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Abstract

We report on the equivalent circuit modeling of the relaxation behavior of an optically-excited thick poly(3-hexylthiophene) (P3HT)
film by means of impedance spectroscopy. Fabricated metal-semiconductor-metal devices with Au electrodes showed a nearly
perfect ohmic behavior under ambient conditions. Impedance measurements on illuminated P3HT device showed a dramatical
decrease of the impedance modulus under illumination and very slow relaxation to the initial state. Impedance-frequency data
obtained during relaxation could not be explained by a simple parallel resistance-capacitance circuit but it could be best fitted by
incorporating a constant-phase element instead of a normal capacitance. By observing the variation of the circuit parameters, it is
found that the relaxation process is dominated by slow recombination (elimination) of the excess photogenerated carriers, which is
confirmed by the time-varying photoconductivity of the device.

Keywords: PH3T, Photosensitivity, Impedance spectroscopy, Equivalent circuit modeling

1. Introduction

Organic electronics is under constant progress and entering
into viable applications such as light-emitting devices, flex-
ible circuit arrays, or photovoltaic cells. A large number
of organic semiconductors have been investigated in order to
achieve optimum device performance. Among others, poly(3-
hexylthiophene) (P3HT), a hole-transporting polymer, can be
undoubtedly considered as the most versatile organic material
at the present time. By virtue of its promising physical prop-
erty and reliable processibility, P3HT is now adopted in almost
all types of organic devices. P3HT can form well-ordered thin
film phase with favored 7-stacking resulting in high hole mobil-
ity and this is desirable for transistor architecture [1]. P3HT is
also a highly photosensitive material with sufficient absorption
of visible light and this enabled successful utilization of P3HT
as an optical absorber in photovoltaic cells [2, 3] or photodetec-
tors [4, 5].

In spite of remarkable improvements of the P3HT-based de-
vices, the material property of P3HT itself cannot be easily ac-
cessed or understood within complex devices because interface
properties or (metal) contact features often dominate the op-
eration of such devices. Furthermore, the correlation between
electrical and optical properties are not straightforward due to
various physical processes involved in optoelectronic devices
like bulk heterojunction-based solar cells or photodiodes.

Here, we present a study on the optical/electrical proper-
ties of P3HT by analyzing simple metal-semiconductor-metal
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(MSM) devices with a P3HT layer sandwiched between top and
bottom Au electrodes. By measuring the frequency-dependent
impedance with light exposure, we could observe a significant
change of the ac-response of MSM device under illumination
and a slow relaxation to the initial state without any permanent
effect. Good ohmic contacts and utilization of thick P3HT films
(~10 um) were advantageous to minimize injection-dominated
effect and/or interface-related phenomena, so we could focus
on the bulk property of the P3HT device. The device under re-
laxation could be well modeled through an equivalent circuit
composed of a resistance and a constant-phase element in par-
allel. The persistent photoexciation effect could be interpreted
by an exponential decrease of the photoconductivity of the bulk
film with considerable lifetime (110 minutes), which could be
accounted for by a slow detrapping process in the presence of a
high density of traps without any high electric field applied.

2. Experimental

MSM devices were fabricated on a Cr-coated steel sub-
strate cleaned with ultrasonication in chloroform. One hun-
dred fifty nanometers of Au bottom electrode was first vacuum-
evaporated on the substrate. PH3T (provided by American Dye
Source, Inc.) was dissolved in chloroform at a concentration of
8mg/mL and drop-casted on the bottom electrode. The film was
then dried at 50 °C for 24 hours in a vacuum oven. This process
gave relatively thick P3HT films with a measured thickness of
~10 um. The Au top electrode (150 nm) was finally deposited
by vacuum-evaporation with a defined active area of 0.78 cm?.

February 15, 2012



0.8
0.6

0.4

absorption (a.u.)

0.2

0.0 L— : : -
300 400 500 600 700 800

wavelength (nm)

Figure 1: Abosrption spectrum of the PH3T film. Inset: molecular structure of
P3HT

UV-VIS absorption spectra of P3HT films were recorded
using a double beam UV-VIS-NIR Varian Inc. spectrometer
model Carry 5000. Current-voltage (I — V) measurements were
carried out using a Keithley 2400 source meter in the dark.
Impedance data were obtained under illumination or in the dark
using broadband dielectric spectroscopy system (Novocontrol)
including high resolution dielectric analyzer ALPHA-ANB in
a broad frequency range (1072 to 107 Hz). The sample was
illuminated by a white light fluorescent lamp under ambient at-
mosphere.

3. Results and discussion

3.1. Film and device properties

Figure 1 shows an absorption spectrum of the P3HT film with
the chemical structure of P3HT. As well known from previous
studies, the P3HT layer absorbs large portion of the visible pho-
tons (roughly from 400 nm to 700 nm) [3, 6]. Making use of
this broad absorption spectrum, Antognazza et al. could re-
cently demonstrate the selective color sensor based on P3HT
diodes exploiting the internal filter effect [5]. By estimating
the wavelength at the absorption edge in Figure 1 (645 nm), it
is possible to calculate the optical bandgap of P3HT. The re-
sulting optical bandgap is 1.9 eV, in good accordance with the
literature [7].

An MSM-type organic device can behave either as a (diode-
like) rectifier or a resistor, mostly determined by the injection
energy barrier at metal/organic interfaces [8, 9]. If one refers
to the literature value of the work function of Au as ~5.0 eV
[10, 11] and the HOMO level of P3HT as ~5.1 eV [6], our sym-
metric Au/P3HT/Au device is expected to have ohmic contacts
(for hole-only conduction) with negligible contact resistance.
Figure 2 provides notable aspects of the electrical behavior of
the P3HT device. The -V curves shown were measured under
low vacuum (2 X 1072 mbar) and ambient atmosphere. The two
curves assure satisfying symmetry and linearity throughout the
measurement range, thus confirming resistor-like behavior with
ohmic contacts at both electrodes. Moreover, it can be stated
from Figure 2 that an exposure to the ambient air resulted in
an increase of the conductivity (higher slope) by a factor of 2.2
and an enhanced ohmic feature (better linearity).
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Figure 2: Current-voltage characteristics of the Au/P3HT/Au device with ambi-
ent effect on the electrical behavior. Inset: vertical type MSM device structure.
Applied voltage is on the bottom Au electrode with the top electrode grounded.
linear-regression lines are drawn with the equations that quantitatively show the
increase of the slope and the linearity at ambient air.

The improved conductivity due to air exposure could be ex-
plained in terms of oxygen doping, which is a widely accepted
idea at the present time [12, 13, 14]; oxygen molecules can be
adsorbed and diffuse into the organic solid and they can serve
as efficient p-type dopants (acceptors) by redox reaction via
their molecular orbitals. The enhanced ohmic contact could
be regarded then as a concomitant event with oxygen doping.
Even though it seems marginal, an energy mismatch between
the Fermi levels of Au and P3HT could lead to the formation
of a depletion region and this is a possible cause of the slightly
non-ohmic / — V curve at low-voltage under vacuum. Higher
carrier density is expected when ambient doping takes place and
these additional carriers could reduce the depletion width down
to a negligible scale and/or compensate other interface-related
parasitic (non-ohmic) effects [15].

3.2. Impedance spectroscopy

Impedance spectroscopy is a well-developed technique, es-
pecially in the field of electrochemical analysis of electrolytes
and interfaces [16, 17]. The practical usefulness on the anal-
ysis of solid-state electronic devices is that it allows to de-
scribe an equivalent circuit of the given system and thus to un-
derstand physical/electrical processes under various conditions
[8, 18, 19].

Figure 3 shows the results of impedance spectroscopy on a
P3HT MSM device plotted in Nyquist diagram (real part versus
—imaginary part). Upon light exposure, the device responded
quickly and came to the state in which the overall impedance
modulus is extremely reduced compared to the initial state. At
this point, it is worth reminding that the impedance is always
given as a complex number and the modulus corresponds to
the distance from the origin to each measurement point on a
complex plane Figure 3. Surprisingly, this excited state did
not immediately recover towards its initial state after turning
off the light but the relaxation took several hours as monitored
by repeated measurements shown in Figure 3. It turned out
that in spite of this extraordinarily slow relaxation (or persis-
tent photoexcitation effect), the device could fully relax to its
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Figure 3: Nyquist diagram containing the frequency-dependent impedance data
under light exposure and under relaxation to the initial state. The applied dc
voltage is 0 V and the amplitude of small-signal (ac) voltage is 0.01 V. The
arrows emanating from the real axis indicate the direction of increasing small-
signal frequency (from 1072 to 107 Hz). Three ideal semicircles are drawn to
help recognize the non-ideality of the data curves; the height of the experimen-
tal arc is smaller than the half-width.

initial state so that the excitation/relaxation process could be
described as reversible.

One can make sure of the photostability of our P3HT de-
vice by taking the experimental and geometrical factors into
consideration. First, the illumination time on the device was 1
hour and this is not long enough to provoke any serious photo-
induced chemical change. Photodegradation studies on P3HT
revealed that continuous illumination (typically more than sev-
eral tens of hours) can result in the formation of degradation
species such as sulfoxides and sulfinate esters and a loss of 7-
conjugation [20, 21]. Second, the expected photon penetration
depth is of the order of hundred nanometers (one percent of the
film thickness in our case) so that most of the bulk film is not
subject to the direct photo-absorption [22, 23]. In other words,
even though the charge transport and electrical conduction oc-
cur throughout the whole film, the effective photogeneration is
limited to a thin top surface region.

Note that we focus on the ‘relaxation’ process itself in the
whole study and thus Figure 3 is not scaled with an entire fea-
ture of the fully relaxed (or initial) state. As mentioned above,
owing to the high photosensitivity of P3HT, the impedance
(modulus) of the unexposed state is much higher than that of the
illuminated state. On that account, the trajectory of the ‘fully re-
laxed’ data in Figure 3 extends very far out of the region shown,
intercepting the real axis at 91 MQ.

3.3. Equivalent circuit model

Impedance modeling generally starts with a choice of the
equivalent circuit of the system that can be usually estimated
from the shape of the data curve in Nyquist (or complex) plot.
The measured data is then fitted to the selected circuit in or-
der to extract each circuit parameter of the circuit. The sim-
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Figure 4: (a) Parallel resistance and capacitance circuit (RC circuit). (b) Parallel
resistance and CPE (constant-phase element) circuit (RQ circuit). (c) Fitted
experimental data to both RC and RQ equivalent circuits.

plest case is the single parallel resistance/capacitance (RC) cir-
cuit and the corresponding impedance data features a single
perfect semicircle on the complex plane [8, 24]. If the given
impedance data contains two or more intermixed semicircles,
there is a need to draw a second or third RC element in the
circuit [19, 17].

The data curves in Figure 3 look like ideal semicircles but
with careful examination, it can be recognized that there ex-
ist slight distortions. Figure 4 shows the comparison of two
suggested equivalent circuits; this emphasizes the central im-
portance of a proper selection of the circuit prior to fitting ex-
perimental data. It is worth presenting some mathematical for-
mulations to help thoroughly understand the proposed circuits.

The impedance (Z) is defined as the ratio of the phasor
voltage and the phasor current measured in ohms (€2) and the
impedance of a resistance (Zg) and a capacitance (Z¢) are ex-
pressed as [25]:

1

Zr =R, Zc=—
J

wC’ (1)

where R is the resistance, j the imaginary unit, w the angular
frequency of the applied ac small-signal, and C the capacitance.

The total impedance of a RC circuit [Figure 4(a)] (Zgc) can
be then simply obtained by the combination rule:

1 R

1 [ : :
7+ 7 1 + jwRC

@)

Zgc =

If we manipulate Equation (2) to get separate real and imag-
inary part of Zgc, it comes to:

R
Re(Zre) = 1 3

+ W RCY’
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Here, Re(Zg¢) and Im(Zg¢) represent the real and imaginary
part of Zgc, respectively. According to Equations (3) and (4),
the response of a RC circuit marks a semicircle on the complex
plane. There is a characteristic frequency (wgc or fgc) that pro-
duces the minimum value of Im(Zg¢) and can be obtained by
the first derivative with respect to w:

Im(ZRc) = (4)

dim(Z
dIm(Zgc) =0 with wge = 27fre =

—.
dw  lw=wge RC )

Note from Equation (5) that wge contains the information of the
two circuit parameters R and C. In practice, wgc (or frc) can
be read from the top point of the semicircle [as normally the y
axis in a Nyquist digram is the ‘negative’ Im(Z)].

When the experimental curve was fitted to this RC circuit,
a fine fit was obtained but it is not a consummate model for
the system [Figure 4(c)]. We found out that such a depressed
circular arc can be more appropriately modeled by replacing the
capacitor by a constant-phase element (CPE) [26].

The impedance of a CPE (Z) is defined as:

1
Z =
€7 (jwro

. (6

Here « is the characteristic exponent that indicates the degree
of imperfection of a (realistic) capacitive element (0 < @ < 1).
a equally determines the phase shift of a CPE that is indepen-
dent of w (thus the ‘constant” phase) and lies between 0 and -3
rad. Q has a unit of F-s%~! and thus depends on a. It has a close
meaning to the capacitance C in Z¢ (further discussion will be
given in the next Section).

The total impedance of an RQ circuit [Figure 4(b)] (Zzo) and
its real part [Re(Zr()] and imaginary part [Im(Zg] are deduced
as follows:

1 R
Zro = = )
7tz 1 T(0RQ
R[1 + w"RQ cos(F)]
Re(Zgo) = , 8
re) = e RQ cos() + R ®)
w*R?Q sin(%X)
Im(Zgg) = 2 ©)

1+ 2w"RQcos(%Z) + wREQ2

Note that when @ = 1, a CPE reduces back to a normal capac-
itance and Z, becomes identical to Z¢ (with only C replaced by
Q). However, with @ # 1, one can predict, by Equations (8) and
(9), that the complex-plane representation of Zzo will result in
a depressed semicircle. As shown in Figure 4(c), the RQ circuit
is a more reliable choice for fitting our experimental impedance
data. The extracted « is 0.96 here.

The characteristic frequency of a RQ circuit (wgg or fzp) can
now be defined in a similar way to the RC circuit:

dIm(Z
AZro)l  _ ) with wrg = 27 = ——.
dw w=wpg (RO)=

(10)

Table 1: Summary of the circuit parameters during relaxation

State a R[MQ] QI[pF-s*'] Ceq[pF]
Illuminated  0.96 1.5 340 250
1h relaxed 0.94 34 380 260
2h relaxed 0.95 5.0 370 260
3h relaxed 0.95 7.1 360 260
4h relaxed 0.95 8.5 350 260
Fully relaxed 0.96 91 290 250

Note that, as in the RC circuit, wgo is uniquely determined by
the three circuit parameters R, Q, and a.

The incorporation of CPE in the circuit system has been gen-
erally intended to characterize non-ideal capacitance. Previ-
ously proposed physical arguments on CPE comprise distri-
bution of energy states, spatially distributed conductivity, dis-
persive (frequency-dependent) dielectric property, etc [27, 28].
Hence, the observation of a CPE in our result from the P3HT
device can most probably be attributed to the inhomogeneous
contact interface(s) between the highly rough polymeric P3HT
surface and the metal electrode.

3.4. Circuit parameters during relaxation

By adopting the RQ circuit, the device under illumination
and under relaxation (all data curves in Figure 3) could be ac-
curately fitted with precise circuit parameters (R, Q, and a).
Now it is possible to analyze the variation of each parameter as
a function of time after light exposure. The parameter Q, how-
ever, is a somewhat ambiguous quantity in that its unit (F-s®~!)
varies with a. In other words, it is difficult to argue over chang-
ing Q values if its unit changes as well.

One strategy can be applied to transcend this limitation, fo-
cusing on the response of the P3HT system at the characteristic
frequency wgp. We can define the effective capacitance Ceq (of
the whole RQ system) that has a unit of an ordinary capacitance.
The definition is done by finding an (effective) RC circuit that
features the same characteristic frequency as that of the RQ cir-
cuit (wgp). Referring to Equations (5) and (10), this statement
is expressed as:

1 1

WRYg = —— = ——. an
"7 (RO):  RCer
The above Equation readily gives Ceg as:
Cerr = R+ 0% (12)

Note that Ce is uniquely determined in any given RQ circuit.
Effectively, Ces is a parameter that keeps any non-ideal capaci-
tive characteristics of the RQ system and enables practical anal-
ysis in the capacitance unit.

Table 1 lists fitted @, R, Q with calculated C.g and Figure 5
shows the variation of R and C.g during relation process. There
is no significant variation of @ under excitation and relaxation.
From this fact, it can be inferred that the degree of deformation
of the CPE is not seriously affected by the light exposure. This
seems logical as the physical meaning of the CPE was mainly
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Figure 5: Variation of the circuit parameters of the P3SHT MSM device: (a)
resistance R and (b) effective capacitance Ceq. Fitting errors were negligibly
small and not visible when indicated with error bars. Final (or relaxed) state
value is also indicated in each panel.

attributed to the geometrical problem. In contrast, it is found
that the resistance R is dramatically reduced under light and
gradually increases towards its final state value. The decrease
of R could be interpreted as the increase of the conductivity
by photogenerated (excess) charge carriers. Ceg is practically
constant under illumination/relaxation process so that we can
think of this capacitance as the geometrical capacitance C, that
is defined by geometrical overlap of two metal electrodes and
is not modified by external light exposure. Additionally, it is
possible to estimate the dielectric constant of the P3HT film by
using the parallel-plate capacitor equation:

A
Cefrav = Cg = kGOZ» (13)

where Cegay 18 the average Ceg (257 pF), k the dielectric con-
stant of P3HT, ¢, the permittivity of vacuum, A the active area
of the device (0.78 cm?), and L the film thickness (9.6 um).
Calculated dielectric constant k of P3HT is 3.6, which would
correspond to the quasistatic value [8].

From the above analysis on the circuit parameters, it is possi-
ble to tactically simplify the impedance response to a variation
of the (bulk) resistance in P3HT as there was no critical influ-
ence of light on either @ or Ce. At this point, we can regard
our MSM device as a photoconductor owing to its ohmic con-
duction (Figure 2) with photosensitive resistance (Figure 5). In
order to quantify the photoconductivity (o), we can first con-
vert the extracted resistances (R) to the conductivities (o) by
taking the geometrical factors into account:

1 L
= — X —. 14
o=5X7 (14)
O ph is then simply calculated by:
Oph = Tilly — T darks (15)

where o7y, indicates each conductivity value under illumina-
tion/relaxation and oy, is the dark conductivity calculated

1.0 ———m—m@—r—r—r—-r—r-rr-rr——rrr—rrrr-r—r—rrr-r—rrr—r—
g 084 A impedance data |
%) ’ exponential fit
£
2 o6}
=
k3]
=]
2 o04f
9]
3]
L
2 o2f
[=%
0.0

0 50 100 150 200 250 300 350 400
relaxation time (minute)

Figure 6: Photoconductivity plotted as a function of time. The calculated values
are compared with the exponential fit that can account for the recombination of
the excess carriers with a fixed decay time constant.

from the resistance at the final (or fully relaxed) state. Here,
it is worth clarifying that even though oy, is deduced from the
fully-relaxed state, it can also represent the unillumianated (or
dark) state since the excitation/relaxation process was reversible
under given conditions.

Figure 6 shows the variation of o, as a function of relax-
ation time. From conventional generation/recombination kinet-
ics, it is expected that the photogenerated electron-hole pairs
recombine with a carrier-density-dependent recombination rate
at every instance and this results in an exponential decay of the
photoconductivity expressed as [29]:

Ton(1) = Tpno exXp (—é) (16)

Here, op(?) is the time-dependent photoconductivity of the
P3HT layer, opno the photoconductivity under illumination
(when the relaxation begins), and 7, the decay time constant.
The best fit curve shown in Figure 6 gives 7, = 110 minutes.
To our knowledge, such an extremely slow relaxation behav-
ior (or light-induced memory effect) of the P3HT film in MSM
configuration has not been easily observed elsewhere. Previ-
ously, photocapacitance measurements of the P3HT-based MIS
(metal-insulator-semiconductor) device showed prolonged re-
covery of the modulated capacitance due to trapped minority
carriers at the interface states [30, 31]. More recently, Kim
et al. explained the persistent photocurrent in dihexylquar-
terthiophene (DH4T) organic transistor with a slow detrapping
of photogenerated carriers and they observed that the gate elec-
tric field could accelerate this detrapping process [32]. A sim-
ilar phenomenon was reported by Lutsyk ef al. on the study
of poly(3-octylthiophene) (P3OT) transistor and they also em-
phasized the role of gate bias for erasing the memory effect
[33]. Despite the dissimilarities in the material and/or the de-
vice geometry, it is likely that these results can help interpret
our observation. Note that our impedance spectroscopy results
in Figure 3 are obtained under dc bias of 0 V and a P3HT film
with disordered polymer network should contain high density
of defect or trap sites. With these two factors combined, photo-
generated carriers could be easily trapped in the bulk film and
their detrapping would take long time without assisting high



(dc) electric field applied. Then, the slow detrapping of car-
riers results in a slow recombination and in turn, leads to the
persistent effect on the device.

4. Conclusion

In this study, we presented a long-lasting photoexcitation ef-
fect on the P3HT-based metal-semiconductor-metal (MSM) de-
vice. It was revealed that the impedance characteristics of this
ohmic-type device were significantly modulated upon light ex-
posure. Impedance data were well fitted by an equivalent cir-
cuit containing a constant-phase element (CPE) that accommo-
dates the non-ideal capacitor due to geometrical inhomogene-
ity. Impedance modeling allowed us to simplify the slow relax-
ation behavior to an exponential decay of the photoconductivity
with an extended time constant (110 minutes). This result was
then attributed to the slow detrapping of photogenerated carri-
ers in the presence of trapping sites without high electric field.
We believe that the phenomenon reported here can character-
ize intrinsic (or natural) physical property of the material itself
without any possible accelerating factor imposed on the natural
relaxation process.
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