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Ion chemistry in diethylzinc
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Abstract

Electron impact ionization of diethylzinc has been measured by Fourier transform mass spectrometry. The ionization produces the parent
ion ZnC4H10

+ and fragment ions including major metal-containing ions ZnC2H5
+ and Zn+, as well as organic moiety ions, mainly C2H5

+.
The total ionization cross-section reaches a maximum of 7.9 × 10−16 cm2 at∼80 eV. Redistribution of the ion composition by ion–molecule
reactions results in the ionic population being dominated by the final product ion ZnC8H17

+. Several dimer ions have been observed as the
intermediate products in the ion–molecule reactions, but no larger Zn cluster ions have been detected. The argon ion charge-transfer reaction
with diethylzinc generates mainly ZnC2H5

+ and C2H5
+.

© 2004 Published by Elsevier B.V.
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1. Introduction

Diethylzinc Zn(C2H5)2 is used as a precursor gas for
plasma-enhanced chemical vapor deposition (PECVD) to
prepare thin films of ZnO[1,2], which is one of the more
attractive materials for light-emitting devices due to its wide
direct band gap and large excitonic binding energy[3].There
have been several other techniques to prepare ZnO film in-
cluding molecular beam epitaxy (MBE)[4,5], metalorganic
chemical vapor deposition (MOCVD)[6], magnetron sput-
tering[7,8], and pulsed laser deposition[9,10]. The PECVD
technique provides improved film quality by densification
induced by plasma bombardment and ultraviolet irradiation.
The presence of abundant radicals and ions also enhances the
surface reactions. This paper presents our study on the for-
mation of positive ions from Zn(C2H5)2 by electron impact
ionization and by subsequent ion–molecule reactions, with
the goal of having a better understanding of the charged par-
ticle collisions in low pressure plasmas involving diethylz-
inc.

∗ Corresponding author. Tel.:+1-937-255-2246; fax:+1-937-656-4657.
E-mail address: alan.garscadden@wpafb.af.mil (A. Garscadden).

2. Experimental

All of the experiments are performed using a modi-
fied Extrel FTMS equipped with a cubic ion cyclotron
resonance trapping cell (5 cm on a side) and a 2 T su-
perconducting magnet[11]. The theory and methodology
of FTMS have been well documented in the literature
[12–14]. Zn(C2H5)2 (95+%, Strem) is further processed
by applying multiple liquid N2 freeze–pump–thaw cycles
to remove non-condensable gases. Zn(C2H5)2 is mixed
with Ar (99.999%, Matheson) with a ratio of about 1:1
to a total pressure of∼10 Torr, as determined by capac-
itance manometry. The mixture is then admitted through
a precision leak valve into the FTMS system. Ions are
formed by electron impact in the trapping cell at pres-
sures in the 10−7 Torr range. An electron gun (Kimball
Physics ELG2, Wilton, NH) irradiates the cell with a few
hundred picocoulombs of low-energy electrons (detailed
description of the electron beam is given below). The
motion of the ions is constrained radially by the super-
conducting magnetic field and axially by an electrostatic
potential (trapping potential) applied to the trap faces that
are perpendicular to the magnetic field. The trapping po-
tential is usually set to 10 V. Ions of all mass-to-charge
ratio are simultaneously and coherently excited into cy-
clotron orbits using Stored Waveform Inverse Fourier
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Transform (SWIFT) [15–17] applied to two opposing
trap faces, which are parallel to the magnetic field. Fol-
lowing the cyclotron excitation, the image currents in-
duced on the two remaining faces of the trap are am-
plified, digitized, and Fourier analyzed to yield a mass
spectrum.

FTMS is an established technique for studying the kinet-
ics of charged particle reactions, in which the signal peak
heights are used to evaluate the number of ions in the cell
[18]. In this study, the intensity ratios of the ions from
Zn(C2H5)2 to Ar give cross-sections relative to those for ar-
gon ionization[19] since the pressure ratio of Zn(C2H5)2 to
Ar is known.

To study the subsequent reactions of ions generated from
electron impact ionization with their parent molecule, a mix-
ture of Zn(C2H5)2 and Ar with a ratio of∼1:10 is used.
An ion to be studied is selected by using SWIFT to eject
other ions out of the trapping cell, followed by a cool-
ing period in which the ion undergoes multiple collisions
with Ar at a total pressure of 4.5 × 10−6 Torr for vari-
ous times, typically 500 ms. SWIFT is used again to se-
lect the ion to be studied from others that are formed dur-
ing the cooling period, followed by a programmed reac-
tion time varying from 0 to 1000 ms. The cooling period
can serve two purposes: (i) excited ions are thermalized by
collisions with Ar atoms, and (ii) excited ions with reac-
tion rates greater than the ground state ions are exhausted.
The pressure of Ar and the length of the cooling period
are adjusted so that at the end of the cooling period, there
are still sufficient reactant ions to study and their reaction
shows a single exponential decay to the end of the reaction
time at which only a 3% or fewer of the reactant ions are
left over. With an overwhelming Ar partial pressure, Ar+
is overpopulated in the electron impact ionization, result-
ing in a significant space charge effect. To eliminate this
effect, a single frequency rf is applied during the electron
beam on period to continuously eject Ar+ out of the trap-
ping cell.

The trapping cell of the Extrel FTMS was modified by
adding a pair of screen electrodes in front of the trap-
ping plates. A significant improvement to the quality of
the cross-section data has been achieved by this modifi-
cation: holding the screens at ground potential produces
the particle-in-a-box potential (rather than the harmonic
oscillator potential) along thez-axis of the trapping cell
[20]. Thus, it is possible to apply relatively high trapping
potentials to trap more kinetically energetic ions, while
in most of the volume of the cell, the potential drop is
small enough to avoid the broadening of the electron en-
ergy distribution. Wang and Marshall[21] have a cell
geometry similar to the one in our FTMS instrument and
give a detailed description of the design of the screen
electrodes. Each screen electrode was constructed from
0.0010 in. diameter tungsten 50× 50 mesh (Unique Wire
Weaving Co. Inc., Hillside, NJ); two out of every three
wires were then removed to give a final mesh of 16/in. The

mesh was held in place by spot-welds to a 314 stainless
steel frame that was positioned 1/8 in. inside of the ad-
joining trapping plate. When the trapping potential is set
to 10 V as mentioned above, the potential drop within the
screen electrode region along thez-axis is estimated to be
0.3 V.

The Kimball Physics ELG-2 electron gun is rated for
energies of 10–1000 eV with beam currents of 1 nA–3�A.
The filament has a radius of 0.04 cm and is 0.1 cm long.
The electron beam has a Gaussian spatial distribution,
and the energy spread of the beam is about 0.25 eV plus
the space-charge well of the beam[22]. Combining the
electron energy spread in the electron source and the po-
tential drop in the trapping cell mentioned above, we
estimate the uncertainty of the ionizing electron energies
in the FTMS trapping cell to be±0.6 eV. In the present
experiments, only the formation of positive ions is stud-
ied and, therefore, cross-sections and other kinetic data
reported in this paper refer to the positive ion production
only.

3. Results and discussion

Electron impact ionization of Zn(C2H5)2 produces a va-
riety of ions including Zn-containing ions and the organic
moiety ions, C2Ha

+ (a = 1–6), C3Hb
+ (b = 2–7), and

C4Hc
+ (c = 2, 3, 5–9). The ionization cross-sections as

functions of the electron energy are shown inFig. 1, for those
ions that are formed readily, i.e., with the cross-sections
greater than 10−18 cm2 at 70 eV. The parent ion ZnC4H10

+
is the first ion to be formed at low energies. Above 16 eV,
the fragment ion ZnC2H5

+ becomes more important. At
energies below 23 eV, the above two metal-containing ions
dominate the ion population. Among all of the organic
moiety ions, C2H5

+ is the most abundant. This ion is likely
to result from the simple cleavage of the Zn–C bond in
the parent ion. The parent ion fragmentation results in the
formation of a variety of ions containing three or four car-
bon atoms through C-atom rearrangement. Interestingly,
no noticeable formation of ions containing a single car-
bon atom has been observed over the energy range up to
200 eV.

The total ionization cross-section reaches a maxi-
mum of 7.9 ± 1.4 × 10−16 cm2 at ∼80 eV. At most of
the energies studied, ZnC2H5

+ contributes more than
0.25 but less than 0.5 of the ion population. All of
the channels making Zn-containing ions together sum
to more than 2/3 of the total positive ion production.
In summary, the formation of Zn-containing ions is ef-
ficient. It is likely that in a plasma, dissociative re-
combination of these ions produces Zn-containing radi-
cals.

Subsequent reactions of several selected ions with the
parent gas molecule have been studied. The three ma-
jor organic moiety ions, C2H3

+, C2H5
+ and C3H5

+,
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Fig. 1. Absolute cross-sections of electron impact ionization on diethylzinc. Combined with the uncertainty in the standard cross-section of Ar for
calibration, the estimated uncertainty is±18%. The lines through the data points act only as a guide to the eye. The fluctuations among the data
points fall within experimental errors and therefore may have no physical meaning. (a) Total ionization cross-section of diethylzinc and partial ionization
cross-sections for the production of the Zn-containing ions. (b) Partial ionization cross-sections of diethylzinc for the production of C2Ha

+ (a = 1–6)
ions. (c) Partial ionization cross-sections of diethylzinc for the production of C3Hb

+ (b = 2–7) ions. (d) Partial ionization cross-sections of diethylzinc
for the production of C4Hc

+ (c = 2, 3 , 5–9) ions.
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Fig. 1. (Continued ).

are found to react with Zn(C2H5)2 in a rather similar
manner:

A+ = C2H3
+ C2H5

+ C3H5
+

A+ + Zn(C2H5)2
→ ZnC2H5

+ 45% 57% 51% (1)
→ ZnC4H9

+ 39% 33% 39% (2)
→ ZnC4H10

+ 16% 10% 10% (3)

In the above reactions, only the ionic products are shown,
which are all Zn-containing ions. A+ represents the three
different reactant ions as shown above along with their re-
spective branching ratios. The branching ratios reported in
this paper have an estimated uncertainty of±20%. We note
that the branching ratio patterns for the reactions of the three
reactant ions are analogous. Reaction (3) is a charge trans-
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fer reaction and thus can give information on the upper limit
of the ionization potential (IP) of Zn(C2H5)2. For the case
of the C2H5

+ reactant, there is no ambiguity in the struc-
ture and the IP is known. Therefore, reaction (3) gives the
upper limit for the IP(Zn(C2H5)2+) to be the value of the
IP(C2H5

+) that has been reported as 8.13[23] or 8.34 eV.
[24] in the literature. On the other hand, Creber and Bancroft
[25] have reported a vertical IP of 8.6 eV for Zn(C2H5)2.
To address this discrepancy, we suggest that the adiabatic
IP for Zn(C2H5)2 is ≤8.34 eV and that the charge trans-
fer reaction proceeds through a complex formation, allow-
ing substantial rearrangement of the nuclei and subsequent
electron transfer, and therefore relaxing Franck-Condon cri-
teria as demonstrated by Chau and Bowers[26] for complex
molecules. For similar thermochemical considerations, the
neutral products of reactions (1) and (2) of C2H5

+ are pro-
posed to be C4H10 (butane) and C2H6 (ethane), respectively.
Zn+ is found to react with Zn(C2H5)2 as shown below:

Zn+ + Zn(C2H5)2 → ZnC4H10
+ + Zn (85%) (4)

→ ZnC2H5
+ (Zn, 2C, 5H) (8%) (5)

→ Zn2C2H5
+ + (2C, 5H) (7%) (6)

Reaction (4) is a charge-transfer reaction, which is shown
by the product isotope distribution; it retains the isotopic
pattern of the neutral reactant: when64Zn is isolated and al-
lowed to react with Zn(C2H5)2, the product ion ZnC4H10

+
shows all of the Zn isotope natural abundance. This reac-
tion proceeds efficiently, as expected given the thermochem-
istry discussed above for reaction (3). Reaction (5) displays
a similar product isotope pattern, suggesting a charge trans-
fer reaction or, more likely, an ethylide (C2H5

−) abstrac-
tion mechanism. Reaction (6) is a clustering reaction, with
a relatively small probability. Buckner et al.[27] have stud-
ied formation and reactions of Zn2

+ and found it to be a
weakly bound cluster, with the Zn+–Zn bond energy of only
0.56 ± 0.2 eV, compared to the Zn+-alkyl bonds, such as
Zn+–CH3 with the bond energy determined by Georgiadis
and Armentrout[28] as 3.06± 0.14 eV. It may be reason-
able to presume that the ionic cluster product in reaction (6),
and other cluster products presented below, contain a Zn–Zn
bond, which is weak and a displacement may occur when the
ions are further reacted with Zn(C2H5)2 as discussed later.

The reaction between ZnC2H5
+ and Zn(C2H5)2, shown

in reactions (7)–(9), produces ZnC4H9
+ as the major ionic

product, which is absent in the electron impact ionization
products.

ZnC2H5
+ + Zn(C2H5)2

→ ZnC4H9
+ + (Zn, 2C, 6H) (55%) (7)

→ Zn2C6H15
+ (24%) (8)

→ Zn2C4H11
+ + (2C, 4H) (21%) (9)

The product’s isotopic pattern in reaction (7) is differ-
ent from the Zn+ reaction mentioned above (reaction (4)).
When64ZnC2H5

+ is isolated and reacted with Zn(C2H5)2,
the product ion ZnC4H9

+ has a isotope content that is made
by mixing pure64Zn and the natural abundance of Zn in a

ratio of approximately 1:1. To explain this product isotopic
pattern, we propose that in the reaction, an intermediate
complex between ZnC2H5

+ and Zn(C2H5)2 is formed and
that it undergoes some rearrangements that scramble the
two Zn atoms, respectively, coming from the ionic and
neutral reactants. It is noteworthy to point out that Zn iso-
tope scrambling occurs between the reactants ZnC2H5

+
and Zn(C2H5)2, probably via a symmetric reaction, i.e., a
ethylide transfer reaction, yielding a shift in the isotopic
pattern of the reactant ion as well as the product ion as a
function of the reaction time. For this reason, we sample
the product’s isotopic pattern at a relatively early reaction
time. This constraint applies to the similar reaction mea-
surements discussed below. Reactions (8) and (9) produce
two Zn-dimer ions. It is interesting that reaction (8) is a
condensation reaction and that its probability is quite large,
possibly facilitated by internal excitation to satisfy energy
conservation.

ZnC4H10
+ reaction with Zn(C2H5)2 generates the clus-

tering ion Zn2C6H15
+ as the major product:

ZnC4H10
+ + Zn(C2H5)2

→ Zn2C6H15
+ + (2C, 5H) (78%) (10)

→ ZnC8H17
+ + (Zn, 3H) (18%) (11)

→ Zn2C4H11
+ + (4C, 9H) (4%) (12)

In reaction (11), the product ion ZnC8H17
+ retains the

isotope pattern of the ionic reactant, implying that the re-
action may proceed via a complex formation followed by
C-atom rearrangements, and when the complex breaks apart,
the Zn atom originally from the reactant ion remains in the
product ion. It is interesting to note that reactions (10)–(12)
each produces high-energy radicals. These reactions proceed
efficiently probably because the reactant ion is already an
unstable odd-electron ion (radical ion). As Zn is primarily
divalent, in some product ions such as ZnC8H17

+ ligands
must have undergone coupling to form a larger ligand, such
as in Zn+–C8H17

+, for example.
The product ion ZnC4H9

+ from reaction (2) or (7) is
found to react with Zn(C2H5)2 as shown below:

ZnC4H9
+ + Zn(C2H5)2

→ Zn2C6H15
+ + (2C, 4H) (69%) (13)

→ ZnC8H17
+ + (Zn, 2H) (20%) (14)

→ Zn2C4H11
+ + (4C, 8H) (11%) (15)

The product’s isotopic pattern in reaction (14) is similar
to that in reaction (7) discussed above, with approximately
equal contribution from the ionic and neutral reactants.

The two Zn-dimer ions, Zn2C4H11
+ and Zn2C6H15

+,
which are generated from some of the above reactions un-
dergo further reactions with Zn(C2H5)2, respectively,

Zn2C4H11
+ + Zn(C2H5)2

→ ZnC8H17
+ + (2Zn, 4H) (54%) (16)

→ Zn2C6H15
+ + (Zn, 2C, 3H) (46%) (17)

Zn2C6H15
+ + Zn(C2H5)2

→ ZnC8H17
+ + (2Zn, 2C, 8H) (100%) (18)
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Table 1
Relative rates of the ion–molecule reactions between selected ions and
diethylzinc, and their relative reaction efficiencies, defined as ratios of
the observed reaction rates over the calculated collision rates, assuming
that Ar+ reaction efficiency is unity

Reaction Relative rate Relative reaction
efficiency

Ar+ + Zn(C2H5)2 1.0 1.0
C2H3

+ + Zn(C2H5)2 1.1 0.94
C2H5

+ + Zn(C2H5)2 0.82 0.72
C3H5

+ + Zn(C2H5)2 0.67 0.68
Zn+ + Zn(C2H5)2 0.60 0.71
ZnC2H5

+ + Zn(C2H5)2 0.49 0.64
ZnC4H9

+ + Zn(C2H5)2 0.46 0.65
ZnC4H10

+ + Zn(C2H5)2 0.52 0.74
Zn2C4H11

+ + Zn(C2H5)2 0.10 0.16
Zn2C6H15

+ + Zn(C2H5)2 0.050 0.08

The estimated uncertainty in the data is±15%.

The product ion ZnC8H17
+ in reaction (18) retains the

ionic reactant isotopic pattern, suggesting that one of the
two Zn atoms in the reacting Zn2C6H15

+ remains in the
product ion. The reactions of the dimer ion Zn2C2H5

+ that
is generated from reaction (6) is not studied because of its
low intensity not permitting a quantitative measurement.

ZnC8H17
+ is isolated and allowed to collide with

Zn(C2H5)2, but no obvious reaction has been observed.
In summary, from the overall reactions presented above,
we conclude that ZnC8H17

+ is the final product of the
ion–molecule reactions in Zn(C2H5)2. Ionic polymerization
reactions produce several Zn-dimer ions but no larger clus-
ter ions. The dimer ions in turn react with the parent gas
molecule, eventually producing a single Zn-atom-containing
ion.

Ar+ reacts with Zn(C2H5)2 to generate organic moiety
ions as well as Zn-containing ions: ZnC2H5

+ (32%), C2H5
+

(28%), C2H3
+ (9%), Zn+ (4%), ZnH+ (3%), ZnC4H10

+
(3%), ZnC4H9

+ (1%), and C4H7
+ (1%). A comparison of

the reaction rates of ions mentioned above to that of Ar+ is
shown inTable 1. Also shown in the table are the relative
reaction efficiencies defined as the ratios of the observed
reaction rates over the calculated collision rates, assuming
that Ar+ reaction efficiency is unity. The polarizability of
Zn(C2H5)2 and therefore its collision rate is not known, but
the relative reaction efficiencies can be calculated using the
following equation:

relative reaction efficiency= relative rate×
√

µx,DEZn
µAr,DEZn

where µ is the reduced mass of the ion and diethylzinc
(DEZn):

µa,b = mamb

(ma + mb)
.

FromTable 1, we note that the reactions of the two Zn-dimer
ions are significantly slower compared to the others.

4. Summary

Electron impact ionization of Zn(C2H5)2 produces
parent ion ZnC4H10

+ and fragment ions including
metal-containing ions such as ZnC2H5

+ and Zn+, as well
as the organic moiety ions, mainly C2H5

+. At low electron
energies (<23 eV), ZnC4H10

+ and ZnC2H5
+ dominate the

ion population. The total ionization cross-section reaches
a maximum of 7.9 × 10−16 cm2 at ∼80 eV. More than
2/3 of the total cross-section belongs to Zn-containing ion
production over most of the 10–200 eV electron energies
studied. In the ion–molecule reactions, we find that the
major organic moiety ions react with the parent gas form-
ing Zn-containing ions, and the Zn-containing ions that are
generated from the electron impact ionization or from the
ion–molecule reactions react with the parent gas to produce
heavier ions including Zn-dimer ions. No cluster ions larger
than dimers have been found in the ion–molecule reactions
studied. Most of the product ions from the reactions men-
tioned above are intermediate products; they react further
with the parent gas to form a final product ion ZnC8H17

+.
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