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Hole transport in porphyrin thin films
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Hole transport inp-type organic semiconductors is a key issue in the development of organic electronic
devices. Here the diffusion of holes in porphyrin thin films is investigated. Smooth anatase TiO2 films are
coated with an amorphous thin film of zinc-tetra~4-carboxyphenyl! porphyrin ~ZnTCPP! molecules acting as
sensitizer. Optical excitation of the porphyrin stimulates the injection of electrons into the conduction band of
TiO2. The remaining holes migrate towards the back electrode where they are collected. Current-voltage and
capacitance-voltage analysis reveal that the TiO2 / ZnTCPP system can be regarded as ann-p heterojunction,
with a donor density ofND52.031016 cm23 for TiO2 and an acceptor densityNA54.031017 cm23 for
ZnTCPP films. The acceptor density in porphyrin films increases to 1.331018 cm23 upon irradiation with
100-mW cm22 white light. Intensity-modulated photocurrent spectroscopy, in which ac-modulated irradiation
is applied, is used to measure the transit times of the photogenerated holes through the films. A reverse voltage
bias hardly affects the transit time, whereas a small forward bias yields a decrease of the transit time by two
orders of magnitude. Application of background irradiation also reduces the transit time considerably. These
observations are explained by the presence of energy fluctuation of the highest-occupied molecular orbital level
in the porphyrin films due to a dispersed conformational state of the molecules in the amorphous films. This
leads to energetically distributed hole traps. Under short circuit and reverse bias, photogenerated holes reside
most of the time in deep traps and their diffusivity is only 7310211 cm2 s21. Deep traps are filled by appli-
cation of a forward bias and by optical irradiation leading to reduction of the transit time and a concomitant
increase of the diffusivity up to 231027 cm2 s21.

DOI: 10.1103/PhysRevB.64.115323 PACS number~s!: 73.61.2r, 72.40.1w, 71.35.2y
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INTRODUCTION

Although sensitization of wide band-gap semiconduct
with dye molecules, like porphyrines and phthalocyanin
has been studied extensively in the past,1,2 fundamental as-
pects of sensitization are still an important research topic.
efficient ~;10%! solar cell based on sensitization of TiO2
has been realized by O’Regan and Gra¨tzel in 1991.3 They
used nanoporous TiO2, grafted it with ruthenium~bipyridyl!
complexes, and soaked it in an iodine/iodide redox elec
lyte. To enhance the operating stability and ease of prod
tion, replacement of the liquid electrolyte in these cells is
important issue.4–7 Therefore, one may consider a combin
function of the dye molecules: as sensitizer and as h
transport medium. This requires a sensitizer in which stro
optical absorption and a high hole mobility are combine
Here porphyrin thin films are investigated to explore whet
this requirement can be fulfilled.

Not only ruthenium complexes are efficient sensitizers
TiO2 with quantum efficiencies reaching unity,3 put also por-
phyrins with specific side groups can be used.8–11Ultraviolet
photoelectron spectroscopy12 and electrochemical11,13–15

studies show that porphyrin films can often be regarded
p-type semiconductors. Despite numerous studies focu
on this issue,13,16–27hole transport in molecular thin films i
not well understood. For porphyrins and related molecule
large discrepancy exists between the reported mobilities
rived from current-voltage,21,25,26 time-of-flight,16–18,22 and
microwave-conductivity measurements.20 Some of the differ-
ences can be related to the different side groups of the
phyrins used in the different studies, by which the molecu
0163-1829/2001/64~11!/115323~9!/$20.00 64 1153
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are forced to adapt a specific orientation. Other factors
the presence of impurities or imperfections, like grain boun
aries, which are introduced during deposition of the fil
Electrodeless microwave techniques reveal high mobilitie
well-ordered stacks of porphyrins. In current-voltage a
time-of-flight techniques, hole migration over a macrosco
distance is involved leading to a lower hole mobility.

The presence of a strong internal electric field in the
ganic film may also affect the charge-transport properties
a heterostructure of ap-type organic dye and ann-type ma-
terial, a region depleted of mobile charge carriers is crea
resulting in a built-in electric field. In the presence of such
depletion layer, the doping concentrations and the buil
potentialVbi can be derived from:28
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whereC is the capacitance per m2, e the electronic charge
«O the permitivity of free space,«A ,«B the dielectric con-
stants of then-type andp-type materials,NA , NB the doping
densities ofn- andp-type materials, andV the applied volt-
age. For organic films the presence of a depletion region
been demonstrated by impedance spectroscopy.15,24,25,29The
internal electric field contributes to suppress recombinat
of injected electrons in TiO2 with holes in the highest-
occupied molecular orbital~HOMO! of the dye molecule by
accelerating their separation.

In the present investigations, smooth anatase TiO2 films
deposited on tin-doped indium oxide~ITO! glass are covered
with a thin film of dye molecules, i.e., zinc-tetra~4-
carboxyphenyl! porphyrin ~ZnTCPP, Fig. 1!, which is a
stable and efficient sensitizer8,10 and forms macroscopically
©2001 The American Physical Society23-1
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homogeneous amorphous films when using the spin-coa
technique. From optical and electrochemic
measurements8,11 the relevant energy levels of anatase Ti2
and porphyrin films have been derived and are shown in
2. Since the studied films are relatively thin, incident photo
are absorbed throughout the film. However, previous stu
of heterostructures with amorphous dye films have sho
that only molecules in close proximity to the interface co
tribute to the photocurrent.15,30–33This implies that excitons
are not able to migrate over large distances14,33 and only
those created near the interface between TiO2 and ZnTCPP
dissociate into a conduction-band electron and a hole in
HOMO of ZnTCPP.

Eludication of hole transport in ZnTCPP thin films is th
subject of the present paper and is a key issue in var
types of organic solid-state devices. To examine whethe
depletion layer is formed upon contactingn-type anatase
TiO2 with a p-type ZnTCPP, impedance spectroscopy is
plied. To establish how the built-in electric field affects t
transport of the holes in ZnTCPP films, the transit time
determined using intensity-modulated photocurr
spectroscopy.34,35

EXPERIMENTAL ASPECTS

Thin films ~;200 nm! of anatase TiO2 are deposited on
ITO ~30 V/square, Glastron! using metal-organic chemica

FIG. 1. Molecular structure of zinc-tetrakis~4-carboxyphenyl!
porphyrin ~ZnTCPP!.

FIG. 2. Schematic one-electron energy diagrams ofn-type ana-
tase TiO2 andp-type ZnTCPP before contact~left! and after contact
~right!.
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vapor deposition to yield smooth and transparent layers
described previously.36 Onto these substrates, films of zin
tetrakis~4, -carboxyphenyl! porphyrin~ZnTCPP, Fig. 1! with
varying thicknesses are applied by spin coating from a 1-m
solution of ZnTCPP in methanol at spin velocities rangi
from 1500 to 4000 rpm under ambient conditions. Th
method yields homogeneous amorphous films with a rep
ducible thickness. The film thickness is derived from t
absorbance, which is corrected for reflection using as ext
tion coefficienta53.73106 m21 at l5563 nm.37

A back contact is provided by a mercury droplet as d
scribed previously.32 Current vs voltage and capacitance
voltage ~Mott-Schottky! plots are recorded with an electro
chemical interface~Solartron, Model 1286! in combination
with a frequency-response analyzer~FRA! ~Solartron, Model
1255!. Photocurrent action spectra are recorded using
tungsten-halogen light source in combination with a mon
chromator. Intensity-modulated photocurrent spectrosc
~IMPS! spectra are recorded with the aid of a 2-mW gre
(l5543.5 nm) He:Ne laser modulated by a photoacou
modulator~Isomet 1205C-2! driven by the generator outpu
of the FRA. Additional bias light is provided by a 50-W
tungsten-halogen light source with a homogeneous inten
of 1000 W m22. As reference a fast Si photodiode~Ham-
mamatsu! is used, onto which a small fraction of the mod
lated light is directed. The photocurrent of the cell and t
reference are measured across a 50V precision resistance
and are identically amplified to eliminate phase shifts. Fr
the ratio of these signals, the phase shift and the rela
intensity of the ac photocurrent are derived, which yield a
mittance spectra for photocurrent generation. The admitta
Y(v) is defined asi ph(v)/eF(v) in which F~v! is the irra-
diation intensity in photons per second, which is a functi
of the modulation frequency and is composed of a dc and
ac part;i ph(v) is the generated photocurrent, which also h
dc and ac components.Y(v) is conveniently treated as
complex function: Y(v)5YReal(v)1 iY Imag(v) in which
YReal(v) represents the in-phase signal andYImag(v), repre-
sents the out-of-phase signal. In the limitv→0 there is no
phase shift;YImag(v50) is zero andYReal(v50) is the ex-
ternal quantum efficiency. The photocurrent admittan
Y(v) can be modeled with an electrical equivalent circu
which is a virtual electronic circuit with the same frequen
response as the system under study. Nonlinear least-squ
fitting is used to correlate the equivalent circuit to the IMP
spectra. Subsequently, time constants for the different p
cesses in the cells are extracted. It should be noted tha
the experiments are carried out under ambient conditio
which implies that an oxygen partial pressure of 0.2 bar
present.

RESULTS AND DISCUSSION

Current-voltage and capacitance-voltage plots

Current-voltage plots of an ITO/TiO2/ZnTCPP/Hg cell in
the dark and under 100 mW cm22 are shown in Fig. 3~a!. For
cells without a ZnTCPP film, the curves in the dark a
under irradiation are identical; the open-circuit photovolta
3-2
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HOLE TRANSPORT IN PORPHYRIN THIN FILMS PHYSICAL REVIEW B64 115323
FIG. 3. ~a! Current-voltage plots in the dark
and under white-light irradiation ~100
mW cm22!. ~b! Photocurrent action spectra of a
ITO/TiO2 ~200 nm!/ZnTCPP ~;32 nm!/Hg de-
vice ~dash!. For comparison the absorption spe
tra of a spin-coated sample on quartz~1 1 1!
and a 2-mM ZnTCPP solution in methanol~ !
are included. For clarity, the ZnTCPP methan
solution absorption spectrum below 450 nm is d
vided by 4. The extinction coefficient for the film
is normalized to the extinction coefficient of th
solution at the maximum of the largestQ band
~560 nm!.
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VOC and short circuit photocurrentsi SC are both zero.
ITO/TiO2/ZnTCPP/Hg cells, however, show aVOC of 0.7 V
and ani SC of 0.22 mA cm22. The fill factor is 0.25, which is
typical for organic photovoltaic cells.14 Using thinner
ZnTCPP films results in higher photocurrents, but simu
neouslyVOC decreases probably due to electrical shorts
has been observed before.38 Therefore, ;30-nm-thin
ZnTCPP films have been used. The photocurrent action s
trum resembles the attenuation spectrum of the spin-co
film, which is defined as 12I t /I o in which I t is the trans-
mitted light intensity andI o is the incident light intensity.
Since the optical density has a maximum of 0.3 the abso
tion and attenuation spectra are almost identical. In Fig. 3~b!
the photocurent action spectrum and the absorption spec
of the porphyrin films are compared. At wavelengths bel
400 nm, absorption by anatase TiO2 starts to contribute to the
photocurrent.

Impedance spectra in the dark are presented in Fig.~a!
and show distorted semicircles between 2 Hz and 200 k
They can be fitted to an equivalent circuit with a paral
resistor and a constant phase element~CPE! in series with a
second resistor. The impedance of a CPE isQ21( j v)2n; for
n50 it resembles a resistance and forn51 it resembles a
capacitance. Intermediate values ofn indicate dispersive
11532
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charging processes. The frequency response at 10 kHz
higher can be approximated by an equivalent circuit with
resistor and a capacitor connected in series. Figure~b!
shows the reciprocal of the square of the capacitance vs v
age~Mott-Schottky plots! at 10 kHz at different light inten-
sities. Three distinct regimes are observed of which only o
varies with the light intensity, as is further discussed belo

To interpret the impedance spectra and the Mott-Scho
plots, first a cell without the ZnTCPP layer is consider
~data not shown!. As has been previously reported,39 an
ITO/TiO2/Hg cell shows rectification due to the formation
a Schottky barrier upon contactingn-type TiO2 with mer-
cury. The C22 vs V plot of this cell shows two different
slopes, indicating the presence of a depleted region sp
across two different semiconductors. By applying Eq.~1!
two values for the product of the relative dielectric consta
and doping density («ND) are found, i.e., 2.431018 and
3.131020cm23, which are assigned to TiO2 and ITO, respec-
tively.

For ITO/TiO2/ZnTCPP/Hg devices three different slop
can be distinguished in the Mott-Schottky plot@Fig. 4~b!,
curve1#, and with the aid of Eq.~1!

$~«ANA!211~«BNB!21%21
3-3
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TOM J. SAVENIJE AND ALBERT GOOSSENS PHYSICAL REVIEW B64 115323
is found to be 1.031018, 1.831018, and 1.231020cm23 for
the three regimes. Upon applying white light, only one of t
three slopes, i.e., that between20.8 and20.3 V is affected,
indicating charging of the ZnTCPP film, since only this fil
absorbs visible light. Comparing the two other slopes w
those of the ITO/TiO2/Hg cells allows assignment of theC22

vs V slope between21.3 and21.0 V to the TiO2 film and
the slope between20.3 and 1.0 V to ITO. Substituting a
relative dielectric constant of 55 for TiO2 and 4.5 for
ZnTCPP~Ref. 40! yields ND52.031016cm23 for TiO2 and
NA54.031017cm23 for ZnTCPP. Estimating a density of
g cm23 for porphyrin thin films shows that in the depletio
region only 1 out of every 1000 molecules is oxidized. Fro
the direction of thei SC the sign ofVOC @Fig. 3~a!#, and the
Mott-Schottky plots@Fig. 4~b!#, ITO/TiO2/ZnTCPP/Hg cells
can be regarded asn1-n-p heterojunction devices with a
highly dopedn1-type ITO film, ann-doped TiO2 film, and a
p-doped ZnTCPP film.

The intercept of the Mott-Schottky plot with the potenti
axis equalsVbi , which is 1.3 V. This is close to the differenc
between the conduction band of the TiO2 ~4.1 eV vs vacuum!
and the ionization potential of ZnTCPP~5.3 eV vs vacuum!,8

FIG. 4. ~a! Electric impedance spectra of ITO/TiO2/ZnTCPP/Hg
cells between 2 Hz and 200 kHz with the real part of the impeda
Z8 on the horizontal axis and the imaginary partZ9 multiplied by
21 on the vertical axis.V50.5 V(n), V50 V(L), and V
520.3 V(s) without light. ~b! C22 vs V ~Mott-Schottky! plots
recorded at 10 kHz in the dark~n!, under 1%~L!, 10% ~s!, and
100% ~1! of 100-mW cm22 tungsten-halogen irradiation.
11532
h

which implies that the Fermi level of ZnTCPP films is lo
cated near the HOMO energy. The open-circuit voltage is
V @see Fig. 3~a!#, which shows that ITO/TiO2/ZnTCPP cells
do not reach the flat -band situation when 100 mW cm22

irradiation is applied. Since the porphyrin films are very th
a small back current flows, which precludes saturation
VOC. Applying thicker films reduces the back flow and giv
higher photovoltages, but the short-circuit current diminish
due to an increased film resistance.

A reversible change of the slope of the Mott-Schottky p
between20.8 and20.5 V upon illumination is observed
Substituting a dielectric constant of 4.5 in Eq.~1! the accep-
tor density is found to increase fromNA54.031017cm23 in
the dark toNA56.131017cm23 at 1%, 8.831017cm23 at
10%, and 1.331018cm23 at 100% irradiation intensity. This
increase is assigned to photodoping, as has been reporte
Nevin et al.38 In their investigations porphyrin layers ar
treated with I 2 vapor. Excitation of porphyrin stimulate
electron transfer from the LUMO toI 2 , yielding oxidized
porphyrin molecules, i.e., holes. Similar findings have be
reported for phthalocyanine films.41 In our films, holes are
probably formed due to electron transfer from photoexci
porphyrin to O2, which has redox properties comparable
I 2 . In the ground state, ZnTCPP is coordinated with O2 to
form a polarized complex that dissociates upon irradiati
i.e.,

~ZnTCPPd1
¯O2

d2!1energy→~ZnTCPP11O2
2!*

→ZnTCPP11O2
2.

The required energy can be provided by direct excitation
the complex or by energy transfer from neighboring exci
ZnTCPP molecules. Also electron transfer from ZnTCCP* to
the complex is possible. The created metastable cha
transfer state involves the presence of fixed negative cha
inside the film (O2

2), i.e., acceptors and accompanying ho
(ZnTCPP1). This type of photodoping explains the observ
changes in the Mott-Schottky plots due to irradiation.

The depletion widthWB in the porphyrin film is given by

wB5A2«0«B«ANA~V1Vbi!/eNB~«ANA1«BNB! ~2!

in which the subscriptsA are related to then-type TiO2 andB
to the p-type ZnTCPP, and a similar equation holds for t
depletion width in TiO2.

28 In the dark the depletion width in
TiO2 amounts to 480 nm ; accordingly 200-nm-thin films a
fully depleted at 0 V as is indeed observed@Fig. 4~b!#. For
ZnTCPP the depletion width atV50 V is 24 nm, which
shows that at this potential 32-nm films are almost co
pletely depleted, in accordance with the observations.
depletion width in ZnTCPP diminishes on illumination sin
NA increases. At 100-mW cm22 tungsten-halogen light,NA is
increased to 1.331018cm23, which corresponds to a deple
tion width atV50 V of 8.5 nm. Full depletion is not reache
at V50 V, which is in line with the observations@see Fig.
4~b!#.

e
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FIG. 5. Intensity-modulated photocurren
spectroscopy~IMPS! spectra ~1! of ITO/TiO2

~200 nm!/ZnTCPP~45 nm!/Hg cells with an ad-
ditional series resistorRs and without light atV
50 V. The fits of the equivalent circuit to the
IMPS spectra are excellent and are represen
by the solid lines drawn through the data poin
The fit parameters are collected in Table I. A 5
V resistor is used to measure the current.
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Intensity-modulated photocurrent spectroscopy

Figure 5 shows a series of IMPS between 2 Hz and
kHz. Two depressed semicircles are observed lying mainl
the fourth quadrant. When external resistancesRs are con-
nected in series with ITO/TiO2/ZnTCPP/Hg cells, the shap
of the IMPS spectra changes. The intercept with the horiz
tal YReal axis in Fig. 5 is related to the external quantu
efficiency and is not affected byRs . When the applied volt-
age is increased from20.3 to 0.6 V,YReal(v50) gradually
increases either with or without background irradiation~Fig.
6!. YReal(v50) reduces when background light is appli
due to enhanced recombination of light-induced charge
riers at higher light intensities. Furthermore, at low potenti
(Va,20.2 V) and low frequencies, a response in the fi
quadrant is observed, which is also related to charge-ca
recombination.34

In order to unravel the different processes that are
volved in ac photocurrent generation, IMPS spectra are m
eled with an equivalent circuit. Combinations of circuit el
ments are related to different physical processes in the c
The following processes must be considered:~i! charging of
the capacitor formed by the geometry of the cell,~ii ! trans-
port of holes through the ZnTCPP, and~iii ! recombination of
optically generated charge carriers. Since recombinatio
dominant only at low voltages and at low frequencies
11532
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discussion is focused on processes~i! and ~ii !. Two charac-
teristic time constantst1 and t2 are involved, one for the
geometrical capacitance and one for hole transport. Acco
ingly, the IMPS spectra are fitted to an equivalent circ
consisting of two subcircuits in series. Each subcircuit co
sists of a parallel connection of a resistor and a CPE. T
values for the different elements are collected in Tables I
II and the fits are shown in Figs. 5 and 6 as solid lin
through the data points. The characteristic time constants
calculated usingt5RQ(1/n) and are included in Tables I an
II.

One of the CPE’s behaves as a true capacitance, i.en
'1, and correlates to the geometrical capacitance. IM
spectra of cells with an extra series resistorRs show two time
constantst1 andt2 , which are collected in Table I and plot
ted as a function ofRs in Fig. 7. Q1 is determined by the
geometry of the cell andR1 by the resistance of the ITO plu
the external resistor;t1 is the RC time of the cell. By con-
necting a resistor in series to the cell, the associatedRC time
should increase linearly as is indeed observed~Fig. 7!. The
intercept with theRs axis is close to zero, which shows th
the internal resistance of the cells is small.

The second CPE in Table I has a phase factorn that varies
between 0.43 and 0.68, which is typical for diffusionlik
processes. Hole transport from the TiO2/ZnTCPP interface
3-5
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FIG. 6. IMPS spectra~1! of ITO/TiO2 ~200
nm!/ZnTCPP ~45 nm!/Hg cells with applied
bias voltages in the dark~left! and with
100-mW cm22 irradiation ~right!. The fits of the
equivalent circuit to the IMPS spectra are exce
lent and are represented by the solid lines dra
through the data points. The fit parameters a
collected in Table II. A 100V resistor is used to
measure the current.
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across the porphyrin film to the metal back contact is as
ciated with this CPE element. The correspondingt2 in Fig. 7
shows a decrease by more than two orders of magni
upon increasingRs . Accordingly, a higher series resistan
11532
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de

yields faster hole transport. This is surprising, since the p
tocurrent admittance at low frequencies~the external quan-
tum efficiency! does not correlate strongly with the extern
series resistance. Figure 8 showst1 andt2 as a function of
gh

TABLE I. Fit parameters for IMPS spectra using different series resistorsRs , whereR1 and Q1 are

associated with the geometry of the cell, andR2 andC2 are associated with the transport of holes throu
ZnTCPP films.

Rs

~V!
R1

~V!
Q1

(31025) n1

R2

~V! Q2 n2

x2

(31024)

100 1831023 5.1 1 0.068 0.45 0.43 4.1
200 4331023 3.6 1 0.16 0.18 0.47 4.0
500 0.11 2.7 1 0.35 0.08 0.44 2.7
1 000 0.21 2.8 1 0.61 0.041 0.46 3.0
2 000 0.63 1.9 1 1.39 0.014 0.5 2.7
5 000 2.0 1.5 1 3.1 0.004 0.57 2.2
10 000 4.8 1.2 1 5.4 0.0017 0.64 2.2
20 000 10 1.1 1 9.2 0.0011 0.68 1.2
3-6
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TABLE II. Fit parameters for IMPS spectra recorded at different applied bias voltages with 100 mW22

tungsten-halogen light and in the dark.

Va

~V!
R1

~mV! Q1 n1

R2

~mV! Q2 n2

x2

(31024)

Light background
0.6 13 0.000 31 0.94 45 0.081 0.68 13.5
0.3 11 0.000 405 0.95 46 0.082 0.7 10
0 8.3 0.000 52 0.95 22 0.066 0.74 8.4
20.15 5.3 0.000 4 0.99 2.6 0.077 0.75 2.8
20.3 4.6 0.000 34 1 3.2 0.041 0.61 4.6

Dark background
0.6 14 0.000 2 0.99 56 1.15 0.51 20
0.3 13 0.000 37 0.93 61 0.87 0.53 16
0 8.3 0.000 41 0.96 39 1.07 0.53 8.4
20.15 6.6 0.000 41 0.97 2.6 0.11 0.82 3.2
20.3 6.9 0.000 29 0.99 2.2 0.17 0.46 4.9
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the bias voltage. Charging the cell is associated witht1 ,
being the product of the series resistance and the geome
capacitance. This time constant is a property of the dev
and is only little affected by the potential or by backgrou
irradiation~see Fig. 4!. The second time constantt2 is inde-
pendent of potential between 0.0 and 0.6 V. Hole transp
through the 32-nm ZnTCPP film takes about 70 ms irresp
tive of the presence of an electrical field. Even an inter
electric field of approximately 0.2 MV/cm does not speed
the transport of holes. It is clear that diffusion rather th
drift determines hole transport through 32-nm porphy
films, in agreement with the observed phase factorn
5;0.5. In contrast, a small forward bias reducest2 by two
orders of magnitude. Similar observations have been m
with time-resolved photocurrent measurements at differ
applied potentials.17,18,23 Furthermore, when background i
lumination is applied,t2 also reduces by two orders of ma
nitude when a reserse bias between 0 and 0.6 V is app
Irradiation has much lesser effect ont2 when a forward bias
is applied.

Trap-assisted hole diffusion

Application of a small forward-bias voltage imposes hu
differences in transit timet2 . This behavior is also reporte

FIG. 7. Dependence of time constants associated with char
of the cell ~geometricalRC time!, t1(s), and the transit time,
t2(1), as a function of the externally connected series resistan
11532
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for electron transport in nanoporous anatase T2

electrodes10 and is related to the capacity of these electrod
to store electrons. With a small forward bias, deep elect
traps are filled that allow the electrons to hop along shall
traps, which reduce the transit time.42 Here a similar situa-
tion exists. The ZnTCPP film is a collection of porphyr
molecules randomly distributed in the amorphous film. T
central zinc atoms can have different ligands such as a w
and oxygen. The energy level of the HOMO is modulated
these local distortions. Energetic fluctuation of the HOM
can be envisaged as a hole trap since holes captured in
energy states are relatively immobile. An estimation for t
amount of energetic disorder can be obtained by compa
the absorption spectrum of dissolved porphyrin molecules~2
mM! with that of the films. The absorption spectrum of th
solution resembles that of porphyrin monomers.8 In Fig. 3~b!
these two absorption spectra are shown. The absorption s
trum of ZnTCPP on quartz is broadened and shows a
shift of approximately 25 nm. This is indicative for the pre
ence of intermolecular interactions in amorphous films.43The
onset of the lowest absorption band shifts from 625 to 6
nm, which corresponds to an energy difference of 76 m

ng

e.

FIG. 8. Dependence of time constants associated with the ch
ing of the cell,t1(s), and with the transit time,t2(h), as a func-
tion of the applied bias; in the dark~filled markers! and in the
presence of additional bias light~open markers!.
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In the cells, excitons are dissociated at the TiO2/ZnTCPP
interface. The holes remain in ZnTCPP and diffuse slow
via traps towards the back contact. With a forward bias
band bending in the ZnTCPP film is reduced. In the spa
charge region the Fermi level is lowered towards the HOM
which fills up deep energy states with holes. Hole transp
now takes place via the shallow traps, which speed up
diffusion process significantly. This process is schematic
shown in Fig. 9, which represents the situation under ze
bias voltage~short circuit! and when a forward-bias voltag
is applied.

When light shines onto the TiO2/ZnTCPP films, the ac-
ceptor density increases by a factor of 3@see Fig. 4~b!#,
which is accompanied by a strong reduction of the tran
time ~Fig. 8!. The concept of photoinduced electron trans
from excited porphyrin to oxygen has been discussed ab
and it is this type of charging that also explains the enhan
hole mobility. Generation of immobile negative charge
accompanied by an increase of the hole concentration
maintain local charge neutrality. By shining light, the ba
bending in ZnTCPP is reduced and the~quasi-! Fermi-energy
level shifts down towards the HOMO. Deep hole traps
filled, which speeds up hole diffusion through the film. Irr
diating the sample is electronically almost equivalent to
plying a forward bias. In both cases the band bending
reduced and the Fermi level shifts down towards the HOM
Moreover, by shining light the acceptor density in ZnTC
increased by a factor of 3, which gives a small additio
shift of the Fermi level. Accordingly, Fig. 9 can also serve
illustrate the effect of irradiation.

Assuming that hole transport is governed by diffusion,
transit time can be used to calculate the diffusion coeffici
D via

FIG. 9. Schematic presentation of the trap-filling statistics a
function of the applied bias voltage. Applying a forward bias
duces the band bending, which leads to filling of deep hole trap
the space-charge region. Under irradiation photodoping occurs
to electron transfer from photoexcited ZnTCPP molecules to inc
porated oxygen. An increase in the acceptor densityNA is the result.
The ~quasi-! Fermi level moves towards the HOMO and again de
hole traps become filled.
11532
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6t2
, ~3!

wherel is the thickness of the film. In the dark at zero bia
D57310211cm2 s21, which increases to D52
31027 cm2 s21 when either forward bias or background i
radiation is applied. The lower value agrees well with ele
tric and electrochemical measurements on similar porph
thin films.16,21,26,44

CONCLUSIONS

ITO/TiO2/ZnTCPP/Hg cells can be described asn1-n-p
heterojunction as follows fromi -V andC-V measurements
Without optical irradiation, the donor density of TiO2 is ND

5231016cm23 and the acceptor density of ZnTCPP isNA

54.031017cm23. By applying background light,NA in-
creases to 1.331018cm23. The increase ofNA is due to elec-
tron transfer from photoexcited porphyrin molecules to
corporated oxygen. Accordingly, the depletion region ins
the porphyrin films is controlled by the applied potential a
by the presence of light. In the present study, experime
have been performed in air, i.e., an oxygen partial pressur
0.2 bar. Since oxygen acts as dopant, practical dev
should be prepared in well-controlled conditions to impro
their reliability. This, however, lies beyond the scope of t
present study.

IMPS spectra indicate that the transport of holes is
governed by the electric field, since the transit time is ins
sitive to the applied reverse bias but is driven by diffusio
Applying either a forward potential or background light, th
transit time reduces more than two orders of magnitude. T
reduction is caused by a shift of the~quasi-! Fermi level
towards the HOMO. Deep hole traps are filled and hole m
gration occurs via shallow traps, which speeds up hole
gration significantly.

The hole traps originate from local fluctuations in th
HOMO levels caused by random distribution of porphyr
molecules in amorphous films. The presence of deep trap
detrimental for fast hole conduction and must be avoided.
increase of the hole diffusivity from 7310211 to
231027 cm2 s21 is realized by applying a forward bia
or by shining light. Mobilities of the order of
531024 cm2 V21 s21 have been found for columnar stack
of porphyrins,20 which demonstrates that in this class of m
terials, fast charge carrier transport is, in principle, feasib
Molecular self-assembly is therefore a prerequisite wh
high mobilities are desired, as is the case in organic s
cells.
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