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 Distinct Exciton Dissociation Behavior of Organolead 
Trihalide Perovskite and Excitonic Semiconductors 
Studied in the Same System 
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implied a nonexcitonic character for MAPbX 3 , but did not 
offer direct evidence for the difference between organolead 
trihalide perovskites and excitonic materials. A more clear rec-
ognition of excitonic nature processed by this material system 
is required to further understand the operation mechanism 
of this new type of photovoltaic device, which potentially can 
provide a guidance to further optimize the device structure for 
improving the device effi ciency. 

 In this study, we show the direct evidence for the nonex-
citonic nature of organolead trihalide perovskites by com-
paring the exciton dissociation behavior of perovskites to 
conventional excitonic semiconductors in the same device. 
The open circuit voltage ( V  OC ) output in the perovskite 
devices is found to be independent of the lowest unoccupied 
molecular orbital (LUMO) of the “acceptors.” From the inci-
dent photon to charge carrier effi ciency (IPCE) study, we 
observe that the excitons could get a maximum dissociation 
in perovskite without any external fi eld or a heterogeneous 
interface acting on it, while exciton dissociation in excitonic 
semiconductor materials was strongly fi eld dependent. The 
results indicate that MAPbX 3  photovoltaic cells should be 
treated as traditional inorganic thin fi lm photovoltaic devices, 
rather than organic or hybrid ones. 

 We fi rst examined the dielectric constant of the MAPbI 3  
thin fi lms with impedance spectroscopy. The low dielectric 
screening is the origin of large exciton binding energy in 
organic semiconductors, making it excitonic in nature. Surpris-
ingly, the dielectric constant of MAPbI 3  was barely studied 
until recently, which might be due to the diffi culty to form 
the pin–hole free perovskite thin fi lms. The recent study of 
dielectric response of MAPbI 3  was executed on the devices 
containing multiple layers including mesoporous or compact 
electrodes, [ 9 ]  thus did not measure the dielectric property of 
the perovskite layer itself exclusively. In this study, we apply 
a recently developed interdiffusion approach to form the con-
tinuous, leakage-free perovskite thin fi lms. [ 4 ]  This pin–hole free 
1 μm MAPbI 3  fi lm, whose surface and cross section scanning 
electron microscope images are shown in  Figure    1  a,b, gives 
us the opportunity to study the dielectric properties of this 
single layer material. The perovskite fi lms were deposited on 
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) 
PEDOT:PSS covered indium tin oxide (ITO) or bare ITO 
substrates, and were covered by gold electrodes with a simple DOI: 10.1002/smll.201402905
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  Organolead trihalide perovskites (CH 3 NH 3 PbX 3 ; X is Cl, Br, 
I, or a combination of them, MAPbX 3 ) are organic/inorganic 
hybrid materials with a very strong absorption in the ultra-
violet–visible (UV–vis) range comparable to the best organic 
photovoltaic (OPV) materials. From “dye” in dye sensitized 
solar cells (DSSC), [ 1 ]  to “hole conductors” [ 2 ]  and “electron 
conductors” [ 3 ]  in mesoscopic heterojunction solar cells, there 
has been a dramatic conceptual evolution on the function of 
MAPbI 3  in photovoltaic devices. Recently, planer heterojunc-
tion (PHJ) perovskite solar cells were demonstrated to have 
an effi ciency comparable with mesoporous structure devices. [ 4 ]  
This raises a fundamental question: whether the organic–inor-
ganic hybrid perovskites are excitonic or nonexcitonic semicon-
ductors. In excitonic semiconductors incident photons generate 
tightly bound charge pairs, while free charges in nonexcitonic 
semiconductors because of the large difference in exciton 
binding energies between them, namely, Frenkel excitons or 
Mott–Wannier excitons. The reported exciton binding energy, 
which distinguishes excitonic and nonexcitonic semiconduc-
tors, has a large variation from 19 to 56 meV. [ 5 ]  Despite the 
large variation, the exciton binding energy of MAPbI 3  is larger 
than that of III–V inorganic semiconductors with the same 
bandgap, while being signifi cantly smaller than that of most 
organic semiconductors, generally in the range of 0.2–1.0 eV. [ 6 ]  
Though not conclusive yet, some recent work has shown the 
differences in perovskite with conventional excitonic materials. 
Bisquert and co-workers observed the charge accumulation 
in MAPbI 3  in mesoporous solar cells, inferring that MAPbX 3  
constitutes a new kind of photovoltaic material different from 
dyes in DSSC. [ 7 ]  Recently, D’Innocenzo et al. demonstrated 
that there is almost a full ionization of the exciton population 
in MAPbX 3  under photovoltaic cell operating conditions by 
the temperature dependent optical absorption and numerical 
simulation of the ratio of free charges to excitons. [ 8 ]  The results 
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device structure as shown in the inset of Figure  1 c. The fre-
quency dependent dielectric constant of the devices was 
measured in dark condition at zero bias to avoid any poling 
effect. A giant dielectric constant over 500 was observed on a 
low frequency of 20 Hz, which is lower than the dark dielec-
tric constant of >1000 reported by Bisquert and co-workers. [ 9 ]  
The discrepancy can be explained by the different material 
fabrication method used because charge trapping and detrap-
ping in the nanocrystalline TiO 2  fi lm can cause huge dielectric 
response in the low frequency range. This also indicates the 
importance to differentiate the dielectric response from that of 
other layers using a single layer perovskite fi lm. As we can see, 
the relative dielectric constant is about 32 at high frequencies, 

in consistent with that measured by Poglitsch and Weber with a 
dispersive polarizing millimeter-wave interferometer. [ 10 ]  Such 
a large relative dielectric constant indicates that MAPbI 3  is a 
nonexcitonic material, as the Coulomb interaction between 
electron and hole pairs can be effectively screened. 

  Next, we examined the variation of  V  OC  of the MAPbI 3  
devices with different fullerenes as electron extraction layers 
to fi nd out whether the LUMO level of fullerenes deter-
mines the  V  OC  of the MAPbI 3  devices. A signature of OPVs 
is that their  V  OC  is determined by the energy level differ-
ence between the LUMO of the acceptor and the highest 
occupied molecular orbital (HOMO) of the donor. Fuller-
enes (including their derivatives) were fi rst introduced to 
PHJ perovskite solar cells as electron acceptors and later 
used to produce high effi ciency devices. [ 11 ]  The initial study 
of fullerenes employed PHJ perovskite solar cell by Jeng 
et al. showed the  V  OC  of the device with different fullerenes 
was well correlated with the LUMO of fullerenes, [ 11 ]  leading 
one to wonder whether perovskite solar cell devices work in 
a mechanism similar to OPVs. It was recently demonstrated 
by us that the variation of  V  OC  should be caused by the 
Schottky junction formed between the different fullerenes 
with PEDOT:PSS because the formed perovskite fi lms from 
premixed precursor solution were actually discontinuous, 
resulting in a direct contact of fullerenes with PEDOT:PSS. [ 12 ]  
The continuous, pin–hole free perovskite fi lms formed by the 
interdiffusion method again allow us to conclusively study the 
infl uence of LUMO levels of fullerenes on the device  V  OC  
output. The fullerene and its derivatives, including C 60 , [6,6]-
phenyl C 61 -butyric acid methyl ester (PCBM), indene-C 60  bi-
adduct (ICBA), indene-C 60  tri-adducts (ICTA), which have 
a large LUMO variation of 0.97 eV ( Figure    2  ), were used in 
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 Figure 1.    Top view a) and cross-section view b) of the scan electron 
microscope images of the MAPbI 3  fi lm fabricated by interdiffusion 
method. c) Frequency-dependent relative dielectric constant of the 
MAPbI 3  fi lm. The MAPbI 3  fi lm based device structure for dielectric 
constant measurement is shown in the inset.
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 Figure 2.    a) Energy levels of MAPbI 3 , MAPbBr 3 , various fullerenes, and PBDTTT-CT. b) Photocurrent curves of MAPbI 3  photovoltaic devices with 
varied fullerene layers. c) Correlation of  V  oc  of the devices and the offset between the LUMO of MAPbI 3  and the HOMOs of fullerenes.
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the following regular PHJ device structure: ITO/PEDOT:PSS/
MAPbI 3 /spun fullerenes/C 60 /2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)/Al. Data in Figure  2 b,c clearly show 
that the  V  OC  of MAPbI 3  solar cells is independent of the 
LUMO of the fullerenes, in striking contrast to the rule in 
OPVs where  eV  OC  = LUMO(A)-HOMO(D)-0.5 eV. [ 13,14 ]  
Thus we can conclude that the fullerenes in MAPbI 3  based 
PHJ solar cells mainly work as electron transport layers rather 
than electron acceptors in OPVs. [ 15 ]  Another fact supporting 
this conclusion is that the LUMO level of ICTA is higher 
than the conduction band (CB) bottom of MAPbI 3 , while the 
device with ICTA still works effi ciently. It has also been dem-
onstrated that changing the hole extraction layer could not 
alter the  V  OC  as well. [ 14 ]  The fact that the  V  OC  of MAPbI 3  solar 
cells is exclusively dominated by the perovskite layer itself, 
rather than by the electron or hole collection layers if there is 
absence of Fermi energy pinning effect; this provides further 
evidence that MAPbI 3  is a nonexcitonic semiconductor. 

  We then studied the exciton generation and dissociation 
in organolead bromide and organolead bromide-chloride 
mixed halide perovskites, which might have a larger exciton 
binding energy due to a larger bandgap. Here, we formed 
the organolead mixed halide perovskite thin fi lms by inter-
diffusion of the PbX 2  and MAX precursor stacking layers at 
100 °C for 60 min, where the two precursors used are labeled 
in  Figure    3  b, which shows the absorption spectra of these 
formed perovskite fi lms. The bandgap tunability of mixed 
halide perovskites has been widely studied, [ 16 ]  however, 
there has not been suffi cient evidence for the incorporation 
of chlorine into the perovskite. [ 17 ]  In this study, we observed 
a clear bandgap increase (Figure  3 b) for bromide-chloride 
mixed perovskites, which provides the fi rst experimental evi-
dence that incorporation of Cl could be able to increase the 
bandgap of perovskite. To confi rm the interdiffusion reaction 
process can be applied to the fabrication of all the trihalide 
and mixed trihalide perovskite thin fi lms, X-ray Diffraction 
(XRD) was studied and shown in Figure  3 a. All the per-
ovskite thin fi lms have the similar pattern, but it is obvious 
that each XRD peak has a shift to larger diffraction angle, 
which indicates that the lattice constant has been reduced by 
introducing Br to substitute I, and further reduced by intro-
ducing Cl to substitute Br. This is reasonable because of the 
smaller atom size of Cl and Br than I. Another noticeable 
fi nding is the distinct strong exciton absorption peaks close 

to the absorption cut-off edge for perovskite fi lms containing 
Br and Cl (Figure  3 b). It is noted that such strong excitonic 
absorption peaks are only observed in organolead trihalide 
perovskite fi lms formed on fl at surface, which might be 
explained by the lesser screening of rotational organic ions 
in these fi lms. By measuring the full width at half-maximum 
of the exciton absorption peaks, [ 18 ]  we estimated that the 
exciton binding energies to be 80 meV for MAPbBr 3  and 
87 meV for MAPbBr 3- x  Cl  x  , both of which are larger than that 
of MAPbI 3  (19–56 meV). To fi nd out whether these large 
binding energy excitons can be dissociated and contribute to 
the photocurrent in Br and Cl based perovskite devices, we 
measured the wavelength dependent photocurrents of the 
corresponding devices by IPCE. Figure  3 c shows the external 
quantum effi ciency (EQE) curves of the devices based on 
the four types of perovskite thin fi lms, with the device struc-
ture of ITO/PEODT:PSS/MAPbX 3 /PCBM/C 60 /BCP/Al. The 
EQE peaks are consistent with the exciton absorption peaks, 
proving that the excitons generated in mixed halide perovs-
kite could be effi ciently dissociated despite the large exciton 
binding energy over 80 meV. 

  Since MAPbBr 3  has a larger bandgap than C 60 , its absorp-
tion and EQE spectrum band can be separated from that 
of C 60 , both of which allow us to study the electric fi eld 
dependent exciton dissociation behavior of these two mate-
rials in a single device. We expect to see a fundamental differ-
ence between excitonic materials and nonexcitonic materials 
on the electric fi eld dependent charge generation. For non-
excitonic materials, free charges are generated upon light 
absorption, thus the electric fi eld has no effect on charge gen-
eration yield; while for excitonic materials, the excitons with 
large binding energy need to be dissociated either by a large 
energy offset at the donor–acceptor interface or by a strong 
electric fi eld that draws the electron and hole apart. The fi eld-
dependent dissociation rate,  k  D , can be described quantita-
tively by the Onsager model [ 19 ] 
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 where  k  R  is the bimolecular rate constant of the bound elec-
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the dielectric permittivity of the vacuum,  ε r   is the relative 
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 Figure 3.    a) X-ray diffraction patterns of perovskite fi lms fabricated from varied precursors. b) Normalized absorption spectra of the corresponding 
perovskite fi lms. c) EQE spectra of devices built on the corresponding perovskite fi lms.
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dielectric permittivity of the active layer, and  E  B  is the e–h 
pair’s binding energy. According to the Onsager model, fi eld-
dependent dissociation rate cannot be predicted by mate-
rials intrinsic parameters, such as exciton binding energy 
or dielectric constant exclusively. In order to examine this 
dynamic property, we continued to test the external electric 
fi elds dependent EQE of MAPbBr 3  devices with structures 
of ITO/PEDOT:PSS (30 nm)/MAPbBr 3  (100 nm)/PCBM/C 60  
(200 nm)/BCP (80 nm)/Al (100 nm) and ITO/PEDOT:PSS 
(30 nm)/MAPbBr 3  (100 nm)/spun ICTA/ evaporated ICTA 
(200 nm)/BCP (80 nm)/Al (100 nm). Here there is a possi-
bility that thermal deposited ICTA may decompose into C 60  
and other fragments, however, the spun layer of ICTA stays 
still on the perovskite thin fi lms during the whole process. 
Since the LUMO level of ICTA is not lower than that of 
MAPbBr 3  (Figure  2 a), the existence of ICTA excludes the 
situation that the inner electric fi eld offered by the LUMO 
offset between MAPbBr 3  and ICTA could assist the dissocia-
tion of photoinduced excitons. 

 As shown in  Figure    4  a,b, the devices have a reasonably 
high EQE of around 60% in MAPbBr 3 ’s absorption spectral 
range at zero bias. While the EQE in the absorption band 
of 560–750 nm, where only PCBM, C 60 , or ICTA absorbs, is 
close to zero. This indicates that the photoinduced charge 
transfer from PCBM, C 60 , or ICTA to MAPbBr 3  is negligible, 
excluding the possibility that band 
offset exits at MAPbBr 3 /PCBM or 
MAPbBr 3 /ICTA interface. With a 
gradually increasing external elec-
tric fi eld up to 0.8 × 10 5  V cm −1  
(4 V applied on approximate 
500 nm device), the EQE in the 
MAPbBr 3  absorption band remains 
unchanged during the whole pro-
cess, but increases dramatically 
by 4–5 times in the PCBM, ICTA, 
or C 60  absorption band. We infer 
that the generated excitons in 
MAPbBr 3  have obtained a nearly 
maximum dissociation effi ciency 
even without an external electric 
fi eld or an energy level offset at 

the heterogeneous interface. However, 
few excitons generated in PCBM, ICTA, 
or C 60  dissociated into free charges to 
contribute to the photocurrent unless 
a large reverse bias was applied. The 
reason is that the absorbed sunlight in the 
560–750 nm wavelength range can yield 
photocurrent only from Frenkel exciton 
dissociation, since the bandgap of charger 
transfer excitons (CTEs) in fullerene of 
≈2.3 eV is too larger. [ 20 ]  CTEs are formed 
by delocalized electrons transfer between 
the fullerene molecules, which is consid-
ered to be responsible to the photocurrent 
yield from fullerenes based Schottky 
junction device. [ 21 ]  This result verifi ed 
the fi eld independent exciton dissocia-

tion in MAPbBr 3  and fi eld dependent exciton dissociation in 
fullerenes, providing another piece of evidence for the non-
excitonic nature of MAPbBr 3  despite having larger exciton 
binding energy than MAPbI 3 . 

  We also replaced fullerenes in this same device structure 
by another excitonic material, poly[4,8-bis-(2-ethyl-hexyl-
thiophene-5-yl)-benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]-
alt-[2-(2′-ethyl-hexanoyl)-thieno[3,4-b]thiophen-4,6-diyl] 
(PBDTTT-CT), a semiconducting polymer known to form 
Frenkel type excitons upon light absorption ( Figure    5  a). [ 22 ]  
Again, the large bandgap difference between MAPbBr 3  
and PBDTTT-CT allows the photocurrent contribution 
from either material to be distinguished from the other in 
the single device. Figure  5 b shows the results of this device 
from fi eld dependent EQE test. Notably, there is still a dis-
tinct exciton peak at the shoulder of EQE spectra near the 
MAPbBr 3  absorption edge. PBDTTT-CT has been regarded 
as a hole conduction material, and the energy level for which 
shows that there is a potential barrier to electron transfer 
from perovskite to PBDTTT-CT (Figure  2 a). So we meas-
ured the photocurrent of this device, shown in the inset of 
Figure  5 b, and found that photogenerated electrons could be 
transported through 110 nm thick PBDTTT-CT and collected 
by BCP/Al electrode. There is a small increase of EQE in the 
absorption band of MAPbBr 3 , which can be explained by 
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 Figure 4.    EQE spectra of the MAPbBr3 devices with different electron collection layers of 
PCBM a) and ICTA b) under the increasing reverse bias from 0 to −4 V; EQE signals between 
560 and 700 nm are contributed by fullerenes.

 Figure 5.    a) Device structure of MAPbBr 3  thin fi lm with the electron collection layer of PBDTTT-CT. 
b) EQE spectra of the device under increasing reverse bias from 0 to −4 V; the inserted plot is 
photocurrent curve of the device.



2168 www.small-journal.com

communications

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com

the improved collection of electrons generated in MAPbBr 3  
under reverse bias by overcoming the energy barrier from 
MAPbBr 3  to PBDTTT-CT. The relative EQE height of the 
MAPbBr 3  exciton peak at 520 nm with respect to other 
wavelength does not change with the increasing reverse 
bias, suggesting that the exciton dissociation rate is not fi eld 
dependent in MAPbBr 3 . The EQE spectra of the device with 
the perovskite/polymer are subtly different from those of 
the device with the perovskite/fullerenes as active layer. The 
EQE from perovskite absorption range is much lower, which 
is assigned to the energy barrier at the perovskite/polymer 
interface and to the much worse electron conducting capa-
bility of PBDTTT-CT. Compared to the small rise of EQE 
from MAPbBr 3  absorption band, the EQE from PBDTTT-
CT absorption band between 550 and 800 nm increases by 
almost two orders of magnitude. This is the fi rst time such 
a large electric fi eld dependent Frenkel exciton dissociation 
was observed. 

  To summarize, we demonstrated that MAPbI3 is a non-
excitonic material by measuring the dielectric constant, and 
the  V  OC  variation with respect to the LUMO offset between 
MAPbI3 and various fullerenes. Then we found that bro-
mine-based perovskites also exhibit a nonexcitonic nature 
based on the disparate results from the fi eld dependent EQE 
of perovskite and excitonic semiconductors. We further con-
cluded that even though MAPbBr3 or mixed halide perovs-
kite have relatively large exciton binding energy in excess 
of 80 meV, they still should be treated as nonexcitonic semi-
conductors. The nonexcitonic nature of perovskites enables 
an effi cient free charge generation, which explains the out-
standing performance of perovskite solar cells.  

  Experimental Section 

  Sample Preparation : The organometal trihalide perovskite thin 
fi lms were prepared by the interdiffusion of spin coated stacking 
layers of methylammonium halide (MAI, MACl, MABr) and lead 
halide (PbI 2 , PbBr 2 ) solutions. Methylammonium halide pre-
cursor were synthesized using the methods described in previous 
study by Lee et al. [ 3 ]  PbI 2  and PbBr 2  precursors were dissolved in 
anhydrous N,N-dimethylformamide (DMF) with concentration of 
400 mg mL −1  and 300 mg mL −1 , respectively. Methylammonium 
halide precursors were formed by dissolving MAI, MACl, and MABr 
into 2-propanol with concentration of 35, 28.6, and 20 mg mL −1 , 
respectively. The PbBr 2  solution was spun on PEDOT:PSS substrate 
at 70 °C at 6 000 rounds/s (rpm) for 35 s. Then methylammonium 
halide solutions were spun on top of dried PbI 2  or PbBr 2  fi lm at 
6 000 rpm for 35 s at room temperature. The spin coated PbI 2 /
MAI and PbBr 2 /MAI or MACl or MABr stacking fi lms were solvent 
annealed at 100 °C for 90 min. [ 23 ]  

 The MAPbI 3  layer in the device for impedance study was fab-
ricated by the similar interdiffusion routine, but with higher con-
centration precursors as 900 mg mL −1  PbI 2  and 105 mg mL −1  
MAI solutions, which resulted the thickness of MAPbI 3  to be 
1000 nm. The device was fi nished by thermal evaporating of Au 
(30 nm)/Ag (70 nm) electrodes on the nude MAPbI 3  thin fi lm. 
Excitonic materials, including, PCBM/C 60 , ICTA, PBDTTT-CT, were 
spun directly on MAPbX thin fi lms at 6000 rpm for 35 s from their 

1,2-dichlorobenzene (DCB) solutions (2% wt). PCBM and ICTA were 
thermal annealed for 1 h, while the samples with PBDTT-CT were fast 
dried on 70 °C oven for 5 min. The devices with fullerenes were fi n-
ished by the subsequent thermal evaporating either 20 nm C 60  on 
PCBM or 20 nm ICTA on spun ICTA, and BCP (8 nm) and Al (100 nm). 
The device with PBDTTT-CT was fi nished by thermal evaporating 
BCP (8 nm) and Al (100 nm). The device area is defi ned to be the 
overlap of the ITO and aluminum electrodes to be 9.6 mm 2 . 

  Film and Device Characterization : The frequency dependent rel-
ative dielectric constant of MAPbI 3  was evaluated by E4980A over 
a wide range of 20 Hz to 20 MHz in the dark condition and zero 
bias. A Quanta 200 FEG Environmental Scanning Electron Micro-
scope (ESEM) using a fi eld-emission gun (FEG) electron source 
was used to scan the fi lm morphology. The fi lms were fi rst cov-
ered with a thin layer of gold coated using a Cressington 108 Auto 
Sputter Coater before the SEM measurement. Absorption spectra 
were recorded by Evolution 201 UV-Visible Spectrophotometer. 
XRD measurements were performed with a Rigaku D/Max-B X-ray 
diffractometer with Bragg–Brentano parafocusing geometry, a dif-
fracted beam monochromator, and a conventional copper target 
X-ray tube set to 40 kV and 30 mA. The photocurrents were meas-
ured using a xenon-lamp-based solar simulator (Oriel 67005). 
A Schott visible-color glass-fi ltered (KG5 color-fi ltered) Si diode 
(Hamamatsu S1133) was used to calibrate the light intensity 
before photocurrent measurement. EQE was measured with a New-
port QE measurement kit by focusing a monochromatic beam of 
light onto the devices.  
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