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Recently, the hole transport layer-free planar perovskite solar cells (HTL-free PSCs) have attracted intense attention.

However, the poor absorption of light in the wavelengths longer than 800 nm is an important challenge in all configu-

rations of PSCs. In this study, the HTL-free PSC with a gold rectangular grating at back contact is proposed. In order

to improve the performance of the solar cell, effects of grating dimensions and periodicity on the absorption of the ac-

tive layer are numerically investigated. In the improved condition, an absorption enhancement of 25% in the range of

300—1 400 nm is obtained compared with the flat electrode-based structure. These improvements are attributed to the

coupling of light to surface plasmon polariton (SPP) modes. Also, the electrical simulation results of the improved so-

lar cell demonstrated short-circuit current density and power conversion efficiency of 27.72 mA/cm?® and 18%, respec-

tively.

Document code: A Article ID: 1673-1905(2023)10-0587-6

DOl https://doi.org/10.1007/s11801-023-2221-z

Perovskite solar cells (PSCs) are promising approaches
to high-performance photovoltaic!l. There are of great
interest due to their unique optical and electrical proper-
ties, long charge emission lengths, high charge mobility,
low fabrication cost and simple synthesis methods.
However, one of the limitations of PSCs, which is poor
light absorption in the near-infrared (NIR) region due to
the relatively weak extinction of the perovskite absorber
layer in this region, has received less attention®). How-
ever, only in a few recent studies, light management
techniques based on nanoparticles (NPs) have been used
to improve the light absorption in this region*".. The
radiative effects of local surface plasmon resonance
(LSPR) supplied by the NPs including light scattering
and near-field enhancement are responsible for the ab-
sorption increment®. Another light management struc-
ture that can enhance the light-harvesting efficiency is
the grating structure!”’. The grating structures depending
on their position in the cell can improve the device per-
formance by increasing the length of the light path, cou-
pling the incident light with propagated modes, or re-
ducing light reflections®.

It should be considered that in PSCs, the grating
structures had been less considered. Recently, one or
two-dimensional metallic grating nanostructures placed
at the top of PSCY, at the interface of the perovskite
layer with holes transport layer!'™'%, or the electron
transport layer (ETL)!"*'® have been used to improve
optical absorption. Also, the various patterned back con-
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tact structures have been utilized to increase optical field
and optical absorption'”. However, most studies have
focused on non-plasmonic grating structures. In addition,
the reported studies based on grating are limited to
structures that include a charge transfer layer between
perovskite and electrodes. Since plasmonic modes have a
limited penetration depth!'™, the absence of charge
transfer layers leads to the full use of plasmonic effects
in the absorber layer. Also, PSCs without a transport
layer, such as hole transport layer-free PSC (HTL-free
PSC), is one of the most efficient and appropriate con-
figurations, which has better stability and lower process
cost and temperature than other configurations''”). Also,
all research attentions have been focused on the absorp-
tion of the planner solar cells in the 300—800 nm wave-
length ranges. So far, the PSC with the back plasmonic
grating electrode that improves the light absorption in
both visible and NIR bands has not yet been reported.

In the present study, a one-dimensional gold periodic
grating on the back electrode of HTL-free planar PSC is
used to improve the optical absorption in the NIR region.
In the first step, by applying an analytical approach, PSC
optical modeling is performed for calculating optical
absorption and photo-generation rate. The effects of
grating dimensions and periodicity on the absorption of
the active layer are also investigated, leading to the im-
proved structure. It should be noted that unlike most stu-
dies, the losses due to the absorption of gold grating are
considered in all stages. After calculating the generation
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rate for the improved structure, photovoltaic characteris-
tics of the improved proposed HTL-free PSCs are
achieved by conducting the electrical analysis.

The suggested structure of HTL-free planar PSCs is
depicted in Fig.1(a). The structure consists of glass
(400 nm)/indium tin oxide (ITO) (60 nm)/TiO,
(60 nm)/CH;NH;Pbl; (400 nm)/Au (40 nm) with Au
rectangular grating on the back contact. Thicknesses of
different layers of solar cells have been chosen based on
experimental studies? !, In this structure, TiO, is em-
ployed as ETL to extract excited carriers in the
CH;NH;Pbl; layer. Since only two elements, Au and
carbon are utilized as back electrodes in HTL-free PSCs,
and Au is considered as the back electrode. ITO is util-
izes as the transparent conductive oxide electrode. The
diagram of the simulated unit cell with the back grating
contact is shown in Fig.1(b). The height, width, and pe-
riodicity of the grating electrode are denoted with 4, w,
and p, respectively. The complex refractive indices of the
layers are considered from the reported papers”™**.

CH,NH,Pbl,

Au

Fig.1 (a) 3D schematic of the proposed PSCs with
rectangular grating back contact; (b) Diagram of the
simulated unit cell with grating back contact

A two-step analysis is performed to obtain the solar
cell parameters. First, the effect of the grating contact on
the optical response of the solar cell is studied by using
the finite-difference time-domain (FDTD) method.
Three-dimensional structures that respond to arbitrary
light polarization can often be extracted the same as the
two-dimensional model with transverse magnetic (TM)
polarization. For this reason, a two-dimensional simula-
tion with TM polarization is considered in which the
magnetic field has a component in the z-direction. A
1 000 W/m” plane wave at the normal angle is considered
as incident light. The simulation wavelength range is
considered from 300 nm to 1 400 nm. All simulations are
carried out in a unit cell. The periodic boundary condi-
tions are applied at the left and right unit cell, while per-
fectly matched layers are considered at the top and bot-
tom of the unit cell. The high-density non-uniform mesh
is applied in grating area.

A light absorption in the active layer is achieved ac-
cording to'*
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where 4, ¢, E, Im(g,), and P;, demonstrate the wavelength,
the light speed in a vacuum, the electric field amplitude,
the imaginary part of the dielectric permittivity of pe-
rovskite, applied field power, respectively. The grating
electrode absorptivity is calculated using the same equa-
tion at the grating surfaces. This absorption is parasitic
absorption and has no role in generation current. There-
fore, by reducing the parasitic absorption from the total
absorption of the perovskite layer, the net absorption of
the active layer can be achieved. The net absorption
spectrum (related to the active layer) is used in the fol-
lowing sections.

The short-circuit current (Jsc) can be obtained through
integration of light absorption with solar radiation in the
wavelength range of 300—1 400 nm"*!

Jye = [ A2V (2) 2)

where & and q represent the electron charge, the Planck
constant and the electron charge, respectively. Also the
Iam 15 18 the solar spectral irradiance intensity.

Considering the net absorption spectrum and that elec-
tron-hole pairs are created by absorbed photons, the op-
tical generation rate Gopt(/l) can be considered as'*

2
) A0 & (2)|H] 3)
Opt Zh >
where 7 and @ stand for the reduced Planck constant and
angular frequency of the applied light, respectively.

The current density-voltage (J-V) spectrum can be ob-
tained by considering the generation rate as a source term
in the electrical model. The photovoltaic parameters are
achieved by calculating the coupled Poisson and conti-
nuity equations!*
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where J,(J,), n(p), Na(Np), V and R represent the electron
(hole) current density, the electron (hole) and the accep-
tor (donor) concentrations, the electrostatic potential and
recombination rate, respectively. The J-V characteristic
can be calculated according to the following equations!**!

J, =qunE+qD,Vn, (7)

J, =qu,pE—qD,Vp, (®)

where u,(1,), and D,(D,) indicate the electron (hole) mo-
bility, and the electron (hole) diffusion coefficient, re-
spectively. The diffusion coefficient which depends on
the mobility and carrier lifetime can be obtained by Ein-
stein relationship'**!
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where K and 7 indicate electron (hole) lifetime, Boltz-

mann constant, and temperature. The parameters used in
the simulations are presented in Tab.1.

Tab.1 Physical parameters of the layers used in the
simulations

Compact

Parameters . CH;NH;Pbl;
TiO,

Dielectric permittivity 1024 10124

Electron mobility (cm*/Vs) 1004 1.0024

Hole mobility (cm*/Vs) 2504 1.004

E\lj;cn;;t)or concentration 1 0x10M24

Donor concentration 1.0x 1017[24] 0

(1/cm’)

Band gap (eV) 3.2614 1.524

CB (1/cm®) 2.0x10'724 2.75%x10"24

VB DOS (1/cm?) 6.0x10'"24 3.904

Affinity (eV) 4204 3.904

The effects of Au grating electrode on the absorption
of the active layer are investigated in this part. A solar
cell with a flat gold electrode is considered as a reference
device in all stages. The three absorption curves dis-
cussed in the proposed device, including total, parasitic
and net absorption are shown in Fig.2. Fig.2(a) shows the
parasitic absorption of the grating structure, the total and
net absorption of the perovskite layer in the proposed
solar cells. Absorption of perovskite in the solar cell with
flat electrode is also plotted in the same figure in order to
conduct the comparison. It is also clear that the reference
device shows strong absorption in the ranges of ultravio-
let and visible while showing weak absorption in the NIR
region due to the small extinction coefficient. The net
absorption of the perovskite layer in the proposed solar
cell shows a good absorption improvement in the wave-
length ranges from 620 nm to 780 nm. A broadband ab-
sorption enhancement is also observed at the wavelength
800—1 200 nm. In addition, there is not much difference
in perovskite layer absorption in the proposed and refer-
ence solar cells at wavelengths above 1200 nm. Also,
the absorption of the grating structure demonstrates that
the parasitic absorption is high in long wavelengths. As a
result, if the loss is not considered in the current relation,
the current of the solar cell can be incorrectly increased.

Moreover, the net absorption curves of the active layer
with the periodicity of 120 nm, 300 nm, and 600 nm are
shown in Fig.2(b). The height and width of the grating
structure are considered as 30 nm and 100 nm, respec-
tively. As shown in Fig.2(b), in the solar cell with a
grating periodicity of 120 nm, significant absorption im-
provement is seen at wavelengths less than 1 200 nm.
Whereas, in the higher period, a lower absorption en-
hancement is achieved in the wavelength ranges from
800 nm to 1200 nm, and no absorption is observed in
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longer wavelengths. Nevertheless, absorption is im-
proved in structures with higher periods relative to the
reference structure in the visible region.

1.0

—— Reference device
~—— Total absorption
0st ~— Net absorption
’ Grating absorption
£06
=]
2 100 nm
=] w=
<04r J30m
p=120nm
02}
00— L : T —
400 600 800 1000 1200 1400
Wavelength (nm)
@
1o — Reference device
r ~—p=120nm
08} —p=300nm
' —p=600nm
£06
§ w=100 nm
Z 04f /F30mm
02}
00—

200 600 800 1000 1200 1400
Wavelength (nm)
(b)

Fig.2 (a) The net and parasitic absorption spectra of
the perovskite in devices with flat back contact and
grating structure; (b) Proposed PSCs (h=30 nm, w=
100 nm) absorption spectra with structure period of
120 nm, 300 nm, and 600 nm

To understand the mechanism of absorption increment
by adding a grating structure to the solar cell, the electric
field distribution in the perovskite layer is investigated.
The electric field distributions in the perovskite layer and
Au electrode for reference and proposed solar cell are
shown in Fig.3 at three wavelengths of 656 nm, 880 nm,
and 1 123 nm. The height and width of the grating struc-
ture are considered as 30 nm, and 100 nm, respectively.
The periodicity is set in two values of 120 nm and
600 nm. Field profile and intensity are the same in the
device with various periodicities and reference devices at
a wavelength of 656 nm (Fig.3(a), (d) and (g)). Since
perovskite has an intense absorption coefficient in the
wavelength region lower than 656 nm, the light is ab-
sorbed on the perovskite surface. So the incident wave
does not reach the depth of the active layer, and the grat-
ing back contact does not play a role in improving the
absorption in this area. While due to poor absorption of
the perovskite layer in the wavelength region longer than
656 nm, incident wave penetrates to the depth of
perovskite in these areas. On the other hand, the refractive
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index of perovskite is higher than other materials, and
the photoactive layer operates relatively like a
Fabry-Pérot cavity with partial mirrors created by Fres-
nel reflection at its interface. Therefore, the electric field
profile shows the standing wave formation in the
perovskite layer at longer wavelengths in reference solar
cells (Fig.3(b) and (c)). But, different patterns in the
electric field distribution are obtained at longer wave-
lengths for different periodicities of the grating. As
shown in Fig.3(e) and (f), strong field enhancement is
obtained at the perovskite/gold interface in structures
with periods of 120 nm at longer wavelengths. This
strong field corresponds to surface plasmon polariton
(SPP) mode of grating structure. Whereas, in a structure
with a periodicity of 600 nm, the strong electric field is
seen inside the active layer at the wavelengths of 880 nm,
which is attributed to the excitation of second-order
waveguide modes, as shown in Fig.3(h). In addition,
weak plasmonic modes are excited at wavelengths of
1123 nm (Fig.3(1)). Therefore, SPP and waveguide
modes are dominant in the structures with lower and
higher periods of grating, respectively.
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Fig.3 Electrlc field proflles at wavelengths of 656 nm,
880 nm, and 1 123 nm for (a—c) reference device, and
(d—i) the proposed PSCs with different periods

The change in the distribution of modes with the
change in the periodicity of the structure is due to the
changes in the effective index of the structure. Interac-
tion of the incident light with this mode and its field dis-
tributions leads to absorption improvement, because the
absorptivity mainly depends on the electric field intensity.
The effect of each mode on the performance of the solar
cell is investigated by studying the absorption curve. As
a result, according to the absorption spectrum (Fig.2(b))
and distribution of the field in the wavelengths corre-
sponding to the absorption peak, it can be concluded that
plasmonic modes have a more significant effect on im-
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proving the absorption rate than the guided modes.

To maximize the light-harvesting of PSC and fully ex-
ploit the effects of grating back contact, the effects of
grating height, width, and periodicity on the performance
of the grating structures are also studied. First, the im-
pacts of the grating height and width are investigated for
a period of 100nm. The density of the maximum
achievable optical current, called short-circuit current
density, is selected as the base comparing factor. For this
purpose, the contour plot of Jsc is plotted as a function of
the grating width and height, as seen in Fig.4(a). The Jsc
is almost constant and has a value of 25 mA/cm” for dif-
ferent geometric parameters (heights of 10—60 nm and
widths of 50—90 nm). However, the maximum Jgc of
27.72 mA/cm® is obtained at the width and height of
75 nm and 30 nm, respectively. In addition, it must be
mentioned that Jgc of the reference device is
22.06 mA/cm’. In some grating geometries, the current
of the proposed PSC is less than the reference device
current due to the parasitic absorption losses of Au grat-
ing which have been considered in the calculations.

Next, the effect of the grating structure periodicity and
the width ratio (i.e. w/p) on absorption is examined when
the grating height is adjusted at 30 nm. As shown in
Fig.4(b), currents up to 24.60 mA/cm’ are achieved at
different values of the period and the width ratio. How-
ever, the highest short-circuit current of 27.72 mA/cm” is
obtained for structures with a periodicity of 100 nm and
a width ratio of 0.75. Therefore, for the proposed solar
cell, the improved parameters for the height, width, and
periodicity of the grating are considered as 30 nm, 75 nm,
and 100 nm, respectively.

The generation rate is shown as a function of the depth
of the perovskite layer in the cell at the coordinate point
x=38 nm in Fig.5(a). The generation rate at the upper
part of the perovskite layer in solar cell with flat elec-
trode and grating electrode is similar. Also, the maxi-
mum charge carrier generation rate in the reference
structure, similar to the research, is located at the upper
part of the perovskite. While in the proposed solar cell,
the maximum rate is observed in the areas around the
grating. In fact, in the vicinity of the grating structure,
generation rate increases by 1 000x compared to the ref-
erence structure. The total carrier generation rates are
obtained in the orders of and for the reference and the
proposed structure, respectively.

The J-V characteristics of the improved and reference
devices are calculated as shown in Fig.5(b). As seen, the
reference device presents a Jsc of 22.06 mA/cm?. The
photocurrent significantly increases and reaches 27.72 mA/
cm’ by adding a grating structure on the back electrode.
Also, an open-circuit voltage (Voc) of 0.97 V is obtained
for the improved proposed device, which is higher than
that of the planar structure with a value of 0.92 V. More-
over, achievements exhibit a 37% improvement of the
proposed device regarding power conversion efficiency
(PCE) comparison with the reference device. PCE value
increases from 13.13% in the reference cell to 18.0% in
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the proposed PSC with an improved grating electrode.
The results demonstrate the fill factor (FF) of 0.64 and
0.67 for the reference device and the improved device,
respectively. The photovoltaic performances are also
listed in Tab.2.
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Fig.4 Contour plot of short-circuit current density as a
function of (a) Au grating width and height for a pe-
riod of 100 nm, and (b) Au grating period and width
ratio for the grating height of 30 nm

In this article, HTL-free planar PSC with periodic Au
grating back electrode had been proposed and analyzed.
The results showed that these structures were suitable for
enhancing light absorption in the NIR region and, at the
same time, had maintained good performance in the visi-
ble region. These enhancements are attributed to the
coupling of the incident light with SPP modes at the
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Fig.5 (a) The generation rate of electron-hole pairs in a
perovskite layer as a function of distance into the
PSCs; (b) J-V characteristics of pristine PSC and the
improved proposed PSC

Tab.2 Photovoltaic performance of the PSCs

Jsc Voc FF PCE
Device
(mA/em?) 2] (%) (%)
Reference device 22.06 0.92 0.64 13.13
Improved  pro-
27.72 0.97 0.67 18.00

posed device

perovskite/grating interface. The effects of grating pa-
rameters on the optical performance of the solar cell
were also investigated, and the improved parameters
were calculated. The improved height, width, and perio-
dicity of the grating structure were obtained as 30 nm,
75 nm, and 100 nm, respectively. Absorption losses in
the grating structure were calculated and taken into ac-
count in all steps. In the improved device, photocurrent
density of 27.72 mA/cm’ and efficiency of 18% were
achieved, showing a 37% increment in efficiency com-
pared to the reference structure.
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