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Organic semiconductor single crystals gated with electrolytes exhibit a pronounced maximum in
channel conductance at hole densities >10'3 cm™2. The cause is a strong decrease in the hole mobility
with increasing charge density, which is explained in terms of a percolation model that incorporates
trapping of holes by ions at the semiconductor-electrolyte interface. In the case of rubrene crystals, the
peak channel conductance occurs at hole densities near 3 X 10'3 ¢cm™2. The magnitude of the effect will
be large for semiconductors with low dielectric constants and narrow bandwidths, and thus is likely to be a

general phenomenon in organic semiconductors gated with electrolytes.
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Recently there has been increased interest in employing
liquid or solid electrolytes to induce large carrier densities
at the surfaces of semiconductors, complex oxides, and
nanowire networks [1-6]. In these experiments, the elec-
trolyte serves as a high capacitance gate dielectric in a so-
called electrical double-layer transistor (EDLT). When a
gate voltage is applied, ions in the electrolyte move to
screen the electric field, thereby establishing ultrathin
electrical double layers at the gate-electrolyte and
semiconductor-electrolyte interfaces. The double-layer ca-
pacitance is on the order of 10 uF/cm?, which facilitates
carrier accumulations in excess of 10" cm™2 [7]. EDLTs
have been employed to induce superconductivity at the
surfaces of SrTiO5; and ZrNCl, [8,9] and there is substantial
interest in extending electrolyte gating to other systems,
including organic semiconductors, that might exhibit gate-
induced superconductivity.

Here we address an important effect that occurs when
gating organic semiconductors with electrolytes. We show
that EDLTs based on single-crystal organic semiconduc-
tors exhibit a pronounced peak in the channel conductance
as a function of gate voltage; i.e., they exhibit negative
transconductance beyond a certain gate voltage. We attrib-
ute this effect to the strong interaction of the electrolyte
ions with charge carriers at the semiconductor-electrolyte
interface, which leads to localization of some of the charge
carriers. We expect that at the high charge densities achiev-
able with electrolytes, the resulting decrease of the effec-
tive mobility will be operative in any narrow band, low
dielectric constant semiconductor. Hence, the result is of
general importance to understanding the transport physics
of organic systems gated with electrolytes.

We note that the negative transconductance effect has
not been reported for conventional semiconductors gated
with electrolytes, but has been observed previously for
electrolyte-gated polymer semiconductors [10]. Polymer
semiconductors, however, are susceptible to electrochem-
ical doping in which the electrolyte penetrates the polymer
[11]. Such devices are therefore best referred to as electro-
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chemical transistors and the induced structural disorder in
these systems may play a role in creating a conductance
maximum versus gate voltage. In contrast, for the single-
crystal organic semiconductors described here, electro-
chemical doping does not occur. Indeed, we and others
have shown previously that organic crystal surfaces are not
disrupted structurally when gated with ionic liquids [6,12].
Ionic liquid gated organic single-crystal devices are thus
appropriately described as EDLTs.

Our work focuses on single crystals of the benchmark
organic semiconductor rubrene (C4,H,g) that exhibit room-
temperature field effect hole mobilities >10 cm?/V s [13].
Platelike rubrene single crystals several mm in length and
width are grown from the vapor phase with the large faces
corresponding to the a-b plane of the orthorhombic unit
cell. Field effect transistors (FETSs) are fabricated by lam-
inating a crystal to a rubber stamp precoated with a gold
film to form source, drain, and gate contacts, as shown in
Fig. 1(a). In previous experiments, the space between the
rubrene crystal and the gate electrode is usually evacuated
[13—15]. For such vacuum gap FETs, the field effect mo-
bility increases with decreasing temperature from room
temperature to ~180 K, with maximum mobilities reach-
ing ~20 cm?/V's.

For the experiments described here, the vacuum gap
between the gate electrode and the rubrene surface was
filled with an ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [(EMIM)*(TFSI)~], to
make an EDLT [6,12]. The ionic liquid exhibits a very
large ionic conductivity (107* S/cm), but negligible elec-
tronic conductivity [16]. It also exhibits exceptional
double-layer capacitances >10 uF/cm?, which is our
motivation for employing it in an EDLT. Application of a
gate voltage results in electrical double-layer formation,
Fig. 1(b), and an approximate potential profile as shown in
the right panel of Fig. 1(b).

The key experimental observation is shown in Fig. 2(a).
With the source grounded and a fixed, low drain bias Vj, =
—0.1 V, sweeping the gate voltage Vs in the negative
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FIG. 1 (color). (a) Scheme showing the cross section of an
EDLT based on a rubrene single crystal. (b) Scheme of the
channel charge and ion distribution (left) and potential profile
(right) of an operating EDLT with bias applied to the gate.

direction results first in an increase in the drain current /),
and then, beyond —0.45 V, I, decreases with increasingly
negative Vg; i.e., the Ip-V; characteristic is peaked and
exhibits negative transconductance (dIp/dVg; <0) for
Ve < —0.45 V. The [p-V; characteristic is reversible
and repeatable; multiple sweeps yield identical behavior.

Figure 2(b) displays the induced hole density p as
function of Vg, obtained from the measured capacitance-
voltage characteristic. Hole density is a monotonically
increasing function of V; and the peak in the Ip-Vg
characteristic corresponds to 3 X 10'3 cm™2 or approxi-
mately 0.15 holes per rubrene molecule at the surface of
the crystal (the a-b plane of rubrene has a molecular
density of 1.9 X 10'* molecules/cm?).

We estimate the average field effect mobility by dividing
the channel conductivity by the carrier concentration at
each value of the gate voltage [Fig. 2(c)]. The first obser-
vation is that the mobility peaks at V; = —0.1 V and then
decreases strongly. Increasing mobility with gate voltage is
commonly observed in organic FETs and is usually attrib-
uted to trap filling. The important point is that the mobility
decreases beyond V; = —0.45 V. The greater than five-
fold reduction in effective mobility is the cause of the
negative transconductance; over the same Vs range, p
only doubles [Fig. 2(b)] so that the product of mobility
and p, which is proportional to I, decreases.

The second observation is that the maximum mobility is
0.5 cm?/V's, a factor of 20 below the value obtained for
vacuum gap transistors [13—15]. The ionic liquid appar-
ently reduces the room-temperature mobility [12].

To eliminate the possibility that contacts play a role in
the drain current peak, we examined rubrene EDLTSs
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FIG. 2 (color). Electrical characterization of a rubrene single-
crystal EDLT. Channel width and length were both 500 pm.
(a) Ip-Vs characteristics for three consecutive Vs sweeps,
acquired at the rate of 75 mV/s, at a fixed drain bias V, =
—0.1 V. (b) Gate-induced hole density versus V, determined
from capacitance-voltage measurements. (c) Mobility versus V.
The inset in (b) shows the molecular structure of the ionic liquid
used as the gate dielectric.

with systematically varied channel lengths [Fig. 3(a) and
Fig. SP1, (see supplementary information [17])]. Cur-
rents scale with channel length as expected. Figure 3(b)
displays the channel resistance versus channel length at
Ve = —0.65 V. The linear relationship verifies that the
device is not contact-limited. Figure 3(c) shows both the
channel resistance coefficient (i.e., the slope of the resist-
ance versus length plot) and the contact resistance (deter-
mined by extrapolation to zero length) as a function of V.
It is clear that the channel resistance is a nonmonotonic
function of V; and has a minimum at a hole density of
~3 X 108 em™2 (V; = —0.6 V), as anticipated based on
Fig. 2(a).

We have also examined the temperature dependence of
the 1-V characteristics (Fig. SP2a [17]). The current at
any given V; is thermally activated. Moreover, the activa-
tion energy E, is a decreasing function of V; (Fig. SP2b).
Such trends are normally observed in organic transistors
and again are usually attributed to trap filling [18]. The
significant point for this discussion is that in the negative
transconductance regime (Vg < —0.45 V), E4 is not in-
creasing, but instead continues to decrease. Thus, one
cannot ascribe the maximum in the Ip-V; characteristic
to an increase in Ey4.

To summarize, single-crystal rubrene EDLTs exhibit a
peak in the drain current as a function of carrier density,
they have a significantly lower effective maximum mobil-
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FIG. 3 (color). (a) Ip-Vs characteristics for EDLTs with dif-
ferent channel lengths measured from the same rubrene single
crystal. Channel width for all devices was 500 um. (b) The
resistance-channel length relationship at V; = —0.65 V.
(c) Summary of channel resistance coefficient [slope of plot in
(b)] and contact resistance as a function of gate voltage.

ity than vacuum-gated rubrene FETs, and the transport is
activated, with an activation energy that decreases mono-
tonically with increasingly negative V.

A key consideration is the role played by discrete ions at
the rubrene-electrolyte interface. Rubrene has a low di-
electric constant (k ~ 3) and a narrow highest occupied
molecular orbital (HOMO or valence) bandwidth
(=0.5eV) [19]. The low dielectric constant and narrow
bandwidth can lead to strong interaction of negatively
charged anions in the ionic liquid with the positively
charged holes at the rubrene surface. With this in mind,
we have developed a model based on trapping and perco-
lation transport.

We assume that when the conducting channel is formed,
only a thin layer of molecules on the surface of the organic
crystal in contact with the ionic liquid hosts the channel
charge carriers. There are M such molecules per unit area.
Under applied gate bias, N negatively charged ions per unit
area will accumulate in essentially the first molecular
monolayer of liquid adjacent to the interface. Molecules
in the semiconductor are said to be “‘paired” if they are
nearest neighbors to one of the N ions and ‘““unpaired” if
they are not. The induced holes in the semiconductor can
reside on N paired or M — N unpaired sites. If a hole is
located on a paired site it is considered trapped by the
Coulomb potential of the neighboring ion of the liquid. The
density of holes on semiconductor molecules that are
paired with ions is p,. A hole located on an unpaired

semiconductor molecule is mobile; i.e., it can easily hop
to another unpaired molecule. The density of these ““free”
holes is designated p; and they are distributed over the
M — N unpaired molecules. Charge neutrality requires

N=p=pr+py (D
All densities are sheet densities, and we assume that double
occupancy of any semiconductor molecule is suppressed
by the holes’ mutual Coulomb repulsion.
In steady state, hopping of holes from unpaired mole-
cules to paired molecules (traps) and the reverse process
must balance; therefore,

pi(N—p,) =Fp,(M—N — py). 2)

Here F is the ratio of the trap emission and capture coef-
ficients. Normalizing Egs. (1) and (2) with the total density
of sites, M, one finds

1 F 41— F)
! = +7
Py 21—F[\/1 F

Primes indicate normalized densities. Figure 4 shows the
total normalized density of mobile or free holes, p/f ,vs N’
for several values of F.

The conductivity of the channel can be thought of in
terms of a percolation problem [20]. Of the M sites in the
channel, a fraction f, = N’ are blocked (traps). Channel
conduction is envisioned as percolation of the free holes
through the unblocked sites. The fraction of unblocked
sites is f,, = 1 — f},, and conduction is possible if f,;,
exceeds a threshold f,.. Above this threshold the conduc-
tivity increases as a power law with critical exponent ¢. The
unblocked sites are occupied by (free) holes with occu-
pancy p;/(1 — N'). Combining this with the percolation
argument we obtain the conductivity:

N'(1 = N') — 1]. 3)

Py

1-N
Figure 4 also displays o vs N’ for several different values
of F. Here we used ¢ = 1.1, which is appropriate for a two-
dimensional percolation problem, and we assumed a
square lattice, i.e., f. = 0.59 [21]. Note that in the limit
of low N’ values o increases because the concentration of
free carriers increases. However, at larger N/, the increas-
ing density of blocked sites reduces the conductivity.

As I, oc g and N’ « (V; — V), where V7 is the EDLT
threshold voltage, the drain current maximum observed in
Figs. 2(a) and 3(a) can be explained by this model. The
model is also consistent with the observation of thermally
activated transport. Assuming the distribution of holes over
the paired and unpaired molecules corresponds to thermal
equilibrium, we obtain F = exp(—E,./kT) from Eq. (2),
where E, is the activation energy that enables hopping
from a paired to an unpaired molecule (detrapping). The
experimental transport data yield activation energies, E,,
that vary monotonically with Vg : 160 meV < E, <
50 meV (Fig. SP2). E, is related to E,; for small F and

ag <

[(1 =N = f.T. “)
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FIG. 4 (color). Model results for the normalized mobile hole
density, p’f (thin lines, left scale), and the conductivity (bold
lines, right scale) as a function of the normalized ion density, N'.
The solid lines are for F = 0.1, the dashed lines for F = 0.01,
and the dash-dotted lines for F = 0.001.

intermediate N’ the conductivity of the model described
above is approximately proportional to JF, ie.E Yy =
E,../2. We use this relationship to estimate the relevant
range of F:107° <F<10"! at room temperature.
Furthermore, it seems reasonable that the observed de-
crease in E, (and thus E,) with increasing carrier density
may be attributable to the increasing overlap of the
Coulomb potentials of ions in the liquid with increasing
density or it may be due to increasing screening of that
interaction.

The model also explains the relatively low effective
mobility extracted from the experimental data. In analogy
to the procedure for determining the experimental mobil-
ity, we define mobility for the model as o/eN, where e is
the elementary charge. Even for the largest F value con-
sidered (smallest degree of trapping), the effective mobility
determined at the conductivity maximum in Fig. 4 is lower
than the bulk mobility by at least a factor of ~1/8 (peak o
divided by N’ for F = 0.1). This result is important for
organic EDLTs as it suggests that these devices exhibit
inherently lower effective mobilities because of ion-
induced trapping. The precise dependence of the mobility
on the type of ionic liquid [6] may reveal that the mobility
lowering effect can be tuned or mitigated.

In summary, single crystals of the benchmark organic
semiconductor rubrene exhibit both lower field effect mo-
bilities and a peak in channel conductance when gated with
electrolytes. We have explained this effect in terms of ion-
induced trapping of carriers at the semiconductor-
electrolyte interface in combination with two-dimensional
percolative transport. The appearance of the channel con-
ductance peak depends upon the strength of the binding
between the carriers and ions at the semiconductor-
electrolyte interface. This binding will be favored by
high ion densities in the ionic liquid and by low dielectric
constants and narrow bandwidths in the semiconductor,
and it is thus likely to be general for organic semiconduc-
tors gated with electrolytes.
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