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A Theoretical Investigation of Transport Layer-Free
Homojunction Perovskite Solar Cells via a Detailed

Photoelectric Simulation

Yuqi Zhang, Zhenhai Yang,* Tianshu Ma, Zhenhai Ai, Changlei Wang, and Xiaofeng Li*

Although the conventional n-i-p or p-i-n perovskite solar cells (PSCs) can
produce ultrahigh efficiency (>25%), complex synthesis/deposition pro-
cesses together with strict requirements for preparing the hole- and electron-
transport layers (HTLs and ETLs) pose a challenge to accessing low-cost
perovskite devices. To address this issue, a simple strategy of employing a
self-doped perovskite homojunction to replace the HTLs and ETLs has been
widely proposed. However, this type of TL-free homojunction PSCs is usu-
ally endowed with poor efficiency. Here, the design principles and working
mechanisms of the TL-free homojunction PSCs are clarified via a rigorous
photoelectric simulation. The potential of this type of device is unlocked by
optimizing the structural/electrical parameters including thickness, doping
concentration, bulk/interface defect concentration, contact barrier, and
mobility of n-perovskite and p-perovskite. To further uncover the intrinsic
physical behavior, ion migration, and photon recycling effects on this type

of TL-free homojunction PSCs are also studied. In addition, devices with dif-
ferent types of structures including TL-free inverted, ETL-free, and HTL-free
designs are briefly discussed. Finally, a clear roadmap for the promotion of
device efficiency is proposed, providing valuable guidance for designing high-

recently received a new world record effi-
ciency of 25.7%, approaching that of the
mainstream crystalline silicon (c-Si) SCs
(26.7%).181 However, the full potential of
this type of perovskite device especially
in the photovoltaic (PV) industry has not
yet been realized, which needs to rely on
ongoing progresses to further boost the
device efficiency while maintaining/low-
ering the manufacturing costs with the
purpose of accelerating their industrializa-
tion process and enhancing their competi-
tiveness in the PV community. In terms
of the conventional n-i-p (or p-i-n) sand-
wich PSCs, device efficiency depends on
the electron/hole transport layers (ETLs/
HTLs) to offer a driving force for charge-
carrier transport and extraction.”) Even
though a large number of ETLs and HTLs,
such as TiO,, SnO,, and Spiro-OMeTAD,
have been widely developed to construct
the high-efficient PSCs, complex syn-

efficient TL-free homojunction PSCs.

1. Introduction

Perovskite solar cells (PSCs) have attracted much attention
in the past decade due to their ever-increasing power conver-
sion efficiencies (PCEs) together with low-cost potential.l'"]
Through an intensive worldwide effort, perovskite devices have
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thesis/deposition processes together with
strict requirements for the preparation
conditions pose a challenging to obtain
the low-cost perovskite devices, which
thus appeals for the structural innovations to simplify the
device designs.l-12
Inspired by the high-efficient c-Si solar cells, which usually
fabricate a heavily doped p-type (or n-type) emitter on an n-type
(or p-type) c-Si substrate to form a p*/n (or n*/p) homojunc-
tion, researchers have made many attempts to construct the
self-doping perovskite by means of regulating perovskite com-
ponent and annealing engineering, thus offering a chance to
fabricate p-n homojunction/heterojunction PSCs.> The
homojunction design has been considered to be a feasible
strategy for the perovskite devices, which has been confirmed
by a large number of simulations (Table S1, Supporting Infor-
mation) and experiments. For instance, Cui et al. reported
a FAy15sMAggsPbl; homojunction PSC formed by a solution-
processed n-type perovskite covered by a thermally evaporated
p-type perovskite, which received an outstanding efficiency of
21.38%. Moreover, the continuous success of the perovskite
self-doping technology also makes it possible for PSCs to access
high efficiency even if transport layers (TLs) are absent. In
terms of the TL-free PSCs, the built-in potential formed by the
perovskite homojunction/heterojunction provides the devices
with a driving force to address the processes of charge-carrier
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separation, transport, and extraction, meaning that the perov-
skite devices, even without TLs, still could efficiently operate.
For proof-of-concept purposes, Cui et al. presented a TL-free
PSC with an efficiency of 8.08%.0 Li et al. demonstrated a
bandgap-graded p-n homojunction PSC by introducing a three-
step dynamic spin-coating strategy to regulate the valence Sn
distribution, which produced a 10.3% efficiency for a TL-free
perovskite device.'”] In addition, Yang et al. reported a FAPDI;/
MAPDI; heterojunction TL-free PSC prepared by a solution-
processed method, yielding a remarkable efficiency of 16.57%,
which is the highest efficiency for the TL-free PSCs so far.l!®!
Unfortunately, the efficiency of these TL-free PSCs is too low
to be compared with that of the traditional high-efficient perov-
skite devices at the current stage, suggesting that although the
absence of TLs could simplify the fabrication processes, the
TL-free PSCs are usually achieved at the expense of sacrificing
the device efficiency. In addition to the limitations of the fab-
rication processes, the poor efficiency of the TL-free PSCs is
often associated with suboptimal design schemes and unclear
working mechanisms. Therefore, design principles and under-
lying mechanisms of this type of TL-free PSCs that are con-
ducive to deepening our understanding on such a device and
guiding the promotion of device efficiency, are urgently needed.
To unlock the full potential of the TL-free homojunction
PSCs, we clarify the design principles and working mecha-
nisms of such a device by performing a numerical simulation.
The performance of this type of TL-free homojunction PSCs
is thoroughly evaluated by addressing the structural/electrical
parameters, which include thickness, doping concentration,
defect concentration, carrier mobility, contact barrier, etc. The
simulation results suggest that: 1) the best thicknesses and
doping concentrations for the n-perovskite/p-perovskite are
determined to be 125/2500 nm and 4 x 10/107 cm™, respec-
tively; 2) defects inside the p-perovskite and in the transparent
conductive oxide (TCO)/n-perovskite interface are confirmed
to be the important factors limiting the device performance;
3) carrier mobility for the n-perovskite should be well-regulated
to avoid the efficiency roll-off; 4) an energy cliff, especially
for the TCO/n-perovskite contact is beneficial to promote the
device performance. In addition, ion migration and photon
recycling (PR) effects are also investigated to reveal the under-
lying physical behavior of this type of TL-free homojunction
PSCs. Moreover, devices with different types of structures
including TL-free inverted, ETL-free, and HTL-free designs are
briefly studied. Finally, a clear route map for the promotion of
device efficiency is proposed, providing a feasible scheme to
boost the efficiency of the TL-free homojunction PSCs to 24%.

2. Results and Discussion

2.1. Dependence of Thickness and Doping Concentration

The simulation model of the TL-free perovskite devices
consisting of a TCO, a n-type, and a p-type CH3;NH;3PbI;
perovskite layer as well as an Au electrode, is illustrated in
Figure 1b, where the conventional structure with the double-
sided TLs is presented in Figure la as a comparison. Since
the TL-free PSCs rely on the p-n homojunction formed by the
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n-type and p-type perovskite to offer a driving force for car-
rier transport and extraction, the doping concentrations for
both n-perovskite (Npe;) and p-perovskite (Py,) that determine
the intensities of the built-in potential and electric field are
thus particularly vital for this type of devices to achieve high
performance. In addition, as another crucial factor in affecting
the device performance, the thicknesses of n-perovskite (d,,) and
p-perovskite (dy) that govern the photogeneration and the trans-
port length of charge carriers should be well designed. In this
study, the impact of thicknesses and doping concentrations of
perovskite layers on the device performance is first investigated
by numerical simulations. By performing the optical simula-
tion, the profiles of spatial carrier generation rate and the cor-
responding photo-current density can be obtained as shown in
Figure S1 (Supporting Information) and Figure 1c. Figure 1c
shows the dependence of perovskite thickness on the photo-
current density of PSCs. Obviously, with the increase of perov-
skite thickness from 300 to 3100 nm, the photo-current density
of PSCs increases rapidly first and then tends to be stable,
meaning that increasing perovskite thickness contributes to
boost the photo-current density of PSCs.

The electrical stimulation is then carried out to address
the relationship between the thicknesses of n-type and
p-type perovskite and the device PCEs. It is easy to find from
Figure 1d that the high PCE values can be achieved by a thin
n-perovskite (<200 nm) in combination with a thick p-perovs-
kite (>1500 nm), yielding the optimal n-perovskite thickness of
125 nm, in line with the experimental results reported in the
literature.'®! To further confirm this conclusion, the typical
current-voltage (J-V) curves are plotted in Figure le,f, which
suggest that: 1) if the p-perovskite thickness is fixed at 2500 nm
as shown in Figure le, PSCs with a thin n-perovskite (100 nm)
show a lower V., and a thick n-perovskite one (300 nm) dis-
plays a poor FF, which can be confirmed by the related simu-
lation results in Figure S2 (Supporting Information); 2) if the
n-perovskite thickness is fixed at 100 nm as shown in Figure 1f,
a thicker p-perovskite is beneficial to promote the device PCE
by boosting the current density of devices due to the sufficient
light absorption and the higher photo-current density as can be
seen in Figure 1c.

In addition to the thickness, the doping concentration and
type of perovskite can also be accurately regulated through
experiments.'"] Therefore, based on the optimal d, (i.e.,
125 nm) and d, (i.e., 2500 nm), the influence of N, and
P, on device efficiency is then emphatically studied. The
PCE contour shown in Figure 1g reveals that a hotspot of
PCE located at the region of 10 cm™ < N, < 10'® cm™ and
106 cm™ < Py, < 10" cm™ can be observed, leaving behind the
optimal N, of =4 X 10" cm™ and Py, of =107 cm™. In order to
further understand the variation of PCE with Ny, and P, the
representative J-V curves are plotted in Figure 1h,i. It can be
seen from Figure 1h that for a fixed Py, of 10'® cm™, increasing
Npe, could effectively boost V., but it will lead to a reduced
Js» especially for the cases with a high N, (i.e., >107 cm™).
The increased V,. can be attributed to the enhanced built-in
potential. However, increasing the doping concentration of
perovskite will lower the width of the depletion region and
reduce the electric field strength inside the n-perovskite region
as shown in Figure S3b (Supporting Information). Since the
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Figure 1. Schematic diagrams of perovskite devices with a) a conventional structure and b) a TL-free homojunction structure. c) Photo-current density
of PSCs as a function of perovskite thickness, where the 2D profile of the carrier generation rate for a 1000 nm-thick perovskite is inserted in this figure.
d) Contour of PCE values of PSCs under the various thicknesses of n-perovskite and p-perovskite, and the corresponding J-V curves under the typical

e) dy and f) d,. g) Contour of PCE values of PSCs under the various N, and P, and the corresponding J-V curves under the typical h)

i) Pper- Here, an ideal Ohmic contact is considered.

generated carriers are concentrated in the n-type perovskite
region, a poor electric field inside this region is unfavorable
for carrier separation and transport, thus increasing the bulk
and interface recombination and reducing Ji. If Ny is fixed
at 10" cm™ as shown in Figure 1i, the variation in P, has
less effect on V., but it will boost J,. Different from the cases
with the fixed P, in Figure 1h, increasing Py, is conducive to
promote the electric field strength of the n-perovskite deple-
tion region, and thus facilitates the separation and transport of
charge carriers, so that a high [, can be obtained.

2.2. Dependence of Bulk/Interface Defects and Carrier Mobility

Non-radiative recombination caused by bulk and interface
defects has always been one of the most vital factors limiting
device performance, which will be investigated in a detailed
manner in this section. The simulation results are demon-
strated in Figure 2, for which we can conclude that: i) as shown
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Nper and

in Figure 2a, the device PCE can be well-maintained until the
defect concentration of TCO/n-perovskite interface (Nj) is
larger than 10® cm™. The efficiency degradation for a high
N;; case is mainly attributed to the decreased V. which can
be confirmed by the corresponding J-V curves in Figure 2b.
The energy band structures shown in Figure S4a (Supporting
Information) reveal that a high N, will lead to a negative energy
band bending and thus a reduced V,, which has been widely
confirmed by many reports;!% ii) the device PCE is almost inde-
pendent of the defect concentration of Au/p-perovskite inter-
face (P) with the appearance of the identical [-V plots under
the various Py as shown in Figure 2c. This conclusion can be
attributed to the fact that the presence of homojunction could
effectively separate the charge carriers, and the electrons could
be efficiently extracted by the top-side TCO electrode due to
the shorter transport length inside the perovskite layer, leading
to a low electron concentration in the p-perovskite region as
shown in Figure S5 (Supporting Information) and thus negli-
gible recombination in the Au/Perovskite interface even if the

© 2023 Wiley-VCH GmbH
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Figure 2. a) Dependence of N;; and P;; on device performance, and the corresponding J-V curves under four typical b) N;; and c) P;. d) Dependence
of Ny and P, on device performance, and the corresponding J-V curves under four typical e) N, and f) P. g) The effect of u, (4, = u,/2) for both
n-perovskite and p-perovskite on device performance, and the corresponding -V curves under the different u, for h) n-perovskite and i) p-perovskite.
Here, dy (dy), Nper (Pper), and N (Py) are fixed at 125 (2500) nm, 4 x 10' (1 x 107) cm=3, and 10" (10') cm™3, respectively.

interface defect concentration is high enough (approaching
10 cm™3). Therefore, it is crucial for this type of TL-free PSCs
to passivate the TCO/n-perovskite interface other than the Au/p-
perovskite interface; iii) as shown in Figure 2d, the device PCE
has a tendency to remain unchanged first under N, (P) < 10'°
(10" cm™ and then decrease rapidly under N, (P) > 10V
(10®) cm™, meaning that a high bulk defect in both n-perovs-
kite and p-perovskite regions would degrade the device perfor-
mance, and the n-perovskite has a high tolerance to the bulk
defects due to the relatively thin thickness compared with that
of the p-perovskite. The representative J-V curves are plotted in
Figure 2e,f, which suggest that: 1) the increase of N, from 10
to 10™® cm™ would lead to a decrease in V,, but the degrada-
tion of J only occurs when N, is high enough (i.e., >10V cm™).
The distributions of bulk recombination of the perovskite layers
under the different N; are demonstrated in Figure S4c (Sup-
porting Information), hinting that a higher N, would result in
higher bulk recombination; 2) with the increase of P, from 10
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to 10™® cm3, a reduced J,. can be observed, which can be attrib-
uted to the increased bulk recombination as can be confirmed
by the recombination profiles in Figure S4d (Supporting Infor-
mation). In a word, to achieve the high-efficient TL-free PSCs,
the defects inside the p-perovskite and in the TCO/n-perovskite
interface should be well-controlled.

Moreover, the impact of the charge carrier mobility on the
device performance is then checked. The simulation results
are shown in Figure 2g, which reveal that increasing carrier
mobility is beneficial to promote the device's performance.
In detail, the typical J-V curves plotted in Figure 2h,i suggest
that J, for the n-perovskite/p-perovskite case has an increasing
trend with the increase of electron mobility (u,) from 0.01/0.01
to 1/100 cm? Vs™!, manifesting that elevating carrier mobility
could accelerate the transport and extraction of charge carriers,
thus effectively suppressing the bulk/interface recombination
and boosting the current density of devices. Interestingly, we
observe an abnormal phenomenon from Figure 2g that the

© 2023 Wiley-VCH GmbH
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PCE for the n-perovskite case has a downward trend with the
increase of u, from 1 to 100 cm? VIs7L. After careful observa-
tion of the J-V curves in Figure 2h, we can find that case with
a higher u,, shows a lower V,, which is also the main reason
for the PCE roll-off. This conclusion is consistent with the pre-
vious reports.[?% For a low forward bias voltage, the drift current
induced by the built-in electric field is so strong that it could
minimize the local accumulation of charge carriers, so a high
Jsc can be achieved regardless of carrier mobility. However, with
the increase of the forward bias voltage, the built-in electric
field is weakened, and the charge carrier transport behavior is
dominated by the diffusion manner. In that case, higher car-
rier mobility means a stronger carrier diffusion, leading to the
formation of an unfavorable potential bending as shown in
Figure S6 (Supporting Information).

2.3. Contact Barrier Regulation

The abovementioned discussions are based on the assumption
of an ideal Ohmic contact at the TCO/n-perovskite and Au/p-
perovskite interfaces. In this section, the effect of the contact
barrier (A¢g) on the device performance will be thoroughly
investigated. The energy band diagrams of this type of TL-free
homojunction perovskite devices are shown in Figure 3a, which
suggest that a positive/negative contact barrier at the TCO/n-
perovskite (Ag,) and Au/p-perovskite (Ag,) interfaces forms
an energy spike/cliff for charge carrier transport. The relation-
ship between A and the device PCE is detailly checked with
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the corresponding results demonstrated in Figure 3b. It is easy
to find from Figure 3b that: i) with the decrease of Ag, from
0.6 to —0.4 eV, the device PCE (blue line) shows a monotonically
increasing trend, meaning that a relatively high energy cliff at
the TCO/n-perovskite interface is helpful to promote the device
performance; ii) the device PCE is almost insensitive to the
contact barrier when Ag, < 0.2 eV, but it will be degraded only
if Ag, > 0.3 eV, which implies that regulating contact barrier of
the TCO/n-perovskite interface is more efficient for promoting
the efficiency of the TL-free homojunction perovskite devices.
Moreover, the representative [-V curves for both front and
back contacts are also presented in Figure 3c,d. Obviously, a
highly positive Ag, (i.e., 0.4 eV) at the TCO/n-perovskite inter-
face will greatly pull down the device V,. due to the formation
of an unfavorable energy band bending as shown in Figure S7a
(Supporting Information). Since the optimal N, as mentioned
above is determined to be only =4 x 10" cm, which is so low
that the energy band structure can be easily pulled when a
positive or a negative contact barrier is applied at the TCO/n-
perovskite interface, device V. is thus prone to be affected by
this contact barrier. However, the results in Figure 3d indicate
that the contact barrier at the Au/p-perovskite interface will
not significantly alter the device J . and V,, but it will observ-
ably degrade the device FF if a highly positive Ag, is applied.
Because the doping concentration of p-perovskite is high
enough (i.e., =10” cm™), the variation of the contact barrier
at the Au/p-perovskite interface has less effect on the energy
level alignment in the p-perovskite region, but it will form an
energy spike/cliff to hinder/promote the transport of holes for

N;=10"7 em™
ol b_\<\\

12

PCE (%)

Front Contact
8 ——Back Contact: .

4 1 1 1 1 1
-04 -02 0.0 0.2 0.4 0.6
Energy Barrier, Ag (eV)
25
&
% 20}
T ISF
2z
£
B 10 |rib b
Ag of Back Contact
g -0.4 eV
(3}
E 5 ——0
3 ——04eV
0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure 3. a) Energy band diagrams of TL-free perovskite structures for cases of Ap >0 and Ap < 0. b) PCE as a function of Ag for both front and back
contacts under N;; =107 cm™3, and the corresponding J-V curves for c) front and d) back contacts under three representative A, that is, —0.4, 0 and

0.4 eV.
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a positive/negative contact barrier, thus resulting in an almost
constant on J . but a degraded/increased FF. Here, it needs to
be emphasized that devices with a highly negative contact bar-
rier at the TCO/n-perovskite interface show a high PCE value
approaching 22% under Ag, = -0.4 eV as shown in Figure 3b,
much higher than that of the normal case (i.e., Ag, = 0), thus
providing a facile and effective strategy to boost the efficiency of
the TL-free homojunction PSCs. In practice, a feasible strategy
of introducing an ultra-thin organic material such as a self-
assembled monolayer between electrode/perovskite interfaces
has been widely performed to remove interface barrier or tailor
the work-function of the related materials.[?:22

2.4. lon Migration and Hysteresis

Ion migration that has been proven to be the primary reason
for the emergence of hysteresis behavior has been widely
studied in the traditional sandwich perovskite devices.*3-2!
Driven by the built-in electric field, these movable ions will
migrate inside the perovskite layer and then accumulate at the
perovskite-related interfaces. Meanwhile, the process of the ion
migration as well as these accumulated ions at the interfaces
will also mediate carrier transport behavior by altering the spa-
tial distributions of electric field and carrier concentrations,
thus affecting the device performance. Therefore, it is of great
significance to elaborate the process of ion migration and its
effects on the performance of the TL-free homojunction PSCs.
Energy band structures for cases of the none ion migration
and ion migration are illustrated in Figure 4a,b, respectively, in

www.advenergymat.de

which the strength of ion migration is expressed by the average
ion concentration (Nj,,) within the whole perovskite region.

First of all, to evaluate and quantify the hysteresis effect, a
typical parameter, that is, Hysteresis Factor (HF), that has been
widely adopted, can be defined as:?%]

HE = PCE(R)-PCE(F) )
PCE(R)

where PCE(R)/PCE(F) represents the PCE value measured
under reverse/forward voltage scan. The simulated HF value
under the various Ni,, and the representative [-V curves are
demonstrated in Figure 4c,d, respectively, which manifest that
if Ni,, is less than 10'° cm™3, the hysteresis effect is not obvious
with the appearance of a small HF value together with a small
difference between reverse and forward |-V curves. However,
with the Nj,, increases to 10 cm~3, an obvious hysteresis phe-
nomenon with a high HF value and a large gap between reverse
and forward J-V curves can be seen.

Different from the traditional sandwich perovskite devices,
this type of TL-free homojunction PSCs rely highly on the
built-in electric field formed by the n-perovskite and p-per-
ovskite to provide a driving force for carrier transport and ion
migration. As shown in Figure 4e, the electric field strength in
the n-perovskite layer is much higher than that in the p-per-
ovskite layer, leading to that ion accumulation only occurs at
the TCO/n-perovskite interface as shown in Figure 4e and
Figure S8 (Supporting Information). Here, we need to point
out that although ion migration will reduce the device V,,
especially for the case of Nj,, = 10”7 cm™, it could also promote
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Figure 4. a) Schematic diagrams of energy band structures of TL-free homojunction PSCs for cases of a) non ion migration and b) ion migration.
c) The relationship between ion concentration and HF value. d) The representative J-V curves under N, =10'%, 10'® and 10" cm~. e) E intensity and
carrier/ion concentration profiles for reverse and forward scans under MPP-like conditions.
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the device J,. more or less. As shown in Figure S9 (Supporting
Information), the variation in V,. can be attributed to the
change of energy band structures, and the improved J,. for the
case of Nj,, = 107 cm™ is due to the enhanced electric field
intensity inside the p-perovskite region. This means that ion
migration does not always have a negative impact on device
performance.

2.5. Photon Recycling Effect

Photon recycling (PR) that refers to the multiple absorption-
diffusion-emission processes has been widely studied in
perovskite-based devices. It is well known that radiative recom-
bination will dissipate energy by means of releasing photons,
which will either escape from the device and/or be parasiti-
cally absorbed by the functional materials or electrodes, or be
re-absorbed by perovskite layer and generate new electron-hole
pairs, so as to achieve the purpose of re-using photons. Besides,
the PR effect has been confirmed to have a positive impact on
device performance by mitigating radiative recombination,
which is particularly relevant for the cases with thick perovskite
layers. Therefore, it is necessary to clarify the impact of the PR
effect on the performance of TL-free homojunction perovskite
devices.

As shown in Figure 5a, a detailed model is established to
describe the PR processes for this type of TL-free homojunction

a
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PSCs. It clearly shows that there are three possible routes for
the emitted photons: i) be parasitically absorbed by the double-
sided electrodes with a probability of P, ii) escape the device
from the top surface with a probability of P, iii) be re-absorbed
by the perovskite layer and generate new electron-hole pairs
with a probability of P,. For cases i) and ii), photons within the
escape cones cannot be re-absorbed by the perovskite layer, and
thus are absent from the PR processes. Here, both TCO and
Au electrodes could cause parasitic absorption with the corre-
sponding probabilities written as:[2°)

J’: nIZ‘COAﬁont (E)(pbb (E)dE

P, 1co=—= B (2)
J.E 4nperdpera (E)(Pbb (E)dE
J: M AuAback (E)(Pbb (E) dE

Pa=—2t (3)

I: 4n12>erdpera (E){pbb (E) dE

where nyco, fper, and ny, are the real part of refractive indexes
of TCO, perovskite, and Au, respectively, Agon and Ay, are the
absorptance of perovskite from the front- and back-sided illu-
mination, respectively, dy,., is the perovskite thickness, ¢ is the
absorption coefficient of perovskite, and ¢, is the blackbody
radiation flux. In the same way, the escape probability P. can
be written as:
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Figure 5. a) Sketch map of the possible routes of the remitted photons within the perovskite layer. b) Dependence of radiative recombination coefficient
on device PCE under the different cases. c) The representative J-V curves and d) the distributions of radiative recombination rate at the SC condition
for the none PR and PR cases under A@, =0 and —0.4 eV at the radiative recombination coefficient is equal to 10° cm3 s
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J: rcoAfont (E)ow, (E)dE

| :g4n;erdpera (E)gy, (E)dE

P, (4)

The total parasitic absorption probability, P,, can be calculated
by

P, =P, rco+ P (5)

thus, the re-absorbed probability, P, can be expressed as:
P=1-P,-P, (6)

By implementing the numerical simulations based on these
equations, the vital parameters including P, P, and P, can be
extracted, which thus allows us to mediate the radiative recom-
bination process and investigate the PR effect on the device
performance. As strong evidence has been provided that the
presence of PR would have a more obvious effect on promoting
the device performance if the nonradiative recombination can
be intrinsically suppressed, the case of Agp, = -0.4 eV with
reduced nonradiative interface recombination is also included
in this study.?® This conclusion can be further confirmed by
the radiative recombination distributions in Figure S10 (Sup-
porting Information). The simulation results concerning the
dependence of the radiative recombination coefficient on device
PCE are displayed in Figure 5b. It can be concluded from this
figure that for cases of Ag, = 0 and —0.4 eV, the device PCE can
be well-maintained until the radiative recombination coefficient
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3 1

is larger than 10" cm? s7!, and an obvious PCE difference
between none PR case and PR case can be observed under the
radiative recombination coefficient is greater than 107 cm? s7%
This is due to the remarkable nonradiative recombination
inherent to this type of TL-free homojunction PSCs is much
higher than that of the radiative recombination, thus resulting
in a limited recombination proportion for the case with a small
radiative recombination coefficient.

The representative J-V curves under the radiative recombi-
nation coefficient of 10 cm? s7! are plotted in Figure 5c, which
clearly indicate that the presence of PR could promote the
device Ji. It is somewhat contradictory to the widely accepted
cognition that PR can effectively boost device V,. other than
Jsol?V In fact, this is easy to understand that the absence of TLs
for this type of TL-free homojunction PSCs will lead to strong
nonradiative and radiative recombination even under a small
bias voltage, so introducing the PR will reduce radiative recom-
bination and thus boost the device J,.. Moreover, the distribu-
tions of radiative recombination rate under the different cases
are plotted in Figure 5d, which confirms that the PR effect
could effectively suppress radiative recombination.

2.6. Efficiency Promotion Strategy

In the last section, we briefly discuss the PCE variation under
the different types of PSCs, including TL-free normal, TL-
free inverted, ETL-free, and HTL-free structures as shown in
Figure S11 (Supporting Information). The related parameters
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Figure 6. a) PCE values as a function of interface defect concentration of the four related devices, and b) the corresponding J-V curves under the
interface defect concentration of 107 cm=. c) A detailed roadmap for promoting the efficiency of TL-free PSCs, and d) the corresponding J-V curves.
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used for this simulation are listed in Table S3 (Supporting
Information). The relationship between the defect concen-
tration of perovskite-related interfaces and the device PCE is
shown in Figure 6a. It is apparent that devices with HTL-free
and ETL-free structures show higher PCE values than that TL-
free ones, indicating that the absence of the transport layers will
degrade the device performance even if the interface defects are
low enough. Moreover, it is worth noting that HTL-free devices
show higher device performance than that of ETL-free devices,
which can be attributed to the fact that the light is incident
from the TCO side for this type of n-i-p perovskite devices,
leading to carrier generation gathers on the front side of perov-
skite (Figure 1c), so the presence of ETL is conducive to pro-
moting carrier transport and extraction. This is also the reason
why HTL-free devices are almost independent of interface
defect concentration. Moreover, the typical J-V curves for these
four related devices under the interface defect concentration of
10”7 cm™ are plotted in Figure 6b, and the corresponding elec-
trical parameters are listed in Table S4 (Supporting Informa-
tion), which hint that the HTL-free and ETL-free devices show
superior performance in J, V,. and FF compared with the TL-
free devices.

To further unlock the potential of TL-free PSCs, a clear
roadmap for improving device performance is proposed
as shown in Figure 6¢ which is summarized as follows:
i) based on the optimized thickness (i.e., 125/2500 nm for
n-perovskite/p-perovskite) and doping concentration (ie.,
4 x 10/107 cm™ for n-perovskite/p-perovskite), a primary
PCE is determined to be 16.9%; ii) by suppressing the bulk and
interface recombination with a low bulk defect concentration of
10" cm™3, and a low interface defect concentration of 107 cm3,
the PCE of this type of TL-free PSCs can be improved to 177%;
iii) a higher PCE of 18.6% can be attained by regulating the
electron mobility with a suitable mobility (i.e., 1/12.5 cm? Vs~
for the n-perovskite/p-perovskite); iv) with the regulation of the
contact barrier from 0 to —0.4 eV, a remarkable PCE of 23.7%
can be obtained; v) an excellent PCE of 24.4% can be expected
by screening a suitable bandgap of perovskite as shown in
Figure S12 (Supporting Information). Moreover, the corre-
sponding J-V curves are plotted in Figure 6d, which indicate a
superior J., V.., and FF for TL-free homojunction PSCs.

Although the current efficiency of this type of TL-free homo-
junction perovskite solar cells is still lower than that of the
normal PSCs with TLs, it is expected to achieve a competitive
efficiency with the continuous progress of preparation tech-
nology. More importantly, the absence of TLs for the TL-free
homojunction perovskite solar cells could simplify the prepara-
tion processes and reduce fabrication costs, thus promoting the
industrialization of perovskite-based devices.

In the last, we still need to emphasize the innovation of this
work. First, the strictly optical coupled electrical simulation was
realized by using the finite-element method, and the resulting
results are thus considered to be more accurate and credible
compared with that of 1D software. Second, a series of struc-
tural/electrical parameters including thickness, doping con-
centration, bulk/interface defect concentration, contact barrier,
and mobility of n-perovskite and p-perovskite, etc., were syn-
chronously optimized, providing a panorama of the correlation
between parameters and device performance. Furthermore,
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the intrinsic physical behavior of such a TL-free homojunc-
tion perovskite solar cell with the ion migration and photon
recycling effects was clarified and produced many interesting
conclusions.

3. Conclusion

In this study, we performed a rigorous photoelectrical simula-
tion to clarify the design principles and working mechanisms
of the TL-free homojunction PSCs. Through the investiga-
tion of a series of structural/electrical parameters including
thickness, doping concentration, bulk/interface defect con-
centration, and mobility of n-perovskite and p-perovskite, the
dependence of these parameters on device performance was
elaborated in detail. The simulation results suggest that a
homojunction formed by a thin and a low doped n-perovskite
together with a thick and a high doped p-perovskite, a low
interface/bulk defect concentration, and suitable mobility, are
required for high-efficient TL-free PSCs. The effect of the con-
tact barrier on device performance was checked, which hints
that an energy cliff especially for the TCO/n-perovskite contact
is beneficial to promote the device performance. Moreover, the
process of ion migration and PR effects were also studied to
uncover the underlying physical behavior of this type of TL-free
homojunction perovskite device. Finally, TL-free inverted, ETL-
free, and HTL-free devices were also briefly investigated, and a
clear route map for the promotion of device efficiency was pro-
posed, providing valuable guidance for designing high-efficient
TL-free homojunction PSCs.

4. Experimental Section

In this study, the finite element method was used to perform the
numerical simulations based on the platform of COMSOL Multiphysics.
First, the accurate spatial distributions of the electromagnetic field were
obtained by solving Maxwell's equations under AM 1.5G, so that the
optical absorption and charge-carrier generation could be evaluated.
Based on the distributions of carrier generation in the optical module,
the electrical stimulation to address the transport/recombination/
extraction processes of these carriers was then carried out by coupling
Poisson's equation, carrier continuity equations, and drift-diffusion
equations, which can be written as26:28-30

V2@ =(n-p+Ny—N,) (7)
on_1 . op__1 3
ﬁ_qV.J"+c—u, at——qV-jp+G—U @)
Jn=anit, (-V®)+qD,Vn;  J, =qpu,(-V®)—qD,Vp 9

where @ is the electrostatic potential, n (p) is the electron (hole)
concentration, Ny (N,) is the donor (acceptor) doping concentration,
q is the electron charge, J, (J,) is the electron (hole) current density,
G is the carrier generation rate, U is the carrier recombination rate,
Un () is the electron (hole) mobility, D, (D,) is the carrier diffusion
coefficient. The key parameters used for this simulation are listed in
Table S2 (Supporting Information). By solving these equations, the
electrical parameters/properties including J-V characteristic curves and
distributions of electric field, potential, carrier concentration, and carrier
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recombination, etc., can be obtained. Besides, an ideal Ohmic contact
was assumed for both the TL-free interfaces.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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