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Electroabsorption under white light illumination to investigate the internal
electric field of the organic thin-film solar cells under operation

Takuya Nishimura, Tomotaka Furuyama, Masaru Miyazaki, Senku Tanaka,?

and Ichiro Hiromitsu®

Department of Physics and Materials Science, Interdisciplinary Graduate School of Science and Engineering,

Shimane University, Matsue 690-8504, Japan

(Received 23 September 2013; accepted 19 October 2013; published online 26 November 2013)

Internal electric field of the Schottky-barrier solar cells ITO/pentacene/H,-phthalocyanine
(H,Pc)/In/Al (cell A) and ITO/H,Pc/In/Al (cell B) was studied by electroabsorption spectroscopy
under white light illumination. The H,Pc films in the two cells have different crystal orientations.
Under short-circuit condition, the average internal field in the H,Pc layer of cell A is increased
by 2.5 times by an illumination of 40mW/cm” white light, which is due to a trapping of
photogenerated holes and a resulting dipole layer formation at the H,Pc/In interface, while
that of cell B is not affected by the white light illumination. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4835096]

The organic thin-film solar cell (OSC) is widely studied
in recent years as a candidate of the next generation solar
cell.'™ The energy conversion efficiency 5 of OSC has been
greatly improved in the last decade. However, further
improvements of # and stability are required for the commer-
cial use of OSC. To achieve the further improvements, study
of the internal electric field of OSC should be important
because electric field is a driving force of the photovoltaic
effect. It is well known that electroabsorption (EA) spectros-
copy is a technique to measure the internal field of organic
electronic devices.*® In EA, an electric-field modulation
Fsinoyt is applied to the device, and the synchronous
change in optical absorption coefficient, Aa, is detected. The
response Aw in the fundamental frequency ,, is proportional
to the static internal electric field F in the device*®

Ax o FoFmImy®?, (1)

where Imy  is the imaginary part of the third-order electric
susceptibility. Using the EA technique, much information
has been obtained on the mechanism of photocurrent genera-
tion in OSC.”"!

In all the past EA studies of the electric field, weak
monochromatic light was entered into the device and the
transmitted light intensity was detected to measure Aa. Since
the light intensity of the incident light was very weak, the
observed electric field was approximately that in the dark. In
the present study, we tried a new type of EA measurement,
i.e., EA under white light illumination (EAWL), by using a
white incident light of relatively strong intensity instead of
the weak monochromatic light, which enables the measure-
ment of the internal field of OSC under operation. The mea-
surement of EAWL becomes possible by a very simple
modification of the usual EA spectrometer, i.e., by placing
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the sample before the monochromator as in Fig. 1, instead of
after the monochromator in the usual spectrometer. In this
paper, we call the usual EA spectroscopy using the weak
monochromatic incident light as EA under monochromatic
light illumination (EAML).

It is expected that the internal electric field of OSC is
affected by the white light illumination when the photo-
generated carriers are trapped in the device, so that EAWL
should be especially useful to elucidate the role of carrier
traps in the photovoltaic effect. In the present study,
two types of Schottky-barrier OSC’s, ITO/pentacene/
H,-phthalocyanine (H,Pc)/In/Al (cell A) and ITO/H,Pc/
In/Al (cell B), shown in Fig. 2, were chosen to test the ability
of EAWL. In these devices, a Schottky barrier is formed at
the H,Pc/In interface. In cell A, the (31-3) crystal plane of
a-form H,Pc is aligned parallel to the substrate plane; in
other words, the b-axis (the current-easy axis) of o-H,Pc
stands on the substrate plane as shown in Fig. 2.'* In cell B,
on the other hand, the b-axis lays parallel to the substrate
plane.'? Since the current in OSC flows between the two
electrodes, it is expected that cell A should have a higher
performance than cell B. However, Naito and co-workers'?
showed that a ITO/pentacene/H,Pc/Cgo/bathocuproine/Ag
heterojunction cell had a lower performance than a cell with-
out the pentacene buffer layer. The lower performance of the
former was attributed to a larger resistance at an interface.'?
In the present study, the performance and the internal electric
field of simpler cells, i.e., the Schottky-barrier cells, were
studied to elucidate the effect of insertion of the pentacene
buffer layer. It will be shown by a combination of the

Hla logen ¢ N Monochro- |:> Photo- || Lock-in
amp mator multiplier | | amplifier
(50W) ;

Reference
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FIG. 1. Block diagram of EAWL spectrometer.

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4835096
http://dx.doi.org/10.1063/1.4835096
http://dx.doi.org/10.1063/1.4835096
mailto:hiromitu@riko.shimane-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4835096&domain=pdf&date_stamp=2013-11-26

223306-2 Nishimura et al.
Al 30nm) |
In (20 nm) |
H,Pc (120 nm) |
| ITO |
| Glass
Cell B
b
—_—
=2\ i
== “| WVANAAVAAAAN
oo |
[ 1TO | 1TO

FIG. 2. Schemes of cell A and B, and molecular orientations of H,Pc in the
two cells.

EAWL and EAML measurements that the photovoltaic per-
formance of cell A is strongly affected by a trapping of pho-
togenerated carriers.

H,Pc and pentacene were purchased from Acros and
Aldrich, respectively, and used after three and two sublima-
tions in vacuum. The ITO substrate of flat-ITO grade with a
9 Q/sq. sheet resistance was purchased from Geomatec, and
used after polishing,12 which was performed by rubbing the
ITO surface manually in one direction with a plastic eraser
(PLUS Statonary AIR-IN) 10000 times. The force applied
on the ITO surface by the eraser was roughly 2N. The aver-
age roughness R, of the polished ITO surface was ~1.0 nm.
Then, the ITO substrate was washed with tetrahydrofuran,
acetone, and dichloromethane and cleaned by illuminating it
by UV light from a Hg lamp.

Pentacene, H,Pc, In, and Al films were deposited on the
ITO substrate by vacuum evaporation under a pressure of
1 x 10~ Pa. The speeds of evaporation were 0.02nm/s for
pentacene and In, 0.05 nm/s for H,Pc, and 0.1 nm/s for Al, as
monitored using a quartz oscillator (ULVAC CRTM-5000 or
CRTM-6000). The effective area of the device was 0.35 cm®.

The block diagram for the EAWL measurement is shown
in Fig. 1. A white light from the 50 W halogen lamp was
entered into the sample, and the transmitted light was entered
into the monochromator. In the EAML measurement, on the
other hand, the sample was set between the monochromator
and the photomultiplier. In both EAWL and EAML, the
electric-field modulation was applied to the device using a
function generator whose output signal was V,,, sin w,t with a
modulation frequency w.,/(2m) of 1kHz and an amplitude V,,
of 0.25 V. The transmitted light intensity 7" was detected using
the photomultiplier. The amplitude of the change in the trans-
mitted light intensity, AT, with frequency m,, was detected
using the lock-in amplifier. Then, —AT/T is proportional to
the change in optical absorption coefficient, Ax. The inten-
sities of the white light for EAWL and the monochromatic
light for EAML were 40 mW/cm? and less than 0.1 mW/cm?,
respectively. The photocurrent-voltage measurement was car-
ried out under an illumination of 100 mW/cm? light of AM1.5
spectrum. All the measurements were performed with the
sample kept in air at room temperature.

Figure 3 shows the photo- and dark-current densities
(photo and Jgari) vs. bias voltage (Vpias) of cell A and B. In
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FIG. 3. Bias voltage dependence of the current densities of cell A and B (a)
under an illumination of 100 mW/cm? light of AM1.5 spectrum and (b) in
the dark.

Fig. 3(a), the short-circuit current density (/) of cell A is
substantially smaller than that of cell B. In Fig. 3(b), Jyar
under Vi, >0V of cell A is much smaller than that of cell
B, which indicates that the series resistance of cell A is much
larger. The lower photovoltaic performance of cell A is
caused by the larger series resistance.

Figure 4(a) shows the EAWL spectra of cell A with
Viias =2, 0, and —1 V. The lineshape is characteristic of the
EA spectrum coming from the bulk of phthalocyanine
film.”"!" It is observed that the intensity of the spectrum has
a strong bias dependence. This indicates that the internal
electric field in the H,Pc layer strongly depends on the bias
voltage, because the EA signal intensity is proportional to
the internal field as shown in Eq. (1).

Figure 4(b) shows the EAWL spectra of cell B. The line-
shape for Vi;.s =0 and —1 V is nearly the same with that of
cell A in Fig. 4(a). For Vy;,s =2V, on the other hand, a new
peak appears at 560nm. The signal of this new peak is
phase-shifted from that of the usual EA signal, because the
peak at 560 nm could be observed even when the phase of
the lock-in detection was shifted by 90°. This indicates that
the peak at 560nm is due to excited-state absorption of

4 -_ ) (Vbias) ’\ _-

500 600 700 800
A (nm)

FIG. 4. EAWL spectra of (a) cell A and (b) cell B under the applied bias
voltages (Vipias) Of 2, 0, and —1 V. The dotted curve in (b) is the EAWL
spectrum of cell B after 2 month-aging measured under Vi, =2 V. The EA
signal intensity Vg, is defined in (a).
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trapped charges in the H,Pc film."*'> This assignment is sup-
ported by the energy of the excited-state absorption of
Zn-phthalocyanine which was reported to be 2.3eV, i.e.,
540 nm."® From the ratio I,/l,=0.65, where I, and I, are the
heights of the 540nm peak for the phases of 0° and 90°,
respectively, the lifetime 7 of the excited state is estimated to
be ©=(,/I,)/wn=1.0 % 10~* s.'* The excited-state absorp-
tion is usually accompanied by a ground-state bleaching,'*'”
which is expected to be observed at 550-750 nm for H,Pc.
However, the signal of the ground-state bleaching is not
clearly identified in Fig. 4(b) probably because of an overlap
of the EA signal. The peak at 560 nm of cell B was detecta-
ble only for Vi,;,s >2 V because the number of the trapped
charges is large enough under this bias condition due to
enhanced charge injection. The dotted curve in Fig. 4(b)
shows the EAWL spectrum of cell B after 2 month-aging
measured under Vy;,s =2 V. It is observed that the intensity
of the 560 nm peak became significantly large by the aging,
which indicates that the number of the carrier traps was
increased. The peak at 560 nm was not observed for cell A
because the carrier injection is much less efficient as
observed in Fig. 3(b).

It is noted that the EA signal intensity of cell A in
Fig. 4(a) is significantly larger than that of cell B in
Fig. 4(b). This is mainly attributed to the difference in the
sensitivity of the EA detection between cell A and B caused
by the difference in the molecular orientation of H,Pc shown
in Fig. 2. The H,Pc film of cell A has a 3.0 times larger
absorption coefficient o than that of cell B because of the dif-
ferent molecular orientation.'? The EA spectrum of H,Pc is
close to the 2nd derivative of the absorption spectrum. In
this case, the following relationship is fulfilled"’

2
IQ(AE)Z —

- 1 28205
T 20E? 2

(@)

where Aa is the change of o by the electric field F, E is the
optical transition energy of the molecule, AE is the 1st order
Stark shift, and m is the dipole moment induced by the opti-
cal transition. When o becomes 3.0 times larger with the
spectral line shape unchanged, 0°#/0E* also becomes 3.0
times larger. Assuming that the dependence of m-F on the
molecular orientation is weak, Ao, which correlates with the
EA signal intensity, becomes substantially larger.

The EA signal intensity, Vga, is defined in Fig. 4(a) as
the difference between the signal heights at 760 and 730 nm.
This wavelength region was chosen for the definition of Vga
because the disturbance by the spectra coming from the
excited-state absorption and ground-state bleaching is negli-
gible. The bias voltage dependence of Vg, by EAWL and
EAML is shown in Fig. 5. First, we examine the results of
EAML. The plot of the EAML intensity of cell A in Fig. 5(a)
crosses the abscissa at 0.18 V which corresponds to the
built-in potential (V3,;) in the dark. On the other hand, Vy,; of
cell B in the dark is 0.59V as observed in Fig. 5(b). In the
present cells, a Schottky barrier is formed at the H,Pc/In
interface, but not at the pentacene/H,Pc and ITO/H,Pc inter-
faces because no rectification was observed in the devices
ITO/pentacene/H,Pc/Cul/Au and ITO/H,Pc/Cul/Au, where
Cul/Au gives an ohmic contact with H,Pc. The smaller Vy;
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FIG. 5. Bias voltage dependence of EAWL and EAML intensities of (a) cell
A, (b) cell B, and (c) a ITO/pentacene (5 nm)/H,Pc (120 nm)/Al (30 nm) cell.

of cell A indicates that the Schottky-barrier height at the
H,Pc/In interface of cell A is smaller than that of cell B, as
illustrated in Fig. 6 for the case of V,;,,=0V in the dark.
The difference in the barrier height between cell A and B
may be explained by the difference in the crystal orientation
in the H,Pc film which may cause a difference in the vacuum
level at the surface.'®

Next, the result of EAWL for cell A in Fig. 5(a) is exam-
ined. Vg at Vijas =0V by EAWL is —1.5 x 10~*, while that
by EAML is —0.6 x 10~*. This indicates that the internal
electric field in the H,Pc layer becomes 2.5 times larger by
the white light illumination. Under the present modulation
frequency of 1 kHz, the observed electric field by EA is the
average field in the H,Pc layer, because the modulation volt-
age is applied to the whole H,Pc layer, which was checked
by a capacitance measurement:’ The capacitance of cell A
was independent of the bias voltage between Vy;,s = —2 and
1V, with a value of 10 nF which corresponds to the value for
a capacitor with an inter-electrode distance of 120nm, an
area of 0.35 cmz, and a dielectric constant of 3.9. The
increase of the average electric field in the H,Pc layer by the
white light illumination indicates that an interface dipole is
induced by a trapping of photogenerated charges. Figure 6(a)
shows the proposed band diagrams of cell A. In the dark
with Vi;s =0V, the electric field exists near the H,Pc/In
interface due to the Schottky-barrier formation. By the white

oL ]

ITO H2ch In/ALITO|

Pentacene Pentacene Pentacene

Vhias =0V Vhias =0V Vhias > 0.6 V

In the dark Under white-light illumination

— © o
S

ITOl  HyPc /Al ITOl  HyPc  1In/Al 1O HyPc  |In/Al

Vias =0V Vbias =0V Vbias > 0.6 V

In the dark Under white-light illumination

FIG. 6. Proposed energy band diagrams of (a) cell A and (b) cell B. For
Viias=0V in the dark, the built-in potential is smaller for cell A. Under
white light illumination with Vy,;,s =0V, a dipole layer is formed in cell A at
the H,Pc/In interface. For Vy;,s > 0.6V under white light illumination, a
dipole layer is formed at the ITO/H,Pc interface for cell B and at either the
pentacene/H,Pc or ITO/pentacene interface for cell A.
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light illumination, some of the photogenerated holes in the
H,Pc layer are trapped at the surface of the H,Pc layer.
These trapped holes induce negative charges at the surface
of the In electrode, forming an interface dipole layer. Since
the energy level of the H,Pc near In is lowered by the dipole
formation, the average electric field in the H,Pc layer is
increased. The location of the dipole layer formation is the
H,Pc/In interface but not the pentacene/H,Pc interface, an
evidence of which is given by a result for a ITO/pentacene/
H,Pc/Al cell shown in Fig. 5(c). When Al cathode is used
instead of In/Al, no substantial difference is observed
between the EAML and EAWL intensities, which indicates
that no dipole layer formation occurs. The increase of the
built-in potential of cell A by the white light illumination
should enhance the photovoltaic performance of cell A,
although it is still poorer than that of cell B even after the
enhancement.

In the case of cell B, on the other hand, Vg, at
Viias =0V by EAWL is nearly the same with that by EAML,
as observed in Fig. 5(b). This indicates that the internal field
at Vi =0V in cell B is not affected by the white light illu-
mination, in contrast to the case of cell A. It is interpreted
that the density of the carrier traps at the H,Pc/In interface in
cell B should be much lower than that in cell A. The differ-
ence between cell A and B may be attributed to the differ-
ence in the molecular orientation at the surface of H,Pc
layer, as observed in Fig. 2, which may cause the different
trap densities at the H,Pc/In interface.

For Vi > 0.6V, on the other hand, the internal electric
field of cell B is strongly altered by the white light illumina-
tion in contrast to the case of Vy,s=0V. In Fig. 5(b), Vga
by EAWL is nearly zero for Vi;,s >0.6V, while Vs by
EAML increases monotonically. The difference between
EAML and EAWL is again explained by a formation of an
interface dipole layer due to carrier trapping. However, the
dipole for Vi,;,s > 0.6V should have a different origin from
that for Vy;,s =0 V. Since the dipole for V4, =0V was gen-
erated at the H,Pc/In interface, the dipole for Vi;,s > 0.6V
may be generated at the ITO/H,Pc interface, as illustrated in
Fig. 6(b). Electron traps exist at the surface of the H,Pc
layer, and the photogenerated electrons are effectively
trapped by these traps for Vy,;,s > 0.6 V because the electrons
drift toward ITO. The similar band flattening due to a trap-
ping of the injected carriers in the dark has been reported
before.”! For cell A, the difference in Vg between EAML
and EAWL becomes smaller by increasing Vi, from O to
0.6 V, and again increases for Vy;,s > 0.6V, as observed in
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Fig. 5(a). The increase for Vy;,s > 0.6 V is explained by the
dipole layer formation at either the pentacene/H,Pc or
ITO/pentacene interface under the white light illumination.

In conclusion, the effect of white light illumination on
the internal electric field of cell A and B was studied by
EAWL and EAML measurements. In cell A, the average
electric field in the H,Pc layer under Vi;,s=0V was
increased by 2.5 times by the white light illumination, which
is explained by a formation of a dipole layer at the H,Pc/In
interface. In cell B, on the other hand, the internal field in the
H,Pc layer was quenched for Vi, > 0.6 V under the white
light illumination, which is explained by a formation of a
dipole layer at the ITO/H,Pc interface. It was demonstrated
that EAWL is a powerful technique to investigate the inter-
nal electric field of OSC under operation.

This work was supported by a Grant-in-Aid (24560012)
for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.
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