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Using electron spin resonance (ESR), we clarified the origin of the efficiency degradation of polymer

solar cells containing a lithium-fluoride (LiF) buffer layer created by a thermal annealing process

after the deposition of an Al electrode (post-annealing). The device structure was indium-tin-oxide/

poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)/poly(3-hexylthiophene):phenyl-C61-butyric

acid methyl ester (P3HT:PCBM)/LiF/Al. Three samples consisting of quartz/P3HT:PCBM/LiF/Al,

quartz/P3HT:PCBM/Al, and quartz/PCBM/LiF/Al were investigated and compared. A clear ESR

signal from radical anions on the PCBM was observed after LiF/Al was deposited onto a P3HT:PCBM

layer because of charge transfer at the interface between the PCBM and the LiF/Al, which indicated

the formation of PCBM�Liþ complexes. The number of radical anions on the PCBM was enhanced

remarkably by the post-annealing process; this enhancement was caused by the surface segregation of

PCBM and by the dissociation of LiF at the Al interface by the post-annealing process. The formation

of a greater number of anions enhanced the electron scattering, decreased the electron-transport

properties of the PCBM molecules, and caused an energy-level shift at the interface. These effects

led to degradation in the device performance. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883858]

Organic thin-film solar cells have attracted tremendous

interest as a future technology for renewable energy because

of their printable and flexible device structure, light weight,

and low-cost production.1–3 One of the most widely studied

organic thin-film solar cells employs an active layer of blend

films with poly(3-hexylthiophene) (P3HT) and phenyl-

C61-butyric acid methyl ester (PCBM). The power-conversion

efficiency (PCE) of the solar cells has been improved up to

3%–5% using a variety of methods, such as the insertion of a

LiF buffer layer,4–6 thermal annealing,7–11 solvent anneal-

ing,12,13 and the use of mixed solvents.14 In particular, the

effects of LiF insertion and thermal annealing have drastically

improved the PCE, as explained below.

The interfaces between the metal electrodes and the

organic semiconductors become critically important for

improving the performance of the cells. To alter the interface

properties, a LiF buffer layer between the electrodes and

organic semiconductors is most commonly used.15 The most

important effect of LiF is related to its function as a dipole

layer.4,5 The LiF layer imparts a significant vacuum-level

offset, which results in a reduction in the interfacial energy

barriers.4,5 LiF is also utilized to block holes and diminish

electron-hole recombination near Al electrodes.6

To achieve high efficiency in devices, thermal annealing

is often used to control the morphology of the blend

films.7–11 Thermal annealing typically consists of two stages:

pre-annealing, which is used on films prior to the deposition

of metal electrodes, and post-annealing, which is used for

fabricated devices after the deposition of metal electrodes.16

Pre-annealing has been reported to improve the efficiency of

solar cells containing LiF,16 whereas post-annealing has

been reported to improve the efficiency of solar cells that do

not contain LiF.7–9,11 However, detailed studies of the effects

of annealing on device performance using microscopic char-

acterization have not yet been published.

Electron spin resonance (ESR) is a promising method

for microscopic characterization because it is highly sensi-

tive and can be utilized to investigate organic materials and

devices at the molecular level.17–20 ESR can be used to

investigate the correlation between microscopic ESR param-

eters and the macroscopic deterioration of the performance

of solar cells.20 Li et al. have reported that the LiF buffer

layer is modified by the post-annealing.16 However, no ESR

study investigating device after thermal annealing has been

reported. Such a study would be useful for microscopically

clarifying the phenomena by which the LiF buffer layer

changes morphology, as well as how the change in blend

films occurs during thermal annealing.

In this investigation, we studied the effects of thermal

annealing on the LiF buffer layer using ESR. We compared

the ESR results with the device characteristics. For solar

cells containing LiF, the ESR signal resulting from the radi-

cal anions on the PCBM could be clearly observed without

annealing. In contrast, no ESR signal from the PCBM was

observed for solar cells that did not contain LiF. The

observed ESR signals are due to charge transfer at the inter-

face between the PCBM and LiF/Al, which indicates the for-

mation of PCBM�Liþ complexes. Surprisingly, the numbera)Electronic mail: marumoto@ims.tsukuba.ac.jp
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of radical anions on the PCBM is remarkably enhanced and

the PCE is considerably decreased by the post-annealing pro-

cess. These phenomena can be explained in terms of mor-

phological changes in the P3HT:PCBM/LiF/Al films during

post-annealing. The radical anions formed on the PCBM in-

hibit electron transport in the PCBM molecules,21 which

degrades device performance.

The structure of the polymer solar cells we studied was

as follows: indium-tin-oxide (ITO)/poly(3,4-ethylene-

dioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)

(�40 nm)/P3HT:PCBM (�120 nm)/LiF (�1 nm or none)/Al

(80 nm). We fabricated solar cells with active areas of

2 mm� 2 mm on a 20 mm� 20 mm glass substrate for the

current density (J)-voltage (V) characteristics and of

2 mm� 10 mm on a 3 mm� 20 mm quartz substrate for the

ESR measurements.19,20 We also fabricated organic thin-film

samples of quartz/P3HT:PCBM or PCBM/LiF (1 nm or

none)/Al on a 3 mm� 20 mm quartz substrate for the ESR

measurements. The samples without ITO/PEDOT:PSS were

studied for the following reasons. First, the primary purpose

of this study was to use ESR to determine the effects of ther-

mal annealing on the LiF buffer layer. Because ESR can be

used to directly observe spins in materials, the most effective

method of unambiguously investigating these effects was to

use ESR to study quartz/organic layer/LiF/Al samples.

Second, the ESR signals from PEDOT:PSS and P3HT over-

lap with each other,19,20 hindering the clear identification of

the P3HT signal. To avoid this overlap, we primarily present

ESR data for samples without ITO/PEDOT:PSS in this

study.

Solutions of P3HT and PCBM (1:1 w/w) were dissolved

in o-dichlorobenzene (3.0 wt. %) and stirred for 15 h at

40 �C. They were then spin-coated onto the PEDOT:PSS

films. We defined pre-annealing as the annealing of the fabri-

cated layer at 110 �C for 10 min before the electrode was de-

posited. LiF/Al or Al layers were deposited onto the

P3HT:PCBM layer to form the cathode using a vacuum-

sublimation technique at pressures less than 1� 10�4 Pa. We

defined post-annealing as the annealing of the fabricated de-

vice at 110 �C for 10 min after the electrode was deposited.

All thermal annealing treatments were performed in a

nitrogen-filled glove box (<0.2 ppm O2,<0.6 ppm H2O).

The ESR measurements were performed in the dark at room

temperature under a N2 atmosphere using a JEOL

JES-FA200 X-band spectrometer. The number of spins and

the g factor of the ESR signal were calibrated using a stand-

ard Mn2þ marker sample.

First, we present the J-V characteristics. Figures 1(a)

and 1(b) show the data for solar cells without and with LiF

that were fabricated using different thermal annealing condi-

tions. The device performance is summarized in Table I. The

performance of the solar cell without LiF was improved by

thermal annealing, which can be explained by the improved

crystallinity of the P3HT for the “Al pre-annealed” device7,8

and by the surface segregation of the PCBM at the Al elec-

trode for the “Al post-annealed” device.11 In clear contrast to

the results obtained for solar cells without LiF, the “LiF/Al

unannealed” device exhibited the best performance, with a

PCE of 3.58%. The PCE decreased to 2.75% for the “LiF/Al

post-annealed” device. Therefore, post-annealing of devices

with LiF negatively affects the photovoltaic properties of the

devices.16 No change in the spectral shape of the incident

photon-to-current conversion efficiency (IPCE) was

observed after thermal annealing, which means the mole-

cules did not degrade.

Next, we present the ESR results for two types of thin-

film samples to investigate the reaction between LiF and the

organic molecules. Figures 2(a)–2(f) show the ESR signals

for quartz/P3HT:PCBM/Al and quartz/P3HT:PCBM/LiF/Al

annealed under different conditions. The vertical axis is plot-

ted using units of peak-to-peak ESR intensity of the ESR

FIG. 1. J-V characteristics of (a) ITO/PEDOT:PSS/P3HT:PCBM/Al and (b)

ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al subjected to various thermal anneal-

ing treatments; the samples were exposed to simulated solar irradiation at

room temperature.

TABLE I. Performance of polymer solar cells fabricated with and without

LiF buffer layers and subjected to various thermal annealing treatments at

110 �C.

Electrodes Annealing treatments

Jsc

(mA/cm2)

Voc

(mV) FF

PCE

(%)

Al Unannealed 5.17 430 0.56 1.25

Al Pre-annealed 8.81 450 0.44 1.74

Al Post-annealed 8.55 500 0.51 2.19

Al Pre- and post-annealed 9.07 490 0.46 2.04

LiF/Al Unannealed 9.61 610 0.61 3.58

LiF/Al Pre-annealed 8.83 610 0.59 3.19

LiF/Al Post-annealed 7.56 590 0.61 2.75

LiF/Al Pre- and post-annealed 7.03 590 0.59 2.48

243903-2 Liu et al. Appl. Phys. Lett. 104, 243903 (2014)
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signal of a standard Mn2þ mark sample, IMn. First, we dis-

cuss the results for quartz/P3HT:PCBM/Al. As shown in

Figs. 2(a)–2(c), we observed only an ESR signal due to

P3HT. The g factor was determined to be 2.002 6 0.0002,

which is consistent with that of radical cations (positive

polarons) on P3HT in organic field-effect devices.22,23 The

ESR signals of PCBM radical anions have been reported to

have g-tensor values of 1.9982–2.00058.24,25 Notably, the

ESR signal for radical anions on PCBM cannot usually be

observed at room temperature because of the rapid spin

relaxation of the fullerene electrons at room

temperature.20,22,26

In clear contrast to the results for quartz/P3HT:

PCBM/Al, we observed ESR signals for both P3HT

and PCBM for quartz/P3HT:PCBM/LiF/Al, as shown in

Figs. 2(d)–2(f). The ESR signal at g¼ 2.002 6 0.0002 corre-

sponds to the P3HT radical cations, whereas the signal at

g¼ 1.999 6 0.0002 corresponds to the PCBM radical

anions.22–26 The observation of the PCBM signal can

most likely be ascribed to the formation of PCBM�Liþ

charge-transfer complexes. In a previous study, the interac-

tion between LiF and C60 followed by the deposition of Al

was reported to produce the ESR signal of C60 radical

anions, which is strongly suggested to be due to C60
�Liþ

charge-transfer complexes.27 Surprisingly, in the case of the

post-annealing, we observed a remarkable increase in the

ESR intensity from PCBM radical anions (see Figs. 2(d) and

2(f)). This result indicates that the number of PCBM radical

anions, Nspin, increases remarkably due to post-annealing.

The Nspin increased from 1.19� 1013 before the

post-annealing to 1.15� 1014 after the post-annealing,

showing a one order of magnitude larger value by the

post-annealing. This type of direct observation of the

increase in the PCBM signal has not yet been reported. Two

mechanisms may be responsible for this remarkable increase.

First, the post-annealing process may enhance the surface

segregation of PCBM at the LiF/Al interface.11 The second

mechanism may be related to the increase in thermal energy

for the dissociation of LiF. These mechanisms will be dis-

cussed further below.

To investigate the mechanisms for the formation of

PCBM radical anions by post-annealing, we performed an

ESR study on the samples of quartz/P3HT:PCBM/LiF/Al

and quartz/PCBM/LiF/Al for different post-annealing tem-

peratures. The ESR signal for PCBM radical anions

increased with increasing post-annealing temperature, as

shown in Fig. 3. The insets of Figs. 3(a) and 3(b) show the

dependence of the Nspin on the post-annealing temperature.

The post-annealing temperature strongly influenced the for-

mation of PCBM radical anions. For comparison, we meas-

ured the J-V characteristics for solar cells containing LiF for

different post-annealing temperatures. The device perform-

ance is summarized in Table II. The post-annealing tempera-

ture also affected the degradation of the device performance.

The PCE monotonically decreased as the post-annealing

temperature increased; this behavior can be attributed to the

increase in Nspin at higher temperatures.

The rate of increase in Nspin for the two thin-film sam-

ples differed with respect to their post-annealing tempera-

tures. The rate of increase in Nspin for quartz/PCBM/LiF/Al

at annealing temperatures greater than 110 �C is less pro-

nounced compared with that for quartz/P3HT:PCBM/LiF/Al

FIG. 2. The ESR signals of (a)–(c)

quartz/P3HT:PCBM/Al and (d)–(f)

quartz/P3HT:PCBM/LiF/Al subjected

to various thermal annealing treatments.

243903-3 Liu et al. Appl. Phys. Lett. 104, 243903 (2014)
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(see Fig. 3(b)). This result indicates that the dissociation of

LiF occurs even at low annealing temperatures. In contrast,

the rate of increase in Nspin for quartz/P3HT:PCBM/LiF/Al

was considerably higher than that for quartz/PCBM/LiF/Al

at annealing temperatures greater than 110 �C (see Fig. 3(a)).

This result indicates that the surface segregation of PCBM at

the interface is further enhanced at higher annealing

temperatures.

Next, we performed an ESR study of ITO/PEDOT:PSS/

P3HT:PCBM/LiF/Al to determine the relationship between

the ESR signal and the device performance after the forma-

tion of PCBM radical anions. The ESR signal and the device

performance were measured using the same device. The

PCE decreased from 1.36% before thermal annealing to

0.67% after the post-annealing. We observed a tendency

similar to that observed in Table I. Figure 4 presents the ESR

signals for the device with and without post-annealing at

110 �C. ESR signals from the PEDOT:PSS (g¼ 2.003), the

P3HT, and the PCBM were observed for the unannealed de-

vice. The ESR signal of the PEDOT:PSS and the P3HT over-

lapped with each other because of their similar g factors.19,20

The intensity of the PCBM signal increased considerably af-

ter post-annealing. This dramatic enhancement was nearly

identical to that observed for quartz/P3HT:PCBM/ LiF/Al

(see Fig. 2(d)). Therefore, by investigating the same device

with and without post-annealing, we confirmed the relation-

ship between the increase in the ESR signal and the degrada-

tion of the device performance caused by the formation of

radical anions on the PCBM during post-annealing. The sta-

bility of the PCBM radical anions was studied by applying a

reverse bias of �700 mV to the device for 3 h after post-

annealing. No change in Nspin was observed, which indicates

that the PCBM radical anions are stable, most likely due to

the formation of PCBM�Liþ complexes rather than due to

electron trappings in the PCBM.

We comment on the reason for the relatively low per-

formance of the device. For the ESR measurements, we used

cells with an active area of 2 mm� 10 mm. The film quality

of such asymmetric and large areas deteriorated compared

with that of the symmetric and small area of 2 mm� 2 mm

used for the J-V characteristics, which resulted in diminished

device performance. A device with such a large active area

was used for the ESR measurements to overcome the low

signal-to-noise (SN) ratio of the ESR signal; the SN ratio

improves with increasing active area.20

Finally, we discuss the mechanism of the performance

degradation. We examined the rate of the LiF dissociation.

The Nspin after post-annealing at 110 �C was 1.15� 1014. On

the basis of the volume of the LiF layer (3� 10�8 cm3), the

number of Li atoms in the deposited LiF layer was

1.84� 1015. Thus, we found that only 6% of the Li atoms

contributed to the formation of the PCBM radical anions dur-

ing post-annealing. This result indicates that the thermal

annealing process did not completely destroy the LiF func-

tion. For another mechanism, Harada et al. have reported

that the mobility of n-doped C60 decreases with increasing

doping density because of the charge-carrier scattering by

C60 anions.21 On the basis of the similar characteristics of

C60 and PCBM, the mobility can be reasonably inferred to

FIG. 3. ESR signals of (a) quartz/P3HT:PCBM/LiF/Al and (b)

quartz/PCBM/LiF/Al post-annealed at various temperatures. Inset: depend-

ence of the number of PCBM radical anions (Nspin) on the annealing

temperature.

TABLE II. Performance of polymer solar cells fabricated with LiF buffer

layers and subjected to various post-annealing temperatures.

Electrodes

Post-annealing

temperature

Jsc

(mA/cm2)

Voc

(mV) FF

PCE

(%)

LiF/Al Unannealed 9.61 610 0.61 3.58

LiF/Al 60 �C 8.47 610 0.61 3.14

LiF/Al 110 �C 7.56 590 0.61 2.75

LiF/Al 160 �C 8.65 540 0.53 2.46

FIG. 4. ESR signals of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al with and

without post-annealing treatment under open-circuit conditions.
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decrease with increasing such carrier scattering. Anion for-

mation decreases Jsc and concomitantly decreases Voc.
11

Anion formation should also decrease Voc because of the

shift in energy levels at the interfaces.19,20 The expected

decrease in Voc was, indeed, observed (see Table II). In the

following, we discuss the mechanism of the Jsc decrease on

the basis of carrier scattering from the formation of PCBM

anions. Such scattering may be considered to be independent

of other scattering mechanisms; thus, we can use

Matthiessen’s rule for the mobility l21

1

l
¼ 1

lSC

þ 1

c=Nspin

� �
lAF

: (1)

Here, we use two mobility constituents, lSC and lAF, which

are related to the carrier scattering in the cells without and

with the formation of PCBM anions, respectively. The latter

depends on Nspin with a proportionality constant c. Using Eq.

(1), we can express the current density j using the charge

density n and the internal electric filed E in the cells as

follows:

j ¼ nelE ¼ lSClAF

lAF þ lSC=cð ÞNspin

E: (2)

Equation (2) shows that j decreases as Nspin increases,

which explains the experimental results. Therefore, carrier

scattering induced by the formation of PCBM anions

decreases Jsc.

In summary, we performed an ESR study of organic

layered thin films and solar cells using P3HT:PCBM

blend films subjected to different thermal annealing condi-

tions. We investigated the degradation mechanism of cells

containing a LiF buffer layer after post-annealing. We

clearly observed an ESR signal from PCBM radical

anions after the deposition of LiF/Al onto P3HT:PCBM

in dark conditions, which resulted from the formation of

PCBM�Liþ complexes at the PCBM/LiF interface. The

number of PCBM anions was remarkably enhanced by

the post-annealing, which is reasonably explained by the

surface segregation of PCBM and the dissociation of LiF

at the interface. The formation of PCBM anions caused

the performance degradation. Thus, ESR is an extremely

effective method for investigating the microscopic degra-

dation mechanisms of organic solar cells because it can

detect charge formation in devices during the various de-

vice fabrication steps.
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