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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~10' cm™2 for electropolymerized ZnTHOPP films amel10'° cm™3 for spin-coated HTMPYP 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 electrod¢§0163-1829(97)05516-1]

I. INTRODUCTION stretches out across the depletion region, in contrast with the
interface model where efficient photoinduced charge separa-
Organic dye molecules have recently gained interest ation solely takes place at the interface of both organic dyes.
building blocks for optoelectronic devices, due to their Recently, however, the role of the depletion region in or-
chemical and electronic properties and high optical absorpdanic heterojunctions was reconsidetddince the contribu-
tion. In this field of application, dyes have been mainly usedion of the exciton diffusion length in the-n model is not
as sensitizers for oxiditnanocrystallinesemiconductofs’  Yet clear.
or as active components in heterojunction photo&sfig. The formation of a depletion layer for molecular semicon-
Previously, we reported the formation of a heterojunctionductors has been demonstrated using impedance measure-
consisting of two types of porphyrin layers, of which one ments on Schottky barrier systems, consisting of a porphy-
(the electron dongris characterized by a low ionization po- inlike compound-metal contaét-*°Such experiments have
tential and the othefthe electron acceptoby a high elec- shown that a well-behaved Schotkky barrier is formed upon
tron affinity. Upon illumination, photoinduced charge sepa-contacting the porphyrinlike material with, e.g., aluminum.
ration between both layers, followed by electron transporin this work we demonstrate the presence of a depletion layer

through the nonphotoactive bulk layer, results in a unidirecPetween two types of organic layers, using impedance mea-
tional photocurrent and an open circuit Vo|tagécv) of surements. A combination of this band model with the inter-

~05 V8 face model based on the photocurrent action measurements

Several mechanisms have been proposed for the phot§an explain the observed photovoltaic properties.
voltaic effect in organic heterojunctions. One model is based
on t_he finding that the photovol'_[aic effect occurs entirely at Il. EXPERIMENTAL DETAILS
the interface between an organic dye and a second dye or a
semiconductor. Then mainly the interfacial kinetics for Zinc tetra (hydroxyphenyl)porphyrin (ZnTHOPP) Fig.
charge separation and recombination mainly control the effil) polymer films on ITO substrates were made by electro
ciency of the cell. Since the charge separation takes place ablymerization as previously publishd.he free base tetra
the interface, an extended internal electric field apin (methyl-pyridinium) porphyrin (H,TMPyP) layer (Fig. 1)
junctions is not require? was applied by spin coating at 3000 rpm a $0nol solution

In an alternative model the organic dyes are assumed tm methanol onto the ZnTHOPP/ITO substrate. The samples
form band structures similar to those in inorganic semiconwere dried at 100 °C for 30 min, stored in sealed vessels and
ductors. Depending on the nature of the dyes or additionatept in the dark.
doping, the organic layer hasm or p-type character. Upon The film thickness was measured by step profil{bgk-
contacting of am- and p-type layer, a depletion region is tak 3030)mechanically made grooves in the film. UV-Vis
formed, where an exciton dissociates into free charge carrie@bsorption spectra of the porphyrin films were recorded us-
by the internal electric field® The presence of a depletion ing a Cary ® spectrophotometefvarian Associatesand
region was invoked to explain the relatively large generateaorrected for reflection by using a diffuse reflectance sphere.
photocurrenf~12?1The photoactive zone in this band model ~ The electrical top contact of the cell consists of a mercury
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= I11. RESULTS

: = H . . . .
= kR \ / As previously showf,porphyrins equipped with four hy-
droxy groups, i.e., zinc tetrgd-hydroxy) phenyl porphyrin
Zn (ZNnTHOPP) Fig. 1), can be electropolymerized efficiently
on ITO substrates. By changing the number of cyclic voltage
—\. scans, the thickness of the porphyrin films can be controlled
\ _
2H

between several nm and at least 100%im.

First, the photoelectric characteristics of single porphyrin
films on ITO substrates were examined to check whether a
Schottky barrier was formed at the porphyrin/electrodes in-
terfaces. Details of the different investigated junctions are
presented in Table I. Figurg@® shows the dark/V charac-
teristics of ITO/ZnTHOPP/Hg cells, differing in layer thick-
ness. Upon illumination no significant short-circuit photocur-
rent (isc<1 nA) or V(<10 mV) is observed.
drop, connected to the sensing electrode, with an effective Figures 2(bjand 2(c)show the impedance plot atl and
area(A) of 0.78mn? integrated in a metal housiffigFor 1 v, which can be fitted with an equivalent circuit consisting
(photo)current mea;urements we used a potentiostat Autolagf 5 capacitance@) parallel to a resistanceR(,) in series
PGstat10(Ecochemie)controlled by GPES3 softwar@€co-  wijth a resistance Rs). Table Il collects the fit results to
chemie)in combination with a 150-W xenon light source these impedance plots. Since already at an analyzing fre-
(Spectral Energyand a monochromator GM 28&pectral  quency of 10 kHz the current througR, cannot be ne-
Energy). The complex impedances were recorded in the dardjlected[Figs. 2(b)and 2(c)], the dependence 6f on the

using a frequency response analy@olartron model 1255) applied potential Y,) was calculated using an equivalent
combined with an electrochemical interfa@olartron model  jrcyit, consisting of onlyR, andC, from

1286).
For analyzing the potential-dependent capacities, we

M
I R=
M:

FIG. 1. Molecular structures of porphyring) M=2Zn, zinc
tetra (4-hydroxyphenyl)porphyrin (ZnTHOPP) and (ii)) M=2H,
tetra (4-methyl pyridinium)porphyrin (HTMPyP).

made use of the Schottky equati@h. In the presence of a -Z"
depletion layer, the concentration of ionized impurities in the C= W[(Z) 2+ (2N’ (2

space charge regioNg) and the built-in potential\(z,) can

be determined froff whereZ’ andZ” are the real and imaginary components of

the impedance. The Mott-Schottky plot C& vs V,) is
shown in Fig. 2(c).
1 2 For an ITOH,TMPyP(d=25 nm/Hg cell, thei/V plot
o= (m) (VatVa), @ and the Mott-Schottky plot are shown in Figa3 Although
the i/V curves are strongly asymmetric, mg; or Ve is
observed upon illumination. Figurgl8 shows the complex
whereC is the capacitances the electronic charge;, the  impedance spectrum &,=0 V, including a fit. In Fig. 3(a)
relative dielectric constang, the permitivity of free space, the intercept of the tangent to the steep part withxhaxis
andV, the applied potential. yields Vg, =0.35 V for this cell. FoiV,>Vg, the impedance
Fermi energy levels were estimated by making use of glot deviates from a semicircle, and for fitting the data points
Kelvin probe technique. This technique is a noncontaca diffusion-limiting element has to be introduced in the
method to determine the potential difference between the Agquivalent circuitdata not shown).
reference electrode and the sample. For these measurementsA cell containing a heterojunction double layer in the con-
we used an electrostatic voltmei@rek 320B)with a high-  figuration ITO/ZnTHOPP (18 nm)/4TMPyP/Hg, shows a
sensitivity probe(model 3250). clearly asymmetrié/V plot [Fig. 4(a)]. Note that contrary to

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

d? Epn’ Nq
Cell Outer diameter layer vs NHE Er (vs vacuum) 10718
ITO/or/Hg (\ in nm) (nm) V) (eVv) C (nF) (cm™3) €°
ZnTHOPP 0.084 18 0.85 5.3 1.6 4.2
(564)
H,TMPyP 0.095 25 ~1.5 4.7 32
(529)
ZnTHOPP/HTMPyP 18 1.4 0.31 3.8

&Thickness ofp-type layer.
bAnodic peak potential from Ref. 4BNHE denotes normalized hydrogen electrade.
Calculated using Eq4) for ZnTHOPP layer.
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FIG. 2. Electrical characteristics of ITO/ZnTHOPP/Hg celks)
dark currentvs V, for cells with layer thickness of 18 nifbottom),
15, 8.7 nm, and 2.7 nnitop), and the Mott-Schottky plot+)
(1/C? vs V,) at 10 kHz for a cell with an 18-nm porphyrin layer;
impedance spectrum ) V,=—1V and(c) V,= — 1V including
a fit to the model described in the text.

an ITO/H,TMPyP/Hg cell,where a forward bias is applied,
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2000 B FIG. 3. Electrical characteristics of an ITO/FMPyP
= (25nm)/Hg cell: (a) current(+) and 1/G (O) at 10 kHz vsV,;
g 4000 L (b) impedance spectra &,=0V including a fit to the model de-
= scribed in the text.

N 6000 - -
-8000 -] L the H,TMPyP to the ZnTHOPP. The Mott-Schottky plot at
10 kHz shows a voltage-dependent capafhig. 4(a)], and

the complex impedance pl¢Fig. 4(b)]at V,=0V repre-
sents again a partial semicircle.

Figure 5 shows th&/V curves under illumination and in
the dark for an ITO/ZnTHOPP/HMPYP/Hg cell. The pho-
tocurrent is anodic a¥,=0 V, indicating that the direction
of electron transport is from ZnTHOPP to,FAMPyP. The
generated photocurrenit,f) atV,=0V depends on the light
intensity |y asipelg, with m=0.7-0.85. In Fig. 5(ajhe
intercept of the tangent to the steep part with thexis
yields Vg,=—0.58 V for this porphyrin heterojunction. The
maximum recorde® oc, however, is smaller, i.e50.42 V

when the Hg electrode is positive with respect to ITO, now a(Fig. 5).

forward bias applies to the Hg electrode negative with re-

Figures 6(a)and 6(c) show the absorption spectra of

spect to ITO. This implies that under forward conditionsITO/ZnTHOPP/HTMPYP/Hg cells in the region between
electrons flow from the Hg electrode to the ITO, i.e., from 500 and 700 nm with different thicknesses of both individual

TABLE II. Results from fitting the dispersion spectygg<2.8x10" 2 for all fits.

Cell V, d? Re Rp C
ITO/org/Hg V) (nm) (kQ) Q) (nF)
ZnTHOPP -1.0 18 0.02 8 K 1.6(0.96)
ZnTHOPP 1.0 18 0.04 17 K 1.50.96)
H,TMPyP 0.0 25 0.1 0.3 ml 63(0.92)
ZnTHOPP/HTMPYP® 0.7 18 0.1 0.7 ml 2.80.94)

&Thickness ofp-type layer.
bApproximate thickness 5 nm.
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FIG. 4. Electrical characteristics of an ITO/ZnTHOPP N B
(18 nm/H,TMPyP/Hg cell:(a) dark curreni+) and 1/G(O) at 10 =TTy =
kHz vsV,; the inset shows the current on a logarithmic scé; 015 000 3
impedance spectra at,=0.7 V including a fit to the model de- . d
scribed in the text. i/ 0.10
&)
. : £
layers. Figures ®) and d) present the corresponding pho-
tocurrent action spectra at,=0V. The photocurrent re- 0.05+
sponse is expressed as the incident photon to current conver-
sion efficiency(IPCE) by 0.00 | |
500 550 600 650 700
i Wavelength (nm)
h
IPCE=-""100%, 3) . .
elg FIG. 6. Absorption spectré), (c) and short-circuifaction spec-

. . . tra expressed as the IPC{®), (d) of various ITO/ZnTHOPP/
wheree is the_eleCt_rSmC charge arlg the number of inci- H,TMPyP/Hg cells with different thickness of the organic layers.
dent photons s-cm % A_S a result of considerable overlap Thickness of the ZnTHOPP layer: 6.4 n(dashed line), 11 nm
between the absorption spectra of ZnTHOPP andsgjiq jine) 18 nm (dotted line); thickness of JTMPyP layer:
H,TMPYP, the porphyrin layers cannot be excited sepaig) (b): 5 nm(c),(d) 19 nm.
rately. However, comparing the absorption spectra with the
photocurrent action spectra, it can be seen that both Iaye@ve rise to a photocurrent, considering the presence of pro-
nounced ZnTHOPP and,AIMPyP Q bands at 565 and 520
nm, respectively, in the action spectrum. Increasing the
thickness of either the ZnTHOPP layer or the TMPyP
layer or both results in a decrease of the photocurrent.

The Fermi energy Kg) levels of ZnTHOPP and
H,TMPyP are collected in Table |. For ZnTHOPE,
~5.3 eV, close to the value predicted by the oxidation po-
tential of the porphyrin monomer in solutiénThe Fermi
level of the HTMPyP layer at 4.7 eV indicates that it is
positioned halfway in the energy band gap.

1.0 A

0.5+

0.0

i (pA)

0.5+

-1.0

|
.10 08 06 -04 02 00 02 04
v, ) 1V. DISCUSSION
lllumination of cells consisting of two porphyrin layers

FIG. 5. i/V plots of an ITO/ZnTHOPP (15 niH,TMPyP/Hg  With appropriate redoxpotentials on top of each other results
cell with an effective area of 0.78 nfunder illumination with  in a photoinduced unidirectional charge separation. By con-
13 m W cmi 2 at 440 nm(O) and in the dark+). trast, separate layers do not show a photovoltaic resgbnse.
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As already mentioned, two different models, i.e., the forma-Again, the 1/C vs V, plot shows two different slopes, yield-
tion of a space charge region as in a conventigiial junc-  ing &,Ny=1.2x10®¥ cm 2 and &,Ng~1x107° cm 3, re-

tion and the interfacial model, have been proposed to despectively. Since we expect an-type barrier at the
scribe the cell characteristics. First, we discuss the presen¢g,TMPyP/Hg interface and an Ohmic contact at the ITO/
of possible barriers between both organic layers and/or beznTHOPP interface, the only possibility to explain these
tween one of the organic layers and the electrodes usingharacteristics is the formation of a barrier between both por-

impedance spectroscopy. phyrin layers. Based on the forward big® V and the ex-
ponential dependence of the dark current on the applied po-
A. Impedance measurements tential, we conclude that the ZnTHOPBMHMPYP binary

For the ITO/ZnTHOPP/Hg cells the dark current dependdayer acts as @a/n heterojunction. This is consistent with the
on V, with |i|_|V,|%, with k=2.8—-3.3. Furthermore, de- Fermi energy levels of 5.3 and 4.7 eV for the ZnTHOPP and
creasing the thickness of the organic layer results in a norH2TMPYP layers, respectively.
linear increase of the dark current. These results including Since both porphyrin layers are chemically different and
the almost-constant capacitance of the cell in the appliethave been deposited by different methodls, and to a
potential region are a strong indication of a space-chargesmaller extent, are expected to be different for both layers.
limited current® The capacitance at 10 kHz is found to be From the measurements on ITQEMPYP/Hg cells,Ny is
almost voltage independent. This observation and the almosistimated to be=10'° cm®. Therefore we ascribe the capac-
symmetricali/V curves strongly indicate that no barriers areity change in the potential range0.58 to —0.23 V (Fig. 4)
present at either interface. The capacitance is thus geometty the increasing depletion of the ZnTHOPP layer. Above

cally determined. Using —0.23 V the complete ZnTHOPP layer is depleted.\At
=-0.23V the capacity of the ITO/ZnTHOPP/
goe A H,TMPyP/Hg cell is found to be 1.4 nfig. 4), and using
~Ta (4) Eq. (6), €, is calculated to be 3.8, close to its independently

determined value for an ITO/ZnTHOPP/Hg cell. Using Eq.

the relativedielectric constant, of the porphyrin layer can (1), we find N;=3.1x10'" cm™2 for the ZnTHOPP layer.
be determined, wher is cell area and the layer thickness. Upon the formation of a ZNnTHOPP/AMPYP hetero-
For a ZnTHOPP layer we find,~4.2, similar toe, values junction, the ZnTHOPP layer is fully depleted ;=0 V,
reported for thin films of phthalocyaninés. even for a ZnTHOPP layer with the largest thickngss

In contrast with the above findings, an ITO/ nm). So far there have been several reports of relatively large
H,TMPyP/Hg cell exhibits a potential-dependent capacitancelepletion regions for organic systenis40 nm)23-25:29.30
and an asymmetri¢/V curve (Fig. 3). The Mott-Schottky but these barriers were formed upon contacting an organic
plot resembles that of a melat-insulator-semiconductor-likematerial with a metal with a low work function, i.e., alumi-
(MIS-like) structure. In the potential range of 0.2—-0.35 V, num. By contrast, we assign the formation of the observed
the current shows Schottky barrier behav#This indicates space charge region to the contact op-aand n-type por-
the existence of an-type band bending for electrons in the phyrin layer.
porphyrin layer at the ;TMPyP/Hg interface or g-type Several authorfd*? correlated the ionization potentials of
band bending at the ITOHAMPYP interface. The Kelvin various phthalocyanines in thin films to their redoxpotentials
probe measurements indicate, however, thattgpe contact using He | photoelectron specifidPS). From these studies it
at the ITO(Er=5.2 eV), HLTMPyYP (Er=4.7 eV) interface  turned out that molecular materials with the highest occupied
is energetically not feasible. molecular orbitalfHOMO's) at <6.3 eV vs vacuum behave

Using Eq.(1), the produck, Ny was determined from the asp-type materials, whereas materials with HOMO energies
1/C? vs V, plot (Fig. 3). For an ITO/HTMPyP/Hg cell this =6.5 eV vs vacuum behave astype materials. Upon com-
plot exhibits two regions with different slopes. Since parison of the redoxpotentials of these films with those of the
,(IT0)=8.9 andNy>10?° cm 2 for this kind of ITO?’  porphyrin films in this work, we conclude that our results are
e/Ng>8.9x107%cm 3. The value of gNy=4.5 consistent with g-type character of the ZnTHOPP and an
x 107t cm™3 determined from the slope of@f in the poten-  n-type character of a JTMPyP layer(Table ).
tial region 0.0 to—0.4 V thus indicates a band bending inthe  n-type behavior of porphyrins with pyridyl substituents
ITO substrate. The slope in the potential range between 0.3&milar to H,TMPyP has been proposed previodsfi# based
and 0.2 V yieldse,Ny=4.0x10?° cm~3, which applies to oni/V curves and electrochemical measurements. Naturally
the porphyrin layer. Such an interpretation for very thinoccurring defects in layers consisting of porphyrins equipped
semiconductor layers sandwiched between metallike contactsith pyridyl groups have been suggested as the source of an
has been reported previougfy.Since the spin-coating excess electrons. By contrast, the interaction of oxygen
method does not produce homogeneous layers, pinholes cawnith porphyrins with a low oxidation potential, such as
not be excluded. Therefore systematic variation of the filmznTHOPP, is expected to produce an excess of Hiles;
thickness could not be used for further analysis of these MISsulting in p-type behavior. Note that all Mott-Schottky plots
like structures. have been recorded at 10 kHz, five orders of magnitude

An ITO/ZnTHOPP/HTMPYP/Hg cell exhibits also a higher than used by a number of other wotks2®where low
potential-dependent capacitance and an asymniétfiplot,  analyzing frequencies had to be applied, presumably due to
but now the currents at a forward bias appear at negativethe extremely low mobility of the charge carriers in these
applied potentials, in contrast to an ITQIHMPyYP/Hg cell.  materials.
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Upon illumination of the cell the values of the compo- i CB ! :
nents ofthe equivalent circuit€, Rg, andR, do not change '\' CB
significantly. This indicates that the rate constant for recom- i E¢ \—’
bination of photogenerated electron-hole pairs is fast com- ITO ‘"\"‘:;'_; Hg
pared to the analyzing frequency of 10 kHz. ' VB!

: i VB |

B. Photoelectric measurements

To obtain more evidence for an adequate model, applying ZnTHOPP Hp TMPyP
to the porphyrin heterojunctions we also measured their pho- p-type  n-type
toelectric properties. By changing the individual thicknesses,
the extent and nature of the photoactive region of the junc- FIG. 7. Energy band diagram for an ITO/ZnTHOPP/
tion can be determineld.For this purpose absorption spectra H2TMPyP/Hg cellin the dark.
and photocurrent action spectra of the junctions are com-

pared. These conclusions are confirmed by calculations based on
All action spectra of ITO/ZNnTHOPPAIMPYP/Hg cells e Onsager theord; 2 which predicts that in a homoge-
atV,=0V contain contributions of both thg ZnTHOPP and j,gqus organic layer with a low value ef photoinduced
H,TMPyP Iayers(s_ee Sec. ). A stepwise increase of the charge separation into free electrons and holes does not oc-
ZnTHOPP layer thickness up to a factor 3 decreases the ph%’ur due to strong Coulombic interaction. This is in contrast

;O(iaucrtrri?rt{ ErL]j;_f‘lf(;i;/:(ﬂSFiths SGTg)p:ngf Gt?g)]pr]lﬁgg:giint t?::'oﬂ/ith inorganic semiconductors, where electrons in the con-
p gs. i 9 duction band can have diffusion lengths of several microme-

H,TMPyP layer by more than threefold also results in a Iow-,[erS or moré?2

ering of the photocurrent, in addition to a slight change in the It take int i Its f ind dent optical
photocurrent action spectrum at short wavelengths. Since the we take Into account results from independent optica

mercury back contact is expected to reflect the transmitte§Udi€S On porphyrin heterodimers with similar redox poten-
light efficiently, the BTMPYP layer acts as a filter, resulting tials In a medium with low dplectnc constattt,efficient
in the observed small change in the photocurrent action spenotoinduced charge separation can also be expected at the
trum. interface between both porphyrin layers in the heterojunc-
So far, we have assumed that the investigated photodiodén- Since at the interface of the heterojunction both types of
is ideal, i.e.,Rg;— andRs—O0. It is known, however, that POrphyrins are in close contact with each other, structures
electropolymerized porphyrin films have low Similar to heterodimers as in solution can be formed. The
conductivities?®*>%6|n addition, there may be photoconduc- pPresence of these interfacial species is confirmed by the re-
tion, contributing to the photocurrent action spectdfiff ~ semblance of the heterojunction photocurrent action spec-
From the different slopes of thiéV curve at different light trum and the absorption spectrum of ZnTHOPF/MPyP
intensities, it can be conclud@dthat photoconduction in- heterodimers.
deed occurs. Comparing the different action speffigs. Following charge separation the photogenerated electron-
6(b) and 6(d)], the contribution of the photoconduction to thehole pair at the interface can recombine to the ground state or
action spectra can only be relatively small, however, sincdy consecutive dissociation separate into free charge carriers,
the action spectra do not show significant changes, if th@ventually leading to charge collection by the electrodes. In

thickness of the individual layers is varied. an organic film withe,~4.5 and thus a relatively large Cou-
The above-mentioned results can be interpreted as folombic attraction between electrons and héfespnsecutive
lows. dissociation of the electron-hole pair competes with recom-

The finding that an increase of the layer thicknémsd  bination to the ground state. However, the internal electric
thus of the depletion thicknesproduces a lower photocur- field present in the depletion layer causes the photoinduced
rent could be caused by the high resistivity of the organiccharge carriers generated at the interface to drift to the elec-
material, overshadowing the increase of the photocurrentrodes, resulting in charge collection.

However, the photocurrent action spectfg. 6) demon- The resulting energy diagram for the investigated hetero-
strate that the relative contributions of both layers do nofunctions is shown in Fig. 7. The energy gaps of 2.0 and 1.8
change upon increasing of the layer thickness of either one &V for ZnTHOPP and HTMPyP, respectively, correspond
of both layers. This implies that the photoactive part of theto the lowestSy-S, excitation energy. The valence band en-
cell must be relatively narrow and independent of the layeergies at 5.4 and 6.0 eV for ZnTHOPP andTMPyP are
thickness. Therefore we conclude that charge separation otelated to their respective oxidation potentidlszrom the
curs entirely at the interface of both porphyrin layers. Atimpedance measurements we conclude thapthgpe layer
increasing thickness the photocurrent is lowered as a resufind to a smaller extent thetype layer are in depletion. At

of the filter effect of the nonphotoactive bulk material and bythe interface different energy steps in the valence and con-
the increasing Ohmic resistance. duction bands are present. Whereas th@MPyP/Hg inter-

This implies that in the organic bulk layer possible pro-face shows am-type band bending, the ZnTHOPP/ITO in-
duction of electron and holes by optical excitation of theterface forms an Ohmic contact.
material is expected to be followed by fast recombination. Summarizing, the discussion, we suggest that a combina-
On the other hand, optical excitation of the interface maytion of the p/n and the interface models as described in the
lead to effective photoinduced charge separation and eventlatroduction and Fig. 7 adequately explains porphyrin het-
ally to a photocurrent. erojunctions.
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Regarding the heterojunction interface as being built from V. CONCLUSIONS
ZnTHOPP/HTMPyP heterodimerwiith similar geometry as . : .
in solutiorf® photoinduced charge separation in these dimeri| A heterojunction conS|st|ng of a ZnTHOPP gnd a
results in the creation of a dipole with=17 D, if both 2TMPyYP Ia){er forms ad.epletllon layer upon contacting and
molecules are considered as point charges. Upon applying &1 P€ described asgn junction, analogously to that for
electric field of 1.5¢10° V cm ™%, along the axis of the di- norganic semiconductors. From Mott-Schottky plots the
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pole, typical for our junction, the ion pair energy is lowered 90Ping concentration is of the order 0f 10" cm* for
by at most 5.2 meV. Since the energy step in the conductioAnTHOPP layers and~10'®cm™® for H,TMPYP layers.
band is almost one order of magnitude higher, the presenceince the photocurrent action spectra are independent of in-
of an electric field of the above-mentioned size does noglividual layer thickness, we conclude that photoinduced
noticeably affect the efficiency for charge separation at theharge separation is confined to the interface of both porphy-
interface. In addition, biasing the cell as for th& plot of  rin layers.
Fig. 5 is thus not expected to influence the efficiency for The internal electric field in the depleted bulk layers
charge separation. However, the net electric field over theauses the photoinduced charged carriers at the interface to
cell increases the drift of the charge carriers, thus controllinglrift to the electrodes, leading to charge collection. The pho-
the ratio between the rates of charge transport through th@voltaic characteristics of the junction can be adequately

bulk layers of both types of porphyrins and electron-holedescribed by combining p/n and an interface model.
recombination.

Improvement of this kind of heterojunction cells can be
achieved by reducing the cell thickness, thereby diminishing
the optical filter effect and the resistance of the bulk material.
The efficiency, however, remains limited by the optical ab- This investigation was supported by the Netherlands
sorption of the interface of both organic layers. So far, exciFoundation for Chemical Resear@BON) with financial aid
ton diffusion within the bulk layers has not been taken intoof the Netherlands Organization for Scientific Research
account. Although the exciton diffusion length cannot easily(NWO). The authors wish to thank C.H.M. Maréor Ruth-
be obtained experimentally, its increase may greatly enhanaerford backscattering measurements and Dr. B. A. Boukamp
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