
Communication

1703879  (1 of 9) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Critical Role of Interface and Crystallinity on the 
Performance and Photostability of Perovskite Solar Cell 
on Nickel Oxide

Wanyi Nie,* Hsinhan Tsai, Jean-Christophe Blancon, Fangze Liu, Costas C. Stoumpos, 
Boubacar Traore, Mikael Kepenekian, Olivier Durand, Claudine Katan, Sergei Tretiak, 
Jared Crochet, Pulickel M. Ajayan, Mercouri G. Kanatzidis, Jacky Even,  
and Aditya D. Mohite*

DOI: 10.1002/adma.201703879

Among all the solution-processed thin-
film optoelectronic material technolo-
gies investigated over the past 2 decades, 
organic–inorganic (or hybrid) methylam-
monium lead tri-iodide (MAPbI3) perovs-
kites have emerged as clear front-runners 
with proof-of-concept high performance 
devices demonstrated for a broad range 
of applications.[1–8] The MAPbI3-based 
photovoltaic devices have demonstrated 
constantly increasing power conversion 
efficiency (PCE), which now exceeds 
22%[9,10] and is steadily approaching that 
of single-junction monocrystalline Silicon 
(c-Si) solar cells. Although the record for 
the highest efficiency perovskite solar 
cell was achieved using a mesoporous 
titania (TiO2)-based architecture,[10–12] 
photovoltaic devices employing a simple 
planar architecture are closing in with the 
highest reported efficiency of 20%.[6,13,14] 
Great efforts have been put forth for 

Hybrid perovskites are on a trajectory toward realizing the most efficient 
single-junction, solution-processed photovoltaic devices. However, a critical 
issue is the limited understanding of the correlation between the degree of 
crystallinity and the emergent perovskite/hole (or electron) transport layer 
on device performance and photostability. Here, the controlled growth of 
hybrid perovskites on nickel oxide (NiO) is shown, resulting in the formation 
of thin films with enhanced crystallinity with characteristic peak width and 
splitting reminiscent of the tetragonal phase in single crystals. Photophysical 
and interface sensitive measurements reveal a reduced trap density at the 
perovskite/NiO interface in comparison with perovskites grown on poly(3,4-
ethylene dioxy thiophene) polystyrene sulfonate. Photovoltaic cells exhibit 
a high open circuit voltage (1.12 V), indicating a near-ideal energy band 
alignment. Moreover, photostability of photovoltaic devices up to 10-Suns 
is observed, which is a direct result of the superior crystallinity of perovskite 
thin films on NiO. These results elucidate the critical role of the quality of the 
perovskite/hole transport layer interface in rendering high-performance and 
photostable optoelectronic devices.

Perovskite Solar Cells

Dr. W. Nie, H. Tsai, Dr. J.-C. Blancon, Dr. F. Liu, Dr. A. D. Mohite
Materials Physics and Application
Los Alamos National Laboratory
Los Alamos, NM 87545, USA
E-mail: wanyi@lanl.gov; amohite@lanl.gov
H. Tsai, Prof. P. M. Ajayan
Materials Science and Nano-engineering
Rice University
Houston, TX 77005, USA
Dr. C. C. Stoumpos, Prof. M. G. Kanatzidis
Department of Chemistry
Department of Materials Science and Engineering
Northwestern University
Evanston, IL 60208, USA
Dr. B. Traore, Dr. M. Kepenekian, Dr. C. Katan
Institut des Sciences Chimiques de Rennes
ISCR UMR 6226
CNRS
Université de Rennes 1
Rennes 35042, France

Prof. O. Durand, Prof. J. Even
Fonctions Optiques pour les Technologies de l’Information
FOTON UMR 6082
CNRS
INSA de Rennes
Rennes 35708, France
Dr. S. Tretiak
Theoretical Chemistry and Molecular Physics Division
Los Alamos National Laboratory
Los Alamos, NM 87545, USA
Dr. J. Crochet
Physical Chemistry and Applied Spectroscopy Division
Los Alamos National Laboratory
Los Alamos, NM 87545, USA

Adv. Mater. 2018, 30, 1703879



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1703879  (2 of 9)

www.advmat.dewww.advancedsciencenews.com

achieving highly efficient planar solar cells by exploring for 
potential ideal contact layers.[15] In addition, it is now real-
ized that the next steps in advancing hybrid perovskite-based 
materials toward a viable photovoltaic technology will require 
simultaneously improving both the overall efficiency and also 
intrinsic stability. Therefore, optimal selection of electron and 
hole transport layers (HTLs) will require close consideration 
such that they not only boost the efficiency but also impart sta-
bility against constant full-spectrum solar irradiation and envi-
ronmental effects. Moreover, there is also a stronger consensus 
that effects, such as hysteresis,[16–18] ion migration[19–23] and 
structural instability[24,25] with light soaking are strongly corre-
lated to the degree of crystallinity of the hybrid perovskite thin 
films, grain boundaries, and interface passivation.[20,21,25–30]

There have been a few encouraging reports on using metal 
oxides as electron and hole transport layers, while improving 
the charge transport properties in devices, those oxides were 
found to act as protective barriers against the environment.[31–35] 
For instance, Han and co-workers showed that using modified 
compact TiO2 as the electron transport layer (ETL) and nickel 
oxide (NiOx) as the HTL resulted in much improved stability 
for devices when encapsulated with glass.[36] More recently, 
You et al. showed that using NiOx as an HTL can lead to much 
improved stability against water and oxygen when the devices 
were stored in the dark.[35] Kim et al. reported similar results, 
where Cu doped NiOx resulted in improved stability for devices 
stored in the dark.[37] These reports demonstrate the poten-
tial of metal oxide films as charge transport layers for high 
performance photovoltaics that improve protection from the  
environmental conditions. However, several fundamental ques-
tions remain unanswered. For example, there have been no 
studies investigating the role of crystallinity, structure, and the 
resulting interface quality of MAPbI3 thin films grown on top 
of metal oxide layers, which are critical for both performance 
and stability. Moreover, in most cases, the environmental sta-
bility was evaluated by storing the devices in the dark without 
constant light soaking. There have been several studies which 
have now suggested that constant light soaking is critical for 
evaluating device stability during operation and cause severe 
photodegradation due to local phase segregation[25] or electronic 
trap states or vacancy formation.[28,37–40] In fact, in our recent 
work,[41] using the poly(3,4-ethylene dioxy thiophene) polysty-
rene sulfonate (PEDOT:PSS)-based planar photovoltaic devices, 
we showed that constant light soaking with calibrated 1-Sun 
light source triggers reversible photocurrent degradation within 
an hour and due to formation of light-activated trap states that 
are initialized at the interface between the perovskite/HTL or at 
defects within the bulk film.[42,43]

Here, we demonstrate that perovskite thin films grown 
on Li-doped NiO (LiNiO) by hot-casting method[44,45] exhibit 
enhanced crystallinity and structural ordering reminiscent of 
single crystalline perovskites. In-depth analyses on crystallog-
raphy and film morphology studies reveal the formation of a 
highly crystalline and characteristic peak splitting indicative of 
a stabilized tetragonal phase of MAPbI3 unique to single crys-
talline perovskites with comparable Bragg peak broadenings. 
We show that the overall quality of the perovskite film on LiNiO 
and the emergent interface is strongly correlated to the obser-
vation of reproducible, hysteresis free, high-efficiency devices 

with an average efficiency of ≈17% (active area 0.5 cm2) mainly 
arising from a substantial enhancement in the average VOC 
from ≈0.9 to ≈1.10 V. Extensive spectroscopy and device char-
acterization reveals the suppression of the nonradiative decay 
through deep-level traps and improved transport of charge 
carriers through the bulk and the interfacial contacts. A direct 
implication of enhanced crystallinity and reduced interface trap 
density is the suppression of the photodegradation process 
usually observed with device using PEDOT:PSS as HTL[41] or 
less crystalline thin films on LiNiO (using room temperature 
casting method with postannealing), thus imparting the much-
desired intrinsic photostability under continuous light soaking 
and up to 10-Suns without UV filter.

Figure 1 illustrates the thin-film morphology and crystallinity 
of MAPbI3 thin film (310–370 nm in thickness) grown on top 
of LiNiO layer by hot-casting method (see Experimental Section 
for preparation details) using scanning electron microscopy 
(SEM) and grazing incidence X-ray diffraction (GIXRD). As a 
comparison, we also deposit MAPbI3 on top of PEDOT:PSS 
(40 nm) under identical casting conditions with comparable 
perovskite film thicknesses of ≈310–370 nm determined using 
thin-film profilometry and cross-sectional SEM image as illus-
trated in Figure 1b. We emphasize that in contrast to other 
methods for the growth of perovskite thin films, the hot-cast 
MAPbI3 on the substrates (both LiNiO and PEDOT:PSS) forms 
a bulk-like thin film with no apparent grain boundaries tra-
versing through the film thickness and extends uniformly in 
the lateral direction, thus making it ideal for the fabrication of 
planar solar cells.

The crystallinity of the perovskite film was then character-
ized using GIXRD as illustrated in Figure 1c along with the 
spectrum for MAPbI3 grown on PEDOT:PSS surface under the 
same processing condition. As a reference, the single crystal 
MAPbI3 spectrum (taken from ref. [46]) is shown in Figure 1c 
(black curve) where the diffraction peaks can thus be identi-
fied. Deeper analysis of the GIXRD pattern and peak indexing 
reveals that GIXRD patterns can be identified and properly 
matched to peaks observed in single crystals of MAPbI3. In addi-
tion, various splitting for the typical peaks from the tetragonal 
phase, i.e., (112) and (200) or (004) and (220) as shown in the 
Figure 1c (right panels), clearly indicates the presence of a stabi-
lized tetragonal phase with enhanced crystallinity. In sharp con-
trast, the perovskite thin films fabricated on PEDOT:PSS only 
exhibit (100) and (200) peaks (cubic phase indexation) and do 
not exhibit these peak splitting between 20° and 27° consistent 
with previous observations using other thin-film processing 
methods[4,19,47] (see Figure S1 in the Supporting Information). 
To further examine the structure and crystalline quality, we 
performed a detailed 2D Grazing incidence wide angle X-ray 
scattering (GIWAXS)  analysis on MAPbI3 thin films grown on 
both PEDOT:PSS and LiNiO layers (see Figure S2a in the Sup-
porting Information), which is important for understanding 
the observed peak splitting. The main perovskite peaks can be 
labeled accordingly on the GIWAXS map consistent with the 
GIXRD spectrums in both of the cases, with typical peaks of the 
tetragonal phase in the case of LiNiO substrates only. We fur-
ther did a line-cut analysis in the main (110) peak (Figure S2b 
in the Supporting Information), the MAPbI3 grown on LiNiO 
shows a peak splitting while the one on PEDOT:PSS only show 

Adv. Mater. 2018, 30, 1703879



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1703879  (3 of 9)

www.advmat.dewww.advancedsciencenews.com

a merged broad peak. We note that typically in amorphous 
thin film the observed splitting of the peaks like in our case 
is absent because features are often masked due to inhomoge-
neous peak broadening and as a result most of the weak Bragg 
reflections disappear. We also conducted a detailed analysis on 

the diffraction peak full width at the half maximum (FWHM) 
from the GIXRD pattern in Figure 1c and are summarized in 
Figure 1d,e. For the case of MAPbI3 on PEDOT:PSS surface, 
the XRD peaks are broader for both of the (100) and (200) peaks 
(cubic phase indexation), thus making it challenging to resolve 
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Figure 1.  a,b) Cross-sectional view of hybrid perovskite thin film by hot-casting method on LiNiO and PEDOT:PSS coated substrates respectively;  
c) GIXRD pattern for MAPbI3 hot-cast thin-film on LiNiO as compared with on PEDOT:PSS substrates and single crystal diffraction pattern [taken from 
ref. [38] with indexing]. Right panels are zoomed in patterns in a specific 2θ range. The peaks labeled with * refer to MAPbCl3 phase and □ are PbI2 
phase, o are peaks from LiNiO substrates (see also GIWAXS line cuts in Figure S10, Supporting Information); d) zoom-in profiles for (100) and (200) 
peaks (on PDOT-PSS: labeled using the cubic phase indexation, while on LiNiO, the peaks are labeled using the tetragonal phase indexation) for line 
profile (integral breadths-IB) analysis with pseudo-Voigt fits taking into account K 1

λ α  and K 2
λ α wavelengths; e) IB analysis using Halder–Wagner 

plots, where β is the integral breadth of the diffraction peak and S is defined as 2sinS θ
λ= . f) Structure of the MAPbI3/NiO (100) model interface 

based on density functional theory (DFT) calculations. The structure shows Ni─I bonds at the interface region. For the colors, red for O, gray for Ni, 
purple for I, light blue for N, brown for C, and pink for H.
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the weaker reflections. The results of the integral breadths 
(IB) analysis with pseudo-Voigt fits[48,49] are illustrated in  
Figure 1e (the Methods section is described in Equations S1–S5  
and Figure S1 in the Supporting Information). From the 
peak analysis in Figure 1e, the correlation lengths are found 
equal to 48.5 nm for MAPbI3 hot-cast thin film on LiNiO and  
33.9 nm on PEDOT:PSS substrate. Error bars are estimated 
around 1 nm. More, an additional broadening is related to 
microstrain distribution in the case of PEDOT:PSS, whereas 
this distribution is negligible for LiNiO. It clearly implies that 
the thin-film MAPbI3 on LiNiO exhibits enhanced crystallinity 
by comparison to the sample grown on PEDOT:PSS. This 
observation is also consistent with the presence of peak split-
ting characteristic of the tetragonal phase.

Such enhancement in the crystalline quality of MAPbI3 
on LiNiO surface is likely due to the different surface nature 
of LiNiO surface as revealed by the atomic force microscopy 
images (Figure S5, Supporting Information) and contact angle 
measurement (Figure S6 in the Supporting Information). 
The results suggest that LiNiO has crystalline surface with 
multidomain that can assist the perovskite nucleation pro-
cess during film formation.[50,51] In contrast, the PEDOT:PSS 
surface exhibits amorphous feature which can impede crystal 
growth. Furthermore, the surface energy of LiNiO is higher 
than PEDOT:PSS surface as revealed by the contact angle meas-
urement. The LiNiO has higher contact angle when processing 
with the carrier solvent, leading to a “nonwetting” surface 
that can assist the crystal formation, which is consistent with 
literature report.[52] However, we notice that employing room 
temperature casting method to grow MAPbI3 on the LiNiO 

surface does not lead to highly crystalline thin film. This sug-
gests that both nucleation sites from the surface and processing 
energy are important during the crystalline film formation. 
Moreover, the good match between tetragonal MAPbI3 and 
LiNiO is further supported using first-principles computational 
modeling (see Figure 1f, Figure S7 and additional discussion in 
the Supporting Information).

Motivated by the superior crystallinity for the thin films of 
MAPbI3 grown on LiNiO, we fabricated photovoltaic devices 
to evaluate their optoelectronic properties. Figure 2 summa-
rizes the solar cell device structure and performance for the 
perovskite thin films on LiNiO as HTL. Figure 2a illustrates the 
scheme for the planar device structure used in this study (from 
now on referred to as LiNiO device) along with the energy level 
alignments of the different layers (Figure 2b) with respect to 
the perovskite film derived from previous measurements.[53,54] 
Here, the LiNiO was spin coated and then sintered (see Methods 
section in the Supporting Information for processing details), 
followed by hot casting a layer of MAPbI3 of 310 ± 20 nm using 
our recently published method.[41,44,55,56] 6,6-phenyl-C61-butyric 
acid methyl ester (PCBM) solution was spin coated on top of 
the hot cast MAPbI3 thin film to serve as the ETL layer and the 
device was completed by thermally evaporating aluminum as 
the cathode. Here, the pristine NiO was doped using Li+ as a 
dopant for improving in conductivity by substituting Ni2+ by Li+. 
We examined the crystalline structure with Li+ in the NiO thin 
film by GIXRD (in Figure S8 in the Supporting Information) 
and found the Li+ was incorporated into NiO lattice, possibly 
replacing the Ni2+ vacancy and thus increased the conduc-
tivity of the NiO film[57–59] measured by four-probe methods 
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Figure 2.  a) Scheme for planar device structure; b) energy diagram for each layers in the device; c) the current–density voltage scan for champion 
LiNiO device under 1-Sun illumination as compared to the PEDOT-based device (black dotted line). The hysteresis for LiNiO device is also tested by 
performing the forward scan (red) and reverse scan (blue) and the two curves overlay on top of each other. d) Histogram statistical curves for LiNiO 
device PCE (left) and VOC (right) over 50 device from different batches, e) EQE of the planner solar cell using LiNiO (solid line) and PEDOT (dashed 
line) as HTL, respectively. f) The light J–V curves under 1 Sun for a typical MAPbI3/LiNiO device at different voltage delay time (scan rate).
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(see Figure S8 in the Supporting Information). Figure 2c illus-
trates the photovoltaic performance obtained by measuring the 
current density–voltage curve (J–V) using an AM 1.5G solar 
simulator, calibrated using an NIST Silicon photodiode. For 
our champion LiNiO device, we obtained a VOC ∼ 1.12 V with a 
fill factor of 73.6 % and a short circuit current density (JSC) of  
21.79 mA cm−2, which resulted in a peak PCE of ≈18%. To elu-
cidate the role of lithium in the cell operation, we evaluated 
the film morphology of NiO without/with lithium doping and 
the perovskite film formation on those surfaces (results can be 
found in Figures S9–S10 in the Supporting Information). We 
found the perovskite thin film form similarly on both of the 
surface due to similar morphology of (Li)NiO surface. How-
ever, we found the power conversion efficiency is improved by 
about 40% from 11% ± 0.85% in NiO device to 17.43% ± 0.44% 
with lithium incorporated NiO device, and peaks at around 5% 
doping by atomic ratio. And such increase is found to be related 
with the enhanced conductivity of the NiO thin film, as dis-
cussed in Figures S11 and S12 in the Supporting Information.

Figure 2d shows the degree of reproducibility captured in a 
histogram of PCE yielding an average value of 17.0% and VOC 
of 1.1 V respectively for over 50 LiNiO devices with an active 

area of 0.5 cm2. Figure 2e illustrates the external quantum effi-
ciency (EQE) of a typical LiNiO device, which translates to a 
near equivalent short circuit current density (20.23 mA cm−2) 
with mismatch of ≈7%. The LiNiO devices exhibit negligible 
hysteresis in their J–V characteristics as shown in Figure 2f.

Next, we investigate photophysical properties in perovskite 
thin films grown on LiNiO and directly compare them with 
that on PEDOT:PSS. We characterize the optical properties of 
MAPbI3 film grown on LiNiO by photoluminescence (PL) and 
time-resolved PL (TRPL) using an excitation energy (wave-
length) of 1.80 eV (690 nm). We ensure that the PL signal and 
TRPL response before and after laser exposure as described  
in ref. [40] does not change appreciably to affect measurement 
and the derived conclusions (see detailed Methods section in 
the Supporting Information). The typical absorbance response 
for MAPbI3/LiNiO sample is plotted in Figure 3a, which is 
concomitant with the EQE measured in Figure 2e. The PL 
for MAPbI3 thin films both on LiNiO and PEDOT is shown 
in Figure 3a (measured without the electron transporting 
layer and Al back contact). The optical bandgaps obtained 
from both the absorption and photoluminescence yield  
1.614 ± 0.002 eV (768 ± 1 nm) for MAPbI3/LiNiO, as compared 
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Figure 3.  a) Optical absorbance for perovskite thin film devices (black). Photoluminescence of perovskite thin films on both LiNiO (red) and PEDOT:PSS 
(blue). Color code is kept for the other panels. b) Time-correlated single photon counting histograms of the PL (light colors) exciting at 1.80 eV (690 nm) 
under about 1-Sun light intensity and the recombination models (dark colors) for both samples. (inset) Schematic representation of the modeling of 
the dynamics of light emission (see text for details). γb is the bimolecular coefficient and γt the trap-assisted nonradiation relaxation rate. c) Bimolecular 
coefficient (top) and trap-assisted relaxation rate (bottom) as a function of photoexcitation intensity, derived from the fit of the data. The highlighted 
area represents the 1-Sun equivalent condition. Error bars do not include the maximum 10% error from the absorption. d) External photolumines-
cence efficiency as a function of excitation energy and detecting at 1.62 eV. e) TPV decay curve under white bias light with intensity equivalent to 1-Sun 
(100 mW cm−2) generated by LED with small red light perturbation. f) Charge recombination lifetime determined by TPV as a function of light intensity 
for LiNiO (red) and PEDOT (blue) as HTL.
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to 1.612 ± 0.002 eV (769 ± 1 nm) for PEDOT:PSS as HTL and 
the Stokes shift is negligible (<2 meV) in both cases indicating 
good homogeneity of the perovskite films. Similar value of the 
optical bandgap for both samples is indicative of the same stoi-
chiometric composition of perovskite as compared to the films 
on a glass substrate.[44]

To quantify the charge recombination processes in both sam-
ples, we performed TRPL on MAPbI3 grown on both of the sub-
strates, which monitors the decay of the nonequilibrium carrier 
density N (t) after photoexcitation and relaxation at bandedge as 
described in Figure 3b, inset. The TRPL data can then be well 
fitted using Equations (1) and (2)

N N Nb
2

t
 γ γ= − − 	 (1)

I N~ (from Figure 3b)PL
2

	 (2)

where γb is the bimolecular coefficient, which probes the rate 
of electron–hole recombination through the bandgap, and γt 
is the nonradiative decay rate through deep trap.[45] Based on 
this model, we therefore extracted the γb and γt values as a func-
tion of excitation intensity as shown in Figure 3c. From the 
results, it is clear that both perovskites films grown on LiNiO 
and PEDOT operate in a regime dominated by bimolecular 
recombination– the bimolecular coefficients γb are comparable 
(Figure 3c, top panel), of the order of 1.5 × 10−9 cm3 s−1 at solar-
equivalent photoexcitation intensity (around 100 mW cm−2 
as highlighted in the figure). However, an important finding 
is that we observe a significant reduction of the nonradiative 
decay rate γt in the case of MAPbI3/LiNiO (Figure 3c, bottom 
panel) in comparison to MAPbI3/PEDOT:PSS samples at low 
powers. This difference reaches almost one order of magnitude 
at light intensity equivalent to 1-Sun. The TRPL results indicate 
that in the operation regime of solar cells, shallow electronic 
impurity states are passivated, photoexcited carriers undergo a 
bimolecular recombination process as the main recombination 
pathway.[45] However, in the case of LiNiO device, photoexcited 
free carriers have a much lower probability to be quenched by 
the deeper electronic impurities (Figure 3b,c) in comparison to 
the PEDOT:PSS device, especially close to the solar cell opera-
tion (≈100 mW cm−2, highlighted in Figure 3c). We attribute 
such reduced trap assisted recombination to be due to both 
superior thin-film crystallinity of MAPbI3 grown on LiNiO and 
the superior quality of the resulting interface possibly due to 
the passivation effect from the LiNiO interface. Deep level traps 
are well known to contribute to the overall trap density (bulk 
and interface) significantly as measured using capacitance and 
impedance spectroscopy. However, for the MAPbI3 is grown on 
LiNiO, these trap states are passivated and thus suppress the 
nonradiative recombination pathways as revealed using time-
resolved photoluminescence experiments described in Figure 3  
and in good agreement with the impedance measurement  
(Figures S13 and S14 in the Supporting Information).

To further understand the origin of the increase in the VOC, 
we also examine the photoemission properties of the perovskite 
thin films, in particular, the internal quantum efficiency (ηint), 
and the external quantum efficiency (ηext). Figure 3d shows 
the relative ηext, i.e., the ratio between the photoluminescence 
intensity and the absorption, as a function of excitation laser 

energy (see also Methods section in the Supporting Informa-
tion). ηext yields a nearly fourfold increase for MAPbI3 on 
LiNiO as compared to the MAPbI3 grown on PEDOT. Owing 
to the reciprocity relationship between open-circuit voltage and 
external PL efficiency[47] described by Equation (3)

V V kT lnOC OC, ideal extη( )= −
	

(3)

an increase of ηext does contribute to the increase of VOC 
coming from both lowered trap density and fast charge transfer 
rate. However, a three- to fourfold increase in ηext corresponds 
to a relatively modest contribution to the rise in VOC (≈40 meV) 
as compared to about 200 meV in solar cells. This suggest that 
the main contribution to the VOC increase in devices with LiNiO 
as HTL as compared to their PEDOT counterparts, results from 
a superior quality of the interface with decrease of interface 
deep-trap states, and better band alignment of the LiNiO Fermi 
level with the valence band of the perovskites (Figure 2b) (see 
Figure S15, Supporting Information for detailed discussions).

In summary, our observations in PL and device characteri-
zations support the hypothesis of a smaller density of deep 
electronic impurities in the bulk and at the perovskite/LiNiO 
interface. We emphasize from our observations that both the 
work function alignment with MAPbI3 and the quality of the 
MAPbI3 thin film (reduced trap-assisted recombination) play a 
dominant role, which manifests as a large increase in the open 
circuit voltage.

Next to explicitly evaluate the quality of the perovskite/HTL 
interface, we performed transient photovoltage decay (TPV) 
measurements (Figure 3e,f), which gives the rate of recombi-
nation of the photoexcited charge at the semiconductor/con-
tact interface during device operation condition. This method 
has been previously applied to directly prove the quality of the 
interface in hybrid perovskites and other material systems.[59,60] 
At open circuit condition, no charges are collected in the outer 
circuit; the photoexcited excess carriers (minority carrier) gener-
ated by the small perturbation under equilibrium charge den-
sity produced by white light first reaches the electrode and then 
recombine near one of the contact interfaces when the light 
pulse is off, which is observed as a decay in photovoltage.[61] 
The lifetime fitted from the decay curve is proportional to the 
rate of charge recombination near the interface under open 
circuit condition. Figure 3e shows a typical TPV decay curve 
under white light bias for both LiNiO and PEDOT:PSS as HTL. 
All the curves can be fitted well with a single exponential decay 
indicating that bimolecular recombination is the dominant 
process during device operation in both of the devices. This 
is in agreement with the pure bimolecular process reported 
above by optical spectroscopy in thin films. We further meas-
ured the decay curve as a function of background white light 
bias intensity. The fitted effective-lifetime values are shown in 
Figure 3f. As anticipated, the lifetime values for both of the 
devices decreases with raising light intensity due to increase 
in the density of photogenerated carriers.[62] By comparing the 
two devices, for all the light intensities, the LiNiO device has 
longer recombination lifetime under open circuit condition 
ranging from 3 µs at 100 mW cm−2 to 100 µs at 10 mW cm−2.  
In contrast, the PEDOT:PSS-based device has a much shorter 
lifetime in the range of 1–50 µs in the same measurement 
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range. Because the device is fully depleted as revealed using 
capacitance-voltage measurement, (see Figure S14c in the Sup-
porting Information), the majority charge is localized near the 
MAPbI3/contact interface, where carrier recombination is spa-
tially most dominant. Therefore, the TPV describes the charge 
recombination through the internal resistor across the two elec-
trodes of the device, the recombination lifetime is thus domi-
nated by the surface recombination.[61] The longer lifetimes 
in LiNiO device therefore indicate a lower recombination rate 
compared to the PEDOT:PSS device, which arises from the 
reduced trap-assisted recombination near that interface. The 
result is consistent with capacitance measurements, which also 
imply a relatively reduced interface trap density in the case of 
perovskite/LiNiO. The reduced trap-assisted recombination 
and longer electron lifetime therefore allow the photoexcited 
charges to be extracted more efficiently before they recombine 
during device operation, which manifests as a higher open cir-
cuit voltage.

Finally, in order to evaluate the role of enhanced bulk and 
interface crystallinity on photostability, we performed meas-
urements with continuous light soaking with a full spectrum 
with air mass 1.5 Global (AM 1.5G) filter of the perovskite solar 
cells with LiNiO and compared them to those fabricated using 
PEDOT:PSS. We recorded the device performance as a function 
of illumination time and light power as illustrated in Figure 4. 
We first look at the VOC and observe that both the devices do 
not degrade over time with light soaking (see Figure S16 in the 

Supporting Information). However, for the PEDOT:PSS-based 
devices, there is a significant increase from 0.79 to 0.95 V in 
the VOC over the first 30 min of light soaking, which has been 
previously attributed to an initial trap filling.[63] In contrast, 
such trap-filling process is not observed in the LiNiO device 
and it reaches ≈1.1 V almost instantaneously with illumina-
tion and thereafter remains flat over the testing period (2 h), 
which clearly indicates that the defects at the perovskite/LiNiO 
are appreciably lower. Next, we monitor the changes in the JSC 
under constant illumination, as illustrated in Figure 4a. The 
LiNiO device exhibits excellent stability over 10 h constant 
1-Sun illumination without additional UV filters. To further 
evaluate the photocurrent stability, we performed accelerated 
test by monitoring the JSC under various light intensities (1-Sun 
to 10-Suns illumination), as shown in Figure 4b. The MAPbI3/
LiNiO device shows a stable current output for up to 10-Suns 
illumination during the testing period. The degradation only 
sets in after an hour of light soaking at an order of magnitude 
higher intensities of 10-Suns, most likely due to an increase in 
temperature[41,45] of the solar cell.

We recall that the photodegradation in the JSC was attributed 
to the formation of light-activated metastable trap states (small 
polarons[64]) and their accumulation in the perovskite layer over 
several minutes to hours, resulting in a slow decrease of photo-
current over time under 1-Sun illumination condition.[40] These 
light-activated trap states appear as deep-level traps formed 
by a nonradiative relaxation of photoexcited carriers, leading 
to the degradation of photocurrent in devices with PEDOT 
(Figure 4a,b). They act like “seeds” that with continuous light 
soaking over time lead to the accumulation of trap states and 
formation of charged regions, and such degradation process is 
strongly illumination power dependent. In the case of growing 
highly crystalline MAPbI3 on LiNiO, such threshold has been 
pushed much further down in time when illuminating under 
1-Sun. And for higher power illumination, the LiNiO device 
also exhibits much more robust performance up to 10-Suns 
light power. These experiments indeed proved that the highly 
crystalline MAPbI3 and improved interface greatly hinder those 
metastable trap states formation and thus leading to photo-
stable output. Through this work, we show that improving 
the crystalline quality of the MAPbI3 material and emergent 
interface leads to a strong suppression of the deep level defects 
and leads to much improved charge carrier transport in the 
bulk and through the interfaces. Altogether, this constitutes an 
important step toward achieving photostable perovskite thin 
films not just for photovoltaics but for any conceivable optoelec-
tronic devices.

In this study, we report efficient, hysteresis-free, and photo-
stable hybrid perovskite solar cells enabled by growing highly 
crystalline MAPbI3 layer using hot-casting method on lithium-
doped NiO surface. We evaluated the MAPbI3 crystalline struc-
ture by GIXRD and microscopy and found a stable tetragonal 
phase perovskite can be formed on LiNiO. Direct correlations 
between the degree of crystallinity of perovskite film and 
improved electronic properties of devices are elucidated via 
systematic investigations using crystallography, DFT, spectros-
copy, and device characterizations. In particular, increased VOC 
in LiNiO devices are found to be directly related with better 
interface energy level alignment, suppressed trap-assisted 
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Figure 4.  Device stability test under constant illumination with a full 
spectrum AM1.5G source and under various light intensity. a) Time evo-
lution of the JSC under short circuit condition with AM 1.5G under 1-Sun 
illumination on PEDOT:PSS and LiNiO devices. c) JSC time evolution of 
MAPbI3/LiNiO device growing by hot-casting method under different 
light intensities.
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recombination in the bulk and at the interfacial contacts. More-
over, such devices represent excellent photostability under con-
tinuous light soaking when exposed to simulated sunlight (AM 
1.5G source with no UV filters) and can withstand up to 5-Suns 
of light intensity. This is a consequence of high degree of thin 
film crystallinity and clean interface with reduced trap density 
on LiNiO surface. As conclusion, we found the structure–prop-
erty relationships play a crucial role for achieving photostable, 
reliable high efficiency perovskite-based thin-film optoelec-
tronic devices. We anticipate that this work will lead to further 
efforts on improving the thin-film crystallinity as well as inter-
face qualities, and as a result, the overall physical properties. 
This shall progressively push the field of hybrid perovskites 
toward the realization of technologically viable stability.

Experimental Section
LiNiO Solution Preparation: LiNiO solution was prepared according 

to literature, by dissolving 0.1 m nickel (II) acetate tetrahydrate 
(99.998%, Sigma-Aldrich) in absolute ethanol (Sigma-Aldrich) with 
monoethanolamine (MEA). The molar ratio of Ni2+ and MEA was kept 
to be 1:1. After the solution was stirred at 60 °C for 1 h, a clear and 
deep green solution was formed. The lithium nitrate was added at  
X molar% (X = 0, 2, 5, 10, and 20) was added as Li+ source to improve 
the conductivity of the NiO film.

Perovskite Solution: The MAPbI3 precursor was prepared by dissolving 
lead iodide (PbI2) and methylammonium iodide (99.8% Sigma-Aldrich) 
and methylammonium chloride (molar ratio = 1:0.5:0.5) in anhydrous N, 
N-dimethylformamide with molar concentration of 0.43 m. The prepared 
solution was stirred for at least 24 h at 70 °C before using.

Device Fabrication: The patterned fluorine-doped tin oxide (FTO, Thin 
Film Device Inc) slides were first cleaned in ultrasonication bath in water, 
acetone, and isopropyl alcohol for 15 min, respectively. The substrates 
were then dried under nitrogen air flow followed by 30 min baking on 
hot plate in air for 30 min. The dried substrates were treated by oxygen 
plasma for 3 min before coating. The stock solution of LiNiO precursor 
or PEDOT:PSS (Clevis 4083) was coated by spin coating at 3000 and 
5000 rpm respectively for 40 s to serve as hole transporting layer (HTL). 
The substrates were dried at 150 °C for 20 min in the air. The LiNiO/
FTO substrates were then taken into a tube furnace for 450 °C sintering 
in ambient condition. The coated substrates were then transferred into 
an argon-filled glovebox for perovskite and top contact deposition. The 
MAPbI3 layers were produced by hot-casting method, where the LiNiO 
or PEDOT:PSS coated substrates were first heated at 150 °C and then 
quickly transferred to the spin coater chunk and spinning process was 
started immediately after dropping the precursor on the substrates 
at 5000 rpm without ramping for 20 s. The film color changed from 
transparent to dark brown almost instantaneously after solvent escaped. 
The obtained MAPbI3 on HTL/FTO substrates were then loaded into 
a vacuum chamber for aluminum deposition after coating by PCBM 
solution as electron transporting layer.

Solar Cell Characterization: The solar cells were characterized by 
taking current–voltage curves under solar simulator with light intensity 
equivalent to 1-Sun (100 mW cm−2) with air mass 1.5 G filter. The devices 
were masked to reduce error induced edge effect. The external quantum 
efficiencies were collected by illuminating the device under monochromatic 
light using a tungsten source (chopped at 150 Hz) while collecting the 
photocurrent by lock-in amplifier in AC mode. The light source spectrum 
response was corrected by calibrated silicon diode (FDS1010, Thorlab).

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