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A B S T R A C T

Designing organic molecules efficient for charge extraction and transport when integrated in optoelectronic
devices remains a great challenge for many advanced applications. In perovskite solar cells (PSCs), the hole
extraction/transport and the device stability are strongly dependent on the molecular structure of the hole
transporting material (HTM). Herein we have engineered a dendritic core carbazole based HTM (named B186),
which combines the advantages of both small molecules and polymeric materials. The material can be easily
prepared in a short synthetic procedure from largely available commercial products. We have investigated in-
depth the relationship between the chemical structure of the HTM and both the photovoltaic efficiency and the
device stability. It has been shown that the dendritic core is a promising approach leading to both enhanced
device performance and stability. The new HTM has been proved to act as a good barrier and protect sa-
tisfactorily the perovskite surface. The power conversion efficiencies (PCE) increase from 11.5% for the simple
model compound to a promising 14.6%. Additionally, the normalized PCE of B186-based PSC decreased by only
5% after more than three weeks of storage under ambient conditions meanwhile the cell using the most popular
HTM (Spiro-OMeTAD) dropped off by more than 40%. The presented results demonstrate that introducing
dendritic concept is a simple strategy to design HTM for efficient and stable PSC.

1. Introduction

In recent years, the development of molecular materials for photo-
voltaic solar cells has received considerable interest. A huge number of
molecules have been designed, synthetized, and characterized for use as
light absorbing materials in organic solar cells or as charge transporting
materials in emerging hybrid organic–inorganic photovoltaics (solid
state dye-sensitized solar cells, perovskite based photovoltaics, etc.).
Above their high efficiency, due to their solution processability, the
cost-effective large-scale production of perovskite solar cells (PSCs)
seems to be realizable [1]. In this technology, beside the hybrid per-
ovskite used for light harvesting, the materials implemented for selec-
tive contacts and serving for electron and hole extraction are also im-
portant [2]. The hole transporting materials (HTM) with accurate
energy levels compatible with perovskite valence band and hole con-
ducting properties is key for achieving high efficiency. However, ac-
curate designing of organic charge transporting molecules that are ef-
ficient for charge extraction and transport when integrated in PSC

devices, remains a great challenge. An ideal HTM must fulfil some
general requirements to work efficiently in PSCs. The HTM's HOMO
energy level has to be compatible with the valence band energy of the
perovskite in order to provide the suitable driving force for charge
transfer. Furthermore, its LUMO level should be significantly higher
than that of the perovskite absorbers to exhibit electron blocking
property. The HTM should have sufficient hole mobility as well as ex-
cellent thermal, morphological and photochemical stability, and good
hydrophobic property to protect the perovskite materials from
moisture. Organic HTMs can be essentially divided into two subclasses
depending on their molecular weights: molecular and polymeric HTMs.
The polymeric materials have important advantages as a HTM in terms
of processability, thermal and mechanical stability, and higher intrinsic
hole mobility [3–6]. On the other hand, molecular HTMs are beneficial
in terms of synthetic reproducibility, well-defined molecular weight
and structure. In this study, we have designed a new material with the
specific goal of taking the best of both molecular and polymeric HTMs.
This molecule has been synthetized and investigated in perovskite
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photovoltaic devices. Among different organic HTMs, our interest has
been focussed on carbazole derivatives which represent interesting
electrochemical properties, good charge transport, high thermal and
morphological stability [7–15]. A huge number of carbazole based HTM
for hybrid solar cells have been reported by some of us [8,10,16–18]
and others [11,19–21]. The present study deals with the design and the
synthesis of a new dendritic core carbazole based material (B186,
Fig. 1). We will also discuss the performances of this molecule against
those of B74 (Fig. 1), considered as a model of a simple molecular unity
compound and those of the most popular HTM (Spiro-OMeTAD).

Structurally, N-alkylated carbazoles are end-capped by di(4-meth-
oxyphenyl)aminyl function in 3,6 positions. These electron rich groups
will modulate optical and electrochemical properties of targeted com-
pounds. The methoxy group has a good interaction with perovskite
materials' surface, notably with Pb(II) ion [22]. It is also known that the
presence of methoxy groups in para positions of phenyl rings of the
diphenylamino moiety favors the charge transport properties and re-
duce s the charge recombination. It should results in a better device
performances [23–25]. Additionally, the methoxy groups render the
molecules more soluble in organic solvents. It has been also reported
that the alkyl chain at N-position of carbazole favors the infiltration into
a mesoporous networks [26].

2. Results and discussion

2.1. Molecular design

Prior to synthetize the dendritic molecule, we exploit its potentiality
as efficient hole transporting molecular materials by computational
studies. A detailed description of the level of theory used both for
Density Functional Theory (DFT) calculations and classical molecular
dynamics simulations are given in Supporting Information together
with a more extensive discussion of the computed data. Combined ex-
ploration of the structural flexibility, performed at the classical mole-
cular dynamics level, and relative energy evaluation, performed at DFT
level, allowed to show that while for the model compound B74 and the
reference material (Spiro-OMeTAD) only one predominant global en-
ergy minimum is found (Fig. S2), in the case of the dendritic molecule
(B186) several closely lying local minima structures exist (Fig. S1). The
different conformations are distributed over a shallow PES, the energies

of each local minima being separated from the lowest value by 16 kcal/
mol at maximum. A flat ground state potential is a promising property
for transporting materials, since the presence of local minimum struc-
tures accesses the required hole mobility. Additionally, all compounds
display an intense absorption band in their UV–Vis spectra predicted at
Time Dependent DFT level (Fig. S3). This band (centred around
380 nm) is related to a single electronic transition corresponding to a
HOMO-1 → LUMO transition which corresponds to a diphenylamine to
carbazole charge transfer in accordance with previous findings [8]. At
higher energy, a band computed at 348 nm for B186 - and blue-shifted
for the Spiro-OMeTAD and B74 - is due to the overlapping of multiple
electronic transitions. However, the two dominant transitions basically
correspond to local-diphenylamine and local-carbazole excitations
mixed with some charge-transfer transitions, as indicated by the smaller
computed charge transfer distance values (DCT, Table S2 in Supporting
Information) [30,31]. For both B74 and B186 a weaker band is found
around 420 nm corresponding in both case to a transition with sizable
charge transfer character. In general, increasing the complexity of the
molecular system enables to allow several transitions between the dif-
ferent parts of the molecule (i.e. some kind of interligand transitions)
whose intensity is not necessarily stronger than in the case of the re-
ference Spiro-OMeTAD compound.

2.2. Materials synthesis

The synthetic route toward B186 is shown in Fig. 2. It was inspired
from the synthesis of B74, which was reported in our previous work
[8,17].

B186 is synthetized in only two steps, from largely commercially
available precursors. Firstly, 1,3,5-tris(bromomethyl)benzene is reacted
with 3,6-dibromocarbazole in strong basic medium giving the 1,3,5-tris
(3,6-dibromo-N-carbazolyl)benzene intermediate (83% yield). The next
step involves a classical sixfold Pd-catalyzed Buchwald–Hartwig ami-
nation between the freshly synthesized B183 and bis(4-methoxyphenyl)
amine. The final B186 compound was obtained as a greenish-yellow
powder in reasonable yield after purification (67%). The structure of
B186 was identified by NMR (Figs S4 and S5) and MS (Fig. S6). As
expected, B186 has excellent solubility in common organic solvents,
such as dichloromethane, chloroform, tetrahydrofuran, (di)chlor-
obenzene, and toluene. It renders these molecules suitable for

Fig. 1. Molecular structure of B74 carbazole, B186 carbazole and Spiro-OMeTAD HTMs.
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application in solution-processed organic electronic devices. The details
of synthetic procedures and analytical data are given in the Supporting
Information.

2.3. Material characterizations

2.3.1. Thermal properties
The thermal behaviour of the newly synthesized B186 compound

was investigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The TGA and DSC curves are given in
Fig. 3.

The values of decomposition temperatures (Td), determined at 5%
initial weight loss, and the glass transition temperatures (Tg) are sum-
marized in Table 1. The thermal properties of B74 and Spiro-OMeTAD
are also given for the sake of comparison. B186 showed a good thermal
stability with a Td value higher than 380 °C, which is high enough for
the applications in optoelectronic devices. B186 was obtained as
amorphous powder as confirmed by DSC. DSC studies revealed that no
melting point was observed until 280 °C and B186 exhibited a glass
transition at 146 °C. This Tg is much higher than that of B74 (66 °C) and
Spiro-OMeTAD (125 °C). This can be attributed to the higher molecular
weight of B186 compared to B74 and Spiro-OMeTAD.

2.3.2. Optical and electrochemical properties
The optical properties of B186 were examined in dilute DCM so-

lution and in the thin solid film state (Fig. 4a) and related data are
gathered in Table 1 along with those of the model compound (B74) and
of the reference material (Spiro-OMeTAD).

In dilute solution, B186 has a strong absorption band located in the
UV spectral domain centred at 306 nm. Another weaker absorption
band can be observed at the longer wavelength in the UV-near visible
region (350–450 nm). Obviously, B186 has the same optical behaviour
as the model compound B74 and this behaviour is typical for bisdi-
phenylaminylcarbazole derivatives [8]. The spectrum recorded from a
thin film is identical to that recorded in dilute solution, indicating no
aggregation in the solid state. This could be attributed to the tridi-
mentional bulky structure of B186. These experimental data are in good
agreement with the calculated spectra mentioned in the previous sec-
tion and in the electronic supporting information. The optical bandgap
was determined from the absorption spectrum in the solid state using

Tauc plot (Fig. S7) and the data is given in Table 1 (Egopt= 2.50 eV).
Electrochemical cyclic voltammetry has been employed to in-

vestigate the redox behaviour of B186 in dilute solution (Fig. 4b). The
cyclic voltammogram of B186 shows multiple oxidation processes. The
first reversible oxidation potential could be attributed to the formation
of radical cation of the carbazole moiety. B186 has an oxidation po-
tential of −0.05 V versus Fc/Fc+ (Table 1), which is close to that of the
B74 model molecule (0.05 V/Fc/Fc+) and Spiro-OMeTAD (−0.11 V/
Fc/Fc+) measured under the same conditions [8]. These redox poten-
tials will be then employed to estimate their highest occupied molecular
orbital (EHOMO) and lowest unoccupied molecular orbital (ELUMO) en-
ergies in the solid state. EHOMO and ELUMO were estimated by using the
ferrocene ionization energy as the standard. EHOMO was estimated from
the first oxidation potential while ELUMO was estimated from the EHOMO

and the optical bandgap. D'Andrade et al. [27] have established an
experimental relationship between the ionization energy and the oxi-
dation potential of molecular organic semiconductors, which was ap-
plied in this work. As a consequence, the EHOMO values of B74, B186
and Spiro-OMeTAD are successively- 4.67, - 4.53, and - 4.45 eV. The
corresponding ELUMO are −1.90, −2.03 and −1.45 eV, respectively.
These values are tubulated in Table 1. These EHOMO/ELUMO confirm the
conclusion of the theoretical study that B74 and B186 are potential
alternatives to Spiro-OMeTAD for efficient PSC.

2.3.3. Hydrophobic properties
In addition to its charge separation and transport roles, the HTM

layer must protect the perovskite layer from moisture and thus improve
the device stability in the presence of moisture in the operation en-
vironment. Hydrophilic HTM layers will be more readily water wet and
thus more susceptible to moisture ingress than the more hydrophobic
ones. Even if the permeability to liquid water/moisture can also depend
on other factors such as thin film porosity, it remains that hydro-
phobicity should play a key role in moisture resistance for films of si-
milar smoothness and compactness. With this in mind, we performed
water contact angle measurements on the different HTM layers studied
in this work and the obtained results are given in Fig. 5.

B186 and Spiro-OMeTAD exhibited similar hydrophobic proper-
ties. The contact angles were measured at 74.5 ± 1.3° for Spiro-
OMeTAD and 75.9 ± 2.5° for B186. By contrast, in the case of B74, a
higher contact angle (90.6 ± 1.7°) was measured. Actually, both B186

Fig. 2. Synthetic pathway of B186.

Fig. 3. (a) TGA and (b) DSC curves (second heating cycle) of B186. Scan rate: 20 K/min under nitrogen.
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Table 1
Comparative thermal and optoelectrochemical properties of carbazole HTMs (B74, B186) and Spiro-OMeTAD.

Compound MW Td Tg λmax Egopt E1/2oxi EHOMO
e ELUMO

f

(g/mol) (°C)a (°C)b nm eV V/Fc/Fc+ eV eV

B74 711.85 336c 66c 299, 371c 2.77c 0.05c - 4.67 - 1.90
B186 1979.36 384 146 306, 374 2.50 - 0.05d - 4.53 - 2.03
Spiro-OMeTAD 1225.43 n.a. 125g 390c 3.00c - 0.11c - 4.45 - 1.45

a Determined from DSC analyses in argon at heating rate: 20 °C.min−1.
b 5% weight loss in TGA analyses in argon at heating rate:20 °C.min−1.
c From ref. [8].
d In CH2Cl2 solution containing TBAPF6 as supporting electrolyte (0.1M), scan rate 100mV S−1.
e EHOMO (eV) = -(1.4* E1/2oxit+ 4.6) accordingly to ref [27].
f ELUMO (eV)= EHOMO + Egopt.
g From ref. [28].

Fig. 4. (a) UV/Vis absorption spectra of B186 in diluted CH2Cl2 solution (dashed curve) and in solid state (continued curve) recorded under ambient conditions and
(b) cyclic voltammograms recorded in 0.1M TBAPF6/CH2Cl2 solution at scan rate: 100mV s−1.

Fig. 5. Contact angle of water droplets deposited on films of pristine B74, B186, Spiro-OMeTAD on glass.

Fig. 6. Atomic force microscopy (AFM) images of the HTMs (a) B74, (b) B186 and (c) Spiro-OMeTAD thin films (doped with tert butyl pyridine and LiTFSI). Surface
roughness (RMS): Spiro-OMeTAD (1.82 nm), B74 (1.23 nm), B186 (1.60 nm).
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and Spiro-OMeTAD have a bulky tridimentional structures with all
methoxy moieties pointing outward, rendering the molecules more
hydrophilic than B74, which possess hydrophobic benzyl moiety. It has
been demonstrated that such hydrophobic properties are extremely
beneficial to PSC stability [29].

2.3.4. Thin film morphological properties
The film forming properties of these HTMs were then examined by

atomic force microscopy. All HTM were doped with tert-butylpyridine
and LiTFSI. The AFM images are given in Fig. 6.

As expected for amorphous organic materials, all compounds show
very smooth surfaces. The surface roughness was estimated and the
values ranges from 1.23 nm to 1.82 nm with much more uniform HTM
layer for B74. These smooth surfaces are expected to provide perfect
HTM/perovskite contact, thus facilitate the hole transfer from per-
ovskite to HTM and protect the perovskite absorber again moisture.

2.3.5. Photovoltaic properties
The prepared carbazole compounds were studied as HTMs in PSC

structures, using CH3NH3PbI3 as the absorber material. A typical PSC
device structure as well as the energy alignment of different device
components is shown in Fig. 7. An optimized device was composed of a
thin compact TiO2 layer, a mesoporous TiO2 layer filled and capped
with the CH3NH3PbI3 perovskite, a HTM layer and finally a thermally
evaporated Au layer. According to our theoretical and experimental
energy band diagrams, B74 and B186 are suitable for the application
and should work as the benchmark Spiro-OMeTAD. The best current-
density-voltage (J–V) curves for the various HTMs are displayed in
Fig. 8a. Best and average J-V curve parameters under one sun, as well as
their standard deviations, are gathered in Table 2.

Table 2 shows that, compared to B74, employing the dendritic core
B186 molecule enhances the solar cell performances. Indeed, the best
PSC efficiency increased from 11.5% to 14.6% by increasing the HTM
molecular size. This improvement was mainly due to a larger Jsc that
can be linked to a better charge extraction and transport. Moreover, the
use of B186 was found more flexible and gave more reproducible re-
sults. For B186, we also tested the layers with and without Cobalt (III)-
dopant and we found that Cobalt (III)-dopant is beneficial. The average
parameter values reported in Table 2 show that it gives rise to a higher
Jsc and slightly improves the cell Voc. The best B186 PCE was below the
efficiency of the benchmark Spiro-OMeTAD cells that could reach
∼17.7%. B74 and B186 cells presented also a large hysteresis. Since
such hysteresis differences between carbazole and Spiro-OMeTAD cells
were observed for cells from the same batch (exactly the same per-
ovskite deposition conditions), we can relate them to surface defects
that would be present at the interface between the carbazole HTMs and
the perovskite. B186 has been also tested in combination with another
perovskite absorber, FA0.87MA0.13Pb(I0.87Br0.17)3 (FA+ being the for-
mamidium cation). The B186 cell efficiency reached a maximum of
14.45% then and, interestingly, the hysteresis was reduced in a large
extent. However, the best performances were again achieved using the
Spiro-OMeTAD HTM (Table S3, Supporting Information). EQE curves
have been recorded and are reported in Fig. 8b. They all present an
edge below 800 nm due to absorbance properties of MAPI. The Spiro-
OMeTAD cell shows high EQE values and then excellent charge col-
lection and transport. EQE is lower for the B186 cell and is the worst for

Fig. 7. (a) Device structure and (b) energy level alignment of different device components.

Fig. 8. (a) (Full lines) J-V curves of the best photovoltaic PSCs measured under
AM1.5G filtered 100mW cm−2 illuminations. The dashed lines are the dark
current. (b) EQE curves of PSCs prepared with various HTM.
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the B74 one, showing a lack of hole collection and transport effec-
tiveness in the latter case. As expected, integrated Jsc values obtained
from the EQE curves (14.56, 19.40, 20.33mA cm−2 for B74, B186 and
Spiro-OMeTAD, respectively) are close to the Jsc value obtained from
the J−V measurement of these cells (14.75, 19.79 and 20.98mA cm−2,
respectively).

The effect of the new HTMs on the stabilization of perovskite was
studied over several weeks. A first experiment consisted in following

the XRD patterns of glass/FTO//TiO2/MAPI/HTM (B74, B186 and
Spiro-OMeTAD) assemblies, which were stored in a desiccator placed
under the ambient conditions of the laboratory. The results are shown
in Fig. S8 (Supporting Information). It is observed that PbI2, the de-
gradation product of MAPI, is formed more slowly in the case of the
B74 overlayer compared to Spiro-OMeTAD. The B186 layer presents an
intermediate behaviour. Using this HTM clearly slows down the de-
gradation of MAPI compared to Spiro-OMeTAD. This behaviour is in

Table 2
Best and average J-V curve parameters of the solar cells prepared with Spiro-OMeTAD, B74 and B186 HTM. The standard deviations are given in brackets.

Scan direction Voc/V Jsc/mA.cm−2 FF/% PCE/%

B186 with Co Reva Bestc 0.98 20.11 73.27 14.59
Avgd 0.96 (0.03) 19.6 (1.33) 70.4 (3.00) 13.44 (0.91)

Forb Avg 0.92 (0.02) 19.8 (1.39) 33.8 (8.01) 6.33 (1.79)
B186 w/o Co Rev Best 0.96 20.14 71.05 13.85

Avg 0.95 (0.02) 18.8 (2.22) 70.6 (6.47) 12.54 (0.95)
For Avg 0.925 (0.01) 19.0 (3.21) 27.3 (14.3) 4.9 (3.01)

B74 Rev Best 0.94 14.75 93.71 11.51
Avg 0.92 (0.021) 13.03 (1.50) 80.1 (13.1) 10.7 (1.04)

For Avg 0.91(0.070) 15.05 (1.15) 38.0 (2.87) 5.2 (0.37)
Spiro-OMeTAD Rev Best 1.01 22.15 78.22 17.68

Avg 1.01 (0.02) 20.83 (0.63) 76.5 (2.70) 16.10 (1.00)
For Avg 0.987 (0.02) 21.02 (1.06) 59.3 (2.91) 12.42 (1.22)

a Reverse scan direction.
b Forward scan direction.
c Best solar cell values.
d Average values.

Fig. 9. Evolution of device performances and J-V curve parameters with storage time for B186 and Spiro-OMeTAD unencapsulated device cells. (a) Normalized VOC;
(b) Normalized JSC; (c) Normalized FF and (d) Normalized PCE.
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good agreement with our contact angle measurements results reported
above. Indeed, perovskite is known to be sensitive to moisture due to
the hygroscopic nature of methylammonium. Then, the more hydro-
phobic is the HTM, the slower is the perovskite degradation since the
HTM better protects it to moisture.

For B186, the carbazole derivative that exhibits the best solar cell
performances, the evolutions of the PCE and of the J-V curve para-
meters were followed for more than three weeks. In Fig. 9, they are
compared to those of a Spiro-OMeTAD cell. B186 exhibits a high sta-
bility for the Voc and the Jsc parameters. After more than three weeks,
the PCE was decreased by only 5% for B186 while it was more than
40% with Spiro-OMeTAD. The former compound then act as a good
barrier and protects satisfactorily the MAPI absorber layer.

To gain a deeper insight into the effect of the HTM in the cell
functioning, we have investigated the solar cell electrical response to a
small ac perturbation applied to devices polarized at various potentials.
Impedance spectroscopy (IS) has proved to be a useful tool to in-
vestigate different solar cells, especially dye-sensitized solar cells
[30,31] and emerges as a powerful technique for the investigation of
PSCs [31–36]. IS investigation of PCS was possible for the B186 HTM
whereas B74 HTM exhibited low stability and scattered data points
[37]. The spectra were measured under light shining, over a large fre-
quency and a large applied potential range for freshly prepared cells.
The J-V parameters of these cells are gathered in Table S4 (Supporting
Information). Measurements on other batches showed the same general
behaviour. In the complex impedance (Nyquist) plot, the spectra

showed several well-resolved arcs of circles (Fig. 10 a,b). For the Spiro-
OMeTAD cell, a high frequency arc of circle was found. A second arc of
circle appeared as a shoulder of the low frequency one. It should be
noted that no inductive loop was observed at intermediate and low
frequencies while we observed the intermediate frequency inductive
loop in our previous work using a two-step MAPI perovkite [31]. The
full analysis of the spectra is out of the scope of the present paper and
we will focus here on the analysis of the high frequency and inter-
mediate frequency resistances, R1 and R2, respectively. R1 is plotted as a
function of the applied voltage in Fig. 10c. Our analysis shows that the
chemical nature of the HTM affects the variation of this resistance with
the applied voltage. While R1 decreases with the potential for Spiro-
OMeTAD cells, it increases in the case of the B186 HTM and the layer
becomes more resistive. As expected the intrinsic resistance of the HTL
layer is higher without Co(III) complex additive than with. We also plot
the variation of the intermediate resistance R2 as a function of the ap-
plied voltage in Fig. 10d. R2 contributes to the tail observed on the high
frequency semi-circle of the spectra in the case of B186. On the other
hand, no such contribution is found in the case of Spiro-OMeTAD were
the high frequency loop is a semicircle and R2 appears as a shoulder of
the second loop, at lower frequency. Fig. 10d shows that R2 is influ-
enced by the HTM and higher values are found for the B186 cells.

3. Conclusion

In conclusion, based on a comprehensive DFT study taking into

Fig. 10. Nyquist plots of impedance spectra measured at (a) 0.2 V and (b) 0.5 V. Effect of HTM on (c) the high frequency resistance R1 and (d) the intermediate
frequency resistance R2.
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account the structural variability of the molecules, we designed and
synthetized by simple chemical routes, two carbazole based molecular
HTMs (B74 and B186) supposed to operate as efficiently as the
benchmark Spiro-OMeTAD compound. The targeted compounds
showed high thermal stability, adequate morphology and improved
hydrophobic properties. They also showed suitable frontier energy le-
vels compared to that of perovskite absorber. The PSC based on B186
HTM gave a maximum overall conversion efficiency of 14.6% and
13.8% with or without cobalt complex as dopant, respectively. These
values were much higher than the PCE of 11.5% found for the smaller
B74 model compound. Moreover, these new HTMs clearly slow down
the degradation of the perovskite layer and device compared to Spiro-
OMeTAD. Our results highlight the benefits that can be untaken from
the design of new organic semiconductors by DFT investigations and
the high interest of using dendritic core carbazole compounds as HTMs.
Additionally, the thermal and optoelectrochemical characteristics sug-
gest that B186 could be used in other electronic devices such as OLED.
It could also be applied as photoinitiator for LED polymerization and
LED projector 3D printing.
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