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Abstract

We investigate the absorptance and the power conversion efficiency of a per-
ovskite thin-film solar cell at a specular and Lambertian reflection on the
cell’s back-surface reflector. The analysis is done by means of the Monte-
Carlo ray tracing simulations, complemented by the transfer-matrix method
to account for the interference phenomenon in the local generation rate G(z)
of carriers inside the semiconductor. This function is employed further in the
transport equations to calculate the current-voltage characteristics of the cell.
Taking the perovskite absorber CH3NH3Pbl3 as an example, we analyse its
efficiency, altering the absorber thickness in the interval 50 = 1000 nm. We
find that in the cell (~ 200 nm) the enhanced photon absorption due to the
Lambertian reflection yields the efficiency increase on 2.2% as opposed to the
specular reflection case. Moreover, the maximum efficiency, obtained for the
perovskite layer of the thickness ~ 150 nm, exceeds the one obtained for the
perovskite layer of the thickness ~ 500 nm with the specular reflection.
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1. Introduction

Novel materials and thin-film assemblies have been proposed recently for
new designs of thin-film solar cells (1; 2). One of the basic requirements
to photovoltaics elements is to operate with active absorbing layer width
of the order of a micron or even less to produce flexible films for various
applications. Therefore, organic-inorganic perovskite (having good physico-
chemical properties: direct band gap, high carrier mobility, and large carrier
diffusion lengths) attract a tremendous attention due to their low-cost and
potential for high efficiency. Indeed, during a few last years perovskite solar
cells (PSCs) demonstrate a remarkable improvement the power conversion
efficiency (PCE), reaching nowadays the figure 23.7% (3). Submicron films
made from such a semiconductor can absorb most incident sunlight, in con-
trast to the hundreds of micrometers, typically found in crystalline Si solar
cells. It is noteworthy to mention that the decrease of thickness would allow
to involve as well hot electrons in further efficiency increase. The natural
question arises: is there any restriction on the thickness of the perovskite
absorber? Another related question: does exist an optimal thickness that
could yield the maximal efficiency for the perovskite solar cell with a chosen
absorber?

Evidently, the availability of an effective absorber is a necessary but still
an insufficient condition to construct the efficient thin-film perovskite solar
cell (PSC). There are different elements that create such a thin-film multi-
layer structure. The interplay of various layers properties determine finally
the PCE of a realistic solar cell. Therefore, there is a strategic imperative to
develope a general approach starting from the basic semiconductor physics,
complemented by various known and less known physical mechanisms that
may affect the energy conversion (see below). Evidently, by means of the
numerical simulations within such the approach one can analyze the optical
efficiency under different working conditions, such as: radiation, tempera-
ture, incidence angle, solar aureole, novel materials, etc. The methodology,
based on such numerical simulations, is cheaper and flexible. It allows to
analyze the novel architecture of a solar cell during the design period, or
even to optimize it before manufacture. The major goal of the present paper
is to suggest such the approach. Its vitality will be validated, comparing
the simulated results with available experimental data for a typical thin-film



solar cell with the perovskite absorber CH3NH3PbIs;.

Photovoltaic cell can be defined as an opto-electronic device whose func-
tion is to absorb the maximum of the solar radiation and convert it into the
electricity with a maximal efficiency. It is possible to optimize highly the
energy conversion before building any physical prototype. There are a few
important ingredients in a real solar cell that should operate efficiently as
well as the effective absorber. Among them is the optics, capturing solar
radiation and utilizing it via photovoltaics. It is the key underpinning for
improving solar energy conversion technologies. Indeed, if the solar systems
present light trapping mechanisms, optics is of utmost important during the
initial stages of development of a new prototype. Often these devices present
complex geometries, such as concentrating lenses or pyramidal textures, in
order to maximize the PCE. One of the most common tools used to deter-
mine the optics of complex solar systems with a high accuracy is the so called
Monte-Carlo ray tracing simulation. It consists of a set of techniques that
determine the path of light through matter in a three-dimensional (3D) envi-
ronment with computer simulations (4). It helps to analyze the performance
of solar cells, due to the ability to perform optical simulations of systems with
complex geometries [e.g., (5), (6), (7), (8)]. We implement in our approach
the Monte-Carlo ray tracing technique, adding the transfer-matrix method
(TMM) to characterize the optical response of the PSC. Note, that in all
these studies, mentioned above, J-V characteristics, that define objectively
the system efficiency, are missing. Evidently, it is quite desirable to provide
7a bridge” that could relate the ray tracing results with the PCE of a solar
cell, that depends on a number of generated electron-hole pairs.

The next step of the efficiency improvement of thin solar cells may be
achieved by light trapping mechanisms [e.g., (9),(10),(11),(12)]. It is impor-
tant to mention that rigorous optical models, that consider all the effects
regarding the radiation-matter interaction mentioned above, are needed to
elucidate the number of absorbed photons inside the active materials. In the
standard approaches (13) the rate G of creation of pairs of electrons/holes is
considered with a few serious simplifications: i) only photons that impact on
the upper surface of the solar cell are included; ii) the normal incidence of
light is taking into account only; iii) reflections on the backside of the solar
cell are neglected; iv) the interference effects in thin films are missing; v) the
light trapping mechanism are not included.

We remove these restrictions, that are too unrealistic, and analyze the
consequences. In our approach this rate is a position-dependent function



(see below). According to a general wisdom, the net of generated electron-
hole pairs depends substantially on generation and recombination rates of
carriers. If the pair is generated away from the contact, it has a greater chance
of being recombined. Evidently, at the conversion of light to electricity, we
may increase either the thickness of a PSC (it is not desirable) or to decrease
the recombination rates. We will trace how the thickness and an arbitrary
incidence of light may affect the recombination. In addition, combining with
some light trapping mechanism, we will investigate how the both mechanisms
might increase the generation, and, therefore, the electrical gain of a thin-
film solar cell. To this aim, we consider the most simple trapping mechanism,
related to properties of a back-surface reflector (BSR). If the wavelength of
the incoming light is of the order of magnitude of the film thickness, the
interference phenomenon becomes important. In this regard, the integration
of ray tracing simulations, taking into account the coherence phenomenon
by means of the TMM, into the resolution of carrier-transport equations for
solar cells, should provide quite reliable prediction on the J-V characteristics.

To the best of our knowledge, there are not available models that allow to
determine with a high accuracy the generation ratio locally. Therefore, it is
expected that an approach, that couples the optics equations with the carrier
transport equations, will provide the objective certainty of the efficiency of
the solar cell samples/models. Another goal of our approach is to elucidate
the role of the BSR on the J-V characteristics, and, consequently, on the
PCE of the solar cell. To reach the latter aim we consider two models of the
BSR: a specular reflection model and a total diffuse reflection model with
the Lambertian scattering. Finally, we will present the results for the PCE
of the cell with different BSRs, and for various perovskite layer thickness in
the range 50 <+ 1000 nm.

Thus, we would like to present the advanced approach that enables to one
to design a solar cell with certain requirements to attain a maximum efficiency
for a chosen cell’s architecture. In fact, we will propose the model, taking into
account highly relevant optical effects that are not generally contemplated in
the literature. Therefore, we are expecting that the application of the novel
concepts for PSCs, discussed in our paper, will provide a useful impetus for
new technological developments.



2. Basic elements of the model calculations

2.1. Optical model

To analyze the dependence of optical properties on the BSR, we use ray
tracing simulations with the aid of the ray trace OTSun python package
(14). This software allows to perform the simulations by loading a geome-
try file designed with the aid of FreeCAD (15), an open source software for
the parametric modeling of geometric figures in 3D. Note, that any geome-
try configuration can be drawned using FreeCAD in order to perform a ray
tracing simulation. Furthermore, OTSun has the web application (16; 17) to
carry out simulations in a simpler and faster way.

OTSun considers Fresnel equations and light polarization to determine
the trajectory and the energy of each ray in a solar optical system. The
Fresnel coefficients describe the amplitudes of the reflected, R, and transmit-
ted, T', waves at an interface for both parallel and perpendicular components
(18):
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In Egs.(1,2) the optical admittance of the material n; (¢ = 1,2) depends on
the polarization of the incident light, as shown below:

(3)

| ny(N)cosb;/Zy  for s-polarization

L { n;i(A\)/[cos0;Zy] for p-polarization .

Here, Zy = \/p0/¢€o is the optical impedance of a free space; 6; is the incidence

angle; 1;(A) = n;(A\) — ik;(\) is the complex refractive index; and A is the

light wavelength.

According to the Lambert-Beers law for a given absorption coefficient

a(X) = 4mk(N) /X of a material, the number of absorbed photons is a function
of the path length ¢:

N, ) = Ny(0, \)e >Nt (4)

Here, Ny(0,A) is the initial number of photons of the incident ray on a
material (for each time when a ray impacts onto a material according to the



path trajectories determined by the ray tracing simulation); ¢ is the path
length of the light beam through a material. With the aid of OTSun (that
simulates the path trajectories) and Eq.(4), we calculate the generation rate
locally in the considered semiconductor by means of the following equation

AN
G(z) = —
(=3 R )
A
where AN is the amount of absorbed photons in the volume AV, z = £ cos#
is the depth from a semiconductor surface, and 6 is the ray refracted angle.
In the limit AV — 0, Eq.(5) transforms to the expression:

G(z2) = /O h (M) No(0, X)em @)=/ cosb gy (6)

The thin-film multilayer structure (analyzed in our paper, see Fig.1) con-
sists of a typical set of materials used for high-efficiency device performance
le.g.,(9; 19; 20)]. The top of the system is composed of the BK7 glass cover
coated with the MgFy antireflecting film, followed by an indium tin oxide
(ITO) layer as a transparent conducting oxide. A compact layer of TiOa,
acting as the electron transport material (ETM), is deposited over the most
widely studied perovskite absorber, CH3NH3Pbl;. Finally, there are the
hole-transporter material (HTM), Spiro-OMeTAD layer, and the silver back
contact, connected to the external circuit. The widths of the MgF, and the
TiOy have been calculated according to the antireflection coating condition
at the wavelength A = 550nm (18). We recall that our major goal is to
understand the basic mechanisms that may affect the PCE of the perovskite
absorber at fixed values of physical parameters of other layers. Therefore, we
use for these layers the parameters that are taken from experimental data.
In particular, Kaminski et al. have found an optimized value of 62nm for
the ITO thickness (21). The typical thickness of the Spiro-OMeTAD layer
varies from 100 to 500 nm (22; 23). Based on the results Refs. (9; 24), we fix
the value 250 nm for the Spiro-OMeTAD layer thickness. The optical prop-
erties of the considered materials (the refractive index n and the extinction
coefficient & as a function of wavelength) are taken from experimental data
(25; 26; 27; 28; 29; 30; 31).

Fig.1 displays the schematic picture of the optical model, that describes
the antireflection coating and the reflection on the BSR. The specular reflec-
tion is based on the reflection law, applicable to smooth surfaces. In turn, the
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Figure 1: Left: Sketch of the thin-film system. It composed of: MgFs (99.8 nm) (32) / BK7
glass (1 mm) (30) / ITO (62 nm) (29) / TiOz (56.5 nm) (27) / Pervoskite (2001000 nm)
(25) / Spiro-OMeTAD (250 nm) (28) / Ag (31). Here, z is the depth from a semiconductor
surface. Right: Sketch of optical phenomena that take place on the antireflecting coating
and on a BSR.

Lambertian case is based on a total diffuse reflection due to a microscopically
random surface structure. It exerts influence upon the direction of reflected
rays and disperses the energy flux spatially. To preserve the coherence trans-
mittance between layers, the TMM algorithm is used to calculate the optical
polarization response by using the python package (33).

We recall that it consists in the determination of polarized: (i) reflectance,
(ii) transmittance, and (iii) material absorptance. We neglect the coherence
for the glass due to its thickness.

2.2. Validation of the optical model

The OTSun python package allows to simulate the effect of interference
phenomenon in thin-films in a solar optical system, using the polarized re-
flection, transmittion and absorption coefficients, calculated externally. The
coefficients of the set of layers above the perovskite layer are calculated with
the aid of the TMM algorithm (33). Note, that in the OTSun simulations
the properties of this set have been associated with those of an effective
single layer. In presently available the OTSun package the interference phe-
nomenon inside the semiconductor is omitted. Consequently, the perovskite
and Spiro-OMeTAD layers should be considered as incoherent in the simula-



tions. In the both materials interference effects are, however, expected, since
their thicknesses are similar to the wavelength of the incoming light.

In order to quantify this discrepancy in the most sensitive case, i.e., in
the specular BSR one, we apply the TMM algorithm. It is used to determine
the absorptance in the perovskite layer at the condition of presence and
absence of the coherence for the perovskite and the Spiro-OMeTAD layers.
The analysis is done at the normal incident direction of light. The results
demonstrate a close correspondence between incoherent and coherent cases
for the perovskite thickness 200 nm (see Fig.2a). The difference between the
number of photons, absorbed in the two situations, is less than 2% considering
the standard AM1.5 ASTM G-173-03 reference direct spectrum (34). Note
that the discrepancy decreases with the increase of the layer thickness. On
the other hand, if the thickness is less than 200 nm, the discrepancy is high
enough to not consider these thicknesses in the specular case. These results
imply that if the Lambertian reflection model is considered for the Ag layer,
due to the ray random distribution, the interference inside the both layers
are not likely expected. Thus, our results imply that the perovskite and the
Spiro-OMeTAD layers can be considered as incoherent.
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Figure 2: (a) The absorptance of the perovskite layer calculated with the TMM algorithm
for both coherent and incoherent perovskite and Spiro-OMeTAD. (b) Absorptance of the
perovskite layer in the incoherent case, calculated with TMM and OTSun ray trace.

Next, we proceed to validate the analysis, based on the OTSun simu-
lations. To this aim we compare the results at normal incidence for the
absorptance in the perovskite layer, obtained with the aid of OTSun ray
trace and with the TMM algorithm for the specular BSR (see Fig.2b). In



total, 1000 rays are emitted per each wavelength with a 2 nm step in the
ray trace simulation. The results demonstrate a remarkable agreement be-
tween two approaches. This fact, indeed, confirms, the vitality of the optical
method, based on the OTSun simulations.

2.3. Carrier transport

To calculate J-V characteristics of an illuminated solar cell with different
BSRs, we employ the model (35). It allows to incorporate generation rates for
carrier transfers into the continuity equations for electrons in a conduction
band and for holes in a valence band. For the sake of discussion let us
recapitulate the basic elements of this model.

We consider the following set of equations for electron/hole density n =

n/p:

877 1~ -
— 4+ - =G-R 7
- e, N=n

E D,(Vn), = , 8
Jn = qnNpin Ly — 4 77( 77) qn { q, n=p ( )
V. (eE)=—q(n—p+ N, — N,), (9)
J= ‘n_jpa (10)
E,=F— 5(VEC), Ep:E—a(VEV). (11)

The function G is the generation rate of carriers per unit volume, that is
calculated by means of the OTSun program, discussed in Sec.2.1; R is the
recombination rate of carriers per unit volume; N, /Ny is the ionized accep-
tor/donor density; Ec(Ey) is the edge energy of the conduction (valence)
band; ¢ is the permittivity. Since the electric field strength E = —ﬁgﬁ is re-
lated to the scalar potential ¢, Eq.(9) transforms to the Poisson’s equation.

We have extended the considered approach by adding the continuity equa-
tions for the energy density &, = n - €, of electron-hole plasma

o€, G

a—t”+v-sn:—7>n—r,7. (12)
Here, P, = jn . En; Iy = n(e, — €)/7e,, where 7. is the energy relaxation
time, €9 = 3kpT/2. This extension is due to the fact that the mobility ,,
and, correspondingly, the diffusion coefficient D, = p,kpTy/q, depend on

9



mean carrier energy e,. Here, kg is the Boltzmann constant, Tj is a solar
cell temperature.
The energy flux density .S, has the following form

—

1 - ,
Sy = EVEWJW — Ky(Vey), (13)
where 7 determines the differential thermo e.m.f. coefficient [see Ref.(36),
p.430], K determines the thermal conductivity.

The rate of non-radiative, Shockley-Read-Hall (SRH), recombination has
a standard form

R = (np —nj)/(7yn + Tap) - (14)

To study the efficiency of the solar cell we solve the set of Eqs.(7)-(14) only
for the active layers of the solar cell structure (see Fig.1 and corresponding
discussion in Sec.2.1).

The parameters for the contact and the perovskite layers have been taken
from Refs.(37; 38), respectively. They are following for TiOy/CH3NH3Pbl;/
Spiro-OMeTAD: the relative dielectric constant is 60/60/3; the effective elec-
tron mass is 1/1/1 (xm,); the effective hole mass is 1/1/1 (xm,); the
electron mobility is 0.006/50/0.0001 (cm?/(V- sec)); the hole mobility is
0.006/50/0.0001 (cm?/(V- sec)); the carrier lifetime (7, = 7, = 7) is 107°/7.7-
1079/107? (sec); the perovskite carrier lifetime value corresponds to the dif-
fusion length of 1 ym. Here, m, is a free electron mass.

In our calculations we use the following boundary conditions. In a heavily
doped TiO, the majority carrier concentration is set to the value n = Ny =
10" (ecm™3), while the minority one is set to the value p = n?/N;. Here,

2

n7 is a carrier concentration in the intrinsic semiconductor [see for details

Ref.(39)].

The opposite situation occurs over heavily doped Spiro-OMeTAD, where
the majority carrier concentration is p = N, = 3 - 10'8(cm™3), while the mi-
nority one is set to the value n = n?/N,. We assume that at boundaries (top
and bottom boundaries of the active region in Fig.1) electron and hole sub-
systems have average energies as in thermal equilibrium €, = €, = 3kgT(/2.

When the p-i-n system is illuminated, light creates electron-hole pairs
in the perovskite layer, while the contact layers have been considered to be
transparent. In order to define the J-V characteristics of the considered
system, one has to extract the contact potential difference from the applied
voltage to the p-i-n structure by means of the standard procedure (39). At
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a given voltage applied to the solar cell under the incident light, we are able
to define the current over contacts. The numerical approach to the solution
of the set of equations is discussed in details in (40).

2.4. Validation of the carrier transport model

To demonstrate the relevance of our model to experimental observations,
we use the analogy of the PSC to a current generator in parallel with a
diode. In addition, it is necessary to account for the parasitic resistance
of the contacts and feeding conductors, Rg; the leakage resistance, related
to the local short circuit of ETM/HTM layers, Ry,. Thus, we analyse the
equivalent circuit, shown in Fig.3. Note, that a degree of the light reflection
by the front surface (C,.s) may also affect the J-V characteristics of the real
device (see Fig.1).

s J O—I—

%&
N
=/

|1

|
I

&
=

Figure 3: The circuit layout.

The J-V characteristics of the diode and the generator (Fig.3) can be
evaluated with the aid of numerical solution of the transport equations (7-
11). Such approach enables to us to establish the PCE dependence on the
intrinsic solar cell properties such as the non-radiative recombination time of
carries (7); or, closely related to the latter, the diffusion length (Lg;; = VD).

We apply our model to simulate the J-V characteristics of several PSCs
available in literature, considering the standard AM1.5 ASTM G-173-03 ref-
erence direct spectrum (34). All geometrical and electro-physical parameters
of the real devices are taken from literature. On the other hand, to attain the
best agreement between the measured and simulated J-V characteristics, we
vary the following parameters: i) the diffusion length Lg;f; ii) the parasitic
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resistance Rg; iii) the leakage resistance Rgp; iv)the degree of light reflection
Chrepi (see Table 1).

Lai(pm) | Rs (Q x cm?) | Re, (kKQ x ecm?) | Crepr | Ref
0.33 6.5 inf 0.19 | (20)
1.85 5.2 inf 0.16 (41)
1.28 0 inf 0.09 | (42)
8 3 0.09 0.07 | (43)
9.4 45 1.8 0.0386 | (44)
2.64 1.6 1.3 0.048 | (45)
9.4 0.4 1.1 0 (46)

Table 1: The set of optimal values of the fitted variables.

The results of our analysis for available PSCs are summarized in Table 2.
Note, that the calculations for the PCE, the fill factor (FF), the short circuit
current (Jg.), and the open-circuit voltage (V,.) are carried out under the
assumption that all considered perovskite are undoped. It is important to
emphasize that there is a good agreement between measured and simulated
solar cell properties, based on our approach. This fact confirms, indeed, the
validity and vitality of the carrier transport model, discussed Sec. 2.2.

PCE (%) FF (%) Jse Ve
Exp \ Sim | Exp \ Sim | Exp \ Sim | Exp \ Sim
114 11.6 |64 64 20.3 202 |0.89 0.89 |(20)
15 14.5 | 73 73 20 20 0.993 0.995 | (41)
15.7 156 | 749 744 (204 204 |1.03 1.03 | (42)
1791 18.32 | 73.6 757 |21.84 21.77|1.114 1.112 | (43)
(44)
(45)
(46)

19.3 193 | 75.01 75.17 | 22,75 22.69 | 1.13  1.13
19.71 1992 | 76.2 774 |2383 23.80| 1.086 1.082
221 223 |80.3 805 |25 25 1.1 1.1

Table 2: Comparison of the experimental and simulated results.

3. Discussion of results

3.1. Perovskite absorption
The experimental optimization of perovskite thin-films with the specular
BSR suggests that the high efficiency devices possess the thickness of order
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400800 nm (20). In order to find the optimal thickness in our calculations,
we consider the following perovskite thickness: 50, 100 and 150 only for the
Lambertian reflection; and 200, 300, 400, 500, 600, 800, 1000 nm for the
specular and Lambertian reflections (see Fig.4). We recall that ray tracing
simulations are carried out, emitting 1000 rays per each wavelength with a 2
nm step at the normal incidence.
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Figure 4: Perovskite absorptance spectra obtained by means of OTSun: (a) the specular
reflection model; (b) the Lambertian reflection model.

The maximum of the absorptance is located in the wavelength interval
400--550nm in the case of the specular BSR (see Fig.4a). The increase of the
perovskite layer thickness from 200 nm to higher values changes drastically
the absorptance in the wavelength range of 500 =800 nm. In contrast, in the
case of the Lambertian reflection the absorptance has a notable change in the
thickness interval 50 <+-200 nm. While the maximum value is already reached
for the small thickness for the wavelength range 400 < 800 nm, slowly im-
proving with the thickness increase (see Fig.4b). Our calculations evidently
demonstrate that perovskite layer of 400 nm (see Fig.4b) has almost the same
absorptance as the one of the specular BSR case with the thickness of 1000
nm.

It is interesting to trace how many photons are absorbed with the increase
of the perovskite layer thickness, with the specular and Lambertian BSR. We
consider the standard AM1.5 ASTM G-173-03 reference direct spectrum (34).
In this case the irradiance of 900W /m? is reaching the solar cell. Note, that
the useful radiation is determined by the range of 300 = 800 nm. Hence,
the useful irradiance is about 500 W/m?. Taking these facts into account,
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it follows that the number of emitted photons is 1.45 x 10?'. While the
maximum of absorbed photons is 1.20 x 10?!. It appears that the Lambertian
reflection leads to the larger number of absorbed photons at the smaller
perovskite thickness (see Table 3). It is remarkable, that the perovskite layer
of the thickness 200 nm, with the Lambertian scattering BSR, has almost the
same number of the absorbed photons as the perosvkite layer of the thickness
500 nm with the specular BSR.

. . % Absorbed photons
Perovskite thickness (nm) Specular Case | Lambertian Case

50 - 63.5%
100 - 72.7%
150 - 76.3%
200 68.7% 78.1%
300 74.4% 80.2%
400 77.3% 81.1%
500 78.9% 81.7%
600 79.7% 82.0%
800 80.7% 82.4%
1000 81.5% 82.6%

Table 3: The percentage of absorbed photons versus the perovskite thickness for the
specular and Lambertian BSR.

The fraction of the energy absorbed by the non-photovoltaic materials
is known as the parasitic losses. By integrating the absorptance over the
wavelength, it is possible to compare the influence of parasitic losses with the
perovskite absorption and the total reflectance, as a function of perovskite
thickness (see Fig.5).

In the specular BSR case the amount of reflected energy increases with the
thickness decrease, and reaches values slightly larger than 20% (see Fig.5a).
In contrast, the parasitic losses decrease as the thickness decrease. On the
other hand, the Lambertian BSR case (see Fig.5b) has lower values of re-
flectance, although the behavior is the same as in the latter case. In terms
of the parasitic losses, they remain constant for the thicknesses greater than
200 nm, and increase when the thickness is lower, reaching up to 10%.

The ray tracing methodology allows to analyze the local behavior of the
generation rate inside the perovskite (see Fig.6). In both cases (the specu-
lar and Lambertian reflection) the higher generation takes place for thinner
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Figure 5: Parasitic losses, reflectance and absorptance in the PSC with specular (a) and
Lambertian (b) BSR as a function of the perovskite layer thickness between 50 and 1000
nm. Calculated under the standard AM1.5 ASTM G-173-03 reference direct spectrum
between a wavelength range of 300-800 nm.

perovskite layer. This is due to the fact that the smaller the thickness of the
perovskite, the greater the density of absorbed photons and, therefore, the
value of the generation, as discussed bellow.
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Figure 6: Generation rate obtained by means of OTSun: (a) the specular reflection model;
(b) the Lambertian reflection model.

We name the “forward generation” the one, that is produced due to the
ray absorption in forward direction, without any internal reflection. This gen-
eration decreases with the increase of the thickness of the perovskite sample
[see cases (a) and (b) in Fig.7)]. On the other hand, we name the genera-
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tion, produced by any internal reflection, as the “light trapping generation”.
In the case of the Lambertian scattering BSR the light trapping generation
remains almost constant, independently on the perovskite thickness.
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Figure 7: Total generation rate (solid blue line), the light trapping generation (dashed red
line) and the forward generation (dashed-dot green line). The results are presented for
the perovskite thickness:(a) 50 nm; (b) 200 nm.

3.2. Efficiency

The light trapping yields a sensible change, improving the absorption
of the thin layer. As a result, it becomes comparable with the absorption
of the thicker one (see Table 2 and Fig.4). Indeed, due to the improved
absorption, the J-V characteristics with the Lambertian reflection own more
efficiency in contrast to those of the specular case for thin films (compare
the J-V characteristics for the thickness ~ 200,300 nm in Fig.8). However,
with the increase of the thickness the difference between two cases becomes
negligible (compare the J-V characteristics for the thickness 1000 nm). In
this connection, although the thick PSC insures the absorption of all photons
with the energy larger than a semiconductor band gap, it also introduces
additional energy losses that set a trade-off relationship between the efficiency
and the thickness (35).

Before to discuss the optimal conditions for the efficiency, there are a
few comments in order. Two well-known effects are expected in thin solar
cells. The first one is the reduction of the short-circuit current of the solar
cell (Js), since the thinner semiconductor film the lesser light is absorbed by
the film. The second one is the increase of the open circuit voltage V.. In
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particular, this effect is attributed to the dependence of the forward diode
current (governed by the recombination) on the device thickness (13). These
two effects affect the PCE (n ~ JiVoc) in opposite directions. Evidently,
their interplay should be essential for the optimal thickness of PSCs.
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Figure 8: J-V characteristics of the PSC as a function of the perovskite layer thickness:
(a) the specular reflection; (b) the Lambertian scattering.

To gain a better insight into this phenomenon let us consider the mech-
anisms that determine J-V characteristics. We recall that the current of an
illuminated PSC is the difference between the dark current Jgy,. that depends
on the terminal voltage; and the constant photocurrent J,j,, that flows in the
opposite direction (39). It is well known that the thicker the absorber layer,
the larger the recombination; and, consequently, the larger the dark current.

In order to simplify discussion, let us consider an ideal p-n diode. In the
limit the layer thickness d < Lg;¢ (13), the dark current (for example, in the
n-doped semiconductor) can be written in the form

avd av
n Nay = Ny(exp*sT —1), (15)

Jdark =dq ’
T

where n, is the density of the minority carrier concentration. We have as-
sumed that 7, = 7, = 7. At open circuit conditions there is the equality
between the dark current and the short circuit photocurrent: Jy. = Jon —
Joh — Jaark = 0. We recall that the dark current is also equivalent to the
recombination current. At the conditions: i) n, = const, ii) 7 = const, the
decrease of the thickness d [see Eq.(15)] requires the increase of V,. due to
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the condition iii) Jqax = Jpn. Thus, it follows that the open circuit voltage
Vie increases with the decreasing of the thickness d.

In the p-i-n diode, however, the recombination takes place in the i-region.
To illuminate this fact in the case under investigation, we analyse the band
profile of the PSC p-i-n structure with chosen parameters (see Fig.9). The
barrier at the conduction band blocks electron motion, while the barrier
at valence band blocks hole motion at forward diode bias. Evidently, the
forward current value is defined by the total number of recombined electrons
and holes injected in perovskite.

6 T T

TiO, Perovskite " Spiro-OMeTAD
4 ,

—— Conduction band
—— Valence band |
—— Vacuumn level

- Fermi level

0 100 200 300 400 500 600 700 800
d (nm)

Figure 9: Band diagram of the PSC with the perovskite layer of the thickness 500 nm.

The standard models [e.g., (47)] are based on the approximation of the
constant electric field. This approximation is well justified at zero applied
voltage. It becomes poor, however, when the applied voltage approaches the
built-in voltage value. In this case we are faced with the nonconstant electric
field, especially, in the vicinity of the blocking contacts [see Fig.10(a)].

Nevertheless, we can use the above discussion to shed light in this case.
The results of our calculations demonstrate evidently [see Fig.10(b)] that the
contribution of the contact regions is negligible in the recombination process.
The forward current value is defined by the total number of recombined
electrons and holes injected in the perovskite.

Without loss of generality, let us consider the one-dimensional case. Due
to potential barriers the current is determined, basically, by the recombina-
tion of carriers inside the perovskite absorber. At 7, = 7, = 7, in the steady
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Figure 10: (a) Simulated electric field in the n-i-p PSC with d=500 nm in the dark
at different applied voltages. At V= 0 electric field is created by the built-in potential
(Vbi = 1.18V for the structure simulated). (b) Simulated electron J,, and J, dark current
variation along the total current path J = J,(x) + Jp(z) = const in the n-i-p PSC with
d=500 nm in the dark at different applied voltages.

regime (On/0t = 0) for the dark current (G = 0), we have (see Eq.7)

8J Nayvd
= _qR = Jdark Jrec - Jn(o) = Jp(W) =dq - ) (16)

np —n; n?
o = W/ L, (1)
where the thickness W = d 4 drio, + dspiro—OMeTAD-

For the p-i-n structure our simulations demonstrate a weak dependence of
the n,, with the increase of the thickness, while the recombination current .J,.
increases almost linear with the thickness increase (see Fig.11). Hence, we
conclude that the increase of the open circuit voltage V. with the decrease of
the absorber thickness is due to the decrease of the recombination in thinner
diodes. It is the reminiscence of the phenomenon that takes place in the p-n
junction. However, the recombination in the p-i-n system decreases faster
with the decrease of the absorber thickness.

Now we are ready to discuss the impact of the light trapping mechanism
on the PCE of the PSC. In accordance with the above discussion, the result
of calculations demonstrates the decrease of V. with the increase of the PSC
thickness, for the Lambertian and specular reflections [see Fig.12(a)]. In

contrast, the increase of the thickness yields the increase of the short circuit
current Jg. [see Fig.12(b)]. Note, the presence of the Lambertian BSR is the
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Figure 11: Recombination current decreases with the perovskite thickness in equally biased
not illuminated n-i-p PSCs.

determining factor of the enhanced corresponding current in thin samples
200 < d < 1000 nm. It appears that with further increase of the thickness the
current tends to an asymptotic limit, independent on the nature of the BSR.
In other words, the increased absorption in the PSC with the Lambertian
BSR due to the thickness does not affect J. that changes only slightly with
the thickness.
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Figure 12: The open circuit voltage (a), the short circuit photocurrent density (b), the
power conversion efficiency (c), and the fill factor (d) as a function of the perovskite
thickness.

The behaviour of the J-V characteristics (V,. and Ji.) with the increase of
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d leads to the PCE maximum for the specular BSR around d ~ 500 nm [see
Fig.12(c)]. In contrast, in the PSC with the Lambertian BSR the thickness
decrease leads to the increase of the open circuit voltage V,. [see Fig.12(a)]
and to a minor decrease of the open circuit current Ji. [see Fig.12(b)]. As a
result, the thickness decrease in this PSC leads to a monotonic increase of the
device effectiveness up to the optimal thickness ~ 150 nm [see Fig.12(c)]. The
further decrease of the thickness decreases the PCE. However, this conclusion
should be taken with a caution, since there are effects not taken into account
in our consideration (i.e., possible structural defects due to small thickness
etc). Note, that the FF being less sensitive to the thickness is almost the
same in the both considered cases [see Fig.12(d)].

The PSC efficiency with the Lambertian BSR yields the figure 17% for
thin absorbers (~ 150 nm) in comparison with the one with the specular
reflection with 14.7% of the PCE. In fact, for this thin PSC the PCE (~ 17%)
is even larger than the maximal one (~ 15.8%) of the relatively thick solar
cell (~ 500 nm) with the specular BSR. Indeed, we find that there are a
few factors responsible for this increase of the PCE. The use of wide band
gap contacts (electron/hole transport materials) leads to a steep decrease
of the device forward dark current with the decrease of the PSC thickness.
Consequently, there is a fast increase of the open circuit voltage. Another
factor is the decrease of the recombination with the decrease of the thickness.
Thus, the advantage of the light trapping is twofold: i) it allows to decrease
the PSC thickness in order to attain the efficiency optimum; ii) it increases
the maximum device efficiency.

It is important to stress that the PCE of the perovskite solar cell could be
increased noticeably with the increase of the diffusion length of the perovskite
layer (see Fig.13). Note, that the diffusion length is much larger than the
perovskite thickness in the considered case. As a result, all photogenerated
carriers can reach the corresponding contacts. In fact, by the increase of the
diffusion length we increase the carrier life-time. Consequently, we decrease
further the dark current [see Eq.(16)], i.e., increase the PCE of the perovskite
solar cell.

4. Conclusions

In this paper we investigate the role of BSR on the efficiency of a typical
perovskite thin-film solar cell (see Fig.1). In order to describe the optical
performance of this cell we carry out the analysis using both the ray tracing
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Figure 13: The PCE and V,. as a function of the diffusion length Lg4;r. The perovskite
thickness is d = 150 nm; the Lambertian scattering is considered in the BSR.

simulations and the transfer-matrix method. To perform the ray tracing
simulations, OTSun python package has been used.

We found that the Lambertian scattering increases the absorptance es-
sentially for the wavelength 500 < A < 800 nm in the cell with the thickness
~ 200 = 600 nm. The use of the Lambertian BSR allows to obtain the same
absorption at twice thinner cell in comparison with the specular BSR (see
Table 1). From our results it follows that the cell with the thickness 200 nm
with the Lambertian BSR demonstrates an absorptance of 78.1%, surpassing
the 77.3% of the 400 nm with the specular BSR.

To calculate the J-V characteristics of the solar cell we have employed
the model for the carrier transport (35). By means of this model and the
calculated absorptance we have obtained that the high power efficiency can
be achieved for the solar cell with the thickness of order ~ 150 nm with
the Lambertian reflection. We have found that the maximal PCE can be
achieved in the thin film perovskite solar cell due to the decrease of the
recombination current. If the open circuit voltage would be similar with
respect to the PSC thickness at the specular and Lambertian reflection, one
could obtain the same PCE in PSCs with nearly equal optical paths: in a
thin PSC with the light trapping mechanism and in a thick PSC with the
specular reflection. However, we have found that the thin PSC with the
light trapping mechanism has the higher PCE value always. It is due to the
decrease of the recombination leakage and the increase of the open circuit
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voltage with the decrease of the PSC thickness.
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