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Characterization of a Highly Photoactive Molecular
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Oxotitanium phthalocyanine (OTiPc) thin films have been sublimed at various thicknesses
on Sn0; and glass substrates. The morphology, crystallinity, and photoelectrochemical activity
of the films have been studied. It wasfound that the physical and photoelectrochemical properties
of the films are greatly influenced by the temperature reached by the substrate during the
sublimation. Below 80 °C, amorphous films are obtained while the films are partially crystalline
when the substrate is allowed to reach about 140 °C. Amorphous films are made of tightly
packed aggregates of circular section while partially crystalline films consists of platelets. All
films are porous and permeable to the I;/I-redox system. The dominant polymorph in partially
crystalline films is not the same for all film thicknesses. It is phase IV OTiPc (as deduced by
electron diffraction) for films thinner than about 2000 A. On the other hand, for films thicker
than about 8000 A, phase I OTiPc becomes the dominant polymorph (as deduced by X-ray
diffraction). It is replaced by phase II for 20 000-A-thick films of OTiPc. Partially crystalline
films are the only ones to absorb in the near-infrared (NIR) region. This typical absorption
is going along with an improvement of the photoactivity of the films. In partially crystalline
films, energy is transferred from the amorphous to the crystalline regions where most of the
charges are generated. Quantum yields for electron collection per incident photon may reach
over 25% in short circuit conditions, at 850 nm, the Q-band absorption maximum for 8000-
A-thick films. Those films are phase I OTiPc. Under 35 mW cm-2 polychromatic illumination,
the same films are characterized by short circuit photocurrents of 1.5 mA cm-2, A NIR absorbance
is animportant factor required to obtain a high photoactivity, but it isnot the only one. Interaction
of OTiPc with oxygen at the purification level of the crude material is very important as well.
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Introduction

Since their fortuitous discovery in 1907 by Braun and
Tcherniac, phthalocyanines (Pcs) have become a major
pigment inthe dye industry. Thismaterialis alsoinvolved
in high-technology applications. Indeed, since the mid
sixties, the photoelectrical properties of phthalocyanines
have attracted a lot of interest. They are progressively
replacing Se as charge carrier generating layers in the
photocopying process.l,2 More recently, they have also
been used extensively to generate charges in the laser/
light emitting diode printing process. For the new
generation of diode-laser printers the photoconductors
have to match the output of these devices. This occurs
inthe near infrared (NIR) at wavelength between 750 and
850nm. Itisaspectralregion where some phthalocyanines
were found to absorb intensively after ball milling, heating,
changing of sublimation rate, or treating in organic solvents
or aqueous electrolyte solution. These phthalocyanines
are forinstance x-HoPc,3 -HoPc,4 e CuPc,3 ClInPe, MgPec,’
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ClAlPc,”8 ClAIPcCl,° ClGaPc,9and OVPec.!! Oxotitanium
phthalocyanine (OTiPc) is also absorbing in the NIR. This
material has been particularly considered since a highly
sensitive polymorph has been reported.1?-15

From the literature it is also common knowledge that
NIR absorbing phthalocyanines are metastable but they
are more photoactive than other more stable polymorphs
of the same material. For instance, the quantum gener-
ation efficiency for the photogeneration of holes has been
compared for a-, 8-, x-, and 7-HsPec. At the same applied
field, it is found that x- or r-HzPc are about 10 times more
photoactive than a- or 8-HyPc.!® Similarly, it has been
demonstrated photoelectrochemically, that ClGaPc mol-
ecules assembled to form a slipped-stack arrangement
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Table I. Elemental Analysis of Sublimed OTiPc (in wt %)

element theor value exptl value
C 66.68 67.11
N 2.80 2.17
H 19.44 19.58
0 2.78 2.33
Tie 8.31 8.25
Cls 0 50 ppm

@ From neuron activation analysis.

absorbing in the NIR are more photoactive by a factor of
at least 10 compared with ClGaPc molecules cofacially
stacked in a linear assembly that absorbs only in the
visible.10

Since OTiPc is one of the leading phthalocyanines in
electrophotography, it is interesting to study some pa-
rameters that may govern its high photoactivity. This is
done in this work by analyzing the morphology, the
structure, and the photoelectrochemical properties of thin
films of the pigment in regenerative cells using I5-/I-as a
redox system. The following will be shown: (i) an
absorbance in the NIR is essential but not the unique
criterion to obtain a large photoactivity; oxygen doping
also plays a major role. (ii) Amorphous or polycrystalline
OTiPc can be obtained depending upon the substrate
temperature. The amorphous to polycrystalline change
has a large effect on the film photoactivity. (iii) The
dominant OTiPc polymorph varies with the thickness of
the film. However, large differences in the photoactivity
are not observed between the various polymorphs of
OTiPc.

Experimental Section

Synthesis and Purification. The synthesis of OTiPc has
been performed according to a method inspired from Block and
Meloni.” The synthesis proceedsin two steps: (1) The synthesis
of Cl;TiPc (from 15.2 g of phthalonitrile + 9.4 g of TiCl; in 300
mL of chloronaphtalene + 80 mL of benzene, in N; ambient, at
250 °C; the crude Cl;TiPc is filtered under N, washed with
benzene, and dried under vacuum (~10-2 Torr)). (2) The
hydrolysis of crude Cl;TiPc (from 2 g of Cl,TiPc, 1 mL of
triethylamine refluxed in either 150 mL of ethanol 95% /water
5% (vol) or pyridine 80% /NH,OH 20% (vol); the latter solvent
is preferred for complete hydrolysis. The crude OTiPcis washed
with methanol and with water before being dried under vacuum
(~10-2 Torr)).

The crude OTiPcis purified by two sublimations under vacuum
in a long tube closed at one end. The material to be purified is
loaded in the tube and maintained near the closed end by a glass
wool plug. Half the length of the tube is inserted in a tubular
furnace heated at 480500 °C. The sublimed phthalocyanine
crystallizes on the tube wall, just outside of the furnace. More
volatile impurities spread on colder portions of the tube or get
frozen in the liquid nitrogen traps. After sublimation, the tube
is cut open and the well crystallized blue ring is collected.

In this work, the crude OTiPc has been sublimed at two
different levels of vacuum (either ~10-2 Torr, obtained with a
roughing pump or <10-% Torr obtained with a turbomolecular
pump).

Elemental analyses have been performed on the purified OTiPc
(sublimed at ~10-2 Torr). They are reported in TableI. Values
for C, H, N, and O have been obtained from Galbraith Labo-
ratories and values for T'i and Cl have been obtained from neutron
activation analysis (Ecole Polytechnique, Université de Mont-
réal). Ascanbeseenfrom Table I, the chlorine content of OTiPc
is very low indicating a nearly complete hydrolysis of CL,TiPec.

Film Preparation. Films of OTiPcfor photoelectrochemical
measurements have been obtained by sublimation under vacuum

(17) Block, B. P.; Meloni, E. G. Inorg. Chem. 1965, 4, 111.
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(2105 Torr) on glass substrates covered with a transparent and
conducting (p, = 25-30 23q-!) layer of SnQ;. Beforesublimation,
the substrates are first degreased with methanol, then they are
immersed during 30 min in a sulfochromic cleaning solution,
rinsed with deionized water and dried under a flow of N,. The
substrates are then mounted on the rotating support in the
sublimation unit.

Six pairs of films can be prepared without breaking the vacuum.
For film deposition, each pair of substrates is brought at the
vertical of the crucible situated in a glass tube at about 11 cm
under the substrates. To avoid possible contamination by Pc
decomposition products, the heat source is not in the vacuum
system but outside around the glass tube containing the crucible.
The rate of sublimation is controlled by adjusting the crucible
temperature. Thesubstrate temperature is not controlled. This
is not important when the substrates remain above the crucible
for short periods of time (<2 min). However, in this work,
deposition times up to 30 min have been used. Inthese conditions,
the substrate temperature may drift away from room temperature
as it will be seen in the result section.

Film thicknesses have been measured by profilometry (Dektak
3030) for films thicker than 2000 A. Since profilometry is not
accurate for thinner films, their thickness was deduced from their
absorbance at 705 nm. A 2000-A-thick film has an absorbance
of 4.0 at 705 nm. The linear absorption coefficient of OTiPc at
705 nm is therefore 2 X 105 em-!. It was used to estimate the
thickness of films thinner than 2000 A and characterized by the
same absorption spectrum. Using an absorbance of 4.0 as
reference for a 2000-A-thick film might lead to some inaccuracy
in film thickness determination since the transmitted light is 10¢
smaller than the incident one. However, cross-checking with
films slightly thicker than 2000 A at wavelengths where the
pigment is less absorbing yielded a good agreement between the
thickness values deduced by profilometry and by absorbance.

Measurements. Theelectrochemical measurementsetup has
already been described in ref 8. Briefly, a three-electrode, one-
compartment cell was used. The electrolyte was I3~/I- (0.005
M/0.4M) at pH 3. Ereq0x = 0.264 V vs SCE. It was bubbled with
Ar mainly to get rid of diffusion problems of the redox species.
Polychromatic illumination was obtained from a high-pressure
450-W Xe lamp light beam passing through a 385-nm cut-on UV
filter and a 10-cm water filter. The white light power was
measured with a Scientific 362 (thermocouple-based) power
meter. Atthesample,the white light power is 35 mW cm-2unless
otherwise specified. Monochromatic illumination for action
spectra was performed with a 650-W tungsten halogen lamp and
a Schoffel Instruments monochromator. Light intensities were
measured by a coherent 212 (Si diode based) power meter. Action
spectra were recorded under short circuit conditions. All currents
were normalized at an incident photon flux of 9.7 X 10%¢ photons
cm2 5! for all wavelengths, using a linear dependence of the
short-circuit photocurrent vs the photon flux. Itis correctinthe
range of intensities used.

Film morphologies were investigated by scanning electron
microscope (SEM). The OTiPc layers were covered with a thin
Au film in order to avoid charging problems.

Structural information was obtained from electron diffraction
measurements according to a procedure described inref 8. Films
for transmission electron microscopy (TEM) were sublimed onto
glass slides precoated with a thin gold layer. The films were
lifted from their glass support by corroding the gold layer with
an I;/I- solution of the same composition than the one used for
photoelectrochemical measurements. The floating OTiPc was
recovered onto suitable TEM grids.

X-ray diffraction (XRD) were obtained from OTiPc films and
powder according to a procedure described in ref 18.

Results and Discussion

(I) Effect of Oxygen on the Photoactivity of OTiPc.
Figure 1 displays the short-circuit photocurrent, Jsc, under

(18) Coté, R.; Denés, G.; Gastonguay, L.; Dodelet, J. P. Proc.
SPIE—Int. Soc. Opt. Eng. (Photovoltaics, Photochem. Photoelectro-
chem.) 1992, 1729, 222.
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Figure 1. Short-circuit photocurrents, ., of OTiPc films of
various thicknesses; OTiPc powder has been sublimed in 10-2
Torr (O) orin £10-5 Torr (@); A, OTiPc powder has been sublimed
in £10-% Torr then heated in 1 atm of O,.

polychromatic illumination (35 mW cm-2) of OTiPc films
of various thicknesses sublimed at 360 °C on SnQ;. The
open points represent films obtained from OTiPc powder
purified by two successive sublimations under a vacuum
of about 10-2 Torr, while the same crude OTiPc powder,
purified by two successive sublimations under a vacuum
of <10-% Torr, give the J,. curve represented by the dark
points in Figure 1.

To demonstrate that the large difference in the pho-
toactivity of the pigment is due to the amount of oxygen
present during the purification step of the crude OTiPc
and not tosome impurities introduced during the synthesis,
the following experiments were performed:

(1) The synthesis procedure of OTiPc was slightly
modified. The modifications involved a change ofsolvents
(naphthalene instead of chloronaphthalene in the prep-
aration of Cl;TiPc or pyridine/NH,OH instead of ethanol/
water for the hydrolysis of C1;TiPc). When these pigments
were purified under a vacuum of 10-% Torr, they all
produced films of about the same photoactivity (dark
points in Figure 1) indicating that modifying the synthesis
procedure does not affect the photoactivity of the film.

(2) OTiPc powder, purified under a vacuum of 10-* Torr,
was heated during 60 h at 130 °C in pure O; at 1 atm.
Films sublimed from that powder, in the same conditions
as those prevailing in Figure 1, showed an improved
photoactivity. They are reported as A symbols in Figure
1. The effect of O; on the photoactivity of OTiPc is
however lower than for OTiPc purified under low-vacuum
conditions (10-2 Torr). In the latter case, more oxygen
interacts with individual molecules during sublimation
while in the process of heating an already sublimed powder
under an oxygen flow, O; has to diffuse between the grains
of the crystalline structure and eventually into the bulk
of the material.

The effect of oxygen on the dark conductivity and on
the photoconductivity of phthalocyanines is well docu-
mented. The formation of the complex Pc*,0q is re-
sponsible for their p-type semiconductor character. In
the presence of Og, the dark conductivity of Pcs increases
and its activation energy decreases.!®-22 The easier carrier

(19) van Ewyk, R. L; Chadwick, A. V.; Wright, J. D. J. Chem. Soc.,
Faraday Trans. 1 1980, 76, 2194.
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generation arises from the small size of oxygen relative to
Pc. The electron polarization energy, P-, associated with
a species such as Oy~ is substantially larger than that for
a species such as Pc~. The energy for charge carrier
generation in molecular semiconductors is IP-EA-P*-P-,
where IP, EA, and P* are the ionization potential, the
electron affinity, and the hole polarization energies,
respectively.2? Anincrease in P- will therefore reduce the
conduction activation energy even if there is no associated
electron affinity difference.4

Oxygen adsorbs at the surface of the material and/or
diffuses deeply into its bulk resulting in the emergence of
electron traps releasing holes which are the majority
carriers.2225-32 There is usually more than one adsorption
site for 0,;30:33-35 for instance, adsorbed H,O derived species
were found essential for the reversible O uptake in PbPc.
This has been demonstrated by X-ray photoelectron
spectroscopy (XPS).3837 In that material O;-/OH surface
complexes are necessary to promote bulk O;- formation.

The presence of Pc*,05-, especially on the surface of the
material is also beneficial to the photoconductivity of the
Pcs.24-26 Their local electric field induces exciton disso-
ciation into free ions. In the extrinsic photogeneration
mechanism proposed by Popovic,3 Qq- could play the role
of the negative impurity, whose electron is excited by an
exciton into the host conduction band and is regenerated
by the thermal excitation of an electron from the valence
band where a hole appears.

The role of gaseous Oz dopant on the photoelectro-
chemical response of films of ClGaPc has been studied in
detail by Armstrong’s team.?® They report that high-
temperature Oy doping of ClGaPc (48 h at 140 °C in pure
O; at atmospheric pressure) can turn a film that behaves
like a lightly doped semiconductor into a p-type material
while a similar treatment on OVPc and OTiPc results in
no appreciable change in their photoelectrochemical
properties. It issupposed that the barrier density of these
pigments is already above 10!® ¢cm-3. XPS studies?? of
OVPec sublimed at 5 X 10-10 Torr on Au showed one Oy,
peak at 531.8 eV with an O/V ratio of 1. It corresponds
tothe oxygeninthe V=0bond. However, whenthe OVPc¢
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Figure 2. Comparison of J-V curves obtained in the dark or
under illumination of two 4000-A-thick films; both films have
been prepared from OTiPc powder purified by sublimations at
10-2 Torr (O) and at 10~ Torr (@).
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Figure 3. Evolution of the short circuit photocurrent, J,, as a
function of the film thickness for two sublimation temperatures:
360 °C (0) and 400 °C (O).

film, sublimed at 5 X 10-1° Torr is exposed for 6 h at 148
°C to O atmospheric pressure, another Oy, peak at 533.3
eV is observed. The latter peak does not appear if the
film is not brought to high temperature. The new oxygen
species has not been identified. Similar results are
expected for OTiPc.

In the present work, changes in oxygen doping do not
seem to modify the dark conductivity of the films. They
only affect their photoconductivity. This can be observed
in Figure 2, where J-V curves are presented in the dark
and under illumination for two films of about the same
thickness (4000 A); both films have been prepared from
OTiPc¢ powder purified by sublimations at 10-2 Torr (O)
and at <10-5 Torr (@), respectively. From the slope of the
forward bias part of the curve, series resistance values of
51 Q cm?are obtained for both filmsin the dark. However,
it is possible that the series resistance is limited by the
Sn0; substrate. The evolution of the carrier density and
the variation of their mobility with oxygen doping is
presently under study to understand the exact role of
oxygen in these films.

Unless otherwise specified, the subsequent results and
discussions only deal with films obtained from OTiPc
powders purified by sublimation at about 10-2 Torr and
characterized by a high photoactivity.

Ghosez et al.
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Figure 6.
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Figure 5. Time evolution of the substrate temperature for a
sublimation at 360 °C; at the vertical of the heat source (a); in
the waiting position, at an angle of 60° away from the heat source
(b).

(II) Effect of the Substrate Temperature on the
Photoactivity of OTiPc. Short-Circuit Photocurrents.
Figure 3 presents the evolution of the short circuit
photocurrent density, Jq, as a function of thickness of the
film for two sublimation temperatures: 360 °C (O) and
400°C (0). They correspond tosublimation rates of about
300 and 3000 A min!, respectively. The power of the
polychromatic illumination is 35 mW cm-2. When both
curves are compared, at the same J;, value, one observes
that a much larger film thickness (about 7 times) is required
at the high sublimation rate (O) to obtain the same
photocurrent as at low sublimation rate (O).

A different perspective is presented in Figure 4. The
latter figure shows the evolution of J,; vs deposition time
for the same sublimation temperatures. In this graph,
the two curves are brought closer together. It indicates,
asseen later, that the duration of the deposition is a critical
parameter in the photoactivity of OTiPc¢ film.

In the Experimental Section, we stated that the substrate
temperature was not controlled in the deposition system
used. The substrate temperature increases during the
deposition because the films are grown at the vertical of
the heat source. Changes of substrate temperature are
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Figure 6. SEM micrographs of the morphology of OTiPc films
represented by the dark symbols in Figure 4 for J,. = 0.4 £ 0.1
mA cm? (a and a'); Js = 1.3 £ 0.05 mA cm2 (b and b'); J,. =
1.5 mA cm? (c).

presented in Figure 5 for two positions in the system during
asublimation at 360 °C. The origin of the time axis is set
atthe timerequired by the furnace to reach the sublimation
temperature. Curves a and b depict the temperature
evolution of a substrate placed, respectively, at the vertical
of the heat source (a) and in the waiting position, at an
angle of 60° away from the heat source, hefore switching
the furnace on. One can see that if a film is grown during
15 min, its substrate reaches an equilibrium temperature
of about 140 °C while the substrate in the waiting position
reaches 80 °C. As it will be seen later, the increase of the
substrate temperature during sublimation explains the
behavior of Figure 4 and the SEM and TEM results that
are the subject of the next section.

SEM and TEM Results. Figure 6a,a’ shows SEM
micrographs depicting the morphology of two OTiPc films
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« PcTiO

« Sn02

« glass

Figure7. Crosssection of a film displaying the same morphology
as the one presented in Figure 6b or 6b".

sublimed at 360 °C (a) and 400 °C (a’). They are
characterized by a J, value of 0.4 = 0.1 mA cm2 and
represented by the dark symbols in Figure 4 (®, 360 °C;
m, 400 °C). Similarly, Figure 6b,b present films charac-
terized by J; values of 1.3 £ 0.5 mA cm=? in Figure 4.
Figure 6¢ displays the morphology of a film sublimed at
360 °C during 30 min and characterized by the highest J,
value: 1.5mA cm-2. From those figures, one may conclude
that as the deposition time increases and as the temper-
ature of the substrate rises, there is an evolution in the
film morphology going along with an improvement of /..

Parts a and a’ of Figure 6 are very similar. They are
made of tightly packed aggregates of circular section,
having a diameter of about 500 A. This morphology is
characterized by a low J,. values, independently of the
sublimation temperature. At the highest J,. value, the
film is characterized by platelets (Figure 6¢) similar to
those already described by Sims et al.1? for OVPc. Forthe
latter material, the platelet morphology is typical of
molecules in a slipped stack arrangement leading to ared-
shifted Q band in the NIR and a higher photoactivity (at
least by a factor of 10) compared with the cofacial stacking.
In the present case, the OTiPc films displaying a well
defined platelet morphology are also characterized by the
highest photoactivity. Parts b and b’ of Figure 6 are also
composed of platelets characterized by . values (1.3 £+
0.5 mA cm-2) intermediate between those of Figure 6a,c.

A cross section of a film displaying the same morphology
as the one depicted in Figure 6b,b’ is presented in Figure
7. It indicates that the film structure is dense and
composed of elongated platelets growing | erpendicular
to the film surface. As the platelets ap' ear homogeneous
along their long axis, the annealing treatment resulting
from the ‘ise of the substrate temperature during the
deposition alters therefore the structure of the entire film.

TEM experiments have been performed to determine
the crystalline structure of the films. For TEM experi-
ments, films must be thin in order to be transparent to the
electron beam. Two films of 1300 A have been prepared
in the following conditions. The first one ( )) has been
sublimed in 3 min. During the sublimation, the substrate
temperature rose from 48 to 80 °C. For the second film
(S), the substrate has been left in the waiting position



1586 Chem. Mater., Vol. 5, No. 10, 1993

Figure 8. SEM micrographs of the morphology of two 1300-
A-thick films; during the sublimation, the substrate temperature
rose from 48 to 80 °C (Q type film) (a); or from 80 to 132 °C (S
type film) (b).

during 45 min; then it was brought in the sublimation
position and left for 10 min. In these conditions, the
substrate temperature rose from 80 to 132 °C during the
sublimation. For both films, Q and S, the sublimation
temperature was adjusted to obtain a thickness of 1300 A
in the experimental conditions described.

The morphology of Q and S films is depicted in parts
a and b of Figure 8 respectively. One may conclude that
Figure 8a is similar to both parts a and a’ of Figure 6, while
Figure 8b resembles Figure 6b,b’. Furthermore, the
photocurrents obtained for Q and S are 0.34 and 0.95 mA
cm-2 They are in agreement with the relation Jy film
morphology mentioned previously.

Ghosez et al.

Figure9. TEM electron diffraction of 1300-A-thick films of the
Q type (a) and on the S type (b).

TEM diffractograms of films Q and S are presented in
partsaand b of Figure 9, respectively. From these figures,
it appears that film Q is amorphous (or composed of
molecules organized on very short range only) and that
film S is crystalline with amorphous regions. The rather
circular aggregates depicted in Figure 8a and Figure 6a,a’
are therefore characteristic of an amorphous phase. A
similar observation was made recently for C1AlPc.4!

When the duration of the sublimation increases, the
substrate temperature rises. It induces some crystalli-
zation of the amorphous phase and improves the photo-
activity of the film.

It is however to be noticed that a platelet morphology
is required but not sufficient to reach high photoactivities.
This is demonstrated in Figure 10. It shows the mor-
phology of a film obtained from OTiPc powder purified
by sublimations of the crude material in a vacuum of <10-

(41) Gastonguay, L.; Veilleux, G.; Cété, R.; Saint-Jacques, R. G.;
Dodelet, J. P, Chem. Mater. 1993, 5, 381.
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Figure 10. SEM micrograph of the morphology of a 4000-A-
thick OTiPc film belonging to the low J,. value curve in Figure
1.

Torr. Although the film is grown during 20 min, up to a
thickness of 4000 A, and displays the typical morphology
of a partially crystallized phase, it is only characterized by
a Jy value of 0.42 mA cm-2 (Figure 1). Both morphology
requirement + adequate oxygen doping are therefore
needed to generate high photoactivities.

Experimental interplanar distances, d, of crystalline
OTiPc can be deduced from the TEM diffraction pattern
presented in Figure 9b. They are reported in Table II for
d values above 3.5 A. The largest d values are the most
significant ones because they are representative of low
index planes and could be used to identify the crystal
structure of the material. The largest d values are obtained
from the diffraction rings closest to the transmitted
electron beam spot which is the center of all rings.

Table Il alsoreports the calculated interplanar distances
for the closest (hk0) planes of the four crystallographic
phases reported for OTiPc. Phase I (also identified as
B-OTiPc) crystalizes monoclinic in the space group P2;¢
with 4 molecules/unit cell.*> Phase II (also identified as
a-0TiPc) crystallizes triclinic in the space group P1 with
2 molecules/unit cell.42 The crystalline structure of phases
Iand IT has been obtained from X-ray diffraction of single
crystals and the lattice parameters are given in Table II.
Phases IV and Y are metastable. Their crystalline
structure has been deduced by Rietveld analysis of the
X-ray powder diffraction patterns and the lattice param-
eters are given in Table II. Phase IV crystallizes triclinic
in the space group P1 with 2 molecules/unit cell.*3 Phase
Y crystallizes monoclinic in the space group P2;c with 4
molecules/unit cell.*
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The stacking of the molecules has been reported for all
four phases. From these reports, it seems that the plane
of the macrocycles are always parallel to (or at a small
angle with) the ab plane of the lattice. If we assume that
the molecules are lying flat on the substrate, the only
diffracting planes in TEM (tilt = 0°) are those charac-
terized by a Miller index | = 0. Indeed, the only
crystallographic planes diffracting electrons in TEM are
those containing the electron beam or being at a small
angle (<5°) with it. In our TEM setup, the electron beam
is perpendicular to the substrate. It is also perpendicular
to the plane of the macrocycles if the assumption made
about the orientation of the molecules holds. This is a
reasonable assumption because it has already has been
demonstrated*s by X-ray absorption spectroscopy at the
C and N edges that chloroaluminum phthalocyanine
molecules are oriented with their macrocycle parallel to
the substrate; chloroaluminum phthalocyanine and OTiPc
are molecules of similar structure.

Table I1reports|Ad| = the absolute value of d (calculated)
- d (experimental) and also L|Ad| defined as the sum of
all the differences between experimental interplanar
distances and the closest calculated ones for a plane (hk0).
From L|Ad| for the various phases considered in Table II,
one may conclude that the crystaline phase in OTiPc
sublimed thin films is best described by phase IV of OTiPc
known to be highly photoactive.!?

When the thickness of the film increases, it becomes
possible to obtain significant X-ray diffraction spectra.
Table Il reports 26 values and relative intensities for films
of various thicknesses (from 8 000 to 20 000 A of OTiPc)
sublimed on glass. It hasbeen verified that the same peaks
appear for films deposited on SnO;. However,on the latter
substrate, the diffractogram is complicated by the con-
tribution of the SnQ; polycrystalline layer to the diffrac-
tion.

All OTiPc polymorphic variations are commonly dis-
tinguished by their X-ray powder diffraction pattern.
Phase IV is characterized by a main peak at 26 (Cu Ka)
=27.2°.1343 The main peak for phase I is at 20 = 26.2°,1443
There is also an intense diffraction at 26 = 13.1°. Phase
II is characterized by broad peaks at 26 = 12.6, 24.3, 25.3,
and 28.5°.1443 From Table III, it can be seen that films
of 8 000 to 13 000 A thick are best characterized by phase
Iof OTiPcwith a small contribution of phase II polymorph.
For thicker films, the contribution of phase II becomes
more important and even dominant for the thickest film.

From TEM and XRD results it seems therefore that
the dominant polymorphic phase of OTiPc films, sublimed
on Sn0; in the conditions described in this work, varies
from phase IV to phase I (the most stable one) to phase
II, as the thickness of the film changes from <2 000 to
20 000 A. For thin films, it is possible that phase IV, which
ismetastable, isstabilized by the interactions of the OTiPc
first layer of molecules with the substrate. Thisinteraction
would fade away as the film thickness increases and
structure defects accumulate.

Absorption and Action Spectra. Figure 11 presents
the absorption spectrum of OTiPc in solution in chlo-
ronaphthalene. In accordance with the observations of
Edwards and Gouterman,* the Q band is characterized

(42) Hiller, W.; Strihle, J.; Kobel, W.; Hanack, M. Z. Kristallogr.
1982, 159, 173.

(43) Bluhm, T.; Mayo, J.; Hamer, G.; Martin, T. Proc. SPIE—Int.
Soc. Opt. Eng. (Color Hard Copy Graphic Arts) 1992, 1670, 160.

(44) Oka, K.; Okada, O.; Nakada, K. Jpn. J. Appl. Phys. 1992, 31,
2181.

(45) Guay, D.; Tourillon, G.; Gastonguay, L.; Dodelet, J. P.; Nebesny,
K. W.; Armstrong, N. R.; Garrett, R. J. Phys. Chem. 1991, 95, 251.
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Table II. Interplanar Distances, d (A), of Diffracting (Ak0) Planes for OTiPc Films

phase I° phase II® phase IV¢ phase Y¢

exptld d (hk0) Ad d (hk0) Ad d (hk0) Ad d (hk0) Ad

11.68 X 0.01 13.03 (100) 1.35 11.62 (010) 0.06 11.74 (010) 0.06 11.96 (100) 0.28
11.62 (010) 0.06 11.74 (010) 0.06

6.64¢ = 0.06 6.62 (020) 0.02 6.90 (010) 0.26 6.56 (110) 0.08 6.96 020) 0.32

5.86 £ 0.06 5.84 (210) 0.02 5.81 (020) 0.05 5.87 (020) 0.01 5.98 (200) 0.12
5.81 (020) 0.05 5.87 (020) 0.01

5.33¢ % 0.03 4.64 (220) 0.69 5.10 (220) 0.23 5.26 (210) 0.07 5.50 (210) 0.17

3.97 4.13 (310) 0.16 3.95 (230) 0.02 3.92 (030) 0.05 3.99 (300) 0.02
3.92 (030) 0.05

Tlad| 2.24 0.62 0.27 0.91

SPhase: a = 1341 A, b =13.23 A, ¢ = 13.81 4, 8 = 103.72°. ® Phase II: a = 12.17A, b = 12.58 A, c = 8.64 A, « = 96.28°, 8 = 95.03°, v
= 67.86°. * Phase IV: a = 10.83A,b=13.124,¢=9.96 A, o = 72.28°, 8 = 77.25°, v = 104.48°. S Phase Y: a = 13.854,b=13.92 4, c = 15.14

A, 8 = 120.22°. ¢ Weak diffraction rings.

Table III. X-ray Diffraction Data for OTiPc® Films of
Various Thicknesses

film thickness peak rel film thickness peak rel
A) 26%  intensity &) 20>  intensity

8 000 13.1 25 8 000 26.3 100
12 000 129 18 12 000 26.2 100
13 000 13.0 15 13 000 26.2 100
16 000 12.7 87 16 000 26.1 100
20 000 12.7 100 20 000 26.3 25

16 000 24.4 69 8 0600 28.6 8
20 000 24.5 39 12 000 28.6 6
16 000 25.6 54 13 000 28.7 6

20 000 25.5 68 16 000 28.6 27

20 000 28.7 52

¢ OTiPc was sublimed at 360 °C on glass substrates. ® 20 was
scanned between 5 and 60°.
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Figure 11. Absorption spectra of two 1300-A-thick films of the

Q type (—) or the S type (- - -). The absorption spectrum of

OTiPcinsolutionin chloronaphthalene is also given (in arbitrary

units).

by a strong absorption with a maximum at 698 nm and
two minor vibronic transitions at 627 and 666 nm. The
position of the maximum may vary from 685 to 705 nm,
depending upon the dipole moment of the solvent used.4?
Figure 11 also displays the absorption spectrum of both
films, Q and S, which have been demonstrated to be
amorphous and partially crystalline, respectively. In the
solid state, the absorption spectrum of amorphous OTiPc
(Q) appears as a simple broadening of the solution
spectrum. However, when the film is partially crystaline
(S), the maximum of the spectrum moves to the neigh-
borhood of 750 nm and a shoulder appears in the NIR
between 800 and 900 nm. This shoulder seems to grow at
the expense of the amorphous material absorbing mostly
between 600 and 700 nm. As was seen previously, another
way to obtain a more crystalline material is to increase the

(46) Edwards, L.; Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292.
(47) Harazone, T.; Takagishi, I.; Matsuzaki, T. Anal. Sci. 1991, 7
(Suppl. Proc. Int. Congr. Anal. Sci. 1991, Part 2), 1301.
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Figure 12. Comparison of absorption (—) and action spectra
(0) for two 1300-A-thick films of the Q type (a) or the S type (b).

thickness of the film by increasing the deposition time.
When this is done, the NIR absorbance becomes more
important as the film becomes thicker and the Q band
becomes larger. However, thicker films become rapidly
too absorbing and their optical spectra cannot be measured
with accuracy anymore. An absorption in the NIR is
therefore characteristic of the crystalline material. Since
the molecules are identical in all films, changes in the
absorption spectrum have to be attributed to changes in
the interactions between the molecules. They can be
explained in the frame of the Davidov theory.4-5! The
appearance of a NIR absorbance means that the molecules
are coplanar and in a slipped stacked arrangement. This
is in agreement with the deduced crystal structure.
Parts a and b of Figure 12 display the absorption (full
line) and action (O) spectra of films Q and S, respectively.
Both action spectra have been recorded in short circuit
conditions and with the light incident on the film. From
these figures, it can be concluded that the action spectra

(48) Kasha, M. In Spectroscopy of the excited state; Di Bartolo, B.,
Ed.; Plenum Press: New York, 1976; p 337.

(49) Kasha,M.;Rawls, H. R.; Ashraf El-Bayoumi, M. Pure Appl. Chem.
1965, 11, 371.

(50) McRae, E. G.; Kahsa, M. In Physical Processes in Radiation
Biology; Academic Press: New York, 1964; p 23.

(51) Kasha, M.; Ashraf El-Bayoumi, M.; Rhodes, W. J. Chim. Phys.
1961, 58, 916.
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Figure 13. Action spectra, normalized at 660 nm for films of
various thicknesses of OTiPc, sublimed at 360 °C during various
sublimation periods (O 1.75; a 2.75; ¢ 4.25; A 7.5; ¢ 20; v 30
min).

follow, in both cases, the absorption spectra reasonably
well and that the film with improved crystallinity (S) is
much more photoactive than the amorphous one (Q). The
quantum yield data displayed in Figure 12a,b are the
number of electrons collected per 100 photons incident on
the film (¢inc).

Figure 13 presents the quantum yields, normalized at
660 nm for films of various thicknesses of OTiP¢, sublimed
at 360 °C. The thinnest film (0) was obtained after 1.75
minof sublimation. Itischaracterized by the morphology
of Figure 6a and is amorphous. The thickest film (v) was
obtained after 30 min of sublimation. It is characterized
by the morphology of Figure 6¢c. Among all films which
are partially crystalline, it is the one displaying the largest
platelets. As can be seen from Figure 13, the main
difference between these action spectrais the contribution
in the NIR. It increases as the platelets grow in size and
this is going along with a drastic improvement of the
maximum quantum yield (reported on the graph). Indeed,
Dinc,max rises from 4.8 to 26.4% as the normalized value of
oinc at 850 nm rises from 0.1 to 1.1. Films of sublimed
OTiPcare therefore made of an amorphous fraction (which
may be up to 100% for thin films) characterized by a low
photoactivity and a crystalline fraction (whom importance
increases with the thickness of the film) characterized by
a high photoactivity. Two distinct phases of OTiPc¢ with
different absorbance maxima at ca. 720 and 820 nm have
already be mentioned by Klofta et al.4? After annealing
the OTIPc¢ sublimed on a microcircuit, Sims et al.1% report
the appearance of a NIR absorbance and the increase of
the photoconductivity by a factor of 50-100 over that in
the unannealed films.

In order to obtain action spectra like the ones depicted
in Figures 12 and 13, efficient energy transfer has to occur
from the amorphous phase to the crystalline one, when
both phases coexist. If such was not the case, one would
expect low quantum yields in the 600-700-nm region where
the amorphous phase mostly absorbs and much larger
quantum yields in the NIR, a wavelength range typical of
the crystalline material. Exciton generation therefore
occurs in both amorphous and crystalline phases of OTiPc,
but charge generation happens only in the crystalline phase
of the pigment.

Figure 14a presents the action spectra of an amorphous
OTiPc film recorded for front side (FS) and back side
(BS) illumination. The film is 400 A thick and obtained
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Figure 14, Quantum yields for back (¢) and front side (O)
illuminations for amorphous 400-A-thick (a) or partially crys-
talline 5000-A-thick (b) OTiPc films.

by sublimation at 360 °C. With an absorption coefficient
of 2 X 105 cm™! at 705 nm, a filtering effect is already
expected for such a thickness since at 705 nm, more than
60% of the light is absorbed in the pigment layer.
However, both FS and BS action spectra are similar in
shape. This is expected when the film is porous since the
electrolyte has access to most of the surface of the pigment
aggregate. Such behavior has already been discussed for
perylene derivative films, for instance.5252 The only
difference between F'S and BS spectra is the relative value
of their quantum yields. Since the redox has to diffuse
in an out of the pores, a reduction of the photocurrent,
due to mass transfer limitation of the redox, is expected
for BS illumination.

More surprising are the FS and BS action spectra
reported in Figure 14b for a thick film (about 5000 &) of
OTiPc obtained by sublimation at 360 °C. The NIR
contribution to the FS spectrum indicates that the film
contains an important crystalline fraction. On the basis
of Figure 7, one might expect that such film has little or
no porosity. However, the behavior of both FS and BS
gpectra in the 600-700-nm region is identical. The only
way to explain the BS spectrum is to assume that (i) thick
films are still porous and (ii) are more crystalline near the
substrate than further away from it. This is a logical
assumption since the outside layer of the film has been
exposed to annealing temperatures, during the sublima-
tion, for a shorter time than the layer near the substrate.
If both assumptions hold, the BS action spectrum cor-
responds to the absorption spectrum of purely crystalline
OTiPc. It is, however, somewhat distorted since the
maximum in NIR is not at 850 nm as expected from Figure
13. This can be understood in terms of mass transport
limitation of the redox in the solution infiltrated between
the grains of the film. Indeed, if the absorption at 900 nm

(52) Danziger, J.; Dodelet, J. P.; Armstrong, N. R. Chem. Mater. 1991,
3, 812,

(53) Tamizhmani, G.; Dodelet, J.P.; C6té, R.; Gravel, D. Chem. Mater.
1991, 3, 10486.
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in the crystalline region is lower than at 850 nm, photons
will be able to reach further away from the substrate, before
being completely absorbed. A somewhat larger current is
therefore expected at 900 nm since the transfer of the
photogenerated electron will then happen closer to the
surface of the film than at 850 nm, where more I3~ anions
should be available. If this rationalization is correct, one
realizes that crystalline OTiPc has an absorption shoulder
in the 700-nm region, reinforcing the possibility of the
proposed energy transfer from the amorphous to crystalline
regions in the layer.

Conclusion

When OTiPc is sublimed on SnO; or glass, the physical
and photoelectrochemical properties of the films are
determined by the temperature reached by the substrate
during the sublimation. Amorphous films are obtained
for substrate temperatures below about 80 °C while
partially crystalline films are obtained when the substrates
are allowed to reach about 140 °C.

Partially crystalline films are the only ones to absorb in
the NIR. This typical absorption is going along with an
improvement of the photoactivity. Forinstance, for films
of the same thickness (1300 A), the maximum quantum
yield is about 2—4 electrons/100 incident photons for the
amorphous films; it is 12 for the partially crystalline ones.
The dominant OTiPc polymorph in the latter films is not
the same for all films thicknesses. It is phase IV OTiPc

Ghosez et al.

for thin films (<2000 A), as deduced by TEM, but becomes
phase I, as deduced by XRD, for films 28000 A. Quantum
yields up to about 25% have been observed for such films.
They display a peak at 850 nm in their action spectra and
a 1.5 mA cm? of short circuit photocurrent under
polychromaticillumination. Asthedominant polymorphic
species probably changes gradually from phase IV to phase
I, there is no drastic change in the photoactivity when the
thickness of the film increases.

A NIR absorbance is one of the factors that is required
to reach high photoactivities. However, it is not the only
one. Adequate Oy doping is equally important as it is
demonstrated by a difference of a factor 3 between short
circuit photocurrents characterizing OTiPc¢ films grown,
in the same conditions, from powders purified by subli-
mation in lower (10-2 Torr) or higher (<10-% Torr) vacuum.

Dark and photoconductivity measurements at various
temperatures are now undertaken in order to define the
eventual influence of O3 and the crystallinity of OTiPc on
its charge carrier densities and mobilities. Surface sen-
sitive techniques like XPS and SIMS time of flight will
also be used to investigate in greater details the exact
nature of oxygen interaction with this material.
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