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Laser-chemical vapor deposition (LCVD) of elemental selenium onto the surface of several
metals (Ag, Cu, Cd, Zn, Mg, Sn) has been achieved using photolytic decomposition of diethyl
selenium, and the interaction between the deposited selenium coatings and the metal surface
has been examined by X-ray photoelectron spectroscopy, Raman spectroscopy, X-ray
diffraction, and electron microscopy. It is revealed that thin coatings of Se take part in a
solid-state chemical reaction with Ag, Cd, Cu, Mg, and Zn substrates and demonstrated for
the first time that the reaction between amorphous selenium and these metals (and not
only Cu) does not require high temperatures but takes place at room temperature. The results
reveal the feasibility of room-temperature selenization of metals.

Introduction

The synthesis of bulk, thin films and nanostructures
of metal selenides is of continuing interest due to the
many applications and potential uses of these species.
Bulk and nanostructured compounds are well prepared
in the liquid phase (e.g., refs 1-3), by high-temperature
solid-state reactions,4-6 or at room temperature by high-
energy ball-milling.7 Thin films of metal selenides have
been prepared by many techniques such as sol-gel
synthesis,8 chemical bath deposition (e.g., refs 9 and 10),

photochemically assisted bath deposition (e.g., ref 11),
laser ablation,12 vapor phase (e.g., refs 13 and14), atomic
layer,15 migration-enhanced (e.g., ref 16), molecular
beam,17 and chemo (e.g., ref 18) epitaxy, metalloorganic
chemical vapor (e.g., refs 19 and 20) and plasma-assisted
(e.g., ref 21) deposition.

The simplest way to synthesize thin films of metal
selenides is believed to be a direct reaction between the
elemental metal and selenium at very high tempera-
tures (several hundred °C) that favor formation of the
crystalline compounds. However, it was demonstrated
by electron microscopic studies that the solid-solid-
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state reaction between Cu and Se yielding crystalline
CuxSey compounds occurs22-26 at room temperature and
that a similar selenization reaction between solid Se and
Ag takes place27,28 at as low as 60 °C. In those studies,
Se has been brought into contact with the metal surface
through its evaporation and deposition, and the result-
ing growth of crystalline metal selenides was considered
as due to the atoms’ diffusion.

We have previously reported on UV laser-induced gas-
phase photolysis of several organoselenium compounds
for chemical vapor deposition of selenium films.29-33

Dialkyl selenides29,30,32 and selenophene31,33 irradiated
by ArF or KrF lasers were efficiently photolyzed into
selenium, which produced thin Se layers upon deposi-
tion to Al and glass. Here we report that the UV laser
photolysis of gaseous diethyl selenium and consecutive
Se deposition onto several metals results in some cases
(Ag, Cu, Cd, Mg, Zn) in the formation of metal selenide.
These findings provide extension to the earlier pub-
lished room-temperature solid-solid-state reaction be-
tween selenium and copper and reveal that the solid-
solid-state room-temperature reaction between selenium
and metals is a more common process.

Experimental Section

Chemical vapor deposition of selenium was achieved
by laser photolysis of gaseous diethyl selenium in a
reactor described previously.32 Briefly, the reactor con-
sisted of two orthogonally positioned Pyrex tubes (both
3 cm in diameter), one (9 cm long) fitted with two quartz
windows and the other (13 cm long) furnished with two
KBr windows. It was equipped with a sleeve with rubber
septum and PTFE valve connecting it to a standard
vacuum line and accommodated metal sheets (area of
∼1 cm2 or less) that were loosely positioned on its
bottom. The laser photolysis of diethyl selenium (20
Torr) in nitrogen (total pressure 760 Torr) was con-
ducted using an LPX 210i laser (ArF) operating at 193
nm with a repetition frequency of 10 Hz and delivering
fluence of 55 mJ/cm2 (measured by a Gentec ED-500
joulmeter connected to a Gold Classic 9500 storage
oscilloscope) within an effective area of 5 cm2. One and
three subsequent photolytic runs (each with 6000 pulses
to achieve ∼70% depletion of diethyl selenium) were
accomplished to deposit selenium films of different
thickness. The photolytic progress was checked by
infrared spectroscopy (a Shimadzu FTIR 4000 spec-

trometer) at 1198 cm-1. The used irradiating conditions
made possible efficient decomposition of diethyl sele-
nium to elemental selenium without blocking the en-
trance window with selenium particles. After the pho-
tolysis and the deposition of selenium films, the reactor
was evacuated and the metal sheets were transferred
for the measurement of their surface properties using
different physical methods.

The XPS measurements were carried out using a
Gammadata Scienta ESCA 310 electron spectrometer
equipped with a high-intensity monochromatized Al KR
X-ray source and a 60-cm-diameter hemispherical ana-
lyzer with multichannel detector. The power on the
X-ray source was kept constant at 3 kW. The energy
resolution determined from the slope of the Fermi edge
of silver was 0.4 eV. Some measurements were also
performed using a VG ESCA 3 MkII spectrometer with
unmonochromatized Mg KR radiation. Both spectrom-
eters were calibrated to the Au 4f7/2 peak at 84.00 eV.
The pressure in the analyzer chamber during spectra
acquisition was in the 10-9 mbar range. The spectra of
Se 3d, C 1s, O 1s, Ag 3d, Cu 2p, Cd 3d, Mg 2s, Sn 3d,
and Zn 2p photoelectrons were measured. No static
charging during spectra measurement was observed.

The measurements of Raman spectra were carried out
at room temperature with a LabRam Infinity spectrom-
eter (Jobin Yvon). The spectrometer was equipped with
a He-Ne laser (632.8 nm, 15 mW), a microscope sample
stage, and a CCD detector. The resolution of the
spectrometer was less than 5 cm-1.

Field emission scanning electron microscopy (SEM)
measurements were performed on a dual-stage DS-720
Topcon electron microscope (accelerating voltage 5 kV).

X-ray diffraction measurements were carried out with
a Rigaku RAD-RVC instrument (Cu KR radiation, 40
kV, 150 mA), and qualitative analysis was performed
with the DiffracPlus software package34 or Bede ZDS
program package35 and JCPDS PDF-2 database.36

TEM analysis (particle size and phase analysis) was
conducted on a Philips 201 transmission electron mi-
croscope at 80 kV on deposited materials scraped from
the metal substrates and transferred to a Formvar 1595
E (Merck) membrane-coated Cu grid. Process diffrac-
tion37 was used to evaluate and compare measured
electron diffraction patterns with an XRD diffraction
database.35

Diethyl selenium (purity better than 98%) was pre-
pared using the reported procedure38 and distilled prior
to use. The sheets of silver, copper, cadmium, zinc,
magnesium, and tin (purity better than 99.99%) were
purchased from Soekawa Chemicals and mechanically
cleared from their passivating oxide layer that was
scraped off under nitrogen atmosphere.

Results and Discussion

The ArF laser irradiation of the gaseous diethyl sele-
nium in nitrogen atmosphere results in efficient cleav-
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age of both C-Se bonds, formation of C1-C4 hydrocar-
bons, and instant formation of a white selenium fog that
slowly descends onto the reactor glass walls where it
creates initially white and later pinkish coatings of
amorphous selenium.29 This photolysis affording ethene
as a major product takes place mostly as â-elimination
of ethene (a major path: (C2H5)2Se f Se + 2C2H4 + H2)
and is accompanied by minor radical routes giving rise
to propane, propene, methane, and ethyne.29 All the
hydrocarbons are inert and do not interfere with the
deposition of elemental selenium.

The selenium coatings deposited on quartz, glass, and
KBr stay whitish for an extended period of time. Their
whitish color allows one to discern among possible Se
allotropes (amorphous selenium (a-Se) and crystalline
trigonal, R- and â-monoclinic Se) and indicates an a-Se
phase. The selenium coatings deposited on metals do
not stay white and change the metal’s appearance.
Those on tin and magnesium become transparent and
lend the initially shiny metal surface a darker dull
appearance. The shiny silver and copper sheets get
instantly (within 30 s after the photolysis) deep black;
the cadmium and zinc plates respectively change their
grayish color less rapidly (within 10-20 min after the

photolysis) into brown and yellowish shade. These color
changes indicate either chemical reaction between
selenium and metal or they can be ascribed to a change
of amorphous to crystalline Se phase.

Electron Microscopy. The SEM images of the
photodeposited coatings on Ag, Cu, Cd, Zn, Mg, and Sn
are given in Figure 1. It is revealed that morphology
patterns of Se are represented by typical ball-like
morphology of amorphous selenium.39 The size of islands
ranges within ∼0.1-1 µm. The growth of selenium thin

Figure 1. SEM images of selenium deposited onto sheets of
Sn (a), Ag (b, g), Cu (c), Cd (d), Zn (e), and Mg (f). (Bar is 2
(a-f) and 0.5 µm (g).)

Figure 2. Raman spectra of Se coatings deposited on different
metals. The curves have the maximum at 180 (Ag), 200 (Cu),
181 and 253 (Zn), 255 (Mg), 212 and 253 (Sn), 208 and
415 cm-1 (Cd).

Figure 3. Fitted spectra of Se 3d core level electrons taken
from Se deposited on (1) Ag, (2) Cu, 3 (Cd), (4) Mg, (5) Sn, and
(6) Zn.
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films at low temperatures on different substrates was
explained39 as taking place through motion of Se atoms
on the surface and their incorporation into islands. We
presume that the laser photolysis results in the gas-
phase formation of nanosized Se bodies that deposit onto
the metal surface and can increase their size via
coalescence with later deposited particles. The SEM
image then reflects the presence of large round-shaped
bodies sitting on a layer formed from particles smaller
than 0.1 µm.

The large bodies do not have the typical smooth
surface of a-Se but rather possess a rough surface that
is indicative of crystallization. This feature is best seen
at larger magnification (Figure 1g).

Raman Spectra. The Raman spectra of the coatings
produced by the chemical vapor deposition (CVD) of

selenium onto the metals are shown in Figure 2. It is
seen that those of the coatings on zinc, cadmium,
magnesium, and tin possess a narrow band centered,
in the given order, at 253, 208, 255, and 212 cm-1,
whereas those of the coatings on Ag and Cu show a
broad band respectively centered at ∼180 and ∼200
cm-1. These features are to be discussed in terms of the
well-known longitudinal optical (LO) mode in films of
MgSe (252 cm-1 40), CdSe (210 cm-1 41), CuSe2 (260
cm-1 42), CuSe (263 cm-1 43), ZnSe (254 cm-1 44), Ag2Se
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Figure 4. Powder XRD pattern of Se deposited on Zn (a) and Ag (b).
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(100-200 cm-1 45), and SnSe2 (135 cm-1 46) and of
Raman spectrum of a-Se films that display a broad peak
at ∼250 cm-1 47,48), mainly due to disordered Se chains
and a shoulder at ∼235 cm-1 due49 to trigonal Se (t-Se)
existing in a-Se.

The Raman spectral patterns of the coatings on Cu
and Ag do not correspond either to amorphous or
trigonal selenium and rather can be assigned to the
metal selenides, despite the fact that the peaks’ maxi-
mums do not precisely match the literature values.
Similarly, the Raman spectrum of the coating on Cd
reveals the presence of CdSe but not that of Se. Apart
from the LO peak at 208 cm-1, the 2LO peak at 415
cm-1 is also apparent. The Raman spectra of the
coatings on Zn and Mg show a band at 250 cm-1, which
assigns to both a-Se and the metal selenides and does
not allow discernment between these entities. The band
at 250 cm-1 has a shoulder at ∼235 cm-1, which
corresponds to t-Se phase. The Raman band of the
coating on Sn relates neither to Se nor to SnSe2 and
may be associated with a yet unreported selenide form.
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Figure 5. Diffraction pattern of the deposited Se on Ag (a), Cu (b), Cd (c), Zn (d), and Sn (e) as compared with that of the metal,
selenide, and selenium (diffraction patterns from XRD diffraction database35).
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We note that the presence of a band at 235 cm-1 in
the spectra indicates the crystallization of a-Se. This is
in keeping with the SEM pattern (Figure 1g). We admit
that some crystallization could occur during the collec-
tion of the Raman spectra (laser heating), since it is
known that amorphous selenium has a low crystalliza-
tion temperature (<150 ° C).

X-ray Photoelectron Spectra (XPS). The XPS
analysis of the deposited selenium on the metals re-
veals50,51 the presence of elemental selenium and metal
selenides (Figure 3). The binding energy of the Se 3d5/2
core level electrons of elemental selenium amounts to
∼55.3 eV. The spectra of the Se deposited on Ag, Cu,
Cd, and Mg substrates show also a contribution of a
subband (in the given order at 54.2, 54.5, 54.1, and 54.6
eV) that is consistent with values reported in the
literature50 for metal selenides. The small contribution
of selenium oxide (at 59.5 eV) observed in the spectra
of Mg, Sn, and Zn samples is due to a minor oxidation
of the film taking place during the transfer of the
samples to the spectrometer.

X-ray Diffraction Analysis (XRD). XRD patterns
of the Se coatings on the metal sheets do not provide
good evidence of the nature of the interface layer (a layer
between the metal surface and Se coating), since this
layer is obviously rather thin. They reveal that the
deposited amorphous selenium changes into crystalline
selenium, which was observed on Cd, Sn, and Zn. The
metal selenide was identified only on Ag. The pattern
of XRD films on Cu and Mg reveals neither crystalline
selenium nor selenide. The illustration of the crystalline
selenium (Se on Zn) and metal selenide (Se on Ag)
phases is given in Figure 4.

Electron Diffraction Analysis. The electron dif-
fraction patterns of the selected coatings areas reveal
the presence of crystalline selenium, and in the case of
the coatings on Ag, Cu, Cd, and Zn, they show good fits
to interlayer distances of metal selenides. We note that
panels a-d of Figure 5 were chosen from among several
electron diffraction patterns and represent examples
wherein metal selenide is not accompanied with sele-
nium.

We consider that a few tens of micrometers thick
(initially Se) films provided enough material for electron
diffraction analysis and that the corresponding TEM
images of the coatings scraped from the metal surface
(given for illustration in Figure 6) reflect crystalline
phases of the selenides.

The above experimental findings thus reveal that the
laser-induced gas-phase photolysis of diethyl selenium
results in the formation of elemental selenium that
deposits on quartz, glass, KBr, magnesium, and tin as
whitish coatings that retain their color for an extended
period of time. The whitish color of the Se coatings
allowed discernment among possible Se allotropes
(a-Se, and crystalline trigonal, R- and â-monoclinic Se)
and indicated a-Se phase.

The selenium coatings deposited on silver, copper,
cadmium, and zinc quickly change their initially white
color into deep black (Ag and Cu), brown (Cd), and

yellow (Zn). The scrutiny of the coatings by X-ray
photoelectron, Raman spectra, electron microscopy, and
X-ray diffraction analysis provided complementary data
(Table 1) revealing that the selenium films change their
initially amorphous phase into crystalline phase, react
with the metal to yield metal selenides, or both.

The room-temperature reaction between selenium
and metal was proved for Ag, Cu, Cd, Mg, and Zn and
not for Sn. The different feasibility of the metal selenide
formation with different metals is most likely due to
different metal electropositivity and different metal/Se
diffusion. The larger exothermic release takes place
upon formation of metal selenides from more electro-
positive metals; heats of formation of metal selenides
indicate52,53 that the easiest formation of metal selenides
should take place with Mg and Zn. We believe, however,
that the room-temperature formation of metal selenides

(50) NIST X-ray Photoelectron Spectroscopy Database, version 2.0;
U.S. Department of Commerce: NIST, Gaithersburg, MD, 1997.

(51) Canava, B.; Vigneron, J.; Etcheberry, A.; Guilemoles, J. F.;
Lincot, D. Appl. Surf. Sci. 2002, 202, 8.

(52) Gmelin Handbuch der Anorganischen Chemie; Springer-
Verlag: Berlin, 1981; Vol. 3a (Selenium).

Figure 6. TEM images of the deposit on Cd (a) and on Cu
(b).

Table 1. Different Forms of Se Observed by Different
Analyses

metal
Raman

spectrum
XRD

analysis
electron

diffraction

X-ray
photoelectron

spectrum color

Ag Se2- Ag2Se Ag2Se, Se Se2- black
Cu Se2- Cu2Sex, Se Se2- black
Cd Se2- Se CdSe, Se Se2- brown
Mg Se2- and/or

a-Se t-Se
Se2- white

Zn Se2- and/or
a-Se t-Se

Se ZnSe, Se Se yellow

Sn Se2- (?) Se Se Se white
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will be primarily controlled by diffusion, and we assume
that mutual diffusion of both counterparts will be of
high importance for the formation of a metal-selenium
phase, wherein metal selenide compound will be pro-
duced (initially in amorphous and later in crystalline
state) after the proper metal/Se ratio has been attained.
Experimental data for diffusion of Se in metals and for
diffusion of metals in selenium are missing, and the
prediction of relative diffusion ability of different metals
in Se and of Se in different metals is not possible in view
of the known irregularities in diffusions of similar
entities (e.g., anomalously high diffusion at low tem-
peratures of Cd in CdS and of Cu and Ag in ZnS54).
Simple prediction of relative diffusion ability of different
metals in Se and of Se in different metals is also
hampered by recent observation that the relative extent
of diffusion of Cu and Se is dependent on the Cu and
Se particle size.26

It is obvious that the deposited selenium can react
with the metal only at the contact area and within their
inner layers (due to diffusion of metal atoms into
selenium and Se atoms into metal26) and that this

reaction does not take place within outer layers of metal
and selenium phases. It is thus plausible to assume that
the detected crystalline Se phase occurs mostly in outer
Se layers and in the round-shaped Se particles that
change into crystalline spherulites. This feature is well
illustrated for Se deposited on Ag (Figure 1g).

Conclusions
Our results reveal for the first time that the reaction

between the metals and selenium does not require high
temperatures (several hundred °C55) and that it occurs
at ambient temperature. The results could find very
important applications in technologies that benefit from
fabrication of metal chalcogenides at ambient temper-
atures (e.g., solar cell applications, synthesis of metal
chalcogenide thin films or nanoclusters on the surface
of or within a body of polymers).
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