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Correlation of energy disorder and open-circuit
voltage in hybrid perovskite solar cells

Yuchuan Shao, Yongbo Yuan and Jinsong Huang*

Organometal trihalide perovskites have been demonstrated as excellent light absorbers for high-efficiency photovoltaic
applications. Previous approaches to increasing the solar cell efficiency have focused on optimization of the grain morphology
of perovskite thin films. Here, we show that the structural order of the electron transport layers also has a significant
impact on solar cell performance. We demonstrate that the power conversion efficiency of CH;NH;Pbl; planar heterojunction
photovoltaic cells increases from 17.1 to 19.4% when the energy disorder in the fullerene electron transport layer is reduced
by a simple solvent annealing process. The increase in efficiency is the result of the enhancement in open-circuit voltage from
1.04 to 1.13 V without sacrificing the short-circuit current and fill factor. These results shed light on the origin of open-circuit
voltage in perovskite solar cells, and provide a path to further increase their efficiency.

attracting considerable research interests for solar cell

applications'™ owing to their many intriguing optical and
electronic properties, such as very high absorption coefficient',
high charge carrier mobility'"'?, long carrier recombination
lifetime'> and unique defect physics”®. Benefiting from these
excellent properties, the power conversion efficiency (PCE) of
perovskite photovoltaic devices has been greatly improved from
3.8% (ref. 14) to a certified 20.1% (ref. 15) in less than five years of
development. One origin of the high PCE of the perovskite solar
cells is the relatively large ratio of the open-circuit voltage (Voc) to
bandgap (E,)—approximately 0.69 (ref. 16). Compared to typical
excitonic organic solar cells with a ratio of about 0.55 Voc/E,
(ref. 16), perovskite solar cells show a much lower photon energy
loss. However, their V oc/E, ratio is still lower than the value of 0.80
for amorphous silicon and GaAs thin film solar cells'. Given that
first-order charge recombination rates in perovskite materials have
been shown to be weak owing to the unusual defect physics', there
is still considerable scope to further increase the PCE of perovskite
solar cells by boosting Voc. This is even more urgent in the case
of planar heterojunction perovskite cells, which are very simple
to fabricate using a low-temperature solution process, but usually
have a lower maximum V¢ than the ‘inverted mesoporous-
structure devices'>”™". In fact”, it has been demonstrated by
both simulation and experimental results that a large degree of
energy disorder of the photoactive layer would cause a significant
drop in the value of V¢ for organic bulk heterojunction solar
cells®?'. In the past few years of perovskite device research,
most efforts have been focused on improving the crystallinity—
or reducing the energy disorder—of the perovskite thin films.
However, barely any attention has been paid to the organic charge
transport materials, which inevitably introduce energy disorder
into perovskite devices. The low carrier mobility of most organic
charge transport materials, such as 2,2',7,7'-tetrakis-(N,Ndi-p-
methoxyphenylamine) 9,9'-spirobifluorene (spiro-OMeTAD)>%*,
phenyl-Cé61-butyric acid methyl ester (PCBM; refs 19,23,24)
and  poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]  (PTAA;
refs 17,23), indicates they have a high degree of energy disorder.
The importance of the energy level alignment of the charge

O rganometal trihalide perovskite materials have been

transport layers with perovskite on the V¢ of perovskite solar
cells has been recognized recently, especially for large-bandgap
perovskite solar cells®*. Nevertheless, there are hardly any studies
on the influence of energy disorder in these charge transport layers
on the Vo of perovskite solar cells. To maximize the opportunities
of perovskite materials for photovoltaics applications, it would be
desirable to have a full understanding of the detrimental effects
of energy disorder in components other than the perovskite layer,
and to find strategies to mitigate the energy disorder in perovskite
solar cells.

In this paper, we report the influence of energy disorder
in fullerene electron transport layers on the Voc of planar
heterojunction perovskite solar cells. A simple solvent annealing
method is found to mitigate the energy disorder by reducing
material structural disorder, which enhances the Vo of the
CH,;NH,Pbl; planar heterojunction device from 1.04 to 1.13V
without decreasing the device short-circuit current (J5c) or fill factor
(FF). The results highlight the importance of reducing the energy
disorder in the charge carrier transport layer.

Photovoltaic device structure and performance

The planar heterojunction perovskite solar cells in this study
were structured as ITO/PTAA/CH;NH;Pbl; (550-600 nm)/
PCBM(20 nm)/C4 (20 nm)/BCP(8 nm)/Al(100 nm), as shown
in Fig. 1a, where ITO is indium tin oxide, BCP is 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline, and Al is aluminium. The MAPDbI,
layers were formed by the interdiffusion of lead iodide (PbL,)
and a methyl ammonium iodide (CH;NH;I, CH;NH; = MA)
stacking layer*, followed by a solvent annealing process'. It forms
smooth, compact perovskite films with an average grain size much
larger than the thin film thickness®. Then the PCBM layer was
spun on top of the perovskite layer and thermally annealed at a
temperature of 100°C for one hour with or without the presence
of dichlorobenzene (DCB) vapour. The PCBM layer here acts
not only as the electron transport layer, but also as a passivation
layer to reduce the surface and grain boundary trap density of the
perovskite grains'®”. The devices were then finished by thermally
evaporating Cq (20nm), BCP (8 nm) and aluminium (100 nm)
layers in sequential order.
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Figure 1| Device structure and mechanism to enhance V¢ by reducing energy disorder. a, Device structure of the perovskite planar heterojunction solar
cells: ITO/PTAA/PCBM/Ce0/BCP/Al. Here ITO is indium tin oxide, PTAA is poly[bis(4-pheny)(2,4,6-trimethylphenyl)amine], PCBM is
CH3NH3Pbls/phenyl-C61-butyric acid methyl ester, BCP is 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline and Al is aluminium. b, Schematic illustration of
how energy disorder of the PCBM layer influences the device Voc: a wide distributed DOS reduces the quasi-Fermi level of the photogenerated electrons
(Ern) and thus reduces the device Voc. Ep is the quasi-Fermi level of the photogenerated holes. Blue and purple dashed lines represent the quasi-Fermi
level of devices with disordered and ordered PCBM, respectively. ¢, Schematic of disordered and ordered PCBM structures formed by the solvent and

thermal annealing processes.

Figure 1b illustrates the principle used to enhance the Vo of
the planar heterojunction perovskite devices by reducing the energy
disorder in the electron transport layer. The electronic states of the
organic PCBM thin films are subject to a large energy disorder
originating from their structural and chemical disorder, such as
low crystallinity and random molecular orientation, interactions
with neighbouring molecules, impurities, and so on. Here we did
not consider the energy disorder in the perovskite layer because,
unlike the organic charge transport materials, the perovskite layer
fabricated by the low-temperature solution process still has excellent
crystallinity with a very low density of trap states and low energy
disorder'. As a result, perovskite materials have relatively sharp
valence band (VB) and conduction band (CB) edges in the
density-of-states diagram, which is consistent with the results of
external quantum efficiency (EQE) measurements. The V¢ in a
photovoltaic device is determined by the quasi-Fermi level splitting
of electrons and holes in the whole device under illumination, which
is affected by the occupation of the available electronic states by
photogenerated charge carriers, not only in the perovskite layer,
but also in the charge transport layers. The band tail caused by the
energy disorder of the PCBM layer that extends into the forbidden
gap introduces additional electronic states. The non-equilibrium
photogenerated electrons tend to relax down to these states when
they travel through the PCBM layer, which results in reduced quasi-
Fermi level splitting and a smaller V. From a carrier dynamics
point of view, the charge transit time through the PCBM layer
is of the order of 100ns, as calculated from its low mobility of
107 cm? V' s7" (ref. 28), which is much longer than the reported
electron relaxation time in the PCBM layer, which is of the order of
~100 ps (ref. 29).

It is noted that the energy disorder of solid molecules depends
strongly on the film preparation process as well as the intrinsic
properties of the molecular structure. Therefore, our strategy is
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to increase the crystallinity to mitigate the energy disorder of the
PCBM layer, as illustrated in Fig. 1c, which narrows down the
band tail electronic states and increases the V¢ of the perovskite
solar cells. To realize this scenario, a 1,2-dichlorobenzene (DCB)
vapour environment was introduced during the PCBM thermal
annealing process. DCB gives very good solubility with respect to
PCBM, but can barely dissolve the hybrid perovskites. The process
is similar to solvent annealing in polymer bulk heterojunction
solar cell fabrication®®*!. Therefore, the DCB vapour treatment
can improve the crystallinity and decrease the energy disorder
of the PCBM layer without damaging the perovskite layer. In
this work, thermally annealed PCBM layers treated with and
without DCB solvent vapour are referred to as ‘SA PCBM’ and
‘TA PCBM,, respectively.

Figure 2a shows the photocurrent curves of the optimized
MAPDI; devices with TA and SA PCBM, measured under one
simulated sun illumination. After decreasing the energy disorder
of the PCBM, the device PCE increased from 17.1 to 19.4%. The
increase in PCE here comes mainly from the enhancement in V¢
from 1.04 to 1.13V, whereas Jc and FF remained ~22.6 mA cm™>
and ~75.0%, respectively. The series resistances for devices with TA
and SA PCBM are 5.15 Q cm? and 3.80 €2 cm?, respectively, and the
shunt resistances for devices with TA and SA PCBM are 2,564 € cm?
and 2,380 2 cm?, respectively. The photocurrents showed negligible
hysteresis (see Supplementary Fig. 1) as a result of the effective
deactivation of surface and grain boundary charge traps by the
double fullerene layers?. Figure 2b shows the EQE spectrum and
integrated Jsc for the SA PCBM device. The integrated Jsc of
22.3 mA cm™ is in good agreement with the J ¢ from J-V scanning.
The steady-state measurements for V¢, Jsc and PCE are shown
in Fig. 2c, which confirms the device performance parameters
extracted from the photocurrent curves and verifies the absence
of photocurrent hysteresis in our devices. The statistics of the
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Figure 2 | PCBM treatment-dependent device performance. a, Current density-voltage (J-V) characteristics of devices with solvent annealing (SA) and
thermal annealing (TA) PCBM layers. b, EQE and EQE-based integrated Jsc of the devices with SA PCBM. ¢, Steady-state measurements of V¢, Jsc and
PCE for devices with SA PCBM. d, Statistics of the Vo distribution for devices with TA PCBM (14 samples) and SA PCBM (16 samples). Blue and orange

solid lines represent the Gaussian distribution fitting for the statistics of Voc.

V oc distribution shown in Fig. 2d demonstrates the reliability and
repeatability of the V oc enhancement achieved by the DCB-vapour-
treatment-induced reduction of energy disorder in the PCBM layer.

Energy disorder characterization

To verify that DCB vapour treatment can enhance the crystallinity
of the PCBM, we performed X-ray diffraction (XRD) measurements
of the spun PCBM films on glass substrates with and without DCB
treatment. Figure 3a clearly shows a sharp diffraction peak at 20.5°
appearing in the XRD spectrum of the SA PCBM thin film, whereas
there is hardly any diffraction peak in the TA PCBM film, thus
supporting the conclusion of enhanced crystallization in the SA
PCBM (ref. 32). The absorption spectra of SA and TA PCBM were
also measured. The slightly enhanced absorption also supports the
better crystallinity in the ordered PCBM thin films. There is no
obvious morphological difference between SA and TA PCBM on the
perovskite layers, as shown in Supplementary Fig. 2.

We also directly characterized the energy disorder in the whole
device by measuring the distribution of the electronic density of
states (DOS) to confirm that the enhanced PCBM structure order
can reduce energy disorder. The distribution of the density of states
is often described by a Gaussian shape in organic semiconductors®.

N, [ (EL— E)Z]
exp |—
V2no, P 207}

where N, is the total density per unit volume, E; is the energy
centre of the DOS, and o, is a disorder parameter that represents

1
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the broadening of the DOS. Here we investigated the variation of
the DOS distribution by extracting the chemical capacitance (C,,) by
means of impedance spectroscopy. It has been established that the
chemical capacitance in this type of measurement is proportional
to the DOS, as C,, reflects the capability of a photovoltaic device to
accept or release additional charge carriers as a result of shifts in
the quasi-Fermi level**. When the quasi-Fermi level moves across
these electronic states, the release of occupied charge is recorded as
a change in the chemical capacitance, thus providing a perfect tool to
study the DOS distribution in the devices. The measurement details
can be found in Supplementary Note 1. Fittings of the Gaussian
DOS for perovskite solar cell devices with TA and SA PCBM films
are shown in Fig. 3a. The experimental data were well fitted by
equation (1) for all the devices measured. The disorder parameter
0, decreased from 136 to 90 meV after replacing the TA PCBM
with its SA counterpart. Because the perovskite layer is highly
crystalline, the measured energy disorder should be dominated
by the contribution from the PCBM layer, and the measured
o, variation should reflect the degree of disorder in the PCBM
layer resulting from the different PCBM treatments. The direct
observation of reduced energy disorder in the device with SA PCBM
fully supports our proposed scenario. A o, of 73 meV has been
reported in pure PCBM devices according to disordered hopping
transport models®. The relatively larger o, in our devices may
originate from additional electronic interactions between PCBM
and the perovskite layer, or from disorder contributions of the
thermally evaporated Cq layer. We also measured the energy
disorder of perovskite solar cells with an indene-C4 bisadduct
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Figure 3 | Structure and energy disorder of PCBM films under different treatments. a, XRD patterns of SA and TA PCBM thin films. b, Single-path
absorption of SA and TA PCBM thin films. ¢, Measured DOS of devices with SA PCBM, TA PCBM and ICBA extracted from their impedance spectra. The
disorder parameter o, is obtained by fitting the DOS curves with a Gaussian distribution. d, Charge density generated in the device with SA and TA PCBM

layers measured by the TPV and TPC method.
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Figure 4 | Dependence of charge recombination lifetime on PCBM treatment. a,b, Charge recombination lifetime in devices with SA and TA PCBM layers
measured by the TPV transient photovoltaic method as a function of bias light intensity (a) and charge carrier density (b).

(ICBA) layer, which is widely applied in organic solar cells to yield a
larger V o, because ICBA has a higher lowest unoccupied molecular
orbital (LUMO) level than that of PCBM. Replacing PCBM by
ICBA indeed increased the Vo of the perovskite/fullerene hybrid
Schottky junction devices”. In those devices, the perovskite layers
were not continuous, and the direct contact of fullerenes with
the hole transport layer formed a Schottky junction'. However, a

4

lower PCE of 12.8% and V¢ of 0.97 V were obtained using ICBA
(Supplementary Fig. 3), similar to previous results (ref. 36). The
unexpected results could be explained as due to the much larger
energy disorder of the ICBA layer than the PCBM layers, which
eventually reduces the quasi-Fermi energy of the electrons in ICBA.

Another method to study the influence of energy disorder
on Voc is to measure the density of photogenerated charges
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Figure 5 | Dependence of device performance on PCBM thickness. a, Current density-voltage (J-V) characteristics of devices with different thicknesses
(20, 30 and 60 nm) and different treatments (SA and TA) for the PCBM layer. b, Dependence of the open-circuit voltage and fill factor on the TA and SA

PCBM thickness as extracted from the J-V curves in a.

that is needed to produce a given quasi-Fermi level splitting.
A method combining transient photovoltage spectroscopy
(TPV) and transient photocurrent spectroscopy (TPC) was
established to determine the generated carrier concentration before
recombination®. This is also enabled by the much longer carrier
recombination lifetime demonstrated in hybrid perovskite materials
than the charge extraction time out of the device’®”. Details of
the measurement techniques in the TPV and TPC methods are
given in Supplementary Note 2. The results in Fig. 3d clearly show
that a larger carrier concentration of carriers is needed to fill the
low-energy levels in the device with TA PCBM to reach the same
Voc as the device with SA PCBM, indicating the effectiveness of
our solvent annealing method for energy disorder mitigation. In
addition, at the same generated charge density of 3 x 107 cm™,
for instance, the devices with TA and SA PCBM have V o values
of 0.99V and 1.07V, respectively. This result is also consistent
with our scenario that the same charge generation density (or light
intensity) could generate a higher V ¢ in the devices with mitigated
energy disorder.

Besides the degree of energy disorder, charge carrier
recombination dynamics in a solar cell can also impact the
device V¢, because changes in the charge carrier recombination
rate would cause variations of the equilibrium charge carrier
concentration, the quasi-Fermi level splitting, and thus the Vo
in the photovoltaic devices. However, in our study, the Vo
enhancement is not related to changes in the charge recombination
dynamics, because no evidence of a change in the recombination
lifetime was found in the TPV measurements, as shown in Fig. 4a,b.
The charge recombination lifetimes for devices with SA and TA
PCBM are the same under any given illumination light intensity
and charge carrier density. A simulation also supports the scenario,
as shown in Supplementary Note 3. Furthermore, the unchanged
recombination rate reveals that the deeper electronic states induced
by the energy disorder of TA PCBM do not act as recombination
centres. Although the photogenerated electrons relax to the
lower energy states, electrons are not trapped there which would
otherwise cause reduced J s and FF in devices with different PCBM
treatments. The ‘cooled’ electrons in the lower energy states can still
efficiently transport out of PCBM layer by hopping to the cathode.
Therefore, these lower energy electron states do not act as ‘traps’
and have negligible influence on the charge extraction efficiency.

Dependence of device performance on PCBM thickness
Finally, the dependence of the device performance on PCBM

thickness was examined, as shown in Fig. 5a,b. The thickness of the
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TA and SA PCBM layer was varied from 20 to 60 nm by tuning the
concentration of the PCBM solution and the spin-coating rate. The
Voc values of all the devices with SA PCBM are higher than those
of the devices with TA PCBM, regardless of the PCBM thickness,
which demonstrates the effectiveness of the reduced energy disorder
in enhancing the device Vc. As the PCBM thickness increases,
the Voc values of devices with both SA and TA PCBM remain
almost invariant, whereas the FF is reduced markedly. The different
trends in the variations of V¢ and FF reflect that the change
of series resistance of the electron transport layer, which was in
accordance with the expectation for the PCBM thickness increase,
now impact only the device Voc. Thus, a thin electron transport
layer is beneficial in reducing the series resistance and improving the
charge extraction and device performance, which is of importance
for PCBM, given its relatively low mobility.

Conclusion

We have revealed and highlighted the importance of energy disorder
mitigation in electron transport layers as a means to improve the
Voc in perovskite solar cells. Enhanced PCBM structural ordering
effectively reduces the energy disorder, as can be deduced from
the significant decrease in the DOS and disorder parameters. A
recent independent theoretical work investigating energy disorder
in fullerenes has reported the same disorder parameter for ordered
and disordered PCBM, and shown excellent agreement with
our experimental results”’. This technique presents an effective
method to increase Voc without sacrificing either Jsc or FE Most
importantly, a new direction has been indicated towards further
increasing the PCE of perovskite solar cells by the design and
application of new electron transport materials with even smaller
energy disorder than SA PCBM. We speculate that a reduction in
the energy disorder for the hole transport layer would also have an
impact on the Vo of perovskite solar cells. In addition, selecting
charge transport materials carefully and optimizing the interfaces
between the perovskite layer and the charge transport layers could
potentially decrease the interfacial energy disorder and obtain a
larger open-circuit voltage.

Methods

Device fabrication. The hole transport layer, PTAA film was prepared by
spin-coating 0.5 wt% PTAA solution at 6,000 r.p.m. The as-prepared film was
then thermally annealed at 110 °C for 10 min. The MAPbI; films were fabricated
by the solvent annealing induced interdiffusion method”. The film fabrication
procedures are the same as previous studies, whereas the Pbl, layer on PTAA
should be spin-coated from a 100 °C pre-heated PbI, DMF solution. To fabricate
a 500-nm-thick MAPbI; film, a 650 mg ml~' Pbl, DMF precursor was used with
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a 75mg ml™' methylammonium iodide (MAI) 2-propanol precursor solution.
After they were cooled down to room temperature, PCBM (dissolved into
dichlorobenzene (DCB), 2 wt%) was spun on top of the formed perovskite layers.
After that, for PCBM treated with solvent annealing, the devices were put on top
of a hot plate and covered by a glass Petri dish. 10 ul of DCB solvent was added at
the edge of the Petri dish during the thermal annealing process, so that the DCB
vapour could go into the Petri dish and make contact with the PCBM layer. For
control devices with just thermal annealing PCBM, no DCB solvent was added
during the thermal annealing process. The devices were finished by thermally
evaporating Cq (20 nm), BCP (8 nm) and aluminium (100 nm) in sequential
order. The device working area was 8 mm?, as defined by the overlap of the ITO
substrate and the Al cathode.

Device characterization. Simulated AM 1.5 G irradiation (100 mW cm™2) was
produced by a Xenon-lamp-based solar simulator (Oriel 67005, 150 W Solar
Simulator) for current (I)-voltage (V) measurements. The light intensity was
calibrated by a silicon (Si) diode (Hamamatsu S1133) equipped with a Schott
visible colour glass filter (KG5 colour filter). A Keithley 2400 Sourcemeter was
used for the -V measurements. The scanning rate was 0.1 Vs™'. The steady-state
Voc and Jsc were measured by zero-bias current and zero-bias voltage versus
time, respectively. The steady-state PCE was measured by monitoring the current
with a 0.91V bias voltage. XRD measurements were performed with a Rigaku
D/Max-B X-ray diffractometer in the Bragg-Brentano parafocusing geometry, a
diffracted-beam monochromator, and a conventional cobalt target X-ray tube set
to 40kV and 30 mA. The single-path absorption was measured using an
Evolution 201 ultraviolet-visible spectrometer (Thermo Scientific).
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