reported on a systematic simulation study aimed at
enhancing the performance of perovskite solar cells by
employing two common plasmonic structures consisting of
ND or NH arrays on the back metal contact. We show that
plasmonic effects such as plasmon resonances in nanostruc-
tures and interference between propagating SPPs supported by
the corrugated metal film, together with Fabry—Pérot cavity
modes existing within the thin perovskite film, play an essential
role in enhancing light absorption of the active perovskite
material. We found that opportunely designed metal
nanostructures can significantly improve the absorption
efficiency and showed that a cell with a 100 nm-thick
perovskite film can have PCE comparable to thick, bulk-like
cells. The findings reported here may offer an important
guideline for the fabrication of plasmon-enhanced high-
performance solar cells that employ ultrathin perovskite films.
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