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We investigate the photoresponse of field-effect transistors based on conjugated polymer
electrospun fibers. The electrical performances of single fiber transistors are controlled by
modulating the channel conductivity under white light illumination. We demonstrate a
photoresponsivity up to 100 mA/W for a 500-nm channel width fiber phototransistor illuminated
by an intensity of 9.6 mW/cm?. Studying the photoresponse switching cycles evidences that the
photocurrent relaxation time can be reduced down to about 40 s by increasing the fiber
surface-to-volume ratio. © 2011 American Institute of Physics. [doi:10.1063/1.3534803]

Optoelectronic devices based on conjugated polymers
attract attention because of their tunability, flexibility, and
low cost, which make them ideal for large-area, lightweight
and foldable products, and compatible with plastic
substrates.'™ Polymer thin films are widely exploited in
light-emitting diodes,” field-effect transistors (FETs),” solar
cells,5 photodetectors,6 and phototransistors.7’8 In particular,
phototransistors, whose output current depends on both
photoinduced and %ate-induced carriers,” show high sensitiv-
ity and low noise,'” and, since combining light detection and
electrical signal magnification in a single device, are ex-
pected to be ke}7/ 1%omponents of future optoelectronic inte-
gration systems. "

A challenge of thin film phototransistors made by conju-
gated polymers, such as polythiophene, pol?lphenylene vi-
nylene (PPV), and some of their derivatives, 13 is the per-
sistent photocurrent after the termination of illumination,
which strongly limits the operation speed. Such a behavior is
related to the dispersive diffusion either of photogenerated
bipolarons to the surface, where dissociation, polaron trans-
port, and recombination take place,14 or of positive polarons
created by pairs dissociation through interaction with oxy-
genated defects." Investigating this issue is particularly fas-
cinating for PPV-derivatives as the poly[2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylene-vinylene ] (MEH-PPV),"
shows good stability in air,16 excellent luminescence,” and
possibility to be processed and Patterned into one-
dimensional (1D) fiber nanostructures. ! However, while in-
organic nanowires, carbon nanotubes, and small-molecule
micro/nanoribbons are already exploited in
phototransistors,]0’18720 the photoresponse of conjugated
polymer 1D nanostructures has been mainly explored by
two-terminal measurements.”' >

A very effective route to embed conjugated polymer
nanostructures in optoelectronic devices is represented by
electrospinning (ES),”*° which is a simple, cheap, and
high-throughput technology relying on the uniaxial elonga-
tion of a polymer solution jet under an applied electric
field.?” ES allows to control the diameter of active polymer
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fibers from a few micrometers down to tens of nanometers
by optimizing the process parameters. 17:28-30 1) this letter, we
study the photocurrent in single MEH-PPV fiber phototrans-
istors by varying the fiber dimension and thus the phototrans-
istor channel width. Bottom-contact, back-gated fiber de-
vices with 500-nm channel width exhibit photocurrent/dark
current ratio (P) and responsivity (R) up to 10 and up to 100
mA/W, respectively. In addition, the photocurrent decay is
studied, for which we find that the relaxation time can be
reduced down to about 40 s by increasing the fiber surface-
to-volume ratio.

Our devices are realized on single-side polished n-type
silicon (100) wafers (resistivity<<6 m{)-cm), coated by a
thermally grown, 400 nm SiO, layer (Silicon Materials,
Landsberg am Lech, Germany). 2 X2 mm? source and drain
electrodes (Cr/Au with thickness 5/50 nm, respectively) with
gap of 15 um or 19 um are defined by photolithography,
metal physical vapor deposition, and lift-off. A layer of hex-
amethyldisilazane is spin-cast on samples to optimize the
dielectric-organics interface.”* 8-27 uM chloroform solu-
tions of MEH-PPV (Sigma-Aldrich, St. Louis, bottom inset
of Fig. 1) are used for ES because of their good
processability24 and electrical performances.31 400-600 ul
of the polymer solution are stored in a 1.0 ml syringe tipped
with a 27-gauge stainless steel needle, and injected at the end
of the needle at a rate of 10—20 ul/min by a syringe pump.
The positive lead of a high voltage supply (5-15 kV) is

FIG. 1. (Color online) Schematics of ES process to fabricate single fiber
phototransistors. Bottom inset: MEH-PPV molecular structure. Top inset:
SEM micrographs of a typical device (L=19 wm, W=0.5 pum). Bar
=5 pm.

© 2011 American Institute of Physics
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FIG. 2. (Color online) (a) Output
characteristics of a single MEH-PPV fiber pho-
totransistor (L=15 um, W=0.5 um). Ipg vs
Vps curves for Vge=0 V (squares), —10 V
(circles), —20 V (upward triangles), —40 V
(downward triangles), and —60 V (diamonds).
Superimposed curves are best fits by FET char-

acteristics. (b) Current-voltage characteristics at
Vgs=—40 V. P;,=0 (squares), 0.1 (circles), 1.2
(upward triangles), and 9.6 mW/cm? (down-

lps I(nA)

110 ward triangles). (c) Transfer characteristic (|Zp|
vs Vg, left scale) in dark (solid line) and under
irradiation ~ (long-dashed line) with P,
=9.6 mW/cm? for Vpg=—60 V. |Ing vs Vg
(right scale, dotted line). The short-dashed

a curves are linear fit to data in the saturation (for
device in dark) and linear region (for device un-
der irradiation), respectively. (d) P (dashed line,
right vertical scale) and R (solid line, left scale)
vs Vgg. (P;,=9.6 mW/cm?, Vpg=—60V).

20 0

connected to the metal needle, and the Si substrates with the
Cr/Au electrodes are placed on a Cu collector biased at —6
kV, at about 10 cm from the syringe (Fig. 1). A scanning
electron microscopy (SEM) image of a single fiber MEH-
PPV phototransistor with channel length (L) of 19.0 um and
width (W) of 0.5 wm is displayed in the top inset of Fig. 1.
The devices are finally annealed in N, to remove residual
solvent and enhance adhesion on the dielectric surface. A
probe station and a stereomicroscope (Stemi DV4, Carl Zeiss
Microlmaging GmbH, Standort Gottingen—Vertrieb, Ger-
many) are used for contacting the device. The electrical char-
acterization is carried out in air at room temperature and in
dark by a semiconductor parameter analyzer (4200 SCS,
Keithley, Cleveland). Broad-band white light is provided by
the stereomicroscope illuminator, and photoresponse switch-
ing cycles are carried out with light duration around 10 s,
each cycle being defined as the lapse of time between turning
on irradiation and photocurrent decay to the initial state after
stopping irradiation.

For gate voltages (Vg) decreasing from 20 to —60 V
in the dark, the drain current (Ips) dependence on the
drain voltage (Vpg) highlights a p-type behavior of the
transistor, working in accumulation mode [Fig. 2(a)].
Figure 2(b) shows instead the current-voltage characteristics
(at Vgg=-40 V) under light intensity (P;,) varying from
0 to 9.6 mW/cm? The channel -current increases
correspondingly,’ resembling the field effect of Fig. 2(a),
though without reaching saturation as also reported for or-
ganic single-crystalline submicrometer ribbons. '’

Figure 2(c) displays the transfer characteristics,
Ips(Vgs), at Vpg=—60 V, collected in the dark and under
irradiation. These characteristics are typically analyzed by
modifying the traditional FET model to include bulk linear
effects enhanced under illumination:'? Ips=Icp+ Ty
=C,uW[(VG5—VTH)VDS—V,ZDS/ZJ/ZL+Ne,u,WTVDS/L, where
I, and I,y indicate injected and photogenerated current,
respectively, C is the capacitance per unit area of the dielec-
tric material, u the mobility of the majority carriers, Vg the
threshold bias, N the charge density in the bulk, and T the
thickness of the deposited fiber. In the dark, the onset of the
saturation is appreciable, where I;,c=CyW(Vig— V)2 /2L

-40 -60

Vs V)

The saturation mobility, in the dark, and the linear mobility,
under irradiation, are calculated to be 9.4X 10™* and 6.7
X107 cm?/V's, respectively [Fig. 2(c)], with on-off
switching current ratio, I,,/I=21(11), and V;;=8(40)V,
under dark (illumination) conditions, respectively. The lower
moand I,,/1 . observed under irradiation are due to the en-
hancement of the carrier density which mainly affects the
device off-state.®> The concomitant large variation of Vg is
due to both (i) the photogenerated electrons accumulating
under the source and lowering the source-channel potential
barrier thus enhancing I, and (ii) the higher density of the
carriers outside the channel due to photogeneration, which
increases Iy, as found in MEH-PPV film phototransistors.7

The photosensitivity, P=(/ight— darky pdark 3% 5 up to
about 10 (with P;,=9.6 mW/cm?). This value is comparable
or higher with respect to previous reports of sin§le 1D con-
jugated polymer nanostructure photodetectors, 221 though
still at least one order of magnitude lower than those of thin
film polymer photot1ransist0rs.7’32’35 The dependence of P on
Vs is shown in Fig. 2(d) (dashed curve). For |V well-
above threshold, the current weakly increases under illumi-
nation, leading to P around 1 at a gate voltage of —60 V.
Instead, the current below or slightly above threshold signifi-
cantly increases and the maximum P(~10) is reached at
Vgs=—10 V.

To better compare the optical response of devices of dif-
ferent channel width, we determine the responsivity R de-
fined as (I&"—r%%)/p, LW. For P;,=9.6 mW/cm? and
Vps=—60 V, R is maximum in the strong-accumulation re-
gime [up to 100 mA/W for V;¢<-50 V, Fig. 2(d)]. As for
other organic phototransistors,” this finding indicates a gain
effect, as the density of photogenerated carriers per se is
expected to depend mainly on P;,, and not on V;g. Respon-
sivity values of the order of 100 mA/W are well into the
range typical of conjugated polymer phototransistors which
span from tens of A/W to fraction of mA/W for devices
illuminated bgf resonantly matching the ;)olymer absorption
spectrumg’n’3 and by broad-band light,3 4 respectively.

Finally, the photoresponse cycles for single-fiber
devices with different channel width in the range of
0.5580 pum. are displayed, in; Fig, 3. The decrease, ef  the
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photoinduced conductivity (o) after the termination of illu-
mination is well described by a stretched—exponential,14’15
o(t)=0, exp[—(t/ 7)?], where o is the initial photoconduc-
tivity, 7 is the relaxation time, and 0 < 8<1, highlighting the
presence of a distribution of decay-times. We find that the
mean relaxation time decreases from about 140 to about 40 s
by scaling down the transistor channel width. The long-
lasting tail of the photocurrent can be related to slow disper-
sive diffusion of polaron species to the surface of the organic
material'* or to oxygenated defects.*>® Such reacting sites
may be randomly distributed, with higher density expected
for fibers with higher surface-to-volume ratio, as we observe
in light-emitting nanofibers quenched during ultraviolet
excitation.”’? Assuming that recombination takes place only
near the surface and that diffusional processes follow random
paths at a constant speed, v, i.e., with the longest path of
diffusion being from the fiber axis to the furthest surface
edge, one would expect a decay-time roughly in inverse pro-
portion to the surface-to-volume ratio, with a residual relax-
ation (in the scale of seconds to tens of seconds) still present
for very small nanofiber diameters. The long-lasting tail of
the photocurrent in the conjugated polymer may be sup-
pressed by realizing and characterizing fibers under vacuum
or controlled atmosphere, thus leading the photocurrent to a
regime dominated by fast intrinsic components, generally at-
tributed to the kinetics of the exciton dissociation' or of the
recombination of free polarons (P*) in reaction sites with
larger recombination rate constant than oxygenated defects.*®
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