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a  b  s  t  r  a  c  t

In this  work,  two thermal-  and  air-stable,  hole  transporting  materials  (HTM)  in perovskite  solar  cells
are  analyzed.  Those  obtained  and  investigated  materials  were  two  polyazomethines:  the  first  one  with
three  thiophene  rings  and  3,3′-dimethoxybenzidine  moieties  (S9)  and  the  second  one  with  three  thio-
phene  rings  and  fluorene  moieties  (S7).  Furthermore,  presented  polyazomethines  were  characterized  by
Fourier transform  infrared  spectroscopy  (FTIR),  UV–vis  spectroscopy,  atomic  force  microscopy  (AFM)  and
thermogravimetric  analysis  (TGA)  experiments.  Both  polyazomethines  (S7  and  S9)  possessed  good  ther-
mal  stability  with  a  5% weight  loss  at 406 and  377 ◦C,  respectively.  The  conductivity  of  S7 was two  orders
of  magnitude  higher  than  for S9 polymer  (2.7 × 10−8 S/cm,  and  2.6  ×  10−10 S/cm,  respectively).  Moreover,
polyazomethine  S9  exhibited  31  nm  bathochromic  shift  of the  absorption  band  maximum  compared  to
S7.

Obtained perovskite  was  investigated  by  UV–vis  and  XRD.  Electrical  parameters  of perovskite  solar
cells  (PSC)  were  investigated  at Standard  Test  Conditions  (STC).  It  was  found  that  both  polyazomethines

protect  perovskite  which  is  confirmed  by  ageing  test  where  Voc did not  decrease  significantly  for  solar
cells  with  HTM  in contrast  to  solar  cell  without  hole  conductor,  where  Voc decrease  was  substantial.
The  best  photoconversion  efficiency  (PCE  =  6.9%),  among  two investigated  in this  work  polyazomethines,
was  obtained  for  device  with  the  following  architectures  FTO/TiO2/TiO2 +  perovskite/S7/Au.  Stability  test
proved  the  procreative  effects  of  polyazomethines  on  perovskite  absorber.

©  2017  Association  of  Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Recently, perovskites solar cells have been an extremely hot
opic in a photovoltaic world due to their excellent optical and
lectrical properties. General formula of hybrid perovskite is ABX3,
here B is a bivalent cation such as lead (Pb2+) or tin (Sn2+), X

s an anion, usually halide ion, for example chloride (Cl−), iodide
I−) or bromide (Br−) while A is an organic cation as methylammo-
ium (CH3NH3

+) or formamidinium (NH = CHNH3) [1]. The crystal
tructure of perovskite consist of a corner sharing (BX6) octahedron

here cation B is located in the centre while anion X in the corners.

he biggest cation A is situated between the octahedrons and its
ain issue is to balance a perovskite structure [2]. The archetype of

∗ Corresponding authors.
E-mail addresses:

.gawlinska@imim.pl (K. Gawlinska), iwan@witi.wroc.pl (A. Iwan)

ttp://dx.doi.org/10.1016/j.opelre.2017.07.004
896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier
perovskite solar cells are Dye Sensitized Solar Cells (DSSC) which
contain mesoporous TiO2 covered by organic, dye molecules, for
which operating principle is given by Anders Hagfeldt and Michael
Grätzel [3]. The parameters which make perovskite attractive to
photovoltaic purposes are optimal band-gap energy which is equal
to 1.5 eV–1.8 eV, low exciton binding energy, relatively high carrier
lifetime (even 100 ns) compared with organic solar cells (10 ns) and
high diffusion length of 100–1000 nm,  depending on the compound
composition [4]. Moreover, perovskites have low non-radiative
recombination rates losses compared to other thin-film polycrys-
talline semiconductors [5].

Main disadvantages to be mentioned are, low ambient stabil-
ity and UV light, oxygen and moisture sensitivity [6]. Furthermore,
manufacturing of perovskite solar devices requires very expensive

components. While, perovskite material itself is rather cheap, the
most common, p-type hole transporter (Spiro-OMeTAD) is even
several times more expensive than gold or platinum [7]. Perfect
HTM should possess high hole mobility, energy levels aligned to

 B.V. All rights reserved.
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Fig. 2. X-ray diffraction pattern of perovskite powder.

Table 1
The FTIR and TGA data of polymers.

Code Properties

S7 Yield 88%.
FTIR, � [cm−1]: 3063 (aromatic C–H stretching), 1659 (C O
stretching from residue CHO groups), 1610 (C N imine
stretching), 1590-1442 (stretching in the aromatic ring), 788
(bending C H out of plane).
TGA, T5% T10% and T25% weight loss at 406 ◦C, 439 ◦C and 567 ◦C,
respectively. Char yield at 61% (Residual weight when heated
to 800 ◦C).

S9 Yield 40%.
FTIR, � [cm−1]: 3063 (aromatic C H stretching), 2932
(aliphatic C H stretching), 2830 (C H stretching from residue
CHO groups), 1660 (C O stretching from residue CHO groups),
1607 (C N imine stretching), 1593-1440 (stretching in the
aromatic ring), 1236 (aromatic C O stretching), 1132 (C C
stretching between aromatic rings), 1030 (aliphatic C O
stretching), 792 (bending C H out of plane).
TGA, T5%, T10% and T25% weight loss at 377 ◦C, 390 ◦C and 493 ◦C,

tigated as HTMs in perovskite solar cells. Independently, due to
ig. 1. Illustration of bang gap energy determination of perovskite obtained in a two
tep deposition method.

he other structure components: HOMO and LUMO levels of HTM
hould be accordingly higher and lower than valence and conduc-
ion band of perovskite, and do not damage the perovskite itself
8]. Moreover, it shall be hydrophobic and therefore, remains sta-
le protection and encapsulation barrier for the perovskite layer
9,10]. Basically, organic and inorganic hole transporting materials
an be distinguished.

The most common organic hole transporting material
s 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-
pirobifluorene (Spiro-OMeTAD) and it is highly successful because
f its large hole mobility and high solubility [9]. Nevertheless,
piro-OMeTAD contains LiTFSi (bis(trifluoromethane)sulfonimide
ithium salt) dopant which is sensitive to humidity and leads
o poor stability of perovskite solar cells [8]. Besides that,
piro-OMeTAD is very expensive due to complicated syn-
hesis and high purity requirement [11]. This is the main
eason why many research groups try to obtain cheaper HTM
y modifying this compound. As a result, such examples as
piro-cyclopenta[2,1-b:3,4-b] dithiophene (spiro-CPDT), tetra{4-
N,N-(4,4-dimethoxydiphenylamino)]phenyl}ethane(TAE-1) [9]
r Trux-OMeTAD which consists of a C3h Truxene-core with
rylamine terminals and hexyl side-chains, can be found [10].

On the other hand poly(3,4-ethylenedioxythiophene)-
oly(styrenesulfonate) (PEDOT:PSS) is cheap polymer with
igh conductivity. Typically, PEDOT:PSS applied as an HTM

ayer in inverted structure and it is usually located on the top
f devices. Nonetheless, sometimes it can provide a part of a
caffold structure but in such a case it is very important to be
ware of destructive influence of water on perovskite. Therefore,
he PEDOT:PSS in toluene solution has to be used instead of
qua dilution. Liu et al. have shown that PEDOT:PSS has similar
roperties as Spiro-OMeTAD [8]. Moreover, it is possible to control
onductivity of PEDOT by dopant changing [12]. Small amount of
SS improves conductivity simultaneously increasing the charge
arrier mobility and therefore, better electrical parameters of
evice are obtained [12]. Besides, it affects the delayed degrada-
ion of perovskite [8]. Other common HTMs are poly(triarylamine),
oly(3-hexylthiophene) [13] or carbazole [14]. Interesting group of
rganic materials that can be found as hole transporting materials
re azomethines. They are compounds with HC N groups known
lso as Schiff bases. Due to their donor properties it is possible to
pply them in organic photovoltaics [15].

Among inorganic HTMs, Cu based inorganic semiconductors,

uantum dots and Kesterites can be distinguished [11,16–18].

Despite all, the high performance and cheap HTM, and effective
erovskite protective obstacle are still required. For this reason, the
respectively. Char yield at 58% (Residual weight when heated
to 800 ◦C).

main goal of this work was  to test two  polyazomethines as HTMs
and as a protective barrier in perovskite solar cells. Polyazome-
thines (PAZ) have been investigated over the past 30 years mainly
as thermostable, biological, and liquid crystalline (LC) compounds
[19,20]. However, in the last 16 years PAZs are also investigated
as a donor component of an active layer in polymer solar cells
[21–37]. The first article about polymer solar cells with PAZ was
published by Sharma et al. in 1996 [23]. The authors studied the
photovoltaic properties of poly(phenyl azomethine furane) (PPAF)
in a monolayer device with a Ag/PPAF/ITO architecture and received
a photoconversion efficiency (PCE) value of approximately 0.019%.
The highest value of PCE, i.e., 0.52%, was obtained by our group
for the polymer solar cell with the active layer based on PC71BM
and polyazomethine with three thiophene rings per unit [25] and
for polyazomethine with triphenylamine and p-terphenyl moieties
(PCE = 0.56%) [27].

In this work two  various HTM layers in perovskite solar cells
are analyzed varying the chemical structure of polymer in per-
ovskite devices. Taking into account the thermal and air stability
of polyazomethines, we proposed two PAZs: one with three thio-
phene rings and 3,3′-dimethoxybenzidine moieties (S9) and second
one with three thiophene rings and fluorene moieties (S7) inves-
the high stability, PAZs were examined as a protection barrier to
avoid degradation. Therefore, the aim of this work was  to PAZs
bifunctionality presentation showing possibility for application in
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Fig. 3. Synthetic route of polyazomethines S7 and S9 with thiophene rings.
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Fig. 4. UV–vis spectra of S

he inexpensive photovoltaics. Electrical parameters were investi-
ated under an illumination of 100 mW/cm2 with an AM1.5G. To
he best of our knowledge, this is the first time that perovskite solar
ells with S7 and S9 polyazomethines as HTM are analysed.

. Experimental

.1. Materials

2,2’:5’,2”-Terthiophene-5,5”-dicarboxaldehyde,
,3′-dimethoxybenzidine, 2,7-diaminofluorene, N,N-
imethylacetamide (DMA), chloroform, lead iodide (PbI2) (purity
9%), anhydrous N,N-dimethylformamide (DMF) (purity 99.8%)
ere purchased from Sigma-Aldrich and used as received.
ethanol, ethanol (purity 96%) and acetone were purchased from

OCH and used as received. Hydrochloric acid (36–38%) was
urchased from CHEMPUR.

Titanium (IV) ethoxide (C8H24O4Ti) was purchased from Merck.
TO, MAI  powder and TiO2 paste T600/sp were purchased from
olaronix.

.1.1. Synthesis of S9 and S7
The polymers were obtained using an one-step high tempera-
ure condensation technique with anhydrous CaSO4 as the water
rap. A single-neck flask with a magnetic stir bar was charged
ith dialdehyde (1 mmol), diamine (1 mmol), p-toluenesulfonic

cid (PTS) and 10 mL  of DMA. The reaction mixture was  allowed
S9 in chloroform solution.

to stir for 22 h at 160 ◦C in an oil bath. The polymer solution was
precipitated in methanol, and the polymer was collected by filtra-
tion. The solid was washed with hot methanol and hot acetone. The
final polymer was  dried overnight at 80 ◦C. Preparation of polymer
S9 was described in details inRRef. [25].

Both polymers were used in the perovskite solar cells as HTM.
The 36 mg  of each polymer were dissolved in 1 ml of chloroform
and deposited on perovskite by using Headway Research Inc. spin
coater, 2000 rpm for 30 s.

2.1.2. Preparation of blocking b-TiO2 layer
TiO2 blocking layer was prepared by using sol-gel method. The

sol solution was  a mixture of 1.14 g of tetraethyl ortotitanate, 10 ml
of ethanol and 0.2 ml  of hydrochloric acid. The sol was  deposited on
a glass with FTO by a spin coater (3500 rpm, 15 s.). Subsequently,
the substrates were dried at 200 ◦C for 10 min  and then annealed
at 500 ◦C for 1 h to obtain anatase crystal phase.

2.1.3. Preparation of mesoporous scaffold
The TiO2 paste T600/sp was screen printed on a glass with b-

TiO2 to create a mesoporous scaffold. The annealing process was
preceded by drying at 200 ◦C for 10 min, and conducted at 500 ◦C
during 1 h.
2.1.4. Preparation of perovskite layer
To prepare the perovskite layer, a two-step deposition method

was used. In the first step PbI2 and MAI  solutions were prepared
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ig. 5. Energy band diagram for perovskite solar cell on a scaffold structure with S7
nd S9 as HTM, and schematic cross section of the device architecture.

s following: 1.39 g PbI2 was dissolved in 3 ml  of anhydrous N,N-
imethylformamide, DMF  at 70 ◦C for 30 min  with stirring and 0.1 g
f MAI  powder was dissolved with 10 ml  isopropanol (IPA). Then,
ead iodide layer was put down on a scaffold by spin coating 1500
.p.m for 30 s. and dried at 70 ◦C for 3 min  and at 90 ◦C for 5 min. Sub-
equently substrates were dipped in MAI  solution for 5 min  rinsed
n IPA and dried at 90 ◦C for 30 min.

.2. Characterisation

The FTIR characterization of the obtained polymers was car-
ied out by Nicolet 5700 (ThermoElectron). UV–vis spectra were
ecorded in a chloroform solution by Jasco V670 spectropho-
ometer. Thermogravimetric analyses (TGA) were performed on a

ettler-Toledo AG apparatus at a heating rate of 10 ◦C/min under
itrogen. Conductivity (�) of S7 and S9 layers was measured for

TO/S7 (or S9)/Al structure by two-probe method using Keithley
400 source meter at a temperature of 25 ◦C for 100, 200 and
00 mV  bias. Temperature was controlled by a thermometer. An
luminum electrode (thickness about 80 nm) was  deposited by
hermal evaporation in a vacuum of approximately 6.67 × 10−2 Pa.
he thickness of the S7 and S9 layer was determined using the AFM
echnique (with a sharp copper blade) by measuring the height of
he edge.

The AFM measurements were performed using intermittent
ontact mode in air and room temperature (25 ◦C, RH = 35%). The
nnova instrument from Bruker was used. Typical probes were uti-
ized to perform the measurements (about 40 N/m and <10 nm
ip radius). Acquired data was analyzed using SPIP software from
mage Metrology.

The PerkinElmer UV/VIS/NIR Spectrometer Lambda 950S was
sed to perform optical measurements of perovskite. The Philips

’Pert X-ray diffractometer PW 1710 with Co K� radiation was
pplied to confirm that obtained material is CH3NH3PbI3.

Electrical parameters of solar cells with different HTM layers
ere measured by solar cells’ I–V curve tracer with solar radia-
s Review 25 (2017) 274–284 277

tion simulator PET PHOTO EMISSION TECH., INC. at STC conditions
(cell temperature of 25 ◦C, irradiance of 1000 W/m2, AM1.5). The
cell area was equal to 0.25 cm2. Gold electrode was deposited by
thermal evaporation in vacuum of about 5 × 10−4 Pa. Constructed
devices were investigated without any encapsulation.

3. Results and discussion

3.1. Perovskite characterisation

Obtained perovskite samples were examined by UV–vis and
XRD experiments to confirm their structure. The optical mea-
surements were done using transmission mode, and they led to
determine the band gap energy (Eg) of CH3NH3PbI3 by using Tauc
plot (Fig. 1) and formula for direct band gap [7].

The value of the perovskite band gap was estimated at 1.57 eV.
This is in agreement with values reported recently in the litera-
ture [1]. Therefore, it can be deduced that synthesized perovskite
possesses adequate optical properties and the solar cell will be
operating within the 400–800 nm spectral range.

In order to obtain further confirmation of the phase composition
of synthesized perovskite XRD measurements were performed. As
can be seen, from the diffractogram (see Fig. 2) of perovskite pow-
der, the measured peaks are correlated with values from data base.
Diffractogram confirms that beta-methylamminium lead triiodide
was obtained similarly to other literature report [38] and it has a
tetragonal structure.

3.2. Polyazomethines’ characterisation

Both polyazomethines were prepared using a simple, one-step,
high-temperature, condensation procedure with the catalyst in
solution. The synthesis of both polyazomethines (S7 and S9) is
outlined in Fig. 3.

FTIR and TGA data of polymers S7 and S9 are presented in
Table 1.

The presence of imine groups was  confirmed by FTIR spec-
troscopy, and in each case, the band characteristics of the −HC N
stretching deformations at 1607 cm−1 (for S9) and 1610 cm1 (for
S7) was observed. The band characteristics of the carbonyl end
group was  also observed at approximately 1660 cm−1.

The thermal properties of both polyazomethines were char-
acterized by a thermogravimetric analysis (TGA) performed in
a nitrogen atmosphere at a heating rate of 10 ◦C/min to 800 ◦C
(Table 1). The TGA experiment of S7 and S9 indicates one main
reaction stage. The thermal properties of investigated polymers
depended on the structure of polyazomethines, in this case on the
sub-unit of the polymer backbone. The initial decomposition based
on a 5% weight loss and the temperature at which 10% weight
loss occurred (which is usually considered the criterion for assess-
ing the thermal stability) lay within the range of 377–406 ◦C and
390–439 ◦C, respectively (see Table 1). Our study showed that poly-
mer  S7 started to decompose at about 29 ◦C higher temperature
(406 ◦C) than S9 polyazomethine (377 ◦C). Moreover, taking into
account the amount of carbonized residue, not significant differ-
ences between both polymers were found. The char yield percent
at 800 ◦C was found at 61% for S7 and 58% for S9. The high thermal
stability of the polymers prevents deformation of their morphology
and it is important for polymeric photovoltaic device applications.
Aromatic polyazomethines are an attractive class of high perfor-
mance polymers, due to their high thermal stability [19].
Currently, a lot of efforts have been made towards improving
thermal stability of perovskite solar cell. Taking into consideration
application of perovskite solar cells outdoors, one very important
issue is analysing an effect of thermal stability of organic layers on
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Fig. 6. AFM images (topography), Sobel transform
he properties of the devices. According literature [19], investigated
n this work, polyazomethines exhibited good thermal properties
ompared with other polyazomethines.
the Phase Imaging of S7 and S9 polyazomethines.
The conductivity (�) of S9 and S7 was approximately of
2.6 × 10−10 S/cm and 2.7 × 10−8 S/cm, respectively. As the voltage
increased from 100 to 500 mV,  a small increase in the conduc-
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ig. 7. (a) The cross sectional STEM image of the perovskite solar cell with typical H
ested  polymer (S9), (c) HRTEM micrograph of the gold surface covered by thin am
apping  layer and back electrode (Au), (d) EDX analysis result of the amorphous fib

ivity of the both polymers was observed. For example, for S9
he conductivity at 500 mV  was 4.3 × 10−10 S/cm, while for S7

 = 3.1 × 10−8 S/cm was found. Thickness of S9 was 11.9 nm,  while
or S7 6.4 nm,  as detected by the AFM method.

The introduction of dimethoxybenzidine in S9 polyazomethine

esulted in a bathochromic shift of the absorption band maximum
ompared to S7 (from 415 nm to 446 nm). This absorption peak,
hich was observed as a well-defined band in the UV–vis spectra
piro-OMeTAD), (b) The cross sectional STEM image of the perovskite solar cell with
us layer, (d) HRTEM micrograph of the polymer fiber located between perovskite

of the polyazomethines, is due to the �-�* transition in the imine
group (see Fig. 4).

The electrochemical properties of the studied polymers were
investigated in CH2Cl2 using cyclic voltammetry (CV). For S9
details of CV experiments can be found in our previous paper

[25]. Briefly, HOMO and LUMO levels of S9 polyazomethine were
found at −5.46 eV and −2.79 eV, while of S7 polymer at –5.07 eV
and –2.19 eV, respectively. Energy gap (Eg) of S9 was  detected at
2.67 eV, while for S7 Eg = 2.88 eV. Energy level diagram of S9 and S7
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Table  2
The surface parameters of both polyazomethines investigated by AFM.

Code Surface statisticsa

Ra [nm] Rms [nm] Skewness Kurtosis Surface Area Ratio [%]

S7 (300 nm × 300 nm)  2.72 3.61 −0.95 3.71 10.42
S7  (1 nm × 1 nm)  3.21 4.04 −0.17 2.88 2.24
S9  (300 nm × 300 nm)  0.65 0.82 0.03 3.17 0.53
2  S9 (1 nm × 1 nm) 0.77 0.96 0.02 2.90 0.68

Ra: value of the height irregularities (arithmetic average of absolute values). Exponent (power) within the data variance sum for the RMS  is q = 1. The Roughness Average, is

defined as: Ra = 1
MN

M−1∑
k=0

N−1∑
l=0

|z (xk, yl) |.

Rms: value of the height irregularities (Root Mean Squared). Exponent (power) within the data variance sum for the RMS  is q = 2. The Root Mean Square (RMS) parameter Rms

(Sq), is defined as: Rms =

√√√√ 1
MN

M−1∑
k=0

N−1∑
l=0

[z (xk, yl)]

2

, where: M and N are the total number of pixels in the analyzed scan, k and l are coordinates of a given pixel, z (xk, yl) is

the  height of the surface at a given coordinate.
a values calculated for scanning field 300 nm × 300 nm and 1 nm × 1 nm.

Table 3
Electrical parameters of constructed perovskite solar cells.

HTM Voc [mV] Isc [mA] FF PCE [%] Rs0 [�] Rsh0 [k�]

S9 830 4.4 0.41 

S7  832 4.8 0.43 

w/o  841 5.8 0.50 
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ig. 8. I–V characteristics of perovskite solar cells with various HTM, under AM 1.5
-simulated solar illumination (100 mW/cm2), cell area 0.25 cm2.

ased on CV experiment is presented in Fig. 5 along with architec-
ure of constructed perovskite devices.

The morphology of both polyazomethines was studied using
FM. Fig. 6 shows a typical, planar view of the topography, and

he Sobel transform, which we used to provide a better view of fine
tructures and features. In addition, the Phase Images were pre-
ented, which show maps of viscoelastic forces, useful for imaging
nhomogeneous materials.

Investigated samples differ significantly in terms of morpholog-
cal properties. S7 sample reveals complex structure of the surface,

hich is relatively smooth and wavy, however, the presence of the
rains embedded in the surface, can be noted. The size of the grains
s difficult to determine, due to the fact, that they seem to be covered
y outer layer. However, their approximate diameter is in the range
f 10–30 nm.  The distribution of the grains is non-homogenous, the

mount is few dozen per one square micrometer. Moreover, the
oles in outer layer can be noted during the analysis of both: topo-
raphical and phase imaging data. In addition, the changes of the
iscoelastic properties of the surface visible as the changes of the
6.1 77.1 1.02
6.9 89.8 0.71
9.6 32.2 0.77

phase imaging data, in particular in areas with reduced density of
grains, seem to vary. Concerning the mechanical response in the
area of the discontinuities of the outer layer, one can argue, that in
the vicinity of the grains, the outer layer is thicker, than in other
areas.

On the other hand, the surface of S9 sample is covered with
round and elliptical grains, approx. 50–100 nm in diameter. No sig-
nificant mechanical non-homogeneities can be described basing
on phase data. The only visible features are related to the space
between the grains, where the tip-sample interaction varies due to
changes of the active contact surface, therefore, one should con-
sider it as the artifacts.

It should be underlined, that the height of the structures in case
of S7 sample is bigger than in S9 sample, therefore all the rough-
ness parameters reached significantly higher values. The dominant
objects for S7 sample are rare holes, therefore skewness is below 0.
On the other hand, grainy and homogenous structure of S9 sample
is correlated with skewness value slightly above 0.

The roughness parameters such as (Ra, Rms), skewness (the
unbalance of height distribution maximum) and kurtosis (the
peak’s width on height distribution) for the investigated surfaces
are presented in Table 2.

3.3. Photovoltaic experiments

The perovskite solar cells were fabricated using the described
above perovskite absorber in the standard architecture shown in
Fig. 5. The top electrode was  a transparent conductive oxide (flu-
orine doped tin oxide, FTO) while back electrode was made from
high work function metal (Au). Perovskite solar cells using S7 and S9
polyazomethines as an HTM were fabricated and their photovoltaic
parameters were compared with device without HTM layer. The
cross-sectional STEM image (see Fig. 7a) has shown the perovskite
solar cell with typical HTM (Spiro-OMeTAD). As can be seen, the
perovskite partially crystallized within the porous titanium dioxide

layer and also formed thick capping layer which was crystallized
on to the porous TiO2. The presence of capping layer should be
beneficial because it helps to avoid direct contact between HTM
and electron conducting TiO2 and, hence decrease the recombina-
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Fig. 9. Thickness of S7 (top) and S9 (bottom) polyazomethines measured using AFM.
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Fig. 10. Diagrams of decrease of Voc, Isc and efficie

ion. However, it introduced the considerable surface roughness
hat should be well covered by HTM material. In this exact image,
he Spiro-OMeTAD layer appeared in the right morphology, namely
otally, separating the perovskite from gold electrode.

While Fig. 7(b) has shown a perovskite solar cell with polymer
9 and in this case HTM creates very thin and not uniformly dis-
ributed coating. Therefore, full layers separation is not provided
nd the places where gold touches perovskite are observed. The
haracteristic, black outline at the bottom of the back electrode
ayer, is caused by the polymer presence on the gold surface, which
s confirmed by the HRTEM image [Fig. 7(c)], where amorphous
oating on gold is observed.

It is worth to pointing out that the roughness of the bottom of the
old and perovskite capping layer, do not fit together what would
e observed if the polymer was not there. The Fig. 7(d) presents the
ery thin amorphous fiber localized between perovskite capping
ayer and gold electrode. The EDX analysis has confirmed strong
ncrease of the carbon signal for this fiber what indicates that it is
n applied polymer Fig. 7(e).

Electrical parameters of solar cells were measured by solar cells
–V curve tracer. The contact to both electrode was gained by using

omemade handle. The open circuit voltage values are similar for
ll devices, while, short circuit current is much lower for perovskite
olar cells with polymers S7 and S9 (Table 3). Such behaviour is a
onsequence of high value of Rs0. The causes of high series resis-
 investigated perovskite solar cells in time (0–4 h).

tance are a problems with carriers movement in solar cells or
significant contact resistance. In this case, higher Rs0 for solar cells
with polymers S7 and S9 seems to be a result of difficulties with
carriers movement in solar cells. Moreover, low shunt resistance,
which reduces the amount of current flowing through the solar
cell junction as a result of high leakage, can either has an influ-
ence on Isc. Both resistances have also significant impact on fill
factor which is an important parameter carrying an information
about curve deviation from perfect rectangle. Low FF means high
deviation what is clearly watchable in Fig. 8.

The best performance, among two investigated polyazome-
thines, was  obtained for device with the following architectures
FTO/TiO2/TiO2 + perovskite/S7/Au. A PCE of 6.9% with open circuit
voltage Voc = 832 mV,  short circuit current Isc = 4.8 mA,  and fill factor
FF = 0.43 were achieved. The PV parameters for all devices, investi-
gated in this work, are listed in Table 3.

The dynamic series resistance (Rs0) and dynamic shunt resis-
tance (Rsh0) are given by Eqs. (1) and (2):

Rs0 = −(∂G V/∂Gi)V=Voc (1)

Rsh0 = −(∂G V/∂Gi)i=Isc (2)
where i and V terminal current and voltage, respectively.
The I–V (current-voltage) characteristics of the perovskite solar

cells based on polyazomethines are shown in Fig. 8. Green line
presents perovskite solar cell without any HTM, blue is a solar
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ig. 11. Picture of degradation of perovskite solar cells without and with polya-
omethines in time.

evice with polymer S7 and red with polymer S9. The shape of
urves is an effect of high value of series resistance and low shunt
esistance.

No significant changes in the PV parameters for perovskite
evices based on S7 or S9 polyazomethines were observed. Some
ifferences were found in the series (Rs0) and shunt (Rsh0) dynamic
esistance of the devices with polyazomethines. High value of series
esistance 77.1 � for device with S7 polyazomethine and 89.8 �
or solar cell with S9 demonstrates that resistivity of these layers is
igh which can be explained by low carrier mobility or low accep-
or concentration. Moreover, both investigated polyazomethines
re not well soluble in chloroform and for this reason the obtained
ayer is very thin and not uniform (from 0 to even 170 nm in a final
erovskite solar cell structure).

Thickness of S7 and S9 polyazomethines was  also measured by
FM experiment (see Fig. 6). Thickness of S7 polyazomethine was
f about 6.4 nm,  while for S9 was 11.9 nm.  In order to measure film
hickness, the surface was scratched with a copper wire, as the step
dge makes the topographical analysis possible. Two  methods: sur-
ace height distribution and edge profile analysis were applied with
ood agreement (Fig. 9). It should be emphasized, that the profile
ines were acquired as the average value of the set of at least 50
eighbourhood single profiles (indicated by white squares).

Unfortunately, electrical parameters of perovskites devices with
olymers S7 and S9 as HTM were worse than for perovskite solar
ell without HTM. However, it should be stressed that obtained
alue of PCE of perovskite solar cells with polyazomethines are
he highest to best of our knowledge taking into consideration
olyazomethines used in photovoltaics. In our previous work [25]
olymer S9 was applied as a donor component of the active

ayer in bulk heterojunction (BHJ) polymer solar cells with the
TO/PEDOT:PSS/S9:PC71BM (1:2)/Al architecture and maximum
alue of PCE at 0.52% under simulated 100 mW/cm2 AM 1.5G irra-
iation was obtained.

Except holes transport, HTM should also protect the perovskite
ayer [9]. For this reason in the next step of our work, the polya-
omethines protective impact on perovskite devices was checked.
n Fig. 10 we graphically presented how not encapsulated per-
vskite solar cells without and with polyazomethine HTM, were
egraded in time (0–4 h) upon full sun light conditions.

After 4 h, reduction of Isc was similar for all samples, approxi-
ately 70% of primal value, from 5.8 mA  to 1.7 mA  for PSC without
TM, from 4.8 mA  to 1.5 mA  for device with S7 and from 4.4 mA to

.3 mA  for solar cell with polymer S9. Drop of open circuit voltage
Voc) for device without HTM was high, from 844 mV  to 742 mV
fter 2 h and to 361 mV  after 4 h of ageing. While solar cells with
olymers S7 and S9 are characterised by lower Voc decreased. For
s Review 25 (2017) 274–284 283

PSC with S7 as HTM, the Voc has fallen from 832 mV  to 794 mV
and to 674 mV  after respectively 2 and 4 h of sun exposition and
from 830 mV  to 786 mV and to 724 mV  for PSC with polymer S9.
The efficiency decreases was  about 8% and 6% lower for solar cells
with polymer S7 and S9 than for devices without any HTM. This
demonstrates protective properties of polymers S7 and S9 on per-
ovskite, what has been clearly shown in Fig. 11. The results are
very promising and they indicate that regardless of weak solubil-
ity of S9 and S7 in chloroform, the polymers layers were present
on perovskite. Finally, we can conclude slower degradation of PSCs
with polyazomethine HTM in respect to devices without HTM. To
obtain better electrical parameters of perovskite solar cells, car-
rier mobility of S7 and S9 improvement is necessary and thickness
optimization of HTM layer has to be done.

4. Conclusions

In this work two  polyazomethines with three thiophene rings
called S7 and S9 were examined as potential hole transport-
ing materials in perovskite solar cells. We  found, that both
polymers protect perovskite which is confirmed by ageing test
where Voc did not decrease significantly for solar cells with
HTM in contrast to solar cell without hole conductor where Voc

decrease was substantial. The best performance among two inves-
tigated in this work polyazomethines was obtained for a device
with the following architectures FTO/TiO2/TiO2 + perovskite/S7/Au,
where polyazomethine with fluorene moieties was  used as HTM.
Under these conditions, a PCE of 6.9% with open circuit volt-
age Voc = 0.832 V, short circuit current Isc = 4.8 mA,  and fill factor
FF = 0.43 were achieved.

Finally, we would like to stress that our idea to apply cheap,
air- and thermally stable polyazomethines as HTM is, in our point
of view, very promising compare with the results presented in
Ref. [39], where such commercial polymers as P3HT, PCDTBT and
PCPDTBT were applied as HTM. PCE value of these polymers in
perovskite solar cells was of 6.7%, 4.2% and 5.3%, respectively.

We believe that our results will be an inspiration for scientists
work in photovoltaics. Next researches have to be done to improve
electrical parameters of solar cells with S9 and S7 as HTM and
solubility of polyazomethines.
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