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Measurements of the Einstein relation in doped and undoped molecular thin films
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We present the Kelvin probe force microscopy measurements of the Einstein relation, i.e., the relation
between the diffusion coefficient of charge carriers and their mobility, in undoped and doped disordered
organic thin films. The theoretical prediction of a large deviation of the Einstein relation from its classical value
is verified and attributed to the energy distribution of the density of states. The results are explained in the
context of degeneracy effects on the transport in disordered organic thin films, and their implications for

organic-based devices are discussed.
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The Einstein relation (ER) is the relation between two
fundamental transport parameters, the diffusion coefficient D
and the mobility u of charge carriers. Considerable attention
has been recently paid to both experimental and theoretical
studies of the ER in organic disordered semiconductors
(DSs).!"* A generalized ER can be derived by using a general
charge carrier energy distribution and can be written for
holes as’

Dip=-plqdpldEg,]™", (1)

where ¢ is the elementary charge, Ey, is the hole quasi-Fermi
level, and p is the hole concentration given by

p= f g(E)fip(E)dE. (2)
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Here, g(E) is the density of states (DOS) and ff;D(E) is the
Fermi-Dirac distribution for holes.

It has been shown using calculations based on the shape
of the DOS!-3 that deviations from the classical ER, in which
n=1 in D/u=nkT/q), are expected for DS under
equilibrium! as well as nonequilibrium conditions.® This de-
viation has substantial implications on the performance of
electronic devices based on DS in general and disordered
organic films in particular. Indeed, highly dispersive photo-
current in time-of-flight measurements of hydrogenated
amorphous silicon,” the broad rise of the turn-on current in
organic light emitting diodes,! and the temperature depen-
dence of the ideality factor in organic p-n homojunctions*?
can be explained by ER deviations from k7/q for disordered
materials. Deviations were also found in degenerate crystal-
line inorganic semiconductors.’ In DS, with tail states pen-
etrating deep into the energy gap, degeneracy effects are
even more pronounced,'? and it has been shown by calcula-
tions that, due to high degeneracy, the deviation from the
conventional ER very sensitively depends on the shape of the
DOS.!! However, to the best of our knowledge, there are no
reported measurements of the ER in organic semiconductors
that directly verify the predicted deviations from k7/q.

We present here the measurements of the ER as a function
of the quasi-Fermi energy (E/,) and charge concentration in
undoped and doped disordered organic thin films. The ER is
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obtained from the Kelvin probe force microscopy (KPFM)
measurements taken across operating organic thin film tran-
sistors (OTFTs). Our results confirm that the ER deviates
from the classical value and reveals a rich behavior, which is
ascribed to the specific shape of the DOS in both the doped
and the undoped materials.

The measurements were conducted on a bottom contact
OTFTs that consist of a heavily doped p-type silicon gate
electrode, a thermally grown 90 nm silicon oxide gate insu-
lator, and 50 nm thick gold strips evaporated on the oxide to
form source and drain electrodes separated by 8 or 16 um.
Thin films (10 nm) of undoped N,N'-diphenyl-N,N!-
bis(1-naphthyl)-1, 1'-biphenyl-4,4!-diamine (a-NPD) and
a-NPD doped with tetrafluorotetracyanoquinodimethane
(F4~-TCNQ) (~0.1%) were deposited on the substrates by
sublimation in an ultrahigh vacuum chamber. The transistors
were then transported under nitrogen atmosphere to a nitro-
gen glove box (<2 ppm H,0) in which the KPFM (CP II-
Veeco, Inc., atomic force microscopy) measurements were
conducted. A semiconductor parameter analyzer (Agilent
4155C) was used to control the gate voltage, with respect to
the grounded source and drain electrodes, and monitor the
drain, source, and gate electrode currents. The contact resis-
tance, leakage currents, and shifts of the threshold
voltage'>!3 due to continuous voltage application were neg-
ligible in the measured transistors. The threshold voltage
shifts (=0.1 and —0.2 V in total for the undoped and doped
samples) were taken into consideration in the analysis.

The hole concentration in the transistor channel was con-
trolled by applying a gate-source voltage (V) while mea-
suring the local vacuum level shift with the KPFM (the
method is described in detail in Refs. 14 and 15). Up to a
given Vg, the molecular levels are shifted rather than bent
across the 10 nm thin organic film,'* and the shift of the
energy levels (V) for different Vg with respect to the level
position at V=V, (the transistor threshold voltage) can be
directly measured by KPFM using” V,(x)=CPD(x)
—CPD;(x), where x is the lateral coordinate along the channel
between source and drain, CPD is the contact potential dif-
ference, and CPD, is the CPD measured at Vgg=V,.

In the Vg range where the charge concentration is homo-
geneously distributed across the width of the organic film,'#
the hole concentration can be extracted using
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p(x) == (Cox/qdorg)[VGS - Vt - VL(x)]» (3)

where C,,, is the silicon oxide capacitance and d,,,, is the thin
film width. Inserting Eq. (3) into the generalized form of ER
[Eq. (1)] gives the ER from the KPFM measurements,

Dy/py(x) == g~ p(x)/[dp(x)/dV(x)]
=[Vgs—V,= Vi) {1 = [dVss/dV (x) ]}, (4)

where dV(x)=—dE,(x)/q; the extraction of the ER using
Eq. (4) is based only on the measured shift of the energy
levels (V;), so it can be regarded as a direct ER
measurement.'® Our measurements are conducted at Vg
=0V for different Vq; hence, the ER can be obtained as a
function of the injected carrier concentration and of the shift
of Eg, from its position at V=V, Each measurement is
conducted a long enough time after setting a new Vg volt-
age, thus Iy is negligibly small at V=0 V.

In order to study the correlation between the ER and the
DOS, the hole concentration and the energy level shift can
also be used to calculate the hole DOS using'*

g(qVi(x)) = ¢ '[dp(x)/dV,(x)]
=[Co/(d, g ([ Vis(x) = V1IdV(x)} = 1).
(5)

The ER is affected by the shape of the DOS via the charge
concentration and the position of Ej, through Egs. (1) and

),
Dhmh=q‘l< f g(E)fFD(E)dE) / ( f g(E)

X [dfFD(E)/dEfp]dE> , (6)

and for g(E) much wider than dfs,(E)/dEj,,
D/, = plqg(Ep). ()
We first focus on ER measurements of doped

a-NPD:F,-TCNQ(0.1%) thin film transistor. Figure 1(a)
shows the measured DOS (circles), an analytical fit for the
DOS (solid curve), and the calculated charge density using
Eq. (2) (squares) as a function of the quasi-Fermi energy.
E;,=0 is defined throughout the Rapid Communication as
the energy at which the level shift is zero, i.e., V;=0. The
DOS fit in Fig. 1(a) can be divided into two main regions: a
commonly used model of an exponential tail for 0 eV>FE
>-0.16 eV (Ref. 17) and a sum of two Gaussians for E<
—0.16 eV. The latter is based on a model presented by
Arkhipov et al.,'8 which was fitted to the baseline of the
DOS (ignoring the appearance of the sharp peaks), with vari-
ance of 0.08=0.01 eV. The peak distribution on the DOS
baseline was found to be reproducible at different lateral lo-
cations and for different measurement times. We tentatively
attribute these peaks to multiple dopant induced energy lev-
els introduced by different dopant and host molecule con-
figurations or dopant aggregates of different sizes (see Ref.
14 for a detailed analysis of the DOS structure).

Figure 1(b) shows the ER obtained by plugging the mea-
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FIG. 1. (Color online) (a) Measured DOS (circles), analytical fit
of the DOS (solid curve), and charge density measured using Eq.
(2) (squares) as a function of the quasi-Fermi energy for a doped
a-NPD:F,-TCNQ thin film. (b) Measured ER obtained from
KPFM and Eq. (4) (squares) and calculated using Eq. (6) (solid
curve) as a function of charge density for a doped
a-NPD:F,-TCNQ thin film.

sured dVgg/dV;(x) into Eq. (4) (squares), while the solid
curve reveals the general behavior of the ER; the later was
obtained by applying Eq. (6) to the DOS fit [solid curve in
Fig. 1(a)]. The general shape of the ER can be understood in
terms of Eq. (7) by examining the dependence of the DOS
and the charge density on the position of the quasi-Fermi
level shown in Fig. 2. For 0=E;,=-0.16 eV (1.71 X 10"
<p=<1.91x10" cm™), the relative change in the DOS is
very similar to the change in the charge density with the
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FIG. 2. (Color online) Analytical fit of the DOS presented in
Fig. 1(a) (solid curve, left scale), calculated charge density (dashed
curve, left scale) using Eq. (2), and ER (doted curve, right scale) as
a function of the quasi-Fermi energy obtained by Eq. (6).

201201-2



MEASUREMENTS OF THE EINSTEIN RELATION IN...

ER (kT/q)

05 04 -03 -02 -01 00
(b) Efp (eV)

FIG. 3. (Color online) (a) Measured ER as a function of charge
density for undoped a-NPD (b) Measured DOS (circles, left scale)
and charge density (squares, right scale) measured using Eq. (3) as
a function of the quasi-Fermi energy for undoped «-NPD.

result that the ER is roughly constant. In this range, the ER is
considerably higher (~19kT/¢) than its classical value. Such
a high ER is an indication of a high charge concentration in
comparison to the available DOS at certain energy [see Eq.
(7)]. This can result from a relatively low state density tail
penetrating into the forbidden gap, as indeed appears in Fig.
1(a).

The decrease in ER for E;,<-0.16eV (p>191
X 10" cm™3) is due to the transition of the DOS from an
exponential to a multi-Gaussian shape; since the DOS in-
creases faster than the charge density, the ER decreases [Eq.
(7)]. The transition between the two Gaussian features in the
DOS is manifested as a shoulder in the ER at Ej,=
-0.3 eV (p=3.02% 10'"® cm™3). The high value of the mea-
sured ER, as compared to the classical value, is not surpris-
ing when considering the well-known broadening effect of
doping on the DOS in organic thin films.'® Consequently, the
DOS includes a tail of states in forbidden gap that can lead to
high ER values and a complex behavior as a function of
charge concentration.

The measured ER as a function of the charge density is
shown in Fig. 3(a) for undoped a-NPD. The ER is larger
than k7/q for the whole range of the measured charge con-
centration, and its dependence on the charge density can be
explained by considering three different regions: ER increas-
ing for p<1.01 X 107 cm™3 [region A in Fig. 3(a)], followed
by a depression for 1.01 X 10"7<p=<1.85X10" cm™ (re-
gion B), and ER decreasing for p>1.85x 107 cm™ (region
C). Figure 3(b) shows the measured DOS (circles), and the
measured charge density as a function of Ej, (squares),
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FIG. 4. (Color online) (a) DOS (color axis) measured through-
out the channel (y axis) as a function of the quasi-Fermi energy
(x-axis) for a doped @-NPD:F,-TCNQ thin film transistor. (b) Mea-
sured ER (color axis) throughout the channel (y axis) as a function
of quasi-Fermi energy (x axis) for a doped a-NPD:F,-TCNQ thin
film transistor.

where regions A, B, and C are defined as in Fig. 3(a). As the
charge concentration is approximately an integral on the
DOS up to E, it almost exponentially increases without sub-
stantial differences across the three regions, while the DOS
has a different behavior in each region. Therefore, according
to Eq. (7), the fine structure of the DOS distribution deter-
mines the shape of the ER curve [see Eq. (7)]. The ER be-
havior for the undoped sample demonstrates the sensitivity
to the rich DOS structure even in the absence of DOS broad-
ening by doping. Near the limit of the measured energy re-
gion (most negative energy), the transition from the rela-
tively flat DOS distribution to a steeper distribution
decreases the ER deviation from k7/q. Note that the ER
derived here can be considered under equilibrium conditions.
However, the generalized ER that is defined for nonequilib-
rium conditions, as the time-dependent D/ u ratio commonly
measured by time of flight,” is expected to follow the same
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trend: higher ER due to lower DOS and sensitivity to the
DOS fine structure.

The origin for the ER deviation from k7/g can be under-
stood by considering the different effects of energetic disor-
der on charge diffusion and drift. Diffusion describes a
charged carrier motion that tends to eliminate any spatial
difference in their density. Accordingly, the flux of carriers in
diffusion is from a high carrier density region to low carrier
density regions. So the target sites for the moving carriers are
most likely empty. In contrast, carrier drift is dictated by the
direction of the electric field. Thus, under equilibrium condi-
tions, the net flux of carriers in drift, which cancels the dif-
fusion flux, is from low carrier density (relatively empty)
region to high carrier density (relatively filled) region, so the
drift current depends on the probability of the target site to
be occupied. In amorphous organic films, where the DOS
does not considerably increase with energy (as was shown
here), the charge density rises to a level where the DOS can
become significantly filled. Consequently, the drift current is
suppressed more than the diffusion current, leading to a rise
in the ER.

Scanning KPFM allows a determination of the DOS and
ER throughout the organic field effect transistor channel with
high lateral resolution. Figure 4(a) shows the DOS measured
across the transistor channel for doped @-NPD and Fig. 4(b)
presents the corresponding ER. The peak sequence observed
in the DOS and the corresponding deeps in the ER located at
around 0.24 and 0.3 eV preserve their general structure along
the channel, despite ~ =0.01 eV energetic fluctuation of the
entire sequence. Such behavior indicates on the fluctuations
in the total potential energy (observed also in the CPD profile
taken at V;4=V,). Since the KPFM resolution is estimated to
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be tens of nanometers, the observed lateral energetic disorder
is not likely to indicate on energetic fluctuations near indi-
vidual dopants. However, the observed energetic fluctuations
can stem from variation in the intermolecular spacing and
orientation.

The large ER found here and its sensitivity to the charge
concentration or the Fermi energy position is of utmost im-
portance in organic electronic devices. For example, it has
been shown*? that the p-n diode ideality factor is propor-
tional to 7; this implies that unlike with inorganic semicon-
ductors, doping of organic materials in p-n junctions will
have a much larger effect on carrier transport. In particular, it
will lead to an increased diffusion current in organic photo-
voltaic cells; consequently, the number of charge carriers that
are lost by recombination will decrease, and the charge col-
lection improved.

In conclusion, we have measured the ER as a function of
charge concentration in both undoped and doped disordered
organic thin films. It was found that the ER significantly
deviates from k7/q and is sensitive to changes in the DOS.
Such high ER at the Fermi level energy is an indication of
diffusion controlled transport in organic materials and de-
vices. A high lateral resolution DOS and ER maps showed
that the main features that appear throughout the channel are
correlated with local changes in the channel surface poten-
tial.
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