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Abstract:
constitute one of the main obstacles to using them for the practical applications in sensing and switching. Here we
report a smart system, in which a photochromic spiropyran (SP) combined with polymethyl methacrylate (PMMA) is
used as a gate dielectric, to develop functional molecular devices capable of photoswitching their electrical

Problems associated with intrinsically destructive sensing mechanisms of organic field-effect transistors

conductivity in a noninvasive manner. Significant and reversible capacitance and current transitions in devices are
undergo their documented reversible
photoisomerization. This concept of conformation-induced capacitive coupling offers attractive new prospects for the
development of functional devices by utilizing other stimuli-responsive molecular materials.

generally demonstrated experimentally when the SP molecules

Key Words: Photoisomerization;

Over the past decade great progress has been made on organic
thin-film transistors (OTFTs) with impressive achievements in
improving carrier mobilities that are now comparable to those of
amorphous silicon thin-film transistors!'™. For the practical ap-
plication of OTFTs in low-cost, solution-processed/printed elec-
tronics-based sensors and displays, the next step of crucial im-

Photochromic spiropyran;

Thin-film transistor; Gate dielectric

portance is to install functionality into a simple OTFT such that
the device is capable of converting an external stimulus to an
casily detectable electrical signal. In fact, OTFTs have been en-
visioned as an ideal platform for developing robust, inexpensive
chemical or biological sensors”®'" because of their inherent ad-
vantages such as easy availability, compatibility with flexible,
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large-area substrates and highly tunable sensitivity. For example,
recent work has shown that a proper selection of the semicon-
ductors and gate dielectric materials can lead to reliable OTFT
operations in the aqueous media that are required for biosensing®™®!,
The sensing mechanism of these sorption-based sensors has
been attributed to the analytes’ diffusion into grain boundaries in
thin films that cause either trapping or doping of charge carri-
ers. This mechanism provides sensitive detection for chemical
and biological species, but the physically damaging interaction
between semiconductors and analytes, and the difficulty of re-
moving analytes could lead to serious problems of device stabili-
ty and reversibility, being one of the major obstacles to the prac-
tical application of OTFTs in sensing. There is a pressing need
to develop a noninvasive methodology of modulating the density
of charge carriers flowing through the active semiconductor lay-
ers; this should be fully reversible and it should leave the semi-
conductors essentially untouched.

Here, we detail a smart system, by which OTFTs perfor-
mance can be reversibly fine-tuned by lights with different
wavelengths. This study builds on our recent work in which we
demonstrated that photochromic spiropyrans can be assembled
to the surfaces of single-walled carbon nanotubes through molec-

ular self-assembly!"

[20

and to pentacene thin films through rubber
stamping!®! to make photosensitive devices. In both cases UV
and visible light irradiation can switch the device conductance
back-and-forth between two distinct states by either reversible,
conformation-induced doping or electrostatic effects. In the cur-
rent case, we use a hybrid gate dielectric, which is composed of a
buffer polymer carrier, polymethyl methacrylate (PMMA, My=
4.95x10°), and a photoresponsive molecule driver, photochromic
spiropyran (SP). When the SP molecules undergo the reversible
photoisomerization™ %, we are able to regulate the capacitance
of the gate dielectric, and this leads to the reversible photomodu-
lation of the device characteristics of OTFTs in a noninvasive
manner.

1 Results and discussion

A typical top-contact, bottom-gate OTFT device configuration
was used in this study (Fig.1). The dielectric we used was a hy-
brid polymer bilayer (PMMA+SP, 300 nm, top)/(SiO,, 100 nm,

semiconductor

bottom). We used the corresponding thin films without the SP
additive as control dielectrics. To maximize the switching be-
havior of functionalized OTFTs, we used the hybrid dielectric
with SP saturation concentration of ~0.07 mol -L~. We chosed
the hybrid PMMA dielectrics with 300-nm thickness as a repre-
sentative because we found that this thickness of hybrid di-
electrics gave the best photoresponsivities. Pentacene was cho-
sen as the model organic semiconductor because of its high mo-
bility and the importance of this material for incorporation into
electronic circuitry!?,

Tapping-mode atomic force microscopy (AFM) images ob-
tained from the hybrid gate dielectric surfaces demonstrated
smooth surface morphologies (maximum root mean square rough-
ness ~0.3 nm) (Fig.2(a)). UV/visible absorption studies showed
that SP molecules in thin films of the hybrid gate dielectric were
able to reversibly switch back-and-forth between the neutral
closed form (SP-closed) and the charge-separated, colored open
form (SP-open) under UV and visible light irradiation (Fig.3(a)).
This indicates that PMMA can serve as a good matrix for SP
molecules. It can provide buffering space for SP’s conformation-
al changes. After 40-nm pentacene deposition via thermal evap-
oration, we obtained large pentacene crystal grains with terraces
(step heights about 1.5 nm) as demonstrated by AFM (Fig.2(b,
¢)). X-ray diffraction measurements also demonstrated the for-
mation of highly crystal-quality pentacene thin films on top of
the dielectric (Fig.3(b)). These results are important to achieve
optimal OTFT performance. After deposition of top Au charge-
injecting and charge-extracting source and drain electrodes
through thermal evaporation under vacuum, the desired transis-
tors were obtained. The channel length of the devices was 60
pm and the width was 2000 wm. The capacitance of the hybrid
dielectric films was measured on the sandwich electrode struc-
tures with gold pads (0.9 mm?) using a Karl Suss probe station
equipped with a digital capacitance meter (Agilent 4294A). The
transistor properties were characterized with the same probe sta-
tion and a semiconducting parameter analyzer (Agilent 4155C).
Carrier mobilities (1) were calculated in the saturation regime by
the standard method: I=WC; w(Vs—Vr)*/(2L), where I, is the
source-drain saturation current, W is the channel width, L is the
channel length, C; is the gate dielectric capacitance (per area), Vg

. PMMA:
n My=4.95x10°

OMe

pentacene

PMMA+SP
100 nm SiO,

gate n**-Si

dielectrics

SP-closed
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Fig.1 Schematic representation of the top-contact, bottom-gate OTFT structure and the material components



SHEN Qian et al. : Reversible Photomodulation of Organic Transistor Performance

1943

10 nm
100 nm

Fig.2 AFM images of the sample surfaces
(a) representative tapping-mode AFM images (5.0 pmx 5.0 wm) obtained from the hybrid gate dielectric surfaces (PMMA thickness: 300 nm and
SP concentration: 0.07 mol+L™), (b) representative tapping-mode AFM images (5.0 pmx 5.0 pm) of surface morphologies of 40-nm pentacene
thin films grown on the hybrid gate dielectric, (c) representative tapping-mode AFM images (1.5 umx 1.5 wm) of pentacene thin film surfaces
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Fig.3 (a) UVl/visible absorption spectra of a PMMA-spiropyran thin film (thickness: 300 nm and SP concentration of 0.07 mol -
L) on a quartz substrate under UV light irradiation, (b) X-ray diffraction spectrum of 40-nm pentacene thin films on a hybrid
gate dielectric with film thickness of 300 nm and SP concentration of 0.07 mol-L™*

is the gate voltage, and Vr is the threshold voltage. Light irradia-
tions were performed with a handheld UV lamp (~100 pW -cm?,
A=365 nm) and with a 150 W Halogen incandescent lamp (/.
~30 mW -cm™, A>520 nm). To avoid the heating effect during
irradiation, visible light was focused and guided by a long opti-
cal fiber to the probe station. To aid in the analysis of the results,
we intend to regulate the intensity of visible light that makes the
photocurrents of the devices under visible irradiation equivalent
to those induced by UV irradiation. By doing this, we can record

the time trace of the drain currents of the devices without obvi-
ous current jumps when UV and visible lights are switched. All
of the measurements were performed in the same condition and
at the same temperature. OTFTs fabricated with 300 nm hybrid
polymer/100 nm SiO, bilayer dielectrics achieved a mobility of
as high as 0.13 cm?- V-5 (Fig.4).

We tested the photoswitching characteristics of the devices
and found that large and reversible changes in drain current oc-
curred in these SP-functionalized OTFTs when SP isomerized
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Fig.4 Representative output and transfer characteristics of devices on silicon wafer substrates with a hybrid polymer
(PMMA +SP, top)/SiO, (100 nm, bottom) bilayer dielectric
SP concentration is 0.07 mol+L™. PMMA thickness is 300 nm. C;is ~3.6 nF. The channel length of the devices is 60 pm and the width is 2000 pm.



1944 Acta Phys. -Chim. Sin., 2010 Vol.26

between SP-closed and SP-open forms (Fig.5(a—e)). As shown in
Fig.5(a), after ~270 s of UV irradiation, the initial (low) conduc-
tance state of the device (black curve, R,,: ~1.5x10" ) at ~30 V
source/drain bias and ~20 V gate bias) was converted into a
much higher conductance state (red curve, R,,: ~7.9x10° ()). Af-
ter further visible light irradiation for ~24 min (green curve in
Fig.5(a)), the drain current of the device was essentially restored
to its original value. The back-and-forth photoswitching effect
is rather gradual in time. Fig.5(b,c) show the time-evolution of the
current—voltage curves during UV and visible light illumination,
respectively. The drain current sharply increased at the begin-
ning of UV irradiation and was saturated after ~270 s of expo-
sure when SP molecules reached the equilibrium of conforma-
tional transformation (Fig.5(b)). On the contrary, after the high-
conductance state was established and irradiation with visible light
began, the drain current of the same device sharply decreased
initially and then slowly attenuated, completing the decrease af-
ter ~24 min illumination (Fig.5(c)). The similarity between the
reversible photoswitching of the electrical conductivity of the
functionalized devices and the reversible photoisomerization of
SP molecules suggests that the photoswitching process of SP
molecules is responsible for the changes in device characteristics
of pentacene OTFTs. To gather kinetic data for the photoswitch-
ing process, we monitored the drain current as a function of time
(Vi==30V, V=-20 V) as the irradiation was toggled between UV

and visible wavelengths. To clearly demonstrate the photo-
switching process and mechanism discussed below, we do not
show the slow back-conversion process of the devices in the
dark after UV irradiation due to the slow transformation of SP
from SP-open to SP-closed. Fig.5(d) shows one full switching cy-
cle of the time-dependent behavior of the same device; this be-
havior is consistent with the results from Fig.5(b, ¢). A sudden
current jump was also observed at the moment of turning on UV
light generally due to the photoexcited state of organic semicon-
ductors as proved by control experiments in Fig.6(c). In order to
demonstrate the reversibility of the switching, we used shorter
irradiation time. As shown in Fig.5(e), all the functionalized
OTFTs are quite stable and can switch at least 50 times in ambi-
ent atmosphere without obvious degradation. The kinetics of
each process can be fit with a single-exponential. Based on the
data in Fig.5(e), the overall rate contants in different parts were
calculated, Kyy: ~(1.6+0.2)x102 s and Kgye: ~(0.7£0.1)x102 s7%.
These kinetic results for the photoswitching process are very
similar to or even faster than those we observed in our previous

WOI.k[l‘)—ZO]

, which supports our suggestion (see above) that PMMA
thin films serve as an effective solid matrix in which the SP
molecules can isomerize. To aid in the analysis of these results,
we performed control experiments in which we measured the
photoresponse of a pentacene device having the same PMMA/ SiO,

bilayer dielectric but lacking the spiropyran. Fig.6 shows the
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Fig.5 (a) A representative photoswitching cycle in a 40 nm pentacene thin film transistor with dielectric thickness of 300 nm

and SP concentration of 0.07 mol-L7; (b, ¢) the gradual conversion between low and high conductance states when the current-

voltage curves are taken every 30 s for UV illumination and every 2 min for visible light illumination, respectively; (d) one full

switching cycle of the time-dependent behavior of the same device; (e) time trace of the drain current for the same device
showing the reversible photoswitching events under irradiation of UV light (365 nm) and visible light (A>520 nm)

The bias between source and drain electrodes is —30 V, and the gate bias is —20 V.
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Fig.6 (a) output and (b) transfer characteristics of a control device on silicon wafer substrates with a polymer
(300 nm PMMA, top)/Si0, (100 nm, bottom) bilayer dielectric, (c) time trace of the drain current for the same device
under irradiation of UV light (365 nm) and visible light (A>520 nm)

The bias between source and drain electrodes is —30 V, and the gate bias is ~20 V. C;is —6.1 nF. The channel length of the devices is 60 um and
the width is 2000 wm. The calculated mobility is ~0.5 cm? V™'+s™

drain current characteristics of such a device as a function of
time under the same measurement conditions. During irradiation
with either UV or visible light, we consistently observed the
slow decrease in drain current, probably resulting from problems
associated with the device stability. From the trace in Fig.6, the
overall rate constants for each part were obtained, both Ky and
Ko are ~(5.020.1)x10™ s7. In comparison with those in func-
tionalized devices, two significant differences should be pointed
out. One is that the rate constants of the device in Fig.5(e) under
UV and visible light irradiation are two orders of magnitude larg-
er than those obtained from the control device in Fig.6 under the
same conditions. The other significant difference is that the pho-
toswitching effect under UV illumination in functionalized de-
vices is opposite to that in the control devices. It is quite clear
that the photoisomerization of SP molecules is responsible for
the switching effect in device characteristics.

Theoretical discussion™ has suggested that the photoisomer-
ization of photochromic molecules will significantly change
their dipole moment (P,,). We performed density functional the-
ory calculations and the result shows that the electric dipole mo-
ment of the open form SP is 46.4x10™ C -m, more than two
times of the dipole moment of the closed form (21.3x10™ C+m).
In our previous work we showed that this photoinduced electro-
static environment should act as a local negative gate voltage
that can modulate the transistor conductance by controlling the
carrier density in devices"”™". We hypothesized that the SP pho-

toisomerization could initiate the reversible changes in capaci-
tance of the hybrid gate dielectric and thus modulate the electri-
cal conductivity of the devices.

To prove this hypothesis, we tested the electrical characteris-
tics of ITO/hybrid dielectrics (PMMA+SP)/Au capacitors. In or-
der to avoid the shading of the UV and visible light, we irradiat-
ed the hybrid material from the bottom of ITO transparent elec-
trodes. Fig.7(a, b) show the time-dependent evolution of the ca-
pacitance curves of a hybrid polymer dielectric at SP concentra-
tion of 0.07 mol - L~ and PMMA thickness of 300 nm. From the
time course of the device capacitance, we can see that the capac-
itance increased sharply at the beginning of UV irradiation and
then saturated after ~260 s of exposure, further visible light irra-
diation can return it to its original value. The whole process is
quite reversible. We show 4 representative full switching cycles
of the same device by taking the data at 100 kHz frequency (Fig.
7(c)). In order to rule out other potential artifacts we performed
control experiments. In the control device we used only PMMA
thin films with the same thickness as the dielectric without the
SP additive. Under UV or visible light irradiation, there was only
negligible increases in capacitance (Fig.8), which may be due to
the slight effect of the dissociative photoexcitation of C—C or
C—H bonds of polymer PMMA on capacitance™*. From the
results we may conclude that the photoisomerization of the SP
molecules are responsible for the photoswitching of the capaci-
tance in devices. Since SP photoisomerization can induce a big
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Fig.7 Demonstration of the switching mechanism

(a) and (b) Time course of the capacitance of a hybrid polymer dielectric on ITO glass substrates upon UV and visible light irradiation.

SP concentration is 0.07 mol-L™. PMMA thickness is 300 nm. The capacitance-frequency curves are taken every 20 s for UV illumination and every 2 min for

visible light illumination. (c) The representative 4 full switching cycles of the same device by taking the data at 100 KHz frequency.
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Fig.8 Time-evolution of the capacitance curves of control dielectric absent of SP molecules on ITO glass substrates under
UV and visible light irradiation

PMMA thickness is 300 nm. The capacitance-frequency curves are taken every 20 s for UV illumination (a) and every 2 min for visible light illumination (b).

change in dipole moment of individual molecules and SP
molecules serve as the key component of the gate dielectric, it is
reasonable that this dipole change could initiate a collective
change in dielectric constant of the gate dielectric, thus leading
to the reversible photomodulation of the capacitance of the gate
dielectric and then the carrier density at the semiconductor/di-
electric interface. Consequently, it is not surprising that SP pho-
toisomerization can realize the reversible photoregulation of the
electrical conductivity of the devices as demonstrated experi-
mentally through a novel mechanism: conformation-induced ca-
pacitive coupling. Another important feature which should be
mentioned is that all of the conformational changes happen
within the gate dielectric layer driven by the most convenient
and noninvasive tool of lights without any damage of the semi-
conductors, making the functioning devices very stable.

2 Conclusions

In this study, we detailed a smart system, in which the OTFT
performance can be fine-tuned by UV and visible light irradia-
tion using a hybrid gate dielectric composed of a photochromic
molecule SP and a polymer buffer PMMA. When the SP
molecules underwent their documented reversible photoisomer-
ization, the reversible changes in capacitance of the hybrid gate
dielectric was observed due to the changes of the electric dipole
moment of the molecules, thus leading to reversible photomodu-
lation of the electrical conductivity of the devices. Since SP pho-
toisomerizations happen only within the gate dielectric layer and
the most convenient and noninvasive tool of lights is used, or-
ganic semiconductors are essentially untouched without any
damage, making the devices very stable. This concept of confor-
mation-induced capacitive coupling offers attractive new
prospects for the development of functional molecular by utiliz-
ing other stimuli-responsive molecular materials.
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