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spectral range for singe junction solar
cells, and according to the Shockley–Queisser model the photocurrent is expected
to be below 9.7 mA cm−2.[2] However, a relatively high Voc of 1.4–1.5 V was reported,
which makes this material system a great
candidate for applications such as tandem
configuration or other systems requiring
spectral splitting.[2–7]
Significant efforts were undertaken
to investigate and optimize the Voc of
CH3NH3PbBr3 solar cells.[2–9] Engineering
advanced hole transport layers (HTL) such
as carbon nanotubes,[2] 2,2′,7,7′-tetrakis(N,Ndi- p -methoxyphenyl-amine)-9,9′-spirobifluorene (spiro-OMeTAD),[5,7] poly (indenofluoren-8-triarylamine)
(PIF8-TAA),[3,4]
and
4,4-bis(N-carbazolyl)-1,1-biphenyl
(CBP)[6] resulted in Voc within a range of
1.4–1.5 V for solution-processed perovskite
solar cells. Sheng et al. demonstrated a high
Voc of 1.45 V using the architecture TiO2/
CH3NH3PbBr3/spiro-OMeTAD via a vaporassisted depositon.[7] Kim et al. modified the TiO2 surfaces with
carboxyl groups and employed no HTL for CH3NH3PbBr3 solar
cells, producing a Voc of 1.37 V.[8] Dymshits et al. reported a Voc
of 1.35 V for Al2O3/CH3NH3PbBr3 perovskite solar cells without
HTL.[9] These studies focused more on the Voc improvement
via interface engineering and via optimizing the CH3NH3PbBr3
film quality. Despite significant progress toward unraveling
the Voc limitation of CH3NH3PbBr3 solar cells, the limiting Voc
(Voc,rad) is still unknown to the best of our knowledge. Besides,

Perovskite solar cells based on CH3NH3PbBr3 with a band gap of 2.3 eV are
attracting intense research interests due to their high open-circuit voltage
(Voc) potential, which is specifically relevant for the use in tandem configuration or spectral splitting. Many efforts have been performed to optimize the
Voc of CH3NH3PbBr3 solar cells; however, the limiting Voc (namely, radiative
Voc:Voc,rad) and the corresponding ΔVoc (the difference between Voc,rad and Voc)
mechanism are still unknown. Here, the average Voc of 1.50 V with the maximum value of 1.53 V at room temperature is achieved for a CH3NH3PbBr3
solar cell. External quantum efficiency measurements with electroluminescence spectroscopy determine the Voc,rad of CH3NH3PbBr3 cells with 1.95 V
and a ΔVoc of 0.45 V at 295 K. When the temperature declines from 295 to
200 K, the obtained Voc remains comparably stable in the vicinity of 1.5 V
while the corresponding ΔVoc values show a more significant increase. Our
findings suggest that the Voc of CH3NH3PbBr3 cells is primarily limited by the
interface losses induced by the charge extraction layer rather than by bulk
dominated recombination losses. These findings are important for developing
strategies how to further enhance the Voc of CH3NH3PbBr3-based solar cells.

1. Introduction
Solid-state perovskite solar cells that utilize methylammonium
lead halide (CH3NH3PbX3, X = I, Br, or Cl) as the light absorber
have been attracting extensive interest as a next-generation photovoltaic technology since 2012.[1] CH3NH3PbBr3 perovskite
solar cells have attracted less attention than the iodide homologous. The relatively wide band gap of 2.3 eV limits the usable
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determination of the corresponding ΔVoc mechanism is essential
to understand whether nonradiative bulk recombination losses
or interface material-based losses are dominating for this limitation. Clarification of the main ΔVoc loss mechanism will allow to
develop suitable material strategies to further improve the Voc in
Pb-Br-based perovskite solar cells.
A fairly detailed understanding of the loss mechanisms has
already been developed for CH3NH3PbI3 solar cells. Here, the
ΔVoc was primarily ascribed to the nonradiative recombination
losses, which restrict the Voc compared to the Voc,rad.[10,11] However, CH3NH3PbBr3 has a higher lowest unoccupied molecular
orbital (LUMO, −3.4 eV) and a lower highest occupied molecular orbital (HOMO, −5.7 eV) in combination with a band gap
of 2.3 eV,[4] thus forecasting more complex selection rules for
the HTL and electron transport layer (ETL), which easily may
become the limiting factor for the Voc. In the field of organic
and inorganic solar cells, temperature dependent Voc measurements are widely employed to investigate the origin of Voc and
analyze the recombination processes.[12,13] In addition, the combination of electroluminescence (EL) spectroscopy and Fouriertransform photocurrent spectroscopy (FTPS) is an effective tool
to determine the Voc,rad and the corresponding ΔVoc for solar
cells.[11,14,15]
Here, we fabricated planar CH3NH3PbBr3-based perovskite solar cells between two semiconducting heterojunctions,
namely a layer of NiO nanoparticles as HTL and fullerenes as
ETL. Fullerene derivatives, phenyl-C61-butyric acid methyl ester
(PCBM) and indene-C60 bisadduct (ICBA), which are distinguishing in their LUMO levels by approximately 200 meV were
selected to study the impact of the ETL´s electronic potential
on the contact formation and Voc. The CH3NH3PbBr3 devices
employing NiO and ICBA as HTL and ETL yielded a reproducibly high Voc of 1.50 V with a maximum of 1.53 V at room temperature (RT). Temperature dependent current density–voltage
(J–V) measurements and absorption spectroscopy were carried
out to explore and explain the changes in Voc as a function of
temperature. Furthermore, we studied the limiting Voc (Voc,rad)
and the corresponding ΔVoc mechanism using temperature
dependent Voc, FTPS and EL spectroscopy. The sum of analytical measurements consistently yielded a Voc,rad of approximate
1.95 V and the corresponding ΔVoc of 0.45 V at room temperature. The temperature dependent analysis of ΔVoc reported
enhanced losses with lower temperatures. This trend is unusual for high quality semiconductors and our interpretation for
this observation is that, despite choosing ICBA as ETL, the Voc
of CH3NH3PbBr3 perovskite solar cells is limited by the energetic mismatch of the charge extraction layers rather than by
nonradiative bulk recombination processes.

2. Results and Discussion
The perovskite solar cells were fabricated in the configuration ITO/NiO/CH3NH3PbBr3/fullerenes (PCBM or ICBA)/
PrC60MA/Ag as shown in Figure 1a. The NiO, CH3NH3PbBr3
(Figure S1, Supporting Information) as well as fullerene layers
were deposited by spin-coating. The fullerenes employed in this
work are PCBM and ICBA, and the corresponding chemical
structures are depicted in Figure 1a. Figure 1c summarizes the
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Figure 1. a) Device configuration of perovskite solar cell: ITO/NiO/
CH3NH3PbBr3/PCBM or ICBA/PrC60MA/Ag and the corresponding
chemical structure of PCBM and ICBA. b) The chemical structure of
PrC60MA. PrC60MA is short for PrC60MAIodides. c) The energy diagram
for each layer in the devices. The energy level of NiO, CH3NH3PbBr3, and
fullerenes were determined by ultraviolet photoelectron spectroscopy,[16]
photoelectron spectroscopy,[4] and cyclic voltammetry[16,17] in previous
reports, respectively.

electronic potentials and bandgaps of the selected semiconductors before contact formation against vacuum as reported
previously.[4,16,17] CH3NH3PbBr3 has a band gap of 2.3 eV, and
its LUMO level approaches −3.4 eV,[4] which is well above the
LUMO level of the most commonly employed ETL (PCBM,
−3.9 eV). Compared to PCBM, ICBA has a higher LUMO level
of −3.7 eV,[17] and, when drawn against vacuum before contact
formation, is positioned closer to the conduction band edge of
CH3NH3PbBr3.
Figure 2a shows the current density–voltage (J–V) curves of
the studied devices with PCBM or ICBA measured under AM
1.5 illumination conditions at room temperature. The corresponding photovoltaic parameters are summarized in Table 1.
The PCBM-based device exhibits a Voc of 1.33 V, a short circuit
current density (Jsc) of 5.50 mA cm−2, and a fill factor (FF) of
74.4%, yielding a power conversion efficiency (PCE) of 5.44%.
When PCBM is replaced by ICBA, the Voc, Jsc, FF, and PCE
are determined as 1.50 V, 5.13 mA cm−2, 69.5%, and 5.35%,
respectively. It is notable that no obvious hysteresis of J–V
characteristics is observed for both devices by changing the
voltage scan direction (Figure S2, Supporting Information). The
higher Voc for the ICBA-based device is attributed to its higher
LUMO level. The higher Voc observed with ICBA peaks at a
maximum value of 1.53 V at room temperature in Figure 2b.
To the best of our knowledge, this is the highest reported Voc in
CH3NH3PbBr3 devices so far, thus underlining the representative quality of the devices. The higher-lying LUMO is obviously
more favorable to better balance the electron quasi-Fermi level
of the perovskite during contact formation.[18] The difference

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) J–V characteristics measured under AM 1.5G solar irradiation. b) Histogram of the open-circuit voltage (Voc) obtained from 29 cells.
c) EQE spectra of the PCBM- and ICBA-based solar cells. d) Steady-state photoluminescence (PL) spectra of CH3NH3PbBr3 films on NiO without and
with PCBM or ICBA top coated ETLs.

in Voc for PCBM versus ICBA further suggests the absence of
Fermi level pinning at this side of the perovskite contact.[19]
ICBA is able to maintain the high-lying electron quasi-Fermi
level (EF,e) of the perovskite heterojunction under illumination,
leading to a relatively large built-in voltage across the device
while the quasi-Fermi level of the holes (EF,h) in the heterojunction is kept fixed at the NiO heterojunction.[4]
PCBM-based solar cells show a slightly larger Jsc and FF
compared to the ICBA-derived devices. The Jsc values of both
devices are confirmed by integrating the external quantum efficiency (EQE) curves from Figure 2c, which deliver values of
5.30 and 4.93 mA cm−2 for PCBM and ICBA-based cells respectively. The improved Jsc and FF of the PCBM-based devices were
not investigated in full detail. However, we suggest that the
significantly better transport properties, arising from PCBM’s
higher electron mobility[18] (PCBM 0.061 cm2 V s−1, ICBA
0.0069 cm2 V s−1) over the one of ICBA, will result in a reduced
Table 1. Summary of photovoltaic parameters of CH3NH3PbBr3 solar
cells using different ETLs.
Fullerenea)

Jsc
[mA cm−2]

Voc
[V]

FF
[%]

PCE
[%]

Rsh
[kΩ cm2]

Rs
[Ω cm2]

PCBM

5.50

1.33

74.4

5.44

27.26

2.87

ICBA

5.13

1.50

69.5

5.35

20.21

3.57

a)

These values are obtained from the hero device with the maximum efficiency. Rsh
and Rs are calculated from the dark J–V curves at 0 and 2.5 V, respectively.

Adv. Energy Mater. 2016, 6, 1600132

internal series resistance leading to slightly higher FF values.
Indeed, we observe a lower series resistance (Rs = 2.87 Ω cm2)
for PCBM as compared to ICBA-based devices (Rs = 3.57 Ω cm2).
The shunt resistances for PCBM (Rsh = 27.26 kΩ cm2) as well
as ICBA (Rsh = 20.21 kΩ cm2) are sufficiently large. Steady state
photoluminescence (PL) spectroscopy (Figure 2d) exhibits a
slightly higher charge generation/charge extraction efficiency
for the perovskite/PCBM heterojunction. Although merely
qualitative, this observation is as well in agreement with a
slightly increased photocurrent in PCBM-based devices. In
order to further comprehend these results, the time-resolved
photoluminescence spectra (TR-PL) of CH3NH3PbBr3 films
without and with PCBM or ICBA are shown in Figure 3a. The
TR-PL exhibits the following decay lifetimes: 13.2 ns for glass/
CH3NH3PbBr3, 10.9 ns for glass/CH3NH3PbBr3/ICBA, and
9.1 ns for glass/CH3NH3PbBr3/PCBM, which is consistent
with trends observed in steady state PL measurements. In the
architecture of CH3NH3PbBr3/fullerene, the fullerene should
be mainly responsible for the quenching process. The above
analysis further supports our previous statement that PCBM is
slightly more efficient in quenching the excited state/free carriers of CH3NH3PbBr3 than ICBA.
Despite the high Voc obtained for ICBA-based solar cells, we
want to further explore the Voc limitations of CH3NH3PbBr3
devices. Therefore, the temperature dependent Voc of ICBAbased devices as well as the corresponding J–V curves under
illumination were measured and are depicted in Figure 3b,c. As
shown in Figure 3b, the Voc increases gradually from 1.50 V at
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Figure 3. a) Time-resolved PL spectra of CH3NH3PbBr3 film without and with PCBM or ICBA. b) Temperature dependent Voc of ICBA-based solar cell
during cooling from room temperature (RT) to 80 K (1st cycle) and during heating up back to RT (2nd cycle). c) Temperature dependent J–V characteristics of an ICBA-based solar cell under illumination. d) Temperature dependent series resistance (Rs) of an ICBA-based solar cell and temperature
dependent resistance of a pristine NiO film. Both Rs and resistance at low temperatures are normalized by the corresponding values at room temperature for the cell and NiO film, respectively.

room temperature to 1.54 V at 240 K and then experiences a
slight drop to 1.47 V at 150 K, followed by a significant decrease
to 1.21 V at 80 K. The heating and cooling rates were chosen
carefully to prevent hysteretic shifting effects, allowing a fairly
precise determination of the temperature dependent features. Two evident onsets of the change in Voc are identified
around 240 and 150 K, which correspond well to the cubictetragonal and tetragonal-orthorhombic phase transitions in
CH3NH3PbBr3, respectively (the crystal structure in Figure S3,
Supporting Information). Previous studies reported the phase
transition temperatures at 236.3 K (to the tetragonal phase) and
148.8 K (to the orthorhombic phase).[20]
A close look at the temperature dependent J–V curves
(Figure 3c) allows to further break down the various physical
processes of ICBA-based devices during cooling. Between
295 and 240 K, we observe normal solar cell operation, which is
marked by a steady increase of the series resistance (Rs) during
cooling. A distinct drop in the FF occurs at 200 K, and at 160 K
or lower a major resistance is dominating the J–V characteristics to the extent of losing the diode characteristics (J–V curves
close to a horizontal line). As the resistance of CH3NH3PbBr3 is
expected to be rather unaffected by temperature (see Figure S4a,
Supporting Information), we strongly suspect the ETL or HTL
as the ultimate source of the Rs at low temperatures. Figure 3d
compares the temperature dependent resistance of NiO with
the temperature dependency of the Rs of the ICBA-based
device. Further comparison of devices with NiO and poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as
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HTL (Figure 3c; Figure S4b, Supporting Information) clearly
identifies NiO as the primary origin for the Rs limitation at
temperatures below 240 K. The resistance of NiO increases a
hundredfold between room temperature and 200 K (Figure 3d)
and by three orders of magnitude at 160 K. The Jsc of the ICBAbased device slightly declines from 5.50 mA cm−2 at 295 K
to 4.67 mA cm−2 at 200 K but then drops dramatically to
0.71 mA cm−2 at 160 K. The low Jsc below 160 K can be either
ascribed to an inefficient charge carrier extraction at low temperatures which was suggested for mesoscopic iodide-based
devices[13] or simply reflects the nearly insulating HTL. In
summary, we identify a significant increase in Rs to dominate
the J–V behavior of the device with the configuration NiO/
CH3NH3PbBr3/ICBA investigated in this study. Different to previous reports for iodide-based cells,[13] this series resistance does
not originate from the perovskite semiconductor itself (see also
Figure S4a, Supporting Information) but instead is caused by
the temperature dependent resistance of the NiO HTL, which
increases more than hundredfold at temperatures below 240 K.
The temperature dependence of the Voc of ICBA-based solar
cells deviates from the linear behavior observed for most solar
cells for several reasons and related phenomena were also discovered in CH3NH3PbI3 devices.[13] The most striking impact
on the Voc is certainly associated with the cubic–tetragonal–
orthorhombic phase transitions. However, it is interesting to
elucidate whether these phase transitions indeed change the
bandgap of the semiconductor or rather impact the quasiFermi level energetics of the heterojunctions at the contact.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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versus T certainly cannot explain the Voc changes, neither in the
high temperature regime above 240 K nor in the low T regime
below 200 K. We pay less attention to the regime below 200 K
as the device characteristics at these low temperatures are dominated by the insulating nature of the charge extraction layer
rather than the bulk semiconductor. More attention is paid to
analyze the limiting Voc in the radiative limit (denoted as Voc,rad)
above 200 K.
The Voc,rad, which is obtained when the absorbed photon
flux equals the emitted flux under open circuit conditions, can
be calculated from the external quantum efficiency by combining FTPS and EL spectroscopy. The EL signal of a NiO/
CH3NH3PbBr3/ICBA stack peaks at 744.0 nm (Figure 4c),
which is completely different from the PL of this stack and a
neat CH3NH3PbBr3 film (centered at 536.3 nm). We next investigated the EL of ICBA in the architecture ITO/NiO/ICBA/Al
and found an almost identical EL spectrum compared to the
NiO/CH3NH3PbBr3/ICBA stack. Concluding, the EL signal
of the NiO/CH3NH3PbBr3/ICBA architecture entirely stems
from ICBA rather than CH3NH3PbBr3. In addition, replacing
ICBA with PCBM, PCBM becomes the sole contributor to the
EL signal for the NiO/CH3NH3PbBr3/PCBM stack (Figure S7a,
Supporting Information). This is explained by an asymmetric
barrier for the conduction versus valence band at the perovskite/
fullerene heterojunction. ICBA and PCBM have LUMO levels
significantly below the CH3NH3PbBr3 conduction band (−3.4 vs.
−3.7 eV and −3.9 eV for the fullerenes), while the HOMO levels

Figure 4. a) Temperature dependent absorption coefficient of CH3NH3PbBr3 film. b) Temperature dependent optical band gap of CH3NH3PbBr3 film.
c) Electroluminescence (EL) spectra of the following architecture ITO/NiO/ICBA/Al and ITO/NiO/CH3NH3PbBr3/ICBA/PrC60MA/Ag, and the corresponding PL spectra of ICBA. d) Experimental photocurrent external quantum efficiency (EQEpv) of ICBA-based solar cell with and without an optical
long-pass filter with a cut-off wavelength of 570 nm at room temperature measured with Fourier-transform photocurrent spectroscopy.
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These two effects can be easily distinguished by recording the
optical band gap as a function of temperature. As shown in
Figure 4a, the temperature dependent absorption coefficient
of CH3NH3PbBr3 film, determined from ultraviolet-visible
spectroscopy in Figure S5 (Supporting Information), exhibits
a sharp rise at low energies (and low temperatures) which is
indicative of an excitonic contribution.[21] The excitonic contribution does not allow to directly evaluate the bandgap but
requires a deconvolution of the excitonic versus bulk continuum contributions.[22] We followed the approach from Green
and co-workers who simulated the spectrum near the band gap
with the Elliott’s equation in order to distinguish the excitonic
versus the continuum contributions to the total absorption for
iodide as well as bromide perovskites.[23] The exciton binding
energy (Rex) and band gap (Eg) are well fitted as 40.0 meV
and 2.409 eV at 295 K from Figure S6 (Supporting Information), and these values are extremely close to the recent findings for CH3NH3PbBr3.[22,23] With the decrease of temperature,
the exciton absorption peak is subject to a redshift and gains
oscillator strength due to the reduced thermal energy. Similar
trends are also observed in CH3NH3PbI3 films.[21] We decided
reporting the temperature dependence of the continuum contribution to discuss the bandgap trends (Figure 4b). The continuum Eg of CH3NH3PbBr3 slightly decreases from 2.409 eV
at 295 K to 2.356 eV at 80 K with a positive thermal expansion
coefficient of the band gap (dEg/dT = 0.247 meV K−1) in good
agreement with previous reports.[23] The small reduction of Eg
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of the fullerenes and the valence band of CH3NH3PbBr3 are
closer. Following that oversimplified band diagram, we suggest
that the electron injection barrier from the fullerene into the
perovskite is larger than the hole injection barrier from the perovskite into the fullerene. Consequently, the dominant emission
comes from hole–electron recombination either in the fullerene
or from the perovskite–fullerene interface. In order to underpin
this hypothesis, we measured the EL from CH3NH3PbBr3 by
employing a poly(9,9-dioctyl-fluorene) (F8) ETL with a LUMO
level of −2.9 eV.[24] Device with a NiO/CH3NH3PbBr3/F8 architecture peaks at 536.4 nm, which is consistent with the PL of
CH3NH3PbBr3 (Figure S7b, Supporting Information). Therefore, the EL of the NiO/CH3NH3PbBr3/F8 device will be utilized
to spectrally extend photovoltaic external quantum efficiency
(EQEpv) (determined by FTPS measurements) as required for
the calculation of Voc,rad of ICBA-based solar cells.
Next, the spectral EQEpv using FTPS with and without an
optical long-pass filter (Figure S9a, Supporting Information)
with a cut-off wavelength of 570 nm is depicted in Figure 4d.
Without optical filter, a sharp optical edge with steep decay
and a subgap tail between 1.68 and 2.15 eV are found. The
former corresponds to the absorption of CH3NH3PbBr3 based
on the energy level, while is attributed to ICBA, as the subgap
feature does not change after application of an optical filter.
Moreover, the pristine CH3NH3PbBr3 film solely presents a
steep decay without the corresponding subgap signal from
1.68 to 2.15 eV in Figure S9b (Supporting Information), verifying its assignment to ICBA. Therefore, only the steep feature at the band edge will be taken into consideration for the
Voc,rad calculation.
Finally, the temperature dependent Voc,rad and the corresponding ΔVoc were calculated according to Equations (1) and

(2), respectively.[11,14] Here, kT/q is the thermal voltage, J0,rad is
the saturation current density for radiative recombination and
Jsc is the measured short circuit current density under one
sun illumination. FTPS and EL measurements were merged
(details in the Supporting Information) to calculate J0,rad with
sufficiently high resolution. The temperature dependent EQEpv
(solid line) and φEL/φbb (dashed line), the ratio of the emitted
photon flux obtained from EL to the photon flux for the corresponding blackbody radiation at each temperature, which
by reciprocity is another measure of the EQEpv, are displayed
in Figure 5. The measured and calculated values gained from
EL and FTPS are summarized in Table 2. Surprisingly, Voc,rad
is as high as 1.95 V at 295 K, which is the first determination
of the radiatively limited Voc for CH3NH3PbBr3 solar cells. This
value is much higher than the one reported for CH3NH3PbI3
solar cells (Voc,rad = 1.3 V)[10,11] and properly reflects the larger
bandgap of CH3NH3PbBr3. The temperature behavior of Voc,rad
is not fully understood. At decreasing temperatures Voc,rad
slightly increases up to 2.05 V at 200 K. As this trend is opposite to the temperature dependence of the bandgap, we speculate that photoinduced charge carrier generation in the fullerene
layer may impact the precise determination of the Voc,rad. Lower
temperatures freeze out charge extraction in the fullerene layer
and lead to a steeper absorption edge as observed in Figure 5a.
The narrower absorption edge at lower temperatures results in a
lower J0,rad, supporting the observation of an augmented Voc,rad[14]
Voc,rad =

kT ⎛ J sc
⎞
+ 1⎟
In ⎜
q
⎝ J 0,rad
⎠

ΔVoc = Voc,rad − Voc

(1)
(2)

Figure 5. a) External quantum efficiency (EQEpv) of ICBA-based solar cell at different temperatures measured with FTPS. EQEpv as measured by FTPS
(solid lines) and EL (dash lines) as a function of energy for (b–f) 295, 260, 240, 220, and 200 K, respectively.
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Temperature [K]
−2

Jsc [A m ]
J0,rad [A m−2]
Voc,rad [V]

295

260

240

220

200

55.0

49.0

50.6

48.9

46.7

3.0 × 10−32 1.7 × 10−37 3.4 × 10−41 1.6 × 10−45 9.6 × 10−51
1.95

1.98

2.01

2.03

2.05

Voc [V] measured

1.50

1.53

1.54

1.52

1.50

ΔVoc [V] (Voc,rad −Voc)

0.45

0.45

0.47

0.51

0.55

Most instructive is the comparison between Voc and Voc,rad.
At lower temperatures Voc slowly increases to its maximum
value of 1.54 V at 240 K, i.e., when the cubic phase is still present. However, in the temperature regime between 200 and
295 K, we observe no significant changes in Voc, which remains
at 1.50–54 V.
ΔVoc is widely used as a measure of the degree of nonradiative recombination losses in solar cell devices.[10,11] At room
temperature, ΔVoc of CH3NH3PbBr3 solar cells deliver a value
of 0.45 V, which is much larger than the corresponding value
in CH3NH3PbI3 devices (0.23–0.35 V)[11,15] and even larger than
in common organic solar cells (0.30–0.43 V).[10,25] Furthermore,
ΔVoc remains either constant or even slightly increases with
lower temperatures. Nonradiative recombination can be well
suppressed at low temperatures, typically resulting in a significant enhancement in Voc.[12,26] Our data therefore strongly
suggest that the nonradiative recombination indeed cannot be
responsible for the large ΔVoc value observed in CH3NH3PbBr3
solar cells. This analysis leads to the conclusion that the Voc in
the current generation of CH3NH3PbBr3 solar cells is primarily
limited by the nature of the electronic interface with the contact materials (NiO or ICBA) rather than by nonradiative bulk
recombination.
Concluding that the Voc in CH3NH3PbBr3 solar cells is probably more limited by the choice of the interface materials than
by bulk recombination losses, it remains interesting to theorize
whether the limitation stems from the ETL or HTL. A series of
HTLs including carbon nanotubes,[2] spiro-MeOTAD,[5,7] PIF8TAA,[3,4] and CBP[6] already were utilized for CH3NH3PbBr3
solar cells, and the corresponding Voc was typically in the
regime between 1.4 and 1.5 V. However, all these HTLs had
totally different HOMO levels (carbon nanotubes −5.0 V,[2] spiroMeOTAD −5.2 V,[2] PIF8-TAA −5.5 V,[4] CBP −5.7 V.[27]). This
finding demonstrates that the Voc is probably not dominated by
the HOMO level of the HTL. Furthermore, a Voc of 1.35–1.37 V
was achieved in CH3NH3PbBr3 solar cells without a HTL by
Dymshits et al.[9] and Kim et al.,[8] using a high work function
metal electrode (Au) instead of a HTL. In addition, electronbeam induced current measurements suggested a p-n structure
between the n-type ETL and the p-type CH3NH3PbBr3, further
underpinning the importance of the ETL in CH3NH3PbBr3
solar cells.[28] Combined with these recent findings, we draw the
conclusion that ICBA is an attractive and well working ETL for
CH3NH3PbBr3 solar cells, delivering the highest Voc reported so
far, but probably still restricts the full Voc and further leads to
enhanced ΔVoc values in our devices. Following the radiative Voc
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analysis and assuming a ΔVoc value of 0.3 V (i.e., comparable to
organic and CH3NH3PbI3 solar cells[10,11,15]) we expect that the
Voc for CH3NH3PbBr3 solar cells may be further enhanced by
150–200 mV.

3. Conclusion
In summary, we demonstrated representatively working planar
CH3NH3PbBr3 perovskite solar cells with a low temperature
NiO layer as HTL and PCBM or ICBA as ETL. When PCBM is
replaced with ICBA, the Voc was increased from 1.33 to 1.50 V,
with a maximum value of 1.53 V at room temperature. With
the decrease of temperature, Voc experienced a minor increase
to its maximum value of 1.54 V at 240 K. The combination of
external quantum efficiency and electroluminescence spectroscopy delivered a Voc,rad of 1.95 V at 295 K for CH3NH3PbBr3
solar cells for the first time. ΔVoc was determined as high
as 0.45 V, which is opposing the corresponding value for
CH3NH3PbI3 devices (0.23–0.35 V) as well as common organic
solar cells (0.30–0.44 V). When the temperature declined from
295 to 200 K, the obtained Voc remained comparably stable
around 1.5 V while the corresponding ΔVoc increased slightly,
obviously suggesting that the Voc is primarily limited by the
contact of the p-type CH3NH3PbBr3 to the n-type electron transport layer ICBA rather than by nonradiative bulk recombination. The present study proposes further Voc improvements of
CH3NH3PbBr3 solar cells.

4. Experimental Section
Materials: Unless stated otherwise, all materials were obtained
from Sigma-Aldrich or Lumtec and used as received. ITO-coated
glass and PEDOT:PSS (Clevios, P VP AI 4083) were purchased from
Weidner Glas and Heraeus, respectively. 5 wt% NiO nanoparticles
dispersed in methanol (Product N-10) were kindly supplied by
Nanograde AG. PC61BM (99.5%) and IC60BA (99.9%) were purchased
from Solenne BV and Nano-C respectively. PbBr2 and CH3NH3Br
mixed with mole ratio of 1:1 with concentration of 40% were stirred
in a mixture of dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) (2:1 v/v).
Fabrication of Devices: The patterned indium tin oxide (ITO) substrates
were cleaned with toluene, acetone, and isopropanol for 10 min each.
On cleaned ITO substrate, a dense and smooth layer of NiO with the
thickness of 60 nm was deposited by spin coating and followed by
annealing at 140 °C for 10 min in air to remove organic components
according to our previous work.[29] The as-prepared perovskite precursor
solution was filtered using 0.45 µm polytetrafluoroethylene (PTFE)
syringe filter and coated onto the ITO/LT-NiO substrate at a speed of
4000 r.p.m. for 35 s. During the last 5 s of the spinning process, the
substrate (around 2.5 cm × 2.5 cm) was treated with chlorobenzene
drop-casting. The substrate was dried on a hot plate at 100 °C for 10 min,
yielding the 320 nm thick active layer. A 2 wt% PCBM or ICBA solution
in chlorobenzene and a 0.2 wt% PrC60MAIodides solution in methanol
was spin coated on the ITO/NiO/Perovskite substrate separately. Finally,
a 120 nm thick Ag counter electrode was deposited on PrC60MA layer
through a shadow mask by thermal evaporation. For PEDOT:PSS-based
solar cell, 40 nm thick PEDOT:PSS on the cleaned substrate was bladed
from diluted solution (1:3 vol% in isopropanol) and dried at 120 °C for
5 min.
Characterizations: The J–V characteristics at room temperature were
recorded using a source measurement unit from BoTest. Illumination
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Table 2. Parameters used in calculation of nonradiative voltage loss.
Jsc and Voc are taken from J–V curves. J0,rad and Voc,rad are calculated
from the combination of EL and FTPS measurements and ΔVoc from
Voc,rad – Voc.
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was provided by a solar simulator (Oriel Sol 1A, from Newport) with
AM 1.5G spectra at 100 mW cm−2. The EQE spectra were recorded
with an Enli Technology (Taiwan) EQE measurement system (QER). The thicknesses of the films were measured with a profilometer
(Tencor Alpha Step D 100). The morphology was investigated by
atomic force microscopy (AFM, Veeco Model D3100, trapping mode).
The room temperature photo- and electro-luminescence spectra were
measured using a selfmade setup. The samples were excited with a
450 nm diode laser (Oxxius) with an intensity of 10 mW mm−2. The
luminescence was collected in a back-scattering geometry, dispersed
by an iHR320 monochromator (Horiba Jobin-Yvon) and recorded with
a Peltier-cooled Si charge coupled device (CCD, Synapse, Horiba JobinYvon). The photoluminescence decay curves were tested employing a
setup consisting of an H10 monochromator (Jobin-Yvon), a multialkali
photomultipler (EMI9816), and a digital oscilloscope TDS540
(Tektronix). The samples were excited with a 405 nm laser diode with a
pulse energy of 65 pJ at the repetition rate of 200 kHz.
The temperature dependent electroluminescence spectra were
recorded in a closed-cycle cryostat (Cryodyne M22) with an iHR-550
monochromator, equipped with a Si CCD (Synapse, Horiba Jobin-Yvon).
The temperature dependent absorption spectra were measured inside a
Cryodyne closed-cycle cryostat by a UV–vis–NIR spectrometer (Lambda
950, from Perkin Elmer). Temperature dependent characterization
(electrical resistance, dark and illuminated J–V curves) was done inside a
VNF-100 N2-flow cryostat from the Janis Research Company in vacuum,
while the J–V curves were recorded by a Keithley 236 Source-MeasureUnit. A white light-emitting diode (LED) was used for illumination
purposes. The LED’s intensity was adjusted in a way that the generated
photocurrent matched the one obtained under a solar simulator.
Temperature dependent FTPS measurements were carried out inside
a Janis ST 100H N2-flow cryostat in vacuum using a Vertex 70 from
Brucker optics, equipped with quartz tungsten halogen (QTH) lamp,
quartz beam splitter and external detector option. A low noise current
amplifier (femto DLPCA-200) is used to amplify the photocurrent
produced upon illumination of the photovoltaic devices with light
modulated by the Fourier transform infrared spectroscopy (FTIR). The
output voltage of the current amplifier is fed back to the external detector
port of the FTIR, in order to be able to use the FTIR’s software to collect
the photocurrent spectrum. Absolute EQEPV values were redrawn by
correcting the FTPS to external quantum efficiency of corresponding
solar cells.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements
S.C., Y.H., and H.C. contributed equally to this work. This work was
financially supported by the Cluster of Excellence “Engineering of
Advanced Materials” (EAM). The authors would like to thank to the
financial support from the Deutsche Forschungsgemeinschaft (DFG)
research training group GRK 1896 at Erlangen University and from the
Joint Project Helmholtz-Institute Erlangen Nürnberg (HI-ERN) under
project number DBF01253, respectively. C.J.B. gratefully acknowledges
the financial support through the “Aufbruch Bayern” initiative of the state
of Bavaria (EnCN and solarfactory of the future), the Bavarian Invitiative
“Solar Technologies go Hybrid” (SolTech), and the “Solarfactory of
the future” with the Energy Campus Nürnberg (EnCN). This work has
been partially funded by the China Scholarship Council (CSC). Y.H. is
grateful for the funding of the Erlangen Graduate School in Advanced
Optical Technologies (SAOT) at the University of Erlangen-Nuremberg,
which is funded by the German Research Foundation (DFG) within the
framework of its “Excellence Initiative”. C.O.R.Q. would like to gratefully

1600132 (8 of 9)

wileyonlinelibrary.com

acknowledge the financial support from The Mexican National Council
for Science and Technology (CONACYT).
Received: January 21, 2016
Revised: May 25, 2016
Published online: June 22, 2016

[1] a) N. J. Jeon, J. H. Noh, W. S. Yang, Y. C. Kim, S. Ryu, J. Seo,
S. I. Seok, Nature 2015, 517, 476; b) W. S. Yang, J. H. Noh,
N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo, S. I. Seok, Science 2015, 351,
207; c) N. J. Jeon, J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu, S. I. Seok,
Nat. Mater. 2014, 13, 897.
[2] Z. Li, P. P. Boix, G. Xing, K. Fu, S. A. Kulkarni, S. K. Batabyal, W. Xu,
A. Cao, T. C. Sum, N. Mathews, L. H. Wong, Nanoscale 2016, 8,
6352.
[3] J. H. Heo, D. H. Song, S. H. Im, Adv. Mater. 2014, 26, 8179.
[4] S. Ryu, J. H. Noh, N. J. Jeon, Y. Chan Kim, W. S. Yang, J. Seo,
S. I. Seok, Energy Environ. Sci. 2014, 7, 2614.
[5] X. Zheng, B. Chen, C. Wu, S. Priya, Nano Energy 2015, 17, 269.
[6] E. Edri, S. Kirmayer, M. Kulbak, G. Hodes, D. Cahen, J. Phys. Chem.
Lett. 2014, 5, 429.
[7] R. Sheng, A. Ho-Baillie, S. Huang, S. Chen, X. Wen, X. Hao,
M. A. Green, J. Phys. Chem. C 2015, 119, 3545.
[8] H. B. Kim, I. Im, Y. Yoon, S. D. Sung, E. Kim, J. Kim, W. I. Lee,
J. Mater. Chem. A 2015, 3, 9264.
[9] A. Dymshits, A. Rotem, L. Etgar, J. Mater. Chem. A 2014, 2, 20776.
[10] J. Yao, T. Kirchartz, M. S. Vezie, M. A. Faist, W. Gong, Z. He, H. Wu,
J. Troughton, T. Watson, D. Bryant, J. Nelson, Phys. Rev. Appl. 2015,
4, 014020.
[11] W. Tress, N. Marinova, O. Inganäs, M. K. Nazeeruddin,
S. M. Zakeeruddin, M. Graetzel, Adv. Energy Mater. 2015, 5,
1400812.
[12] a) B. Qi, Q. Zhou, J. Wang, Sci. Rep. 2015, 5, 11363; b) A. K. Thakur,
G. Wantz, G. Garcia-Belmonte, J. Bisquert, L. Hirsch, Sol. Energy
Mater. Sol. Cells 2011, 95, 2131.
[13] H. Zhang, X. Qiao, Y. Shen, T. Moehl, S. M. Zakeeruddin, M. Gratzel,
M. Wang, J. Mater. Chem. A 2015, 3, 11762.
[14] T. Kirchartz, U. Rau, J. Appl. Phys. 2007, 102, 104510.
[15] K. Tvingstedt, O. Malinkiewicz, A. Baumann, C. Deibel, H. J. Snaith,
V. Dyakonov, H. J. Bolink, Sci. Rep. 2014, 4, 6071.
[16] a) K.-C. Wang, J.-Y. Jeng, P.-S. Shen, Y.-C. Chang, E. W.-G. Diau,
C.-H. Tsai, T.-Y. Chao, H.-C. Hsu, P.-Y. Lin, P. Chen, T.-F. Guo,
T.-C. Wen, Sci. Rep. 2014, 4, 4756; b) Y. He, Y. Li, Phys. Chem. Chem.
Phys. 2011, 13, 1970.
[17] Y. He, H.-Y. Chen, J. Hou, Y. Li, J. Am. Chem. Soc. 2010, 132, 1377.
[18] P.-W. Liang, C.-C. Chueh, S. T. Williams, A. K. Y. Jen, Adv. Energy
Mater. 2015, 5, 1402321.
[19] C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, T. Fromherz,
M. T. Rispens, L. Sanchez, J. C. Hummelen, Adv. Funct. Mater. 2001,
11, 374.
[20] A. B. Wong, M. Lai, S. W. Eaton, Y. Yu, E. Lin, L. Dou, A. Fu, P. Yang,
Nano Lett. 2015, 15, 5519.
[21] V. D’Innocenzo, G. Grancini, M. J. P. Alcocer, A. R. S. Kandada,
S. D. Stranks, M. M. Lee, G. Lanzani, H. J. Snaith, A. Petrozza, Nat.
Commun. 2014, 5, 3586.
[22] a) Y. Yang, M. Yang, Z. Li, R. Crisp, K. Zhu, M. C. Beard,
J. Phys. Chem. Lett. 2015, 6, 4688; b) Y. Yang, Y. Yan, M. Yang,
S. Choi, K. Zhu, J. M. Luther, M. C. Beard, Nat. Commun. 2015, 6,
7961.
[23] A. M. Soufiani, F. Huang, P. Reece, R. Sheng, A. Ho-Baillie,
M. A. Green, Appl. Phys. Lett. 2015, 107, 231902.
[24] Z.-K. Tan, R. S. Moghaddam, M. L. Lai, P. Docampo, R. Higler,
F. Deschler, M. Price, A. Sadhanala, L. M. Pazos, D. Credgington,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Energy Mater. 2016, 6, 1600132

www.advenergymat.de
www.MaterialsViews.com

Adv. Energy Mater. 2016, 6, 1600132

[27] T. Zhang, Y. Liang, J. Cheng, J. Li, J. Mater. Chem. C 2013, 1,
757.
[28] N. Kedem, T. M. Brenner, M. Kulbak, N. Schaefer, S. Levcenko,
I. Levine, D. Abou-Ras, G. Hodes, D. Cahen, J. Phys. Chem. Lett.
2015, 6, 2469.
[29] Y. Hou, W. Chen, D. Baran, T. Stubhan, N. A. Luechinger,
B. Hartmeie, M. Richter, J. Min, S. Chen, C. O. R. Quiroz, N. Ling,
H. Zhang, T. Heumueller, G. J. Matt, A. Osvet, K. Forberich,
Z. Zhang, Y. Li, C. J. Brabec, Adv. Mater. 2016, DOI: 10.1002/
adma.201504168.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(9 of 9) 1600132

FULL PAPER

F. Hanusch, T. Bein, H. J. Snaith, R. H. Friend, Nat. Nanotechnol.
2014, 9, 687.
[25] a) D. Baran, M. S. Vezie, N. Gasparini, F. Deledalle, J. Yao,
B. C. Schroeder, H. Bronstein, T. Ameri, T. Kirchartz, I. McCulloch,
J. Nelson, C. J. Brabec, J. Phys. Chem. C 2015, 119, 19668;
b) N. Gasparini, A. Katsouras, M. I. Prodromidis, A. Avgeropoulos,
D. Baran, M. Salvador, S. Fladischer, E. Spiecker, C. L. Chochos,
T. Ameri, C. J. Brabec, Adv. Funct. Mater. 2015, 25, 4898.
[26] M. Danilson, E. Kask, N. Pokharel, M. Grossberg, M. Kauk-Kuusik,
T. Varema, J. Krustok, Thin Solid Films 2015, 582, 162.

