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Abstract. NiO layers were deposited by metal-organic chemical vapor deposition
0,105 ‘) using bis-(ethylcyclopentadienyl) nickel (EtCp)-Ni and oxygen or ozone. As a con-
tinuation of kinetic study of NiO MOCVD the gas-phase, transformations of (EtCp).Ni
were studied in the temperature range of 380-830 K. Time of reactions correspond-

ing to the residence time of the gas stream in hot zone of the reactor was about 0.1 s
under conditions studied. The interaction of (EtCp).Ni with oxygen started at 450 K
and its conversion rate reached the maximum at 700 K. The interaction of (EtCp)-Ni
with ozone started at 400 K and its conversion rate reached the maximum at 600 K.
Transformations of the gas phase with the temperature in the reaction zone were
studied, the model reaction schemes illustrating (EtCp).Ni transformations in the
reaction systems containing oxygen and ozone have developed. In the reaction system (EtCp)oNi—Oo—Ar the
main gas-phase products at 380-500 K were CO, CO,, HCO, C,HsOH, CpCOOH, and CpO. Formation of the
C.H>0, C3H40, and CsHgO was found at 630-830 K. The same gas-phase species, (C4H30)2Ni and
dialdehydes was formed in the reaction system (EtCp),Ni—O3—O,—Ar.
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Introduction

iO layers have attracted considerable interest of scientists

because of the wide range of their potential applications,
such as sensing layers in semiconducting gas sensors, transpar-
ent electrode material in DSSCs and LEDs, antiferromagnetic
material in ReRAM, etc. [1-4].

Among various methods of NiO layers formation, metal-
organic chemical vapor deposition (MOCVD) is of particular
interest because it provides formation of high quality coatings
on the substrates with complicated shape. However, the
amount of Ni-containing compounds suitable for MOCVD is
limited to a few metal-organic compounds such as nickel
carbonyl [5], Ni B-diketonates and their derivatives [6—12],
and bis-n-cyclopentadienyl compounds [13—15]. Nickel car-
bonyl is extremely toxic. It has been shown that NiO layers
can be deposited with relatively high growth rate (up to 300
nm/h) from B-diketonates in the temperature range 500-800 K
under reduced pressure. However, the authors noted that Ni/O
ratio in the films can be varied over a wide range and significant
amount of carbon was found in the deposits. In the case of bis-
n-cyclopentadienyl compounds and oxidants used as precur-
sors, one can deposit high-quality layers at 550 K with growth
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rates of about 100 nm/h. However, the authors studied the
kinetic regularities of the layer formation only, disregarding
the transformations of precursors in the gas phase.

The successful use of bis-(ethylcyclopentadienyl)nickel
(EtCp),Ni for MOCVD of NiO layers using O, and O; was
demonstrated for the first time [16—19]. The results from an
experimental study [17] showed that thermally activated
MOCVD of NiO layers in the reaction systems (EtCp),Ni—
O,—Ar and (EtCp),Ni—O,—Os—Ar was kinetically controlled in
the temperature range of 600—-740 K. The corresponding value
of apparent activation energy of the processes in this tempera-
ture range was 80 + 5 kJ-mol ™" for both reaction systems. In the
temperature region 740-840 K, the value of apparent activation
energy was 18 = 7 kJ-mol '. However, introduction of ozone
led to nearly 2-fold decrease of NiO layers deposition rate.
Various circumstantial results indicated that the reduction of
NiO layers growth rate in the presence of ozone could be
caused by the simultaneous formation of gas-phase Ni-contain-
ing compounds that were not involved in the layers deposition
process.

The main purpose of this work was an experimental study of
gas-phase chemical transformations in the reaction systems
(EtCp),Ni—O,—Ar and (EtCp),Ni—O3—O,—Ar by means of
time-of-flight mass-spectrometry, in order to gain a more clear
understanding of the reaction mechanism of thermally activat-
ed MOCVD of NiO layers.
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Experimental

Gas-phase reactions were carried out in the quartz tubular “hot
wall” reactor under the following conditions: deposition zone
temperature was 330-830 K, (EtCp),Ni (97%, DalChem) molar
flow rate was 1.8-4.7 pmol'min ', oxygen and ozone partial
pressures were 30-330 Pa and 0-770 Pa, correspondingly, Ar
flow rate was 25 sccm, total gas flow rate was 200 sccm, and total
pressure was 840 Pa. Argon (Ar) was used as a carrier and diluent
gas. The reactor inner diameter was 56 mm. Time of reactions was
determined mainly by the residence time of the gas stream in hot
zone of the reactor used. The estimated value of the residence time
under conditions studied was about 0.1 s. Gas samples were fed to
the mass-analyzer chamber through a heated sampling system to
prevent deposition on the internal surfaces of the equipment. The
experimental setup was described in detail [19]. Ozone was
generated from oxygen (electronic grade) by special DBD gener-
ator. The ozone partial pressure was determined by using FTIR
spectrometry [17]. Mass-spectrometric study of the reaction gas
phase was carried out by using the reflectron-type time-of-flight
(TOF) mass-spectrometer MSH-2282. Tonization energy was 100
eV. All mass-spectra were normalized to the amplitude of mass-
peak at m/z 20 Da corresponding to the ion of argon (Ar™).
X-ray photoelectron spectroscopy (SPECS HAS 3500) was
used for chemical analysis. The presence of crystalline phases was
investigated by means of X-ray diffraction [Super Nova Dual
Wavelength (Agilent Technology), CuKa (A = 1.5405 A)].

Results and Discussion
Mass-Spectra of the Reaction Gas Phase

Despite of advantages of the use of (EtCp),Ni as a precursor for
MOCVD of NiO layers, reports on its studies are still compara-
tively rare. According to [18] a typical mass-spectrum of
(EtCp),Ni vapor (298 K, 10° Pa) can be represented in the form
of four groups of peaks. The first group of mass peaks with m/z
values 1-60 Da was determined not only by the fragmentation of
the (EtCp),Ni into light hydrocarbon ions, hydrogen, and atomic
carbon, but also by the signal from residual gas. The second group
of mass peaks (60-120 Da) corresponded to a number of
cyclopentadienyl [Cp]" ions without nickel atom, with various
substituents. The third group of mass peaks (120-250 Da)
corresponded to various subsidiary ions of the molecular ion
[(EtCp),Ni]". The fourth group of mass peaks (250-1000 Da)
corresponded to various cluster ions of the (EtCp),Ni. The cluster
ions consisted of Cp,Ni, Me(Cp),Ni, Et(Cp),Ni, MeEt(Cp),Ni,
(MeCp),Ni, and (EtCp),Ni in various combinations. The intensi-
ties of cluster ions were very low compared with ion of parent
molecule (EtCp),Ni; therefore one can suggest that their role in
deposition process is unessential and transformation of those
clusters will be not considered.

The transformations of (EtCp),Ni began at approximately
375 K for all reaction systems (Figure 1). The (EtCp),Ni con-
version rate calculated by the change in the intensity of the
parent molecular ion increased sharply with temperature in the
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Figure 1. Temperature dependence of the conversion rate of

(EtCp)2Ni in the reaction systems, (1) (EtCp)>Ni-Ar, (2)

(EtCp)oNi—Oo—Ar, and (3) (EtCp)oNi—O3—O-—Ar

reaction zone. The noticeable interaction of the initial (EtCp),Ni
and O, started at 430 K interaction of the (EtCp),Ni and Os
started at 330 K. It is worth noting that pure Ni deposition rate
[18, 19] was significantly lower than NiO deposition rate in the
reaction systems (EtCp),Ni—O,—Ar and (EtCp),Ni—Os—O,—Arr,
which corresponded to the lower (EtCp),Ni conversion rate.
However, the ozone introduction led to an increase of the con-
version rate in comparison with the reaction system (EtCp),Ni—
O,—Ar despite the nearly 2-fold decrease of NiO deposition rate.
Apparently, this fact indicates the substantial role of transforma-
tions taking place in the reaction gas phase.

Gas-Phase Transformations in the Reaction System
(EtCp),Ni—O,—Ar

The comparison of the reaction systems (EtCp),Ni—Ar and
(EtCp),Ni-O,—Ar (Table 1, col. 2 and 3) mass spectra obtained
under similar conditions showed that introduction of O, caused
appearance of mass peaks with m/z 29, 46, 52, 80, 110, 217, and
277 Da, probably corresponding to new substances formed in the
presence of O, in the gas phase at 380—700 K.

The appearance of these mass peaks may be adequately
explained taking into account the existence of two main reac-
tion pathways for interaction between the substituted Cp com-
pounds with O,. The former is acid formation [20, 21], the
latter is oxide formation [22].

The formation of the Ni-containing acid from (EtCp),Ni
may be described as (Equation 1):

O, _OH
@/\Jf 0}
o Ni —_— © Ni +2CO + H,O
HO” YO (1)
m/z =245
m/z =277
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Table 1. Mass peaks and Their Identification for Reaction Systems (EtCp),Ni-Ar, (EtCp),Ni-O,—Ar, and (EtCp),Ni-O3-O,—Ar

(EtCp)oNi-Ar

(Eth)le—Oz—AI' (Eth)le—O 3—02—AI'

m/z, Da Ion

2 H,"

14 CH,"

18 H,0"

28 N,", co"
29

32 0"

36 (o

39

40 Ar", C3Hy
44 co,*

46

52

56 CHg"

58

65 Cp’

68

79 MeCp’

80

93 EtCp’

100

110

124 [CpNi]
126

152 [EtCpNi]
189 (Cp),Ni*
193

217 Et(Cp),Ni’
231 MeEt(Cp),Ni’
245 (EtCp),Ni”
277

289

337

H," H,"
CH," CH,"
H,O" H,O"
N, co" N,', co"
HCO" HCO"
02+ ()24r
G5’ Cs'
c-C3Hy
Ar', CsH," Ar', CsH,
CO," Co,"
C,H,OH C,H,OH"
C-C4H4 C-C4H4Jr
C4Hg" C4Hg"
CszOz.
Cp’ Cp’
C4H,0°
MeCp’ MeCp’
CpO’ CpO’
EtCp’ EtCp’
CSHROZ.
CpCOOH" CpCOOH"
[CpNi]” [CpNi]”
C7H,00;
[EtCpNi]’ [EtCpNi]’
(Cp)aNi” (Cp) NI’
(C4H;0),Ni"
(CpO),Ni’ (CpO)RLNi’
MeEt(Cp),Ni’ MeEt(Cp),Ni®
(EtCp),Ni" (EtCp),Ni’
(CpCOOH),NI" (CpCOOH),Ni"
EtCpNiEtCpO5”
EtCpOsNiEtCpO5°

The occurrence of this reaction was confirmed by the
decrease in the initial (EtCp),Ni mass peak intensity with
the O, introduction and by the appearance of the mass
peaks corresponding to the reaction product (CpCOOH),Ni
or its fragments since (CpCOOH),Ni dissociates with for-
mation of cyclopentadiene carboxylic acid CpCOOH and
NiO (Equation 2):

O, _OH

9 o —>4@ +2 NiO

2

HO™ S0 m/z =110 @)
m/z =277

Temperature dependence of the mass peak m/z 110 Da
intensity corresponding to the gas-phase (CpCOOH),Ni disso-
ciation product (2) is shown (Figure 2). The increase in 110 Da
mass peak intensity was attributable to the enhancement of the
“(EtCp),Ni—O,” interaction with temperature increasing up to
670 K. The decrease of mass peak intensity with the further

temperature rise was caused by the (EtCp),Ni concentration
decline due to its thermal decomposition in the reactor zone
situated prior to the reaction zone [23].

CpCOOH [24] thermally dissociates with formation of CO,
CO,, and cyclobutadiene c-C4H4 when temperature exceeds
700 K (Equation 3):

Oy, OH .o,
<:f:7 -2 +CO +CO,
m/z = 110 m/z =52 A3)

CpCOOH dissociation resulted in the increasing intensity of
the mass peaks corresponding to the ionized reaction products
with temperature (Figure 3).

At these temperatures, cyclobutadiene can interact with
O, undergoing various transformations [25-27]. Under
given conditions, the most probable products of “c-C,H,—
0,” interaction are formyl HCO and ethyl alcohol
C,HsOH. This suggestion was supported by the presence
of corresponding mass peaks m/z 29 and 46 Da in mass
spectra (Figure 4).
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Figure 2. Temperature dependence of the m/z 80 and 110 Da intensities

Interaction between the substituted Cp compounds with O,
with formation of cyclopentadienones [20, 28, 29] in the case
of (EtCp),Ni may be described as (Equation 4):

(@]
<=7 0, _
oNi EE—— oNi  +2CO +H,0
m/z = 245 (@] (4)
m/z =217

Bis-(cyclopentadienonyl) nickel (CpO),Ni may also participate
in NiO layers formation by dissociation (Equation 5) into the

1.0 ——————7——

cyclopentadiene oxide CpO and NiO:
0]

O
é+ 02 .
2 ONi —— 4 + 2 NiO
m/z = 80
0 ‘ 5)
m/z =217

The occurrence of (CpO),Ni dissociation was confirmed by the
increase in mass peak 80 Da intensity with temperature rising
up to 700 K in the deposition zone (Figure 2). CpO is thermally
decomposed above 700 K.

The analysis of the mass spectra of gas phase formed above
630 K indicated the appearance of mass peaks m/z 42, 56, and 84
Da. This fact suggests that reaction scheme could be changed
because of a substantial fragmentation of the gas-phase
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Figure 3. Temperature dependence of the m/z 28 and 52 Da intensities
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Figure 4. Temperature dependence of the m/z 29 and 46 Da intensities

components resulting in the increase in the amount of light
hydrocarbons formed. At high temperatures [30-32] the Cp
radicals more likely undergo ring opening reactions via breaking
C(1)-C(5), C(2)-C(3), or C(3)-C(4) bonds [27, 33]. Thus, the

®/\+o2
— >

© Ni

AL=>

m/z =245

This process is enhanced by the temperature rise in the reaction
zone, which results in the increase of corresponding mass peak
intensity (Figure 5).

Pearson’s correlation coefficients k [34, 35] for mass
peak pairs corresponding to the reagents and products of
some reactions described have been calculated at different
temperatures to clarify the processes of temperature ranges.
The coefficient & calculated for m/z 245 and m/z 110 Da was
k <—0,75 at the temperatures below 550 K. Thus, increase
in the intensity of mass peak at 245 Da is followed by
decrease in intensity of mass peak at 110 Da, i.e., they are
highly negatively correlated according to the Chaddock’s
scale. The same patterns were revealed for mass-peak pairs
245-80 Da (k < —0,5) and 245-29 Da (k < —0,86), whereas
mass peak intensities for pairs 110-80 Da and 110-29 Da
were highly positively correlated with temperature rise up to
600 K. Pearson’s coefficients for mass peak pairs 245—
42 Da and 245-29 Da (k < —0,75) are negative and high
above 630 K, i.e., increase in the intensity of mass peak at
245 Da is followed by decrease in the intensity of mass
peaks at 42 and 29 Da. Pearson’s coefficient for 42-29 Da
(k > 0,5) is high. Therefore, it is possible to conclude that
(EtCp),Ni undergoes transformations in accordance with
the afore-cited.

N+ N\ + /30//\ +NiO

additional mass-peaks m/z 42, 56, and 84 Da are likely signals
belonging to ethenone C,H,O0, acrolein C;H,40, and ethyl vinyl
ketone CsHgO, respectively, formed by breaking of Cp double
bonds in an oxidizing atmosphere (Equation 6):

(6)

m/z=56 m/z=42 m/z=84

The research performed showed that the perceptible inter-
action of the initial (EtCp),Ni with O, started at 430 K. The
formation of gas-phase bis-(cyclopentadienylcarboxy) nickel
and bis-(cyclopentadienonyl) nickel was found in the low
temperature region in addition to NiO layers deposition. The
ring opening processes leading to the formation of a large
amount of light hydrocarbons (formyl, ethanol, ethenone, acro-
lein, ethyl vinyl ketone) and carbon oxides were found to
prevail above 630 K.

Gas-Phase Transformations in the Reaction System
(Eth)zNi—Og—Og—Ar

The comparison of mass spectra of the reaction systems
(EtCp),Ni—O,—Ar and (EtCp),Ni—-O3-O,—Ar (Table 1, col. 3
and 4) obtained under similar conditions showed that O intro-
duction initiated the appearance of mass peaks m/z 39, 58, 68,
100, 126, 193, 289, and 337 Da, whereas the intensity of the
mass peak m/z 110 Da corresponding to CpCOOH decreased
distinctly. Temperature dependencies of the mass peaks m/z 80
and 110 Da intensities with and without O3 are shown (Fig-
ure 2). Comparison of corresponding mass peaks intensities
indicated that O5 introduction reduced the CpCOOH formation
probability and had no effect on the CpO formation.
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Figure 5. Temperature dependence of the m/z 42, 56, and 84 Da intensities

Interaction of aromatics with Oj in the gas phase leads
to the formation of ozonides, which subsequently undergo
decomposition or stabilization [36—40]. Moreover, it is
shown that no additional activation is needed for interac-
tion of O; and aromatics double bonds [41], [42]. Taking
these facts into account, it may be suggested that Oj
molecule attacks the Cp double bond in (EtCp),Ni with
formation of ozonide of the latter (m/z 289 and 337 Da) via
(Equations 7, 8).

In the case of dissociation, the ozonide (m/z 337 Da) is
decomposed into ethyl pentenedial (m/z 126 Da) (Equa-
tion 9). Similarly, Oz can attack the double bond in ethyl
pentenedial to form an ozonide (Equation 10) subsequently
decomposing into ethyl propanedial (m/z 100 Da) and
ethanedial (m/z 58 Da) (Equation 11). The suggested
scheme of transformations was confirmed by the presence
in the mass spectra of afore-cited mass peaks, apparently
indicating the ethanedial, ethyl propanedial, and ethyl
pentenedial formation.

<=7, =

oNi ——>» °eNi (O
\/%O/O
m/z = 245 m/z = 289 (7

o Ni oO—> (0) o Ni 0
AL, L
m/z = 289 m/z = 337 ®)

(0)

%
+O3

0" oni o—>20\\/\v2//O+COZ+NiO

0}

o— m/z =126

©)

m/z = 337

(0] O +0
\\/\\/2//—3>

m/z =126

(10)

m=172

O—’O\g\/o VA
7 A\ 7+ NN

m/z =100

m/z =58

(11)

The decrease of mass peaks m/z 58, 100, and 126 Da intensities
(Figure 6) with temperature in the reaction zone indicates the
reduction of the dialdehydes formation rate, which might be
caused by decrease in O3 partial pressure attributable to

its thermal decomposition [42] above 630 K.
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Figure 6. Temperature dependence of the m/z 58, 100, and 126 Da intensities

In the case of stabilization, the ozonide (m/z 337 Da) trans-
forms into (C4H30),Ni (m/z 193 Da) (Equation 12):

o0
~ + 03
07 oNi g—= (C4H30),Ni+CO,+H,0
O/O IH/Z = 193
m/z = 337 (12)

The occurrence of ozonide stabilization was confirmed by the
appearance of the mass peaks corresponding to (C4H30),Ni
(m/z 193 Da) or its fragments (m/z 39 and 68 Da) (Figure 7).
Electron impact ionization of (C4H;0),Ni resulted in the ap-
pearance of the same set of fragment ions as obtained by
ionization of furan [43, 44]. (C4H30),Ni is unlikely to be
involved in NiO layer deposition process. Thus, experimentally
obtained reduction of NiO layers growth rate in the presence of
O; could be attributed to the precursor concentration decrease
as a result of (C4H30),Ni formation.

The Pearson’s correlation coefficient calculated for 245—
193 and 245-68 Da was k > 0.63 above 380 K. Thus, decrease
in the intensity of mass-peak at 245 Da was followed by
decrease in the intensity of m/z 68 and 193 Da. The Pearson’s
coefficient for 193-68 Da was k > 0.89 at all temperatures
considered. Fragments with m/z 193-68 Da are likely to be
formed below 380 K (up to the deposition zone at the mixing
point), which is confirmed by the O thermal resistance data
(Figure 8).

On the basis of the results from a study of the reaction, gas
phase formed in the reaction systems (EtCp),Ni—O,—Ar and
(EtCp),Ni—O3—O,—Ar model reaction scheme illustrating some
transformation of the precursor (EtCp),Ni has been developed
(Figure 8). The perceptible interaction of the initial (EtCp),Ni
and ozone was established to start at 330 K. Dialdehydes
(ethanedial, ethyl propanedial, and ethyl pentenedial) and
(C4H30),Ni are formed at 330-380 K. Mainly the same gas-
phase species as in the reaction system (EtCp),Ni-O,—Ar, i.e.,
bis-(cyclopentadienylcarboxy) nickel and bis-
(cyclopentadienonyl) nickel, were formed above 380 K. A large
amount of light hydrocarbons (formyl, ethanol, ethenone,
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Figure 7. Temperature dependence of the m/z 39, 68, and 193 Da intensities
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acrolein, ethyl vinyl ketone) and carbon oxides was formed
above 630 K.

Chemical Composition and Morphology
of Deposited Layers

The XPS patterns of the deposited NiO layers indicate forma-
tion of NiO with almost stoichiometric composition (O/Ni in
the range 0.98-1.03) for both reaction systems studied. All of
the deposited NiO layers did not contain any carbon contami-
nation in significant amounts (less than 1%).

The results of XRD study show that the films are character-
ized by preferential (100) orientation of crystallites. The calcu-
lated value of lattice parameter (4.17 +0.015 A) did not depend
on the deposition conditions and was close to the value of bulk
NiO bunsenite (4.18 A) with cubic face-centered lattice. The
ICDD card number is 71-4751.

Conclusions

On the basis of the results from mass-spectrometric study of the
reaction gas phase formed during MOCVD of NiO layers in the
reaction systems (EtCp),Ni—O,—Ar and (EtCp),Ni—O3—O,—Ar
reaction scheme of the deposition process was developed.

It is most probable that formation of NiO layers in the reaction
system (EtCp),Ni—O,—Ar in the temperature range 380—600 K
occurs via formation of intermediate products of gas-phase oxi-
dation of the precursor: bis-(cyclopentadienylcarboxy) nickel
and bis-(cyclopentadienonyl) nickel. NiO layers can be formed
either as a result of the following bis-(cyclopentadienylcarboxy)
nickel dissociation into cyclopentadiene carboxylic acid and NiO
or through bis-(cyclopentadienonyl) nickel dissociation into
cyclopentadiene oxide and NiO. (EtCp),Ni more likely
undergoes ring opening reactions via breaking Cp double
bonds above 630 K leading to the formation of formyl, ethyl
alcohol, ethenone, acrolein, and ethyl vinyl ketone in addi-
tion to NiO layers.

It was found that in the reaction system (EtCp),Ni—O3;—0,—
Ar at 330-600 K apart from the above-mentioned mechanisms
of NiO formation, nickel oxide can be formed via intermediate
formation of (EtCp),Ni ozonide, which dissociates into
dialdehydes (ethanedial, ethyl propanedial, and ethyl
pentenedial) and NiO. Besides, ozone introduction leads to
the gas-phase formation of (C4H30),Ni, which is unlikely to
be involved in formation of NiO; however, it causes the deple-
tion by the precursor in the gas phase, and this is confirmed by
the experimentally found 2-fold decrease of NiO deposition
rate in this reaction system.
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