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The  high  efficiency,  solution  processibility,  and  flexibility
of  perovskite  solar  cells  make them promising candidates  for
the  photovoltaic  industry[1−8].  The  deposition  method  is  one
of the most critical factors that affect the performance of per-
ovskite  films.  Various  deposition  methods  have  been  devel-
oped  to  make  perovskite  films,  including  spin-coating,  slot-
die  coating,  blade  coating,  bar  coating,  spray  coating,  and
screen  printing,  etc.[9, 10].  Spin-coating  in  glovebox  is  the
most  widely  used  method  to  make  perovskite  films,  but  it  is
hard  to  make  large-area  films  by  using  spin-coating,  making
it not suitable for scalable and automated manufacturing[11, 12].
Non-spin-coating methods such as blade coating, slot-die coat-
ing, spray coating, atomic layer deposition, and vacuum evapo-
ration  are  more  suitable  for  large-scale  manufacturing[13−19],
but  these  methods  need  assistance  of  various  equipment
which  may  not  be  available  in  many  labs.  Developing  facile
preparation  methods  which  do  not  need  complicated  equip-
ment  would  accelerate  the  industrialization  of  perovskite
solar cells.

In  2019,  we  developed  a  facile  self-spreading  method
(modified  drop-casting)  to  make  perovskite  films[20].  The  self-
spreading  method  produces  perovskite  films  spontaneously
without the assistance of coating equipment,  making it  more
suitable  for  automatic  film  preparation.  What’s  more,  the
method is compatible with slot-die coating due to similar dry-
ing  conditions[21].  More  interestingly,  the  self-spreading
method  can  yield  efficient  perovskite  solar  cells  in  ambient
air  without  humidity  control[22, 23].  It  was  also  used  to  make
inorganic perovskite films, which show high photovoltaic per-
formance[24−27].  Recently,  it  was  applied  in  the  fabrication  of
composition-graded  perovskite  films[28, 29].  Our  previous
works  focused  on  composition  optimization  and  crystalliza-
tion control of perovskite films made by one-step self-spread-
ing  method.  The  effect  of  drying  conditions  on  photovoltaic
performance of perovskite films made by two-step self-spread-
ing method has not been systematically studied yet.

In  this  work,  we  investigated  the  effect  of  drying  condi-
tions  on  properties  of  perovskite  films  made  by  a  two-step

self-spreading  method.  Natural  drying,  vacuum  drying,  blow
drying  1  (self-spreading),  and  blow  drying  2  (soaking)  were
used to prepare the film in the second step. The effects of dry-
ing conditions on film morphology,  crystallinity,  light absorp-
tion,  photoluminescence  (PL),  and  photovoltaic  performance
of perovskite films were studied. A best power conversion effi-
ciency (PCE) of 21.34% is achieved by using vacuum drying.

The  perovskite  films  were  made  by  using  two-step  self-
spreading  method[30] (Fig.  1).  For  the  first  step,  a  PbI2:CsI
(molar  ratio  35∶1)  film  was  made  by  using  self-spreading
method.  For  the  second  step,  the  FAI:MABr:MACl  solution
was  dropped  onto  the  PbI2:CsI  film.  We  found  that  the  dry-
ing  conditions  in  the  second  step  affected  the  morphology
and  photovoltaic  performance  of  the  resulting  perovskite
films  significantly.  Four  methods  were  used  to  dry  the  film.
The first method is natural drying, i.e. the solution dries natu-
rally  without  any  treatment.  The  second  method  is  transfer-
ring  the  substrate  into  a  vacuum  chamber  to  dry  under  vac-
uum  (vacuum  drying).  The  third  method  is  using  N2 blowing
to dry the film after self-spreading of the FAI:MABr:MACl solu-
tion (blow drying 1). The fourth method is immersing PbI2:CsI
film in  FAI:MABr:MACl  solution and then using N2 blowing to
dry the film (blow drying 2).

The  PbI2:CsI  film  made  in  the  first  step  contains  many
holes, which facilitate the penetration of solution and the reac-
tion  in  the  second  step  (Fig.  S1).  Fig.  S2  shows  perovskite
films  made  by  different  drying  methods  in  the  second  step.
Some rings can be observed in the films made by natural dry-
ing,  which may be caused by the non-uniform airflow (in  the
fume  cupboard).  The  rings  are  almost  invisible  in  the  films
made  by  vacuum  drying  and  blow  drying.  The  rings  in  the
film  made  by  natural  drying  consist  of  smaller  grains  with  a
rougher  surface  (Fig.  S2).  The  effect  of  non-uniform  airflow
can  be  avoided  by  using  vacuum  or  blow  drying.  The  top-
view  scanning  electron  microscopy  (SEM)  images  measured
at the center of  the films are shown in Fig.  2.  The films made
by natural drying, vacuum drying, and blow drying 2 show sim-
ilar  grain  size  (200−300  nm)  and  distribution  (Figs.  2(a)
and 2(c)−2(f)).  The  film  made  by  blow  drying  1  shows  much
smaller  grains  (~150  nm).  The  cross-sectional  SEM  image  of
the  perovskite  film  made  by  natural  drying  is  shown  in
Fig. S3. The grain size is consistent with the top-view image.

Ultraviolet–visible (UV–Vis) absorption spectra,  PL, and X-
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ray diffraction (XRD) measurements were performed to investi-
gate  the  effect  of  drying  methods  on  the  optical  and  crys-
talline  properties  of  perovskite  films.  The  UV−Vis  absorption
spectra for the films made by using different drying methods
are  shown  in Fig.  3(a).  The  absorption  spectra  for  the  per-
ovskite  films  made  by  natural  drying  and  vacuum  drying
show  slight  redshift  compared  with  the  films  made  by  blow

drying.  The  PL  peaks  for  the  films  made  by  natural  drying
and  vacuum  drying  also  show  slight  redshift (Figs.  3(b)  and
3(c)),  consistent with the absorption spectra. The I : Br ratio in
perovskite films has significant effect on their bandgaps[31−34].
The  different  drying  methods  may  result  in  slightly  different
I :  Br  ratio  in  perovskite  film,  leading  to  different  optical
bandgaps and PL peak positions. The film made by blow dry-

 

Fig. 1. (Color online) The preparation process for perovskite films and the different drying methods in the second step.

 

Fig. 2. (Color online) SEM images for perovskite films made by natural drying (a), vacuum drying (b), blow drying 1 (c), and blow drying 2 (d). (e)
Distribution of grain size for the perovskite films made by different drying methods.
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ing  1  exhibits  a  lower  PL  intensity  on  glass  substrate,  which
may be due to the defects.  The SEM images indicate that the
film made by blow drying 1 shows the smallest grains.

All  the  films show XRD peaks  of  perovskite  phase except
one peak at ~12.5° for PbI2 (Fig. 3(d)).  The film made by blow
drying  1  method  shows  much  higher  PbI2 peak,  indicating
that  the  unreacted  PbI2 is  more  than  that  in  other  films.  The
solution  used  in  the  second  step  can  infiltrate  into  the  holes
in  PbI2 film  (Fig.  3(e)),  followed  by  a  reaction  between  PbI2

and the halides.  The solvent iso-propanol  used in the second
step can’t dissolve PbI2,  so the reaction between PbI2 and the
solutes  is  driven  by  the  migration  of  FA+,  MA+,  Br–,  and  I– in
the  film  (Fig.  3(f)).  When  blowing,  the  drying  speed  is
boosted,  and the diffusing of  ions into PbI2 is  harder,  leading
to more unreacted PbI2 and reduced grain size (Figs. 3(g) and
3(h)).  While  using  blow  drying  2  method  (soaking),  the  film
contains  less  unreacted  PbI2.  The  different  results  (morphol-
ogy and PbI2 residual)  for  the two blow drying methods may
be  due  to  the  difference  in  reactant  concentration.  For  blow
drying  1  method  (self-spreading),  a  fixed  amount  of
FAI:MABr:MACl  solution  is  used,  and  the  amount  of
FAI:MABr:MACl decreases as  the reaction proceeds.  While the
concentration  of  FAI:MABr:MACl  remains  constant  in  the
blow  drying  2  method  (soaking),  which  facilitates  the  reac-
tion  with  PbI2.  So  the  PbI2 residual  in  the  film  made  by  blow
drying 2 method is less than that in the film made by blow dry-
ing 1 method.

Solar cells were made of the perovskite films made by dif-
ferent  drying  methods  (Fig.  4(a)).  The  cells  made  by  vacuum
drying  yielded  a  PCE  of  21.34%  (Fig.  4(b)  and Table  1).  The
cells made by natural drying and blow drying 2 method (soak-
ing)  gave  PCEs  of  21.17%  and  21.18%,  respectively.  The  cells
made  by  blow  drying  1  method  (self-spreading)  gave  a  PCE

of 19.64%, which is lower than the PCEs for the cells made by
other  methods  (Fig.  4(c)).  The  decrease  in  PCE  for  the  cells
made  by  blow  drying  1  method  (self-spreading)  may  be  due
to the unreacted PbI2 and the small grain size. Too much PbI2

residual leads to reduced light absorption and lower mobility.
The cells  made by vacuum drying show a slightly  wider  pho-
toresponse range (Fig.  4(d)) than the cells made by blow dry-
ing  1  method,  being  consistent  with  UV−Vis  data.  Integrated
photocurrent  of  21.54,  22.49,  21.34,  and  21.71  mA/cm2 are
obtained from the  external  quantum efficiency (EQE)  spectra,
being  consistent  with  the J−V measurements.  The  EQE  spec-
tra  show  more  obvious  difference  in  the  long  wavelength
region,  which  is  because  the  absorption  coefficient  of  per-
ovskite for  long-wavelength light is  much smaller  than short-
wavelength light. The light absorption of perovskite films can
be affected by crystallinity, morphology, and bandgap of per-
ovskite  films,  which  further  affect  the  shape  of  EQE  spectra.
The  steady-state  PCEs  for  the  cells  are  close  to  the  PCEs
obtained  from  the J−V measurements  (Fig.  S4).  The  PCE  of
the  cells  can  be  further  improved  by  modifying  the  SnO2

layer[35].
In  summary,  the  effect  of  drying  conditions  on  proper-

ties of perovskite films made by self-spreading, and the photo-
voltaic performance of perovskite solar cells was investigated.
The  films  made  by  blow  drying  1  method  (self-spreading)
show smaller grain size and much unreacted PbI2,  which may
be due to the fast drying speed. The films made by natural dry-
ing,  vacuum  drying,  and  blow  drying  2  method  (soaking)
show  larger  grain  size  and  less  unreacted  PbI2,  resulting  in
higher  PCE  (>21%)  than  the  films  made  by  blow  drying  1
method  (self-spreading)  (19.64%).  A  PCE  of  21.34%  was
achieved by using vacuum drying method. 

 

Fig. 3. (Color online) UV−Vis absorption spectra (a), PL spectra (solid line: on glass substrate; dash line: on glass/SnO2 substrate) (b), normalized
PL spectra (on glass  substrate)  (c),  and XRD patterns (d)  for  the perovskite  films made by using different  drying methods.  (e)  SEM image (top
view) for PbI2 film made by self-spreading. (f) Scheme for the reaction between PbI2 and FAI:MABr:MACl in the second step. (g) Scheme for the per-
ovskite film with large grains and a small amount of unreacted PbI2. (h) Scheme for the perovskite film with small grains and a large amount of
unreacted PbI2.
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Table 1.   Performance data for solar cells made by using different drying methods.

Drying methods Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

Natural drying 1.19 22.30 79.51 21.17 (20.49) a

Vacuum drying 1.18 23.22 78.15 21.34 (20.85)
Blow drying 1 1.17 22.37 75.26 19.64 (19.11)
Blow drying 2 1.17 22.87 79.41 21.18 (20.48)

a The PCEs in the brackets are average PCE for 10 devices.
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