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SPECIAL TOPIC — New generation solar cells
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A depth behavioral understanding for each layer in perovskite solar cells (PSCs) and their interfacial interactions as a
whole has been emerged for further enhancement in power conversion efficiency (PCE). Herein, NiO @Carbon was not only
simulated as a hole transport layer but also as a counter electrode at the same time in the planar heterojunction based PSCs
with the program wxAMPS (analysis of microelectronic and photonic structures)-1D. Simulation results revealed a high
dependence of PCE on the effect of band offset between hole transport material (HTM) and perovskite layers. Meanwhile,
the valence band offset (AEy) of NiO-HTM was optimized to be —0.1 to —0.3 eV lower than that of the perovskite layer.
Additionally, a barrier cliff was identified to significantly influence the hole extraction at the HTM/absorber interface.
Conversely, the AE, between the active material and NiO@Carbon-HTM was derived to be —0.15 to 0.15 eV with an

enhanced efficiency from 15% to 16%.
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1. Introduction

Metal halide perovskite solar cells (PSCs) have been
emerged as a kind of encouraging alternatives to existing
photovoltaic technologies with both solution-processability
and superior photovoltaic performance. Fundamental stud-
ies on perovskite materials,['! device designs,[2’31 fabrication
processes, *°l and materials engineering!’~!3! have boosted
the rapid development of PSCs. Consequently, a certified
power conversion efficiency (PCE) of 22.1% have been ob-
tained after the past several years of vigorous work. However,
despite the overwhelming achievements in terms of perfor-
mance of PSCs and long-term stability, current-voltage hys-
teresis still remains critical.l*! In order to obtain such en-
hanced performance and better stability, different organic and
inorganic p-type semiconductor materials have been incor-
porated as hole extraction/hole transport layers (HTLs) in
PSCs.l'4191 Among these, inorganic p-type semiconductors
are particularly attractive due to their high transmittance, high

14151 Especially,

hole mobility, and high chemical stability.!
nickel oxide (NiO) is an attractive inorganic p-type semicon-
ductor since it can be readily deposited by a variety of meth-

ods. In addition, it has good chemical stability, excellent trans-
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mittance, wide band gap, and convenient energy level align-
ment with the perovskite. Collectively these properties fa-
cilitate hole collection and electron blocking.!?°= Thus, the
stability of PSCs based on NiO-HTL has been significantly
improved compared to commonly used poly (3, 4-ethylene
dioxythiophene): polystyrene sulfonate (PDOT:PSS).[#0:41]
However, the achieved PCEs of NiO-based PSCs still lag
behind of those established PSCs.[*>#3 The conductivity of
NiO can be increased by adjusting the stoichiometry of the
films or by doping, while the implementation as top HTL
via solvent engineering. Stoichiometric NiO is insulating,
while the commonly observed p-type conductivity in undoped
NiO is typically attributed to the nickel vacancies.***] How-
ever, the hole density in undoped NiO is limited due to the
The hole density
can be increased by extrinsic dopants with more shallow ac-

large ionization energy of Ni vacancies.

ceptor levels.[*> Indeed, the low conductivity and deposi-
tion of NiO as top HTL need to be addressed.!*’! The com-
mon dopant used for NiO is Li; although other dopants such
as Cu,[*48 Mg, Co, as well as co-doping approach with
Li:Cu and Cs:Li[*>%%%% have been reported. The doped NiO
HTLs such as Cu:NiO,,[*% LiCu:NiO,,% MgLi:NiO,,*!]
and Cs:NiO,[*?l" have displayed PCEs of 17.30%, 14.53%,
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18.3% and 19.35%, respectively. However, NiO@carbon
composite is not applied to photovoltaic devices so far. There-
fore, the incorporation of NiO@carbon-HTM with high con-
ductivity and counter electrode behavior could be an effective
way to achieve highly efficient PSCs at low cost. In simula-
tion, the valence band offset (AEy) of NiO-HTM was calcu-
lated to be —0.1 to 0.3 eV with high barrier cliff for the hole
extraction at the HTM/perovskite interface. Conversely, AE,
between perovskite and NiO @carbon-HTM was derived to be
—0.15 to 0.15 eV with an enhanced efficiency from 15% to
16%.

Herein, our work focused on the design of high-efficiency
PSCs through investigating NiO @carbon material as top HTL
with counter electrode characteristics. The comparison be-
tween NiO and NiO@carbon was simulated based on PSCs
with the program wxAMPS. The simulation procedures of the
effect of band offset between hole transport material (HTM)
and perovskite layers were discussed.

2. Modeling of perovskite solar cell

Simulation methods describe the basic phenomena
present in photovoltaic devices, allowing intuitive examina-
tion of each parameter and thus identifying the optimal oper-
ating conditions. In order to provide experimental direction, a
theoretical study was performed using wxAMPS (Analysis of
Microelectronic and Photonic Structure). The wxAMPS pro-
gram assimilates intra-band tunneling model and trap-assisted
tunneling model for more realistic aspects of heterojunction
solar cells. The structure and energy band diagram of the em-
ployed device here are depicted in Figs. 1(a) and 1(b). In or-
der to verify the effectiveness of our modelling approach, a
device with NiO as HTM layer was first simulated and com-
pared with reported experimental results. The AM 1.5G solar
radiation spectrum was adopted as the illuminating source in
the simulation. The light reflection of the top and the bot-
tom contacts were set to be 0 and 1, respectively. The mate-
rial parameters were summarized in Appendix A (Table Al)
which was selected from reported experimental work.!=°!
Capture cross sections of both electrons and holes were set
1 x 107'® ¢m? which result in a carrier diffusion length of
~ 1 um in absorber materials. The thickness of the active
layer was set 0.4 um to arrange efficient carrier collection.
The energy level defects in the simulated thin film materials
were located at the middle of their band gap with the Gaussian
type energetic distribution (characteristic energy of 0.1 eV).
Tails characteristic energy was 0.01 eV with band tail density
of states 1 x 10'* cm™3/eV. The bimolecular electron-hole re-
combination rate has the most significant influence on the per-
formance of the solar cell. Therefore two considerations were
taken to set bimolecular recombination rate. In the first as-
sumption, the conduction band electrons were directed to va-

cant states in the valence band. This process was labeled as
band-to-band or direct recombination Rp (also known as in-
trinsic recombination). In the second assumption, electrons
and holes recombine through intermediate gap states known as
recombination centers. This was labeled as indirect recombi-
nation Ry (also known as extrinsic recombination) or Shockley,
Read, and Hall recombination. The net recombination term
R(x) in the continuity equations takes both of these processes
into consideration such that

R(x) = Rp(x) 4+ Ri(x). €))

The bimolecular recombination rate simply relies on an
overlap of electron and hole wavefunctions while Auger pro-
cesses involve energy and momentum transfer of the recom-
bining electron—hole pair to a third charge carrier. The exper-
imental values of THz photoconductivity transients for per-
ovskite materials have been reported!®! to get charge recom-
bination rates associated with both bimolecular and mono-
molecular recombination rates as

dn
PP (T ()

where 7 is the photoinduced charge carrier density. The first
term on the RHS of Eq. (2) represents bimolecular recombi-
nation rate between photogenerated carriers while the second
term denotes mono-molecular recombination rate. In addi-
tion, the recombination dynamics of the free charge carrier
density (n) could be described by the following differential
equation:. (1]

d
d—’Z = —kyn® —kon* — kin, 3)

where k3 is the decay constant describing Auger recombina-
tion, k, the bimolecular recombination constant, and k; the
rate for monomolecular processes such as trap-assisted charge
recombination. According to these equations the bimolecular
recombination rate value was set to be 1 x 107! cm?3/s.[6?]
The surface recombination velocities of electrons and holes
at the top and bottom electrodes were set to be 1 x 107 cm/s.
The interface recombination velocity (S) was evaluated by a

numerical approach

—fi“t’fdx, 4)

where R is the recombination rate within the interface layer,

Sm =

int stands for the whole interface layer, and m denotes the con-
centration of holes and-electrons. The exact values of R and m
are obtained from the numerical solution, and the integral of R
across the whole interface layer represents the total interface
recombination as mentioned in Eq. (1).

It has been noticed that wxAMPS software does not
take into account the interface recombination losses. To
overcome this shortcoming, two thin defect layers were in-
serted-artificially at the interfaces of HTL/absorber layer and
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ETL/absorber layer as listed in supplementary information
(Table A2). This allows to evaluate the role of interface modi-
fication in determining the performance of the device compat-

ibility between simulated and experimental results.>%-63-67]
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Fig. 1. (color online) (a) Schematic cross section of n—i—p perovskite
solar cells. (b) Energy band diagram.

3. Results and discussion

The photocurrent density-voltage characteristics of the
simulated devices with inorganic HTMs are shown in
Fig. 2.  An efficiency of 15% was obtained for the
FTO/TiO»,/MAPDI3/NiO,/Au solar cell, closely reproducing
the results reported by Liu et al.[*3 The simulated current den-
sity is higher than the reported experimental data, which may
be ascribed to the neglect of interface losses and the deposi-
tion constraint of non-stoichiometric NiO, in regular device
configuration. Replacing NiO, with a new high mobility hole
transporting material such as NiO@Carbon to get highly ef-
ficient regular planar heterojunction PSCs at low cost could
be a promising route to fabrication via screen printing, doctor
blading, and spin coating.[%®] Further, the simulated investi-
gations were focused on the effect of electrical conductivity
of NiO@Carbon to provide a theoretical guideline in the per-
formance of PSCs. Significantly, enhanced electrical conduc-
tivity, high fill factor (FF), and increased short circuit current
density (Jy.) are observed in the NiO@carbon based PSCs as
depicted in Fig. 2.
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Fig. 2. (color online) Simulated photovoltaic characteristics, Psk = per-
ovskite, cp = compact. Inset shows the photovoltaic parameters of the
corresponding devices.

A further investigation on photoelectric behaviors of the
device is shown in Fig. 3, whereby the recombination rate
is illustrated to decrease with the efficient hole extraction
through NiO @carbon-HTM. In fact, a pretty low trap-assisted
This is
closely related to the experimental values using transient THz
[69

recombination rate is observed in MAPDbI; films.
spectroscopy.'%”! The reduced recombination rate further cor-
responds to high V., which is comparable with the one
measured from transient V. decay experiment and intensity-
modulated photovoltage spectroscopy (IMVS) method. "]
The performances of the proposed device are also attributed
to low series resistance, efficient hole transport, and avoiding
the possible formation of the Schottky junction at the HTM/CE
interface. [41:42:46]
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Fig. 3. (color online) Trends of carrier recombination and generation
rates in PSCs based on NiO@ Carbon and NiO hole transport materials.

Additionally, the ‘impact of the band offset between
HTMs/active layers on the performance of the device was also
investigated. A thin absorber layer with higher defect density
was inserted between HTM layer and the active layer to take
into account interfacial carrier recombination. The discontinu-
ous energy band diagram is due to the different electron affin-

ity of the materials involved in the heterojunction. Figure 1(b)
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depicts the energy-level-alignment diagram of the PSC com-
ponents before equilibrium (relative to the vacuum level) and
the dashed lines depict the Fermi levels of different layers. In-
organic metal oxides possess advantages such as energetically
favorable energy level alignment with perovskite layer with a
deep-lying valence band. Therefore, the valance band offset
between HTM/active layers is a key factor for carrier recom-
bination at the interfaces, and thus determining open-circuit
voltage (Vo) to some extent through Fermi level pinning ef-
fect.

Indeed, the efficient device was obtained through opti-
mization of the band offset matching of the materials at the in-
terface to allow efficient holes extraction from the perovskite
to valence band maximum (VBM) of the HTM without obvi-
ous energy loss. In this regard, we use the definition of elec-

tron affinity as follows:

AE, = AE, — Ay, ©6)

where Ay is the difference of the electron affinity, AE; is the
difference of the band gapes, AE, the conduction band offset,
and AFE, the valence band offset.

The influence of AE, on the performance of the solar
cells was explored while maintaining the constant value of
AE,. The effect of AE. between HTM and perovskite was
not included in this study because the electron is significantly
small, thus the carrier recombination associated with band oft-
set should be negligible. The hole tunneling mechanism was
simulated via wxAMPS when there is a barrier caused by band
offset.
an optimal hole extraction layer. The hole layer exhibits the
value of VBM of —5.28 eV (AE, = —0.15eV) to —5.78 eV
(AE, = —0.35 V) with the energy band of the perovskite solar

The results reveal a quantitative basis for choosing

AE. = Ay, (®)) cell using NiO as HTM as shown in Fig. 4.
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Fig. 4. (color online) (a) Effect of AE, on the efficiency of the perovskite solar cell. (b) Energy band of the perovskite solar cell using nickel
oxide as HTM.
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Fig. 5. (color online) (a) Effect of AE, on the efficiency of the perovskite solar cell. (b) Energy band of the perovskite solar cell using

NiO@carbon as HTM.
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When the VBM of the HTM was slightly lower than the
VBM of the perovskite (AE, < 0), a hole extraction barrier
cliff was formed at the interface of HTM/absorber layer. Al-
though the V. increases by further separation of the valence
band in the reverse direction, the barrier takes the dominant
role in decreasing the FF. This was related to large difference
between the VBM of the HTM and perovskite. On the other
hand, when AE, was positive, the VBM of HTM was above
the perovskite VBM which restricted the built-in voltage and
resulted in lower efficiency. Thus, the optimum position of
the valence band of HTM was derived to be —0.1 to —0.3 eV
lower than that of the perovskite layer. In addition, figures 5(a)
and 5(b) reveal the impact of band offset on the performance
of the PSC and energy band position using NiO@carbon as
HTM. When the AE, is positive, V,. decreases with increas-
ing AE,. However, V. is increased due to the decreasing AEy
which is more prominent when the VBM of HTM matches
with the perovskite VBM. In conclusion, the optimum AE,
between the perovskite and HTM based on NiO@Carbon is
derived to be —0.15 to 0.15 eV.

Appendix A

4. Conclusion

NiO@carbon was simulated using wxAMPS software as
an update of the popular solar cell simulation tool (AMPS;
analysis of microelectronic and photonic structures). The
models of solar cells were constructed with thin film stacks
of glass/FTO/cp-TiO,/MAPDI3/NiO @carbon. The shortcom-
ing in each device configuration was write minimized instead
of performed by inserting thin defect layers at the interfaces
of HTL/absorber layer and ETL/absorber layer. Simulation
results indicate that owing to the low AE,,, combined with su-
perior conductivity, NiO@carbon HTM can exhibit both high
Voc and Jy values. Additionally, low recombination rates, ef-
ficient hole transport, and avoiding the possible formation of
the Schottky junction at the HTM/CE interface led to an inspir-
ing efficiency of 16% under moderate conditions, further high-
lighting the great potential of NiO@carbon HTM in achieving
high PCEs. In particular, such inorganic HTM could be fab-
ricated through doctor blading and screen printing techniques
for the device optimization at low cost. The results simulated
here should provide both the insight and understanding of the
role of NiO@Carbon HTM in PSCs and help to establish de-
vice parameters that allow for further analysis and design op-
timization.

Table A1l. Basic parameters of the materials.

Parameters and units TiO, (ETL) MAPbDI; NiO (HTL) NiO@Carbon
Dielectric constant 100 30 11 12

Band gap/eV 32 1.5 3.6 3.31
Electron affinity/eV 4 3.93 1.46 2
Thickness/nm 30 400 50 100
Electron and hole mobility/cm?-V~!.s~! 0.006, 0.006 50,50 0.5 0.6
Acceptor concentration/cm ™3 0 2.14x10"7 1.5x10'8 2.4x10%!
Donor concentration/cm > 5%10' 0 0 0
Effective conduction band density/cm—3 1x 102! 2.5%10% 1.6x10Y 1.4x10%
Effective valence band density/cm > 2x10% 2.5%10% 1.1x10" 1.5%10%
Characteristic energy for donor and acceptor like  0.01, 0.01 0.015, 0.015 0.01, 0.01 0.01, 0.01
tails/eV

Band tail density of states/cm—3-eV~! 1101 1x101 110" 110

Capture cross section for electrons and holes in ~ 1x 10715, 1x10717

donor tail states/cm?

Capture cross section for electrons and holes in ~ 1x10~17, 1x10~13

acceptor tail states/cm?
1x10'8, 1x10'8

1x10-15, 1x10717 1x10715, 1x10~17 1x1071, 1x10717

1x10717, 1x10715 1x10717 1x10~13 1x10717 1x10713

Gaussian defects donor and acceptor states
density/cm 3

Gaussian defects donor and acceptor peak en-
ergy/eV

Standard deviation/eV

Capture cross section of donor-like Gaussian
state for electrons and holes/cm?

Capture cross section of acceptor-like Gaussian
state for electrons and holes/cm?

1.1, 1.1

0.1,0.1
1x10719, 1x10718

1x10718, 1x10°1?

1x10'7, 1x10"7
12,12

0.1,0.1
11072, 1x10=1°

1x107%, 1x10720

1x10'8, 1x10"8
1.1, 1.1

0.1,0.1
110712, 1x10~18

1x10718, 1x1010

1x10'8, 1%10'8
1.1, 1.1

0.1,0.1
1x10719, 1x10~18

1x10718, 1x10°10
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Table A2. Basic parameters for thin films defect layers at the interfaces of ETM/perovskite and HTM/perovskite.

Parameters and units ETM/perovskite HTM/perovskite
Dielectric constant 30 11

Band gap/eV 1.5 3.6
Electron affinity/eV 393 1.46
Thickness/nm 2 2
Electron and hole mobility/cm?.V~1.s~! 50,50 0.5,0.5
Acceptor concentration/cm > 2.14x107 1.4%10%0
Donor concentration/cm ™3 0 0
Effective conduction and density/cm 3 2.5%10%° 2x10"7
Effective valence band density/cm—> 2.5%x10%0 1.1x10"
Characteristic energy for donor and acceptor-like tails /eV 0.015, 0.015 0.01, 0.01
Band tail density of states/cm3-eV~! 1x10™ 1x10™

Capture cross section for electrons and holes in donor tail states/cm?
Capture cross section for electrons and holes in acceptor tail states/cm?
Switch-over energy/eV

Density of mid-gap acceptor and donor-like states/cm™3.eV~!

Capture cross section of electrons and holes in donor mid-gap states/cm?

Capture cross section of electrons and holes in acceptor mid-gap states/cm?

1x1071, 1x10717
1x10717, 1x1071
0.7

1x10' to 1x 10"
1x10717, 1x10718
1x10718 110717

1x107 15, 1x10717
1x10717, 1x10715
0.8

1x10'7 to 1x 10"
1x10710, 1x10717
1x10717 1x10716
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