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The carrier extraction property of a prototypical small molecule organic solar cell (OSC) composed

of copper phthalocyanine (CuPc), C60, and bathocuproine (BCP) was studied on the basis of the

internal potential distribution and carrier dynamics in the device. The internal potential distribution

in the OSC structure at the interfaces and in the bulk region was determined by the Kelvin probe

method. Significant potential gradients were found in the CuPc film on indium tin oxide and in the

C60 film on CuPc, consistent with charge transfer through the contacts. Moreover, surface potential

of the BCP layer grew linearly with increasing film thickness with a slope of ca. 35 mV/nm (giant

surface potential: GSP), which indicated spontaneous orientation polarization in the film. The

potential gradient and GSP significantly changed the built-in potential of the device.

Current–voltage and modified time-of-flight measurements revealed that the BCP layer worked as

an electron injection and extraction layer despite the wide energy gap. These results were discussed

based on the contributions of GSP and the gap states in the BCP layer. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4895712]

I. INTRODUCTION

Organic solar cells (OSCs) have been extensively stud-

ied toward practical use1–3 since Tang invented a planar het-

erojunction OSC with a high power conversion efficiency (g)

of 0.95%.4 Advanced device structures such as p-type–intrin-

sic–n-type (p–i–n) layers,5,6 bulk-heterojunction,7,8 and tan-

dem cell structures9,10 have been developed to improve g. In

addition, the insertion of additional layers between the elec-

trode and organic layer has further improved device effi-

ciency and lifetime.

Peumans et al. observed a considerable increase in

planar heterojunction OSC performances by inserting a thin

bathocuproine (BCP) layer between C60 acceptor and Al

cathode.11,12 Subsequent studies13–17 conducted to under-

stand the roles of the BCP layer revealed that this layer acts

as (i) an exciton blocking layer prohibiting exciton diffusion

to the cathode, (ii) a buffer layer restricting the diffusion of

cathode materials into the acceptor layer, and (iii) an electron

injection-extraction layer reducing the contact resistance.

Although the first two roles are easily acceptable, the third

one appears incongruous because BCP is a wide gap material

and interfaces are expected to present a high energy barrier

for electron injection and extraction. These previous results

suggest that a simple energy diagram is insufficient to

explain the carrier dynamics resulting from the BCP layer.

Previous reports have suggested that electron transport

through the BCP layer stemmed from “gap states” formed in

the highest occupied molecular orbital–lowest unoccupied

molecular orbital (HOMO–LUMO) gap of BCP.12,17

Although their nature in organic semiconductors remains

unsolved, gap states are believed to play a key role in carrier

dynamics at the interface. Ultra high sensitivity measure-

ments by Nakayama et al. have recently detected their pres-

ence at the interface of BCP on C60 film using low energy-

ultraviolet photoelectron spectroscopy (LE-UPS).18 Weak

density of states was observed around the Fermi level of the

Al cathode, which may provide a charge transport path even

in the wide gap material.

Another notable feature of BCP is giant surface poten-

tial (GSP) in the evaporated film originating from the slight

orientational order of permanent dipole moment in the amor-

phous film. GSP was discovered in a tris-(8-hydroxyquinoli-

nate) aluminum (Alq3) film evaporated on a gold substrate.19

In this Alq3 film, the surface potential (SP) grew linearly as

a function of film thickness with a slope of 50 mV/nm to

reach 28 V at 560 nm. Two years earlier than this publica-

tion, Berleb et al. revealed the presence of negative interface

charge at N,N0-diphenyl-N,N0-bis(1-naphtyl)–1,1
0
-biphenyl-

4,4
0
-diamine (NPB)/Alq3 interface in a typical organic light-

emitting diode, though the origin remained unclear.20

Recently, Noguchi et al. reported that the negative interface

charge originates from the polarization charge due to GSP,

i.e., orientation polarization of the evaporated films.21,22

Several polar molecules including not only Alq3 but also

BCP show the GSP behavior in the evaporated film and it

remains in the actual devices.22 The GSP slope of the BCP

film formed on a 4,4
0
-bis[N–(1-naphthyl)–N-phenylamino]-

biphenyl (a-NPD) film was 33 mV/nm. Consequently, the

GSP-induced built-in potential exceeds a few hundreds
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millivolts at typical film thicknesses found in actual devices

(>10 nm) and changes the carrier dynamics in the resulting

devices.

Because of these specific features of the BCP layer, a

detailed investigation of carrier dynamics based on the

potential distribution in actual device structures is required.

In this study, the internal potential distribution of prototypi-

cal OSC model structures at the interface and in the bulk

region (up to 100 nm) was evaluated by the Kelvin probe

(KP) method. The BCP on C60 film displayed a GSP with a

slope of ca. 35 mV/nm, drastically changing the internal

potential in the resulting OSC. In addition, carrier extraction

properties of actual devices were examined through a modi-

fied time-of-flight (TOF) measurement, which facilitates the

evaluation of carrier blocking at organic heterointerfaces.23

The TOF measurement revealed that the energy barrier at the

C60/BCP interface significantly delayed the hole extraction

from the C60 layer to the Al electrode through the BCP layer,

while the electron extraction occurred smoothly. Moreover,

current–voltage (I–V) characteristics showed that the inser-

tion of BCP layer enhanced the current density and g to a

large extent. These results are explained by considering the

electron transport through the gap states assisted by GSP of

the BCP layer.

II. EXPERIMENTAL

SP measurements were performed using a KP in a high

vacuum system with a base pressure of 4� 10�4 Pa. Sample

structures consisted of CuPc (junction A), BCP on C60 (junc-

tion B), and BCP on C60 on CuPc (junction C) [Fig. 1(a)].

All samples used indium-tin-oxide (ITO) coated glass

substrates. The organic films were incrementally formed at a

typical deposition rate of 0.5–1.0 Å/s, and SP measurements

were conducted in situ at each step of the deposition using

the work function of ITO as a reference. SP variations were

measured in each layer up to 100 nm in junctions A and B to

determine the saturation property of SP. Junction C is an

OSC model structure in which each layer thickness corre-

sponds to those in prototypical OSC. The responsiveness to

the light of SP in junction C was evaluated by irradiation

from a halogen lamp though a glass viewport without any fil-

ter. Because GSP is likely to decay upon light absorption of

the film,19,24,25 all the above procedures except the photores-

ponse measurements were performed in the dark.

TOF and I–V measurements were performed in device

A, which was composed of ITO/CuPc (30 nm)/C60 (630 nm)/

BCP (10 nm)/Al (100 nm), and device B, a control device

that displayed the same structure without the BCP layer [Fig.

1(b)]. Note here that the C60 layer was much thicker in these

devices than in the optimized OSC prototype, in order to

examine carrier propagation and extraction processes. The

devices were encapsulated in a N2-filled glove box to prevent

air exposure.

TOF measurements were performed using a N2 pulsed

laser (wavelength: 337.1 nm, pulse width: 600 ps) as a light

source to generate transient photocarriers [Fig. 1(c)]. The

bias voltage was applied to ITO using the Al cathode as a

reference. The transient photocurrent was measured under

air mass (AM) 1.5 G simulated sunlight illumination using a

digital oscilloscope through a 100 X sensor resistor.

III. RESULTS

A. Kelvin probe measurements

Figure 2(a) shows SP variations in junction A as a func-

tion of CuPc thickness. Here, the downward shift is defined

as the positive change in SP, corresponding to the direction

of the vacuum level shift. When the thickness increased to

1 nm, SP shifted downward by 80 mV [inset of Fig. 2(a)] as a

result of interface dipole formation.26 Subsequently, SP line-

arly increased with a slope of 32 mV/nm when the thickness

increased up to 20 nm. This growth gradually slowed down

upon further deposition of CuPc, but SP did not reach full sat-

uration within a thickness of 100 nm. Note here that the linear

growth does not correspond to GSP, because CuPc is a non-

polar molecule. The details will be discussed in Sec. IV A.

The open triangles in Fig. 2(b) show SP variations in the

C60 film on ITO. SP decreased rapidly at the initial deposi-

tion stage, indicating the formation of the interface dipole

[upper inset, Fig. 2(b)]. After this shift, SP of the C60 layer

remained almost constant at around �0.07 V in the entire

thickness region. SP variations in junction B were also

shown as a function of thickness upon BCP film deposition

on the C60 layer [open squares, Fig. 2(b)]. A downward shift

of SP was observed at the BCP on C60 interface within a

thickness of 1 nm [lower inset, Fig. 2(b)]. This shift was fol-

lowed by a clear GSP behavior, which extended over a wide

thickness range (5–100 nm) with a mean slope of 37 mV/nm.

This result suggests that spontaneous orientation polarization

occurs in the BCP layer of actual devices.

FIG. 1. (a) Schematics of the sample structures for KP measurements. (b)

Schematic of the device structures for the I–V and TOF measurements. (c) A

measurement setup for TOF measurement.
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Figure 3(a) shows the SP profile of junction C, along

with the SP behavior at the heterointerfaces (I–III). In the

CuPc layer, SP grew almost linearly within the measured

thickness region [inset I, Fig. 3(a)]. The SP of C60 on the

CuPc layer [inset II, Fig. 3(a)] dropped by 0.43 V upon inter-

face formation before decreasing slowly to saturation upon

further deposition of C60. Upon deposition of BCP on the

C60 layer, SP exhibited a nonlinear growth in the interface

region, followed by a GSP region with a slope of 33 mV/nm

[open squares, Fig. 3(a)].

Figure 3(b) shows SP variations under light illumina-

tion. In the dark, SP was estimated to be ca. 0.84 V. Under

light irradiation, SP decreased within 10 s to reach a satura-

tion value of 0.54 V, indicating that junction C worked as a

model system for an operating solar cell. The photoinduced

voltage was estimated to be ca. 0.3 V, which is close to the

typical open circuit voltage for CuPc/C60-based OSCs.1 SP

was almost fully recovered in the dark after light irradiation,

indicating that the GSP decay did not occur in the BCP layer

of this junction.

Figure 4 depicts the energy diagram of junction C based

on KP results assuming a work function of 4.8 eV for ITO;

CuPc LUMO and HOMO energies of 3.2 and 4.86 eV; C60

LUMO and HOMO energies of 4.1 and 6.4 eV; and BCP

LUMO and HOMO energies of 1.6 and 6.3 eV, respec-

tively.18,27,28 The energy diagram is consistent with previous

reports.18,29,30 Hole extraction from the CuPc layer to ITO

anode is expected to be enhanced because of the favorable

potential gradient in the CuPc layer. On the other hand, C60/

BCP and BCP/Al interfaces displayed energy barriers for

holes and electrons. These energy barriers seem to increase

the contact resistance at the cathode side, although they effi-

ciently prohibit the exciton diffusion towards the cathode

where they would otherwise be quenched.17

B. Current voltage and time-of-flight measurements

Figures 5(a) and 5(b) show the I–V curves of devices A

and B, respectively. The power conversion efficiencies of

devices A and B amounted to 0.13% and 0.07%, respec-

tively, under AM 1.5 G simulated sunlight illumination. The

I–V curves under the dark show considerable leakage at the

negative biases, indicating a low shunt resistance of these

devices. Moreover, the I–V curve of device B under illumi-

nation significantly depended on voltage below the open cir-

cuit voltage, suggesting a high contact resistance at the C60/

Al interface.14,37,38

The TOF curves of devices A and B were evaluated at a

forward bias of 2.0 V under the simulated sunlight illumina-

tion for short [1� 10�8 to 9� 10�6 s, Fig. 6(a)] and long-

FIG. 2. (a) Variation in surface poten-

tial of junction A as a function of CuPc

thickness. Surface potential is plotted

with reference to that of ITO. Inset

shows the expansion of the interface

region. (b) Variation in surface poten-

tial of junction B as a function of film

thickness. Insets show expansions of

the interface regions of C60 on ITO

(top) and BCP on C60 (bottom).

FIG. 3. (a) Surface potential of junction C as a function of film thickness.

Insets (I), (II), and (III) indicate the expansions of the interface regions at

CuPc on ITO, C60 on ITO, and BCP on C60 interfaces, respectively. (b)

Photoresponse of surface potential induced by the light illumination.

FIG. 4. An energy diagram of the organic solar cell based on the KP results.

The ordinate corresponds to the energy in eV with reference to the vacuum

level and the abscissa is the thickness (d) of the organics.
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time scales [1� 10�6 to 9� 10�4 s, Fig. 6(b)]. In addition,

corresponding curves were determined at a reverse bias of

–2.0 V for the same short [Fig. 6(c)] and long time scales

[Fig. 6(d)]. The horizontal dashed lines in Figs. 6(a)–6(d)

indicate the background level of our system (0.2 mA/cm2).

The photocarriers were mainly generated near the ITO

electrode at time zero, propagated through the device, and

were finally swept out from the device because of the exter-

nal electric field. Therefore, the carrier extraction time (s)

was assumed to be the time spent for the photocurrent to

decay to the background level. Here, carrier extraction times

at a certain biasing voltage V were referred to sAðVÞ and

sBðVÞ for devices A and B, respectively. The intersection of

the linear approximation curve of the current (dotted lines)

and the background level in the log–log plot gave hole

extraction times sAð2:0Þ and sBð2:0Þ of 2:1� 10�5 s and

3:9� 10�6 s, respectively. Similarly, the electron extraction

times sAð�2:0Þ and sBð�2:0Þ were determined to be 5:9�
10�5 s and 3:8� 10�5 s, respectively. Here, the extraction

time for holes is shorter than for electrons, suggesting that

the holes are smoothly extracted rather than the electrons,

although C60 is commonly considered as electron transporter.

This result implies that the intensity of the internal electric

field in these devices is different depending on the bias polar-

ity, e.g., due to the built-in potential as shown in Fig. 4 and

the charge accumulation at the C60(/BCP)/Al interfaces.

The current decay of device B at early times of the tran-

sient [Figs. 6(a) and 6(c)] is faster than that of device A. A

possible explanation is the difference of the internal potential

distribution in these devices. A weak electric field is

expected in the C60 layer of device A at the forward bias

because of the hole accumulation at the C60/BCP interface,

resulting in the slow decay of photo-generated current. At

the negative bias, the electron accumulation is not significant

as discussed later, but the potential drop due to GSP in the

BCP layer may reduce the electric field in the C60 layer.

IV. DISCUSSION

A. Potential distribution in the model structures

The CuPc film on ITO exhibited significant thickness-

dependent potential changes [Figs. 2(a) and 3(a)], which

extended to an unexpected thick region (�100 nm). The direc-

tion of this SP change indicates a positive charge transfer from

ITO to CuPc. The excess positive charges may be retained at

finite densities of states in the HOMO-LUMO gap (gap states)

in the CuPc film. Recently, Nakayama et al. have directly

detected these gap states above the HOMO level of the CuPc

film on the ITO substrate by LE-UPS.18 At the system’s Fermi

level, the photoelectron signal from the occupied gap states

(ngap) of a 30-nm-thick CuPc film remains in approximately

1/500 of the signal from the HOMO peak (npeak).

FIG. 5. (a) I–V curves in dark and under illumination of device A (with BCP

layer). Voc ¼ 0:54 V; Jsc ¼ �0:082 mA=cm2, FF¼ 0.29, g ¼ 0:13. (b) I–V
curves of device B (without BCP layer). Voc¼0:39V;Jsc¼�0:097mA=cm2,

FF¼0.19, g¼0:07.

FIG. 6. Log-log plot of the transient

current vs. time curves of device A and

device B at V¼ 2.0 V under illumina-

tion in (a) a short-time scale

(1� 10�8–9� 10�6 s) and (b) a long-

time scale (1� 10�6–9� 10�4 s).

Those at V ¼ �2:0 V in (c) a short-

time scale and (d) a long-time scale.

sAðVÞ and sBðVÞ indicate the time

when at the applied voltages of V, all

of the photo-generated carriers are dis-

charged from device A and device B,

respectively.
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Here, the excess charge density in the 30-nm-thick CuPc

film was estimated approximately. The surface potential of

the CuPc film is almost proportional to the film thickness in

this region. According to the Poisson’s law, the linear growth

of the film potential indicates the absence of excess charges

in the bulk of the film. Therefore, excess charges were

assumed to exist only on the film surface, and the density is

given by r ¼ �V=d, where r is the charge density per unit

area, � is the dielectric permittivity of the CuPc film, and V/d
is the potential gradient. Consequently, r was estimated to

be 0.96 mC/m2 by assuming a relative dielectric constant of

3.4 (Ref. 31) and a potential gradient of 32 V/nm for the

CuPc film. The excess charge density corresponded to

approximately one positive charge per more than two hun-

dreds molecules on the surface. Here, the density of the

CuPc film was assumed to be 1.6 g/cm3.32 The portion of

positively charged molecules is close to the experimentally

determined ngap=npeak ratio. Note here that UPS detects the

photoelectrons from the occupied states but the ratio of unoc-

cupied gap states should be similar to ngap=npeak ratio,

because the density of states is half-filled at the Fermi level.

Furthermore, our result suggests that the gap states extend

over distance exceeding 100 nm from the CuPc on ITO inter-

face. Although their origin is not fully understood, gap states

at the CuPc on ITO interface and in the bulk may result from

structural imperfectness of the film.18,33,34

The C60 film displayed an upward band bending when

deposited on CuPc but not on ITO. Because the CuPc layer

shows a downward potential shift on ITO, its work function

is expected to be lower than that for the C60 film, resulting in

electron transfer from CuPc to C60 at the contact and upward

band bending in the C60 layer, which accelerate the hole ve-

locity and decelerate the electron velocity. Because the

energy gap between HOMO of CuPc and LUMO of C60 is

expected to be much higher than the thermal energy (Fig. 4),

the gap states at the interface may mediate the electron

transfer.35

The BCP on C60 film clearly showed a positive GSP

behavior, indicating the presence of polarization charges of

opposite polarity at the top and bottom of the film. A positive

GSP results in a negative interface charge at the bottom side

interface, which is the BCP on C60 interface in our sample

structure. The density of this negative interface charge

should be ��V=d C/m2. At the BCP on C60 interface, this

density amounted to �1.0 mC/m2, assuming a relative

dielectric constant of 3.4 for the BCP film.22 In OSCs con-

taining a BCP layer, holes are likely to accumulate at the

interface until they compensate the negative interface charge

under forward biases.22,36 However, under reverse bias, GSP

induces excess electric field in the BCP layer. This electric

field may support electron extraction from the device to the

cathode.

The surface potential of junction C decreased by 0.3 V

under light illumination, but almost completely recovered af-

ter the light was switched off. In the case of Alq3 films, GSP

decayed irreversibly upon light absorption because photocar-

riers in the film accumulated at the film surface to cancel

GSP.19,24,25 Our result suggests an inefficient generation of

photocarriers in the BCP layer compared to Alq3. On the

other hand, the SP of junction C before BCP deposition was

0.3 V [Fig. 3(a)], which is in agreement with the photoin-

duced change. This result implies that light illumination pro-

duced a flat band condition in junction C, except in the BCP

layer. In other words, the photocarriers in the C60 film did

not penetrate into the BCP layer, although the GSP-induced

electric field remained in this layer. To understand the role

of the BCP layer, carrier dynamics should be studied in the

actual device.

B. Role of the BCP layer in organic solar cells

The I–V curve of device A showed a diode behavior, and

the rectification ratio at 62 V, defined as Iðþ2Þ=Ið�2Þ, was

calculated to be 65. On the other hand, device B displayed a

much lower current density under forward bias than device A,

and its rectification ratio was only 4. In addition, the I–V curve

of device B under illumination showed an “S-shape.”37,38 The

low rectification ratio and the S-shaped I–V curve suggest a

poor electron injection property at the C60/Al interface despite

the low energy barrier although the considerable leakage also

plays a role in the low rectification ratio.

As described previously, the energy barriers for elec-

trons and holes are formed upon insertion of the BCP layer,

which is consistent with the energy diagram (Fig. 4). These

energy barriers are expected to restrict the carrier injectio-

n–extraction between the C60 layer and the Al cathode.

Nevertheless, device A exhibits higher efficiency and rectifi-

cation ratio than device B. These results suggest that the

BCP layer works as an electron injection–extraction layer in

device A to reduce the contact resistance. Here, this BCP

layer is unlikely to act as an exciton blocking layer because

the C60 layer is much thicker than the exciton diffusion

length (�40 nm).1

As shown in Fig. 6(b), the time required to discharge the

photogenerated holes was about 10 times longer in device A

[sAð2:0Þ] than that in device B [sBð2:0Þ]. Here, two hole

blocking mechanisms should be considered at the C60/BCP

interface, the negative interface charge and the energy bar-

rier.39 A part of transported holes are captured at the C60/

BCP interface by the negative interface charge until charge

compensation. However, this hole blocking mechanism is in-

valid for the amount of holes more than that of the interface

charge. Under forward biases (�Voc), the negative interface

charge at C60/BCP interface is expected to be canceled by

accumulation of the photogenerated and injected holes [Fig.

7(a)]. Thus, the delayed extraction of holes from device A is

likely to originate from the energy barrier at the C60/BCP

interface, as expected from the energy diagram.

On the other hand, the extraction time for electrons at a

reverse bias of device A [sAð�2:0Þ] is similar to that of de-

vice B [sBð�2:0Þ] as shown in Fig. 6(d), indicating that the

electrons are discharged smoothly in both devices notwith-

standing the high energy barrier for electrons expected in de-

vice A (Fig. 4). This result is consistent with impedance

spectroscopy measurements, which exhibited a low resistiv-

ity of the BCP layer in OSC.40 It has been suggested that the

gap states were formed within the HOMO-LUMO gap of

BCP and they serve a path to the electron transport.1 The

114503-5 Tanaka et al. J. Appl. Phys. 116, 114503 (2014)



presence of the gap states was recently confirmed, and the

gap states of BCP were indeed observed near the Fermi level

of Al (�4 eV) and thus provide a path for the electron extrac-

tion [Fig. 7(b)].18

Another possible factor for improving electron extrac-

tion is the electric field owing to GSP, which is formed as a

favorable direction to extract the electrons from the device.

Since there are no holes to compensate the negative interface

charge at the reverse bias, the electric field of GSP can work

for the electron extraction. On the other hand, GSP may also

improve the electron injection property at the forward biases

because of the positive polarization charge at the BCP/Al

interface. This may induce the electron injection from the

cathode.41,42 Actually, some positive GSP materials are used

underneath the cathode as the electron injection layer in or-

ganic light-emitting diodes, including Alq3 and 1,3,5-tris(1-

phenyl-1 H-benzimidazol-2-yl)benzene (TPBi). In addition,

a high performance of OSC using Alq3 or TPBi instead of

BCP has been reported.43,44 GSP materials have been unin-

tentionally used in the organic devices; however, GSP possi-

bly contributes to improve the device performance.

V. CONCLUSION

In summary, the potential distribution of OSC model

structures was investigated not only at the interface but also

in the bulk region by the KP method. We found significant

potential gradient in the CuPc film on ITO and C60 film on

CuPc, as well as GSP in the BCP film. The role of the BCP

layer was examined by a modified TOF method and I–V
measurement. Even though a high energy barrier for both

electrons and holes is expected at the C60/BCP interface, the

electron extraction time was comparable to that of the device

without the BCP layer, while holes were well blocked at the

interface. Moreover, the I–V curves suggest that the BCP

layer enhances electron injection from Al. These properties

are explained by considering GSP as well as the gap state of

the BCP layer, although further investigation is needed to

explore the causal relationship between GSP and the effi-

ciency of OSCs.
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