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We report that opaque electrodes can be used for high-performance organic optoelectronic devices,

facilitated by the electric double layers (EDLs) formed in ionic liquids. For the photocell, gold/

poly(3-hexylthiophene-2,5-diyl) (P3HT):[6,6]-phenyl C61 butyric acid methyl ester (PCBM)/ionic

liquid/silver, the EDLs enable a large photocurrent response, without the electrodes being

superimposed. The external quantum efficiency and responsivity can reach 61.2% and 272 mA/W,

respectively. The specific detectivity can reach 1.9� 1013 Jones, which is larger than silicon-based

detectors. This type of architecture will renew the operation principle and material choice for

organic photocells, because transparency is no longer an indispensable condition for the electrodes.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4762823]

To date, all organic photocells, such as organic photode-

tectors (OPDs) and organic solar cells (OSCs),1 which can be

operated under passive conditions suffer a common structural

drawback; at least one of the electrodes must be transparent,

because the incident light must be able to pass through them

to efficiently excite the photoactive layer.2 This limitation is

caused by the poor mobilities of organic semiconductors,

which limits the active area for photo-conversion to the

region of electrode superposition. However, the choice of

transparent electrode materials is severely limited. Among

them, indium tin oxide (ITO) is the most popular choice

because of its high conductivity, transparency,3 and commer-

cial available, but it is expensive and brittle.4 In recent years,

conducting polymers5 and graphene6 have been proposed as

replacements for ITO as a transparent electrode. However,

for conducting polymers, their thermal and chemical stability

under operating conditions remains a concern,7 and for gra-

phene, its poor hydrophilicity has been shown to substantially

decrease the performance of solution-processed devices,8 and

its preparation method is complicated.9 The requirement of

both transparency and conductivity for electrode materials,

therefore, poses a significant challenge to the development of

organic photocells. Put another way, if transparency were no

longer an essential condition for electrode choice, any con-

ductor could be used, with properties better tailored to their

application.

To realize opaque electrode based high-performance or-

ganic optoelectronic conversion, the present work is based on

the idea of combining displacement current and the electric

double layers (EDLs) in ionic liquids, which have attracted

much attention in electronics, due to their potential applica-

tions in various devices, such as capacitors, batteries, solar

cells, fuel cells, and actuators.10 According to the Helmholtz

model,11 an EDL can be formed at an ionic liquid/solid inter-

face,12 and the potential drop at the interface is confined

within the outer Helmholtz plane (OHP). The ultrathin poten-

tial drop region, caused by the EDL, allows for high density

charge accumulation,13 which has been exploited for organic

thin film transistors (OTFTs).14 Displacement current is not

an electric current of moving charges, but a time-varying

change in the electric field, to which the dielectric polariza-

tion in materials makes a dominant contribution. When the

EDLs have been introduced into the photocells, the present

mechanism is not suitable for solar cells which produce

steady-state current, but it is suitable for organic photodetec-

tion, sensing, and optical communication.

The opaque electrode based organic photocells, with the

device structures of metal (gold (Au), copper (Cu), aluminum

(Al))/active layer/ionic liquid/silver (Ag), were fabricated, in

which the ionic liquid N,N-diethyl-N-methyl(2-methoxyethyl)

ammonium bis(trifluoromethylsulfonyl)-imide (DEME-TFSI)

was used, with its layer fabricated by drop casting (thickness

d¼ 0.15 mm). The active layer was a bulk heterojunction

(BHJ) composite of poly(3-hexylthiophene-2,5-diyl) (P3HT)

and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) (1:1

weight-ratio) (d¼ 170 nm) fabricated by spin coating. Films

of Au, Cu, Al, and Ag (d¼ 200 nm) were used as the opaque

electrodes, and were fabricated by vacuum vapor deposition.

The structure of the photocells is schematically shown

in Figure 1(a), and the measurement setup is illustrated in

Figure S1.15 The photocell was irradiated from the Ag side

by a 532 nm continuous wave (CW) laser with an output

power density of 5 mW/cm2, modulated by a light chopper at

3000 Hz, under a zero bias voltage. Since the maximum

transmittance of the 200 nm thick Ag film is about 0.24% in

the range of 400 to 800 nm (see Figure S315), the

P3HT:PCBM active layer was irradiated in the
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non-superimposed area between the Ag cathode and the an-

ode (Au, Cu, Al) electrodes, as described in Figure 1(a). The

photocurrent was measured using a current amplifier and an

oscilloscope.

The red curve in Figure 2 shows the time dependence of

the incident light power density, measured using a silicon

photodiode. The time trajectory of the photocurrent for the

metal/P3HT:PCBM/DEME-TFSI/Ag photocells is shown in

Figure 2, in which the black, green, and blue curves

represents the anode metals Au, Cu, and Al, respectively.

The Au/P3HT:PCBM/DEME-TFSI/Ag photocell yielded the

largest photocurrent response, compared to the other two

photocells. When the light turns on, the photocurrent quickly

increases, and, after making a maximum, it shows a gradual

decrease. When the light turns off, the current suddenly

changes the polarization from positive to negative, and, after

passing through a negative peak, it shows a gradual decrease.

The energy level diagram is shown in Figure 1(c), and

depicts the highest occupied molecular orbital (HOMO)

energies, the lowest unoccupied molecular orbital (LUMO)

energies, and the work functions of the individual component

materials. The order of efficiencies can be rationalized sim-

ply by consideration of the work functions of the anode met-

als. Since the cathode is constant for each device, a larger

built-in voltage is expected for higher work function anode

metals, leading to more efficient charge separation in the de-

vice; thus, Au is larger than Cu, which, in turn is larger than

Al. However, the energy level diagram also illustrates

another important point. The work function of Au is larger

than the HOMO level of P3HT, therefore, it is unnecessary

to introduce any interfacial layer between the active layer

and the anode to improve the efficiency of hole collection,16

which is beneficial to produce a large photocurrent. Such an

interfacial layer is commonplace in the case of ITO based

devices, usually in the form of poly(3,4-ethylenedioxythio-

phene)/poly(styrenesulfonate) (PEDOT:PSS), to reduce the

energy barrier to hole collection.17 The work functions of Cu

and Al are both smaller than the HOMO level of P3HT,

which will produce a built-in electric field at the metal/or-

ganic interface, which prevents holes injecting into the corre-

sponding metal electrodes. One merit of such a device

architecture is therefore to provide many more choices for

the electrode materials, which can better match the energy

levels of the organic semiconductors.

Because the active layer was spin-cast on the top of the

anode metal, the morphology of the metal film is very impor-

tant for the efficiency of photocurrent collection. The topog-

raphy images of the Au, Cu, and Al films (see Figures S4,

S5, and S615) indicate a large number of nanostructures, with

a diameter and height of about 20 nm in both the Au and Cu

films, but a much smoother film for Al. The surface area of

the Au, Cu, and Al films increases by 26%, 27%, and 8%,

respectively, compared to an idealized flat surface. The

increased contact area between metal electrode and active

layer will lead to greater efficiency of charge collection at

the metal-polymer interface. The nanostructuring of the

metal surface allows for electrode penetration into the active

layer, and effectively reduces the charge-transport distance,

improving photocurrent collection. The topography of the

Au and Cu films is similar, but the Au based photocell can

produce a larger photocurrent than the Cu based cell, due to

their work function difference, discussed previously.

Figure 1(a) includes the equivalent circuit of the Metal/

P3HT:PCBM/DEME-TFSI/Ag photocells, in which there are

two capacitors and one resistor describing the ionic liquid,

due to the formation of EDLs at both the solid/liquid interfa-

ces. The modulated periodical light-on generates excitons in

the P3HT:PCBM active layer. After dissociation of the exci-

tons to form mobile charge carriers, the holes are collected

by the metal anode and electrons are accumulated at

P3HT:PCBM/DEME-TFSI interface, which induces the for-

mation of an EDL. The formation of an EDL at the

P3HT:PCBM/DEME-TFSI interface, in turn, induces the

FIG. 1. (a) The device structure of metal (Au, Cu, Al)/P3HT:PCBM/DEME-

TFSI/Ag. The equivalent circuit is also shown, in which the two CEDL are

the capacitors formed at the interfaces, and the RBulk is the resistor of bulk

DEME-TFSI. (b) The molecular structures of P3HT, PCBM, and DEME-

TFSI. (c) Energy level diagram of the components in the devices.

FIG. 2. The photoresponse of Metal (Au, Cu, Al)/P3HT:PCBM/ DEME-

TFSI/Ag (black is Au, green is Cu, and blue is Al) photocells under illumi-

nation of a light-chopper-modulated 532 nm laser (3000 Hz) with a power

density of 5 mW/cm2. The red curve shows the time dependence of the inci-

dent light power density.
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formation of an EDL at the DEME-TFSI/Ag interface, which

is facilitated by the high ionic conductivity of the ionic liq-

uid.18 The formation of an EDL at the DEME-TFSI/Ag inter-

face will draw the holes from the metal electrode to the Ag

electrode, which generates the external circuit current

described in Figure 1(a). During the light-on period, the

EDLs are charged up, and, in the following light-off period,

the negative transient photocurrent appears due to the dis-

charging of the EDLs.

The external quantum efficiency (EQE) was estimated

for the Au/P3HT:PCBM/ DEME-TFSI/Ag photocell. Figure

3(a) shows the wavelength dependence of the EQE, which

was calculated from the peak values of the transient photo-

current during the light-on period. High EQE values were

observed, suggesting that the photon-electron conversion

process is rather efficient under the present mechanism. The

shape of the EQE curve is similar to the corresponding

absorption spectrum of the P3HT:PCBM blend film (see Fig-

ure 3(b)). The peak value of the EQE reaches 61.2% at

495 nm, which is similar to conventional P3HT:PCBM based

OSCs, which use ITO as the transparent electrode material.19

Furthermore, the responsivity Ri of this photocell was

calculated, using Eq. (1)

Ri ¼
Iph

Popt

¼ q � k � EQE

h � c ; (1)

where Iph is the produced photocurrent, Popt is the input light

power, hc/k is the photon energy, and q denotes the

elementary charge. The responsivity at 580 nm, without a

bias voltage, corresponds to 272 mA/W, which is much

larger than that of conventional organic photodetectors oper-

ated by a bias voltage,20 and is close to the commercially

available silicon photodiodes.

As mentioned previously, the present photocell is suita-

ble as a OPD, whose figure of merit is the noise equivalent

power (NEP), i.e., the minimum impinging optical power

that a detector can distinguish from the background noise,

which can be calculated by Eq. (2)

NEP ¼ ðADf Þ1=2=D�; (2)

where A is the effective area of the photodetector in cm2, Df
is the electrical bandwidth in Hz, and D* is the specific

detectivity measured in units of Jones. If the dark current is

the major contribution to the noise, then D* can be

expressed21 as

D� ¼ Ri=ð2qJdÞ1=2; (3)

where Ri is the responsivity, q is the elementary charge, and

Jd is the dark current. The D* at zero bias is shown in

Figure 3(b), which was calculated based on the derived

responsivity and measured dark current. At 580 nm,

D*¼ 1.9� 1013 Jones, which is higher than that of silicon

based detectors (about 8� 1012 Jones) in the visible range. A

NEP of 1.2� 10�14 W/Hz1/2 at 580 nm was calculated based

on Eq. (2), which is similar to the silicon based detectors

(about 1.3� 10�14 W/Hz1/2). From the equivalent circuit of

the present photocell described in Figure 1(a), two built-in

EDL capacitors are shown, which can effectively decrease

the dark current, and, as a result, a high specific detectivity

and low NEP can be obtained.

In order to understand the influence of the introduced

EDLs in the present photocell on the ultra-fast and high-

speed photoresponse features, a nanosecond pulsed laser

with a wavelength of 532 nm, and a light-emitting diode

(LED) with the central wavelength of 525 nm switched on

and off by a function generator, were used to determine the

photoresponse of the photocell, respectively. The impulse

response of the photocell is shown in Figure 4(a), which was

recorded by the photocell directly connected to a 1 GHz

bandwidth oscilloscope, with an input resistance of 50 X.

Under zero bias, the rise time (10%-90%) and fall time

(90%-10%) and the full width at half maximum (FWHM) of

the photocell are 2.1 ns, 147.6 ns, and 29.9 ns, respectively,

in which the fall time and FWHM are much smaller than the

conventional P3HT:PCBM based OPDs.22 From the fast

Fourier transformation (FFT) of the impulse response (see

Figure 4(b)), a �3 dB cutoff frequency of about 2.6 MHz

can be derived. This would suggest that at zero bias, the

FIG. 3. (a) EQE (black line) and responsivity (red line) spectra of the Au/

P3HT:PCBM/DEME-TFSI/Ag photocell obtained by irradiation with light-

chopper-modulated monochromatic light from 400 nm to 800 nm (3000 Hz)

without a bias voltage. (b) Specific detectivity spectrum (red), which is cal-

culated from the responsivity and the absorption spectrum (black) of the

P3HT:PCBM (1:1, by weight) blend film.
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present photocell is more suitable for ultra-fast photodetec-

tion, compared to a conventional architecture, since it bene-

fits from the introduced EDLs in series, decreasing the

device capacitance. However, the negative photoresponse

polarization observed in Figure 4(a) indicates that a recovery

period is needed for the device, due to the discharge process

of the EDLs, which will decrease the high-speed photores-

ponse of the present photocell, as calculated from the decay

profile. The experimentally determined frequency-dependent

photoresponse of the present photocell is shown in Figure

4(b), where the normalized photoresponse is plotted versus

the modulated LED frequency, varied from 100 Hz to

400 kHz. Under the same zero bias conditions, the �3 dB

cutoff frequency of the present photocell is about 90 KHz

(shown in Figure 4(b)) which is just a little lower than the

conventional P3HT:PCBM based OPDs (about 100 kHz)23

irradiated by LED or laser diode, but much lower than the

calculated �3 dB cutoff. One reason for this may be that the

specific capacitance of the EDLs induced in DEME-TFSI

diminishes at frequencies above �100 kHz,24 which is close

to the observed frequency cutoff for the device. Additionally,

the effective device area is much smaller when irradiated by

the pulsed laser than by the LED, which substantially

decreases the effective device capacitance during operation,

so the �3 dB cutoff frequency derived from FFT of the

impulse response would overestimate the cutoff frequency,

compared to measurement by the LED.

It can be concluded that opaque electrodes can be used

to realize high-efficiency and high-detectivity organic optoe-

lectronic devices, when combined with EDLs formed in

ionic liquids, as high density charge accumulation can occur

at the solid/liquid interfaces, leading to enhanced charge sep-

aration. The EQE and responsivity of this photocell can

reach 61.2% and 272 mA/W, respectively. Because the

EDLs effectively decrease the dark current, the specific

detectivity of this photocell can reach 1.9� 1013 Jones,

which is comparably larger than silicon based detectors in

the visible region. We hope that such opaque electrode based

optoelectronic conversion will renew the operation principle,

the photocell design, and lead to material innovation for or-

ganic photodetectors, sensors and optical communication

devices, because transparency is no longer an indispensable

condition for the electrodes.
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