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Photoelectric Behavior of Sublimed Films of Phenothiazine Derivatives
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The energy structures and photoelectric behavior of sandwich-type organic photocells, configurations of
which are Au/benzo[blphenothiazine/Al, Al/dibenzo[a, h]phenothiazine/In, Al/dibenzo]a,j]phenothiazine/In,
and Au/triphenodithiazine/Al, are investigated. The electrical and photovoltaic measurements show that the
blocking contacts are formed at the pigments/Al interfaces in these four cells. These experimental results are
consistent with the proposed energy band structures of the cells, which are estimated on the basis of the exper-
imental results of ultraviolet photoelectron spectra and the threshold values in photocurrent action spectra.

Many works have published about photovoltaic cells
made of organic pigments.!— It is important for
organic semiconductor films to study their energetic
structure,*~" though there have not been many prac-
tical approaches.

In this paper, we try to estimate the electronic struc-
ture of phenothiazine derivative films on the basis of
ultraviolet photoelectron spectrometric measurements,
and to elucidate the photoelectric properties of these
films by a band model.

Experimental

Materials. Seven phenothiazine (PT) derivatives, used
in this work, are shown in Chart 1 with their abbreviations.
They were prepared as described in the literature,> % and
purified by sublimation in vacuo. The metals used as elec-
trodes for sandwich-type cells are aluminum, indium, and
gold, the purity of which is better than 99.95%.

UP Spectra. Ionization potential and work functions of
six PT derivatives, in the form of sublimed films on Cu sub-
strates, were estimated by ultraviolet photoelectron spec-
trometry (UPS). Measurements were done by the method
described in the literature.!® The work function of metals,
used for electrodes was also estimated by UPS. The UPS
measurement for metal films was done after exposure to air
for several minutes so as to put them in a similar condition
to the cell electrodes.

Absorption Spectra. Electronic absorption (UV-vis)
spectra of PT derivative films, sublimed on glass plates, were
observed with a Hitachi 330 spectrometer.

X-Ray Measurements. The X-ray diffraction patterns
of films were observed with a Rigaku CN 2013 diffractometer
with a Mn-filtered Fe K o radiation (A=1.9373 A).

Cell Fabrication. To prepare thin-film sandwich-
type cells, Pyrex glass plates (hereafter called substrates)
were washed first with water and neutral detergent, then
with high purity water, and finally by ultrasonic cleaning in
isopropy! alcohol. Then they were dried and kept in a des-
iccator. Thin films, metal electrodes, and pigments, were
vacuum-deposited onto substrates through a mask with a
ULVAC EBH-6 at a base pressure of 107° Torr (1 Torr=
133.322 Pa). Figure 1 shows the arrangement of the films
on a substrate. In some cells, where pigment/In was neces-
sary, an Al layer was first deposited onto the glass plate as

oy

Dibenzola,hlphenothiazine
(DB(a,hIPT)

Benzolalphenothiazine
(BLalPT)

o S

Dibenzola, j Jphenothiazine
(DB, jIPT)

Benzolblphenothiazine
(BILIPT)

N N
O Y

Dibenzolc,hlphenothiazine
(DBIC,hIPT)

CL 0
N S
Triphenodithiazine

(TPDT)

Molecular structures of PT derivatives.

Benzolclphenothiazine
(BLcIPT)

Chart 1.

a conducting electrode, and then an In film was deposited,
since the high resistance of semitransparent In film made the
electrical measurements difficult. After the pigment was de-
posited onto the metal electrode (In), an Al layer completed
the sandwich. In others, an Al layer was first deposited onto
the glass plate, and then the pigment and Au were deposited
successively. Metallic films were deposited so as to keep their
transparency to more than 20% of the incident light. The
substrate was kept at room temperature during sublimation,
and the vacuum was broken after each deposition.
Measurements. Electrical measurements on the
cells were done in vacuo (10™° Torr). The current—volt-
age (J-V) characteristics were observed with a Takedariken
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Fig. 1. Structure of a photoconductive cell prepared
by vacuum evaporation.

TR8651 electrometer by biasing the cells with a Takedariken
(Advantest) TR6142 function generator. For the photocur-
rent—voltage (Jo— V) measurements, cells were irradiated
with a 750 W tungsten lamp, the intensity of which was
measured with a Scientech laser power meter Model 360201.
The action spectra of the sandwich-type cells were measured
while keeping the photon flux constant throughout the wave-
length range examined. The light source for action spectrum
measurements was a 500 W xenon lamp and a JASCO CT-10
monochromator. The action spectra were normalized for the
intensity of the incident light and were corrected for absorp-
tion of the glass plate. The thickness of film was measured
by a Sloan Dektak 3030 surface profilometer.

Results and Discussion

Estimate of Band Structure. Figure 2 shows the
estimated band structures of seven PT derivative films.
In this figure, values of the top of the valence band and
Fermi level are taken as those of ionization potential
and work function, respectively, which are measured by
UPS. The band gaps between the valence band and
the conduction band are estimated from the energy of
absorption threshold of the UV-vis spectra.

In looking at Fig. 2, all the PT derivative films, except
for triphenodithiazine (TPDT) film, are regarded as
p-type semiconductors, since their Fermi levels are be-
low the centers of the band gaps. This estimation agrees
with the fact that most organic pigments are known
to have a p-type character.” It will be discussed in a
later section if the models, estimated here, are proper or
not together with the case of TPDT film estimated as
n-type above.

Molecular Orientation of Films. X-Ray diffrac-
tion patterns of the films were observed to confirm that
the molecular orientation in both films, used for UPS
and electronic absorption measurements, were identical.
For all the materials examined, similar X-ray patterns
were observed for both films evaporated on Cu (UPS)
and glass (UV-vis spectra) substrates with only one ex-
ception, the DB[c,h|PT film. In the case of DB[c,h]PT, a
very weak diffraction peak appeared at around 26=9.5°
[(001) or (200)] with the film on a Cu substrate, but the
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film on glass substrate had amorphous patterns. It can
be regarded that the energy structures of both organic
films (on Cu and glass substrates) are identical. Fig-
ure 3 shows diffraction patterns of four PT derivative
films. Benzo[b]phenothiazine (B[6]PT) and dibenzo-
[a, hlphenothiazine (DBla, /PT) films have distinct
diffraction peaks, representing how the molecules are
oriented in these films. On the other hand, there are no
marked diffraction peaks in dibenzo[a,j]phenothiazine
(DBJa,j]PT), and TPDT films. From the results of our
preliminary X-ray crystal analysis,!” the observed re-
flection peaks in B[6]PT film correspond to (h00) planes,
and this means that the B[o]PT molecules stand perpen-
dicularly on the substrate. However, assignment of the
reflection peaks of DB[a,h]|PT film was unsuccessful us-
ing the results of our X-ray crystal analysis, and it seems
that orientation of DB[a,h]PT molecules in the sublimed
film are different from that in single crystals.!®

Energy Diagrams of the Cells.  The notation
(M;/pigment/Ms) is used below to describe the sand-
wich-type cells used in this study. The order of symbols
is the order of the films from the top of the assembly to
the substrate.

It is well-known that a Schottky barrier is formed
when a metal and a semiconductor, with different work
functions, are brought into contact.!® In this paper,
combination of M;, Ms, and pigments were selected by
considering the band structure of pigments (Fig. 2) and
values of the work function of metals, which were esti-
mated by UPS, as 3.54, 4.00, and 4.50 eV, for Al, In,
and Au, respectively.

Though this value of the work function for the Al film
was smaller than the known value of 4.06—4.28 eV,?% it
can be attributable to the oxidized layer on the Al film
surface.?"'?? By an electron take-off angle experiment
of electron spectroscopy for chemical analysis (ESCA),
Al,O3 (20 A thick), and InyO3 (13 A thick) layers have
been found to be formed on the Al and In film sur-
faces. On the Au film surface, however, no oxidized
layer was detected. In this connection, four kinds of
materials, B[b)]PT, DB[a,h]PT, DB[qa,j]PT, and TPDT
were adopted, and for each PT derivative, two elec-
trodes were selected so that the one kept a rectifying
contact, and the other formed an ohmic contact with
the pigment. Then, Au/B[b]PT/Al, Al/DB[a,h]PT/In,
Al/DBa,j]PT/In, and Au/TPDT/AI cells were fabri-
cated, and the thicknesses of the organic layers were
10000, 25000, 8500, and 10000 A, respectively.

The estimated energy diagrams of these four cells
are shown in Fig. 4. For the Au/B[b|PT/Al, Al/DB-
[a,h]PT/In, and Al/DB|a,j]PT/In cells, downward band
bendings of pigments are formed at the interfaces with
Al On the other hand, at the interfaces with the oppo-
site electrode, Au or In, band bendings of pigments are
smaller than those at the interfaces with the Al elec-
trode.

The band bendings presented in these diagrams sug-



August, 1994]

Photoelectric Behavior of Phenothiazine Derivatives

2019

vacuum level

0
T 206 215
- a) &- .

3> i[¢8 262 280 282 24 2.60
3 o [e 438 | [4.32 357
m _E . . 34 | 17 e e old] e ee e
5 o[ UAT | less | [REE PR P L 455 | o] 5
AL 688 | 1697 | 157571 1487 | 489 | [529 1 [5.127] [5.12”

7r BlalPT BLolPT BICIPT  OBanPT DB@.JIPT DBIChIPT  TPOT #1  Tppr #2

Fig. 2. Band structures of PT derivative films.

Energy values are represented as depths from the vacuum level.

Symbols are defined as follows: a) C.B.; bottom of conduction band, b) Fermi level, ¢) V.B.; top of valence band,
and d) values taken from Ref. 16. TPDT #2 is explained in the text in the later section.

Table 1. Photovoltaic Characteristics of M;/PT Derivative/Mz Cells

Cell Voo/V  Jsc/Acm™2  f.f. n/%
Au/B[b]PT/Al 0.53 4.0x1078 0.38  6.7x107"7
Al/DB[a,h]PT/In 0.50 1.0x1078 0.25 1.0x1077
Al/DBJa,j]PT/In 0.50 1.2x107%  0.25  1.3x1077
Au/TPDT/Al 0.24 2.3x107% 036  1.6x1077

gest that only the light absorbed near the Al contacts
are effective in producing charge carriers, and that near
ohmic contacts are formed at the Au or In contacts. In
addition, the photocurrents generated are expected to
flow from Al to Au or In through the pigment layers
regardless of the direction of irradiation under short-
circuit conditions.

In the case of the Au/TPDT/AIl cell, the estimated
energy diagram (Fig. 4(d)) is different from those of
the other three cells. In this diagram, the upward band
bending is formed at the Au/TPDT interface. This
band bending suggests that the photoactive region is
the Au/TPDT interface, and the photocurrent gener-
ated flows from Al to Au through the TPDT layer. A
downward band bending is formed at the TPDT/AI in-
terface, but this contact is assumed to be ohmic from
the location of the bottom of the conduction band and
the Fermi level.

All the estimated diagrams suggest that the cells
show rectifying behavior in the dark, with a forward
bias corresponding to a negative voltage at Al with re-
spect to Au or In.

Dark Current. Figure 5 shows the observed dark
current through the cells, J4, as a function of the ap-
plied voltage, V. In the forward bias mode, the Al elec-
trode was polarized negative with respect to the Au or
In electrode. All cells showed some rectifying behavior,
indicating that a Schottky barrier has formed. Figure 6
shows the semilogarithmic plots of the forward-biased
dark current versus applied voltages for (a) the Au/B[b]-
PT/Al cell and (b) the Au/TPDT/Al cell. The shape
of these curves resembles that of the metal-insulator-
semiconductor (MIS) barrier diode, as reported for an
Al1/SiO, /p-type Si diode,?® rather than that of the ideal

Schottky barrier. Since the Al surface is easily oxidized
to be covered with Al,O3 as mentioned above, the ob-
served MIS characteristics can be explained by assum-
ing that a pigment/Al;O3/Al diode is formed. These
results are in accordance with the estimated band struc-
ture with respect to B[b]PT, but against to that with
respect to TPDT, which is discussed in a later section.

Photocurrent. When the Au/TPDT/AI cell was
irradiated on the Al side with white light of 1.2 W cm ™2
intensity, it had a photovoltaic behavior as shown in
Fig. 7. Other cells also had photovoltaic effects under
the same conditions as the Au/TPDT/Al cell. And the
Al electrode behaved as an anode in the short-circuit
condition in all the cells examined; namely, the pho-
tocurrent flowed from Al to Au (or In) through the pig-
ment layers regardless of the direction of irradiation.
Since the irradiation on the Al side caused a larger
photocurrent in these cells, the Schottky barriers are
assumed to be formed at the pigment/Al interfaces.

From the J,—V relationships in the photovoltaic
mode, the characteristic photovoltaic parameters, open-
circuit photovoltage, V.., short-circuit photocurrent,
Jse, fill factor, f.f., and power conversion efficiency, 7,
can be evaluated. The results obtained for various cells.
are presented in Table 1. The very small values of 7 in
Table 1 are probably caused by low carrier mobilities
of the organic films.?*?® In fact, we observed mobil-
ity values of 1077—107% cm? V~!s~! in PT-derivative
films similar to those used in this paper.?® Their very
low conversion efficiency seems to make their practical
application difficult.

Figure 8 shows the relationship between J. and the
incident light intensity for the Au/B[b]PT/Al cell and
the Au/TPDT/AI cell, irradiated through the Al side
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Fig. 3. X-Ray diffraction profiles of sublimed films of

PT derivatives: (a) B[§]PT, (b) DB[a,h]PT, (c) DB-
[a,7]PT, and (d) TPDT.

with white light from a tungsten lamp, where the light
intensity was varied from 80 to 1000 mWcm™2. In
both cases, values of Jy. are approximately proportional
to the square root of the light intensities. For the
Al/merocyanine/Ag and ITO/CdS/quinacridone/Au
cell, a linear relationship between Ji. and light intensity
has been reported.?”?®) The square root relation, which
was observed in our cells, can be explained by electron-
hole recombination.

Action Spectra. In Fig. 9, the photocurrent action
spectra of M;/pigment/M; cells illuminated through
the M; and/or My electrodes are shown together with
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Fig. 4. Estimated energy diagrams of cells: (a) Au/B-
[bJPT/AlL, (b) Al/DBla, hJPT/In, (c) Al/DBq,j]-
PT/In, and (d) Au/TPDT/Al cells. (d)’ is explained
in the text in the later section.

(ay

absorption spectra of the corresponding organic films.
The value of photocurrent has been normalized by the
relative photon flux over the observed wavelength range.

For Au/B[b)PT/Al, Al/DBJa,h]PT/In, and Al/DB-
[a,7]PT/In cells, the action spectra agree with the
absorption spectra only when light is incident on
the Al side. These results clearly indicate that photo-
carriers are generated at the pigment/Al interfaces,
that is, the Schottky barriers are formed at these re-
gions. These results are consistent with the estimated
energy diagrams mentioned in the previous section
(Fig. 4(a)—(c)). For both Al/DBJa, h]PT/In and
Al/DB[a,j]PT/In cells (Fig. 9(b) and (c)), illumination
through the In sides gave small photocurrents, and the
action spectra did not agree with their absorption spec-
tra. These results can be explained by an optical filter-
ing effect due to the absorption of light by the organic
layers,’'?®) and these results indicate that no energy bar-
rier is formed, neither at the DB[a,h/PT/In interface
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nor the DB[a,j]PT/In interface. For the Au/B[b]PT/Al
cell (Fig. 9(a)), when the Au side was illuminated, ac-
tion spectrum gave a maximum around the absorption
threshold of a B[b]PT film. This result also indicates
that the energy barrier is not formed at the Au/B[b]-
PT interface. In this case, however, the photocurrent
value of the action spectrum obtained by the illumina-
tion through the Al side was much larger than that ob-
tained by the illumination through the Au side around
the absorption threshold of a B[b|PT film. This phe-
nomenon cannot be explained only by the optical filter-
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ing effect, and may result from reexcitation of trapped
carriers.

In the case of the Au/TPDT/Al cell, the results are
somewhat different from the other three cells. When the
Al electrode was irradiated, the action spectrum agreed
with the absorption band around 300 nm of TPDT film.
The action spectrum obtained from illuminating the Au
electrode has a maximum around 380 nm, which is the
trough of the two absorption bands of TPDT. These
results are not consistent with the estimated energy di-
agrams (Fig. 4(d)), since the agreement between the
action spectrum obtained from illuminating the Al side
and the absorption band around 300 nm, indicates that
the Schottky barrier is formed at the TPDT/AI inter-
face. However, the action spectrum obtained by illu-
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minating the Au side was not very different from that
obtained by illuminating the Al side. This result may
be attributed to the occurrence of the charge separation
at the Au/TPDT interface.

Neither action spectrum, by Al nor Au side irradia-
tion, gives any peak that corresponds to the absorption
band around 490 nm of TPDT film. Interpretation of
these experimental results mentioned above can only be
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derived from the assumption that an exciton, formed in
the absorption range around 490 nm, does not dissoci-
ate into an electron and a hole.

By applying this assumption, the band structure of
TPDT in Fig. 2 (TPDT #1) should be corrected as
given below, since the previous band gap was estimated
from its absorption threshold (800 nm), in spite of hav-
ing insufficient energy to produce charge carriers. Thus,
the new band gap can be reestimated from the photo-
voltaic threshold (500 nm). The corrected band struc-
ture of TPDT film, and corrected energy diagram of the
Au/TPDT/Al cell are shown in Fig. 2 (TPDT #2) and
Fig. 4(d)’, respectively. The new band structure sug-
gests that TPDT film is a p-type semiconductor. And
in the new energy diagram, downward band bending
is formed at the TPDT/Al interface, but upward band
bending is formed at the Au/TPDT interface. The ob-
served results about this cell, namely the Jy—V char-
acteristic, direction of the short-circuit photocurrent,
and the action spectra, are entirely explainable with the
new energy diagram. In this diagram, the equal heights
of energy barriers at both interfaces, Au/TPDT and
TPDT/Al, perhaps make it difficult to elucidate the
behavior of a photocurrent which is larger with the Al
side irradiation than that on the other side. However,
considering that the surface of an Al electrode is easily
oxidized and covered with Al;Oj3 layer, the energy bar-
rier at the TPDT/Al interface is possibly higher than
that of the Au/TPDT interface.

For the other three cells, the absorption thresholds of
the absorption spectra agree well with the threshold val-
ues of the action spectra. So, the observed photovoltaic
behaviors of these cells agree with the estimated energy
diagrams, shown in Fig. 2, without any correction.

The electrical properties of the cells mentioned above
were measured in vacuo. In general, it is well known
that the ambient gases, such as oxygen or hydrogen, in-
fluence the electrical behavior of organic materials.>® In
B[b]PT, DBJa,h|PT, and DB[a,j]PT films, the dark con-
ductivity was observed to increase on oxygen adsorp-
tion, and to decrease on hydrogen adsorption. These
effects of ambient gases on the dark conductivity show
that these three materials have p-type properties which
is in accordance with the estimated band structure
shown in Fig. 2. However, neither oxygen nor hydro-
gen influenced the dark conductivity of TPDT film.

The conduction mechanism of organic compounds is
usually explained either by a hopping model or by a
band model. In this work, we could explain the ob-
served photoelectric behaviors of PT derivative films by
a band model with an energetical consideration, though
the possibility of hopping conduction cannot be deleted
for their low value of charge carrier mobility.?®
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