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1 Introduction Over the past few years, one of the 
fastest growing areas of photovoltaic research that has 
sprung to the forefront of the scientific community in-
volves a material called hybrid halide perovskites. The 
power conversion efficiency of solar cells using these hy-
brid perovskite compounds as the absorbing layer leaped 
from 3.8% as a forerunner in 2009 to a certified 20.1% in 
current versions [1, 2], rivalling most of the leading thin 
film solar cell technologies. The rapid pace of growth in 
perovskite solar cells has been attributed to a set of essen-
tial characteristics such as their strong light absorption, 
long-range balanced carrier transport length, exceptional 
defect tolerance and facile processability at low tempera-
ture [3–6]. 

Because of a very strong tendency to form and crystal-
lize, even at room temperature, a hybrid perovskite can be 
conveniently deposited by a low temperature solution 
process, using a solution of two precursors, e.g., PbI2 and 
CH3NH3I in the case of CH3NH3PbI3. In a typical process, 
crystallization of perovskite occurs due to the evaporation 
of the organic solvent, where sometimes a low temperature 
annealing or a solvent extraction approach is subsequently 
employed to facilitate the solvent evaporation [7]. Besides 

the facile solution process, the vapor phase reactive pro- 
cess represents another important technique for the fabrica-
tion of hybrid perovskites. Typically, the organic halide 
and metal halide can react in the vapor state to form the 
perovskite compound. Co-evaporation of the organic hal-
ide and metal halide in a dual source vacuum chamber was 
conventionally applied and got much success in making ef-
ficient planar structure solar cells [8]. When the metal hal-
ide is in a solid-state, a two-step vapor phase process is 
widely used. The two-step vapor phase process is quite 
similar with the sequential solution process [9], in which 
the metal halide thin film is deposited on the substrate im-
mediately following the reaction with the organic halide 
vapor. In some sense, the previously reported vapor-
assisted solution process (VASP) [10], low pressure chemi-
cal vapor deposition (LPCVD) [11, 12], hybrid chemical 
vapor deposition (HCVD) [13], vapor-equilibrated re-
growth (VERG) [14] or in situ tubular chemical vapor 
deposition (ITCVD) [15] can be considered for use as the 
two-step vapor phase process. These vapor phase processes 
enable better control of the film thickness and morphology, 
and can be applied to metal halides with poor solubility. 
However, most of them are predominantly based on lab 

Hybrid perovskite solar cell is a fast-growing photovoltaic
technology. Here, we present a method based on the closed
space vapor transport deposition, which has the potential for
large-scale production due to its low cost, high throughput,

 and large-area uniformity. We demonstrate CH3NH3PbI3 so-
lar cells with high power conversion efficiencies of 16.2%.
Furthermore, the large area devices have high efficiency of
13.8% and good uniformity in a large substrate of 3 cm × 3 cm. 
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scale techniques, and tend to be, either in part or in full, 
time-consuming, energy-intensive and impractical in mass 
production. Translating these lab-scale processes to a 
large-scale production process is thus a pressing need for 
this promising photovoltaic technology. 

Here, we report on a perovskite fabrication method that 
has the potential for large-scale production by closed space 
vapor transport (CSVT). CSVT is a scalable, low-cost and 
high-throughput technique for making semiconductors 
[16–18]. It is already a well-established industrial technol-
ogy for cost-competitive, commercial-scale manufacturing 
of polycrystalline CdTe solar cells, along with explored 
device efficiencies of 19.6% [19]. With the CSVT process, 
we are able to make efficient perovskite solar cells with 
power conversion efficiencies of 16.2%. Moreover, this 
technique also takes advantages of the relatively inexpen-
sive and compact design, high throughput, efficient precur-
sor transport/utilization and good large-area uniformity. 
These features are significant because in order to success-
fully utilize perovskites for photovoltaic applications, the 
process must to be manufactured on a large-area substrate 
and at low-cost. 

 
2 Results and discussion CSVT designed for the 

fabrication of the perovskite materials is illustrated in 
Fig. 1(a) with the deposition process detailed in the Ex-
perimental section (Supporting Information). In compari-
son to previously reported vapor phase processes such as 
the co-evaporation, VASP, and ITCVD, the high through-
put is the key merits of the CSVT process, and relies on the 
following aspects: closed space, low pressure, and differ-
ential temperature. For example, in a vacuum based vapor 
process, the vapor has to transport over a long distance 
from the source (target) to the substrate, which will reduce 
the deposition rate and results in a lot of waste of the 
source material during the deposition. To increase the 
deposition rate the distance between the source and sub-
strate must be shortened. A space smaller than the molecu-
lar mean free path also helps to satisfy the requirement of 
no molecular collision during the vapor transport [20], 
which makes the high vacuum unnecessary. On the other 
hand, comparing this to the VASP process which is con-
ducted in atmosphere pressure [10], lowering the pressure 
favours the vapor transport and thus can largely reduce the 
process time, as shown in Fig. 1(b). At a chamber pressure 
of 50 mbar, it requires 10 min to fully convert the metal  
halide into the perovskite, whereas at a pressure of 1 mbar, 
1.5 min is sufficient to totally transform the metal halide  
to the perovskite. Figure 1(c) shows an example of  
the CH3NH3PbI3 film by placing the PbI2 film into the 
CH3NH3I vapor. The obtained CH3NH3PbI3 in Fig. 1(c) 
also shows good large-area uniformity in a size of 
5 cm × 5 cm. 

Similar to the other vapor phase process, the CSVT 
process can also be applicable to a wide range of mate- 
rial systems. Figure S1 in the Supporting Information  
(named SI in the following) illustrates the SEM images of  

 
Figure 1 (a) Schematic illustration of closed space vapor trans-
port deposition of hybrid perovskites; (b) process time required 
for the full transformation of PbI2 into CH3NH3PbI3 at different 
chamber pressures, the full transformation is identified by the 
colour change and the XRD spectra; (c) photograph of the 
CH3NH3PbI3 film, with a size of 5 cm × 5 cm. 

 
different perovskites produced from different metal halides 
(PbCl2, PbI2 and PbBr2) and organic salts (CH3NH3I, 
CH3NH3Br). In these SEM images, CH3NH3PbI3, 
CH3NH3PbI3–xClx and CH3NH3PbI3–xBrx are fabricated 
from close space sublimation of CH3NH3I, whereas 
CH3NH3PbBr3, CH3NH3PbBr3–xIx and CH3NH3PbBr3–xClx 
are fabricated from close space sublimation of CH3NH3Br. 
All of these vapor processed perovskite films exhibit a 
grain size from hundreds nanometers to micrometers and 
the grain-to-grain are densely interconnected with 100% 
full surface coverage.  

It is widely reported that precursors have a huge impact 
on the resulting perovskite morphology in the solution 
process [21–23], especially in the case of Cl. Carefully 
analysing the SEM images in Fig. S1 shows that there is a 
little difference in the grain size and its distributions. For 
example, in the Cl based perovskites, the grain size is lar-
ger than the other perovskites, which is consistent with the 
observation in the solution process. However, the differ-
ence of the film morphology in the CSVT process is not 
obvious as in the solution process. A possible explanation 
is that during the crystallization, there exists a large 
amount of the organic halide vapor and therefore it is the 
organic halide, instead of the metal halide, determines the 
film morphology. Furthermore, the crystallization is pro- 
cessed at a relatively high temperature of 150 °C. Under 
the organic halide vapor, if a metal halide with different 
halide element is used, for example, in the reaction of 
PbCl2 and CH3NH3I, the halide element Cl in the metal 
halide will mostly release from the film during the crystal-
lization due to the low sublimation temperature of 
CH3NH3CI [24]. 

Figure 2 shows the X-ray diffractions (XRDs) of  
different perovskites fabricated from the CSVT process. 
Under the same organic halide vapor, the as-obtained  
perovskite films have almost the same diffraction peak po- 
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sitions, no matter what the metal halide is. For example,  
as shown in Fig. 2(a), the main diffraction peaks at 13.95°, 
28.26° and 31.72°, which are assigned to (110), (220)  
and (310), respectively, are in identical positions  
for CH3NH3PbI3, CH3NH3PbI3–xClx and CH3NH3PbI3–xBrx. 
The situation is also true for CH3NH3PbBr3, 
CH3NH3PbBr3–xIx and CH3NH3PbBr3–xClx, as shown in 
Fig. 2(b), which demonstrate their main crystal peaks  
(100), (110), (200), (210) and (300). However, there is still 
some difference in the peak intensity, especially the rela-
tive intensity for different diffraction peaks. This indicates 
the different growth orientations when different metal hal-
ides are used. 

Optical properties such as the absorbance and complex 
refractive index are measured. Figure 3(a) shows the ab-

sorbance of perovskite films calculated from the ultravio-
let–visible (UV–VIS) transmittance spectra. The as-
obtained perovskite films have almost the same absorption 
behaviour under the same organic halide vapor, along with 
good consistency of the sharp band edge. Again, it seems 
that the type of the organic halide dominates the absorption 
behavior of the as-crystallized perovskite film in the CSVT 
process. By extrapolating the distinct linear region of the  
absorption edge to the abscissa in the Tauc plot (Fig. S2, 
SI), the optical bandgap of CH3NH3I group perovskites 
(CH3NH3PbI3, CH3NH3PbI3–xClx and CH3NH3PbI3–xBrx) 
and CH3NH3Br group perovskites (CH3NH3PbBr3, 
CH3NH3PbBr3–xIx and CH3NH3PbBr3–xClx) are determined 
to be 1.59 eV and 2.29 eV, respectively. The complex re-
fractive index of CH3NH3PbI3 obtained by variable-angle 

 

(a)

(c)

(b)

(d)

 
Figure 3 (a) Absorbance of CH3NH3I group perovskites (CH3NH3PbI3, CH3NH3PbI3–xClx and CH3NH3PbI3–xBrx) and CH3NH3Br 
group perovskites (CH3NH3PbBr3, CH3NH3PbBr3–xIx and CH3NH3PbBr3–xClx); (b) device architecture of perovskite solar cells used in 
this study; (c) typical J–V curves of CH3NH3PbI3, CH3NH3PbI3–xBrx, CH3NH3PbBr3, and CH3NH3PbBr3–xIx cells under forward and 
reverse scan directions; (d) IPCE spectrum of the CH3NH3PbI3 solar cell. 

Figure 2 XRD spectra of
perovskites obtained from
closed space sublimation of (a)
CH3NH3I vapor and (b)
CH3NH3Br vapor. 
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Table 1 Photovoltaic performance of perovskites solar cells. The forward and reverse scans are given. The average value is obtained 
from 8 cells for each. 

perovskite scan direction Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PEC 
(%) 

forward 0.99 ± 0.02 20.7 ± 0.3 72 ± 1 14.5 ± 0.7 CH3NH3PbI3 
reverse 0.998 ± 0.03 20.4 ± 0.2 73.5 ± 0.5 15 ± 0.3 
forward 0.954 ± 0.04 19.9 ± 0.6 55 ± 0.4 10.4 ± 0.3 CH3NH3PbI3–xBrx 
reverse 0.96 ± 0.03 19.2 ± 0.2 70 ± 1 12.9 ± 0.4 
forward 0.89 ± 0.03  6.9 ± 0.4 64 ± 2  4 ± 0.4 CH3NH3PbBr3 
reverse 0.9 ± 0.04  6.8 ± 0.5 63 ± 1.5  3.8 ± 0.6 
forward 1.237 ± 0.05  7 ± 0.4 50 ± 3  4.3 ± 0.8 CH3NH3PbBr3–xIx 
reverse 1.240 ± 0.05  7 ± 0.4 53 ± 3  4.6 ± 0.7       

 
spectroscopic ellipsometry (VASE) is also given in Fig. S3 
(SI). The extinction coefficient exhibits three distinct peaks 
at 760 nm, 480 nm and 390 nm, which are consistent with 
that of the previously reported solution processed 
perovskites [25, 26]. 

Figure 3(b) illustrates a schematic diagram of the cell 
architecture with the perovskite absorbing layer deposited 
by the CSVT process. The cell performance can be influ-
enced by the thermodynamic process of the sublimation, 
interdiffusion and crystallization in the CSVT process. Af-
ter optimizing the source and substrate temperature 
(Fig. S4, SI), four types of perovskite solar cells are fabri-
cated, with the photovoltaic characteristics shown in Ta-
ble 1. The CH3NH3PbI3 CH3NH3PbI3–xBrx, CH3NH3PbBr3 
and CH3NH3PbBr3–xIx cells show average power conver-
sion efficiencies of 15%, 12.9%, 3.8% and 4.6% in reverse 
scan. In the case of CH3NH3PbBr3 and CH3NH3PbBr3–xIx 
cells, surprisingly, there is a large difference in the Voc. 
Higher Voc is obtained for the CH3NH3PbBr3–xIx cell which 
using the PbI2 as the metal halide in the CSVT process of 
CH3NH3Br. However, in the case of CH3NH3PbI3 and 
CH3NH3PbI3–xBrx cells, the CH3NH3PbI3 cell shows better 
performance than that of the CH3NH3PbI3–xBrx cell. Fig-
ure 3(c) shows the forward and reverse scanned current–
voltage curves of the typical perovskite solar cells. There  
is apparent hysteretic current–voltage behaviour in the 
CH3NH3PbI3 and CH3NH3PbI3–xBrx cells. However, the 
forward and reverse I–V curves are consistent in 
CH3NH3PbBr3 and CH3NH3PbBr3–xIx cells, indicating no 
hysteretic behaviour in these cells. The halide related hys-
teresis can be further studied in the future. 

As an example, the current density of the CH3NH3PbI3 
cell under the applied bias voltage (0.837 V) at the maxi-
mum power point with a light soaking time is also pro-
vided (see Fig. S5, SI). A constant power conversion effi-
ciency under continuous light illumination of 1 sun is ob-
served. The corresponding IPCE of the CH3NH3PbI3 cell is 
given in Fig. 3(d); the integrated Jsc from the IPCE curve is 
19.9 mA/cm2, which is in good agreement with that from 
the I–V measurement. 

Cell area is important for large-scale development of 
perovskite solar cells.  The above reported device area is  

0.1 cm2, which is also the most used area reported thus  
far in perovskite solar cells. Here we scale it up and  
down to investigate the potential large-scale fabrication of 
perovskite by the CSVT process for the CH3NH3PbI3 cell. 
As shown in Fig. 4(a), cells of 0.01 cm2 have the highest 
PCEs, with an average PCE of 15.7% and a champion PCE 
of 16.2%. The current–voltage and power–voltage curves   

 

(a)

(b)

 
Figure 4 (a) Power conversion efficiencies of CH3NH3PbI3 solar 
cells with different cell areas. The diameter of 0.01 cm2 cell is 
1.13 mm, the length × width in the 0.1 cm2 cell is 0.5 cm × 0.2 cm, 
in the 0.2 cm2 cell is 0.5 cm × 0.4 cm, in the 0.4 cm2 cell is 1 cm 
× 0.4 cm, and in the 1 cm2 cell is 1 cm × 1 cm. (b) C–V and P–V 
curves of the best CH3NH3PbI3 cell. 
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of the champion cell are given in Fig. 4(b). When expand-
ing  the area to 0.2 cm2, 0.4 cm2 and 1 cm2, the PCEs drop 
slightly down to 14.7%, 14.5% and 13.8 % respectively, 
whereas cells of 0.1 cm2 shows an average PCE of 15%. 
Beside the area effect, the uniformity of the device is also 
essential to scale perovskite solar cells to large-area manu-
facturing. Figure S6 in the SI shows the distribution of the 
PCEs in a substrate of 3 cm × 3 cm from one typical pro- 
cess for the perovskite solar cells with 0.1 cm2, 0.4 cm2 and 
1 cm2 (the detailed Voc, Jsc, FF and XY positions are given 
in supporting information). The substrate is divided into 
four sub-areas, with each sub-area containing 4 cells (of 
0.1 cm2 each), 2 cells (of 0.4 cm2 each) and 1 cell (of 1 cm2 
each). As can be seen, only a negligible deviation of ±1% 
is found. It should be noted that the size of the homemade 
CSVT setup is 6 cm × 6 cm, the good uniformity achieved 
in a size of 3 cm × 3 cm with different cell areas indicates 
the potential of the CSVT process for large-scale fabrica-
tion. 

 
3 Conclusion In summary, we have demonstrated that 

the CSVT is an efficient way to scale up the production of 
hybrid perovskite solar cells, mainly due to its simple de-
sign, and efficient precursor transport/utilization and good 
large-area uniformity. With the CSVT process, we find 
that perovskite compounds fabricated from the same or-
ganic halide have the same crystal structures and optical 
properties, no matter what the metal halide is. We show 
that the perovskites fabricated from the CSVT process 
have large grain size, pinhole free and good uniformity. 
We achieve high power conversion efficiencies of 16.2% 
for CH3NH3PbI3 solar cells. Furthermore, the large area 
devices have high efficiency of 13.8% and good uniformity 
in a substrate of 3 cm × 3 cm, indicating the potential of 
the CSVT process for manufacturing low cost, high 
throughput and large-area efficient perovskite solar cells in 
the future. 

Supporting Information Additional supporting informa-
tion may be found in the online version of this article at the pub-
lisher’s website. 
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