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Stationary photoconductivity has been measured for sandwich cells dppelyylimino-1,4-phenylene-1,2-
ethenylene-2,5-dioctyloxy-1,4-phenylene-1,2-ethenylene-1,4-phenylesteveen gold and aluminum elec-
trodes. Films with thicknesses below and aboveuh 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)02903-3

[. INTRODUCTION action spectra of sandwich devices show antibatic and
symbatic response as also observed by otlfersThe fur-
There has been considerable research activity on the phther analysis of the spectra indicated that the photogeneration
togeneration of charge carriers in conjugated polymersefficiency of this PPV derivative had to be enhanced at the
stimulated by the request for materials for efficient xero-edge of the polymer absorptidfLee, Yu, and Heeger re-
graphic layers or solar cells Even though the xerographic ported that the spectral response of PPV sandwich cells with
discharge experiment is known to be the most accurata PPV layer thickness of approximately Quéh exhibited an
method to determine the quantum efficiency of photochargenhanced photocurrent at the onset of the polymer
generation, the analysis of the photocurrent of devices, imbsorptiont® The data could be rather well fitted by a model
which a photoactive film is sandwiched between two elec-assuming enhanced recombination of carriers generated near
trodes is commonly used to gain information about the effithe surface.
ciency of charge carrier photogeneration in polymer Photocurrents of sandwich devices of a soluble PPV ether
layers®>'°Recent reports have analyzed the photocurrent addayer thickness approximately 100 himeasured upon illu-
tion spectra of sandwich cells of pdprphenylene vi- mination through the transparent ITO hole injection contact
nylenes (PPV) and its soluble derivatives. Harrison and were larger if the ITO bottom electrode was biased as the
Griner observed a clear influence of the direction of theanode!® The experimental observations were explained by
applied electric field on the shape of the photocurrent spectréne enhanced dissociation of excitons near the interface via
in ITO/PPV/AI and ITO/MEH-PPV/AI sandwich devices transfer of the excited electron to the positively biased elec-
(film thicknesses between 100 and 800)iMmThe effect trode(also called photoinjection of holgsThis contribution
could in part be explained by a low mobility of the minority is dominated by excitons generated close, that is within the
carrier(electrongin the PPV layer. When charge carriers arediffusion length of the excitons, to the charge injecting elec-
photogenerated only in a region close to the cathode thtrode. Only minor contributions to the photocurrent were as-
electrons have to move across the whole layer. Low electrosigned to bulk photogeneration. The photocurrent dropped
mobility will result in the buildup of a space-charge field, by three orders of magnitude when a 8—10-nm-thick SiO
which compensates the external bias. Effective collection efbarrier layer was inserted between ITO and the polymer. SiO
ficiencies are, therefore, only observed for excitons generis known to prevent charge carrier injection from the elec-
ated close to the anode. Thus, depending on polarity, photdrodes but to affect discharge of carriers only marginally. In
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this case the photocurrent was given by the bulk photogeamino-PPVY was synthesized by polycondensation using the
neration of charge carriers. Quantum yields of the intrinprinciple of HORNERZ®?! Samples were prepared by spin
sic photocurrent were up to X104 at a field of coating and dropcasting from toluene solution on top of glass
2.1x 10" V/m. It was further concluded that the photocurrent supports covered with semitransparent géld) forming the
at reverse polarityfAl positively biased is also dominated bottom electrodes. During evaporation of the solvent the
by photoinjection of holes, but the contribution is smallerdropcast samples were kept in toluene atmosphere for 12 h in
than under forward bias conditions. In contrast to thisorder to assure homogeneous drying of the polymer film.
the photocurrent of PPV-amine[poly(methylimino-  The transmission of the Au electrode was determined to be
1,4- phenylene-1-phenyl- 1,2-ethenylene- 2,5-dimethoxy-1,4about 30%. The polymer films had typical thicknesses of 300
phenylene-2-phenyl-1,2-ethenylene-1,4-phenylenesand- nm and 6 um, respectively. The samples were kept in
wich cells (film thickness approximately 100 prvith illu- vacuum at 330 K for 12 h to remove residual solvent prior to
mination through the ITO electrode was nearly independenévaporating the semitransparent alumingAl) top elec-
of polarity and the presence of an SiO blocking layer. Thetrode. The arrangement of the bottom and top electrode strips
bulk photogeneration efficiency, calculated from the photo-gave sandwich cells with an area of 0.056°cffihe trans-
current under reverse bias, was up t& B0~ 2 at a field of  mission of the Al contact was 10% in the whole visible spec-
8x 10" V/m.1" Also recently, photoconductivity of MEH- tral range. It should be mentioned that a high surface rough-
PPV based sandwich devices with active layer thicknessesess of the samples, especially of the dropcast films, could
between 120 and 5700 nm have been compared in order fwt be avoided even though the preparation was done very
extract information on the charge generation mechantdms. carefully. The roughness was observed witstep measure-
In this work, no detailed information is given on the shape ofment and with an optical microscope, but a closer analysis of
the photoaction spectra and the effect of illumination directhe sample surface has not been performed.
tion. Photoconductivity experiments were performed in dry ni-
This paper presents the analysis of the photoaction specttepgen atmosphere in a temperature stabilized sétdhe
of sandwich devices based on p@henylimino-1,4- spectral intensity variation of the xenon lamp that was used
phenylene-1,2-ethenylene-2,5-dioctyloxy-1,4-phenylene-1,2for illumination was corrected such that a constant photon
ethenylene-1,4-phenylenéarylamino-PPY between a gold  flux of about 182 ph/cn? sec was established at the film side
bottom contact and an aluminum top electrode. Cells havéacing the light source. Data were recorded pointwise and
been prepared either with “thin’(typically 300 nm or  refer to photocurrents established after 80 sec illumination.
“thick” (film thicknesses in the micrometer rangactive  The sample was then kept in the dark for 80 sec and the dark
polymer layers. Photoaction spectra were recorded as a funcurrent was measured. For Au biased as the cathode dark
tion of wavelength and bias for illumination either through currents were lower than 10 nA/émtypically two orders of
the bottom or top electrode. Particular attention is paid tanagnitude lower than the currents measured under illumina-
external contributions such as the photoinjection of chargéion. In the case of positively biased Au dark currents were
carriers and photocurrent multiplication. The particular PPV-comparable to the photocurrents, but could still be clearly
derivative differs from the more frequently used compounddistinguished from the currents under illumination. For data
such as PPV and MEH-PPV as it contains a triphenylaminoanalysis the dark current was subtracted from the current
(TPA) group in the main chain. This group is known to fa- measured under illumination to giNghoto-
cilitate hole transport. Recent experimental and theoretical
work has emphasized that certain excited states enhance pho-
togeneration of charge carriefsThese states involve tran- Ill. RESULTS
gitions from de_zlocalized occupied molecular orbital_s tolocal- Ag a convention for the following discussion we use the
ized unoccupied levels, where the hole is confined on gpscripts+ and — for Au being the anode and the cathode,
particular site while the electron is delocalized or vice Versapegpectively. Indices Al and Au indicate the electrode
In the arylamino-PPV transitions are likely to occur with thethrough which the film was illuminated.

hole localized on the TPA unit and large photogeneration Figure 1 shows the absorption spectrum and the action

yields are expected for certain transitions. spectra of the photocurrent§pfoc=j igh— jcard Of a 310-
nm-thick arylamino-PPV film sandwiched between Al and
Il. EXPERIMENT Au upon irradiation through the Au electrode. It is notewor-

thy that a polymer film of only 310 nm thickness has an
optical density of up to 2, meaning that in a broad range of
the polymer absorption all incident photons are absorbed.
OC.H Even though the bias dependence of the photocurrents shows
847 neither antibatic nor symbatic features for Au being nega-
N Q tively (j_a,) and positively (., biased, comparison of
Q the absolute values of the photocurrents \at 445 nm
(j —au=1 nA/cn? andj , o, =29 nAlcnt, respectively shows
that there is a pronounced polarity dependence. For both po-
larities j photo rises for wavelengths below and above the ab-
sorption maximum X =442 nm).
Poly(phenylimino-1, 4-phenylene-1, 2-ethenylene-2,5-di-  The field dependence of the dark current was asymmetric
octyloxy-1,4-phenylene-1,2-ethenylene-1,4-phenyléryl|- for thin as well as for thick films. This indicates a diodelike
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FIG. 1. Photocurrent spectra of a 310-nm-thick Au/arylamino-

FIG. 3.1/V ch teristic of th k ti -thick
PPV/Al sandwich device. An external voltage of 2 V G. 3. I/V characteristic of the dark current in & S.6a-thic

_ ) . ; Au/arylamino-PPV/Al device. The linear increase for high bias
(E=6.45 V/um) was applied, with the Au electrode biased as anOdeﬁelds is shown by the solid line. For comparison theoretical expec-

(l_t)hand das iﬁthidﬁ:\ )- .JphﬁEFO IS d_?:]mEd astthe difference ('jn ((j:u_rre(;lt tations for space-charge limited currents are indicated by the dashed
with and without riumination. -1he spectra were recorded in dry ;,q Experimental conditions were the same as for Fig. 1.

nitrogen atmospherep& 1 bar) at room temperature. The sample

was illuminated through the Au bottom electrode with a constant

photon flux of 162 ph/cn? sec) at the film side facing the light device is mostly determined by the transport of charge car-
source. The absorption spectrum of the sample is also skeslid  riers through the film{Fig. 3). Using

line).

behavior of the deviceig. 2). Current densities under re- . 9 U2

verse bias j_) were very low, indicating that the barrier for IscLe™g S0k g7 @
hole injection from the Al top electrode must be large. When

the bottom electrode was biased as the anode the current rose - ]

rapidly with increasing voltage. Close inspection of tifg¢ ~ @nd e=3 the mobility was estimated to bg.=2.06
characteristics of thick samples at voltages larger than 2 V<10 ° cnf/V's. As electrons are rather immobile in PPV's,
revealed Space_charge limited Curre(ﬁCLC) behavior this m0b|l|ty may be identified as the hole m0b|l|ty In

jU2, indicating that at forward bias the current through the@rylamino-PPV. Note that this value lies well between the
low-field hole mobility for polydialkoxysp-phenylene vi-

Bias Field [V/um] nylene as determined from SCLC experimetitand that in

20 18 16 114 12 -10 8 6 4 2 2 4 6 8 10 PPV measured with the time-off-flight technictfeAbsolute
100000 T T T A values ofj ;4 under reverse bias measured upon illumination
from the Al electrode X=450 nm) and from the Au side
(\=375 and 485 nimwere larger thafjiy,. An open circuit
voltage of 0.75-0.1V could be inferred from the abscissa
intercept ofj o0 Under forward bias. This reflects the differ-
ence in work function between A(b.2 eV) and Al (4.3
] eV).”® As a result of this built-in voltagg g, was smaller
i thanj 4, for forward bias voltagess1 V, whereas for higher
{  voltagesj gn™ | dark-
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O HKommmmmeeaa e

14 1 Figure 4 compiles data on the spectral dependence of
] ' . o ' e E ] photo OF @ 305-nm-thick Al/arylamino-PPV/Au device for re-
5 4 3 2 1 1 2 verse and forward bias and upon excitation through Al and
Bias Voltage [V] Au, respectively. Again, the difference betwegn andj _

FIG. 2. Current voltage characteristics of a 255-nm-thick Au/Over th? whole wavelength range reflects the as.ymme.tr.y of
the device. The large range of the charge collection efficien-

arylamino-PPV/Al device. Squares represent currents without illu-_.

mination, triangles are data recorded under different illumination®'€S for the different excitation and bias conditions indicates

conditions. lllumination through Al was at=450 nm(A) with a that processes other than intrinsic charge carrier generation

constant photon flux of 156102 phicm? sed. For illumination ~ Might contribute tgyha. The efficiencies have been calcu-
through Au a photon flux of 10:810 phi(cm? se9 was used and lated under the assumption that all photons are absorbed. A
excitation wavelengths weie=375 (A) and 485 nm(¥). Experi-  correction to the number of absorbed photons has not been
mental conditions were the same as for Fig. 1. No dark currenperformed, as due to the very small optical density in the tail
correction has been made to the currents recorded under illumin®f the polymer absorption this would lead to large errors in
tion. The electric field applied to the Au contact is indicated at thethe calculation of the number of absorbed photons in the
upperx axis. long-wavelength range. Therefore, the wavelength below
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FIG. 4. Photocurrent spectra of a 310-nm-thick Au/arylamino- n::ﬁi' r‘? ) dllh?\tl\cl)cu;reAnt Or: daAI7 '}Tm'ttrh'gk arTyrI]an;jln\(/)i-PPv\V/ mm mi
PPV/Al sandwich device. lllumination was through the Al electrode > ched between Au a electrodes. The gevice was Hliumi-
(squarey and through the Au electrodeircles with a constant nated through A[squarze}sand through Aucircles .W'th & constant
photon flux of 7.5¢10' ph/cn? seq at the film side facing the Eggt(%n 2uznm;7ﬁ?ééganp2/(f$zfodltfaAg ;vfa; \t;:;’;lf((e)d;svt/h;;an-
light source. An external voltagef @ V (E=6.45 V/um) was ap- + 0P Y X voltag e w
plied, with the Au electrode biased as cathdde solid symbols was applied. In the case of Au being the cathode the external volt-
and ’as anodéb, open symbols The spectrum was recorded at age was 100 VE=13.3 V/jum) (a). Experimental conditions were
room temperatu’re Ii3n dry):ﬂtrogen atmothepec(l bar) andj,, the same as for Fig. 5. The right ordinate gives the charge collection

photo

was calculated as the difference in current with and without illumi-€Ticiencies for all spectra. The dotted line indicates the threshold

0 o
nation. Charge collection efficiencies calculated under the assumb’yavelength for 10% transmission.

tion that all incident photons are absorbed in the film are indicated
at the right ordinate. The dotted line indicates the wavelength above
which the transmission of the film exceeds 10%.

IV. DISCUSSION
A. Photocurrent under forward bias

The j photo Of spincoated arylamino-PPV samples for illu-
which the absorption is higher than 90% and for which, thusmination through the positively biased Au electrofddg.

correction is not at all necessary, is indicated in the figures4(b)] does not follow the absorption of the material. The
The same set of experiments has been performed on thickhape of the photoaction spectra indicate an efficient photo-
dropcast films. For a 7.5mm-thick arylamino-PPV film sand- generation of charge carriers in the tail of the polymer ab-
wiched between Al and Au electrodes and Au being negaSorption. In particular, photoaction spectra for thick Au/
tively biased, the spectral dependence pf;,, was the same arylamino-PPV/AI samples under forward bias were
as for thin films[Fig. 5@a)], except that the onset §fnor IS dominated by a pronounced peak at the edge of the polymer
shifted to longer wavelengths. Photocurrents and charge cofiPSorption. Under these conditions the material was com-
lection efficiencies were, however, two orders of magnitud letely |IIum|r_1ated.through0ut the whole th|ckness_ and, due
higher for thick devices. Under forward bias the photoactiont0 the large f|lm th|qkness, the t_otal nL_meer.of.exmtons gen-
spectra were clearly different from those of thin filfiEig. erated per time unit was still high. Since similar shapes of

5(b)]. Here, a relatively narrow peak located at the onset 0%he photoaction spectra are observed for both illumination
' ' y P directions, surface-near generation processes in conjunction

the polymer absorption was found upon irradiation througquth a filter effect by the polymer absorption can be safely
Al and Au, respectively. excluded.

The spectral dependence of the photocurrent of a second There is a striking similarity between the photoaction

device of 6.7um thickness under reverse bias is shown ingpecira and the photoluminescence-excitatPbE) spectra
Figs. Ga) and Gb) as a function of bias. For these experi- measured on the same sampiig. 7). As the underlying
ments, ITO was used as the bottom electrode instead of Aynechanism for photoluminescence and for photoconductivity
but it turned out that both electrode materials give similarjs the generation and the decay of excitons in the polymer,
photocurrents for illumination through the substrate withinthis finding was not completely surprising. However, the
the main polymer absorption. This device which had a ratheghape of the PLE spectra depends strongly on sample thick-
rough surface exhibited even higher collection efficienciemess and differs significantly from spectra measured in diox-
for illumination through the top electrode under reverse biasane solution and in films of only=100 nm thickness,
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FIG. 6. Field dependence of the photocurrent of agn7-thick
arylamino-PPV film sandwiched between ITO and Al electrodes.
The photon flux for illumination through Al) and through ITQb) Wavelength [nm]
was 7.5<10% ph{cn?sed and 1.5<10' phicn?seq, respec- _ o o
tively, and was kept constant for all wavelengths. ITO was biased FIG. 7. Photolur_nmescence e_xc!tatlon specanand emission
as cathode with external voltages of 100 K= 14.92 Vjum) (M), specFra(b) of arylamlno-PPV. Solid lines represent data for a dilute
75V (E=11.19 Vjum) (®), 50 VV (E=7.46 Vjum) (00) and 30 V solution, dashed lines were measured on a 255-nm spincoated

(E=4.48 Vlum) (O). Experimental conditions were the same as sample and dottedd Iigis on a 7@_'thi0k fiIrIn. TILe tfaxcitation
for Fig. 5. Charge collection efficiencies calculated under the asSPECtra were recorded for an emission wavelength of 540 nm. For

sumption that all incident photons are absorbed in the film areIhe fluo.rescence spectra the samples were expited at 350 nm. The
shown at the right ordinate. The dotted line indicates the Wavegbsorptlon spectrum of the 255-nm-thick spincoated sample is

length above which the transmission of the film exceeds 10%. shown by open circles. All spectra were recorded at ambient con-
ditions.

350 400 450 500 550 600 650 700

whereas the PL emission spectra remain unchaigied 7).  mostly from bulk processes. Photoinjection of holes from the
A detailed analysis of the possible extrinsic and intrinsicpositively biased Au electrode must, therefore, be quite inef-
processes that can lead to this behavior is a subject discussficient in our sandwich devices. Similar conclusions have
elsewheré? and a brief discussion with respect to the pho-been drawn from photocurrent experiments on a related
tocurrent spectra can be found later in the text. amino-PPV compountf. One reason for a low efficiency of
The observation that, 5, is higher thanj _,, by almost  photoinduced hole injection might be a low barrier at the
one order of magnitude has often been attributed to photoirinterface due to the low ionization energy of the amino-PPV
jection of holes from the positively biased Aar ITO) elec- compound. Considering the reversible oxidation potential
trode. This process can exceed intrinsic photogeneration b§0.66 V versus Ag/AgQlof the arylamino-PPV and assum-
usually 1-2 orders of magnitud&!’ The unipolar photocur- ing an absolute work function of the Ag/AgCl reference sys-
rent arises from excitons that can reach the electrode withitem of 4.7 eV(Refs. 27 and 28the barrier for hole injection
their lifetimes where the electron is dragged into the anodefrom Au (work function ¢,,=5.1-5.4 eV should indeed be
leaving a free hole in the polymer layer. Since the lifetime ofrather small.
excitons in disordered polymer layers barely exceeds 1 ns the For a homogeneous photoconductor without surface con-
photoaction spectrum caused by photoinjection generallyributions the photocurrent is given By
matched the absorption. However, this process can be ruled
out in case of arylamino-PPV for several reasons. First, ) Absorbed photons
j +a=~] +au Within the polymer absorption, even though the Jphoto=GPq AreaxTime @
penetration depth of light was smaller than the film thick-
ness. This is particular true for the thick polymer layers.Here, @ is the efficiency for charge carrier generation and
Second, as mentioned aboyg,q, as a function of wave- G is the photoconductivity gain. The gain is strongly influ-
length did not follow the absorption spectrum for either illu- enced by the type of photoconductor, depending on whether
mination direction but it almost matched the photolumines-only one or both carriers are mobile or whether or not carri-
cence excitation spectra. This fact is most evident wherers can be replenished at the electrodes. The Al electrode is a
comparing the photoaction and PLE spectra of thick sampleblocking contact for both the injection of holes and electrons
[Figs. b) and 7 and indicates thajt, ,, andj, 5 originate  while the appearance of SCLC already at rather moderate
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bias indicates that holes can enter the polymer rather easyrylamino-PPV contact is not fully Ohmic. Close inspection
through the Au/polymer interface. In this case the gain isof the current/voltage curves for the thiRig. 2) and thick
given by device(Fig. 3) proves that the current und2 V forward bias
is not transport limited, indicating that a certain barrier for
(3) hole injection is still present. Thus, replenishing of holes
might be restricted, which reduces the photoconductivity

where 1, and u, are the mobilities of electrons and holes, gain. Evidence _for nonunity gain in _the thin Iayer_devices
respectively, and is the lifetime of the nonreplenished car- Under forward bias stems from the difference betwpeg,

rier (electron, which is terminated when either the electron@nd j. . While an argumentation based on mobilities

leaves the film into the cathode or recombines with a holewould predict a higher photocurrent for illumination through

For un,<u, the gain in Eq(3) can be expressed as the ratio the anodgwhen the electron does not need to travel through
betweenr and the transit time for holes. In the absence of the whole film the inverse effect is observed. If, however,

recombinationr is given solely by the electron transit time the gain is larger than unity and proportional to the lifetime

U
G=7(unt+ up) 2

and the upper limit foiG is reached: of the electrons in the film, this effect will be less prominent
when electrons are generated very close to the anode, where
G = Hp 4) they can be dragged into the electrode rather fast before re-

M combining with an injected hole. In accordance with this

Thus, large gain factors leading to charge collection eﬁcicien_photocurrents are similar in thick devices for both illumina-

cies much larger than unity can be expected. Under forward°" directions when the wavelength is within the main ab-

bias, even at moderate fields, a large number of holes i€0rPtion band of the polymer. Singg~Jy, sc.cfor the thick

diffusing towards the negative Al electrode. It is thus ex-device at 2 V,G=1 and the charge collection efficiency
pected that the electron lifetime is terminated by recombinashould be equal to the quantum efficiency of charge genera-
tion with holes rather than by escape into the electrode. Fdfon. Note, however, that with an electron mobility of

bimolecular recombination 10 8 cn?/V s and a field of 6.5 \jikm an electron still needs
approximately 15 ms to drift over a distance of 100 nm,
dn n which is well above the recombination time in the thin layer.
at 7 "R ) A more detailed discussion would require knowledge of the

. electron mobility in this material.
SO bias for thick samples, we consistently observed a higher
nation is given byt ) e .
photocurrent maximum for illumination through the hole in-
jecting electrode, even though photocurrents are the same
(6) within the main polymer absorption range. This seems to be
inconsistent with our interpretation that the photoconductiv-
For a constant hole curreriheglecting recombination or ity under these conditions is given by bulk photogeneration

e(ﬂn+ﬂp)
Y=—_. -
€p€

space-charge effegtp is equal to of charges ands=1, only. We have performed some pre-
_ liminary xerographic photogeneration experiments on ap-
p= In 7 proximately 6um samples. At the same field strength as for
eunF the experiments shown in Fig(ly the photogeneration effi-

iency was approximately 0.05% at the main polymer ab-
orption peak and increased to about 0.15% at 491 nm. This
is quite similar to the values found for illumination through
the negatively biased aluminum electrode. The reason for the

with F the field across the sample. In this case the decay oi
the electron density is given by the recombination lifetime

TrZSO.SF , (8) high peak photocurrents upon illumination through gold is so
Ih far not understood. One might assume that the field profile is
yielding rather inhomogeneous for SCLC, leading to a spatial varia-
tion of the generation yield in the polymer layer. At a for-
Tr sos,uhuz inscLc ward bias 6 2 V the current has, however, not completely
- E: IRE = in ©) entered the space-charge limited current regime and the field

. o _ is expected to be still rather homogeneous.
Thus, for all cases a gain larger than unity is expected if the

current is smaller than the limiting space-charge limited cur-
rent j, sc.c. We have estimated, andt,, for the thin and In the case of Au being negatively biased dark currents
thick device under a forward bias of 2 V. At this conditipn  and consequently hole densities were much lower than under
is approximately 10.000 nA/chfor a 310-nm-thin layer and forward bias and charge carriers could not easily be replen-
5 nAlcnt for the 7.5um-thick sample. Assuming a hole ished by the electrodes. Therefore, the restricted electron mo-
mobility of 2x10°°cm?Vs we obtain ,~2ms, t, bility in arylamino-PPV is expected to influence the photo-

~0.2 ms for the thin layer and,~t,~0.15 s for the thick action spectra significantly under reverse bias conditions. In
film. Thus a gain larger than unity is predicted for the thinparticular, the buildup of a negative space-charge region in
layer while G=~1 for the thick layer. Note, that the Au/ the bulk should reduce the photoconductivity gain, except for

B. Photocurrent under reverse bias
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photons being absorbed close to the electron-collecting arfield of 0.27 Vjum. At the same wavelength, takinG
ode(Al). Therefore j ynoto Should follow the absorption spec- ~10, j, 5 in Fig. 4(b) gives $beq~0.6% at a field of 6.5
trum for illumination through the Al electrode while an an- v/um. These values are large compared to the carrier gen-
tibatic behavior is expected for illumination through Au. In eration yields at the same electric fields for
accordance with thig_ for the thin devices followed an polyphenylvinylené® or a PPV-ethet! and they even ex-
almost symbatic behavior, but the photocurrent spectrumgeed yields determined for a related PPV-anfihé/e pro-

was broadened towards longer wavelengthisa, was pose that the presence of a strong hole-attracting moiety such
smaller thanj , o, @nd j . 5 within the polymer absorption a5 the diphenylamino group in the PPV-amine or the TPA
range and peaked at the edge of the polymer absorptioRegment in our arylamino-PPV drastically enhances the pho-

where the absorption of photons near the electron-collecting, ;o neration yield. But, while the PPV-ether exhibited a con-
Al contact was maximized. Similar features were observe tant rise in quantum yield with increasing photon energy,

for the photocurrent of thick films under reverse bias and,, experiments showed an enhanced response at the absorp-
upon illumination through Al, but in this case charge collec-4;,, edge. In those experiments on PPV-amine sandwich

tion efficiencies were even above unity, with values of up to.g) only thin samples with typically 100-nm-thick spin

2000%. These observations clearly indicate that extrinsi¢. ,iad fiims were used and thus the total number of photons
processes contribute {gno, under reverse bias and that they apsorhed in the film at the absorption edge was low. Consid-
mos'F likely occur near.the p(')l)'/mer/AI interface. , ering the shape of the photoaction spectra of the arylamino-

High charge collection efficiencies well exceeding 100%ppy; samples under forward bias we can conclude that even
have been explained by photocurrent multiplication. The efy,q,9h there is a clear enhancement in photogeneration effi-
fect was well established in .amprphous S|I|cqn carbide f'lmsciency at the edge of the absorption, the photocurrent starts
where photocurrent multiplication of 300 times could be, gecay gradually at wavelengths where both the thin and
observed? In later studies on low molecular weight organic e thick samples still absorb more than 90% of the incident

pigment fims the multiplication increased t0 uUp 10 jight There are, however, no distinct features in the polymer
130 000-fold*** This phenomenon was interpreted in erMS ahsorption spectrum, which relate to this particular wave-
of tunneling injection from a metal electrode under a h'ghlength region of maximum photoresponse. The analysis of
electric field that is caused by the accumulation of photogegy, o wavelength and field dependence of the photogeneration
nerated charge carriers near a blocking contact. Bearing t ficiency in arylamino-PPV will be subject to further xero-
high surface roughness of our samplespecially of thick graphic studies.

films prepared by dropcastihgn mind, the following situ- A closer inspection of the PL excitation spectra and the
ation seems to be reasonable: The evaporated Al electrode @ ,action spectra under forward bias leads to the conclu-
top of the polymer film can not follow the high surface gjon that the PL intensity and the photocurrent scales with
roughness and thus ylelds.areas where the cont_act betwe‘fme penetration depth of the exciting light. For example, the
the metal and the polymer is poor or even nonexistent. Phas|_inensity measured on a thick film is lowest if the pen-

togenerated electrons might become trapped in these regiopgation depth of the light is shofthe fluorescence quantum

of poor contact as they can not reach the electrode. Accuma—lemS are as small as 5% in the solid state compared to a

lation c_)f tho_se trapped electrons close to the interfgce _woul ield of ~66% in solutioi® The particular shape of the
then give rise to high space-charge fields, resulting in €ngpacira can be interpreted as the excitation of localized active
hanced Fowler-Nordheimer-type tunneling of holes from thejes \ith extended absorption in the red, diluted in nonfluo-
positively biased Al electrode into the polymer film. rescent surroundings attributed to the majority of polymer
There are several indications that the corresponding phGspains. Those sites might be assigned to isolated long chains
toactive zone for the generation of electrons extents quitg, e high molecular weight fraction of the material or, less
deep into the layer. The spectra for illumination through Allikely, stable aggregates of chains, and thus represent an in-

are considerably broadened towards longer wavelengthgisic property of the bulk material. Alternatively a transi-
when compared to the absorption spectra. For illuminationiy, in the tail of the absorption with a weak oscillator

through Au the photocurrenit », increased already at wave- gyength in absorption but with a large fluorescence yield and
Iengths where the transmission of light through the film WaScharge generation efficiency can be proposed, presuming that
still well below 10% and only a small number of photons gnerqy relaxation from higher excited states is almost absent.
reached the polymer/Al interface. These effects were morgch "3 transition with high charge generation efficiency
evident for thick films. o might also exhibit a pronounced charge transfer character as
While the existence of photocurrent multiplication pro- mentioned in the introductory chapter but a final assignment

cesses under reverse bias is clearly proven by the collectiogy the gptical transitions in arylamino-PPV requires further
efficiencies well above unity for thick samples, this processinvestigation.

might be less promine_nt for thin spincoated samples. Based /e Jike to point out that PLE spectra of PPV samples
on our data we can neither exclude nor prove the presence gfii, enhanced response within the tail of the absorption have
this contribution in thm layers. Note, .however, that the SUr-recently been reportd®® In this case electron accepting
face roughness of spincoated films is rather small in coMgarnonyl groups were created near the surface of the film by
parison to thick devices. photooxidation. At the same time the photogeneration was
largest for wavelengths where the light penetrates only a
small distance into the film. It has been concluded that the
Setting G=1 the quantum yield for photogeneration at emissive species are not responsible for the extrinsic photo-
475 nm derived fronj, 5 or j, A, in Fig. 5b) is 0.05% at a conductivity. Our investigations on arylamino-PPV show

C. Photogeneration yields
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similar shapes of the photoactidonder forward bigsand  tion and trapping of electrons close to the electrode will cre-
PLE spectra measured on the same samples. We do, theme an additional space-charge field, which promotes the tun-
fore, conclude that the particular shapes of the PLE and phaieling injection of holes into the film. This mechanism
toaction spectra are not due to photooxidation close to thexplains in particular the high collection efficiency of up to
surfaces and that photoconductivity and photoluminescenc2000% under this illumination and bias condition. Again,

involve the same species. additional extrinsic processes such as photoinduced electron
injection might be possible, but they could not be identified
IV. CONCLUSIONS based on our experiments.

) We like to point out that the studied PPV derivative has a
The dependence of the shape and size of photocurrépther low ionization potential0.66 V versus Ag/AgOl

spectra of sandwich devices of arylamino-PPV between Ayyhich closely matches the work functions of IT@.8 eV) or
and Al on bias and illumination conditions seems to bep, (5.1-5.4 eV. This gives rise to a very pronounced rec-
strongly related to the presence of mobile holes in the filmyifying current-voltage diode behavior with rectifying ratios
Under forward bias a strong hole current flows through theys up to 16 at 2 V. Consequently hole densities will be large
device. Therefore, electrons which are photogenerated in th&,en at low forward bias fields. Also, the close match be-
film will easily recombine with holes and there will be no yween the polymer highest occupied molecular orbital and
buildup of a negative space-charge region due to trappeghe work function of the hole injecting contacts might reduce
electrons. The photocurrent is then proportional to the charggytrinsic contributions such as the photoinjection of holes at
carrier generation rate and the lifetime of the separated gemjpe contact.
nate charge carrier pair. Under these conditions the photoac- ag 5 concluding remark we like to stress that the analysis
tion spectrum is dominated by bulk photogeneration anchf photoaction spectra recorded under different conditions
photoaction spectra are almost identical for illuminationgych as both illumination directions, various film thick-
through either the bottom and top electrode. In thin films the,esses, and bias is essential for the identification of the domi-
transit time for holes_ is _estlmated to be smaller than_ t_hehant charge generation processes such as bulk photogenera-
electron-hole recombination time and a photoconductivityjion  and photocurrent multiplication phenomena. For
gain larger than unity is predicted. Photogeneration efficieneXamp|e, the pronounced peak in the photoaction spectra of
cies as deduced from the photoaction spectra under forwaggck samples under forward bias and for illumination
bias are rather large. Values of approximately 1% at a fieldnrough the anode could be easily misinterpreted as an anti-
of only 6.5 Vjum are among the highest efficiencies everpatic peak, with a predominant charge generation close to the
reported for pure PPV derivatives. No interface effects suchyathode. Only taking into account the experimental results

as photoinduced charge injection could be identified. Foynger the same bias but with illumination through the cath-
both thin and thick layers the photoaction spectra resemblgge could exclude this interpretation.

well the shape of the corresponding photoluminescence ex-
citation spectra.
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