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&Organic Electronics

A Self-Assembled Small-Molecule-Based Hole-Transporting
Material for Inverted Perovskite Solar Cells

Miriam M#s-Montoya+,[a] Paula Gjmez+,[a] David Curiel,*[a] Ivan da Silva,[b] Junke Wang,[c] and
Ren8 A. J. Janssen*[c, d]

Abstract: Hybrid organic–inorganic perovskite solar cells

have recently emerged as one of the most promising low-
cost photovoltaic technologies. The remarkable progress of
perovskite photovoltaics is closely related to advances in in-

terfacial engineering and development of charge selective
interlayers. Herein, we present the synthesis and characteri-

zation of a fused azapolyheteroaromatic small molecule,

namely anthradi-7-azaindole (ADAI), with outstanding per-

formance as a hole-transporting layer in perovskite solar
cells with inverted architecture. Its molecular arrangement,
induced by hydrogen-bond-directed self-assembly, favors a

suitable morphology of the perovskite layer, reducing the ef-
fects of recombination as revealed by light intensity depend-

ence, photoluminescence, and electroluminescence studies.

Introduction

The application of organic–inorganic metal halide perovskites

as photoactive materials in photovoltaic devices has marked a
milestone in the development of thin film solar cells.[1] There

are not many precedents in the recent scientific research on
photovoltaics that have experienced such a remarkable evolu-
tion in just a decade of studies.[2] Essentially, the outstanding

performance of metal halide perovskite materials in solar cells
arises from their excellent light-harvesting properties,[3] ambi-

polar charge transport ability,[4] high charge carrier mobility,[5]

long charge diffusion lengths,[6] and low trap densities,[7]

amongst others.[8] These features enhance the potential of per-
ovskite-based photovoltaics as a low-cost technology for clean

and renewable energy production, reaching higher efficiencies

than those of some of the commercially available solar cells.[9]

Many efforts are currently devoted to improve the device per-
formance, aiming at different aspects which involve the opti-

mization of the fabrication protocols,[10] the power conversion
efficiency (PCE), and the device stability.[11] In this regard, much

attention has been paid to the device architecture. The con-
cept of a planar heterojunction has been successfully adapted
to perovskite solar cells, benefitting from the knowledge ac-

quired in organic photovoltaics, particularly in the case of the
p-i-n, or inverted, device architecture.[12] In p-i-n solar cells, a

hole-transporting layer (HTL) is deposited on a transparent
front electrode, followed by the perovskite semiconductor, and
an electron transporting layer (ETL) with a metal back elec-
trode atop. Compared to the n-i-p, or conventional, configura-

tion, the inverted architecture has a larger prospective of com-
mercialization since it can be easily manufactured from solu-
tion at much lower temperatures and, in consequence, at re-
duced costs.[13]

The implementation of interfacial layers in the device struc-

ture offers the possibility of improving different aspects of the
solar cell performance such as selective charge transport,

active layer protection, and control of the perovskite morphol-
ogy.[14] Consequently, a significant part of the progress on per-
ovskite solar cells is intimately linked to the development of

new selective interlayer materials.[15] As far as organic HTLs are
concerned, many interesting materials, both small molecules

and polymers, have been reported.[16] As a consequence of its
widespread application in organic electronics, poly(3,4-ethyle-
nedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is often

used as HTL in p-i-n perovskite solar cells. Nevertheless, its
known drawbacks such as hygroscopicity and acidity, imply

that alternatives to PEDOT:PSS are desired.[17]

In this contribution we present the synthesis and characteri-

zation of a novel molecular material, anthradi-7-azaindole
(ADAI), and its successful incorporation as HTL in metal halide
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perovskite solar cells. Bearing in mind the critical role that the
material nanostructure plays in organic electronics, we devel-

oped a convenient procedure of two steps only to regiospecifi-
cally synthesize this fused polyheteroaromatic system, which

was rationally designed to create a material that can spontane-
ously self-assemble to enhance the molecular organization in

the solid state.[18] The new ADAI molecule has a centrosym-
metric structure that includes complementary hydrogen-bond
donor and acceptor sites in the conjugated structure. These

sites are strategically oriented to promote the self-organization
of the material leading to a hydrogen-bond-directed ribbon-

like supramolecular assembly, which results in p–p stacked mo-
lecular ribbons that present a favorable three-dimensional or-
dering for a hole-transporting interfacial layer. Other properties
such as low synthetic cost, transparency to the visible range of

the solar spectrum and thermal robustness reinforce the po-
tential of ADAI as an excellent HTL candidate for perovskite
photovoltaic devices. In fact, devices based on ADAI as HTL

and the common methylammonium lead triiodide
(CH3NH3PbI3) perovskite achieved a maximum power conver-

sion efficiency over 16 %. The characterization of the HTL and
the solar cells indicates that ADAI modifies the grain bounda-

ries of the perovskite deposited on top and reduces bulk and

interfacial charge recombination losses compared to PE-
DOT:PSS.

Results and Discussion

Compound ADAI was synthesized in a good overall yield fol-
lowing the two-step procedure outlined in Scheme 1. 1,5-Dia-

minoanthracene, 1, was synthesized according to a previously
reported protocol.[19] A palladium-catalyzed Buchwald–Hartwig

cross-coupling reaction[20] between 1 and 2,3-dichloropyridine
afforded the N-arylated intermediate 2. This was subsequently
cyclized via a regiospecific intramolecular photochemical reac-

tion through positions 2 and 6 of the anthracene core to iso-
late ADAI in almost quantitative yield.[21] The identity and

purity of every compound was confirmed by the common
spectroscopic techniques and high resolution mass spectrome-
try. Further details can be found in the Experimental Section
and in Figures S1–S4 (Supporting Information). The estimated
synthetic cost of ADAI is only 26 E g@1 (Table S1).[22] This mate-
rial is much cheaper than most of the commercially available
HTLs which are commonly used in photovoltaic devices (e.g.

Spiro-MeOTAD: 270–324 E g@1, PTAA: 499–1175 E g@1). The re-
duced price of ADAI considerably reinforces the commercial vi-

ability of our new material.

The thermal properties of ADAI were investigated by ther-
mogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) (Figure S5, Supporting Information). A degradation
temperature as high as 496 8C (corresponding to a 5 % mass
loss) was detected in the TGA. The DSC thermogram did not
reveal any signal that could be ascribed to glass, melting, or
crystallization transitions within the scanned temperature
range (25–395 8C). The observed thermal robustness of ADAI is

a highly desirable property for materials applied in optoelec-
tronic devices to ensure its morphological stability under
device operation conditions and application via thermal subli-
mation.

The UV/vis absorption spectrum of ADAI was recorded in di-

methylformamide (DMF) solution and in solid thin films
(Figure 1). The absorption bands are mostly located in the UV

region, showing a low-energy band located at 420 nm and a

more intense peak at 337 nm. The spectrum measured for a
thin film resembles that in solution but is bathochromically

shifted, broader and has less-resolved bands as a consequence
of the intermolecular interactions occurring in the solid state.

A relatively wide optical band gap (Eg) of 2.68 eV was estimat-
ed from the onset of the lowest energy band in the thin film.

The fact that ADAI is virtually transparent to the visible radia-

tion makes it suitable to work as interfacial material in a solar
cell.

Ultraviolet photoelectron spectroscopy (UPS) on a thermally
evaporated layer of ADAI on indium tin oxide (ITO) gave an

ionization potential of 5.04:0.05 eV (Figure S6, Supporting In-
formation), which is similar to that of PEDOT:PSS (5.06 eV).[23]

Accordingly, the electronic structure of ADAI can be consid-

ered as suitable to selectively extract holes from a perovskite
layer, where free charge carriers are generated instantaneously

upon illumination.
The charge transport properties of ADAI layers were evaluat-

ed in single carrier devices by analyzing the space charge limit-
ed current (Figure S7, Supporting Information).[24] The hole mo-

bility (1.1 V 10@4 cm2 V@1 s@1) makes ADAI a suitable semicon-

ducting material to be employed as HTL in optoelectronic de-
vices.

Since the solid state structure of organic materials has a very
important effect on their performance as interfacial layers in

Scheme 1. Synthesis of ADAI : (i) rac-BINAP, Pd(OAc)2, tBuOK, 1,4-dioxane
(68 %); (ii) tBuOK, DMSO, hn (96 %).

Figure 1. Normalized absorption spectra of ADAI in DMF solution (continu-
ous line) and as thin film (dashed line).
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optoelectronic devices, X-ray diffraction experiments have
been employed to determine the crystal structure of ADAI.
The structure of ADAI was solved ab initio by Simulated An-
nealing technique, followed by the refinement using the Riet-

veld method. The final Rietveld plot is shown in Figure S8 and
the crystallographic parameters are summarized in Table S2

(Supporting Information). This compound crystallizes in the tri-
clinic space group and possesses an essentially planar heptacy-

clic skeleton (Figure 2). Interestingly, the solid state packing ex-

hibits the intended self-assembly directed by the hydrogen-
bond donor and acceptor sites integrated in the polyheteroar-

omatic system. Each centrosymmetric molecule establishes
four hydrogen bonds involving the nitrogen atoms of the pyri-

dine rings and the NHs of the pyrrole rings, resulting in an
ideal infinite lineal ribbon-like assembly (Figure 2 a). Given the
identical nature of the N@H···N contacts, all molecules display

equidistant hydrogen bonds (2.9 a, given as N···N distance). As
can be seen in the expansion of the H-bonded ribbon project-

ed through the molecular long axis (Figure 2 b), molecules
pack in very short steps of 0.66 a defining an almost coplanar
disposition. This arrangement is the consequence of self-as-
sembled molecules further packing in a columnar mode (Figur-

es 2 b,c). The expansion of this p-stacked architecture shows

how the hydrogen-bonded ribbon-like structure subsequently
induces the piling-up of molecules, resulting in a highly or-

dered crystalline network (Figure 2 d).
The use of ADAI as hole selective interlayer was tested in a

p-i-n device architecture, employing CH3NH3PbI3 as photoactive
layer. A thin (&10 nm) layer of ADAI was thermally evaporated

on an ITO electrode, followed by deposition of CH3NH3PbI3 as

explained in the Experimental Section. The device was com-

pleted by depositing [60]PCBM as ETL and LiF and Al as back
contact. PEDOT:PSS, commonly used in inverted perovskite

solar cells, was used as reference. All details about the device
fabrication can be found in the Experimental Section. The cur-

rent density-voltage (J-V) characteristics measured using for-
ward and reverse scans showed a good reproducibility and a
small hysteresis (Figure S9 and Table S3, Supporting Informa-
tion). In stabilized J-V scans, the best results obtained with PE-
DOT:PSS as HTL reached a short-circuit current density (JSC) of

18.6 mA cm@2, an open-circuit voltage (VOC) of 1.00 V, and a fill
factor (FF) of 0.73, resulting in a PCE of 13.8 % (Table 1). Inter-
estingly, the use of ADAI as interfacial layer, resulted in consid-
erably enhanced overall device performance. The improvement
in JSC (19.4 mA cm@2), VOC (1.04 V), and FF (0.77) increased the
PCE of the ADAI-based devices up to 15.5 %. Device statistics

(Table 1) confirm the improved performance of ADAI as HTL in

p-i-n devices over PEDOT:PSS. Accordingly, ADAI is part of the
selected group of highly efficient, undoped, neutral small mo-

lecular HTLs leading to a PCE over 15 % in planar inverted
CH3NH3PbI3 perovskite solar cells.[25] External quantum efficien-

Figure 2. (a) Top view and (b) lateral view of the H-bonded ribbon-like structure of ADAI. Orange dotted lines represent the H-bond contacts. (c) Rotated later-
al view showing the p–p stacking. (d) Expanded packing of hydrogen-bonded ribbon-like structures.

Table 1. Photovoltaic parameters of the perovskite solar cells under
1.5 AMG illumination in stabilized scans.

HTL JSC

[mA cm@2]
JSC

SR

[mA cm@2][a]

VOC

[V]
FF PCE

[%]
PCESR

[%][b]

PEDOT:PSS 18.6 17.0 1.00 0.73 13.8 12.4
ADAI 19.4 19.9 1.04 0.77 15.5 15.9

[a] Calculated by integration of the EQE spectrum with the AM1.5 G spec-
trum. [b] Based on JSC

SR
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cy (EQE) spectra (Figure 3 b) also evidence a better photon-to-
electron conversion. For ADAI the EQE reaches a maximum

value of 89.5 % at 520 nm. The JSC
SR values calculated from the

integration of the EQE spectra with the 1.5 air mass solar spec-

trum (AM1.5G, 100 mW cm@2) are within the accepted margin
of error with those from the J-V characteristics, and refine the

PCE value to 12.4 and 15.9 % for the PEDOT:PSS and ADAI
cells, respectively (Table 1). The photocurrent density and the
PCE of devices fabricated with ADAI were monitored at the

maximum power point (V = 0.88 V) under continuous illumina-
tion (Figure 3 c). Both parameters remained stable for more

than 1200 s with a variation of less than 1 %.
To gain insight into the reasons for the improved per-

formance with ADAI, the morphologies of the hole-transport-

ing materials and the perovskite layer atop were examined by
atomic force microscopy (AFM) and scanning electron micros-

copy (SEM). As can be seen in the AFM images of the HTMs
deposited on ITO (Figure 4 a,b) both materials formed rather

smooth and homogenous layers. A low root-mean-square sur-
face roughness (Rq) was determined for both PEDOT:PSS (Rq =

1.03 nm) and ADAI (Rq = 2.35 nm) on top of ITO and, according
to the observed device performance of the p-i-n cells, these
minor differences do not have a significant influence.

The properties of the subjacent hole-transport layer can
drastically affect the nucleation and growth of the perovskite

material during the crystallization process, which ultimately de-
termines the performance of the solar cell.[26] In this regard, no-

ticeable dissimilarities in the top morphology of the perovskite
layers overlying the different HTLs (Figures 4 c,d) were ob-

served by SEM. Thus, CH3NH3PbI3 perovskites grown on ADAI
(Figure 4 d) formed very compact films with larger crystalline
domains and a reduced amount of pinholes and voids com-

pared to those grown on PEDOT:PSS (Figure 4 c) which pres-
ents a very similar morphology to that observed in previous re-

ports for a hot casting deposition protocol.[23, 27] The reduction
of defects and grain boundaries in the perovskite layer reduces

the chances for the photogenerated charges to become

trapped and recombine, resulting in a concomitant improve-
ment of the device performance.[28]

The efficiency of the charge transfer process at the perov-
skite/HTL interface was investigated by time-correlated single-

photon counting (Figure 5). The PL decays revealed a decrease
of the average PL lifetime (tavg. , Table S4, Supporting Informa-

tion) when comparing the neat perovskite film on glass

(140.0 ns) to the perovskite deposited on PEDOT:PSS (114.7 ns)
or ADAI (21.4 ns). These results suggest that the photogenerat-

ed charges in the perovskite active layers are extracted much
faster when using ADAI as hole-transporting layer, which bene-

fits the performance of the solar cell.

Figure 3. (a) Stabilized J-V characteristics of the optimized devices. (b) EQE
spectra. (c) Current density and PCE of an ADAI-based device under con-
stant illumination at the maximum power point vs. time.

Figure 4. (a,b) Tapping mode AFM height images of the HTLs on ITO. Scan
size: 2 mm V 2 mm. (c,d) Top view SEM images of the surface morphology of
the CH3NH3PbI3 perovskite films. (a,c) On ITO/PEDOT:PSS. (b,d) On ITO/ADAI.
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Charge recombination in photovoltaic materials limits the

performance of a solar cell.[29] To understand the difference in
photovoltaic performance for the two hole-transport layers

(PEDOT:PSS vs. ADAI), we studied the extent of charge recom-
bination by analyzing the effect of the incident light intensity

on JSC and VOC using monochromatic light with two different

wavelengths. Red light (l= 730 nm) reaches a deeper section
into the perovskite layer and enables the analysis of processes

occurring in the bulk of the active layer, while blue light (l=

405 nm) is mainly absorbed close to the ITO/HTL/perovskite in-

terface.[30] The light intensity dependence of the short-circuit
current can generally be modeled by a power-law relation-

ship:[31]

JsC ¼ CFa ð1Þ

in which F denotes the photon flux, C is a constant, and a the
exponent. Deviations from the ideal value (a= 1) indicate non-

optimal charge extraction. The a measured for the ADAI devi-

ces is very close to unity at both wavelengths (ared = 1.004;
ablue = 0.998) (inset Figure 6 a). On the other hand, the PE-

DOT:PSS-based devices show a values of 0.966 and 0.947
under illumination with red and blue light, respectively. Devia-

tions from the ideal value can be better discerned in a plot of
a vs. logF where a is calculated as log(Jsc/C)/logF. Figure 6 a

shows that a of the ADAI based devices maintains a value
very close to unity for both red and blue light over the whole

intensity range.
The VOC dependence on the light intensity is another diag-

nostic tool to investigate recombination mechanisms. The ide-
ality factor, nid, can be inferred by measuring VOC as function of

F using the expression:[32]

VOC ¼
Eg

q
@ nidkBT

q
ln
@0

@
ð2Þ

Here Eg represents the band gap, q the elementary charge,

kB the Boltzmann constant, T the absolute temperature, and
F0 a constant with the same dimension as F. In general, two

limiting scenarios are considered. For band-to-band recombi-

nation, nid = 1 is expected, while for trap-assisted or Shockley-
Read-Hall (SRH) recombination nid = 2.[32] We studied the effect

of the light intensity on the VOC using red and blue light sour-
ces. For the cells with PEDOT:PSS as HTL the ideality factors

Figure 5. Time-resolved photoluminescence of CH3NH3PbI3 layers on glass
with and without HTL. Samples were photoexcited at 405 nm from the glass
substrate side.

Figure 6. (a) Semi-logarithmic plot of a vs. F, inset: double-logarithmic plot of JSC vs. F. (b) Open circuit voltage illuminating with wavelengths of 405 and
730 nm. Dashed lines correspond to the fittings. (c) Normalized electroluminescence spectra recorded at 1.2 V (d) External electroluminescence quantum effi-
ciency (EQEEL) as a function of the current density.
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are low for both blue (nid = 1.23) and red (nid = 0.95) light (Fig-
ure 6 b). In this case the low ideality factor is not beneficial, be-

cause also the VOC is low. Such behavior has been observed
previously for PEDOT:PSS based perovskite solar cells,[23, 33] and

can be related to surface recombination due to a non-selective
contact or to the fact that the VOC is limited by the built-in po-

tential.[32, 34] Devices fabricated with ADAI showed higher ideali-
ty factors of 1.35 and 1.53 for the red and blue light, respec-
tively and higher VOC, indicative of SRH recombination in the

bulk in combination with band-to-band recombination.
With the aim of getting a better understanding of the re-

combination, we studied the electroluminescent (EL) proper-
ties. The normalized EL spectra recorded under forward bias
(Figure 6 c) reveal that optical band gaps, measured at the
maximum of the EL,[35] are slightly different: Eg = 1.63 eV for PE-

DOT:PSS and Eg = 1.59 eV for ADAI. In addition, the full-width-

at-half-maximum of the EL spectra is smaller for CH3NH3PbI3

deposited on ADAI (67 meV) than on PEDOT:PSS (90 meV). The

red shift observed for ADAI can be attributed to clustering and
crystallization phenomena that result in larger perovskite grain

sizes.[36] The narrower EL width for the ADAI device indicates
that the electroluminescence originates from a more ordered

distribution of states, presenting less defects in the perovskite

semiconductor due to more crystalline order.
While radiative recombination is unavoidable in a solar cell,

good performing photovoltaic devices should have little non-
radiative recombination. For a CH3NH3PbI3 perovskite with a

band gap of 1.60 eV,[37] the radiative limit is VOC,rad&1.31 V.[35]

As a result of non-radiative recombination, however, the mea-

sured open-circuit voltage in perovskite solar cells is often no-

ticeably lower than the theoretical maximum attainable. The
additional voltage loss due to non-radiative recombination

(DVOC,nr) arises, amongst other causes, from defects (traps)
either in the bulk of the material or at the interfacial regions.

The non-radiative losses can be estimated from the external
electroluminescence quantum efficiency (EQEEL) measured for

the solar cell operating in forward bias, according to the equa-

tion:[38]

VOC ¼
Eg

q
@ VOC;rad @ DVOC;nr ¼

Eg

q
@ VOC;rad @

kBT
q

ln
1

EQEEL

ð3Þ

Figure 6 d shows that the EQEEL achieved by devices incorpo-

rating ADAI as HTL is more than one order of magnitude

higher than those measured for PEDOT:PSS. The non-radiative
loss (DVOC,nr) estimated from the EQEEL using Equation (3) is

0.32 V for ADAI. The VOC predicted from the band gap and
Equation (3) is then &0.98 V, in good agreement with the ex-

perimental value of 1.04 V. For the PEDOT:PSS device DVOC,nr

from the EQEEL amounts to 0.40 V, but the larger loss is partly

compensated by the wider band gap, such that the expected

VOC equals &0.94 V as compared to the experimental value of
1.00 V.

The difference of 0.04 V between the estimated VOCs of the
ADAI and PEDOT:PSS cells matches with the experimental

result. We conclude that non-radiative recombination is re-
duced in devices employing ADAI as HTL compared to PE-

DOT:PSS. The results correlate well with those above observed
for the JSC dependence on light intensity, as well as to the pre-

viously discussed morphology of perovskite deposited on PE-
DOT:PSS, where smaller grains, pinholes and more extended

grain boundaries are defects that can induce non-radiative re-
combination.[39]

Conclusions

In this contribution we report the synthesis and characteriza-

tion of a novel centrosymmetric fused azapolyheteroaromatic

molecule ADAI with an extended planar p-conjugated struc-
ture based on the fusion of two azaindole peripheral rings

with an anthracene central moiety. When this new material is
incorporated as hole-transporting layer in inverted CH3NH3PbI3-

based solar cells it provides a power conversion efficiency of
15.9 % which approaches some of the best results reported for

hole-transporting layers consisting in non-doped, small organic

molecules in CH3NH3PbI3 perovskite solar cells with a p-i-n
device configuration. The success of ADAI as HTL, compared
to the commonly used PEDOT:PSS, mainly relies on an im-
proved perovskite layer morphology with reduced grain boun-

daries and larger crystalline domains, resulting in decreased
non-radiative recombination losses and the reduction of unde-

sired interfacial recombination mechanisms at the HTL/perov-
skite interface. Future work is directed towards tuning of the
ADAI material design to possibly further improve the per-

formance of this HTL for perovskite photovoltaics.
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