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Photocurrent measurements on devices containing the 

perovskite (CH3NH3)PbI3 show two distinct spectral 

responses when deposited in a mesoporous oxide matrix, 

compared with one response for planar perovskite alone. 

With a TiO2 matrix, the shorter wavelength response has an 

inverted temperature response with increasing performance 

on cooling.   

Organometallic halide perovskites have been the subject of intense 

research in recent years.  Interest in these materials stems in part 

from their ability to function as efficient light absorbers and 

electron- and hole-transport materials in photovoltaic (PV) devices.  

These materials are especially attractive for PV applications because 

of their earth-abundant components and the wide variety of low- 

energy synthetic techniques1-4 by which they can be produced.  Early 

studies of PV devices containing organometallic halide perovskites 

used the perovskite (CH3NH3)PbI3 deposited into a mesoporous 

TiO2 matrix.5-7  Later studies demonstrated that efficient devices 

could be constructed using (CH3NH3)PbI3 and larger-bandgap oxides 

such as Al2O3 and ZrO2 in which the energy of the conduction band 

minimum is too high for electron injection from (CH3NH3)PbI3 to 

occur.8-11  Perovskite PV cells not containing any oxide matrix 

('planar' devices) have also produced high efficiencies.2,9,12,13  

     It has been suggested that in addition to providing a driving force 

for charge separation at the (CH3NH3)PbI3 / TiO2 interface, TiO2 

enhances the performance of devices by acting as an electron-

transport material.14  However, devices with (CH3NH3)PbI3 

deposited in highly-insulating Al2O3, where the conduction band 

minimum of the oxide is well above that of the perovskite, achieve 

similar or better performance than devices on TiO2.
8  Given the 

performance of Al2O3-containing devices, the role of the oxide 

matrix in charge separation remains unclear. 

     A recent study of the structure of (CH3NH3)PbI3 in a TiO2 matrix 

shows that the matrix has a profound effect on the structure of the 

perovskite.15  PDF (pair distribution function) analysis of x-ray total 

scattering data suggests that when (CH3NH3)PbI3 is deposited into 

mesoporous TiO2 it forms two components withthe same crystal 

structure:  a relatively disordered component consisting of ~1.4 nm 

diameter nanocrystals which are confined by pores of the matrix and 

one with much longer-range coherence.  More recent work suggests 

that the catalytic action of water may be essential for the formation 

of the perovskite phase.16 

     In order to explore the mechanisms of charge separation in planar 

devices versus devices based on TiO2 or highly-insulating oxides, we 

report temperature-dependent photocurrent measurements on a range 

of devices.  The planar perovskite  (Fig.1a) and perovskite on 

mesoporous TiO2 or ZrO2 (Fig. 1b) devices were prepared following 

published procedures.6  X-ray diffraction was used to check film 

purity (see Fig. S1). Briefly, 40.3 weight % perovskite precursor 

solution was prepared with an equimolar ratio of CH3NH3I and PbI2 

in γ-butyrolactone and spin-coated onto an FTO (fluorine-doped tin 

oxide) substrate or onto mesoporous TiO2 or ZrO2 on FTO substrate. 

(see SI for details). The substrates were mechanically compressed 

against a nickel foil electrode using a spring-loaded clamp. 
 

 
Fig. 1 Schematic illustration of two devices containing (CH3NH3)PbI3. 

All devices contain an absorber layer compressed between one FTO 

electrode and one nickel electrode.  The device in (a) contains a 

planar (CH3NH3)PbI3 absorber layer.  The device in (b) contains 
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(CH3NH3)PbI3 embedded in a mesoporous MO2 matrix, where M is 

Ti or Zr. 

 Photocurrent measurements were conducted by mounting 

the samples on a bespoke probe and illuminating the samples 

using a monochromated lamp.  All data is normalized per Watt 

of incident light (see SI for details). 

 Fig. 2a shows the photocurrent of the device containing 

planar (CH3NH3)PbI3.  The photocurrent is approximately 

constant with wavelength from λ = 400 nm until the 

photocurrent onset at λ = 800 nm.  This spectral shape is 

commonly associated with the photoconductivity of a direct-

bandgap semiconductor.  In devices of this kind, containing 

neither a strong interfacial electric field nor a dedicated 

electron- or hole-transport layer, charge separation may occur 

by diffusion.17  As the temperature of the sample is decreased, 

the  photocurrent decreases at all wavelengths above the 

photocurrent edge by an approximately constant factor. 

 
Fig. 2 (a), (b), and (c) respectively show the photocurrent of devices 

containing planar (CH3NH3)PbI3, (CH3NH3)PbI3 in TiO2, and 

(CH3NH3)PbI3 in ZrO2 as a function of temperature.  (d), (e), and (f) 

show the photocurrent of those devices at λ = 500 nm, and λ = 760 

nm as a function of temperature.  All lines are guides to the eye.  

Noise at T = 280 K is due to failure of the light bulb. 

 Fig. 2b shows the photocurrent of a device with mesoporous 

TiO2.  The photocurrent spectrum for this device contains two 

distinct responses.  The first response is centered at shorter 

wavelengths and shows a gradual decrease in intensity on 

scanning to longer wavelengths.  The second response has a 

peak-like shape and is centered at around λ = 760 nm. This kind 

of distinct upturn near the band-edge has been previously 

observed in devices containing (CH3NH3)PbI3 and oxide when 

the data is reported in terms of external quantum 

efficiency.2,18,19  The photocurrent of (CH3NH3)PbI3 in 

mesoporous ZrO2 (Fig. 2c) shows two similarly shaped 

responses. 

 A plausible explanation for the appearance of two responses 

in the photocurrent when (CH3NH3)PbI3 is deposited on a 

mesoporous matrix is the formation of two  components as 

observed by Choi et al.15; this is also consistent with our 

observation that planar (CH3NH3)PbI3 devices with a compact, 

but not mesoporous, TiO2 layer also only show a single 

response (Fig. S2). The peak-like shape of the longer-

wavelength response is  reminiscent of a quantum dot, 

suggesting that it derives from the short-range ordered 

component.  However, quantum confinement effects blue-shift 

the absorption of nanocrystals, suggesting that the photocurrent 

at shorter wavelengths derives from the short-range ordered 

component.  If the shorter-wavelength response does 

correspond to the  short-range ordered component, the Brus 

equation20 for the energy of transitions in a semiconductor 

cluster (Eqn. 1)  

                       ∆���� � 	��	
 �
�

��
�
�

��
∗ �

�

��
∗�                      (1) 

can be used to calculate the effective mass of a free carrier in 

this component by assuming that the electron and hole effective 

masses, me
* and mh

*, are equal.  ∆E(r) is the energy of the 

transition in the cluster, Egap is the bandgap of the bulk 

semiconductor, r is the radius of a cluster, and h is the Planck 

constant.  The effective mass calculated using this equation is 

m* = 15 m0, which differs substantially from the values of 

me
* = 0.23 m0 and mh

* = 0.29 m0 determined from density 

functional theory (DFT) calculations21.  This discrepancy 

suggests that the difference in the photocurrent edge between 

the two components derives from differences in structure, 

composition, or disorder or from space-charge effects rather 

than quantum confinement.   

 As it is not possible to definitively assign the two features in 

the photocurrent spectrum to either the short-range ordered or 

the medium-range ordered component of (CH3NH3)PbI3, they 

will be referred to below as component 1 (giving rise to the 

feature at shorter wavelengths) and component 2 (giving rise to 

the feature centered at λ = 760 nm).   

 Plotting the photocurrent at λ = 500 nm and λ = 760 nm as a 

function of temperature shows profound differences between 

different devices.  For planar (CH3NH3)PbI3 (Fig. 2d), the 

responses at both wavelengths vary almost linearly with 

temperature and have approximately the same positive slope.  

For (CH3NH3)PbI3 in TiO2, however, the response at 

λ = 500 nm decreases with increasing temperature while the 

response at λ = 760 nm increases with increasing temperature 

(Fig. 2e).  For (CH3NH3)PbI3 in ZrO2, the two response at both 

wavelengths both increase with increasing temperature (Fig. 

2f). 

 The short-wavelength photocurrent efficiency decreases 

with increasing temperature for the TiO2-containing devices 

and increases for all other samples; this implies that TiO2 is 

responsible for this behaviour.    

 The changes in photocurrent at λ = 500 nm for the TiO2-

containing devices can be described well by an expression for 

thermally activated recombination containing a constant term 

which represents the photocurrent in the absence of 

recombination and an Arrhenius-type term which accounts for 

recombination (Eqn. 2).  Here ∆i is the measured photocurrent 

normalized for the incident light intensity,  Ea is the energy 

barrier for recombination, C is a constant which represents the 

photocurrent in the absence of recombination, and A is a free 

scaling parameter.  The sign of A is opposite to that of ∆i and C 

because the Arrhenius term represents recombination which 

reduces the overall photocurrent. 
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 If the value of C = 0.06(1) A/W determined from fitting is 

subtracted from ∆i, the Arrhenius term can be isolated and 

shown in a typical ln(k) vs. 1/T -type plot (Fig. 3a).  The energy 

barrier determined from the fit is Ea = 0.17(5) eV. The results 

of the fit can be used to construct a model of charge 

recombination for the three devices(Fig. 3b).  For all of the 

devices, free charge carriers are generated when the absorption 

of a photon generates an electron-hole pair.  For planar 

(CH3NH3)PbI3, component 2 of (CH3NH3)PbI3 in TiO2, and 

both components of (CH3NH3)PbI3 in ZrO2, recombination 

proceeds through a pathway in which thermal activation is not 

the rate-limiting step.  In contrast, for component 1 of 

(CH3NH3)PbI3 in TiO2, recombination occurs with an effective 

energy barrier of Ea = 0.17(5) eV.  

 
Fig. 3 (a) Shows a fit to the change in photocurrent as a function of 

temperature for the device containing (CH3NH3)PbI3 in TiO2 at λ = 

500 nm. (b) Shows a model of charge recombination in component 

1 of (CH3NH3)PbI3 in TiO2, compared with planar (CH3NH3)PbI3, 

(CH3NH3)PbI3 in ZrO2, and component 2 of (CH3NH3)PbI3 in TiO2. 

 The absence of thermally-activated recombination in 

component 2 of (CH3NH3)PbI3 in TiO2 suggests that charge 

collection from this component proceeds through a pathway not 

involving TiO2, perhaps involving percolation through a 

network of nano-scale domains. It is plausible for such 

networks to exist given Choi et al.'s observation15 that ~70% of 

(CH3NH3)PbI3 on TiO2 consists of the short-range ordered 

component. 

 The thermally-activated recombination of carriers from 

component 1 of (CH3NH3)PbI3 in TiO2 likely consists of a 

combination of back-electron transfer and/or recombination 

related to transport through TiO2.  Experimentally determined 

values for the offset between the conduction band minima of 

(CH3NH3)PbI3 and TiO2 range from 0.07 eV7 to 0.4 eV22.  DFT 

including spin-orbit coupling has been used to calculate an 

offset of 0.2 eV.23   With an energy offset in this range electron 

transfer from TiO2 to (CH3NH3)PbI3 is possible.  This is in 

contrast to ZrO2 where the conduction band minimum is more 

than 1 eV above that of TiO2
24 and electron transfer to the oxide 

is unlikely.  Studies of transport in TiO2-based dye-sensitized 

solar cells (DSSCs) have also found activation energies for 

electron mobility of Ea = 0.15 eV.25  The thermal activation of 

recombination may involve transport to recombination sites in 

TiO2 or to an interface where recombination or back-electron 

transfer occurs. 

 It is unclear from the data above why charge injection to 

TiO2 does not occur from component 2.  One explanation is that 

this component is physically separated from TiO2, likely by 

component 1.  Alternately, it is possible that the conduction 

band minimum of component 2 is below that of TiO2 and 

carriers diffuse away from the (CH3NH3)PbI3 / TiO2 interface 

before hot-carrier or thermally-activated injection can occur. 

 
Fig. 4 Scanning electron microscope (SEM) images of (a) planar 

(CH3NH3)PbI3, (b) (CH3NH3)PbI3 in TiO2, and (c) (CH3NH3)PbI3 in ZrO2. 

 One aspect of the photocurrent data which is not fully 

explained by the model in Fig. 3b is the substantially larger 

photocurrent at all wavelengths of the device containing 

(CH3NH3)PbI3 on ZrO2.  The difference may result from 
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differences in sample thickness.  Scanning electron microscopy 

(SEM) imaging shown in Fig. 4 indicates that the TiO2- 

containing samples were ~2.5 times thicker than ZrO2-

containing samples.  This difference is approximately the same 

as the difference in photocurrent between the samples at longer 

wavelengths where injection into TiO2 is not a factor.  Similar 

decreases in incident photon conversion efficiency (IPCE) have 

been observed with increasing (CH3NH3)PbI3 / TiO2 layer 

thickness for complete PV cells and has been attributed to 

increased recombination.26   

Conclusions 

The observation of two distinct responses in the photocurrent 

spectra of devices containing (CH3NH3)PbI3 on an oxide 

matrix, compared to one response for planar (CH3NH3)PbI3, 

supports previous crystallographic observations of two distinct 

components in (CH3NH3)PbI3 on TiO2.  The inverted 

temperature dependence of the photocurrent from one 

component of (CH3NH3)PbI3 in TiO2 indicates that thermally 

activated recombination occurs when charge injection and 

transport occur through TiO2.  The other component of 

(CH3NH3)PbI3 in TiO2 appears to separate and transport charge 

through a mechanism not involving TiO2. Fitting the activation 

energy of recombination with an Arrhenius term gives an 

energy barrier for recombination of Ea = 0.17(5) eV. 
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