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Synopsis 

The rectifying and photovoltaic properties of Pbltrans -polyacetylene/graphite sandwich cells 
have been examined. The dependence of the short-circuit current density (Jsc)  and open-circuit 
voltage (V0J on light intensity have been determined. Some data on a Pb/AsFs lightly doped 
polyacetylene graphite cell are also reported. 

INTRODUCTION 

Many organic materials such as polyvinylpyridines,l polypyrroles,2 phthalo- 
cyanine~,~  and polyphenylacetylene~~ are the subject of research aiming at  the 
determination of their electrical properties and usefulness as materials for 
Schottky barriers and photovoltaic cells. Among the polymers, polyacetylene 
is actively investigated.5-7 

In this paper, we report the first data on the rectifying and photovoltaic 
characteristics of Pbltrans - (CH), /graphite and Pbltrans- [CH(AsF5),], /graphite 
devices. Trans-(CH), and trans-[CH(AsF5),], , respectively, stand for trans- 
polyacetylene and the lightly doped polymer. Electrical characteristics of the 
junctions with the doped polymer were unstable and displayed ageing effects 
within a few hours for y values >0.01. Therefore, the AsF5 doping level had to 
be maintained at  0.005. 

EXPERIMENTAL 

The trans -polyacetylene films were synthesized following Shirakawa's tech- 
nique.8 The samples prepared during this work have similar properties (UV- 
visible-IR absorption spectra, C:H analysis, shiny aspect) to those described 
el~ewhere.~JO Doped samples were made by leaving the films in contact with 
AsF5 vapor until the desired doping level was obtained. The dopant concen- 
tration was determined by weight uptake. The films had a typical thickness of 
50 pm. 

The backside of the films was painted with Acheson Electrodag +502 (sus- 
pension of colloidal graphite) and the front side was covered with a semitrans- 
parent lead layer. The metal was deposited by evaporation under reduced 
pressure (-10-4P) with the help of a Leybold-Heraeus Univex 300 (Vacuum 
Coater). 
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Fig. 1. Configuration of the sandwich cell and qualitative variation of the electrical potential along 
the cell: E, = lower limit of the conduction band; E/ = Fermi energy level; E, = upper limit of the 
valence band14; W = depletion layer; L = diffusion length of the carriers; B = electrical field; t = 
thickness of the polymer film. 

The J-V characteristics were obtained with a Heathkit IP-2071 Power Supply; 
the voltages were measured with a Keithley 616 Digital Electrometer and the 
currents with a Solartron 7051 DVM. 

The white light source was a Xenon 150W Illuminator powered by a Varian 
PS 150-8 Supply. A Unicam SP500 Monochromator was used for the experi- 
ments with monochromatic light. Irradiations were performed through the lead 
contact (Fig. 1). 

RESULTS 

As shown in Figure 2, doped and undoped polymers form rectifying contacts 
with lead. It was checked that for the current densities encountered during this 
work, the contact with Electrodag +502 is ohmic. The specific contact resistance 
was -300 Q-cm. Forward bias corresponds to a negative voltage at the Pb  
electrode; under illumination, the metal electrode becomes negative with respect 
to the back contact. 

Current Density-Voltage (J -  V) Data. The rectification ratio at 1 V is 250 
for undoped polyacetylene; this ratio decreases upon doping with AsFs. Ex- 
trapolation to J = 0 of the linear part of the forward characteristic yields a value 
for the contact potential: 

V, = 0.7V 

A similar value is found for the Pb/(CH), and the Pb/[CH(AsF5),], contacts. 
At forward bias ( VF) greater than V,, the J ~ V F  characteristic becomes linear. 
From the slope, a series resistance R, of lo3 Q is estimated for the junction with 
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Fig. 2. Electrical characteristics of Pb/(CH), ( 0 )  and Pb/[CH(AsF&], cells (A). 

the undoped polymer. This corresponds to the bulk resistance of the polymer. 
The resistivity (p )  of the films measured with the four-probe technique is 2 X 
lo5 52-cm at room temperature). For [CH(AsF5),], an R, value of 200 Q is ob- 
tained, which is also consistent with a bulk resistivity of 5 X lo4 Q-cm. 

Capacitance-Voltage (C-V) Data. The capacitance-voltage (C-V)  char- 
acteristics recorded at  various frequencies are given in Figures 3(a) and 3(b), 
respectively, for undoped and doped polyacetylene. C-2 is plotted as a function 
of the applied voltage in order to assess the acceptor concentration ( N A )  and the 
V ,  value according to eq. ( l)I1: 

(1) 

with A, = junction area; q = electron charge; E ,  = semiconductor dielectric 
constant, taken as 5 in this work, and VR = reverse applied voltage. This ex- 
pression is valid in the depletion approximation and in the absence of charge 
trapping. Considering the parallel plate capacitance, the width of the depletion 
layer ( W )  is given by 

c-2 = ( ~ / A ? ~ N A E S ) ( V C  -k V R )  

W = 6,A;CO ( 2 )  

with CO = capacitance in the absence of electrical polarization. The room- 
temperature values of N A  and W according to eqs. (1) and (2) are given in Table 
I for undoped polyacetylene. 

Short-circuit Current vs. Wavelength. The short-circuit current action 
spectrum normalized at  constant incident photon intensity,( 10'6 photons/cm2.s) 
is given in Figure 4. The calculated values of I,, have been obtained by appli- 
cation of eq. (5). They will be discussed at  the end of this paper. The sample 
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(a) 
Fig. 3(a). Capacitance-voltage characteristics a t  various frequencies of the undoped PbI(CH), 

cell: (A) 20 Hz; (0 )  360 Hz; (+) 750 Hz; (v) 1500 Hz; (.) 3000 Hz. 
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(b) 
Fig. 3(b). Capacitance-voltage characteristics a t  three frequencies of undoped (a,o,o) and doped 

(A,.,.) samples: (0,O) 360 Hz; (.,n) 90 Hz; (A,A) 20 Hz. 

is irradiated through the lead contact, and correction for light absorption by the 
metal has been applied. The largest photocurrents were obtained at  -600 nm 
and were of the order of 1 p A.cm-2. 

Photovoltaic Data. The photocurrent density-photovoltage characteristics 
(Jph-vph)  measured by varying the load resistance ( R L )  under constant white 
light illumination (50 mW/cm2) is shown in Figure 5 for the undoped and doped 
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Fig. 4. Visible and near infrared absorption spectrum (0 )  of a polyacetylene film. Experimental 

(A) and calculated (-) short-circuit currents (Isc) .  Absorption coefficients (a) and I,, values are 
normalized. 

films. Characteristic is nearly linear and the fill factor (FF) defined as Pm/V,Jsc 
with P, maximum power output is thus -51.5 X 0.61/103 X 1.23 = 0.25. 

Under the conditions described above, typical values of the photovoltaic data 

A 
A 
A 

0 

0 

0 
0 

0 

I 
A 
A 
A 

0 
0 

10- 

0 5 0  100 

Fig. 5. Photocurrent density (Jph) vs. photovoltage (Vph) of Pb/(CH), (0 )  and Pb/[CH(AsF&], 
photocells (A). White light illumination; incoming power = 50 mW/cm2. 
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Fig. 6. Plot of the short-circuit photocurrent density (Jsc) and the open-circuit photovoltage ( Voc) 
100% corresponds to 50 mW.cm-2 (undoped as a function of the incoming light power (Pin). 

sample). 

ranged between 103 and 173 mV for V,, and 1.23 and 2.6 pA/cm2 for Jse Similar 
values were obtained under solar light illumination. 

An approximate value of the efficiency of light energy into electrical energy 
conversion (7) can be estimated according to eq. (3): 

7 = V,cJsc FF/Pin (3) 
with Pin = incident power/cm2 (50 mW/cm2). One finds 7 2 2.2 X 

Since the currents in the photovoltaic mode are very small, it appears that the 
low efficiency of the cell does not arise from a series resistance. 7 is not affected 
by the film thickness. The quantum yield of carrier collection at  600 nm is 1.33 
x 10-2%. 

Short-circuit Current and Open-Circuit Voltage Dependence on Light 
Intensity. The short-circuit current density and the open-circuit voltage de- 
pendence on white light intensity are given in Figure 6. In these experiments, 
the incident power was included between 0.5 and 50 mW/cm2. elsc varies as P i n  

whereas V,, increases logarithmically with the light intensity, which is a usual 
photocell behavior. As the temperature is raised from 2OoC and 45"C, J,, in- 
creases (10%) and Vc, decreases (-2%). 

DISCUSSION 

As shown in Figure 7, the forward current voltage characteristic is satisfactorily 
described by the phenomenological equation: 
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Fig. 7. Natural logarithm of the forward and reverse currents vs. applied potential. Experimental 
(.,A) and calculated curve (-1 by application of eq. (4): ( 0 )  Ph  8, F; (A) P b e ,  R. 

with Rsh being the shunt resistance of the cell and n the perfection factor. In 
practice, R,h is so large that the last term of eq. (4) may be discarded. Using that 
equation, the best fit is obtained with n = 2.2 and R, = lo3 Q.  It thus appears 
that the behavior of this Schottky barrier is consistent with the thermoionic- 
emission theory. 

The reverse bias current delivered by the junction is proportional to exp( V, 
- VR)’/* as expected when image-force lowering of the barrier takes placell (Fig. 
8). 

I I I I I 

Fig. 8. Effect of the image-force lowering on the Pb/(CH), (0 )  and Pb/[CH(AsF&], (A) barriers. 
Natural logarithm of the reverse current vs. ( VC - V R ) ~ ’ ~ .  
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TABLE I 
Material Parameters Derived from Schottky Barrier Properties for Undoped Polyacetylene 

Frequency 
(Hz) 

20 
360 
750 

1500 
3000 

2.79 x 1017 
1.69 x 1017 

1.10 x 1017 
1.36 X 1017 

8.71 X 1OI6 

310 
350 
430 
530 
690 

From the data of Table I, it appears the apparent acceptor density calculated 
according to eq. (1) depends on the measuring frequency. At  higher frequency 
the calculated N ,  value is smaller than at  lower frequency. 

Presumably, this is due to variable depth traps characterized by different time 
constants. The same qualitative conclusion can be drawn from the increase of 
W with increasing frequencies. NA = 2.79 X l O I 7  and W = 310 8, are thus 
the more significant figures. 

At the longest wavelengths, the short-circuit current in the photovoltaic mode 
fits the relationship12: 

I,, = q x 4 x N p h [ l -  exp(-aW) + + P ) )  exp(PW)] 
x [exp[-(a + P)Wl- exp[-(a + P)LlI (5) 

with P-l = L, the diffusion length of the current carriers, Q = absorption coef- 
ficient of the polymer (cm-l), 4 = quantum efficiency of carriers generation, and 
N p h  = light density (quanta/cm%). This is exemplified in Figure 4. 

Using iteratively L and W as parameters, a perfect correspondence between 
the absorbed light and the photocurrent is observed in the range 550-1000 nm 
for the values L = 250 A and W = 450 A. Thus, the width of the depletion layer 
estimated from the dependence of the photocurrent with the wavelength is in 
satisfactory agreement with the W value obtained from the C-2 us. V plots at  
low frequencies. 

As far as the diffusion length of the carriers is concerned, a value of 250 A was 
also found in a previous study of the indiumltrans-(CH), Schottky barrier.'3 
This short diffusion length is again typical of a polymer material having a high 
density of deep traps. 

At  wavelengths below 550 nm, I,, is smaller than expected from the application 
of eq. (5). We tentatively explain this observation in considering that, at  short 
wavelengths, light is partially absorbed by shorter conjugated polyenes whose 
electronically excited states decay by internal conversion rather than in producing 
electron-hole pairs. 

It must be stressed that the magnitude of the photovoltaic effect is exceedingly 
small with doped and undoped (CH), samples. Furthermore, polyacetylene 
films display aging effects which are still accelerated by doping with strong 
electron acceptor or by irradiation with UV and visible light. 
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