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Efficient bulk photogeneration of charge carriers and photoconductivity gain in arylamino-PPV
polymer sandwich cells

T. K. Däubler and D. Neher*

Max-Planck-Institut fu¨r Polymerforschung, Ackermannweg 10, D-55128 Mainz, Germany

H. Rost and H. H. Ho¨rhold
Institut für Organische Chemie und Makromolekulare Chemie, Friedrich-Schiller-Universita¨t, Humboldtstraße 10,

D-07743 Jena, Germany
~Received 15 April 1998; revised manuscript received 11 August 1998!

Stationary photoconductivity has been measured for sandwich cells of poly~phenylimino-1,4-phenylene-1,2-
ethenylene-2,5-dioctyloxy-1,4-phenylene-1,2-ethenylene-1,4-phenylene! between gold and aluminum elec-
trodes. Films with thicknesses below and above 1mm were examined in order to separate photocurrent
contributions arising from processes at the polymer/electrode interfaces and the bulk. Spectra recorded under
forward bias were almost identical in shape and size for irradiation through either the anode or the cathode
indicating that the photocurrent is dominated by bulk photogeneration of charge carriers. Large charge carrier
collection efficiencies exceeding those of typical PPV derivatives are derived from these experiments. The
photogeneration is clearly enhanced within the tail of the polymer absorption and photoaction spectra recorded
under forward bias resemble well the shape of solid-state photoexcitation spectra. We presume that both
photoluminescence and photoconductivity in the studied arylamino-PPV compound are dominated by the
excitation of states or sites rather deep in the density of states distribution. Under reverse bias the photoaction
spectra depend strongly on illumination conditions. For illumination through the positively biased aluminum
electrode the photocurrent spectra are almost symbatic with the polymer absorption while antibatic behavior is
observed upon illumination through the gold electrode. The data can qualitatively be explained by the buildup
of a negative space-charge region by immobile photogenerated electrons. Upon illumination through the
positively biased aluminum electrode collection efficiencies of up to 2000% are observed. This is attributed to
photocurrent multiplication arising from the accumulation of electrons near the interface, which promotes
tunneling of holes into the film.@S0163-1829~99!02903-3#
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I. INTRODUCTION

There has been considerable research activity on the
togeneration of charge carriers in conjugated polyme
stimulated by the request for materials for efficient xe
graphic layers or solar cells.1,2 Even though the xerographi
discharge experiment is known to be the most accu
method to determine the quantum efficiency of photocha
generation, the analysis of the photocurrent of devices
which a photoactive film is sandwiched between two el
trodes is commonly used to gain information about the e
ciency of charge carrier photogeneration in polym
layers.3–10Recent reports have analyzed the photocurrent
tion spectra of sandwich cells of poly~p-phenylene vi-
nylene!s ~PPV! and its soluble derivatives. Harrison an
Grüner observed a clear influence of the direction of
applied electric field on the shape of the photocurrent spe
in ITO/PPV/Al and ITO/MEH-PPV/Al sandwich device
~film thicknesses between 100 and 800 nm!.11 The effect
could in part be explained by a low mobility of the minori
carrier~electrons! in the PPV layer. When charge carriers a
photogenerated only in a region close to the cathode
electrons have to move across the whole layer. Low elec
mobility will result in the buildup of a space-charge fiel
which compensates the external bias. Effective collection
ficiencies are, therefore, only observed for excitons gen
ated close to the anode. Thus, depending on polarity, ph
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action spectra of sandwich devices show antibatic a
symbatic response as also observed by others.12,13 The fur-
ther analysis of the spectra indicated that the photogenera
efficiency of this PPV derivative had to be enhanced at
edge of the polymer absorption.14 Lee, Yu, and Heeger re
ported that the spectral response of PPV sandwich cells
a PPV layer thickness of approximately 0.3mm exhibited an
enhanced photocurrent at the onset of the polym
absorption.15 The data could be rather well fitted by a mod
assuming enhanced recombination of carriers generated
the surface.

Photocurrents of sandwich devices of a soluble PPV e
~layer thickness approximately 100 nm! measured upon illu-
mination through the transparent ITO hole injection cont
were larger if the ITO bottom electrode was biased as
anode.16 The experimental observations were explained
the enhanced dissociation of excitons near the interface
transfer of the excited electron to the positively biased el
trode~also called photoinjection of holes!. This contribution
is dominated by excitons generated close, that is within
diffusion length of the excitons, to the charge injecting ele
trode. Only minor contributions to the photocurrent were
signed to bulk photogeneration. The photocurrent drop
by three orders of magnitude when a 8–10-nm-thick S
barrier layer was inserted between ITO and the polymer. S
is known to prevent charge carrier injection from the ele
trodes but to affect discharge of carriers only marginally.
1964 ©1999 The American Physical Society
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PRB 59 1965EFFICIENT BULK PHOTOGENERATION OF CHARGE . . .
this case the photocurrent was given by the bulk photo
neration of charge carriers. Quantum yields of the int
sic photocurrent were up to 131024 at a field of
2.13107 V/m. It was further concluded that the photocurre
at reverse polarity~Al positively biased! is also dominated
by photoinjection of holes, but the contribution is smal
than under forward bias conditions. In contrast to t
the photocurrent of PPV-amine @poly~methylimino-
1,4- phenylene-1-phenyl- 1,2-ethenylene- 2,5-dimethoxy-1
phenylene-2-phenyl-1,2-ethenylene-1,4-phenylene# sand-
wich cells ~film thickness approximately 100 nm! with illu-
mination through the ITO electrode was nearly independ
of polarity and the presence of an SiO blocking layer. T
bulk photogeneration efficiency, calculated from the pho
current under reverse bias, was up to 531022 at a field of
83107 V/m.17 Also recently, photoconductivity of MEH-
PPV based sandwich devices with active layer thicknes
between 120 and 5700 nm have been compared in orde
extract information on the charge generation mechanism18

In this work, no detailed information is given on the shape
the photoaction spectra and the effect of illumination dir
tion.

This paper presents the analysis of the photoaction spe
of sandwich devices based on poly~phenylimino-1,4-
phenylene-1,2-ethenylene-2,5-dioctyloxy-1,4-phenylene-1
ethenylene-1,4-phenylene! ~arylamino-PPV! between a gold
bottom contact and an aluminum top electrode. Cells h
been prepared either with ‘‘thin’’~typically 300 nm! or
‘‘thick’’ ~film thicknesses in the micrometer range! active
polymer layers. Photoaction spectra were recorded as a f
tion of wavelength and bias for illumination either throug
the bottom or top electrode. Particular attention is paid
external contributions such as the photoinjection of cha
carriers and photocurrent multiplication. The particular PP
derivative differs from the more frequently used compoun
such as PPV and MEH-PPV as it contains a triphenylami
~TPA! group in the main chain. This group is known to f
cilitate hole transport. Recent experimental and theoret
work has emphasized that certain excited states enhance
togeneration of charge carriers.19 These states involve tran
sitions from delocalized occupied molecular orbitals to loc
ized unoccupied levels, where the hole is confined o
particular site while the electron is delocalized or vice ver
In the arylamino-PPV transitions are likely to occur with t
hole localized on the TPA unit and large photogenerat
yields are expected for certain transitions.

II. EXPERIMENT

Poly~phenylimino-1, 4-phenylene-1, 2-ethenylene-2,5-d
octyloxy-1,4-phenylene-1,2-ethenylene-1,4-phenylene! ~aryl-
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amino-PPV! was synthesized by polycondensation using
principle of HORNER.20,21 Samples were prepared by sp
coating and dropcasting from toluene solution on top of gl
supports covered with semitransparent gold~Au! forming the
bottom electrodes. During evaporation of the solvent
dropcast samples were kept in toluene atmosphere for 12
order to assure homogeneous drying of the polymer fi
The transmission of the Au electrode was determined to
about 30%. The polymer films had typical thicknesses of 3
nm and 6 mm, respectively. The samples were kept
vacuum at 330 K for 12 h to remove residual solvent prior
evaporating the semitransparent aluminum~Al ! top elec-
trode. The arrangement of the bottom and top electrode s
gave sandwich cells with an area of 0.056 cm2. The trans-
mission of the Al contact was 10% in the whole visible spe
tral range. It should be mentioned that a high surface rou
ness of the samples, especially of the dropcast films, co
not be avoided even though the preparation was done
carefully. The roughness was observed witha-step measure-
ment and with an optical microscope, but a closer analysi
the sample surface has not been performed.

Photoconductivity experiments were performed in dry
trogen atmosphere in a temperature stabilized setup.22 The
spectral intensity variation of the xenon lamp that was u
for illumination was corrected such that a constant pho
flux of about 1013 ph/cm2 sec was established at the film sid
facing the light source. Data were recorded pointwise a
refer to photocurrents established after 80 sec illuminati
The sample was then kept in the dark for 80 sec and the d
current was measured. For Au biased as the cathode
currents were lower than 10 nA/cm2, typically two orders of
magnitude lower than the currents measured under illum
tion. In the case of positively biased Au dark currents we
comparable to the photocurrents, but could still be clea
distinguished from the currents under illumination. For da
analysis the dark current was subtracted from the cur
measured under illumination to givej photo.

III. RESULTS

As a convention for the following discussion we use t
subscripts1 and2 for Au being the anode and the cathod
respectively. Indices Al and Au indicate the electro
through which the film was illuminated.

Figure 1 shows the absorption spectrum and the ac
spectra of the photocurrents (j photo5 j light2 j dark) of a 310-
nm-thick arylamino-PPV film sandwiched between Al a
Au upon irradiation through the Au electrode. It is notewo
thy that a polymer film of only 310 nm thickness has
optical density of up to 2, meaning that in a broad range
the polymer absorption all incident photons are absorb
Even though the bias dependence of the photocurrents sh
neither antibatic nor symbatic features for Au being ne
tively ( j 2Au) and positively (j 1Au) biased, comparison o
the absolute values of the photocurrents atl5445 nm
~j 2Au51 nA/cm2 and j 1Au529 nA/cm2, respectively! shows
that there is a pronounced polarity dependence. For both
larities j photo rises for wavelengths below and above the a
sorption maximum (l5442 nm).

The field dependence of the dark current was asymme
for thin as well as for thick films. This indicates a diodelik
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behavior of the devices~Fig. 2!. Current densities under re
verse bias (j 2) were very low, indicating that the barrier fo
hole injection from the Al top electrode must be large. Wh
the bottom electrode was biased as the anode the current
rapidly with increasing voltage. Close inspection of theI /V
characteristics of thick samples at voltages larger than
revealed space-charge limited current~SCLC! behavior
j }U2, indicating that at forward bias the current through t

FIG. 1. Photocurrent spectra of a 310-nm-thick Au/arylamin
PPV/Al sandwich device. An external voltage of 2
~E56.45 V/mm! was applied, with the Au electrode biased as ano
~j! and as cathode~h!. j photo is defined as the difference in curre
with and without illumination. The spectra were recorded in d
nitrogen atmosphere (p51 bar) at room temperature. The samp
was illuminated through the Au bottom electrode with a const
photon flux of 1013 ph/~cm2 sec) at the film side facing the ligh
source. The absorption spectrum of the sample is also shown~solid
line!.

FIG. 2. Current voltage characteristics of a 255-nm-thick A
arylamino-PPV/Al device. Squares represent currents without
mination, triangles are data recorded under different illuminat
conditions. Illumination through Al was atl5450 nm~n! with a
constant photon flux of 1.531012 ph/~cm2 sec!. For illumination
through Au a photon flux of 10.531012 ph/~cm2 sec! was used and
excitation wavelengths werel5375 ~m! and 485 nm~.!. Experi-
mental conditions were the same as for Fig. 1. No dark cur
correction has been made to the currents recorded under illum
tion. The electric field applied to the Au contact is indicated at
upperx axis.
n
ose

V

device is mostly determined by the transport of charge c
riers through the film~Fig. 3!. Using

j SCLC5
9

8
«0«m

U2

d3 ~1!

and «53 the mobility was estimated to bem52.06
31026 cm2/V s. As electrons are rather immobile in PPV’
this mobility may be identified as the hole mobility i
arylamino-PPV. Note that this value lies well between t
low-field hole mobility for poly~dialkoxy-p-phenylene vi-
nylene! as determined from SCLC experiments23 and that in
PPV measured with the time-off-flight technique.24 Absolute
values ofj light under reverse bias measured upon illuminat
from the Al electrode (l5450 nm) and from the Au side
~l5375 and 485 nm! were larger thanj dark. An open circuit
voltage of 0.7560.1 V could be inferred from the absciss
intercept ofj photo under forward bias. This reflects the diffe
ence in work function between Au~5.2 eV! and Al ~4.3
eV!.25 As a result of this built-in voltagej light was smaller
than j dark for forward bias voltages&1 V, whereas for higher
voltagesj light. j dark.

Figure 4 compiles data on the spectral dependence
j photo of a 305-nm-thick Al/arylamino-PPV/Au device for re
verse and forward bias and upon excitation through Al a
Au, respectively. Again, the difference betweenj 1 and j 2

over the whole wavelength range reflects the asymmetry
the device. The large range of the charge collection effici
cies for the different excitation and bias conditions indica
that processes other than intrinsic charge carrier genera
might contribute toj photo. The efficiencies have been calcu
lated under the assumption that all photons are absorbe
correction to the number of absorbed photons has not b
performed, as due to the very small optical density in the
of the polymer absorption this would lead to large errors
the calculation of the number of absorbed photons in
long-wavelength range. Therefore, the wavelength be
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FIG. 3. I /V characteristic of the dark current in a 5.6-mm-thick
Au/arylamino-PPV/Al device. The linear increase for high bi
fields is shown by the solid line. For comparison theoretical exp
tations for space-charge limited currents are indicated by the da
line. Experimental conditions were the same as for Fig. 1.
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which the absorption is higher than 90% and for which, th
correction is not at all necessary, is indicated in the figur

The same set of experiments has been performed on t
dropcast films. For a 7.5-mm-thick arylamino-PPV film sand
wiched between Al and Au electrodes and Au being ne
tively biased, the spectral dependence ofj photo was the same
as for thin films@Fig. 5~a!#, except that the onset ofj photo is
shifted to longer wavelengths. Photocurrents and charge
lection efficiencies were, however, two orders of magnitu
higher for thick devices. Under forward bias the photoact
spectra were clearly different from those of thin films@Fig.
5~b!#. Here, a relatively narrow peak located at the onse
the polymer absorption was found upon irradiation throu
Al and Au, respectively.

The spectral dependence of the photocurrent of a sec
device of 6.7mm thickness under reverse bias is shown
Figs. 6~a! and 6~b! as a function of bias. For these expe
ments, ITO was used as the bottom electrode instead of
but it turned out that both electrode materials give sim
photocurrents for illumination through the substrate with
the main polymer absorption. This device which had a rat
rough surface exhibited even higher collection efficienc
for illumination through the top electrode under reverse b

FIG. 4. Photocurrent spectra of a 310-nm-thick Au/arylamin
PPV/Al sandwich device. Illumination was through the Al electro
~squares! and through the Au electrode~circles! with a constant
photon flux of 7.531012 ph/~cm2 sec! at the film side facing the
light source. An external voltage of 2 V (E56.45 V/mm) was ap-
plied, with the Au electrode biased as cathode~a, solid symbols!
and as anode~b, open symbols!. The spectrum was recorded
room temperature in dry nitrogen atmosphere (p51 bar) andj photo

was calculated as the difference in current with and without illum
nation. Charge collection efficiencies calculated under the assu
tion that all incident photons are absorbed in the film are indica
at the right ordinate. The dotted line indicates the wavelength ab
which the transmission of the film exceeds 10%.
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IV. DISCUSSION

A. Photocurrent under forward bias

The j photo of spincoated arylamino-PPV samples for illu
mination through the positively biased Au electrode@Fig.
4~b!# does not follow the absorption of the material. Th
shape of the photoaction spectra indicate an efficient ph
generation of charge carriers in the tail of the polymer a
sorption. In particular, photoaction spectra for thick A
arylamino-PPV/Al samples under forward bias we
dominated by a pronounced peak at the edge of the poly
absorption. Under these conditions the material was co
pletely illuminated throughout the whole thickness and, d
to the large film thickness, the total number of excitons g
erated per time unit was still high. Since similar shapes
the photoaction spectra are observed for both illuminat
directions, surface-near generation processes in conjunc
with a filter effect by the polymer absorption can be safe
excluded.

There is a striking similarity between the photoacti
spectra and the photoluminescence-excitation~PLE! spectra
measured on the same sample~Fig. 7!. As the underlying
mechanism for photoluminescence and for photoconducti
is the generation and the decay of excitons in the polym
this finding was not completely surprising. However, t
shape of the PLE spectra depends strongly on sample th
ness and differs significantly from spectra measured in di
ane solution and in films of only'100 nm thickness,

-

-
p-
d
ve

FIG. 5. Photocurrent of a 7.5-mm-thick arylamino-PPV film
sandwiched between Au and Al electrodes. The device was illu
nated through Al~squares! and through Au~circles! with a constant
photon flux of 7.531012 ph/~cm2 sec!. If Au was biased as the an
ode ~b, open symbols! an external voltage of 2 V~E50.27 V/mm!
was applied. In the case of Au being the cathode the external v
age was 100 V (E513.3 V/mm) ~a!. Experimental conditions were
the same as for Fig. 5. The right ordinate gives the charge collec
efficiencies for all spectra. The dotted line indicates the thresh
wavelength for 10% transmission.
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whereas the PL emission spectra remain unchanged~Fig. 7!.
A detailed analysis of the possible extrinsic and intrin
processes that can lead to this behavior is a subject discu
elsewhere,26 and a brief discussion with respect to the ph
tocurrent spectra can be found later in the text.

The observation thatj 1Au is higher thanj 2Au by almost
one order of magnitude has often been attributed to phot
jection of holes from the positively biased Au~or ITO! elec-
trode. This process can exceed intrinsic photogeneration
usually 1–2 orders of magnitude.16,17The unipolar photocur-
rent arises from excitons that can reach the electrode wi
their lifetimes where the electron is dragged into the ano
leaving a free hole in the polymer layer. Since the lifetime
excitons in disordered polymer layers barely exceeds 1 ns
photoaction spectrum caused by photoinjection gener
matched the absorption. However, this process can be r
out in case of arylamino-PPV for several reasons. Fi
j 1Al' j 1Au within the polymer absorption, even though th
penetration depth of light was smaller than the film thic
ness. This is particular true for the thick polymer laye
Second, as mentioned above,j photo as a function of wave-
length did not follow the absorption spectrum for either ill
mination direction but it almost matched the photolumin
cence excitation spectra. This fact is most evident wh
comparing the photoaction and PLE spectra of thick sam
@Figs. 5~b! and 7# and indicates thatj 1Au and j 1Al originate

FIG. 6. Field dependence of the photocurrent of a 6.7-mm-thick
arylamino-PPV film sandwiched between ITO and Al electrod
The photon flux for illumination through Al~a! and through ITO~b!
was 7.531012 ph/~cm2 sec! and 1.531013 ph/~cm2 sec!, respec-
tively, and was kept constant for all wavelengths. ITO was bia
as cathode with external voltages of 100 V (E514.92 V/mm) ~j!,
75 V (E511.19 V/mm) ~d!, 50 V (E57.46 V/mm) ~h! and 30 V
(E54.48 V/mm) ~s!. Experimental conditions were the same
for Fig. 5. Charge collection efficiencies calculated under the
sumption that all incident photons are absorbed in the film
shown at the right ordinate. The dotted line indicates the wa
length above which the transmission of the film exceeds 10%.
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mostly from bulk processes. Photoinjection of holes from
positively biased Au electrode must, therefore, be quite in
ficient in our sandwich devices. Similar conclusions ha
been drawn from photocurrent experiments on a rela
amino-PPV compound.17 One reason for a low efficiency o
photoinduced hole injection might be a low barrier at t
interface due to the low ionization energy of the amino-P
compound. Considering the reversible oxidation poten
~0.66 V versus Ag/AgCl! of the arylamino-PPV and assum
ing an absolute work function of the Ag/AgCl reference sy
tem of 4.7 eV~Refs. 27 and 28! the barrier for hole injection
from Au ~work functionfAu55.1– 5.4 eV! should indeed be
rather small.

For a homogeneous photoconductor without surface c
tributions the photocurrent is given by29,30

j photo5GFcg

Absorbed photons

Area3Time
. ~2!

Here,Fcg is the efficiency for charge carrier generation a
G is the photoconductivity gain. The gain is strongly infl
enced by the type of photoconductor, depending on whe
only one or both carriers are mobile or whether or not ca
ers can be replenished at the electrodes. The Al electrode
blocking contact for both the injection of holes and electro
while the appearance of SCLC already at rather mode

.

d

s-
e
-

FIG. 7. Photoluminescence excitation spectra~a! and emission
spectra~b! of arylamino-PPV. Solid lines represent data for a dilu
solution, dashed lines were measured on a 255-nm spinco
sample and dotted lines on a 7.5-mm-thick film. The excitation
spectra were recorded for an emission wavelength of 540 nm.
the fluorescence spectra the samples were excited at 350 nm
absorption spectrum of the 255-nm-thick spincoated sample
shown by open circles. All spectra were recorded at ambient c
ditions.
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bias indicates that holes can enter the polymer rather e
through the Au/polymer interface. In this case the gain
given by

G5t~mn1mp!
U

d2 , ~3!

wheremn and mp are the mobilities of electrons and hole
respectively, andt is the lifetime of the nonreplenished ca
rier ~electron!, which is terminated when either the electro
leaves the film into the cathode or recombines with a ho
For mn!mp the gain in Eq.~3! can be expressed as the ra
betweent and the transit time for holesth. In the absence o
recombinationt is given solely by the electron transit tim
and the upper limit forG is reached:

Gmax>
mp

mn
. ~4!

Thus, large gain factors leading to charge collection effici
cies much larger than unity can be expected. Under forw
bias, even at moderate fields, a large number of hole
diffusing towards the negative Al electrode. It is thus e
pected that the electron lifetime is terminated by recombi
tion with holes rather than by escape into the electrode.
bimolecular recombination

dn

dt
52

n

t
52gnp. ~5!

Here, n and p are the electron and hole densities, resp
tively. The recombination coefficient for Langevin recomb
nation is given by31

g5
e~mn1mp!

«0«
. ~6!

For a constant hole current~neglecting recombination o
space-charge effects! p is equal to

p5
j h

emhF
~7!

with F the field across the sample. In this case the deca
the electron density is given by the recombination lifetim

t r5
«0«F

j h
, ~8!

yielding

G5
t r

th
5

«0«mhU2

j hd3 >
j h,SCLC

j h
. ~9!

Thus, for all cases a gain larger than unity is expected if
current is smaller than the limiting space-charge limited c
rent j h,SCLC. We have estimatedt r and th for the thin and
thick device under a forward bias of 2 V. At this conditionj h
is approximately 10.000 nA/cm2 for a 310-nm-thin layer and
5 nA/cm2 for the 7.5-mm-thick sample. Assuming a hol
mobility of 231026 cm2/V s we obtain t r'2 ms, th
'0.2 ms for the thin layer andt r'th'0.15 s for the thick
film. Thus a gain larger than unity is predicted for the th
layer while G'1 for the thick layer. Note, that the Au
sy
s

.

-
rd
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-
-

or

-
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e
-

arylamino-PPV contact is not fully Ohmic. Close inspecti
of the current/voltage curves for the thin~Fig. 2! and thick
device~Fig. 3! proves that the current under 2 V forward bias
is not transport limited, indicating that a certain barrier f
hole injection is still present. Thus, replenishing of hol
might be restricted, which reduces the photoconductiv
gain. Evidence for nonunity gain in the thin layer devic
under forward bias stems from the difference betweenj 1Au

and j 1Al . While an argumentation based on mobilitie
would predict a higher photocurrent for illumination throug
the anode~when the electron does not need to travel throu
the whole film! the inverse effect is observed. If, howeve
the gain is larger than unity and proportional to the lifetim
of the electrons in the film, this effect will be less promine
when electrons are generated very close to the anode, w
they can be dragged into the electrode rather fast before
combining with an injected hole. In accordance with th
photocurrents are similar in thick devices for both illumin
tion directions when the wavelength is within the main a
sorption band of the polymer. Sincej h' j h,SCLC for the thick
device at 2 V,G51 and the charge collection efficienc
should be equal to the quantum efficiency of charge gen
tion. Note, however, that with an electron mobility o
1028 cm2/V s and a field of 6.5 V/mm an electron still needs
approximately 15 ms to drift over a distance of 100 n
which is well above the recombination time in the thin laye
A more detailed discussion would require knowledge of
electron mobility in this material.

Comparing the two illumination directions under forwa
bias for thick samples, we consistently observed a hig
photocurrent maximum for illumination through the hole i
jecting electrode, even though photocurrents are the s
within the main polymer absorption range. This seems to
inconsistent with our interpretation that the photoconduc
ity under these conditions is given by bulk photogenerat
of charges andG51, only. We have performed some pr
liminary xerographic photogeneration experiments on
proximately 6mm samples. At the same field strength as
the experiments shown in Fig. 5~b! the photogeneration effi
ciency was approximately 0.05% at the main polymer a
sorption peak and increased to about 0.15% at 491 nm.
is quite similar to the values found for illumination throug
the negatively biased aluminum electrode. The reason for
high peak photocurrents upon illumination through gold is
far not understood. One might assume that the field profil
rather inhomogeneous for SCLC, leading to a spatial va
tion of the generation yield in the polymer layer. At a fo
ward bias of 2 V the current has, however, not complete
entered the space-charge limited current regime and the
is expected to be still rather homogeneous.

B. Photocurrent under reverse bias

In the case of Au being negatively biased dark curre
and consequently hole densities were much lower than un
forward bias and charge carriers could not easily be rep
ished by the electrodes. Therefore, the restricted electron
bility in arylamino-PPV is expected to influence the phot
action spectra significantly under reverse bias conditions
particular, the buildup of a negative space-charge region
the bulk should reduce the photoconductivity gain, except
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photons being absorbed close to the electron-collecting
ode~Al !. Therefore,j photoshould follow the absorption spec
trum for illumination through the Al electrode while an a
tibatic behavior is expected for illumination through Au.
accordance with thisj 2Al for the thin devices followed an
almost symbatic behavior, but the photocurrent spectr
was broadened towards longer wavelengths.j 2Au was
smaller thanj 1Au and j 1Al within the polymer absorption
range and peaked at the edge of the polymer absorp
where the absorption of photons near the electron-collec
Al contact was maximized. Similar features were observ
for the photocurrent of thick films under reverse bias a
upon illumination through Al, but in this case charge colle
tion efficiencies were even above unity, with values of up
2000%. These observations clearly indicate that extrin
processes contribute toj photounder reverse bias and that the
most likely occur near the polymer/Al interface.

High charge collection efficiencies well exceeding 100
have been explained by photocurrent multiplication. The
fect was well established in amorphous silicon carbide film
where photocurrent multiplication of 300 times could
observed.32 In later studies on low molecular weight organ
pigment films the multiplication increased to up
130 000-fold.33,34This phenomenon was interpreted in term
of tunneling injection from a metal electrode under a hi
electric field that is caused by the accumulation of photo
nerated charge carriers near a blocking contact. Bearing
high surface roughness of our samples~especially of thick
films prepared by dropcasting!, in mind, the following situ-
ation seems to be reasonable: The evaporated Al electrod
top of the polymer film can not follow the high surfac
roughness and thus yields areas where the contact bet
the metal and the polymer is poor or even nonexistent. P
togenerated electrons might become trapped in these reg
of poor contact as they can not reach the electrode. Accu
lation of those trapped electrons close to the interface wo
then give rise to high space-charge fields, resulting in
hanced Fowler-Nordheimer-type tunneling of holes from
positively biased Al electrode into the polymer film.

There are several indications that the corresponding p
toactive zone for the generation of electrons extents q
deep into the layer. The spectra for illumination through
are considerably broadened towards longer wavelen
when compared to the absorption spectra. For illuminat
through Au the photocurrentj 2Au increased already at wave
lengths where the transmission of light through the film w
still well below 10% and only a small number of photo
reached the polymer/Al interface. These effects were m
evident for thick films.

While the existence of photocurrent multiplication pr
cesses under reverse bias is clearly proven by the collec
efficiencies well above unity for thick samples, this proce
might be less prominent for thin spincoated samples. Ba
on our data we can neither exclude nor prove the presenc
this contribution in thin layers. Note, however, that the s
face roughness of spincoated films is rather small in co
parison to thick devices.

C. Photogeneration yields

Setting G51 the quantum yield for photogeneration
475 nm derived fromj 1Al or j 1Au in Fig. 5~b! is 0.05% at a
n-
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field of 0.27 V/mm. At the same wavelength, takingG
'10, j 1Al in Fig. 4~b! gives fcg'0.6% at a field of 6.5
V/mm. These values are large compared to the carrier g
eration yields at the same electric fields f
polyphenylvinylene16 or a PPV-ether,17 and they even ex-
ceed yields determined for a related PPV-amine.17 We pro-
pose that the presence of a strong hole-attracting moiety s
as the diphenylamino group in the PPV-amine or the T
segment in our arylamino-PPV drastically enhances the p
togeneration yield. But, while the PPV-ether exhibited a co
stant rise in quantum yield with increasing photon ener
our experiments showed an enhanced response at the ab
tion edge. In those experiments on PPV-amine sandw
cells only thin samples with typically 100-nm-thick sp
coated films were used and thus the total number of pho
absorbed in the film at the absorption edge was low. Con
ering the shape of the photoaction spectra of the arylam
PPV samples under forward bias we can conclude that e
though there is a clear enhancement in photogeneration
ciency at the edge of the absorption, the photocurrent st
to decay gradually at wavelengths where both the thin
the thick samples still absorb more than 90% of the incid
light. There are, however, no distinct features in the polym
absorption spectrum, which relate to this particular wa
length region of maximum photoresponse. The analysis
the wavelength and field dependence of the photogenera
efficiency in arylamino-PPV will be subject to further xero
graphic studies.

A closer inspection of the PL excitation spectra and
photoaction spectra under forward bias leads to the con
sion that the PL intensity and the photocurrent scales w
the penetration depth of the exciting light. For example,
PL intensity measured on a thick film is lowest if the pe
etration depth of the light is short~the fluorescence quantum
yields are as small as 5% in the solid state compared
yield of '66% in solution35! The particular shape of the
spectra can be interpreted as the excitation of localized ac
sites with extended absorption in the red, diluted in nonflu
rescent surroundings attributed to the majority of polym
chains. Those sites might be assigned to isolated long ch
in the high molecular weight fraction of the material or, le
likely, stable aggregates of chains, and thus represent a
trinsic property of the bulk material. Alternatively a trans
tion in the tail of the absorption with a weak oscillato
strength in absorption but with a large fluorescence yield
charge generation efficiency can be proposed, presuming
energy relaxation from higher excited states is almost abs
Such a transition with high charge generation efficien
might also exhibit a pronounced charge transfer characte
mentioned in the introductory chapter but a final assignm
of the optical transitions in arylamino-PPV requires furth
investigation.

We like to point out that PLE spectra of PPV sampl
with enhanced response within the tail of the absorption h
recently been reported15,36 In this case electron acceptin
carbonyl groups were created near the surface of the film
photooxidation. At the same time the photogeneration w
largest for wavelengths where the light penetrates onl
small distance into the film. It has been concluded that
emissive species are not responsible for the extrinsic ph
conductivity. Our investigations on arylamino-PPV sho
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similar shapes of the photoaction~under forward bias! and
PLE spectra measured on the same samples. We do, t
fore, conclude that the particular shapes of the PLE and p
toaction spectra are not due to photooxidation close to
surfaces and that photoconductivity and photoluminesce
involve the same species.

IV. CONCLUSIONS

The dependence of the shape and size of photocur
spectra of sandwich devices of arylamino-PPV between
and Al on bias and illumination conditions seems to
strongly related to the presence of mobile holes in the fi
Under forward bias a strong hole current flows through
device. Therefore, electrons which are photogenerated in
film will easily recombine with holes and there will be n
buildup of a negative space-charge region due to trap
electrons. The photocurrent is then proportional to the cha
carrier generation rate and the lifetime of the separated ge
nate charge carrier pair. Under these conditions the phot
tion spectrum is dominated by bulk photogeneration a
photoaction spectra are almost identical for illuminati
through either the bottom and top electrode. In thin films
transit time for holes is estimated to be smaller than
electron-hole recombination time and a photoconductiv
gain larger than unity is predicted. Photogeneration effici
cies as deduced from the photoaction spectra under forw
bias are rather large. Values of approximately 1% at a fi
of only 6.5 V/mm are among the highest efficiencies ev
reported for pure PPV derivatives. No interface effects s
as photoinduced charge injection could be identified.
both thin and thick layers the photoaction spectra resem
well the shape of the corresponding photoluminescence
citation spectra.

Under reverse bias dark currents are extremely low
presuming a low electron mobility, there will be a buildup
a negatively charged space-charge zone by photogene
electrons. If light is penetrating through the cathode~Au! the
buildup of this zone in the bulk of the film reduces the ph
tocurrent well below values recorded under forward bias.
however, light penetrates through the anode~Al ! accumula-
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tion and trapping of electrons close to the electrode will c
ate an additional space-charge field, which promotes the
neling injection of holes into the film. This mechanis
explains in particular the high collection efficiency of up
2000% under this illumination and bias condition. Aga
additional extrinsic processes such as photoinduced elec
injection might be possible, but they could not be identifi
based on our experiments.

We like to point out that the studied PPV derivative ha
rather low ionization potential~0.66 V versus Ag/AgCl!,
which closely matches the work functions of ITO~4.8 eV! or
Au ~5.1–5.4 eV!. This gives rise to a very pronounced re
tifying current-voltage diode behavior with rectifying ratio
of up to 104 at 2 V. Consequently hole densities will be larg
even at low forward bias fields. Also, the close match b
tween the polymer highest occupied molecular orbital a
the work function of the hole injecting contacts might redu
extrinsic contributions such as the photoinjection of holes
the contact.

As a concluding remark we like to stress that the analy
of photoaction spectra recorded under different conditio
such as both illumination directions, various film thic
nesses, and bias is essential for the identification of the do
nant charge generation processes such as bulk photoge
tion and photocurrent multiplication phenomena. F
example, the pronounced peak in the photoaction spectr
thick samples under forward bias and for illuminatio
through the anode could be easily misinterpreted as an a
batic peak, with a predominant charge generation close to
cathode. Only taking into account the experimental res
under the same bias but with illumination through the ca
ode could exclude this interpretation.
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2H. Bässler, Macromol. Symp.104, 269 ~1996!.
3M. Gailberger and H. Ba¨ssler, Phys. Rev. B44, 8643~1991!.
4R. Tubino, R. Dorsinville, A. Seas, J. Birman, and R. R. Alfan

Phys. Rev. B38, 8318~1988!.
5S. Karg, W. Riess, V. Dyakonov, and M. Schwoerer, Synth. M

54, 427 ~1993!.
6S. Karg, M. Meier, and W. Riess, J. Appl. Phys.82, 1951

~1997!.
7T. Ravindran, W. H. Kim, A. K. Jain, J. Kumar, and S. K. Tri

pathy, Synth. Met.66, 203 ~1994!.
8P. W. M. Blom, M. J. M. d. Jong, and J. J. M. Vleggaar, App

Phys. Lett.68, 3308~1996!.
9N. T. Binh, M. Gailberger, and H. Ba¨ssler, Synth. Met.47, 77

~1992!.
10J. Ulanski, J. Kubacki, I. Glowacki, M. Kryszewski, and D. T
m

,

t.

Glatzhofer, J. Appl. Polym. Sci.44, 2103~1992!.
11M. G. Harrison and J. Gru¨ner, Synth. Met.84, 653 ~1997!.
12J. J. M. Halls, K. Pichler, R. H. Friend, S. C. Moratti, and A. B

Holmes, Synth. Met.77, 277 ~1996!.
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1972 PRB 59T. K. DÄUBLER, D. NEHER, H. ROST, AND H. H. HO¨ RHOLD
20H.-H. Hörhold, H. Rost, A. Teuschel, W. Kreuder, and H. Spr
itzer, Proc. SPIE3148, 139 ~1997!.

21H. Rost, A. Teuschel, S. Pfeiffer, and H.-H. Ho¨rhold, Synth. Met.
84, 269 ~1997!.

22P. Gattinger, H. Rengel, and D. Neher, Synth. Met.83, 245
~1996!.

23P. W. M. Blom, M. J. M. d. Jong, and M. G. v. Munster, Phy
Rev. B55, R656~1997!.

24E. Lebedev, T. Dittrich, V. Petrova-Koch, S. Karg, and W. Bru¨t-
ting, Appl. Phys. Lett.71, 2686~1997!.

25I. D. Parker, J. Appl. Phys.75, 1656~1994!.
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