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 solution-processable  small-organic  molecules  containing  carbazole  or
henoxazine  structure  as  hole-transport  materials  for  perovskite  solar  cells
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Three  low  molecular  weight  compounds  bearing  carbazole  units  (1,6-di{3-[2-(4-
methylphenyl)vinyl]carbazol-9-yl}hexane  and  9,9’-di{6-[3-(2-(4-methylphenyl)vinyl)-9-carbazol-
9-yl]hexyl}-[3,3’]bicarbazole)  and  phenoxazine  structure  (10-butyl-3,7-diphenylphenoxazine)  were
tested as hole-transporting  materials  in  perovskite  solar  cells.  Two  of them  were  successfully  applied
as  hole  transporting  layers  in electroluminescent  light  emitted  diodes.  The  examined  compounds  were
high-thermally  stable  with  decomposition  temperature  found  at the range  of  280–419 ◦C. Additionally,
arbazole derivatives
erovskite photovoltaic cells
ole transporting materials

DSC  measurement  revealed  that  they  can  be  converted  into  amorphous  materials.  The  compounds
possess  adequate  ionization  potentials,  to perovskite  energy  levels,  being  in the range  of  5.15–5.36  eV.
The  significant  increase  in power  conversion  efficiency  from  1.60%  in  the  case  of  a  device  without  hole-
transporting  layer,  to 5.31%  for device  with  1,6-di{3-[2-(4-methylphenyl)vinyl]carbazol-9-  yl}hexane
was  observed.

©  2019  Published  by  Elsevier  B.V.  on behalf  of Association  of  Polish  Electrical  Engineers  (SEP).
. Introduction

Since, 2012 when the first all-solid-state perovskite solar cell
ith power conversion efficiency (PCE) about 9% has been obtained,

he significant progress in their PCE is observed [1,2]. The hole-
ransporting layer in such type of photovoltaic cell plays an
mportant role in facilitating charge separation and transporta-
ion, recombination reduction at the interface and tuning the work
unction of the electrode leading to increasing of PCE [3–5]. In the
iterature, a lot of examples of organic [6–9] and inorganic [10,11]
ompounds as hole-transporting materials (HTM) were described.
mong them, low molecular weight compounds dominate. The
dvantages of small molecules are their well-defined structure,
hich transpose into the efficient and reproducible synthesis of

ompounds with high purity, even in industrial conditions, com-
ared to polymeric materials. In addition, the appropriate change
f functional groups or replacement of substituents allows for

odification of some properties (electrochemical, optical, and sol-

bility) of the final derivatives. The most popular as HTM materials
n PSC is 2,2′,7,7′-tetrakis (N,N-di-p-methoxyphenylamine)-9,9′-

∗ Corresponding author.
E-mail address: m.lipinski@imim.pl (M.  Lipiński).

ttps://doi.org/10.1016/j.opelre.2019.04.003
230-3402/© 2019 Published by Elsevier B.V. on behalf of Association of Polish Electrical 
spirobifluorene (Spiro-OMeTAD), which PCE values exceed 20%
[4–7]. However, despite the many advantages of Spiro-OMeTAD
the design and synthesis of efficient HTMs is an important research
topic [12]. The major drawbacks of Spiro-OMeTAD molecule
are high cost, complicated and long both synthesis and purifi-
cation [3]. Moreover, there are the ever-growing requirements
regarding the transport of holes, blocking electron flow, sta-
bility, solubility, and resistance to the impact of the external
environment for HTMs [12]. Thus, despite the efforts which
have been made for the development of alternative HTMs,
the challenges related to looking for a new one is still exist-
ing.

The aim of our work was testing implementation of
selected compounds consisting of carbazole or phenoxazine
units, in perovskite solar cells. Two  of them, that is, 1,6-di{3-
[2-(4-methylphenyl)vinyl]carbazol-9-yl}hexane and 10-butyl-3,7-
diphenylphenoxazine were successively applied as HTM in OLEDs
[13,14]. The third tested compound that is, 9,9’-di{6-[3-(2-(4-
methylphenyl)vinyl)-9-carbazol-9-yl]hexyl}-[3,3’]bicarbazole has
not been described in the literature yet.
Engineers (SEP).

https://doi.org/10.1016/j.opelre.2019.04.003
http://www.sciencedirect.com/science/journal/12303402
http://www.journals.elsevier.com/opto-electronics review
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. Experimental

.1. Synthesis of 9,9’-di{6-[3-(2-(4-methylphenyl)vinyl)-9-
arbazol-9-yl]hexyl}-[3,3’]bicarbazole (2)

A 9,9’-di{6-[3-(2-(4-methylphenyl)vinyl)-9-carbazol-9-
l]hexyl}-[3,3’]bicarbazole (2) was prepared by multistep synthetic
oute, which is demonstrated in Scheme 1.

Starting materials for the synthesis, i.e. 9H-carbazole (2.1
n Scheme 1), 1,6-dibromohexane, iron (III) chloride (FeCl3),
otassium hydroxide (KOH), phosphorus trichloride (POCl3),
imethylformamide (DMF), tetra-n-butylammonium hydrogen
ulfate (TBAHS), potassium tert-butoxide (t-BuOK) and diethyl-4-
ethylbenzylphosphonate were purchased from Aldrich and used

s received.
A 9H,9‘H-[3,3’]-bicarbazole (2.2 in Scheme 1) was synthesized

ccording to the our earlier described procedure [15].
A 9-(6-Bromohexyl)carbazole (2.3 in Scheme 1) was  synthe-

ized according to the procedure described in literature [16].
A 9-(6-Bromohexyl)-3-formylcarbazole (2.4) was  also synthe-

ized according to the procedure described in literature [17].
A 9,9‘-Di[6-(3-formylcarbazol-9-yl)hexyl]-[3,3’]bicarbazole

2.5) was prepared by the reaction of 9H,9‘H-[3,3’]-bicarbazole
2.2) with excess of 9-(6-bromohexyl)-3-formylcarbazole (2.4)
nder basic conditions in the presence of TBAHS phase transfer cat-
lyst. 1.0 g (3.0 mmol) of the compound 2.2 and 2.36 g (6.6 mmol)
f compound 2.4 were heated to reflux in 60 ml  of THF. Then 1.02 g
18.2 mmol) of powdered KOH and a catalytic amount of TBAHS
ere added to the mixture, and it was refluxed for 4 h. After TLC

ontrol the mixture was filtered, the solvent was evaporated. The
roduct was purified by column chromatography with silica gel
sing ethyl acetate/hexane (vol. ratio 1:4) as an eluent. Yield:
.5 g (56%) of yellow amorphous material with glass transition
emperature of 110 ◦C (DSC).

HRMS: Found [M+H]+ 887.1145; molecular formula
62H54N4O2 requires [M+H]+887.1156; 1H NMR  (400 MHz,
DCl3): 9.96 (s, 2H, 2 × CHO), 8.30 (s, 2 H, Ar), 8.13–8.00 (m,  4H,
r), 7.84 (dd, 2H, J1 = 1.6 Hz, J2 = 8.8 Hz, Ar), 7.67 (dd, 2H, J1 = 1.6 Hz,

2 = 8.4 Hz, Ar), 7.43−7.42 (m,  7H, Ar), 7.25−7.13 (m,  8H, Ar), 4.19 (t,
H, J = 7.2 Hz, 2×NCH2), 4.14 (t, 4H, J = 7.2 Hz, 2×NCH2), 1.81−1.70
m,  8H, 4×NCH2CH2), 1.33−1.30 (m,  8H, 4×NCH2CH2CH2). 13C
MR  (400 MHz, CDCl3): 191.78, 143.99, 141.08, 140.84, 139.49,
33.34, 128.52, 127.25, 126.75, 125.75, 125.53, 123.91, 123.44,
23.06, 122.98, 120.77, 120.52, 120.34, 118.94, 118.91, 109.33,
08.85, 108.83, 108.72, 43.14, 42.91, 28.89, 28.76, 27.05, 27.02.
T-IR (KBr), cm−1: 3050, 2928, 2877, 2863, 2723, 1733, 1679, 1626,
591, 1481, 1385, 1328, 1236, 1134, 892, 799, 767, 744, 727.

A 9,9’-Di{6-[3-(2-(4-methylphenyl)vinyl)-9-carbazol-
-yl]hexyl}-[3,3’]bicarbazole (2) was prepared by the
eaction of compound 2.5 with an excess of diethyl-4-
ethylbenzylphosphonate in dry THF. 0.33 g (3.4 mmol) t-BuOK

nd 15 ml  dry THF were placed in a flask at room temperature
nder nitrogen atmosphere. 0.33 g (2.3 mmol) of diethyl-4-
ethylbenzylphosphonate was added dropwise to the THF

olution at 0 ◦C under nitrogen. The reaction mixture was stirred
or 20 min. Then, 0.5 g (0.6 mmol) of the compound 2.5 was added
o the reaction mixture. The resulting solution was stirred at
oom temperature under the basic conditions for 3 h, until the
tarting compound 2.5 reacted completely. Then, the mixture
as poured into ice water and extracted by chloroform. Organic

raction was dried by Na2SO4 and the solvent was removed by
vaporation. The product was purified by column chromatography

ith silica gel using ethyl acetate/hexane (vol. ratio 1:7) as an

luent. Yield: 0.3 g (50%) of yellow crystals. M.p.: 119 ◦C (DSC).
RMS: Found: [M+H]+ 1063.4132; molecular formula C78H70N4

equires [M+H]+1063.4144; 1H NMR  (400 MHz, CDCl3,): 8.31 (s, 2
nics Review 27 (2019) 137–142

H, Ar), 8.16–8.08 (m,  3H, Ar), 8.03 (d, 2H, J = 7.6 Hz, Ar), 7.67 (dd,
2H, J1 = 2.0 Hz, J2 = 8.4 Hz, Ar), 7.51 (dd, 2H, J1 = 1.6 Hz, J2 = 8.4 Hz,
Ar), 7.40−7.19 (m,  15H, Ar), 7.17−6.98 (m,  10H, Ar, 2×CH = CH),
4.26−4.07 (m,  8H, 4×NCH2), 2.28 (s, 6H, 2×CH3), 1.85−1.70 (m,
8H, 4×NCH2CH2), 1.62−1.54 (m,  4H, 2×NCH2CH2CH2), 1.33−1.30
(m,  4H, 2×NCH2CH2CH2). 13C NMR  (400 MHz, CDCl3,): 140.84,
140.77, 140.08, 139.50, 136.77, 135.18, 133.37, 129.36, 128.76,
128.63, 126.13, 126.01, 125.79, 125.69, 125.59, 124.41, 123.41,
123.18, 123.08, 122.90, 120.50, 120.46, 119.01, 118.93, 118.83,
118.52, 108.84, 108.79, 108.72, 42.90, 28.85, 28.82, 27.03, 21.24.
FT-IR (KBr), cm−1: 3046, 3020, 2926, 2853, 1625, 1598, 1487, 1471,
1378, 1345, 1331, 1238, 1153, 959, 810, 792, 746, 723.

2.2. Devices preparation

The FTO (fluorine-doped tin oxide, Solaronix) substrates were
cleaned for 5 min  in worm deionized water (DI H2O) with detergent
and 5 min  in isopropanol (POCH) in an ultrasonic bath. The titanium
oxide blocking layer was prepared by sol-gel method. A solution of
TiO2 was a mixture of 50 ml  of ethanol (96%, POCH) with 1 ml  of HCl
(36%, CHEMPUR) and 25 mM titanium (IV) ethoxide (Ti(OC2H5)4)
from Merck. The blocking layer was deposited on a glass substrate
with FTO by spin coating method at 2000 rpm for 15 s. Subse-
quently, substrates were dried at 200 ◦C for 10 min  and annealed
at 500 ◦C for 30 min  in the oxygen atmosphere. Analogically, the
layers on polished silicon wafers were deposited for other measure-
ment purposes. Mesoporous titanium dioxide layer was deposited
on top of the blocking layer from dilutes TiO2 paste (Solaronix 600)
by spin-coater at 2000 rpm for 15 s. The dilution was a mixture of
0.865 g of paste and 3 ml  of anhydrous ethanol (POCH). To prepare
the perovskite layer two-step deposition method was used. Lead
iodide solution was prepared by mixing 1.39 g perovskite grade
PbI2 (Sigma-Aldrich) with 3 ml  of anhydrous DMF  (Sigma-Aldrich)
and hitting 70 ◦C 30 min  with stirring. Subsequently, PbI2 was  spin-
coated on cleaned FTO substrates with 2000 rpm. for the 30 s and
dried at 70 ◦C for 3 min  and at 90 ◦C for 5 min. Next step was  5 min
immersing in methylammonium iodide solution which was  pre-
pared from 0.1 g MAI  (Solaronix) and 10 ml  IPA (Chempur) and
drying at 90 ◦C for 30 min. The tested compounds solutions were
obtained by mixing 7 × 10−5, 1.7 × 10−5 and 1.2 × 10-4 mole of 1,
and 3 in 1 ml  of chlorobenzene (Chempur), respectively. All tested
HTM’s were doped by 39 �l 4-tBP (Sigma-Aldrich) and 18 �l LiTFSI
(Sigma-Aldrich) in acetonitrile (Archem) and were deposited on the
top of perovskite by using spin coater at 2000 rpm for 30 s. Finally,
gold back electrode was  evaporated.

2.3. Measurements

Photovoltaic performances measurements were carried out by
I-V curve tracing using PET Photo Emission Tech AAA class solar
simulator under STC conditions. The optical characterization of
compounds on BK7 glass was  carried out using ellipsometry (ellip-
someter Sentech SE800 PV) and UV-VIS-NIR (spectrophotometer
Lambda 950S) spectroscopy measurements. The perovskite mor-
phology with or without HTM was visualized by atomic force
microscope (AFM). The planar heterojunction-based perovskite
solar cells were simulated with the program SCAPS 3.3.05 [18]. Val-
ues of Td of the materials were appointed by thermo-gravimetric
analysis (TGA). The TGA measurements were performed on a
Netzsch STA 409 in a nitrogen atmosphere at a heating rate of

10 ◦C/min. The ionization potentials (Ip) were measured using
the electron photoemission method. The electron photoemission
method for measurement of ionization potentials (Ip) of the solid-
state layers of the studied compounds was exploited in air [19]. The
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Scheme 1. Multistep synthetic route of the investigated compound 2.
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Fig. 1. The chemical structu

xperimental setup was similar as we have previously described
20].

. Results and discussion

The chemical structure of the compounds employed as HTM in
erovskite solar cells is depicted in Fig. 1.

The ideal HTMs should fulfill certain requirements concerns
heir properties. It is expected that efficient HTMs will be exhibit-
ng well aligned highest occupied molecular orbital energy level
HOMO) with the valence band energy of the perovskite, minimal
bsorption in the region of the solar spectrum, high hole mobility,
ufficient thermal and photo-stability. Of much significance is also
he cost of its synthesis [5]. The investigated herein compounds
howed high thermal stability with decomposition temperature
Td) at 419 ◦C, 398 ◦C and 280 ◦C for 1, 2 and 3, respectively [13,14].
hey were obtained as crystalline solids with melting temperature
t 176 ◦C for 1, 119 ◦C for 2 and 101 ◦C for 3 DSC measurements
evealed that they can be converted to amorphous state with a
lass transition temperature (Tg) in the range of 119 (1) – 84 (2)

 53 ◦C (3). The high Tg gives the possibility for preparation of
orphologically-stable amorphous films. Ionization potential (IP)

f studied compounds, which is closely related to the energy levels
f the HOMO is compatible with perovskite (cf. Fig. 2). The good fit
f the energy levels should lead to the efficient transport of holes
enerated in the photovoltaic conversion process.

The IP of compounds bearing carbazole units (1 and 2) is
lightly higher than that of MAPbI3 contrary to a molecule with
henoxazine structure (3). Hole drift mobility values exceeding
.2 × 10−5 cm2V-1s-1 were observed in amorphous layers of these
ole transporting materials at an electric field of 4 × 105 Vcm-1 at
5 ◦C as it was established by time-of-flight (ToF) measurements
14]. The optical properties of 1, 2 and 3 in the form of a film on

lass substrate were analyzed by UV–vis spectroscopy and their
ransmission spectra are depicted in Fig. 3.

The tested materials absorb the radiation in the range from
bove 250–400 nm.  Compound with two carbazole units (2) exhib-
he investigated compounds.

ited absorption up to 300 nm contrary to the others (1 and 3), which
absorption is bathochromically shifted to lower energy region to ca.
360 nm.  Interestingly, all of the tested materials presented a charac-
teristic slop located at 310 −320 nm.  The investigated compounds
showed the optical band gap (Eg) derived from the Tauc plot in the
range of 2.86–3.14 eV. The introduction of the phenoxazine unit (3)
lowered the Eg to 2.86 eV. Together with decease of carbazole units
number (1) the increase of Eg to 3.14 eV was observed. Based on Eg

and IP values, the electron affinity values (corresponded to LUMO
levels) were calculated being 2.01, 2.22 and 2.49 eV for 1, 2 and 3,
respectively. It can be noticed that all of the proposed materials
fit into the energy structure of the perovskite solar cell and were
utilized for the fabrication of a device with structure presented in
Fig. 2.

Before focusing on photovoltaic measurements of the prepared
PSCs, the perovskite morphology without and with HTMs seem to
be important for discussion. Representative AFM images recorded
for perovskites are presented in Fig. 4.

It was found that in the case of the perovskite not covered by
any HTM large, sharpened crystals were observed. The average Ra
was 65.6 nm and �Z 4̃00 nm.  While, for perovskite covered with
molecule 2, HTM cannot be distinguished on the topography as well
as the phase, while smaller crystals and clearly lower roughness
were observed. The average Ra is 45.7 nm and �Z 2̃00 nm.  The Ra
reduction is evidently indicative of the presence of the HTM layer
on the perovskite. It is very interesting how the additional layer
influenced the shape of perovskite grains, which were reduced. It
should be emphasized that HTM locates in the space between the
grains, thus the grains appear smaller, their shapes less sharp and
Ra decreases. An ellipsometric study performed on silicon indicated
that the thickness of the organic layer prepared from molecule 2
was 40–55 nm.

For a thorough understanding, of the role of HTM in perovskite

solar cells, the simulation was  carried out using the program
SCAPS 3.3.05. Some parameters of HTM were experimentally deter-
mined (ionization potential, optical bandgap, electron affinity).
Others parameters like mobility, acceptor concentration were
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Fig. 2. Device scheme (a) and energy levels diagram (b) of the fabricated PSCs.

n the glass (a) and optical band gap (b) of the HTMs estimated from Tauc plot.
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Table 1
Photovoltaic parameters of the studied PSCs.

HTM Isc [mA] Jsc [mA/cm2] Voc [mV] FF [%] PCE [%]

1 0.99 3.96 917 36.9 1.32
2  4.39 17.56 869 35.2 5.31
Fig. 3. UV–vis transmission spectra of the investigated HTMs deposited o

dopted as for Spiro-OMeTad from literature [21]. Additionally,
ome assumption was made in order to obtain more realistic
arameters of cells similar to those manufactured in our labora-
ory: Shockley–Read–Hall (SRH) recombination was  included in
uch way as to obtain the carrier diffusion about 120 nm.  It was
ssumed that the series resistance is equal to 10 � × cm2, the par-
llel resistance 1 k � × cm2 and the FTO glass transmission 90%.
imulation results show an important role that HTM plays (Fig. 5).

Although it is possible to make cells without HTM, their effi-
iency is significantly smaller in comparison to the device with HTM
Fig. 5(a)]. Fig. 5(a) shows that efficiencies for 1 and 3 are higher
han for 1 and Spiro-OMeTAD, as well. All tested HTMs improve
he efficiency in comparison with the cell without HTM. Photo-
oltaic parameters of the fabricated devices were obtained based
n registered current-voltage (I-V) characteristics, which are given
n Fig. 6.

Current-voltage curves indicate a lower fill factor (FF) for all new
TM’s compared to device with Spiro-OMeTAD. The curves slope is
vident on both, large series resistance Rs and low shunt resistance
sh. The photovoltaic parameters of the prepared cells has been
athered in Table 1.

It is worth noting that all of the tested HTMs improved the open
ircuit voltage (Voc) with respect to the reference cell without HTM.

 reference cell (without HTM) showed a short-circuit current of
.99 mA  and 0.64 V open circuit voltage with a value of fill factor

lightly higher than 40%, which makes the efficiency equal to 1.6%.
hat is an effect of increased recombination in the solar cell due
o the lack of effective charge separation caused by the absence
f HTM. For a device with compound 1 and 3, the lowest Jsc was
3  1.10 4.40 747 34.4 1.11
Spiro-OMeTAD 4.46 17.84 974 58.0 9.98
without HTM 1.99 7.96 641 .41.0 1.60

obtained. An interesting fact is an increase in voltage of 0.75 V for
3 and 0.92 V for 1. This proves low voltage losses on the junction.
Nevertheless, due to the low short circuit current of the cell with the
1 and 3 layer, the final efficiency is lower than the reference device
without HTM. The best performances among tested materials were
obtained for the cell where 2 was employed. Such device was char-
acterized by the highest short-circuit current of 4.39 mA  and good
voltage of 0.87 V. However, similar to the other tested materials, fill
factor, was lower of approximately 35%. As can be presumed from
the analysis of the electrical parameters of the solar cells, the low
fill factor is associated with an increase of series resistance which
results from a slightly low short-circuit current. The low value of
this parameter is certainly a consequence of the isolating nature
of the applied HTM. The voltage is likewise lower which is related
to poor parallel resistance and charge leakage. Nevertheless, if the
conductivity of compound 2 could be improved by appropriate dop-

ing causing probably that the fill factor and cell parameters would
increase. What interesting control device with 2 without any dop-
ing presented quite similar electrical parameters compared with
doped 2. The open circuit voltage was 0.87 V, short circuit current
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Fig. 4. AFM images of perovskite surfaces: (a) without HTM and (b) covered with compound 2.

Fig. 5. Results of simulation of perovskite solar cells with HTMs 1, 2, 3, Spiro-OMeTAD (for thickness of HTM equal to 100 nm)  and without HTM for different thickness of
perovskite layer (a) and HTM layer for thickness of perovskite equal to 100 nm (b).
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Fig. 6. A comparison of I-V curves of perovskite solar cell with investigated HTMs
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[
Grazulevicius, Structure–property relationships of star-shaped blue-emitting
charge-transporting 1,3,5-triphenylbenzene derivatives, Dye. Pigment. 117
(2015) 122.

[21] S. Agarwal, P.R. Nair, Device engineering of perovskite solar cells to achieve
near ideal efficiency, Appl. Phys. Lett. 107 (2015), 123901.
n comparison with cell without HTM and with Spiro-OMeTAD. The plots were
btained by scanning under 100 mW/cm2 (1.0 sun) AM1.5 G illumination in forward
o  reverse direction. The surface of the cells is equal to 0.25 cm2.

as 4.21 mA,  fill factor was 28% and efficiency 4.11%. The lower
alue of FF indicates a decrease in conductivity while HTM was
ot doped. Another reason for the worse cell performance than
xpected may  be related to the higher porosity of these layers and
he presence of holes, which is caused by the poorer solubility of
he tested HTMs (Fig. 6).

. Conclusions

The investigated compounds are characterized by optimal val-
es of HOMO and LUMO levels, similar to the most commonly used
piro-OMeTAD. As simulated results showed, the tested molecules
an be used in perovskite solar cells and should lead to improve-
ent of their electrical parameters when compared to a reference

ell without HTM. This is caused by a decrease in recombination of
he perovskite. Nevertheless, in a real experiment, only one of the
ested materials bearing four carbazole units (2) improved the elec-
rical parameters of the solar cell. An increase in efficiency from 1.60
o 5.31%, Voc from 1.99 to 4.39 V and Jsc from 7.96 to 17.56 mA/cm2

as observed. A drop of FF is the result of obtaining a thin and not
efect-free layer and insufficient material conductivity. That can be

mproved by modification of the chemical structure of the material,
s well as the device and the utilization of an optimal dopant that
hould increase the conductivity.
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