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Organic phototransistors based on a composite of P3HT and TiO, nanoparticles have been
fabricated, which show high photosensitivity, fast response, and stable performance under both
visible and ultraviolet light illumination, and thus they are promising for applications as low cost
photosensors. The transfer characteristic of each device exhibits a parallel shift to a positive gate
voltage under light illumination, and the channel current increases up to three orders of magnitude
in the subthreshold region. The shift in the threshold voltage of the device has a nonlinear
relationship with light intensity, which can be attributed to the accumulation of electrons in the
embedded TiO, nanoparticles. It has been found that the device is extremely sensitive to weak light
due to an integration effect. The relationship between the threshold voltage change and the intensity
of light illumination can be fitted with a power law. An analytical model has been developed to
describe the photosensitive behavior of the devices. It is expected that such organic phototransistors
can be developed for sensing different wavelengths based on different semiconducting polymers and

semiconducting nanoparticles. © 2009 American Institute of Physics. [doi:10.1063/1.3225760]

I. INTRODUCTION

Organic semiconductor materials, including small mol-
ecules and polymers, have gained considerable interest re-
cently for their broad potential applications in the electronics
and semiconductor industry. Organic thin film transistors
(OTFTs) have a broad range of applications, including flex-
ible displays, sensors, wearable electronics, smart packages,
memories, radio frequency identification tags,l etc. It has
been recognized that thin film transistors offer a great deal of
promise for applications in various types of sensors, includ-
ing light sensor,”” pressure sensor,” gas sensor,” and chemi-
cal, biological, and medical sensors.®™ Miniaturization is de-
manded for all types of sensors because of the need for better
portability, higher sensitivity, lower power dissipation, and
better device integration. OTFTs can be miniaturized without
a reduction in signal to noise ratio since the channel current
is not directly related to the area but to the ratio between the
channel width and length of the device.'? Moreover, OTFTs
can be fabricated using low-temperature solution processes
on a variety of substrates, including mechanically flexible
ones. Since various printing techniques have been well
developed,11 miniaturization of these devices is straightfor-
ward, and thus portability, small sample volume, and arrays
with many elements are achievable. Also, a sensor based on
a transistor can be integrated in a circuit and provide a re-
sponse that can be easily measured.

Phototransistors are a type of optical transducer in which
light detection and signal amplification are combined in a
single device.'? Organic phototransistors (OPTs) are consid-
ered to be one of the feasible applications of OTFTs because
of the strong light absorption and the excellent photocurrent
generation efficiency of organic semiconductors. More im-
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portantly, OPTs can be easily integrated into flexible elec-
tronic products and biological systems as light sensors or
biosensors.

There are two types of OPTs that have been developed
based on semiconducting oligomers and polymers. One type
is based on the mechanism of trapping excited electrons at
the insulator/semiconductor interface of the device under
light illumination, which normally induces a positive shift of
the threshold voltage of the device. OPTs fabricated by ther-
mal evaporation of some oligomers including pentacene,l‘mé
rubrene,'” and others'® ™ are this type of devices. In addi-
tion, solution processible OPTs based on conjugated poly-
mers, such as poly(9,9-dioctylfluorene-co-bithiophene)
(F8T2) (Ref. 21) and poly(3-octylthiophene-2,5-diyl)
(P30T),” have been reported with the same working mecha-
nism. However, trap states at the insulator/semiconductor in-
terface may induce an obvious bias stressing effect.'® There-
fore, the photosensitive behavior of this type of
phototransistor is normally associated with an unstable per-
formance, which will be a shortcoming in its real application.

Another type of OPT is based on a composite film
of n-type and p-type semiconductors, such as the composite
of  poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenyl-
enevinylene) and methanof (6,6)-phenyl Cg;-butyric acid
methyl ester,”> which is normally used in a photovoltaic de-
vice. The photosensitive behavior of such device is due to
the charge generated by absorbed photons. However, a poor
performance has been observed in this type of device due to
a much higher off current induced by a photovoltaic effect.

Composite films of poly(3-hexylthiophene) (P3HT) and
TiO, nanoparticles have been used in solar cells, which show
relatively low power conversion efficiency due to poorly
formed conduction paths for electrons.”** But we find that
such composite films have special advantages for the appli-
cations in OPTs since the TiO, nanoparticles can store
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charge (electrons) under light illumination. Recently, we
have reported a new type of OPT based on a composite film
of P3HT and TiO, nanopa.rticles.3 The device shows a quick
change in channel current under light illumination, which
can be attributed to a positive shift in the threshold voltage,
while no change in the field effect mobility and off current
can be observed. In addition, the device shows very stable
performance under a light illumination, which is very impor-
tant for its application. However, the maximum change in the
threshold voltage of the OPTs that we have reported before is
only several volts. Therefore, the fabrication process of the
OPTs needs to be optimized to increase the sensitivity.

In this paper, we will report that the sensitivity of the
device can be improved for one order of magnitude by care-
fully choosing the TiO, nanoparticles. The device shows
high photosensitivity under the illumination of both visible
and ultraviolet (UV) light, and thus it is promising in the
applications as photosensors, especially for UV sensors.
Also, the sensing mechanism of the OPTs has been carefully
studied in this paper. An analytical model for the photosen-
sitive behavior of the OPTs is developed in this paper.

Il. EXPERIMENTAL

Regioregular P3HT with head-to-tail linkages of 90%—
93% was purchased from Rieke Metals Inc. and was used as
received without additional purification. TiO, nanopowder
with different grain sizes and phases (anatase or rutile) were
purchased from Sigma-Aldrich. P3HT and TiO, powders are
dissolved in toluene and stirred for 24 h before being spin-
coated on a substrate.

High-resolution transmission electron microscopy
(HRTEM) (JEOL JEM-2010) was used to characterize the
morphology of the TiO, nanoparticles and the P3HT and
TiO, composite films. To prepare samples for TEM study,
P3HT and TiO, composite films were spin-coated on glass
substrates under the same fabrication condition of OPTs and
then peeled with a bistoury and collected by copper grids.
TiO, nanoparticles with different grain sizes and phases were
dispersed in ethanol and collected with copper grids for TEM
observation. Figure 1 shows the TEM images of the TiO,
nanoparticles and the P3HT and TiO, composite films. The
distributions of TiO, nanoparticles in the P3HT matrix are
shown in (g), (h), and (i). Some clusters of nanoparticles can
be observed in the three composite films. The phases of the
TiO, nanoparticles were confirmed by electron diffraction
patterns and lattice spaces in HRTEM images.

An OPT is fabricated on a SiO,/n -type Si substrate, as
shown in the inset of Fig. 2(a). The resistivity of the n-type
Si is 0.001 Q cm. The thickness of the SiO, is 500 nm. Au
source/drain electrodes are deposited through a shadow mask
on top of the SiO, film by thermal evaporation. Then, a
bottom-gate-bottom-contact OTFT is fabricated by spin-
coating a layer of composite film of P3HT and TiO, nano-
particles. The device is annealed at 100 °C for 2 h in a
glovebox filled with high purity N,. The channel width and
length of the device are 2000 and 200 wm, respectively. De-
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FIG. 1. (Color online) [(a), (b), and (c)] TEM images of TiO, nanoparticles
with rutile, anatase, and mixture of rutile and anatase phases, respectively.
[(d), (e), and (f)] HRTEM images of different TiO, nanoparticles shown in
(a), (b), and (c), respectively. [(g), (h), and (i)] TEM images of composite
films of P3HT and TiO, nanoparticles with rutile, anatase, and mixture of
rutile and anatase phases, respectively. Weight ratio of P3HT:TiO,
=1:0.75. [(j), (k), and (1)] Magnified views of (g), (h), and (i), respectively.

vices with different weight ratios between P3HT and TiO,
have been fabricated to find the most photosensitive compo-
sition, as shown in Table I.

All of the devices are measured in a glovebox with a
semiconductor parameter analyzer (Agilent 4156 C). Light
emission diodes [wavelength A= ~370 nm (UV) and 470,
530, and 590 nm] driven by a wave form generator (Agilent
33220 A) are used as light sources.

lll. RESULTS AND DISCUSSION

Figure 2(a) shows the transfer curves (Ips~ Vgs) of an
OPT (sample 1, the average dimension of TiO, grains with a
rutile phase is 5X20 nm?, with a weight ratio of
P3HT:TiO,=1:0.75) measured under illumination of UV
light (the wavelength N is ~370 nm). The transfer curve
shows a parallel shift to positive values under the light illu-
mination, and the voltage shift increases with an increase in
light intensity. The device shows a similar photosensitive
behavior to different wavelengths. Figure 2(b) shows the
transfer characteristics of the sample under light illumination
with a wavelength of 530 nm. It is worth noting that the
channel current changes for more than three orders of mag-
nitude in the subthreshold region. The small change in the off
current and the subthreshold slope of the device under light
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FIG. 2. (Color online) Transfer characteristics of an OPT based on a com-
posite of P3HT and TiO, nanoparticles measured under light illumination
[sample 1, weight ratio of P3HT: TiO,=1:0.75, grain size of TiO, (rutile):
5X20 nm?]. (a) The wavelength of the light is ~370 nm (UV). From left
to right, the curves are measured at the light intensities of 0, 1.55, 18.06,
48.98, and 1580 uW/cm?. Inset: cross sectional view of the OPT. (b) The
wavelength of the light is 530 nm. From left to right, the curves are mea-
sured at the light intensities of 0, 0.14, 2.6, 6.7, 12.8, and 38.4 uW/cm?>.

illumination can be attributed to the photocurrent generated
in the composite film. The on/off ratio of the device is kept at
~10* under light illumination since the photocurrent is rela-
tively low.

We have found that the grain size and the weight fraction
of TiO, nanoparticles are of paramount importance for the
photosensitivity. Table I shows the shifts in the threshold
voltages of the OPTs with different grain sizes and weight
fractions of TiO, nanoparticles measured under light illumi-
nation with the same light intensity and wavelength (inten-
sity: 10 wW/cm?; wavelength: 530 nm). It can be found that
sample 1 shows the maximum photosensitivity, which can be
attributed to the needlelike shape of the TiO, nanoparticles

TABLE . Shift in the threshold voltages (AV,) of OPTs based on
P3HT/TiO, composite films measured under the light illumination of
10 uW/cm? (wavelength: 530 nm). B and A are parameters for the best
fitting of Eq. (1) in Fig. 4(b).

Sample Weight fraction AV

number TiO, grain size of P3HT: TiO, (V) B A
1 5X20 nm? (rutile) 1:0.75 18.69 0.347 7.898
2 1:0.5 636  0.275 3.320
3 1:0.25 2.68 0241 1.527
4 10 nm (anatase) 1:0.75 278 0298 1.382
5 10-100 nm 1:0.75 1.52 0347 0.653
6 (mixture of rutile 1:1 1.67
7 and anatase) 1:0. 5 1.27
8 1:0.25 0.56
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FIG. 3. The channel current of an OPT (sample 1) based on a composite of
P3HT and TiO, nanoparticles measured under light illumination (UV, \
=370 nm) with different intensities. Weight ratio of P3HT:TiO,=1:0.75;
average grain size of TiO, (rutile): 5X 20 nm?.

that can increase the interface area between P3HT and TiO,.
With the increase in the weight fraction of TiO, nanopar-
ticles, the photosensitivity of the device increases while the
channel current decreases since TiO, nanoparticles prohibit
hole transfer in the channel. On the other hand, we observed
that the films with a higher weight fraction of TiO, are not
uniform and big clusters of TiO, nanoparticles are formed in
the composite film. Therefore, we normally choose a weight
ratio of P3HT:TiO,=1:0.75 as an optimum ratio for the
device.

The response time of an OPT to light illumination is an
important parameter for its applications. OPTs that have been
reported before normally show a response time of more than
10 s since the trapping process of electrons at the
semiconductor/insulator interface is relatively slow.2%%2 1t
is worth noting that the OPTs reported in this paper show a
much faster response to light illumination due to a different
sensing mechanism, which will be explained later. As shown
in Fig. 3, the channel current of an OPT (sample 1) was
measured at fixed gate and drain voltages (Vgg=-20 V,
Vps=—10 V) under illumination of UV light. Since the light
emission diode can be switched on and off in tens of nano-
seconds, the change in the channel current will present the
response behavior of the OPT to light illumination. The
channel current increases sharply to a stable value when the
light is switched on and changes back to its original value
when the light is switched off. Therefore, the device perfor-
mance is very stable and reliable under light illumination.

Figure 4(a) shows the shift in the threshold voltage of
sample 1 under light illumination, which is decided by mea-
suring transfer characteristics. It can be found that the pho-
tosensitivity is approximately proportional to the light absor-
bance of the composite film at different wavelengths, as
shown in the inset of Fig. 4(a). The device is extremely sen-
sitive to weak light, and the shift in the threshold voltage
(AVy,) shows a nonlinear relationship with light intensity (1),
which can be fitted very well with a power law,

AV =AIP, (1)

where (3 is the power factor, which varies between 0.2 and
0.4 for different wavelengths of the incident light. Table II
shows the fitting parameters A and S for sample 1 illumi-
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FIG. 4. (Color online) (a) Shift in the threshold voltage AV, of sample 1
under light illumination with different wavelengths. (b) Shift in the thresh-
old voltage AV, of samples 1-5 under light illumination with a wavelength
of 530 nm. Black solid curves in (a) and (b) show the best fitting with the
equation AV, =AIP.

nated with different wavelengths. Figure 4(b) shows the pho-
tosensitivity of different devices (samples 1-5) to the light
with a wavelength of 530 nm, and the curves are fitted with
Eq. (1). The fitting parameters A and S are shown in Table L.

Next, we will explain the sensing mechanism of the
OPTs. The energy diagram of the P3HT/TiO, composite
(Eromo<Ec<Egomo<Ey) is shown in Fig. 5, where
E;umo and Egonmo are the energy levels of the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) of P3HT, respectively; Ey and E
are the energy levels of the valence band and the conduction
band of TiO,, respectively. So, a type-II heterojunction struc-
ture (staggered gap) is formed in the P3HT/TiO, composite.
More importantly, an exciton generated by a photon ab-
sorbed by P3HT or TiO, will dissociate into an electron and
a hole when the exciton moves to the P3HT/TiO, interface
since the energy decrease of the electron or hole is larger
than the binding energy of the exciton (electron-hole pair).
Under visible light, excitons are generated in the P3HT part.
Electrons generated by the dissociation of the excitons at the
interface will be trapped in the TiO, nanoparticles. While
under UV illumination, excitons are generated in the TiO,
nanoparticles. After the dissociation of the excitons, the

TABLE II. Parameters for the best fitting of the shift in the threshold voltage
vs light intensity (different wavelengths) with Eq. (1) in Fig. 4(a).

Wavelength uv 470 nm 530 nm 590 nm
A 4.154 6.962 7.898 4.012
B 0.237 0.397 0.347 0.314
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FIG. 5. (Color online) Schematic diagram showing charge accumulation in
a P3HT/TiO, composite film under light illumination.

holes diffuse to the P3HT part and the electrons remain in the
nanoparticles. Therefore, light illumination can result in elec-
trons accumulated in TiO, nanoparticles in both cases, which
will change the threshold voltage of the OPTs.

The density of accumulated electrons in TiO, nanopar-
ticles is controlled by the following process. Under light il-
lumination, electrons are generated in the TiO, nanoparticles
due to the dissociation of excitons at the P3HT/TiO, inter-
face. On the other hand, electrons will recombine with holes
at the interface. Therefore, a balance will be reached after a
certain density of electrons accumulated in the TiO, nano-
particles. The time taken to arrive at a stable state is the
response time of the OPT. During the accumulation of elec-
trons in the TiO, nanoparticles, a potential barrier and a
buildup electric field will be formed at the P3HT/TiO, inter-
face, which will increase the recombination rate of electrons
and holes at the interface, as shown in Fig. 5.

Since the transfer characteristics of an OPT shows a par-
allel shift under light illumination, the transient behavior of
the threshold voltage of an OPT can be calculated according
to the change in the channel current of the device measured
at a fixed working voltage under light illumination. Figure
6(a) shows the change in the threshold voltage of sample 1
measured when the light illumination is switched on and off.
The rising edge can be fitted very well with an exponential
function: AV, (1)=AV[1-exp(-t/7)] for low light intensity,
where 7 is the response time of the device. When the re-
sponse time is shorter than ~10 ms, it is too fast to be
measured by the semiconductor parameter analyzer. Figure
6(b) shows the response time 7 of sample 1, which decreases
rapidly with an increase in light intensity. The response time
can be regarded as the integration time of the sensing pro-
cess, and therefore the device shows higher sensitivity to
lower light intensity due to an integration effect.

The recovery of the threshold voltage after the light is
switched off can be fitted with an exponential function with
at least two relaxation times: AVy(1)=AV, exp[(to—1)/ 7]
+AV, exp[(fy—1)/ 5], where AV, and AV, are constants and
7, and 7, are relaxation times, as shown in Fig. 6(a). Nor-
mally, the current drops to a lower value in several millisec-
onds and then slowly decays to a stable value in several
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FIG. 6. (Color online) (a) The change in the threshold voltage (AV,,) of an
OPT (sample 1) measured under UV light illumination with different inten-
sities. From top to bottom, the light intensities are 18.05, 0.282, and
0.038 uW/cm?, respectively. Black solid curves show the best fitting with
AVy()=AV[1—exp(-t/7)] for rising edges and AVy(t)=AV, exp[(,
—1)/ 7]+ AV, expl(ty—1)/ 7] for falling edges. (b) Response time 7 for dif-
ferent light intensities and wavelengths.

seconds. The first stage can be regarded as the recombination
of electrons and mobile holes at the P3HT/TiO, interface,
while the second is probably due to the recombination of
electrons and trapped holes near the interface. Since the trap
states have different capture cross sections and energy levels,
the recovery process will show a broad distribution of relax-
ation time.”®

We consider that electrons accumulated in the TiO,
nanoparticles will decrease the electrostatic potential of the
active layer (P3HT/TiO, composite film) and thus change the
threshold voltage of the device, as shown in Fig. 7. The
threshold voltage Vi, of a p-type OTFT is given by

\'/zsquD‘//B

Vin=Vip— p— o (2)
1

where i is the electrostatic potential in the active layer (¢
is also the potential difference between the HOMO and the
Fermi level of the semiconducting polymer), Ny, is the effec-
tive doping level of the organic semiconductor, ¢, is the di-
electric constant of the semiconductor, C; is the capacitance
of the gate insulator per unit area, and Vy, is the flatband
voltage of the device. Therefore, the threshold voltage Vi,
will increase with a decrease in ¥p.

It is worth noting that the device sensitivity is related to
the ability of trapping charge in TiO, nanoparticles. Obvi-
ously, the interface area and dispersion level of TiO, nano-
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Vg Viw’

Semiconductor SiO, Gate

FIG. 7. Energy-band diagrams for an OPT under gate biases of its threshold
voltage. The threshold voltages of the device, Vi, and Vj, correspond to
different electrostatic potentials of the active layer, ¢ and ¢, respectively.

particles in the P3HT matrix are very important factors for
the device sensitivity. In addition, there are many other im-
portant factors needed to be considered. One is the density of
trap states in the TiO, nanoparticles, which is dependent on
the fabrication process and is difficult to be directly charac-
terized. Another important factor can be the different physi-
cal properties of TiO, with different phases. Although TiO,
with the anatase phase shows better effect in solar cells than
the rutile phase, which is normally attributed to higher elec-
tron mobility in the anatase phase,27 we cannot find a rela-
tionship between the ability of trapping charge and electron
mobility in the TiO, nanoparticles. Therefore, it is difficult to
attribute the different photosensitivities of the devices to dis-
tinct physical properties of different phases at this stage, and
further work is needed to better understand it.

An analytical model for the OPTs under a weak light
illumination can be developed as follows. We may assume
that the change in electrostatic potential Ay is approxi-
mately proportional to the density of electrons accumulated
in the TiO, nanoparticles (Q,). Taking a first order approxi-
mation, we will get the change in the threshold voltage given
by

AV o< A < Q,.. 3)

A potential barrier will be formed at the P3HT/TiO, interface
under light illumination due to the accumulated electrons and
holes near the P3HT/TiO, interface. Since the field effect
mobility of holes in P3HT is much lower than that of elec-
trons in TiO, and the density of trap states in P3HT is much
higher than that in TiO,, we will only consider the effect of
the buildup electric field in the P3HT part. The distribution
of the electric field component normal to the interface E, is
found from the solution of Poisson’s equation,

dE
=l 4)

dz &

where z is the space coordinate (perpendicular to the inter-
face) and p is the space charge density,
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pP=4qp, (5)

where ¢ is the electronic charge and p is the concentration of
holes in the HOMO level of P3HT. We will assume that the
density of trap states above the HOMO level of P3HT is
given by28’29

N(E) = Ng exp[(E - Ey)/kT ], (6)

where Ng, Ey, and T, (the characteristic temperature) are
constants and k is the Boltzmann constant. Therefore, the
hole density is given by

p(V) =gp, exp(= VIKT,), (7)

where p is the hole density in P3HT with zero internal elec-
tric field and V is the potential change in P3HT induced by
an internal electric field (V<0).

Using the relationship between the electric field perpen-
dicular to the P3HT/TiO, interface and the potential near the
interface,

v

=" )

We will find from Poisson’s equation,

2 0 1/2
=] (2)] [ ovav
8S w

2 kT
= %[exp(— WkT,) — 1]

s

2qpokT,
=~ \ T exp(- i2kT, ©)

s

1/2

where V' varies from zero (far away from the interface) to
potential ¢ (<0) at the P3HT/TiO, interface and E._ is
the electric field in P3HT near the interface. Therefore, the
charge (electrons) density accumulated in TiO, per unit in-
terface area (n,) is given by

2poe kT,

The recombination rate (y) of electrons with holes at the
P3HT/TiO, interface is

[2poe kT, (—w) ;
= = e s 11
Y= et P(Y) = Ml p» exp W, Q,, (11)

where 7, is the recombination coefficient of electrons and
holes at the interface.

The generation rate of electrons at the interface should
be equal to the recombination rate of electrons when a bal-
ance is arrived; therefore,

T'(MN

hce

y=1 nel, (12)
where I is the light intensity, I'(\) is the light absorbance of
the semiconductor layer (P3HT for visible light and TiO, for
UV light) at the wavelength of N\, 7 is the overall quantum
efficiency of charge generation at the interface, c is the speed
of light in vacuum, and % is the Planck constant. Here, we

J. Appl. Phys. 106, 074501 (2009)

assume that the charge separation coefficient of excitons at
the P3HT/TiO, interface is not dependent on the electric
field at the interface.* Then, we will obtain

AV I'3, (13)

which is Eq. (1) with a power factor of 1/3. Although the
above analytical model is based on a first order approxima-
tion, the experimental results fitted with Eq. (1) show power
factors very close to 1/3, as shown in Tables I and II.
Based on the above principle, OPTs based on composites
of various semiconducting polymers and semiconducting
nanoparticles can be developed as photosensors for different
purposes. To realize a device sensitive to a broader range of
wavelengths, we can choose different inorganic nanoparticles
that are sensitive to different wavelengths from the infrared
to the UV region, which are readily available in the market.

IV. CONCLUSIONS

In conclusion, we have developed a new type of light
sensitive OTFTs based on composites of P3HT and TiO,
nanoparticles. The transfer characteristic of each device ex-
hibits a parallel shift to a positive gate voltage under light
illumination. The device shows high photosensitivity, fast re-
sponse, and stable performance under the illumination of
both visible and UV light. Therefore, it is promising in the
applications as low cost photosensors. Based on the same
principle, OPTs based on the composites of various semicon-
ducting polymers and semiconducting nanoparticles can be
developed for sensing different wavelengths.
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