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Perovskite solar cells (PSCs) are the most promising commercial photoelectric conversion technology in the future.
The planar p—i—n structure cells have advantages in negligible hysteresis, low temperature preparation and excellent stability.
However, for inverted planar PSCs, the non-radiative recombination at the interface is an important reason that impedes
the charge transfer and improvement of power conversion efficiency. Having a homogeneous, compact, and energy-level-
matched charge transport layer is the key to reducing non-radiative recombination. In our study, NiO,/Sr:NiO, bilayer
hole transport layer (HTL) improves the holes transmission of NiOy based HTL, reduces the recombination in the interface
between perovskite and HTL layer and improves the device performance. The bilayer HTL enhances the hole transfer
by forming a driving force of an electric field and further improves Js.. As a result, the device has a power conversion
efficiency of 18.44%, a short circuit current density of 22.81 mA-cm~2 and a fill factor of 0.80. Compared to the pristine
PSCs, there are certain improvements of optical parameters. This method provides a new idea for the future design of novel
hole transport layers and the development of high-performance solar cells.

Keywords: perovskite solar cells, nickel oxide, Sr doping, bilayer hole transport layer

PACS: 88.40.H-, 88.40.hj, 78.56.—a

1. Introduction

Solar cells have attracted a great deal of attention, and the
most glamorous star is organic-inorganic hybrid perovskite so-
lar cells (PSCs) now. In recent years, researchers have con-
centrated on PSCs because of their rapid growth in power
conversion efficiency (PCE).['! So far, the PCE of PSCs
has reached 25.2%, %! their performance has almost caught up
with currently commercialized silicon solar cells. Hybrid per-
ovskite materials have many advantages, such as adjustable
band gap, high absorption coefficient, long carrier life, and

7-101 Therefore, PSCs have potential to

high carrier mobility.!
become the flagship of commercial solar power generation af-
ter silicon solar cells.!!!! However, interface energy loss of dif-
ferent functional layers and alignment mismatch of energy lev-
els still hinder performance enhancement of PSCs. Many sci-
entists have made efforts in this regard.['?) Chen ez al. reached
a PCE of 19.35% by employing a NiO, hole transport layer
(HTL) with Cs.!"3 Chen et al. suppressed the interfacial re-
combination by facile alkali chloride interface modification of
the NiO, HTL and obtained a device with PCE of 21%.[14
Zhu et al. used a larger alkylammonium interface layer to re-
duce the energy loss between the transport layer and the per-
ovskite, and successfully achieved a inverted PSCs efficiency
record of 22.3%.!15! Therefore, improving layer-to-layer in-
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terface is essential to promote the charge transfer process and
to reduce carrier recombination so as to further improve the
PCE. 1]

HTLs are designed to block electrons, enhance hole trans-
port and prevent quenching caused by direct contact between
the perovskite layer and conductive substrate in inverted PSCs.
There are many HTLs based on polymers or small molecules,
such as Spiro-OMeTAD, PEDOT:PSS, PTAA, and P3HT.[!7]
However, due to the natural instability of organic materials
and relatively low work function, researchers are also ac-
tively studying inorganic hole transport materials. Inorganic
p-type semiconductor materials, such as NiO, Cul, CuSCN,
and graphene oxide are also taken as HTLs in inverted pla-
nar PSCs.['8211 Among them, NiO, has suitable work func-
tion, natural stability, and great energy level matching, which
is widely used in the devices.[?>23]

However, NiO has a low intrinsic conductivity, which will
cause holes to accumulate at the NiO,/perovskite interface and
to reduce hole extraction ability, so as to reduce the open cir-
cuit voltage (V) and efficiency of devices.[**! Researchers
are actively looking for strategies to improve the optical and
electrical properties of NiO, thin film. Doping can effec-
tively improve conductivity of NiO, films and adjust energy
band position to well match with the energy levels. Dopants,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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such as Sr, Cu, Li, and Co2%25-27] have been used to enhance
charge transfer performance in NiO, HTLs. However, dop-
ing not only greatly increases concentration of free carriers,
but also brings lattice distortion and introduces new impurity
levels, which will enlarge the possibility of carrier recombi-
nation. Therefore, doping is not always conducive to hole
extraction at the interface of NiO, and perovskite. Film sur-
face modification!?®=3!! or various advanced film deposition
methods?>-3%! can be used to relieve charge recombination at
charge transfer layer (CTL)/perovskite interface.

Our group previously proposed an ingenious strategy
both to enhance the hole transport ability and to suppress
charge recombination at CTL/perovsktie interfaces with a p—
p" homojunction based on Cu doped NiO, and Li doped
NiO,.37-38] We found that other element doping such as Sr can
also significantly increase the carrier concentration of NiO,
films. In this work, we further construct a NiO,/Sr:NiO, bi-
layer HTL to study its influence on interface carrier trans-
port. We prepared an inverted planar PSC with a struc-
ture of FTO/Sr:NiO,/NiO,/perovskite/PCBM/BCP/Ag, show-
ing an enhanced hole extraction ability and energy level
matching because of the NiO,/Sr:NiO, bilayer HTL. In this
device, Sr-doped NiO, thin film has no direct contact with the
perovskite layer. As a result, we obtain an improved PCE of
18.44% and a fill factor of 0.80 based on the bialyer HTL,
which is much higher than that using Sr:NiO, (16.89%) or
NiOy (15.69%).

2. Experiment
2.1. Preparation of the HTL

FTO glass (Nippon Sheet Glass) was first cut into a size
of 19 mmx19 mm. The glasses was put in a glass washing
rack, and washed by deionized water with dishwashing deter-
gent, deionized water, ethanol, isopropanol, and ethanol in se-
quence, under ultrasonic for half an hour. Next, a precursor so-
lution of nickel oxide was prepared, 0.727 g Ni(NO3),-6H,O
was dissolved in 5 mL of ethylene glycol solution, and then
0.15 g ethylenediamine was added. For Sr doped NiO;, ad-
ditional 0.04233 g Sr(NO3), (St/Ni ratio in the precursor so-
lution is 8%) was added. In order to eliminate the influence
of film thickness, we used the same two-step spin coating
method to prepare HTLs with three structures, including NiOy,
S1:NiOy, and NiO,/Sr:NiO,. The first layer was deposited by
spin-coating under 5000 rpm for 30 s, after heating at 120 °C
for 10 min, the second layer was deposited by the same proce-
dure. Finally, the film was annealed at 400 °C for 1 h.

2.2. Fabrication of solar cell

A ternary cation mixed perovskite film using MA (methy-
lammonium ion, CHj NH3+), FA (formamidine ion, HN=

CHNH3+ ) and Cs was prepared as the active layer. We took
0.0224 ¢ MABr, 0.1719 g FAI 0.5071 g Pbl,, and 0.0734 ¢
PbBr, and dissolved them in a mixed solvent (1 mL) with a
volume ratio of DMSO and DMF of 1:4. After two hours of
thorough mixing, 84 pL of CsI (1.5 mol/L, DMSO as sol-
vent) was added. The final formula ratio of perovskite is
CSO'l(MAO'12FAO.88)O'QPb(IO_QSBrO_OS):;. Then 60 },LL of filtered
perovskite precursor solution was dropped on the prepared
HTL film, spinning at 1000 rpm for 10 s, and then sped to
4000 rpm. After 8 s, 200 uL of ethyl acetate was quickly
dropped. The obtained perovskite film was then heated at
70 °C for 3 min, and 100 °C for 10 min. Next, 45 pL of
PCBM (25 mg/mL, chlorobenzene as solvent) was spin-coated
at 3000 rmp for 30 s to prepare the electron transport layer.
Subsequently, 45 pL. of BCP (0.5 mg/mL, ethanol as solvent)
was deposited on PCBM at 3000 rpm for 30 s. Finally, a vac-
uum thermal evaporation method was used to deposit 50 nm
silver to form metal electrode.

2.3. Characterization

We used x-ray diffraction (XRD, D8 Advance, Bruker),
energy-dispersive x-ray spectroscopy (EDS, XFlash QUAD
SVE6, Burker), x-ray photoelectron spectra (XPS, ES-
CALAB250Xi, Thermo Fisher), field emission scanning elec-
tron microscope (FESEM, SU8220, Hitachi) to observe the
crystal structure, element composition and distribution, film
morphology of NiO,-based HTLs and perovskite films. UV-
visible (UV-Vis spectrophotometer, Cary 300, Varian) was
used to test optical property of HTLs. The Hall effect mea-
surement (ezHEMS, NanoMagnetics) was used to demon-
strate the carrier properties of HTL. For the Fermi level and
valence-band edge of NiO, and Sr:NiO, films, we used an
ultraviolet photoelectron spectroscope (UPS, Thermo Fisher)
with a monochromatic He light source (21.21 eV) to cal-
culate them. Steady state photoluminescence spectra (PL,
FS5, Edinburgh) and transient time-resolved photolumines-
cence (TRPL, FLS980, Edinburgh) were recorded by spec-
trofluorometer. Electrochemical workstation (Keithley 2420
Source Meter) was selected to measure the photocurrent—
voltage (J-V) curves of inverted planar PSCs under solar il-
lumination (100 mW-cm~2, Oriel Sol 3 A, Newport) with
10 mV voltage steps and dwell time of 50 ms. The PSCs
were tested with an active area of 0.05 cm”. The light inten-
sity was calibrated by a standard Si-cell (Oriel Instrument).
HTL conductivity was evaluated by /-V curves of NiOy films
directly vaporized by silver at the same electrochemical work-
station. The dark -V curves (SCLC) were noted from 0 V
to 3 V with 10 mV steps and dwell time of 10 ms (Keithley
2420 Source Meter). We used a power source (Newport 300W
Xenon lamp, 66902) with a monochromator (Newport Corner-
stone 260) and a power meter (Newport 2936-C) to measure
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incident photon to current conversion efficiency (IPCE). Elec-
trochemical impedance spectroscopy (EIS, CHI660E, CH In-
struments) was recorded under dark condition at a bias voltage
of 0.6 V from 100 kHz to 1 Hz with amplitude of 5 mV and
quiet time of 2 s.

3. Results and discussion

As shown in Fig. S1, the XRD results of NiO, films
with or without Sr doping indicate that doping process does
not change crystal phase of NiO,, nor does it produce other
Sr-containing compounds. We find that Sr are evenly dis-
tributed in the NiO, film, as shown in Fig. 1(a). Addition-
ally, Sr-doping does not evidently change the morphology of
NiOy-based films (Fig. 1(b) and Fig. S2), they all present a
dense morphology with some nanoparticles aggregation on the
surface, which is beneficial for deposition of the perovksite
layer. The similar morphology of NiO, substrates lead to in-
distinguishable phase structure difference of the deposited per-
ovksite films (Fig. S1b). The cross-sectional SEM image in
Fig. 1(b) clearly shows all the functional layers of the devices.
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XPS test was used to prove the valence state of Ni and the
doping state of Sr. In XPS survey of Sr:NiO,, we can find
a characteristic peak of Sr (Fig. S3), which proves the suc-
cessful incorporation of Sr in the NiO, film. In addition to
the characteristic peaks of Sr, Ni, O, the width scans spectrum
also show characteristic peaks of Na and Si, due to the special
composition of FTO glass. As shown in Figs. 1(c) and 1(d),
two different oxidation states of Ni’* and Ni** can be well
represented by the Gaussian function fitting the spectrum of
Ni 2p 3/2. The main peak at 852.89 eV and the shoulder peak
at 854.7 eV correspond to Ni’* and Ni*T, respectively. 3%40]
The ratio of simulated peak area of Ni** to Ni?* is 1.21, which
is significantly higher than that of pure NiO, film (1.01), the
higher ratio of Ni** to Ni?* indicates a larger hole concen-
tration in the film.[*!) This result is further demonstrated by
the Hall-effect measurement, as shown in Table S1, both NiO,
and Sr:NiO, films have p-type property, and the doped film
has a much higher charge mobility and carrier density.!*?! The
I-V curves of different HTLs also manifest the advantages of

doping process in the improvement of film electroconductivity
(Fig. S4).143]

9
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Fig. 1. (a) EDS-mapping spectrum of O, Ni, Sr in Sr:NiOy film. (b) SEM images of NiO,, Sr:NiO, and NiO,/Sr:NiO, films, and SEM
cross-section image of the device. XPS spectrum of Ni in (¢) NiO, and (d) Sr:NiO, films.

Energy level alignment of NiO,, Sr:NiO,, and perovskite
film (PVSK) is important for the analysis of carrier transport
from the perovskite active layer to the HTL, so we first used
the UV-vis absorption spectra and the UPS (Figs. S5 and S6) to
measure the energy level structure of all the functional layers.

Through UV-vis measurement, we found that the absorbance
of Sr:NiO, and pure NiO, HTL are similar (Fig. S5a), and
the calculated band gaps (E;) are also very close to each other
(Fig. S5b). This means that Sr doping does not change light
absorbance of the NiO, HTL. Figure S6 shows cut-off energy
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and valence band edge in NiOy, Sr:NiO, and perovskite thin-
film by UPS measurements, we can further calculate the Fermi
level and valence band maximum (VBM) of semiconductors.
The work function is the difference between the Fermi level
and the vacuum level, so the work function is defined as
¢ = 21.21 — Eyofr.**1 According to the formula, ¢ of NiO, is
5.15eV, ¢ of Sr:NiO, is 5.21 eV, and ¢ of PVSK is 5.12 eV.
The valence band edge is the difference between the Fermi
level and the VBM value, so the VBM values of NiO,, Sr:NiO,
and perovskite film are —6.00 eV, —6.02 eV, and —6.36 eV,
respectively. The energy level structure of hole transport lay-
ers and perovskite calculated from the relevant test results is
shown in Fig. 2(a). The results indicate that the Fermi en-
ergy level decreases with Sr doping. This is consistent with
the semiconductor doping law and previously report.[??! We
also notice that the Fermi energy level of NiO, is 0.06 eV
higher than Sr:NiO,, after contacting of these two films, band
bending at the interface will happen and the bending direction
is shown in Fig. 2(b), which is helpful for transportation of
holes. Moreover, based on the same band bending rules, the
photogenerated holes in the perovskite films could also be ef-
fectively extracted by the NiO, film. Compared to the single
layer HTL, the NiO,/Sr:NiO, bilayer HTL could produce an
additional driving force for hole transport, which may accel-
erate carrier transport and inhibit interface recombination at
HTL/PVSK.

_J" v Fermi (—5.15 eV)

Fermi (—5.21 eV) Fermi (—5.12 eV)

VBM (=6.00 eV)
l VBM (—6.02 eV) IAVBM =0.02 eV

(b)
CBM[ Sr:NiO | N
NiO
o 1\
VBMl ()oo
@ hole

Fig. 2. Energy level structure of HTLs and perovskite film (a) before
and (b) after contacting, and the transport of photogenerated holes in
different films.

The J-V curves of PSCs based on different HTLs are pre-

sented in Fig. 3, and the corresponding photovoltaic parame-
ters are listed in Table 1. The device using the NiO,/Sr:NiO,
bilayer HTL shows the best performance, exhibiting a PCE
of 18.44%, a V,. of 1.01 V, a short circuit current density
(Jso) of 22.81 mA-cm~2, and a fill factor (FF) of 0.80. Com-
pared to the devices employing single layer HTLs, the device
based on the bilayer HTL has evident advantages in all pho-
tovoltaic parameters. The result demonstrates that the bilayer
HTL could realize our expectations that proper design of en-
ergy level alignment in HTL is useful to improve charge trans-
fer and to decrease carrier recombination. Under the driving
force of electric field generated in the bilayer HTL, the hole
transport efficiency could be greatly improved. Additionally,
we find that the device based on the single-layer Sr-doped
NiO, HTL could enhance the performance compared to the
one using the NiO, HTL, especially on the parameters of Jy
and FF because of the better conductivity of the doped film.
However, its V. does not increase obviously, which should
be ascribed to some additional defects in the Sr:NiO, film in-
troduced by the doping process, these defects would play as
carrier recombination sites at HTL/perovskite interface. In re-
gard to the NiO,/Sr:NiO, bilayer HTL, the doped film does
not directly contact with the perovskite layer, so no additional
defects are introduced to the interface. In Fig. 3(a), all the
three devices have negligible hysteresis, presenting the ad-
vantage of inverted PSCs. The IPCE and integrated Jy. are
shown in Fig. 3(b), the integrated J. data are close to the
values shown in the J-V curves. Figures 3(c) and S7 show
the statistic results of PCE, Jy, Vi, and FF, respectively. We
find that the bilayer HTL presents apparent advantage in PCE,
Jsc, and FF with higher average values and narrow distribu-
tion, compared to the other two HTLs. Figure 3(d) shows
the great working stability of the best performance PSC us-
ing NiO,/Sr:NiO, HTL without encapsulation, the PCE main-
tains 89% after 192 h. The effect of Sr concentration in the
NiO,/Sr:NiO, bilayer HTL has been investigated, as shown in
Fig. S8 and Table S2. The ratio for St/Ni is closely related
to device performance. As the St/Ni increases from 0 to 8%,
photovoltaic performance enhances apparently because of the
improved electrical property of the Sr:NiO, film. However,
as the ratio of Sr/Ni reaches 10%, the device performance de-
creases slightly, which may be induced by the lattice disorder
as the over-doping process.

Table 1. Photovoltaic parameters of the champion inverted planar PSCs based on different HTLs.

HTL Scan direction Jee (mA-cm—2) Voe (V) FF PCE (%)
NiO Forward 20.69 0.97 0.78 15.69
* Reverse 20.86 1.01 0.73 15.51
SENiO, Forward 21.98 0.97 0.79 16.89
Reverse 21.54 0.99 0.78 16.64
NiO,/St:NiO, Forward 22.81 1.01 0.80 18.44
Reverse 23.02 1.00 0.79 18.31
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Fig. 3. (a) The J-V curves of champion PSCs based on different HTLs under reverse and forward scans. (b) IPCE spectrum and integrated Jg.
(c) Statistic results of PCE of the devices based on varied HTLs. (d) Normalized PCE as a function of time (hour) for best performance PSC

using the NiO,/Sr:NiO, HTL without encapsulation.

In order to understand carrier dynamics at interfaces, the
film was tested by steady-state photoluminescence (PL). We
prepared the samples with the structure of FTO/HTL/PVSK,
using the same preparation method as the solar cells. We
find that the emission peak of the Sr:NiO,-based film has
an overall decrease compared to the emission peak of NiO,-
based one, as shown in Fig. 3(a). This decrease may be in-
duced by the better carrier extraction of Sr:NiO, from the per-
ovskite film as its enhanced conductivity, but it could also orig-
inate from the increased non-radiative carrier recombination
as the introduction of additional defects in the Sr:NiO, film.
However, the emission peak decrease of the NiO,/Sr:NiO,-
based film should be induced by the enhanced charge trans-
port and inhibits carrier recombination at the HTL/perovskite
interface, because it is NiO, but not Sr:NiO, that directly con-
tacts with the perovskite film.[*>! Time-resolved photolumi-
nescence spectroscopy (TRPL) is further used to study the
charge carrier transport, the curves in Fig. 4(b) can be fitted
with the equation

n(t) :Alexp(—t/ﬁ)+Azexp(—t/72), (1)

where 7; and 7, are the life parameters of fast decay and
slow decay, respectively. The fast decay process should be
attributed to charge transfer at HTL/perovskite interface, and
the slow decay should be ascribed to bimolecular radiative

n.[*01 We summarized the life parameters of the

recombinatio:
devices based on varied HTLs in Table 2. For comparison of

71, we know that the value of NiO,/Sr:NiO,-based film is the

shortest. A short 7; value represents effective hole extraction
at the HTL/PVSK layer. [47] Tn addition, the values of T, are all
above 400 ns, indicating the low level of defects in perovskite
films and a slow carrier radiative recombination velocity.

Table 2. Parameters of the TRPL lifetime from fitting curves of the
measurements.

HTL Ay (%) 71 (ns) Ay (%) 7, (ns)
NiO, 1.05 14.41 98.95 562.29
Sr:NiOy 0.95 3.53 99.05 549.33
NiO,/Sr:NiOy 2.92 1.96 97.08 428.41

In order to determine the effect of Sr doping on the den-
sity of defect states in NiO, films, a dark current—voltage (I-
V) test was performed using the space charge limited current
(SCLC) model, as shown in Fig. 4(c). We can see that the first
half of the linear relationship is in the ohmic region. When
the applied voltage exceeds a certain value, the current in-
creases rapidly. The value of the inflection point is named
as the trap filled limit voltage (Vrrr).[*8! Obviously, Vg, of
the NiO,/Sr:NiO, film is 0.735 V, which is lower than those
of both NiO, and Sr:NiO,, indicating a lower density of de-
fect states. The low Vrgp originates from the improved charge
transfer process at HTL/perovskite interface. Moreover, the
recombination mechanism is further studied by measuring the
ideal factor associated with a specific recombination charac-
teristic as a function of V.. Figure 4(d) shows the depen-
dence of light intensity on V... The curve is approximately
fitted as a linear function curve. The ideal factors of the de-
vices based on NiO,, Sr:NiO,, and NiO,/Sr:NiO, are 1.64,
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1.48, and 1.31, respectively. The ideality factor closer to 1 in-
dicates a lower single-molecule Shockley—Read—Hall (SRH)
recombination. This result is consistent with the increased
FF values by introducing the bilayer HTL, induced by the en-
hanced charge extraction and decreased carrier recombination
at HTL/perovskite interface.!**! Furthermore, EIS delivers car-
riers transferring and recombination behaviors, as shown in
Fig. 4(e).
The transport resistance Ry, series resistance R, and the re-

Parameters fitted are summarized in Table S3.

combination resistance Ry at the interface of PVSK/HTLs
are displayed.[*’! It can be observed clearly that Ry of the
NiO,/Sr:NiO, based device increases to 77428 Q, which is
much higher than the others. Compared with the control de-
vice, Ry and Ry do not change significantly based on different
HTLs. This indicates that NiO,/Sr:NiO, homojunction HTL
devices restrain the recombination at the interface and acceler-
ate the transfer of charge carriers,*8 EIS results are in accor-
dance with the other measurements stated above.

(a) — SNli;O (b) NiO,
— Sr:NiO, N
— NiO,/Sr:NiO, ] St:NiO;
S IS NiO,/Sr:NiO,
= B — Fitting curves
o =
g 2
& g
= .
E A~ M S
700 750 200 350 200 400 600 800 1000
Wavelength (nm) Time (ns)
c
() - NiO,, VrrL =0.996 V / (d) 110t o2
10—4F - Sr:NiO, "'t]‘]:y =0.908 V 1.05F
- NiO,/Sr:NiO,  Vipp =0.735 V
— —~ 1.00
< 10-5¢ > l.;ﬂllﬂ;T/([
- g 0.95F
=) N L)
® —6L 3. 7 .
2 107°F 0.90F 1.48k5T/q e NiO,
= Q o Sr:NiO,
© 0.85F 1.64kpT/q o NiO,/Sr:NiO,
10-7F — NiO,-fitting
0.80F —— Sr:NiO,-fitting
s —— NiO,/Sr:NiO,-fitting
10 0.01 0.1 1 0.75 10 100
Voltage (V) Light intensity (mW-cm~2)
7
© "Heys nio, R CPE1 CPE2
6F « seNio,
r ¢ NiO,/Sr:NiO, Rix Ryee
~ 5 NiO,-fitting
S: [ Sr:NiO,-fitting
S 4f  — NiO,/Sr:NiO,fitting
N3 .
L LE .
00 2 4 6 8
7' (10* Q)

Fig. 4. (a) Steady-state photoluminescence (PL) spectra, and (b) transient time-resolved photoluminescence spectrum of FTO/HTL/perovskite.
(c) Dark I-V curves of the HTL-only devices. (d) Light intensity dependent V, for inverted planar PSCs based on different HTLs. (e) Nyquist

plots of devices based on different HTLs under a bias of 0.6 V.

4. Conclusion

The bilayer hole transport layer we constructed for in-
verted planar PSC is composed of NiO,/Sr:NiO,. Sr doping
significantly increases the ratio of Ni**/Ni’>* in the Sr:NiO,
film, thereby increasing its charge transfer property. The

Fermi level of Sr:NiO, decreases compared to NiO, and the

band direction after contacting with NiO, could produce a
driving force for holes extracting and reduce the recombina-
tion at the interface between the perovskite and HTL layers.
Based on this bilayer strategy, we obtain an inverted planar
PSC with PCE of 18.44%, Ji. of 22.81 mA-cm~2 and FF of
0.80, higher than the ones using NiOy or Sr:NiO,. This strat-
egy provides a new idea for the future design of novel hole
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transport layers, which is effective to make high performance

solar cells.
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