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ABSTRACT

We considered an organic field-effect transistor (OFET) based on a squaraine (SQ) fiber, where the electric conductance of
the accumulation channel is comparable with the bulk conductance of the SQ fiber. Each of the measured output and trans-
fer current-voltage characteristics was decomposed into two components, representing the conductance of the accumulation
channel and the bulk. We present in detail, how the bulk conductance of the fiber can transform the output characteristics of
the unipolar OFET. For positive drain and gate voltage, the hole injection from the drain always takes place when a drain voltage
is applied. Depending on the ratio between the electron density (ns) injected from the source into accumulation channel and the
hole density (p;) injected from the drain into the bulk, the saturation current of the unipolar OFET is constant (p}, < ns) or exhibits
increase (pp > ny).

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5088117

. INTRODUCTION

Organic field-effect transistors (OFETs) are important
building blocks for flexible electronic applications, particu-
larly, considering their low-cost fabrication and flexibility over
large areas.’? The most common configuration of an OFET
contains an organic semiconductor, upon which three metal
electrodes are deposited. The gate electrode (G) is electrically
insulated from the semiconductor via the dielectric layer, but
both the drain (D) and source (S) electrodes contact immedi-
ately the semiconductor. The S electrode is usually grounded
and the voltage applied to the G electrode (V) and the D elec-
trode (V4). When only a small voltage V is applied between the
D and S electrodes upon V4=0, the measured current becomes
minimal, and the OFET is in the “off” state. If, for example, a
positive voltage V, is applied between the G and S electrodes,
the electrons are induced at the semiconductor-dielectric
interface (accumulation channel). The current between the
D and S electrodes increases, and the OFET is in the “on”
state.

For the voltage regime 0 < Vj < Vg — Vi, (Ve is the thresh-
old voltage for electron accumulation), the OFET operates in
the linear regime of the unipolar electron conductance, and
the current in the accumulation channel is given by**

Iy = le—fl,ue[Z(Vg = Vie) = ValVa, 1
where I; is the drain current, u. the field-effect electron
mobility, W the channel width, L the channel length, and C;
the capacitance per unit area of the insulator layer. For the
voltage regime 0 < Vj — Vi < V4 < Vg — Vg, (Vy, is the thresh-
old voltage for hole accumulation), the gate electric field at
the D electrode becomes zero, and the accumulation channel
is pinched off. In this case, the OFET operates in the saturation
regime of the unipolar electron conductance, and the channel
current is given by>#

WG

=0

ﬂe(vg - Vte)z- (2)
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The current in the ambipolar OFET can be caused by
the simultaneous injection of electrons and holes from source
and drain, respectively. The latter process depends on the
ratio between the voltages V4 and V. If Vi, <V - Vi, < Vy,
the transistor operates in the ambipolar regime, where the
gate potential is more negative compared to the drain one.
In this case, electrons injected from the S electrode cannot
be accumulated in the pinched-off part of the channel, and
holes are injected from the D electrode into the channel. As
a result, both electrons and holes are present in the accumu-
lation channel, giving rise to an increase of the drain current
in the I4(Vy) characteristic. The accumulation channel can be
considered as superposition of the saturated electron channel
(with length L.) and the saturated hole channel (with length
Ly).>* The total channel length is L = L, + Ly, It is assumed that
at the point, where both channels meet, an infinite recombi-
nation rate of electrons and holes takes place. Using Eq. (2),
the ambipolar behavior of the OFET can be described as>*

Ig= V\Zf—fi[ue(vg = Vie) +n(Va — (Vg = V)], 3

where y, is the hole mobility.

For the disordered organic semiconductors, Smits et al.>
have developed a model describing the charge transport in
disordered ambipolar OFETSs. In this case, the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) bands can not be described as
two delocalized energy bands separated by a gap. Rather, the
bands can be described as bands where the localized energetic
states are distributed. In this model, the electrical transport is
described as variable-range hopping in an exponential den-
sity of states (including the percolation theory). The electrons
move through the unoccupied density of states corresponding
to the LUMO levels, and the holes move through the occu-
pied density of states corresponding to the HOMO levels. It is
shown that the latter model can be applied to a wide range of
bias conditions and can give a fair description of the unipolar
and ambipolar behavior of the OFETs.>¢

At this point, it is interesting to know the following: If the
initial bulk conductance of the semiconductor (V4=0) in the
OFET described by the power law I ~ Vg is comparable (or
larger) than that of the accumulation channel in the saturation
regime, is it possible that it leads to the increase of the satura-
tion current (similar to the ambipolar behavior) and the output
characteristic can be described by Eq. (4)?

WC;

Tﬂe
where « is the fraction of the bulk current in the total mea-
sured current, b and B are parameters describing the bulk
conductance. It is evident that Eq. (4) is evaluated from Eq. (3),
where the second term describing the ambipolar behavior of
the OFET is replaced with a term describing the bulk conduc-
tance. In other words, the first term in Eq. (4) is the current
flowing through the accumulation channel and the second one
that through the bulk. To find an answer, we have studied an
OFET based on the squaraine fiber, the initial bulk conduc-
tance of which was comparable with the conductance of the

Iy = (Vg = Vie)? + abV%, ()
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accumulation channel of the OFET. We show, how these two
currents can be separated. For small values of V4, the output
characteristics of the devices studied show a linear regime,
but, for large values of V4, a saturation current becomes larger.
The experimental output characteristics were approximated
with the standard Egs. (1)-(3), with equations proposed by
Smits et al.,> and with Eq. (4). We found that the best fit was
achieved with the Eq. (4). That means, the bulk conductance
of the SQ fiber in the OFET can give rise to the increase of the
saturation current, if its value is comparable (or larger) with
that of the accumulation channel. An understanding of this
effect is important to prevent an incorrect interpretation of
the charge transfer in the ambipolar OFET.

Il. EXPERIMENT

For fabrication of the OFET, we have used the fibers of
2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squar-
aine (SQ) (empirical formula Csy,H44N,0O6) purchased from
Aldrich. Squaraine is commonly used as a donor material
in organic solar cells.” The SQ fibers were formed with a
method which we have developed earlier,® where the solution
of squaraine in chlorobenzene (4 mg/mL) was used. Briefly,
via pinning the solution droplet edge on the glass substrate
and following solvent evaporation from the droplet, the SQ
fibers were formed at the droplet edge. For the OFET fabrica-
tion, we have used fibers with the following dimensions: length
100-300 um, width 2-5 ym, and thickness 2-5 um. In order to
achieve an ohmic contact with the SQ fiber which has a HOMO
level estimated to be -5.3 eV, we have chosen gold as the

FIG. 1. (a) and (b) Optical micrograph of a SQ fiber with a length of 130 em, width
of 5 um, and thickness of 5 um after deposition of S, D, and G electrodes. (c)
Schematic representation of an OFET and the measuring circuit. All abbreviations
and symbols are explained in the text.
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metallic material of the S and D electrodes (100 nm thick). The
corresponding LUMO of squaraine was estimated to be -3.4 eV
in Ref. 9 and -3.6 eV in Ref. 10, respectively. A typical SQ fiber
with deposited S and D electrodes is presented in Fig. 1(a). The
distance between the S and D electrodes amounts to 50 um.
Afterwards, the SiO, layer with a thickness of 390 nm and
the G electrode (gold) with a thickness of 100 nm were elec-
tron beam deposited, see Fig. 1(b). Electrical characterization
of each sample was carried out by measurement of the output
curves for the drain voltage V, from 0 to + 20 V, and the trans-
fer curves for the gate voltage V, from 0 to + 50 V. A subfemto-
Ampere meter source (Keithley 6430) was used to apply Vy,
and the current I; has been measured. A high-impedance elec-
trometer (Keithley 6517A) was taken to apply V4. A schematic
representation of the OFET studied and the measuring cir-
cuit are illustrated in Fig. 1(c). In total, eight samples have
been analyzed. We only present results obtained from one
representative sample, because the other ones showed simi-
lar characteristics. The main difference between the samples
consisted in the value of the initial bulk conductance of the SQ
fiber (up to five times), but the influence of the latter on the
output and transfer characteristics of the OFET was compara-
ble. We explain this difference with the variation of the contact
resistance at the gold /squaraine interface.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2(a) displays the typical output characteristics for
the SQ fiber OFET at different gate voltage applied. For Vg = 0,
the dependence I;(Vy) characterizes the initial bulk conduc-
tance of the SQ fiber. For V4 > 0 and V; = 0, holes are injected
from the drain electrode, and only one polarity of charges is
present in the bulk (inclusive the interface space where the
accumulation channel appears at V#0). We denote this cur-
rent as I. For V4 = 0 and Vg > 0, Fig. 2(a) illustrates that the
values of the measured current follow I; < 0 and they depend
on the gate voltage V. This fact can be explained with three
processes which are active in the OFET. In correspondence
with Fig. 1(c), for V4#0 and V4#0, three charge transport pro-
cesses are active: (i) flow of holes from drain to source with
density pj, current I; (ii) flow of electrons from source to drain
with density ns, current I; (iii) leakage current I, = Iy + g,
where the first term is the current between drain and gate,
and the second one the current between source and gate. In
order to explain the negative values of I3, we have measured
the current-voltage (I — V) characteristics between drain and
gate, and between source and gate. The resulting curves are
given in the supplementary material (SI), Fig. S1. We found that
the measured current I;#0 at V4 = 0 is comparable with the
currents Ig5 and Isg, when the gate voltage amounts V0. The
larger the voltage Vg, the larger is the leakage current Ij. In
correspondence with the measuring circuit [Fig. 1(c)], for the
similar sign of voltage V4 and Vy, the currents I and I, flow
across the drain electrode in opposite direction. For V4=const,
the current Iy, is constant, and an increase of the positive volt-
age V, leads to an increase of the hole density injected from
drain. The corrected current between source and drain, Iy,
can be determined as Iy, = Iy — Igg = Iy — Igo, where Ig and

scitation.org/journal/adv
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FIG. 2. (a) Measured output characteristics /y(V4) at different gate voltage V. (b)
Corrected output characteristics /g (V) obtained from part (a).

I0 are the values of the total measured current at V4#0 and
Vg4 = 0, respectively. In other words, Iy, is a current between
source and drain without influence of the leakage current. The
resulting dependences of Iy, as a function of the positive volt-
age V at different V; are shown in Fig. 2(b). In the following,
we consider how the bulk current I, [I, = I(V4 = 0)] acts on
the dependences I4,(V4) measured between source and drain
at different V.

Figure 2(b) demonstrates that all I4,(Vgy) curves for Vy=1,
5,10, 15, and 20 V are characterized by three regimes, namely,
linear, saturation, and of increasing saturation current at high
V4. In the opposite, the bulk current (V4=0) can be approxi-
mated by a power-law I ~ V# with the scaling exponent g ~1
for small and B ~1.6 for high voltage V, (see Fig. S2 in supple-
mentary material). The latter crosses all other curves for V0.
The larger the voltage Vg, the larger is the voltage of the cross-
ing point, V¢r. The crossing voltage V., lies about in the middle
of the saturation range of each curve. It is evident that the
output curves Iy, as function of V, at different V, are a super-
position of the behavior of electrons injected from source and
the behavior of holes injected from drain (bulk current).

For a more detailed analysis, we consider the interplay
between two curves, namely, the curve of the bulk cur-
rent (V4 = 0) and that one for the case Vy=15V, see Fig. 3.
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FIG. 3. Dependences Ig(Vq) at Vg=15V and V4 = 0 V [presented in Fig. 2(b)]
and the corresponding difference Aly between both curves. The abbreviations
Ieh, Alghip, and Al are explained in the text.

For positive drain and gate voltage, electrons are injected from
source into the accumulation channel. The linear regime is
observed, when a small source-drain voltage Vq <« Vy — V¢
has been applied. Here, the electron density ns injected from
source is larger than the hole density pj, injected from drain,
and the influence of the latter on the total I — V curve is small.
This fact can be clearly observed in Iig. 3, where the differ-
ence Alg, between the curve for V4=15 V and that one for
V4 = 0 V is presented. The inequality ns > pj is valid up to
the voltage V. For the crossing point V4 = V;, the condition
ns = pp holds (assuming the similar mobility). The dominance of
the hole density injected from drain is observed for the voltage
range V4 > V. That means, the initial bulk current of the SQ
fiber determines its total I — V curve and, moreover, causes the
increase of the saturation current of the OFET. The hole injec-
tion from the drain always takes place when V4 > 0 is applied.
It must be noted that the increase of the saturation current,
in our case, is different compared with traditional ambipo-
lar OFET,*>* where the injection of the holes from the drain
electrode only takes place in the drain voltage regime V4 > V4
— V. In our case, this process is small as it follows from the
fact that the curve for the bulk current (V4 = 0) lies sufficiently
above that for V4=15V.

Figure 4(a) illustrates the transfer characteristics at dif-
ferent voltage V4, where the negative and positive parts of the
drain current can be observed. For V=0, the curve I4(V,) char-
acterizes the leakage current. This fact can be clearly observed
in the inset of Fig. 4(a), where the latter curve is compared
with the curve I44(Vy) measured between drain and gate. The
corrected dependences Ig(Vq) for V40 can be determined
from [‘lg 4(3) as Idk(Vg) = Id(Vg) - Idg(Vg) = Id(Vg) - Id(Vg, Vd
= 0). In other words, the dependence I4,(V,) describes a cur-
rent between source and drain as a function of the gate volt-
age without influence of the leakage current. The resulting
dependences are presented in Fig. 4(b). They show that, for
each curve Vg=const and V4 > 0, the total current Iy, ini-
tially decreases due to the increase of the electron current

scitation.org/journal/adv
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FIG. 4. (a) Measured transfer characteristics /5(V,) at different drain voltage V.
Ininset: the currents /4y and /y(Vy = 0) as a function of V are presented. (b) Log
plot of the corrected transfer characteristics evaluated from part (a).

in the accumulation channel, although the hole current in the
bulk stays constant (ns < pj). After passing the minima at the
gate voltage V, ~ 0.5V, (ns ~ py), the total current increases
again due to the condition ns > pj. For a large voltage Vg, only
electrons are located in the accumulation channel.

The mobility of electrons has been estimated from the lin-
ear regime of the device operation (in the range Vg < Vg - V)
using Eq. (1) to

Colg L
He = 3V, “ WCVg' ®)

where C; = 10nF/cm?. For this purpose, we have used the
curve Ig(Vy) for V=10 V from Fig 4(b). The resulting value of
the electron mobility amounts to g, = 7.2 x 1074 cm? /Vs (see
Fig. S3 in supplementary material). The output and transfer
characteristics for the case of V4 < 0 and V4 < 0 are simi-
lar with those presented above. The value of the hole mobility
amounts to u, = 7.8 x 107* cm?/Vs (see Fig. S4 in supple-
mentary material). It should be noted that the values of the
hole and electron mobility of all eight samples studied were
found in the range between 10~% and 10~3 cm? /Vs. These val-
ues are in good agreement with those reported in Refs. 6, 11
for the ambipolar OFETs, but they are by far below the highest
hole mobility (1.3 cm?/Vs) reported in Ref. 12 for the unipolar
OFETs based on squaraines.
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FIG. 5. Dependence /g (Vq) at Vg=15 (redrawn from Fig. 3) and the corresponding
fit lines. Line 1 is a fit due to Eq. (1) at small voltage V4 and Eq. (3) at large voltage
Vg. Line 2 is a fit due to Eq. (6) at small voltage V4 and Eg. (7) at large voltage
V. Line 3 is a fit due to Eq. (1) at small voltage V4 and Eq. (4) at large voltage
Vy.

In order to describe the output characteristics I4(Vy), as
an example, we looked at V=15 V [Fig. 3]. First, we fitted this
curve with the basic Eq. (1) at small voltage V4 and with Eq. (3)
at high voltage V. Figure 5 presents the resulting fit (line 1),
where the best fit parameters amount to g, = 1x 1074 cm? /Vs,
Vie=1V, up, =3.7x10~* cm? /Vs, and Vi, =-1V. The difference of
the fit values of u. and u;, compared to those evaluated exper-
imentally can be explained with the determination accuracy of
the latter [Eq. (5)]. The values V=1V and V,=-1V are realistic,
if we compare the output characteristics at V4=0 and V4=1Vin
Fig. 2, where the applied gate voltage of 1V leads to an essen-
tial increase of the source-drain current. That means, the
threshold voltage for the electron accumulation amounts to
Ve <1V,

Second, we fitted the same output characteristic I(Vy)
at V4=15 V with the model presented by Smits et al.,> where
the variable-range hopping in an exponential DOS was con-
sidered. For the linear regime of the OFET function (0 < V4
< V4 — Vi), the current in the accumulation channel is given
by

li=yeq ==V = Vi) = (Vg ~Vee - V'], (6)
d—'}’eLa(a_l) g te g te d) 1
and in the range of the ambipolar operation (Vie < V4 — Vg
< V), it is given by
Ig= %D’e a(a;—l)(vg - Vie)* + ﬁ(vd -Vg+ V)l (D)
where a = 2Ty /T and ¢ = 2Ty, /T. Toe and Ty, are the char-
acteristic temperatures that indicate the widths of the expo-
nential density of states for electrons and holes, respectively.
ve and y,, were considered in our work as fit parameters, but
the details about them can be found in Ref. 5 The resulting fit
is presented in Fig. 5 (line 2), where the best fit values amount
t0ye =31x 107 5, =4.0 x 10713, V=1V, Vg =-1V, Te=592 K,
and Ty,=650 K. The values of ye, Toe, and To;, are comparable

scitation.org/journal/adv

with those reported for squaraine in Ref. 6, but the value of
v is about two orders larger than that reported in Ref. 6 The
characteristic energy of the trap distribution for electrons is
kpT0e=0.05 eV, and for holes kgTy,=0.06 eV. Here, kg means
the Boltzmann constant.

Third, we fitted the same output characteristic I5(Vy) at
V4=15 V with the standard Eq. (1) at small voltage V; and with
Eq. (4) at high voltage V; (line 3). The determination of the
fraction « of the bulk current in the total measured current
is explained in Fig. 3, where I, indicates the saturation cur-
rent of the curve I4,(Vy) at V4=15 V. The difference between the
saturation curve Iy, and that of I4,(V4) at V4=15V is denoted as
Al¢p /b, the difference between the curve Iy, and that of I5(V)
at Vg=0V (bulk) as Al,. It is evident that both parameters Al /5
and Al, depend on the drain voltage V,. The parameter « is
determined as a = Aly, //Alp, and, consequently, depends on
the voltage V4. For the exponent value 8=1.6, Iig. 5 presents
the resulting fit, where the best fit parameters amount g, =1 x
104 cm? /Vs, Vi=1V, and b = 1.8 x 10~ A. Upon comparing all
three fit lines presented in Fig. 5, it is evident that Eq. (4) with
B=1.6 achieves best agreement with the experimental results
as compared to the same obtained with Eq. (3) and Eq. (7).
That means, the bulk conductance of the SQ fiber in the OFET
studied caused the increase of the saturation current in the
unipolar transistor.

IV. CONCLUSIONS

We have studied a field-effect transistor based on a
squaraine fiber fabricated via self-assembled crystallization
of SQ molecules on a glass substrate. Our experiments have
demonstrated that the initial bulk conductance of the fiber
was comparable with the conductance of the accumulation
channel in the OFET as well as with the leakage conductance
between drain (source) and gate. The measured total output
and transfer I — V characteristics are a result of the superposi-
tion of these three currents. Depending on the ratio between
drain voltage V, and gate voltage Vg, one of the three currents
becomes dominant. We provide evidence how these three cur-
rents can be separated. The output characteristics clearly fea-
ture three different regimes, namely, linear, saturation, and of
increasing saturation current at large V4. We found that the
bulk conductance of the SQ fiber in the OFET described by
the law I; ~ V16 leads to the increase of the saturation cur-
rent of the device operation approximated by Eq. (4) with the
exponent B=1.6.

SUPPLEMENTARY MATERIAL

See supplementary material for the complete description
of the influence of the bulk conductance on that one of the
accumulation channel of the unipolar field-effect transistor.
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