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Organic Thin Film Photo-Transistors Based on Pentacene

Bruno Lucas, Aumeur El Amrani, and André Moliton
Université de Limoges, Faculté des Sciences et Techniques,
CNRS, Institut de Recherche XLIM, Département MINACOM,
LIMOGES, France

In this article, we studied the influence of light exposure on the electrical
properties of a pentacene-based transistor. While the charge carrier mobility
is found unaffected at 2.102cm?VIs™! after 2 hours of constant ultraviolet
illumination, the photo-excitation mainly perturbs the charge carrier density in
the active region. Irreversible change of the mobility was only observable after
10 hours of light exposure. The corresponding phototransistor performance
under UV show a maximal current gain (Lgsinumination/Ldsdarr) at Vgs =0V of
10°. Moreover, light intensity dependent measurements revealed both a photovol-
taic (in turn-on state) and a photoconductive (in turn-off state) effect in the device.

Keywords: organic transistor; pentacene; photoconductivity; phototransistor; UV
illumination

1. INTRODUCTION

Today, thin film organic transistors (OTFTs) have similar performances
than those associated with a-Si:H TFT [1]. The regular improvements
of organic materials allow the use of these OTFTs in various
applications, such as toggle switches in electronic circuits, memories
for intelligent packaging or RFID in logical circuits, as well as photo-
transistors in active matrix or flat-screen displays [2—4]. For this last
application, the device can be driven by light to act as switch in ampli-
fiers, detection circuits or sensors of ultra sensitive image. The active
component is then an OTFT that uses the photoconduction properties
of the transistor active layer.
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In this article, we present a study on the electrical behaviour of
transistors based on pentacene in the dark and under light exposure.
The performances of the phototransistor in term of mobility in
the saturation regime, of threshold voltage, and of stability under
ultraviolet (UV) illumination at 365nm and under ambient
atmosphere are presented and discussed. Moreover, we examine the
influence of light intensity on the electrical properties of the OTFT
in order to evidence additional functioning modes of the component
such as photovoltaic or photoconductive effects.

2. EXPERIMENTALS

Pentacene based thin film (50nm) transistors were deposited in
“top-contact” geometry on indium tin oxide (ITO)-coated glass
substrates using a 1pm thick poly-(methyl-methacrylate) (PMMA)
gate insulator (Fig. 1). The ITO substrates were prepared by ion beam
sputtering [5] and the PMMA layer was deposited by spin-coating on
the ITO gate electrode followed by an annealing step at 165°C for
one hour. The pentacene film was obtained by vacuum evaporation
with a deposition rate of 6 nm/min, without heating the substrate.
The drain and source electrodes consist of gold thin layers (of about
50nm) deposited by evaporation through a shadow mask defining a
50 um long and 4 mm wide channel. All the devices were tested at room
temperature and in ambient atmosphere.
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FIGURE 1 (a) I3, — Vg4 curves obtained with a pentacene-based TFT in the
dark for Voo =—10, —20 and —30V. In the inset: Schematic cross section of
an organic thin film transistor. (b) v/—Igs — Vg transfer characteristics at
Vas=—30V, of a pentacene-based TFT in the dark and under illumination
at 365 nm.
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The electrical characteristics of the transistors were recorded using
a computer-controlled 4200 SMU Keithley source meter unit. The
capacitance of the dielectric layer was measured with a RLC impe-
dance analyser (HP 4284 A) between 20 Hz and 1 MHz. An ultraviolet
lamp (model B 100 AP UVP with emission centred at 365 nm and with
a power of 7mW /cm?) located at a distance of 25 cm from the transis-
tor active layer was used to irradiate the device from the top (top elec-
trodes side). The characterizations of the OTFTs under various light
intensities were performed using a solar simulator (AM1.5) with
intensities varying from 17mW /cm? to 96 mW/cm? by using neutral
density filters.

As far as the structural characterizations of pentacene were concerned,
an atomic force microscope (AFM) and a Siemens D5000 diffractometer
(A=1.54nm) for X-ray diffraction measurements were used. The
absorption spectra were obtained with a UV-visible-near infra-red
spectrophotometer covering the 200 nm—1200 nm wavelength range.

3. ELECTRICAL CHARACTERIZATIONS OF AN ORGANIC THIN
FILM TRANSISTOR (OTFT) IN THE DARK AND UNDER
OPTICAL EXCITATION AT 365 nm

The output characteristic I3 = f(V4s) of the OTFT is given in Figure la
for various gate bias voltages from —10V to —30V: when Vg
increases, a field effect is obtained with a maximum on/off ratio (I,,/
Ig) of about 1.5-10° in the ON state (I,,=3.8-10'A and
Ig=25-102A at Vgs =—-30V). We also present the plot of
V=145 =f(Vgs) at Vgs = —30V (Fig. 1b) to determine the charge carrier
mobility (i) in the saturation regime which follows the equation sug-
gested by reference [6]: I5 = WCiu/2L(Vs — Vr)?> where L and W
are the length and the width of the channel respectively, C; is the insu-
lator capacitance per surface unit (C; = 2.3nF/cm? for 1 um of PMMA
and ¢~ 2.6) and Vr is the threshold voltage. The values obtained in the
dark for the mobility and the threshold voltage are 0.02cm?V's! and
14V respectively. Besides, when we expose the phototransistor under
UV light at 365nm from the semiconductor side (“on-top” illumi-
nation), a primary photocurrent appears (Fig. 1b). This current is
due to the photogeneration of electron-hole pairs in the channel.
Figure 1b shows, on one hand, a strong increase in the drain current
under UV irradiation due to the additional photogenerated carriers,
and, on the other hand, a decrease in the threshold voltage indicating
that the charge carrier density in the channel is reinforced by photo-
dopage. If we evaluate the increase in the charge carriers per surface
unit due to UV exposure using the relation AN = C;AVy /e where C; is
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the capacitance per surface unit of the dielectric layer, e is the elemen-
tary charge and AVt =6.5V corresponds to the difference of the
threshold voltage in the dark (Vp = 14V) and under UV (V1 =7.5V),
we obtain AN~ 10em 2. We note that the mobility is not modified
under UV (around 2.10 %cm?/V's™?) since the slopes in the represen-
tation \/—Igs = f(Vgs) are similar in the dark and under UV. Moreover,
the ratio between the current under illumination and in the dark gives
a maximum current gain of about 2.3 - 10 at V,, = —2.8V and around
10% at Vg =0V (Fig. 2). When one of the two gates is turned off (for
Vg =0V or without light excitation), the effect of the other gate is
maximized. For example, on one hand, the on/off ratio is much higher
at Vg = —30V without illumination (Ion /Lo = 1.5 10° in the dark and
Ion/Iote = 300 under illumination) and, on the other hand, the ratio
Tasitumination/ldsdark in the accumulation regime is much lower than
the one obtained at V,,=0V. This indicates that a gate voltage
applied in the accumulation regime is inefficient to induce a high
photoresponse. Consequently, these results show that the transistor
with two electrodes (drain and source) can act as a photodetector as
well as a current amplifier under illumination.

Before considering this organic device in a particular application, it
is important to evaluate its stability under ambient atmosphere and
during a continuous exposure to UV irradiation. As most organic
materials, pentacene is sensitive to environmental conditions and
can be degraded under UV. Thus, we first represented the transfer
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FIGURE 2 log(I4s) — Vgs curves at Vg3 =—30V of a pentacene-based TFT in
the dark and under illumination at 365 nm.
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characteristics of a transistor continuously tested in the dark during
approximately 24 hours (Fig. 3a). The charge carrier mobility remains
unchanged on this timescale, and only the charge carrier density
increases significantly due to the presence of ambient oxygen that
causes a doping of the pentacene and affects its conduction properties.
Then, we plot the transfer characteristics of a transistor continuously
tested under UV irradiation during approximately 24 hours (Fig. 3b).
Under irradiation, two effects are observable: on one hand, an increase
in the carrier density and on the other hand, a significant decrease of
the mobility after 12 hours of continuous exposure to UV radiations
from 1.5 10 2ecm?V s down to 5 10 *em? Vs, After 12 hours of
light exposure, this value remains constant. When finally switching
the light excitation off, the initial transfer characteristic of the photo-
transistor in the dark is not recovered 24 hours later. The mobility is
divided by an order of magnitude compared to its initial value; this
decay is attributed to a partial degradation of the polycrystalline
pentacene structure under 365nm UV illumination. To underscore
this degradation, we carried out AFM, X-ray diffraction and absorp-
tion spectroscopy measurements for pentacene films in their pristine
state and after 24-hour UV exposure in air.

AFM patterns (2 pm x 2 um) were realized on 50 nm thick pentacene
layers deposited on 1pm of PMMA spin-coated on an ITO substrate
(Fig. 4). Figure 4a presents the pentacene structure in its pristine
state, we can observe clusters of dendritic grains well-connected
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FIGURE 3 (a) v/—I4s — Vg, transfer characteristics at V43 =—30V, obtained
for a pentacene-based TFT continuously tested in the dark (for times
varying between 1min and 24 h). (b) \/—I;; — Vs transfer characteristics at
Vas =—30V of a pentacene-based TFT continuously tested under UV
irradiation (for times varying between 1 min and 24 h).
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FIGURE 4 (a) AFM pattern (2um x 2um) for a 50 nm thick pentacene film on
PMMA. (b) AFM pattern (2pm x 2pum) for a 50nm thick pentacene film
exposed to the UV (365 nm) light during 24 hours in air.

together. Figure 4b shows an AFM image of a pentacene layer
irradiated during 24 hours under UV exposure; the layer morphology
is different, grain clusters are smaller and the intergrain zones are
wider and in great numbers after UV irradiation [7]. Thus it is not
surprising that charge carrier mobility is weaker after the long-term
UV exposure of pentacene films. The X-ray analysis (Fig. 5a) allows
to check that the pentacene layers are well-organized and we find
back diffraction plans [8] of the thin film phases. The thin film phase
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FIGURE 5 (a) X-ray diffraction of 50nm thick pentacene films in their
pristine state and under UV exposure during 24 hours in air. (b) Zoomed
image of the peak assigned to the (001) plan reflection.
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FIGURE 6 Absorption spectra of 50 nm thick pentacene films in their pristine
state and under UV exposure during 24 hours in air.

presents an angle 20 = 5.8° corresponding to an interplanar distance
of 1.53nm; the pentacene film is polycrystalline. Figure 5b shows a
zoomed image of the peak assigned to the (001) plane reflection of a
pristine pentacene film and irradiated by UV during 24 hours; we
can note a shift diffraction peak towards the higher angles (or smaller
interplanar distances) in the case of the UV irradiated film. This result
can be explained by a compaction effect (already observed by other
authors [9]) and it is in agreement with the AFM analysis. On
Figure 6, we represented absorption spectra of non-irradiated and
24-hour irradiated pentacene films, it clearly appears that absorption
peaks decrease in intensity after UV illumination (such as the
absorption peak observed near 670 nm corresponding to the optical
threshold for the highest occupied molecular orbital-lowest unoccupied
molecular orbital). This decrease in absorption is related to the crys-
talline quality of the pentacene and can affect the charge transport
as confirmed by our results of charge carrier mobility measurements;
similar results were reported with other organic materials [10-11].

4. INFLUENCE OF LIGHT INTENSITY ON THE
CHARACTERISTICS OF AN ORGANIC THIN FILM
TRANSISTOR (OTFT)

In this part, the OTFT is exposed under simulated sunlight (AM1.5) at
various light intensities varying from 17 mW/cm? to 96 mW /cm?. The
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FIGURE 7 (a) /—I4s — Vg transfer characteristics at V43 =—30V for a
pentacene-based TFT in the dark and under various light intensities (varying
between 17mW/cm? and 96 mW /cm?) (b) log(I4s) — Vg curves at V4o =—30V
of a pentacene-based TFT in the dark and under various light intensities
(varying between 17mW/cm? and 96 mW /cm?).

transfer characteristics of the device are presented Figure 7. On one
hand, we observe that the mobility and threshold voltage decrease
when the optical power increases (Fig. 7a), and on the other hand
the photocurrent gain increases when the optical power increases
(Fig. 7b). The last effect is more significant in the depletion regime
(at Vgg = 0V, the photocurrent gain increases from 10% to 4 - 103 when
light power increases from 17mW/cm? to 96 mW/cm?). When the
photocurrent is presented versus light power (Fig. 8), two function
modes [12,13] are underscored according to the polarization state of
the transistor:

e a photovoltaic effect at the bounds of a Schottky junction in the
accumulation regime (Vgs =—15V). This effect is due to accumu-
lation and trapping of charges under the source electrode. It is
described by the equation [14]: I,,,, = GuAVr = (AkRT/q)
ln(l + (ngAPopt)/ (Ida,.khc)), where Gy is the transconductance, AVy
the threshold voltage shift, A is a fit parameter, # the quantum
efficiency, P,, the optical power, I, the dark current and hc/Ai
the photon energy. The decrease in the threshold voltage under
illumination is attributed to the photovoltaic effect in which
photogenerated electrons in the pentacene channel move near the
source electrode and accumulates at the potential barrier between
the source electrode and the active layer. This causes a change
in the potential barrier for holes, leading to an increase in the
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FIGURE 8 Photocurrent versus light intensity in on-state (V4 =—15V) and
in off-state (Vg =0V and Vs = 10V).

concentration of excess charge carriers and to a shift in the
threshold voltage.

e a photoconductive effect in the depletion regime (Voo =0V or
Vgs =10V). This effect is produced by the photogeneration of
additional charges in the conductive channel. The number of these
charges increases the drain current according to a linear law given
by [15]: Ipp pe = (qunE)WD = BP,,;, where p is the carrier mobility, n
is the carrier density, E the electrical field, W the gate width, D the
thickness of the active layer, and B and P,,; are a proportionality
factor and the optical power respectively.

To summarise, the experimental results given on Figure 8 are in
agreement with the two equations proposed in the ON- and OFF-state
of the transistor.

5. CONCLUSIONS

Electrical characteristics of an organic pentacene-based transistor are
analysed in the dark and under light exposure. We show that light
can modify the charge carrier density and/or mobility. In the case of
a continuous UV exposure (2 hours), the carrier density is mainly
modified, whereas the associated mobility remains constant around
102em2V s up to 10 hours exposure before irreversible effects
arise. These effects, mainly due to the partial degradation of the
polycrystalline pentacene structure (confirmed by optical absorption,
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X-ray diffraction and AFM measurements), lead to a strong decrease of
the mobility measured in the dark 48 hours after the first measure-
ment.

Performance of the phototransistor under illumination show a
decrease of the threshold voltage and an increase of the current gain
(Tasillumination/ Lasdark) at Vs = 0V from 10 to 4.10? for an incident light
power density from 17 to 96 mW /cm?. Moreover, two additional effects
are evidenced depending on the transistor polarization state: a photo-
voltaic effect in the accumulation regime and a photoconductive effect
in the depletion regime.
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