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spectral range for singe junction solar 
cells, and according to the Shockley–Que-
isser model the photocurrent is expected 
to be below 9.7 mA cm −2 . [ 2 ]  However, a rel-
atively high  V  oc  of 1.4–1.5 V was reported, 
which makes this material system a great 
candidate for applications such as tandem 
confi guration or other systems requiring 
spectral splitting. [ 2–7 ]  

 Signifi cant efforts were undertaken 
to investigate and optimize the  V  oc  of 
CH 3 NH 3 PbBr 3  solar cells. [ 2–9 ]  Engineering 
advanced hole transport layers (HTL) such 
as carbon nanotubes, [ 2 ]  2,2′,7,7′-tetrakis( N , N -
di- p -methoxyphenyl-amine)-9,9′-spiro-
bifl uorene (spiro-OMeTAD), [ 5,7 ]  poly (inde-
nofl uoren-8-triarylamine) (PIF8-TAA), [ 3,4 ]  
and 4,4-bis( N -carbazolyl)-1,1-biphenyl  
(CBP) [ 6 ]  resulted in  V  oc  within a range of 
1.4–1.5 V for solution-processed perovskite 
solar cells. Sheng et al. demonstrated a high 
 V  oc  of 1.45 V using the architecture TiO 2 /
CH 3 NH 3 PbBr 3 /spiro-OMeTAD via a vapor-

assisted depositon. [ 7 ]  Kim et al. modifi ed the TiO 2  surfaces with 
carboxyl groups and employed no HTL for CH 3 NH 3 PbBr 3  solar 
cells, producing a  V  oc  of 1.37 V. [ 8 ]  Dymshits et al. reported a  V  oc  
of 1.35 V for Al 2 O 3 /CH 3 NH 3 PbBr 3  perovskite solar cells without 
HTL. [ 9 ]  These studies focused more on the  V  oc  improvement 
via interface engineering and via optimizing the CH 3 NH 3 PbBr 3  
fi lm quality. Despite signifi cant progress toward unraveling 
the  V  oc  limitation of CH 3 NH 3 PbBr 3  solar cells, the limiting  V  oc  
( V  oc,rad ) is still unknown to the best of our knowledge. Besides, 

 Perovskite solar cells based on CH 3 NH 3 PbBr 3  with a band gap of 2.3 eV are 
attracting intense research interests due to their high open-circuit voltage 
( V  oc ) potential, which is specifi cally relevant for the use in tandem confi gura-
tion or spectral splitting. Many efforts have been performed to optimize the 
 V  oc  of CH 3 NH 3 PbBr 3  solar cells; however, the limiting  V  oc  (namely, radiative 
 V  oc : V  oc,rad ) and the corresponding Δ V  oc  (the difference between  V  oc,rad  and  V  oc ) 
mechanism are still unknown. Here, the average  V  oc  of 1.50 V with the max-
imum value of 1.53 V at room temperature is achieved for a CH 3 NH 3 PbBr 3  
solar cell. External quantum effi ciency measurements with electrolumines-
cence spectroscopy determine the  V  oc,rad  of CH 3 NH 3 PbBr 3  cells with 1.95 V 
and a Δ V  oc  of 0.45 V at 295 K. When the temperature declines from 295 to 
200 K, the obtained  V  oc  remains comparably stable in the vicinity of 1.5 V 
while the corresponding Δ V  oc  values show a more signifi cant increase. Our 
fi ndings suggest that the  V  oc  of CH 3 NH 3 PbBr 3  cells is primarily limited by the 
interface losses induced by the charge extraction layer rather than by bulk 
dominated recombination losses. These fi ndings are important for developing 
strategies how to further enhance the  V  oc  of CH 3 NH 3 PbBr 3 -based solar cells. 

  S. Chen, Y. Hou, H. Chen, M. Richter, Dr. F. Guo,
S. Kahmann, X. Tang, Dr. T. Stubhan, H. Zhang,
Dr. N. Li, N. Gasparini, C. O. R. Quiroz, L. S. Khanzada,
Dr. G. J. Matt, Dr. A. Osvet, Prof. C. J. Brabec 
 Institute of Materials for Electronics and Energy
Technology (i-MEET) 
 Department of Materials Science and Engineering 
 Friedrich-Alexander University Erlangen-Nuremberg 
  Martensstrasse 7,    91058     Erlangen  ,   Germany  
E-mail:   shi.chen@fau.de   ;      christoph.brabec@fau.de    

 Y. Hou, H. Zhang 
 Erlangen Graduate School in Advanced Optical
Technologies (SAOT) 
  Paul-Gordan-Strasse 6,    91052     Erlangen  ,   Germany    
 S. Kahmann 
 Zernike Institute for Advanced Materials 
 University of Groningen 
  Nijenborgh 4  ,   Groningen,     The Netherlands    
 Prof. C. J. Brabec 
 Bavarian Center for Applied Energy Research (ZAE Bayern) 
  Haberstrasse 2a,    91058     Erlangen  ,   Germany   

  1.     Introduction 

 Solid-state perovskite solar cells that utilize methylammonium 
lead halide (CH 3 NH 3 PbX 3 , X = I, Br, or Cl) as the light absorber 
have been attracting extensive interest as a next-generation pho-
tovoltaic technology since 2012. [ 1 ]  CH 3 NH 3 PbBr 3  perovskite 
solar cells have attracted less attention than the iodide homolo-
gous. The relatively wide band gap of 2.3 eV limits the usable 
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determination of the corresponding Δ V  oc  mechanism is essential 
to understand whether nonradiative bulk recombination losses 
or interface material-based losses are dominating for this limita-
tion. Clarifi cation of the main Δ V  oc  loss mechanism will allow to 
develop suitable material strategies to further improve the  V  oc  in 
Pb-Br-based perovskite solar cells. 

 A fairly detailed understanding of the loss mechanisms has 
already been developed for CH 3 NH 3 PbI 3  solar cells. Here, the 
Δ V  oc  was primarily ascribed to the nonradiative recombination 
losses, which restrict the  V  oc  compared to the  V  oc,rad . [ 10,11 ]  How-
ever, CH 3 NH 3 PbBr 3  has a higher lowest unoccupied molecular 
orbital (LUMO, −3.4 eV) and a lower highest occupied molec-
ular 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  V  oc . In the fi eld of organic 
and inorganic solar cells, temperature dependent  V  oc  measure-
ments are widely employed to investigate the origin of  V  oc  and 
analyze the recombination processes. [ 12,13 ]  In addition, the com-
bination of electroluminescence (EL) spectroscopy and Fourier-
transform photocurrent spectroscopy (FTPS) is an effective tool 
to determine the  V  oc,rad  and the corresponding Δ V  oc  for solar 
cells. [ 11,14,15 ]  

 Here, we fabricated planar CH 3 NH 3 PbBr 3 -based perovs-
kite solar cells between two semiconducting heterojunctions, 
namely a layer of NiO nanoparticles as HTL and fullerenes as 
ETL. Fullerene derivatives, phenyl-C 61 -butyric acid methyl ester 
(PCBM) and indene-C 60  bisadduct (ICBA), which are distin-
guishing 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  V  oc . The CH 3 NH 3 PbBr 3  devices 
employing NiO and ICBA as HTL and ETL yielded a reproduc-
ibly high  V  oc  of 1.50 V with a maximum of 1.53 V at room tem-
perature (RT). Temperature dependent current density–voltage 
( J–V ) measurements and absorption spectroscopy were carried 
out to explore and explain the changes in  V  oc  as a function of 
temperature. Furthermore, we studied the limiting  V  oc  ( V  oc,rad ) 
and the corresponding Δ V  oc  mechanism using temperature 
dependent  V  oc , FTPS and EL spectroscopy. The sum of analyt-
ical measurements consistently yielded a  V  oc,rad  of approximate 
1.95 V and the corresponding Δ V  oc  of 0.45 V at room tempera-
ture. The temperature dependent analysis of Δ V  oc  reported 
enhanced losses with lower temperatures. This trend is unu-
sual for high quality semiconductors and our interpretation for 
this observation is that, despite choosing ICBA as ETL, the  V  oc  
of CH 3 NH 3 PbBr 3  perovskite solar cells is limited by the ener-
getic 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 confi gura-
tion ITO/NiO/CH 3 NH 3 PbBr 3 /fullerenes (PCBM or ICBA)/
PrC60MA/Ag as shown in  Figure    1  a. The NiO, CH 3 NH 3 PbBr 3  
(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  1 a. Figure  1 c summarizes the 

electronic potentials and bandgaps of the selected semicon-
ductors before contact formation against vacuum as reported 
previously. [ 4,16,17 ]  CH 3 NH 3 PbBr 3  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 
CH 3 NH 3 PbBr 3 . 

   Figure    2  a 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 corre-
sponding photovoltaic parameters are summarized in  Table    1  . 
The PCBM-based device exhibits a  V  oc  of 1.33 V, a short circuit 
current density ( J  sc ) of 5.50 mA cm −2 , and a fi ll factor (FF) of 
74.4%, yielding a power conversion effi ciency (PCE) of 5.44%. 
When PCBM is replaced by ICBA, the  V  oc ,  J  sc , 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  V  oc  for the ICBA-based device is attributed to its higher 
LUMO level. The higher  V  oc  observed with ICBA peaks at a 
maximum value of 1.53 V at room temperature in Figure  2 b. 
To the best of our knowledge, this is the highest reported  V  oc  in 
CH 3 NH 3 PbBr 3  devices so far, thus underlining the representa-
tive 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 
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 Figure 1.    a) Device confi guration of perovskite solar cell: ITO/NiO/
CH 3 NH 3 PbBr 3 /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, CH 3 NH 3 PbBr 3 , and 
fullerenes were determined by ultraviolet photoelectron spectroscopy, [ 16 ]  
photoelectron spectroscopy, [ 4 ]  and cyclic voltammetry [ 16,17 ]  in previous 
reports, respectively.
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in  V  oc  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 ( E  F,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 ( E  F,h ) in the heterojunc-
tion is kept fi xed at the NiO heterojunction. [ 4 ]  

   PCBM-based solar cells show a slightly larger  J  sc  and FF 
compared to the ICBA-derived devices. The  J  sc  values of both 
devices are confi rmed by integrating the external quantum effi -
ciency (EQE) curves from Figure  2 c, which deliver values of 
5.30 and 4.93 mA cm −2  for PCBM and ICBA-based cells respec-
tively. The improved  J  sc  and FF of the PCBM-based devices were 
not investigated in full detail. However, we suggest that the 
signifi cantly better transport properties, arising from PCBM’s 
higher electron mobility [ 18 ]  (PCBM 0.061 cm 2  V s −1 , ICBA 
0.0069 cm 2  V s −1 ) over the one of ICBA, will result in a reduced 

internal series resistance leading to slightly higher FF values. 
Indeed, we observe a lower series resistance ( R  s  = 2.87 Ω cm 2 ) 
for PCBM as compared to ICBA-based devices ( R  s  = 3.57 Ω cm 2 ). 
The shunt resistances for PCBM ( R  sh  = 27.26 kΩ cm 2 ) as well 
as ICBA ( R  sh  = 20.21 kΩ cm 2 ) are suffi ciently large. Steady state 
photoluminescence (PL) spectroscopy (Figure  2 d) exhibits a 
slightly higher charge generation/charge extraction effi ciency 
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 CH 3 NH 3 PbBr 3  fi lms 
without and with PCBM or ICBA are shown in  Figure    3  a. The 
TR-PL exhibits the following decay lifetimes: 13.2 ns for glass/
CH 3 NH 3 PbBr 3 , 10.9 ns for glass/CH 3 NH 3 PbBr 3 /ICBA, and 
9.1 ns for glass/CH 3 NH 3 PbBr 3 /PCBM, which is consistent 
with trends observed in steady state PL measurements. In the 
architecture of CH 3 NH 3 PbBr 3 /fullerene, the fullerene should 
be mainly responsible for the quenching process. The above 
analysis further supports our previous statement that PCBM is 
slightly more effi cient in quenching the excited state/free car-
riers of CH 3 NH 3 PbBr 3  than ICBA.  

 Despite the high  V  oc  obtained for ICBA-based solar cells, we 
want to further explore the  V  oc  limitations of CH 3 NH 3 PbBr 3  
devices. Therefore, the temperature dependent  V  oc  of ICBA-
based devices as well as the corresponding  J–V  curves under 
illumination were measured and are depicted in Figure  3 b,c. As 
shown in Figure  3 b, the  V  oc  increases gradually from 1.50 V at 
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 Figure 2.    a)  J–V  characteristics measured under AM 1.5G solar irradiation. b) Histogram of the open-circuit voltage ( V  oc ) obtained from 29 cells.
c) EQE spectra of the PCBM- and ICBA-based solar cells. d) Steady-state photoluminescence (PL) spectra of CH 3 NH 3 PbBr 3  fi lms on NiO without and 
with PCBM or ICBA top coated ETLs.

  Table 1.    Summary of photovoltaic parameters of CH 3 NH 3 PbBr 3  solar 
cells using different ETLs.  

Fullerene a)  J  sc  
[mA cm −2 ]

 V  oc  
[V]

FF 
[%]

PCE 
[%]

 R  sh  
[kΩ cm 2 ]

 R  s  
[Ω cm 2 ]

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 effi ciency.  R  sh  
and  R  s  are calculated from the dark  J–V  curves at 0 and 2.5 V, respectively.   
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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 signifi cant 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 fea-
tures. Two evident onsets of the change in  V  oc  are identifi ed 
around 240 and 150 K, which correspond well to the cubic-
tetragonal and tetragonal-orthorhombic phase transitions in 
CH 3 NH 3 PbBr 3 , 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  3 c) 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 ( R  s ) 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  characteris-
tics to the extent of losing the diode characteristics ( J–V  curves 
close to a horizontal line). As the resistance of CH 3 NH 3 PbBr 3  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  R  s  at low temperatures. Figure  3 d 
compares the temperature dependent resistance of NiO with 
the temperature dependency of the  R  s  of the ICBA-based 
device. Further comparison of devices with NiO and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as 

HTL (Figure  3 c; Figure S4b, Supporting Information) clearly 
identifi es NiO as the primary origin for the  R  s  limitation at 
temperatures below 240 K. The resistance of NiO increases a 
hundredfold between room temperature and 200 K (Figure  3 d) 
and by three orders of magnitude at 160 K. The  J  sc  of the ICBA-
based 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  J  sc  below 160 K can be either 
ascribed to an ineffi cient charge carrier extraction at low tem-
peratures which was suggested for mesoscopic iodide-based 
devices [ 13 ]  or simply refl ects the nearly insulating HTL. In 
summary, we identify a signifi cant increase in  R  s  to dominate 
the  J–V  behavior of the device with the confi guration NiO/
CH 3 NH 3 PbBr 3 /ICBA investigated in this study. Different to pre-
vious 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  V  oc  of ICBA-based solar 
cells deviates from the linear behavior observed for most solar 
cells for several reasons and related phenomena were also dis-
covered in CH 3 NH 3 PbI 3  devices. [ 13 ]  The most striking impact 
on the  V  oc  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 quasi-
Fermi level energetics of the heterojunctions at the contact. 
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 Figure 3.    a) Time-resolved PL spectra of CH 3 NH 3 PbBr 3  fi lm without and with PCBM or ICBA. b) Temperature dependent  V  oc  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  charac-
teristics of an ICBA-based solar cell under illumination. d) Temperature dependent series resistance ( R  s ) of an ICBA-based solar cell and temperature 
dependent resistance of a pristine NiO fi lm. Both  R  s  and resistance at low temperatures are normalized by the corresponding values at room tem-
perature for the cell and NiO fi lm, respectively.
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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    4  a, the temperature dependent absorption coeffi cient 
of CH 3 NH 3 PbBr 3  fi lm, 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 con-
tribution does not allow to directly evaluate the bandgap but 
requires a deconvolution of the excitonic versus bulk con-
tinuum 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 ( R  ex ) and band gap ( E  g ) are well fi tted as 40.0 meV 
and 2.409 eV at 295 K from Figure S6 (Supporting Informa-
tion), and these values are extremely close to the recent fi nd-
ings for CH 3 NH 3 PbBr 3 . [ 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 CH 3 NH 3 PbI 3  fi lms. [ 21 ]  We decided 
reporting the temperature dependence of the continuum con-
tribution to discuss the bandgap trends (Figure  4 b). The con-
tinuum  E  g  of CH 3 NH 3 PbBr 3  slightly decreases from 2.409 eV 
at 295 K to 2.356 eV at 80 K with a positive thermal expansion 
coeffi cient of the band gap (d E  g /d T  = 0.247 meV K −1 ) in good 
agreement with previous reports. [ 23 ]  The small reduction of  E  g  

versus  T  certainly cannot explain the  V  oc  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 dom-
inated by the insulating nature of the charge extraction layer 
rather than the bulk semiconductor. More attention is paid to 
analyze the limiting  V  oc  in the radiative limit (denoted as  V  oc,rad ) 
above 200 K.  

 The  V  oc,rad , which is obtained when the absorbed photon 
fl ux equals the emitted fl ux under open circuit conditions, can 
be calculated from the external quantum effi ciency by com-
bining FTPS and EL spectroscopy. The EL signal of a NiO/
CH 3 NH 3 PbBr 3 /ICBA stack peaks at 744.0 nm (Figure  4 c), 
which is completely different from the PL of this stack and a 
neat CH 3 NH 3 PbBr 3  fi lm (centered at 536.3 nm). We next inves-
tigated the EL of ICBA in the architecture ITO/NiO/ICBA/Al 
and found an almost identical EL spectrum compared to the 
NiO/CH 3 NH 3 PbBr 3 /ICBA stack. Concluding, the EL signal 
of the NiO/CH 3 NH 3 PbBr 3 /ICBA architecture entirely stems 
from ICBA rather than CH 3 NH 3 PbBr 3 . In addition, replacing 
ICBA with PCBM, PCBM becomes the sole contributor to the 
EL signal for the NiO/CH 3 NH 3 PbBr 3 /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 
signifi cantly below the CH 3 NH 3 PbBr 3  conduction band (−3.4 vs. 
−3.7 eV and −3.9 eV for the fullerenes), while the HOMO levels 
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 Figure 4.    a) Temperature dependent absorption coeffi cient of CH 3 NH 3 PbBr 3  fi lm. b) Temperature dependent optical band gap of CH 3 NH 3 PbBr 3  fi lm. 
c) Electroluminescence (EL) spectra of the following architecture ITO/NiO/ICBA/Al and ITO/NiO/CH 3 NH 3 PbBr 3 /ICBA/PrC60MA/Ag, and the corre-
sponding PL spectra of ICBA. d) Experimental photocurrent external quantum effi ciency (EQE pv ) of ICBA-based solar cell with and without an optical 
long-pass fi lter with a cut-off wavelength of 570 nm at room temperature measured with Fourier-transform photocurrent spectroscopy.
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of the fullerenes and the valence band of CH 3 NH 3 PbBr 3  are 
closer. Following that oversimplifi ed band diagram, we suggest 
that the electron injection barrier from the fullerene into the 
perovskite is larger than the hole injection barrier from the per-
ovskite 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 CH 3 NH 3 PbBr 3  by 
employing a poly(9,9-dioctyl-fl uorene) (F8) ETL with a LUMO 
level of −2.9 eV. [ 24 ]  Device with a NiO/CH 3 NH 3 PbBr 3 /F8 archi-
tecture peaks at 536.4 nm, which is consistent with the PL of 
CH 3 NH 3 PbBr 3  (Figure S7b, Supporting Information). There-
fore, the EL of the NiO/CH 3 NH 3 PbBr 3 /F8 device will be utilized 
to spectrally extend photovoltaic external quantum effi ciency 
(EQE pv ) (determined by FTPS measurements) as required for 
the calculation of  V  oc,rad  of ICBA-based solar cells. 

 Next, the spectral EQE pv  using FTPS with and without an 
optical long-pass fi lter (Figure S9a, Supporting Information) 
with a cut-off wavelength of 570 nm is depicted in Figure  4 d. 
Without optical fi lter, 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 CH 3 NH 3 PbBr 3  based 
on the energy level, while is attributed to ICBA, as the subgap 
feature does not change after application of an optical fi lter. 
Moreover, the pristine CH 3 NH 3 PbBr 3  fi lm solely presents a 
steep decay without the corresponding subgap signal from 
1.68 to 2.15 eV in Figure S9b (Supporting Information), veri-
fying its assignment to ICBA. Therefore, only the steep fea-
ture at the band edge will be taken into consideration for the 
 V  oc,rad  calculation. 

 Finally, the temperature dependent  V  oc,rad  and the corre-
sponding Δ V  oc  were calculated according to Equations  ( 1)   and 

 ( 2)  , respectively. [ 11,14 ]  Here,  kT / q  is the thermal voltage,  J  0,rad  is 
the saturation current density for radiative recombination and 
 J  sc  is the measured short circuit current density under one 
sun illumination. FTPS and EL measurements were merged 
(details in the Supporting Information) to calculate  J  0,rad  with 
suffi ciently high resolution. The temperature dependent EQE pv  
(solid line) and  φ  EL / φ  bb  (dashed line), the ratio of the emitted 
photon fl ux obtained from EL to the photon fl ux for the cor-
responding blackbody radiation at each temperature, which 
by reciprocity is another measure of the EQE pv , are displayed 
in  Figure    5  . The measured and calculated values gained from 
EL and FTPS are summarized in  Table    2  . Surprisingly,  V  oc,rad  
is as high as 1.95 V at 295 K, which is the fi rst determination 
of the radiatively limited  V  oc  for CH 3 NH 3 PbBr 3  solar cells. This 
value is much higher than the one reported for CH 3 NH 3 PbI 3  
solar cells ( V  oc,rad  = 1.3 V) [ 10,11 ]  and properly refl ects the larger 
bandgap of CH 3 NH 3 PbBr 3 . The temperature behavior of  V  oc,rad  
is not fully understood. At decreasing temperatures  V  oc,rad  
slightly increases up to 2.05 V at 200 K. As this trend is oppo-
site to the temperature dependence of the bandgap, we specu-
late that photoinduced charge carrier generation in the fullerene 
layer may impact the precise determination of the  V  oc,rad . Lower 
temperatures freeze out charge extraction in the fullerene layer 
and lead to a steeper absorption edge as observed in Figure  5 a. 
The narrower absorption edge at lower temperatures results in a 
lower  J  0,rad , supporting the observation of an augmented  V  oc,rad  [ 14 ] 
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 Figure 5.    a) External quantum effi ciency (EQE pv ) of ICBA-based solar cell at different temperatures measured with FTPS. EQE pv  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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 Most instructive is the comparison between  V  oc  and  V  oc,rad . 
At lower temperatures  V  oc  slowly increases to its maximum 
value of 1.54 V at 240 K, i.e., when the cubic phase is still pre-
sent. However, in the temperature regime between 200 and 
295 K, we observe no signifi cant changes in  V  oc , which remains 
at 1.50–54 V. 

 Δ V  oc  is widely used as a measure of the degree of nonradia-
tive recombination losses in solar cell devices. [ 10,11 ]  At room 
temperature, Δ V  oc  of CH 3 NH 3 PbBr 3  solar cells deliver a value 
of 0.45 V, which is much larger than the corresponding value 
in CH 3 NH 3 PbI 3  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, 
Δ V  oc  remains either constant or even slightly increases with 
lower temperatures. Nonradiative recombination can be well 
suppressed at low temperatures, typically resulting in a sig-
nifi cant enhancement in  V  oc . [ 12,26 ]  Our data therefore strongly 
suggest that the nonradiative recombination indeed cannot be 
responsible for the large Δ V  oc  value observed in CH 3 NH 3 PbBr 3  
solar cells. This analysis leads to the conclusion that the  V  oc  in 
the current generation of CH 3 NH 3 PbBr 3  solar cells is primarily 
limited by the nature of the electronic interface with the con-
tact materials (NiO or ICBA) rather than by nonradiative bulk 
recombination. 

 Concluding that the  V  oc  in CH 3 NH 3 PbBr 3  solar cells is prob-
ably 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 ]  PIF8-
TAA, [ 3,4 ]  and CBP [ 6 ]  already were utilized for CH 3 NH 3 PbBr 3  
solar cells, and the corresponding  V  oc  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 ]  spiro-
MeOTAD −5.2 V, [ 2 ]  PIF8-TAA −5.5 V, [ 4 ]  CBP −5.7 V. [ 27 ] ). This 
fi nding demonstrates that the  V  oc  is probably not dominated by 
the HOMO level of the HTL. Furthermore, a  V  oc  of 1.35–1.37 V 
was achieved in CH 3 NH 3 PbBr 3  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, electron-
beam induced current measurements suggested a p-n structure 
between the n-type ETL and the p-type CH 3 NH 3 PbBr 3 , further 
underpinning the importance of the ETL in CH 3 NH 3 PbBr 3  
solar cells. [ 28 ]  Combined with these recent fi ndings, we draw the 
conclusion that ICBA is an attractive and well working ETL for 
CH 3 NH 3 PbBr 3  solar cells, delivering the highest  V  oc  reported so 
far, but probably still restricts the full  V  oc  and further leads to 
enhanced Δ V  oc  values in our devices. Following the radiative  V  oc  

analysis and assuming a Δ V  oc  value of 0.3 V (i.e., comparable to 
organic and CH 3 NH 3 PbI 3  solar cells [ 10,11,15 ] ) we expect that the 
 V  oc  for CH 3 NH 3 PbBr 3  solar cells may be further enhanced by 
150–200 mV.  

  3.     Conclusion 

 In summary, we demonstrated representatively working planar 
CH 3 NH 3 PbBr 3  perovskite solar cells with a low temperature 
NiO layer as HTL and PCBM or ICBA as ETL. When PCBM is 
replaced with ICBA, the  V  oc  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,  V  oc  experienced a minor increase 
to its maximum value of 1.54 V at 240 K. The combination of 
external quantum effi ciency and electroluminescence spectros-
copy delivered a  V  oc,rad  of 1.95 V at 295 K for CH 3 NH 3 PbBr 3  
solar cells for the fi rst time. Δ V oc   was determined as high 
as 0.45 V, which is opposing the corresponding value for 
CH 3 NH 3 PbI 3  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  V  oc  remained comparably stable 
around 1.5 V while the corresponding Δ V  oc  increased slightly, 
obviously suggesting that the  V  oc  is primarily limited by the 
contact of the p-type CH 3 NH 3 PbBr 3  to the n-type electron trans-
port layer ICBA rather than by nonradiative bulk recombina-
tion. The present study proposes further  V  oc  improvements of 
CH 3 NH 3 PbBr 3  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. PC 61 BM (99.5%) and IC 60 BA (99.9%) were purchased 
from Solenne BV and Nano-C respectively. PbBr 2  and CH 3 NH 3 Br 
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 fi ltered using 0.45 µm polytetrafl uoroethylene (PTFE) 
syringe fi lter 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. 
 J  sc  and  V  oc  are taken from  J–V  curves.  J  0,rad  and  V  oc,rad  are calculated 
from the combination of EL and FTPS measurements and Δ V  oc  from 
 V  oc,rad  –  V  oc.   

Temperature [K] 295 260 240 220 200

 J  sc  [A m −2 ] 55.0 49.0 50.6 48.9 46.7

 J  0,rad  [A m −2 ] 3.0 × 10 −32 1.7 × 10 −37 3.4 × 10 −41 1.6 × 10 −45 9.6 × 10 −51 

 V  oc,rad  [V] 1.95 1.98 2.01 2.03 2.05

 V  oc  [V] measured 1.50 1.53 1.54 1.52 1.50

Δ V  oc  [V] ( V  oc,rad  − V  oc ) 0.45 0.45 0.47 0.51 0.55



FU
LL

 P
A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1600132 (8 of 9) wileyonlinelibrary.com Adv. Energy Mater. 2016, 6, 1600132

www.MaterialsViews.com
www.advenergymat.de

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 (QE-
R). The thicknesses of the fi lms were measured with a profi lometer 
(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 Jobin-
Yvon). 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-fl ow cryostat from the Janis Research Company in vacuum, 
while the  J–V  curves were recorded by a Keithley 236 Source-Measure-
Unit. 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-fl ow 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 
amplifi er (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 amplifi er 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 EQE PV  values were redrawn by 
correcting the FTPS to external quantum effi ciency of corresponding 
solar cells.  

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