
AFCRL-72.-0209

Investigation of Organic Semiconductor

for Photovoltaic Application

SiBy

P. H. Fang

Shyh-Shyong Hsu

Department of Physics

Boston College

Chestnut Hill, Massachusetts 02167

Contract No. F19628-71-C-0093

Project No. 8659
Task No. 865901
Work Unit No. 86590101

Scientific Report No. 1

1 January 1971 - 31 December 1971

10 March 1.972

CONTRACT MONITOR: Nicholas F. Yannoni

Space Physics Laboratory

Approved for public release; distribution unlimited.

Prepared
for

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

AIR FORCE"SYSTEMS COMMAND

UNITED STATES AIR FORCE

BEDFORD, MASSACHUSETTS 01730

NATIONAL TECHNICAL
INFORMATION SERVICE



7

Unclassified
Setilntv Classification

DOCUMENT CONTROL DATA. R S D
f$e'uuitiy eta. slfjetion 0 tlhle. hoýdy of tt. sIgnt n-d tede ,ng unnot-, tiun -00i- ,1, he ,r.t,',,d .1- r r e, ' r.,,. fr;,ut S t1u *t. 'ult

IO IGINATING ACTIOIT'T (Corporatae atho.) Z,. At:[o041 5LCUR9ITY C, A $IF ICA TION

Boston College Unclassified
Department of Physics 2b.G°OU

Chestnut Hill., MasqahmPJ-,_ 091617
3ý REPORT TITLE

INVESTIGATION OF ORGANIC SEMICONDUCTOR FOR PHOTOVOLTAIC
APPLICATION

4ý OCSCRIPTIVc NOTES (• r-" ' ,uut .. uh .t

Scientific, Interim
0 Au TNOAIIu5 (1-t.1 nhm.en middle iniltal. ast .1am.)

P. H. Fang
Shyh-Shyong Hsu

68 "LPONI DATE To, TOTAL NO OF; AGb "

10 March, 1972 22 9
OR, CON T•uAC T OR GRANT -0. Vo., Ot'Ic..NA tOu'S HIPOu 0 NUmtuIOCtlS)

F19628-71-C-0093
b PROJECT. TASK. AND WORK UNIT NO. Scientific Rport No. 1
8659-01-01

e. DOD ELEMENT O f,~ Tutu 11.064 utuout Ou) (An;' Otutfu' uuuubshe may be .. iOIOnnd

. COO SUDLEMEN 81308 AFCRL-72-0209
10. OtSTRIu (UTION STAT •EM NT

A - Apporoved for public release; distrubution unlimited

I$. SUPPL.C•CNTANY NOTES I.? %PONSO ANG MIL• • Au,, A IvTu

Air Force Cambridge Research
TECH, OTHER Laboratories (PH) L.G.Hanscom Field

II4HBedford, Massachusetts 01730
1) Based on photovoltaic current-voltage measurement,
cells of tetracene with a TCNQ layer are found to have 50
times improved efficiency. Further improvement can be
ade by reducing the shunt conductivity.

2) Transient photovoltaic effect shows a decay under a
continuous photoexcitation as well as a repeated excitation
indicating an exhaustion of the photoionization centers.
3) Transient effect under different wavelength light in-
dicates a simultaneous presence of positive and negative
currents. The magnitudes of these currents are almost
equal at a given wavelength. Therefore, the net differ-
ence, i.e. the steady state signal, is more than one order
of magnitude smaller than the individual current.
4) Two new solar cell configurations are porposed--(i) to
use flexible substrate and to use an evaporated silicon
oxide layer on the top of the cell for light entrance; (ii)
According to (3), major current is from the surface recom-bination, therefore, a cell with repeated layer structure

DD •°•.1473 - I- u as q .... ....



22

Unclassified
Security C2d.,.stiacation

14 LINK * LINK B LINK C

h t o t i KY 0R05T ROLE W ROLE KT

Photovoltaic effect
organic semiconductor

Solar cell

Tetracene

Transport equations

Unclassified
Security ClISSIlICation



Abstract

Four problems are disct,;--sed concerning the photovoltaic

properties of tetracene and other organic material solar cells:

(1) Based on photov'rtltaic current-voltage measurement, cells

of tetracene with a TCLý! layer are found to have about 50 times

improved efficiency. 'Tis mixed layer type cell has a shunt

conductance and further improvement can be made by reducing the

conductivity.

(2) Transient pl.. .:ovoltaic effect has been measured which

shows a decay under continuous photoexcitation. This current also

decreases under a ,:eveated excitation and indicates an exhaustion

of the photoionizaticn centers.

(3) Transient effect measured with different wavelength light

indicates a simultaneous presence of both positive and negative

currents. The magnitudes of these currents are almost equal at

each wavelength..-.independent of the wavelengths. Therefore, the

resultant net difference, which gives the steady state signal, is

more than one order of magnitude smaller than the individual

current.

(4) Two solar cell configurations are proposed: (i), to use

flexible substrate and to replace the quartz window light entrance

by silicon oxide on the opposite side of the substrate; (ii),

according to (3), a major current is contributed by the surface

recombination, therefort, a coll with repeatod layer structure is

suggested.
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I. Introduction

The objective of this research is three-fold!

(1) To perform measurements .associated with the photo-

voltaic properties of solar cells made with organic

semiconductor materials,

(2)- to analyze the measured results in terms of physical

process involved in the production of the photo-

voltaic current, and

(3) to utilizb the analyzed results to design methods

for an improvement of the energy conversion effi-

ciency of the solar cells.

Most of the experimental work and the theoretical analysis in

this investigation have been concentrated on tetracene, some new

materials have been studied only in a cursory manner. Powever,

the methods developed for the present investigation are equally

applicable to most other organic semiconductors - ' % '

In Section 1I of this report, a new photovoltaic current-

voltage measurement system is used to evaluate three types of

solar cells of different organic semiconductor cinfiqurations.

In Section III, trcnsient photovoltaic current of organic solar

cells une-2 white light is investigated. The same current under

a selected wavelength of light is investigated in Section IV.

Finally, in Soctinn %T, towtt ucw organic solar cell configurations

•9~



II. Photovoltaic Current-Voltage Curve

(1) Experimental Results

In the previous reprot1) we have described a system for the

photovoltaic current-voltage (i-v) measurement. Organic semi-

conductors have generally very high impedance (-10 to l00TII)

and a long relaxation time (in the order of seconds) to reach a

steady state. Therefore, we have had to take data at discrete

points: to wait at each point u.intil a steady state is reached

before proceeding to the next point.

Through the theoretical studies, which will be presented in

Part B, we found that the relaxation time is dependent on the

condition of light excitat.on: the condition to reach the steady

state is faster if the variation of excitation condition is

gradual. This result suggests that we build a slow motor driv-

ing system to vary continuously a variable voltage source. This

voltage is used to compensate for the pnotovoltaic voltage of the

specimen in variable load conditions. In this way a continuous

i-v curve is obtained. The time it takes to measure an i-v

curve is about 9 minutes.

With the above arrangement three types of specimens are

measured

Type (A). tetracene with Al as one electrode, adjacent

to the glass substrate, and Au as the other electrode.

Type (Bl), double layer consists of l.5u of TCNO and
0

600-700 A of tetracene, with Au for both elcctrodes and the

Oi:.V.. 'of Inyo•rs arn eyia.ns Au tcLtarcenc-TCNO-Au.
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Type (B2), same as 0J) in organic semiconductor, but

with different electrodes, the order of layers are, glass-

Al-tetracene-TCNQ-Au.

The respective i-v curves are shown in Fig. 1. The curves

have rather unique characteristics, for example, (Bl) specimen

has almost a straight line while (A) and (B2) curves are concave,

an opposite of an ideal photovoltaic i-v curve which should be

convex and approaching a rectangular shape.

(2) Analysis

In Fig. 1., (Bl), being a straight line and situated between

a concave and an ideal convex curve, is consequently the better

of the three types of specimen.

A drastic difference is the short circuit currenti (Bl)

K and (B2) have about 50 times higher value than (A), the overall

efficiency is increased by about 30 times. This demonstrates

most drastically the importance of the idea of usinq two types

of organic semiconductor layers.

The appearance of the curve (Bl) has a simple explanationi

when a solar cell is 6hunted by a parallel resistor with resis-

tivity value lower than that of the solar cell, the i-v curve

gradually becomes linear when the resistivity is reduced. This

situation is illustrated in Fig. 2, where a good silicon solar

cell is shunted with resistors of various resistance. One cause

of the shunt conductivity could be due to the inhomogeneity of

.h a eimmn and some TCNO forms a short circuit linkage between

the electrodcs. On• posibip] moithod to verify this mechanism is



-4-

to use a microscope with strong light source to delineate if

there are separate TCNQ regions besides the intended (TCNW() +

(tetracene) region.

The explanation of the appearance of curves (k) an• (B2)

is more complex. Wle list two situations ifhere such curves are

observed: (1) In heavily radiation.-damaged silicon solar cells

of p or n configuration with lithium in the n-region, after the

cessatiqn of the radiation, instead of a spontaneous recovery as

in the case of lightly radiation-damaged case, spontaneov- dan

age is observed and the i-v curve in this case bears a similarity

to that observed in the present case. 2) The cause was interpre-

ted as due to a large reduction of the carrier generation center

and a high concentration of the trapping center. But there is

no direct experimental verification. (2) Another possibility

is due to the inexistence of a strong junction to separate tho

positive and negative change carriers into distinct regions, such

as n- or p- regions in the ordinary silicon solar cells. This

point will be discussed again in Section IV of this report.

III. Transient Photovoltaic Effect in Tetracene

While tetracene solar cell so far has not shown the utility

of a photovoltaic energy conversion device, the effect of the

reversal of photovoltaic current polarity as a function of the
•wa1•ngth of the illuminated light is a rather novel phenomenon-)

anel ii ,e • 1- of rrar-t"nol, interest, for example,
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for detection of optical informations. In order to proceed

;along this direction, one important aspect is to investigate the

dynamic characteristics of the photovoltaic current. As will

be discussed in Section IV, dy.namic data also provides informa-

tion which allows to separate the positive and the negative

current, therefore to aid in the basic quantitative analysis.

(1) Experimental Arrangement

In our previous work, to measure the transient response, the

light pulse was controlled directly by the electrical circuit

switch. This arrangement gives a light pulse as shown in Fig.

(3a). It has two undesiz&ble aspects. First, the electrical

signal from the switch already triggers the oscilloscope before

the actual light signal appears. Second, the time to reach a

steady state is about 200 nsec. To overcome this defect, we

decided to leave the lamp in steady operation, and use a camera

shutter to turn on or off the light. In this way, v'c have a

light source nearer to a square pulse. 3b) The rise time is reduced

to about 70 msec, and the transient response is triggered by the

light signal. A silicon solar cell is used to detect the light

signal. The response of this solar cell is less than 1 msec.

In the mpasurement of organic solar cells, therefore, we will

always use Si solar cells to monitor the shape of light pulse as
1

well as the light intensity.

The camera shutter is operated by an electrical solenoid

oporated on 120 volts a.c. source. We hope to replace it by

a d.c. osourc' in i-)'n fit-ip anri, by Adjustinq the mechanical
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spring, an improvement will be made on the shape and the duration

of the pulse.

(2) Experimental Results

Fig. 4 shows two curves. Curve (a) is the reference signal

obtained with Si cell. The shape is nearly rectangular in 2

sec/scale picture. Curve (b) is the terminal voltage, measured

at 1 recyaohm shunt uf the oscilloscope of a tetracene-TCNQ ceil.

The vertical scale is 0.05 V/scale. The light intensity, cali-

brated front curve (a), is about 110 nw/cm. The effective area
2of the organic cell is slightly larger than 1 cm

At to, the light is switched on and curve (a) reaches a

steady state almost instantly. On the other hand, curve (b)

reaches a maximum first, then slowly decays and reaches a steady

state only after a time longer than 10 sec. The ratio between

the maximum and the final value, just before the time marker tl

is less than 1/20. That is, in a steady state operation, the

photovoltaic voltage is only about one-twentieth of the maximum

voltage obtainable from the organic cell.

Next, at tl, which is about 6 sec after the light is on,

the light is turned off. Curve (a) returns to the zero level

irmediately. On the other hand, curve (b) first shows a sharp

increasing spike, then decays at a time rate of about 0.5 sec.

That is, there is a residual photovoltaic voltage even though

there is no more light illumination. Furthermc-'e, this residual

voltage does not return to oro, insteat', it becomes a signal

wi-..- os f



-7-

Fig. (5) shows two new effects. The vertical scale is the

same as in Fig. 4, but the time scale no,, becomes 2 sec/scale.

First, looking at the tail of curve (b) of Fig. 4, this curve,

after crossing zero lcvel, went to the opposite polarity. Fig.

(5) shows this curve reaches a new maximum, and eventuallv decays

to zero level in a time of about 10 sec.

Second, by comparing Figs. (4) an(! (5), we note that while

the vertical magnitucde of curve (a) remains constant, that of

rirve (N) has been decreased. This is especially prominent in

the two maxima at the opposite sides of zero line. Thus, there

is a sign of fatigue. This effect is shown in Fig. 6. Curve (0)

is taken for a specimen which has been )eot in the dark overnight.

Curve (1) is taken at 20 sec after t1 where the light is turnec'

off. Curve (2) is taken at 20 sec after curve (1) is completeO.

The steady state signal of organic cell is the distance senaratecl

from o-line; the value is 0.02 volts. On tl'e other hand, the

value at maximum of curve (o) is estimaterl to be 0.5 volts.

Th1o detailed structure of che n1aximu¶ is hsown in Fiq. 7.

As always, curve (a) refers to Si solar cell and curve (h) to

organic solar cell. At to, light is injocte6. vrom the time

scale of .1 soe/scale, we can Lstimate the breadth of the peak.

3ut the mcsL infcrestinq obcervatiýon is that, using crve (a) -is

Srof. .... ,,, it is '-o'*n that Pi solar cell has a linear response

.intensitv. Therefore, curve (b) Iho,-Ys that the

orqaen:c s-lar ccll has non-linc'ar response" at .cca!: liqht (he-

£oru tho -huLLUr i c f£illy op.--nol to reach a maxirnum light inten-



the sharp corner of curve (a)), cuzve (b) alreau-,J a

"-" the accuracy of measurement, the maximum of curve (b)

seems to coincide with the maximum of the light intensity.

Our next measurement is to investigate the rate of the

recovery of the decayed photavoltaic activities of Fig. 6. This

is shown in Fig. 8. Following the descending order from the top,

the first curve was taken after the organic solar cell is exposeCI

to the light for a full two minutes. After that , light is

turned off by the shutter for 5 sec, And then light is turned on

again and this first curve is obtained. This curve has a barely

noticeable maxiuum. After a one minute (time counted at the

b.eginning of the light pulse) interruption, the second curve is

taken. The consecutive curves correspond to 3 10 and 20 minutes.

A datum is also taken at 60 minutes, although not shown in Fig. 8.

The result is plotted in Fig. 9, curve (1). The curve (II) is

for I-V/Vm, where Vm is an extrapolated value of V as the time

approaches infinity. !We took a value of Vm=0.3 volts and (II)

is a reasonable good straight line. That means the recovery of

follows first order kinetic with a recovery rate of 12.4 minutes.

All above measurements were made with 1 ?MS shunt of the

oscilloscope. If a parallel 6K resister is introduced, we ob-

tain the result of Fig. 10. mhe vertical scale in this ase

is 0.005 volts. Fe see that photovoltaic current reaches a

steady t tat-e much faster in comparison with the photoholtaic

voltage data of Fig. 5. Otherwise, all the characteristics of

Fie. • ,r• prmtv,1 tho £Cot marnximim, the spike as light is
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turned off, and the reversal of the polarity after the light is

turned off.

Our last experimental result, Fig. 11, is for the "pyrazine

10l"-TCNQ cell. In the similarity aspect, (1) we observe the

maximum, (2) when light is turned off, there is a spike, but

somewhat less pronounced, (3) decay follows to zero as the light

is turned off, and there is no reversal in the voltage. The most

interesting difference is that the decay at repeated pulse stil1

exists, but much less noticeably. The vertical scale for both

reference Si cell and organic cells are the same as before, thus

the maximum voltage in "pyrazine 101"-TCIQ is somewhat less than

that of tetracene=TCNQ cell, but the decay after the maximum is

very much reduced.

in cofnclusion, we observe a wealth of new phenomena as

almost each figure in this report shows some unusual character-

istics. During this period, some new publications have ippeared

which, although in different fields, are obviously interrelated

with our work:

(1) One drastic difference in the solar cell structure of

A. Glubovic used in this experiment is that the mixture type

consists of two organic materials. An existence of interaction,

either in the form of charge transfer or some new interaction

process, is evident. Some of this aspect has been reported by

Ishihara and Nakada on the anthracene-tetracene mixcture.

(2) Queisser et al,5) pointed out the impcrtance of p-n

ju,,.*onf structure in semiconductor where the dielectric relaxation

fimcn 1 iaf h. ir -rcco'1i nhiti on liifetime.



S-10-

Their experiment was performed on complex compensated gallium

arsenide. It seems that the organic semiconductors fall auto-

matically also into this category and a study in parallel to

the work of Queisser et al. would be interesting.

(3) In organic semiconductors, the role of bulk and surface

combination has not been clarified. In this regard, the recent

theoretical treatment of Silver et al.7) and the calculation of

8)Eer Nisse is most interesting.

The experimental results suggest two conclusionsi (1) a

drastic ahange in the performance of the organic solar cells can

be obtained, and (2) a defect structure is inherent in some or-

ganic semiconductors either as an intrinsic property or as a

result of processing. The fact that an undesirable decay in

tetracene-TCNQ is minimized by a substitution of "pyrazine 101"

is most encouraging in this respect. (2) From the present data,

as indicated in Figs. 6 and 9, one can separate the effect due

to either photoionization of traps or surface recombination.

This point will be discussed in the following section.

V IV Spectral Response of Transient Photovoltaic Current

In a previous world) experimental results and theoretical

analysis were presented concerning the dependence of the steady

atate photoboltaic current of tetracene on the wavelength of

injected photons. Present work extends to the dynamic case where

the time dependence at several selected wavelengths is investi-

gated. The previous work has been eninhasized on the transport
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equation, and in the original version, two different lengths--

one for optical absorption and attenuation, and the other for

carrier diffusion--are introduced. There are some criticisms*

and a considerable revision was made by changing the boundary

conditions of the diffusion eauation. Essentially the same re-

sults are obtained. This revised version is included in this

report as an Appendix I.

In the subsequent workI0) we attempted to interpret the

results by the same transport equation which was used in Ref. 3,

extended to the time dependent case. The result was nQt success-

ful: when we carried out numerical calculation, the transient

response curve was found ýo be a ntonotonic curve to approach

either a steady positive or a steady negative

state. This is not consistent with the experimental data

which show a positive maximum, and the negative state is reached

from an initially positive value.

From the above results we are led to an interpretation that

the transient current is responsible for the simultaneous presence

of a positive and a negative current. Therefore, an entirely

different approach is used based on the superposition of two

currents. The result, in the form of a complete paper., is pre-

sented in Appendix II. We draw hcre only one important result-

*,-,cL0Lig to our analysis, the photovoltaic current qenerated

in tetracene is more than an order of magnitude of the observed

steady state current which is the not difference of a positive

and a ii*cnivO ttirrent. Tho inngnif-udc of the currents is
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almost equal and the consequent net difference indeed is very

small. Furthermore, by an examination of the literature6) we

conclude that this small difference is mainly due to the surface

recombination and a photovoltaic process based on this effect

would have a severe limitation on the photovoltaic efficiencies.

V Solar Cell Configurations

Two alterations of the presently adapted solar cell con-

figuration are proposed in the followinqr

(1) The presently adapted configuration uses glass (quartz)

substrate and electrodes and the organic material axe evaporated

on it. The photovoltaic efficiency is higher when light enters

from the glass side of the solar cell. The explanation is an

over-all optical index matching between air and the specimen.

Another utility of glass substrate is to protect the Al electrode

from atmospheric oxidation. It will not be conceivable that if the

organic semiconductor device becomes practical, one still retains

such a bulky and brittle structure.

We propose to use plastic substrate similar to that used

in Cds solar cells. This will give flexibility and lighter

weight. Since the plastic does not have a good uv transparency,

the light will-not enter througjh the plastic. Instead, a

silicon oxide layer of sufficient thickness is evaporated on

the top electrode. This will basically replace the functions

of quartz glass. In the new system, therefore, both electrodes

• 1 L,,dcfc•,. A •onfi9gra1-ion of protected electrodes has the



advantage that the thickness of the electrode could be consider-

ably reduced and yet to have an equivalent conductibity of

thicker ones, and an increase in the optical transparency.

(2) In the organic solar cell, net contributions to photo-

voltaic current amx not the carriers generated deep in the mater-

ials far away from electrodes. This is caused by several factors--

by the higher concentration of traps, short diffusion lengths

of minority carriers, and the inefficient charge separations.

Therefore, in spite of the fact that a thicker specimen would

absorb more photons and consequently create larger numbers of

minority carriers, the observed net photovoltaic current is

reduced. On the other hand, thinner specimen would waste the

photons. We have done the following experiment: a complete

tetracene solar cell is placed upon a second complete cell and

the photovoltaic i-v curve of the second cell is measured. A

still appreciable photovoltaic effect, corresponding to about

30% of the cell without being observed by the top solar cell

(Fig.12) is observed. If one can improve the intimate contact

between different layers and optimize the thickness of electrodes

and the specimen, one should be able to introduce more layers of

solar cells and improve the officiency of conversion per unit

ni,; ncvex'al t:.mes.
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Photovoltaic Current Anomaly in Tetracene*

P. H. Fang

Physics Department, loston College

Chestnut Hill, Massachusetts 02167'

Aleksandar Golubovic and Tioreen A. Dimond

Air Force Cambridge Research Laboratories

L. G. Hanscom Field, Bedford, 1!assachusetts

Abstract

A reversal of the polarity of photovoltaic current in tetracene

at some wavelength region is observed. This effect is inter-

preted as the consequence of the photovoltaic transport equation.

The observational data implies that either there is a very large
ouLfacý racomhination rate, or the major annihilation of the

excitons instead of on the surface in the interior of the crystal.



-I. 'Introduction

In this paper, we would like to analyze the wavelength

dependence of the photovoltaic current observed in tetracene,

an organic semiconductor. Our particular interest is an obser-

vation that at a certain wavelength region, the polarity of the

photovoltaic current is reversed, as sho,,n in Fig. 1. Ne pro-

pose to explain this phenomenon by a diffusion eouation emplovecO

by Geacintov, Pope and Yallmann (GPK)1) in the investiqaiton of

similar miaterial. However, in the work of rPK, some approxima-

tions are used which we will Thot. to le not valid, and their

result does not show a reversal of the polarity in the whole

wavelength region.

The specimen of tetracene for the photovoltaic experiment

consists of a thin layer (-l-i) of tetracene sandwiched between

two semi-optically transparent and electrically conductive film

2)of gold electrodes. '4onochromatic ligl't from a grating spect-

rometer is projected to a strip of about I Tua with of the specd-

men of approximately lxl cm i n dimension. In viewi of a somewhat

similar observation in Ans due to partial illumination of .the
S~3)specim3n, we have also tried to have light nrojecte'! on the

complete specimen and we found in our case, the result is nde-

pendent of the area coverage of the illtunination.

II. Transport Equation

"Ie would like to inv.os-igaf-n -Ho spectral rcepen-lence of the

rIhotuvoltnic current, especially in tbh iversal of the polarity
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of the photovoltaic current. In the work of GPI(, origins of

this current me explained in terms of different excited states

in tetracene, and the surface trapping effect. It is important

to recognize that the polarity of the photovoltaic current is

not only dependent on the sign of the charcre carriers, but also

on the direction of the charge flow between the electrodes. In

fact, we propose that this reversal has a natural explanation

in the transport equation. The fact that the diffusion current

could have positive as well as negative signs does not seem to

be recognized in the litereture1 ) and in the following we w.;ill

discuss this problem.

Under a steady state, the equation of photovoltaic carrier,

n, can be written, 1,4)

Dd2n 1n e-x
D -T -n Coe Lx, e

where D is the diffusion coefficient and T is the lifetime of

the carrier in tetracene, c is the optical absorption coefficient

of tetracene, x is the distance travelled by the carrier to the

site of collection, and IO is the light intensity at the surface

of tetracene where light enters, anc Io is dependent on the wave-

length A. In our experiment, constant energy, instead of constant

number of photons, is used for Io. Since the experiment is

carried out in a continuous but confined wavelength region of

0.3 to 0.6 -Y, we do not expect a great difference in the spectral

response cures.

Since the diffusion length C=/•-t, with x=tt, cl=S, Eq. (1)

becomes,
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d2n ._E

"n i IoBe-• (2)

A particular solution of n is that

np = - a- (3)

For the general solution, from the homogeneous part of Eq. (2),

we have,

n, = aleg + a2e-E (4)

therefore,
n = ni +n . (5)

The coeffecients a, and a2 are determined from the two following

boundary conditions: In the surface recombination, with a surface

recombination velocity k,
D rdn

kn(o) = [Ln], =0. (6)

The optical density of the specimen is cd, where d is the thick-

ness of the specimen. Since our specimen is polycrystal with

multiple grain boundazies, there is a spatial distribution of

distance where the recombination and capture takes place. There-

fore, I"e have two.different coordinates for . in o't.cal. trans-

mission and absorption,

ed = k•

=•4  , (71

on the other hand, C in Eq. (4) becomes independent of x=d,

4÷42 with
n = A2/41<1, (8)

and the second boundary condition is that

a l en l+a 2 e -•+ .i_--- e- = 0 (9)

IO
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From Eqs. (6) and (9), we can solve for al and a2 , and the

final solution for n(o) is now,

Tn(o)=Io -- (cosh n 1-e-ar"-Osinh n• 1)/(asinY; nC 1+cosh n• I)
• (10)

Xqwh ere a = kt/D.5)

The photovoltaic current, which is our central interest, is

P obtained from Eq. (10) with a simple multiplier constant,

1=ep- -vg~

Tac

eyKn(o), (1)

where y is the fraction of photovoltaic carriers collected and

e is the electronic charge.

'When • and 809>> 1, n(o) becomes approximately,

n(o) T (12)
O!n() =) 1+o(I--12

This is the same equation given by GPK. Since 8>0, n(o) is always

positive and in this case, the polarity of the photovoltaic

current would not have a reversal for all 0, therefore, for the

whole wavelength range. We will see later that $&I is not

necessary >>l for some wavelength regions, and in these regions

the polarity of the photovoltaic current in fact shows a reversal.

TTI. "Analysis of Exneriment

Fig. 1 shows the spectral response of the photovoltaic

current of specimen with three thicknesses. In the case of

thick specimens, photoviltaic current bears a resemblance to the

"absorption spectrum (Fig. 2). Then crystal becomes thinner, in

- 2-¶•
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the spectral regions where the optical density has minima, the pol.

arity of i changes from. positive to negative and to' positive agair.

Fig. 2 gives the spectrum of p for three specimen thick-

nesses. We should note that, while in the inorganic semiconductors

for photct.oltaic application, there is only a single transition

to the major absorption, in the organic semiconductor as in the

present case, there are several major absorption peaks corres-

ponding to multiple transition processes.

From Eq. (10), for given values of C and r" we can calcula.

n(o) as a function of p. The values of p are based on

the experimental data of Fig. 2 which relates p to the wavelength

A. Therefore, n~o), consequently, the photovoltaic current i,

as a function of. is obtained. Fig. 3 is the result where the

numerical value oftNh parameters are,

eICYTIo/Z = 7.8 x 10-9,

11= .30,

1 = d/Z = 6 x 10-5 cm = 3

= 2.3o3p (13)

These parameters are determined in the followinq manner!

The value of z is given by GPK. Therefore, for given d,

I is determined, and from given 0, B is determined. The only

remaining parameter is n. We observed.:from Figs. 1 and 2 that
0

at 4650 A, i=o and p=l. 8 . The only way for Ea. (10) to become

zero is that

cosh n~l - e-OC 1... sinh ný i= o. (14)

Substituting for the values of a and g,.a-value of 0.30 is

obtained for n.
The qeneral aqreement between the theoreti al carve and the

experimental data, over scveral decades of logarithmic scale, is

3 0
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remarkibly satisfactory. Appreciable differences occur in the

two ends of the spectrum, and the two negative peaks on each side.

One sourr~e of deviations could be contributedl by the experimental

limitatio.xv;: the theoretical calculation is based on the mono-

chromatic wavelength. In the experiment, the qratinq has a

finite dispersion and the specimen always sees a hand of wave-

lengths; conseauently, 0 does not have a single value at each

point along the curves of Fig. (1) anc1 (2).

Another conceivable source of deviations is that in a more

exact description, ' and n should have ranges of values and

each has a distribution in the range. However, to reformulate

our problem by taking into account the -Iistribution functions,

it will unduly complicate the mathematical problem *ithout

yielding additional physical incights. Therefore, we have

decided not to expand our work in this direction.

,le believe our theoretical interpretation proposed in this

paper is not confined to tetracene since the result is a direct

consequence of the solution of a general transport eauation for

photovoltaic carrier generation. Therefore, similar observation

of the reversal of the polarity of the photovoltaic current is

expected in silicon. In this case, since the diffusion length
4)

is in the order of 0.05 to .2 cm, at the wavelength near the

absorption edge where the absorption coefficient e becomes com-

patible with the reciprucal of the ediffusion length, this anomaly

should be observed.

S31
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Illustrations

Fig. 1. Spectral response of the photovoltaic current of tetra-

cene of different thickness; (.-.-), .61; (---), 1.0w,

( _ ), 1.61.

Fig. 2. Optical density of tetracene specimen of Fig. 1, with

some thickness designation.

Fig. 3. Spectral response of photovoltaic current:

(...), experimental data of tetracene of 0.611 thick;

(-o--), theoretical result from Eq. (5) and (6) with

numerical parameters given in the text.
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Transient Photovoltaic Current in Tetracene

P. H. Fang

Department of Physics, Boston College

Chestnut Hill, Massachusetts 02167

Abstract

In order to analyze the positive and negative charge current

in the organic semiconductor, tetracene, we measured the transient

photovoltaic current. From the rate equations for the relaxation

of these two currents, the magnitude and the relaxation time of

these currents are evaluated. The magnitude of the steady state

value of these two currents are almost egual, and they are more

than one order of magnitude larger than their net difference.

This difference is the usual photovoltaic current refered to in

the characterization of the photovoltaic efficiency of tetracene.
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I. Introduction

In a previous paper by Fang, Golubovic and Dimond (FGD)'1'

Swe presented experimental results and theoretical analysis of the

dependence of the steady state photovoltaic current in tetracene

on the wavelength of injected photons. The present work extends

to the transient case where the time dependence is also investi-

gated. In the previous work, we found the polarity of the photo-

voltaic current is dependent on.the energy of the excitation

photons. In the present work, we would like to investigate the

same dependence for the transient photovoltaic current. Reucroft,

Xronick and Hillman have reported some anomalous behavior of

this current. Their time scale is rather coarse (in the unit of

minutes). We have observed down to a fraction of a second. We

will show that the result at the region of fraction of a seconl

gives most direct information on the composition of these cur-

rents.

In this paper, in Section II, we would like to present the

exDerilmental results. In Section III, theoretical analysis

based on the superposition of one positive component and one

negative component of the photovoltaic current is made. This

imodel is based on the exporimental observation of the non-linear

3)dependence of tha photoconductivity on the light intensity

and the non-symnictiy of the rise and the decay when a pulsed

light is used for the excitations. 4 )
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II. Experimental Results

The specimen configuration has been described in the work

of FGD. The transient photovoltaic current is recorded by an

x-y recorder with x on time base, and y-import is triggered by

the fast light signal. The rise time of this signal is 70 msec.

The reslut is given in Fig. 1.

h1en light is injected to the specimen, through different

band pass filters, there is a finite relaxation time for response

and the photovoltaic current reaches a maximum in the order of

0.2 sec. After this over-shooting, there is a gradual decrease.

This decrease follows one of two coursed depending on the wave-

length of the injected photon: either to reach a stable value

with the same polarity as the initial response current, or a

continuous decrease goes to the opposite polarity before a stable

value is reached. In a closer examination, we found that these

two courses are closely related to the photovoltaic anomaly:I)

with our arrangement which assigns negative polarity on the side

of electrode where light is illuminated, we found that in the

case of positive current, there is no reversal in the polarity

of the transient photovoltaic current; in the case of negative

current, there is a reversal. Fig. 1 shows two curves; in the
0 0

curve with 5000A (100 A band width) illumination, there is no
0

alteration of the polarity. In the case of 3100-4000 A illumin-

ation, obviously, the current polarity is reversed. Although in
0

the case of short wavelength, the bandwidth of the filter is 900A,

our light source does not have appreciable emission at wavelength

41
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shorter than 3500A. Therefore, effectively, the wiavelength in
0

this case is 4200 + 200A.

In comparison of those two curves, we also noted that the

relaxation time to reach saturation in the case where there is

no polarity reversal is faster. This characterization is true

for all wavelengths although the result is not presented here.

III. Two Component Model

In a study of the light intensiti, dependence of the photo-

conductivity current, Golubovic and Dimond4) observed that, under

pulsed light excitation, the rise time is faster than the decay

time, and the decay follows a seconO order kinetics. The imipli-

cation is that there are two relaxation times in the operative.

From the characteristic of the transient photovoltaic current as

shown in rig. 1, it is implied mathematically that these two

relaxation processes have opposite polarities. Therefore, the

transient current is analyzed with one component which follows

the first order kinetics and another component which follows one

second order kinetics. The relative sign of those two components

is determincd, in the present work, from the fitting of the ex-

perimental data by the proposed riodel; that is,

i(t) = il(t) + i2(t), (I)

where the transient current il(t) and 12 (t) are given by Eqs.

(A6) and (A6) in the Appendix, respectively. Eqs. (1) has four

unknown parameters, aI, T, BI and k, which are to be determined

from the experimental data. To evaluate these parameters,

1,42
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instead of a more complicated least square approach, we simply

selected four arbitrary data points from which the vaules are

found. The result is given in the followinq table:

wavelength aIT T(sec) SI/k (28Ik)-(sec) i(t=•)

0

4200A -133.7 .139 +128.7 .0785 -5
0

5200A -36.1 .151 +39.1 .0910 +3

The units of aIT and oI/k have the same arbitrary unit as in

Fig. 1 and of i(t-w): i.e., the steady state value of i in

the above table.

Substituting the values of parameters of the above table to

Eq. (1), i(t) can be computed for different vaules of t, and the

result is hsown in Fig. 1. The fit is generally staisfactory,

except at some intermediate time intervals. An improvement can

be made in the fitting by using mixed first nad second order

kinetics as discussed in the photo-induced current in polyvinyl--

carbazole 5  or b.- a different combination of reaction kinetics.

However, we founa that there is no basic alteration of the values

of the preceeding table.

Several points are noted from the table:

(1) The current component following the first order kinetics

is negative, and the component following the second order kinetics

is positive.

(2) The difference in the relaxation time of the negative

component at the two wavelengths is 6%. rqithin the accuracy of

evalulation, this difference is practically null. The difference

43



in the case of positive coniponent cannot be made because of a

diffuculty in calibrating the light inennsity values at present.

(3) The magnitude of the two components, that isi the value

of aIT and $I/k are, for a given wavelength, practically the same.

(4) From a practical point of view, the steady state cur-

rent, because of (3), is more than an order of magnitude smaller

than that of individual component. This effect evidently is a

major cause for the smallness of the photovoltaic efficiency

observed in tetracene.

IV. Discussion

A basic photovoltaic problem of the organic semiconductor

is the origin of the positive charge current and the negative

charge current. There are several experimental observations and

qualitative descriptions. Since, in the experimental data as

illustrated in the present paper, these currents occur simultan-

eously, a quantitative method to evaluate these two currents

separately, as described in the present work, would be useful.

Frankevich and Balabanov found that gold, for example, forms

a good hole injection contact and exhibits negative potential. -

However, when gold is usea for both electrodes, the qold electrocle

deposited on the glass substrate forms positive potential relative

to the gold electrode deposited• on the semiconductor. 4) These

currents are also cffected by the energy of photons: since there

is no evidence of mUio.ple carrier generation, this effect is

interpieted as, dup to thl .ttoencyth of the absorption coefficient.

4
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In a weak absorption case, a photoionization of trapped electrons

"J;.vcs a negative current. In the case of strong absorption,

excitons are recombined near the surface and a positive current

is resulted. 7 ' 8 ) This origin or this effect must be different

from that observed by Golubovic and Dimondi in the case of gold

electrodes on both sides of the semiconductor, independent of the

side of light injection, the gold electrode deposited on the

semiconductor is always negative. Finally, Geacintov et al.

discussed a negative current which is independent of the electrodes

and depends only on the absorption coefficient at specific values

of photon energy where transitions to excited states are observed.

From the result of the present work, we conclude on two

grounds that the process of Geacintov et al.) is dominent in

tetracene: (1) for a given wavelength, the magnitude of the

positive and the negative currents are almost equal, therefore,

the current carriers are dominently generated in the bulk and

(2) the small difference of these two currents, ,hich gives the

steady state current as observed in most experiments, is origina-

ted at the side of surface recombination, therefore, a small

effect due to the electrode is observed.

In conclusion, transient current measurcments provide a

method to evaluate quantitatively the opposite charge current

observed in tetracene, and similar methods should be useful in

the investigation of other organic semiconductors. By repeated

transient measurements at specific time intervals, we have also

observed a change in the transient current. From the data,

[ one can measure quantitatively the photoionization of trapped

.f.
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charges. This problem is currently under investigation.

We would like to thank Dr. V. Yannoni for his advice and Dr.

A. Golubovic for many helpful discussions. t iss Susan LeVangie

is most helpful in the preparation of this paper.
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Appendix

We present here the kinetic equation of first anc! second order

kinetics, for a pulsed light and a continuous light injection

separately.

For a pulsed light, only the decay is observed, and the kinetic

equation is,*.

at t (A-1)

for the first order kinetics, and

di 9  ..- 2v (A-2)
dt 2 (

for the second order kinetics. With i0 as the initial current,

i.e., the current at the vplue of i(t) when the light pulse is

dropped to zero, we have, for Eq. A-I,

0 -t/, (A-3)

For Eq. (2),

i= i ,/(l+k 2 i 0 t) (A-4)

Therefore, for il, the relaxation time is independent of the light

intensity; for i 2 , the relaxation time Aepends on the liqht in-

tensity as well as on the pulse length where io is reached.

In the case of contiruous light injection, A source term should

be included. Thus,

dil = for t<o
dt T

=LL + aI for t>o (A-5)
T

whc-,L% T im ihm r ight inf-f~ntifty and it is the current generation

*47
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rate. The solution of (A-5) is that, with the initial condition

i=o at t<o, i.e.at I=o,

il = aIT(l-e't/t). (A-6)

For second order kinetics,

d 2212 = -ki 2  for t<o,
dt 2

= -k2i 2 + 82I2 for t>o, (A-7)
2

with the same initial condition as (A-5)

i2 = 1•i (A-2)k l+exp (2 0Ik t) ]•

';le note that, while the relaxation function anO the relaxation

time of (A-6) are the same as those of the pulsed decay case,

those of (A-8) are different from those of (A-4). Furthermore,

qualitatively, in the pulsed case, the decay rate of second order

kinetics is slower that that of the first order case. The opposi':

is the result for the case of continuous injection.

Finally, the transient current, i(t), of two component

models is the sum of (A-C) and (A-8).

'48
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List of Figures

Fig. 1. Transient photovoltaic current of tetracene. The curves

are experimental data, the points are calculated from

Eq. (1).
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