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In this paper, we report on the electrical properties of hole doped N , N⬘-diphenyl-N , N⬘bis共3-methylphenyl兲-共1 , 1⬘-biphenyl兲-4 , 4⬘-diamine and tris共8-hydroxyquinoline兲 aluminum.
Tetrafluorotetracyanoquinodimethane is used as the dopant. From the frequency dependence of the
capacitance measurements, we show that deep levels dominate the capacitance. From the frequency
and bias dependence, we estimate the density of deep levels above the Fermi level to be about
1017 cm−3. These states presumably arise due to polarization and Coulomb energy fluctuations.
© 2008 American Institute of Physics. 关DOI: 10.1063/1.2919058兴
I. INTRODUCTION

Organic semiconductors find a wide range of applications spanning from light emitting diodes to solar cells.1–5 To
maximize device performance, it is crucial to be able to dope
these materials. For instance, doping reduces contact resistance and, thereby, enhances device efficiency.6–8 One way
of doping that has recently emerged is the use of an organic
dopant wherein the lowest unoccupied molecular orbital
共LUMO兲 关highest occupied molecular orbital 共HOMO兲兴 of
the dopant is energetically in the vicinity of the HOMO
共LUMO兲 of the organic semiconductor, thereby facilitating
charge transfer.6,9,10 In this paper, we report on the electrical
properties
of
hole-doped
N , N⬘-diphenyl-N , N⬘bis共3-methylpheny1兲-共1 , 1⬘-biphenyl兲-4 , 4⬘-diamine 共TPD兲.
TPD has been widely used as the hole transporting layer in
organic light emitting diodes.11 In this work, tetrafluorotetracyanoquinodimethane 共F4-TCNQ兲 is used as the dopant. The
LUMO of F4-TCNQ is energetically in the vicinity of the
HOMO of TPD.10,12 Thus, F4-TCNQ could act as an acceptor, leading to the formation of TPD+ and F4-TCNQ−. The
hole is free to move from one TPD molecule to another by
hopping. The electrons are likely to be localized on the
F4-TCNQ molecules. This is because at these low doping
densities 共⬃3% in this study兲, the F4-TCNQ concentration is
below the percolation limit for the electrons. This, in effect,
leads to 共relatively兲 immobile negative ionized acceptors
共F4-TCNQ−兲. In this paper, we report on capacitance and
electrical transport measurements on doped samples of TPD.
From the dc transport measurements, we show that
F4-TCNQ is a deep acceptor in TPD.
II. EXPERIMENT

Thin films of doped TPD were prepared by coevaporating TPD and F4-TCNQ on patterned indium tin oxide 共ITO兲
substrates for electrical measurements. The individual deposition rates of TPD and F4-TCNQ were monitored by using
three quartz crystal oscillators. The evaporation rates were
kept constant for uniform doping through the thickness of the
a兲
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sample. The base pressure of the system was 5 ⫻ 10−7 Torr.
Both planar and sandwich structures were used. ITO was the
Ohmic contact for the F4-TCNQ doped TPD samples. For
measurements in the planar configuration, we used interdigitated ITO electrodes with 100 m separation. The sandwich
device had a configuration of ITO/ TPD+ F4-TCNQ 共3%兲
共2000 Å兲/semitransparent-Al/LiF. The top LiF was an encapsulation layer. The active area of the device was typically
10−2 cm2. Device transfer from the deposition chamber to
the measurement jig was done via a load-lock assembly in a
nitrogen environment. All measurements were carried out in
vacuum. For photocurrent measurements, the incident light
on the sample was chopped at 11 Hz by using a mechanical
chopper.13 The photocurrent was measured using a lock-in
amplifier. Some electrical measurements were also performed in situ in the deposition chamber immediately after
growth. We first discuss transport in planar configuration and
present evidence for doping of TPD. We then discuss the
capacitance measurements in the sandwich samples followed
by dark and phototransport in the sandwich structures.
III. RESULTS AND DISCUSSION
A. Dark conductivity in planar samples

Figure 1 is a plot of the conductivity as a function of
1000/ T for a planar doped sample. The conductivity at room
temperature is 6 ⫻ 10−8 共⍀ cm兲−1. This is comparable to the
data reported earlier for F4-TCNQ doped TPD samples.14
The conductivity of the doped samples is at least three orders
of magnitude larger than that for the undoped TPD sample.
We hence conclude that F4-TCNQ is an electrically active
dopant in TPD. The temperature dependence of the dc electrical conductivity can be written as

 = 0 exp共− EA/kT兲.

共1兲

We find 0 = 0.15 共⍀ cm兲−1 and EA = 0.38 eV. If we write
EA = EF − EV, where EF is the Fermi level and EV is the
HOMO level of TPD, then EF is at the most 0.38 eV above
the HOMO level of TPD. The position of EF is determined
by charge neutrality and should be located close to the
LUMO level of F4-TCNQ for the doping concentrations used
in our experiments. Photoemission experiments suggest that
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FIG. 1. A plot of conductivity as a function of 1000/ T for a planar doped
TPD sample. The activation energy of the conductivity is 0.38 eV.

the HOMO of TPD and the LUMO of F4-TCNQ are at −5.44
and −5.24 eV, respectively, with respect to the vacuum
level.10,12 We hence expect EF to be located 0.2 eV above the
HOMO level of TPD. Since the energy resolution in the photoemission measurements is 0.15 eV, the measured electrical
activation energy of 0.38 eV is not inconsistent with the photoemission data.10,15 Alternatively, if the mobility is also thermally activated, the activation energy 共EA兲 of conductivity
can be expressed as16,17
EA = 共EF − EV兲 + E M ,

共2兲

where E M is the thermal activation energy of the hole mobility 关 = 0 exp共−E M / kT兲兴. If 共EF − EV兲 = 0.2 eV, as suggested
by photoemission experiments, then the hole mobility is thermally activated with an activation energy of 0.18 eV—hole
transport takes place by a thermally activated hopping process.
Charge transport in organic semiconductors is not very
well understood. Some models invoke hopping transport in a
Gaussian band tail and others assume hopping in an exponential band tail.18,19 The mobility strongly depends on temperature and carrier concentration. The experiments reported
here cannot resolve these questions, which are beyond the
scope of this work.
B. Capacitance measurements

Capacitance measurements can provide information of
gap states in doped systems. Figure 2 shows the zero bias
normalized capacitance 共normalized to the geometrical capacitance C0兲 for a 2000 Å thick doped TPD sample sandwiched between ITO and Al electrodes. We see from Fig. 2
that the value of the capacitance depends on frequency and is
about seven times the geometric capacitance at a low frequency 共less than 5 Hz兲. This is direct evidence for the presence of space charge layers and confirms that the Fermi level
in F4-TCNQ doped TPD has moved toward the HOMO level
of TPD. We now try to understand the zero bias frequency
dependence of capacitance.
When a semiconductor is sandwiched between two
asymmetric electrodes, there is a built-in electric field that

FIG. 2. A plot of the frequency dependence of the normalized capacitance
C / C0 共C0 being the geometric capacitance兲 for a doped TPD sample. For
frequency less than 5 Hz, the capacitance was recorded by measuring the
displacement current. The value of C0 is 14 nF/ cm2.

arises due to the difference in the Fermi levels between the
two electrodes. If the carrier density in the semiconductor is
small, then a uniform field develops across the semiconductor as there are no free charges to screen out the field in the
body of the semiconductor. The capacitance is independent
of the modulating frequency and is given by the geometric
capacitance. This is the case for the undoped TPD samples.
If the semiconductor is doped, the built-in field is screened
by the dopant charge. This gives rise to band bending and a
space charge region. If the dopants are shallow donors 共acceptors兲, the depletion region is well defined. The capacitance in this case arises from modulation of charge at the
edge of the depletion region. The capacitance is independent
of frequency 共limited only by the dielectric relaxation time兲
and is given by C = 0A / D, where  is the dielectric constant, A is the area, and d is the width of the depletion region.
The situation is very different if the dopant levels are
deep or if the deep level concentration is greater than the
shallow dopant concentration.20–23 Doped a-Si: H is a good
example of a system wherein deep levels dominate the low
frequency capacitance behavior.20 The expected frequency
dependence at zero dc bias for such a system is described as
follows. Figure 3共a兲 is a schematic of the band bending of a
doped sample with a continuous distribution of gap states.
Upon applying a small ac bias, the surface potential is modulated by ⫾ds. At zero 共and small reverse兲 bias, the quasiFermi level 共Efp兲 is constant throughout the sample.20,21 As
the surface potential is modulated at an angular frequency ,
the energy levels follow the potential and some of them cross
EF. To contribute to the total modulated charge 共and, hence,
capacitance兲, majority carrier emission from the deep level
共trap兲 needs to take place. The response time for majority
carrier emission from the trap is given by

 = 0 exp共⌬E/kT兲.

共3兲

All states that are characterized by  ⱕ 1 can change their
charge state and will contribute to the capacitance. This is
schematically shown in Fig. 3共a兲, wherein A represents the
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FIG. 4. A plot of the frequency dependence of the capacitance 共C0 is the
geometric capacitance兲 for a F4-TCNQ doped AlQ3 sample.

FIG. 3. The energy level alignment of a doped TPD device near the Al
electrode is shown 共a兲 when the device is at small reverse bias and 共b兲 when
it is at large reverse bias. DR and DDR are acronyms for the depletion
region and deep depletion region, respectively.

location in the depletion region where  = 1. All traps to the
left of A can follow the ac voltage and will contribute to the
capacitance 共Csc兲. The region to the right of A behaves like
an insulator 共Cins兲. The total capacitance consists of two capacitors in series, Cins and Csc.20,22 As  decreases, point A
moves closer to the contact as states deeper in energy can
follow the applied frequency and contribute to the capacitance. The frequency dependence arises due to the presence
of deep levels below EF. This explains the frequency dependence of the capacitance seen in Fig. 2. Below 5 Hz, the
capacitance is dominated by Csc as Cins has become very
large. To get an approximate estimate of the density of states
above EF, we assume a constant density of states above EF of
value g0. In this case, Csc = A 冑 共qg00兲.20,23 From the value
of the capacitance at the lowest frequency in Fig. 2, we estimate g0 to be 2 ⫻ 1017 cm−3 eV−1.
Similar results are also observed for tris共8hydroxyquinoline兲 aluminum 共AlQ3兲 films doped with
F4-TCNQ. Figure 4 shows the frequency dependence of the
capacitance for AlQ3 film doped with 4% of F4-TCNQ.
Since the HOMO level of AlQ3 is deeper than that in TPD,
there is a smaller dispersion of the capacitance and it reaches
the geometrical capacitance at a lower frequency than in
TPD. The density of states 共g0兲 above EF is estimated to be
around 1016 cm−3 eV−1. This is around 20 times smaller than
that measured in TPD. This is because the HOMO level in

AlQ3 is deeper than that in TPD by around 0.4 eV. The
capacitance measurements in AlQ3 hence measure the states
in the vicinity of EF.
We now study the voltage dependence of low frequency
capacitance in reverse bias. Figure 5 shows the capacitance
as a function of the reverse bias for a doped TPD sample.
The data is corrected for series resistances that arise from the
sample and from the external circuit.23 The capacitance decreases as we increase the reverse bias. In a semiconductor
wherein the capacitance is determined by the shallow acceptor density, this result is easy to understand and is related to
the increase in the depletion layer with increase in reverse
bias voltage. For the case wherein deep levels dominate the
capacitance, the decrease in capacitance with increasing reverse bias can be understood as follows:20 At a small reverse
bias, Efp is constant through the semiconductor. With increasing reverse bias, point A 关Fig. 3共a兲兴 moves away from the
surface and farther into the semiconductor bulk. The total
capacitance is due to two capacitors 共Csc and Cins兲 in series.
Csc is bias independent. With increasing reverse bias, Cins

FIG. 5. A plot of the voltage dependence of the capacitance for a 2000 Å
thick TPD device. The plot shows the measured capacitance 共- 䊊 -兲 and Cins
共-⌬-兲. Cins was calculated by assuming that the capacitance at slight forward
bias is the measure of Csc.
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decreases and eventually dominates the capacitance. This explains the decrease of the capacitance with increasing reverse
bias. This “insulator” region is termed in the a-Si: H literature as the depletion region. The width of the depletion region is determined by the density of deep states. At a large
reverse bias, Efp is no longer constant and follows the band
bending.20 This is schematically shown in Fig. 3共b兲. This
happens at a voltage when the intrinsic level EG / 2 crosses
the Fermi level. Efp follows EG / 2 in the region next to the
contact. This region is known as the deep depletion region.
Since Efp follows the band bending, there will be no charge
modulation in this region. Thus, this region also behaves like
an insulator. At a large voltage, almost all of the potential
drop is across the deep depletion region and for a given bias,
the integrated density of states between EF and EG / 2 is given
by the profiler formula20,24
3

NC-V = −

冋 册

C
dC
2
qA dV

FIG. 6. A plot of the dark current density as a function of voltage for
2000 Å thick samples of 共a兲 undoped TPD 共䊊兲 and 共b兲 doped TPD 共〫兲.

−1

,

共4兲

where the C-V is measured at a low frequency. We note that
EF denotes the position of the Fermi level in the neutral bulk
of the semiconductor. The measured capacitance is due to the
series capacitance of Cins and Csc. The profiler formula given
in Eq. 共4兲 is clearly valid only when Cins ⬍ Csc. To estimate
Cins at different voltages, we use the low frequency capacitance at a small forward bias as a measure of Csc. Figure 5
also shows Cins, which is calculated by subtracting out the
contribution of Csc from the total measured capacitance. We
see from Fig. 5 that Csc dominates the measured capacitance
to about 6 V reverse bias. The application of the profiler
formula is valid only for a reverse bias greater than 6 V.
Using Eq. 共4兲, we estimate the density of states between EF
and EG / 2 to be 1017 cm−3. This is in good agreement with
the number obtained from the zero bias low frequency capacitance measurements.
We mention in passing that the frequency dependence of
capacitance has been reported in undoped organic
semiconductors.25–27 However, these experiments were carried out in forward bias. The capacitance arises due to injection of charge carriers from the contacts and a distribution of
transit times in the sample. The change in the capacitance is
also relatively small 共⬃5%兲. The results reported here are in
reverse bias and due to the space charge arising from a
change in the charge state of the deep levels. Depending on
the position of the Fermi level, the change can be large
共⬃700%兲 for the doped TPD samples reported here. The
physical phenomenon is very different in the two experiments.
In conclusion, we find that the capacitance of hole doped
TPD and AlQ3 samples exhibit strong frequency dependence
in reverse bias. This is evidence for the presence of deep
states at energies above EF. These states arise, most probably, due to the broadening of the HOMO levels. Possible
reasons for broadening of the HOMO level could be polarization energy corrections and Coulomb energy fluctuations.
Capacitance measurements provide an estimate of the integrated density of states above the Fermi level and can be
used as a measure of the disorder.

C. Current-voltage measurements

Figure 6 shows the dark current characteristics of
2000 Å thick undoped TPD and F4-TCNQ doped TPD sandwich devices. In forward bias, the ITO electrode is the anode. The dark current in forward bias turns on at a lower
voltage for the doped sample than for the undoped sample.
The presence of the doped layer lowers the barrier for hole
injection into TPD by efficient carrier tunneling into the
semiconductor.28 The reverse leakage current also increases
in the doped sample. One possibility for the larger reverse
bias leakage is efficient electron injection from ITO into the
F4-TCNQ LUMO levels with electron transport taking place
by carrier hopping along these levels. To verify whether the
reverse current is dominated by electron hopping along the
F4-TCNQ molecules, we measured the dark current in a system wherein the F4-TCNQ is dispersed in polycarbonate that
is an insulator. The F4-TCNQ concentration is similar to that
used in the doped TPD films. The device structure is
ITO/ polycarbonate+ F4-TCNQ/Al. Figure 7共a兲 shows the
current-voltage curve for both the neat polycarbonate films
and the films doped with F4-TCNQ. The doped polycarbonate sample has a higher conductivity than the doped sample.
The current-voltage characteristic is symmetric. The low frequency capacitance of this device is equal to the geometric
capacitance, which confirms that no electronic doping has
taken place. Figure 7共b兲 is a comparison of the current as a
function of electric field for F4-TCNQ doped TPD, AlQ3,
and polycarbonate sandwich devices with a similar
F4-TCNQ concentration. The dark current for the AlQ3
doped films is similar to that for the doped polycarbonate
samples. The current in the doped TPD films is comparable
to the current in the doped polycarbonate films at a large
reverse bias. All of these results suggest that the reverse current in the doped TPD films is dominated by electron hopping along F4-TCNQ molecules. At low fields, the current
density in the doped TPD films is smaller than that observed
in the doped polycarbonate films. The lower levels of current
in the doped TPD films could be due to the following reasons. In a doped TPD film, Coulomb disorder may broaden
the LUMO states of F4-TCNQ. In such a case, the conduc-
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FIG. 8. A plot of the measured 共䊊兲 and calculated 关⌬, by using Eq. 共5兲兴
photocurrents as a function of applied reverse bias.

FIG. 7. The dark current voltage plot of a neat polycarbonate film 共䊊兲 and
one where F4-TCNQ is added to it 共⌬兲 are shown in graph 共a兲. Graph 共b兲
compares the dark current for F4-TCNQ doped TPD 共䊊兲, AlQ3 共〫兲, and
polycarbonate 共⌬兲 films.

tance will be different from that observed in the undoped
cases. Another possible reason is that due to the presence of
the space charge region, the electric field is not constant
through the sample and could be much smaller in the neutral
region.
We now discuss the photoconductivity in the doped TPD
samples. The photocurrent in neat TPD is due to bulk carrier
generation in reverse bias.13 The photocurrent, for such a
case, can be expressed as13,29
JPC = qGF,

共5兲

where G is the volume density of photons absorbed in the
active region 共depletion region兲 of the device, q is the electronic charge, F is the electric field,  is the carrier generation efficiency, and  is the carrier trapping time. Figure 8
shows the photocurrent as a function of voltage for a 2000 Å
共2000 Å兲/semitransthick
共ITO/ TPD+ F4-TCNQ共3%兲
parent-Al/LiF兲 sample illuminated at 360 nm through the
semitransparent Al electrode. The photocurrent increases
with 共reverse兲 bias and goes through a maximum at −7.5 V.
In reverse bias, the Al electrode is the anode. The holes move
away from the anode and get collected at the far ITO end. In
the doped TPD samples, the applied voltage primarily drops

across the depletion region in reverse bias. We approximate
the electric field 共F兲 in the junction to be V / Wdep, where V is
the applied bias and Wdep is the depletion width. The depletion width can be obtained from capacitance measurements
for voltages wherein the contribution to total capacitance
from Csc is negligible, i.e., when Cins dominates the capacitance. This is a good approximation for a voltage greater
than 6 V reverse bias in our sample. The photocurrent calculated by using Eq. 共5兲 is also plotted in Fig. 8. Although the
number of photons absorbed increases with the depletion
width, the electric field falls off faster leading, to a decrease
in the photocurrent at a higher voltage. This qualitatively
explains the bias dependence of the photoresponse of the
sample. The  product is calculated to be 3
⫻ 10−13 cm2 / V. This is an order of magnitude larger than
that for TPD. A simple explanation for this increase is that
the lifetime 共兲 has increased because of doping. This can
happen if the recombination centers are filled up with holes
thereby enhancing the lifetime.
The recombination kinetics can be probed by measuring
the photoconductivity in planar structures. If the recombination is Langevin type, the photocurrent will increase as
square root of intensity.30 Figure 9 shows the photocurrent in
a planar sample as a function of excitation intensity. From
the plot, the photocurrent is observed to depend on the excitation intensity 共I兲 as
JPC ⬀ I0.9 .

共6兲

This shows that the recombination is not bimolecular. The
carrier lifetime is controlled by traps that act as recombination centers in the vicinity of the Fermi level. For the light
intensity used in these measurements, the quasi-Fermi level
under illumination is not very different from the dark Fermi
level as the photoconduction in these materials is small.
IV. CONCLUSION

In conclusion, we have studied electrical transport of
F4-TCNQ doped TPD. From dc planar measurements and
capacitance measurements, we provide evidence for hole
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FIG. 9. A plot of the intensity dependence of the photocurrent for a planar
TPD device.

doping of TPD by F4-TCNQ. The capacitance of doped
samples is strongly frequency dependent as the capacitance
is determined by the density of deep states. The density of
states between EF and EG / 2 is about 1017 cm−3 for TPD.
These states arise due to the broadening of the HOMO level
due to polarization corrections and Coulomb energy fluctuations. Intensity dependence of photocurrent measurements in
planar samples suggest that the carrier lifetime is governed
by traps and not by Langevin recombination.
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