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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 anatagdilTi® are
coated with an amorphous thin film of zinc-té#acarboxyphenylporphyrin (ZnTCPB molecules acting as
sensitizer. Optical excitation of the porphyrin stimulates the injection of electrons into the conduction band of
TiO,. The remaining holes migrate towards the back electrode where they are collected. Current-voltage and
capacitance-voltage analysis reveal that the,TRWTCPP system can be regarded asap heterojunction,
with a donor density ofNp=2.0x10"%cm™2 for TiO, and an acceptor density,=4.0x10"cm 2 for
ZnTCPP films. The acceptor density in porphyrin films increases tex 108 cm™2 upon irradiation with
100-mW cm 2 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 onlx 20" *cn?s L. 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 210" cn?s™ L,
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INTRODUCTION are forced to adapt a specific orientation. Other factors are

the presence of impurities or imperfections, like grain bound-

Although sensitization of wide band-gap semiconductorgdries, which are introduced during deposition of the film.

with dye molecules, like porphyrines and phthalocyaninesElectrodeless microwave techniques reveal high mobilities in

has been studied extensively in the pasfundamental as- Well-ordered stacks of porphyrins. In current-voltage and

pects of sensitization are still an important research topic. Arg?"f"r?f'ﬂ'?hitnt\?clcn'c‘ﬂlljesai2‘)'? mlgfr?,l\tllornhO\I/ern? rgiﬁtcroscoplc
efficient (~10%) solar cell based on sensitization of FjO C2'S:2NC€ IS INvolved feading 1o a lower no'e Mobiity.

has been realized by O'Regan and @eh in 19912 They The presence of a strong internal electric field in the or-

) o . A ganic film may also affect the charge-transport properties. In
used nanoporous Trpgra_ftgd It vv_|th_ruthen_lun{blpyrldyl) a heterostructure of p-type organic dye and amtype ma-
complexes, and soaked it in an iodine/iodide redox electro

. . ferial, a region depleted of mobile charge carriers is created
lyte. To enhance the operating stability and ease of produGegyting in a built-in electric field. In the presence of such a

tion, replacement of the liquid electrolyte in these cells is aryepletion layer, the doping concentrations and the built-in
important issué~’ Therefore, one may consider a combined potentialV,; can be derived fror®

function of the dye molecules: as sensitizer and as hole-
transport medium. This requires a sensitizer in which strong 1 271
optical absorption and a high hole mobility are combined. C? eg,leaNy eNp

Here porphyrin thin films are investigated to explore whether . . .
this requirement can be fulfilled. whereC is the capacitance perire the electronic charge,

; - " the permitivity of free spaces,,ep the dielectric con-
Not only ruthenium complexes are efficient sensitizers for> b y Pacesa.ee

, . o ! stants of then-type andp-type materialsN,, Ng the dopin
TiO, with quantum efficiencies reaching unitput also por-  jendities of- grr:d p—ty;?e )r/rrl)aterials, angl/Athe prlied sol'?-
phyrins with specific side groups can be uﬁeﬂ.UlFraVIol_et age. For organic films the presence of a depletion region has
photoelectron spectroscoffy and  electrochemicdt™>™*® 1oy qemonstrated by impedance spectrostoi?>2The
studies show that porphyrin films can often be regarded agternal electric field contributes to suppress recombination
p-type semiconductors. Despite numerous studies focusingf injected electrons in Ti@ with holes in the highest-
on this issué**~*"hole transport in molecular thin films is occupied molecular orbiti HOMO) of the dye molecule by
not well understood. For porphyrins and related molecules, accelerating their separation.
large discrepancy exists between the reported mobilities de- In the present investigations, smooth anatase, Tilhs
rived from current-voltagéh?>® time-of-flight*~*®22and  deposited on tin-doped indium oxid&O) glass are covered
microwave-conductivity measuremertsSome of the differ- with a thin fim of dye molecules, i.e., zinc-tetda
ences can be related to the different side groups of the porarboxyphenyl porphyrin (ZnTCPP, Fig. 1, which is a
phyrins used in the different studies, by which the moleculestable and efficient sensiti?éf and forms macroscopically

)(V+Vbi)a @
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HOOC COOH vapor deposition to yield smooth and transparent layers as
described previousRf Onto these substrates, films of zinc-
tetrakig4, -carboxyphenylporphyrin (ZnTCPP, Fig. 1 with
varying thicknesses are applied by spin coating from a 1-mM
solution of ZnTCPP in methanol at spin velocities ranging
from 1500 to 4000 rpm under ambient conditions. This
method yields homogeneous amorphous films with a repro-
ducible thickness. The film thickness is derived from the
absorbance, which is corrected for reflection using as extinc-
tion coefficienta=3.7x10° m™* at A =563 nm?’
A back contact is provided by a mercury droplet as de-
HOOC COOH scribed previousl§? Current vs voltage and capacitance vs
voltage (Mott-Schottky plots are recorded with an electro-
FIG. 1. Molecular structure of zinc-tetrakiscarboxyphenyl  chemical interfaceSolartron, Model 1286in combination
porphyrin (ZnTCPB. with a frequency-response analyZzERA) (Solartron, Model
1255. Photocurrent action spectra are recorded using a
homogeneous amorphous films when using the spin-coatingingsten-halogen light source in combination with a mono-
technique. From optical and electrochemical chromator. Intensity-modulated photocurrent spectroscopy
measurements? the relevant energy levels of anatase JiO (IMPS) spectra are recorded with the aid of a 2-mW green
and porphyrin films have been derived and are shown in Figih =543.5nm) He:Ne laser modulated by a photoacoustic
2. Since the studied films are relatively thin, incident photonsmodulator(Isomet 1205C-Rdriven by the generator output
are absorbed throughout the film. However, previous studiesf the FRA. Additional bias light is provided by a 50-W
of heterostructures with amorphous dye films have showrungsten-halogen light source with a homogeneous intensity
that only molecules in close proximity to the interface con-of 1000 W ni % As reference a fast Si photodiodelam-
tribute to the photocurrert:3**=33This implies that excitons mamatsiiis used, onto which a small fraction of the modu-
are not able to migrate over large distarléédand only Jated light is directed. The photocurrent of the cell and the
those created near the interface between, B@d ZnTCPP reference are measured across a(b@recision resistance
dissociate into a conduction-band electron and a hole in thand are identically amplified to eliminate phase shifts. From
HOMO of ZnTCPP. the ratio of these signals, the phase shift and the relative
Eludication of hole transport in ZnTCPP thin films is the intensity of the ac photocurrent are derived, which yield ad-
subject of the present paper and is a key issue in variougittance spectra for photocurrent generation. The admittance
types of organic solid-state devices. To examine whether ¥ (w) is defined as,(»)/e®(w) in which ®(w) is the irra-
depletion layer is formed upon contactingtype anatase diation intensity in photons per second, which is a function
TiO, with a p-type ZnTCPP, impedance spectroscopy is ap-of the modulation frequency and is composed of a dc and an
plied. To establish how the built-in electric field affects theac part;i ,,(w) is the generated photocurrent, which also has
transport of the holes in ZnTCPP films, the transit time isdc and ac component¥.(w) is conveniently treated as a
determined ~ using intensity-modulated  photocurrenicomplex function: Y(w)=Ygea(®) +iY maf®) in which
spectroscopy*® Yrea(®) represents the in-phase signal afigl,f w), repre-
sents the out-of-phase signal. In the limit-0 there is no
phase shift)Y|n,@=0) is zero andYge,(w=0) is the ex-
ternal quantum efficiency. The photocurrent admittance
Thin films (~200 nnm of anatase Ti@Qare deposited on Y(w) can be modeled with an electrical equivalent circuit,
ITO (30 Q/square, Glastronusing metal-organic chemical- which is a virtual electronic circuit with the same frequency
response as the system under study. Nonlinear least-squares
TO,  ZnTCPP TO,  ZniCPP fitting is used to correlate the equivalent circuit to the IMPS
spectra. Subsequently, time constants for the different pro-

EXPERIMENTAL ASPECTS

E cesses in the cells are extracted. It should be noted that all
3 3.0 7 \\C\mm\ S, —_—3 the experiments are carried out under ambient conditions,
— | 404 Ec v which implies that an oxygen partial pressure of 0.2 bar is
> i resent.
% 50 - — So Vo So P
c 6.0 —
w -

7.0 -
/7777777777 E_/ RESULTS AND DISCUSSION
E, Y Current-voltage and capacitance-voltage plots

Current-voltage plots of an ITO/TKZNTCPP/Hg cell in

FIG. 2. Schematic one-electron energy diagrama-gfpe ana-  the dark and under 100 mW crhare shown in Fig. &). For
tase TiQ andp-type ZnTCPP before contadeft) and after contact  cells without a ZnTCPP film, the curves in the dark and
(right). under irradiation are identical; the open-circuit photovoltage
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FIG. 3. (8 Current-voltage plots in the dark
and under white-light irradiation (100
mW cm?). (b) Photocurrent action spectra of an
ITO/TIO, (200 NM/ZnTCPP(~32 nm/Hg de-
vice (dash. For comparison the absorption spec-
tra of a spin-coated sample on quaftz + +)
and a 2uM ZnTCPP solution in methang—)
A0uA 1 L L— 120 are included. For clarity, the ZnTCPP methanol

solution absorption spectrum below 450 nm is di-
100 vided by 4. The extinction coefficient for the film
is normalized to the extinction coefficient of the
solution at the maximum of the large&@ band
(560 nm).
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Voc and short circuit photocurrentssc are both zero. charging processes. The frequency response at 10 kHz and
ITO/TIO,/ZNTCPP/Hg cells, however, showMgc of 0.7V higher can be approximated by an equivalent circuit with a
and anisc of 0.22 mA cm 2 The fill factor is 0.25, which is  resistor and a capacitor connected in series. Figute 4
typical for organic photovoltaic celf. Using thinner —shows the reciprocal of the square of the capacitance vs volt-
ZnTCPP films results in higher photocurrents, but simulta-2g€(Mott-Schottky plots at 10 kHz at different light inten-
neouslyVoc decreases probably due to electrical shorts asities. Three distinct regimes are observed of which only one
has been observed befd. Therefore. ~30-nm-thin varies with the light intensity, as is further discussed below.

ZnTCPP films have been used. The photocurrent action spec- 10 INterpret the impedance spectra and the Mott-Schottky
; dglots, first a cell without the ZnTCPP layer is considered

film, which is defined as *1,/1, in which I, is the trans- (d&f@ not shown As has been previously report%gﬂ_an

mitted light intensity and, is the incident light intensity. ITO/TiIO,/Hg cell shows rectification due to the formation of

Since the optical density has a maximum of 0.3 the absorp? Schottky barrier upon contactingtype TiO, with mer-

tion and attenuation spectra are almost identical. In Fig. 3 CUY- TheC = vs V plot of this cell shows two different
the photocurent action spectrum and the absorption spectrufii°P€s, indicating the presence of a depleted region spread
of the porphyrin films are compared. At wavelengths below2CroSs two different semiconductors. By applying EG).

400 nm, absorption by anatase Ji€arts to contribute to the two valugs for the_ product of the relati\_/e dielectricsconstant
photocurrent. and doping density {Np) are found, i.e., 2410 and

Orm3 whi : :
Impedance spectra in the dark are presented in K. 4 3-1% 10%cm™, which are assigned to Tiand ITO, respec-

and show distorted semicircles between 2 Hz and 200 kHZVelY: , _ ,
They can be fitted to an equivalent circuit with a parallel For ITO/TiIO/ZnTCPP/Hg devices three different slopes

resistor and a constant phase elem@RB in series with a  ¢an be distinguished in the Mott-Schottky pldtig. 4(b),
second resistor. The impedance of a CPBig(jw) ™ for ~ Curve +], and with the aid of Eq(1)

n=0 it resembles a resistance and for 1 it resembles a

capacitance. Intermediate values ofindicate dispersive {(eaNa) "t (egNg) "1} 71
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' . which implies that the Fermi level of ZnTCPP films is lo-
cated near the HOMO energy. The open-circuit voltage is 0.7
V [see Fig. 8)], which shows that ITO/TigZnTCPP cells

do not reach the flat -band situation when 100 mWém
irradiation is applied. Since the porphyrin films are very thin,
- a small back current flows, which precludes saturation of
Voc. Applying thicker films reduces the back flow and give
higher photovoltages, but the short-circuit current diminishes
due to an increased film resistance.

Areversible change of the slope of the Mott-Schottky plot
between—0.8 and—0.5 V upon illumination is observed.
Substituting a dielectric constant of 4.5 in Ed) the accep-
tor density is found to increase frod,=4.0x 10" cm™3in
the dark toN,=6.1x10"cm 2 at 1%, 8.8<10cm 3 at
10%, and 1.%10¥cm 3 at 100% irradiation intensity. This
increase is assigned to photodoping, as has been reported by
Nevin et al®® In their investigations porphyrin layers are
treated withl, vapor. Excitation of porphyrin stimulates
electron transfer from the LUMO tb,, yielding oxidized
porphyrin molecules, i.e., holes. Similar findings have been
reported for phthalocyanine filnfs.In our films, holes are
probably formed due to electron transfer from photoexcited
porphyrin to Q, which has redox properties comparable to
I,. In the ground state, ZnTCPP is coordinated witht®
form a polarized complex that dissociates upon irradiation,

0~ A -

7' 9x10%)

0 &0 100 150 200
7 (x10%)

S F?x10'")

i.e.,
10 05 00 05 1.0
Applied Voltage(V) (ZNTCPP™---09") + energy— (ZnTCPP + 0O, )*
FIG. 4. (a) Electric impedance spectra of ITO/TiZnTCPP/Hg —ZnTCPP +0;.

cells between 2 Hz and 200 kHz with the real part of the impedance

Z' on the horizontal axis and the imaginary paft multiplied by  The required energy can be provided by direct excitation of

—1 on the vertical axis.V=05V(A), V=0V(0), and V" the complex or by energy transfer from neighboring excited

=—0.3V(O) without light. (b) C™% vs V (Mott-Schottky plots 7 Tcpp molecules. Also electron transfer from ZnTCG®

recorded at 10 kHz in the dafld), under 196(¢), 10%(O), and  tpe complex is possible. The created metastable charge-
0 - T - i iati . ’ . .

100%(+) of 100-mW cm * tungsten-halogen irradiation. transfer state involves the presence of fixed negative charges

is found to be 1.6 108, 1.8x10'8, and 1.2<10?°cm 2 for inside the film (Q), i.e., acceptors and accompanying holes
the three regimes. Upon applying white light, only one of the(ZnTCPP’). This type of photodoping explains the observed
three slopes, i.e., that betweerd.8 and—0.3 V is affected, ~changes in the Mott-Schottky plots due to irradiation.
indicating charging of the ZnTCPP film, since only this fim  The depletion widthV/g in the porphyrin film is given by
absorbs visible light. Comparing the two other slopes with
those of the ITO/TiQHg cells allows assignment of ti@ 2
vs V slope between-1.3 and—1.0 V to the TiQ film and
the slope between-0.3 and 1.0 V to ITO. Substituting a
relative dielectric constant of 55 for TOand 4.5 for in which the subscripté are related to thae-type TiO, andB
ZnTCPP(Ref. 40 yields Np=2.0x 10*cm™2 for TiO, and  to the p-type ZnTCPP, and a similar equation holds for the
N,=4.0X 10" cm™3 for ZnTCPP. Estimating a density of 1 depletion width in TiQ.?8 In the dark the depletion width in
gcm 2 for porphyrin thin films shows that in the depletion TiO, amounts to 480 nm; accordingly 200-nm-thin films are
region only 1 out of every 1000 molecules is oxidized. Fromfully depleted at 0 V as is indeed observigeg. 4(b)]. For
the direction of thd g the sign of Ve [Fig. 3@], and the  ZnTCPP the depletion width a=0V is 24 nm, which
Mott-Schottky plotgFig. 4b)], ITO/TiO,/ZnTCPP/Hg cells shows that at this potential 32-nm films are almost com-
can be regarded as'-n-p heterojunction devices with a pletely depleted, in accordance with the observations. The
highly dopedn™-type ITO film, ann-doped TiQ film, and a  depletion width in ZNnTCPP diminishes on illumination since
p-doped ZnTCPP film. N, increases. At 100-mW cif tungsten-halogen lighN,, is

The intercept of the Mott-Schottky plot with the potential increased to 1.8 10"cm ™3, which corresponds to a deple-
axis equald/,;, which is 1.3 V. This is close to the difference tion width atV=0 V of 8.5 nm. Full depletion is not reached
between the conduction band of the i@.1 eV vs vacuurn  at V=0V, which is in line with the observatiorsee Fig.
and the ionization potential of ZnTCRB.3 eV vs vacuum®  4(b)].

W= 2¢085EANA(V+ V) /eNg(eaANA+25NE)  (2)

115323-4



HOLE TRANSPORT IN PORPHYRIN THIN FILMS PHYSICAL REVIEW B4 115323

02 - - 02 S -
04 o R=100 @ - -04 R=200 @ |
T T T T | T T I
00 02 04 06 08 10 00 02 04 06 08 10
N W B WI
02 - ' L 02 o -
04 R=500 @ | -04 - R=1KQ =

3 | FIG. 5. Intensity-modulated photocurrent
3 T T | .
> 6o o0z o4 06 08 10 00 02 04 06 08 10 spectroscopy(IMPS) spectra(+) of ITO/TIO,
g (200 Nnm/ZnTCPP(45 nm)/Hg cells with an ad-
<z 00 ! 1 ! 1 L oo ) | ) N ditional series resistoRg and without light atv
- E T =0 V. The fits of the equivalent circuit to the
02 L o | IMPS spectra are excellent and are represented
‘ ) by the solid lines drawn through the data points.
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Intensity-modulated photocurrent spectroscopy discussion is focused on processpsand (ii). Two charac-

Figure 5 shows a series of IMPS between 2 Hz and 204€ristic time constants; and r, are involved, one for the
kHz. Two depressed semicircles are observed lying mainly ifg€ometrical capacitance and one for hole transport. Accord-
the fourth quadrant. When external resistanBgsare con-  ingly, the IMPS spectra are fitted to an equivalent circuit
nected in series with ITO/Ti@ZnTCPP/Hg cells, the shape consisting of two subcircuits in series. Each subcircuit con-
of the IMPS spectra changes. The intercept with the horizonsists of a parallel connection of a resistor and a CPE. The
tal Ygrea axis in Fig. 5 is related to the external quantum values for the different elements are collected in Tables I and
efficiency and is not affected 0. When the applied volt- Il and the fits are shown in Figs. 5 and 6 as solid lines
age is increased from0.3 10 0.6 V,Ygea(@=0) gradually through the data points. The characteristic time constants are
increases either with or without background irradiatieig. ~ calculated using= RQYM and are included in Tables | and
6). Yrea(®@=0) reduces when background light is appliedIl.
due to enhanced recombination of light-induced charge car- One of the CPE’s behaves as a true capacitance,ni.e.,
riers at higher light intensities. Furthermore, at low potentials~1, and correlates to the geometrical capacitance. IMPS
(V,<—0.2V) and low frequencies, a response in the firstspectra of cells with an extra series resiggishow two time
quadrant is observed, which is also related to charge-carrig@onstantsr; and,, which are collected in Table | and plot-
recombinatior®* ted as a function oR; in Fig. 7. Q, is determined by the

In order to unravel the different processes that are ingeometry of the cell anR; by the resistance of the ITO plus
volved in ac photocurrent generation, IMPS spectra are modhe external resistors; is the RC time of the cell. By con-
eled with an equivalent circuit. Combinations of circuit ele- necting a resistor in series to the cell, the associR@dme
ments are related to different physical processes in the cellshould increase linearly as is indeed obser¢ed. 7). The
The following processes must be consider@édcharging of  intercept with theRg axis is close to zero, which shows that
the capacitor formed by the geometry of the céll) trans-  the internal resistance of the cells is small.
port of holes through the ZnTCPP, afiill) recombination of The second CPE in Table | has a phase factibrat varies
optically generated charge carriers. Since recombination ibetween 0.43 and 0.68, which is typical for diffusionlike
dominant only at low voltages and at low frequencies theprocesses. Hole transport from the FZnTCPP interface
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g) 0 v -o0v L 100-mW cn1? irradiation (right). The fits of the
0 o= 20 Ve=00V equivalent circuit to the IMPS spectra are excel-
< . 2'0 4'0 ' J lent and are represented by the solid lines drawn
B 0 x @ through the data points. The fit parameters are
| | | | | |

0 0 collected in Table Il. A 10Q resistor is used to
10 _w I _w L measure the current.
+¥
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across the porphyrin film to the metal back contact is assoyields faster hole transport. This is surprising, since the pho-
ciated with this CPE element. The correspondingn Fig. 7 tocurrent admittance at low frequenciéke external quan-
shows a decrease by more than two orders of magnitudeim efficiency does not correlate strongly with the external
upon increasindR;. Accordingly, a higher series resistance series resistance. Figure 8 showsand r, as a function of

TABLE |. Fit parameters for IMPS spectra using different series resis®rswhereR; and Q, are
associated with the geometry of the cell, &gand C, are associated with the transport of holes through

ZnTCPP films.

Rs R1 Q1 R x?
(9 (®) (X107°) ng (9) Q2 n, (X107%)
100 18x10°3 5.1 1 0.068 0.45 0.43 4.1
200 43<10°3 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
1000 0.21 2.8 1 0.61 0.041 0.46 3.0
2000 0.63 1.9 1 1.39 0.014 0.5 2.7
5000 2.0 15 1 3.1 0.004 0.57 2.2
10000 4.8 1.2 1 5.4 0.0017 0.64 2.2
20000 10 1.1 1 9.2 0.0011 0.68 1.2
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TABLE Il. Fit parameters for IMPS spectra recorded at different applied bias voltages with 100 Mm% cm
tungsten-halogen light and in the dark.

V, R, R, X2

(V) (mQ) Q1 ng (mQ) Q2 n, (x107%)
Light background

0.6 13 0.000 31 0.94 45 0.081 0.68 135

0.3 11 0.000 405 0.95 46 0.082 0.7 10

0 8.3 0.00052 0.95 22 0.066 0.74 8.4

-0.15 53 0.0004 0.99 2.6 0.077 0.75 2.8

-0.3 4.6 0.000 34 1 3.2 0.041 0.61 4.6
Dark background

0.6 14 0.0002 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 0.00041 0.96 39 1.07 0.53 8.4

-0.15 6.6 0.00041 0.97 2.6 0.11 0.82 3.2

-0.3 6.9 0.000 29 0.99 2.2 0.17 0.46 4.9

the bias voltage. Charging the cell is associated with ~ for electron transport in nanoporous anatase ,TiO
being the product of the series resistance and the geometricglectrode¥’ and is related to the capacity of these electrodes
capacitance. This time constant is a property of the devicg store electrons. With a small forward bias, deep electron
and is only little affected by the potential or by backgroundiraps are filled that allow the electrons to hop along shallow
irradiation (see Fig. 4 The second time constan is inde-  raps which reduce the transit tifieHere a similar situa-
pendent of potential between 0.0 and 0.6 V. Hole transporfis, exists. The ZnTCPP film is a collection of porphyrin

through the 32-nm ZnTCPP film takes about 70 ms irresF’ec[':wolecules randomly distributed in the amorphous film. The

tive O.f the presence c_)f an electrical field. Even an interna entral zinc atoms can have different ligands such as a water
electric field of approximately 0.2 MV/cm does not speed up,

the transport of holes. It is clear that diffusion rather than,?hnedsgxl)é%(;?' d-:—srjtir(taigirsgylzlﬁ\elgflgtfiéhﬁugtg gﬂtgrlsorp?ﬁglatg?m%/
drift determines hole transport through 32-nm porphyrin . ' g . .
films, in agreement with the observed phase factor can be envisaged as a hole trap since holes captured in deep
— N(’) 5. In contrast, a small forward bias reduegsy two energy states are relatively immobile. An estimation for the
orders of magnitud'e. Similar observations have been madamount of energetic disorder can be obtained by comparing
with time-resolved photocurrent measurements at different® asorption spectrum of dissolved porphyrin molec(2es
applied potentialé?*lg'” Furthermore, when background il- uM) with that of the films. The absorption spectrum of the
lumination is applieds, also reduces by two orders of mag- solution resembles that of porphyrin monomts.Fig. 3(b)
nitude when a reserse bias between 0 and 0.6 V is appliedese two absorption spectra are shown. The absorption spec-
Irradiation has much lesser effect @pwhen a forward bias trum of ZnTCPP on quartz is broadened and shows a red-
is applied. shift of approximately 25 nm. This is indicative for the pres-
ence of intermolecular interactions in amorphous fifffie
Trap-assisted hole diffusion onset of the lowest absorption band shifts from 625 to 650

o ) ] nm, which corresponds to an energy difference of 76 meV.
Application of a small forward-bias voltage imposes huge

differences in transit time,. This behavior is also reported
100ms

80 L 1 L L L 01 10ms

ims

100us —

®%

i
10us - |

lus T T T T
0.2 00 02 0.4 06

T-0.0001 V, (V)

T T T
0 2000 4000 6000 8000 10000

Series resistance ( ) FIG. 8. Dependence of time constants associated with the charg-

FIG. 7. Dependence of time constants associated with chargining of the cell,7,(O), and with the transit timeg,([1), as a func-
of the cell (geometricalRC time), 7,(O), and the transit time, tion of the applied bias; in the darilled markers and in the
75(+), as a function of the externally connected series resistancepresence of additional bias ligkkpen markers
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Zero bios Forward bias A2
(dark) (imadiation) D=—, 3
67'2
F:SnO ZnTCPP FiSnO, ZnTCPP . . , .
e 1o 4 To where\ is the thickness of the film. In the dark at zero bias,
z S ’ D=7x10"cm?s!, which increases to D=2
/ ! —5, x 10" " cn?s™ ! when either forward bias or background ir-
E. o 028 |_5<_; ______ —_— radiation is applied. The lower value agrees well with elec-
S TTTEEE=E S, L5558 tric and electrochemical measurements on similar porphyrin
eRE S thin films 16212644
m— —
J —_— CONCLUSIONS
E, E
ITO/TiIO,/ZNTCPP/Hg cells can be described ras-n-p

heterojunction as follows frormV and C-V measurements.
FIG. 9. Schematic presentation of the trap-filling statistics as aNithout optical irradiation, the donor density of Ti@ Np
function of the applied bias voltage. Applying a forward bias re- =2x10%cm™3 and the acceptor density of ZNnTCPPNg,
duces the band bending, which leads to filling of deep hole traps in-4.0x 10'”cm 2. By applying background lightN, in-
the space-charge region. Under irradiation photodoping occurs dU&eases to 1.810cm™3. The increase ol is due to elec-

to electron transfer f_rom phot_oexcited ZnTCPP m_o_lecules to incor:[ron transfer from photoexcited porphyrin molecules to in-
o e e o o ool COTPOaled xygen. Accoringl, the depiton recion nside
hole traps become filled. the porphyrin films |s_c0ntrolled by the applied potent@l and
by the presence of light. In the present study, experiments

) ] ) have been performed in air, i.e., an oxygen partial pressure of

In the cells, excitons are dissociated at the JEDTCPP 5 par Since oxygen acts as dopant, practical devices

interface. The holes remain in ZnTCPP and diffuse slowlyghoyig be prepared in well-controlled conditions to improve
via traps towards the back contact. With a forward bias thgpeir reliability. This, however, lies beyond the scope of the
band bending in the ZnTCPP film is reduced. In the SPacepresent study.

charge region the Fermi level is lowered towards the HOMO,  |\ps spectra indicate that the transport of holes is not
which f|'<“S upl deep. enﬁrgyhstﬁtes with holﬁ_s.hHoIe t:janSpohrgoverned by the electric field, since the transit time is insen-
now takes place via the shallow traps, which speed up i e 15 the applied reverse bias but is driven by diffusion.
diffusion process significantly. This process is schematically,

shown in Fig. 9, which represents the situation under zero'-A‘pplylm“:l either a forward potential or background light, the

bias voltage(short circuit and when a forward-bias voltage transit time reduces more than two orders of magnitude. This

is appliedg 9€ reduction is caused by a shift of tHguasi) Fermi level
When I-ight shines onto the TiZZnTCPP films, the ac- towards the HOMO. Deep hole traps are filled and hole mi-

ceptor density increases by a factor of[&e Fi:q. )], gration occurs via shallow traps, which speeds up hole mi-

which is accompanied by a strong reduction of the transigration significantly. .

time (Fig. 8). The concept of photoinduced electron transfer € hole traps originate from local fluctuations in the

from excited porphyrin to oxygen has been discussed abodOMO levels caused by random distribution of porphyrin

and it is this type of charging that also explains the enhancefolecules in amorphous films. The presence of deep traps is
hole mobility. Generation of immobile negative charge isdetrimental for fast hole conduction and must be avoided. An

accompanied by an increase of the hole concentration th'¢r¢ase of Jh.e hole diffusivity from %10 " to
maintain local charge neutrality. By shining light, the band2> 10 cnﬁs_ is realized by applying a forward bias
bending in ZNTCPP is reduced and {lgeiasi) Fermi-energy ~ ©F b3_’4 Sh'”"]? _i'ght- Mobilities of the order of
level shifts down towards the HOMO. Deep hole traps are> < 10 CrT‘ZVO s~ have been found for columnar stacks
filled, which speeds up hole diffusion through the film. Irra- Of porphyrlnsz, which demonstrates that in this class of ma-
diating the sample is electronically almost equivalent to ap:terlals, fast charge carrier transport is, in prmuplg, .feaS|bIe.
plying a forward bias. In both cases the band bending ig\/_lolecular. 's'elf—assembl'y is therefore a prgreqwsﬂg when
reduced and the Fermi level shifts down towards the HOMoMiIgh mobilities are desired, as is the case in organic solar
Moreover, by shining light the acceptor density in ZnTCPPCells.
increased by a factor of 3, which gives a small additional
shift of the Fermi level. Accordingly, Fig. 9 can also serve to
illustrate the effect of irradiation. ACKNOWLEDGMENT
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