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Abstract-The emission properties in the range 2003600 nm of the low-temperature plasma in mixtures of
He with Et2Zn and H2Se vapors were studied. The spectrum of emission accompanying decomposition of
Et2Zn includes 26 identified lines of Zn atoms and strong emission of electronically excited CH* radicals, and
in the case of decomposition of H2Se two emission lines of Se atoms and an emission band of SeH* radicals
are observed. The rate constants of quenching of the levels He 4d3D2,1 and 3p 1P1 on introduction into the He
plasma of Et2Zn and H2Se vapors were determined; Et2Zn is a stronger quenching agent than H2Se. Analyti-
cal lines allowing monitoring of ZnSe film deposition were selected. Direct plasmochemical decomposition
of mixtures of Et2Zn with H2Se results in growth of textured ZnSe(cub) layers with substantial inclusions of
the hexagonal phase and with carbon-containing inclusions. The photoluminescence spectra of the films ob-
tained exhibit a strong edge band at 460 nm, overlapping with a strong self-activated band centered at 540 nm.

Semiconducting epitaxial films of compositions
AIII BV and AIIBVI provide a basis for modern elec-
tronics. Up to now, such materials were mainly pre-
pared by thermal decomposition of volatile organo-
metallic compounds and hydrides of appropriate ele-
ments. The results obtained in this field were repeat-
edly discussed and presented in monographs and re-
views (see, e.g., [133]). The process for preparing
epitaxial films by thermal decomposition under ap-
propriate conditions of volatile organometallic com-
pounds and hydrides was termed the MOCVD process
(metalloorganic chemical vapor deposition). Along
with the traditional MOCVD process, attempts were
made to modify the process for deposition of epitaxial
films using, e.g., high-powered lasers and low-temper-
ature plasma. Additional action of plasma on the film
deposition process in some cases ensured more effi-
cient decomposition of one or several components and
introduction of some dopants; also, for some films the
deposition temperature was decreased by 1003200oC
as compared to the common MOCVD process. There
are numerous reports on successful results obtained
in deposition of AIII BV and AIIBVI epitaxial films by
the MOCVD process in combination with additional
plasmochemical activation of one or several compo-
nents. Some examples are presented in Table 1, with
the information given on the structure of the forming
films, conditions of their preparation, and types of the
plasma sources used. As seen from Table 1, most data
concern preparation of GaAs, GaN, ZnS, and ZnSe
films, as well as ZnS and ZnSe films doped with Mn,

Ge, and N. For Group II and III elements, the organo-
metallic precursors were mainly volatile methyl or
ethyl derivatives RnM, and for Group V and VI ele-
ments the precursors were hydrides or alkyl deriva-
tives (As, S, Se), or molecular nitrogen. Thus, the set
of precursors was typical for the MOCVD process.
Plasma was generated by glow, HF, or UHF discharge
with varied current and frequency. As plasma-forming
gas was mainly used nitrogen or hydrogen. It should
be noted that in the majority of studies only one com-
ponent of reaction mixtures was subjected to plasmo-
chemical activation, e.g., N2 in deposition of GaN or
the component containing dopant in deposition of
ZnS:Mn, ZnSe:Ga, and ZnS:N films. In almost all
studies the authors’ attention was focused mainly on
the deposition conditions and composition and proper-
ties of the forming films, and no due attention was
given to the composition of the plasma in which ac-
tive species determining the properties of the resulting
epitaxial films are generated.

The processes occurring in plasma in mixtures of
vapors of organometallic compounds and hydrides
with the plasma-forming gas are diverse and complex;
therefore, a set of physicochemical methods should be
used for studying them. A film deposited on a hot
support is formed from species arriving from the gas
phase. The burning of plasma is accompanied by
intense emission. Therefore, to gain a more complete
information on the composition of the gas phase in the
course of plasmochemical activation, it is desirable to
use such methods as, e.g., emission spectrum analysis,
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Table 1. Conditions for deposition of AIII BV and AIIBVI films by thermal decomposition of organometallic compounds
with plasmochemical activation of separate components
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Compound
³ Reagents, plasma- ³

Support
³

t, oC
³

Plasma source
³

References
³ forming gas ³ ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
GaAs ³ Me3Ga, AsH3 ³ GaAs ³ 20 ³ Low-frequency glow discharge³ [4]
GaAs ³ Me3Ga, AsH3 ³ GaAs ³ 20 ³ Glow discharge ³ [5]
GaAs ³ Me3Ga, AsH3(Me3As)³ GaAs ³ <450 ³ '' ³ [6]
GaN ³ Me3Ga etherate, N2 ³ GaAs, Si, ³ 1503500³ HF discharge of capacitor type³ [7]

³ ³ GaP, Al2O3 ³ ³ ³
GaN ³ Et3Ga, N2, H2 ³ GaAs ³ 5003700³ UHF discharge ³ [8]
GaN ³ Et3Ga, N2, H2 ³ Al2O3 ³ 6003700³ '' ³ [9]
GaN ³ Et3Ga, N2 ³ Al2O3 ³ 4003700³ HF discharge ³ [10]
GaN ³ Et3Ga, N2 ³ GaAs ³ >20 ³ '' ³ [11]
GaN ³ Me3Ga, NH3 ³ GaAs ³ 550 ³ UHF discharge ³ [12]
ZnS : Mn ³ Et2Zn, H2S, ³ GaAs, GaP³ >20 ³ HF discharge ³ [13]

³ MeC5H4Mn(CO)3 ³ ³ ³ ³
ZnS ³ Et2Zn, H2S, H2 ³ Glass ³ >170 ³ Glow discharge ³ [14]
ZnSe ³ Et2Zn, Et2Se2 ³ GaAs ³ >200 ³ '' ³ [15]
(ZnS)3(ZnSe)42³ Et2Zn, Et2S2 ³ ³ ³ ³
ZnSe : Ga ³ Et2Zn, Et3Ga, H2 ³ ³ ³ ³
ZnSe : N ³ Et2Zn, Et2Se2, N2 ³ ZnSe ³ 350 ³ UHF discharge ³ [16]
ZnSe, ³ Me2Zn, Et3N, ³ GaAs ³ 3153400³ Glow discharge ³ [17]
ZnSe : N ³ t-Bu2Se, H2, N2 ³ ³ ³ ³
ZnSe : N ³ Me2Zn, H2Se, N2 ³ GaAs ³ 350 ³ '' ³ [18]
ZnSe, ³ Me2Zn, Et3N, ³ GaAs ³ 3153400³ '' ³ [19]
ZnSe : N ³ (t-Bu)2Se ³ ³ ³ ³
ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ

allowing control of the state of the gas phase in the
course of deposition of semiconducting films. Yama-
moto and Taguchi [16], using emission spectrum anal-
ysis, detected and identified active species in the gas
phase of UHF discharge in nitrogen: electronically
excited atoms N* and molecules N2

*. In contrast to
[15319], we performed deposition of semiconducting
ZnSe films from Et2Zn and H2Se in the electrodeless
HF discharge helium plasma, with direct action of
plasma on all the components. First, we studied in
detail the emission spectra of the electrodeless HF
discharge plasma in prepurified helium. The emission
spectrum of the electrodeless HF discharge plasma in
helium that was not passed thorough the purification
system contains, along with strong emission lines of
electronically excited helium atoms, also strong emis-
sion lines and bands of impurity atoms and molecules.
The following lines and bands were detected: emis-
sion line of H

*

(lem 486.133 nm), emission bands of
N2

* (second positive system) and N2
+* (first negative

system), weak emission band of the electronically
excited radicals CH*, a system at 430.0 nm (A 2D 6
x 2P transition), a weak system of the OH* radical at
306.4 nm, and several emission lines of moderate in-
tensity, originating most probably from electronically

excited argon and neon atoms. In the emission spectra
of the electrodeless HF discharge plasma in helium
after passing the purification system, we detected,
along with the very strong emission lines of electron-
ically excited helium atoms, also an emission line of
H* (486.133 nm) and very weak emission lines of N2

*

(second positive system) and N2
+* (first negative sys-

tem); their intensity was by a factor of 536 lower than
that observed without purification of helium. The
emission bands of OH* and CH* and emission lines
of argon and neon atoms were not observed. In Ta-
ble 2 are given the He* lines observed in the emission
spectrum of the electrodeless HF discharge plasma
in helium after passing the purification system. The
resonance lines corresponding to transitions to the
ground 1s 1S0 state of the helium atom lie in the vac-
uum UV range, as well as the intercombination line of
helium 2p 3P2, 1 6 1s 1S0 (59.1 nm). We could not
observe these lines with available equipment. The
helium lines were assigned on the basis of reference
data [20]. The wavelengths of the emission lines in
Table 2 and subsequent tables are given in accordance
with the spectral line tables [21]. Table 2 shows that
the emission spectra of the electrodeless HF discharge
plasma in helium after passing the purification sys-
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Table 2. He* lines observed in the emission spectrum of
the electrodeless HF discharge helium plasma
ÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
lem, nm ³ Assignment ³ EII , eVa

ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
294.511 ³ 2s 3S1 47 5p 3P2,1,0³ 24.03
318.775 ³ 2s 3S1 47 4p 3P2,1,0³ 23.71
370.501 ³ 2p 3P2,1 47 7d 3D3,2,1³ 24.31
381.961 ³ 2p 3P2,1 47 6d 3D3,2,1³ 24.21
388.865 ³ 2s 3S31 47 3p 3P2,1,0³ 23.01
396.473 ³ 2s 1S0 47 4p 1P1 ³ 23.74
402.619 ³ 2p 3P2,1 47 5d 3D3,2,1³ 24.04
412.082 ³ 2p 3P2,1 47 5s 3S1 ³ 23.79
438.793 ³ 2p 1P1 47 5d 1D2 ³ 24.04
447.148 ³ 2p 3P2,1 47 4d 3D3,2,1³ 23.73
471.315 ³ 2p 3P2,1 47 4s 3S1 ³ 23.59
492.193 ³ 2p 1P1 47 4d 1D2 ³ 23.74
501.568 ³ 2s 1S0 47 3p 1P1 ³ 23.09
507.774 ³ 2p 1P1 47 4s 1S0 ³ 23.67
587.562 ³ 2p 3P2,1 47 3d 3D2,1 ³ 23.07
587.597 ³ 2p 3P0 47 3d 3D1 ³ 23.07

ÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
a (EII ) Energy required for excitation of the upper state of the

helium atom from the ground state (1s 1S0).

tem, taken under standard conditions (PHe , 82.6+
5.2 Pa, output power of HF generator~100 W) con-
tain the emission lines of electronically excited helium
atoms whose excitation requires consumption of ap-
proximately 23.0324.2 eV. No emission lines of elec-
tronically excited He+ ions were observed. The most
suitable working lines for further experiments in the
dynamic mode using an MDR-3 monochromator are
the He* lines at 447.148 and 501.568 nm. These lines
are fairly strong, the background in this region is low,
and there is no overlap with the other lines.

When introduced into the helium flow in the zone
of the electrodeless HF discharge, Et2Zn molecules
decomposed. A zinc-containing film deposited on the
GaAs support and on the walls of the plasmochemical
reactor, and in the gas phase over the support intense
emission of the Et2Zn decomposition products was
observed. Analysis of the emission spectra of the
plasma in mixtures of helium with Et2Zn decomposi-
tion products shows that the major emission lines cor-
respond to those of the electronically excited helium
and zinc atoms. No emission lines of impurity metals
were detected. In Table 3 are given the strongest
emission lines of the electronically excited zinc atoms.
Assignment of the emission lines of Zn* and of the
energy levels for the lines observed in the emission
spectrum was based on data in [23, 24]. No emission
lines of electronically excited Zn+* ions were detected,
but these ions can be formed in the ground state. The

Table 3. Zn* lines observed in the emission spectrum of
species formed by decomposition of Et2Zn vapor in elec-
trodeless HF discharge helium plasma
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ
lem, nm ³ Assignment ³ EII , eVa

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
251.581 ³ 43P2 47 73D3 ³ 12.00
256.987 ³ 43P2 47 63D1 ³ 11.83
258.244 ³ 43P1 47 63D2 ³ 11.83
258.249 ³ 43P1 47 63D1 ³ 11.83
260.856 ³ 43P2 47 63D3 ³ 11.83
267.053 ³ 43P0 47 73S1 ³ 11.64
268.416 ³ 43P1 47 73S1 ³ 11.64
271.249 ³ 43P2 47 73S1 ³ 11.64
275.645 ³ 43P0 47 53D1 ³ 11.50
277.087 ³ 43P1 47 53D2 ³ 11.50
277.098 ³ 43P1 47 53D1 ³ 11.50
280.087 ³ 43P2 47 53D3 ³ 11.50
301.835 ³ 43P0 47 63S1 ³ 11.11
303.578 ³ 43P1 47 63S1 ³ 11.11
307.206 ³ 43P2 47 63S1 ³ 11.11
307.590 ³ 41S0 47 43P1 ³ 7.03
328.233 ³ 43P0 47 43D1 ³ 10.78
330.259 ³ 43P1 47 43D2 ³ 10.78
330.294 ³ 43P1 47 43D1 ³ 10.78
334.502 ³ 43P2 47 43D3 ³ 10.78
334.557 ³ 43P2 47 43D2 ³ 10.78
334.593 ³ 43P2 47 43D1 ³ 10.78
462.981 ³ 41P1 47 51D2 ³ 11.47
468.014 ³ 43P0 47 53S1 ³ 9.66
472.216 ³ 43P1 47 53S1 ³ 9.66
481.053 ³ 43P2 47 53S1 ³ 9.66

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
a EII = 2D + E* , whereD is the mean energy of bond dissocia-

tion in Et2Zn to form the zinc atom in the ground state; 2D =
3.0 eV [22]; E* is the energy of zinc atom excitation from the
ground state to the state from which the given transition is
observed in the plasma emission spectrum.

emission spectra also contain very strong emission
lines of electronically excited CH* radicals: a system
at 430.0 nm (A 2D 6 x 2P transition) and a weaker
band at 390.0 nm (B 2S 6 x 2P transition). The most
suitable working lines for monitoring deposition of
ZnSe films are the Zn* lines at 307.590, 468.014,
472.216, and 481.053 nm.

When H2Se vapor is introduced into a plasmo-
chemical reactor in a helium flow, even at room tem-
perature, it actively decomposes, the color of the dis-
charge changes, and a selenium-containing film forms
on the support and on reactor walls. The emission
spectra were photographed and interpreted with an
ISP-30 spectrograph and appropriate photographic
plates. Below are the strongest emission lines of elec-
tronically excited Se* atoms:
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Table 4. Rate constants of quenching of the emitting
levels of the helium atom
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Helium
³

lem,
³ Energy³ Kq 0 1038, cm3 s31

³ ³ ÃÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
level

³
nm

³ of the ³
³ ³level, eV³ Et2Zn ³ H2Se

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
4d 3D2,1 ³ 447.148³ 23.73 ³16.77+1.38³7.00+0.56
3p 1D1 ³ 501.568³ 23.09 ³ 7.00+0.56³3.00+0.24
ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

lem, nm Assignment
206.280 4p4 1D2 47 5s 3S1
241.350 4p4 3P0 47 5s 3S1

Here for both transitionsEII = 2D + E* = 12.65 eV;
D is the mean energy of bond dissociation in H2Se to
form the Se atom in the ground state; 2D = 6.3 eV
[25, 26]; E* is the energy of selenium atom excitation
from the ground state to the state from which the
given transition is observed in the plasma emission
spectrum.

We detected no emission lines of electronically
excited Se+* ions. Also we detected a weak emission
band at about 330.0 nm, tentatively assigned to SeH*,
and a weak emission line of H* at 486.133 nm. Be-
cause the Se* lines are at the edge of the sensitivity
range of the FEU-100 photoelectron multiplier and the
SeH* band at about 330.0 nm is insufficiently strong,
it is impossible to work with these lines in the dynam-
ic mode using an MDR-3 monochromator. Thus,
monitoring of plasmochemical deposition of ZnSe
films from mixtures of He, Et2Zn, and H2Se was pos-
sible by the lines of only two components: Et2Zn and
He. Monitoring of the intensity of the He* and Zn*

emission lines showed that the steady state of the
discharge is attained within 1.5 min after its switching
on. Therefore, all measuremenets were performed
after attaining the steady-state mode of the electrode-
less HF discharge.

Analysis of the plasma emission spectra shows
that introduction of the Et2Zn or H2Se vapor into the
electrodeless HF discharge helium plasma causes
quenching of the emitting levels of the helium atom.
We determined the rate constants of quenching of the
emitting levels of the He* atom 4d 3D2, 1 (447.148 nm)
and 3p 1P1 (501.568 mn) on introducing Et2Zn and
H2Se vapors into the helium plasma. The results are
listed in Table 4. The quenching rate constantsKq of
the emitting helium levels were determined from the
Stern3Volmer equationI0/I = 1 + Kq[Et2Zn(H2Se)]/A,
whereA is the probability of spontaneous decay of the
corresponding helium atomic level; A = 24.40 106 s31

for the level 4d 3D2, 1 and 13.40 106 s31 for the level

3p 1P1 [26]; [Et2Zn (H2Se)] is the concentration of
Et2Zn or H2Se in the plasmochemical reactor;I0 is the
intensity of the analytical line of the helium atom in
the helium atom; andI is the intensity of the same
analytical line of the helium atom in the plasma in the
presence of Et2Zn or H2Se.Kq was determined from
the slope of the linear portion of the plot ofI0/I vs. the
concentration of the Et2Zn or H2Se vapor. Table 4
shows that Et2Zn quenches the emitting levels of
helium more strongly than H2Se does. Our results
correlate with the physicochemical properties of the
initial molecules of Et2Zn and H2Se such as kinetic
diameters of molecules and their ionization potentials
(the kinetic diameters of the initial molecules were
calculated by the methods of molecular mechanics and
by the modified INDO method).

Et2Zn H2Se
Ionization potential, eV 8.6 [27] 10.0 [25]
Kinetic diameter of the 9.85 5.49
molecule, A

The excited He* atom under the experimental con-
ditions (PHe 82.6 Pa,n0 2 0 1016, ne 1.620 1011 cm33,
eav 6.5 eV, ye < 1035, whereye is the degree of heli-
um ionization [ye = n0/ne] and eav is the average
electron energy) will be deactivated mainly by the
spontaneous decay:

He*
76 He(1s 1S0) + hn. (1)

The observed quenching will consist in nonelastic
interactions of the Et2Zn and H2Se molecules intro-
duced into the helium plasma with plasma electrons,
responsible also for excitation of helium atoms, de-
creasing the energy of these electrons:

Et2Zn (H2Se) + e 76 Products +e. (2)

Process (2) will decrease the fraction of high-ener-
gy electrons. Correspondingly will decrease the rate
of helium atom excitation from the ground state, the
concentration of electronically excited helium atoms,
and the intensity of their emission lines. It is known
[28] that the larger the kinetic radius of the molecule,
the larger the cross section of nonelastic collisions of
electrons with this molecule. It is also known that,
when a compound with a lower, compared to the inert
gas, ionization potential is introduced into an inert gas
plasma, the intensities of the emission lines of the
electronically excited inert gas atoms decrease. This
is due to a decrease in the electron temperature in
mixtures of the inert gas and dopant. The decrease
in the intensity (at similar concentration of dopants)
will be the more pronounced, the lower the ionization
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potential of the additive. Thus, both these factors play
a role in quenching of the emitting helium levels, and
at similar concentration in the gas phase Et2Zn is a
stronger quenching agent than H2Se.

After elucidating the spectral characteristics of the
electrodeless HF discharge plasma, we performed
experiments on deposition of ZnSe films from the
plasma of mixtures of He with Et2Zn and H2Se
vapors, with monitoring of the process by the selected
analytical lines of the electronically excited He* and
Zn* atoms. Et2Zn reacts with H2Se on the GaAs
support as follows:

3500450oC
Et2Zn(g) + H2Se(g)77776 ZnSe(c) + 2EtH(g), (3)

where the indices (g) and (c) refer to the gas phase
and the condensate formed on the surface, respective-
ly. Reaction (3) results in deposition of ZnSe(c) on
the support and release of ethane into the gas phase.
On introduction of the Et2Zn vapor into the plasmo-
chemical reactor, strong lines of the electronically
excited Zn* atoms appear in the plasma emission
spectrum, i.e., Et2Zn partially decomposes by reac-
tions (4) and (5):

Et2Zn + e 76 Zn* + products, (4)

Zn*
76 Zn0 + hn, (5)

where Zn0 is the zinc atom in the ground (4s 1S0)
state. When H2Se was then fed to the reactor, the
intensity of the emission lines of the helium and zinc
atoms decreased, and the decrease was the more pro-
nounced, the higher the concentration of H2Se in the
gas phase. Under conditions when [Et2Zn]/[H2Se]> 1
and the He* and Zn* lines were observed in the plas-
ma emission spectrum, the photoluminescence spec-
tra of the ZnSe layers deposited on the support were
very weak or were not observed at all. Under condi-
tions when [Et2Zn]/[H2Se] < 1, only the He* lines
were observed in the plasma emission spectrum, the
Zn* lines disappeared, and the photoluminescence
spectra of the ZnSe layers deposited on the support
were fairly intense. An example of the photolumines-
cence spectrum of the obtained ZnSe film is shown
in the figure (spectrum1). It is known that the stoichi-
ometry of ZnSe layers can be monitored by the photo-
luminescence spectra of films at 77 or 300 K [29].
The spectra of highly perfect films of cubic ZnSe (see
figure, spectrum2) contain a very strong edge band at
465 nm (300 K) and a weak self-activated band cen-
tered at 580 nm. As seen from spectrum1 in the fig-
ure, the photoluminescence spectra of films prepared
by direct plasmochemical decomposition of Et2Zn and

I

1

2

465

520

550

465

560

400 600 l, nm

Luminescence spectra of ZnSe samples: (1) prepared in
the plasma of mixtures of helium with Et2Zn and H2Se
vapors; (2) prepared by thermolysis of the Et2Zn3H2Se
mixtures.

H2Se contain a strong edge band at 460 nm, overlap-
ping with a strong self-activated band centered at
5203550 nm. The X-ray phase analysis of the films
indicates the growth under these conditions of tex-
tured ZnSe(cub) layers with substantial inclusions of
the hexagonal phase and with unidentified inclusions.
As already noted, under conditions of deposition of
ZnSe films, we observed a decrease in the emission
lines of Zn* in the plasma. Therefore, we can assume
that quenching of the excited states of the Zn* atoms
is due to the gas-phase reaction of Et2Zn with H2Se,
resulting in nucleation of ZnSe particles under homo-
geneous conditions in the gas phase:

Et2Zn(g) + H2Se(g)76 ZnSe(g) + 2EtH(g). (6)

Apparently, competition of the ZnSe growth on the
support surface [reaction (5)] and in the gas phase
[reaction (6)] results in distortion of the single-crystal-
line structure of the growing layer. Deposition of
ZnSe is also accompanied by trapping with the grow-
ing surface of active carbon-containing species such as
CH, CH2, etc., generated by decomposition of Et2Zn
in the plasma. The emission spectra of some of these
electronically excited species are observed in the
plasma. All these factors affect the stoichiometry of
the growing layer and ultimately the photolumines-
cence spectra of the resulting films.

EXPERIMENTAL

Diethylzinc Et2Zn was prepared by reaction of the
Zn3Cu couple with ethyl iodide [30], distilled from
the reaction mixture in a vacuum, and purified by
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Table 5. Content of metal impurities in Et2Zna

ÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÒÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

Element
³ Content, º

Element
³ Content,

³ wt % º ³ wt %
ÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ×ÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ

Mn ³ < 301034 º Pb ³ 501034

Al ³ 601035 º Sn ³ 501034

Si ³ 401034 º Cd ³ < 201033

Mg ³ 701034 º Ge ³ 301034

Fe ³ < 901035 º Cu ³ 701034

Sb ³ 601034 º ³
ÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÐÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
a Analysis for volatiles revealed the presence in diethylzinc of a

minor impurity of ethyl iodide (0.1 wt %).

vacuum distillation. The content of metal impurities
was determined by spectral analysis. To do this, a
sample of Et2Zn was hydrolyzed with double-distilled
water at330oC in a sealed glass test tube. The result-
ing zinc hydroxide was dried in a vacuum, with re-
moval of excess water. The residue was calcined at
100oC in an oven. The white powder of zinc oxide
was charged into graphite electrodes and burned in a
dc arc. The results of analysis of Et2Zn are listed in
Table 5.

Hydrogen selenide was prepared by direct reaction
of selenium with hydrogen [31]. The synthesis was
performed at 5503600oC in a flow system with con-
densation of the resulting hydride in a trap cooled
with liquid nitrogen. The resulting H2Se was sub-
jected to thorough multistage purification. Moisture
was removed by adsorption, which facilitated removal
of dissolved impurities by fractional distillation. Dis-
tillation with a low evaporation rate ensured removal
of suspended particles. This scheme allowed purifica-
tion of H2Se to the following impurity levels: metals
1037 wt %, water 1034 mol %, and hydrocarbons
1036 mol % [31].

The emission properties of the plasma in mixtures
of helium with Et2Zn and H2Se vapors were studied
in a flow-type plasmochemical reactor made of quartz
glass. The plasma was generated by electrodeless HF
discharge at reduced pressure. The reactor was a tube
50 cm long, 16 mm i.d.Quartz windows were ar-
ranged at the ends of the reactor using a special fitting
with a sealing gasket. The diameter of the outlet aper-
ture of the quartz windows was 14 mm. To minimize
the effect of the reactor walls, helium was passed con-
tinuously. The Et2Zn vapor was fed to the plasmo-
chemical reactor from a special temperature-controlled
vaporizer connected to the helium line. The vaporizer
temperature was maintained to within+0.5oC. Hydro-
gen selenide was fed from a special calibrated vessel
equipped with a manometer. The rate of feeding Et2Zn

and H2Se to the reactor was controlled with rotam-
eters. The concentrations of He, Et2Zn, and H2Se
were calculated from the measured vapor pressures
and gas temperatures on the axis of the plasmochem-
ical reactor. The gas temperature was measured with
a thermocouple inserted in a quartz glass capillary
(1 mm i.d.).

The ZnSe films were deposited on single-crystal-
line GaAs [100] and glass supports. The support tem-
perature could be varied within 203450oC. The GaAs
support before deposition was etched in an H2SO43
H2O23H2O mixture, washed with distilled water,
dried, and placed in a plasmochemical reactor, which
was then evacuated to 1.33 Pa. Then the heater was
switched on, a slow flow of H2Se was fed, and the
support was annealed in the H2Se flow at 450oC for
10 min. Then feeding of H2Se was stopped, the sup-
port was cooled to the temperature of ZnSe deposi-
tion, helium was fed, the electrodeless HF discharge
was excited, and experiments were started on film
deposition or study of plasma emission, with introduc-
tion of H2Se, Et2Zn, or their mixture. Helium was
used as the plasma-forming gas. This choice was
governed by the following facts. The first ionization
potential of helium, 24.59 eV [32], is considerably
higher than those of the other inert gases and, the
more so, of Et2Zn and H2Se. Metastable states of the
helium atom, which are the lower electronically ex-
cited states, are located on the energy scale consider-
ably higher than the metastable states of the other
inert gas atoms. Since the highest excitation rate is
observed for the lower levels and the electron energy
distribution function steeply descends at energies
higher than that of the first excited level [28], with
helium as the plasma-forming gas it is feasible to
obtain the electron energy distribution function in
which the fraction of high-energy electrons is higher
compared to the other inert gases (Ne, Ar, Kr, Xe).
One more reason for choosing helium is the fact that
the emission spectrum of helium atoms in the range
of interest (2003600 nm) contains considerably less
lines than the emission spectra of the other inert gases
[21]. This fact significantly simplifies treatment of the
emission spectra of the electrodeless HF discharge
plasma in mixtures of helium with Et2Zn and H2Se
vapors; also, the probability of overlap of the spectral
lines in this case will be lower,i.e., it will be easier to
select lines for kinetic studies that would not overlap
with the other lines or with emission bands of the
plasma. Helium from a cylinder was additionally puri-
fied by passing through two series-connected stainless
steel traps. The first trap was packed with 4A
molecular sieves, fraction 0.230.5 mm, annealed in
a helium flow at 673 K. The second trap was packed
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with SKT carbon, fraction 0.330.4 mm, annealed in
a helium flow at 600 K. The traps were cooled with
liquid nitrogen. The helium pressure in the reactor did
not exceed 82.6+5.2 Pa; it was monitored with an
oil manometer. The plasma emission from the region
of location of the support passed through the quartz
window and was focused with a lens on the slit of
an MDR-3 monochromator with a diffraction grating
(1200 lines per millimeter), equipped with an FEP-3
recorder, or on the slit of an ISP-30 spectrograph.
In the first case, the radiation was detected with an
FEU-100 photoelectron multiplier (sensitivity range
2203800 nm). The scan scale of the MDR-3 drum
was calibrated with a standard mercury source (PRK-4
lamp) and with the helium discharge spectrum. The
plasma emission spectra were also photographed with
an ISP-30 spectrograph (working range 2003600 nm).
The iron arc spectrum, used as reference in interpreta-
tion of the plasma emission spectra, was excited with
an IVS-29 generator. The spectra were photographed
with ES-type and orthonormal spectrographic plates.
A Hartmann diaphragm was put on the slit of the
ISP-30 spectrograph when photographing the spectra.
The optical devices were tuned with an OKG-13
helium3neon laser.

To determine the parameters of the electrodeless
HF discharge helium plasma, we took a plasmochemi-
cal reactor of identical size and introduced two mobile
cylindrical tungsten probes into the working volume
in the region of the center of the ten-turn excitation
solenoid. The probes were 100mm in diameter, the
length of the glass-free part was 2.5 mm, and the dis-
tance between the probes was 2 mm. The mobile
probes were designed on the basis of a Teflon stop-
cock. Using these probes, we measured the current3
voltage characteristic of the discharge on the axis of
the plasmochemical reactor. From this characteristic
we determined graphically the electron temperature
Te. The electron concentration was determined from
the saturation ion current [33].

The phase composition of ZnSe films was studied
with a DRON-3M diffractometer using graphite-
monochromated CuK radiation on diffracted beam.
The films were also studied by electron diffraction in
the reflection mode (ER-100). The photoluminescence
spectra of films were taken in a special cell at 300 K.
The ZnSe luminescence was excited with an LGI-21
nitrogen laser (l 337 nm, incident beam power
0.3 mW cm32, beam diameter 3 mm).
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