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Photogeneration and transport of charge carriers in a porphyrin p/n heterojunction
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Using impedance spectroscopy, the formation of a depletion layer is demonstrated upon contacting two films
of different types of porphyrins. This depletion layer can be described in the same way as in a conventional
p/n heterojunction of inorganic semiconductors. From Mott-Schottky plots the doping concentration is found
to be'1017 cm23 for electropolymerized ZnTHOPP films and'1019 cm23 for spin-coated H2TMPyP films.
Since the photocurrent action spectra are independent of the thickness of either of the layers, we conclude that
charge separation and thus the photoactive part of the cell are confined to the interface of both layers. For
charge collection, consecutive dissociation of the electron-hole pair competes with charge recombination. The
internal field over the space charge layer causes the photoinduced charge carriers generated at the interface to
drift through the bulk layer to the electrodes.@S0163-1829~97!05516-1#
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I. INTRODUCTION

Organic dye molecules have recently gained interes
building blocks for optoelectronic devices, due to th
chemical and electronic properties and high optical abso
tion. In this field of application, dyes have been mainly us
as sensitizers for oxidic~nanocrystalline! semiconductors1–7

or as active components in heterojunction photocells.8–19

Previously, we reported the formation of a heterojuncti
consisting of two types of porphyrin layers, of which on
~the electron donor! is characterized by a low ionization po
tential and the other~the electron acceptor! by a high elec-
tron affinity. Upon illumination, photoinduced charge sep
ration between both layers, followed by electron transp
through the nonphotoactive bulk layer, results in a unidir
tional photocurrent and an open circuit voltage~OCV! of
'0.5 V.8

Several mechanisms have been proposed for the ph
voltaic effect in organic heterojunctions. One model is ba
on the finding that the photovoltaic effect occurs entirely
the interface between an organic dye and a second dye
semiconductor. Then mainly the interfacial kinetics f
charge separation and recombination mainly control the e
ciency of the cell. Since the charge separation takes plac
the interface, an extended internal electric field as inp-n
junctions is not required.1,2

In an alternative model the organic dyes are assume
form band structures similar to those in inorganic semic
ductors. Depending on the nature of the dyes or additio
doping, the organic layer has an- or p-type character. Upon
contacting of ann- and p-type layer, a depletion region i
formed, where an exciton dissociates into free charge car
by the internal electric field.20 The presence of a depletio
region was invoked to explain the relatively large genera
photocurrent.9–12,21The photoactive zone in this band mod
550163-1829/97/55~15!/9685~8!/$10.00
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stretches out across the depletion region, in contrast with
interface model where efficient photoinduced charge sep
tion solely takes place at the interface of both organic dy
Recently, however, the role of the depletion region in
ganic heterojunctions was reconsidered,13 since the contribu-
tion of the exciton diffusion length in thep-n model is not
yet clear.

The formation of a depletion layer for molecular semico
ductors has been demonstrated using impedance mea
ments on Schottky barrier systems, consisting of a porp
rinlike compound-metal contact.23–25Such experiments hav
shown that a well-behaved Schotkky barrier is formed up
contacting the porphyrinlike material with, e.g., aluminum
In this work we demonstrate the presence of a depletion la
between two types of organic layers, using impedance m
surements. A combination of this band model with the int
face model based on the photocurrent action measurem
can explain the observed photovoltaic properties.

II. EXPERIMENTAL DETAILS

Zinc tetra ~hydroxyphenyl! porphyrin ~ZnTHOPP! ~Fig.
1! polymer films on ITO substrates were made by elec
polymerization as previously published.8 The free base tetra
~methyl-pyridinium! porphyrin ~H2TMPyP! layer ~Fig. 1!
was applied by spin coating at 3000 rpm a 1023 mol solution
in methanol onto the ZnTHOPP/ITO substrate. The samp
were dried at 100 °C for 30 min, stored in sealed vessels
kept in the dark.

The film thickness was measured by step profiling~Dek-
tak 3030! mechanically made grooves in the film. UV-Vi
absorption spectra of the porphyrin films were recorded
ing a Cary 5e spectrophotometer~Varian Associates! and
corrected for reflection by using a diffuse reflectance sph

The electrical top contact of the cell consists of a merc
9685 © 1997 The American Physical Society
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9686 55TOM J. SAVENIJEet al.
drop, connected to the sensing electrode, with an effec
area ~A! of 0.78 mm2 integrated in a metal housing.8 For
~photo! current measurements we used a potentiostat Aut
PGstat10~Ecochemie! controlled by GPES3 software~Eco-
chemie! in combination with a 150-W xenon light sourc
~Spectral Energy! and a monochromator GM 252~Spectral
Energy!. The complex impedances were recorded in the d
using a frequency response analyzer~Solartron model 1255!
combined with an electrochemical interface~Solartron model
1286!.

For analyzing the potential-dependent capacities,
made use of the Schottky equation~1!. In the presence of a
depletion layer, the concentration of ionized impurities in t
space charge region (Nd) and the built-in potential (VBI) can
be determined from22

1

C2 5S 2

e« r«0Nd
D ~Va1VBI!, ~1!

whereC is the capacitance,e the electronic charge,« r the
relative dielectric constant,«0 the permitivity of free space
andVa the applied potential.

Fermi energy levels were estimated by making use o
Kelvin probe technique. This technique is a noncont
method to determine the potential difference between the
reference electrode and the sample. For these measurem
we used an electrostatic voltmeter~Trek 320B! with a high-
sensitivity probe~model 3250!.

FIG. 1. Molecular structures of porphyrins:~i! M5Zn, zinc
tetra ~4-hydroxyphenyl! porphyrin ~ZnTHOPP! and ~ii ! M52H,
tetra ~4-methyl pyridinium! porphyrin (H2TMPyP).
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III. RESULTS

As previously shown,8 porphyrins equipped with four hy
droxy groups, i.e., zinc tetra~4-hydroxy! phenyl porphyrin
~ZnTHOPP! ~Fig. 1!, can be electropolymerized efficientl
on ITO substrates. By changing the number of cyclic volta
scans, the thickness of the porphyrin films can be contro
between several nm and at least 100 nm.26

First, the photoelectric characteristics of single porphy
films on ITO substrates were examined to check whethe
Schottky barrier was formed at the porphyrin/electrodes
terfaces. Details of the different investigated junctions
presented in Table I. Figure 2~a! shows the darki /V charac-
teristics of ITO/ZnTHOPP/Hg cells, differing in layer thick
ness. Upon illumination no significant short-circuit photocu
rent (iSC,1 nA) or VOC(,10 mV) is observed.

Figures 2~b! and 2~c! show the impedance plot at21 and
1 V, which can be fitted with an equivalent circuit consistin
of a capacitance (C) parallel to a resistance (Rp) in series
with a resistance (RS). Table II collects the fit results to
these impedance plots. Since already at an analyzing
quency of 10 kHz the current throughRp cannot be ne-
glected@Figs. 2~b! and 2~c!#, the dependence ofC on the
applied potential (Va) was calculated using an equivale
circuit, consisting of onlyRp andC, from

C5
2Z9

v@~Z8!21~Z9!2#
, ~2!

whereZ8 andZ9 are the real and imaginary components
the impedance. The Mott-Schottky plot (1/C2 vs Va! is
shown in Fig. 2~c!.

For an ITO/H2TMPyP(d525 nm/Hg cell, thei /V plot
and the Mott-Schottky plot are shown in Fig. 3~a!. Although
the i /V curves are strongly asymmetric, noiSC or VOC is
observed upon illumination. Figure 3~b! shows the complex
impedance spectrum atVa50 V, including a fit. In Fig. 3~a!
the intercept of the tangent to the steep part with thex axis
yieldsVBI50.35 V for this cell. ForVa.VBI the impedance
plot deviates from a semicircle, and for fitting the data poi
a diffusion-limiting element has to be introduced in th
equivalent circuit~data not shown!.

A cell containing a heterojunction double layer in the co
figuration ITO/ZnTHOPP (18 nm!/H2TMPyP/Hg, shows a
clearly asymmetrici /V plot @Fig. 4~a!#. Note that contrary to
2

TABLE I. Characteristics of the different cells measured in this work.

Cell
ITO/or/Hg

Outer diameter
~l in nm!

da

layer
~nm!

EPA
b

vs NHE
~V!

EF ~vs vacuum!
~eV! C (nF)

Nd

10218

(cm23) e r
c

ZnTHOPP 0.084 18 0.85 5.3 1.6 4.
~564!

H2TMPyP 0.095 25 '1.5 4.7 32
~529!

ZnTHOPP/H2TMPyP 18 1.4 0.31 3.8

aThickness ofp-type layer.
bAnodic peak potential from Ref. 43.~NHE denotes normalized hydrogen electrode.!
cCalculated using Eq.~4! for ZnTHOPP layer.
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55 9687PHOTOGENERATION AND TRANSPORT OF CHARGE . . .
an ITO/H2TMPyP/Hg cell, where a forward bias is applie
when the Hg electrode is positive with respect to ITO, now
forward bias applies to the Hg electrode negative with
spect to ITO. This implies that under forward conditio
electrons flow from the Hg electrode to the ITO, i.e., fro

FIG. 2. Electrical characteristics of ITO/ZnTHOPP/Hg cells:~a!
dark current vsVa for cells with layer thickness of 18 nm~bottom!,
15, 8.7 nm, and 2.7 nm~top!, and the Mott-Schottky plot~1!
(1/C2 vs Va! at 10 kHz for a cell with an 18-nm porphyrin laye
impedance spectrum at~b! Va521 V and~c! Va521V including
a fit to the model described in the text.
a
-

the H2TMPyP to the ZnTHOPP. The Mott-Schottky plot at
10 kHz shows a voltage-dependent capacity@Fig. 4~a!#, and
the complex impedance plot@Fig. 4~b!# at Va50 V repre-
sents again a partial semicircle.

Figure 5 shows thei /V curves under illumination and in
the dark for an ITO/ZnTHOPP/H2TMPyP/Hg cell. The pho-
tocurrent is anodic atVa50 V, indicating that the direction
of electron transport is from ZnTHOPP to H2TMPyP. The
generated photocurrent (i ph) atVa50 V depends on the light
intensity I 0 as i ph̀ I 0

m, with m50.7–0.85. In Fig. 5~a! the
intercept of the tangent to the steep part with thex axis
yieldsVBI520.58 V for this porphyrin heterojunction. The
maximum recordedVOC, however, is smaller, i.e.,20.42 V
~Fig. 5!.

Figures 6~a! and 6~c! show the absorption spectra of
ITO/ZnTHOPP/H2TMPyP/Hg cells in the region between
500 and 700 nm with different thicknesses of both individua

FIG. 3. Electrical characteristics of an ITO/H2TMPyP
(25 nm!/Hg cell: ~a! current~1! and 1/C2 (s) at 10 kHz vsVa ;
~b! impedance spectra atVa50 V including a fit to the model de-
scribed in the text.
TABLE II. Results from fitting the dispersion spectra.x2,2.831023 for all fits.

Cell
ITO/org/Hg

Va

~V!
da

~nm!
Rs

~kV!
Rp

~V!
C

~nF!

ZnTHOPP 21.0 18 0.02 8 K 1.6~0.96!
ZnTHOPP 1.0 18 0.04 17 K 1.5~0.96!
H2TMPyP 0.0 25 0.1 0.3 ml 63~0.92!
ZnTHOPP/H2TMPyP

b 0.7 18 0.1 0.7 ml 2.8~0.94!

aThickness ofp-type layer.
bApproximate thickness 5 nm.
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9688 55TOM J. SAVENIJEet al.
layers. Figures 6~b! and 6~d! present the corresponding ph
tocurrent action spectra atVa50 V. The photocurrent re-
sponse is expressed as the incident photon to current con
sion efficiency~IPCE! by

IPCE5
i ph
eI0

100%, ~3!

wheree is the electronic charge andI 0 the number of inci-
dent photons s21 cm22. As a result of considerable overla
between the absorption spectra of ZnTHOPP a
H2TMPyP, the porphyrin layers cannot be excited se
rately. However, comparing the absorption spectra with
photocurrent action spectra, it can be seen that both la

FIG. 4. Electrical characteristics of an ITO/ZnTHOP
~18 nm!/H2TMPyP/Hg cell:~a! dark current~1! and 1/C2(s) at 10
kHz vsVa ; the inset shows the current on a logarithmic scale;~b!
impedance spectra atVa50.7 V including a fit to the model de
scribed in the text.

FIG. 5. i /V plots of an ITO/ZnTHOPP (15 nm!/H2TMPyP/Hg
cell with an effective area of 0.78 mm2 under illumination with
13 m W cm22 at 440 nm~s! and in the dark~1!.
er-

d
-
e
rsgive rise to a photocurrent, considering the presence of p
nounced ZnTHOPP and H2TMPyPQ bands at 565 and 520
nm, respectively, in the action spectrum. Increasing
thickness of either the ZnTHOPP layer or the H2TMPyP
layer or both results in a decrease of the photocurrent.

The Fermi energy (EF) levels of ZnTHOPP and
H2TMPyP are collected in Table I. For ZnTHOPP,EF
'5.3 eV, close to the value predicted by the oxidation p
tential of the porphyrin monomer in solution.8 The Fermi
level of the H2TMPyP layer at 4.7 eV indicates that it i
positioned halfway in the energy band gap.

IV. DISCUSSION

Illumination of cells consisting of two porphyrin layer
with appropriate redoxpotentials on top of each other res
in a photoinduced unidirectional charge separation. By c
trast, separate layers do not show a photovoltaic respon8

FIG. 6. Absorption spectra~a!, ~c! and short-circuit action spec
tra expressed as the IPCE~b!, ~d! of various ITO/ZnTHOPP/
H2TMPyP/Hg cells with different thickness of the organic layer
Thickness of the ZnTHOPP layer: 6.4 nm~dashed line!, 11 nm
~solid line! 18 nm ~dotted line!; thickness of H2TMPyP layer:
~a!,~b!: 5 nm, ~c!,~d! 19 nm.



a

d
en
b
sin

d
-
o
in
lie
rg
e
o
re
e

.

/
nc

lik
V,

e

e

e
0.

in
ac

c
lm
IS

tiv

-

O/
se
or-

po-

e
nd

nd

s.

c-

ve

/

tly
q.

rge

nic
i-
ved

f
als
t
ied

ies
-
the
re
n

ts

ally
ed
f an
n
s

s
de

e to
se

55 9689PHOTOGENERATION AND TRANSPORT OF CHARGE . . .
As already mentioned, two different models, i.e., the form
tion of a space charge region as in a conventionalp/n junc-
tion and the interfacial model, have been proposed to
scribe the cell characteristics. First, we discuss the pres
of possible barriers between both organic layers and/or
tween one of the organic layers and the electrodes u
impedance spectroscopy.

A. Impedance measurements

For the ITO/ZnTHOPP/Hg cells the dark current depen
on Va with u i u;uVauk, with k52.8–3.3. Furthermore, de
creasing the thickness of the organic layer results in a n
linear increase of the dark current. These results includ
the almost-constant capacitance of the cell in the app
potential region are a strong indication of a space-cha
limited current.22 The capacitance at 10 kHz is found to b
almost voltage independent. This observation and the alm
symmetricali /V curves strongly indicate that no barriers a
present at either interface. The capacitance is thus geom
cally determined. Using

C5
«0« rA

d
, ~4!

the relative dielectric constant« r of the porphyrin layer can
be determined, whereA is cell area andd the layer thickness
For a ZnTHOPP layer we find« r'4.2, similar to« r values
reported for thin films of phthalocyanines.20

In contrast with the above findings, an ITO
H2TMPyP/Hg cell exhibits a potential-dependent capacita
and an asymmetrici /V curve ~Fig. 3!. The Mott-Schottky
plot resembles that of a melat-insulator-semiconductor-
~MIS-like! structure. In the potential range of 0.2–0.35
the current shows Schottky barrier behavior.22 This indicates
the existence of ann-type band bending for electrons in th
porphyrin layer at the H2TMPyP/Hg interface or ap-type
band bending at the ITO/H2TMPyP interface. The Kelvin
probe measurements indicate, however, that ap-type contact
at the ITO~EF55.2 eV), H2TMPyP (EF54.7 eV) interface
is energetically not feasible.

Using Eq.~1!, the product« rNd was determined from the
1/C2 vs Va plot ~Fig. 3!. For an ITO/H2TMPyP/Hg cell this
plot exhibits two regions with different slopes. Sinc
« r~ITO!58.9 andNd.1020 cm23 for this kind of ITO,27

« rNd.8.931020 cm23. The value of « rNd54.5
31021 cm23 determined from the slope of 1/C2 in the poten-
tial region 0.0 to20.4 V thus indicates a band bending in th
ITO substrate. The slope in the potential range between
and 0.2 V yields« rNd54.031020 cm23, which applies to
the porphyrin layer. Such an interpretation for very th
semiconductor layers sandwiched between metallike cont
has been reported previously.28 Since the spin-coating
method does not produce homogeneous layers, pinholes
not be excluded. Therefore systematic variation of the fi
thickness could not be used for further analysis of these M
like structures.

An ITO/ZnTHOPP/H2TMPyP/Hg cell exhibits also a
potential-dependent capacitance and an asymmetrici /V plot,
but now the currents at a forward bias appear at nega
applied potentials, in contrast to an ITO/H2TMPyP/Hg cell.
-
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Again, the 1/C2 vsVa plot shows two different slopes, yield
ing « rNd51.231018 cm23 and « rNd'131020 cm23, re-
spectively. Since we expect ann-type barrier at the
H2TMPyP/Hg interface and an Ohmic contact at the IT
ZnTHOPP interface, the only possibility to explain the
characteristics is the formation of a barrier between both p
phyrin layers. Based on the forward bias,0 V and the ex-
ponential dependence of the dark current on the applied
tential, we conclude that the ZnTHOPP/H2TMPyP binary
layer acts as ap/n heterojunction. This is consistent with th
Fermi energy levels of 5.3 and 4.7 eV for the ZnTHOPP a
H2TMPyP layers, respectively.

Since both porphyrin layers are chemically different a
have been deposited by different methods,Nd and to a
smaller extent« r are expected to be different for both layer
From the measurements on ITO/H2TMPyP/Hg cells,Nd is
estimated to be'1019 cm3. Therefore we ascribe the capa
ity change in the potential range20.58 to20.23 V ~Fig. 4!
to the increasing depletion of the ZnTHOPP layer. Abo
20.23 V the complete ZnTHOPP layer is depleted. AtVa

520.23 V the capacity of the ITO/ZnTHOPP
H2TMPyP/Hg cell is found to be 1.4 nF~Fig. 4!, and using
Eq. ~6!, « r is calculated to be 3.8, close to its independen
determined value for an ITO/ZnTHOPP/Hg cell. Using E
~1!, we findNd53.131017 cm23 for the ZnTHOPP layer.

Upon the formation of a ZnTHOPP/H2TMPyP hetero-
junction, the ZnTHOPP layer is fully depleted atVa50 V,
even for a ZnTHOPP layer with the largest thickness~18
nm!. So far there have been several reports of relatively la
depletion regions for organic systems~.40 nm!,23–25,29,30

but these barriers were formed upon contacting an orga
material with a metal with a low work function, i.e., alum
num. By contrast, we assign the formation of the obser
space charge region to the contact of ap- and n-type por-
phyrin layer.

Several authors31,32 correlated the ionization potentials o
various phthalocyanines in thin films to their redoxpotenti
using He I photoelectron spectra~UPS!. From these studies i
turned out that molecular materials with the highest occup
molecular orbitals~HOMO’s! at<6.3 eV vs vacuum behave
asp-type materials, whereas materials with HOMO energ
>6.5 eV vs vacuum behave asn-type materials. Upon com
parison of the redoxpotentials of these films with those of
porphyrin films in this work, we conclude that our results a
consistent with ap-type character of the ZnTHOPP and a
n-type character of a H2TMPyP layer~Table I!.

n-type behavior of porphyrins with pyridyl substituen
similar to H2TMPyP has been proposed previously33,34based
on i /V curves and electrochemical measurements. Natur
occurring defects in layers consisting of porphyrins equipp
with pyridyl groups have been suggested as the source o
excess electrons.33 By contrast, the interaction of oxyge
with porphyrins with a low oxidation potential, such a
ZnTHOPP, is expected to produce an excess of holes,20 re-
sulting inp-type behavior. Note that all Mott-Schottky plot
have been recorded at 10 kHz, five orders of magnitu
higher than used by a number of other works,23–25where low
analyzing frequencies had to be applied, presumably du
the extremely low mobility of the charge carriers in the
materials.
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Upon illumination of the cell the values of the comp
nents of the equivalent circuitsC, Rs , andRp do not change
significantly. This indicates that the rate constant for reco
bination of photogenerated electron-hole pairs is fast co
pared to the analyzing frequency of 10 kHz.

B. Photoelectric measurements

To obtain more evidence for an adequate model, apply
to the porphyrin heterojunctions we also measured their p
toelectric properties. By changing the individual thickness
the extent and nature of the photoactive region of the ju
tion can be determined.11 For this purpose absorption spect
and photocurrent action spectra of the junctions are c
pared.

All action spectra of ITO/ZnTHOPP/H2TMPyP/Hg cells
at Va50 V contain contributions of both the ZnTHOPP an
H2TMPyP layers~see Sec. III!. A stepwise increase of th
ZnTHOPP layer thickness up to a factor 3 decreases the
tocurrent, but leaves the shape of the photocurrent ac
spectrum unaffected@Figs. 6~b! and 6~d!#. Increasing the
H2TMPyP layer by more than threefold also results in a lo
ering of the photocurrent, in addition to a slight change in
photocurrent action spectrum at short wavelengths. Since
mercury back contact is expected to reflect the transmi
light efficiently, the H2TMPyP layer acts as a filter, resultin
in the observed small change in the photocurrent action s
trum.

So far, we have assumed that the investigated photod
is ideal, i.e.,Rsh→` andRs→0. It is known, however, tha
electropolymerized porphyrin films have lo
conductivities.26,35,36In addition, there may be photocondu
tion, contributing to the photocurrent action spectrum.20,26

From the different slopes of thei /V curve at different light
intensities, it can be concluded22 that photoconduction in-
deed occurs. Comparing the different action spectra@Figs.
6~b! and 6~d!#, the contribution of the photoconduction to th
action spectra can only be relatively small, however, si
the action spectra do not show significant changes, if
thickness of the individual layers is varied.

The above-mentioned results can be interpreted as
lows.

The finding that an increase of the layer thickness~and
thus of the depletion thickness! produces a lower photocur
rent could be caused by the high resistivity of the orga
material, overshadowing the increase of the photocurr
However, the photocurrent action spectra~Fig. 6! demon-
strate that the relative contributions of both layers do
change upon increasing of the layer thickness of either on
of both layers. This implies that the photoactive part of t
cell must be relatively narrow and independent of the la
thickness. Therefore we conclude that charge separation
curs entirely at the interface of both porphyrin layers.
increasing thickness the photocurrent is lowered as a re
of the filter effect of the nonphotoactive bulk material and
the increasing Ohmic resistance.

This implies that in the organic bulk layer possible pr
duction of electron and holes by optical excitation of t
material is expected to be followed by fast recombinati
On the other hand, optical excitation of the interface m
lead to effective photoinduced charge separation and eve
ally to a photocurrent.
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These conclusions are confirmed by calculations base
the Onsager theory,37–39 which predicts that in a homoge
neous organic layer with a low value of« r photoinduced
charge separation into free electrons and holes does no
cur due to strong Coulombic interaction. This is in contra
with inorganic semiconductors, where electrons in the c
duction band can have diffusion lengths of several microm
ters or more.22

If we take into account results from independent opti
studies on porphyrin heterodimers with similar redox pote
tials in a medium with low dielectric constant,40 efficient
photoinduced charge separation can also be expected a
interface between both porphyrin layers in the heteroju
tion. Since at the interface of the heterojunction both types
porphyrins are in close contact with each other, structu
similar to heterodimers as in solution can be formed. T
presence of these interfacial species is confirmed by the
semblance of the heterojunction photocurrent action sp
trum and the absorption spectrum of ZnTHOPP/H2TMPyP
heterodimers.8

Following charge separation the photogenerated elect
hole pair at the interface can recombine to the ground stat
by consecutive dissociation separate into free charge carr
eventually leading to charge collection by the electrodes
an organic film with« r'4.5 and thus a relatively large Cou
lombic attraction between electrons and holes,41 consecutive
dissociation of the electron-hole pair competes with reco
bination to the ground state. However, the internal elec
field present in the depletion layer causes the photoindu
charge carriers generated at the interface to drift to the e
trodes, resulting in charge collection.

The resulting energy diagram for the investigated hete
junctions is shown in Fig. 7. The energy gaps of 2.0 and
eV for ZnTHOPP and H2TMPyP, respectively, correspon
to the lowestS0-S1 excitation energy. The valence band e
ergies at 5.4 and 6.0 eV for ZnTHOPP and H2TMPyP are
related to their respective oxidation potentials.20 From the
impedance measurements we conclude that thep-type layer
and to a smaller extent then-type layer are in depletion. A
the interface different energy steps in the valence and c
duction bands are present. Whereas the H2TMPyP/Hg inter-
face shows ann-type band bending, the ZnTHOPP/ITO in
terface forms an Ohmic contact.

Summarizing, the discussion, we suggest that a comb
tion of thep/n and the interface models as described in
Introduction and Fig. 7 adequately explains porphyrin h
erojunctions.

FIG. 7. Energy band diagram for an ITO/ZnTHOP
H2TMPyP/Hg cell in the dark.
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55 9691PHOTOGENERATION AND TRANSPORT OF CHARGE . . .
Regarding the heterojunction interface as being built fr
ZnTHOPP/H2TMPyP heterodimers with similar geometry a
in solution40 photoinduced charge separation in these dim
results in the creation of a dipole withm517 D, if both
molecules are considered as point charges. Upon applyin
electric field of 1.53105 V cm21, along the axis of the di-
pole, typical for our junction, the ion pair energy is lower
by at most 5.2 meV. Since the energy step in the conduc
band is almost one order of magnitude higher, the prese
of an electric field of the above-mentioned size does
noticeably affect the efficiency for charge separation at
interface. In addition, biasing the cell as for thei /V plot of
Fig. 5 is thus not expected to influence the efficiency
charge separation. However, the net electric field over
cell increases the drift of the charge carriers, thus control
the ratio between the rates of charge transport through
bulk layers of both types of porphyrins and electron-h
recombination.

Improvement of this kind of heterojunction cells can
achieved by reducing the cell thickness, thereby diminish
the optical filter effect and the resistance of the bulk mater
The efficiency, however, remains limited by the optical a
sorption of the interface of both organic layers. So far, ex
ton diffusion within the bulk layers has not been taken in
account. Although the exciton diffusion length cannot eas
be obtained experimentally, its increase may greatly enha
the photocurrent.13,42
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V. CONCLUSIONS

A heterojunction consisting of a ZnTHOPP and
H2TMPyP layer forms a depletion layer upon contacting a
can be described as ap/n junction, analogously to that fo
inorganic semiconductors. From Mott-Schottky plots t
doping concentration is of the order of'1017 cm23 for
ZnTHOPP layers and'1019 cm23 for H2TMPyP layers.
Since the photocurrent action spectra are independent o
dividual layer thickness, we conclude that photoinduc
charge separation is confined to the interface of both porp
rin layers.

The internal electric field in the depleted bulk laye
causes the photoinduced charged carriers at the interfa
drift to the electrodes, leading to charge collection. The p
tovoltaic characteristics of the junction can be adequa
described by combining ap/n and an interface model.
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