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Crossover from one- to two-dimensional space-charge-limited conduction

in pentacene single crystals
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We report the crossover from one- to two-dimensional space-charge-limited conduction in
pentacene single crystals with planar contacts. The space charge is confined to the in-plane
longitudinal direction for L/h =15, with L the contact separation and % the sample thickness. For
L/h>?250 the space charge is dominated by the transverse component of the electric field. © 2006
American Institute of Physics. [DOI: 10.1063/1.2187442]

Small molecule organic crystals can exhibit large elec-
tronic mobilities at room temperature if local impurities and
extended defects, such as grain boundaries, can be mini-
mized. Thus, single crystals can provide information about
the intrinsic electronic transport properties.l_6 Nevertheless,
the evaluation of the transport parameters can be difficult
because of the charge injection at the interface, or the non-
uniform nature of charge carrier density, current density, and
electric field under nonohmic conditions. The evaluation of
the electronic mobility depends strongly on the correctness
of the interdependence between electronic parameters, in-
cluding mobility, charge density etc., but also on the associ-
ated geometry that is used.

In this letter, we analyze the current flow across penta-
cene single crystals with planar contacts. Our study focuses
on the electric field E pattern for parallel planar contacts with
different gap separations L. We discuss the effect of the geo-
metric parameter L/h, with h the crystal thickness, and the
anisotropy of the mobility on the electric field distribution
inside the semiconductor. Effects like surface scattering,
charge diffusion, surface tlraps,7 and surface polarization are
neglected. We observe a gradual transition from a one- to
two-dimensional (D) space-charge-limited conduction with
increasing L/h. This transition has a purely geometrical ori-
gin and is determined by the distribution of the electric field
inside the crystal.

The charge transport in organic conductors is often lim-
ited by the emergence of space charges. There are two lim-
iting geometries to evaluate the conduction in the space-
charge-limited current (SCLC) regime. The Mott-Gurney
theory8 describes the current-voltage characteristics for
sandwich-type contact geometries [Fig. 1(a)]. This is a 1D
theory in which the electric field, as well as the space charge,
are confined to the channel. This model gives an expression
of the current density versus applied voltage:
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Here, J is the current density for the applied voltage V, @ is
the trapping factor, L is the electrodes separation, €, is the
relative dielectric constant of the material, and u is the car-
rier mobility.
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Geurst analyzed theoretically SCLCs in thin semicon-
ductor layers for a gap-structure geometry9 [Fig. 1(b)]. Here,
the thickness of the film is negligible with respect to the
separation between the contacts. For this 2D model the lon-
gitudinal component of the electric field is responsible for
the charge transport and the transversal component, perpen-
dicular to the conduction channel, is determined by the mag-
nitude of the space charge. His analysis leads to an expres-
sion in which the value of the current / depends quadratically
on the applied voltage V, and is proportional to the relative
dielectric constant of the material, €,, and inversely propor-
tional to the square of L, the distance between the contacts:

2 V2
I= —E0E M (2)

Zuleeg et al. ' have introduced the width of the electrodes W,
into the expression of Eq. (2). This model improves the ap-
proximation of Geurst of infinite long contact length.

Thus, the SCLC at high voltages varies with L™ in the
Mott-Gurney 1D theory [Eq. (1)] and with L~ in Geurst 2D
model [Eq. (2)]. The former was used to estimate the hole
mobility in tetracene'' and rubrene'? single crystals with par-
allel plate electrodes. Also, it was applied for analyzing pen-
tacene single crystalss’13 and tetracyanoquinodimethane
(TCNQ)-coronene co—crystals14 in a gap-type geometry, with
a conduction channel length comparable to the thickness of

-electrodes
e - crystal

FIG. 1. Electrode configuration: (a) sandwich-type geometry—side view,
(b) gap-type geometry—side view, (c) gap-type geometry—top view (used
in this study).
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FIG. 2. Double logarithmic plot of the current at constant bias for different
ratios of the planar electrode distance L with respect to the crystal thickness
h. The lines are guides for the eyes and correspond to 1D model (slope —3)
and 2D model (slope —2), respectively. The inset represents the derivative
d(logI)/d(log L) vs L/h. The data were obtained for one crystal with mul-
tiple contacts at room temperature.

the crystals. The model of Geurst was used to describe the
charge transport of thin layers of crystalline Se," in which
the proportionality of the current with L~> was observed. The
question we address, is for which parameters the 1D model
can be used for planar contacts, and when the transition to
the 2D model takes place. We show experimentally that for
small L/h ratios, the Mott-Gurney type behavior is observed.
Due to the resistivity anisotropy in different crystallographic
directions and short conduction path, the current penetrates
only a fraction of the crystal thickness (h.g), and the electric
field is homogenous. We find that for pentacene single crys-
tals the 1D SCLC model is accurate for L/h<<15, whereas
the 2D model applies for L/h>250. The transition takes
place gradually and follows the changes in the value of L/h.

Platelets of high purity pentacene single crystals were
grown from double sublimation cleaned’ powder from Ald-
rich. Physical vapor transport in a horizontal glass tube under
a stream of argon was used.'® The geometry of the crystals is
maximally 4 X4 mm in plane and thickness typically of
15-20 wum. Pentacene crystallizes in a layered fashion and
presents one morphology in the single crystal phase: with

space group P18 we painted silver epoxy contacts paral-
lel on the crystal with a distance varying between 60 wm and
3 mm, limited by the dimensions of the crystals [Fig. 1(c)].
In this geometry, the conduction takes place predominantly
along the 7r-stacking (c*) direction. We used a Keithley 237
source measure unit to perform the electrical characteriza-
tion. All /-V curves were taken at room temperature, in dark-
ness and vacuum, to avoid environmental effects.'” For each
single crystal of thickness A, a voltage V;; was applied across
a different pair of electrodes i and j attached to the sample at
a distance L;; and the value of the current /;; was measured.
The source contact was kept the same to minimize contact
effects,7 and the drain was changed.

The I-V curves are ohmic at small biases (I~ V), and
quadratic at high voltages (Isc; -~ V?). Figure 2 shows the
variation of the electrical current / at constant bias voltage
for a crystal of 7=20 um thickness and different contact
spacings, L;; (60 um<L;;<3 mm), in the SCLC regime.
The width of the contacts is approximately W=200 wm. The
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FIG. 3. Current density J vs applied voltage V for pentacene single crystal
at room temperature, in vacuum and dark for gap structure contact geometry
(O), and sandwich structure configuration (O).

results are presented as a function of the ratio L/h. The inset
shows the logarithmic derivative, d(log I)/d(log L) vs L/h,
with a value -3 corresponding to the 1D conduction, and -2
to the 2D model. As it can be observed from this graph, at
small L/h ratios the bulk charges are dominant and at high
ratios the surface charges determine the conduction. For
L/h=<15, there is a good correspondence between the
present experiment that we performed on a crystal with pla-
nar contacts and the analytical solution described by Mott-
Gurney for devices with parallel plate electrodes (I~ L7%).
This is due to the fact that at small electrode spacing L, the
electric field inside the semiconductor is relatively uniform
(Ejong) and parallel to the conduction path. Moreover, when
this distance is small, and considering the anisotropy of mo-
bility in pentacene single crystals, the current is confined to
the surface of the conductor.”’ We demonstrate that the 1D
theory [Eq. (1)] has a relatively limited range of validity in
case of planar parallel electrodes. It is clear from Fig. 2 that
in this geometry the surface contribution becomes gradually
dominant as L/h increases. The surface charge density gives
rise to the normal component of the electric field (E,,,,) and
the electric field obtains more pronounced 2D characteristics.
Thus the 1D space-charge approximation is not valid in this
regime and the field distribution within the single crystal
must be taken into account.”’ The electric field E is no longer
uniform inside the crystal. With increasing L, the transverse
electric field results in 7/~ L%, with « ranging from 3 to 2
(see the inset in Fig. 2). We could not reach the I~ L2 re-
gime, corresponding to Geurst’s analysis [Eq. (2)],9 as we
were limited by the size of the crystals.

In the following we will use the SCLC technique to cal-
culate the value of mobility in pentacene single crystals. We
compare the results obtained for the mobility in the a-b plane
with the two types of contact geometry described in this
study. Because of different bonding and antibonding pat-
terns, the effective mass exhibits different values for the
three crystallographic directions.”” This results in a strong
anisotropy of the carrier mobility, as is often observed for
molecular crystals."(’ This anisotropy influences the value of
the L/h parameter at which the transition between 1D and
2D space charges occurs. We expect that for other molecular
crystals the transition from 1D to 2D transport takes place for
different geometrical parameters, due to their different mo-
bility anisotropy.

Figure 3 shows the device configurations and current
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density J versus applied bias V for one pentacene crystal
within the a-b plane, using sandwich-type and gap-type ar-
chitectures. The ratio L/h=25 in this case sets the system in
the intermediate regime, where the conduction is dominated
by the 1D space charges. This allows us, in first approxima-
tion, to use Eq. (1) to estimate the value of the mobility (u)
for this crystal. At low voltages, the current is ohmic. At
higher voltages, the square law dependence of the current
with the applied voltage is observed, corresponding to the
SCLC regime. Small deviations from the linear and quadratic
regimes can be attributed to the nonlinear contribution of
Schottky barriers formed at the metal/pentacene interfaces.
As the trap-free limit was not reached, u cannot be deter-
mined, but only the value of the term ®u can be calculated.
The calculation of the mobility with sandwich configuration
is straightforward. The device geometry is similar to the one
of a capacitor and the electric field is constant and oriented
along the direction in which the current is measured. From
Eq. (1), in which the geometrical factors of the crystal are
introduced (LX WX h=500X200X20 wm), a value of
(O ) gandwich= 12 cm?/V s is obtained. In the case of gap-type
structure, we can see from Fig. 2 that, as L/h> 15, the elec-
tric field will exhibit deviations from the idealized 1D form,
and the use of simple Mott-Gurney theory is not valid. More-
over, it underestimates the value of the mobility: (Ou)g,,
=7.2 cm?/V s. This comes from the fact that the current flow
is not homogenous distributed along the entire thickness of
the crystal (%), but it is confined to the surface due to the
anisotropy of pentacene. We use the Montgomery method”
to determine the effective thickness (ko) penetrated by the
electric field lines in this configuration. The input for this
algorithm are the values of the components of the resistivity
tensor along the tree crystallographic directions (a,b in-
plane and ¢" perpendicular to the plane: p,=1.3 X 10°Q m,
pp=4.7X10°Q m, p=2.1x10%Q m), and their correspon-
dent electrodes separation on the crystal (x,y,z). We trans-
form this anisotropic solid into the equivalent isotropic sys-
tem of dimensions x', y’, z’, using van der Pauw’s
expression:23

Zett (papp)™

(xy)I/Z -

’
ZLeff
: 3)
pliZ (x/y/)l/Z

Here z.g and z.; are the effective thickness for the an-
isotropic and isotropic system, respectively. The second fac-
tor of the expression is the normalized effective thickness in
the isotropic material, which is the abscissa of the graph
proposed by Montgomery (Fig. 2 in Ref. 20). The normal-
ized sample thickness in the isotropic space can be calculated
from

, 12
Z P z

Y2 (pupp) ™ ()

The effective thickness depends on the ration x/z, in the
anisotropic pentacene single crystal [Egs. (4) and (5)], which
corresponds to the order parameter L/h that we have used.
Different curves are obtained for different ratios of the in-
plane directions. For this particular geometry,

=1.036. (4)
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Thus, the normalized effective thickness of this system is
0.715. This leads to the value of z.;=0.33z, corresponding
to he=0.33h. From Eq. (1), the value of (Ou)gyp .
=20 cm?/V s can be calculated.”® This value should be con-
sidered an overestimate of the mobility. This arises mainly
from the fact that in this regime small deviations appear from
the 1D model that was assumed in the calculations. While
the Mott-Gurney theory gives I~ L3, for our L/h ratio of
25, we should have used I~ L7 as a better approximation.
In the regime L/h<15, where the current varies with the
cube of the contact separation (Fig. 2), the values of mobility
obtained with the two geometries agree well.> The effective
thickness that we obtain represents an upper limit. Montgom-
ery’s theory assumes ohmic conduction in which the equipo-
tential lines are independent of the magnitude of the electric
field, while in the SLCL regime the current density capacity
increases quadratically with the field, leading to a smaller
effective penetration depth.

In conclusion, we report the crossover from 1D to 2D
type SCLC conduction in pentacene single crystals with in-
creasing L/h for gap-type contact geometry. For L/h<<15
the gap-type contact is well approximated by 1D space
charges, whereas for L/h>15 2D space charges should be
taken into account. The 1D space charges are predominant in
pentacene because of the anisotropy in resistivity.
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