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The transport and electroluminescence properties of siloxene (Si6O3H6) in the as-prepared and
annealed states are investigated. As-prepared siloxene is found to show a low dark conductivity
('10219 V cm21) at room temperature which is thermally activated with an activation energy that
is approximately half of the optical gap of siloxene ('2.6 eV). The presence of ambient gases can
increase the dark conductivity due to intercalation of gas molecules between the two-dimensional
siloxene polymer sheets. The photoconductivity of siloxene is investigated with respect to its
spectral and temperature dependences. Electroluminescence of siloxene is found for sufficiently
high current levels. ©1997 American Institute of Physics.@S0021-8979~97!09121-4#

I. INTRODUCTION

There is a wide field of possible technical applications
for light emitting materials that can be integrated directly on
Si electronic devices.1 Due to its indirect band gap, Si itself
cannot be used for light emission. Present activities in Si-
based light emitting materials include porous silicon,
Si suboxides, semiconductor nanocrystals in a SiOx matrix,
and siloxene. Wo¨hler’s siloxene (Si6O3H6),

2–5 a two-
dimensional Si sheet polymer, can be grown epitaxially on Si
substrates6–8 and is known for its efficient visible photolumi-
nescence. Its transport properties, however, were unknown
up to now. In this article, we examine the transport proper-
ties of siloxene and present an attempt to achieve electrolu-
minescence~EL! in siloxene.

II. EXPERIMENTAL DETAILS

Siloxene was prepared by the reaction of a 37% HCl
solution in water with CaSi2 powder, dissolved in ethanol
and then coated on a conducting substrate@a glass plate
coated with indium–tin–oxide~ITO!#. After evaporation of
the solvent, polycrystalline layers with typical thicknesses
between 50 and 200mm were obtained and were sandwiched
between the ITO plate just described and a second ITO-
coated glass plate. Both glass plates were about 838 mm in
size. The conductivity measurements were performed in
vacuum (,1025 mbar) or in well-defined gas atmospheres
~H2O, nitrogen, oxygen, or ethanol!. The samples were
heated to temperatures up to 600 K to outgas and then cooled
to room temperature slowly while measuring the dc conduc-
tivity using a Keithley 617 electrometer. The photoconduc-
tivity measurements were performed using infrared-filtered
light from a halogen lamp with an intensity<100 mW/cm2

to avoid heating of the sample. For the EL measurements, a
GaAs photomultiplyer with a photon counting system with-
out imaging elements was mounted about 15 cm from the
sample. Spectral resolution of either incident or emitted light

was achieved by using a set of different cutoff filters. During
all measurements, the sample temperature was controlled to
within 62 K. In addition to the light produced by EL, the
high-energy tail of the blackbody radiation of the heated
sample was detected by the photomultiplyer. All EL spectra
shown in this article are corrected in this respect.

III. RESULTS AND DISCUSSION

A. Dark conductivity

At room temperature, Wo¨hler siloxene is an insulator. Its
dark conductivity in vacuum is'10219 V cm21 which is
somewhat lower than expected for a three-dimensional, dis-
ordered material with an energy gap of 2.6 eV.9 The apparent
contradiction is resolved by assuming that the conductivity
of the single two-dimensional siloxene sheet is much higher;
the low conductivity measured is caused, however, by the
electrical insulation between the siloxene sheets~percola-
tion!. In the powder layer, the siloxene crystallites are tilted
with respect to each other and the few direct electrical con-

a!Present address: Groupe de Physique des Solides, Universite´ Paris 6 et
Paris 7, Tour 23, 2, Place Jussieu, 75251 Paris Cedex 05, France.
Electronic mail: rosenbauer@springer.de

FIG. 1. I –V characteristic of a layer of Wo¨hler siloxene pressed between
two ITO layers, measured at 400 K in steps of 2 V with a 3 min waiting time
at each point. The negative current atV50 V is due to discharging micro-
capacitors and shows that an even longer waiting time would be required. At
voltages below260 V, theI –V curve is essentially linear.
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tacts between different siloxene sheets are not very likely to
form complete current paths from one side of the powder
layer to the other, giving rise to a geometric correction factor
!1. The siloxene–ITO contacts described in Sec. II are
characterized by theI –V curve in Fig. 1. BelowV5
260 V, this curve is essentially linear and shows that the
contacts are ohmic. When recording this measurement, a re-
laxation time for the current of the order of a few minutes
was noted. After shorting the voltage source, the current is
inverted and continues for a comparably long time. This can
be explained by assuming a large capacitance of the powder
sample with a long discharging time due to a high series
resistance of the powder material.

The dark conductivity of Wo¨hler siloxene is very sensi-
tive to ambient gases and can vary by up to 10 orders of
magnitude~see Fig. 2!. A typical conductivity measurement
of siloxene exposed to ambient gases is shown in Fig. 3. At
room temperature, the conductivity is high due to gas mol-
ecules adsorbed on the large internal surface of the two-
dimensional sheet polymer siloxene. Such an increase of
conductivity is known from amorphous silicon10 where it

was demonstrated that electronic donor states generated by
chemisorbed water molecules at the surface increase the con-
ductivity. At temperatures between 100 and 150 °C, these
gas molecules desorb and the conductivity approaches the
intrinsic value. When further increasing the temperature, the
conductivity shows thermally activated behavior. When de-
creasing the temperature, the conductivity of the outgassed
sample first follows a straight line in the Arrhenius plot, then
the sample starts again to adsorb gas molecules; finally the
conductivity returns to the room temperature starting point.
A quantitative evaluation of the slope at high temperatures
yields an activation energy of'1 eV.

Annealing siloxene above 300–400 °C changes its struc-
ture and reduces its band gap from 2.6 to 2.0 eV.11 This can
be observed independently in photoluminescence, absorp-
tion, and conductivity measurements. Figure 4 shows the ex-
pected increase of the conductivity9 and the decrease of the
activation energy after annealing of siloxene powder for 10
min at 350 °C. Table I shows the change of the activation
energies of siloxene after annealing in vacuum for approxi-
mately 10 min at different temperatures.

B. Photoconductivity

Figure 5 shows the photoconductivity of freshly pre-
pared and of annealed Wo¨hler siloxene. Both samples were
previously outgassed at temperatures above 150 °C. At room
temperature, the photoconductivity of as-prepared siloxene

FIG. 2. Dark conductivity of Wo¨hler siloxene in different saturated gas
atmospheres at room temperature. The open points are test measurements
using a Teflon layer as the sample and show the noise limit of the system.

FIG. 3. Arrhenius plot of the conductivity of siloxene powder in saturated
gas atmospheres. Adsorbed gas molecules increase the room temperature
conductivity and evaporate at medium temperatures. At high temperatures,
the conductivity of the siloxene samples increases due to thermal activation.

FIG. 4. Conductivity measurement of Wo¨hler siloxene in vacuum. At the
maximum temperature~350 °C!, the sample was annealed for about 10 min.
The changes of the slope and of the absolute conductivity value show the
decrease of the activation energy of siloxene caused by annealing.

TABLE I. Activation energies of Wo¨hler-siloxene after 10 min annealing
cycles at different temperatures in vacuum. The energy values were deter-
mined by fitting exponential functions in the temperature range between 420
and 450 °C.

Anneal temperature Activation energy

••• 1100 eV
450 K 930 meV
550 K 750 meV
600 K 690 meV
660 K 630 meV
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exceeds the dark conductivity by more than one order of
magnitude and has a weaker temperature dependence.

At low light intensities, the intensity dependence of the
photoconductivity is sublinear and approaches square-root
behavior at higher intensities~see Fig. 6! like that usually
observed for bimolecular recombination kinetics:12 at low
light intensities, the small number of photocarriers is ex-
pected to recombine with the greater number of intrinsic car-
riers or to be trapped in defect states, leading to a lifetime
that is independent of intensity. At higher light intensities,
however, photocarriers begin to recombine with each other
and therefore the concentration of both reaction partners de-
pends on the light intensity. In this case, a square-root de-
pendence is expected for the photoconductivity as a function
of light intensity.

The spectral dependence of the photoconductivity is
shown in Fig. 7. It is mainly determined by the shape of the
optical absorption which is included in Fig. 7 for compari-
son. Wöhler siloxene is light sensitive. Upon irradiation with
blue or with ultraviolet~UV! light, its color changes from
yellow to white ~photooxidation!. This change has only a

minor influence on the spectral shape of the photolumines-
cence, but it decreases its intensity by a considerable
amount.13 A similar decrease is also observed in the photo-
conductivity. Both effects are due to increased nonradiative
recombination via deep defects. In electron spin resonance
~ESR!, these defects have been identified as silicon dangling
bonds with ag factor of 2.0047 in as-prepared siloxene.
Under illumination, the defect density was found to increase
significantly, together with a shift of theg factor to 2.0038,
indicating that now at least one oxygen atom is backbonded
to the defect carrying silicon atom. This suggests that the
degradation mechanism is due to the insertion of oxygen
atoms into the siloxene planes. A similar conclusion is also
drawn from corresponding studies of theH local vibrational
modes.

C. Electroluminescence

Since siloxene shows photoconductivity when excited
with photon energies greater than its optical energy gap, it
can be assumed that this process can be inverted and that
electrically injected conduction band electrons can radia-
tively recombine with holes. The low conductivity of silox-
ene, however, makes the straightforward approach of apply-
ing a dc voltage to the material to obtain light emission
impossible.

Attempts to find EL in siloxene when increasing its con-
ductivity by exposing it to ambient gases~see Fig. 2! were
unsuccessful. The increased conductivity contributes very
little to photoconductivity or to light emission.

A better way to increase the average current through the
siloxene layer without further increasing the voltage follows
from the observation of long relaxation times of the current
~see discussion of Fig. 1!. Applying ac voltages to outgassed
siloxene samples in vacuum ('1025 mbar) invokes light
emission which can be measured by a photomultiplyer. We
note that these very low pressures preclude gas or corona
discharges as a possible source of the luminescence. Such
discharge effects in air would result in blue light emission as
opposed to our EL spectra in the red~see below!. Typical
EL–voltage dependences are shown in Fig. 8. Because of the

FIG. 5. Arrhenius plot of the photoconductivity of as-prepared and annealed
Wöhler siloxene in vacuum. The photoconductivity is generated with white
light through an infrared filter. The dark conductivities of the samples are
also shown for comparison.

FIG. 6. Intensity dependence of the photoconductivity. An intensity of 1
corresponds to'100 mW/cm2 on the sample.

FIG. 7. Photoconductivity~solid line! in Wöhler siloxene depending on the
energy of the incident photons. The optical absorption~dotted line! is drawn
for comparison.

4522 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997 M. Rosenbauer and M. Stutzmann
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.138.73.68 On: Mon, 22 Dec 2014 21:20:21



low currents, it was not possible to measure the value and the
phase of the current with respect to the driving voltage.

The ac conductivity is not restricted to the few complete
current paths through the whole powder layer. Insulated car-
riers which are hopping forward and backward under the
influence of the electric field contribute to the ac conductiv-
ity. This kind of hopping conductivity in amorphous materi-
als has a frequency dependence that can be approximated by

s~v!}vs. ~1!

For frequencies in the kHz regime, values fors of about 0.6
are expected.12 Assuming that the light intensity is propor-
tional to the ac current, Fig. 9 confirms that Eq.~1! is valid
and that the current is mainly limited by hopping.

The spectrum of the EL of siloxene is shown in Fig. 10.
In contrast to the photoluminescence~PL! spectrum, its peak
is in the infrared and the peak position cannot be measured
with a GaAs photomultiplyer. Hence Fig. 10 only shows the
PL spectrum above'1.4 eV. Supposedly the radiative re-
combination of the carriers involves defect states within the
energy gap. The spectrum of annealed Wo¨hler siloxene is

slightly redshifted with respect to the spectrum shown in Fig.
10. The conductivity of annealed siloxene can be high
enough to measure EL even with dc voltages. In this case,
the current can be measured and the quantum efficiency of
the EL is greater than 1023%.

For applications, the conductivity of siloxene needs
to be increased. Since almost perfect epitaxial growth of
siloxene planes on Si~111! surfaces has already been
demonstrated,8,14 it seems possible to channel the electric
current through siloxene layers aligned parallel to each other
if a technical solution for obtaining electrical contacts to both
ends of the layers could be found.

IV. CONCLUSION

The conductivity of siloxene is thermally activated (Es

'1 eV) and has low room temperature values
~'10219 V cm21 probably due to insufficient electrical con-
tacts between different fragments of randomly oriented two-
dimensional siloxene sheets. Adsorbed gas molecules can in-
crease the dark conductivity by many orders of magnitude
but do not significantly change the photoconductivity or the
EL. The photoconductivity at low light intensities is mainly
limited by recombination of photocarriers with intrinsic car-
riers, and at higher intensities by recombination of the pho-
tocarriers with each other. The ac conductivity of siloxene is
higher than the dc conductivity and shows a frequency de-
pendence typical of hopping conduction in amorphous semi-
conductors. The EL spectrum has its peak at energies far
below the energy gap. This could be explained by defect
states within the energy gap taking part in the radiative re-
combination processes.
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