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Photoelectric and photodielectric properties of thin films of diethyl 2,5-dianilino-
terephthalate were studied. Both phenomena are strongly influenced by charge carrier
trapping. A weak photodielectric response (about 0.5% and 0.01% at the frequencies 102

and 104 Hz, respectively) seems to be associated with the photoformation of free and
trapped charge carriers.
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The potential use of organic materials for photogeneration of free charge carriers
in light-sensitive devices, and low-cost photovoltaic cells [1] as well as in electro-
graphic recording systems has stimulated interest in their electronic properties.
Photoconductivity in organics has been studied for a long time, but some details of the
process are not yet fully understood. Intrinsic photogeneration has been studied in
some detail for anthracene [2], tetracene [3], pentacene [4], phthalocyanine [5], and
other molecular materials including polymers, like polyacetylenes [6], polysilanes
[7], poly(phenylenevinylenes) [8], etc. One of the major achievements of these stud-
ies was the demonstration of the applicability of the Onsager model [9] of the
field-assisted dissociation of a pair of charges. The results show that photogeneration
occurs via an intermediate stage of a bonded charge pair state (charge-transfer) and its
subsequent thermal dissociation, which is a thermally activated and field-assisted dif-
fusive process. The light-induced charge transfer (charge separation) within an
individual molecule or on the intermolecular level can change both molecular polari-
zability and dipole moment. On a macroscopic level, these changes can be detected
by photodielectric spectroscopy.

In many organic molecules the ratio of the dipole moment in the excited state to
that in the ground state amounts up to two. Quite large changes appear in compounds
having both electron-acceptor and electron-donor substituent groups in an aromatic
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structure, which favour an increase in the charge separation in the excited state.
Polarizability of aromatic hydrocarbons in the excited state appears to increase by
some 20–70% [10], that of certain tetraphenylpolyenes may increase four times. Pre-
liminary estimates suggest that about 18% increase in relative electric permittivity
might be expected if a 1% concentration of excited species is attained. This change
could make it possible to construct solar energy conversion cells on the basis of the
photodielectric effect [11]. However, the singlet and triplet excited states exhibit
short life-times and their direct use in energy conversion devices seem to be improba-
ble. During the last twenty years photochemistry and photophysics has been strongly
developed and new types of excited species with prolonged life-times, like localized
excitons, excimers, exciplexes, ion-pairs, photochromic intermediates, etc., have
been found and their properties studied [12–14]. These species can also participate in
the photodielectric effect. Thus, the old idea of the construction of solar cells based on
the photodielectric effect [11] can be developed now, using new advanced molecular
electronic materials.

It could be pointed out that the photodielectric effect, i.e. dielectric change of a
photoconductive capacitor caused by illumination, was studied in the past mainly on
inorganic materials, but it was usually weak, because of small changes in polari-
zability and dipole moment under illumination. It was usually explained on the basis
of the following hypotheses: (i) Space charge effect and polarization [15]. (ii) Polar-
ization of traps containing loosely bound charge carriers [16]. (iii) Heterogeneous di-
electric with photoconductive domains [17–19]. (iv) Increase in the free-charge
carrier concentration gradient on sample illumination [20,21]; in this case the sample
contacts and in particular charge the carrier injection can play an important role.

In this paper the photodielectric behaviour of thin films of diethyl 2,5-dianilino-
terephthalate (DTA) is presented. It is shown, that the DTA films are photoconductive
and a possible photodielectric mechanism can be explained on the basis of the hy-
pothesis (iv). The changes in the capacitance induced by light are lower than in inor-
ganic materials [20] (cf. the photocapacitance change in CdTe, where �C = 50% and
in DTA, where �C = 1%) provided that charge transfer processes are not included.

EXPERIMENTAL

Material and samples. Oligoanilines as compounds with repeating phenyleneimino units are good
electron donors [22]. They are photoconductive [23] and can be substituted with electron-acceptor groups
(COOH, COOC2H5), thus forming intramolecular hydrogen bond of the type C=O...H–N [24]. Diethyl
2,5-dianilinoterephthalate (DTA) (Fig. 1) was prepared by oxidation of 2,5-dianilino-1,4-dihydro-
terephthalate with iodine [25] and purified by several crystallizations from ethanol to a constant melting
point, and subsequent sublimation at 10–3 Pa. Its melting point, after triple crystallization, was 416 K. The
absence of ion radicals during the oxidation was checked by the electron paramagnetic resonance method.
Samples were prepared by melting of a DTA powder between two SnO2-covered glasses. A typical sam-
ple thickness was from 10 to 100 µm, electrode area ca. 1 cm2.
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Measurements. Electrical and photoelectrical measurements were performed at pressures less than
10–3 Pa. The current passing through the sample was measured either directly, using a Keithley 616
electrometer, or by the compensation method, where an electrometer with a vibrating condenser was used
as a zero indicator. A Keithley 240A served as the power supply. The samples were illuminated with a xe-
non discharge tube, monochromatized with a Zeiss SPM 1 prism monochromator. Absorption spectra
were recorded with a Cary 14 spectrophotometer. Contactless measurements in an electrophotographic
regime were carried out employing a rotary electrodynamic condenser electrometer [26]. Photocurrent
spectra are presented as photoresponses, normalized for constant irradiance (the dependence of the
photocurrent on the photon flux is not included). Dielectric and photodielectric properties were investi-
gated using a General Radio 1621 assembly (10–105 Hz), which allowed to record very small capacitance
changes �C with �C/C0 = 0.5 ppm accuracy (C0 is the steady-state capacitance in the dark). The
peak-to-peak amplitude of the alternating voltage was kept lower than 2 V, not to exceed the Ohmic part of
the current-voltage characteristic.

RESULTS AND DISCUSSION

Photoconductivity. Optical absorption spectrum of a solid DTA film is given in
Fig. 2 and summarized in Table 1. The coincidence of optical absorption bands in the
solid state and of photocurrent peaks was observed for bands with the maxima at the
wavelengths � = 314 and 510 nm (cf. curves 1 and 2 in Fig. 2). A strong photo-
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Figure 1. Diethyl 2,5-dianilinoterephthalate (DTA).

Figure 2. Absorption and photocurrent spectra of DTA. Curve 1 – absorption spectrum of sublimed
layer, curve 2 – photocurrent spectrum, curve 3 – half-decay photosensitivity spectrum of DTA
in poly(methyl methacrylate) matrix measured by the electrophotographic method.



conductive peak was also observed at � = 615 nm. This band appeared during the mea-
surements carried out both in air and in vacuo, if contacts were applied to the sample.
A similar behaviour was also observed with N,N�-diphenyl-1,4-phenylenediamine
[23], and it was attributed to the effect of surface precontact states and a trapped space
charge at the contact interface. The situation here could be similar, because this band
was not observed in contactless measurements using the xerographic method when
DTA was dispersed in a poly(methyl methacrylate) matrix (cf. curve 3 in Fig. 2).

Table 1. Absorption maxima and photoconductivity spectral bands of DTA.

Absorption Photoconductivity

Solid state Current measurement Xerographic measurement1)

�
[nm]

�
[nm]

relative
intensity

�
[nm]

relative
intensity

310 314 17.6 310 16.4

508 510 8.7 470 23.6

540 – – – –

– 615 32.5 – –
1)Contactless measurement by electrographic method (solid solution of DTA in poly(methyl methacrylate)).

The dependence of the photocurrent on the photon flux could be described by the
relation jph � �q, q is equal to ~ 0.5 for polychromatic light. The q coefficient slightly
increased with increasing voltage applied to the sample. For the monochromatic light
of wavelengths � < 520 nm, q = 0.3–0.4. The activation energy of the photocurrent be-
tween 263 K < T < 294 K was Ea

ph = (0.60 ± 0.04) eV and voltage-independent. The ac-
tivation energy of the dark Ohmic current was Ea1 = (0.45 ± 0.05) eV (256 < T < 294 K)
and Ea2 = (0.98 ± 0.05) eV (T > 294 K). Photocurrent kinetic curve is given in Fig. 3a.
The decay part consists of initial rapid drop, associated with the free carrier recombi-
nation and a slow part associated with trapping phenomena. From the decay curves,
measured at different temperatures, one can get the information on the depth (Et) and
frequency factor (�0) of the shallow traps. These parameters were obtained using the
current × time vs. log time analysis (cf. Fig. 3b) [27] as Et = 0.57 eV and �0 = 109 s–1. As
it results from measurements with amorphous and crystalline samples [24], the traps
may be characterized as “structural”. Dark current-voltage characteristics of sand-
wich samples were typical of space-charge-limited currents (SCLC) [28]. In the
low-voltage range, (U < Ux = 4 V; cf. curve 1 in Fig. 4), the current is proportional to
the voltage. The superlinear region (j ~ U m, m = 1.6) was found for higher voltages.
The Ohmic current was proportional to the reciprocal sample thickness (j ~ L–1),
whereas the non-Ohmic current satisfied the relation j ~ L–(2m – 1). The character of the
current-voltage dependences under illumination was similar (curve 2 in Fig. 4).
Ohmic photocurrent at low voltages was followed by a superlinear current-voltage
dependence at higher voltages with m = 1.7.
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Dielectric properties. Frequency dependences of the components of the com-
plex electric permittivity �*, i.e. �� and ���, as well as of AC-conductivity �AC, are pre-
sented in Fig. 5. In the frequency range 1 × 101–3 × 104 Hz, the following dependences
were obtained: ��� ~ f-0.7 and �AC ~ f 0.3 (cf. curves 2 and 3 in Fig. 5). The real part of the
complex electric permittivity was �� = 5.4 at 10 Hz. This value decreases with increas-
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Figure 3. (a) Relaxation photocurrent process for DTA; � = 625 nm, T = 219 K. (b) Isothermal decay
curves measured at different temperatures. Curve 1 – T = 291 K, 2 – T = 282 K, 3 – T = 279 K,
4 – T = 267 K, 5 – T = 261 K.



ing frequency to 4.7 at 3 × 104 Hz. It is known that the dielectric relaxation process
determines appropriate �� and ��� frequency dependences, which comprise the dispersion
of this process [29]. The obtained �* vs. f dependence suggests that only a high-
frequency part of dispersion is present.

The DTA layers exhibited a photodielectric effect. The change in the capacitance
with illumination, �C, as a function of excitation wavelength, is given in Fig. 6a. The
photodielectric response was found in the spectral region 400–750 nm. The well-
developed maximum of the �C vs. � dependence at 610 nm coincides with the
photocurrent peak at 615 nm. The time dependence of �C made it possible to deter-
mine the photocapacitance relaxation time 	�C. The results indicated that, besides the
initial part (t < 300 s), where a more rapid photocapacitance increase took place, an
exponential time dependence could be applied

�C (t) = �C
 [1 – exp(–t/	�C )] (1)
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Figure 4. Steady-state current-voltage (j-U) characteristic of a DTA layer in the dark and under illumina-
tion. Curve 1 – in the dark, curve 2 – under 605 nm illumination. Photon flux � = 2.6 × 1012 pho-
ton cm–2 s–1. (�) photocurrent for � = 3.8 × 1013 photon cm–2 s–1. Sample thickness L = 10–2 cm.



where �C(t) is the photocapacitance at the time t and �C
 is the steady-state value of
the photocapacitance. The wavelength dependence of 	�C is presented in Fig. 6b. The
stepwise dependence clearly distinguishes two spectral regions. The mean values of
	�C were 1.5 × 103 s and 5 × 102 s for wavelengths shorter and longer than 580 nm, re-
spectively. The photocapacitance is frequency- and light intensity-dependent. The
�C vs. f dependence (curve 1 in Fig. 7) indicates that the photocapacitance decreases
with frequency and this decrease is significantly pronounced at the high-frequency
edge of the investigated frequency range. The frequency dependence of the dielectric
loss� �

' ' under photoexcitation shows a similar tendency (cf. curve 2 in Fig. 7). Both �C

and AC-photoconductivity �� �
AC increase with a photon flux � at given �, possessing

the same dependences, i.e. �C ~ �q, �� �
AC ~ �q, as it follows from Fig. 8, with q = 0.4.

Since, in the dark, the ratio of the DC-conductivity and AC-conductivity measured at
10 Hz (the lowest measurement frequency) is 3 × 10–3 and this ratio is of the same or-
der of magnitude even under illumination, the losses in the dark ��� and under
illumination � �

' ' are assumed to be dielectric. It could be pointed out that both the photo-
electric and (photo)dielectric characteristics obtained from the measurements were
well reproducible. The scattering of the values obtained on different samples did not
exceed 10%.

Photoconductivity and photodielectric properties... 449

Figure 5. Frequency dependences of the complex electric permittivity components and AC dark conduc-
tivity. Curves 1, 2 and 3 – ��, ��� and �AC, respectively. UAC = 1 V.
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Figure 6. Action spectrum of the photocapacitance (a) and photodielectric relaxation time (b); f = 103 Hz,
� = 1.3 × 1012 photon cm–2 s–1.

Figure 7. Frequency dependences of the photocapacitance (curve 1) and dielectric losses under photo-
excitation ��

' ' (curve 2). � = 605 nm, � = 1.3 × 1012 photon cm–2 s–1.



Thin films of DTA are photoconductive. Their photoresponse followed roughly
their absorption spectra when the contactless (xerographic) method was applied. The
samples sandwiched between two SnO2-covered glasses showed an additional peak
at 615 nm, which could be attributed to the effect of surface states or of the space
charge at the contact [30]. The influence of traps in the photoelectrical behaviour can
also be suggested, judging from the shape of the current-voltage characteristics and
from the dependences of the photocapacitance and photoconductivity on the photon
flux (cf. Fig. 8). Rose [31] showed that in photoconductors containing traps, the q co-
efficient in the light intensity dependence of the photocurrent acquires values lower
than 1 (0.5 < q < 1), depending on the ratio of the densities of free and trapped charge
carriers. The value q = 0.5 was found in our experiments for polychromatic light. For
monochromatic light, q was lower than 0.5, similarly to amorphous silicon. A possi-
ble explanation is the change in the mobility of charge carriers with their concentra-
tion in the layer, determined by the light penetration depth or by diffusion of the
carriers from the region of their formation into the bulk and subsequent recombina-
tion in the bulk [32]. The photodielectric response was observed in the same spectral
region as the steady-state photoconductivity. Thus, this effect seems to be associated
with the free and trapped charge carriers, photogenerated in the sample bulk and in the
precontact barrier interface layer. For � < 600 nm, the photodielectric effect is very
probably associated with the bulk properties, whereas for � > 600 nm with a
“preelectrode” interface layer, as it follows from a comparison of action spectra of the
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Figure 8. Dependence of the photocapacitance (curve 1) and AC photoconductivity increment (curve 2)
on the photon flux; � = 655 nm, f = 103 Hz.



photocapacitance, the photocurrent on the sandwich-contacted films, and the photo-
response obtained by contactless xerographic technique. The mean value of the
photocapacitance relaxation time 	�C was 1.5 × 103 s for � < 600 nm. Using the fre-
quency factor 109 s–1, as it was obtained from the photoconductivity isothermal decay
curves, from 	�C the trap depth 0.7 eV results. This value is close to that obtained from
the isothermal photocurrent kinetics, 0.6 eV, as well as to the activation energy of the
photocurrent. The perceptible photocapacitance effect was observed for the frequen-
cies f < 3 × 104 Hz (at 293 K), showing a tendency to saturation of the dependence of
�C on frequency at ca. 10 Hz (curve 1 in Fig. 7). This means, that photodielectric re-
sponse is quite “slow” and cannot be directly associated with either the charge redis-
tribution in the molecule during photoexcitation or the free photogenerated charge
carrier formation; nevertheless, space charge and trapping phenomena play an impor-
tant role. This finding is in agreement with a significantly large value of 	�C,
compared with the dielectric relaxation time obtained in the dark, 	0, and under illumina-
tion, 	 �

0 and it is also supported by a sublinear dependence of the AC photo-
conductivity on the photon flux (cf. Fig. 8). The reason for this behavior could be the
same as for the DC photoconductivity discussed above. The stepwise spectral 	�C de-
pendence shows that, depending on wavelength, at least two different processes con-
tribute to the photocapacitance effect. According to the Havriliak-Negami function
approach [29], the investigation of dielectric relaxation phenomena gives the ��� vs. ��
plot presented in Fig. 9. The data obtained in the dark and under illumination fit a sim-
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Figure 9. Plot of ��� vs. �� in the dark (open circles) and under illumination (full circles). � = 605 nm,
� = 1.3 × 1012 photon cm–2 s–1.



ilar curve, the value of the limiting angle � being 1.1 rad in the high-frequency region
(experimental points found under illumination are a little shifted to higher frequen-
cies). It is well known that at high frequencies (�	0 >> 1), the skewed circular arc
equation

�* – � = (� �s
' ' ) / [1 + (i�	�)

1 – A]B (2)

gives the limiting relations

��� = (� �s
' ' ) sin[(1 – A)B � /2] (�	0)

–(1 – A)B (3)

and

B = 2�/�(1 – A) (4)

where 	0 is the mean dielectric relaxation time, � s
' and �� are values for zero and infi-

nite frequencies (� = 2�f) of the proper dispersion region, respectively, A and B are
empirical parameters, which determine the 	0 distribution peculiarities [29,33]. In
our case both relations (4) and (5) give (1 – A)B = 0.7 (cf. curve 2 in Fig. 5 and Fig. 9).
Taking into account the real values of A and B one obtains 0 < A � 0.3 at 0.7 < B � 1.
This suggests that a dielectric relaxation time distribution occurs in DTA layers.

From the experimental data, obtained at low frequency (10 Hz), it was possible to
determine 	0 > 2 × 10–2 s. The upper limit of 	0 was estimated as follows. Using the ex-
perimental data from Fig. 5 (curve 2), (3) gives 	0 equal to 5 × 10–2, 1 × 10–1 and 3 ×
10–1 s for (� �s

' ' ) equal to 3, 5 and 10, respectively. Since for a proper dispersion re-
gion, (� �s

' ' ) is of the order of � max
'' [34] and the highest measured ��� value is 1.2 (Fig.

9), it seems quite reasonable that 	0 < 3 × 10–1 s. The shift in the ��� vs. �� plot between
experimental points, obtained in the dark and under illumination indicates that 	 �

0 <
	0, where 	 �

0 is the dielectric relaxation time under illumination. Generally, the
photodielectric and photoconductivity phenomena in thin DTA layers are strongly in-
fluenced by the charge carrier formation under illumination. This suggests that the
photodielectric effect in DTA layers can be explained by mechanism (iv), i.e. by a
photoinduced increase in the free and trapped charge carrier concentration. The appli-
cability of the conductivity hypothesis to our experimental results was tested by solv-
ing the system of differential equations bounding together the current density, electric
field strength F and concentration of charge carriers in the sample of thickness L. The
equations were published previously by Kneppo et al. [20] and Pillai et al. [35]. As-
suming the steady-state case, immobile electrons (electron mobility µn = 0) and
open-circuit conditions (external circuit current j = 0), the fundamental system of dif-
ferential equations reduces to
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where e is the elementary charge, � is the recombination coefficient, � photo-
generation quantum efficiency, K absorption coefficient, � photon flux, k Boltzmann
constant, T temperature, p0(n0) concentration of free holes (electrons) in thermal
equilibrium, and �p and �pt are changes in concentrations of free and trapped holes,
respectively, under illumination. A single trap level approximation was used for the
relation between free and trapped charge carriers in the form

�pt + pt0 =
( )p p P

p p p

t0

1 0

�

� �

�

�
(7)

where Pt is the concentration of traps, p1 = N� exp(–Et/kT), N� being the effective con-
centration of states, Et is the trap depth, and pt0 is the concentration of trapped holes in
thermal equilibrium. To solve this system of equations, boundary conditions must be
taken into account. Thus we assume that: (a) the sample is electrically neutral as a
whole, from which follows F(0) = F(L); (b) no external field is applied to the sample
and, consequently, if no surface states are present, F(0) = 0. These boundary condi-
tions differ from those published by Kneppo et al. [20] and Pillai et al. [35], who used
the following ones: �p and �pt are assumed to be zero at x = 
, changes in electron
and hole concentrations are equal for x = 0 (generally, this means that the sample un-
der the steady-state conditions could not fulfil the neutrality condition for the
one-carrier case). The authors [20,35] assumed small changes in charge carrier con-
centrations under illumination and, therefore, linearized (5) and (6). Their approach
seems to be oversimplified. Generally, in the framework of the conductivity hypothe-
sis, for the observable photodielectric effect, changes in charge carrier concentrations
cannot be assumed to be low; hence, (5) and (6) cannot be linearized. Solving these
equations under the above mentioned boundary conditions (a) and (b) the electrical
conductivity �(x) can be calculated as

�(x) = e�p[p0 + �p(x)] (8)

where µp is the hole mobility. The admittance Y of the sample can be then expressed as
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dx
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�
�
�

�

�
�
�

�


�
� ��( )

(9)

where R is the sample resistance. The results of the model calculations are given in
Figs. 10(a) and 10(b). The chosen parameters were: L = 10–2 cm, relative electric
permittivity �r = 3, T = 300 K, Nv = 4 × 1021 cm–3, Pt = 1014 cm–3, Et = 0.6 eV, � = 10–11

cm3 s–1, p0 = 106 cm–3, pt0 = 3.03 × 108 cm–3, n0 = 3.04 × 108 cm–3, K = 105 cm–1, � =
10–6 charges per photon. Comparing the experimental (Figs. 6 and 7) and theoretical
(Fig. 10) dependences, one can see, that theoretical values �C are higher than the ex-
perimental ones (cf. the values from Figs. 10(b) and 7): the theoretical value �C/C0 =
10–1 for the photon flux of 1012 photon cm–2 s–1 (C0 is the capacitance in the dark) is
higher than the experimental value �C/C0 = 10–3. The reason for this difference could
be found in the charge carrier transport. In the theory we assumed delocalized trans-
port in the band, whereas the frequency dependence �AC (curve 3 in Fig. 5) suggests
the possibility of the adiabatic hopping transport [36]. Also trapping phenomena,
which limit the charge carrier mobility, could play an important role.
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Figure 10. Theoretical dependences of relative photocapacitance (C – C0)/C0 on the ratio fre-
quency/charge carrier mobility for different light intensities (a) (curve 1 – � = 1010, curve 2 – �
= 1011, curve 3 – � = 1012 photons cm–2 s–1), and on light intensity for different ratios of fre-
quency/charge carrier mobility (b) (curve 1 – f /µ = 1, curve 2 – f /µ = 10 V cm–2).
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