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SUMMARY  We have studied photo-induced effects in a p-type tran-
sistor based on a [1]benzothieno[3,2-b]benzothiophene (BTBT) derivative.
Repetition of blue light irradiation and electrical characterization under
dark reveals that its threshold voltage gradually shifts in the positive direc-
tion as the cumulative exposure time increases. This shift is slowly reversed
when the transistor is stored under dark. The onset voltage defined as the
gate bias at which the sub-threshold current exceeds a certain level behaves
in a similar manner. Mobility remains more or less the same during this
exposure period and the storage period. Time evolution of the threshold
voltage shift is fit by a model assuming two charged meta-stable states de-
caying independently. A set of parameters consists of a decay constant for
each state and the ratio of the two states. A single parameter set reproduces
the positive shift during the exposure period and the negative shift during
the storage period. Time evolution of the onset voltage is reproduced by
the same parameter set. We have also studied photo-induced effects in two
types of n-type transistors where either a pure solution of a perylene deriva-
tive or a solution mixed with an insulating polymer is used for printing each
semiconductor layer. A similar behavior is observed for these transistors:
blue light irradiation under a negative gate bias shifts the threshold and the
onset voltages in the negative direction and these shifts are reversed under
dark. The two-component model reproduces the behavior of these voltage
shifts and the parameter set is slightly different among the two transistors
made from different semiconductor solutions. The onset voltage shift is
well correlated to the threshold voltage shift for the three types of organic
transistors studied here. The onset voltage is more sensitive to illumination
than the threshold voltage and its sensitivity differs among transistors.

key words: organic transistor, persistent photoconductivity, threshold volt-
age, onset voltage

1. Introduction

Thin-film transistors (TFTs) have been successfully applied
for displays and sensors for some decades. Amorphous and
polycrystalline silicon plays a major role as a semiconduct-
ing material for a TFT. Organic and oxide materials are at-
tracting much attention in the last decade because they are
expected to generate new applications and to replace cur-
rent materials in some existing applications [1]-[3]. Organic
transistors are particularly suited for flexible electronics be-
cause they can be produced by printing processes at low
temperature.

In any applications, reliability of a product is essential.
Understanding a phenomenon known as persistent photo-
conductivity (PPC) is important especially for sensor, dis-
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play, and photo-memory applications. For oxide TFTs, both
external and internal mechanisms such as oxygen adsorp-
tion at a back channel and ionization of oxygen vacancies in
bulk materials are identified to cause this phenomenon [4]—
[7]. Similar photo-induced effects have been studied also in
organic transistors based on various semiconductor materi-
als such as polymers [8]-[10], pentacene [11], [12], rubrene
[13],[14], and small-molecule n-type materials [15], [16].

Recently, [1]benzothieno[3,2-b]benzothiophene (BT-
BT) derivatives are studied by many researchers for a p-type
semiconductor layer because they are soluble, air-stable,
high-mobility materials [17]-[19]. We have studied photo-
induced effects in top-contact Cg-BTBT transistors. Expo-
sure to blue light shifts the threshold voltage in the posi-
tive direction. The shift is reversed when the transistors are
stored under dark [20]. We have assumed charged meta-
stable sites and shown that the measured temporal evolution
of the threshold voltage shift is reproduced by a model as-
suming two meta-stable states decaying independently [21].

In this paper, we first extend this analysis to account
for the photo-induced effect on the sub-threshold current in
a Cg-BTBT transistor. By using the two-component model,
we show that the same set of parameters used for fitting the
threshold voltage shift reproduces the behavior of the onset
voltage shift. Second, we describe experiments on n-type
transistors and show that the two-component model repro-
duces the measurement as well.

2. PPC in Cg-BTBT Transistor

First, we describe the experiment with a Cg-BTBT transis-
tor and analysis on its photo-induced threshold voltage shift
[20], [21]. Second, we analyze the behavior of the onset
voltage observed in the same experiment and show that the
two-component model reproduces its temporal evolution.

2.1 Threshold Voltage Shift

We fabricated top-contact Cs-BTBT transistors as follows.
The semiconductor material synthesized in house was dis-
solved in chloroform (0.4 wt%) and the solution was spin-
coated on a heavily-doped silicon substrate with a 200 nm-
thick thermal oxide layer. No self-assembled monolayer
was used to treat the surface of the oxide layer. We heated
the sample at 120°C in air for 30 min and let it cool gradually
to room temperature. Finally, 100 nm-thick top electrodes
were formed by sputtering Au through a metal mask. The

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers



FUIJIEDA et al.: PHOTO-INDUCED THRESHOLD AND ONSET VOLTAGE SHIFTS IN ORGANIC THIN-FILM TRANSISTORS

LOE-03 ¢ sourso
[ V~-60V @
1.0E-04 o exposure period
AR
Fa s> ~
LOE-05 £ ™.
= i )
= LOE-06 ¢
g i -
= L : =Y ’
3 reumulative - Y, v N
LOE-07  Eexposure [min] ™ % N
E LA \ .
S AN
LOE-08 : __"_ g Vo
= | )
o 5}8 "ia ) A e
1.0E-09 2 B 2 ¥
-60 -40 -20 0
gate bias [V]
1.0E-03 ¢
: (b)
1.OE-04 storage period
5
ESL
1L.OE-05 B ™.
EoI Ny,
= Y
= 1.0E-06 - i
g E Y
t . '._\
=3 [ " A
5 1.0E-07 f time [min] “)
: 240 7 .
F--—- 840 =\
LOE-08 £ _ __1080 3\ ‘\\
F o= 4320 ) v
R 7200 3 avenwitoal
-60 -40 -20 0

gate bias [V]

Fig.1 Transfer characteristics of a Cg-BTBT transistor measured under
dark during the exposure period (a) and the storage period (b). The legend
indicates the cumulative exposure in (a) and the time elapsed under dark in
(b). The drain bias was fixed at —60 V. The channel length and width are
indicated in the figure.

channel width and length of the transistor used in this exper-
iment were 500 um and 80 um, respectively. The thickness
of the semiconductor layer was 100 nm.

The transistor was exposed to blue laser light for 5 min
in air at room temperature. The wavelength and the irradi-
ance were 408 nm and 10 mW/cm?, respectively. No bias
was applied to the transistor during the exposure. Transfer
and output characteristics were measured under dark. This
exposure and characterization cycle was repeated so that the
cumulative exposure time reached 240 min. Then the tran-
sistor was stored in a nitrogen-filled desiccator under dark
and it was taken out for characterization at selected times.
The results are shown in Fig. 1. The noise level is a little
lower than 1 nA due to the source meters used in this mea-
surement (Keithley, Model 2400).

We extracted threshold voltage and mobility by fitting
these curves with the standard equation for drain current in
saturation regime [22]. The results are shown in Fig. 2. The
mobility remains more or less the same. Large positive V,
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Fig.2  Parameters extracted from the measured transfer curves in Fig. 1.
The abscissa represents the cumulative exposure during the exposure period
and the time elapsed under dark during the storage period.

shift is observed during the exposure and the trend is re-
versed during the storage period. The threshold voltages
extracted from the output curves (not shown) coincide with
the data in Fig. 2 [20].

We assume that the blue light generates charged meta-
stable states in the channel region. The channel charge in
the gradual channel approximation is slightly modified and
the density of these states per unit area N, is related to the
threshold voltage shift AV, by,

qus = CAV,, (1)

where C; is the capacitance of the gate insulator per unit
area and ¢ is the elementary charge. To account for its time
evolution, we consider the following rate equations with a
generation term G and a decay term.

dN,s Nps

Zms G- ,for0<t<T, ()
dt T

dN,,s Nins

Slms _ _ms for T < 1. 3
" — for T < 3)

Here, 7 is a time constant for the decay and T is the cu-
mulative exposure at the end of the exposure period. For
simplicity, we ignore the duration required for the electrical
characterization. Solutions under the boundary conditions
of N5 (0) =0 and N,,,5 (T) = Ny, are simple expressions con-
taining an exponential function, which cannot fit the data in
Fig. 2. Stretched exponential function is often used for fit-
ting relaxation phenomena. In place of this phenomenolog-
ical approach, we consider a model with two types of meta-
stable states decaying independently. Now the expressions
for N, (?) is given as follows.

2
1 —exp(=1/7;)
Nms =N i—,f 0< ST, 4
@ O;O‘ [ “exp(-Tjr) orosi<T. @
2
Nus (@) =No ) ajexp[-(@—T) /7], forT <t, (5)
i=1
a)+ay =1. (6)
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Fig.3  The two-component model reproduces the temporal behavior of
the threshold voltage shift. The same fitting parameters are used for fitting
the data during the two periods.

We calculated each component and compared with the
data in Fig.2. As shown in Fig. 3, the V, shift is well de-
scribed by the sum of these two components. The same set
of parameters (r; = 200 min, 75 = 2000 min, a; = 0.65,
T = 240min, AV, (T) = 28.0V) is used for Figs.3(a) and
(b).

2.2 Onset Voltage Shift

Onset voltage V,,, is defined as the gate bias at which sub-
threshold current starts to flows. This definition is somewhat
arbitrary. In practice, we extracted the gate voltages corre-
sponding to the drain current of 50 nA and 100 nA from each
transfer curve in Fig. 1. In Fig. 4, these are indicated by the
triangles and the circles, respectively. Because they are sep-
arated by a small fixed amount, the shift in V,, (AV,,) is
almost the same for these two definitions.

Because the time evolution of V,,, in Fig. 4 is so similar
to the behavior of V; in Fig. 2, it is tempting to use the same
functional forms with Egs. (4)—(6) to fit AV,,. In fact, the
result of this fitting (not shown) is almost identical to Fig. 3.
Therefore, the two-component model reproduces the behav-
ior of the onset voltage in this experiment. This empirical
result is somewhat surprising because there is no explicit ex-
pression connecting the charged meta-stable states and the
onset voltage. We will discuss this issue in Sect. 4.
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Fig.4  Onset voltage extracted from the transfer curves in Fig. 1. The
legend indicates the level of the drain current used for defining the onset
voltage.

3. PPC in n-Type Transistor

We observed similar photo-induced effects with two types of
top-gate n-type transistors. In this paper, these are denoted
as pure or blend devices because their semiconductor layers
were inkjet printed with inks made from either a pure solu-
tion of perylene derivative or a solution mixed with an in-
sulating polymer. Blending an insulator polymer suppresses
the coffee ring effect during the film-forming process. In
addition, vertical phase separation is expected to improve
the channel quality. However, we have not yet been able to
determine how the semiconductor material is distributed in
this film. More detailed information on these transistors is
found in Ref. [16]. For both devices, V; shift was dramati-
cally enhanced when the gate was negatively biased during
illumination. A higher temperature accelerated the recovery
process for both devices [16].

It is interesting to see if the two-component model de-
scribed in Sect. 2 can reproduce the behavior of V; and V,,
in these transistors. We carried out a similar stress-recovery
experiment with two minor changes: (a) a blue LED is used
as a light source and (b) the channel region was illumi-
nated through their plastic substrates. The irradiance at the
channel of a transistor was set to 1 mW/cm?. The transis-
tors were exposed to the blue light for 1 min under the gate
bias of —20 V. We monitored the recovery process after this
single stress event with a source meter and a picoammeter
(Keithley, Model 2400 and Model 6487). Transfer curves
obtained at selected times are shown in Figs. 5(a) and (b)
for a pure and blend device, respectively.

We extract threshold voltage and mobility from the re-
gions of the curves in Fig. 5 where the gate bias is clearly
beyond the threshold voltage. These transfer curves are
slightly curved in linear plot. Therefore, we have adjusted
the gate voltage range for each curve so that a similar level
of drain current flows. Even with this adjustment, bumpy
features appear in the extracted parameters as shown in
Fig. 6. Nevertheless, the same trend with the right hand
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Fig.5 Transfer characteristics of the two n-type transistors. The legend

indicates the time elapsed after the stress. The drain bias was fixed at 5 V.
The channel length and width are indicated in each figure.

side of Fig.2 is still observed for these n-type transistors:
the threshold voltage shifts recover with time after the stress
while the mobility is not affected.

We start the same analysis by assuming two meta-
stable states (fast and slow component). In this case, the
recovery process starts at t = 0. With a slight modification in
the boundary condition, the following equation is obtained.

Nys (1) = No [aexp (=t/71) + (1 —a) exp (=t/2)] (7

The parameter a (0 < @ < 1) represents the ratio of the two
components at 7 = 0.

The threshold voltage shift AV; is related to N, via
Eq. (1). We calculated AV, and compared with the measure-
ment in Fig. 7. The solid lines represent the sum of the two
calculated components and they reproduce the measurement
well. Table 1 summarizes fitting parameters used for each
n-type transistor and for the Cg-BTBT transistor described
in Sect. 2.

Next, we attempt to fit onset voltages of these n-type
transistors. In this case, we define onset voltage as the gate
bias at which the drain current exceeds 10nA. This defini-
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Fig.7 The two-component model reproduces the temporal behavior of
the threshold voltage shift in the two n-type transistors. The parameter set
is different for the two devices.

tion is again somewhat arbitrary but we can still discuss the
behavior of the shift AV,,. The values extracted from Fig. 5
are shown in Fig. 8. The same parameter set is used for fit-
ting AV, and AV,, for each device as summarized in Table 1.
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Table1 Parameter set for fitting.
Transistor 7} [min] 7, [min] a Corresponding figure
Cy<-BTBT 200 2000 0.65 Fig. 3(a), (b)
Pure 15 1000 0.45 Fig. 7(a), Fig. 9(a)
Blend 30 700 0.40 Fig. 7(b), Fig. 9(b)
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Fig.8 Onset voltages extracted from Fig.5. In both devices, the onset
voltage slowly returns to initial values. The recovery is slower for the blend
device.
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Fig.9 The temporal behavior of the onset voltage shift is reproduced by
the two-component model. For each device, the same parameter set is used
for fitting AV, and AV,,.

4. Discussion

The model assuming charged meta-stable states in the grad-
ual channel approximation is for the on current only. It ap-
plies for the shift in the threshold voltage but not for the
onset voltage. However, a common parameter set repro-
duces time evolution of V, and V,, for each of the three
types of transistors examined here. This is due to the fact
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Fig.10  Correlation between the photo-induced shifts in V,, and V; for
the three transistors in our experiment as well as for the pentacene transistor
in Ref.[11]. Correlation coefficient and gradient of the linear fitting are
indicated for each data set.

that changes in V; are well correlated to those in V,,, in these
experiments on photo-induced effects. This empirical fact
is clearly shown in Fig. 10 where the open circles, triangles
and squares represent the data from these transistors. Also
plotted is the data set for a pentacene transistor [11]. Corre-
lation coefficient and gradient of the linear fitting are indi-
cated for each data set.

Sub-threshold current has been analyzed numerically
[11] and some analytical expressions have been proposed for
circuit simulations [23], [24]. A qualitative understanding of
sub-threshold current is as follows. There is no charge ac-
cumulation at the interface with the gate insulator when the
gate electrode is biased below the threshold voltage. Sub-
threshold current flows in the bulk material when a conduct-
ing path exists. The current varies as the resistivity of this
region is altered by the gate bias. When the amount of fixed
space charges increases in this region, the gate voltage re-
quired for this partial depletion becomes larger and the sub-
threshold current increases.

As shown in Fig. 10, the gradient of the linear fitting
for the Cg-BTBT transistor is very close to unity. Lateral
translation of the initial transfer curve in Fig. 1 reproduces
most parts of the other curves. This suggests that the meta-
stable space charges exist in a sheet-like form at the interface
between the gate insulator and the semiconductor, blocking
the effect of the gate bias. In case of the n-type transistors,
the gradient is larger than unity and the onset voltage is more
sensitive to the illumination than the threshold voltage. It is
likely that the meta-stable space charges are distributed in
the semiconductor.

One would wonder what the origins for the two com-
ponents are. Phonon-assisted relaxation process observed
in these n-type transistors [16] suggests that these are traps.
One possible origin might be some irregular molecular ar-
rangements at the interface as well as in the bulk. These
sites could generate deep and shallow states. Because the
electronic structures would be different at the interface from
the bulk, two types of trap states might result. In addi-
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tion, heavy impurity atoms might precipitate at the inter-
face of a bottom-gate transistor during a solution process
and form some complexes that become charged upon illu-
mination. Further experiment and analysis are needed to
test these speculations.

Finally, it is reasonable to expect that these photo-
induced effects depend on the quality of the semiconductor
film. For the n-type transistors, mixing an insulating poly-
mer to the semiconductor solution altered the recovery pro-
cess. As for the Cg-BTBT transistors, the thermal treatment
induced phase change in the spin-coated films. Polarized
microscope observation revealed optical anisotropy in these
thermally-treated films [25]. The field-effect mobility of our
transistors is of the order of 1cm?/Vs. These facts suggest
that the Cs-BTBT molecules are reasonably well packed and
that they are oriented along a certain direction. Temperature
gradient can be utilized to control the direction of this phase
change [26]. Although we have not yet been able to vary its
film quality in a systematic manner, it would be interesting
to see how the photo-induced effects manifest themselves in
transistors with improved semiconductor crystallinity.

5. Conclusion

In a p-type top-contact Cg-BTBT transistor, positive shifts
of both threshold voltage and onset voltage are observed.
The shifts in these voltages add up after each illumination
step and recover under dark. We have used a model with
two charged meta-stable states decaying independently to
account for this behavior. The same parameter set repro-
duces the time evolution of the threshold voltage during the
build-up phase and the recovery phase. The behavior of the
onset voltage is also reproduced by the same parameters due
to the empirical fact that these two voltage shifts are well
correlated. We have also studied photo-induced effects in
n-type top-gate transistors based on a perylene derivative.
The threshold voltage and the onset voltage shift in the neg-
ative direction upon illumination under a negative gate bias
and they recover under dark. The two-component model re-
produces the time evolution of these shifts. They are also
well correlated in these transistors. The onset voltage shift
is more sensitive to the illumination than the threshold volt-
age shift. This sensitivity differs among the transistors and
it might give some ideas on how these meta-stable sites are
distributed.
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