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Abstract—In this study, a sequential deposition process is used
for the fabrication of PEDOT: PSS based inverted planar perovskite
solar cell. A small amount of additive deionized water (DI-H20) was
added into Pblz + Dimethyl formamide (DMF) precursor solution in
order to increase the solubility of Pbl> in DMF, and finally to
manipulate the surface morphology of the perovskite films. A
morphology transition from needle like structure to hexagonal plates,
and then needle-like again has been observed as the DI-H20 was
added continuously (0.0 wt% to 3.0wt%). The latter one leads to full
surface coverage of the perovskite, which is essential for high
performance solar cell.

Keywords—Charge carrier diffusion lengths, methylamonium
lead iodide, precursor composition, perovskite solar cell, sequential
deposition.

I. INTRODUCTION

IGHLY efficient and low cost solar cells are being

relentlessly pursued by the photovoltaic research
community [1]. Very recently, organic-inorganic halide
perovskite having general formula of ABXj3; where A =
CH;NH;"(MA), B = Pb*™? or Sn*? and X = CI;, Br’, I [2], have
been proposed with the potential of a breakthrough for the
third generation solar devices [3]. In 2009, Miyasaka’s group
firstly reported perovskite sensitizer with TiO, measoporous
electrode and liquid electrolyte and the reported efficiency of
the cells was 3.8% [4]. After that, liquid electrolyte was
gradually replaced with solid electrolyte such as Spiro-
OMeTAD or other materials called hole transporting layer [5].
The devices finally flourished into the current form of planar
n-i-p or p-i-n heterojunction devices [6]. Xing et al. have
measured electron and hole diffusion lengths; Lp® = 130 nm
and Lp" = 110 nm in the perovskite layer. The promising
performance reported for the solar cells based on triiodide
perovskite (MAPbDI3) is because of balanced carrier diffusion
lengths [7]. Moreover, diffusion length reported for
MAPDI;«Cly is more than 1000 nm. Planar heterojunction
structures are preferable because there is no need of
mesoscopic layer that needs high sintering temperature [8].
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II. BASIC METHODOLOGY

In perovskite solar cell, the perovskite sensitizer layer is
sandwiched between electron transport layers (ETLs) and hole
transport layers (HTLs). After absorbing the incident photons,
carriers are created in the sensitizer layer, which flow through
a pathway including ETLS or HTLs, interface in between, and
finally reaching the electrodes for collection [9]. We have
fabricated inverted planar structure ITO/PEDOT:PSS/
MAPbBI;/PCBM/AL based solar cell by sequential deposition
process. It is very difficult to achieve full surface coverage of
perovskite film on an organic layer via single spin coating that
crystallizes very quickly especially in DMF. Pbl; is less polar
as compared to the perovskite so it can form a uniform film on
the PEDOT:PSS surface. This is the reason why a two-step
method is more appropriate as compared to the single-step
method for the perovskite layer deposition. However, good
surface morphology of the perovskite film is one of the most
important factor for a good performance of the morphology of
the perovskite films. There are lot of additives such as HI [10],
device [11]. The concept of additives has also been used to
improve HCI [12],1,8-diiodooctane [13], 5-ammoniumvaleric
iodide [14], CHP [15]. In this study, we have used DI- H,O
[11] as an additive. Our approach was to form a full surface
coverage Pbl, films on PEDOT:PSS substrates via spin
coating by adding controlled amount of DI-H,O in Pbly/
(DMF) to prepare a homogenous precursor solution at room
temperature. After that, methyl ammonium iodide (CH3;NH;I)
was added by sequential dipping to form the complete
perovskite layer. Eventually, complete cells were fabricated
and measurements were carried out done to access their
photovoltaic performance.

II1. EXPERIMENTAL SECTION

A. Synthesis of Methylamonium lodide (MAI)

30 ml and 20 ml of aqua solutions of hydroiodic acid (56%)
and methylamine (40%) respectively were mixed into a round
bottom flask and continuous stirred it at 0C for 2 hours. After
that, MAI was precipitated by evaporating the solvent under
vacuum with rotary evaporator at 50%C for about 30 minutes.
Then the precipitates were washed ten times with diethyl ether
which changed the color of the product from pale yellow to
colorless. After that, the product was recrystallized in ethanol.
Finally, colorless crystals were filtered out and dried at 60 *C
in vacuum oven for 24 hours.
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B. Device Fabrication

PEDOT:PSS (hole transport layer) was spin coated at 2800
rpm for 30sec on to an etched, cleaned and oxygen plasma
treated ITO substrates and then annealed at 120 =C for 20
minutes. 0.8 M Pbl,/DMF precursor solutions with additive
DI-H,O (0 wt%, 1 wt%, 2 wt%, 3 wt%) were prepared and
stirred overnight at 60 *C . To deposit the perovskite film, first
layer of Pbl,/DMF (1 wt%) was deposited on to PEDOT:PSS
layer by spin coating at different rotation speeds (3000-6000
rpm) for 25 sec and immediately (before drying) dipped into
MAU Isopropyl alcohol (IPA) solution for 2-3 minutes to form
a perovskite film. After that perovskite films were rinsed with
IPA for removing extra iodide and annealed at 80 *C for 1-2
minutes. PCBM (electron transport layer) was deposited on
the surface of the perovskite layer by spin coating at 1500 rpm
for 35 sec and annealed at 80 *C for 15 minutes. In order to
coat the contact electrode, a 100 nm of Al was evaporated on
the PCBM layer. Fig. 1 shows a schematic illustration of the
sequential deposition procedure.

Spin coating
PEDOT:PSS

Spin coating
Pbl2/DMF/H,0

Z ]
"‘ﬁ/‘ 5- ?/‘@ After 3 min

converted
into
perovskite
- h (CHsNH3sPbls)
Annealmg Rinse
for 1 min with IPA

Fig. 1 Schematic illustration of the sequential deposition process

IV.RESULTS AND DISCUSSIONS

Compact, uniform and void free morphology of the
perovskite films are essential for high performance solar cell
devices. Additives are used in the precursor solutions to
improve the perovskite films morphology [16]. By
incorporating additives into the precursor solutions, we can
manipulate the crystallization rate of the perovskites [15]. In
this study we have used DI-H»O as an additive with different
wt%. DMF is a cheap and common solvent for Pbl,. To get
uniform film by spin coating, 0.8 M PbI2/DMF solution was
prepared and heated at 80 *C for 15 min. Pbl, has less
solubility and results in a colloidal suspension as compared to
the homogenous precursor. However, when a controlled
amount of DI-H,O (1 wt%) was added into the solution, it
became homogenous as shown in Fig. 2.

DI-H,O is miscible with DMF, so after adding HO,
dielectric constant, polarity and solubility parameters of DMF
are altered. Pbl; is also slightly soluble in H,O and solubility
parameter of HO/DMF may be close to that of Pbl,. That is
why Pbl, was completely dissolved when a controlled amount
of H,O was used in the solution [11]. Four different films have
been prepared as shown in the optical images in Fig. 3.

The addition of controlled amount of DI-H,O into
Pbl,/DMF solution helps homogeneous nucleation and crystal

growth because of change in the crystalline morphology of
perovskite. Fig. 3 (a) shows optical image of perovskite film
when there was no H,O and it looks like rod shaped crystals.
By adding 1 wt% HO as shown in Fig. 3 (b) it has been
transformed from rod like structure to hexagonal plates
crystals [16]. The plate structure morphology of perovskite has
produced almost full surface coverage. After adding 2 wt%
and 3 wt% H,O as shown in Figs. 3 (c) and (d) respectively, it
has been transformed again from hexagonal plate structure to
needle like structure. These results indicate that in order to
obtain good and full surface coverage morphology, it is
essential that the additive must be used in a controlled amount.

Fig. 2 Photograph of DMF/Pbl. precursor solutions consisting of
various amounts of additive DI-H20

(¢) 2 wt% H20

(d) 3 wt% H20

Fig. 3 Optical images of perovskite films consisting of various
amounts of DI-H20 in Pblo/DMF solution (DI-H20 content is wt%
ratio vs DMF)

Fig. 4 exhibits the XRD pattern of Pbl, and CH3NH;Pbl;
films on mesoporous (m) TiO, substrates. From the figure, it
can be seen that Pbl, film with hexagonal structure shows a
strong peak at 12.6°, having preferred (001) orientation [17].
After dipping the Pbl, substrates (wet form) into MAI
solution, MAPDI; film was obtained [18] and a series of
specific diffraction peaks were observed, which are in a good
agreement with literature data on the tetragonal CH3;NH;Pbl;
phase. The peaks are at 14.08°, 28.38° and 31.87° and are
allocated as (110), (220) and (310) planes respectively. All the
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diffraction peaks of Pbl, are fully transformed into
CH3NH;PbI; structure [19].

CH,NH,Pbl,/m-TiO, 1
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Fig. 4 XRD pattern of Pbl> (black) and CH3NH3Pbl; (red) films. The major peaks are from Pblz (#), CH;NH3PbI3 (*) and FTO/mTiO2
substrate. ()

TABLE I
SUMMARY OF MEASURED PHOTOVOLTAIC PARAMETERS OF PSCS W.R.T THICKNESS

PSCs Thickness(nm) Open-circuit voltage V,c(V) Short-circuit current density J.(mAcm?) Fill factor FF Photon conversion efficiency PCE%

Cell 1 450 0.74 9.43
Cell 2 550 0.72 6.09
Cell 3 600 0.68 5.60
Cell 4 650 0.48 5.44

0.382 2.66
0.334 1.46
0318 1.21
0.279 0.73

Photovoltaic performance of all the devices were
determined under AM 1.5G illumination as shown in Fig. 5
and summarized in Table 1.
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Fig. 5 J-V measurements of different cells w.r.t thickness (perovskite
film consist of 1wt% DI-H20)

The thickness of the perovskite absorber layer is a key
variable for the performance of such devices. If the perovskite

absorber layer is very thin, then less amount of photons is
absorbed, resulting in low photocurrent. However, if
perovskite absorber layer is too thick, then the efficiency of
the charge carrier extraction is low and carrier recombination
becomes dominant. Devices based on mesoporous structure
partially avoid this issue by providing the large TiOo/MAPbI3
interfacial surface area. However, in the planar heterojunction
devices the situation becomes more problematic if the
absorber layer thickness is higher than the carrier diffusion
length. Recent studies have shown that in planar structure the
perovskite film thickness from 400nm-800nm can be used for
the fabrication of high performance devices which consist of
MAPbBI;.<Clx for both inverted and conventional architectures
[20]. Snaith et al. have showed that both holes and electrons
have very long diffusion length (~ 1 pum) for mixed halide
perovskite (MAPbI3«Cly), which is much larger than the
absorption depth (100-200nm) of the perovskite material [21].
However, this is not true in the case of the parent perovskite
(MAPbDI3) material. Xing et al. showed the balanced hole and
electron diffusion length of at-least 100 nm for the parent
perovskite [7], which is too shorter with respect to the
absorption depth of this material. Hence, photo generated
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charge carrier in the thicker films cannot be efficiently
extracted before recombining [21]. Previous studies based on
planar triiodide structure have utilized perovskite layer
thickness in the range of 100nm-350 nm [21], [22]. Liu et.al
showed that the devices consist of both thinnest < 100 nm and
thickest > 400 nm perovskite (MAPbDI3) films having
efficiency of 1-3% [20].

Fig. 5 shows the photovoltaic performance of the four
devices with respect to the thickness, and extracted values are
summarized in Table 1. The devices were fabricated via two-
step deposition method. In all the cases, the thickness of the
perovskite layer was found to be approximately double of the
thickness of the Pbl, as shown in Fig. 6, keeping a good match
with the previous reports [23], [20].
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Fig. 6 CH3NH;PbI5 thickness vs Pblz thickness, determined by
profilometer (thickness units are nanometer)

As summarized in Table I, V., Js, FF and PCE decreases
with increase in the thickness of the perovskite layer. The
devices with perovskite thickness > 450 nm, the deterioration
in the device performance is evident. The cause of adverse
drop in the PCE of the films having thickness > 450 nm, is due
to the mismatch between the carrier diffusion length and the
perovskite absorption depth. The hole and electron diffusion
length for triiodide perovskite have been reported ~ 100 nm.
However, for the devices consist of thickest films, there is a
significant increase in the recombination of carriers near the
center of the film before reaching towards the electrodes for
collection [20]. In this study, a two-step method was used for
the deposition of perovskite layer. The second step of
sequential deposition method was dipping of the film in
MAU/IPA solution. The purified IPA contains a small amount
of water and PEDOT:PSS can easily dissolve in water. If
water penetrates to PEDOT:PSS layer, this can cause defects
in the layer. For this reason, sequential deposition method was
not implemented previously with PEDOT:PSS based inverted
PSC until this study. The main reason of low cell efficiency is
may be due to the penetration of IPA/water from pin holes of
Pbl; layer to the PEDOT:PSS layer. Insufficient purified IPA
induced undesirable perovskite morphology. This peculiar
situation is shown in Fig. 3 (b). A good surface morphology of

the perovskite film is one of the most important factor for a
good performance of the final device. White dots in the figure
represent semi-permeable crystal cavities. An ideal surface
must not include these cavities to get best efficiency.

V. SUMMARY AND CONCLUSION

In summary, we have fabricated perovskite planar
heterojunction solar cell by sequential deposition method with
different thickness of the perovskite film. By increasing the
thickness of the parent perovskite (MAPbDI3), there is a
significant decrease in the photovoltaic performance of the
device. This is due to increased charge recombination near the
center of the film. We reported a two-step method for the
deposition of perovskite layer. Initially, Pbl, was deposited by
spin-coating method, and subsequently for the perovskite
formation, a dipping process was used. Sequential deposition
approach is effective to achieve full surface coverage of the
perovskite film, which is essential for high performance
devices. For the triiodide perovskites, this approach is not
good because the charge diffusion length is too short as
compared to the film thickness. That is why there is a need to
tailor the thickness of Pbl,. A controlled amount of water
content (1 wt%) in the Pblo/DMF solution has exhibited a
good impact on the homogeneity of the precursor solution as
well as on the morphology of the perovskite films. The
smoothness and almost full surface coverage of the perovskite
films with 1 wt% H>O suggests that H,O can help to achieve
homogeneous nucleation by modifying the PEDOT:PSS/
MAPDI; interfacial energy.
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