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Factors controlling material deposition in the CVD of nickel sulfides, selenides
or phosphides from dichalcogenoimidodiphosphinato complexes: deposition,
spectroscopic and computational studies†
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The series of nickel dichalcogenoimidodiphosphinates [Ni{iPr2P(X1)NP(X2)iPr2}2]: X1 = S, X2 = Se
(1), X1 = X2 = S (2), and X1 = X2 = Se (3) have been successfully used as single-source precursors
(SSPs) to deposit thin films of nickel sulfide, selenide or phosphide; the material deposited depended on
both temperature and method used for the deposition. Aerosol-assisted (AA) chemical vapour
deposition (CVD) and low-pressure (LP) CVD were used. The as-deposited films were characterised by
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX) and X-ray photoelectron spectroscopy (XPS). A variety of phases including: Ni2P, Ni0.85Se and
NiS1.03 were deposited under different conditions. The mechanism of decomposition to the phosphide,
selenide, or sulfide was studied by pyrolysis gas chromatography mass spectrometry (Py-GC-MS) and
modelled by density functional theory (DFT).

Introduction

Many potentially useful and technologically important films
have been grown by metal–organic chemical vapour deposition
(MOCVD).1,2 The term was coined by Manasevit to describe
processes for the deposition of group 12 or 13 metal chalcogenides
or pnictides, II/VI (12/16) or III/V (13/15) materials.1 The typical
sources used in early studies were hydrides and alkyls which are
often highly reactive (e.g. pyrophoric), toxic, air-sensitive and
susceptible to pre-reaction in the vapour phase. Some of these
issues can be overcome by the use of single-source precursors
(SSPs), which provide the requisite elements for the deposition of
the material in a single molecule.

Chalcogenide films are of interest for large area photodiode
arrays, photoconductors, sensors, solar cells, optical storage
discs and fibres.3 We have developed a range of SSPs for such
thin films.4 The diselenoimidodiphosphinato complexes of the
type [M{(SePPh2)2N}2] (M = Cd, Zn) have been used for the
deposition of CdSe or ZnSe thin films.5 The isopropyl group
gives better volatility than the phenyl group, leads to the facile
deposition of a variety of metal sulfide or selenide thin films.6
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† Electronic supplementary information (ESI) available: TGA of precur-
sors (1), (2) and (3); XRD of nickel selenide films deposited from (1) at
240 sccm, nickel sulfide films deposited from (2) at 200 sccm at 425 and
475 ◦C by AACVD; XPS spectra of Ni2p and S2p; XRD of nickel selenide
films deposited from (3) by LPCVD; Precursor structure, model used in
the calculations and additional computational data for the precursors. See
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In addition, we have also reported the formation of group
11 and 12 metal telluride films from the corresponding ditel-
luroimidodiphosphinato complexes.7 Apart from our CVD work
using thioseleno-[Ni{iPr2P(S)NP(Se)iPr2}2]8 (1) and selenotelluro-
[Ni{iPr2P(Se)NP(Te)iPr2}2]9 precursors, there are no other reports
on using the mixed donor group dichalcogenoimidodiphosphinato
complexes as precursors.

The idea inspiring the design of (1) was to establish a new route
to ternary MSSe phases such as nickel sulfo-selenide (NiS2-xSex)
which can undergo a Mott-Hubbard metal-insulator transition
dependent on the selenium content.10 Serendipitously8 our failure
to achieve this goal showed that (1) in low-pressure (LP)CVD
gave nickel phosphide films at higher substrate temperatures (475–
425 ◦C) and nickel selenide films at lower substrate temperatures
(400 and 375 ◦C) (the delivery temperature was kept constant at
300 ◦C). A heterostructured film of Ni0.85Se/Ni2P was deposited
by changing the growth temperature during a single deposition.8

This result provided the impetus for the study of corresponding
dithio (2) and diseleno (3) precursors, with the objective of
understanding the various factors controlling this interesting
process.

The sulfides, selenides and phosphides of nickel are semicon-
ductors potentially useful as electrodes in photoelectrochemical
storage devices.11–13 Nickel sulfide and nickel selenide are p-type
semiconductors with band gaps of 0.3 eV and 2.0 eV respectively,
whereas nickel phosphide is an n-type semiconductor with a
band gap of 1.0 eV. Nickel sulfide undergoes a phase transition
from paramagnetic metal to antiferromagnetic semiconductor
at 265 K; the mechanism of this change is still unclear and
under investigation.14 Nickel sulfide is a potential cathode ma-
terial for rechargeable lithium batteries15 and is also used as a
hydrodesulfurisation catalyst.16 It is considered as an “Achilles
heel” in toughened glass, since it is responsible for glass cancer
or spontaneous glass fracture. The phase diagram for the Ni–S
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system indicates NiS2 (pyrite) and Ni3S4 (spinel) for the sulfur-rich
part of the system. For the nickel-rich part of the diagram, multiple
phases such as NiS, Ni3S2, Ni7S6 and Ni9S8 exist and are associated
with the glass fracture except the Ni3S2 phase.17,18

Nickel sulfide films have been prepared by solution depo-
sition on glass19 or polymer substrates,20 electrodeposition,12

successive ionic layer adsorption and reaction,21 laser ablation,22

hydrothermal23 and soft solution-processing24 methods. There are
limited reports on the growth of nickel sulfide films by CVD
using single-source precursors. Zink et al. have reported on the
laser-driven photochemical and thermal CVD of NiS from bis(O-
isopropylxanthate)nickel(II) precursor.25 Nomura and co-workers
studied the growth of NiS1.03 from [Ni(S2CNEt2)2] on Si(111)
substrates by LPCVD.26 Earlier, we have reported the deposition
of nickel sulfide films from dithiocarbamato compounds of the
type [Ni(S2CNRR¢)2] (R, R¢ = Et2; Me,Et; Me,nBu or Me,nHex),
by LP-27 and aerosol-assisted (AA) CVD;28 and from xanthate
compounds of the type [Ni(S2COR)2] (R = Et or iPr) by
AACVD.29 Recently, Molloy and co-workers deposited NiS films
from the bis-pyridine adducts of nickel bis(O-n-butylxanthate) by
AACVD.30

Nickel selenide films have been prepared by solution growth,19

electrodeposition31 and by reactive diffusion methods.32 The
phase diagram of Ni–Se alloys indicates three homogenous and
stable phases at room temperature, Ni3Se2, Ni1-xSe and NiSe2.33

Bochmann et al. used [Ni{tBu2P(Se)NR}2] (R = iPr or cyclo-
C6H11) to deposit nickel selenide films by LPCVD method.34

We have recently made a comparative study of the influence
of the ligand on the deposition of nickel selenide films by
AACVD using three different classes of nickel precursors: dise-
lenoimidodiphosphinato [Ni{(SePiPr2)2N}2] (3), diselenophosphi-
nato [Ni(Se2PiPr2)2] and diselenocarbamato [Ni(Se2CNEt2)2].35

There are relatively few reports on the growth of nickel
phosphide films apart from our CVD work,8 but depositions by
magnetron sputtering,36 electrodeposition,37 solution growth38 or
by the reaction of orthophosphoric acid on a nickel substrate can
be noted.12 In the Ni–P binary phase diagram, Ni3P, Ni5P2, Ni12P5,
Ni2P and Ni5P4 phases are obtained in sequence with increasing
phosphorus content.39

This work presents a comprehensive AACVD and LPCVD
study of the dichalcogenoimidodiphosphinato nickel(II) precur-
sors [Ni{iPr2P(S)NP(Se)iPr2}2]8 (1), [Ni{(SPiPr2)2N}2]40 (2) and
[Ni{(SePiPr2)2N}2]35 (3) which gave nickel sulfide, selenide or
phosphide films depending on the deposition temperature. A
mechanism is proposed for the formation of the different materials
based upon a computational study and pyrolysis gas chromatog-
raphy mass spectrometry (Py-GC-MS).

Results and discussion

Thermogravimetric analysis (TGA) of the precursors [Ni{iPr2P-
(S)NP(Se)iPr2}2] (1), [Ni{(SPiPr2)2N}2] (2) and [Ni{(SePiPr2)2N}2]
(3) indicated a single step decomposition with a rapid weight loss
between 302–368 ◦C, 308–371 ◦C and 300–353 ◦C, respectively
(N2 atmosphere at 10 ◦C min-1). The observed residue (11%) for
(1) is lower than the calculated residue (18%) for nickel selenide,
but matches fairly well the expected residue (11.5%) for nickel
phosphide. The observed residue (3%) for (2) is lower than the
calculated residue (13%) for the Ni and S content or Ni and P

(11.5%) content in the precursor. For (3), the observed residue
(17%) is in fair agreement with the calculated residue (16%) for
nickel selenide (Fig. S1, in supporting information†).

Deposition of thin films

AACVD of nickel selenide films from (1) at flow rate of 160 sccm

AACVD from precursor (1) [Ni{iPr2P(S)NP(Se)iPr2}2] was carried
out to determine if it can form different products to those observed
in the LPCVD process.8 In AACVD the important parameters
are: the concentration of the precursor solution, duration of film
growth, the deposition temperature and flow rate. Flow rate and
temperature were varied to obtain films of different composition
or morphologies; using a constant precursor concentration of
0.01 M and deposition time of 120 min. Films were deposited
at temperatures 425 to 525 ◦C, with argon flow rates of 160 or 240
sccm. The films deposited were uniformly black and non-adherent.
Film obtained at 375 ◦C was too thin to be characterised by XRD.
Substrate temperatures below 375 ◦C were insufficient to cause
deposition.

The XRD patterns from the films correspond to hexagonal
Ni0.85Se (sederholmite, ICDD 18-0888) at all deposition temper-
atures (425–525 ◦C). The high intensity peak is along the (101)
direction which is the 100% peak in the ICDD 18-0888 pattern
(Fig. 1(a)–(c)). Hexagonal NiSe (ICDD 75-0610) was observed
at 2q: 28.15◦. The SEM images revealed that the films were
composed of wires covered by granular material (Fig. 2(a)–(c)).
No remarkable change was observed in the morphology of the as-
deposited films at increased growth temperature. EDX analyses of
the film deposited at 425 ◦C contain nickel and selenium ca: 1 : 1
ratio with phosphorus (~22%) and sulfur (3%) impurities. The
composition of the as-obtained films at higher temperatures (475
and 525 ◦C) were in good agreement with the phase observed in
XRD [ca. 0.85–0.92 : 1 (Ni : Se)] with phosphorus contamination
(~15%, 475 ◦C; ~5%, 525 ◦C) and no sulfur.

Fig. 1 XRD patterns of nickel selenide (Ni0.85Se) films deposited from
(1) on glass at flow rate of 160 sccm and deposition temperatures of (a)
425 ◦C, (b) 475 ◦C and (c) 525 ◦C, “�” - NiSe peak.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 6080–6091 | 6081
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Fig. 2 SEM images of nickel selenide films deposited on glass by AACVD
from [Ni{iPr2P(S)NP(Se)iPr2}2] at a flow rate of 160 sccm and deposition
temperatures of (a) 425 ◦C, (b) 475 ◦C and (c) 525 ◦C.

AACVD of nickel selenide and nickel phosphide films from (1) at
240 sccm

The films were deposited at the higher argon flow rate of 240
sccm, the XRD pattern of the as-deposited films at 425 ◦C and
475 ◦C could be indexed to a hexagonal Ni0.85Se (ICDD 18-0888)
structure. Small peaks for hexagonal Ni2P (ICDD 74-1385) were
observed for the sample grown at 475 ◦C with 2q values of 40.81,
47.49 and 54.33◦ corresponding to (111), (210) and (300) planes
along with the characteristic peaks for Ni0.85Se (Fig. S2†).

The higher flow rate resulted in the formation of two different
materials at 525 ◦C: a nickel selenide film on the substrate closer
to the inlet of the AACVD reactor and a nickel phosphide film
deposited onto the adjacent substrate. The XRD displayed peaks
that matched hexagonal Ni0.85Se (Fig. 3(a)). The XRD of the
film deposited on the adjacent substrate matched with hexagonal
Ni2P (Fig. 3(b)) but the films were not as crystalline as those of
nickel selenide. Traces of hexagonal Ni5P4 (ICDD 18-0883) were
observed at 2q values of 32.71 and 49.89◦ which correspond to the
(004) and (006) planes along with the characteristic peaks of Ni2P.

Fig. 3 XRD patterns of (a) nickel selenide (Ni0.85Se) and (b) nickel
phosphide films (Ni2P*) deposited on glass from (1) at flow rate of 240
sccm and deposition temperature of 525 ◦C, “#” - Ni5P4, “�” - NiSe peak.

The nickel selenide films deposited at 425 ◦C were composed
of wires covered with granular material, whereas at 475 ◦C
convoluted wires were observed above the grains (Fig. 4(a)–(b)).
EDX analysis of the film obtained at 425 ◦C confirms the presence
of Ni and Se in ca. 0.87 : 1 ratio with phosphorus (~12%) and sulfur
(~2%) contamination. The film composition varies at 475 ◦C to
ca. 1 : 1 ratio (Ni : Se) with 18% P contamination and no sulfur.
The increase in nickel and phosphorus content may be due to
the presence of traces of nickel phosphide indicated by XRD
(Fig. S2†).

Fig. 4 SEM images of nickel selenide films deposited on glass by AACVD
from [Ni{iPr2P(S)NP(Se)iPr2}2] at flow rate of 240 sccm and deposition
temperatures of (a) 425 ◦C, (b) 475 ◦C, (c) nickel selenide and (d) nickel
phosphide films deposited at 525 ◦C.

The SEM of as-deposited films at 525 ◦C show granular nickel
selenide and inter-linked nickel phosphide nanowires (Fig. 4(c)–
(d)). EDX analysis show nickel rich films with the elemental
composition of ca. 1.06 : 1 (Ni : Se) with ~6% phosphorus contam-
ination. The Ni2P wires were composed of nickel and phosphorus
in ca. 1.2 : 1 with no contamination of selenium. Thus, the growth
parameters, higher temperature (525 ◦C) and higher flow rate (240
sccm) were critical and resulted in the deposition of two different
materials; Ni0.85Se and Ni2P depending upon the position of the
substrate inside the reactor. They also influence the composition,
crystallinity and morphology of the films.

LPCVD of nickel phosphide and nickel selenide films from (1) at
precursor temperature (Tprec) 275 ◦C

In this experiment, the precursor was heated at 275 ◦C and the
substrate temperature was varied from 475–375 ◦C in 25 ◦C
steps; similar to the regime used in our earlier work but in
which the precursor was heated at 300 ◦C.8 The lower precursor
temperatures should decrease the rate of transport of the precursor
to the substrate. The XRD of the as-deposited film showed
hexagonal Ni2P (ICDD 74-1385) at substrate temperatures of
475 ◦C (Fig. 5(a)), 450, 425 and 400 ◦C (Fig. 5(b)). Traces
of hexagonal nickel selenide (Ni0.85Se, ICDD 18-0888) was also
observed at 400 ◦C (2q: 33.29, 50.56, 60.35, 61.87 and 69.73◦).

6082 | Dalton Trans., 2010, 39, 6080–6091 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

2 
O

ct
ob

er
 2

01
1

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

00
29

28
A

View Online

http://dx.doi.org/10.1039/c002928a


Fig. 5 XRD patterns of nickel phosphide (Ni2P*) films deposited on
glass from (1) at substrate temperatures of (a) 475 ◦C, (b) 400 ◦C and
nickel selenide (Ni0.85Se) films deposited at substrate temperature of (c)
375 ◦C; Tprec = 275 ◦C for all cases. “�” - NiSe2 peaks.

At 375 ◦C, hexagonal Ni0.85Se was observed with traces of NiSe2

(ICDD 18-0886, 2q: 28.58 and 33.72◦). Peaks observed at 2q values
of 40.87, 47.56, 54.31 and 55.10◦ correspond to hexagonal Ni2P
(Fig. 5(c)).

The SEM shows varied morphology: cross-linked wires
(475 ◦C), acicular structures (450 ◦C), stacked rods (425 ◦C)
and stacked wires (400 ◦C) for the nickel phosphide films
(Fig. 6(a)–(d)). The as-deposited nickel selenide film (375 ◦C) has
feather-like morphology (Fig. 6(e)). EDX investigation of the film
grown at 475 ◦C was rich in nickel (79%) with 21% phosphorus.
The composition of the Ni2P films deposited at 450 and 425 ◦C
were in close agreement with the phase observed in XRD with
elemental ratio of ca. 1.9 : 1 (Ni : P). As-obtained phosphide film at
400 ◦C contain 60% nickel, 32% phosphorus and 8% selenium due
to the formation of trace amounts of nickel selenide as indicated in
the XRD. The nickel selenide film grown at 375 ◦C was composed
of 51% nickel, 39% selenium and 10% phosphorus due to the
presence of traces of nickel phosphide in the deposited film.
Thus, the lowering of the precursor temperature resulted in the
deposition of nickel phosphide films at 475–400 ◦C and nickel
selenide film only at 375 ◦C.

XPS of nickel phosphide film showed a Ni2p3/2 peak at 853.5
eV along with a satellite at 860.4 eV which is consistent with
pure nickel phosphide.41 In the case of the P2p, two doublets
appear at 129.9 and 133.5 eV, corresponding to phosphide and
phosphate, respectively.42 Two additional peaks for selenium were
also observed at 54 eV (for bound selenium) and 55 eV (for
unbound selenium). For nickel selenide film, main Ni2p3/2 peak
appeared at 853 eV and a satellite at 857.9 eV which is in good
agreement with the literature values.43 The Se3d peak at 53.9 eV
corresponds to metallic selenide. The presence of the O1s peaks
in both films indicated that oxidation of films takes place after
exposure to the atmosphere.

Fig. 6 SEM images of nickel phosphide films deposited on glass by
LPCVD from [Ni{iPr2P(S)NP(Se)iPr2}2] at substrate temperatures of (a)
475 ◦C, (b) 450 ◦C, (c) 425 ◦C (d) 400 ◦C and nickel selenide film deposited
at substrate temperature of (e) 375 ◦C, Tprec = 275 ◦C for all cases.

AACVD of nickel sulfide films from (2) at 140 sccm

AACVD from [Ni{(SPiPr2)2N}2] (2) yielded black films at 425 to
525 ◦C at argon flow rate of 140 sccm. No deposition was observed
below 425 ◦C. The deposition time for each run was 90 min.
The XRD studies of the films obtained at 425, 475 and 525 ◦C,
(Fig. 7(a)–(c)) showed the formation of a mixture of hexagonal
NiS1.03 (ICDD 02-1273) and orthorhombic Ni9S8 (ICDD 22-1193).
The films deposited at 425 and 475 ◦C contains Ni9S8 as the
major phase; whereas NiS1.03 is the predominant phase for the
film deposited at 525 ◦C. As-deposited film at 475 ◦C showed

Fig. 7 XRD patterns of nickel sulfide (NiS1.03) films deposited on glass
from (2) at flow rate of 140 sccm and deposition temperatures of (a) 425 ◦C,
(b) 475 ◦C and (c) 525 ◦C, “�” - Ni9S8, “#” - Ni7S6 peaks.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 6080–6091 | 6083
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orthorhombic Ni7S6 (ICDD 24-1021) at 2q values of 36.86 and
48.59◦ in addition to the characteristic peaks for Ni9S8 and NiS1.03

phases (Fig. 7(b)).
The SEM images of the films deposited at 425 ◦C were composed

of intertwined wires (Fig. 8(a)) whereas at 475 and 525 ◦C stacked
rods and wires can be noted (Fig. 8(b)–(c)). Altogether there is
no appreciable change in the morphology of the films with the
variation of deposition temperatures. The EDX analysis of the as-
prepared films grown at 425 and 475 ◦C were nickel rich [ca. 1.15–
1.20 : 1 (Ni : S)] with phosphorus impurities (~7% at 425 ◦C and
~3% at 475 ◦C). The film obtained at 525 ◦C was highly deficient in
sulfur with elemental composition of ca. 1.39 : 1 (Ni : S) and 10%
phosphorus contamination.

Fig. 8 SEM images of nickel sulfide films deposited on glass by AACVD
from [Ni{(SPiPr2)2N}2] at flow rate of 140 sccm and growth temperatures
of (a) 425 ◦C, (b) 475 ◦C and (c) 525 ◦C.

AACVD of nickel sulfide films from (2) at 200 sccm

The XRD patterns of the films deposited at 425 and 475 ◦C showed
a mixture of two phases, predominantly hexagonal NiS1.03 (ICDD
02-1273) with traces of orthorhombic Ni7S6 (ICDD 24-1021). The
high intensity peak for the films deposited at 425 and 475 ◦C
is along (102) direction of NiS1.03 phase (Fig. S3†). Traces of
hexagonal Ni2P (ICDD 74-1385) peaks were detected at 2q values
of 40.85, 44.78 and 54.28◦ for the film deposited at 475 ◦C. These
results are different to the films deposited at 425 and 475 ◦C at 140
sccm where the Ni9S8 phase was predominantly deposited.

The XRD analysis of the films deposited at 525 ◦C, 200 sccm
revealed the formation of two different materials which were
not observed at 140 sccm; nickel sulfide (Fig. 9(a)) on the glass
substrate closer to the precursor inlet and nickel phosphide film
(Fig. 9(b)) on the adjacent substrate. The nickel sulfide film is
composed of two phases, the major phase being hexagonal NiS1.03.
The minor phase is orthorhombic Ni9S8 (ICDD 22-1193) with 2q
values at 27.25, 31.43, 50.71 and 55.56◦. Hexagonal Ni2P (ICDD
74-1385) film was observed on the substrate kept at the middle
part of the AACVD reactor.

The films were composed of wires and irregular crystallites at
425 ◦C and a mixture of individual and stacked wires at 475 ◦C
(Fig. 10(a)–(b)). EDX analysis of the film deposited at 425 ◦C
show the presence of nickel and sulfur in ca. 1.09 : 1 stoichiometry

Fig. 9 XRD patterns of (a) nickel sulfide (NiS1.03) and (b) nickel
phosphide (Ni2P*) films deposited on glass from (2) at flow rate of 200
sccm and deposition temperature of 525 ◦C, “#” - Ni5P4, “�”- Ni9S8

peaks.

Fig. 10 SEM images of nickel sulfide films deposited on glass by AACVD
from [Ni{(SPiPr2)2N}2] at flow rate of 200 sccm and growth temperatures
of (a) 425 ◦C, (b) 475 ◦C, (c) nickel sulfide and (d) nickel phosphide films
deposited at 525 ◦C.

with 3% phosphorus, whereas for the film deposited at 475 ◦C the
composition changes to ca. 1.45 : 1 (Ni : S) with 10% phosphorus
contamination. Increase in nickel and phosphorus content may be
due to the formation of nickel phosphide as shown in Fig. S3.†

The SEM of the films deposited at 525 ◦C revealed the formation
nickel sulfide wires coated with granular material (Fig. 10(c)) and
randomly overlapped nickel phosphide wires (Fig. 10(d)). The
nickel sulfide wires was sulfur deficient (29%), with nickel (54%),
and 17% phosphorus contamination, whereas phosphide wires
was rich in phosphorus (65%) with nickel (35%) and no detectable
sulfur.

The XPS spectrum of the film deposited at 525 ◦C is shown in
Fig. S4,† the Ni2p spectrum indicated two different types of Ni
species. In both cases, two contributions of the Ni2p appear. The
Ni2p3/2 peak at 853 eV with a broad shake-up satellite at about
860 eV is consistent with NiS phase of the film.44 Other Ni2p3/2

peak at 855.8 eV with a 861 eV satellite indicates the presence of
oxidized/hydrolysed Ni species such as an oxide. The presence of
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such a material is further confirmed by the appearance of O1s peak
at 531 eV. The S2p spectrum presented in Fig. S5† shows that sulfur
exists in three forms. The peak at 162 eV corresponds to sulfur in
NiS, 163 eV to elemental sulfur and 165 eV to sulfate.45 The band
at low binding energy value, 130 eV, is assigned to phosphorus in
the form of Ni2P; another one at 133.5 eV is a typical of phosphite
species.

LPCVD of nickel phosphide films from (2) at Tprec = 300 ◦C

Film deposition from [Ni{(SPiPr2)2N}2] was carried out at sub-
strate temperatures (475 to 400 ◦C) and at precursor temperature
of 300 ◦C for 60 min. The XRD pattern of the as-deposited
samples at substrate temperatures of 475 and 450 ◦C (Fig. 11(a)–
(b)) matched with the standard pattern for hexagonal Ni2P (ICDD
74-1385) whereas at 425 ◦C, the XRD (Fig. 11(c)) showed traces
of hexagonal nickel sulfide (NiS1.03, ICDD 02-1273) peaks at 2q
values of 34.21, 45.86 and 53.27◦ apart from the characteristic
peaks for Ni2P. No deposition was observed at 400 ◦C or below.
The high intense peak correspond to the (111) plane at all substrate
temperatures which coincides to the 100% peak reported for Ni2P
in the X-ray diffraction database.

Fig. 11 XRD patterns of nickel phosphide (Ni2P) films deposited on glass
from (2) at substrate temperatures of (a) 475 ◦C, (b) 450 ◦C and (c) 425 ◦C;
Tprec = 300 ◦C for all cases. “�” - NiS1.03 peaks.

The SEM analysis of the nickel phosphide films deposited at
475 ◦C revealed two types of morphologies; flowers and aggregates
of randomly shaped particles (Fig. 12(a)). EDX measurements
on the flowers gave the composition as ca. 1.95 : 1 (Ni : P), with
3% sulfur, whereas the particles contain nickel and phosphorus
in ca. 1.4 : 1 ratio. The films deposited at 450 ◦C (Fig. 12(b))
contain bundles of wires with nickel and phosphorus in ca. 1.6 : 1
stoichiometry and traces of sulfur (3%). Interlinked wires of nickel
phosphide deposited at 425 ◦C (Fig. 12(c)), were phosphorus rich
(52%) with nickel (42%), contaminated with 6% sulfur.

Influence of precursor temperature (275 ◦C) on the growth of a
mixture of nickel phosphide and nickel sulfide films from (2) by
LPCVD

When the precursor temperature was decreased to 275 ◦C, XRD of
the as-deposited films at substrate temperature 475 ◦C (Fig. 13(a))
exhibited peaks for Ni2P (ICDD 74-1385) with traces of hexagonal
NiS (ICDD 77-1624) and cubic Ni3S4 (ICDD 76-1813) phases.

Fig. 12 SEM images of nickel phosphide films deposited on glass by
LPCVD from [Ni{(SPiPr2)2N}2] at substrate temperatures of (a) 475 ◦C,
(b) 450 ◦C and (c) 425 ◦C, Tprec = 300 ◦C for all cases.

Fig. 13 XRD patterns of nickel phosphide (Ni2P) and nickel sulfide (NiS∑)
films deposited on glass from (2) at substrate temperature of (a) 475 ◦C,
(b) 425 ◦C and (c) 400 ◦C; Tprec = 275 ◦C, “#” - Ni3S4 peaks.

At lower substrate temperatures [450, 425 ◦C Fig. 13(b)], the
amount of Ni2P was lowered which is expressed as a reduction
in the intensity of the (111) peak and increase in the relative
intensities of the NiS peaks at 2q values of 30.07, 34.53, 45.77
and 53.25◦ corresponding to (100), (101), (102) and (110) planes
respectively. At 400 ◦C (Fig. 13(c)), the intensity of both NiS
and Ni2P peaks were reduced compared to 450 and 425 ◦C due
to the poor crystallinity of the film because of the low substrate
temperature. No deposition was noted at 375 ◦C.

The SEM images revealed that the nickel phosphide film
deposited at 475 ◦C consist of bundles of wires (Fig. 14(a))
whereas at 450 ◦C, phosphide plates and sulfide clusters were
fused together (Fig. 14(b)). Similarly at 425 ◦C (Fig. 14(c)),
two different morphologies were observed; the flakes correspond
to nickel phosphide, and the aggregates of spherical particles
correspond to nickel sulfide. The nickel phosphide plates were
sandwiched between NiS spongy features at 400 ◦C (Fig. 14(d)).
EDX analysis of the film grown at 475 ◦C indicate the presence
of nickel and phosphorus in ca. 1.85 : 1 ratio contaminated with
10% sulfur due to the presence of nickel sulfide. The nickel sulfide
particles obtained at 450–400 ◦C were nickel rich with elemental
composition of ca. 1.2–1.4 : 1 (Ni : S) ratio whereas the phosphide

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 6080–6091 | 6085
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Fig. 14 SEM images of nickel phosphide and nickel sulfide films
deposited on glass by LPCVD from [Ni{(SPiPr2)2N}2] at substrate
temperature of (a) 475 ◦C, (b) 450 ◦C, (c) 425 ◦C and (d) 400 ◦C; Tprec =
275 ◦C for all cases.

particles were found to be rich in phosphorus, with elemental ratios
of ca. 1 : 1.8–2.1 (Ni : P). The visibility of the glass surface infers
poor coverage of the film on the surface.

AA- and LP-CVD of nickel selenide films from (3)

We have previously reported the AACVD of nickel selenide films
(Ni0.85Se) from [Ni{(SePiPr2)2N}2] (3) at deposition temperatures
of 400–500 ◦C at the argon flow rate of 140 sccm.35 AACVD of (3)
was now carried out at the higher flow rate of 200 sccm to study its
effect on film composition and morphology. The increase in flow
rate did not affect the film composition; the as-deposited material
was found to be hexagonal Ni0.85Se (ICDD 18-888) by XRD at
the temperatures of 425, 475 and 500 ◦C. The high intense peak
is along (101) direction for all deposition temperatures. The SEM
studies revealed that the films comprise mixtures of fibrous wires
and granular material (Fig. 15(a)–(c)). Granular morphologies
were observed to predominate at higher temperatures, whilst lower
temperatures gave rise to more fibrous wires. EDX measurements

Fig. 15 SEM images of nickel selenide films deposited on glass by
AACVD from [Ni{(SePiPr2)2N}2] at flow rate of 200 sccm and growth
temperatures of (a) 425 ◦C, (b) 475 ◦C and (c) 500 ◦C.

confirm that the films comprises of Ni and Se in ca. 1 : 1 ratio, in
close agreement with the phase observed in the XRD studies.

LPCVD from (3) gave smooth grey films at substrate tempera-
tures between 400–475 ◦C and precursor temperatures of 300 and
275 ◦C. Whilst film growth was noted across these temperature
ranges, the optimal conditions, in terms of film thickness and
crystallinity, proved to be at T subs = 425 ◦C and Tprec = 300
and 275 ◦C. The XRD analysis confirmed that the deposited
material was hexagonal Ni0.85Se (ICDD 18-888), with the 100%
peak correlating to the (101) reflection as observed in the AACVD
studies. It is apparent from the XRD data that the higher precursor
temperature (300 ◦C) leads to improved crystallinity (Fig. S6†).

The SEM analysis showed that the film deposited at Tprec =
300 ◦C comprises granular material, whilst at lower Tprec (275 ◦C)
leads to corrugated platelets (Fig. 16(a)–(b)). The films were shown
by EDX to be selenium rich, with elemental ratio of ca. 0.8 : 1
(Ni : Se) with 5% phosphorus contamination.

Fig. 16 SEM images of nickel selenide films deposited on glass by LPCVD
from [Ni{(SePiPr2)2N}2] at substrate temperature of 425 ◦C and Tprec (a)
300 ◦C and (b) 275 ◦C.

Mechanistic studies by Py-GC-MS and computational DFT
methods

The various products obtained by LPCVD and AACVD tech-
niques at different temperatures from [Ni{iPr2P(S)NP(Se)iPr2}2]
(1), [Ni{(SPiPr2)2N}2] (2) and [Ni{(SePiPr2)2N}2] (3) are repre-
sented in Fig. 17 and 18, respectively. There is no direct bond
between nickel and phosphorous atoms in any of these precursors.

Fig. 17 LPCVD results of compounds given as a function of their
precursor and substrate temperatures (◦C). Compounds are referenced
in brackets on y axis. “+” denotes products on the same substrate.

6086 | Dalton Trans., 2010, 39, 6080–6091 This journal is © The Royal Society of Chemistry 2010
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Fig. 18 AACVD results of compounds given as a function of their argon
flow rate (sccm) and substrate temperature. Compounds are referenced
in brackets on y axis. “+” denotes products on the same substrate, “&”
denotes products on the different substrate.

However CVD from (1) and (2) gave nickel phosphide, selenide
or sulfide films, whereas (3) gave only nickel selenide films. In
addition, CVD from [M{(SePR2)2N}2], (M = Zn, Cd, Pb; R = Ph
or iPr)5,6a,6b deposited only metal selenide films. An understanding
of the electronic structure of these compounds might explain
the formation of nickel phosphide or nickel selenide films from
an individual system. In order to study and understand the
factors controlling the materials formed in these systems, we
have employed Py-GC-MS and density functional theory (DFT)
computational methods.

Py-GC-MS is a useful technique in this context since the
conditions under which precursor decomposition occur in the
instrument are quite similar to the LPCVD process; although
clearly only the relatively stable charged fragments will be observed
in Py-GC-MS. Density functional theory is a useful and accurate
computational method for evaluating the reaction energetics
and has proven particularly successful for the study of transi-
tion metal complexes and the mechanisms of their reactions.46

Computational reaction or dissociation energies are presented in
order to support the mechanistic arguments based on the Py-
GC-MS studies. The DFT method has been used to assess the
thermodynamic preferences of the various potential mechanistic
steps in order to discern any clear preferences for the observed
products. Although many of the general steps shown in Scheme 1
may involve quite detailed and complex reaction mechanisms,
we are mindful that a full understanding of the process would
ultimately require consideration of each detailed kinetic steps
involved. However, to illustrate the main mechanistic preferences
and experimental observations in this system, the analysis has
been simplified by consideration of model Gibbs reaction energies
between the key dissociation products, shown in Fig. 19.

In Scheme 1, a plausible decomposition mechanism is presented
for the precursors 1, 2 and 3, summarising the main intermediates
and products. Each intermediate species can be rationalised
through the observation of a corresponding fragment in the
pyrolysis MS experiment and each species in Scheme 1 is presented
with the m/z value corresponding to the fragment, if observed in
one of the Py-GC-MS experiments.

Scheme 1 Plausible decomposition mechanism for [Ni{iPr2P(X1)-
NP(X2)iPr2}2] [X1 = S, X2 = Se (1); X1 = X2 = S (2); X1 = X2 = Se (3)]
from pyrolysis GC-MS and APCI studies, showing the main fragments
observed.

Fig. 19 Illustrative fragmentation mechanism and computed reaction
energies (kcal mol-1) for precursors [Ni{iPr2P(X1)NP(X2)iPr2}2] [X1 = S,
X2 = Se (1); X1 = X2 = S (2); X1 = X2 = Se (3)]. Corresponding m/z
values observed in the pyrolysis GC-MS experiment are given in bold. The
reaction energies are tabulated in Table S1† in the supporting information.

The proposed mechanism involves some common decomposi-
tion steps for all the precursors. Hence Scheme 1, can be used to
explain the deposition of nickel sulfide or selenide or phosphide
thin films. The steps are:

1. The elimination of the alkyl side chains.
2. The elimination of S from the intermediates in preference to

Se in precursor (1); however precursor (2) has only sulfur and (3)
has only selenium.

3. Initial formation of NiSe2 species from the precursors (1) and
(3) and NiS2 species from precursor (2).

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 6080–6091 | 6087

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

2 
O

ct
ob

er
 2

01
1

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

00
29

28
A

View Online

http://dx.doi.org/10.1039/c002928a


Table 1 Selected experimental (Exp) and computed (DFT) bond-lengths (Å) for the precursors and ring opening intermediates of precursors (1), (2)
and (3)

Complex Level Ni–S Ni–Se P–S P–Se P–N X1-X2

Precursor 1 [Ni{iPr2P(S)NP(Se)iPr2}2] Exp8 2.27 2.37 2.08 2.15 1.59 —
[Ni{(CH3)2P(S)NP(Se)(CH3)2}2] DFT 2.34 2.38 2.05 2.21 1.62 3.85

INTA [Ni(SSePNP)2] DFT 2.35 2.40 2.04 2.21 1.61 3.96
INTB [Ni(SCH3SePNP)2] DFT 2.39 2.37 2.30 2.08 1.64 3.90
INTC [Ni(SeCH3SPNP)2] DFT 2.34 2.40 2.14 2.23 1.62 3.92

Precursor 2 [Ni{iPr2P(S)NP(S)iPr2}2] Exp40 2.28 — 2.03 — 1.59 —
[Ni{(CH3)2P(S)NP(S)(CH3)2}2] DFT 2.33 — 2.06 — 1.62 3.89

INTA [Ni(S2PNP)2] DFT 2.33 — 2.04 2.21 1.60 3.90
INTB [Ni(SCH3SPNP)2] DFT 2.37a — 2.27a — 1.60 3.74

2.28 2.09

Precursor 3 [Ni{iPr2P(Se)NP(Se)iPr2}2] Exp35 — 2.41 — 2.24 1.60 —
[Ni{(CH3)2P(Se)NP(Se)(CH3)2}2] DFT — 2.38 — 2.21 1.62 3.98

INTA [Ni(Se2PNP)2] DFT — 2.45 — 2.20 1.60 4.06
INTC [Ni(SeCH3SePNP)2] DFT — 2.39a — 2.41a 1.60 3.87

2.34 2.23

a Represents the alkylated S and Se in the precursors (2) and (3). Computational details are described in the supporting information.†

4. A secondary decomposition process to form Ni2P species for
(1) and (2).

In the following section, the above findings will be rationalised
utilising a combination of computational and experimental evi-
dence based upon the Gibbs reaction energies for key interme-
diates (summarised in Fig. 19 and Table S1†) and the precursor
structures (Table 1 and Table S2†).

Ring opening - a preference for the formation of nickel selenide
over nickel sulfide

In LPCVD from the precursors, the first step is likely to be
the b-elimination of the iPr groups and indeed the dealkylated
fragments are noted in the Py-GC-MS studies with m/z values
of 434, 339 and 527 for precursors (1), (2) and (3), respectively
(pyrolysis temperature 300 ◦C). Dealkylation is a typical first
dissociation step in many pyrolytic reactions and in this case result
in considerable reduction of steric hindrance from the iPr groups.
The minimum energy structures for the precursors and the possible
dealkylated intermediates, INTA arising from removal of the alkyl
groups of precursors (1), (2) and (3), are presented in Table 1.

We shall now consider two possible fragmentation pathways
(Fig. 19) for precursor (1) which may arise from pyrolysis of the de-
alkylated INTA intermediate: the first route involves ring opening
via breaking of Ni–Se and Se–P bonds in preference to the Ni–S
and S–P bonds, and the second route is the analogous pathway
involving preferential breakage of the Ni–S and S–P bonds.
Precursors (2) and (3) follow route 1 and route 2 respectively,
since they have identical ligands and no alternative route is
available.

The most significant aspect of INTA is the similarity of its
structure to the corresponding precursors, with little observable
change in the calculated ring bond-lengths to those in the parent
compound (see Table 1). In the mixed ligand precursor (1) INTA,
the Ni–Se bond-lengths 2.40 Å, are longer than the Ni–S bond-
lengths 2.35 Å, (as in agreement with a difference in ionic radii
between Se and S of 0.13 Å) and therefore are likely to be weaker.

So the fragmentation would most likely result in preferential
dissociation of the Ni–Se bonds ultimately resulting in NiS2 species
and a nickel sulfide film; however, NiS2 species are not observed
in the Py-GC-MS analysis of (1) and furthermore the observed
nickel selenide films are not contaminated by sulfur.

In an effort to rationalise this observation for precursor (1), we
consider that the INTA intermediate may readily interact with
available alkyl species and the resulting intermediates would be
consistent with the observed fragmentation pattern. To illustrate
this mechanism, let us consider two possible intermediates, INTB
and INTC, where the S and the Se centres of INTA are alkylated
respectively. Alkylation of INTA at both centres will be similarly
endoergic, with approximately 62 kcal mol-1 required to form
INTB and 50 kcal mol-1 to form INTC. However, subsequent
fragmentation of these intermediates, resulting in ring opening
and removal of the two SR groups from INTB, would now be
considerably more favourable than removal of two SeR groups
from INTC. Overall, the reaction energy for removal of two SR
groups from INTA via INTB is now considerably more favourable,
approximately 138 kcal mol-1, compared to 171 kcal mol-1 for
removal of two SeR groups from INTA via INTC. The Ni–Se
bond-length, 2.37 Å in INTB, is shorter than the Ni–S bond-
length, 2.39 Å, in line with the dissociation of the Ni–S bonds in
preference to the Ni–Se bonds. Furthermore, the formation of an
INTB like intermediate results in considerably weaker S–P bonds
than Se–P bonds, as shown by a lengthening from 2.04 Å and
2.21 Å in INTA to 2.08 Å and 2.30 Å in INTB respectively, thus
contributing to a clear fragmentation and release of SR.

Precursors (2) and (3) contain four sulfur and selenium atoms
respectively, and alkylation is possible at all these positions.
However in Fig. 19 we consider only one alkylation of each
six member ring which leads to either INTC with bond lengths
Ni–SR: 2.37 Å and Ni–S: 2.38 Å for precursor (2); or INTB
with Ni–SeR: 2.39 Å and Ni–Se: 2.34 Å for precursor (3). The
formation of the dithio-intermediate INTD from precursor (2)
would require approximately 173 kcal mol-1, a value similar to
that of precursor (1). Overall these results conclude that formation
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of the INTE diseleno-intermediate from the mixed precursor (1),
and subsequent formation of NiSe2 is in agreement with the Py-
GC-MS observations, and is likely to be more favourable than the
formation of a dithio-intermediate INTD which would lead to a
pure NiS or NiS2 species.

Precursors for selenide or phosphide deposition

An important aspect of the deposition mechanism is the deposi-
tion of nickel selenide film at lower temperatures from precursors,
(1) and (3). We have noted in the previous section that fragmen-
tation associated with the ring opening will favour the generation
of NiSe2 products over NiS2 products. However, there is no clear
evidence to suggest that nickel-phosphide intermediates (NiP2,
NiP or Ni2P) are favoured during the ring opening. Although
intermediates formed as a result of recyclisation followed by ring
opening to form INTF, which may be slightly thermodynamically
favoured (by around 40 kcal mol-1) over the open structure INTE,
the Ni–P bonds in INTF are unlikely to be strong enough to
result in preferential dissociation of the Ni–Se bonds at this stage.
Instead, we favour the fragmentation pathways which form species
such as NiSe2 rather than NiP2 at this stage and indeed NiSe2

fragments are observed during the Py-GC-MS of precursors (1)
and (3), with peaks observed at m/z values of NiSe2

+:218 and
NiSe+:138. At lower temperatures (T < 400 ◦C), it is therefore
proposed that the Ni–Se intermediates from the precursors (1)
and (3), can directly lead to the observed Ni0.85Se thin film. Note
that for the precursor (3) the removal of SeR is considerably less
energetically favourable than for precursor (1) but only NiSe2

can be formed. However, for precursor (2), the Ni–P bond in
a recyclised, and thermodynamically favoured, thio-intermediate
analogous to INTF would be stronger than the Ni–S bonds, which
would explain the formation of nickel phosphide. This is consistent
with the corresponding Py-GC-MS at the various retention times,
with peaks at Ni2P+: 149, NiP2

+: 120 and NiP+: 89.
At higher temperatures, the mechanism is less clear and we

might expect that the Ni–Se bonds can also be readily dissociated.
As a result, nickel would now be able to combine and deposit
with a range of phosphide based species such as those arising
from PNP+: 76 and its dissociation products. The predominantly
phosphide based thin films could then be observed in the high
temperature LPCVD process assuming that Ni2P is thermody-
namically favoured, although we have no data to support this
hypothesis.

This mechanism correlates with the observation of significant
peaks at m/z 149 and 138 corresponding to Ni2P+ and NiSe+

in the Py-GC-MS experiment for precursor (1). The observation
of predominantly nickel phosphide or selenide films, rather than
nickel sulfide films, in the CVD process at high temperature is
also consistent with a greater degree of dissociation and the
resultant formation of a thermodynamically favoured product.
The computed homolytic dissociation energies of NiSe2 or NiSe
(81 and 95 kcal mol-1 respectively) are slightly less than those
of NiS2 or NiS (95 and 105 kcal mol-1 respectively) and indicate
that preferential dissociation of Ni–S over Ni–Se would not be
expected.

These studies provide evidence for the dissociation mechanism
for all three precursors which are consistent with their LPCVD
results.

Conclusions

We have used three related precursors, ligands containing S, Se, P
(1), S, S, P (2) or Se, Se, P (3). For compound (1), AACVD resulted
in the formation of both nickel selenide and nickel phosphide
films, depending on the growth temperature and argon flow rate.
LPCVD studies of this precursor (Tprec = 275 ◦C) yielded Ni2P
films at higher substrate temperatures (475–400 ◦C) and Ni0.85Se
film at lower substrate temperature (375 ◦C). Compound (2)
yielded only nickel sulfide films by AACVD at lower argon flow
rate (140 sccm). At higher argon flow rate (200 sccm), both the
phosphide and sulfide were deposited (at 525 ◦C), whereas at
low growth temperatures (at 425 and 475 ◦C), only nickel sulfide
films was formed. LPCVD from compound (2) (Tprec = 300 ◦C)
gave Ni2P films at 475–425 ◦C with traces of nickel sulfide at
425 ◦C. At lower precursor temperature (275 ◦C), Ni2P films
with traces of nickel sulfide was deposited at 475 ◦C. At 450–
400 ◦C, increased formation of nickel sulfide along with Ni2P
was observed. Pure nickel sulfide film was not deposited under
any conditions. In the case of compound (3) only nickel selenide
films by AA-35 and LPCVD methods were formed at all deposition
temperatures. Py-GC-MS analysis coupled with density functional
theory computational analysis of all three precursors provides the
probable mechanism for the formation of nickel phosphide and
nickel selenide films by LPCVD.

During the CVD studies, many factors control the deposition
of solid phases from these precursors. What is apparent is that
if the precursor has substantial residence time in the CVD
reactor to generate phosphiding compounds, the phosphide can
be deposited. In the mixed chalcogenide system the fact that the
sulfur tends to associate, binds strongly to carbon fragments and
that the selenide is present in smaller amounts than in the diseleno
ligand favours the formation of phosphide at higher temperatures
or greater extents of conversion of the precursor. This unusual
formation of nickel selenide/sulfide or phosphide films from a
single precursor is a unique feature of this system. Initial CVD
studies on related cobalt compounds indicated a similar growth
pattern which will be reported elsewhere.

Experimental and computational methods

The precursors [Ni{iPr2P(S)NP(Se)iPr2}2]8 (1),
[Ni{(SPiPr2)2N}2]40 (2) and [Ni{(SePiPr2)2N}2]35 (3) were
synthesised by literature methods. Precursors (1) and (2) have a
tetrahedral geometry whereas (3) exists in both tetrahedral and
square planar forms, the tetrahedral obtained by crystallisation at
room temperature has been exclusively used in our CVD studies.
TGA was recorded on a Seiko SSC/S200 model instrument from
25 ◦C to 500 ◦C. Mass spectra of the precursors was recorded on
a Micromass Platform II instrument by the atmospheric pressure
chemical ionisation (APCI) method.

Deposition of films by LPCVD

The growth experiments were carried out in a cold wall low-
pressure tube-reactor as described previously.4e A graphite sus-
ceptor holds a glass substrate of dimensions (1 ¥ 1.5 cm), which
was heated by a tungsten halogen lamp. A Carbolite tube furnace
was used to heat the precursor (~0.20 g) under a dynamic vacuum
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(~ 10-2 Torr) using Edward’s E2M8 vacuum pump system. Each
run was carried out for 60 min and then the reactor was cooled to
room temperature under vacuum.

Deposition of films by AACVD

In a typical deposition, ca. 0.20 g of the precursor was dissolved
in 30 ml toluene for (1) and 30 ml THF for (2) and (3) in a two-
necked 100 ml round-bottom flask with a gas inlet that allowed the
carrier gas (argon) to pass into the solution to aid the transport
of the aerosol. This flask was connected to the reactor tube by
a piece of reinforced tubing. The argon flow rate was controlled
by a Platon flow gauge. Seven glass substrates (approx. 1 ¥ 3
cm) were placed inside the reactor tube, which is then placed in
the Carbolite furnace. The substrates were heated at the desired
deposition temperature for 15 min before carrying out CVD. The
precursor solution in a round-bottom flask was kept in a water
bath above the piezoelectric modulator of a PIFCO ultrasonic
humidifier (Model No. 1077). The aerosolized droplets containing
the precursor transfer with the carrier gas to the hot deposition
zone. Both the solvent and the precursor flash evaporate and the
precursor vapour reaches the heated substrate surface where film
deposition took place. Each run was carried out for 120 min for
(1) and 90 min for (2) or (3) and then the reactor was cooled to
room temperature under an atmosphere of argon.4k

Characterisation of thin films

X-ray diffraction studies were performed on a Bruker AXS D8
diffractometer using a monochromated Cu-Ka radiation. The
samples were mounted flat and scanned between 20 to 70◦ with
a step size of 0.05 at a count rate of 9 s. Films were carbon
coated using Edward’s E306A coating system before carrying out
SEM and EDX analyses. The SEM analysis was performed using
a Philips XL 30FEG and EDX was carried out using a DX4
instrument. X-ray photoelectron spectroscopy (XPS) analyses
were performed on a Kratos Axis Ultra XP spectrometer.

Pyrolysis GC-MS

Small quantities of precursors were dissolved in dichloromethane,
5 ml was inserted in pyrolysis tubes dried at 80 ◦C and analysed
by normal flash pyrolysis gas chromatography mass spectrometry
(Py-GC-MS). Samples were pyrolysed using a CDS (Chemical
Data Systems) 5200 series pyroprobe pyrolysis unit by heating at
300 ◦C for 10 s. The fragments obtained were analysed using a
Agilent 7890A linked to an Agilent 5975 MSD single quadrupole
MS operated in electron ionisation (EI) mode (scanning between
50 and 800 atomic mass unit at 2.7 scans s-1; ionisation energy 40
eV). The chromatography conditions were as follows: HP5 fused
column (J+W Scientific); bonded phase 5% diphenyldimethylpoly-
olsiloxane, length 30 m, inner diameter 0.32 mm; film thickness
0.25 mm. The temperature programme employed for analysis was;
initial temperature 40 ◦C, for 2 min, followed by heating at
8 ◦C min-1 to 300 ◦C. The pyrolysis transfer line and injector
temperatures were set at 350 ◦C, the heated interface at 280 ◦C,
the EI source at 230 ◦C and the MS quadrupole at 150 ◦C. The
carrier gas (helium) pressure was kept at 14 psi with flow rate of
1 cm3 min-1 and the samples were introduced in split mode (split
ratio 50 : 1).

Computational details

Minimum energy structures were found for reactant, intermediate
and product species as shown in Fig. 19 using density functional
theory (DFT), the B3LYP exchange correlation functional and
the 6-31+G(d,p) basis set as implemented within the Gaussian03
program.47,48 Single point energies were evaluated using the larger
TZVP basis set for nickel and the 6-31+G(d,p) basis set for all
other atoms at the stationary points obtained with the smaller basis
set. Standard thermodynamic corrections were applied using the
relevant partition functions, to include zero-point-energy, thermal
and entropic corrections evaluated with the smaller basis set, and
combined with the larger basis set potential energy differences
to obtain the final reaction free energies presented in the text.
Preliminary investigation demonstrated that tetrahedral structures
were favoured for the high spin states for all three precursors,
typical of high spin state nickel complexes. Since in each case
the low spin species resulted in a square planar geometry, high
spin states and tetrahedral structures were assumed for all of
subsequent nickel complexes. For computational simplicity, the
isopropyl groups were modelled as methyl groups throughout, and
for dissociation products, neutral species and homolytic cleavage
to form high spin species was also assumed, unless otherwise
stated; for example, PNP was considered as a triplet diradical
to represent the likely fragmentation product following breakage
of the two X1-PNP-X2 bonds (Fig. S7†).
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ed. H. E. Rúda, Chapman and Hall, London, 1992, vol. 1.

12 (a) K. Anuar, Z. Zulkarnain, N. Saravanan, A. Zuriyatina and R.
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