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ABSTRACT: PbI2 thin film crystallization control is a
prerequisite of high-quality perovskite thin film for sequentially
solution-processed perovskite solar cells. An efficient and simple
method has been developed by adding HCl to improve
perovskite thin film quality, and an efficiency of 15.2% is
obtained. This approach improves coverage, uniformity, and
stability of pervoskite thin film.
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■ INTRODUCTION

Low-cost solution-processable solar cells, including organic
photovoltaic (OPV) and dye-sensitized solar cells (DSSC), are
attractive to researchers in photovoltaics (PV). Currently, the
power conversion efficiency (PCE) for OPV and DSSC at 11+
and 13+%, respectively, seems to have reached the ceiling for
these devices. This might be related to the thermodynamic loss
caused by tightly bounded exciton and poor mobility of the
charge carrier. In contrast, the solution-processed perovskite
solar cell has stirred up research enthusiasm worldwide since its
pioneering.1−5 This is especially because of the recently
reported impressive PCE of 20.1%.6 Low-temperature process-
ing (<100 °C), solution processability, and compatibility with
the current thin film PV production technology are all attractive
advantages for commercializing the perovskite solar cell in the
near future.
In an ideal perovskite solar cell, the crystal CH3NH3PbX3 (X

= Cl, Br, and I) works as a light-absorbing layer sandwiched
between the electron- and hole-transport layers (abbreviated as
ETL and HTL, respectively). TiO2 is typically used as ETL, and
Spiro-MeOTAD is used as HTL. In pursuit of high efficiency,7

much effort has been devoted to improving the device
performance, such as modifying the device configuration, and
to controlling the physical properties and morphology of the
active layer.8−11 To date, most of the state-of-the-art perovskite
solar cells utilize a metal oxide mesoporous scaffold to support
a uniform, flat light-absorbing layer.2−4 Whether it takes on the

thin-film- or scaffold-based configuration, a high-quality perov-
skite thin film is the prerequisite for a high-performance solar
cell. Investigations carried out by Snaith and co-workers12

indicated that a high-quality perovskite layer by vapor
deposition can produce a solar cell with efficiency up to
15.4%, which is approximately 35% higher than that of solution-
phase-fabricated devices in the absence of mesoporous scaffold.
Because of the highly sensitive dependence of the perovskite
thin film morphology on crystallization by solution processing,
the precursor composition and concentration are critical
factors. Motivated by the desire to improve the perovskite
thin film quality using a one-step solution-phase approach,
Jen13 and Snaith14 added 1,8-diiodooctane (DOI) and
hydroiodic acid (HI), respectively, into formamidinium iodide
(FAI) together with PbI2 precursor solution in N,N-
dimethylformamide (DMF) to improve perovskite crystalliza-
tion on the dense layer. Xiao et al., Wu et al., and Heo et al. also
did some meanful work in this direction.15−17

Using a two-step solution deposition process, our objective
in this study is to obtain a thin film comparable to that obtained
from vapor deposition.8 In conjunction, we have launched a
systematic investigation on the effect of halogen acid additives,
i.e., hydroiodic acid (HI) and hydrochloric acid (HCl), on (i)
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PbI2 crystallization, (ii) perovskite morphology, (iii) device
performance, and (iv) stability of the solar cell. We will
demonstrate a simple means of incorporating HCl into PbI2
precursor solution, with the consequence that it inhibits the
rod-shape PbI2 crystallization and promotes homogeneous
nucleation and crystal growth, further improving uniformity
and coverage of the perovskite thin film on the dense TiO2
layer. With a simple HCl additive, a high efficiency of 15.2% has
been attained with the planar-heterojunction perovskite solar
cell under AM1.5G standard solar simulation with excellent
device stability under room temperature yet with relative
humidity (RH%) in excess of 80%.

■ RESULTS AND DISSCUSSION
Instead of a one-step solution phase approach, a two-step
solution process method was adopted herein to fabricate a
perovskite layer CH3NH3PbI3.

4,18 A liquid drop of the PbI2
solution was deposited and spin-coated onto a well-prepared
TiO2 dense layer precoated on the laser-patterned FTO glass.
This was followed by immersion of the dried substrate in a
CH3NH3I solution. Subsequently, an HTL composed of Spiro-
MeOTAD was spin-coated onto the perovskite thin film. Lastly,
MoO3 and Ag were evaporated onto the HTL to form an
electron-blocking layer and a counter electrode, respectively,
thereby completing the device. Figure 1a,b shows the cross-

sectional SEM image of the perovskite solar cells and the
related device architecture, respectively. The interfacial MoO3
layer was used to strengthen the electron-blocking effect
because it has an aligned energy level and is also an
environmentally inert material. The thickness of the perovskite
layer is about 350−450 nm. Of great interest is that the entire
crystalline grain, sandwiched between HTL and ETL, is a single
crystal in an unidirection (i.e., vertical as shown in Figure 1a).
This is also along the electron/hole transport layer without
introducing additional boundaries that can lead to undesirable
scattering effects and electron−hole recombination taking place
at grain boundaries as the charge carriers are transported across
the two electrodes.
As a departure from the studies of Jen and Snaith of adding

additives directly to the perovskite precursor solution by a one-
step method, we take a well-controlled, two-step sequential
deposition route to prepare controlled perovskite crystals,
thereby improving the morphology of perovskite thin film. In
our first step, we control the mechanism of crystallization (size
and shape of crystals) of PbI2 thin film by using halogen acid to
influence the crystal growth, in particular, inhibiting the linear
growth along the PbI2 axis but rather encouraging crystal
growth along the entire boundary of the crystal. The resulting
hexagonal-plate-shaped crystals of PbI2 provide a uniform

coverage of the TiO2 dense layer. In the second step, when the
organic phase is introduced, a thin film made of uniformly sized
perovskite crystals forms, providing excellent morphology and
coverage of the dense TiO2 layer. Both halogen acid additives,
HCl and HI, are in the halogen family with the advantage that
they do not introduce alien atoms in the host matrix. The SEM
images of PbI2 thin films without and with additives and the
corresponding perovskite layers are shown in Figure 2 a−f.
Figure 2a is an image of PbI2 thin film on the TiO2 dense layer
without additive, which serves as the benchmark. Figure 2b,c
shows the evolution of PbI2 thin film morphology on the TiO2
dense layer after adding 2.5 vol % HI and HCl, respectively, to
1 M PbI2 solution. The material domain of PbI2 crystal formed
by “raw” PbI2 solution has a very large aspect ratio (aspect ratio
= dmax/ dmin, with d being the characteristic dimension of the
structure), which means that the compactness or coverage of
the thin film formed by these rod-shaped structures (1 nm wide
by tens of microns in length) cannot be high, providing at best
70−80% coverage of the TiO2 dense layer (Figure 2a).
However, the coverage of the thin films can be remarkably
improved by adding HI and HCl to the PbI2 solution because
the morphology of PbI2 transforms from rod-shaped crystals
into hexagonal-plate crystals (Figure 2b,c). The compacted PbI2
thin films cover most of TiO2 dense layer, which benefits the
morphology of the as-deposited perovskite thin film, shown in
Figure 2e,f, respectively. Given the uniform shape (in all
orientations) and size (1 nm and less) of the perovskite crystals,
the coverage of pristine perovskite thin film on the TiO2 dense
layer was increased from approximately 80 to 100%. It is worth
noting that the quality of our solution-processed perovskite thin
film can be comparable to that obtained by vapor deposition.8

As demonstrated by the large-scale SEM in the Supporting
Information (Figure S1), the absence of voids in the perovskite
thin film with the HCl additive is in strong contrast to voids (or
uncovered areas) present on the TiO2 dense layer in the case of
precursor without additives (Figure 2a,d). The voids affect
significantly the performance of the thin film solar cells because
the defects/voids in the light absorption layer create serious
short-circuiting, and they also serve as trapping sites for
electron−hole recombination.
Using halogen acid additives in PbI2 solution, we can control

PbI2 crystallzation and growth in thin film during spin-coating.
The morphology of PbI2 thin film is sensitive to the solution
concentration and composition. Addition of HI and HCl into
the PbI2 in DMF solution can improve remarkably the
solubility of PbI2 in DMF solvent. Indeed, 1 M of PbI2 in
DMF solution with 2.5 vol % HCl additive can be kept stably
over a week at room temperature. This contrasts with the
pristine PbI2 solution with an obvious crystallization over time
(Figure S2). In fact, this undersaturated PbI2/DMF solution
with HCl additive will slow down the crystallization rate that
facilitates more homogeneous nucleation and growth of the
PbI2 thin film. Furthermore, XRD patterns of PbI2 thin film
with and without additives are examined and shown in Figure
2g. The crystals generated in the PbI2 thin film with additives
(both HI and HCl) oriented with the (001) plane that parallels
to the substrate, whereas for PbI2 thin film without additive, it
can be observed that there is another peak originating from the
(102) plane.19 Therefore, with additive, especially HCl, the
crystallization and coverage of PbI2 thin film can be improved,
which subsequently improves the morphology of the perovskite
thin film.

Figure 1. Device configuration of the planar heterojunction perovskite
solar cell adopted in this study. (a) Cross section SEM of the solar cell.
(b) Device architecture.
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For the cases with addition of HCl, rod-shaped PbI2 crystals
(without halogen acid) have been changed into hexagonal-
plate-like crystal architecture. During the spin-coating process,
rod-shaped crystallization from the supersaturation PbI2/DMF
solution with a high volatility is more likely formed from the
effect of centrifugal force, as shown in Figure 2a, whereas with
HCl additive, solvent evaporation dictates the PbI2 crystal-
lization from the undersaturated solution during and post spin-
coating process. As a result, hexagonal-plate crystal architecture
is formed as seen in Figure 2c.
The planar-heterojunction perovskite solar cells of pristine

perovskite and perovskite with halogen acid additives, i.e., HI
and HCl, have been fabricated. The best-performing current

density−voltage (J−V) characteristics of the devices without
and with additives are shown in Figure 3a, and related
photovoltaic parameters are listed in Table 1. (The average
performance parameters are listed in Table S1.) These are
based on measurements obtained under 100 mW cm−2

AM1.5G standard solar spectrum. The device with 2.5 vol %
HI additive reached a promising PCE of 12.17%, nearly 30%
enhancement in PCE when compared with the that of the
control device (9.35%). In contrast, a high efficiency of 14.8%
was obtained from the device with 2.5 vol % HCl additive, an
impressive 58% enhancement when compared with that of the
pristine device. It is worth noting that the improved
performance (30%) by introducing HI is mainly due to

Figure 2. Topographic SEM images and XRD patterns of PbI2 thin film and corresponding perovskite layers. (a−c) Pristine PbI2, PbI2 with HI, and
PbI2 with HCl on the TiO2 dense layer coated FTO, respectively. (d−f) CH3NH3PbI3, CH3NH3PbI3+HI, and CH3NH3PbI3+HCl, respectively, after
sequentially reacting with CH3NH3I. (g) XRD patterns of PbI2 thin films on the TiO2 dense layer coated on FTO glass. (h) XRD patterns of the
solution-processed perovskite thin films, pristine perovskite, the perovskite with HI added, and the perovskite with HCl added. Inset shows the shift
of (110) peak.
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increased short-current density (Jsc) from 18.94 to 22.02 mA
cm−2. However, further improved PCE (58% enhancement) in
the device with HCl additive is attributed not only to the
increased Jsc but also to the improved open-circuit voltage (Voc)
from 0.87 to 1.06 V. A staggeringly high efficiency of 15.2% has
been obtained (Figure 3b) upon further optimization of the
thickness of the perovskite layer and concentration of HCl
additive. The optimization of layer thickness by changing spin-
coating speed and hysteresis phenomenon during test measure-
ment are depicted in Figures S3 and S4, and the forward bias to
short-circuit scan between two curves was taken for our PCE
value because it gives a close estimate for the steady-state
efficiency.20 This significant enhancement in performance with
use of additives should be attributed to the improved thin film
quality,21 which provides uniform coverage of the TiO2 dense
layer, thereby maximizing energy harvesting and minimizing
short-circuiting because of voids in the dense layer.

Interestingly, the improved thin film quality and uniform
crystals in the perovskite layer with halogen acid additives can
further enhance solar absorbance. Three types of thin film,
pristine perovskite, perovskite with HI and HCl additives, were
prepared on TiO2 dense layer by the same procedure with
approximately the same thickness. In Figure 4a, the absorbance
of the perovskite thin films reveals a sequential increase over
the entire visible solar spectrum range from the reference
sample to the perovskite with HI additive and to the perovskite
with HCl additive. This is consistent with the increased
performance of external quantum efficiency (EQE) as shown in
Figure 4b. The increased absorbance can be contributed to the
improved surface coverage and crystallinity of perovskite thin
films with additives. The improved crystallinity can be observed
in XRD pattern (Figure. 2h). The intensity of the main peak
(110) of CH3NH3PbI3 at 14.11° shows a remarkable increase
when introducing additives (both HI and HCl).9 A close
examination of the main peak (110) reveals a blueshift caused
by HCl additive (inset, Figure 2h). This is probably due to the
introduction of Cl atoms in the CH3NH3PbI3 lattice causing an
expansion of the lattice structure, despite the fact that Cl cannot
be detected by the XPS measurement, as seen in Figure S5.
So far, it has been demonstrated that improvement of the

perovskite thin film coverage, uniformity, and crystallinity can
be realized by introducing halogen acid additives, i.e., HCl and
HI especially the former. As a new organic−inorganic hybrid

Figure 3. (a) J−V curves measured under 100 mW cm−2 AM1.5G illumination (curves with solid symbols) and in the dark (curves with hollow
symbols) for the perovskite and perovskite with HI and HCl added devices. (b) J−V curve for the optimized device with HCl added.

Table 1. Performance of the Studied Perovskite Solar Cells
under AM 1.5 G Illumination

Voc
(V)

Jsc
(mA cm−2)

FF
(%)

PCE
(%)

Jsc
(mA cm−2)a

CH3NH3PbI3 0.87 18.94 57 9.4 17.50
CH3NH3PbI3+HI 0.89 22.02 62 12.2 20.48
CH3NH3PbI3+HCl 1.06 21.77 64 14.8 21.24

aObtained from EQE.

Figure 4. (a) UV−vis absorbance spectra. (b) External quantum efficiency (EQE).
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perovskite member in the photovoltaic family, the stability of
device is an important issue for its potential application.
Furthermore, the introduction of Cl atoms is expected to
improve the stability of CH3NH3PbI3 because of the larger
electron negativity of chloride as compared to that of iodide. In
essence, it strengthens the metal−halogen bond and keeps the
material more stable. The longitudinal follow-up on the
photovoltaic parameters of devices without and with HI/HCl
additives can be found in Figure 5a. These devices are

encapsulated simply by the epoxy glue covered with glass slides
and maintained in air at room temperature and over 80 RH% .
It is well-known that perovskite material is sensitive to water
vapor.2,5 Monitoring the test devices in a relatively high
humidity environment facilitates the investigation into the
stability of device in an accelerated time frame. The device with
additive shows some degraded PCE value over 500 h, 43% for
HI additive and 35% for HCl additive; however, the
performance of the pristine perovskite solar cell decreases
50% after 250 h and 82% after 500 h. Besides PCE, evolution of
other important photovoltaic parameters can also be observed
in Figure 5a. These include the degradation of Jsc and fill factor
(FF) over time, which are the major reasons for decrease of
PCE. It is to be expected that the mobility dropped off as a
result of deterioration on the perovskite thin film quality. It
means that perovskite with additive has not only improved thin
film quality but also enhanced stability of the device, especially
with HCl additive. To get an in-depth understanding of
improved stability of the device, time-resolved morphology
analyses were carried out and recorded with cross-sectional
SEM, as present in Figure 5b. Figure 5b shows cross-sectional
SEM images i−iii of fresh samples corresponding to pristine
perovskite, perovskite with HI additive, and perovskite with

HCl additive, respectively, whereas Figure 5b shows corre-
sponding SEM images iv−vi of these same materials in air
without encapsulation after 1 week. It can be clearly seen that
the pristine perovskite crystals degraded into crystals with
stripes or streaks on their surfaces. The perovskite domains
with HI additive changed slightly, whereas the perovskite
domains with HCl additive seemed unchanged under the same
harsh conditions. This interesting observation can be further
supported by the XPS measurement (Table S2). The atomic
concentration of oxygen (from environment; i.e., O2 and H2O
in air and XPS chamber) in perovskite thin film is as much as
50% lower than that in pristine perovskite thin film. The lower
the water vapor level, the better the stability of the perovskite
material. Therefore, the perovskite crystals with HCl additive
seem to be more stable, and this provides a simple and effective
means to improve the device stability at the material level.

■ CONCLUSIONS
A simple and efficient method has been developed to improve
the quality of perovskite thin film through manipulating PbI2
thin film crystallization and growth by introducing halogen acid
additives, i.e., HCl and HI. With 2.5 vol % HI additive, 30%
PCE improvement can be obtained in a planar-heterojunction
perovskite solar cell, whereas with 2.5 vol % HCl additive, a
high efficiency of 15.2% can be obtained that represents a 58%
enhancement. The additives, i.e., HCl and HI but especially
HCl, not only improve the perovskite thin film uniformity and
coverage on the TiO2 dense layer but also improve its
crystallinity and stability. The latter is an extermely attractive
benefit for organic−inorganic hybrid perovskite PV applica-
tions.

■ METHODS
Solar Cell Fabrication. Unless stated otherwise, all fabrication

processes were carried out in a glovebox filled with nitrogen and with
less than 1% relative humidity level. Devices were fabricated on the
laser-etched FTO glass substrates with a sheet resistance of 10−15 Ω
square−1. The substrates were cleaned by ultrasonication in soap water,
DI water, acetone, and 2-propanol and subjected to an UV−ozone
treatment for 30 min. An approximately 30 nm thick dense TiO2 layer
was spin-coated on the substrates by using a 0.15 M titanium
isopropoxide (TIP) ethanol solution at a speed of 3000 rpm for 30 s.
Subsequently, the sample was calcinated at 450 °C for 2 h, during
which time a slow heating-up and cooling-down procedure was
adopted.

PbI2 was dissolved in DMF at a concentration of 461 mg mL−1

under stirring at 70 °C, which is maintained during the entire
fabrication process. After filtration with a 0.25 μm pore size filter, the
PbI2 layer was deposited by spin-coating on the TiO2 dense layer
coated substrates at 1000−1500 rpm for 30 s and dried at 70 °C for 30
min on a hot plate. Subsequently, upon cooling down to room
temperature, the PbI2-coated substrates were immersed in the organic
part CH3NH3I solution (30 mg mL−1 in 2-propanol) for 90 s to
complete the reaction. Finally, a rinsing step with 2-propanol was
required for removing the excess organic fraction, and the resulting
sample was dried at 90 °C for 60 min.

The HTL was subsequently deposited by spin-coating at a speed of
4000 rpm for 30 s. The HTL solution was prepared by dissolving 79
mg of Spiro-MeOTAD, 28.8 μL of 4-tert-butylpyridine, 17.5 μL of a
520 mg mL−1 lithium bis(trifluoromethylsulfonyl)imide in acetonitrile
in 0.99 mL of chorobenzene. The HTL-coated substrates were kept
overnight before depositing the counter electrode.

Finally, a 100 nm layer of silver and a 15 nm layer of MoO3 were
thermally evaporated on top of these devices through the shadow mask
with an effective area ranging from 0.1 to 0.25 cm2. The device area
corresponding to the best performance was 0.12 cm2.

Figure 5. (a) Stability on performance of the solution-processed
planar heterojunction perovskite solar cells exposed in air at room
temperature and over 80 RH%. (b) Cross section SEM images. Freshly
prepared devices of pristine perovskite, the perovskite with HI added,
and the perovskite with HCl added (i−iii, respectively). Correspond-
ing devices are exposed to air with 80 RH%, without encapsulation,
after 1 week (iv−vi, respectively).
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Device Characterization. Photovoltaic characterization was
carried out using a Keithley 2400 digital source meter with scan rate
of 0.22 V s−1 under illumination of AM1.5G 100 mW cm−2 from a
solar simulator ABET SUN 2000. When measuring the photovoltaic
properties of the device, the mask was used to define the device area.
The power density of the solar simulator was calibrated by a silicon
reference cell (NIST) and monitored by a power meter throughout
the testing. The external quantum efficiency (EQE) values were
measured with an EQE system equipped with a xenon lamp (Oriel
66902, 300 W), a monochromator (Newport 66902), a Si detector
(Oriel 76175_71580), and a dual-channel power meter (Newport
2931_C).
Absorption measurements were carried by an Agilent Varian Cary

4000UV/VIS/NIR spectrophotometer. The perovskite materials were
deposited directly on the TiO2-coated substrates with measured
thickness ranging between 350 and 800 nm. X-ray diffraction (XRD)
was performed by Rigaku 9 kW Smartlabusing Cu Kα radiation.
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Perovskite thin film characterization, such as top-view SEM
images for the solution-processed perovskite thin film with HCl
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