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A computational study of the reactions between Zn-containing species, the products of the thermal decomposition 
of diethylzinc (DEZn) and water was investigated. The Zn-containing species 一 Zn(C2H5)2, HZnCzHs, and 
(ZnC2H5)2 一 were assumed to react with water during ZnO metal organic chemical vapor deposition (MOCVD). 
Density functional theory (DFT) calculations at the level of B3LYP/6-311G(d) were employed for the geometry 
optimization and thermodynamic property evaluation. As a result dihydroxozinc, Zn(OH)2, was the most probable 
reaction product common for all three Zn-containing species. A further clustering of Zn(OH)2 was investigated to 
understand the initial stage of ZnO film deposition. In experiments, the reactions of DEZn and water were examined 
by in-situ Raman scattering in a specially designed MOCVD reactor. Although direct evidence of Zn(OH)2 was not 
observed, some relevant reaction intermediates were successfully detected to support the validity of the gas phase 
reaction pathways proposed in the computational study.
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Introduction

The wide band gap energy of ZnO (3.4 eV) makes it useful 
in various optical applications such as light emitting diodes 
(LEDs), flat panel displays and solar cells. ZnO thin films are 
also used as the electrode of transparent conducting oxide 
(TCO) as a promising alternative to the more expensive indium 
tin oxide (ITO) films.1-4 Thin films of ZnO can be deposited by 
metal organic chemical vapor deposition (MOCVD) using 
various metal organic precursors5-7 and MOCVD is especially 
attractive for fabricating large scale devices, due to its high 
deposition rate and excellent thickness uniformity.

For MOCVD, the substrate selection is a critical decision. 
Although high quality bulk ZnO substrates are now under 
development, their high cost and limited availability preclude 
their use in mass production. Silicon is an attractive substrate 
because of its low cost, high crystallinity, availability of large 
sizes and wide range of thermal conductivity. For applications 
requiring transparent substrates, glasses and polymers are 
often used particularly for flexible displays.8-9 For those 
applications, the MOCVD temperature must be lower than the 
transition temperature of the substrates (e.g., glass transition 
temperature or melting point). To design the MOCVD reactor 
and optimize its deposition conditions especially constrained 
with a limited growth temperature for polymer substrates, 
better understanding of the gas phase reactions is required 
because the growth temperature in MOCVD is often deter
mined by kinetically limited gas phase reactions.10-12

In this study, the reactions of diethylzinc (DEZn) with 
water to form ZnO were investigated. A previous study de
monstrated that homogeneous pyrolysis of DEZn produces 
two reaction intermediates, HZnC2H5 and (ZnC2H5)2.11 The 
former is formed from the。-hydride elimination of DEZn and 

the latter by homolytic fission of the Zn-C bond in DEZn 
followed by dimerization. Therefore three Zn-containing spe
cies (i.e., two of the specified reaction intermediates and 
unreacted the DEZn) were considered as starting gas phase 
species for further reactions with water to form ZnO. With 
given information, a computational study based on DFT 
calculations aimed to clarify the most likely reaction pathway 
to ZnO by investigating the gas phase reactions and suggest
ing the pathways of ZnO cluster formation from resulting gas 
phase products. The in-situ Raman scattering technique was 
employed to detect gas phase reaction intermediates during 
the operation of a specially designed MOCVD reactor.

Methods

The computational calculations were performed using the 
Gaussian 03 program package.13 Bond formation and disso
ciation energies were calculated using B3LYP-DFT model 
chemistry with 6-311G(d) basis set, based on the fully- 
optimized molecular geometries. The transition states were 
also located using the same model chemistry and basis set, 
enabling the evaluation of activation energies of the reaction 
pathways. Direct comparison of the calculated Gibbs energy 
changes was used in determining the likelihood of the gas 
phase reactions. The reaction temperature was assumed to be 
less than 600 oC as it allows for ZnO to be deposited on 
flexible substrates.8-9 Therefore the two specified reaction 
intermediates, HZnC2H5 and (ZnC2H5)2, were regarded as 
Zn-containing reactants for further reactions with water in 
addition to unreacted DEZn.11 At first, reactions of the three 
Zn-containing species with one water molecule were evaluated 
for the most likely product. Further reactions with another 
water molecule were considered to reach the end product, 
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Zn(OH)2, which was used as a building block for ZnO cluster 
formation later on. This is valid since the concentration of 
water is much higher than that of metal organic species in a 
typical MOCVD.

To confirm the calculated results, a U-1000 Raman spec
trometer (Jobin Yvon) was used to locate the reaction inter
mediates experimentally. The 532 nm wavelength of a Nd/YAG 
solid state laser was used as the excitation light source and a 
coupled charge device (CCD) was used as a detector. More 
detailed experimental procedures are explained elsewhere.11

Results and Discussion

Reactions of Zn-containing species with water: The gas 
phase decomposition of DEZn in N2 carrier gas demonstrated 
that 100% conversion did not occur under 600 oC. To deposit 
ZnO at low temperatures (e.g., onto polymer substrates), it is
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necessary to examine the hydrolysis of unreacted DEZn. 
Figure 1[A] shows a reaction pathway of water attacking 
DEZn, which was first suggested by Smith and Schlegel using 
molecular orbital theory.14 The calculated results agree well 
with their results in terms of bond lengths and angles. The 
DEZn (1) has a linear C-Zn-C structure and the interatomic 
distance between the Zn and C is 2.04 A. The Wiberg bond 
index from the natural bond orbital (NBO) analysis indicates 
that the most probable bond dissociation would take place at 
the Zn-C bond. In the case of the adduct of DEZn and water 
(2), the enthalpy was calculated to be 6.35 kcal/mol lower 
than that of the reactants. The Zn-C bond length slightly 
decreases to 1.96 A and the linear arrangement of C-Zn-C 
shifts to an angle of 166.11°. Since Zn has an atomic charge of 
+2 in DEZn, it attracts the lone pairs of electrons of water to 
give a weak solvation effect thereby stabilizing the structure. 
Once the adduct (2) is formed, the hydrogen of water easily 

Figure 1. Possible reaction pathways and calculated energetics of DEZn [A], HZnCzHs [B], and (ZnCzHs》[C] with one molecule of water. 
Enthalpy changes have the unit of kcal/mol and bond lengths have the unit of A. Dashed arrows indicate relatively unfavorable reaction 
pathways.
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reacts with the nearby carbon. The transition state (3) shows a 
broad an이e of 146.74° in the C-Zn-C arrangement with an 
elongated distance of 2.26 A between the Zn and the C 
directly participating in the reaction. On the other hand, the 
distance between the Zn and the other C shortens to 1.95 A, 
eventually converging to 1.92 A in the reaction intermediates 
of (4) and (5). The pathway leads to the first important 
reaction intermediate (5) after the detachment of C2H6 from 
(4). The calculated energetics are also illustrated in Fig. 1.

Ethyl hydridozinc (6), HZnCzHs, one of the reaction inter
mediates resulting from the thermal decomposition of DEZn, 
undergoes two possible reaction pathways with water as 
shown in Fig. 1[B]. At first, there are two molecular structures 
conceivable for the adduct of (6) and water, (7) and (10). 
However the enthalpies of (7) and (10) are approximately the 
same, which implies that C2H5 rotational barrier is negligible 
and thus they are energetically identical. Once water forms a 
weak coordinate covalent bond with Zn as in (7) and (10), two 
transition states of (8) and (11) are possible with respect to 
where the hydrogen of water attacks. The hydrogen attacks 
the ethyl group to release ethane as in (8) to yield hydrido 
hydroxozinc (9) in one way. This intermediate (9) has a much 
shorter Zn-O bond length, since the bond characteristic has 
been changed from a coordinate covalent bond to a covalent

Table 1. Calculated geometric parameters of reaction species shown 
in Fig. 1

Structure
Bond Length (A)

Angle ()
Zn-O Zn-C Zn-H Zn-Zn

1 - 2.04 - - C-Zn-C: 180.00
2 2.34 1.96 - - C-Zn-C: 166.11
3 1.99 1.95 - - C-Zn-O: 146.74
4 1.79 1.92 - - C-Zn-O: 176.68
5 1.78 1.92 - - C-Zn-O: 177.13
6 - 1.94 1.53 - C-Zn-H: 179.64
7 2.26 1.96 1.56 - C-Zn-H: 166.43
8 1.96 2.23 1.53 - O-Zn-H: 148.49
9 1.72 - 1.49 - O-Zn-H: 179.34
10 2.29 1.96 1.55 - C-Zn-H: 167.73
11 1.97 1.94 1.94 - C-Zn-O: 154.22
12 1.90 1.94 - - C-Zn-O: 158.87
13 - 1.94 - 2.40 C-Zn-Zn: 179.63
14 1.99 1.94 - 2.38 C-Zn-Zn:179.69
15 1.79 1.97 - 2.34 Zn-Zn-O:176.93
16 2.22 1.98 - 2.42 C-Zn-Zn: 158.25
17 2.02 1.99 2.23 3.26 C-Zn-Zn: 131.49

bond with the release of ethane. In the other way, the hydro
gen of water attacks the innate hydrogen in (6) to release H2 as 
in (11) and (12) to generate (5), the same ending structure as in 
Fig. 1[A]. It is interesting that DEZn and its decomposition 
product (6), which is generated via p-hydride elimination of 
DEZn, lead to the same reaction intermediate (5) when they 
combine with water. The corresponding enthalpy changes are 
also represented in Fig. 1. By comparing energetics of path
ways [A] and [B], it is obvious that the ethyl hydridozinc (6) is 
favorable in energy to arrive at (5) compared to DEZn.

The other reaction intermediate resulting from DEZn thermal 
decomposition, the dimer of monoethylzinc, (ZnC2H5)2, is 
shown as (13) in Fig. 1[C]. The Zn-C bond length is shorter 
than that of DEZn, and free rotation of the ethyl groups is 
expected since the two carbons in (13) are separated by a large 
distance of 6.28 A. The adduct of (13) and water is shown as 
(16), in which the C-Zn-Zn angle slightly bends to 158.25° as 
the water forms a coordinate covalent bond with Zn. Then two 
pathways are possible depending on the attack of the hydro
gen of water, similar to Fig. 1[B]. When the hydrogen attacks 
the nearest carbon atom, it undergoes the transition state of
(14) to release ethane and generate (15). This intermediate
(15) can react further with another water to form Zn(OH)2, 
which likely plays a key role in the formation of ZnO. However 
there is another more favorable reaction pathway than the one 
from (16) to (14). In (16), the hydrogen of water can react with 
the nearest Zn to go through the transition state of (17). The 
Zn-O bond length decreases due to the formation of a stronger 
bond, while the distance between the two Zn atoms increases 
from 2.42 A to 3.26 A. This reaction pathway is more favorable 
by 〜5 kcal/mol than the other pathway (compare (17) to (14)). 
The end result of the pathway is (5) and (6). Coincidentally, 
the product (5) appears again in this pathway as well. In 
addition, the other product (6) would result in (5) by the react
ion with another water as shown in Fig. 1[B].

Three reaction pathways are presented here to illustrate the 
complexity of the gas phase reactions of DEZn with water. 
The calculated geometric parameters, such as bond lengths 
and associated angles, are summarized in Table 1 for reference. 
It is noted that all the pathways produce ethyl hydroxozinc (5) 
as a common reaction product. Another water would carry on 
a further reaction with (5) as shown in Fig. 2, which is energe
tically favorable as well. In fact, together with the three Zn- 
containing species - DEZn, (6), and (13) - and their products, 
it is anticipated that ZnH2 is also present in the gas phase as a 
result of consecutive p-hydride eliminations of DEZn. This 
reaction product however was not considered in this study 
because it is expected to be thermodynamically stable only at 

HZnC2H5

(ZnC2H5)2 
一 >

Zn(C2H5)2

+ water Yr
Zn(C2H5)OH

+ water

Zn(OH)2

Figure 2. Proposed reaction pathways of three Zn-containing species and water.
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temperatures above 650 oC. Moreover, when ZnH2 exists in 
the gas phase with excess water, it follows a similar reaction 
pathway as that shown in Fig. 1 to produce the same product, 
Zn(OH)2.

ZnO foimation. ZnO film has a wurtzite structure with 
lattice parameters of a = 3.250 and c = 5.207 A. The ZnO 
deposition via surface reactions is beyond the scope of this 
study, but it is necessary to consider formation of ZnO clusters 
to get insight of ZnO formation on the surface. The building 
block for clusters is dihydroxozinc (18), which is the common 
end product of the reactions between Zn-containing species 
and water as discussed in the preceding section. Previously 
meta-stable Zn2O2, Zn3O3 and ZmO4 were examined as ZnO 
initiating structures,15-16 but these molecules are ideal 2-dimen
sional structures, which can accept additional Zn and O atoms 
to expand their structures into 3-dimensional forms. Similarly, 
we suggested the assembly of two or three dihydroxozinc (18) 
monomers as shown in Fig. 3 along with calculated energetics.

The pathway in Fig. 3[A] represents the dimerization of 
two (18) monomers. Two Zn and two O atoms form a ring 
structure at the center due to the weak solvation effect from 
the lone pairs electrons in the oxygens. In accordance, the 
Zn-O bond lengths at both sides are elongated slightly from 
1.76 to 1.79 A. The Zn-O bond lengths are not identical in the 
ring (1.91 and 1.95 A) because the shorter is a coordinate 
covalent bond and the longer is formed by electrostatic inter
action between Zn and O atoms. The dimer (19) then combines 
with another (19) to form a larger cluster (20). The Zn-O bond 
lengths of the dangling branches from the cubic structure of 
(20) are elongated again to 1.80 A and the Zn-O bond lengths 
inside the cubic structure are increased to 2.02 and 2.04 A. It 
is noted that the difference between the Zn-O bond lengths 
inside the cubic segment of (20) is reduced compared to that 
of (19); 0.04 A (1.95 A — 1.91 A) in (19) to 0.02 A (2.04 A — 
2.02 A) in (20). It shows that the energy is dispersed into three 
directions because each atom of Zn or O in the cubic segment 
of (20) is interacting with three neighboring atoms. Near the 
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substrate surface, the clusters suggested in Fig. 3 possibly react 
with absorption sites to initiate ZnO film growth. The cluster, 
starting with the dimerization of Zn(OH)2 as in Fig. 3[A], 
however was not likely related to the formation of wurtzite 
structure.

Meanwhile, a ring formation with three (18) monomers 
having more favorable energetics (-87.9 kcal/mol compared 
to -49.3 kcal/mol for dimerization) is possible as shown in 
Fig. 3[B]. The ring structure in (21) was a global minimum 
among other conceivable stuctures from three monomers. The 
Zn-O bond lengths in the dangling branches of (21) increase 
as the trimerization progresses, similar to the pathway in Fig. 
3[A]. The trimer (21) is 2-dimensional but the products of the 
clustering of (21) are 3-dimensional as in (22) and (23). The 
structure (23) is composed of two layers of (21). The three Zn 
atoms in the first layer are bonded with three O atoms in the 
second layer and vice versa. The distance between the two 
layers of (23) is 2.18 A and the Zn-O bonds in the upper or 
bottom layer are slightly elongated compared to those in (22). 
The elongation of Zn-O bonds would continue as further 
assembly proceeds with building blocks of (18). Therefore, 
the structures with more building blocks of (18) combined 
onto (23) would give closer values to the Zn-O bond length 
corresponding to the experimental lattice parameters of the 
ZnO wurtzite structure (a = 3.250 and c = 5.207 A). In fact, 
Behrman reported that the ZnO cluster has the stable spheroid 
structure when the numbers of Zn and O atoms is greater than 
11.16

Table 2 summarizes the calculated Gibbs energy changes 
for the reactions given in Fig. 3 at 600 oC and enthalpy changes 
at 25 oC. The negative signs in the Gibbs energy changes 
indicate that both pathways are spontaneous and the trimeri- 
zation is more favorable than dimerization by the difference 
of the absolute values. The Gibbs energy changes could be a 
clue as to which reactions are more favorable during MOCVD. 
Again, the negative Gibbs energy change implies that the 
reaction is stable in the gas phase. Meanwhile, the positive 

-87.93

Figure 3. Possible reaction pathways of Zn(OH)2 clustering starting with dimerization [A] and trimerization [B]. The enthalpy changes have 
the unit of kcal/mol.
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Gibbs energy change indicates that the reaction, such as (21) 
一(22) or (22) — (23), is not likely to occur in the gas phase. 
Thus, the formation of wurtzite ZnO structure is initiated 
based on the cluster species (21) formed in the gas phase and 
adsorbed onto the substrate surface. Then additional assembly 
of building blocks leads to a nucleus having wurtzite structure 
inside as in (23) in a logical way.

The comparison of the dipole moments of the cluster species 
gives additional support to this proposition. The dipole moment 
increases during the dimerization and trimerization of Zn(OH)2, 
(18) — (19) and (18) — (21) respectively. However, it decreases 
in (19) — (20), because the duster (20) evolves into a more 
symmetrical 3-dimensional form. Meanwhile, the dipole moment 
keeps increasing drastically during clustering, (21) — (22)— 
(23), as in Fig. 3 (b). Once formed on the substrate surface, the 
cluster species, (22) and (23), having a very large dipole moment, 
attract gas phase molecules to enhance further clustering and 
develop nuclei for the ZnO film deposition.

Identification of reaction intermediates using in situ Raman 
spectroscopy. Important experiments probing the decom-

Table 2. Calculated Gibbs energy and enthalpy changes of the 
reactions in Fig. 3 and the dipole moments of the species involved; 
the Gibbs energy and enthalpy changes have the unit of kcal/mol and 
the dipole moments have the unit of Debye

Reactions AH298 AG898 Dipole moment

(18)—(19) -49.25 -15.99 (18) 0.00
(19)—(20) -54.25 -12.73 (19)

(20)
0.19
0.02

(18)—(21) -87.93 -24.56 (21) 3.90
(21)—(22) 11.62 94.35 (22) 8.87
(22)—(23) 48.96 137.83 (23) 26.51

position of DEZn with Raman spectroscopy revealed the 
primary decomposition products, ZnH2 and Zn(C2H5)2.11 Based
on this observation, computational calculations were per
formed to evaluate the most likely reaction pathways between 
the Zn-containing species and water in the preceding sections. 
Thus experiments were conducted to detect the calculated 
intermediate species. In the experiments, 0.1 mol% of DEZn 
was diluted in a N2 carrier gas and introduced through the 
center line of the specially designed MOCVD reactor.11 At the 
same time, 0.1 mol% of water was introduced into a separate 
gas inlet. The two gas streams were mixed just before the 
reactor inlet. The other gas inlets, annular and sweep inlets, 
flowed only N2 carrier to envelop the DEZn/water gas flow, 
and therefore kept the mixture gas flow isolated from any 
surface making perfect homogeneous reaction conditions. 
The reactor was then brought to the steady state and the 
centerline (the mixture gas flow) was probed by Raman 
scattering in search of molecular vibrational motions. All 
flow velocities were controlled to avoid recirculation, and the 
heater was set at 600 oC. Figure 4 shows the Raman spectra in
the range of the expected peaks of the species shown in Fig. 1. 
Four dominant peaks were found in the range of 270 to 420 
cm-1. The temperature denoted on each spectrum was ob
tained from the observed N2 rotational spectra. In fact, the 
actual heater temperature was extrapolated based on these 
temperatures. 11 

At first glance, there are three dominant peaks near the 
substrate (see thoe uppermost spectrum), which began to 
develop at 〜300 oC. A fourth peak was detected at 311 cm-1 
but only at an estimated temperature of 315 oC. Although the
signal for these peaks was low, they provide indirect evidence 
of the reaction pathways. Figure 4 also shows peak assign
ments. The first peak at 280 cm-1 can be assigned to the OH 

Raman Shift [cm-1]

Figure 4. (Left) Raman spectra taken at various positions (temperatures) using 532 nm laser source. The probing beam was focused at the 
central gas flow. The heater temperature was set at 600 oC and the temperature gradient of gas stream was formed by radiation heating. 
Temperature at each position was experimentally determined from the Boltzmann distribution of the rotational spectra of N2 carrier gas. 
(Right) Possible vibrational motions assigned for detected peaks. Four peaks were observed above 255 oC.

(2) a8OH: 286, 8[C-Zn-C]: 286.5 cm-

(3) 8OH: 294, 8[Zn-O-H]: 299 cm-1 (4) v[O-Zn]: 310
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bending motion of the molecule which is formed by the reaction 
of (5) with another water. The species (5) is the product from 
all three reaction pathways as shown in Fig. 1. The second 
peak at 288 cm-1 may be related to either one of the two species. 
One is an adduct of (13) and two water molecules resulting in 
asymmetrical OH bending and stretching which has a frequency 
of 286 cm-1 as shown in Fig. 4. Otherwise the C-Zn-C bending 
of an adduct of DEZn and two water molecules also has the 
frequency of 286.5 cm-1. It represents the possibility of the 
pathways in Fig. 1[A] and [C]. The peak at 295 cm-1 is likely 
assigned to the symmetrical OH stretching of water in the 
adduct of (13) and two water molecules. It is also applicable 
for the Zn-O-H symmetrical bending motion in the adduct of 
(5) and water. Finally, the peak at 311 cm-1 is probably assigned 
to Zn-C stretching of ZnO fragment from any unstable 
molecule. The relative Raman cross-section of DEZn is very 
small and correspondingy its reaction intermediates may have 
small cross-sections as well. It implies the difficulty of detection 
and thus the direct revealing of the reaction pathways.

Conclusions

The reactions of three Zn-containing species - Zn(C2Hs)2, 
HZnCzH^ and (ZnCzHsb - and water were investigated. DFT 
calculations at the level of B3LYP/6-311G(d) were employed 
to optimize molecular structures and locate transition states. 
Three possible reaction pathways led to ethyl hydridozinc, 
ZnCzHsOH, which further proceeded to dihydridozinc, Zn(OH)2, 
with additional water. With that Zn(OH)2 plays a key role in 
the deposition of wurtzite ZnO film, further self-assembly 
reactions have been suggested. A ring species is formed from 
three Zn(OH)2 monomers and its further assembly leads to a 
ZnO cluster having wurtzite structure.

The experiments were prepared in a specially designed 
MOCVD reactor with DEZn and water as precursors to detect 
the reactant intermediates suggested in the computational 
study by using in-situ Raman spectroscopy. Although the 
direct evidence of dihydroxozinc was not attained due to the 
fast reaction kinetics and relatively small Raman cross-sec
tions of DEZn derivatives, some relevant reaction interme
diates were detected to support the validity of the compu
tationally proposed gas phase reaction pathways.
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