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Analysis of the photocurrent action spectra of MEH-PPV polymer photodiodes
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We have measured the photocurrent action spectra of the conjugated polymé2srpetiioxy, 5 ethy(2’
hexyloxy) paraphenylenevinyledéMEH-PPV) and polyphenylenevinylene(PPV) in sandwich cells between
indium tin oxide (ITO) and aluminum electrodes. Under forward bias and illumination through ITO, the
photocurrent spectrum is broad and has a maximum at high energy, where the absorption coefficient is greatest
(the symbaticresponsg Under reverse bias and illumination through ITO, the photocurrent spectrum consists
of a very narrow peakthe full width at half maximum is 0.1 el located in the low-energy tail of the
absorption profilgthe antibatic responsg Several established models attempt to explain this behavior and to
relate the photocurrent action spectrum to the absorption coefficient, considering penetration depth of the light
and diffusion of excitons or directly photogenerated charges. At a qualitative level many of these seem to
provide an adequate description. In this paper, we undertake a quantitative examination of these models and we
find that none of them can reproduce the very narrow antibatic response that we observe in both MEH-PPV and
PPV. Upon exposure to air, we observe an enhancement of the photocurrent by a much greater factor than the
dark current, from which we conclude that charge generation is mediated by exciton dissociation. As the
temperature decreases we observe a progressive redshift of the absorption edge, although the photocurrent
onset undergoes a much smaller redshift. We therefore conclude that the narrow antibatic peak is due to a
specific enhancement of dissociation upon excitation at low energy. We propose that the particularly sharp
onset of photocurrent at low energy may be due to enhanced intermolecular charge separation within crystallite
grains between those neighboring conjugated segments that are more extended and more planar.
[S0163-18297)07811-9

I. INTRODUCTION discuss it in more detail below.
Furthermore, electronic charge is not present as free elec-

Since the discovery of electroluminescence in conjugatettons or holes, but as polaronic species; the geometry of
polymers! increasing research activity has been directed toehemical bonds is distorted in the vicinity of an electric
ward investigating the semiconductor physics of these matezharge(lattice relaxation For conjugated oligomers, at least
rials and their potential applications in optoelectronic de-three species of charged excitation have been identified,
vices, including field-effect transistofs,optical modu- namely, monovalent polaror(sr radical cationsand diva-
lators®# and solar cellS;” largely motivated by the ease of lent charge carriers, such as bipolargimsramolecular dica-
preparing thin semiconductor films by solution processingions and also 7 stacks or = dimers (intermolecular
and the ability to tune the semiconductor energy gap bylications.®® These species can have vastly different mobili-
grafting chemical substituents to the polymer backbone. ties, and the equilibrium between them is sensitive to

Theoretical models which successfully describe the phystemperaturé®!! structural order (also temperature-
ics of inorganic semiconductors have been applied to conjudependeni®®!? and the presence of impuritié$!* Hence,
gated polymers with some success. However, it is alwayslso for these reasons, there is a need for some caution when
important to remember that there are large differences bearansposing the theory of inorganic semiconductor physics to
tween the three-dimensional crystal lattice of most inorganiconjugated polymers.
semiconductors and the crystalline-amorphous structure of It remains a controversial issue whether it is appropriate
conjugated polymers, in which polymer chains are weaklyto describe conjugated polymers by a traditional semicon-
bound together by van der Waals forces. Although electridductor band model, or whether it is necessary to remember
charge is delocalized along-conjugated segments of the the molecular nature of the material and consider the role of
polymer backbone, the length of such perfectly conjugatedhe Coulomb attraction between positive and negative
segments is typically limited to length scales of around 5 nmgcharges in bound electron-hole pairs, or excitons. The spec-
and hence charges also need to move between chains in ordeal response of the photocurrent has often been used to argue
to percolate through a thin-film device, which is typically a in favor of one model or the other. In highly crystalline poly-
few hundred nm thick. Hence the charge-transport and semdiacetylenes, there is a large energy difference of at least 0.5
conducting properties of these materials are sensitive to theV between the onset of absorption and the onset of
morphology of the polymer chains and the local structuralphotoconductivity*® and this is widely accepted as evidence
order within the film. This is a key idea in this work, and we of the importance of electron-electron interactions in this
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glancing incidence to the substrate, thus reducing the density

of multiple reflections. We have also used semitransparent
gold films, instead of ITO, as anode materials and found
similar spectral responses at room temperature.
M m B. Device characterization
O\ The substrates were mounted in a continuous-flow cry-
PPV MEH-PPV ostat(Oxford Instruments CF 1204nd kept under vacuum

overnight before spectra were taken. Temperature-dependent
FIG. 1. Structural formulas for unsubstituted pigra absorption and photocurrent spectra were measured to tem-

phenylenevinylene (PPV) and its soluble derivative, pdlg-  Peratures as low as 20 K, monitored by a calibrated RhFFe

methoxy, 5 ethyl(2'hexyloxy) para-phenylenevinyleng (MEH- resistance thermomete_r mour_lted on the copper sample
PPV). holder, next to the device. Using an HP4192A impedance

analyzer, each of the pixels was tested for short circuits, and
material'® For poly(phenylenevinylengs (PPV'S) the onsets their capacitances and conductances compared, as a function
of photoconductivity and absorption usually occur at similar©f frequency.
energy'’~22 This has been cited as evidence of a semicon- FOr the photocurrent spectroscopy, a 250 W tungsten
ducting band modé2*with direct photogeneration of free lamp served as a source of white light, which passed through
positive and negative carriers, although this interpretation i§ SPex 1680B double monochromator, before being focused
in conflict with photoconduction in many organic ONto the entrance window of the cryostat. In our experi-
semiconductor®2in which charge generation is a second- Ments, we used a pair of blazed gratings, ruled with 1200
ary process, resulting from dissociation of the exciton byllnes/mm, together with appropriate long-pass filters to cover
interaction with interfaces and electrodes, defects, impuritiedhe spectral range 2.75-1.1 eV. For the steady-siite
and oxygen. We have briefly reported some of our key rePhotocurrent spectra, we used a Keithley 237 Source/
sults elsewher&’ In this paper, we make a critical assess-Measure Unit to apply a fixed bias and measure the current.
ment of the existing models for the photocurrent action speclYpically, after each advance of the monochromator, we
tra, and note a number of additional factors which should bavaited for 15's, then took several readings of the current, and
considered in the development of a model which could pro_averaged th.ese.to reduce noise. By taking several averages
vide a more quantitative description for conjugated poly-2nd advancing in small wavelength steps, we checked that
mers. In particular, we focus on the sharp rise of the photolhe photocurrent had stabilized and that it was representative
current which is usually observed at the low energy tail ofof the instantaneous excitation wavelength, rather than being
absorption. We also discuss the implications of our results iffue to photocarriers from earlidongey wavelengths which

terms of the debate between excitons and the semiconductBfVe not decayed. For the modulated photocurrent spec-
band model. tra, the light was chopped by a mechanical chopper, whose

reference signal was fed to the lock-in amplifier, with detec-

tion at the chop frequency. We used a feedback circuit to

Il. EXPERIMENTAL DETAILS control a steady current source through the polymer light-
emitting diode, and measured the voltage modulation across

a shunt resistor in series with the polymer diode, which was

.The diodes were fabricated in the usual single—laygr santthen amplified and fed to the input of a Stanford SR 530

wich structure. We used glass substrates, coated with trangsck-in amplifier, referenced to the chop frequency. Since we
parent, conducting indium tin oxiddTO) to serve as the ysed a differential spectroscopy, we investigated the fre-
anode. The ITO-coated glass was etched to define a holguency dependence of the spectral features. The phase infor-
injecting electrode, approximately 8 mm wide. Thin films of mation is also used to identify features which share a com-

poly(2-methoxy, 5 ethyl (2"hexyloxy) paraphenylenevi- mon origin, and to resolve overlapping features. The

nyleng (MEH-PPV) were deposited by spin coating, to give excitation spectra which we obtained by the two methods are
film thicknesses in the range 100—-800 nm, as measured byja excellent agreement.

Dektak Il surface profilometer. For diodes made with PPV,
films were deposited by spin coating from the soluble tet-
rahydrothiophenium precursor solution, followed by thermal
conversion at 220 °C, for 12 h under vacuum. The structural For many organic semiconductors, the relationship be-
formulas of unsubstituted PPV, and its soluble derivativetween the photocurrent and absorption spectra can be classi-
MEH-PPV, are shown in Fig. 1. Finally, the metal cathodesfied as one of two types: If they correlate well, so that the
were deposited by evaporation. As cathode materials, wenaximum photocurrent is obtained for the most strongly ab-
used calcium, magnesium, aluminum, semitransparent alisorbed light, the photocurrent response is said to be symbatic
minum, and semitransparent gold. We fabricated eight pixelsvith the absorption spectrum. Under other conditions, they
per substrate, each of area approximately 62mWie used are almost complementary; the maxima of the photocurrent
relatively thin polymer films because we previously observedaction spectrum occur for photon energies where the absorp-
spurious spectral features when using very thick films, whiction is weakest, and the photocurrent response is said to be
we attributed to optical interference effects; these could bantibatic.

suppressed by tilting the device, so that the irradiation was at For each diode, we observe both types of photocurrent

A. Device fabrication

Ill. SPECTRAL RESPONSE
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FIG. 2. Photocurrent action spectra at room temperature for the FIG. 3. Photocurrent action spectra at room temperature for the
thick diode (ITO/780-nm MEH-PPV/AL under illumination  thin diode(ITO/120-nm MEH-PPV/A] under illumination through
through the ITO electrode, under forward bias -) and reverse the ITO electrode, under forward bids - -) and reverse bias
bias(——), with the room-temperature absorption spectiam- -) (—), with the room-temperature absorption spectr¢im - -)
shown for comparison. shown for comparison.

action spectra, depending on the applied bias voltage and thsorption spectrunisymbatic responsg while under re-
electrode through which it is illuminated. Figure 2 shows,erse bias the photocurrent consists of a narrow peak in the
both the symbatic and antibatic photocurrent responses fqpyy energy tail of the absorption spectrum, which falls away
MEH-PPV, obtained for illumination through ITO, under (apigly as the absorption coefficient risgantibatic re-
forward bias and reverse bias, respectively. These two dl%pon% Figure 3 shows a similar behavior for the thinner
tinct contributions differ in their spectral positiqenergy,  giode (120-nm-thick MEH-PPV layer although, under re-
line shape and linewidth, bias dependence, frequency depejg(se bias, the decrease of the photocurrent in the region of
dence, and polarity. We also observed similar features ifigh absorption is not so pronounced, since the film is thin-
unsubstituted PPV, albeit shifted to higher energy, due t0 itger and self-absorption within the polymer film is therefore
higher energy gap; the narrow antibatic photocurrent peakgquced.
appears at 2.48 eV, in good agreement with the shgrp rise of Figure 4 shows the response of the thicker diGE&9-nm
the photocurrent onset observed by other researchers.  \EH-PPV) under illumination through the Al electrode. Fig-
Some reports on the photocurrent action spectra do NQjre 5 shows a similar behavior for the thinner di¢@i20-nm
show such clearly resolved symbatic and antibatic contnbuMEH_pp\O, except that the responses are broader since the
tions, partly because of different sample geometries, or thgy, js thinner, and self-absorption is reduced. For illumina-
use of a higher scan rate when collecting spectra. This can Ry through the Al, the bias dependence is the reverse of that
understood because of the low charge-carrier mobilities ofq, jllumination through ITO(Figs. 2 and B the antibatic

these materials. From impedance spectroscopy of thesgsponse occurs under forward bias, while the predominantly
diodes?® we have previously measureRIC time constants symbatic response occurs under reverse bias.

for charging and discharging of the order of milliseconds, ~ \we obtained a linear dependence on light intensity for
and the effects of photoexcitation can persist over rather long
time scales, as demonstrated by the slow d&afythe low-

frequency capacitance or photovoltage back to its dark value, g [ Aoverce bins (_8v)' ' T 3.5 >
only several minutes or even hours after photoexcitation has = . Forward bias (+8v) i3.0 g
ceased. Our modulated photocurrent measurements eliminateg . 0:_ _____ Absorption, @ 1o 3
this slow decay and are in excellent agreement with steady- TE’ F 3 RPN )
state(dc) photocurrent spectra which have been taken suffi- 2 J2.0 = g
ciently slowly and under forward or reverse bias. We present § F {is :’v- -
the dc photocurrent spectra in the cases where the impedances 0.5} ' 3, §
of the device changes drastically with temperature or applied e o -2
bias. It should be noted that when the applied bias is small or 3 do.s ®
zero, it is possible to observe both symbatic and antibatic & §
contributions. S 0.0 : : N : . 0.0
Figures 2-5 show the photocurrent action spectra, nor- 16 1.8 20 22 24 26 28

malized to an equal photon flux at each energy, with the Energy (eV)

absorption coefficient of MEH-PPV for comparison. The re-

sponse is shown for both forward and reverse bias, for two F|G. 4. Photocurrent action spectra at room temperature for the

diodes of different thickness. thick diode (ITO/780-nm MEH-PPV/AL1 under illumination
Figure 2 shows the response of the thicker di@He 780-  through the Al electrode, under forward bias -) and reverse bias

nm-thick MEH-PPV layer to illumination through the ITO (——), with the room-temperature absorption spectr(:m - -)

electrode. Under forward bias, the photocurrent follows theshown for comparison.
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- . ey . . 3.5 conductivity is an extrinsic process in which carriers are gen-
£ E ——Reverse bias (-2v) > erated by exciton dissociation at whichever electrode offers
- E —-=--Forward bias (+1.5v) 130 § the shortest drift length for the less mobile photogenerated
o 3 . ]

s 1.0F == Absorption, &/ q2.5 "c_:' electron.(3) When the device is biased such that a hole cur-
‘g s . 120 & it rent can only be produced from excitons which dissociate at
3 ! 3, % the far electrode, self-absorption by the intervening polymer
g osk 115 g & fiIf:cn %ives rise to an antibatic responstne internal filter

£ 3 10 =7 effecd.

3 E Jos i However, for the thicker diodg780-nm MEH-PPY,

T q ' 8 shown in Figs. 2 and 4, the antisymmetry between the spec-
g 0.0f - - - . - 0.0 =~ tra is not perfect; in Fig. 4, when the device is illuminated
z 16 1.8 20 22 2.4 26 28 through the aluminum electrode, under reverse bias, there is

a pronounced shoulder at 2.15 eV, in addition to the other-
wise symbatic response. There are two interesting points to
note. First, the energy of the shoulder coincides with the
%nergy of the narrow low-energy peak observed under for-
ward bias. Second, the shoulder is absent from the symbatic
response observed upon illumination through the ITO elec-
trode, under forward bia¢Fig. 2). Furthermore, the low-
temperature photocurrent spectra and the following simula-
- tions indicate that there may be a specific enhancement at
over three decades, up to power densities of up t0 0.5y energy of the quantum efficiency for charge generation.
nWipixel for both dc and modulated photocurrents, for bothyye discuss physical origins for this behavior later, but now

symbatic and antibatic responses, as shown in Fig. 6. Thggnsider some of the established models which have been

and 0.93-0.10 for the symbatic peak at 2.26 eV. We also
observe linear intensity dependence for single-layer ITO/
PPV/AI diodes for both symbatic and antibatic responses.
One explanation for the observation of the antibatic peak in
the low-energy tail of the absorption spectfins that, at

higher energies, the penetration depth is reduced, so that ab- A. Background

sorption produces a high deng,ity of charge carriers or exci- It is clear from Figs. 2-5 that self-absorption within the
tons within a narrow penetration depth, and that these ung ., o0 partially explain the antibatic behavior. This is

: S . ; [
dergo more _rapld recomblnauon,_ resultmg' In rGducedsometimes known as the internal filter effect. Several theo-
photocurrent yield. We do not consider that bimolecular re-

binati ff tisfact lanation for th i retical models have already been developed on this basis, to
combination ofiers a satistactory explanation for the anti-gate the photocurrent response to the absorption spectrum,
batic peak in our devices.

our bias-d d h . __assuming an exponential decay of the incident irradiation
_Our Dbias-dependent p otocurrentzrf,pectra are consistefit, gistance. However, their assumptions differ, regarding
with the results reported by Market al““ and the following

litative iong1) The bh . domi the nature of the initially photoexcited species and the
qualitative mterpretatlon_s(. ) The p otocurrent Is predomi- o chanisms of charge generation and transport. In this pa-
nantly due top-type carriers traversing the filng2) Photo-

per, we consider models developed by Gheshl,*® Tang
and Albrecht! DeVore®? Ghosh and Fen§ and Des-
ormeauxet al** These fall into two categories.

In the first category, those of Ghosgh al. and Tang and

Energy (eV)

FIG. 5. Photocurrent action spectra at room temperature for th
thick diode (ITO/120-nm MEH-PPV/ALl under illumination
through the Al electrode, under forward bias -) and reverse bias
(—), with the room-temperature absorption spectr¢gm - -)
shown for comparison.

IV. MODELING THE PHOTOCURRENT ACTION
SPECTRUM

" Im'demiower wW/pD_(:D B Albrecht consider that carrier generation is only successful
102 o0 10 B 19 within a narrow photoactive region close to one of the elec-
v E trodes, which henceforth we refer to as the barrier region.
5 10 s - Regarding the nature of the barrier, our impedance sgéctra
g o suggest that it is perhaps not a true Schottky barrier but
g 100} 1 rather a thin barrier region of fixed widts 10 nm, consist-
= 10" ing of metal-oxide layers and insulating, defective regions of
5 ] 1 the polymer in which oxygen is bonded at or across the
§ 102 | --@---12v through IT0 (2.16¢V) vinylene bond®~*"In either case, we have seen evidence of
3 E O Havtvough TO 226e) a thin, highly resistive layer, across which a high proportion
& 10‘31(')8 - 1T roT 102 of the applied bias or built-in potential would be dropped,

resulting in a high local electric field at the barrier, which
Incident power (Photons/s/pixel) could assist exciton dissociation.
In the second category are the models, such as those of
FIG. 6. Dependence of the photocurrent on incident light inten-DeVore®? Ghosh and Fentf and Desormeauwset al,** which
sity, showing a linear response for both symbatic and antibatic comexplicitly solve the diffusion equation, either for excitons or
ponents. free charges, subject to various boundary conditions.
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TABLE I. Models for photocurrent action spectra. Comparison of underlying principles.

Model Method Species Boundary conditions Comments
Ghoshet al. Narrow Free Photocurrent only if minority carrier or Photocurrent due to
(1979 zone charges exciton reaches barrier layer all species generated in barrier plus
for or Generation in barrier layep=1 fraction of species from the bulk
generation excitons Generation in butk=exd —B(1—1,—X)] that can diffuse to barrier layer
of carriers
Tang and Narrow Free Photocurrent only if minority carrier or No bulk diffusion contribution.
Albrecht zone charges exciton generated in barrier layer. Photocurrent due only to species
(1979 for or Generation in barrier layep=1 photoexcited within barrier layer
generation excitons Generation in bupks=0 Effectively, diffusion length (18)—0
of carriers
DeVore Solve Free Surface recombination currents Modified to sandwich geometry
diffusion charges (R)o=—D(dn/dX),—o=—nS o1
equation (ir)=—-D(dn/dX)y_;=n,S Jpr( @)1 fo n(a,x)dx
Ghosh Solve Excitons Exciton density is zero at electrodes Photocurrent due to gradient of
and Feng diffusion n=0 atx=0 and atx=|1 exciton density at electrode
(1978 equation dn dn
JphOC—D & ) or D(a) B
x=0 x=1
Desormeaus, Solve Excitons Exciton density at electrode not zero Photocurrent due to both:
Max, and Leblanc diffusion Rate of generation of carriers within exciton gradient at barrier plus
equation, barrier proportional to absorbed light exciton density in barrier layer
Narrow n= 6l exyg—ax]
zfone . or dn I,
or n= 6l g exd —a(l—x)] Jore—D{gx] *F | ndx
generation x=1, J0
of carriers

Further details of all of the models are given in the Ap-curve fits are all very similar, so that it is difficult to deter-
pendix. Table | allows a comparison of the assumptions userhine which of these models gives the best fit to the data.
in these models. The formulas for the predicted spectral deFurthermore, for the narrow antibatic peak-a2.15 eV, all
pendence of photocurrent are collected in Table Il. Althoughof the models predict a much broader response, with a much
ina qualitative sense, all of these models offer an intUitiV6|ym0re gradua| onset of photocurrent at low photon energies
reasonable description of the experimental results at roofhan that which is experimentally observed in this work and
temperature, there are obvious d|scr§pe_mC|es_ which occyk other publicationd’~23 This discrepancy is even apparent
when we attempt to use them to quantitatively fit our data tq the original paper of DeVore, in which there is a discrep-
these models. ancy between the experimental photocurrent spectrum of an-

timony sulphide (SkS;) and that predicted by theory. De-
B. Comparison between experimental and simulated Vore makes the comment that there may be electronic
action spectra transitions which appear in the absorption spectrum and yet

In Figs. 7-11, we compare the experimentally observe@ive rise to negligible photqgurrent. Conversely, we note that
response for a 780-nm-thick ITO/MEH-PPV/Al sandwich there may glso be. transmon(such.as those Of_ charge-
cell under illumination through the ITO electrode, under afransfer excitonswhich are not readily apparent in the ab-
reverse bias of- 12 V (antibatic respongeand under a for- SOrption spectrum but which can be particularly effective in
ward bias of+12 V (symbatic respongewith the best fits Photogeneration of charges. Lee, Yu, and He¥gesed the
which can be simulated by the various models, namely, thoseriginal DeVore model to explain the photoconductivity re-
of Ghoshet al. (Fig. 7), Tang and Albrech(Fig. 8, DeVore  sponse of PPV for a film of thickness 300 nm, in a surface
(Fig. 9, Ghosh and Fen¢1978 (Fig. 10 and Deormeaux cell configuration with two parallel gold strip electrodes,
et al. (Fig. 11). Note that, although the models are based orseparated by 0.2 mm, rather than the sandwich geometry
different assumptions, as outlined in Table I, and predictwhich we used. Their photocurrent response consists of a
formulas of varying complexityTable Il), the optimized sharp onset of photocurrent, followed by a gradual decrease
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TABLE Il. Models for the photocurrent action spectra. Formulas.
Antibatic response Symbatic response
Model (narrow peak at low absorptipn (broad response, high absorption
Ghoshet al. I=1p |
(1974 Jon f 0l gae = e~ Al=lb=Xgx  (bulk) Jpn f Ol gae = e Ax"lldx  (bulk)
0 Iy
I I
+f 0l gae"*¥1dx (barriep +f Olgae™*¥1dx (barriep
=1y 0
Tang and I Ip
Albrecht JphocJ' 0l gae'"*1dx  (barrier only Jphocf 0l gae!"*¥1dx  (barrier only
(1975 'l 0
DeVore (S—aD)(DB—S) exp(— al)+(S+aD)(DB+S) expBl)
exp(— ax)+ T > exp(— Bx)
0l g (DB~ exp(—Bl)—(DB+S)"exp Bl)
n =
) D(B%—a?) N (S—aD)(DB+S) expg(—al)+(S+aD)(DB-S) exp(—Bl) ex 8%)
(DB—9)” exp — Bl)—(DB+9)” exp )
|
Jphocl/ fomdx for a sandwich cell geometry
Ghosh ] 2B—e “[Be P+ pel' — ae P+ aef'] ] Blef —e 1+ gle ' —e ]+ ale -]
oC oC
Zn;i?geng ph [e F—ell] ph [e A—ef
(B*—a?) (B*—a®)
Desormeaux, ] aflyBe b[1—e Al-1b[2e~ a(llb)_eﬁ(llb)]} afl pe” -y
oC f—
t/leak;(léiscr:ld ph (B— ) [1—e 20T ph (BP—a?)
B e—alb 1_e—ﬁ(|—|b)[2e—a(|—|b)_e—B(I—lh)]
T 0lo 1—(3272)} [1_e 28015 }
B2ea|b
—Olge™ 11— ———
° (B*=a?)
--@--Experimental J response (-12V) r -
- --0--Experimental J _response (+8V) ! --0--Exper?mental 4, response (-12V)
§ ——Ghosh et al. (1974) simulations € [ 70 Bxperimental JD" re?pOﬂS? a9
5o 1.0F e o 3 ——Tang & Albrecht simulations
Sz i 39 "
£5 O ¢ [
= ‘6 =1 1
S8 £z |
g5 os 3 S o
G &3 F
- i<
-4 S
Z
0.0Fe :
: 0.0F

10' 10 10° 10 10° 10°

Absorption coefficient (cm'1 )

FIG. 7. Comparison of the experimental photocurrent action
spectrum(780-nm MEH-PPY under illumination through ITO un-
der forward biag- - O - -) and reverse bia&é - @ - -), with the
responses simulated using the model of Gheshl. (—).

)
10 10° 10¢

Absorption coefficient (cm™)

10' 10° 10

FIG. 8. Comparison of the experimental photocurrent action
spectrum(780-nm MEH-PPY under illumination through ITO un-
der forward biaq- - O - -) and reverse bia& - @ - -), with the
responses simulated using the model of Tang and Albrieeht).
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at higher photon energies. This is quite typical for a rela-
tively thin film and for the surface cell geometry. The De- 1 e Erpenmantal 1. respomse (12Y)
Vore model gives a good fit to their experimental data for - --o- -Experimental | response (+8V)
energies above the peak in the photocurrent, although there ——Ghosh & Feng (1978) simiation

is a significant discrepancy at lower photon energies; the
experimental data fall below the theoretical curve, just as we
find when we apply the DeVore model to our sandwich cells
with MEH-PPV. Lee, Yu, and Heeger make a number of
arguments in support of the semiconductor band model,

which we address in Sec. VIII.
It is also unclear how sensitive the models are to param-

;‘V
2

o
19,
Y

Normalised Photocurrent
(arbitrary units)

eters such as the diffusion length of excitons or charge car- X - ; - -

riers or the.thickr?ess of the narrow photoac_:tive barrier layer; 100 102 10®  10* 105 10°

the simulation using the model of Ghoshal. is very similar Absorption coefficient (cm™ )

to that obtained using the model of Tang and Albrecht

[where the diffusion length (B) tends to zerh or the FIG. 10. Comparison of the experimental photocurrent action
model of Ghosh and Feng, where the width of the barrier isspectrum(780-nm MEH-PPY under illumination through ITO un-
no longer an explicit parameter. der forward biag- - O - -) and reverse biaé - @ - -), with the

responses simulated using the model of Ghosh and Ferg).

V. DEPENDENCE ON AMBIENT ATMOSPHERE anthracené®®® Langmuir—Blodgett films of polymers

with triphenylene side chairf§, poly(phenylenevinyleng!’

Since the models predict very similar photocurrent re_poly(diheptyloxyphenylenevinerr)él and other alkoxy-
sponses, it is extremely difficult to use such poor fits to dis- ubstituted PPV derivatives, including MEH-PP/.

tinguish between whether charge carriers are generated di Under reverse bias and illumination through Al, the maxi-

rectly as a result of photoexcitatiorintrinsic _photo- mum photocurrent appears for energies greater than 2.3 eV
generatioi, or indirectly (extrinsic photogeneratiorby in- .. P ppear gies greater ; '
indicating that the maximum response originates from

teraction of photoexcited excitons with impurities, defects, .
traps, and interfaces. The dependence of the photocurrent (%rongly absorbed light close to the Al electrode. We have

the ambient atmosphere offers a way to distinguish betweeﬁ?fﬁévefogﬁirtrgita:tdg'glgfba'rar?;gtlgsr ggnvigir;:?ﬁ:g;&t
intrinsic and extrinsic photoconductivity. P : y ’

: ._current(measured at 1.93 g\increases by a factor of 1.2.
For many conjugated polymers, molecular oxygen '.SAIso, the peak in the action spectrum shifts to higher energy

known to behave as an electron acceptor, resulting i ; X g
type doping. If charges were directly photogenerated by aEZ.L-_') eV) closer to the maximum of the absorption coefficient,
P X ndicating that the most strongly absorbed light, closest to

intrinsic process, the doping by molecular oxygen shoul he Al electrode, is most enhanced by the air,

result in a change of both the photocurrent and the dark Under forward bias and illumination through Al, the peak
current by approximately equal factors. Conversely, if thein the photocurrent spectrum occurs at Iowger ef;e(@)lp5
photogeneration process is extrinsic in origin, then the addiév) Inp this case thpe photocurrent is greatest from the
tional step of dissociation of photogenerated excitons may b\(legieakly absorbed light, i.e., that which can reach the ITO

sensitive to oxygen, and the photocurrent may be enhancee ectrode. The enhancement due to air is only slight, perhaps

by a much greater factor than the dark current. Enhancemen
of the photocurrent in air has been observed in

--®- -Experimental Jw response (-12V)
--O--Experimental J ), response (+8V)
——Désormeaux simulations
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—— DeVore simulation
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Absorption coefficient (cm™' ) FIG. 11. Comparison of the experimental photocurrent spectrum
(780-nm MEH-PPY under illumination through ITO under forward
FIG. 9. Comparison of the experimental photocurrent actionbias (- - O - -), and reverse biaé - ® - -), with the responses
spectrum(780-nm MEH-PPY under reverse bias and illumination simulated using the model of ‘Bermeaux, Max, and Leblanc
through ITO(- - @ - -), with the response simulated using the (——), without including multiple reflections(Inclusion of mul-
DeVore model modified to a sandwich geometry—). tiple reflections actually resulted in a poorerfit.
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because the gas cannot permeate so deep into the polymetral®? estimated a binding energy of 0.2 eV from field-
film. dependent electroabsorption measurements on MEH-PPV.
Under reverse bias and illumination through ITO, theDue to the limited range of our field-dependent photocurrent
peak in the photocurrent spectrum occurs at lower energgeasurements, an estimate of the exciton binding energy
(2.15 eV}. Now the maximum photocurrent comes from from our data is beyond the scope of this paper.
weakly absorbed light, i.e., that which can reach the Al elec-
trode. Upon exposure to air, the photocurrent is enhanced by
a factor of 7.1, while the dark current is enhanced by a factor

of 1.1. , ) o In Figs. 7—11, we notice that many different models pre-
Under forward bias and illumination through ITO, the gict very similar profiles, in poor agreement with the experi-
peak in the photocurrent spectrum occurs at higher energyental response. It is therefore extremely difficult to distin-
(2.26 eV). The maximum photocurrent is due to strongly gish between different mechanisms for charge generation
absorbed light, i.e., photoexcitation close to the ITO elecypg transport in the polymer diodes used in the models, or to
trode. In this case, the admission of air actually results in &yiract meaningful values of parameters, such as the barrier

decrease of the photocurrent to 0.63 of its value undeyigih or the exciton diffusion length. We therefore now dis-

vacuum. _ _ cuss a number of possible amendments to the original mod-
The consistent picture which emerges from these obselsg.

vations is that the addition of air results in increased photo-
current when the response originates from absorption of light
at the Al electrode, while the dark current does not increase A. Reflection from electrodes
significantly. We propose that the charge generation process o jnitial reaction to the observation of such a narrow
is extrinsic in nature, and that dissociation of excitons ispeak in the photocurrent spectra under reverse bias was to
enhanced by admission of air. The exact mechanism byheck whether it was the result of constructive interference
which air enhances dissociation is uncertain. Oxygen mays |ight which had undergone multiple reflections within the
act as a trap for electrons, providing a low-lying state 'mopolymer film, considering the diode as a Fabrydeétalon.
which the electron of a bound electron-hole pair may fall; if By taking photocurrent action spectra not only at normal
the energy released by this process exceeds the exciton bingliqence but at incidence angles as large as 70° to the sub-
ing energy, then the exciton can dissociate, releasing a frégate normal, and also on diodes having polymer films of
hole polaron(majority carriey. _ . various thicknesses, we were able to conclude that construc-
It is not clear whether the enhancement due 10 air is regyq jnterference of light is not the cause of the narrow pho-
versible. Although adsorptlon of air appears to be fairly rapid ), rrent peak, since the peak position did not change on
at the surface, desorption appears to be extremely slow ghing the angle of incidence, corresponding to a change of

room temperature, under the reduced pressure of-1rr o optical path length within the polymer film by around
vacuum within our cryostat, requiring at least 18 h to de-19q

dope. Frankeviclet al™* atiribute the quasipersistent photo- " Neyertheless, it is stil possible that upon illumination
conductivity of polydiheptyloxy-phenylenevinylenen air — ,4,,gh the transparent ITO electrode, weakly absorbed light
to a very long time delay befoztsa positive polarons recombingyhich can reach the back electrot) is reflected, leading
with O, ions. Antoniadiset al.™ reported increased photo- {5 4 relative increase of the contribution due to the weakly
conductivity as a result of creating photo-oxidation defectsgpsorbed light, compared to that of the strongly absorbed
mainly carbonyl groups, which act as dissociation centers foﬁght, which does not penetrate so far into the film.
excitons. However, Koler*? observed that for alkoxy- Desormeaux, Max, and Leblatfcconsidered the effects
substituted PPVs, the enhanced photocurrent in the presenge mytiple reflections of weakly absorbed light on the pho-
of air is reversible if the device is heated under vacuum tqgcyrrent response of their chlorophyll sandwich cell photo-
assist desorption. In view of this, we consider that the engjodes. This was done by using a linear combination of Egs.
hanced photocurrent which we observe may not be duga1g) and(A20), with I, representing the total lightrans-
solely to photo-oxidation. Itis also possible that water vaporyitted and reflectedoriginating from each electrode, taking
(moisturg may play a role in exciton dissociation. into account absorption in the film. Since E4.19) accounts
for a symbatic response, while EGA20) produces an anti-
batic response for sufficiently thick films, the effect of mul-
tiple reflection is actually to reduce the “contrast” in the
Under low fields, the photocurrent varies approximatelyaction spectrum. This is apparent in the simulated spectra of
linearly with the applied field, although the dependence iDesormeaux, Max, and Leblar(igs. 5 and 6 of their pa-
superlinear for higher fields, beginning at fields of the ordemer. In our simulations, we cannot improve the fit by inclu-
of 10° V/cm. Analysis of the field dependence of the pho-sion of multiple reflections between the electrodes. In con-
tocurrent and field-induced exciton quenching has been reslusion, we note that although multiple reflections should be
ported by other researchéfe®®44=4"From those measure- included in a comprehensive model for the photocurrent ac-
ments, the singlet exciton binding energy is estimated to b&on spectra, they do not account for the particularly narrow
of the order of 0.4 eV, in agreement with theoretical predic-photocurrent peak which is experimentally observed but,
tions by Conwell and co-workef§*® and intermediate rather, that they tend to broaden the simulated response by
within the range of published experimental values fromadding a symbatic component to an otherwise antibatic re-
around 1 eV (Ref. 50 to around 0.025 eV' Campbell sponse.

VII. EXTENSIONS TO THE ORIGINAL MODELS

VI. FIELD DEPENDENCE
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S 3.5 _ et al>® for unsubstituted PPV. Both the progressive redshift

& ; of the absorption spectrum and the increasingly apparent vi-

T 3.0¢ 3 bronic structure at low temperatures can be taken as evidence

2 2.5k 3 of an increasingly rigid, less twisted polymer chain and,

e hence, a general increase in the effective length of conju-

5 5 2.0 ] gated segments, due to a lower density of localized phe-

€' 1.5f J nylene ring twists, as the thermal fluctuatiokg ) become

§ % 10 progressively small, compared to the torsion potential.

5 “F E At this point, it is perhaps worthwhile to briefly review

i 0.5t 3 the literature on thermochromism in PPV and its alkoxy de-

5 E rivatives. Although several theoretical studfes® on iso-

3 0.0 ) \ ; : : lated oligdphenylenevinylenés have been undertaken,
1.6 1.8 20 22 24 26 28 most predict a rather flat torsion potential with shallow

Energy (eV) minima for dihedral angles of around 20°, such that solid-
state packing effects could easily render the coplanar con-
FIG. 12. Temperature dependence of the absorption coefficierfiguration thermodynamically stable in the solid. This would
of MEH-PPV, showing a progressive redshift and increased vihe in agreement with the experimentally observed redshift of

bronic structure at low temperatures. both absorption and fluorescence spectra of oligomers when
_ . _ moving from solution to the solid state. From extrapolation
B. Effects of disorder within polymeric systems of either the onset of absorption and fluorescence or the 0-0

Most of the models discussed in this paper were originallyPeaks, effective conjugation lengths have been estimated to
developed for organic semiconductors consisting of smalPe Of the order of 7—10 phenylene rings, according to Tian
molecules, such as tetracene, phthalocyanines, merocy8tal-”" and 10—17 rings according to Wa al™® _
nines, and chlorophyll. For these materials, the models pro- Regarding the effects of alkyl and alkoxy side chains,
vide good quantitative agreement with experimental dataLhost and Breas® calculated that the dimer of pd®,5-
However, these systems are much simpler, since the moflimethylphenylenevinylenes twisted in the gas phase, due
ecules are usually rigid, planar and of well-defined size and0 Steric interactions between the methyl groups and the hy-
conjugation length, i.e., they are essentially monodispersélrogen atoms on the vinylene bond, resulting in dihedral
Their absorption spectra often consist of several narroWorsion angles in the range 20°—50°. In contrast, the dimer of
peaks, with clear vibronic structure. Conversely, conjugated©ly(2,5-dimethoxyphenylenevinylends calculated to be
polymers generally represent a much more disordered clagdanar, probably due to hydrogen bonding between the oxy-
of material. Most conjugated polymers are polydisperse, i.e gen atom of the methoxy substituents and the vinylic hydro-
there is a distribution of the molecular weights of the poly-9en atoms. These findings are in agreement with crystallo-
mer chains. Furthermore, the electronic properties are highigraphic studies of Martengt al> in which poly(2,5-
dependent on theffectiveconjugation length, i.e., the length dimethylphenylenevinylenewas found to be disordered,
of conjugated segments along which charge is delocalized iWhile poly(2,5-dimethoxyphenylenevinylenés crystalline.
the molecularm-electron orbitals. Ar-conjugated polymer Fahimanet al*® found excellent agreement between the
can be viewed as an assembly of conjugated segments, sepéilaviolet photoelectron spectra of PPV and its dimethyl and
rated by chemical defects, such as a nonconjugatefialkoxy derivatives(including MEH-PPV and the Austin
sp*-hybridized carbon atom on the polymer backbone, or bynodel 1 and valence effective Hamiltonian quantum-
structural defects, such as chain kinks or twists out of coplachemical calculations. For PPV, MEH-PPV, and dimethoxy-
narity. Hence the polymer can be regarded as a Semicondug_ubstltuted PPV, they infer an essentially coplanar conforma-
tor material, in which there is a distribution of semiconductortion at roongotemperature. _
energy gaps. The effect of a change of temperature on the Ma etal.”” reported x-ray studies on pgbcetyleng and
polymer is not merely to activate electronic transitions, butPoly(ethyleng, as well as PPV and pdigniline). For the
also to change the morphology of the polymer, and hencéing-containing polymers, they concluded that ring-torsion

also to change the distribution of semiconductor energy gapdodes are the lowest-energy deformations, and that they are
associated with the material. excited at lower temperature than twists of rigid chains, since

a smaller massi.e., a single phenylene rings involved.

Mao et al®! reported a neutron-diffraction study of all-
hydrogen and selectively deuterated PPV, studied from room

Figure 12 shows the temperature-dependent absorpticemperature to 616 K. From structure factor fits, they deduce
coefficient of MEH-PPV, denoted (% w), which we deter- that, at room temperature, the mean dihedral angle is 7°,
mined from temperature-dependent absorption spectra afith rms angular deviations from this by 6°. Both the mean
films of four different thicknesses spun on spectrosil discs, talihedral angle and the rms deviation from it are found to
attempt to correct for reflection. At room temperature, theincrease with increasing temperature, due to reduced solid-
absorption spectrum is broad and almost featureless, with state packing constraints upon thermal expansion. The tor-
maximum at 2.50 eV. As the temperature falls, the absorpsion is considered to be due to local torsional rotations of
tion edge moves progressively to lower energy and, belowhenylene rings, rather than a bulk twist of the whole poly-
150 K, a greater degree of vibronic structure is apparent. Aer chain.
20 K, two vibronic transitions can be resolved, centered on Liang and Karas? reported solid-state thermochromism
2.25 and 2.40 eV. A similar behavior is reported by Leein poly(2-methoxyphenylenevinyleneJp to 300 °C, there is

C. Thermochromism
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FIG. 14. Investigation of the discrepancy between the simulated

2 SN 3.5 » and experimental photocurrent action spectra of Fig. 7. The thick
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a2 LT e e 300K043.0 3 solid line (—) is the ratio of the experimental response to the

& g response simulated by the model of Ghestal. The thick dashed

£ g SO 12 it line (- - -) is the ratio of the low temperature absorption coefficient

g3 N o & to the room-temperature absorption coefficient of MEH-PPV.

3 > . £ p

S5 a.

fod 5 o ..

2 3 .52 low temperatures, the conductivity of the electrodes may also

B A 10 & limit the carrier collection efficiency. For both of these rea-

S los < sons, we consider that studies of the field dependence may be

3 Y more appropriate for the determination of a binding energy.
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(b) The temperature dependence of the photocurrent response
is particularly revealing; at temperatures lower than about
FIG. 13. Temperature-dependent photocurrent action spectra fgrgg K, even the symbatic response profile observed for illu-
the thicker diode(ITO/780-nm MEH-PPV/AJ under illumination  mination through the ITO electrode under forward bias pro-
through ITO.(a) The photocurrent under forward bias shows the yressively evolves into the antibatic response located in the
evolution from a symbatic response at room temperature to an alw-energy tail of the absorption spectrum, are shown in Fig.
tibatic response at low temperaturgm) The photocurrent under E;éa)' However, we observe in Fig. I8 that the antibatic
Y

D. Temperature dependence of the photocurrent response

reverse bias shows that, as the temperature decregses, the narr, ponse undergoes only a very slight redshift upon cooling,

antibatic response undergoes a much smaller redshift than the a icallv 0.02 eV. while the redshift of the absorption edge

sorption coefficient over the same temperature range. P yo. ' P . 9
undergoes a much more pronounced redshifkE (

.1 eV), typically 0.1 eV upon cooling from 300 to 100

. . _ . =0
a gradual blueshift of th_e absorptlon_ edge W'th Increasinge ¢ the action spectrum were determined solely by the pen-
temperature, corresponding to a wagging motion of the MNYSstration depth of ligh{the internal filter effedt then, upon

Only at 350 °C does a pronounced thermochromic tranSItIOIEooling, we could expect a redshift of both the antibatic pho-

oc<_:ruhr, Wh'Ch. ';5 a:t”pl:ted toh_18r? ring-flip 'm(:ﬁo'?-th bulk iocurrent peak and absorption edge by the same amount,
e consistent picture which emerges is that the bulk o ontrary to what we observe.

PPV and MEH-PPV chains are coplanar in the solid state,
although local phenylene ring torsions can occur, with very
low activation energies, much less thkgT at room tem-
perature, the mean amplitude and standard deviation increas- From the discussion on thermochromism, it seems reason-
ing with increasing temperature. able to consider that the low-temperature absorption spec-
There is an important corollary resulting from the thermo-trum is representative of the longest, most planar conjugated
chromism of polyphenylenevinylengs, which should not segments, probably closely packed within crystallite grains.
be overlooked when attempting to derive activation energie€onsidering the room-temperature absorption spectrum, it is
or exciton binding energies from an Arrhenius temperatureclear that such long segments account for only a small pro-
dependence of the photocurrent; because of the rather shapprtion of all segments which are able to absorb a photon,
onset or absorption, a change in temperature over a smalince the absorption spectrum is dominated by the shorter
range can result in a remarkably large variation in thesections separated by twisted rings. However, we postulate
amount of self-absorption at a given photon energy in thehat although all segments may be photoexcited, intermo-
low-energy region. Therefore great care is needed to corret¢cular charge separation may be much more efficient when
for this factor when Arrhenius-law plots are used to attempwone of the longer planar segments is photoexcited. Possible
to determine exciton binding energies and values determineahechanisms for this are discussed later.
from the temperature dependence of the low-energy photo- In Fig. 14, we plot the ratio of the experimental response,
current peak should be treated with great caution. At vendivided by the optimized simulated photocurrent response,

E. Modeling the longest chain segments
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according to the model of Ghogdt al, as the thick solid of lower energy. In any case, the argument concerning ki-
line. We also plot the ratiey (A w)/a(hw, T), indicated netic energy does not help to explain an apparent increase in
by the thick dashed line, and note that this gives a qualitathe photocurrent yield at low energy, compared with that
tively reasonable trial function for the efficiency of intermo- predicted by the models based on penetration depth of light.
lecular charge separation. We considered this ratio for the In the following sections, we discuss possible mecha-
following reason. For any given photon energy, the num- nisms for an enhancement _at low energy, corresponding to
ber of long, planar segments which are photoexcited willonger segments. We consider that this may be due to an
therefore be proportional to the low-temperature absorptioﬁXte”deq lifetime for localized excitons, or due to en_hanced
coefficient «, (%), while the total number of segments mtercha_ln qharge transfer or charge transport mediated by
which are photoexcited will simply be proportional to the 7 Stacking in small crystallites.

absorption coefficient at the ambient temperaiu(é o,T).

We therefore propose to include an energy-dependent func-  vjj1. MECHANISMS FOR AN ENHANCEMENT

tion (hw)* a t(fiw)!a(hw,T) in our models for the pho- AT LOW ENERGY

tocurrent action spectra, to represent the interchain splitting o o
probability in place of the constant value 6fused earlier. A. Energetic disorder, spectral diffusion,
This trial charge-separation efficiency function shows a pro- and extended lifetime

nounced peak at 2.15 eV, which is in good agreement with Within an excitonic picture, a distribution of lengths of
the energy of the narrow photocurrent peak at low energy. Inhe conjugated segments gives rise to the possibility of spec-
our brief communicatiofi’ we compared the experimental tral diffusion of excitons from the shorter segments of rela-
data with the model of Ghostt al, including the extra fac- tively high energy to longer segments of lower energy. Once
tor a t(hw)/a(fhw,T) to represent the longest segments.the excitons reside on the longest segments, there are very
Inclusion of an energy-dependent function to represent théew sites to which it is energetically favorable for them to
probability of interchain charge transfer results in a markedliffuse. They have then reached the localization threshold,
enhancement of the photocurrent in the low-energy tail of theand we can expect that, at this energy, the exciton diffusion
absorption spectrum and much better agreement with exper¢oefficent would be reduced. Hence an exciton on a long
mental data. segment may have a longer lifetime by up to three orders of
It is interesting to note that we require enhancement of thenagnitude, compared to an exciton at higher energy, as de-
photocurrent at low energies to obtain agreement betweeermined by time-resolved photoluminescence decay
simulation and experiment. This is in contrast with what ismeasurement§:®* showing a continuous increase in decay
expected if the polymer is highly disordered, and is modeledime as emission is probed using progressively lower excita-
purely as a statistical distribution of energetic sites, withtion energy.
charge transport mediated by hopping, and no explicit corre- We note that for both MEH-PPV and PPV, the position of
lation between chain segment length and chain conformahe narrow antibatic photocurrent peék 15 and 2.48 eV,
tion. In that case, it can be argifédhat the interchain split- respectively lies just above the localization energy of
ting probability may be enhanced for excitation at highexciton§>~°7(2.04 and 2.38 eV, respectivelin MEH-PPV
energies, since the kinetic energy associated with the excitoand PPV. We consider that this extended lifetime effect
is greatest when it is confined to a short chain segment, agould account for an enhancement of the photocurrent re-
suming a simple model of a particle in a one-dimensionakponse at low energy under the following two conditiofi$:
box. Hence excitation at high energies should allow greateExciton dissociation giving rise to photocurrents can only
kinetic energy available for overcoming the Coulomb attrac-occur for the small fraction of excitons on the longest seg-
tion. Using an average conjugation length of around 7—1#fnents which happen to be situated very near to a dissociation
phenylene units, and an absolute minimum spatial extent of gite, such as a metal electrode or an oxygen molecgje.
highly confined exciton as 1-2 units, the additional kineticExcitons on the longest segments are generated only by di-
energy available from confinement may result in an enhancerect photoexcitation at low photon energy, and not populated
ment of up to ten for high photon energies. However, time-as a result of spectral diffusion of excitons from shorter seg-
resolved studies of photoluminescence decay in PPVinents; i.e., although spectral diffusion may operate, the
poly(phenylphenylenevinylene (PPPV} and PPPV/ mean separation of the very longest segments exceeds the
polycarbonate blends by Mollagt al®® and in PPV and mean exciton diffusion radius of more energetic short-lived
MEH-PPV by Hayes, Samuel, and Phillisndicate that excitons generated on shorter segments.
fluorescence from the short high-energy segments decays on
a time scale of less than 300 fs, whereas photoluminescence
detected at low energies decays on a much slower time scale
of around 145 ps, corresponding to emission from the long- There may also be intermolecular disorder resulting from
est segments. A redshift of the luminescence spectra on gtructural disorder within the polymer film, which itself may
time scale of several ps provides strong evidence of excitoronsist of both amorphous and crystalline regions. Réuds
diffusion to longer segments of lower energy. However, al-noted the importance of structural order on the photoconduc-
though the shortest segments no longer contribute to photdivity. Much of the following discussion is based on the
luminescence after 300 fs, it is difficult to conclude whether“fringed micelle” model8® which was used to describe the
this is due to a greatly enhanced probability of dissociatiorcrystalline-amorphous nature of péigheng.”® We consider
due to the exciton having a higher kinetic energy, or whethethe possibility of structural inhomogeneity on a length scale
it is due mainly to rapid exciton diffusion to longer segmentsof nanometers, and assume that the polymer film consists of

B. Structural disorder
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small crystallite grains in addition to amorphous regions, infact not be due to a Stark shift. We nevertheless tried to
which the chains are more widely separated. There is eviinclude the derivatives in our models by multiplying by a
dence for such structural disorder from electron microscopyerm proportional to a/dE)/« or (d?a/dE?)/a to repre-
studie$'~"® of PPV, for which the diameter of crystallite sent excitonic peaks lowered by a Stark shift due to the ap-
grains is estimated to be in the range 3—12 nm, which igjied or built-in electric field. However, this approach has
comparable with estimates of the exciton diffusionnot heen successful, since the low-energy tail of the absorp-
range. """ This can be expected to have a profound effectijon spectrum follows an approximately exponential rise with
on charge transport across the_ﬁlm and a}lso on the pmb"f‘b'é'nergy, only deviating from this close to the maximum of
ity of separation of the geminate positive and negative;ngomtion. Therefore, the absorption coefficient and its de-
charges after photoexcitation; charge carriers are more likely\ 5tives have approximately the same functional form and
to separate and give rise to a photocurrent if one of thene term la/dE)/« or (d2a/dE?)/« reduces to a constant,
charges transfers to a neighboring conjugated segmeniyicylarly in the range where the narrow photocurrent peak
Those polymer segments with more extendedonjugation s gpserved.

are necessarily more planar, and may be more amenable 10 o, the basis of a conduction band threshold at 3.5 eV and
effective intermolecular overlap and efficient intermoleculary large implied binding energy of 1.1 eV, Leegal ® con-
charge transport mediated hystacking, as is considered t0 gjgered that the B, exciton at 2.4 eV may be an exciton of
operate in polycrystalline sexithiophene and charge-transfefe charge-transfer type. However, it should be noted that
salts. As we mentioned above, the longer conjugated Segpis yalue of the exciton binding energy is one of the highest
ments correspond to the lower-energy side of the absorptiofy|yes in the literature for PPV and its derivatives. The va-
spectrum. We now consider the possibility of either chargeyjgity of the assignment to the conduction band threshold of

transfer excitons or enhanced charge transport within crySpe |arge increase in photocurrent yield at 3.5 eV has recently
tallites, although the distinction between these two classifipgen challenged by Kuer et al,” since three distinct pho-

cations is somewhat blurred. tocurrent peaks have been observed when measurements are
extended far into the ultraviolet.

Yanet al. proposeff that interchain excitons may play an
important role in the nonradiative decay of PPV. The spec-

It has been suggested that charge-transfer excitons are rgal feature which they attribute to spatially indirect inter-
sponsible for photoconductivity in both conjugated poly-chain excitons is picosecond photoinduced absorption at 1.5
mers, and also in the more well-ordered oligomeric systemsV, which is in agreement with theoretical calculations by
such as polycrystalline films of a-sexithiophené’  Conwell and Mizeé?8#2The calculated energy of forma-
Frankevichet al.”® invoked the concept of interchain polaron tion of a polaron pair is approximately constant with chain
pairs to explain an enhancement of the photocurrent in théength and it is predicted that polaron pairs should be ener-
presence of a magnetic field, in which singlet-triplet crossinggetically favored over excitons for chain segments of up to
is enhanced when the electron-hole pair are sufficiently welseven monomer unif§. The long-lived photoinduced ab-
separated that the hyperfine interaction exceeds the exchangerption is reported not to be observed in dilute solutions of
interaction. MEH-PPV, and this is taken as evidefitthat the long-lived

Whereas Frenkel excitons are localized on a single chaiphotoinduced absorption feature atl.5 eV is due to an
and are considered to give rise to luminescence when thegptical transition within a polaron pair.
decay radiatively, charge-transfer excitons describe electri- There is currently debate about the efficiency of produc-
cally neutral photoexcitations which are delocalized over twdion of interchain excitons versus intrachain excitons. Yan
or more adjacent chain segments. Where these chain seet al. suggeste¥ that photoexcitation may result in yields of
ments lie laterally parallel, charge transfer between theénterchain excitons up to 80—90%. For oligomers, it is well
chains leads to an electric dipole between the chains. Chargestablished that close interchain packing in the solid state can
transfer excitons may be weakly coupled to the ground stateesult in lower photoluminescence yields compared with
and are not necessarily observed in the linear absorptiowell-separated chains in dilute solutifhHowever, the re-
spectrum. However, they may be observed in electroabsorgorted estimates of 90% yield of interchain excitons in PPV
tion spectroscopy, where it is often the case that the responsgg apparently in conflict with measurements of photolumines-
follows the first or second derivative of the absorption speccence quantum efficiencies by Greenheinal,®* where val-
trum. The position of the narrow antibatic photocurrent re-ues of 27% for intrachain singlet excitons are measured for
sponse which we observe at 2.15 eV is in close agreemefPV with an initial photoluminescence PL decay time of 320
with a peak at 2.15 eV, observed in electroabsorption spectias. Studies on deliberately photo-oxidized PPV show re-
at MEH-PPV®® which has been assigned to a Stark shift ofduced  photoluminescence yiefds and increased
the allowed transition of B, exciton at 2.4 eV. The narrow photoconductivity*® In a very recent publication, Rothberg
photocurrent peak which we observe at 2.15 eV lies belovet al® proposed that luminescence quenching by carbonyl
the energy of either the peak in the first derivati2e26 e\j ~ defects is due to interchain charge transfer; although strong
or the second derivativ€2.20 eVj of the absorption spec- fluorescence is observed for both the PPV trimer, distrylben-
trum, although this may be due to self-absorption effectszene (DSB) and for transstilbene-4, 4-dicarboxaldehyde
Except for the smallest applied fields, we observe no contSDA), representing a PPV dimer segment terminated by
tinuous shift of the peak position as the magnitude of appliec¢arbonyl groups in place of vinylene bonds, the lumines-
reverse bias field increases, which suggests that the spect@nce from a film of DSB contaminated with 0.6% SDA is
position of the narrow photocurrent peak at 2.15 eV may inessentially quenched. Since DSB and SDA have similar

C. Interchain charge-transfer excitons and aggregation
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HOMO-LUMO (highest occupied molecular orbital-lowest ciently small for markedly enhanced interchain transport.
unoccupied molecular orbitatiaps, but with an offset of the Brown et al®® collated conductivity and mobility data on
LUMO levels by 0.59 eV, determined by electrochemicalamorphous conjugated polymers and other organic semicon-
methods, Rothbergt al. proposed that, in this case, PL ductors. A universal conductivity-mobility relationship holds
quenching is due to electron transfer from the DSB to th&or most amorphous conjugated polymers, resulting in poor
lower-lying SDA, resulting in a nonemissive interchain performance in field-effect transistors; higher mobilities can
charge-transfer exciton. However, when DSB is contamife achieved only by increasing the doping level, which
nated with the dialdehyde of the trimer, having a lowererefore reduces the on/off current ratio. However, partially
HOMO-LUMO gap, both electron and hole can transfer 0.,y qtajline systems, such assexithiophene, exhibit much
the lower gap material; i.e., energy transfer can occur, withyigper field-effect mobilities together with high on/off cur-
PL emission characteristic of the trimer dialdehyde for therent ratios and low doping levels®? In these materials,
qontam!nat(_ad DSB{trimer_dialdghyde film. Hence, the rela'charge transport is considered to be greatly enhanced by
tively high mtgrcham exciton y|eld_ reported by _Yam al. stacking, in which charge transport preferentially occurs per-
may be explained by a difference in the proportion of shortyogicylar to the length of the molecules, in the interchain
photo-oxidized segments between the PPV films, perhapgacking direction, rather than along the direction-ofcon-
du_e to slightly different pr_otocols for synthesis, film prepa-jugation (long molecular axis®>® This is in contrast with
ration, or thermal conversion from the precursor polymer. the interchain hopping mechanisms, which are considered to
. : - Moperate in the amorphous materials, including many conju-
ergy (~1.5 eV) of the interchain polaron pair is well below ated polymers. Considering these two different charge-
the energy _of the singlet exciton responsible for fluorescenc ransport mechanisms at a nanometer scale, it is apparent that
SO that wh.|Ie electron transfgr or energy transfer f_r om the'during the exciton dissociation event, separation of positive
singlet exciton to an interchain exciton may occur, it is N0ty hegative charges may be much easier when the exciton is
obvious that it ShO.UId account f(.)r a specific enhancement 9bcated in a small crystallite grain than when it is located in
the photocurrent yield upon excitation at the low-energy tail, ro|a1ively amorphous region. Given the increased mobility
of the absorption edge. Furthermore, the calculations of Cong i crystalline material by a factor of over 100€ompar-
well and_ Mizes and the.recent investigat_ions on oligomer§ng the field-effect mobilities of crystallinex-6T and its
both indicate that .forma“‘”.‘ (.)f polaron pairs should b.e mos morphous randomly substituted alkyl side-chain derivative,
favorab!e for excitons (eS|d|ng on the shprtest chain SegB,B’—dihexyI—6T),93 it is possible that the degree of ordering
ments, 1.€., _exmted at higher photon energies. . on a nanometer scale may result in a much larger enhance-
Aggrggatlon Of 'addergi;/pe po(lpa_raphenyler’)els ob- ment of the interchain splitting probability than that due to
served in th_e S.Ol'd staﬁ?;_ characterized by a _broad fea- confinement. However, we emphasize that once the exciton
treless emission band in PL and electrolu_m|_nescence Hissociation has occurred, charge transport through the bulk
lower energy than the narrow, structured emission from thejc o polymer film is likely to be rate limited by hopping

isolated chains. Kler et a].88 investigated the photovoltaic mechanisms, and that the above hypothesis does not invali-
response of these materials, and observed a much greate

- ) : Ate the charge-transport work of Arkhipewal.in any way.
guantum efficiency for photocarrier generation when the ag- 1 stacking is known to be very sensitive to the overlap of
gregate band is excited directly. Gelinck, Warman, and Star-

3 . ! - m-electron wave functions between chains and interchain
ing recently reported higher microwave conductivity for the

. L eparations of less than 0.4 nm are usually required to ob-
gel form of an aIkox.y-substm.Jted.PP.V dgnvaﬂve, compared:erve such effects. Large twists of the phenylene ring out of
to the value in solution. The implication is that charge sepa

tion i h di ted chains in th | f planarity will tend to increase the interchain separation. We
ration 1S enhanced in aggregated chains in the gel 10MMy, o otqr0 consider that the longest, most planar conjugated
Broad featureless emission spectra are observed for cyan

substituted derivatives of MEH-PPV and plfihexyloxy- gegments may be most amenable to efficient interchain

henylenevinyleneand are attributed to excimer emissfon charge transport. This is consistent with the observations of
phenylenevinyle are atlributed to excimer emission.  ray;qichi et al,’® who reported the photocurrent action

Conversely, the PL spectra of PPV and MEH-PPV show,

. i o spectra of stretched PPV films in a surface cell geometry,
clear vibronic structure, and it is generally observed that agynder polarized light. For light polarized parallel to the

gregation and interchain effects are not so apparent in thess(?retching direction, the narrow photocurrent peak is ob-
materials, in spite of the high degree of crystallinity for vaserved in the Iow-er,mergy side of the absorption spectrum, at
in the solid stat& Even if some singlet excitons do undergo n energy of 2.4-2.5 eV. For comparison, we recall that,in
interchain charge-transfer leading to generation of unboun PV sandwich.cellg8 we 6bserve similar c’haracteristics to
polaron charge carriers, the quantum yield for photocarrie[hat reported here f(;r MEH-PPYFig. 2), but with the nar-
generat.ion in single-layer devices (% accordi_ng to Marks row antibatic photocurrent peak sh.ifte,d to 2.48 eV, due to
et a.|zz) is so much Iqwer than the qu_antum yield for photo- the blue shift of the absorption and emission spectra of PPV.
luminescence that It WOUIq _be difficult to observe as 3The position of our antibatic peak in PPV is therefore in
strongly competing non-radiative decay channel. agreement with the results of Takiguc#tial. For light per-
pendicular to the stretching direction, the response is broader
and peaked at higher energy. The data of Takigetiail. are
Even if aggregation effects are not so pronounced as to beonsistent with our hypothesis that exciton splitting is en-
apparent as a broad featureless emission band in the photeanced for extended, aligned chain segments either by
luminescence of MEH-PPV and PPV, it may still be the casecharge transfer or enhanced charge transport, thus accounting
that, within crystallites, the interchain separation is suffi-for the sharp onset of photoconductivity in the low-energy

D. Enhanced interchain transport within crystallites
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tail of absorption. We consider that when attempting toasymmetric electrodes, when it is illuminated through the
model the photocurrent action spectra of PPV and its parside furthest from the electrode at which rectification and
tially crystalline derivatives quantitatively, enhanced excitonexciton dissociation occur.
splitting in crystallites may be as important a factor as self- Finally, we reject the argument that for pghinenylene
absorption within the film(internal filter effect. vinylen@’s, it is possible to distinguish between semicon-
ductor band models and excitonic models, depending on
whether the onset of photocurrent coincides with the onset of
IX. DISCUSSION absorption, taken as upholding the band model, or whether it
Lee, Yu, and Heegt made a number of arguments in occurs r_:lt a higher energy than the on;et of a}bsprption, due to
a perceived need to overcome the exciton binding energy. In

favor of the semiconductor band model and intrinsic photo- | . hat th . bindi d
generation of free carriers, rather than photogeneration oy, we point (_)Utt ‘?‘tt € excnon_ Inding energy nee not
e supplied optically in our sandwich cells; at the interface

excitons, which subsequently diffuse to dissociation centers; . ) . o
th the aluminum electrode, exciton dissociation may occur

yielding charge carriers. We now address these issues. Frof]

studies of the transient photocurrent peak on the subnanose%f.-mply due to a higher electric field in this barrier region, and

ond time scale, Lee, Yu, and Heeger remarked that the tengerhaps also by Funneling of an electron from the b_ound
ectron-hole pair into a surface state or even the Fermi level

erature dependence of the transient photocurrent peak ) : :
P b P P the aluminum electrode, leaving behind a free hole. We

only thermally activated above 200 K, and appears to be mark that the correlation between the DeVore model and

independent of temperature below 200 K. We have observe

similar behavior, but discussed the complications in determit e_experlr_nental Qata IS SO poor in th|s. critical low-energy
region, giving a discrepancy of 0.2 eV in the photocurrent

nation of the binding energy from the temperature depen- b ) 4 the DeV. h hat it |
dence, because of the progressive redshift of the absorptidi{'Set Petween experiment and the DeVore theory, that It is
oubtful whether “the semiconductor band model is fully

edge and the untwisting of the chain upon cooling, as well a ; X -
the strong non-Arrhenius temperature dependence of thgPnsistent with the data.
dark current(mobility), which we observe.

Regarding the validity of the excitonic picture, Lee, Yu, X. CONCLUSIONS
and Heeger questioned why the photocurrent action spectrum \ye have measured photocurrent action spectra in the vis-
shows structure related to excitonic transitions, while the aby,|e region for MEH-PPV films of various thicknesses, in a
sorption banq of PPV ig apparently structureless. This can bg;ngwich cell geometry between electrodes of ITO and semi-
understood if we consider the morphology of the polymeriansparent aluminum, for various applied biases and direc-
chain as an assembly of conjugated segments, delineated fyns of incidence. From the large enhancement of the pho-
chain twists and kinks. Rather than treating PPV as a seMigscyrrent but not the dark current upon exposure to air, we
conductor with a single fixed semiconductor band gap, it ipfer that photogeneration of charge is an extrinsic process,
probably more appropriate to treat it as a mixture of oligo-fo|lowing dissociation of excitons, either in the presence of
meric segments, each with slightly different energy gapsgyxygen molecules acting as electron traps, or at metal elec-
such that, when taken collectively, the sharp excitonic StTUCtrodes, into which an exciton may expel an electron. We
ture is blurred by convolution of the excitonic spectra with haye compared our results with various established models
the distribution orm-7* energy gaps, although we note that yyhich relate the photocurrent response and absorption coef-
spectral structure is apparent in films of well-ordered Orficient. The simulated action spectra which we calculate us-
aligned chains of PPV, and also at lower temperatures, whepg the various models are all very similar, despite different
polymer chains are more planar and the distribution of conggsymptions being made about whether photoexcitation re-
jugation lengths becomes narrower and weighted morgyts in free carriers or excitons, their diffusion coefficients
heavily toward longer segmerfs. _and the width of any barrier layer which might enhance ex-

A further criticism of the applicability of the exciton iton dissociation, so it is not clear that any of these param-
model is that the reciprocal of the photocurrent should bgsters may be extracted with any degree of reliability. Further-
linearly dependent on the reciprocal of the absorption coefygre; the simulations are generally in poor agreement with
ficient, a result noted in the paper of Ghosh and Feng. Theye experimental data. Although the internal filter effect is an
fact that PPV does not show a linear relationship does nqnportant contributory factor for a qualitative explanation of
rule out the exciton model, since the linear relationship cafne sympatic and antibatic responses, our main conclusion is
only be expected to hold for a semiconductor with a singl&nat we can only explain the very sharp rise of the photocur-
energy gap, such as a monodisperse oligomer, rather than fRfnt at low energy in terms of a specific enhanced probability
a polymer with a distribution of energy gaps. ~ of intermolecular charge separation for the longest, most pla-

The remark by Lee, Yu, and Heeger that, if an excitonichar segments. We consider that possible mechanisms for this
model holds, then the photocurrent response should be siminnancement include an extended lifetime for excitons near
lar to the absorption spectrufsymbatig, since more exci-  the |gcalization threshold, or an enhanced interchain charge

tons are created near the surface, and that the observation Qfaration in small crystalline grains within the film, perhaps
an antibatic response somehow invalidates the excitonigggiated byr stacking.

model clearly ignores the work of Ghogt al, Tang and
Albrecht, and others, none of whom are cited by Lee, Yu,
and Heeger but all of whom recognized the possibility of
self-absorption within the film{internal filter effect in ex- One of us(M.G.H.) would like to thank St. John’s Col-
plaining an antibatic photocurrent peak of a diode withlege, Cambridge for financial support. We also thank A.
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APPENDIX: DETAILS OF THE MODELS

1. Introduction

Light is incident on the diode, through one electrode, at
x=0. The rate of generation of charge carriers in the bulk at
distancex from the illuminated electrode is taken to be pro-
portional to the light intensity at, as in Eg.(Al), in which < >
a(E) is the absorption coefficient of the polymer as a func- I
tion of photon energ¥, |, is the incident photon flux den-
sity, and @ represents the quantum efficiency of charge gen-

eration by light: FIG. 15. Schematic device cross section for the model of Ghosh
et al. (19749 for illumination from the side furthest from the barrier
dn region(i.e., fromx=0). The total polymer thickness is denoted as
a = 0lga exp(— ax). (A1) I, while the thickness of the barrier layer is denotgd with L the

effective diffusion length for carriers.
Most of the models are based on a limited diffusion range of
either excitons or charge carriers. Throughout this appendix, (ii) The most photosensitive region is the region at the
7 represents the bulk recombination time of the diffusingaluminum/MgPh interface.

speciesD the diffusion coefficient, ang@ the reciprocal of (iii ) The photocurrent depends on the ability of the minor-
the diffusion length B=1/\D ). ity carrier (electrong to reach the interface, which acts as a

sink for them; otherwise, build-up of space-charge will occur
within the bulk of the film, impeding charge transport.
Therefore, the minority carriers must either be generated in

) the bulk and subsequently diffuse to the interface or else be
At this stage, the models of Ghost al. and Tang and  generated in the interface region.

2. Models based on a narrow photoactive layer
(barrier region)

charge carriers or diffusing excitons. Within the excitonic
a. The model of Ghosh et al. picture, assumptiofiii ) is supplemented by the requirement

In 1974, Ghoshet al2® developed a model which they Of excitons to reach the aluminum electrode in order to un-
applied to magnesium phthalocyanifMgPh) in a sandwich ~ dergo dissociation and produce charge carriers.
cell of the structure Ag/MgPh/Al. They considered that, in (1) lllumination through the electrode far from the bar-
MgPh, excitons were easily dissociated into free carriers antier- Rearranging EqiA1) and referring to Fig. 15, the num-
that the photocurrent action spectrum was determined by difoer of photocarriers produced in range-x+dx from the
fusion of photogenerated free carriers rather than diffusion ofluminated surface is given by E¢A2),
excitons. In one of their earlier publications, on the photo-
current response of tetracene sandwich cell of the structure Ol g expl— ax)dx. (A2)
Aultetracene/Al, Ghosh and Fefigilso observed both sym-
batic and antibatic responses, depending on the direction @f the carriers generated at a degtmto the film, the prob-
illumination and whether the diode was operated under forability of diffusing to the junction is
ward or reverse bias. In that paper, they noted the importance
of the Al tetracene interface on the carrier generation pro- exd —B(1—1p—x)]. (A3)
cess, and suggested that it may result in dissociation of ex-
citons at the electrodes. In the original paper, the narrowrherefore, the total number of carriansat the junction:
photoactive region at the electrode was attributed to a
Schottky barrier. However, for our diodes with PPV and -1,
MEH-PPV, there is little evidence of a change of depletion nzf
width with bias. Whatever the nature of the narrow photoac-
tive region, we denote its width dg, while the total width |
of the polymer layer in the sandwich cell diode is denoted as +f Oloa exp—ax)1dx (barriep. (A4)
l. =1y

Olga exp(— ax) exd — Bl —1,—x)]dx (bulk)
0

The original assumptions of the model are the following.

(i) Photoexcitation produces either free electrons and (2) lllumination through the electrode closest to the bar-
holes or at least excitons which immediately form free car+ier. The total number of carriens at the junction is given
riers in the bulk, e.g., by interaction with impurities or traps. by Eg. (A5) (see Fig. 1§
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dn(x) ol di n A6
T_ anXF(—aX—d—X—;. ( )

At equilibrium, the charge density does not change with
time, sodn(x)/dt is zero. By setting the time derivative
dn(x)/dt to zero and recalling that the diffusion current is
given byi = —D dn/dx, whereD is the diffusion constant, a
time-independent second-order differential equation is ob-
tained for the steady-state distribution of carrier density, as
in Eq. (A7);

-)lb<—

d’n(x) n  Olya expl—ax)
"dé Dr D (A7)

Note that in the models of Ghosh and Feng anddmeaux,
< > Max, and Leblanc, the diffusion equatiof@6) and(A7) can
l also be applied to diffusion of excitons, wheaméx) repre-
sents the exciton density.
Equation(A7) has the general solution given by E#8),

FIG. 16. Schematic device-cross-section for the model of Ghosh

et al. (1974 for illumination from the side nearest to the barrier Ol g expl— ax)
region (i.e., fromx=1). The total polymer thickness is denoted as ~ N(X)=B exp(—Bx)+C exp(5x) + D(B7— )
I, while the thickness of the barrier layer is denotgd with L as (A8)

the effective diffusion length for carriers. ) ) ) .
where 8=1/\/D7 is the reciprocal of the diffusion length.

Iy The values of the coefficien® andC depend on the bound-
n=J Ol g exp(— ax)dx (barriep ary conditions, which are different for each model, as out-
0 lined in Table I.
|
+ J Ol g expl — ax) exd — B(x—1,)]dx.  (bulk) a. The DeVore model
b This model was developed to account for the photocon-

(A5) ductivity action spectra of inorganic semiconductors, in
which photoexcitation is considered to result directly in the
b. The model of Tang and Albrecht formation of pairs of free electrons and holes. Recombina-
tion of electrons and holes can occur in the bulk after a mean
lifetime 7 or at either surface at a rate which is represented
by a recombination curremg=n.S, whereng is the density

The derivation followed by Tang and Albrechts essen-
tially a simplified version of that of Ghosét al., in which
the contributions from photoexcitation within the bulk of the . '
film are omitted from Eqs(Ad) and (A5), i.e., neglecting of electron-hole pairs at the surface aBdis the surface

diffusion to the photosensitive barrier laver. Tana and Albre_recombination velocity. When the thickness of the film is
P N Yer. 9 ; comparable with the reciprocal of the maximum value of the
cht also note that for the antibatic response, the curve fits a

. " . ) rgbsorption coefficient, a high surface recombination velocity
not particularly sensitive to the width of the barrier. S [much greater than the bulk recombination rate,
BD=+/(D/7)] results in an antibatic response, while a low
surface recombination rate gives a symbatic response.

The models of DeVore; Ghosh and Fefi@74; and De The diffusion equationfA7) is solved subject to the two
sormeaux, Max, and Leblanc all share the same diffusiofoundary conditions, given in Eq&\9), from which expres-
equationg Egs. (A6) and (A7)]. Once formed, charge carri- sions forB andC can be obtained. At the illuminated sur-
ers either leave by diffusion or recombination. The rate offace,
change of charge carrier density at a deptlis therefore :
given by Eq.(A6), in which the first term represents photo- (Ir)o= = D(dn/dX);—o=—NoS. (A9)
generation, the second term represents carriers moving awa\t the far surface,
by diffusion, while the third term represents recombination .
of charge carriers on a time scale given fythe bulk re- (ir)i=—D(dn/dX)x— = —n;S.

combination lifetime: The coefficient8 andC are then given as in Eq10),

3. Models based on solution of the diffusion equation

_ BlgalD [ (S—aD)(DB—S) ex—al)+(S+aD)(DB+S) expAl)
B=p=a? (DB—5)Z exp(— BI)—(DB+S)” exp A1) :

6l g/ D [ (S—aD)(DB+9) exp(—al)+(S+aD)(DB—S) exp(—Bl) ] (A10)

T (B (DB—S)? exp(— Bl)— (DB+S)% exp(Bl)
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reciprocal of the integral of the resistivity, as in H&A13),
where the carrier density(x) is that given by Eqs(A8)—

(A10),
1
opn(a) o — 1 . (A13)
J'o n(a,x) dx

Surface Cell Sandwich Cell . ) .

Unfortunately, the expression has no analytical solution, so
Jph = I ndx dph =1 we performed the integration numerically, dividing the film

[ (17 n) dx thickness into 200 steps and optimizing the parameters

B, S, andD in order to minimize the sum of squared dif-
FIG. 17. Conceptual diagram for the modification of the DeVoreférence between experimental and simulated profiles. We
model to the sandwich geometry, illustrating the need to integraté!SO performed the numerical integration with 2000 steps, to

series resistances for the sandwich cell geometry, rather than par@iheck that the same profile was obtained.
lel conductances, as for the surface cell geometry. An antibatic photocurrent response can occur because the

photocurrent is limited by the most resistive region, gener-

ally that which is furthest away from the illumination. Hence
The increase in conductivity is assumed to be proportional tdveakly absorbed light can penetrate throughout the film and,
the total number of carrier pairs, i.e., the integral of the carassuming intrinsic carrier generation, generate charge carri-

rier density over the length of the film, as in E&11). This  ers throughout the film. Conversely, strongly absorbed light
0n|y Stricﬂy app”es for a surface-cell Conﬁguration' does not penetrate far into the film and, thus, while it can

generate a high charge density close to the illuminated elec-
| 1 trode, the remainder of the film, beyond & light penetra-
sz n(x)dx=—{B(1—exp—Bl))+C(exp (Bl)—1)} tion depth of approximately 30 nm, is much more resistive.
0 B Therefore, for relatively thick films, the model predicts a
maximum photocurrent peak in the low energy tail of the
0loalD 1 I absorption spectrum.
+ mr)( qu a ))
(A11) b. The model of Ghosh and Feng

In a later papef? Ghosh and Feng developed a model
which has some initial similarities with the model of
DeVore®? based on the diffusion of photogenerated species,
except that these were again taken to be excitons in mero-
1—exp(—al) cyanine, just as in tetracene and anthracene, rather than free
o= electrons and holes, as in MgPh. Also, it is important to note

P'"1+(S/BD) coth B1/2) that the Ghosh and Feng model was developed for a sand-
_ wich cell geometry. The same diffusion equation appears
+ (SBD)B LA COWZ’BHZZ) o coth(al/2)] i [Eq. (A7)], though subject to slightly different boundary con-
B ditions, namely, that the exciton density falls to zero at the
(A12) electrodesif=0 atx=0). Solution of the diffusion equation
subject to these boundary conditions yields an expression for

As noted in an appendix of a publication by Gregg, Fox,the exciton density, as given in EA14),
and Bard® it may not be appropriate to integrate the charge

The photoconductivityo,, is then given by the expression
aon=N/lp7, and simplifies to the expression given in Eq.
(A12), again only valid for a surface cell geometry,

1

density across the film when calculating the photocurrent a6l ehl _g—al
. . " 0 —
action spectrum for a sandwich cell geometry. When mobili- n=—»— 2[( —s——par|e
ties of charge carriers are low, it may in fact be more appro- pT—at\e e
priate to consider the variation of resistance along the thick- e Bl_ga
ness of the film, viewed as several resistances arranged in _(W ePX+e” |, (A14)

series, the conductivity of the film in a sandwich cell geom-
etry being determined by the most resistive sections, rather
than the most conductive. In this case, it is more appropriatehere 8= 1/\/D 7. Furthermore, the photocurrent is taken to
to integrate the resistance of each differential length elemerite proportional to the gradient of the exciton density at the
across the film thickness, rather than integrating the chargaluminum electrode, whereas, in the modified DeVore
density. This point is illustrated in Fig. 17 for clarification. model, the photoconductivity in a surface cell geometry is

We have therefore adapted the DeVore thébiya sand-  evaluated by integrating the resistivity over the whole film
wich cell geometry. The method is the same up to the derithickness. For illumination through the aluminum electrode,
vation of the charge carrier densitiggs.(A7)—(A10)]. The the photocurrent is given by Eg¢A15), resulting in a sym-
photocurrent in the sandwich cell is then proportional to thebatic response
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an lp
Jy=-D &) , nA':fo Ol g expl— ax)dx= 0l 1—exp —aly)],
x=0 (A17)
at‘)IOD
S Vi (A15)

Ib
Nag= fo Olga exd — a(l —x)]dx

plef'—e "+ ple P —e d]+ale A —e']
% [e P — e - = 0l o{exf — a(l = 1) {1 —exp( — aly)]. (A18)
For illumination through the silver electrode, the photocur-

o P 0 Following the model of Ghostet al, the photocurrent
;grn ts:JSff?c!:/eenrll?ghl?g((?fmG)s resulting in an antibatic response consists of both bulk and barrier contributions, i.e., a current
' proportional to the gradient of the carrier density at the bar-
rier and a contribution proportional to the density of carriers
I, = D(@) directly produced in the barrier region. The model therefore
Ag dx/ _, ’ predicts photocurrent responses given by &d.9) for light
incident through the aluminum electrode and by E&R0)

oD for light incident through the silver electrode, furthest from
ablg

Ja= the barrier region:
M (- a?)
2B—e “[Be P+ Bef! — ae P + aef'] an
. [e Pl : Ju=-D| o | +Nar,
b
(Al6)
—al — (-1 —a(l-I — (-1
c. The model of Deormeaux, Max, and Leblanc _afblgpe “ril—e Al 2e el 7lo) — g A 7I)]

Al 2_ 2 _ a—2B(-Tp)
The model of Dsormeaux, Max, and Leblanc is in fact a (B"=a?) [1-e "]

hybrid of the two approaches followed by Ghasthal *° and g2l

Ghosh and Fen§3, and is applied to sandwich cell photo- + alo{l— ﬂ} (A19)
diodes consisting of Langmuir-Blodgett films of chlorophyll- (B°=a?)

a, chlorophyllb, or a zinc porphyrin derivative between

semitransparent silver and aluminum electrodes. It is as-

sumed that charge carriers are generated by dissociation of Jpg= — D(
excitons, mainly at the aluminum interface. The same diffu- 9

sion equatior{A7) is solved, though the boundary conditions

are different; the exciton density or carrier density at the

—| +n
ax) Agy
b

aluminum electrode is nonzero and proportional to the inte- aflBe -1 [1—e Al 2ex(~Tb) —g=Al-1p)]

gral of the light absorbed within the barrier region, as indi- Jag= (B2=a?) [1—e 2P0 Ty]

cated in Eq.(A17) for light incident through the aluminum

electrode and in Eq(A18) for light incident through the B2e

silver electrode, furthest from the barrier, —flge ™ 1—m . (A20)
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