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Performance of traditional organic thin film photoconductors 

(OTFPs) is limited by the low carrier mobility in the 

donor:acceptor (D:A) blend film. To overcome such a 

problem, higher-mobility carrier transport layer should be 

brought in the D:A blend based device. However doing so will 

certainly result in bilayer or even multilayer structure, which 

is usually a challenge for all-solution processing methods.  

Here by carefully controlling and adjusting the fabrication 

process, all-solution-processed PBDTTT-CF/PBDTTT-

CF:PCBM bilayer OTFP is demonstrated. In such a bilayer 

device, PBDTTT-CF:PCBM  blend layer is responsible for 

light absorption and free photo carrier generation, and the 

underlying  PBDTTT-CF layer is responsible for the photo 

carrier transportation inside the device. The hole mobility in 

the PBDTTT-CF layer is measured to be 9.1×10-4 cm2V-1s-1, 

much higher than that in the PBDTTT-CF:PCBM blend film, 

which is only 4.3×10-5 cm2V-1s-1. As a result of the faster 

carrier transport, the bilayer device exhibits a greatly 

enhanced photocurrent, which is about 7 times higher than 

that of the single blend layer device. Meanwhile, the ON/OFF 

response of the bilayer device is also improved, which is 

shorter than 0.1/0.1 s. 

1. Introduction  

Due to their great virtues of low-cost fabrication and high 

flexibility, organic thin film photoconductors (OTFPs) are 

expected to have broad applications in the field of optical 

communications, artificial vision and biomedical sensing.[1-6]  

Tremendous efforts have been made in developing OTFPs with 

donor:acceptor (D:A) blend active layers: Jeong et al.[7] firstly 

brought donor:acceptor blend into OTFPs to enhance the 

generation of photo carriers.[8,9,10]); Followed, Peet et al.[11] 

further enhanced the performance of OTFPs by adding additive 

in the D:A blend film, which is able to improve nano-

morphology of the blend film and hence benefit free carrier 

generation; Later, [70]PCBM (analogue of PCBM and displays 

improved light absorption[12]) is used in the blend film to 

enlarge light absorption, and higher photocurrent was 

obtained;[13] Recently, Li et al.[14] successfully further improved 

the performance of the OTFPs using a substrate with patterned 

photonic crystals which is capable of increasing the reflection 

light and hence the overall light absorption of the blend film.  

Although these progresses are encouraging, the performance of 

OTFPs remains unsatisfactory. Careful analysis can find that 

above studies mainly concentrated on increasing the numbers of 

photo carriers with a blend layer responsible not only for carrier 

generation but also for carrier transport. The organic blend film 

is of course sufficient for light absorption and carrier 

generation,[15] but the nanoscale network formed in the blend 

film greatly increases the distance carrier travels between the 

two electrodes, and hence seriously weakens carrier mobility 

and slows down carrier transport inside the device.[16-19] A 

feasible approach to solve this problem could be: layer with 

higher carrier mobility be brought in to transport photo carriers 

generated in the low-mobility D:A blend film.   

In this paper, by an all-solution processing method 

bilayer OTFPs are fabricated:  a D:A blend layer of PBDTTT-

CF:PCBM for carrier generation (PCBM:[6,6]-phenyl-C61-

butyric acid ethyl ester, PBDTTT-CF: poly[4,8-bis-substituted-

benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-4-substituted-

thieno [3,4-b] thiophene-2,6-diyl]-fluorine, hereafter referred as 

CF), and a  layer of CF for carrier transport. Due to the much 

higher carrier mobility in the CF film (in comparison to that in 

the CF:PCBM blend film), the bilayer device exhibits a ~7 

times higher photocurrent than that of the traditional single 

layer device with only CF:PCBM blend layer. The bilayer 

device presents a R value of 1.3 AW-1, significantly higher than 

that 0.19 AW-1 of the traditional blend-only device.     
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Figure 2. (a) Schematic illustration of the bilayer OTFPs. (b) 

The molecular structures of CF and PCBM. (c) The cross-

sectional SEM image of the fabricated bilayer device. (d) 

Energy band diagram of CF and PCBM. (e) The photograph of 

the fabricated device. 

 

Figure 1. Fabrication of the bilayer photoconductor. 

 

2. Experimental Section  

2.1 Materials and Substrates  

All of the materials were purchased from Sigma-Aldrich 

and were used as received without further purification. The 

Corning Eagle XG glasses and N-doped silicon with 300 nm 

silicon dioxide were used as the substrates for the 

photoconductors and field effect transistors. 

2.2 Solution Ratio and Concentration 

The concentration of the CF solution and the blend 

solution (CF:PCBM ratio of 1:1.5) in o-dichlorobenzene were 

40 mg/ml. The concentration of the PCBM solution in 

dichloromethane (DCM) was 10 mg/ml. The solutions were 

stirred rigorously for ca. 24 h at room temperature. 

2.3 Device Fabrications 

The CF film, the PCBM film and the CF:PCBM blend 

film were formed by spin-coating their solutions onto the 

substrate at 1000 rpm for 30 seconds. The step-by-step 

fabrication process of the bilayer film is shown in Figure 1: (a) 

CF solution was dropped onto the substrate; (b) the CF film 

was subsequently formed after spin-coating; (c) PCBM solution 

in DCM was dropped onto the prepared CF film; (d) 5s wait: 

owing to the high solubility of PCBM in DCM[20,21] and 

extremely poor solubility and hence slow dissolution rate of CF 

in DCM (proved by the experiments), only a small amount of 

the CF on top of the CF film was dissolved into PCBM drop by 

DCM, converting the pure PCBM drop into CF:PCBM blend 

drop; (e) after spin-coating, the blend layer is formed, and so is  

the bilayer structure; (f) the device was completed with thermal 

evaporation of 100 nm-thick Al electrodes through a shadow 

copper grid mask, which results in a channel width of 2000 μm 

and a channel length of 10 μm. 

It should be noted that the OTFPs (for the CF film, the 

PCBM film, the CF:PCBM blend film and the bilayer film) 

were fabricated on glass substrates while the organic thin film 

transistors (OTFTs) (for the CF film, the PCBM film, and the 

CF:PCBM blend film) were fabricated directly on the SiO2 

(300 nm)/Si+ substrate (for testing the hole mobility in CF 

based TFT, Au electrodes instead of Al electrodes were used). 

2.4 Measurements 

Electrical characterizations were recorded with a 

Keithley 4200 and a Micromanipulator 6150 probe station at 

room temperature. A white-light halogen–tungsten lamp with 

power intensity of 1.5 mWcm-2 was used for illumination. The 

light intensity was calibrated using a mono-silicon detector 

produced by the National Renewable Energy Laboratory 

(NREL). The monochromatic light is from a Newport Oriel 

200TM, and the intensity is 10.6 μW/cm2. Prior to the use of 

monochromatic light, the spectral response of the mono-silicon 

solar cell was measured and normalized to the NREL standards. 

The cross-sectional image was characterized by scanning 

electron microscopy (SEM, Hitachi S-4800). The XPS 

measurements were performed in a Kratos Ultra Spectrometer 

(a base pressure of 1×10-9 Torr) using monochromatized Al Kα 

X-ray photons (hυ=1486.6 eV) discharge lamp. UV-vis spectra 

were recorded using JASCO V-570 spectrophotometer. The 

film thickness was measured using an Ambios Technology XP-

2 profilometer. 

2.5 Carrier Mobility Extraction 

The carrier saturation mobility μ in the investigated OTFTs 

calculated using the following equation [22] 

IDS=Ciμ(W/2L)(VGS-VT)2,  

where IDS is the drain current, Ci is the capacitance per unit area of 

the gate dielectric layer, W is the channel width,  L is  length, VGS is 

the gate voltage, and VT is threshold voltage. 
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Figure 3. (a) The XPS spectra of the CF and PCBM. (b) Vertical composition profile from surface (deduced via etching 

and XPS characterization) for the bilayer film. Transfer curves of the OFETs: (c) for CF, (d) for PCBM and (e) CF:PCBM 

blend. The inset in (a) is the intensity of S 2p peak at different etch depth along the vertical direction from the surface. 

 

3. Results and Discussion 

The structure of the bilayer device and the molecular 

structures of CF and PCBM are given in Figure 2a and 2b, 

respectively. The bilayer structure can be clearly seen in Figure 

2c, which is the cross-sectional SEM of the bilayer film. For 

clarity we also marked the electrode, CF:PCBM blend and CF 

underlying layer in Figure 2c. The energy band diagrams of CF 

and PCBM are presented in Figure 2d, from which it can be 

concluded that the photo induced electrons will flow from CF 

into PCBM owing to the relative positions of their energy 

levels.[23,24] Figure 1e is a photograph of the fabricated devices 

on glass substrate. 

In order to further confirm the bilayer structure, the 

concentration-depth profile of the bilayer film was studied by a 

widely used technique (slowly etching the prepared film from 

the surface accompanied by XPS measurement).[25] The 

chemical composition of the pristine CF and PCBM films were 

first analyzed via XPS in order to facilitate the calculation of 

the CF and PCBM composition in the bilayer film along the 

vertical direction from the surface.  Figure 3a provides detailed 

information about the XPS test on the pristine CF and PCBM 

film spectra, and the intensity of S 2p peak at different etch 

depth along the vertical direction from the surface (S 2p peak 

located at 163.17 eV and regarded as the character peak for CF). 

By measuring the intensity of S 2p, the distribution of CF along 

the vertical direction from the surface can be calculated. The 

calculated CF concentration-depth profile of the bilayer film is 

presented in Figure 3b. For the bilayer film, the top ~100 nm 

from the surface is consisted of PCBM and CF, the 

concentration of CF then starts to increase from 38%, and 

reaches 100% when the depth from the surface reaches ~100 

nm, and it remains unchanged with further increasing the depth 

(for this reason, we only etched 170 nm from the surface for the 

XPS measurement). The results give a strong evidence that our 

film is indeed bilayer structure: CF:PCBM blend (~100 nm)/CF 

(~400 nm). 

For a photoconductor, it is well known that the 

photocurrent is closely related to responsivity (R) which is 

defined by the following equation:[26-29] 

G
hc

qλ
EQE

P

II
R

ill

DarkghtiL



                                           (1) 

Where ILight is current under the illumination, IDark is the dark 

current, Pill is the incident illumination power on the effective 

area (channel area), EQE is the external quantum efficiency, λ 

is the wavelength of interest, q is the electron charge, h is the 

Planck constant and c is the speed of light. G is the photogain 

and defined as the ratio between the number of electrons 

collected per unit time and the number of absorbed photons per 

unit time, and can be expressed by the following equation:[28,29] 

 
L

Eτμμ
G

pn 
                                                          (2) 
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Figure 4. The performances of the fabricated devices based 

on the PCBM, CF, blend and bilayer films: (a) for I-V curves 

under dark; (b) for I-V curves under an incident white light 

density of 1.5 mWcm-2; (c) and (d) are for the on/off 

switching properties (at a bias of 10V) under an incident 

white light density of 1.5 mWcm-2. 

 

Figure 5. (a) Absorption spectra and (b) photocurrent spectra 

of the PCBM, CF, blend and bilayer films. 

Where μn is the electron mobility, μp is the hole mobility, τ is 

the photo carrier lifetime, E is the electrical field and L is the 

device channel length. 

From Equation (1) and (2), it is seen that photocurrent is 

proportional to carrier mobility μ, we thereby fabricated OFETs 

and extracted carrier mobilities in each films involved in this 

study (based on their transfer curves shown in Figure 3c-e and 

the Equation described in Experimental Section), which are 

listed here: hole mobilities in the CF film and the blend film are 

9.1×10-4 and 4.3×10-5 cm2V-1s-1, respectively. Electron 

mobilities in the PCBM film and the blend film are 3.8×10-3 

and 1.5×10-4 cm2V-1s-1, respectively. These mobility values are 

consistent with the reported ones.[16,30] It proved that 

hole/electron mobility is indeed decreased in the conventional 

blend film compared with pristine materials. We believe that in 

our bilayer device, by combining the efficient carrier generation 

in the blend layer (CF:PCBM) and relatively large hole 

mobility in the CF layer (in comparison to that in the blend 

film), the photocurrent can be improved. 

In Figure 4, the performances of the fabricated 

photoconductors based on the PCBM, CF, blend and bilayer 

films are compared under dark and under an incident white 

light density of 1.5 mWcm-2. The PCBM film shows very poor 

dark current and photocurrent (seen in Figure 4a and Figure 

4b), and this should be induced by its large band gap (2.4 

eV).[31] For the photocurrent: the CF film has much higher 

value compared with the PCBM film (seen in Figure 4b), 

which can be attributed to its much narrower band gap (1.7 eV). 

Because of the high exciton binding energy in conjugated 

polymers, thermal energy at room temperature is not sufficient 

to dissociate a photo exciton (typical with a binding energy of 

0.4 eV) into free charge carriers.[10, 32] The free carriers that 

form the photocurrent in the PCBM and CF film should come 

from photo exciton dissociation induced by the external electric 

field and impurity inside the film.[33] The blend film shows 

slightly higher photocurrent in comparison to that of CF films 

(seen in Figure 4b). Considering that hole mobility in the blend 

film (4.3×10-5 cm2V-1s-1) is actually lower than that in the CF 

film (9.1×10-4 cm2V-1s-1), and electron mobility in the blend 

layer (1.5×10-4 cm2V-1s-1) is also much lower than that in the 

PCBM film (3.8×10-3 cm2V-1s-1), the photocurrent of the blend 

film obviously is induced by the greatly strengthened photo 

exciton dissociation, which produces much more free 

carriers.[8,9] The bilayer film exhibits significantly higher 

photocurrent than the PCBM film, the CF film and the blend 

film (seen in Figure 4b). This can be understood in the 

following way: photo excitons are firstly dissociated at the 

CF/PCBM interface in the blend layer, holes would diffuse 

from the CF in the blend layer into the CF layer (on bottom) 

because of the higher carrier concentrations in the blend layer, 

electrons then would stay in the blend layer (on top). Electrons 

then are transported in the blend layer and holes are transported 

in the CF layer between the two electrodes under a bias, and 

forms photocurrent. Since the CF layer has higher hole mobility 

than that in the blend film (9.1×10-4 vs 4.3×10-5 cm2V-1s-1), 

thereby the photocurrent is enhanced (~7 times) in comparison 

to that of the blend film. 

Figure 4c gives the on/off switching characteristics (at 

a bias of 10V) of the CF, blend and bilayer photoconductors, 

(No observable photocurrent was shown by the PCBM layer). 

The ON/OFF time duration is 20/20 seconds. It is clear seen 

that all these devices can be switched on and off repeatedly and 

the results are consistent with what is observed in Figure 4b. 

Figure 4d provides the light rise/decay information (at a bias of 

10V) of the CF, blend and bilayer photoconductors, from which 
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it can be calculated  that the responses of all these devices are 

quite fast with rise/decay times shorter than 0.1/0.1 s.  

The UV-Vis absorption spectra of the PCBM, CF, blend 

and bilayer films are given in Figure 5a. In the UV-Vis 

absorption spectra, broad absorption (from 300 to 800 nm) is 

seen for CF, while PCBM mainly shows light absorption in the 

UV region peaks at 347 nm. The absorptions of both the bilayer 

film and the blend film cover the ranges of both CF and PCBM. 

Figure 5b shows photocurrent as a function of wavelength for 

the PCBM, CF, blend and bilayer devices (under a bias of 10 V 

and an incident light density of 10.6 μWcm-2). It is seen that 

across all the investigated wavelengths, photocurrent of the 

bilayer device is much higher than that of the PCBM, CF and 

blend devices, which should be an indication of the virtue of the 

bilayer architecture. Meanwhile, for all the three devices the 

spectral photocurrent matches well with the spectral absorption: 

stronger absorption always corresponds to larger photocurrent. 

This is in agreement with Equation (1): the photocurrent is 

linearly related to the EQE (EQE is linearly related to light 

absorption). 

4. Conclusions 

In summary, a solution processed bilayer architecture for 

OTFPs is demonstrated. In such bilayer OTFPs, free photo 

carriers are mainly generated in the top blend layer (CF:PCBM), 

holes in the blend layer then diffuse into the bottom CF layer，

and electrons stay in the blend layer. The higher hole mobility 

in the CF layer (in comparison to that of the conventional blend 

film) leads to faster carrier transport, which in-turn results in 

better device performance. Principally, the all solution 

processed bilayer structure we designed here could pave a way 

for fabricating high-performance low-cost OTFPs in the future. 
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