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The mechanism of light-soaking phenomenon in inverted-type organic solar cells (IOSCs) with a

structure of indium-tin-oxide/TiOx/P3HT:PCBM/Au was studied by electron spin resonance (ESR)

spectroscopy. Charge accumulation in the cell during UV-light irradiation was observed using

ESR, which was clearly correlated with the light-soaking phenomenon. The origin of the charge

accumulation is clarified as holes that are deeply trapped at p-type P3HT polymer-chain ends with

bromine after hole transfer from the band excitation in the TiOx layer. The holes are considered to

be electrostatically attracted to trapped electrons in the TiOx layer after the band excitation. These

accumulated charges are the origin of the light-soaking phenomenon. Our results strongly suggest

that passivation of the residual OH groups in the TiOx layer is needed to avoid the light-soaking

phenomenon by preventing electron trappings, a step that is indispensable in the operation of highly

stable IOSCs without UV-light irradiation based on a low-cost and low-temperature device fabrica-

tion process using flexible plastic substrates. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963285]

Inverted-type organic solar cells (IOSCs) represent a prom-

ising organic solar cell technology because they are highly sta-

ble, have the potential for low-cost fabrication, and can operate

in air even without encapsulation of the devices.1,2 Recently,

the power conversion efficiency (PCE) has been greatly

improved to more than 10%, which has promoted research and

development of the practical use in commercial applications.3–7

One of the fundamental issues is the light-soaking phenomenon

with respect to UV-light irradiation, which has been commonly

observed in IOSCs with electron-collecting layers such as

TiOx.
2,8–15 Although high-temperature annealing treatments on

the TiOx layer can prevent the phenomenon, such treatments

are undesirable for low-temperature device fabrication using

flexible plastic substrates.15 Additionally, long-term UV-light

irradiation on IOSCs can cause device degradation. Thus, the

mechanism of the light-soaking phenomenon must be eluci-

dated to operate IOSCs without UV-light irradiation. Although

the light-soaking phenomenon has been explained on the basis

of charge-trap fillings in the electron-collecting layers using

phenomenological methods, the mechanism is not yet

completely understood, and a microscopic investigation using a

direct research method is greatly desired.9–14,16

To fully elucidate the light-soaking phenomenon, elec-

tron spin resonance (ESR) spectroscopy is the most suitable

technique because ESR is a highly sensitive and nondestruc-

tive technique for directly observing the charges in organic

semiconductors and their devices at the molecular level.17–24

ESR studies have demonstrated a clear correlation between

performance deterioration and charge accumulation (or

trappings) in a normal-type OSC,18 and have clarified degra-

dation mechanism due to charge formation during device

fabrication.19 As noted above, the light-soaking phenomenon

has been considered to be related to charge trappings. Thus,

ESR is a powerful tool for elucidating the light-soaking phe-

nomenon from a microscopic viewpoint. Organic solar-cell

materials, such as polymers and fullerenes, have been stud-

ied by ESR.20–24 However, the ESR study of organic solar

cells has not yet been reported except for our studies.18,19

Here we study the light-soaking phenomenon of IOSCs

with a TiOx electron-collecting layer during device operation

using ESR. A direct observation of charge accumulation in

the IOSCs and the correlation with the performance

improvement under UV-light irradiation are presented. This

correlation is an interesting result that is completely different

from that for normal-type OSCs.18 The origin of the charge

accumulation is clarified as holes that are deeply trapped at

polymer-chain ends with bromine. The holes are considered

to be electrostatically attracted to trapped electrons in the

TiOx layer. These accumulated charges are the origin of the

light-soaking phenomenon.

To attain a high signal-to-noise ratio of the ESR signal

by increasing the active area of the device, we utilized a rect-

angular device structure (3 mm� 20 mm) in an ESR sample

tube with an inner diameter of 3.5 mm (see Figure 1(a)).18,19

The structure is indium-tin-oxide (ITO)/TiOx/poly(3-hex-

ylthiopene) (P3HT):[6,6]-phenyl C61-butyric acid methyl

ester (PCBM)/Au.2,15 The TiOx layer (�30 nm) was fabri-

cated by a chemical bath deposition (CBD) method.2,15 An

active P3HT:PCBM layer (�250 nm) was spin-coated on the

TiOx layer. An Au hole-collecting electrode (�150 nm) wasa)Electronic mail: marumoto@ims.tsukuba.ac.jp

0003-6951/2016/109(13)/133301/5/$30.00 Published by AIP Publishing.109, 133301-1

APPLIED PHYSICS LETTERS 109, 133301 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.158.56.102 On: Thu, 10 Nov 2016

02:01:30

http://dx.doi.org/10.1063/1.4963285
http://dx.doi.org/10.1063/1.4963285
http://dx.doi.org/10.1063/1.4963285
http://dx.doi.org/10.1063/1.4963285
http://dx.doi.org/10.1063/1.4963285
mailto:marumoto@ims.tsukuba.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4963285&domain=pdf&date_stamp=2016-09-27


vapor-deposited on the fabricated film. The device was

sealed in an ESR sample tube under a nitrogen glove-box

atmosphere. The active area was 0.16 cm2. Samples for low-

temperature measurements were sealed in an ESR sample

tube with helium gas at 100 Torr. Further details are pro-

vided in supplementary material.

To confirm the light-soaking phenomenon, the current

density (J)–voltage (V) characteristics were measured under

various light irradiation conditions. In the following, we

define the notations “White light” and “UV-cut light” as sim-

ulated solar irradiation including and excluding UV-light

with a wavelength of <420 nm using a UV-cut filter, respec-

tively. Figure 1(b) exhibits the typical behavior of the light-

soaking phenomenon; the J–V curve remained in an S-shape

until the device was irradiated by white light. When the

device was irradiated by white light, the cell performance

greatly improved, showing a proper J-shaped J–V curve, and

the curve then maintained the J-shape under irradiation of

both white light and brief UV-cut light.8–13,15

Direct evidence for the light-soaking-induced charge

accumulation is demonstrated by ESR measurements.

Figures 2(a)–2(d) present ESR signals of the device under

short-circuit conditions before and during device operation.

In these experiments, a continuous-wave method was used

with a modulation frequency of 100 kHz for the external

magnetic field H.18 Thus, the observed light-induced ESR

signals are due to accumulated (or deeply trapped) photogen-

erated charge carriers with a lifetime of >10 ls.18 The ESR

signal can be deconvoluted into two signals with a broad

and narrow linewidth (see Figure 3(a)), which are defined as

the broad and narrow components, respectively. The g value

and peak-to-peak ESR linewidth DHpp of each component

were determined as gbroad¼ 2.0033, DHpp¼ 0.96 mT and

FIG. 1. (a) A schematic device structure of an inverted-type polymer solar

cell of indium-tin-oxide (ITO)/TiOx/poly(3-hexylthiophene) (P3HT):phenyl

C61-butyric acid methyl ester (PCBM)/Au for electron spin resonance (ESR)

measurements. (b) J–V characteristics of the device under various light irra-

diation conditions. The dashed arrow indicates time evolution.

FIG. 2. (a)–(d) ESR signals of short-circuited ITO/TiOx/P3HT:PCBM/Au

inverted-type polymer solar cells under various light irradiation conditions

at room temperature. The dashed arrow indicates time evolution. Each figure

shows the ESR spectral change from (a) dark conditions to UV-cut irradia-

tion, (b) UV-cut to white light irradiation, (c) white light to 2nd UV-cut irra-

diation, and (d) 2nd UV-cut to 2nd white light irradiation and then under

2nd dark conditions.

133301-2 Son et al. Appl. Phys. Lett. 109, 133301 (2016)
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gnarrow¼ 2.0021, DHpp¼ 0.22 mT, respectively. No anisot-

ropy was observed for the H direction with respect to the

substrate. The narrow component immediately increased

under UV-cut light (see Figure 2(a)) and decreased under

dark conditions (see Figure 2(d)). The response time could

not be determined because the signals were averaged over

1 h. Once the narrow component increased, almost no

changes in both components were observed under UV-cut

light (see UV-cut 1 h and UV-cut 6 h in Fig. 2(a)). In con-

trast, the broad component gradually increased under white

light (see Figures 2(b) and 2(d)) and decreased under UV-cut

light (see Figure 2(c)). Note that the broad component has a

strong correlation with UV-light irradiation.

The origins of both components are discussed based on

the ESR parameters. The narrow component is identified as

the ESR signal of radical cations (positive polarons or holes)

in P3HT that were generated by light-induced charge separa-

tion in the P3HT:PCBM layer.18 The averaged g value

(gnarrow¼ 2.0021) is theoretically reproduced by the density

functional theory (DFT) calculation for a radical cation of a

thiophene hexamer (see Figure S1 and Table S1 of supple-

mentary material). However, the ESR parameters of the

broad component are considerably larger than those of the

narrow component. To identify the origin, we measured ESR

signals of quartz/TiOx and quartz/TiOx/P3HT thin-film

samples. The quartz/TiOx sample did not show any ESR sig-

nal. However, the quartz/TiOx/P3HT sample showed an ESR

signal similar to that of the device (see Figure 3(b)).

Therefore, the origin of the broad component is related to the

TiOx/P3HT interface. As discussed later, the origin is attrib-

uted to accumulated holes at P3HT polymer-chain ends with

bromine. Note that PCBM radical anions are undetectable

with ESR at room temperature because of their rapid spin

relaxation.18,23 Also, we have confirmed no ESR signal due

to accumulated electrons on PCBM in the device under dark

conditions at low temperatures below 77 K just after white

light irradiation at room temperature.

To clarify the photoresponse of the ESR signal, the tran-

sient responses under various light irradiation conditions are

discussed. To present the ESR intensity, the number of spins

(Nspin) was evaluated by integrating the ESR spectrum twice

and by comparing the standard Mn2þ marker sample.18

Figure 4(a) shows the transient response of the Nspin upon

light irradiation, which exhibits a clear photoresponse. In

spite of the relatively large amplitude of the signal, the Nspin

responsible for the narrow component is small, because the

amplitude is related to the square of the ESR linewidth; the

total Nspin is primarily attributed to the broad component.

The Nspin due to the narrow component showed little change

under both conditions of white light and UV-cut light

because the narrow component is caused by the light-

induced charge separation in the P3HT:PCBM layer. Its fast

photoresponse within 1 h confirms that this component is due

to P3HT radical cations with short lifetimes. In contrast, the

Nspin of the broad component gradually increased under

white light and decreased under UV-cut light or dark condi-

tions, which was reversible. Therefore, the broad component

originates from deeply trapped charges in the device, not

from radical species due to decomposed and/or oxidized

materials.

The simultaneous measurement of Nspin and short-

circuit current density (Jsc) is a powerful way to clarify the

correlation between the broad component and the light-

soaking phenomenon. Figure 4(b) shows the transient

response of total Nspin and Jsc using the same device under

white light and UV-cut light. The Nspin behavior is similar to

that of Fig. 4(a). The Nspin and Jsc rapidly increased immedi-

ately after exposure to white light, and then both continued

to gradually increase. When exposed to UV-cut light, both

Nspin and Jsc gradually decreased. These photoresponses

demonstrate the clear correlation between the broad compo-

nent and the light-soaking phenomenon.

We now turn to a discussion of the mechanism of the

light-soaking phenomenon. The reason for the larger ESR

parameters of the broad component than those of the narrow

components is ascribed to hole accumulation at P3HT

polymer-chain ends with bromine, as explained below. In the

synthesis of P3HT, some of bromines may remain at

polymer-chain ends due to an incomplete reaction during

polymerization.25–27 In fact, we have found residual bromine

atoms in our P3HT using energy-dispersive X-ray spectros-

copy (EDS) measurements (see Figure S2 and Table S4 of

supplementary material). The end groups with bromine have

been reported to act as hole-trapping sites.28 The hole trap-

ping is also supported by the shallower ionization potential

FIG. 3. (a) and (b) Fitting curves with two-component deconvolution to the

observed ESR signal for (a) a device subjected to 10 h of 2nd white light

irradiation and (b) the ITO/TiOx/P3HT sample at 4.5 K, where the g values

of the respective components of the signal were similar to those of the

device.

133301-3 Son et al. Appl. Phys. Lett. 109, 133301 (2016)
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of 2-bromo thiophene (8.664 6 0.005 eV (Ref. 29)) than that

of thiophene (8.872 6 0.005 eV (Ref. 29) or 8.87 6 0.01 eV

(Ref. 30)); the bromine “lone pair” atomic orbitals consider-

ably participate in the highest occupied molecular orbital

(HOMO), which decreases the ionization potential.29 When

holes are trapped at such sites, holes’ spins are affected by

nearby heavy-atom bromine via large spin-orbit couplings,

resulting in a large g value. This explanation is fully consis-

tent with the observed larger g value of the broad component

(gbroad¼ 2.0033) than that of the narrow component

(gnarrow¼ 2.0021) (see Figures 3(a) and 3(b)). Moreover, the

larger g value is reproduced by DFT calculations for a radi-

cal cation of a bromine-monosubstituted 6T (6T-Br) (see

Table S1 of supplementary material). Furthermore, the DFT

calculations indicate a larger hyperfine coupling constant at

bromine than that at hydrogen, which is due to a larger spin

density (r) at bromine than that at hydrogen (see Tables S2

and S3 of supplementary material). Large spin density on an

atom gives rise to a large hyperfine interaction.31 The hyper-

fine interaction with bromine splits one resonance line into

four, because natural abundant bromine has a nuclear spin

I¼ 3/2. This could make ESR linewidth further broader.

These effects reasonably explain the broader ESR linewidth

(DHpp¼ 0.96 mT) than that of the narrow component

(DHpp¼ 0.22 mT) because the ESR linewidth arises from the

hyperfine interactions between the p-electron’s spin and the

nuclear spins.17,31

On the basis of the increase in the broad component

upon UV-light irradiation of >2.95 eV, the source of the

accumulated holes is considered to originate from the band

excitation in TiOx with a bandgap of �3.2 eV. When holes

from the band excitation can transfer to P3HT before recom-

bining with their counterpart electrons in TiOx, the band

excitation can supply holes to trapping sites at the TiOx/

P3HT interface. The accumulated holes are electrostatically

attracted to residual trapped electrons in TiOx. Another pos-

sible source of holes due to photocurrent generation in the

P3HT:PCBM layer is excluded due to the absence of an

increase in the broad component under UV-cut light.

The trapping sites for electrons in TiOx are discussed

here. Ti4þ ions in anatase-type TiO2 have been reported to act

as electron-trapping sites.32 When an electron is trapped at

such a site forming a Ti3þ ion, the site becomes ESR-active

(g� 1.9).32 For the quartz/TiOx and quartz/TiOx/P3HT sam-

ples, however, such an ESR signal was not observed, even at

temperatures below 77 K. Thus, Ti4þ ions do not act as

electron-trapping sites. Other possible electron-trapping sites

are OH groups in TiOx. Many OH groups are residual in TiOx

film.33 When an OH group can capture an electron and the

capture can weaken the bonding between the OH group and

Ti, an ESR-inactive OH� ion can be formed.34 Since the pro-

cess is reversible, the OH� ion may be electrostatically cap-

tured nearby Ti, which may be expressed as � Ti� OH

þ e� ! � Ti � � �OH� where the dotted line “� � �” represents

a electrostatic capture. Such electron-trap fillings at OH

groups can greatly improve the electron-transport characteris-

tics of the TiOx layer. Therefore, from the results of our study

we conclude that these electron trappings are the main mecha-

nism of the light-soaking phenomenon.

Figure 4(c) illustrates the charge trapping scheme.

Without UV-light irradiation, both electron and hole trapping

sites in TiOx and P3HT remain unoccupied (Figure 4(c), left-

hand side). Once the device is irradiated with UV light, the

device performance shows dramatic improvement as both

electron and hole trapping sites are filled with band-excited

electrons and holes, respectively (Figure 4(c), center). After

UV-light irradiation, the trapped electrons and holes slowly

recombine, resulting in a gradual decrease in Jsc (Figure

4(c), right-hand side).

The light-soaking phenomenon is considered to depend

on the trapping densities in IOSCs. Thus, it would be an

interesting subject to perform ESR experiments on IOSCs

where TiOx and polymers have different OH-group and bro-

mine content, respectively. Such IOSCs may be fabricated

FIG. 4. (a) Transient response of the number of spins (Nspin) of an ITO/TiOx/

P3HT:PCBM/Au cell to UV-cut and white light irradiation. The Nspin is

obtained from the ESR signal averaged over 1 h. (b) Transient response of Nspin

(red circles) and Jsc (blue circles) of an ITO/TiOx/P3HT:PCBM/Au cell to UV-

cut and white light irradiation. The Nspin is obtained from the ESR signal aver-

aged over 30 min. For the measurement, a device was fabricated in the same

manner as that for the device shown in Fig. 1. A discontinuous point for Jsc at

approximately 36 h is ascribed to the decrease in light intensity due to the UV-

cut filter. (c) Charge trapping scheme with respect to UV-light irradiation.

133301-4 Son et al. Appl. Phys. Lett. 109, 133301 (2016)
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using different annealing temperatures for TiOx layers, dif-

ferent polymer-molecular weights, polymers with different

end-capping, or prepared without the bromine. Further ESR

studies for such IOSCs are currently in progress, and will be

reported in a separate paper.

Our study elucidates the mechanism of the light-soaking

phenomenon in typical IOSCs using ESR spectroscopy. Our

method provides direct evidence of UV-induced hole accu-

mulation in IOSCs, and demonstrates a clear correlation with

the light-soaking phenomenon. The correlated increase in

both ESR and device performance is in clear contrast to the

inverse correlation between ESR and performance reported

for normal-type OSCs.18 This interesting observation indi-

cates a larger number of deep trapping sites in IOSCs with a

TiOx layer than that in the normal-type OSCs. Our results

strongly suggest passivation of the residual OH groups in

TiOx to avoid the light-soaking phenomenon by preventing

electron trappings, a step that is indispensable in the opera-

tion of highly stable IOSCs without UV-light irradiation

based on a low-cost and low-temperature device fabrication

process using flexible plastic substrates. Although accessible

time-scales of our presented experiments are limited to

above 10 ls due to the H modulation frequency of 100 kHz,

our method has higher sensitivity for detecting accumulated

photogenerated carriers compared with current-detected ESR

experiments because the current-detected ESR experiments

are not suitable for detecting accumulated carriers. Our

method is general and should be applicable to the elucidation

of light-soaking phenomena in other solar cells.

See supplementary material for details of the device fab-

rication, the DFT calculation, and the EDS measurement on

a P3HT powder sample.
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