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Microscopic View of Charge Injection in an Organic Semiconductor

William R. Silveira and John A. Marohn

Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853-1301, USA
(Received 18 May 2004; published 10 September 2004)

We have measured the chemical potential and capacitance in a disordered organic semiconductor by
electric force microscopy, following the electric field and interfacial charge density microscopically as
the semiconductor undergoes a transition from Ohmic to space-charge limited conduction. Electric field
and charge density at the metal-organic interface are inferred from the chemical potential and current.
The charge density at this interface increases with electric field much faster than is predicted by the
standard diffusion-limited thermionic emission theories.
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Organic electronic materials are particularly well
suited for constructing high-efficiency solar cells and
light emitting diodes [1], and cheap solution-processable
thin-film transistors [2]. A fundamental understanding of
how charge is injected from a metal to a 7-conjugated
organic system is essential to the design and operation of
such organic electronic devices. Despite a growing body
of phenomenological knowledge [3], a predictive micro-
scopic theory of the charge injection process remains
elusive [4].

Many theories have been proposed to describe charge
injection into hopping transport materials. Early models
were adapted from inorganic semiconductor injec-
tion theories such as Schottky injection and Fowler-
Nordheim field emission. Recent theories have sought to
describe the charge injection process as thermally as-
sisted tunneling from the metal to localized states [5],
tunneling into polaron levels in polymers [6], thermally-
assisted injection into an energetically disordered dielec-
tric [7], or as diffusion-limited thermionic emission [8,9].
Factors playing a role in metal-to-organic charge injec-
tion include the charge mobility in the organic layer [§—
10], the dependence of the mobility on electric field [11]
and on charge density [12,13], trapping of injected
charges at the interface due to the image potential [14],
interface dipoles arising from charge transfer [15] or
interfacial chemistry [16], and disorder in these interface
dipoles [17].

Testing microscopic theories of charge injection re-
quires a separation of bulk and contact effects. One
approach is to model the current-voltage behavior of
devices of different length [18]. This is possible in sys-
tems in which the contact contributes significantly to the
device resistance. In the case of a “good” contact, the
device current is space charge limited and independent of
the contact resistance. A more direct approach to disen-
tangling bulk and contact effects has been to use
conducting-probe potentiometry [19] and scanned probe
potentiometry [20—22] to follow voltage drops in a work-
ing device. Studies of the temperature dependence of the
poly(3-hexylthiophene)/metal contact resistance have re-
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cently led Biirgi ef al to call into question diffusion-
limited thermionic emission theories [22].

In this Letter we use scanned probe potentiometry
to investigate charge injection from a metal to a
m-conjugated system through a good metal-organic con-
tact, the behavior of which should provide a stringent test
of thermionic emission theories of charge injection. We
have studied the interface between gold and a triaryl-
amine, N,N’-diphenyl-N-N'-bis(3-methylphenyl)-(1,1’-
biphenyl)-4,4’-diamine (TPD), dispersed in polystyrene
(PS). This system was chosen because bulk transport of
holes in TPD-PS is well understood, is free of charge
trapping effects [10,11,23], and has relatively well char-
acterized interface energetics [16], and, most impor-
tantly, because this contact easily supports space-charge
limited current (SCLC).

Samples were prepared in which a TPD-PS film
conducts charge between two coplanar electrodes.
Interdigitated gold electrodes were patterned on quartz
by optical lithography. The source-drain gap was 5 um,
the length of each of the electrodes was 3 mm, and there
were 67 electrodes in total. Electrodes were formed by
evaporating a 50 A adhesion layer of chromium followed
by 500 A of gold at a rate of 0.4 A/s in high vacuum. The
resulting metal films appeared polycrystalline by atomic
force microscopy with a surface roughness of 0.65 nm.
The quartz substrate was cleaned by sonication followed
by UV/ozone treatment. Fifty weight percent TPD-PS
was prepared by dissolving 15 mg of TPD (Xerox) and
15 mg of PS (MW = 2.0 X 10°, PD = 1.09; Aldrich) in
3 ml of dry tetrahydrofuran ( = 10 ppm water) for
2.5 hours. The solution was spin cast in air onto the
cleaned quartz substrates at 1900 rpm for 15 s, yielding
amorphous films having a thickness of 100 nm and a
surface roughness of 0.7 nm [Fig. 1(a)]. Samples were
transferred into vacuum for characterization within an
hour of preparation.

A measurement of current as a function of voltage
appears to show a transition from Ohmic conduction at
low voltages (I = V) to SCLC at high voltages (Igcy,
V?2), Fig. 1(b). At low voltages we expect a current density
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FIG. 1. TPD-PS sample topography and -current-voltage

curve. (a) Topographic image (left) and linescan (right), ac-
quired by intermittent-contact atomic force microscopy.
(b) Current [ versus applied source-drain voltage V4. The inset
shows line scans of normalized chemical potential and electric
field at low and high voltage.
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where L is the channel length, g is the zero-field mo-
bility, 8 accounts for the Poole-Frenkel-like field depen-
dence of the mobility in TPD-PS [11,23], and N, is the
density of free carriers. In the space-charge limit [24]

9 V2 s
JSCL=§/-L0€FEO'893 viL 2)

where € = 3¢ is the TPD-PS dielectric constant. We find
that as V — 0, dI/dV is not zero, indicating an Ohmic
current at low voltages. Above 2 V, both Eq. (1) and
Eq. (2) fit the current equally well and we cannot distin-
guish Ohmic conduction from SCLC. The conduction
mechanism(s) can, however, be unambiguously assigned
using scanning potentiometry.

We imaged the chemical potential and tip-sample ca-
pacitance in TPD-PS/Au devices using a custom-built
electric force microscope operating at room temperature
in a vacuum of 10™° mbar [25]. The microscope employs
a Ti-Pt coated cantilever (model NSC21; MikroMasch)
having a resonance frequency f, = 28 kHz, a spring con-
stant k = 1 N/m, and a typical quality factor Q = 2 X
10* in vacuum. Once the source-drain gap was located by
intermittent-contact mode atomic force microscopy, the
source was grounded and a voltage V4 was applied to the
drain. The cantilever was scanned along a line 100 nm
above the surface. At each position x and V4 the cantile-
ver resonance frequency f was recorded while the canti-
lever tip voltage V, was varied. The cantilever was made
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the resonant element in a self-oscillating positive feed-
back loop [26]. The frequency of cantilever self oscilla-
tion was measured to a fractional accuracy of ~1077, for
a drive amplitude of 20 nm and a gate time of 0.1 s.

The capacitive tip-sample force gradient leads to a
resonance frequency of

9*C
S ) C)

f(Vt’ X) = fO
where C is the tip-sample capacitance, z is the tip-sample
separation, and ¢ is the tip-sample chemical potential
difference. Varying V, within £2 V of ¢, f was quadratic
in V, to within a percent. Fitting f to Eq. (3) we obtain
0%>C/dz% and ¢ vs x and V.

The potentiometry clearly illustrates the difference
between the two conduction mechanisms. As seen in
the left inset of Fig. 1, the chemical potential drops
linearly from the injecting to extracting electrode. The
electric field is uniform inside the device at low voltage,
as expected for Ohmic conduction. At high voltages
(right inset of Fig. 1), the potential reveals a nonuniform
electric field, associated with a buildup of space charge.
At all voltages there is no discernable voltage drop at the
contacts. The potentiometry thus requires that Eq. (1) is
the appropriate model at low voltages. We fit the current
density from 0-2 V to J, to determine the density of free
charge carriers N, ignoring the electric field dependence
of the mobility by setting 8 = 0. We then take py = 2 X
107° m?/Vs from Ref [23] and compute the current
density as J = I/A where A = 1.1 X 1073 m? is the cross
sectional area of the device assuming a sheet charge of
height 55 nm (the contact height). We find Ny = 2.8 X
10'* cm™3; this value is independent of channel length
(data not shown). The potentiometry also justifies fitting
the data from 50-70 V to Jgcr; here we find uy = 2.0 X
107 m2/Vs and B = 0.60 X 1073(m/V)!/2.

Although the chemical identity, concentration, and
energy levels of the acceptor states giving rise to the
bulk free carriers are not known, we can use Fermi-
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FIG. 2. (a) Chemical potential ¢(x) versus distance x across

the source-drain gap. The source-drain bias V was varied
from O to to 40 V. (b) Capacitance derivative for various V4.
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Dirac statistics to determine the chemical potential of
holes in the bulk TPD-PS from the measured density N,
of bulk free carriers. Assuming a Gaussian density of
highest occupied molecular orbitals (HOMO) of width
o =100 mV,

_ P +00 exp(—&?/20?)
V2ot ffoo 1+ exp[(n — enomo)/(kT)]

de
C))

where p = 2.66 X 10?° /cm? is the concentration of TPD
molecules. Numerically, we find u — egomo = 540 mV.

Figure 2(a) shows the chemical potential (x) for V4
varying from 2 to 40 V. The electric field, Figure 3(a), is
obtained from the chemical potential: E(x) = —di/dx.
The constant slope of E in the bulk implies a uniform
charge density; we attribute this discrepancy with the
standard Mott-Gurney prediction to deviations from the
idealized one-dimensional conduction. The behavior of
the electric field at the interface can be used to quantify
the extent to which the current is space charge limited. If
the injecting contact is supplying the material’s space-
charge limited current, then we expect the steady-state
planar charge density in the material o, to become com-
parable to that at the extracting electrode, o, and much
larger than that at the injecting electrode . By Gauss’
law, o0; = €E; and 0y = —€kE, and by charge conserva-
tion, o, = €(Ey — E;). A quantitative measure of the
degree to which SCLC dominates transport is therefore
n=—o./o, =(E, — Ey)/E,. As defined, n =0 for
purely Ohmic currents and 7 = 1 when the current is
due purely to space charge. Figure 3(b) shows 7 as a
function of V. The data fits well to n = 1l —
exp(—V/Vy)]  with 75, =0.667 =0.007; V,=
10.0 = 0.4 V, which agrees with a calculated crossover
from Jq to Jgcp, of 12 V.

The capacitance derivative, 3>C/dz> [Eq. (3)], shown
in Fig. 2(b), also evolves dramatically as the system
undergoes the transition from Ohmic conduction to
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FIG. 3. (a) Electric field from source to drain. The source-

drain bias V4 is varied in 2 V steps from 0 to 40 V. For clarity,
each curve has been offset vertically downward by 0.25 X
10° V/m from the V4 = 0 curve. (b) Degree to which SCLC
dominates transport. (Inset) Free charge distribution.
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SCLC. The capacitance is large over the gold electrodes,
and the general shape of the line scan reflects sample
topography. However, the behavior of the capacitance
between the source and drain suggests, rather surpris-
ingly, that the bulk becomes depleted of free carriers
near the extracting electrode as the space-charge limit
is approached, leaving behind immobile charged accep-
tors, qualitatively shown in the inset of Fig. 3(b). A more
detailed understanding of probe-sample capacitance is
necessary in order to determine the free charge density.

By combining the current density with the local elec-
tric field, we can infer wp = J/E at both injecting and
extracting electrodes [Fig. 4(a)], where p is the charge
density. The observed exponential increase of up with E
cannot be explained by considering only the field depen-
dence of the mobility. Including the Schottky-effect
lowering of the injection barrier by the field gives
a satisfactory description [Fig. 4(a), Fit 1]. The result-
ing injection barrier, ¢p = 360 mV, is reasonable
[Table I(A)]. The Schottky analysis is valid only at high
fields, however, and assumes that equilibrium is reached
via electron transfer from the metal to the empty HOMO
states of the organic. This assumption does not hold for
our sample.

From u — egomo = 540 mV, calculated above, we
have constructed the energy level diagram of Fig. 4(b).
Equilibrium is reached between TPD and Au by transfer
of electrons in the opposite direction, resulting in accu-
mulation, not depletion, of holes near the interface. In
this situation, the diffusion-limited thermionic emission
theory of Emtage and O’Dwyer [8] is the most appropri-
ate description of charge injection. We have revisited their
model and derived an exact analytical equation for p(E)
at the injecting electrode valid at all fields [Table I(B)].
The fit to this theory [Fig. 4(a), Fit 2], with the injection
barrier as the only free parameter, is poor. If we intro-
duce, ad hoc, the measured density N, of bulk free
carriers into the theory, the fit does not improve. Good
agreement is achieved if we allow the Schottky exponent
to vary [Table I(C)]; Fit 3 of Fig. 4(a) gives ¢ = 420 mV
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FIG. 4. (a) The charge density mobility product as a function

of electric field for injecting and extracting electrodes.
(b) Energy level diagram for the TPD-PS/Au interface.
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TABLE I. Models used to describe wp. Both models account for the exponential field dependence of the mobility through the
parameter B, = 0.60 X 1073(m/ V)2, inferred from Jgcr. At the injecting electrode, the Schottky exponent was fixed at its
theoretical value of 8, = [¢° /4me(kT)*]'/? = 0.85 X 1073(m/V)!/2, while at the extracting electrode in A, 3, was allowed to vary.
The zero-field charge density py = p exp[—¢5/(kzT)] depends on the TPD density p and on the injection barrier ¢p; it was
restricted to be the same at both electrodes in A. Here, K; is a modified Bessel function of the second kind.

model equation parameter  injecting extracting units

A. Schottky (approximate) opo exp(BVE) B=pB,+B 145 05900012 1073(m/V)"/2
MoPo 362 £ 1.2 1079 A/Vm

B. Emtage & O’Dwyer wopo exp(B,VE)/B,VEK,(B,VE) HoPo 63.4 + 3.0 ce 107° A/Vm
C. Emtage & O’'Dwyer  ug[pgexp(B, E)/ B.NEK,(B,NE) + Nol HoPo 8.1+0.6 e 107° A/Vm
B, 22 +0.1 e 1073 (m/V)!/2
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