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Excimer laser-induced photolysis of gaseous
diethyl selenium and diethyl tellurium
(C,Hs5),M (M = Se, Te) is controlled by cleavage
of both M—C bonds, it yields C-C4 hydro-
carbons (ethene as major product) and results in
chemical vapour deposition of selenium films
and nanosized tellurium powder. The selenium
and tellurium properties were characterized by
X-ray photoelectron spectroscopy and Scanning
electron Microscopy techniques. Copyright
© 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Laser-induced chemical vapour deposition of
selenium and tellurium is of lasting research
interest owing to its importance for microelectro-
nics, photographic imaging and metal-polymer
optical storage media. A number of organoselenium
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and organotellurium compounds have potential
uses as precursors. However, only a few have been
examined to date.

Photodeyosition of selenium films from dimethyl
selenium'~ induced via radiation from mercury/
xenon and mercury lamps is a very slow process
due to small absorption in the precursor; this
photolysis can, however, be greatly enhanced when
induced by KrF laser radiation.

Photodeposition of tellurium films was achieved
from dimethyl and diethyl tellurium; the laser
photolysis with 257 and 193 nm radlatlon was
related to the substrate-adsorbed molecules*” and
the mercury/xenon lamp- and laser-induced photo-
lyses at 193 and 248 nm with low-ene lergy pulses
were related to the gaseous molecules.®® The KrF
and ArF laser photolysis was disclosed to yield the
ground state tellurium atoms and is presumed to
involve homolysis of the Te—C bond.*

We have recently reported on ArF and KrF laser-
induced photolyses of gaseous selenophene and
tellurophene” and demonstrated' that these photo-
lyses are efficient methods for chemical vapour
deposition of elemental selenium and tellurium. We
have also shown'' that the prevailing pathway of
the KrF laser photolysis of gaseous (C,Hs),M
(M =Se, Te) molecules is not the M—C bond
homolysis, but a four-centre molecular elimination
of ethene into MH, molecules which decompose
into elemental tellurium and selenium.

In this paper we report on ArF and KrF laser
photolysis of diethyl selenium and KrF laser
photolysis of diethyl tellurium, and centre our
attention on the properties of the deposited
selenium and tellurium films. We show that the
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laser photolysis accomplished with high laser pulse
energy is suitable for photodeposition of thin films
of selenium and of sub-micrometre particles of
tellurium which are not contaminated with hydro-
carbon side-products.

EXPERIMENTAL

Laser photolysis experiments were performed on
gaseous samples of diethyl selenium (11 Torr) and
diethyl tellurium (8 Torr) using an excimer LPX
210i laser (ArF and KrF radiation) operating at 193
and 248 nm with a repetition frequency of 10 Hz.
The samples of (C,Hs),M (M = Se, Te) in helium
(total pressure 790 Torr) were irradiated in a reactor
that was equipped with a sleeve with rubber septum
and PTFE valve, and consisted of two orthogonally
positioned Pyrex tubes (both 3 cm in diameter), one
(9 cm long) fitted with two quartz windows and the
other (13cm long) furnished with two NaCl
windows. The reactor accommodated metal, quartz
and KBr substrates, which were washed by acetone
in an ultrasonic bath prior to use. These substrates,
covered with solid materials deposited in the course
of photolysis, were transferred for measurements of
the deposits, properties by photoelectron spectro-
scopy, Fourier transform infrared (FTIR) spectro-
scopy and electron microscopy. The laser beam of
different fluences (full width at half max1mum
typically 23 ns), effectlve over areas of 1 cm” (ArF
laser) and 2.6 cm? (KrF laser), was monitored for
energy output by a Gentec ED-500 joulmeter
connected to a Tektronix T912 10 MHz storage
oscilloscope.

The progress of the photolysis was monitored by
FTIR spectroscopy (a Shimadzu FTIR 4000 spec-
trometer) using absorption bands at 1233 cm ™!
(diethyl selenium) and 1198 cm™' (diethyl tel-
lurium), and by gas chromatography on a Gasukuro
Kogyo 370 chromatograph (programmed tempera-
ture 30-150°C, a 60 m long capillary (Neutra
Bond-1) and 2 m long SUS Unipak S columns).
Both chromatographs were equipped with flame-
ionization detectors and connected with a Shimad-
zu CR 5A Chromatopac data processor. Sampling
was conducted by a gas-tight syringe (Dynatech
Presision Sampling). The photolytic products were
identified by the gas chromatography using the
comparison of retention times of products with
those of authentic samples.

For the examination of the dependence of
(C,Hs),Se and (C,Hs),Te depletion on the laser
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fluence, the entrance reactor window was cleaned
before each experiment. This helped to circumvent
data irreproducibility caused by a gradual decay of
laser power within the reactor, which was due to
some formation of selenium and tellurium films on
the reactor window.

X-ray photoelectron spectroscopy (XPS) was
undertaken using ESCA 3 Mk II (VG Scientific,
UK) and ESCA 310 (Gammadata Scienta, Sweden)
electron spectrometers, each equipped with an Al
Ko (1486.6 eV) X-ray source and operated in the
fixed-analyser transmission mode. The tellurium
powder was spread on a gold plate that was
mounted onto a sample probe by means of tantalum
clips. XP spectra were recorded both as deposited
samples and after mild argon-ion etching
(E=5keV, 20 pA, 3 min) in order to remove the
oxide layer grown on the surface of the sample
during its transport to the spectrometer. The curve
fitting of high-resolution spectra was accomplished
using a Gaussian—Lorentzian line shape and a
damped nonlinear least squares procedure. Quanti-
fication of the surface concentrations of elements
was accomplished by correcting the photoelectron
peak areas for their cross-sections.

The morphology of the films was examined by
scanning electron microscopy (a Tesla BS 350
ultra-high vacuum instrument) and transmission
electron microscopy (a Philips 201 microscope).

Physical adsorption measurements were per-
formed on a DigiSorb 2600 (Micromerities) volu-
metric instrument.

Diethyl selenium'?® and diethyl tellurium'* were
prepared using the reported procedures and distilled
as a fraction with boiling points of 106 °C and
82 °C, respectively, at 100 Torr. Their purities
(better than 98%) were checked by chromatography
and '"H NMR spectroscopy. Both compounds are
toxic and they were handled in a fume cupboard.

RESULTS AND DISCUSSION

The UV absorption spectra of gaseous (C,Hs),M
(M = Se, Te) compounds®'"'” reveal absorptivities
at 248 nm (the wavelength of the KrF laser) for
diethyl selenium of 4 x 1073 Torr cm ! and for
diethyl tellurium of 7.3 x 10~ Torr ' cm ™', and
absorptivity at 193 nm (the wavelen ;th of the ArF
laser) of dlethyl selenium 6.9 x 10~? Torr ' cm™
The energies delivered by the 193 nm and
248 nm photons corre Ipond to ca 620 kJ Einstein '
and 248 kJ Einstein™ respectively, and the dis-
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Figure 1 Dependence of initial rate of (C,Hs),Te (a) and
(C,Hs),Se (b) photolysis on KrF laser fluence. (The rate cal-
culated corresponds to a laser beam effective area of 1 cm?).

sociation energy for both the Se—C'® and
Te—C'"'® bonds is assumed to be ca 250 kJ mol .
It is thus conceivable that absorption of the 248 nm
photons is just sufficient to break both M—C bonds
and that the absorption of the 193 nm photons
delivers about 100kJmol ™' more energy than
needed to break both M—C bonds.

Photolysis of diethyl selenium

The KrF'' and ArF laser photolysis of diethyl
selenium in excess of helium results in an instant
formation of C;—C,4 hydrocarbons and of a white
fog that descends onto the reactor walls, where it
creates pink films. The relative amounts of hydro-
carbons are affected by the laser wavelength and
incident fluence, but they do not change appreci-
ably with photolysis progress in the range of
10-80%.

The initial depletion rate of diethyl selenium
with irradiation at 248 nm (Fig. 1b) and 193 nm
(Fig. 2) is linearly proportional to the laser fluence,
indicating that both photolyses are a one-photon
process (see also Ref 11.). Considering the differ-
ence in the effective irradiation areas (Experimen-
tal), the photolysis with the 193 nm photons is ca
ten times faster than that with 248 nm photons; this
reflects the higher absorptivity of diethyl selenium
at 193 nm and also the higher energy of the 193 nm
photons.

With the 248 nm radiation, the major products
(in relative mole percent) are!' ethene (80-86),
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n-butane (8-13), ethane (4-6), propane (0.5-2.0),
propene (0—1.0) and methane (1-5). The values in
parentheses reveal the slight variations in yields
with laser fluence in the range 30-210 mJ cm 2.

With the 193 nm radiation, the major products
are ethene (43-74), n-butane (20-37), ethane
(7-13), propane (2-6), ethyne (1-7) and methane
(0-2). The values in parentheses reflect the gradual
increase of ethane and n-butane and the decrease of
ethene on increasing the laser fluence from 8 to
80 mJ cm 2.

Photolysis of diethyl tellurium

The KrF laser photolysis of diethyl tellurium in an
excess of helium results in the formation of C,—-C,
hydrocarbons and a dark fog that descends slowly
onto the bottom of the reactor when the radiation is
ceased.!’ During the irradiation, a several milli-
metres thick dark convection current is seen to arise
in the area of the laser beam behind the reactor
window; at first this moves upwards from the
window and then circulates in the front area of the
reactor. This feature resembles the flow of carbon
particles produced in continuous-wave IR laser-
induced thermolysis of hydrocarbons due to heat
convection.'

The ArF and KrF laser photolysis of diethyl
tellurium was shown to be a one-photon process at
pulse energies as low as 2—6 mJ.” This conclusion
was also drawn for KrF laser photolysis of diethyl
tellurium in the absence and excess of hydro-
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Figure 2 Dependence of initial rate of (C,Hs),Se photolysis

on ArF laser fluence. (The rate corresponds to a laser beam
effective area of 1 cm?).
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gen."%? The linear dependence of the initial
depletion rate of diethyl tellurium on the laser
fluence (Fig. 1a) shows (see also Ref 11.) that the
KrF laser photolysis of diethyl tellurium is also a
one-photon process with a pulse energy an order of
magmtude higher. The efficiency of the photolys1s
in the range of fluence 55-160 mJ cm ™2 is demon-
strated as follows: an almost complete depletion
is achieved w1th ca 100 pulses at a fluence of
160 mJ cm 2, whereas only 50% depletion can be
accomplished with as many as 700 pulses at a
fluence of 55 mJ cm?

The relative amounts of hydrocarbons are not
affected noticeably by either the laser fluence or by
the photolysis progress; thus, the hydrocarbons
distribution (in relative mole percent) — ethene
(62-68), n-butane (27-20), ethane (8—10), propane
(0.5-2. 0? propene (0-1.0) and methane (0-2) —
reflects'' the alterations within the ca 10-80%
photolysis progress in the range of fluence 55—
160 mJ cm >

Photolysis mechanism

As shown previously, the observed dominance of
ethene over n-butane and ethane is not in keeping
with the previously assumed® 2 homolysis of the
C—M bonds. In accordance with the known
disproportionation (2C,Hs" — C,H,4 + C>Hg)/com-
bination (2C,Hs5" — n- C4H 10) rate ratio ky/k. for the
ethyl radical (~0.13),>' a clean M—C homolysis
would have yielded n-butane in a large excess over
equal amounts of ethane and ethene. The observed
dominance of ethene over both n-butane and ethane
reveals that more than 90% of the ethene in both the
KrF and ArF laser photolyses must be produced via
a different channel, i.e. via the /3 elimination of
ethene (Scheme 1) taking place via a four-centre
transition state®* (I).

The small amounts of propene, propane and
methane and ethyne observed are in accord with
unimportant radical steps (e.g. cleavage of C,Hs'

(CHs) M ———» H-M-C,H;——® H,M —— [
-CyHy -CyHy -H,

{M = Se, Te)

/,CHg\

L

5
®
’

(R =C,Hs, H; M= Se, Te)
“q
I

Scheme 1
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and of reactions of CHj’). The lower yields of
ethene and higher yields of n-butane and ethane in
the ArF laser photolysis of diethyl selenium
indicate that the absorption of the higher energy
193 nm photons in the (C,Hs),Se molecule results,
apart from the major f-elimination of ethene, in a
more significant homolysis of the M—C bond.

We note that both laser photolyses of (C,Hs),M
(M =Se, Te) proceed by a different mechanism
than thermolys1s of (C,Hs), Te, in which the f-
elimination is*® of the same importance as the
expulsion of ethane from the intermediary C,Hj;
TeH.

Properties of deposited selenium
and tellurium

The deposited selenium films possess good adhe-
sion to glass and metals (copper, aluminium),
whereas the tellurium deposit forms a layer that is
easily removable from the surface as powder. FTIR
spectral analysis of the thin selenium films
deposited on KBr do not show any absorption in
the 600—4000 cm ™' region and indicate no incor-
poration of CH,, fragments.

XPS analysis shows that the selenium films
contain selenium dioxide in the topmost layers. The
observed values of the Se 3d core-level binding
energles (55.24+0.2 and 59.0+0.2eV) are in
accord”® with those of the elemental selenium and
selenium dioxide. The relative amounts of selenium
and SeO, change after ion sputtering; thus ca 20%
of selenium and 80% SeO, are present in the as-
received samples, but after the removal of a layer of
about 5 nm the SeO, contribution disappears and
the films contain only elemental selenium (Fig. 3).

XPS measurements of the tellurium powder
show that the spectrum of Te 3ds,, photoelectrons
obtained before and after argon-ion sputtering can
be best fitted (Fig. 4) by two components belong-
ing?* to elemental tellurium and tellurium oxide
and that the composition of the as-received and the
sputtered sample is 14% tellurium and 86%
tellurium oxide and 85% tellurium and 15% TeO,
respectively.

Energy dispersive X-ray analysis reveals that,
apart from oxygen, selenium and tellurium films
also contain carbon in amounts estimated as below
5 at %. XPS analyses after ion sputtering result in
significant decreases of carbon concentrations,
indicating that carbon is contained in the topmost
layers and that the materials deposited were
contaminated after deposition as a result of contact

Appl. Organometal. Chem. 2001; 15: 924-930
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with the ambient atmosphere when transferred for
analysis.

Electron microscopy analysis reveals that the
morphologies of the selenium and tellurium
materials differ. The deposited selenium films show
a compact structure with round-shaped particles of
1-4 pum size (Fig. 5a), whereas the deposited
tellurium powder shows a fluffy morphology (Fig.
5b) consisting of agglomerates of size ~100-
200 nm (Fig. 5¢). The observed tellurium particle
size is in keeping with the measurement of physical
sorption of nitrogen in tellurium powder, which
showed that the tellurium Pamcles have a BET
specific surface below 20 m~ g

INFERENCES

The UV laser photolysis of gaseous (C,Hs),M
(M = Se, Te) affords chemical vapour deposition of
selenium films and nanosized tellurium powder.
Both processes are dominated by extrusion of M
through twofold molecular elimination of ethene.
The laser photolysis of (C,Hs),Se is more efficient
with 193 nm photons than with 248 nm photons,
and has a greater contribution from radical reac-
tions.

Se 3d

INTENSITY (arb.units)

50 55 60 65
BINDING ENERGY (eV)

Figure 3 Se 3d core-level spectra of films from (C,Hs),Se
after (a) and before (b) ion sputtering.
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The comparison of the laser photolytic deposi-
tion of selenium and tellurium from gaseous
(C,Hs5),M (M Se, Te) compounds with that from
selenophene'® and tellurophene'® is appropriate.
The photolyses with both (C,Hs),M and C4H4M
compounds provide similar results: they afford
selenium and tellurium that become oxidized in the
topmost layers in air. The carbon moieties, being
efficiently cleaved with each of the (C,Hs),M and
C4H4M compounds, yield volatile hydrocarbons
that do not interfere with the deposued M. The
photolysis rates (in Torr x 10~ of the parent

compound decomposed per pulse), at 50 mJ cm >

fluence and 2.6 cm? effective irradiation area —
~20 (both C4H4M, both 193 and 248 nm), 10
((C,Hs),Se, 193 nm), 13 ((C,Hs5),Te, 248 nm) and
3 ((C,Hs),Se), 248 nm) — show that the cleavage
of the cyclic precursors is the more efficient
process.

The photolytic decomposition of the (C,Hs),M
compounds adds to the 2Ereparatlon routes of
selenium films by thermal® or laser-induced?®
evaporation of selenium in vacuum. The sub-
micrometre-sized particles of tellurium produced
are covered by a (>5 nm) thin layer of tellurium
oxide and can find interesting uses in various

INTENSITY (arb.units)

570 575
BINDING ENERGY (eV)

Figure 4 Fitted photoelectron spectrum of Te 3ds, electrons
of tellurium particles obtained from (C,Hs),Te: (a) sputtered by
argon ions; (b) as received; (c) authentic sample of tellurium
exposed briefly to air.

Appl. Organometal. Chem. 2001; 15: 924-930
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applications. The photolytic decomposition of
gaseous (C,Hs),M (M =Se, Te) compounds is
promising for metalloorganic vapour phase epitaxy
of TI-VI semiconductor films?® and for fabrication
of polymeric metal-filled films for photothermal

EfeTa

Py

Figure 5 Scanning electron microscopy of selenium films (a)
and tellurium powder (b) transmission electron microscopy of
tellurium powder (magnification x45 000) (c).

Copyright © 2001 John Wiley & Sons, Ltd.

optical recording.”’ New techniques for tellurium
oxide (e.g. Refs. 30, 31) and tellurium (e.g. Refs.
32-34) nano-powders are under investigation, and
the reported ArF laser photolysis of diethyl tell-
urium can serve as a simple method of synthesis of
tellurium/TeO, ultrafine powders.
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