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We present an investigation of the microscopic interplay between excitons and charge carriers by means of
combined photoluminescence (PL) and charge carrier transport measurements on organic thin film transistors
(OTFTs). For this purpose, the prototypical organic semiconductor diindenoperylene was utilized as the
active material. The OTFT accumulation layer provides a spatially defined interaction zone for charges and
photogenerated excitons leading to a PL intensity reduction of up to 4.5%. This effect correlates with the
accumulated hole carrier density and provides a lower estimate of about 1.1 x 107! cm? /s for the recombination
rate of nonradiative exciton-hole processes. It is rationalized that these processes are preferentially mediated by

trapped holes.
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Excitons formed by electrostatically bound electron-hole
pairs constitute fundamental excitations in organic semicon-
ducting (OSC) materials. Generated either by photon absorp-
tion or by mutual capturing of charge carriers of opposite
polarity, excitons play a key role in organic photovoltaic
cells (OPVs) or organic light emitting diodes (OLEDs),
respectively.'™ Conversely, exciton loss mechanisms corrupt
the performance of optoelectronic devices and therefore have
to be minimized.>® Strong Coulomb-binding energies of up
to 1 eV are able to stabilize paired electron-hole states in
organic semiconductors against thermally activated dissoci-
ation, whereas interactions between excitons or with single
charge carriers might lead to singlet exciton losses by various
pathways, among which are exciton-exciton annihilation,
where, by nonradiative recombination of one electron-hole
pair, the remaining pair gains sufficient energy to overcome the
Coulomb-binding energy required for dissociation, or charge
carrier exchange accompanied by the formation of an energet-
ically lower-lying triplet state.” Despite their importance,
studies on the exciton loss mechanisms in technologically
relevant thin films, together with an estimation of the pivotal
recombination rates, are rather the exception, due to difficulties
in precisely controlling the underlying boundary conditions,
in establishing a spatially homogeneous interaction zone, and,
finally, in achieving a response of suited amplitude to quantify
the occurring loss processes.

In this Rapid Communication we focus on microscopic
exciton quenching mechanisms induced by charge carriers
and their investigation by photoluminescence (PL) quenching
measurements on organic thin film transistor (OTFT) devices.
This approach offers two essential advantages compared to
studies on real optoelectronic devices or bulk single crystals.
First, material inherent mechanisms can be identified without
superimposed effects by locally inhomogeneous electric field
distributions, induced, e.g., by nonideal heterojunction inter-
faces or space charging. Moreover, the choice of contact metal,
in principle, enables the discrimination of recombination ef-
fects induced by electrons from those related to holes. Second,
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the tunable charge density in the TFT accumulation layer
provides an additional degree of freedom to systematically
influence charge carrier mediated exciton annihilation pro-
cesses. Comparative studies of the PL quenching at different
operational regimes of the transistor might unveil the origin
of the participating charges, in particular, if they are free or
spatially immobilized, e.g., by traps.

As an organic semiconducting material, the polyaromatic
hydrocarbon diindenoperylene (DIP) was chosen. Besides its
exceptional exciton diffusion properties in correlation with a
long-range ordered thin film structure, which are necessary for
the excitons to reach the accumulated charges, this compound
has already been proven successful in OTFT applications
as well as in photovoltaic cells.!®!3 Furthermore, the low
optical absorption of DIP proves to be beneficial for the
intended studies on the exciton-charge carrier interaction since
it avoids pronounced quenching contributions by bimolecular
recombination.

Thin film transistors were prepared in bottom-gate top-
contact geometry as described by Klauk et al.'* As illustrated
in Fig. 1(a), a 60 nm thick aluminum film was evaporated
under high vacuum (HV) (base pressure 10~° mbar) at a rate
of 1.8 nm/s on top of a Si wafer covered by 200 nm thick
thermally grown SiO, (roughness below 0.4 nm). The native
AlO,. surface layer was further increased by oxygen plasma
treatment, yielding a total thickness of 10.8 nm as confirmed
by x-ray reflectivity (XRR) measurements. Thereafter, a
homogenous and densely packed self-assembled monolayer
(SAM) of pentadecylfluoro-octadecylphosphonic acid (FOPA)
was grown overnight from a 2-propanol solution on top of
the aluminum oxide. The effective FOPA film thickness of
2.2 nm has been verified by XRR measurements. The FOPA
SAM enables reliable transistor operation in a voltage regime
of up to 3 V and, even more important, its band gap of
about 9 eV prevents injection of parasitic charges by the
applied gate field or by the photoeffect (see below). Subsequent
to gate preparation, DIP layers with thicknesses of up to
75 nm were grown by thermal evaporation under HV at a
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FIG. 1. (Color online) (a) DIP thin film transistor geometry, utilized for photoluminescence quenching studies. (b) OTFT transfer
characteristics measured in the dark and under 532 nm illumination. As indicated by the arrows, a shift towards smaller threshold voltages
occurs upon illumination whereas the absolute drain current remains almost constant (uncertainty of the data below 5%).

rate of 0.025 nm/s. The upper thickness limit was chosen
according to x-ray diffraction studies, yielding a DIP crystallite
extension along the surface normal, i.e., along the ¢’ direction,
of similar size and therefore ensuring unhindered exciton
transport along the vertical direction. Furthermore, assuming
an index of refraction along the surface normal of n; = 1.7,
an optical excitation at A = 532 nm corresponds to an
effective wavelength of A = 300 nm within the molecular
layer. Thus, all DIP thicknesses studied comply with the
condition dpip < A/4 and, therefore, interference effects can
be disregarded. Finally, the source and drain top contacts
were made by 70 nm Au thermally deposited in HV at a
fast rate of 2 nm/s to avoid metal penetration into the organic
semiconductor layer underneath.'>16

To measure the voltage-dependent photoluminescence and,
thereby, to estimate the amount of excitons quenched under
charge accumulation, the DIP channel of the OTFTs was
optically excited by a frequency doubled cw Nd:YAG laser
(Aexe = 532 nm) at a nominal power of 0.2 mW. The laser
intensity remained constant during the transistor operation
and was kept sufficiently low to guarantee a linear correlation
with the generated exciton density, i.e., to avoid bimolecular
contributions to the PL signal. This is corroborated by the fact
that, assuming an exponential generation profile according to
Lambert-Beer’s law, at full power the two-dimensional (2D)
projected area density of excitons amounts to at most 1/um?,
i.e., one exciton per 10° DIP molecules, which yields an
average exciton spacing substantially larger than the distance
covered by the reported exciton diffusion length of about
100 nm along the ¢’ direction.'® The PL emitted by the DIP
transport layer was detected by a CCD camera [quantum
efficiency (QE) > 90% in the measured spectral range]
in combination with a spectrometer. To avoid degradation
upon photoexcitation, all measurements on the organic layers
have been performed under nitrogen atmosphere. At first,
a PL measurement on the unbiased transistor was carried
out as a reference for the subsequent studies at various
Vi, i.e., various charge densities of the accumulated layer
at the DIP/FOPA interface. To evaluate the PL emission at

different regimes of TFT operation, the relative quenching
Q, defined by the difference between PL at Vi = 0 (PL"?)
and PL at Vi # 0 (PL2) normalized to the former, has been
employed:

PL?
pPL"C’

Thus the relative quenching can be determined as a function of
the gate voltage and consequently of the accumulated charge
density using the areal capacitance ¢; = 0.44 uF/cm?, which
has been derived by the film thicknesses of the SAM (2.2 nm)
and the AlO, layer (10.8 nm) and assuming esam = 2.5 and
ealo, = 9.4 for the dielectric constants, respectively.

By determining the relative quenching the measurements
become independent of the absolute PL intensity, which
could differ for each sample, due to variation in the DIP
film thickness. In addition, bimolecular processes as well as
quenching at crystallographic defects such as grain boundaries
or impurities are not accounted for by the relative measurement
since they are equally present regardless of the applied gate
voltage.

The 600 pum diameter laser spot was focused on the
transistor channel (L = 100-200 pum, W = 1.5 mm). Illu-
minated parts outside the accumulation zone contributed a
voltage-independent background intensity of about 30% to
the total PL signal at Vi = 0. We therefore consider the data
deduced by PL quenching as a lower estimate. Prior to PL
detection the equilibrium of charge distribution inside the DIP
semiconducting channel was assured by sufficiently long delay
and integration times during ramping of the applied voltage.

To evaluate parasitic charge generation by photorelease
from the FOPA/AIO, gate dielectric we compared the gate
currents of transfer curves measured in the dark and under
illumination, indicating no noticeable photogenerated charge
contribution to the gate current. Furthermore, to identify
effects by the concentration gradient and the diffusion of
excitons in the organic transport layer, the PL quenching was
investigated on OTFTs with different DIP layer thicknesses
between 25 and 75 nm. No distinct influence of the exciton

Q=1- (1)
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diffusion could be observed, indicating this thickness regime
to be smaller than the exciton diffusion length reported for
DIP.!?

The drain current increases upon illumination by 10% with
respect to the current of 2 1A created by the field accumulated
charges in the saturation regime. Furthermore, turn-on and
threshold voltages, determined from the saturation regime,
are shifted towards more positive values, as can be seen in
Fig. 1(b). To appraise the influence of field induced exciton
dissociation in the DIP channel, it has to be considered that any
out-of-plane component of the electric field is compensated by
the charge accumulation layer. Furthermore, the in-plane field
between the source and drain of Fayx = 2 x 102 V/cm is by
far too small to compete with the critical field for exciton
dissociation of F. = 5 x 10° V/cm, which has been derived
using

Ly @

er

with a DIP exciton binding energy of Eg = 0.5 eV (Ref. 17)
and a dipole extension of r = 1 nm; e is the elementary charge.
Therefore, field-assisted exciton dissociation can be discarded.
Instead, we attribute the observed shifts to an increased hole
injection into the organic semiconductor upon illumination,
leading to an effective decrease in the trap density, as discussed
by Orgiu et al.'8

The PL intensity and its variation with gate voltage are
displayed in the inset of Fig. 2 for a 60 nm thick DIP transistor
channel. Accordingly, the relative quenching can be extracted
at different drain voltages as a function of the applied gate
voltage, as shown in Fig. 2. An almost linear increase of
the relative quenching with gate voltage is apparent for small
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FIG. 2. (Color online) Relative photoluminescence quenching Q
of a 60 nm thick DIP transistor as a function of gate voltage V for
three different drain voltages V. The dependence of Q on V,i.e., on
the density of charges within the OTFT channel and its monotonous
rise with increasing gate voltage, hints at the exciton interaction at the
hole accumulation layer. The dashed line presents a guide to the eye
to the data. The inset illustrates the effect of V; variation on the PL
intensity of the DIP S(1;0) transition. The decrease in peak intensity
corresponds to an overall quenching of about 4.5%.
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FIG. 3. (Color online) Threshold voltage Vi, and transition
voltage Vg o, under illumination as functions of the applied drain
voltage. The slope of both quantities (dashed lines) is similar and
indicates the same origin, namely, the density of occupied traps.

values of | V|, followed by saturation for |Vg| > 1.6V. In the
following, we will denote the corresponding transition voltage
as Vi, o, In the saturation regime, the maximum quenching
reaches up to Qs & 4.5% and, therefore, provides an upper
limit for nonradiative exciton-hole interaction with respect to
the applied gate voltage.

As the PL quenching increases linearly with gate voltage
even above the threshold voltage, we can settle on the nature of
charge carriers interacting with the photogenerated excitons.
Up to the threshold voltage Vi, the injected charges, in
this case holes, become localized, i.e., their transport is
significantly affected by trap states near the band edge. Due to
the continuous filling of trap states upon lowering the Fermi
level, traps behave energetically more shallow and therefore
trapping becomes less efficient.!” As the threshold voltage
marks the transition region where most of the traps are filled
and the injected holes behave as free charge carriers, we can
relate the observed PL quenching mainly to localized, i.e.,
trapped, holes. To corroborate this model we compare the
gate voltage required for quenching saturation Vg o with
the threshold voltage Vi, under illumination at various drain
voltages (Fig. 3 ). Both voltages increase linearly by a slope
of 0.2, yet Vg ¢, is shifted towards more negative values by
an offset of 0.8 V. Therefore, quenching is not only mediated
by holes localized at deep traps for the entire gate voltage
range but also by shallow trapped holes within a voltage
regime of 0.8 V below V. As soon as Vg o, is reached,
additionally injected holes will be trapped on time scales
being too short to contribute to the quenching. Hence, the
increasing free charge carrier density does not significantly
affect the quenching efficiency. Moreover, the similar slope
of Vi, and Vi ¢, as a function of drain voltage indicates
the same origin for both transitions, namely, the increasing
density of accumulated charges accompanied by a continuous
filling of trap states. Our observation coincides qualitatively
with previous fluorescence quenching studies on anthracene
single crystals,? suggesting that an exciton interaction with
trapped holes constitutes the major nonradiative loss channel,
whereas PL decay remains constant upon an increase of the
free charge carrier density. In contrast to this study, as well
as to microwave conductivity measurements on disordered
polymeric samples,?! we are able to spatially control the
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FIG. 4. (Color online) (a) Illustration of the relevant excitonic processes within the OTFT configuration. After photogeneration (1), exciton
diffusion is steered by the concentration gradient towards the hole accumulation layer (2). Upon diffusion, either radiative recombination (3)
or nonradiative processes (4), induced at the charge accumulation layer and yielding PL quenching, can occur. (b) Possible recombination
scenarios leading to either PL emission (red arrows) or quenching (black arrows).

charge carrier density and to draw a direct correlation with the
occurring fluorescence losses. Moreover, utilizing the OTFT
accumulation zone for exciton-hole recombination allows us
to distinguish precisely between effects caused by trapped and
free charge carriers within a charge carrier concentration range
of up to 10%° cm 3.

To summarize the microscopic decay channels in more
detail, Fig. 4(a) depicts the relevant exciton-related processes:
First, an exciton is photogenerated upon light absorption
within the DIP layer (step 1). Under steady-state conditions
an exponential distribution of the exciton density will be
established inside the organic layer. Second, within the
concentration gradient, the exciton will diffuse to the charge
accumulation layer (step 2) or radiatively recombine within
its lifetime (step 3). However, if the exciton is able to reach
the accumulation layer at the DIP/FOPA interface, it may
recombine radiatively as well as nonradiatively (step 4).
Possible recombination processes contributing to step 4 are
listed in detail in Fig. 4(b). As we do not observe additional PL
quenching contributions above Vg ¢, 1.€., when the density
of free charge carriers is enhanced further, all quenching
mechanisms based on the interaction between excitons and
free holes can be disregarded [right branch of Fig. 4(b)].
Therefore, trapped holes can be identified as the primary source
for nonradiative quenching of the photogenerated excitons [left
branch in Fig. 4(b)].

Estimating a maximum concentration of 107> excitons
per charge carrier for the applied laser intensity and with
respect to the geometrical dimensions of the OTFT channel,
we determined a lower limit for the effective exciton-hole
recombination rate of

L A0 A0
A”ltrap7:ex AVgc; 7:ex’

3

with AQ/AVg describing the change in relative quenching
upon variation of the gate voltage, while 7. is the exciton

lifetime. To account for the conditions in our OTFT quenching
experiments we have determined the exciton lifetime at room
temperature by transient absorption measurements, yielding
Tex = 1.2 ns. Rationalizing that the excitons spend only a
fraction of their lifetime inside the accumulation zone, we
deduced a lower limit for the exciton-hole recombination rate
of about 1.1 x 107'° cm3/s. Though reliable data on this
quantity are lacking for thin film systems so far, the comparison
with single crystal PL quenching data, e.g., 8 x 10719 cm?/s
for naphthalene,?” renders a sufficiently good agreement with
our data. Therefore, estimation of this property by voltage-
dependent luminescence quenching in thin film transistor
devices provides a method that is applicable for a variety of
luminescent compounds and for technologically relevant film
thicknesses.

In summary, we presented an approach for the investi-
gation of the exciton-charge carrier interaction in organic
semiconductors. By utilizing TFT structures to create a well-
defined charge carrier accumulation zone at the semiconduc-
tor/insulator interface, we measured the photoluminescence
quenching as a function of the accumulated charge carrier
density. In the course of these studies, two different quenching
regimes could be identified where, from the linear regime,
the quenching could be assigned to localized holes in the
accumulation zone. From a maximum quenching efficiency of
4.5% we deduced a lower limit of the effective recombination
rate for the exciton—localized hole interaction of about 1.1 x
107'% cm? /s, which matches that reported for single crystals
of low-weight molecules.
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