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Electroabsorption(EA) study with an electric-field modulation frequency wy,/(27) of 1
Hz is carried out for two types of typical organic Schottky-barrier cells, Au/Zn-phthalocyanine
(ZnPc)/Al and Au/ZnPc/In/Al, in order to elucidate the role of the inner electric field
in the photocurrent (Iphoto) generation. From the bias dependence of the 1F- and 2F-
EA intensities measured at the frequencies of w,, and 2w,,, respectively, it is shown that
the inner electric field Ey as well as the modulation electric field E,, is quenched in the
ZnPc layer with the forward bias larger than ~1 V. For Au/ZnPc/Al, a good correlation
is observed between Ey and Ijneto, Which indicates that Inoe is generated by FEy. For
Au/ZnPc/In/Al, on the other hand, no correlation is observed between Ey and Iphoto. An
interpretation of the latter is that I noe is caused by an increase of the charge-injection
probability at the ZnPc/In interface as a result of the trapping of photogenerated charges
in the interface region. For both systems, the depletion layer is detected by a capacitance-

voltage measurement at 0.2 Hz.
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1. Introduction

The organic-thin-film solar cells have been studied as the candidates for the practical
devices based on organic semiconductors.b? However, the mechanism of the photocurrent
generation in the organic solar cells is not yet clearly understood. The mechanism should
be closely related to the distribution of the inner electric field in the device because the
inner electric field may cause the dissociation of the excitons as well as the drift of the
electrons and holes. This is the reason why the study of the inner electric field has a
critical importance.

The inner electric field is usually studied by electroabsorption (EA) spectroscopy,®®
in which an electric-field modulation is applied to the device and a synchronous change
in the optical-absorption coeflicient is detected. The 1F-EA signal intensity, which is the
EA intensity detected at the fundamental modulation frequency wy,, is proportional to
EWE,,, where Ej is the inner electric field and £, is the modulation electric field. Usually,
E,, is assumed to be constant in the organic layers. Then, the 1F-EA intensity becomes
simply proportional to Fy. Recently, we have studied the correlation between Fj and the
photocurrent of Zn-phthalocyanine (ZnPc)/perylene derivative (PTCBI) heterojunction
solar cells in order to elucidate the role of Ej in the generation of photoexcited carriers.?)
A good correlation was observed between Fy and the photocurrent for the ZnPc layer
indicating that the excitons are dissociated by Fjy, while, for the PTCBI layer, an anoma-
lous electric field was detected in the interface region which did not have any correlation
with the photocurrent.

In the present paper, an EA study is carried out for two types of typical Schottky-
barrier cells, Au/ZnPc/Al and Au/ZnPc/In/Al. By measuring the 2F-EA intensity, which
is the EA intensity detected at the frequency of 2w,,, it will be shown that the modulation
electric field F,, is not constant in the ZnPc layer, which indicates that the 1F-EA intensity
is not simply proportional to the inner electric field Fy. It will be shown, however,
that the information about Fjy still can be obtained. We have already reported an EA
study for Au/ZnPc/Al, in which the features of the insulating layer at the ZnPc/Al

interface was discussed.” In this previous study, however, only the 1F-EA measurement



with the modulation frequency of 100 Hz was carried out for a very limited bias range.
In the present study, a much more comprehensive study will be carried out with the
measurements of the 1F- and 2F-EA intensities for a wider bias range with the modulation
frequency of 1 Hz as well as the measurements of the dark current, admittance and
photocurrent. As a result, the bias dependence of the inner electric field £ and the role

of Ey in the photocurrent generation will be elucidated.

2. Experiment
2.1 Sample preparation

ZnPc was purchased from Kanto Chem. Co. Inc. and was used after subliming three
times in vacuum. Au of 99.95 % purity, Al and In of 99.99 % were purchased from Nilaco
Corp.

Two types of ZnPc Schottky-junction systems, i.e. Au/ZnPc/Al and Au/ZnPc/In/Al
were prepared as shown in Fig. 1. On a quartz substrate of 9 x 24 x 1 mm?, the thin
films were evaporated under a pressure of 1 X 10~ Pa. The Al film in Au/ZnPc/In/Al
is a supporting electrode for In because the electric conductivity of the In film is quite
poor.®) The film thickness was 13 nm for Au, 100 nm for ZnPc, 20 nm for In and 25 nm for
Al. The speed of the evaporation was 0.02 nm/s for Au, 0.1 nm/s for ZnPc and Al, and
0.01 nm/s for In, monitored by a quartz oscillator (ULVAC CRTM5000 or CRTM6000).
The active area of the device measures 0.3 cm?. All the measurements were carried out

with the sample in the air at room temperature.

2.2 Admatltance measurement

The circuit for the admittance measurement is shown in Fig. 2. The parallel connection
of the conductance G, and capacitance C), in Fig. 2 is an equivalent circuit for the sample.
A sinusoidal input voltage Vi, = Vpsinwt with a frequency w/(2r) between 0.2 and 10°
Hz and an amplitude Vf of 0.05 V was applied to the circuit, and the output signal
Vour = AVpsin(wt | §) across a small resistance r was observed using a digital oscilloscope.
Then, the conductance G, and the capacitance C,, were obtained from the gain A and
the phase shift §.9 The value of the resistance r was chosen to be between 1 k{2 and 100

k() depending on the frequency and the applied bias voltage so as to be sufficiently low
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compared to the impedance of the sample.

2.3 FEA measurement

The inner electric field was studied by the electroabsorption (EA) measurement, in
which an electric-field modulation £, sinw,,t was applied to the device and a synchronous
change in the optical-absorption coefficient was detected. The change, Ac, in the optical-
absorption coefficient has the following relationship with the static inner electric field Ej

in the device:®

, 2 E?
Aa oc Imy® { (Eé + 7m> + 2Lo By, sin wy,t — Tm cos 2wmt} , (1)

where Imy® is the imaginary part of the third-order electric susceptibility. LEquation
(1) indicates that the amplitude of the response in the fundamental frequency w,, is
proportional to EoFE,,, while that of the 2w, response is proportional to £Z.

The electric circuit for the EA measurement is shown in Fig. 1. An electric-field mod-
ulation was applied to the sample by using a function generator whose output signal was
Vmsinw,,t with a modulation frequency w,,/(27) of 1 Hz and an amplitude V;, of 0.5 or
0.25 V. The probe light was entered normally to the active area of the device from the
quartz side. The light source was a 100 W halogen lamp followed by a monochromator.
The light intensity depended on the wavelength but was always smaller than 20 W /cm?.
The transmitted light intensity 7" was detected by a photomultiplier tube. The change,
AT, of the transmitted light intensity due to the electric-field modulation was measured
by using a lock-in amplifier. AT is related to the change, A«, of the optical-absorption

coefficient of ZnPc by the following equation:

—% — dxAa, )

where d is the depth of the ZnPc layer into which the modulation electric field is effectively

applied.

2.4 Photocurrent measurement
Two types of photocurrent measurements were carried out. One is the measurement

of the stationary-state photocurrent which was detected by a lock-in amplifier under
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an illumination of a 630-nm light chopped at 10 Hz. The light source for this type of
measurement was the same as that for the EA measurement, and the illumination was
from the quartz side. The positive directions of the photocurrent and the applied bias
voltage are defined in Fig. 1(a).

The other type of the measurement is for the time dependence of the photocurrent after
turning on and off the light. For this type of measurement, a 633-nm light of 600 W /cm?
was used which was obtained by using a He-Ne laser of 5 mW and a beam expander. The
illumination was from the quartz side. The switching time for turning on and off the
light was 50 ps. The transient signal was accumulated and averaged by using a digital

oscilloscope.
3. Results

3.1 Darlk J-V characteristics

Figure 3 shows the bias dependence of the dark current density of the Au/ZnPc/Al
and Au/ZnPc/In/Al cells. The rectification ratio at Viz,s = £2 V is 30.6 for Au/ZnPc/Al
and 1050 for Au/ZnPc/In/Al. The current density of Au/ZnPc/Al is smaller than that of
Au/7nPc/In/Al by more than two orders of magnitude. This suggests that an insulating

layer exists at the ZnPc/Al interface.

3.2 Admiltance

Figure 4 shows the frequency dependence of the conductance G, and capacitance C,
of Au/ZnPc/Al and Au/ZnPc/In/Al under the bias voltage Vias of 42, 0 and —2 V.
Generally, G, is determined by the sum of two contributions, i.e. the conductivity due
to free carriers and the dielectric relaxation of localized charges, while (), is determined
only by the latter. The former contribution Gy due to free carriers corresponds to the
low-frequency limit of G, since the contribution from the dielectric relaxation disappears
in this limit.” As seen in Fig. 4(a), Gy becomes larger by applying the forward bias,
which is directly related to the rectification properties shown in Fig. 3. In the whole
frequency range between 10~ ' and 10° Hz, (G, decreases and (), increases as the frequency
is lowered. Since Cj, in the frequency range between 10* and 10° Hz does not have

significant bias dependence, the frequency dependence of ), and G, in this frequency
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range is not related to the localized charges because the number of the localized charges
should be bias dependent, but is attributed to the intrinsic response rate of the present
systems: Consider that the present system is equivalent to an RC' circuit connected in
series, having a response rate of 1/(RC). The conductance g,(w) and capacitance ¢,(w)

of this RC' circuit become,

B (WCR)?
%) = R wore (@)
c
Cp<w) = 11 ((.dOR)Q : <3b)

These equations indicate that g,(w) decreases and c¢,(w) increases by decreasing the fre-
quency near w = 1/(RC'). The frequency dependence of G, and Cj, in the range between
10* and 10° Hz in Fig. 4 is attributed to this type of frequency dependence. The sim-
ilar frequency dependence has been reported for a Cgy Schottky-barrier system.” The
frequency dependence of G, and C, in the range between 10~ and 10* Hz in Fig. 4,
on the other hand, has a significant bias dependence, and is attributed to the dielectric
relaxation of localized charges through their hopping motion.”) The dielectric relaxation
rate of the localized charges is distributed in a wide frequency range between 107! and
10* Hz.

In order to elucidate the features of the band bending in the system, the 1/ C’E—Vbias
curves are plotted in Fig. 5 for the frequency of 0.2 Hz. This frequency was chosen be-
cause (j, has a significant frequency dependence for the higher frequencies. At 0.2 Hz,
the localized charges can follow the applied alternating electric field so that the charge
distribution in the systems is always in equilibrium. In Fig. 5, 1/ C’g has a linear depen-
dence on Vi in the range of —0.8 V< V4;,5<0.4 V for Au/ZnPc/Al and —1 V < V4;,5<0
V for Au/ZnPc/In/Al

The linear dependence is attributed to the dependence of the depletion-layer width on
Visas: Due to the standard theory of the depletion capacitance,'? the linear dependence

of 1/C2 is formulated as follows.

1 2
0_3 = LSQTM(VD — Vbias), (4)

where Vp is the diffusion potential, Ny is the density of the negative localized charges in
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the depletion layer, S = 3.0x107° m? is the effective area of the device, ¢y = 8.85x107!2
F/m is the permittivity of the free space and € is the dielectric constant of ZnPc. € is
estimated to be 4.1 using the relationship C' = €€(S/d, where d = 1.0 x 1077 m is the film
thickness of ZnPc and C'= 1.1 x 108 F is the intrinsic capacitance of the present samples
estimated from the value of C, at 10* Hz for Vias = 0 V in Fig. 4. At this frequency, the
localized charges do not respond to the alternating electric field, so that C, is determined
simply by €, d and S of ZnPc with no contribution from the localized charges.

It is noted that Saleh et al. reported a value of € as low as 1.56 for ZnPc films, which
was estimated by a capacitance measurement at 1 kHz.'Y However, 1 kHz is obviously
much higher than the response rate of their samples because they report a steep increase
of C,, by lowering the frequency in the 100 Hz region for Vi, = 0 V, indicating that the
response rate is in the order of 100 Hz. The slow response rate is probably due to a large
resistance of their samples which is larger by three orders compared to our samples. The
measurement of the intrinsic capacitance ' for the estimation of ¢ must be done at a
lower frequency than the response rate of the system, as is seen from eq. (3b).

The straight lines in Fig. 5 are the calculated results using eq. (4). By this fitting, it is
estimated that Vp = 0.50 V and Nx = 2.1 x 10 m3 for Au/ZnPc/Al and Vp = 0.24
Vand Ny = 1.5 x 102 m™3 for Au/ZnPc/In/Al. Then, the depletion-layer width W for
Viias = 0 V is estimated to be 33 nm for Au/ZnPc/Al and 27 nm for Au/ZnPc/In/Al

using the following relationship.'?)

W {2606(VD — Vbias) }1/2‘
eND

()

For Au/ZnPc/In/Al, 1/C% in the range of 0 V< Vi <0.2 V deviates from the
theoretical straight line. This is due to a significant increase in the number of localized

charges as a result of the efficient injection under the forward bias condition.

3.8 Electroabsorption

Figure 6 shows the 1F-EA spectrum of Au/ZnPc/Al for Vs = —2 V detected at the
fundamental modulation frequency w,,. This spectrum is assigned to the ZnPc spec-
trum since it is in the same wavelength range with the optical absorption spectrum of
ZnPc.® The similar EA spectrum with the identical line shape was observed also for
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Au/ZnPc/In/Al. The EA-signal intensity Vga is defined in Fig. 6 by the difference be-
tween the peak heights at 630 and 670 nm. Figure 7 shows the bias dependence of 1F-Via
of Au/ZnPc/Al and Au/ZnPc/In/Al. At Vis = 0 V, 1F-Vga has negative finite values,
indicating that there exists a finite inner electric field Fy in the ZnPc layer, because 1F-
VEa Is proportional to Eg kb, where E,, is the modulation electric field. By increasing the
reverse bias Vis <0V, the absolute value of 1F-Vg, increases. By increasing the forward

bias Viias > 0V, on the other hand, the absolute value of 1F-VEa decreases and becomes

nearly zero at Vs 2 1V for Au/ZnPc/Al and Vis 2 0.5V for Au/ZnPc/In/Al.

The 2F-EA spectrum of the present systems, detected at the frequency of 2w,,, has the
identical line shape with the 1F-EA spectrum shown in Fig. 6. Figure 8 shows the bias
dependence of the 2F-EA intensity (2F-Vga). For both Au/ZnPc/Al and Au/ZnPc/In/Al,
2F-Vga decreases by applying the bias of either sign. The decrease is steeper for the
forward bias, and 2F-Vga disappears at Vias 2 1.5V for Au/ZnPc/Al and Vis 2 0.8 V
for Au/ZnPc/In/Al. It is noted that no spectral broadening occurs by applying the bias,
so that the decrease of the 2F-EA intensity really occurs. This result indicates that the
modulation electric field F,, supplied to the ZnPc layer is bias dependent, because 2F-Vga

is proportional to E2,. The origin of the bias dependence of E,, will be discussed in §4.1

3.4 Photocurrent

Figure 9 shows the bias dependence of the photocurrent density Jphoto 0f Au/ZnPc/Al
and Au/ZnPc/In/Al, detected by a lock-in amplifier under an illumination of a 630-nm
light chopped at 10 Hz from the Au side. The light source was the same as that for
the EA measurement. In the case of Au/ZnPc/Al, the absolute value of Jypoto increases
by increasing the reverse bias, while, by increasing the forward bias, the absolute value

> 1 V, no photocurrent is observed. In the case of

~/

of Jonoto decreases and, for Vi
Au/ZnPc/In/Al, on the other hand, Jpneto increases steeply in the forward bias region.
Thus, the two systems have totally different Jynowo-Viias characteristics.

Figure 10 shows the time dependence of Jpeto of Au/ZnPc/Al after turning on and off
a 633-nm light from a He-Ne laser. For Vis = +2 V (Fig. 10(a)), no photocurrent is

detected in agreement with the result in Fig. 9(a). For Vi = 0V (Fig. 10(b)), Jonoto



decreases steeply after turning on the light to a minimum value within 2 ms, and then,
increases gradually to a negative equilibrium value with a time constant 7, of ~20 ms.
After turning off the light, Jpneto increases steeply to a maximum value within 2 ms, and
then, gradually decreases to zero with 7, ~ 20 ms. For Vius= —2 V (Fig. 10(c)), the
behavior after turning on the light is similar to that for Vi, = 0V, but T, to reach
the equilibrium value is ~600 ms which is much longer than that for Vi, = 0 V. After
turning off the light, Jpnoto increases steeply to zero within 2 ms.

Figure 11 shows the time dependence of Jypoto 0f Au/ZnPc/In/Al. For Vi = 0V
(Fig. 11(b)), the features of the time dependence are similar to those for Au/ZnPc/Al
with the initial rise time after turning on and off the light being 0.2 ms, and T, to reach
the equilibrium values being ~3 ms. For Vs = 42 and —2 V (Figs. 11(a) and 11(c)),
however, the features are totally different: Jpnoto reaches the equilibrium values monoton-
ically after turning on and off the light. Thus, Au/ZnPc/Al and Au/ZnPc/In/Al have
different photocurrent transients. A detailed discussion on the results of the photocurrent

measurements will be given in §4.2.

4. Discussion

4.1 Inner Electric I"ield

When the EA technique is used to measure the inner electric field Ey of the devices,
the 1F-EA intensity (1F-Vga), which is proportional to EgE,,, is usually measured on
the assumption that the externally applied modulation electric field F,, is constant.®©
However, the strong bias dependence of the 2F-EA intensity (2F-Vga) in the present
results in Fig. 8 indicates that £, strongly depends on Vi, since 2F-Vga is proportional
to EZ.

The bias dependence of 2F-Vga in the present results is interpreted separately for
Viias S0V and Vigas > 0 V. For Vs SOV, the bias dependence of 2F-Viga is attributed
to the bias dependence of the depletion-layer width as follows: The present modulation
frequency of 1 Hz is sufliciently low so that the localized charges can follow the alternating

electric field to keep the charge distribution in equilibrium at each moment. In this case,

the modulation voltage V,, sinw,,t is supplied only to the depletion layer of width W, and



E,,, in the depletion layer becomes V,,,/W. As a result, only the depletion layer contributes

to the EA signal, and 2F-Vga should have the following relationship.

V2 V2
W > \/VYD_VYbias7

where eq. (5) was used for W. The calculated curves of eq. (6) using the value of Vp

IF-Viga o B2 W = (6)

obtained by the present capacitance-voltage measurement in §3.2 are shown in Fig. 8.
It is seen that the bias dependence of 2F-Vza in the Vs SOV region is qualitatively

explained by eq. (6). 1F-Vga, on the other hand, has the following relationship.
1F_VEA X EdEmW = Ed‘/;rby <7>

where Fjy is the inner electric field in the depletion layer. Thus, 1F-Vga is proportional
to By for Vijas S0 V. Since Eg~ (Vi — Viias)/W o< vV — Viias, 1F-Viza is expected to be
proportional to v/Vp — Viias. The calculated curves for 1F-Via are shown in Fig. 7. The
agreement between the experiment and the theory is satisfactory for Vi, SO0 V.

For Vi, > 0V, the situation is totally different. The depletion layer width W becomes
negligibly small, so that, if eq. (6) holds, 2F-Vga is expected to increase by increasing
Vhias- However, the experimental value of 2F-Va decreases and disappears for Vi1 V.
This indicates that F,, becomes zero for Vi;,s2>1 V although a finite modulation voltage
Vinsinw,,t is applied to the samples. In other words, the alternating modulation voltage
does not affect the electric field in the ZnPc layer for Vs> 1 V. Since the present
modulation frequency of 1 Hz is so slow, the alternating modulation voltage and the
slowly scanned DC bias voltage should have a similar effect: The scanning of the DC bias
voltage for Vis = 1V should not affect the inner electric field £y. Thus, £y should be
constant for Vizas = 1 V. This constant value of Fy should be zero because the experimental
value of [1F-Vgal/ \/m , which is proportional to £y, becomes zero in the Vi ~ 1
V region. Thus, it is concluded that both Ey and E,, are quenched in the ZnPc layer for
Viias = 1 V.

The quenching of Fy and F,, may occur when the applied voltages Vs and Vp,

are wasted at some part of the device. The location where this anomaly occurs is

at the Au/ZnPc interface because of the following experimental observation: Three
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types of samples having symmetric metal electrodes, Au/ZnPc/Au, Al/ZnPc/Al and
Al/In/ZnPc/In/Al, were prepared, and their 1F-Vga and 2F-Vga were measured for
—2 V < Vhiss < 2 V. Both 1F-Vga and 2F-Vga were zero for Au/ZnPc/Au in the
whole bias range, while finite 1F-Vza and 2F-Vga were detected for Al/ZnPc/Al and
Al/In/ZnPc¢/In/Al. This indicates that £y and F,, in the ZnPc layer is quenched for
Au/ZnPc/Au by some sort of slipping of the Fermi level of Au relative to that of ZnPc
at the Au/ZnPc interface. This slipping occurs only when a positive bias is applied to
Au relative to ZnPc because, in the case of the Schottky junctions Au/ZnPc/Al and
Au/ZnPc/In/Al, the anomaly occurs only under the forward bias condition. A more de-
tailed study is in progress on the mechanism of this slipping. The band diagram deduced
from the present results is shown in Fig. 12.

In our previous EA study of Au/ZnPc/AlL7 the bias dependence of the 1F-EA intensity
for 0 V £ Viias S +1 V was explained by a model in which the effect of the insulating layer
at the ZnPc/Al interface was taken into account. The present results indicate that the
bias dependence of the EA intensity is strongly affected by the slipping of the Fermi levels
at the Au/ZnPc interface. A correct model should take the effect of this slipping into
account as well as the effect of the insulating layer, which is not possible at this moment

because the features of the slipping have not been well understood.

4.2 Photocurrent

As shown in Fig. 9(a), the photocurrent density Jpnoto 0f Au/ZnPc/Al disappears for
Viias = 1 V. Since the inner electric field Fy is also quenched in this bias region, Jopeto has
a good correlation with Ep. This indicates that the photoinduced carriers in Au/ZnPc/Al
are generated and drifted by L. In the case of Au/ZnPc/In/Al, on the other hand, Jphoto
increases steeply for Vi,s > 0V, having no correlation with £jy. The difference in the bias
dependence of Jpnoto between the two systems may be related to the difference in the time
dependence of Jppeto in Figs. 10 and 11. Now, the mechanism of the time dependence is
discussed.

The transient curves of Au/ZnPc/Al with Vi = 0 and —2 V (Figs. 10(b) and 10(c))
and of Au/ZnPc/In/Al with Vi = 0V (Fig. 11(b)) are explained by an overlap of two
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components:

Jphoto(t) = [ () + Jo, (8)

where f(f) is a capacitive component with a steep initial rise followed by a monotonic
decay to zero and Jy is a constant which expresses the stationary photocurrent density
after turning on and off the light. The simulated curves for f(¢) and Jy are shown in
Figs. 10(b), 10(c) and 11(b). The value of Jy is finite after turning on the light and zero
after turning off, as expected. Jy after turning on the light corresponds to the increase of
the number of free carriers.

The capacitive component f(¢) originates from a sudden change of the charge distribu-
tion in the samples after turning on and off the light. By turning on the light, photoexcited
carriers are generated, and some of them are trapped in the ZnPc layer. The negative and
positive trapped charges distribute asymmetrically in the ZnPc layer because of the inner
electric field. In order to compensate the voltage change by these trapped charges, electric
current is induced through the external circuit, which corresponds to the component f ()
after turning on the light. Similarly, f(f) after turning off the light is an induced current
due to a sudden disappearance of some of the trapped charges. In the case of Vi = -2V
for Au/ZnPc/Al in Fig. 10(c), no capacitive component is seen after turning off the light.
This is because the detrapping of the trapped charges occurs only very slowly, so that the
induced current is negligibly small. This interpretation is supported by an experimental
result shown in Fig. 13 in which the peak height AJ of the capacitive component f()
after turning on the light is plotted as a function of the period Ty, during which the
light is kept off in the on-off cycles. The peak height AJ increases as Ty,.k increases, and
does not reach the stationary value even for Ty, = 160 s. For the short Ty, the light
is turned on before all the trapped charges disappear, so that the increase of the number
of the trapped charges by turning on the light is limited.

The time dependence of Jypeto for Au/ZnPe/In/Al with Vigs = +£2 V in Figs. 11(a)
and 11(c) has totally different features from the other cases. No capacitive component,
f(t) is observed, and the time constant to reach the equilibrium value is in the order of

0.1 ~ 1 s. The relatively long time constant indicates that the photocurrent involves a
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trapping process. Since the photocurrent in these cases does not have a correlation with
the inner electric field, the increase of the photocurrent is not attributed to the increase of
the carrier density due to the dissociation of the excitons by the electric field. A possible
interpretation may be that a small number of photogenerated charges are trapped near
the ZnPc¢/In interface, which may affect the energy-barrier structure at the interface to

enhance the charge-injection probability.!?

5. Conclusions

The admittance measurement of Au/ZnPc/Al and Au/ZnPc/In/Al showed that there
exist free carriers and localized charges in the system, and the localized charges have
a dielectric relaxation rate distributed between 107! and 10* Hz, which originates from
the hopping motion of the localized charges. Because of the slow dielectric relaxation,
the observation of the depletion layer by the C-V measurement was possible with the
frequency of 0.2 Hz.

The inner electric field was studied by the 1F- and 2F-EA measurements. An important
finding is that the 2F-EA intensity has a strong bias dependence, which indicates that
the modulation electric field F,, in the ZnPc layer is bias dependent although the applied
modulation voltage V,, is constant. For Vs < 0V, the bias dependence of the 2F- as
well as the 1F-EA intensity is explained qualitatively by the usual theory of the depletion
layer width eq. (5). For Vs > 0V, on the other hand, both 1F- and 2F-EA intensities
clearly deviates from the above theory, and the modulation electric field £, and the inner
electric field Fy disappear in the ZnPc layer for Vizs = 1 V.

The photocurrent of Au/ZnPc¢/Al has a good correlation with the inner electric field Ej.
This indicates that the photoexcited carriers in Au/ZnPc/Al are generated and drifted
by Ey. For Au/ZnPc/In/Al, on the other hand, no correlation is observed between the
photocurrent and FEy. The photocurrent transients of Au/ZnPc/Al and Au/ZnPc/In/Al
have different features. It is interpreted that the photocurrent of Au/ZnPc/In/Al under
the bias is generated by the change of the charge-injection probability at the ZnPc/In

interface caused by the trapping of the photogenerated charges.
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Figure captions

Fig. 1. Scheme of (a) Au/ZnPc/Al and (b) Au/ZnPc/In/Al and the electric circuit for

the EA measurement.

Fig. 2. Electric circuit used for the admittance measurement. The parallel connection
of the conductance G, and capacitance C) is an equivalent circuit for the sample.
Fig. 3. The bias dependence of the dark current density of (a) Au/ZnPc/Al and (b)

Au/ZnPc/In/Al

Fig. 4. The frequency dependence of (a) conductance G, and (b) capacitance C, of
Au/ZnPc/Al (A, e, ¥) and Au/ZnPc/In/Al (A, 0, V). Vijas = +2 V (A, A), OV (e,
o), and =2 V (v, V).

Fig. 5. The bias dependence of 1/[capacitance]®> for (a) Au/ZnPc/Al and (b)
Au/ZnPc/In/Al measured at 0.2 Hz. The solid lines are the calculated results us-
ing eq. (4).

Fig. 6. The 1F-EA spectrum of Au/ZnPc/Al with Vi = —2 V. The frequency w,,/(27)
and the amplitude V;,, of the electric field modulation V;, sinw,,t are 1 Hz and 0.5 V,
respectively. The EA signal intensity Vga is defined in the figure.

Fig. 7. The bias dependence of the 1F-EA intensity of Au/ZnPc/Al (e) and
Au/ZnPc/In/Al (o). The frequency w,,/(27) and the amplitude V}, of the electric
field modulation V,, sinw,,t are 1 Hz and 0.25 V, respectively. The broken curves
are proportional to v/Vp — Vigs with Vp = 0.50 V for Au/ZnPc/Al and 0.24 V for
Au/ZnPc/In/Al
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Fig. 8. The bias dependence of the 2F-EA intensity of Au/ZnPc/Al (e) and
Au/7ZnPc/In/Al (o). The frequency w,,/(27) and the amplitude V;, of the electric
field modulation Vj, sinw,,t are 1 Hz and 0.50 V, respectively. The broken curves
are proportional to 1/v/Vp — Vias with ¥ = 0.50 V for Au/ZnPc/Al and 0.24 V for
Au/ZnPc/In/AlL

Fig. 9. The bias dependence of the photocurrent density of (a) Au/ZnPc/Al and (b)
Au/ZnPc/In/Al by an illumination of a 630-nm light of 20 pW/cm? from the Au

side.

Fig. 10. The time dependence of the photocurrent density of Au/ZnPc/Al with (a)
Viias = +2 V, (b) 0 V and (¢) —2 V after turning on and off a 633-nm light of
600 W /cm?. The broken lines for (b) and (c) represent the two components f(¢)
and Jy in eq. (8).

Fig. 11. The time dependence of the photocurrent density of Au/ZnPc/In/Al with (a)
Viias = +2 V, (b) 0 V and (¢) —2 V after turning on and off a 633-nm light of 600
pW /cm?. The broken lines for (b) represent the two components f(t) and Jo in eq. (8).

Fig. 12. The band diagram for Au/ZnPc/In/Al deduced from the present results.
Au/ZnPc/Al also has the similar band structure except that there exists an insu-
lating layer at the ZnPc/Al interface.

Fig. 13. The peak height AJ of the capacitive component f(¢) of Au/ZnPc/Al after
turning on the light vs. the period T4,k during which the light is kept off. Vi, = —2
V. The illumination is with a 633-nm light of 600 LW /cm?.
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