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EfFects of pressure on the optical absorption and
photoluminescence of Wohler siloxene
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We have investigated the effect of hydrostatic pressure (P & 5 GPa) on optical absorption and

photoluminescence spectra of Wohler siloxene (SisOsHs, as prepared) at T = 300 K. The absorption
edge energy near 2.75 eV decreases linearly with pressure at a rate of —30+ 3 meV/GPa. For
the position of the maximum of the green luminescence band we find a similar pressure coefBcient

(dE/dP = —24 6 3 meV/GPa). The intensity of the green luminescence shows a reversible decrease
with increasing pressure. The pressure dependence of interlayer and intralayer lattice constants has
been determined by x-ray powder diKraction. The observed changes in optical transition energies
are discussed in the framework of a semiempirical quantum-chemical calculation of the electronic
structure of siloxene.

I. INTRODUCTION

The discovery of strong visible photoluminescence in
porous silicon has stimulated renewed interest in the
physical properties of siloxene [SisOsHs]. 2's Wohler silox-
ene (WS) is the most readily obtained modification of
siloxene, discovered by Wohler in 1863. WS is thought
to be derived &om the so-called Kautski siloxene by par-
tial OH-H substitution. The crystal structure of Kautski
siloxene consists of planes in which the silicon atoms
form covalently bonded puckered layers similar to the
(111) surface of bulk crystalline silicon. The remaining
silicon bonds are alternately saturated by H atoms and
OH groups (see Fig. 1, chemical notation [Si2H(OH)]3 ).
The bonding between the planes takes place through
weak van der Waals —type interactions. Thus, WS is ex-
pected to represent a two-dimensional form of silicon,
with strongly modified electronic properties. The basic
structure of WS as described above is only obtained via a
topochemical reaction (exchange reaction on interlayers)
at low temperatures (0—100 'C). In addition, two other
siloxene modifications have been postulated which may
result from thermal annealing of WS at about 400 'C.
In the chain modification [Si2H20]s„and the ring mod-
ification [SisHsOs]„,oxygen atoms are inserted into the
silicon planes giving rise to lower-dimensional backbone
polymers. The heat treated WS, assumed to be a mix-
ture of these two hypothetical modifications, shows opti-
cal properties similar to those of porous silicon. '

Wohler siloxene is a direct-gap material with a gap en-

ergy of approximately 2.7 eV at room temperature. The
larger optical gap of WS relative to crystalline silicon as
well as the direct-gap behavior of WS have recently been
the subject of a number of theoretical investigations.
At room temperature or below, WS shows a strong
yellow-green photoluminescence. The intensity maxi-
mum of this photoluminescence is at 2.3 eV.

In this work we report the dependence on hydrostatic
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FIG. 1. Structural model of the layers of Wohler silox-

ene. The large, medium, and small spheres represent silicon,

oxygen, and hydrogen atoms, respectively.

pressure of the near-band-gap optical transitions and lat-
tice parameters of WS. We have measured optical absorp-
tion and photoluminescence spectra at room temperature
for hydrostatic pressures up to 5 GPa. Similar high-

pressure studies of the optical properties of porous sili-

con have been reported in Refs. 12—14. The direct band
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gap of WS is found to show a small reversible redshift
with increasing hydrostatic pressure. This behavior is
different from that of the direct gap of tetrahedrally co-
ordinated semiconductors, which show a strong blueshift
of the I' point gap with increasing pressure ' due to
an increase of the bonding-antibonding splitting of the
valence- and conduction-band states. Since WS is ex-
pected to be a strongly anisotropic material, the change
of the interlayer and intralayer lattice constants of WS
was determined by powder x-ray diffraction in order to
estimate the degree of anisotropy in lattice compression
under hydrostatic pressure.

The experimental results for WS are discussed here in
the framework of semiempirical quantum-chemical cal-
culations. These calculations were performed for an iso-
lated siloxene layer as well as for two siloxene layers, cou-
pled by weak van der Waals forces.

II. EXPERIMENTAL DETAILS

Wohler siloxene was synthesized from CaSi2 accord-
ing to the procedure described elsewhere. ' ' Optical
absorption and photoluminescence measurements under
hydrostatic pressure were performed in a gasketed dia-
mond anvil cell (DAC) at room temperature. Pressure
was measured by the standard ruby luminescence tech-
nique. For the absorption measurements samples of ho-
mogeneous thickness were prepared by gently pressing a
small amount of siloxene powder between the anvils of
the DAC. The thickness of the samples is estimated to
about 10 pm. In order to avoid chemical reactions be-
tween WS and the pressure medium, we have used CsCl
(optical absorption) and xenon (photoluminescence) as
pressure-transmitting media. This is an important point
because of the tendency of the hydrogen ligands of WS
to be substituted by other monovalent radicals. This
substitution can tune the optical gap over the entire vis-
ible spectrum and can also inQuence the pressure shift of
the gap. Also, polar solvents are known to inBuence the
luminescence properties of porous silicon, and similar
phenomena could be expected for WS.

For optical absorption white light &om a xenon arc
lamp was focused onto the sample within the DAC (spot
size 30 pm). The transmitted light was dispersed by a
0.64 m monochromator and detected by a photomulti-
plier coupled to a fast photon counting system. The op-
tical density D(E) was determined by normalizing the
transmission through the sample (intensity I) to the
transmission through a clear area next to the sample (in-
tensity Ip):

D(E) = »gip
Ip(E)

(1)

The determination of the optical density is afFected by
Rayleigh scattering due to sample inhomogenities. This
results in a reduced transmission in the transparent re-
gion which varies kom run to run. Therefore, absorption
spectra were normalized by setting the ratio I/Ip to 1 at
an energy of 2 eV, which is well below the absorption edge
energy at all pressures. For photoluminescence measure-
ments the power density of the exciting argon ion laser

(488 nm) was always kept below 100 mW/cm2 in order to
avoid photochemical reactions. The luminescence spectra
were measured by multichannel detection using a charge
coupled device (CCD) detector. Powder x-ray difFraction
patterns were measured in an angle-dispersive mode. The
diffractometer in Debye-Scherrer geometry was operated
with filtered Mo Kn radiation. Intensities were recorded
using a position-sensitive detection system.

III. EXPERIMENTAL RESULTS

Wohler Siloxene, as prepared
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FIG. 2. Optical absorption spectra of Wohler siloxene.
Shown is the optical density versus photon energy. The sam-
ple thickness is roughly 10 p, m. The absorption edge energy is
given by the intersection of the linear extrapolations for back-
ground and edge as indicated for the spectrum at 1.2 GPa.

Figure 2 shows absorption spectra measured at differ-
ent hydrostatic pressures. In this figure we have plotted
the optical density versus energy. The linearly increasing
background below 2.7 eV is due to scattering processes.
The onset of absorption (at 2.75 eV for zero pressure) is
indicated by the change of the slope of the spectrum.
The absorption edge energy is defined here as intersec-
tion of the linear extrapolations of the background signal
and the absorption edge as is illustrated in Fig. 2 for the
absorption spectrum at 1.2 GPa.

It is obvious from Fig. 2 that the effect of pressure on
the absorption edge energy is extremely small compared
to other direct-gap semiconductors. In order to deter-
mine the pressure coeKcient of the gap energy, we use
the shift of the absorption edge at optical density 1 (see
Fig. 2). The result is essentially the same if we take the
intersection of the two straight lines defining the absorp-
tion edge energy, but the scatter of these data points is
somewhat larger. The energy of the absorption edge at
optical density 1 versus the pressure is shown in Fig. 3
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FIG. 3. Pressure dependence of (a) the optical absorption
edge at optical density 1 (see Fig. 2) and (b) the photolumi-
nescence maximum of Wohler siloxene. The pressure efFects

are reversible as indicated in (b) by open and closed sym-

bols corresponding to increasing and decreasing hydrostatic
pressures.

(a). Within experimental uncertainity we find a linear
dependence of the absorption edge on pressure with a
pressure coefficient of —30 + 3 meV/GPa.

In the photoluminescence (PL) measurements we ob-
serve a broad photoluminescence band with the intensity
maximum at 2.3 eV at ambient pressure. Some PL spec-
tra measured at diferent pressures are shown in Fig. 4.
The large statistical Huctuation of the PL signal is due to
the fact that an extremely low excitation power was used
in order to avoid photochemical reactions. In order to re-
main below a typical damage threshold of 100 mW/cm2
the total excitation intensity on the sample (200 pm in
diameter) had to be less than 10 pW. In the pressure
range from 2.8 up to 4.5 GPa the intensity of the PL sig-
nal decreases reversibly by a factor of 2—3. Above 5 GPa
the photoluminescence becomes too weak to determine
an intensity maximum. The PL maximum shows a small
redshift with increasing pressure, as indicated by arrows
in Fig. 4. In Fig. 3(b) we have plotted the energy of
the photoluminescence maximum versus pressure. The
pressure eHects are reversible as indicated by open and
closed symbols, corresponding to increasing and decreas-
ing hydrostatic pressure. The pressure coeKcient for the
PL maximum is —24 6 3 meV/GPa. This is in reason-
able agreement with the results of the optical absorption
measurements.

Figures 5 (a) and (b) show the pressure dependence
of the two lattice distances (d values) corresponding to
the main peaks which were observed in x-ray diKraction.
Zero-pressure values are in good agreement with data
given in Refs. 6 and 19. The smaller d value [Fig. 5(a)j
refers to the (110) reffection and provides information
on the relative change of the in-plane lattice constant.
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FIG. 5. Pressure dependence of the d value of (a) the

(110)reflection aud (b) the iuterlayer distance of Wohler silox-

ene determined from x-ray powder difFraction.

FIG. 4. Room-temperature photoluminescence spectra of
WS at selected pressures. The small redshift of the photo-
luminescence maximum is indicated by arrows. The energies
indicated by the arrows were determined from the maxima of
second-order polynomials 6tted to the spectra near the max-

imum. The intensity of the PL signal shows a reversible de-

crease with pressure by a factor of 2—3 between 2.8 GPa and

4.5 GPa. Normalization factors are given for each spectrum.
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The larger d value [Fig. 5(b)j corresponds to the (002)
refiection (assuming AA stacking of layers) and therefore
measures the relative change of the distance between Si
layers in WS. The d value versus pressure data were fitted
by a Murnaghan-type relation, 0

iIPO

E &o

yielding the approximate inverse linear compressibilities

Po given in Fig. 5. Constant values were assumed for
the pressure derivatives P' = dP/dP Th. e large errors
of Po are caused by poor signal-to-background ratio of
the diffraction patterns and by the admixture of differ-
ent phases. The linear compressibility of WS is clearly
anisotropic and significantly larger compared to crys-
talline silicon (Po ——299.4 GPa).

EU. CALCULATIONS

In order to understand the effect of hydrostatic pres-
sure on the direct band gap of WS we have to consider
several contributions: (i) A decrease of the covalent in-

tralayer Si-Si bonds is expected to cause a blueshift of the
direct gap due to an increase of the bonding-antibonding
splitting of the near-band-gap states. (ii) Due to the
puckering of the WS layers the application of pressure
may cause a change in the bond angle, which will also
have an effect on the band-gap energy. (iii) Increasing
interlayer interaction is expected to result in a redshift
of the band gap similar to the behavior of layered semi-
conductors under pressure.

It is not clear a priori which of these three effects
is dominant. We therefore simulated their in6uence
on the electronic structure of siloxene by performing
semiempirical quantum-chemical cyclic cluster calcula-
tions. Among numerous calculational methods used by
chemists, MINDO/3 (modified intermediate neglect of
difFerential overlap)2s was long considered to yield the
most reliable equilibrium geometries for silicon and
Si02.2s On the other hand the Austin model (AM1) is
expected to be more precise in predicting bond strengths
and force constants. When external pressure is applied,
however, nothing is known so far about the reliability of
these different methods.

Therefore, in a first step, the applicability of MINDO/3
and AMl to Si under hydrostatic pressure was tested for
a Si32 cluster at different lattice constants. In this case,
the energy change

under pressure is the elastic energy of the 2V Si-Si bonds
which are compressed by a change in bond length of Ar, .
Using MINDO/3, we found for the spring constant k„=
235 N/m. AM1 gives 209 N/m, while the experimental
value is 152 N/m. As expected, AM1 is more reliable
in Si under hydrostatic pressure.

Since the quantum-chemical methods were param-
etrized for chemical bonds, we cannot expect them to

give very good results for the interlayer interactions. We
therefore consider the effects within the planes first. Us-

ing AM1, we calculated the change of the geometry and
the total energy of a (SisOsHs)s siloxene cluster when

varying the in-plane lattice constant between 101% and
95%%up of the calculated equilibrium value (3.82 A).

In a first series of calculations, the only restriction we

imposed on the geometry was the value of the lattice con-

stant, i.e., we allowed both bond-angle and bond-length
variations. In order to enable a comparison with the
experimental results, we determined the pressure numer-

ically &om the relation

(BE) &BE&P=
'(BV,~

=
~, BV,~

(4)

The total energy E in Eq. (4) was calculated as the
sum of two contributions: (i) the theoretical energy due

to deformation of bond angles and bond lengths within
the two-dimensional Si planes, and (ii) the energy re-

quired to bring adjacent Si planes closer together. This
energy was deduced from the experimental results in

Fig. 5. The theoretical pressure necessary for a com-

pression of the in-plane lattice constant a to 98% was

obtained to be 5.9 GPa. This is fairly close to the exper-
imental value of 4.0 GPa.

For the calculations of the electronic structure and op-
tical transitions, the CNDO/S (complete neglect of dif-

ferential overlap) method has proven to give useful re-
sults for electronic spectra of molecules. CNDO/S has
been parametrized2 to reproduce the spectra of large
saturated molecules of C, 0, H, and Si. Using the ge-
ometries obtained &om the AM1 calculations as input
for the CNDO/S program, we calculated the electronic
structure and the lowest optical transition using a lim-

ited CI (configuration interaction) with 144 single ex-
cited configurations for several geometries. The results
are shown in Fig. 6.

The calculated redshift for a deformation (variation of
bond length and bond angle) to 98% is 80 meV compared
to a 120 meV (96 meV) redshift measured experimentally
for the absorption (luminescence) spectrum. The diKer-
ence between theory and experiment is most likely due
to the neglected change of the electronic structure when
the planes are brought closer together (see below).

In a second series of calculations, we tried to sepa-
rate the effect of bond length variations from that due
to changes in the bond angle. We kept the Si-Si-Si bond
angles fixed and only allowed a change in the Si-Si bond
lengths when reducing the lattice constant. The result-
ing optical transitions (see Fig. 6) show a blueshift of 90
meV when compressing the planes to 98% of their orig-
inal size. Analyzing the change in total energy under
these conditions via Eq. (3), we find a spring constant
in siloxene of k„=204 N/m, which is very close to the
value obtained for crystalline silicon.

Alternatively, we kept the Si-Si bond lengths fixed and
only allowed a change in the Si-Si-Si bond angles, i.e., a
change in the corrugation of the planes when reducing the
lattice constant. The increased interaction of the silicon
atoms with their second neighbors is expected to result
in a broadening of the bands and therefore in a reduced
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sisted of two parallel siloxene planes which were stacked
one above the other without displacement (AA stack-
ing). AMl was used to find the most energetically fa-
vorable bond angles and bond lengths for the OH and H
ligands. The Si-Si bond lengths and bond angles were
kept fixed. For the experimentally determined change
of bc = —0.2 A, the calculations predict an additional
redshift of about 20 meV [see Fig. 6(b)j. Therefore, we

obtain from the calculations a total pressure coefficient of
—25 meV/GPa. This pressure coefficient is in excellent
agreement with the experimental pressure coefficient.
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FIG. 6. Calculated effect of hydrostatic pressure on the
optical transition energy for (a) an isolated siloxene layer
(cluster size n = 3) with relaxed geometry (~), fixed bond
length and relaxed bond angle (V), and fixed bond angle and
relaxed bond length (V). (b) shows the variation of optical
transition energies for two layers (two n = 3 clusters) due to
changes in interlayer coupling.

band gap. The calculated redshift for a compression to
98'%%uo (Fig. 6) is 200 meV. These calculations can also
be used to obtain an approximate value for the bond-
bending spring constant ke defined by

M

bE = —) ks (b8,), (5)

where M is the total number of Si bond angles in the
cluster. Calculating the average value for ~b8;

~

of the six
bond angles at each Si atom and relating it to the in-
crease in the total energy, we find a bond-bending spring
constant of ks = 6.4 N/m in siloxene, compared to the
experimentally determined spring constant for crystalline
silicon of ks = 9.2 N/m. z

To estimate the effect of the decreased interplanar dis-
tance on the electronic structure, we finally calculated
the optical transitions of a (SisOsHs)s cluster which con-

We have investigated the behavior of Wohler siloxene
under high pressure by optical spectroscopy and powder
x-ray difFraction for pressures up to 5 GPa. From x-ray
difFraction experiments we find that WS is more com-
pressible (compared to crystalline Si), not only in the
direction perpendicular to the layers, but also within the
layers. On the other hand, the application of hydrostatic
pressure results only in a small reversible redshift (about
—27 meV/GPa) of the near-band-gap optical transition
energies in Wohler siloxene. Results of photolumines-
cence and optical absorption measurements are found to
be consistent, if care is taken to avoid chemical reactions
with the pressure medium. Semiempirical quantum-
chemical calculations (AMl and CNDO/S-CI) predict
a redshift of the band gap of —25 meV/GPa in excel-
lent agreement with experiment. Based on the quantum-
chemical calculations the small redshift of the band gap
under pressure can be attributed to three difFerent contri-
butions: The decrease of the nearest-neighbor Si-Si bond-
length results in a blueshift of the band gap as a conse-
quence of the increasing bonding-antibonding splitting of
the covalent in-plane bonds. This efFect is nearly com-

pensated by a redshift arising from an increased puck-
ering of the layers (change of Si-Si-Si bond angle) with

increasing pressure. The increase of the interlayer cou-

pling due to pressure causes an additional redshift of the
band gap. The experimental data and the calculations
indicate that at all pressures there is an approximate can-
cellation of the efFects arising from nearest-neighbor Si-Si
covalent bonding and second-nearest-neighbor as well as
interlayer coupling.
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