
PHYSICAL REVIEW B, VOLUME 64, 035325
Photoinduced charge carriers at surfaces and interfaces of poly
†2-methoxy-5-„28-ethyl-hexyloxy…-1,4-phenylene vinylene‡ with Au and GaAs

Jihua Yang, Ilan Shalish,* and Yoram Shapira
Department of Physical Electronics, Tel-Aviv University, Ramat-Aviv 69978, Israel

~Received 8 December 2000; published 28 June 2001!

The electronic structure and photoinduced surface/interface charge transfer processes have been studied in
poly@2-methoxy-5-(28-ethyl-hexyloxy)-1,4-phenylene vinylene# ~MEH-PPV! thin films spin-coated on Au
andn-GaAs~111! substrates using surface photovoltage spectroscopy. The results show that the MEH-PPV film
is a p-type semiconductor with an optical band gap of around 2.1 eV and a surface work function of 4.7 eV,
and its photovoltaic response is dominated by its free surface rather than the interface with the substrate. In
addition, an acceptor surface state at 0.5 eV above the valence-band edge is found in films produced at low
spinning rate, perhaps due to surface roughness. Efficient photoinduced electron injection from MEH-PPV
films into the GaAs substrates is observed and found to have a strong dependence on the solvent used in the
MEH-PPV spin deposition. These findings are discussed in view of the electronic and physical structure of the
films.

DOI: 10.1103/PhysRevB.64.035325 PACS number~s!: 78.66.Qn
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I. INTRODUCTION

For the last decade, poly-~paraphenylene vinylene! ~PPV!
and its derivatives have received much attention due to t
application prospects in devices, such as light-emitting
odes and photovoltaic cells. They have two main advanta
in comparison with traditional inorganic semiconducto
ease of forming large-area custom-shaped devices and
justable chemical structure of the conjugated chain an
side groups. The latter may control the film electron affin
and ionization potential, enabling high-efficiency char
transfer into underlying substrates. Of the PPV deri
tives, poly@2-methoxy-5-~28-ethyl-hexyloxy!-1,4-phenylene
vinylene# ~MEH-PPV! is a typical model material. Due to it
low ionization potential and hence efficient hole injecti
from indium tin oxide~ITO! electrodes, it has been exte
sively studied for applications of light-emitting diodes.1,2

Photoinduced charge transfer at interfaces, whe
inorganic/inorganic,3,4 organic/inorganic,5,6 or organic/
organic,7,8 is important for fundamental understanding of i
terface electronic processes and their application for ph
voltaic devices. Incorporation of an organic thin film as
sensitizer may extend the photoresponse intensity and en
range of a semiconductor. With its low electron affinit
MEH-PPV has been found to display efficient photoinduc
charge transfer~a photosensitization effect! at many inter-
faces, such as with CdSe, CdS,9,10 TiO2 nanoparticles,11,12

C60,
8,13,14 and poly~2,5-hexyloxy p-phenylene cyanovinyl-

ene!~CN-PPV!.15,16

To the best of our knowledge, direct observation of pho
induced charge separation in MEH-PPV thin films has
been reported. This may provide insight into charge trans
processes and surface/interface electronic structure. Pho
duced interface charge transfer from MEH-PPV to semic
ductors is commonly explained by exciton dissociation at
interface due to the favorable energy match without con
ering the role of the interfacial electric field.9,10 Experimen-
0163-1829/2001/64~3!/035325~6!/$20.00 64 0353
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tally, the conventional analytical tools that have been u
are often restricted.

In this paper, we have studied the contact potential diff
ence ~CPD! spectra of MEH-PPV thin films~prepared by
spin coating! using surface photovoltage spectrosco
~SPS!.17 We have determined the electronic structure and
photoinduced charge separation/transfer processes at M
PPV/metal and MEH-PPV/semiconductor heterostructu
and propose a mechanism for photoinduced charge tran
at these semiconductor heterostructures. Additionally,
have studied the effect of the film thickness and prepara
conditions, such as spinning rate and solvent type, on
film electronic structure and photoinduced charge transfe

II. EXPERIMENTAL METHODS

MEH-PPV thin films were obtained by spin-coatin
MEH-PPV, dissolved at about 1% weight/volume in tetrah
drofuran ~THF!, onto Au-coated glass andn-GaAs~111!
substrates.18 The GaAs was doped with a concentration
231016 cm23 of Sn, which locates its Fermi level 0.15 e
below the conduction-band edge. Before spinning, the
and GaAs substrates were treated as follows. The Au s
strate was cleaned with acetone and isopropanol, then b
dried with nitrogen. The GaAs substrate was ultrasonica
cleaned inn-hexane, acetone, methanol, and deionized wa
for 5 min each, rinsed in deionized water again, and bl
dried with nitrogen.

To study the possible influence of the solvent on t
photoinduced charge transfer, MEH-PPV was also dissol
in chlorobenzene~CB! with the same concentration as th
THF solution, and spun onto Au and GaAs substrates.
the film/substrate samples were heat-treated at 55 °C in
for 5–6 h to evaporate the solvent residue. The thicknes
the films was controlled by the spinning speed and measu
by a profilometer.

All the CPD spectra were measured in ambient tempe
ture using a Kelvin probe arrangement~Delta-Phi Elektronic,
©2001 The American Physical Society25-1
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Jülich, Germany!. The CPD was measured between t
sample and a vibrating reference probe. It is described17

VCPD5(1/e)(WS2WR), directly yielding the surface work
function of the measured sample. The work function of
reference probe is taken as 5.0 eV. A spectrometer wit
double monochromator~McPherson Inc., Chelmsford
U.S.A.! was used to provide illumination in the range
2000–400 nm. A xenon lamp~250 W! was used as the ligh
source. All the CPD spectra of MEH-PPV/Au samples we
obtained after sufficient equilibration had been achieved
the dark, indicated by an essentially constant CPD. T
dwell time setting was 2 s toensure sufficient system re
sponse time.17 The spectra were found to be essentially ide
tical for dwell times of 3 and 5 s. For convenience, we d
tinguish the film/air interface, referred to as the ‘‘fre
surface,’’ from the film/substrate interface, which we den
by ‘‘interface.’’

III. RESULTS AND DISCUSSION

A. Work function and CPD spectra of MEH-PPV

Figure 1 shows the CPD spectra of three MEH-PPV fil
~10, 30, and 55 nm thick! deposited on Au substrates. In th
dark, all the films show a CPD value of about 0.3 V. Hen
the surface work function of the MEH-PPV films is es
mated to be 4.7 eV. For all the films, the CPD chang
abruptly around 2.1 eV, which corresponds to the band
of MEH-PPV.1 No sub-band-gap transition is observed. F
a p-bonding polymer with a long one-dimensional conj
gated chain, the discretep andp* orbitals become continu
ous bands due to the delocalization of thep electrons along
the conjugated chain. This formation of continuous ban
results in a band structure similar to that of inorgan
semiconductors.19

An inorganic semiconductor surface is distinguished b
downward~p-type! or upward~n-type! band bending. Unde
band-gap illumination the band bending decreases, i.e.,
surface work function decreases~increases! for ann-type ~p-
type! semiconductor. Thus, a positive~negative! CPD
change indicates ap-type ~n-type! semiconductor.17 Indeed,
our results, shown in Fig. 1, may indicate that the film b
haves as ap-type semiconductor with a 2.1 eV band gap.

FIG. 1. CPD spectra of MEH-PPV/Au for three films of diffe
ent thicknesses coated using a THF solution of 1% weight/volu
The inset shows the molecular structure of MEH-PPV.
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The analysis in a thin-film case becomes complicated
to the contribution of light absorption within the spac
charge region~SCR! at the interface.20,21The substrate itself,
i.e., the Au metal, has no contribution to the CPD chang

As ap-type semiconductor, if the MEH-PPV film showe
a negative CPD change under band-gap illumination
would indicate a strong interfacial SCR, dominating the s
face photovoltage~SPV!. However, in Fig. 1, we observe
positive SPV. This means that the interface does not cont
ute significantly to the SPV. A similar observation was r
ported by Moonset al., who found that the depletion layer a
the porphyrin/ITO interface has no significant contribution
the SPV due to a high density of recombination center22

The work functions of the Au and film we have measur
suggest that the MEH-PPV/Au interface may be accumula
rather than depleted, as would indeed be indicated by
Schottky limit. The accumulation layer at the interface do
not contribute to a CPD change because of the neglig
change of minority carriers at the interface.17

Furthermore, Fig. 1 shows that the SPV signal does
vary significantly with the film thickness. If the interface ha
a dominant influence on the measured CPD change, it wo
be reflected more strongly in the spectra of the thinner film
due to the more effective light absorption at the interfa
region. Thus, we conclude that the positive CPD change
dicates a photoinduced charge separation at the free su
rather than at the interface. Thus, it shows that the ME
PPV film is p type with a downward band bending at th
surface.

We have also examined the CPD spectrum of a ME
PPV/Al structure. Contrary to the Au substrate, we obse
here anegativeCPD change under band-gap illuminatio
This indicates a strong SCR at the MEH-PPV/Al interfa
~as opposed to the Au interface, which is accumulated!, in-
duced by the lower work function of Al~4.3 eV! and domi-
nating the CPD signal. Therefore, the CPD spectrum of
organic thin film may depend on the metal substrate. Hen
caution should be exercised when the type of conductivit
to be inferred from the polarity of the CPD change.

Figure 2 shows the CPD in a 55-nm-thick film as a fun
tion of light intensity at an incident light wavelength of 45

e. FIG. 2. CPD of a 55-nm-thick film as a function of light inten
sity at a wavelength of 450 nm~2.76 eV!.
5-2
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PHOTOINDUCED CHARGE CARRIERS AT SURFACES . . . PHYSICAL REVIEW B 64 035325
nm ~2.76 eV!. The SPV intensity increases~up to 0.1 eV!
with increasing light intensity but no saturation is reach
Therefore, the MEH-PPV film has at least 0.1 eV surfa
band bending and a 4.8(54.710.1) eV bulk work function.
Taking into account the measured surface work function
MEH-PPV, its electron affinity, and its band gap further su
ports the conclusion that MEH-PPV has ap-type conductiv-
ity. The work function of 4.9 eV measured on our Au su
strate suggests that the film/Au interface is accumula
with an upward band bending of about 0.1 eV.

Using a Mott-Schottky plot~C2 versusV!, Savenijeet al.
calculated an acceptor impurity concentration
931017 cm23 for MEH-PPV.12 Assuming a similar impurity
concentration in our film and applying the depletion mod
which expresses the depletion width as23 d5A2ee0V/eND
@wheree is the relative dielectric constant of MEH-PPV film
~taken ase53!, e0 is the free-space dielectric permittivity,V
is the surface band bending,e is the electronic charge, an
ND is the impurity concentration#, we estimate the MEH-
PPV depletion layer to be at least 6 nm deep.

The films discussed above were obtained with spin ra
above 2.03103 rpm and do not show any sub-band-gap fe
tures. Figure 3 shows the CPD spectra of two samples
posited at low spin rates@a at 1.23103 rpm and b at
1.03103 rpm; c is a reference sample deposited
2.03103 rpm taken from Fig. 1~55 nm thick!#. A spectral
feature is observed at 1.6 eV in these films. Using ato
force microscopy, we found that the surface of the two fil
were rougher than that deposited at 2.03103 rpm. This may
indicate that the observed feature is induced by surf
roughness. Since SPS is sensitive to carrier formation
separation rather than to light scattering or reflection at ro
surfaces, we may conclude that the feature is associated
a surface state transition. The polarity of the CPD cha
indicates that this transition is due to photoexcitation of el
trons from an occupied surface acceptor state to the con
tion band of the MEH-PPV. The transition energy locates
gap state at 0.5 eV above the valence-band edge. This
gests that good film morphology is important
reduce defect concentration, which may affect dev
performance.

FIG. 3. CPD spectra of two samples deposited at low spin r
@a, 1.23103 rpm, b, 1.03103 rpm, andc, a reference sample de
posited at 2.03103 rpm taken from Fig. 1~55 nm thick!#.
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B. Photoinduced electron transfer
at MEH-PPV ÕGaAs interfaces

Figure 4~a! shows the CPD spectra of a bare GaAs a
three MEH-PPV/GaAs structures with different film thick
nesses. The bare GaAs shows an abrupt transition at ar
1.42 eV, which is the GaAs band-to-band transition~the
small shift at 1.2 eV is due to a filter change!. No feature is
noted above the band-gap transition. The GaAs band-
transition is consistently observed in the MEH-PPV/Ga
structures and, in addition, another transition is observe
2.1 eV ~especially for thicker films!, corresponding to the
MEH-PPV band gap. The polarity of this CPD change
negative while it is positive if the MEH-PPV is deposited o
Au. This means that the film interface plays a dominant r
in this case, as in the Al case. The photoinducedp-p* tran-
sition lowers the surface work function of the system, i.
increases the film interface potential and positive char
Hence, it can be concluded that the electrons photoexcite
thep-p* transition may be injected into the GaAs substra
This is supported by the photoinduced charge transfer in
cated by the CPD slope change at the same position as
MEH-PPV band-to-band transition. Since no other new t

s

FIG. 4. ~a! CPD spectra of a bare GaAs~111! and three MEH-
PPV/GaAs heterostructures of different film thicknesses. The sm
shift at 1.2 eV is due to a filter change.~b! CPD spectra of the
same samples before heat treatment. The curves markeda, b, c and
d correspond to film thickness of 0, 14, 38, and 61 nm of~a!,
respectively.
5-3
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JIHUA YANG, ILAN SHALISH, AND YORAM SHAPIRA PHYSICAL REVIEW B 64 035325
sition, i.e., electronic state, is observed, we conclude
photoexcited MEH-PPV electrons are injected into the Ga
substrate without any chemical reaction between the two
terials.

Figure 4~b! shows the CPD spectra of the same group
samples measured 3 h after the spin coating and before t
heat treatment mentioned in the previous section. The cu
markeda, b, c, andd correspond to film thickness of 0, 14
38, and 61 nm of Fig. 4~a!, respectively. The photoinduce
charge transfer is weaker as compared to the heat-tre
structures. This may be related to residual solvent molec
in the film that may obstruct efficient electron transport a
injection into the GaAs substrate.

Interface charge transfer at MEH-PPV/semiconductor
terfaces is commonly explained by the following model.9,10

The different electron affinities and ionization potentia
provide a driving force for dissociating the excitons pho
generated at the interface. Each exciton yields an elec
that is swept into the substrate and a hole left in the film
the case of a very thin film with a molecular thickness, t
layer may be treated as a special case of a surface state
this model may be valid. When the film is sufficiently thic
to show the characteristics of a space-charge region, it ha
be considered as a second phase and this simple model
no longer be valid due to the existence of interfacial fiel
Based on the Fermi level positions in the two materials a
on the Schottky model of this system, we can safely assu
that these fields exist in the dark. In Fig. 1, even the thinn
MEH-PPV film ~10 nm thick! shows the SCR effect on th
CPD values under illumination. Therefore, we must consi
the actual interface band structure and its role in the interf
charge-transfer process.

Figure 5~a! shows the band structures of isolated ME
PPV ~Ref. 11! and GaAs.18 According to our measurement
GaAs has a surface work function of 4.4 eV, i.e., 0.11
higher than the bulk value. However, the measured C
change is over 160 meV. Thus, surface band bending a
cannot account for the observed CPD change. This dif
ence may be explained, however, by a dipole at the G
surface. Figure 5~b! shows the interfacial band structure aft
the contact is made. Due to the difference in work functio
between MEH-PPV and GaAs, an interface field is form
directed from the GaAs to the MEH-PPV. Figure 5~c! de-
picts the photoinduced interfacial charge-transfer model
the changes of surface work function and level positio
~marked by primes!. The photoinduced hole-electron pai
are separated under the interfacial field and the elect
move toward the interface. Due to the lower energy posit
of the minimum of the GaAs conduction band, the electro
are injected into it. In Figs. 5~a! and 5~b!, the band bending
of the GaAs substrate is considered unchanged before
after contact, because according to our CPD measurem
the GaAs substrate is not substantially influenced by
MEH-PPV coverage, indicating Fermi level pinning of th
GaAs surface. In the three samples studied, the signal o
electron transfer increases with increasing film thickness@see
Fig. 4~a!#. Since the film diffusion length is about 20 nm,12

more photogenerated electrons are expected to be inje
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from our thicker MEH-PPV films. Increasing the film thick
ness may also improve the film coverage of the substrat

Figure 4~a! shows that there is a positive slope change
a photon energy of about 2.25 eV. This change is more p
nounced for the 61-nm-thick film, but is totally absent in t
bare GaAs. This change is probably indicative of the cha
in absorption depth of the incident light with wavelength.
shorter wavelengths, light absorption is more efficient at
free surface. This results in a dominant contribution of t
surface ~rather than the interface! CPD change, which is
positive due to thep-type conductivity of MEH-PPV.

FIG. 5. Interfacial band structure of the MEH-PPV/GaAs h
erostructure~a! before contact,~b! after contact, and~c! under band-
gap illumination@photoinduced charge-transfer model and chan
of surface work function and level positions~prime! are depicted#.
5-4
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C. The influence of solvent on the charge transfer

Recently, to reconcile several contradictory reports
various film coating conditions, Nguyenet al. have sug-
gested that the photophysical properties of MEH-PPV fil
depend on the solvent choice for the solution from which
film is coated, i.e., memory of the chain state in the solut
may be preserved through the coating process and surviv
the film.24,25 In a THF ~nonaromatic solvent! solution, MEH-
PPV chains coil tightly to maximize their side-group inte
actions with the solvent and minimize their backbone ex
sure to it. In a CB~aromatic solvent! solution, however,
MEH-PPV chains are rigid and open so as to have th
aromatic backbone sufficiently exposed due to the prefe
tial interaction of the aromatic backbone with the solve
The effect of the former solvent intends to make MEH-PP
chains isolated from each other, while the effect of the la
is favorable forp-electron coupling of ground-state or e
cited MEH-PPV chains.

For experimental verification of this concept, we ha
also studied MEH-PPV/Au and MEH-PPV/GaAs heter
structures coated from CB solutions of 1% weight/volum
~the same concentration as the THF solutions!. Figure 6
shows the CPD spectra of three different MEH-PPV/Au h
erostructures. Showing the influence of chain configurat
on the film electronic structure, the surface work function
MEH-PPV films coated from CB solution is higher tha
those made using THF solution by about 0.15 eV. Figur
displays the CPD spectra of three different MEH-PPV/Ga
heterostructures, coated using CB solution. It is surpris
and interesting to observe that only the 50-nm-thick fi
shows a weak negative slope change at the band-to-b
transition of MEH-PPV, while the 17- and 35-nm-thick film
do not. To exclude the influence of possible remnant
solvent ~CB is heavier than THF!, the MEH-PPV/GaAs
sample with 35-nm-thick film was heat-treated at 55 °C
another 12 h, but the photoinduced charge-transfer effect
still absent. Therefore, in comparison with films coated us
THF solution, MEH-PPV coated using CB solution has
weaker photointeraction with GaAs.

Factors that inhibit efficient MEH-PPV/semiconduct
photoinduced charge transfer have been discus
previously.9,10 However, to the best of our knowledge, th

FIG. 6. CPD spectra of MEH-PPV/Au for three films of diffe
ent thickness coated using a CB solution of 1% weight/volume
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influence of the solvent choice on the charge-transfer e
ciency has never been reported. Two possible factors m
account for the lower charge-transfer efficiency of the film
coated using CB solution. Both these factors arise from
film configuration due to the effect of the solvent.

The first is the interchain species effect. Due to the eas
MEH-PPV chain interaction, photogenerated intrachain ex
tons can be delocalized across the neighboring chains.
means that, before the photogenerated intrachain excito
dissociated into an electron and a hole by the interface fi
it delocalizes into an interchain exciton with lower energ
Thus, the rate of efficient electron injection should be grea
reduced. Ginger and Greenham9 have found that, although
the energy match~the difference in electron affinities! is sat-
isfied for photoinduced charge transfer, the photolumin
cence efficiency of DHeO-CN-PPV remains largely un
fected in a DHeO-CN-PPV/CdSe nanocrystal mixture. T
indicates that the photoinduced electron transfer fr
DHeO-CN-PPV to CdSe nanocrystals is not efficient. One
the possibilities mentioned in that paper is that, due to
small interchain space in the cyano-substituted polymer w
symmetric alkoxy side chains, the photogenerated intrach
exciton may be delocalized across the chains and form in
chain species, decreasing efficient exciton dissociation
electron transfer at the interface.

The second factor is the possible interface barrier form
by the 28-ethyl-hexyloxy at the interface. In the films coate
using CB solution, the MEH-PPV chains tend to arran
with a small interchain spacing. Therefore, when MEH-PP
is deposited onto a GaAs surface, which is hydrophobic,
28-ethyl-hexyloxy side chain probably makes direct cont
with the GaAs surface, allowing easier chain interactio
Thus, an interface barrier created by the side chains m
prevent efficient charge transfer. Ginger and Greenham h
also suggested that the dihexyloxy chains on both side
DHeO-CN-PPV prevent the CdSe nanocrystals from su
cient access to the conjugated backbone to allow cha
transfer to occur,9 while Greenhamet al. have found that an
11 Å alkyl barrier can effectively inhibit electron transfe
from MEH-PPV to CdS nanocrystals.10

FIG. 7. CPD spectra of three MEH-PPV/GaAs heterostructu
of different film thicknesses coated using a CB solution. T
sample marked* was heat-treated at 55 °C for another 12 h. T
small shift at 1.2 eV is due to a filter change.
5-5
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Therefore, in the design of photovoltaic devices utilizin
the photosensitization effect, the energy match is only a n
essary condition for efficient performance. The microsco
configuration of the sensitizer layer determined by the fi
coating conditions and its molecular structure must also
considered for an efficient dynamic process.

IV. SUMMARY

In this work, we have studied the photoinduced cha
separation and transfer processes of MEH-PPV/Au
MEH-PPV/n-GaAs(111) heterostructures, using surfa
photovoltage spectroscopy. When spin coated using tetra
drofuran solution, MEH-PPV film on Au substrate has a s
face work function of about 4.7 eV. The photoinduc
charge separation is dominated by the surface rather than
interface and shows thep-type conductivity of the film,
which has a band gap of 2.1 eV. An acceptor surface s
0.5 eV above the valence-band minimum has been foun
films coated at low spinning rates, probably arising fro
e

ev
,

g

ur

m

ce

hy
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surface roughness. The MEH-PPV/GaAs heterostruc
shows efficient photoinduced electron transfer to the Ga
substrate. In comparison, using chlorobenzene as an alte
tive solvent, the MEH-PPV film increases its surface wo
function by about 0.15 eV and photoinduced electron tra
fer from the film to the GaAs substrate becomes weak
This may be attributed to the interchain species effect an
the spacer role of 28-ethyl-hexyloxy. This result suggest
that the microscopic configuration of the film determined
the deposition parameters is crucial for efficient device
eration.
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