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Abstract

Electron impact ionization of diethylzinc has been measured by Fourier transform mass spectrometry. The ionization produces the parent
ion ZnCyH10" and fragment ions including major metal-containing ions AA& and Zn', as well as organic moiety ions, mainlgids™.
The total ionization cross-section reaches a maximum®k710-6 cn? at ~80 eV. Redistribution of the ion composition by ion—-molecule
reactions results in the ionic population being dominated by the final product iogHERC 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 Zp8s* and GHs*.
© 2004 Published by Elsevier B.V.
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1. Introduction 2. Experimental

Diethylzinc Zn(GHs)2 is used as a precursor gas for All of the experiments are performed using a modi-
plasma-enhanced chemical vapor deposition (PECVD) to fied Extrel FTMS equipped with a cubic ion cyclotron
prepare thin films of Zn(1,2], which is one of the more  resonance trapping cell (5cm on a side) and a 2T su-
attractive materials for light-emitting devices due to its wide perconducting magndtL1]. The theory and methodology
direct band gap and large excitonic binding engBjyThere of FTMS have been well documented in the literature
have been several other techniques to prepare ZnO film in-[12-14] Zn(CGHs)2 (95+%, Strem) is further processed
cluding molecular beam epitaxy (MBE3,5], metalorganic by applying multiple liquid N freeze—pump—-thaw cycles
chemical vapor deposition (MOCVOP], magnetron sput-  to remove non-condensable gases. Zi{§), is mixed
tering[7,8], and pulsed laser depositif®10]. The PECVD with Ar (99.999%, Matheson) with a ratio of about 1:1
technique provides improved film quality by densification to a total pressure of10Torr, as determined by capac-
induced by plasma bombardment and ultraviolet irradiation. itance manometry. The mixture is then admitted through
The presence of abundant radicals and ions also enhances the precision leak valve into the FTMS system. lons are
surface reactions. This paper presents our study on the forformed by electron impact in the trapping cell at pres-
mation of positive ions from Zn(§Hs), by electron impact  sures in the 10 Torr range. An electron gun (Kimball
ionization and by subsequent ion—molecule reactions, with Physics ELG2, Wilton, NH) irradiates the cell with a few
the goal of having a better understanding of the charged par-hundred picocoulombs of low-energy electrons (detailed
ticle collisions in low pressure plasmas involving diethylz- description of the electron beam is given below). The
inc. 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 10V. lons of all mass-to-charge
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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-
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mesh was held in place by spot-welds to a 314 stainless
steel frame that was positioned 1/8in. inside of the ad-
joining trapping plate. When the trapping potential is set
to 10V as mentioned above, the potential drop within the
screen electrode region along thaxis is estimated to be
0.3V.

The Kimball Physics ELG-2 electron gun is rated for

ics of charged particle reactions, in which the signal peak energies of 10-1000 eV with beam currents of 1 nfA3
heights are used to evaluate the number of ions in the cellThe filament has a radius of 0.04cm and is 0.1cm long.

[18]. In this study, the intensity ratios of the ions from
Zn(CyHs), to Ar give cross-sections relative to those for ar-
gon ionization19] since the pressure ratio of Zn{8s)» to

Ar is known.

The electron beam has a Gaussian spatial distribution,
and the energy spread of the beam is about 0.25eV plus
the space-charge well of the bed?]. Combining the

electron energy spread in the electron source and the po-

To study the subsequent reactions of ions generated fromtential drop in the trapping cell mentioned above, we

electron impact ionization with their parent molecule, a mix-
ture of Zn(GHs)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.B x 10-%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

estimate the uncertainty of the ionizing electron energies
in the FTMS trapping cell to bet0.6eV. 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

can serve two purposes: (i) excited ions are thermalized by Electron impact ionization of Zn(£Hs), produces a va-

collisions with Ar atoms, and (ii) excited ions with reac-

riety of ions including Zn-containing ions and the organic

tion rates greater than the ground state ions are exhaustedmoiety ions, GH,* (¢ = 1-6), GH,™ (b = 2-7), and

The pressure of Ar and the length of the cooling period

CsH.T (c = 2, 3, 5-9). The ionization cross-sections as

are adjusted so that at the end of the cooling period, therefunctions of the electron energy are showikig. 1, for those

are still sufficient reactant ions to study and their reaction

ions that are formed readily, i.e., with the cross-sections

shows a single exponential decay to the end of the reactiongreater than 10'8cn? at 70 eV. The parent ion Zn@l1o"

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 ejectAout 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-

is the first ion to be formed at low energies. Above 16 eV,
the fragment ion ZngHs™ 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, GHs™ 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

cation: holding the screens at ground potential produces200 eV.

the particle-in-a-box potential (rather than the harmonic
oscillator potential) along the-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 Marshalp1l] have a cell
geometry similar to the one in our FTMS instrument and
give a detailed description of the design of the screen

The total ionization cross-section reaches a maxi-
mum of 79 + 1.4 x 10~ 6cn? at ~80eV. At most of
the energies studied, ZaBs* 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-

electrodes. Each screen electrode was constructed froncals.

0.0010in. diameter tungsten 5050 mesh (Unique Wire
Weaving Co. Inc., Hillside, NJ); two out of every three

Subsequent reactions of several selected ions with the
parent gas molecule have been studied. The three ma-

wires were then removed to give a final mesh of 16/in. The jor organic moiety ions, gHs*, CHst and GHs™,
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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 4s18%. 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 anahipatital io
cross-sections for the production of the Zn-containing ions. (b) Partial ionization cross-sections of diethylzinc for the producsidntofaC= 1-6)

ions. (c) Partial ionization cross-sections of diethylzinc for the productionstf,C (b = 2—7) ions. (d) Partial ionization cross-sections of diethylzinc

for the production of GH.™ (c =2, 3, 5-9) ions.
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are found to react with Zn(fs)> in a rather similar

manner:
AT = CoHz™ CoHst CaHst
AT + Zn(CyHs)2
— ZnCyHst 45% 57% 51%
— ZnCqHot 39% 33% 39%
— ZnCqH1ot 16% 10% 10%

80 100 120 140 160 180 200

Electron Energy (eV)

Fig. 1. (Continued).

In the above reactions, only the ionic products are shown,
which are all Zn-containing ions. Arepresents the three
different reactant ions as shown above along with their re-
spective branching ratios. The branching ratios reported in

(1) this paper have an estimated uncertainty-@0%. We note
(2) 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 ratio of approximately 1:1. To explain this product isotopic
of the ionization potential (IP) of Zn(fHs),. For the case  pattern, we propose that in the reaction, an intermediate
of the GHs™ reactant, there is no ambiguity in the struc- complex between Zngs* and Zn(GHs); is formed and

ture and the IP is known. Therefore, reaction (3) gives the that it undergoes some rearrangements that scramble the
upper limit for the IP(Zn(GHs)>™) to be the value of the  two Zn atoms, respectively, coming from the ionic and
IP(CoHst) that has been reported as 8[P3] or 8.34¢eV. neutral reactants. It is noteworthy to point out that Zn iso-
[24] in the literature. On the other hand, Creber and Bancroft tope scrambling occurs between the reactants ;B¢

[25] have reported a vertical IP of 8.6 eV for Zn{ds)-. and Zn(GHs)2, probably via a symmetric reaction, i.e., a
To address this discrepancy, we suggest that the adiabatiethylide transfer reaction, yielding a shift in the isotopic
IP for Zn(GHs)2 is <8.34eV and that the charge trans- pattern of the reactant ion as well as the product ion as a
fer reaction proceeds through a complex formation, allow- function of the reaction time. For this reason, we sample
ing substantial rearrangement of the nuclei and subsequenthe product’s isotopic pattern at a relatively early reaction
electron transfer, and therefore relaxing Franck-Condon cri- time. This constraint applies to the similar reaction mea-
teria as demonstrated by Chau and Bow2€§ for complex surements discussed below. Reactions (8) and (9) produce
molecules. For similar thermochemical considerations, the two Zn-dimer ions. It is interesting that reaction (8) is a

neutral products of reactions (1) and (2) oftf™ are pro- condensation reaction and that its probability is quite large,
posed to be gH1g (butane) and gHg (ethane), respectively.  possibly facilitated by internal excitation to satisfy energy
Znt is found to react with Zn(gHs), as shown below: conservation.
+ i i .
Zn' + Zn(GoHs)o — ZnGabo” +2Zn - (85%)  (4) terizr? 0?311()2 rC(:a ﬁtlinavglmezrz(g Io_irS)Zrogdeunc(i'r ates e clus
— ZnGyHs* (Zn, 2C, 5H) 68%) (5 gion £pteMis jorp '
— ZH2C2H5+ + (ZC, 5H) (7%) (6) ZnC4H10+ + Zn(C2H5)2
A Hist 2 H 78% 1

Reaction (4) is a charge-transfer reaction, which is shown : zzzcgiuﬁ ++(§nc,3|§|)) ((130/3 ((1%)

by the product isotope distribution; it retains the isotopic — ZmCaHut + (4C, 9H) (4%) (12)

pattern of the neutral reactant: wh&fzn is isolated and al-
lowed to react with Zn(gHs),, the product ion ZngH1o™" In reaction (11), the product ion Zp817" retains the
shows all of the Zn isotope natural abundance. This reac-isotope pattern of the ionic reactant, implying that the re-
tion proceeds efficiently, as expected given the thermochem-action may proceed via a complex formation followed by
istry discussed above for reaction (3). Reaction (5) displays C-atom rearrangements, and when the complex breaks apart,
a similar product isotope pattern, suggesting a charge transthe Zn atom originally from the reactant ion remains in the

fer reaction or, more likely, an ethylide $§85~) abstrac- product ion. It is interesting to note that reactions (10)—(12)
tion mechanism. Reaction (6) is a clustering reaction, with each produces high-energy radicals. These reactions proceed
a relatively small probability. Buckner et 427] have stud- efficiently probably because the reactant ion is already an

ied formation and reactions of Zh and found it to be a  unstable odd-electron ion (radical ion). As Zn is primarily
weakly bound cluster, with the Zn-Zn bond energy of only  divalent, in some product ions such as zhz;" ligands
0.56 + 0.2 eV, compared to the Znalkyl bonds, such as  must have undergone coupling to form a larger ligand, such
Znt—CHg with the bond energy determined by Georgiadis as in Znf—CgHj7", for example.

and Armentrouf28] as 306 + 0.14 eV. It may be reason- The product ion ZngHg™ from reaction (2) or (7) is
able to presume that the ionic cluster product in reaction (6), found to react with Zn(gHs), as shown below:

and other cluster products presented below, contain a Zn—Zn +

bond, which is weak and a displacement may occur when theZnC4H9 +Zn(Cats)2

. : ; ZnpCeH1s™ + (2C, 4H 69% 13
ions are further reacted with ZngHs), as discussed later. :)) ZHZOaGH;“SL ++(§n 2H)) ((20%? )) ((1 4))
The reaction between Zn€s™ and Zn(GHs),, shown — ZnpCaHist + (46 8H) (11%) (15)

in reactions (7)—(9), produces Zpdy™ as the major ionic
product, which is absent in the electron impact ionization ~ The product’s isotopic pattern in reaction (14) is similar
products. to that in reaction (7) discussed above, with approximately
n equal contribution from the ionic and neutral reactants.
ZnCHs™ + Zn(CzHs)2 The two Zn-dimer ions, ZfCsHq11+ and ZnCgHist,

+
- ;:CéHHg j_r (Zn, 2C, 6H) ((25450;/‘;) (g) which are generated from some of the above reactions un-
7 c26 15 y dergo further reactions with Zn respectivel
— ZMCaHu1t + (2C, 4H) (21%) 9) g (Bls)2, respectively,
The product's isotopic pattern in reaction (7) is differ- ZN2CaHa1™ ;"Z”(Csz)z
ent from the Zr reaction mentioned above (reaction (4)). — £nCgH17 7 (22Zn, 4H) (54%) (16)
When®4ZnCyHs is isolated and reacted with ZngBs)s, — Zn2CeHis™ + (Zn, 2C, 3H) (46%) 7

the product ion ZngHg™ has a isotope content that is made ZN2CeH1s" i‘ Zn(CzHs)2
by mixing pure®4zn and the natural abundance of Znin a — ZnCgHi7" + (2Zn, 2C, 8H) (100%) (18)
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Table 1 4. Summary
Relative rates of the ion—molecule reactions between selected ions and

diethylzinc, and their relative reaction efficiencies, defined as ratios of . PRI
the observed reaction rates over the calculated collision rates, assuming Electron Impact  ionization of Zn(ﬁHS)Z produces

that Art reaction efficiency is unity parent ion _ZnQH10+ and fragment ions including
metal-containing ions such as Zsis™ and Zn™, as well

Reaction Relative rate Relative reaction . . . - +

efficiency as thg organic moiety ions, mainly,Bs™. At low glectron
AT+ Zn(Gate)s 1o 10 energies (<2_3 eV), ZnQHlo_+ a_md _ZnC§H5Jr dom|_nate the
CoHa* + Zn(CHs)z 11 0.94 ion population. The total ionization cross-section reaches
CoHs* + Zn(CoHs) 0.82 0.72 a maximum of @ x 10 16¢cm? at ~80eV. More than
CsHs" + Zn(CoHs), 0.67 0.68 2/3 of the total cross-section belongs to Zn-containing ion
Zn* + Zn(CaHs)2 0.60 0.71 production over most of the 10-200eV electron energies
ZnGpHs ™ + Zn(CpHs), 0.49 0.64 studied. In the ion—molecule reactions, we find that the
ZnC4H9+ + Zn(C2H5)2 0.46 0.65 . . . . .
ZnCaHio* + Zn(CoHe) 052 074 major organic moiety ions react with the parent gas form-
Zn,CaHirt + Zn(CoHs)» 0.10 0.16 ing Zn-containing ions, and the Zn-containing ions that are
ZnyCeHis™ + Zn(CoHs)2 0.050 0.08 generated from the electron impact ionization or from the
The estimated uncertainty in the dataid5%. 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
The product ion ZngH17* in reaction (18) retains the §tudied. Most of the prodU(_:t ions from the reactions men-
ionic reactant isotopic pattern, suggesting that one of the tioned above are intermediate products; they react further
two Zn atoms in the reacting 268sH15™ remains in the with the parent gas to form a final product ion Z#G7+.

product ion. The reactions of the dimer ionZ3Hs™ that
is generated from reaction (6) is not studied because of its
low intensity not permitting a quantitative measurement.
ZnCgH17™ is isolated and allowed to collide with ] ] o
Zn(CyHs),, but no obvious reaction has been observed. The authors thank the Air Force_Ofﬂce of SC|e_nt_|f|c Re-
In summary, from the overall reactions presented above, S€arch for support. We also appreciate helpful guiding com-
we conclude that ZngHi7+ is the final product of the — Ments of the referees.
ion—molecule reactions in Zn{Els),. lonic 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
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