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ABSTRACT: Hole-transport material optimization is an important step toward maximizing
the efficiency of perovskite solar cells. Here, we investigate the role of one hole-transport
material property, the ionization potential, on the performance of perovskite solar cells. We
employ a device architecture that allows us to systematically tune the ionization potential
while avoiding any impact to other device parameters, and we find that for a wide range of
ionization potentials the photovoltaic performance is minimally affected. This finding relaxes
the requirement for the development of hole-transport materials with particular ionization
potentials, allowing for the optimization of hole-transport materials that can improve
performance in differing ways such as through increased stability or decreased parasitic
absorption.

In a brief moment in the history of solar cells, perovskite
solar cells have risen from a humble improvement of dye-
sensitized solar cells to highly studied and specialized

devices that have more in common with thin-film solar cell
technologies than with their dye predecessors. Through
advances in materials processing, chemistry, and device
engineering, power conversion efficiencies for devices made
with hybrid perovskites have quickly climbed above 20%.1−7

However, despite all of these advances, some components of
the perovskite solar cell have remained relatively unimproved.
Notably, six years after their original implementation, most
perovskite solar cells still use spiro-OMeTAD as the default
hole-transport material (HTM),8,9 which is surprising given the
tremendous interest in developing novel HTMs for improved
perovskite solar cell efficiency and stability.10,11 This
encourages an investigation into the specific design parameters
that make some HTMs better than others for high-efficiency
perovskite solar cells, with the objective of identifying a better-
performing HTM than spiro-OMeTAD.
One significant HTM design parameter is the ionization

potential (IP). There are many groups that attribute improve-
ments in the photovoltage of perovskite solar cells to increasing
the IP of the HTM.12−20 Several researchers, including
Polander et al. and Kulbak et al., have varied HTMs and see
improvements in VOC for iodide- and bromide-containing
perovskites, respectively, that correlate with increasing IP.12,19

These studies have strongly encouraged the design and
implementation of new HTMs with IPs that more closely
match the MAPbI3 valence band near −5.4 eV.21,22 However, as
of yet, none of these new HTMs have been incorporated into
devices with higher VOC than champion devices made with
spiro-OMeTAD7 (which has a lower IP, between 5.0 and 5.2

eV depending upon doping21,23). Additionally, a recent report
from Abate et al. showed similar efficiency for two devices
made with HTMs of significantly different IPs.24 These results
call into question whether tuning the IP is indeed necessary for
improved performance. To better understand the role of the
HTM and how to optimize it, our work undertakes a systematic
investigation of the effects of varying HTM IP on perovskite
solar cell performance.
A complication in determining the role of the HTM IP on

device performance is that changing the HTM often affects
multiple facets of the solar cell, all of which can have a
significant impact on photovoltaic performance. When the
perovskite is deposited on top of the HTM in an “inverted”
architecture, the HTM serves as a substrate and significantly
affects the perovskite morphology and grain size in addition to
acting as a selective contact.12,25,26 For HTMs deposited on top
of the perovskite, solution processing can result in additional
complications such as variations in the HTM film uniformity
that may affect the shunting of the devices.18,19,24 Solvent-
annealing or surface passivation of the perovskite from HTM
additives can obscure the effects of changing the IP of the
HTM.27 Additionally, HTMs may have varying selectivity (as
determined by the semiconductor band gap), which should
affect performance.28 In this study, we construct a device
architecture that allows us to tune the IP of the HTM while
minimally impacting any other device parameter to elucidate
the true impact of the IP on the performance of CH3NH3PbI3
perovskite solar cells. We evaporate a series of HTMs on top of
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the perovskite, and in doing so, we find similar photovoltages
for devices made with HTMs of widely varying IPs. These
results suggest that the IP should not be the principal design
constraint when developing novel HTMs, but instead, proper-
ties such as minimized parasitic absorption, beneficial-
processing, and effects on perovskite morphology should be
optimized to maximize perovskite device efficiency.
The device architecture for this study, depicted in Figure 1,

was optimized for reproducibility as well as minimization of
undesirable effects of the HTM deposition. A 15 nm layer of
phenyl-C61-butyric acid methyl ester (PCBM) was deposited
on top of TiO2 to act as a reproducible and low-hysteresis
electron-transport layer (ETL).29 A planar layer of
CH3NH3PbI3 (MAPI3) was deposited from a 3:1 solution of
methylammonium iodide and lead acetate as described
elsewhere,30 resulting in a uniform and continuous perovskite
layer as confirmed by SEM (Figure 1a). In addition to spiro-
OMeTAD, five organic small molecules were chosen with a
range of IPs for use as HTMs for these devices (Supporting
Information (SI) Figure 1). These molecules were chosen for
their range in IP, their wide band gap to ensure selectivity (SI
Figure 4), their demonstrated processing by thermal evapo-
ration, and their previous use as contact layers in perovskite- or
organic-based devices.12,31 Measured IPs of the selected small
molecules range from 5.0 to 5.5 eV,12,21,31 meaning that the
highest-occupied molecular orbital (HOMO) of these various
molecules will either encourage or be a barrier to charge
extraction depending upon the molecule.
All HTMs except for spiro-OMeTAD were deposited as a 15

nm thick conformal layer via thermal evaporation, removing the
complexities of solution processing. To increase the con-
ductivity of these films, 5 nm of MoO3 was evaporated onto the
HTMs, leveraging the remote-doping effect recently demon-
strated by Sargent et al.32

Completed devices were tested to determine the effect of the
HTM IP on the photovoltaic performance (Figure 2 and Table
1). The majority of HTMs employed in this study (meoTPD,
spiroTTB, spiroTAD, α-NPD, and spiro-OMeTAD) showed
comparable efficiency, with champion power conversion
efficiencies of ∼14% (SI Table 1) and minimal current−
voltage hysteresis for these evaporated HTMs (SI Figure 2).
While these device efficiencies are significantly lower than those
of record perovskite devices employing titania scaffolds and

more complicated perovskite chemistries, they are comparable
to the best device efficiencies for solar cells using the lead-
acetate deposition method that was chosen by this study for its
reproducibility.30,33

Of all of the devices, only those made with TPD performed
significantly differently. The uniqueness of TPD can be
explained by the formation of an extraction barrier at the
perovskite/HTM interface, as clearly indicated by the sharp s-
kink JV characteristic and the restoration of the photocurrent at
large reverse bias.34 This behavior is unsurprising given that the
IP of TPD was the largest of the HTMs (as determined by
photoemission spectroscopy in air) at approximately 5.4 eV (SI
Figure 3).
For devices with IPs within the band gap of MAPbI3, the

variation in performance is minimal. All devices have similar
photocurrents, suggesting that a substantial energetic offset
between the valence band of the perovskite and HTM is
unnecessary for current collection. The open-circuit voltage,
which is most often predicted to increase with deeper IP, only
exhibits improvement on the order of tens of mV. When
replacing MeO-TPD with spiro-TTB, the HTM IP is shifted by
150 mV, but the VOC is only improved by 40 mV. As the HTM

Figure 1. Cross-sectional SEM of the perovskite solar cell used in this study (a) and the associated device schematic (b). Architecture was
employed for all evaporated HTMs with varying IPs as determined by photoemission spectroscopy in air (PESA) (c). Solid lines under HTMs
show HOMO values measured by PESA, while boxes represent the range of HOMO values previously reported for these materials.12,21,31

Figure 2. Current−voltage characteristics of champion perovskite
devices made with alternative HTMs taken at 0.025 V/s from
forward to reverse bias.
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IP is further deepened, no additional increases in VOC are
observed. Ultimately, the VOC begins to decrease as the HOMO
approaches the perovskite band edge, with α-NPD devices
having comparable VOC to those made with meoTPD, despite a
250 meV change in IP.
Analyzing the variation in VOC with IP, it is clear that the

overall response of the photovoltage of perovskite solar cells is
flat; for a wide range of IPs, the VOC of the perovskite is
practically unaffected. Beyond the IP, the similarity in doping
density for the evaporated HTMs used in this study suggests
that the VOC of these perovskite devices is independent of the
HTM work function as well (as estimated by conductivity data
in SI Table 2). According to the Fermi-level approximation for
nondegenerate semiconductors, by assuming a similar density
of states, we can relate a constant carrier density to a fixed
energetic offset between the HTM valence band and HTM
work function; therefore, the work function of our evaporated
HTMs should shift in step with the IP. The constant VOC
reported here stands in sharp contrast to trends previously
observed for dye-sensitized solar cells, where changing the
redox potential of the electrolyte or shifting the alignment of
the TiO2/dye interface to more closely match the HOMO and
LUMO of the dye had strong effects on VOC.

35,36 The trend
observed here is similar to behavior formerly seen for light-
emitting electrochemical cells and photoelectrochemical cells,
where the performance and photovoltages of the devices are
independent of the contact work function and electrolyte redox
potential, respectivelty.37,38

The explanation for this observed phenomenon in photo-
electrochemical cells is ionic accumulation at the semi-
conductor surface, and it is a possible explanation for the
VOC trend observed here for perovskite solar cells. For these
semiconductor−electrolyte junctions, there is sufficient charge
at the semiconductor surface that any potential that would be
dropped over the bulk of the semiconductor at the forming of a
heterojunction is instead entirely dropped over a thin ionic
layer near the surface. This results in a Fermi-level position
within the semiconductor that is independent of the work
function of the adjoining material in the heterojunction, and
correspondingly, the photovoltage is mostly unaffected by
variation in the contact material.37

Surface-charge enabling a similar Fermi-level independence
in perovskite solar cells could come from surface defects or
surface dipoles, but perhaps a more likely candidate is the many
ionic defects predicted to occur and be mobile in these
materials.39,40 In an attempt to describe the widely observed
phenomena of current−voltage hysteresis, several groups have
modeled the perovskite absorber as a coupled electronic−ionic
conductor and have been able to explain experimentally
observed JV phenomena with the accumulation of ionic defects,
such as iodide vacancies, in thin Debye layers at the perovskite/
selective contact junctions.39,41,42 These accumulated ionic
defects could compensate for any changes in potential that

accompany varying the work function of the HTM, resulting in
a perovskite material that is agnostic to the HTM work function
and superseding the hypothesized dependence of VOC on the
HTM.
An example of this phenomenon is schematically represented

in Figure 3, with simplified band structures for a typical PIN-

type solar cell without ionic accumulation (panel a) and a solar
cell with ionic accumulation (panel b), made with a deep work
function HTM and at a given applied voltage (Vap). In the PIN
case (Figure 3a), changing the HTM work function impacts the
built-in voltage (Vbi) in the device as well as the carrier density
throughout the perovskite, particularly at the perovskite/
selective contact junction. This variation in Vbi should not
impact recombination dynamics at VOC nor should the variation
in carrier density with the HTM work function affect
bimolecular recombination in the perovskite, which is governed
by the product of the carrier densities (electrons and holes) in
the material and is therefore dependent upon the quasi-Fermi-
level splitting (Vap) and not where those levels reside within in
the band gap of the perovskite. Monomolecular recombination
processes, those governed by a single carrier density, should
however be affected by HTM variation and result in significant
variations in VOC. In the ionic accumulation case (Figure 3b),
these variations in the HTM are accommodated by a vacuum-
level shift (drawn here as enabled by the accumulation of
positive charge such as iodide vacancies theorized to exist in
these materials43) at the interface, screening the electric field
across the perovskite and leaving carrier densities, and therefore
recombination, independent of the HTM. It is important to
note that the band structure described in Figure 3b is at this
time a hypothesis. Further research should look to better
understand the exact nature of this vacuum-level shift (whether
it is indeed mobile ionic defects or perhaps specific ionic surface
states) and if it can be extended to all perovskite chemistries,
but if it is indeed present then independence between the
perovskite Fermi-level and HTM work function would be
expected.
The observation that VOC is mostly independent of the HTM

IP has important implications for future HTM design and

Table 1. Average Solar Cell Performance for Devices Made with HTMs with Varying IPs

HTM IP (eV) Jsc (mA/cm2) Voc (V) FF PCE (%)

spiro-OMeTAD 5.15 −19.6 ± 0.3 1.02 ± 0.02 0.65 ± 0.04 13.0 ± 1.5
meoTPD 5.10 −19.8 ± 1.0 0.96 ± 0.02 0.68 ± 0.06 13.9 ± 1.7
spiroTTB 5.25 −20.7 ± 0.4 1.00 ± 0.03 0.67 ± 0.07 13.9 ± 1.7
spiroTAD 5.30 −20.3 ± 0.6 1.00 ± 0.02 0.61 ± 0.08 12.2 ± 1.8
α-NPD 5.35 −20.3 ± 0.3 0.99 ± 0.02 0.60 ± 0.08 12.2 ± 1.8
TPD 5.40 −4.4 ± 2.1 0.70 ± 0.2 0.14 ± 0.03 0.49 ± 0.3

Figure 3. Schematic band structures of a HTM/perovskite
heterojunction for a standard PIN-type solar cell without ion
accumulation (a) compared to a schematic for the band structures
of a device with the same HTM but with ionic accumulation (b).

ACS Energy Letters Letter

DOI: 10.1021/acsenergylett.6b00270
ACS Energy Lett. 2016, 1, 556−560

558

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6b00270/suppl_file/nz6b00270_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.6b00270


optimization. For one, it relaxes the need to develop HTMs
with deeper IPs and dopants for these deep IP materials to
maximize the voltage in MAPbI3 devices. Our results suggest
that the relatively low IP of spiro-OMeTAD is not detrimental
for achieving high VOC, which is, of course, reflected in its use
for the highest efficiency devices; therefore, replacement
materials may look to address the parasitic absorption or
instability of spiro-OMeTAD instead of focusing on its IP.
Second, it suggests that the pathway for improving the VOC of
perovskite solar cells though HTM selection is through
considering the effects of the HTM on the perovskite itself.
Selective contact materials can be chosen for improved
perovskite morphology or for deposition procedures that
maximize solvent annealing, surface coverage, or surface-
passivating effects. In doing this, one can hope to improve
the perovskite quality and thereby increase the possible quasi-
Fermi level splitting within the perovskite material for a higher
VOC and power conversion efficiency.
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