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We examine polaron-induced absorption in organic transport materials using a highly sensitive

measurement technique. A hole only device is embedded into a low-loss TE2 waveguide structure, and

the current induced change of the waveguide absorption is measured. The exemplary study of

2; 20; 7; 70-tetrakisðN;N-diphenylamineÞ-9; 90-spiro-bifluorene (S-TAD) reveals a very low polaron ab-

sorption cross section of �p � 2:6� 10�18 cm2 for 560 nm � � � 660 nm. The accuracy of this data is

unsurpassed by other techniques used for the unambiguous study of polaronic species in organic thin

films.
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Polaron related absorption in organic materials is of
interest not only from a fundamental point of view but
has also significant implications for various device appli-
cations. Especially, for electrically operated organic laser
structures, precise information about charge induced ab-
sorption is essential [1,2]. There have been some reports
dealing with the spectroscopy of charged states in both
polymers and small molecules. A plethora of these study
polaron absorption via photoinduced absorption tech-
niques, where the generation of polaronic species relies
on the dissociation of generated excitons [3,4]. The mecha-
nism of charge generation in these experiments only allows
for a rough estimate of the actual carrier density. A unique
assignment of the origin for the observed change in ab-
sorption to a particular carrier species is not always
straightforward. An alternative approach is based on elec-
trochemical experiments, where both solutions and solid
films have been studied in redox cycles in an electrolyte.
However, these studies suffer from irreversibilities and
hysteresis [5]. In the case where chemical doping is used
to create charged molecules, the absorption due to the
counterion is superimposed. Furthermore, Walzer et al.
report on incomplete charge transfers, making a determi-
nation of the exact density of generated charge carriers
difficult [6].

An unambiguous way to spectroscopically determine
the charge induced absorption in organic thin films is the
direct, controlled injection and extraction of charges (holes
or electrons) through contacting electrodes [7]. Owing to
the poor charge-transport capabilities in most organic
amorphous films, the maximum film thickness to reach
reasonable current densities in unipolar transport devices
is limited. Therefore, the most straight forward spectro-
scopical study of the resulting polaron absorption in trans-
mission geometry lacks accuracy due to limited signal/
noise ratio [7].

In this Letter, we will present a highly sensitive tech-
nique to quantitatively determine the polaron-induced ab-

sorption. In unipolar devices, we exemplarily study the
hole-transport material S-TAD. Based on low-loss wave-
guide structures with charge injection contacts [8,9], we
are very sensitive to any current or carrier-related change in
absorption. Owing to a length for the interaction of the
optical modewith the polaronic species in the organic layer
of the order of mm’s rather than hundreds of nm’s as in
conventional transmission geometry, the sensitivity for the
detection of carrier induced absorption is increased by 2–3
orders of magnitude compared to those reported previ-
ously, e.g., by Redecker et al. [7].
By comparing the spectral signature to that obtained in

reference experiments on chemically doped S-TAD films,
we unambiguously identify S-TAD cations as the origin for
the current induced absorption. In the absorption maxi-
mum at ��500 nm, a cross section of �p¼3:8�
10�17 cm2 is found. Importantly, in the spectral region be-
tween 560 nm���660 nm, the cross section for polaron-
induced absorption is below �p ¼ 2:6� 10�18 cm2.

All organic films have been thermally evaporated at a
pressure of about 1� 10�8 mbar.Al2O3 buffer layers were
deposited by atomic layer deposition at 250 �C. Indium Tin
Oxide (ITO) electrodes have been deposited by rf magne-
tron sputtering at room temperature. The core of the ex-
perimental setup is the use of a low-loss waveguide
structure based on the propagation of the TE2 mode [8].
Waveguide absorption is minimized for the TE2 mode by
positioning the lossy ITO electrodes in the nodes of the
mode [Fig. 1(a)]. As optical buffer on top of the structure, a
layer of Tris-(8-hydroxy-quinoline)aluminum (Alq3) was
used. To tune the wavelength range of the measurement,
three samples were prepared, where the thickness of the
Alq3 buffer was varied (A: 240 nm, B: 280 nm, C: 320 nm).
Furthermore, this layer serves as the light source for the
waveguide characterization [8]. Therefore, the overall
spectral limit is given by the photoluminescence of Alq3
and its increasing absorption below 500 nm. The electrical
part of the structure consists of a 15 nm thick ITO electrode
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(substrate side) with an injection layer of 10 nm
TCTA:WO3 (5 vol%) to enhance Ohmic hole injection
into the 270 nm thick S-TAD layer [10]. The upper ITO
electrode (40 nm) was sputtered directly on the S-TAD
layer. Rectangular voltage pulses (pulse width: 2 �s, rep.
rate: 2 kHz) were synchronized with the optical pulses. The
J-V characteristic shows a rectifying behavior with the
charge injection via the bottom electrode being a factor
of�102 larger than that via the top electrode under reverse
bias (see inset of Fig. 2).

The mode simulation is based on a transfer matrix
algorithm [11] taking the dispersion of the refractive in-
dices into account. TM modes are excluded from the
measurement using a polarization filter. The waveguide
absorption has been determined by the variable stripe
length (VSL) method as described previously [8]. For the
electro-optic experiments, only a small segment (100�
200 �m2) a distance L away from the sample edge was
excited optically and the edge emission was detected [see
Fig. 1(b)]. The waveguide length L was between 1.7 and
2.8 mm. The width of the waveguide was 100 �m. The
reference signal was taken under the same optical condi-
tions without charge injection. As we are studying a hole
only structure, radical cations are the prevalent species.
During the measurements, the samples were mounted in a
Nitrogen purged sample chamber to avoid degradation.
The chemically doped solution was prepared by adding
5� 0:5 mol% of F4-TCNQ to S-TAD dissolved in
CH2Cl2. The absorption measurements were performed

in transmission geometry. The doped films were prepared
by co-evaporation of S-TAD and F4-TCNQ (5� 2 mol%).
Losses were measured in waveguide geometry as described
previously [12].
A characteristic feature of the TE2 approach is the

limited spectral region where the optical losses of the
TE2 mode are extremely low. Nevertheless, for our
samples, spectral windows on the order of 80 nm were
obtained. Furthermore, by sequentially increasing the
upper buffer layer thickness, the structure is easily tunable
to longer wavelengths. Figure 1(c) shows the spectrally
resolved waveguide losses obtained by VSL measurements
for samples A, B, and C. In addition, the simulated losses
are superimposed. There is a favorable agreement between
measurement and simulation. The difference in the wave-
guide losses of the TE2 compared to the other modes is
typically more than 1 order of magnitude. The three
samples cover the spectral range between 500 and
660 nm with absorption minima of 14.0, 6.0, and
10:1 cm�1 for sample A, B, and C, respectively. Note
that the entire stack was optimized for minimum losses
of sample B.
The spatial overlap of the TE2 mode with the S-TAD

layer is �ð�Þ � 15% and remains virtually constant in the
spectral region of the experiment. For the determination of
the polaron absorption, the edge emission spectra with and
without hole current are compared. The absorption of the
charge carriers �pð�Þ can be calculated from the change of

the spectra upon application of a current pulse as follows:

�pð�Þ ¼ ��wð�Þ
�ð�Þ ¼ 1

�ð�ÞL ln
Ioffð�Þ
Ionð�Þ : (1)

Ioffð�Þ and Ionð�Þ are the edge emission spectra with and
without hole current, L is the length of the waveguide, �ð�Þ
is the confinement factor of the mode in the S-TAD layer.
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FIG. 1 (color online). (a) Cross section through the devices,
TE2 mode profile, and layer thicknesses (Table); (b) Principle of
the excitation and detection geometry for the electro-optic ex-
periment; (c) Fundamental waveguide losses of samples A–C:
VSL results and calculation, as well as the numerical simulation
of the losses for the TE0-, TE1-, and TE3-modes of sample B.
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FIG. 2 (color online). Sample B: Current induced absorption
spectra up to 9:2 A=cm2, the window region is the selected
spectral region (see text). Inset: Current density voltage charac-
teristics in forward and reverse direction for the unipolar device
structure. The dashed line indicates the calculated space charge
limited current (SCLC) density. The field-dependent mobility
has been taken from Ref. [16].
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The changes of the waveguide absorption ��wð�Þ in
sample B are shown in Fig. 2. It is important to note that we
do not see any absorption when the polarity of the electri-
cal pulse is reversed (open circles). Thus, we can exclude
that the signal we see is field-related rather than carrier-
related. The spectra were taken for various hole current
densities up to J ¼ 9:2 A=cm2. In the shaded region for
� > 600 nm, the signal/noise ratio decreases due to the
decreasing edge intensity. Therefore, we use the results of
sample C for � > 600 nm. For � < 520 nm, contributions
from higher cutoff modes (e.g., TE4) affect the measure-
ments. Hence, in this spectral region, the results of sample
B must be excluded from the interpretation of the polaron
absorption, and the results of the adjoining sample A are
used.

Figure 3(a) shows the combined polaron absorption
resulting from samples A, B, and C at 9:2 A=cm2. An
absorption maximum is observed at � � 500 nm with a
material absorption due to radical cations of 2:9 cm�1. For
� > 560 nm, the polaron absorption drops to the noise
level. The detection limit for these absorption measure-
ments is determined by the maximum length of the wave-
guide and the temporal fluctuations of the measurement
components. In our experiments, an edge intensity varia-
tion of � 1% due to polaron absorption could be well
resolved. This leads to a minimum detectable change in
waveguide absorption of ��w � 0:03 cm�1. This value
corresponds well to the observed noise level of sample B
and C. Hence, any absorption losses due to polarons in
S-TAD between 560 and 660 nm must be lower than
0:2 cm�1 for current densities up to 9:2 A=cm2.

In order to verify the spectral position of the measured
polaron absorption, we studied the absorption spectra of
chemically doped S-TAD. In Fig. 3(a), we clearly see that
the spectra obtained for doped films and solutions are
similar to the spectrum measured by direct charge injec-
tion. Note, the absorption seen for � > 560 nm in the
F4-TCNQ doped case is attributed to the absorption due

to the F4-TCNQ anion [13] which is absent in the current
induced absorption spectra.
To relate the absorption to the density of injected charge

carriers, a space charge limited current (SCLC) is consid-
ered [14]. The assumption of SCLC is supported by the
favorable agreement between the measured and the calcu-
lated current density (see inset of Fig. 2). The current-
voltage characteristics and the spatial distribution of the
charge carrier density inside the S-TAD layer were calcu-
lated using the field-dependent mobility based on the dis-
ordered formalism suggested by Bässler, which has been
verified for a variety of amorphous molecular glasses
[15,16]. In the case of SCLC, there is a charge accumu-
lation close to the injecting electrode [see Fig. 3(b)].
Concerning the TE2 concept, the mode intensity has a
very small spatial overlap with this region. The simulated
carrier distribution pðxÞ was weighted with the simulated
TE2 mode intensity and the integral average was calculated
to derive the effective polaron density, which causes the
waveguide absorption. For example, at a current density of
10 A=cm2, the effective polaron density is 7:6�
1016 cm�3. Figure 4 shows the polaron absorption of sam-
ple A at 500 nm versus the charge carrier density. Both
characteristics show an excellent agreement in their func-
tional behavior. As a result, the measured polaron absorp-
tion increases linearly with the average carrier density in
the device. Thus, we are able to determine a cross section
of �p ¼ 3:8� 10�17 cm2 at 500 nm.

There is a reasonable agreement of our data and the
cross section of 1� 10�16 cm2 (at �480 nm) determined
for radical cations of N;N;N0; N0-Tetraphenylbenzidine
(TAD) molecules by Low and co-workers [17]. The spiro
linkage of two identical molecules has been shown to
retain their individual properties [18]. Thus, comparable
polaron sprectra for TAD and S-TAD are expected.
Unfortunately, there is no discussion of a spectral window
where the polaron absorption in TAD would be small
and thus favorable for, e.g., laser applications. In Tris-
(dimethylamino-stilbene)-amine, Redecker et al. found a
cross section for the absorption due to cations of

(a) (b)

FIG. 3 (color online). (a) Radical cation absorption spectra ob-
tained by direct current injection (open squares) compared to
data obtained from absorption measurements on chemically
doped S-TAD in solution and thin film; (b) Hole density (solid
line), weighted hole density (dashed line) and the resulting aver-
age hole density (dotted line) for a current density of 10 A=cm2.
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FIG. 4 (color online). Sample A: Polaron absorption and
charge carrier density versus current density at �¼500 nm. The
inset shows the derived polaron absorption versus hole density.
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8:3� 10�17 cm2 at 600 nm and also a drop towards longer
wavelengths [7]. However, probably due to the limited
dynamics of their measurement, the minimum cross sec-
tion of approx. 3:4� 10�17 cm2 at 775 nm is still large
compared to our data (for � > 560 nm). Kurata et al.
have studied the absorption due to radical cations in
�-sexithiophene [19]. They observed a spectral maximum
at 800 nm with a cross section of 4:6� 10�17 cm2 by field-
effect induced charges. On the other hand, in the same
material and in the same paper, a value of 3:4� 10�16 cm2

is determined in chemically doped solutions. This again
demonstrates the need for an unambiguous determination
of the polaron related absorption.

From an application point of view, the spectral range
where the polaron absorption is below the noise level is
extremely interesting. Here, we can give an estimation for
the upper boundary of the cross section of �p ¼ 2:6�
10�18 cm2 for � > 560 nm. Numerous authors have iden-
tified polaron-induced absorption as a premier obstacle on
the way to an electrically driven organic laser [1,2,20]. Our
finding now literally opens up a window (spectrally) where
charges may be present without creating serious losses.
With a cross section for polaron absorption orders of
magnitude lower than cross sections for stimulated emis-
sion, electrically operated organic lasers might ultimately
become feasible [20]. The minimum absorption was found
in the wavelength range between the two absorption fea-
tures, which are characteristic for cationic polarons [21]. In
TAD-like structures, the reported absorption peaks are
located at 484 and 1384 nm [17,22]. These features are
due to electronic transitions involving the formed singly
occupied highest molecular orbital (SOMO), which
emerges upon charging. The large separation of the peaks
is a consequence of the small energy shift of the states,
determined by polarization and reorganization effects dur-
ing ionization. Small reorganization energies have been
reported for tri-phenylamines, and are responsible for the
high mobility in these compounds [23]. Hence, the large
spectral peak separation leads to a spectrally broad absorp-
tion minimum of the charged tri-phenylamine molecules.
Quantum chemical calculations of a charged TAD mole-
cule show that the SOMO orbital is delocalized over the
entire molecule, whereas the LUMO is localized on the
biphenyl moiety [24]. This spatial separation may be an
indication for a low transition probability and a relatively
small oscillator strength.

To estimate the impact of the polaron absorption
for organic lasers, high injection levels must be con-
sidered. At a current density of 1000 A=cm2, the effec-
tive charge carrier density is about 2:9� 1017 cm�3.
Hence, at 500 nm, the material absorption induced by
polarons would be 11:0 cm�1. However, most impor-
tantly, within the spectral range from 560 to 660 nm,
the polaron absorption is lower than 0:76 cm�1, which
results in additional waveguide losses well below typi-
cally intrinsic waveguide losses on the order of 1 cm�1.

Our exemplary study of the representative S-TAD
is expected to provide some general picture for the
polaron related absorption in other members of this
class like N;N0-diphenyl-N;N0-Bisð3-methylphenylÞ-
ð1; 10-biphenylÞ-4; 40-diamine (TPD), N;N;N0;
N0-Tetrakisð4-methylphenylÞbenzidine (TTB) and 4,4’,
4’’-tris(diphenylamino)-triphenylamine (TDATA), etc.
In summary, we have investigated the polaron-induced

absorption of organic transport layers. In an exemplary
study at the hole-transport material S-TAD, we measured
a maximum polaron absorption cross section of �p ¼
3:8� 10�17 cm2 at � � 500 nm. For 560 nm � � �
660 nm, the absorption was below the detection limit of
�p ¼ 0:2 cm�1 resulting in an upper limit of the cross

section of �p ¼ 2:6� 10�18 cm2. Because of the low

polaron absorption cross section, the results of this study
have particular relevance for the design of organic injec-
tion lasers. Furthermore, the exact knowledge of the charge
carrier absorption is an important information to include
polaron related quenching effects in the modeling of or-
ganic light emitting diodes.
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