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ABSTRACT In this study, we detailed our design for making a photoactive
semiconductor/dielectric interface in order to study charge dynamics at the inter-
face in combination with photoexcitation, using organic thin-film transistors
(OTFTs) as local probes. The photoactive semiconductor/dielectric interface is
formed from a hybrid gate dielectric (polymethyl methacrylate (PMMA) and
titanium oxide (TiO,)). Because the photogenerated electrons from TiO, nano-
particles under UV illumination can serve as the trapping centers for quenching
hole carriers, p-type semiconductors showed the decrease of the hole mobility.
Interestingly, n-type semiconductors displayed symmetric, opposing photoswitch-
ing effects at the same condition, showing that the photogenerated holes can
function as a local positive gate voltage for improving the electron mobility. On the
basis of this understanding, a remarkable example of mirror-image photoswitch-
ing effects in a single ambipolar OTFTwas realized. These results may offer grounds
for the creation of the future practical/multifunctional organic optoelectronic
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rganic thin-film transistors (OTFTs), as one of the
O fundamental building blocks in electronic circuits,
were the subject of extensive research in the past
decade because of their potential advantages, such as solution-
processability, light weight, the possibility of large-area proces-
sing, low cost, and flexibility.' ~* Through the development of
novel high-performance organic semiconductors and device
optimization, transistor performance has been significantly
improved.' "% The field-effect mobility of OTFETs is already
comparable to that of devices formed from amorphous silicon,
and OTFTs are on the verge of commercialization. However,
there are still many fundamental challenges due to the poor
understanding of the conduction mechanisms in OTFTs.>'®
For example, for the practical applications of OTFTs, the key
remaining problems are the device reliability and operational
stability. Overcoming these challenges relies on rational
control of charge trapping/detrapping at the semiconductor/
dielectric interface®®'*'"'® or contact regions.'”*° In addi-
tion, deeper understanding of the trap dynamics at the
semiconductor/dielectric interface should also help to improve
device performance, reduce the power dissipation and fabri-
cation cost, explore new functionality, and develop simple
fabrication techniques.®”'%'7~2
In typical “top-contact” OTFTs, previous studies have
shown that charge transport occurs through at most the first
few layers of molecules at the semiconductor/dielectric inter-
face (Scheme 1a).>*” Therefore, the property of this inter-
face plays an important role in device characteristics. Any

v © 2010 American Chemical Society

1269

Scheme 1. (a) Schematic of Typical “Top-Contact” OTFTs Show-
ing That Charge Transport Is through, at Most, the First Few Layers
of Molecules at the Semiconductor/Dielectric Interface and (b)
Schematic of the Device Structure Used in This Study Showing
How TiO, Nanoparticles Affect the Device Characteristics at the
Semiconductor/Dielectric Interface under UV Irradiation
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small changes from the interface could cause drastic changes
to the electrical properties of devices. Modifications of the
semiconductor/dielectric interface are now under intense
investigation and may provide an efficient approach to im-
proving the device performance and/or installing new func-
tionalities. In this study, we demonstrated our recent design
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for making a photoactive semiconductor/dielectric interface
in order to understand the charge dynamics at the interface in
combination with photoexcitation using OTFTs as local
probes. The photoactive semiconductor/dielectric interface
is formed from a hybrid gate dielectric, which is composed of
a buffer polymer carrier, polymethyl methacrylate (PMMA),
and a photoresponsive nanoparticle, titanium oxide (TiO,).
TiO, has been extensively investigated owing to its wide-
spread applications in photocatalysis and many other
studies.*®*” Particularly relevant to our design are the studies
of Lee, Yan, Cho, and their co-workers, which show that TiO,
nanoparticles when simply mixed with the gate dielectric or
organic semiconductors can improve the device performance
and/or build photosenstitive organic transistors.’®>? Inter-
estingly, when UV light was switched on/off, we were able to
reversibly perform the detailed dynamical study of charge
trapping/detrapping processes at the semiconductor/dielectric
interface and consequently fine-tune the device characteristics
of both p-type and n-type OTFTs in the opposite directions.
Importantly, rational control of charge trapping/detrapping
at the interface allows us to realize a remarkable example of
the mirror-image photoswitching effect in a single ambi-
polar OTFT.

OTFTs with typical top-contact, bottom-gate geometries
were fabricated by a standard procedure through thermal
evaporation (see Supporting Information). To maximize the
effect of TiO, nanoparticles on the electronic properties of
devices, we used highly doped silicon wafers without silicon
oxide layers as the substrates (Scheme 1b). The 1200 nm
thick hybrid gate dielectrics were formed from the PMMA
solution of TiO, nanoparticles at the saturation concentration
of ~1 x 107° g/mL through spin-coating and dried under
vacuum condition at room temperature overnight. We chose
the hybrid PMMA dielectrics with 1200 nm thickness because
we found that the photoresponsive behaviors of the devices
were independent of the dielectric thickness, as discussed
below, and this thickness of hybrid PMMA dielectrics affords
gate leakage current densities (Jiear) below levels that affect
OTET properties (Jieax < 10~° Alcm? at a gate field of ~1 MV/
cm). Figure Sta (Supporting Information) shows an atomic
force microscopic (AFM) image of surface morphologies of
the hybrid gate dielectrics. As can be seen, discrete TiO,
nanoparticles were observed on the surface. The average size
of these nanoparticles is ~1.2 nm in height and ~70 nm in
diameter. This explains that TiO, nanoparticles show slight
aggregation during the dispersion into the PMMA solution in
comparison with the diameter of individual TiO, nanoparti-
cles (3—5 nm) (Figure S2, Supporting Information), and only
a small part of the aggregates sticks out from the surface. It is
these convex TiO, nanoparticles that make the main contri-
bution to the photoresponsive behaviors of OTFTs discussed
below. UV/visible absorption studies demonstrated that
solution-cast thin films of TiO, nanoparticles from hexane on
quartz substrates show reversible optical absorption changes
in the range of 230—300 nm under UV irradiation (1 = 254
nm) and in the dark (Figure Sib, Supporting Information).
These reversible spectral changes of TiO, nanoparticles are a
harbinger for the useful optoelectronic properties described
below. After 40 nm organic thin-film deposition via thermal
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evaporation (pentacene or N,N-dihexylperylene diimide
(PEDI)), this hybrid polymer dielectric allowed us to obtain
very large pentacene crystal grains (~ 3—4 um) with terraces
(step heights about 15 A) and PEDI thin films with uniform and
densely packed structures, as demonstrated by AFM (Figure
S3, Supporting Information). In addition, X-ray diffraction
measurements demonstrated the formation of highly crystal
quality organic thin films on top of the dielectric (Figure S4,
Supporting Information). These results are important to
achieve the optimal OTFT performance.

After surface structure characterization, top-contact source
and drain electrodes (40 nm Au) were deposited onto organic
thin films through a metal shadow mask. The 1200 nm dielec-
tric films were electrically characterized by using the sand-
wich electrode structures with gold pads (0.9 mm?) on their
surface. The measured capacitance value (C;) was ~2.4 nFlcm?
and remained constant under UV irradiation and in the dark.
We first explored the details of charge trapping/detrapping
dynamics at the semiconductor/dielectric interface in p-type
OTFTs. Figure 1 shows the comparison of the transistor
characteristics of a representative pentacene field-effect
transistor before and after UV illumination. Both output
and transfer characteristics exhibit classical linear/saturation
behaviors in both cases. Noticeably, after UV irradiation for
~24 s, dramatic decreases in drain current (Ip) occurred,
regardless of the gate bias (Figure 1). The incident UV light
generated free electron—hole pairs in the TiO, nanoparti-
cles.?®*? As hypothesized by Dittrich et al.,>” the photogen-
erated holes are easily trapped on the surface of TiO,
nanoparticles. On the contrary, the photogenerated elec-
trons have a significant mobility in TiO, nanoparticles and
could penetrate through the dielectric layer to the semicon-
ductor/dielectric interface, as demonstrated by an increase
of the gate leakage current during irradiation (not shown).
Consequently, the current decrease in the pentacene tran-
sistors is explained by the photogenerated electrons at the
interface that behave like a Coulomb trap and quench the p-
type carriers in the devices. These results are in agreement
with those from earlier work on photoinduced charge trans-
fer at the semiconductor/dielectric interface by Calhoun.”* A
relatively less negative shift of the onset voltage (Vo from
—2.5to —12.0 V in Figure 1b and d) was observed in the
current case in comparison with that from their work (> 40 V)
probably due to the decreased number of photogenerated
Coulomb traps from TiO, nanoparticle surfaces, as discussed
below. Remarkably, when kept in the dark after UV irradia-
tion, the device presented a very slow current relaxation,
and its drain current was essentially restored to its original
value. This can be explained by the progressive detrapping of
holes on the surface of TiO, nanoparticles by electrons that
originate from the conductive channel where the p-type
transistors have a very low density of electrons. We found that
the back-and-forth charge trapping/detrapping effect is rather
gradual in time. Figure 2a and b shows the time evolution of
the current—voltage curves during UV illumination and in the
dark, respectively. The drain current sharply decreased at the
beginning of UV irradiation and was saturated after ~24 s of
exposure when TiO, nanoparticles reached the maximum
of photogenerated charge separation (Figure 2a). On the
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Figure 1. Device characteristics of a pentacene device before and after UV irradiation. (a) Transistor output before UV irradiation, Vg = 0
to —100 V in 20 V steps. (b) Transfer characteristics before UV irradiation, Vp = —100 V. (c) Transistor output after UV irradiation, Vg = 0

to —100 V in 20 V steps. (d) Transfer characteristics after UV irradiation, V, = —100 V.
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Figure 2. (a,b) The gradual charge trapping/detrapping processes of the device used in Figure 1 when the curves were taken every 2.5 s for
UV illumination and every 1 min in the dark. Vp = —20 V. (c) Time trace of I, for the same device, showing the reversible charge trapping/

detrapping processes when UV light was switched on/off. Vp
cycles of the mobility of the same device.

contrary, after the low-conductance state was established and
the device was kept in the dark, the drain current of the same
device sharply increased initially and then slowly attenuated,
completing the increase after ~12 min (Figure 2b).

To quantify the dynamics for the charge trapping/detrap-
ping process, we monitored the drain current as a function of
time (Vp = =20V, Vg = —10 V)as UV irradiation was toggled
between on and off. Figure 2¢ shows 10 dynamic cycles of the
time-dependent behaviors of the same device. The expanded
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—20V, and Vg = —10 V. (d) The corresponding representative switching

part for one full cycle of the behaviors can be found in the
Supporting Information (Figure S5). These behaviors are
consistent with the results from Figure 2a and b. A sudden
current jump (~ 7 % in the total current change) was observed
at the moment of turning on UV light generally due to the
photoexcited state of organic semiconductors, as proven by
control experiments in Figure S6 (Supporting Information).
As shown in Figure 2c, all of the functioning OTFTs are quite
stable and can endure the long-term operation in ambient
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atmosphere without obvious degradation. The kinetics of
each process can be fit with a single exponential. On the
basis of the data from Figure 2c, the overall rate contants in
different parts were calculated, Ky = ~0.16£0.02s™ " and
Kedarky = ~3.9£0.2 x 107" s~ '. To prove the importance of
TiO, nanoparticles in the charge trapping/detrapping process,
we performed control experiments in which we measured
the photoresponse of a pentacene device having the same
PMMA dielectric but lacking TiO, nanoparticles. Figure S6
(Supporting Information) shows the drain current character-
istics of such a device as a function of time under the same
measurement conditions. With UV light either on or off, we
consistently observed the slow decrease in drain current,
probably resulting from problems associated with the device
stability. From the trace in Figure S6 (Supporting Infor-
mation), the overall rate constants for each part were obtai-
ned, Kuv) ~ Kaary = ~3.0£ 0.1 x 1077 s~ " In comparison
with those in functioning devices, two significant differences
should be pointed out. One is that the rate constant of the
device in Figure 2c¢ under UV irradiation is 2 orders of
magnitude larger than that obtained from the control device
in Figure S6 (Supporting Information). The other significant
difference is that the photoresponse of the functioning
devices at UV light turn-off is opposite to that in the control
devices. Consequently, it is quite clear that the photo-
generated charge separation of TiO, nanoparticles is respon-
sible for the charge trapping/detrapping process in our
devices.

It should be noted that, although the FET characteristics of
the devices gradually became worse with the thickness
increase of hybrid gate dielectrics (from 150 to 300, 600,
and 200 nm), no obvious relation was found between the
dielectric thickness and the photoswitching characteristics of
the devices. This strengthens the above-mentioned hypoth-
esis that the charge trapping/detrapping processes at the
semiconductor/dielectric interface lead to the reversible
photoswitching of device characteristics in the current case.
To further validate this hypothesis, we designed and tested
three sets of control experiments. The current—voltage curves
for these control experiments can be found in the Supporting
Information (Figure S7—9). A first experiment tested the
electrical characteristics of devices with PMMA (bottom,
1200 nm)/TiO, (top, 40 nm through e-beam thermal
evaporation) bilayer dielectrics. The current—voltage curves
showed similar changes when UV light was toggled between
on and off because an effective interface was formed between
TiO, and pentacene thin films. The much lower back-conver-
sion of I in the dark was observed because of the higher trap
density on the surface of TiO, thin films in comparison with
devices with hybrid gate dielectrics used above. A second
experiment, which tested the devices with only the 1200 nm
PMMAdielectric but coated by a 40 nm TiO, thin film on top of
pentacene also showed the similar changes in device char-
acteristics. The third experiment, in which we used devices
with TiO, (bottom, 40 nm)/PMMA (top, 1200 nm) bilayer
dielectrics, did show essentially no changes in device char-
acteristics under UV irradiation and in the dark. This is
because the devices lack the photoactive semiconductor/
dielectric interface and the photogenerated electrons are
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unable to reach the interface through thick PMMA films. This
is very important and consistent with that in capacitance
measurements mentioned above, which have proved that the
capacitance of hybrid gate dielectrics remains constant under
UV irradiation and in the dark.

It is remarkable to note that the rational utilization of
generally detrimental charge trapping/detrapping at the
semiconductor/dielectric interface allows us to fine-tune the
electrical characteristics of the devices. On the basis of
the data from the device used in Figure 1, we can calculate
the corresponding field-effect mobilities. As shown in
Figure 2d, the device nicely switched its mobility back and
forth between two distinct states. Interestingly, we can extract
the concentration (N) of the photogenerated Coulomb traps in
TiO, nanoparticles at the interface by using a simple model
for the calculation, N = C,AVyle, where AV is the shift of the
onset voltage (Vo) and e is the elementary charge.”* Using a
value of AV, 9.5 V obtained above, we estimate that
approximately 1.4 x 10° Coulomb traps cm™ are filled at
the interface after UV illumination (much less than 3 x 10"
Coulomb traps cm™ 2 obtained in ref 10). This value is also less
than those obtained under the same conditions from control
experiments with bulk TiO, thin films (~1.9 x 10'° Coulomb
traps cm” ~ for the first control experiment and ~2.2 x 10'°
Coulomb traps cm ™ * for the second control experiment). This
moderate value is important for achieving the optimal device
performance and photoswitching properties.

We then turned our attention to the dynamical study of
charge trapping/detrapping processes in an n-type PEDI
OTFTs. Figure S10 (Supporting Information) shows the com-
parison of the transistor characteristics of a representative
PEDI field-effect transistor before and after UV illumination.
Surprisingly, after UV irradiation for ~30 s, significant in-
creases in drain current (Ip) were observed at any gate bias
(Figure S10, Supporting Information). This is completely
opposite to the results observed in p-type pentacene OTFTs.
These results are reasonable because photogenerated free
electrons of TiO, nanoparticles at the semiconductor/
dielectric interface can move toward the gate electrode under
a positive gate bias and leave the holes trapped inside of TiO,
nanoparticles at the interface. These trapped holes act as a
local positive gate voltage, thus improving the electron mobi-
lity. This also results in the shift of the onset voltage toward the
on-state (Vo from 31 to 27 V) (Figure S10, Supporting In-
formation). Figure 3a shows the dynamics of the charge
trapping/detrapping process of the same device as that used
in Figure S10 (Supporting Information). We measured the
drain current as a function of time (Vp = 50V, V5 = 50 V) as
the UV light was switched on/off. The kinetics of each process
can be also fit with a single exponential. On the basis of the
data from Figure 3a, the overall rate contants in different parts
were calculated, Ky, = ~0.27 £ 0.02 s~ " and Kgarg =
~0.1540.02 s~ '. Compared with those in pentacene OTFTs,
PEDI OTFTs show a 2 orders of magnitude quicker detrapping
process. This is because electrons expected to recombine
trapped holes on the surface of TiO, nanoparticles originate
from the conductive channel of the n-type transistors that
have the much higher electron density. The n-type OTFTs can
endure the relatively long-term operation but gradually
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Figure 3. (a) Time trace of I for an n-type device used in Figure S10 (Supporting Information), showing the reversible charge trapping/
detrapping processes under UV irradiation and in the dark. Vp = 50 V, and Vg = 50 V. (b) The corresponding representative five switching
cycles of the mobility of the same device. (c, d) A possible model for the band diagrams and charge distribution in both p-type (c) and n-type

(d) devices.

degrade after tens of cycles of UV irradiation, mainly due to
the intrinsic instability of n-type semiconductors. Correspond-
ingly, the device can nicely toggle its electron mobility back
and forth between two distinct states many times. Figure 3b
shows such a representative five cycles of the mobility transi-
tion. A series of control experiments similar to those used for
pentacene transistors are presented in the Supporting Infor-
mation (Figure S11—13). These control experiments consis-
tently support that charge trapping/detrapping processes at
the semiconductor/dielectric interface play the key role in
device characteristics.

A possible model of the band bending situation and
processes involved is presented in Figure 3c,d in order to
clearly explain the phenomena in both p-type (Figure 3c) and
n-type (Figure 3d) devices. At UV light turn-on, the light-
sensitive TiO, nanoparticles at the interface can generate
the free electron—hole pairs when the phonon energy is
absorbed by them. The photogenerated holes and electrons
behave differently. The holes are easily trapped inside of TiO,
nanoparticles, while the electrons can flow through the thin
dielectric layer.”® Under a negative gate bias, the electrons
move toward the semiconductor/dielectric interface and
behave like a Coulomb trap to lower the hole-carrier mobility
in the p-type semiconductors. Conversely, under a positive
gate bias, the electrons flow toward the gate electrode, and the
trapped holes act as a local positive gate voltage, thus increas-
ing the electron-carrier mobility in the n-type semiconductors.
On the basis of this understanding, it would be very interest-
ing to probe the charge trapping/detrapping process at the
interface in a single ambipolar device, which shows both
electron- and hole-transport properties.

A typical ambipolar device based on pentacene and
PEDI semiconductors was fabricated through two sequential
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thermal evaporations (Figure S14, Supporting Information).
Figure S14 (Supporting Information) shows the output char-
acteristics of a representative ambipolar device measured in
air at room temperature. At high gate voltage (|Vs]) and low
source—drain voltage (|Vp|), the device worked as a unipolar
transistor in either the electron or hole accumulation mode. At
low |Vg| and the relatively higher |Vp|, the electrons and holes
were accumulated in their respective channels, resulting in
the increase of the drain current with the increase of |Vpl,
which confirmed the occurrence of its bipolar operation.
Figure S14b (Supporting Information) shows the transfer
characteristics of the same device at the different source—
drain voltage biases. These curves show the V-shaped char-
acteristics, which confirms the efficient bipolar behavior,
with one arm for electron transport and the other for hole
transport. According to the transfer curve of the device at
Vp = 100V, the hole and electron mobilities were calculated,
HUhole) = ~0.23 sz V71 571 and M(electron) = ~0.11 cm2
V™' s7'. These values are comparable to those in separate
p-type or n-type transistors that we used above and in the
literature. >

Figure 4a—c shows the time traces of the charge trapping/
detrapping process when the same ambipolar device was
held at different gate biases and at a constant source—drain
bias (40 V). At the negative gate voltages where the hole
carriers dominate charge transport in devices, the photogen-
erated electrons can trap the hole carriers flowing through the
conductive channel, thus leading to the significant conduc-
tance decrease (Figure 4a). The change in drain current
(|AIp]) at Vg = —100 V is higher than that at Vg = —40 V
and increases with the increase of the gate bias (|vg)) due to
the availability of more charge carriers. However, when the
positive gate voltages were applied, we observed an opposite,
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Figure 4. Time traces of I, of an ambipolar device used in Figure S14 (Supporting Information) at negative (a) and positive (b) gate biases,
showing symmetric, opposing photoswitching effects under UV illumination. Vp = 40 V. (c) Time trace of I, of the same deviceat Vg = =5V
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control experiments at the different gate voltage, Vg = —100 V for (d), 100 V for (e), and 0 V for (f). Vp = 40 V. More details of the control

device can be found in the Supporting Information.

large current increase under UV irradiation (Figure 4b). As
expected, this is because the photogenerated holes have an
opposing function as a local gate voltage to increase the
electron carriers in the n-type materials. Interestingly, at
Vo = —5V, the transition point between electron and hole
transport, we only observed the sudden occurrence of the
photocurrent at the moment of UV light turn-on (Figure 4c)
due to the photoexcitation of organic semiconductors. This is
because the current decrease due to the trapping of hole
carriers is offset by the current increase due to the enhance-
ment of electron carriers in an ambipolar device at the
transition state. These results are perfectly consistent with
those described above. From the control experiment in Figure
S15 (Supporting Information), we only found the simple, fast
photocurrent jumps resulting from the photoexcitation of
organic semiconductors at any gate voltage bias under UV
irradiation (Figure 4d—f). These results strongly support that
the photoexcitation and charge separation of TiO, nanopar-
ticles are responsible for the charge trapping/detrapping
process at the interface in our devices. It is remarkable that
tuning the photoactivity of TiO, nanoparticles realizes sym-
metric, opposing photoswitching effects, which are effectively
mirror images, in a single ambipolar OTFT.
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This study provides a stark example of how interfacial
engineering functions as an effective approach to improving
device performance and/or installing new functionalities in
organic optoelectronic devices. It highlights the vital impor-
tance of charge trapping/detrapping processes at the
semiconductor/dielectric interface to the device perfor-
mance of OTFTs. In great detail, we studied the optoelec-
tronic properties of organic field-effect transistors using
photoactive TiO, nanoparticles combined with polymer PMMA
as hybrid gate dielectrics. This approach allows us to perform
the first dynamical investigation of charge trapping/detrapping
processes at the photoactive polymer/semiconductor interface
using OTFTs as local probes. By taking advantage of photoexci-
tation and charge separation of TiO, nanoparticles, we found
that the photogenerated electrons can serve as the trapping
centers for quenching the hole carriers and thus lowering
the mobility in a p-type semiconductor, and on the contrary,
the photogenerated holes function as a local positive gate
potential for improving the electron mobility in an n-type
semiconductor. Importantly, when UV light was switched on/
off, we were able to reversibly modulate charge trapping/
detrapping processes at the interface and consequently fine-
tune the device characteristics of both p-type and n-type OTFTs

DOI: 10.1021/jz100293z | J. Phys. Chem. Lett. 2010, 1, 1269-1276
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in the opposite directions. Finally, it is remarkable to note that
rational utilization of the charge dynamics at the inter-
face afforded symmetric, opposite photoswitching effects in a
single ambipolar OTFT. We believe that these results provide the
deeper understanding of interfacial phenomena and offer new
attractive insight for building the future practical/multifunctional
molecular devices through better usage of the interfacial proper-
ties and rational development of novel interface modification
approaches.

SUPPORTING INFORMATION AVAILABLE Data for AFM
images, data for the TEM image of TiO, nanoparticles, data for
X-ray diffraction experiments, and data for control experiments
mentioned in the text. This material is available free of charge via
the Internet at http://pubs.acs.org.
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