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A measurement is made of the thermally stimulated current (TSC), which is dependent on the wave-
length of excitation light in vacuum-deposited tetracene films. The TSC curves are spectrally analyzed
on the assumption that the TSC is caused not only by trapped holes but also by trapped charge-transfer
(CT) excitons. Speculation on whether the same traps are responsible for the trapped holes and the

trapped CT excitons is given.

I. INTRODUCTION

For experimental simplicity, the thermally stimulated
current (TSC) and thermoluminescence (TL) methods
have been extensively used to determine the trapping pa-
rameters of crystal imperfections.! However, these
methods have not been fully explored. This is due to the
observed TSC and TL curves being extremely complicat-
ed and not very accessible to a comprehensive analysis
based on the fundamental model of TSC and TL, which
has evolved from the first theoretical treatment by Ran-
dall and Wilkins.2 The model commonly used consists of
a single set of traps, with one trap located at a depth
below the conduction band, while the other is located
above the valence band. The traps within a given speci-
men are filled with trapped free carriers generated by
photoexcitation at a low temperature. When the temper-
ature of the specimen is raised, usually at a linear rate for
convenience of analysis, these trapped carriers are freed
and contribute to the excess current and/or lumines-
cence. Therefore, the model predicts that the shapes of
the TSC and TL spectra depend only on the probability
of escape from the traps and not on the paths for filling
the traps, namely the wavelength of the excited light,
provided that the photoexcitation does not create any
new damage to the specimen.

Actually, Yoshida et al.’> did not report a definite
change in the TSC curves when an anthracene single
crystal was excited by irradiated light of different wave-
lengths at various temperatures. Moreover, excitation
spectra of the TL were found by Kristianpoller and
Rehavi* to be essentially identical for various TL peaks
occurring in a ThO, single crystal. These results surely
support the validity of the model. However, to the
author’s knowledge, there have been no observations of
the TSC and TL curves dependent on the wavelength of
the excitation light.

The purpose of the present paper is to show that the
TSC curves are dependent on the wavelength of excita-
tion light and to discuss the trapping mechanism respon-
sible for the TSC in tetracene films. On the basis of the
mechanism, the experimental TSC curves were spectrally
analyzed.
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II. EXPERIMENTAL PROCEDURE

A synthesized quartz plate was used as a substrate with
Au being deposited on the quartz plate to form comb-
type electrodes. The electrode separation was 1 mm.
Tetracene refined through sublimation was deposited on
the substrate at room temperature. As soon as a film was
formed, it was cooled to 185 K. It was then irradiated by
either 365- or 520-nm light. The light was supplied by a
high-pressure 500-W Hg lamp, through bandpass glass
filters having a half-width of 70 nm, under a bias voltage
of 0 or 840 V. The former wavelength corresponds to the
band-gap energy of a tetracene crystal,” while the latter
corresponds to the absorption of the 0-0 band in the
lowest excited state of the crystal.%” The time of il-
lumination, 5 min, was found sufficient for the traps to be
saturated by photoexcitation. The film was then heated
at a constant rate while the current through the film was
measured. The current measurement was accomplished
without changing the polarity of the applied voltage upon
removal of the irradiation. It should be noted, however,
that a field of reverse sign is applied in usual TSC mea-
surements. It was confirmed, for the surface-type cells
used here, that the TSC curves were not affected by the
polarity of the collecting voltage. The evaporation and
subsequent measurements were performed without expos-
ing the films to air. The measured TSC spectra were
found to depend on the conditions under which the film
was formed, namely the film thickness, deposition rate,
and the degree of vacuum. Moreover, when the film was
annealed at room temperature after the measurement, the
TSC no longer appeared.

III. RESULTS
A. Experimental TSC curves

Figures 1-3 show three TSC curves, dependent on the
wavelength of the excitation light. These TSC curves
were measured in three films formed under different con-
ditions: in Fig. 1, the rather thick film was formed with a
low deposition rate; in Fig. 2, the rather thin film was
formed with a large deposition rate; in Fig. 3, the thin
film was formed in a low degree of vacuum. Figures 1(a),
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FIG. 1. TSC curves dependent on the wavelength of the exci-
tation light. The conditions of the film formation are as follows:
a thickness of 2.7X 10° A, deposition rate of 3 A/s, and degree
of vacuum of 2.5X 107> Torr. The film was excited under O bias
voltage. The heating rate was 5X 107 % K/s.

2(a), and 3(a) show the TSC curves of films irradiated by
365-nm (3.4-eV) light at 185 K. After the TSC measure-
ments were completed, the films were again cooled to 185
K through short circuiting of the electrodes. The TSC
curves were then measured after the films were irradiated
with 520-nm (2.4-eV) light. These TSC curves are shown
in Figs. 1(b), 2(b), and 3(b).
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FIG. 2. As in Fig. 1 except for conditions as follows: a thick-

ness of 1.8 X 10° A, deposition rate of 5 A/s, and degree of vac-
uum of 1.8 X 107° Torr. The heating rate was 3X 1072 K /s.
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FIG. 3. Asin Ifig‘ 1 except for conditiqns as follows: a thick-
ness of 1.6 X 10° A, deposition rate of 4 A /s, and the degree of

vacuum of 4.0X 107° Torr. The film was excited under a bias
voltage of 840 V. The heating rate was 3 X 1072 K/s.

The broad TSC curve shown in Fig. 1(a) did not appear
when the film was irradiated with 2.4-eV excitation [Fig.
1(b)]. The nonappearance is not due to any structural
change in the film that may have been induced by repeti-
tion of the TSC measurement. It was confirmed that
when the film was repeatedly excited by 3.4-eV light at
low temperatures after the measurement of Fig. 1(b), the
broad peak was still observed.

The half-width of the TSC curve shown in Fig. 1(a) is
about 20 K, while those of the TSC curves shown in Fig.
2 are less than 10 K. The sharp TSC curve appeared
even after film irradiation of 2.4-eV light as well as after
the 3.4-eV excitation, although the values of the peak
temperatures and peak currents differ between Figs. 2(a)
and 2(b). The differences are probably due to structural
changes in the film induced by repetitive TSC measure-
ments. This was found to be true, since the film was
again excited by the 3.4-eV light after the measurements
of Fig. 2(b) were taken. The resulting TSC curve was
similar to that of Fig. 2(b) in the current intensity and
temperature of the TSC peak.

The more-complicated TSC curve shown in Fig. 3(a)
consists of four peaks, which are indicated by arrows and
labeled P1, P2, P3, and P4 in order of increasing temper-
ature. Only one peak is found in Fig. 3(b). The large
current that occurs as the temperature increases to ap-
proximately 217 K [Fig. 3(a)] is not observed in Fig. 3(b).
However, the value of the peak current in Fig. 3(b) has
the same order of magnitude as that of P4. It is evident
that these differences are not due to the repetition of the
TSC measurement. This conclusion was verified when
the film was repeatedly excited by 3.4-eV light after the
measurements of Fig. 3(b) were obtained, and TSC curves
similar to that of Fig. 3(a) were found.
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B. Spectral analysis

As shown in Fig. 4(a), the shape of the broad TSC
curve shown in Fig. 1(a) was well fitted by the
monomolecular TSC spectrum I,(T) (Refs. 2, 8, and 9)
given by
E, f T

——=— ], exp

1
kT BT, M

I, (T)=I,exp

Here, k is the Boltzmann constant, f is the frequency fac-
tor for escape from the traps and is assumed to be in-
dependent of temperature 7. B is the heating rate, [ is a
constant dependent on the trap parameters, T is the ex-
citation temperature of the film, and E, is the trap depth
for free carriers. The solid lines (a) and (b) in Fig. 4 were
computed by using Eq. (1). The values for E, and f,
given in the figure caption, were decided by a curve-
fitting technique.!® The technique consisted of assuming a
value of E,, obtaining a value of f from the maximum
condition of Eq. (1), calculating I, by Eq. (1), and com-
paring it graphically to the recorded graph. If the fit was
not satisfactory, a different value of E, was chosen, and
the procedure was repeated until the best fit was ob-
tained. In comparison with several previous results,!! !4
it is concluded that the broad TSC [Fig. 1(a)] originates
from the thermal release of the holes at the trapping lev-
el, while the 2.4-eV excitation [Fig. 1(b)] cannot generate
the trapped holes.

Nevertheless, the 2.4-eV excitation could fill traps re-
sponsible for the sharp TSC as well as the 3.4-eV excita-
tion. The sharp TSC shown in Fig. 2(b) is not well fitted
by Eq. (1), as shown in Fig. 4(b). The sharpening in the
shape of the TSC does not arise from an arbitrary con-
tinuous distribution of traps.'> Hence, a new trapping
mechanism and a corresponding TSC theory should be
discussed. Recently, Sakurai'® demonstrated that the
TSC curve I(T) resulting from charge-transfer (CT) exci-
tons trapped at a trap depth E can be expressed by

E+U F o1 E+U
Isexp | — T B Toexp T TRT dT
n=
1+ M exp ——%fTTexp —Ek_;,U aT
0
()

Here U is the Coulombic binding energy between the
electron and the hole, while F and M are assumed to be
independent of T. The sharp TSC curve [Fig. 2(b)] was
well fitted by Eq. (2), as shown in Fig. 5(b). Here, the
curve-fitting technique was performed as mentioned
above except for assuming a value of E + U and a value
of F independent of each other and obtaining a value of
M from the maximum condition of Eq. (2). Consequent-
ly, the sharp TSC curve is most likely caused by the
thermal release and dissociation of a trapped CT exciton.
The trapped CT exciton consisting of a trapped hole with
a free electron, or a trapped electron with a free hole as a
nearest neighbor, was first proposed by Arnold, Pope,
and Hisieh.!” However, the TSC curve shown in Fig. 2(a)
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FIG. 4. Comparison of the thoeretical TSC spectra with the
experimental data of the broad and the sharp peaks shown in
Figs. 1(a) and 2(b). The solid lines (a) and (b) are computed by
using Eq. (1) with E,=0.47 ¢V and f=6.7X10®s7!, and 1.6 eV
and 1.3 X 10% s, respectively,

cannot be fitted by only one sharp TSC spectrum. This
signifies that in Fig. 2(a) the broad TSC generated by the
3.4-eV excitation coexists with the sharp curve.

Maeta et al.'®!° theoretically proposed a method to
separate parts of the TSC curve that overlap each other
when they are subjected to Eq. (1). The procedure was
applied to the present TSC data in the following manner.
The data given when the current was increasing in Fig.
2(a) were subjected to Eq. (1) with the method of Maeta
et al., while the TSC data in the neighborhood of the
peak were fitted to Eq. (2) independent of each other by
the curve-fitting technique. The TSC curve resulting
from the superposition of the two TSC spectra was com-
pared to the experimental curve shown in Fig. 2(a).
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FIG. 5. Comparison of the theoretical TSC spectra with the
experimental data shown in Fig. 2. Solid line (a) represents the
superposition of two dotted lines that are computed by using
Eq. (1) with E,=0.65 eV and £f=2.8X10'2s!, and Eq. (2) with
E+U=1.28 eV and F=1.9X10% s~!. The solid line (b) is
computed by using Eq. (2) with E+U=1.28 eV and
F=3.0X10%s"",
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FIG. 6. Spectral fitting of the increasing and decreasing por-
tions of the experimental data O and @ shown in Figs. 3(a) and
3(b), respectively. Curves C1 and C2 are computed by using Eq.
(2), and curve C3 is computed by using Eq. (1).

These results were taken as trial values and the trial and
error procedure was repeated until the best fit was ob-
tained. The TSC curve was thus separated as shown in
Fig. 5(a).

The increasing and decreasing portions of the TSC
curves shown in Fig. 3 were also analyzed by the method
mentioned above. The results are shown by the solid
lines C1, C2, and dotted line C3 in Fig. 6. Using Eq. (2),
curves C1 and C2 resulted from values of E +U =1.02
eV, F=2.5X10% s7!, and M =8.4X10%, and 1.03 eV,
5.8X10% s7! and 8.2X10°%, respectively. The three pa-
rameters, which characterize TSC curves caused by
trapped CT excitons, appear to be the same for C1 and
C2. Since the effect of overlapping other TSC signals on
the parameters is negligible for C2 but not for Cl1, peak
P4 was found to have a value of 1.03 eV for E + U rather
than 1.02 eV. In contrast, curve C3, calculated using Eq.
(1), is due to the holes trapped at E, =0.35 eV. Since the
effect of overlapping other TSC signals on curve C3 has a
tendency to result in broadening the shape of C3, the
value for E, should be estimated as rather smaller than
0.35eV.

IV. DISCUSSION

It is well known that the direct optical transition be-
tween the ground-state and CT exciton states is con-
sidered intermediate in the photogeneration process of
free carriers.?’-?2 On the basis of assumption that the
band-gap energy is 3.4 eV, Sebastian, Weiser, and
Bissler’ discovered four CT transitions at 2.71, 2.78,
2.90, and 3.06 eV in a tetracene polycrystalline film, cor-
responding to 0.69, 0.62, 0.50, and 0.34 eV for U, respec-
tively. The appearance of the four peaks shown in Fig.
3(a) is thought to be consistent with the conclusion that
the sharp TSC is caused by trapped CT excitons. If peak
P4 is caused by the lowest CT exciton trapped at E, curve
C1 yields a value of E=0.34 eV because of E +U=1.03

190200210 220 230 240
TEMPERATURE(K)

FIG. 7. Spectral fitting of the TSC curve shown in Fig. 3(a).
Open circles are the experimental data. The dotted line (a) is
computed by using Eq. (1) with E,=0.34 eV, and dotted lines
(b)—(e) are computed by using Eq. (2) with E=E,, U=0.34,
0.50, 0.62, and 0.69 eV, respectively. The solid line represents
the superposition of curves (a)-(e).

eV and U=0.69 eV. Therefore, it can be stated that the
values for E and E, precisely agree with each other. This
is also supported by the result of spectral analysis shown
in Fig. 5(a). This agreement signifies that the structural
fault responsible for the hole traps is the same as that re-
sponsible for the CT exciton traps.

The trapped hole is thus interpreted as the trapped CT
exciton with U =0. In fact, Eq. (1) results from Eq. (2)
on the condition that U =0. The agreement further
shows that it is reasonable to adopt the four values, de-
rived from the four-CT transition found by Sebastian,
Weiser, and Bissler,’ as the values for U of the trapped
CT excitons. Consequently, it is concluded that the TSC
curves shown in Figs. 3(a) and 3(b) can be interpreted by
the superposition of five TSC curves as shown in Figs. 7
and 8, respectively. The TSC spectrum (a) in Fig. 8
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FIG. 8. Spectral fitting of the TSC curve shown in Fig. 3(b).
The values of the parameters are the same as those given in Fig.
7.
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caused by the trapped holes is thought to be due to the
effect of the bias voltage.

It seems noteworthy to focus attention on the
difference between the TSC spectra excited by the 3.4-eV
and the 2.4-eV lights; the values of the four peak currents
in Fig. 7 have the same order of magnitude, whereas in
Fig. 8 a single peak appears. This is inconsistent with the
assumption that the trapped CT exciton was generated by
the trapped hole to capture a free electron from the
nearest neighbor. It is expected, on the basis of the as-
sumption, that the ratio of the peak values of the TSC
spectra for the 2.4-eV excitation ought to be similar to
that for the 3.4-eV excitation. Therefore, a direct optical
CT transition should be considered as the generating
mechanism of the trapped CT excitons for further inter-
pretation of the remarkable difference between Figs. 7
and 8.
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V. CONCLUSIONS

The complicated TSC curves, dependent on the wave-
length of the excitation light, could be understood under
the assumptions that the TSC is caused not only by
trapped holes but also by trapped CT excitons, and that
the trap depth of the trapped holes is equal to that of the
trapped CT excitons. The 3.4-eV excitation was capable
of simultaneously generating the trapped holes and CT
excitons. However, the 2.4-eV excitation had the ability
to generate the trapped CT excitons, but not the trapped
holes under these experimental conditions.
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