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ABSTRACT: Recently, hybrid perovskite solar cells (PSCs) have
attracted extensive attention due to their high efficiency and simple
preparing process. Herein, a facile low-pressure chemical vapor
deposition (LPCVD) technology is first developed to fabricate
PSCs, which can effectively reduce the over-rapid intercalating
reaction rate and easily overcome this blocking issue during the
solution process. As a result, the prepared uniform perovskite films
exhibit good crystallization, strong absorption, and long carrier
diffusion length. More strikingly, CH;NH;Pbl; absorbers by
LPCVD demonstrate excellent moisture-resistant feature even
under laser illumination and high-temperature conditions, which
indicates that our proprietary method is very suitable for the future
low-cost, nonvacuum production of the new generation photo-

Current density (mAlcm®)

PryVyy -
A A A —
ALAAA

Under a fully open-air

!,.

= O0min PCE=3.59%

o 200 400 600

Voltage (mV)

800 1000

high humidity condition

FUT

v

\

voltaic devices. Finally, high efficiency of 12.73% is successfully achieved under fully open-air conditions. To the best of our
knowledge, this is the first report of efficient PSCs with such a high humidity above 60%.

KEYWORDS: perovskite solar cells, planar-heterojunction, low-pressure chemical vapor deposition, high-quality films, stability

1. INTRODUCTION

Currently, the next generation hybrid organic—inorganic
perovskite solar cells (PSCs) have been considered as one of
the most important breakthroughs in the history of photo-
voltaic (PV) research due to their high efficiency, low cost, and
simple preparing process.l_3 With a common CH;NH;MX,
(M = Pb, Sn; X = halogen) molecular formula, hybrid
perovskite light absorbers afford several advantages, i.e., large
absorption coefficient, suitable direct bang gap, high carrier
mobility, and long-range carrier diffusion length.*”” In terms of
excellent optical-electric properties, hybrid perovskite materials
were primarily used as field-effect transistors, light-emitting
diodes, and photodetectors in the past decade.*” Until recently,
in 2009, perovskite was first attempted as a sensitizer in dye-
sensitized solar cells (DSCs) by Kojima et al.'® Then Park and
co-workers reported 6.54% efficient quantum-dot-sensitized
solar cells (QDSCs) using perovskite nanocrystal sensitizer.'!
Subsequently, the solid-state mesoscopic and planar hetero-
junction PSCs were developed by Gritzel, Park, and Snaith and
co-workers, respectively."*'> Quite recently, Yang and co-
workers achieved the highly efficient PSCs with the state-of-the-
art highest efficiency of 19.3%." In short, the newcomer has
sparked an explosion in the PV research field and shown the
potential as a cost-efficient alternative to the traditional
semiconductor-based solar cells."*~
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Although there is still some controversy about the
fundamental working mechanism of PSCs, the simple planar
heterojunction configuration gradually becomes the main-
stream structure in recent research, which is more convenient
to be applied on a rigid or flexible substrate compared with
complex sensitized or nanostructured architecture.'”'”'® But
the incomplete coverage of perovskite films usually appeared in
planar structure dramatically deteriorates the photovoltaic
performance. Thus, it is very crucial to improve the film
quality, in particular, pay attention to the uniformity, roughness,
and surface coverage. Up to now, various processing
approaches have been employed to prepare perovskite
absorbers. Thermal evaporation method has been introduced
to deposit perovskite films and can readily reach the desired
high-quality level.">"” However, vacuum-based technology
requires expensive equipment, complicated composition
control, and preparing process. Solution-based spin-coating
route including a one-step and two-step process is another
widespread method to synthesize the perovskite absorb-
rs.”**?! But the solution method essentially encounters a
blocking issue during the synthesis process, which accompanies
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an over-rapid reaction rate between the inorganic framework
and organic species, and always results in rough, porous, and
incomplete covered films. Meanwhile, the spin-coating route is
not suitable for mass production because of the uniformity issue
in large area. More recently, in situ vapor-assisted solution
process was developed as a fruitful way for the fabrication of
perovskite absorbers.”” Unfortunately, the fussy manipulations
in a glovebox are difficult to scale up and hamper further
practical applications. Therefore, development of an effective
large-scale deposition technology under ambient air is of great
importance for the future commercialization of PSCs.

Herein, we first present a facile LPCVD method to grow
high-quality CH;NH,Pbl; absorbers, which implies a promising
route for mass production of the new generation photovoltaic
devices (PVs). In fact, LPCVD is an industrial mature
technology to deposit uniform thin films in large scale and
has been broadly applied in the commercial production of a-Si,
Si;N,, SiO,, and ZnO.**** Under low-pressure conditions, the
dilute molecule concentration of CH;NH;I vapor can
effectively abate the over-rapid intercalating reaction rate and
obtain uniform perovskite absorbers. Therefore, the prepared
films exhibit good crystallization, strong absorption, and long
carrier diffusion length. Surprisingly, the compact films
demonstrate a good stability even under laser illumination
and high-temperature conditions. This unique characteristic
shows the possibility of producing PSCs under the whole
nonvacuum environment. Finally, on the basis of planar
configuration, so far the highest efficiency of 12.73% is
successfully achieved under a fully open-air condition with

high humidity above 60%.

2. EXPERIMENTAL DETAILS

2.1. Deposition of CH;NH;Pbl; Absorbers. First, 24 mL
of methylamine (33 wt % ethanol solution) and 10 mL of
hydroiodic acid (45 wt % in water) were reacted in a 100 mL
beaker at 0 °C for 2 h with continuous stirring. The
precipitation was then dissolved in 80 mL of ethanol and
precipitated with the addition of 300 mL of diethyl ether. After
the precipitation was vacuum-dried for 24 h, a white CH;NHj,]
powder was obtained. Second, Pbl, powder was dissolved in
N,N-dimethylformamide at a concentration of 462 mg/mL at
70 °C. The Pbl, films were obtained by spin-coating twice on
the c-TiO,/fluorinated tin oxide (FTO)/glass substrate at a
speed of 4000 rpm for 30 s. Finally, CH;NH;I powder and Pbl,
films were separately placed in the A and B zones of the tubular
furnace. After pumping for 10 min, CH;NH;I was heated to
180 °C, while Pbl, films were heated to 140 °C simultaneously.
After reacting for 100 min, the dark brown CH;NH;PbI; films
were taken out and washed with isopropanol, and annealed at
145 °C for different times in air.

2.2. Fabrication of PSCs. All the experiments were carried
out under fully open-air conditions with humidity of about 60%
at room temperature. First, 730 yL of titanium isopropoxide
was added into 5 mL of ethanol, and 69 uL of HCI (2 M) was
added into S mL of ethanol and then mixed and filtered with a
0.22 um poly(tetrafluoroethylene) filter. The c-TiO, films were
obtained by spin-coating on the etched FTO-coated glass
sheets (15 €2/sq) and sintering at 500 °C for 30 min, then
treated in 40 mM aqueous solution of TiCl, for 30 min at 70
°C and dried at 500 °C for another 30 min. Second,
CH,;NH,Pbl; absorbers were deposited on the c-TiO,/FTO/
glass substrate by LPCVD as mentioned above. Finally, hole-
transport material (HTM) solution was prepared by dissolving
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72.3 mg of 2,2",7,7"-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9-spirobifluorene (spiro-MeOTAD) in 1 mL of chloroben-
zene, to which 28.8 uL of 4-tert-butylpyridine and 17.5 uL of
lithium bis(trifluoromethanesulfonyl)imide solution (520 mg of
lithium bis(trifluoromethylsulphonyl)imide (LITSFI) in 1 mL
of acetonitrile) were added, and then spin-coated at 4000 rpm
for 30 s on the deposited perovskite substrate. Finally, silver
electrode was deposited by thermal evaporation with a covered
ultrathin stainless steel mask (active area: 0.12 cm?).

2.3. Characterizations. The phase composition and the
crystal structure were identified by the X-ray diffraction (XRD)
method (D/MAX2500 V). Differential scanning calorimetric
(DSC) measurement was carried out using a simultaneous
thermogravimetric analyzer (NETZSCH STA449F3). The
morphology and composition were separately observed by
field emission scanning electron microscope (FESEM,
Sirion200), SEM-energy dispersive spectroscopy (EDS), metal-
lographic microscope (LV8000), and atomic force microscope
(AFM, Dimension FastScan). The absorption spectrum was
recorded by a UV—visible spectrophotometer (CARY 5000)
with the wavelength range of 300~1000 nm. Steady-state
photoluminescence (PL) was analyzed using a steady-state
lifetime spectrofluorometer (FIUOROLOG-3-TAU) with an
exciting wavelength of 370 nm and detection at 770 nm. The
transient PL spectrum was measured by a PL spectrometer
(FLS920, Edinburgh Instruments Ltd.) with the same exciting
and detecting wavelengths. Raman spectroscopy was measured
by a Focal Laser MicroRaman Spectrometer (LABRAM-HR)
with an excitation of 514.5 nm. Temperature was controlled by
a Linkam THMS 600 heating and cooling stage equipped with
a TMS 94 temperature controller and LNP 94 liquid nitrogen
cooling system. The heating rate was 20 °C/min and the
temperature was kept for S min at each measuring point before
measurement. Photocurrent density—voltage (J—V) character-
istics were recorded with a Keithley 2400 source meter under
illumination of 100 mW/cm? AML.S, by a solar simulator
(Newport, Oriel Sol3A 94023A) in air. And J—V curves were
obtained by reverse scan from 1.2 to —0.1 V and/or forward
detection from —0.1 to 1.2 V. The step voltage was fixed at 10
mV and the active area of single cells is 0.12 cm®.

3. RESULTS AND DISCUSSION

In Figure 1, the home-built LPCVD equipment is essentially
derived from the traditional double-zone CVD tubular furnace,

A zone B zone

Outer quartz tube

Inner quartz tube

Quartz boat

Tubular furnace

Figure 1. Schematic diagram of home-built LPCVD equipment.

which is so simple and easy to be scale up for mass production.
The synthesized CH;NH;I white powder is loaded in the
quartz boat as vapor source and also characterized by XRD and
DSC, as shown in Figures S1, S2, and S3 of the Supporting
Information. To avoid its phase transition temperature,
CH;NH;I powder is heated to 180 °C to supply enough
vapor pressure. As mentioned above, the whole reaction
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process in the solution route is very fast and usually
accomplished in 1 min. But the over-rapid reaction rate will
enhance the surface roughness and lead to pinhole formation.
In contrast, the reaction rate of LPCVD is dominated by the
slow gas—solid (G—S) reaction. Under low-pressure conditions,
the long molecular free path of CH;NH;I vapor can eventually
eliminate the gas concentration gradient, and slowly react with
Pbl, films through the layer-by-layer growth. So after 15—20
min, the color of samples just starts to change, and then it
needs another 45—100 min to finish the slow G—S reaction.
The photograph in Figure S4 of the Supporting Information
records the whole detailed reaction process. From the pictures
we can see that there is no obvious color difference among the
same batch pieces. Therefore, our facile LPCVD technology
demonstrates good uniformity and reproducibility, which is
expected to grow high-quality perovskite films.

The crystal structures and photographs of Pbl, films and
CH;NH;Pbl; absorbers are shown in Figure 2a—d. Generally,

J CHINH3

HFU
HFL

HFI

Figure 2. Crystal structures of (a) hexagonal Pbl, and (b) perovskite
CH;NH,Pbl;, and their photographs of (c) Pbl, films and (d)
CH;NH;Pbl; absorbers.

Pbl, has a hexagonal structure with space group P3m1(164),
while CH;NH;Pbl; pertains to the orthorhombic perovskite
structure with space group Pbnm(62). On the basis of the
reported data, the crystal structures of Pbl, and CH;NH;PbI,
viewed from the (110) plane are drawn in parts (a) and (b),
separately, of Figure 2.2 In general, the intercalating reaction
always occurs through the diffusion of CH;NH;I molecule to
the PbL,/CH;NH;PbI; interface. The huge distance between
layered Pbl, films can supply enough space to accommodate
CH;NH;I molecule. Thus, the reaction of the fabrication of
CH;NH;Pbl; perovskite absorbers belongs to a typical
intercalating reaction. Meanwhile, to further analyze the crystal
structure, XRD of Pbl, films and CH3;NH;PbI; absorbers is
detected and shown in Figure 3. From the XRD pattern of Pbl,
films, deducting the diffractions of TiO,/FTO/glass substrate,
the observed main peaks (001) at 12.62°, (002) at 25.4°, (003)
at 38.54° and (004) at 52.30° are highly compatible with the
layered hexagonal structure and have a preferential orientation
along the c-axis. While CH;NH;Pbl; gives peaks at 14.07°,
28.36° 31.82°, and 43.14°, assigned as the (110), (220), (310),
and (330) planes, and shows an orthorhombic crystal structure
with preferred (110) orientation. So during the intercalating
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Figure 3. XRD patterns of TiO,/FTO/glass (black line), PbL,/TiO,/
FTO/glass (red line), and CH;NH;PbL;/TiO,/FTO/glass (blue line).

reaction process, CH;NH;I vapor molecule slowly diffuses into
the layered structure along the van der Waals gap, and
eventually presents homogeneous perovskite films.”” After the
reaction finished, all the identical peaks of Pbl, disappeared and
many new diffractions of CH3;NH;Pbl; are observed, which
means the conversion from hexagonal Pbl, into perovskite
structure was completed.

As mentioned above, the morphology and composition of
light absorbers are the key factors for achieving high-efficient
solar cells, especially for planar heterojunction architecture. So
the smooth, compact, and nonporous perovskite films must be
achieved to avoid the shunting current arising from direct
contact between the hole-transport material (HTM) and TiO,.
However, current solution-based route always produces
oversized grains and uncovered pinholes.”** In contrast,
perovskite films by the LPCVD method demonstrates very
good morphology, which has been sequentially verified by
SEM, AFM, and metallurgical microscope, as shown in Figures
4 and S. From the low- and high-magnification SEM in Figure
4, we can clearly observe that the super uniform, homogeneous,
and well-dined CH;NH;Pbl; layers are fully covered on the
TiO,/FTO/glass substrate. Usually, most of the reported so-
called high-quality works still have some obvious small cracks or

Figure 4. (a) Low- and (b) high-magnification planar SEM. (c) Low-
and (d) high-magnification cross-sectional SEM of CH;NH;PbI,
absorbers.
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Figure S. (a) Metallurgical micrograph and (b) 2D AFM height image (2 X 2 ym) of CH;NH;Pbl; absorbers.

(a) (b)9.0x1o'°
- 5
3 1.0x10
A E _=1.58 eV
£ 5z 6.0x10” 9
3 8.0x10°F ]
§ :
o o~
< 6.0x10'f z w
8 -E 3.0x10
s
=
8 4
2 a0x10'f
< L s s ' L s 0.0

300 400 500 600 700 800 900 1000 1.5 2.0 25 3.0
Walvelength (nm) hv (eV)

(c) (d)

4.0x10° CH:,'NH:’PbI3 r s o
- TiOZICHsNHspbls r . Excitation wavelength: 370 nm
2 2 . Emission wavelength: 770 nm
> B F 4
3 . § :
[}
g 2.0x10 - K
g i i
c o
3 r ‘g
o ——— ——ue oo com

ool [ome o = ——
400 500 600 700 800 0 50 100 150 200
Wavelength (nm) Time (ns)

Figure 6. (a) Wavelength dependence of the absorption coefficient and (b) (ahv)? vs hv of optical absorption spectra and (c) steady-state and (d)

transient photoluminescence of CH;NH;PbI; films.

pinholes in their CH3;NH,;Pbl; absorbers. Surprisingly, our
films are extremely dense and compact, with super uniformity
even in a large scale as shown in the metallurgical micrograph
of Figure S5a. At the same time, the grain size of CH;NH;PbI;
films is also very uniform, and almost all of them attain up to
500 nm, which indicates a high level of crystallization. From the
two-dimensional (2D) AFM height image in Figure Sb, the
calculated roughness of the homogeneous films is only 19.6 nm.
Meanwhile, the bearing depth over 2 X 2 ym three-dimensional
AFM graph is also just 78 nm, as shown in Figure S5 of the
Supporting Information. In addition, according to the EDS
result shown in Figure S6, the Pb/I ratio is very close to the
desired stoichiometry and the prepared CH;NH,PbI; absorbers
have good composition. In brief, our perovskite films by
LPCVD method demonstrate top-level quality and are
comparable to that prepared by vacuum thermal evaporation
technology.

The optical properties of CH;NH;Pbl; films are charac-
terized by UV—vis spectrophotometer and steady-state and
transient photoluminescence (PL), as shown in Figure 6a—d.
Generally, perovskite quantum dots or films with poor quality
have a limited absorption coefficient of 1—2 X 10* cm™ and a
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. 711 .
narrow absorption region.”~ As comparison, here our films

show a broad strong absorption covering the entire visible
range, and have an average value of 9—10 X 10* cm™" as shown
in Figure 6ab, which must result from the compact and
uniform high film quality. The band gap (Eg) of 1.58 eV is also
obtained from the equation: ahv = A(hv — E, 12 where hv is
the photon energy and A is an arbitrary constant. In Figure 6c,
the PL spectrum of CH;NH;Pbl; films is right at the band edge
only with little Stokes shift and shows a strong and symmetric
band at 720—820 nm with apeak of 766 nm, which implies that
the photoinduced carriers are accumulating at the band edge
and lighting through direct recombination.**' To determine
the compatibility of perovskite absorbers with electron
acceptors in the PVs, the PL quenching of perovskite emission
in TiO,/CH;NH;Pbl; bilayers structure is also detected, as
represented by the red line in Figure 6¢c. The emission band of
TiO,/CH;NH;PbI; bilayers is very flat and straight, only with a
little bulge at 760 nm, which illustrates the good compatibility
of charge transfer from CH;NH;Pbl; to TiO,. Moreover, from
transient PL spectra as shown in Figure 6d, the effective lifetime
of carriers with 34 ns can be deduced (the time taken for the
PL to fall to 1/e of its initial intensity), which is detected at the
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peak emission of 770 nm by the time-correlated single-photon
counting technique. So a long electron diffusion length of 240
nm is received, which is remarkably longer than the reported
distance of 100 nm in CH;NH,Pbl, films.%”*" Note that the
films without encapsulation are stored in a desiccator all the
time before PL characterization. In a word, our films exhibit a
large broad absorption, strong PL emission, good charge
transfer compatibility, and long carrier diffusion length, which
should be the ideal candidate for the light harvester.

The stability of perovskite materials has been regarded as one
of the most challenging problems for the future commercialized
applications, but so far only very few studies have focused on
this issue. Herein, to the best of our knowledge, variable-
temperature Raman spectrum is for the first time to be applied
to examine the structural changes of perovskite films. As shown
in Figure 7, CH;NH;PbI; films show strong peaks at 96, 112,

Intensity (a.u.)

\

1 1 1
100 200 300 400 500

Wave number (cm™)

Figure 7. Variable-temperature Raman spectra of CH;NH;PbI; films.

167, and 217 em™! at room temperature. The band at 96 cm™!

is assigned to the bending and stretching of Pb—I bonds, which
is the diagnostic mode of the inorganic cages. The broad
unstructured 200—400 cm ™" feature is assigned to the torsional
mode of methylammonium cations.”® As the temperature is
raised from 25 to 180 °C in air, surprisingly, the crystal
structure of CH;NH,PbI, films is very stable even under laser
irradiation with high temperature above 70 °C.

Until heated up to 145 °C for S min, the perovskite structure
starts to be destroyed. As the temperature rose to 180 °C, all
the main peaks disappeared. So under laser illumination, our
films are relatively stable but cannot endure high temperature
above 180 °C. On the other hand, since the vibration peaks of
perovskite in Raman spectra are quite similar to that of Pbl,
probably due to the similarity in their crystal structures, the
structural changes of CH;NH;Pbl; films at different annealing
times are further scrutinized by XRD.* In Figure 8, after the
films are heated at 145 °C in air with humidity of 61% for 30
min, weak signals of Pbl, at 12.62° and 38.54° begin to appear.
With a prolonged heating time, the diffractions of Pbl, are
gradually enhanced, while the main peaks of CH;NH;PbI; still
can be observed even after heating at 145 °C for 120 min.
Figure S7 in the Supporting Information shows (a—d) the
appearance of CH;NH,;Pbl; films at different annealing times
and (e) a photograph of the annealing process. From the
photographs taken from outside the quartz tube, there are no
apparent color changes among the samples. Generally, the
annealing temperature in the solution route is processed at 70
°C in a glovebox or dry air conditions. CH;NH;PbI; films with
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Figure 8. XRD patterns of CH;NH;PbI;/TiO,/FTO/glass at different
annealing time.

poor quality will decompose quickly in ambient open air,
especially under high humidity conditions. Therefore, our films
prepared by LPCVD have a better moisture-resistant ability and
are suitable for the nonvacuum process of PSCs.

In the end, the PSCs are assembled by sequentially spin-
coating the HTM layer (spiro-MeOTAD) and evaporating Ag
electrode. The effect of Pbl, on the device performance is also
investigated in this part. As comparison, perovskite films
annealed for 0, 30, and 60 min are used to fabricate solar cells
and their performance data are shown in Table 1. The J-V
curves of the best PSCs are obtained in Figure 9a (reverse
scan). PSCs without annealing give limited efficiency of 3.59%,
which are presumably due to a large amount of charge traps and
the high carrier recombination consisted in the perovskite
absorbers. In contrast, all the annealed PSCs show higher
efficiencies above 9% and exhibit good repeatability. Most of
our PVs give open voltage (V,.) of 890—960 mV, short current
density (J,.) of 17.5—21.8 mA/cm? and filling factor (FF) of
0.50—0.66. The best device, as shown in Figure 9b, is obtained
from annealing for 30 min, which provides a high PCE of
12.73% with V. of 910 mV, J,. of 21.7 mA/cm?, and FF of
0.645. Importantly, almost all the reported efficient PSCs are
fabricated in a glovebox or dry air with low humidity below
30%. Thus, this is the highest efficiency so far, all made from
fully open-air conditions with high humidity above 60%. The
enhanced efliciency benefited from the high film quality and the
presence of Pbl,. Recent works have explained the passivation
effect of Pbl, in PSCs, which can effectively reduce the carrier
recombination in the perovskite absorbers.*>*' At the same
time, the reverse and forward scan J—V characteristics are also
detected to investigate the hysteresis effect. Figures S8 and S9
of the Supporting Information show the J—V curves of the best
PSCs annealing for 30 min, and the PSCs annealing for (a) 0
and (b) 60 min with reverse and forward scan mode,
respectively. Here, we can see that PSCs without annealing
have serious hysteresis phenomenon, while the hysteresis effect
in the annealed PSCs is significantly relieved. The 11.1% lower
efficiency of the best PSCs with forward scan mode mainly
comes from the lower FF. Moreover, PSCs of annealing for 60
min still show the efficiency of 10.5% with V,, J,, and FF of
940 mV, 18 mA/cm’ and 0.62, respectively, which again
strongly verifies the stability and high quality of our perovskite

materials.

DOI: 10.1021/am5077588
ACS Appl. Mater. Interfaces 2015, 7, 2708—2714


http://dx.doi.org/10.1021/am5077588

ACS Applied Materials & Interfaces

Research Article

Table 1. Performance Data for PSCs Annealed at Different Times”

annealed time V. (V) Jo (mA/cm?) FF PCE (%) [Best-PCE]
0 min 0.896 + 0.009 1547 + 0.88 25.12 + 0.82 3.47 [3.59]
30 min 0.925 + 0.025 20.92 + 0.82 60.92 + 4.75 11.81 [12.73]
60 min 0.925 + 0.037 18.07 + 0.53 56.58 + 6.09 9.49 [10.50]
“Each value represents the average from five cells.
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Figure 9. (a) J—V curves of PSCs with different annealing times and (b) photograph of the best PSCs.

4. CONCLUSIONS

Without need of the fussy glovebox or expensive vacuum
equipment, a facile LPCVD technology is first developed to
fabricate PSCs. The prepared CH;NH,Pbl; absorbers demon-
strate top-level quality and exhibit excellent optical-electric
properties. More importantly, our films have a unique moisture-
resistant feature and can be used in the nonvacuum process. At
last, so far the highest efficiency of 12.73% is successfully
achieved under fully open-air conditions with high humidity
above 60%. Therefore, our work not only can realize the simple
preparation of PSCs in more common laboratories but also
makes a remarkable leap forward for future commercial
applications.
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