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We present two organic dimetal complexes Cr2(hpp)4 and W2(hpp)4 as n-dopants investigated in the

model system of fullerene C60 for the application in organic electronic devices. Conductivity and

Seebeck measurements on doped layers are carried out in vacuum at different doping concentrations

and various substrate temperatures to compare the two dopants. Very high conductivities of up to

4 S/cm are achieved for both organic dopants. The thermal activation energy of the conductivity as

well as the measured Seebeck coefficient are found to decrease with increasing doping concentration,

indicating a shift of the Fermi level towards the electron transport level of the n-doped C60. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3689778]

Organic optoelectronic devices based on small molecules

are advancing towards commercial maturity, and new materi-

als and concepts have resulted in high efficiencies of small

molecule-based organic light-emitting diodes (OLED)1 and

solar cells.2

Many of the high performance devices employ the pin-

concept.3 Here, n and p doped organic layers serve as highly

conductive charge transport layers that open the pathway to

quasi-ohmic contacts between the photoactive layers and the

electrodes. This is made possible as doping allows for the

controlling of the energetic position of the Fermi level, and

therefore, the charge carrier injection barriers can be mini-

mized in the co-deposited layers. In this publication, we

focus on n-type doping, which can be achieved either by

incorporating metal atoms (e.g., alkali metals of groups 1

and 2 like Cs (Refs. 4 and 5)) or by organic molecules

(Refs. 6 and 7) which act as electron donors. The latter is

preferred since the small metal atoms can lead to decreased

device efficiency and lifetimes due to metal diffusion.3 Mo-

lecular doping is performed by simultaneous co-evaporation

of an organic matrix and a few molar percentage of organic

dopant. The study of doping in organic semiconductors is

still in an early stage, and there are still many open questions

regarding the exact mechanism of doping.

In this letter, we present our work on n-doped fullerene

C60 layers, comparing two n-dopants Cr2(hpp)4 and

W2(hpp)4. For this, in-situ conductivity and Seebeck meas-

urements in vacuum are performed, and the influence of the

doping ratio and of a temperature variation on these proper-

ties is compared. As expected, with increasing doping con-

centration, we can find an increasing conductivity for both

dopants, which saturates at around 4 S/cm (T¼ 25 �C), which

is well above the highest values reported for C60 doped by

organic compounds.8–10

With the Seebeck studies, we can directly measure the

position of the Fermi level with respect to the transport level

of the differently doped layers. We find a decreasing See-

beck coefficient, indicating a shift of the Fermi level towards

the electron transport state, for increasing doping concentra-

tions. A similar decrease is found for the thermal activation

energy of the conductivity.

As host material, we use sublimated C60 (purchased

from CreaPhys GmbH, Germany; used as received). The

dopants (purchased from Novaled AG, Germany) are dimetal

complexes of chromium or tungsten with the anion of

1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine (hpp),

forming Cr2(hpp)4 and W2(hpp)4. These compounds were

first published by Cotton et al.,11,12 and their use in OLEDs

has been described by Novaled.13,14 They exhibit very low

ionization potentials, W2(hpp)4 being even shallower than

Cs (IP¼ 3.9 eV), the least electronegative stable element. As

these compounds easily oxidize in air, they have to be

handled in inert gas atmosphere or vacuum. The molar

weight of the materials C60, Cr2(hpp)4, and W2(hpp)4,

needed for the calculation of the molar ratios (MRs) in the

doped layers, are 720.6, 656.8, and 920.4 g/mol, respectively.

Their molecular structures are shown in Fig. 1.

The experimental setup is described in detail elsewhere.6

A high vacuum chamber (base pressure 10�4�10�5 Pa) is

used to prepare and measure the samples in-situ. Matrix and

dopant are co-evaporated onto a glass substrate, which has

been pre-structured with two parallel Au contacts with 5 mm

inter-finger distance and a thickness of 40 nm.

The 30 nm thick doped layers are deposited onto the

substrate at a rate of 0.15 Å/s with a substrate temperature of

Tsub¼ 25 �C. The evaporation rates of matrix and dopant,

and thus the doping concentration, are monitored independ-

ently using two quartz crystal monitors.

FIG. 1. Molecular structures of the materials used.a)Electronic mail: leo@iapp.de.
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The current between the two Au fingers is found to vary

linearly and symmetrically with the voltage in the range of

�10 V to þ10 V for all samples. Due to the low field, contact

resistance is expected to be negligible compared to bulk re-

sistance in a planar sample with 5 mm inter-electrode width.

Furthermore, the doping ensures a quasi-ohmic contact

between organic material and metal electrode.15 Therefore,

the current is not injection limited in the investigated regime.

In-situ measurements of conductivity and thermovoltage

(Seebeck coefficient) are performed using a Keithley 236

source measure unit. Heating is applied from the back of the

substrate by two independently heated copper blocks. The

temperature of the sample Tm is controlled by a two-channel

Eurotherm 3504 PID controller and two PT1000 resistance

based temperature sensors that are glued onto the substrate at

thermally equivalent positions to the contacts, insulated from

the organic layer. This allows for substrate temperatures in

the range of 20–110 �C.

After preparation, the samples are slowly heated up and

annealed for 20 min at 100 �C as the annealing can increase

the conductivity of n-doped layers by a factor of 3–5 and fur-

ther allows for stable measurement conditions after reaching

saturation, as proposed by Nollau et al.6 We find both dop-

ants to be stable even at Tm ¼ 100 �C, and no degradation of

the conductivity was observed. For lowly doped samples, we

observe that the conductivity increases due to the annealing,

while for highly doped samples, a decrease is found. The

increase might be attributed to a removal of oxygen uninten-

tionally built into the film during deposition, while the

decrease might be explained by diffusion and clustering of

dopant molecules.

The conductivity at a temperature Tm is determined by

applying a voltage of Vb¼ 1 V and averaging the measured

current for 2 min in order to compensate for statistical noise.

For the Seebeck measurement at any temperature Tm, a dif-

ference of DT¼ 5 K is applied, as the two contacts are heated

to temperatures Tm þ 2:5 K and Tm � 2:5 K, respectively.

The measured thermovoltage Vs is averaged for several

minutes, followed by a measurement at swapped tempera-

tures to exclude systematic errors. The resulting Seebeck

coefficient (S¼Vs=DT) is the average of the two measure-

ments. Before and after each Seebeck measurement, the con-

ductivity rðTmÞ is determined and the two values are as well

averaged.

Using ultraviolet photoelectron spectroscopy (UPS), the

IPs for Cr2(hpp)4 and W2(hpp)4 are determined to be 3.95 6

0.13 eV and 2.68 6 0.13 eV, respectively, both smaller than

the electron affinity (EA) of C60 (4.0 6 0.3 eV (Ref. 16)).

Hence, efficient charge transfer and, therefore, good doping

are expected, especially for W2(hpp)4, because its IP is even

shallower than the very efficient molecular dopant decame-

thylcobaltocene (DMC) (IP¼ 3.3 eV (Ref. 17)).

We study a variation of different doping concentrations

ranging from MR of 0.002–0.4 and Tm ¼ 25–70 �C. Figure 2

shows the conductivity r of the n-doped C60 layers

versus doping concentration in a double-logarithmic plot for

Tm ¼ 25 �C and 40 �C (which is a typical operation tempera-

ture for organic semiconductor devices). For both dopants, a

strong increase of the conductivity from around 0.1 to 4 S/cm

with increasing doping is observed. In comparison, undoped

C60 has a conductivity in the order of 10�8 S/cm.9 Up to dop-

ing concentrations of MR ¼ 0.08 (dashed line in Fig. 2), a

linear relation between doping and conductivity is found, as

the lines representing a slope of 1.0 show. In this doping re-

gime, each additional dopant molecule contributes identi-

cally to the increase of conductivity. This is not always the

case as earlier studies on organic dopants showed.18,19 At

doping concentrations above MR¼ 0.08, both materials

show a saturation of the conductivity. A possible explanation

could be a drop in the electron mobility due to a disturbance

of the morphology when more than 8 dopants molecules per

100 molecules of C60 are introduced into the layer.20,21

In contrast to what would be expected from the UPS

measured IP values, using Cr2(hpp)4 (IP¼ 3.95 6 0.13 eV)

leads to a more efficient doping of C60 (EA¼ 4.0 6 0.3 eV)

compared to W2(hpp)4 (IP¼ 2.68 6 0.13 eV). Assuming that

there is no renormalization of molecular levels on formation

of an ion, this observation might be explained by morpholog-

ical effects, or by W2(hpp)4 reacting stronger with oxygen

contamination being present in the vacuum chamber at a

base pressure of 10�4�10�5 Pa. Further studies are required

to resolve this observation.

In the investigated range of Tm ¼ 25–70 �C, the conduc-

tivity r is found to be thermally activated, as shown earlier

for doped organic layers,22,23 and the data can be fitted with

a thermally activated transport relation

rðTÞ / exp �EAct;r

kBT

� �
; (1)

where kB is Boltzmann’s constant and EAct;r is the activation

energy of the conductivity. The derived activation energies

EAct;r shown in Fig. 3 range from 50 to 160 eV and show a

strong dependence on the doping concentration. Up to dop-

ing concentrations of MR¼ 0.08, a decrease of EAct;r with

increasing doping concentration is found, as expected from

earlier experiments.9,23 The observed EAct;r for both dopants

match within experimental scattering and are well below the

previously reported value for undoped C60 of around

650 meV.9 Highly doped samples of doping concentrations

above MR¼ 0.08 show a different behavior of increasing

EAct;r with doping. This is in agreement with the conductiv-

ity data shown in Fig. 2. The decrease of EAct;r with

FIG. 2. (Color online) Conductivity r of 30 nm n-doped C60 layers versus

doping concentration. Up to doping concentrations of MR¼ 0.08 (dashed

line), a linear relation between doping and conductivity is found. The solid

lines representing a slope of 1.0 as a guide for the eye.
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increasing MR is attributed to a shift of the Fermi level

towards the transport level of C60. This leads to a reduction

of the temperature dependence of the charge carrier density

n(T), contributing to the conductivity as

rðTÞ ¼ e � nðTÞ � lðTÞ; (2)

with the elementary charge e and mobility lðTÞ, which also

contributes to the temperature dependency of r and, hence,

EAct;r. The increase of EAct;r at high doping concentrations

might be attributed to the mobility, which is probably due to

disturbance in the morphology of the host material by the

large percentage of dopant molecules.

The Seebeck measurements (Fig. 4) at Tm ¼ 40 �C show

that the thermo-voltage and, hence, the Seebeck coefficient S
are negative in sign. Therefore, for all samples, electrons are

the dominating charge carriers, and hole conduction along

the dopant molecules is not observed. For both dopants, a

decrease of jSj with increasing doping concentration is

found. Assuming a Gaussian density of states, the energetic

difference ES of the Fermi level EF to the transport level ETr

can be derived from Seebeck measurements24,25 via

ES :¼ ETr � EF ¼ e � T � jSj: (3)

This quantity is shown as the right hand y-axis in Fig. 4 for

Tm ¼ 40 �C. For both dopants, a decrease of ES with increas-

ing doping concentration is observed, indicating a shift of

the Fermi level towards the transport level. Using Maxwell-

Boltzmann approximation, it has been shown6 that the

charge carrier density n(T) is thermally activated by ES. In

the case of our highly doped samples, ES is in the order of

kT, and therefore, the approximation is not valid, but still a

decrease of ES can be correlated to a decrease of the thermal

activation of n(T). We note from Fig. 4 that the Seebeck

coefficient trends towards saturation at large doping concen-

trations. This is expected since the system is degenerately

doped at large doping densities, and the Fermi level gets

pinned near the transport level edge. Considering the con-

tinuing decrease in the Seebeck coefficient even after the

0.08 doping mark, we can verify that the final increase of

EAct;r and decrease of conductivity at high doping concentra-

tions must be due to changes in the mobility of the layer.

We show that both Cr2(hpp)4 and W2(hpp)4 are excep-

tionally well suited for n-doping of C60, with extremely high

conductivities up to 4 S/cm at 40 �C. A linear correlation

between doping concentration (up to MR¼ 0.08) and con-

ductivity is found for both dopants. For low doping concen-

trations, the Cr2(hpp)4 leads to better conductivities than the

W2(hpp)4. Furthermore, with increasing doping concentra-

tion, the activation energy EAct;r drops from 150 meV to

50 meV and the Seebeck measurements show the same trend

for the energetic difference between the Fermi-level and the

transport level. For very high doping rates, an increase in the

activation energy is observed, while this is not present in the

Seebeck data. This can be attributed to a change in film mor-

phology, which affects the mobility negatively.
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