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The temperature dependence of the electrical properties of heterojunc-
tions with'silicon formed by conductive organic polymer composites with net-
works of two complex tetracyanoquinodimethane salts (of N-n-butyl-isoqui-
nolinium and of diethyl methyl sulphonium cations) were studied. We show
that it is possible to prepare junctions with quite good rectifying proper-
ties, comparable to those obtained using other organic semiconductors. The
observed forward-bias current-voltage characteristics can be satisfactorily
fitted using the modified Schottky equation. Reverse bias and C-V charac-
teristics show that the transport mechanism, especially in the case of p-Si
junctions is more complicated and probably tunnelling between localized
levels plays an important role.

PACS numbers: 72.80.Le, 73.40.Lq

1. Introduction

It is well known that applications of inorganic semiconductors is mainly
due to the electrical properties of their junctions which gave rise to numerous
types of electronic devices of different characteristics. The properties of junctions
of organic conductive polymers with metals or inorganic semiconductors like Si
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or CdS have also been studied in recent years by several groups (see e.g. [1-4]),
but they draw much less attention than bulk properties of organic conductors.
Relatively few attempts were made to prepare and study the properties of junctions
of low molecular weight organic semiconductors and they were practically limited
to the compounds which can be deposited in a form of thin films by vacuum
evaporation. The big group of charge-transfer (CT) complexes showing diverse
interesting properties but obtained in a form of small crystals grown from solution
have been considered not suitable for preparation of electronic devices.

Very recently polymer composite materials consisting of a fine network of
low molecular weight organic CT complex crystallites penetrating inert polymer
matrix have been used to prepare junctions [5-7]. Such materials, called reticulate
doped polymers (RDP) can be obtained using a broad class of organic conduc-
tors and conventional insulating polymers by crystallization of the additive in situ
[8-10]. It has been shown that networks of organic metals like well known tetrathio-
fulvalene-tetracyanoquinodimethane (TTF-TCNQ) or tetrathiotetracene-TCNQ
(TTT-TCNQ) and complex TCNQ salts (in which TCNQ~ and TCNQ® coex-
ist) can form rectifying junctions with silicon but junctions with metals were at
most poorly rectifying [5, 6]. It should be emphasized that the polymer matrix
in RDP is inert and the electrical properties of such systems are determined by
crystalline conductive networks i.e. by low molecular weight additives [9, 11].

In this paper we present the results of the studies of the temperature depen-
dence of the electrical properties of junctions formed by RDP with networks of
some complex TCNQ salts with silicon. The TCNQ salts which were selected are
semiconductors and give fine, relatively well conductive networks in polymer films.
Preliminary results at room temperature were presented in [7] and it was found
that networks of both salts form rectifying junctions with both n-Si and p-Si. It is
however well known that the properties of junctions formed by organic materials
are often strongly temperature dependent and it is not possible to understand the
transport mechanism without studies of the temperature dependence of junction
parameters. .

In the majority of papers on junctions of conductive polymer systems the
temperature dependence of the device properties is not reported. Moreover, in
many cases the barrier height is calculated assuming Richardson—Schottky mech-
anism and taking free-electron value of the Richardson constant (cf. e.g. [12, 13]), -
which is in strong disagreement with all published experimental results for or-
ganic semiconductors, which yield values by about 6 orders of magnitude lower.
We show that also in the investigated systems such approach is not applicable and
trap controlled tunnelling transport is probably the dominant mechanism.

2. Experimental

Conductive polymer films with fine networks of CT complex crystals were ob-
tained by casting acetone solution containing proper amounts of the polymer and
additives onto glass support or silicon wafer. Film thickness was about 20 ym. The
vinylidene fluoride-CH,F3H (6/4) copolymer obtained from Atochem (France)
was used as polymer matrix and N-n-butyl-isoquinolinium (nBiQn) and diethyl
methyl sulphonium (SEt;Me) complex TCNQ salts as conductive additives. Syn-
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thesis and electrical properties of SEt;Me(TCNQ), salt were described in [14] and
nBiQn(TCNQ)2 was obtained from Sanyo (Japan). Both salts were purified by
recrystallization. Interesting properties of RDP with SEt,Me(TCNQ), have been
described in [10]. .

Heterojunctions with silicon were made using n- or p-doped single crystal
silicon wafers, 0.55 mm thick, (111) crystal orientation and 3~10 Q - cm resistivity,
doped with phosphorus or boron respectively. Wafers were etched in 48% aqueous
IIF solution prior to junction preparation. Ohmic contacts to silicon were prepared
by spark deposition of Au or Au/Sb alloy on the back side. Their resistance was
below 70 Q, i.e. at least by an order of magnitude lower than series resistance
of the investigated devices (see below). Junctions were prepared by casting RDP
film on Si or by mechanical contact of the film (cast on glass support) with Si.
The properties of devices carefully prepared using both methods were similar. All
investigated devices were sandwich-type and the top electrode was Au (0.22 cm?).

Electrical measurements were carried out in ambient atmosphere or in vac-
uum (the temperature dependences) and no significant differences in electrical
properties were observed. Current-voltage (I-V) characteristics were measured
using Keithley 236 Source Measure Unit. Capacitance-voltage (C-V) measure-
ments were performed using Hewlett Packard 4284A LCR Meter in parallel R-C
mode.

3. Results and discussion

Typical current-voltage (I-V) characteristics of junctions formed by the
polymer reticulate doped with 3 wt.% of nBiQn(TCNQ), with n-Si and p-Si in
semilogarithmic coordinates are presented in Fig. 1 (similar characteristics for
SEt;Me(TCNQ), were presented in [7]). It can be seen that the junctions of the
investigated RDP films with both n- and p-doped silicon show quite good rectifying
_ properties and the “forward” Si polarity is different for n-Si and p-Si. :

The current—voltage characteristics of junctions of organic semiconductors
showing rectifying properties can be analyzed using the ideal diode equation, mod-
ified to take into account also series resistance Rs of the device (including these
of “ohmic” contacts), as well as imperfection of the barrier, represented by diode
ideality factor n and shunt (leakage) resistivity of the junction Ry

q(U —IRy) U-1IR,4
kT + 1] + “Ra 1)
J denotes current density, ¢ — electron charge, U — device voltage, I — device cur-
rent, ' — absolute temperature, Jo — reverse saturation current and k¥ — Boltz-
mann constant. Junction voltage is therefore V = U — IR,. The current-voltage
characteristics were fitted using computer program. Because the investigated RDP
films measured in the sandwich configuration with two gold electrodes show su-
perlinear I-V characteristics with I oc U™, where n was equal to about 1.4 for
voltages above 0.2 V, this effect was taken into account in the program as a suit-
able voltage dependence of Rs. Similar voltage dependence of Ry, also improved
the fits although it was generally not sufficient to obtain satisfactory fit of the
reverse current Ig.

J=Jy [exp
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Fig. 1. I-V characteristics of the polymer reticulate doped with nBiQn(TCNQ)2 junc-
tions with n-Si (o) and p-Si (O). Solid lines represent computer fits using the parameters
listed in Table I.

The values of Ry obtained from direct measurements on films provided with
two metal electrodes in a sandwich configuration and from fittings were in rea-
sonable agreement. The obtained resistivities were however about two orders of
magnitude higher than measured by four-probe method in the perpendicular direc-
tion (in the plane of the film) which is due in part to conductive network anisotropy
and in part to the metal contact resistivity.

Reverse bias characteristics are less reproducible than these for forward bias
and we were unable to propose consistent interpretation of the obtained data. It
is probably related to the complicated physical processes responsible for transport
which give considerable contribution to the current at the reverse bias. For several
samples at higher temperatures it was observed that at low voltage the current for -
reverse bias was higher than for forward bias.

The junction parameters obtained from computer fittings of the forward
current Ir are collected in Table I. One can see that the parameters differ depend-
ing on doping of Si and on the TCNQ salt forming the conductive network. The
most important factors limiting rectification are series and shunt resistances. Rgp
changes considerably depending on the conducting network morphology, sample
geometry and junction preparation (Rs does not change so much). Reproducibility
of n and Ry is of the order of 20% and of J, about 50% for different samples.

In principle all device parameters in Eq. (1) are temperature dependent. The
most important is however the temperature dependence of the reverse saturation
current and of the ideality factor.

Temperature dependences of ideality factors n and reverse saturation cur-
rents for investigated devices are presented in Figs. 2 and 3 respectively. It can
be seen that in the case of nBiQn(TCNQ), junctions with both n-Si and p-Si
the ideality factors are low and practically temperature independent while for
SEtyMe(TCNQ)2 networks n changes with temperature, especially for n-Si. In
this system the values are the highest but still only slightly exceeding 2, they are
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- _ _ , TABLEI |
Junction parameters obtained by fitting the forward bias I-V charac-

teristics of the investigated junctions. R.t. denotes the value at room
temperature. All activation energies are in eV.

Junction parameters SEt;Me(TCNQ), nBiQn(TCNQ),
n-Si p-Si n-Si p-Si
Rectification | r.t. 11000 200 1400 800
Jo [A/cm?] rt. {3.5x107°{35%x10-7|1.2x10-8] 1.0 x 10-7
E, 0.18 0.46 0.43 0.47
Ideality factor | r.t. 2.0 1.6 1.9 1.2
R [kQ] r.t. 0.9 0.7 2.5 0.6
E, 0.043 0.045 0.010 0.043
R MQ] | r.t. 15 0.35 4 1
E, 0.21 0.45 0.31 0.37
DIODE IDEALITY FACTOR
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Fig. 2. Temperature dependences of the diode ideality factors for the investi-
gated junctions. Empty symbols correspond to nBiQn(TCNQ): and full symbols to
SEtaMe(TCNQ)2 (o n-Si and O p-Si).

quite good as compared with other organic semiconductors [1, 3]. Non-ideality of
* the investigated devices is most probably related to the surface states of the RDP
film and their position relative to the Fermi level determines their importance
in the given device. Reverse saturation currents show similar temperature depen-
dences except for n-Si/SEtasMe(TCNQ)2 junctions which is related to n variation
for these devices.

Capacitance~voltage (C-V) measurements also show complicated and poorly
reproducible dependences, related to the phenomena controlling reverse bias cur-
rents (C-V .characteristics can be measured for reverse bias and small forward
voltages). The second reason of these difficulties is that junction capacitance is
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Fig. 3. Temperature dependences of the reverse saturation currents for the investi-
gated junctions. Empty symbols correspond to nBiQn(TCNQ): and full symbols to
SEt; Me(TCNQ)2 (o n-Si and O p-Si).

not measured directly but must be calculated from the equivalent circuit includ-
ing Rs, Rsh and the capacitances of the sample and metal/polymer contact [1, 4].
In principle it is possible to evaluate these values from independent measurements
but their poor reproducibility and anomalous behaviour around zero bias made
these calculations generally not satisfactorily reliable. In spite of the corrections
for the capacitance of the conductive network and the resistances R and R,s (even
taking into account their voltage and frequency dependences measured in indepen-
dent experiments) the plots of 1/C? vs. junction voltage are generally not linear,
especially around 0 bias (c.f. Fig. 2 in [7]). It suggests that the charge transport
in the investigated devices is more complicated. Most probably the other parallel
transport mechanism through the junction is hopping between localized levels. The
data obtained for n-Si were presented in [9] and the extrapolations yield the bar-
rier heights similar to I-V' characteristics in this case (Table II). We were unable
to obtain for p-Si the data which could be interpreted in this way.

Beside the junction built-in voltage (which can be obtained from fitting using
Eq. (1)) and capacitance-voltage characteristics discussed above, the temperature
dependence of the reverse saturation current can be used to determine the barrier
height on the rectifying junction.

In general, several mechanisms contribute to the reverse saturation current.
The most important are: emission over the top of the barrier (described by therm-
ionic emission theory), transport through the depletion region (diffusion theory)
and indirect tunnelling through the barrier (tunnel recombination mechanism) [1].
Assuming that one of the first two dominates the current, Jy can be written as

Jo = J* exp(q®/kT) + Jy exp(E¢/kT), (2)
where & — barrier height, E; — trap depth, J; — tunnelling saturation current
(proportional to the density of traps participating in this mechanism) [1].

In the case of Richardson-Schottky mechanism J* = A*T2, where A* is
the so-called Richardson constant and in the case of organic semiconductors it is
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TABLE II
Junction parameters determined using different methods (see text for
details). '
Barrier parameters SEt;Me(TCNQ), nBiQn(TCNQ),
n-Si p-Si n-Si p-Si
Built-in voltage ,
(I-V characteristics) 0.6-0.7 | 0.35-0.5 | 0.5-0.65 | 0.34-0.4
(C-V characteristics) 0.66 - 0.52 -
From saturation current
Richardson constant 107% | 14x107%[2.6x10-7]2.5x 10-3
Diffusion constant 3 1.9 0.15 12
E, (from log Jo vs. 1/T) 0.18 0.46 0.43 0.47
N, (in additive) 1x 108 - 7 x 1017 -
Barrier width W 65 nm - 70 nm -
Mobility p [em?/(V's)] |3 x 103 - 4x10-3 -

usually assumed to be equal to the free electron value 120 A/(cm? K?) (the only.
material-dependent variable that enters into A* is the charge carrier effective mass
so it should not be much different from this value in organic materials).

In the case of diffusion mechanism J* = ¢N;uE. Here N; denotes effective
density of states, u — charge carrier mobility and £ — maximum electric field in
the junction. This mechanism seems to be much more appropriate in most organic
systems.

The temperature dependences of Jp for the investigated junctions of RDP
film plotted in the coordinates Jo/T? vs. 1/T (Richardson plot) yield the val-
ues of the Richardson constant 10~%—10~% A/(cm? K2) (see Table II) instead of
120 A/(cm?K?). The diffusion mechanism seems therefore much more likely to
operate in the investigated devices. The plots of Jy vs. 1/T presented in Fig. 3 are
approximately linear, which allows us to determine activation energies.

Junction parameters determined using different methods or models are com-
pared in Table II. The build-in voltage was estimated from the saturation value
of the junction voltage (calculated by subtracting the voltage drop on R, from
the voltage applied) and from C-V characteristics. It can be seen that for n-Si
the voltage values determined from C-V and from I-V characteristics at room
temperature are in good agreement. The activation energies obtained from the
temperature dependence are of the same order as the built-in voltages or smaller,
especially for SEtsMe(TCNQ)2 for which the ideality factor is stiongly tempera-
ture dependent. In many cases it has been found that the effect of the temperature
variation of these two parameters is opposite so some “compensation effect” is ob-
served [1, 4, 6]. In the investigated systems this effect was observed for n-Si contacts
but not for p-Si as it can be seen in Fig. 3.

In the case of p-Si the data from I-V characteristics agree reasonably with
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the temperature dependence but C-V dependences were not linear so this method
could not be used.

Assuming the simplified (but commonly used for organic materials) model
of the junction we can calculate from C-V characteristics the ionized donor con-
centrations and barrier widths [1, 15, 16] which are also listed in Table II. Conse-
quently expressing conductivity as o = quN, we can also calculate charge carrier
mobilities p. It should be emphasized that these values calculated using this over-
simplified model should be treated as order-of-magnitude estimations only. The
values of N; and p are however in reasonable agreement with those found for
similar systems'[4].

However, the maximum electric field F calculated from the diffusion constant
and conductivity seems to be about an order of magnitude too high as compared
with that calculated by dividing junction voltage by barrier width.

Some inconsistency appears also in the barrier heights calculations. In prin-
ciple it can be expressed as @ = V;, —(Er — E,) where Ep and E, are Fermi energy
and valence band energies respectively. The difference of these energies should be
at least of the order of magnitude of the activation energy of conductivity, i.e.
about 0.04 eV, while from Table II it can be seen that activation energy of the
reverse saturation current (which for both Richardson and diffusion mechanism -
should be equal to barrier height @) is lower than the build-in voltage. It sug-
gests that an important contribution to the reverse saturation current comes from
the tunnelling mechanism in the charge carrier transport through the investigated
junctions (the second term in Eq. (2)) and therefore E, should be interpreted
rather as the trap depth E;.

4. Conclusions

Using conductive polymer composites with crystalline networks of complex
TCNQ salts we prepared rectifying junctions with both n-type and p-type silicon
and studied the temperature dependence of their electrical characteristics. I-V°
characteristics for the forward bias can be fitted using modified Schottky equation
but to explain the reverse bias and C-V characteristics additional effects must be
taken into account.

The temperature dependences of the reverse saturation currents show that
Richardson—Schottky mechanism cannot be used to determine the barrier heights
in the investigated devices and diffusion and (especially for reverse bias) indirect
tunnelling through the barrier (tunnel recombination) mechanisms give the most
important contributions to the current.

Comparing with previously used conductive polymers or networks of molecu-
lar metals, polymers reticulate doped with the investigated additives give junctions
with silicon showing similar or better properties.
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