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Abstract

By using electric-field-induced optical second-harmonic generation (EFISHG) mea-

surement, we studied the effect of the use of bathocuproine (BCP) interface layer.

The EFISHG measurements of indium-zinc-oxide (IZO)/C60/Al diodes showed that

the BCP layer inserted between C60 and Al formed an electrostatic field |Ei| =

2.5 × 104 V/cm in the C60 layer, pointing in a direction from the Al to the IZO.

Accordingly, in the IZO/pentacene/C60/BCP/Al organic solar cells (OSCs), holes

(electrons) move to the IZO (Al) electrode, enhancing the short-circuit current. The

EFISHG measurement is capable of directly probing internal fields in the layers used

for OSCs, and is helpful for studying the contribution of the interface layer in OSCs.

Key words: organic solar cell, internal electric field, EFISHG, Maxwell-Wagner

effect
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1 Introduction

Organic thin film devices have attracted much attention in electronics. Among

them are organic light-emitting diodes (OLEDs) [1] and organic solar cells

(OSCs) [2]. Basically, OLEDs and OSCs have the device structure with a thin

organic layer (thickness < 100 nm) sandwiched between parallel two elec-

trodes, in a manner as metal-insulator-metal (MIM) diodes. In these devices,

there is a non-zero internal electric field in the film thickness direction, depend-

ing on the work-function-difference between the two electrodes. The non-zero

internal electric-field assists carrier injection in OLEDs [3], whereas it assists

charge separation in OSCs [4]. The introduction of very thin interface layer

of bathocuproine (BCP) is known to give a significant effect on the improve-

ment of device performance, possibly because the BCP layer is working as an

exciton blocking layer [5,6]. However it is easy to speculate that the internal

electric field distribution in OSCs will be modified by the introduction of the

BCP interlayer. As such, the role of the BCP layer will not be only as an ex-

citon blocking layer. Probing the internal electrostatic field is helpful to study

the detail of the contribution of the BCP layer. We have been developing

an electric-field-induced optical second-harmonic generation (EFISHG) mea-

surement that can directly probe electric fields formed in organic devices [7–

11]. This motivated us to study internal field formed in indium-zinc-oxide

(IZO)/pentacene (or C60)/Al diodes with BCP interface layer, by using the

EFISHG measurement. Results showed that the BCP layer governs the for-

mation of the internal electrostatic field in the C60 layer, and results in the

increase of short-circuit current of the IZO/pentacene/C60/BCP/Al OSCs.

The EFISHG measurement is useful to study the contribution of interface
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layer used for OSCs.

2 Experiment

Figure 1a portrays the device we prepared. IZO-coated glass substrate was

used as a top electrode, onto which an organic layer of 200 nm-thick pentacene

(or C60) layer was deposited. Subsequently, Al electrode (thickness, 100 nm)

was prepared by the thermal evaporation in a vacuum. A thin BCP interface

layer (thickness, 5 nm) was deposited on the IZO electrode or on the Al elec-

trode. Resulting devices have the device structures of IZO/BCP/pentacene (or

C60)/Al, IZO/pentacene (or C60)/Al, and IZO/pentacene (or C60)/BCP/Al.

We also prepared the pentacene/C60 OSCs with the structures of IZO/pentacene

(50 nm)/C60 (50 nm)/Al and IZO/pentacene (50 nm)/C60 (50 nm)/BCP (10

nm)/Al. These OSCs were characterized by using current-voltage (I-V) curves

measured in dark and under illumination (100 mW/cm2, AM1.5).

We carried out the EFISHG measurement to probe internal electric fields

formed in the pentacene and in the C60 layers. Figure 1a illustrates the op-

tical arrangement of the EFISHG measurement. The p-polarized laser pulse

(duration 4 ns, repetition rate 10 Hz, 1 mW/cm2) was incident on the surface

of samples at an incident angle of 45◦, to probe electrostatic local fields E0

formed in the film thickness direction of the layer (positive E0 points in the

direction from the IZO electrode to the Al electrode). In the presence of a

local electric field at molecules, the second-harmonic nonlinear polarization

wave P2ω (wavelength λ/2) is induced due to the electromagnetic coupling

between the electric-field Eω of the laser beam (wavelength λ) and electrons

in a molecule. The radiated second-harmonic light intensity is given as [11,12]
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I2ω ∝ |P2ω|2 ∝ |ϵ0χ(3)...E0EωEω|2, (1)

where ϵ0 is the vacuum permittivity, and χ(3) is the third-order nonlinear

susceptibility. Eq. (1) indicates that the EFISHG intensity is proportional to

the square of the local field (I2ω ∝ |E0|2). Here E0(= Ei + Ee) is given as the

sum of internal electrostatic fields Ei and the external electric field Ee (= V/d,

V : external voltage, d: distance between parallel electrodes). Therefore, an

internal field is estimated as Ei = −Ee, by choosing the applied external

voltage V to be I2ω = 0. In the EFISHG measurement, the laser pulse was

incident with a delay time td = 500 ns (see Fig. 1b) to measure the electric

field E0 formed in the diodes. The wavelength of the laser beam were 860 nm

and 1000 nm for probing electric fields in the pentacene layer and those in the

C60 layer, respectively [13–17]. Note that the 500 ns corresponds to the time

needed for electrode charging.

3 Results and Discussion

Figure 2 shows the result of the EFISHG measurement for the pentacene

diodes, where we plotted the square-root of the EFISHG intensity in propor-

tion to the local field (
√
I2ω ∝ |E0|). In pentacene diodes, the EFISHG inten-

sity reached minimum at Ve = +1.5 V, which is applied to the IZO electrode

in reference to the Al electrode grounded. This value is in good agreement

with the work-function-difference between IZO (ϕ1 = 4.9 eV) and Al (ϕ2 =

3.4 eV), i.e., ∆ϕ(= ϕ1 − ϕ2)= +1.5 V, indicating that the insertion of the

BCP interface layer has no relation with the value of the voltage Ve needed

to minimize the generated SHG intensity. In other words, the work-function-
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difference of electrodes governs the internal electric field formed in pentacene

diodes. The internal electric field in the pentacene diode was estimated as

Ei (= −Ve/d) = -7.5× 104 V/cm from the EFISHG measurement. On the

other hand, Fig. 3 shows the EFISHG signal generated from the C60 diodes.

The voltage V ′
e giving minimum EFISHG intensity changed as V ′

e = -1 V for

IZO/BCP/C60/Al diodes, V
′
e = 0 V for IZO/C60/Al diodes, and V ′

e = +0.5

V for IZO/C60/BCP/Al diodes. These results showed that the BCP inter-

face layer makes a significant contribution to the internal field formed in C60

diodes. In the IZO/BCP/C60/Al diodes, the internal field was non-zero (Ei =

5.0× 104 V/cm) and it was pointing in the direction from the IZO electrode

to the Al electrode. That is, charges Q′
s (= Eid1(C1 + C2)) = 5.6 × 10−7

C/cm2 is induced at the BCP/C60 interface, due to the insertion of BCP in-

terface layer (d1: C60 thickness, C1 = 2.9×10−8 C/cm2: C60 layer capacitance,

C2 = 5.3× 10−7 C/cm2: BCP layer capacitance). The direction of the internal

field was opposite to that expected from the work-function-difference of the

electrodes. In the IZO/C60/Al diodes, there is no internal electric field in the

C60 layer. In the IZO/C60/BCP/Al diodes, internal electric field was non-zero

(Ei = -2.5× 104 V/cm), and it was pointing in the direction from the Al elec-

trode to the IZO electrode, where charges induced at the C60/BCP interface

is Q′′
s = 2.8× 10−7 C/cm2.

Figure 4 shows the I-V characteristics of the pentacene/C60 OSCs with and

without the BCP interface layer. The OSC without the BCP interface layer

was characterized as that the open-circuit voltage Voc = 0.08 V, short-circuit

current Jsc = 0.6 mA/cm2, and fill-factor FF = 0.22. Meanwhile, the OSC

with the BCP interface layer was significantly improved as that Voc = 0.3 V,

Jsc = 3.7 mA/cm2, and FF = 0.35. In pentacene/C60 OSCs, holes (electrons)
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are created at the pentacene/C60 interface under illumination, then they move

through pentacene (C60), and transfer to the IZO (Al) electrode. Accordingly,

a short-circuit current flowed in the OSCs in the direction from the Al electrode

to the IZO electrode. The internal electrostatic field pointing from the Al to

the IZO smoothly conveys the holes and electrons toward the electrodes. As

shown by the EFISHG results, inserting a BCP layer between the C60 layer

and the Al electrode is one of the best ways to optimize the internal electric

field to enhance the short-circuit current. These results verified that the BCP

interface layer governed the internal electrostatic field formed in the OSCs,

and enhanced the short-circuit current.

We here discuss the effect of the use of BCP layer in pentacene and C60

diodes, based on the Maxwell-Wagner effect model [18,19]. According to the

Maxwell’s electromagnetic theory, excess charge Qs accumulates at the in-

terface between two dielectric materials with different relaxation time given

by τ (= ϵ/σ, ϵ: dielectric constant, σ: conductivity), when current Ic flows

across the two-material interface. The accumulated charge density Qs is given

by the product of the current and the difference of the relaxation times as

Qs = Ic(τ2 − τ1). This is the Maxwell-Wagner (MW) effect [20], indicating

that Qs ( ̸= 0) accumulates at the interface when two adjacent materials have

different relaxation times (τ1 ̸= τ2). The MW effect points out a possibility

that charges accumulate at the interface between C60 (or pentacene) (τ1) and

BCP (τ2). In the limit τ2 → ∞, electrical current is zero, Ic = 0, but charges

accumulate due to the MW effect, (Ic · τ2 ̸= 0) [18]. In the IZO/BCP/C60/Al

diodes, internal electric field is pointing in the direction from the IZO to the

Al, as shown by the EFISHG results. In the diodes, electrons transfer from

the BCP to the C60 layer, and smoothly move across the C60 layer. As a re-
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sult, positive excess charges remain at the BCP/C60 interface due to the MW

effect. The positive excess charges form an electrostatic field pointing in the

direction from the BCP/C60 interface to the Al electrode, showing good agree-

ment to the EFISHG results. In the IZO/C60/BCP/Al diodes, the EFISHG

measurement showed that the internal field is pointing in the direction from

the Al to the IZO. The MW effect suggests that the electrons transfer from

the BCP to the C60, and positive charges remained at the C60/BCP interface.

As a result, the remained positive charges formed internal field pointing in

the direction from the C60/BCP interface to the IZO electrode, which again

showed good agreement with the EFISHG results. On the other hand, in the

pentacene diodes, electrons could transfer from the BCP to the pentacene,

but the pentacene acts mainly as an electron insulating layer (τ2 ∼ τ1). As the

result, the BCP layer in the pentacene diodes never contribute to the excess

charge accumulation, Qs (= Ic(τ2−τ1)) = 0, and gave no effect on the internal

electric field in the diodes. The MW effect well accounts for the contribution of

the BCP interface layer to the internal electric field, and is helpful to discuss

the interface layer effect.

4 Conclusion

By using the electric-field-induced optical second-harmonic generation (EFISHG)

measurement, we directly probed internal electrostatic fields formed in the

pentacene and the C60 layer, on focusing the role of bathocuproine (BCP)

interface layer. Introduction of a BCP layer between C60 and Al formed

an internal electrostatic field that points in the direction from the Al elec-

trode to the IZO electrode. As a result, holes and electrons were conveyed to
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the IZO and Al electrodes, respectively, and the short-circuit current of the

IZO/pentacene/C60/BCP/Al OSCs was enhanced accordingly. The EFISHG

measurement can directly probe internal fields in organic layers used for OSCs,

and is helpful for studying the contribution of the interface layer.
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Figure captions

Figure 1: (a) Experimental arrangements for the EFISHG measurement. (b)

Timing chart of the square-wave voltage and laser pulse incidence.

Figure 2: (a) Pentacene diodes with and without BCP interlayer. (b) The

square-root of SH light intensity from the pentacene diodes under voltage

application.

Figure 3: (a) C60 diodes with and without BCP interlayer. (b) The square-

root of SH light intensity from the C60 diodes.

Figure 4: (a) Pentacene/C60 OSCs with and without BCP interface layer.

(b) I-V characteristics of the OSCs in dark and under illumination.
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