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Ni-P electroless films prepared from a sulfate-based solution using hypophosphite ion as a reducing agent were
optically characterised by ellipsometry. The refractive indices were recorded as a function of the deposition time
and the concentration of reductant in the plating bath. To complement the ellipsometric data, X-ray diffraction
analysis was performed. It is shown that ellipsometric measurements can be used to elucidate the change from
crystalline to amorphous-like phases induced by the phosphorus content and therefore to correlate the
composition with the properties required for Ni-P technological applications.

Introduction

The electroless deposition of metals and alloys can be
considered an established industrial practice. Apart from its
well-known applications in circuit technology' and for the
production of corrosion and wear-resistant coatings,>* this
technique has also attracted interest as a preparation method
for new electrocatalytic electrode materials.*>

Electroless Ni-P alloy is a typical metal-metalloid binary
system and has been extensively investigated. The reported
work covers a wide domain from fundamental research
towards the characterisation of the electroless deposition
process at the molecular level,®” to studies devoted to the
correlation of the alloy properties with its composition and
structural features, with the aim of reaching improved
performance conditions.*®

The amount of phosphorus in electroless Ni—P deposits has
an important effect on the behaviour of the alloy. Although the
structure of electroless nickel may not be determined solely by
the phosphorus content,” it is clear and generally accepted that
Ni-P alloy properties are structure dependent. Many authors
have reported that as-deposited Ni-P is crystalline provided the
phosphorus is within a composition range of 1-3 wt%, whereas
metallic glass behaviour is displayed for a P content higher than
10 wt%.'%!2 Intermediate values (4-8 wt% P) have been
described as giving semi-amorphous structures'! or amorphous
with microcrystallites.'?

The effect of solution composition on the structure of Ni-P
thin films and the distribution of P from the base metal to the
film surface during film thickening are still not established,
although they are important factors in controlling the final
properties of the films.

Ellipsometry is an optical reflection technique based on the
determination of the change in the polarised state of reflected
light on a sample surface’® and has proven to be a powerful
experimental tool for studies of thin surface layers.'*'> Even
though the monitoring of the optical constants of Ni—P
coatings is an important source of information about changes
in films prepared under different conditions, few studies relying
on ellipsometric measurements have been reported.'®

fBasis of a presentation given at Materials Discussion No. 3, 26-29
September, 2000, University of Cambridge, UK.
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In the present study, ex situ conventional ellipsometry has
been employed to characterise as-deposited Ni—P coatings on
steel. Determination of the optical parameters and their change
with the film thickness and with the modification of reductant
concentration in the electroless bath reveals the high sensitivity
of this technique. The Ni-P optical properties seem to be in
agreement with the information obtained by analysing X-ray
diffraction measurements on the same samples. The results of
this work, although considered preliminary, give evidence of
the ability of ellipsometry to elucidate the crystalline state and
the homogeneity of crystallite distribution in semi-amorphous
Ni-P coatings.

Experimental

Deposits of Ni—P alloy were successfully obtained on 1 mm
thick AISI 1010 carbon steel plates. This substrate does not
contain nickel, has a very low phosphorus content (0.012%)
and represents the conditions under which the Ni-P coating
can be of practical importance in preventing corrosion.

Steel plates of 30 mm x 10 mm were coarsely polished with
emery paper (200) and then electrolytically degreased.!” After
rinsing with distilled water and ultrasonic cleaning for 5 min, a
mirror finish was generated on one side of each sample by hand
polishing with emery paper (1200) and subsequently with
successively finer grades of alumina down to 0.3 um.

The deposition of electroless nickel was carried out from a
solution containing nickel sulfate (25 g dm™?), sodium hypo-
phosphite (23 gdm?) and sodium acetate (12 gdm™?), as
described elsewhere.'® Electrolytic “solutions” were made up
from P.A. grade chemicals with Millipore water.

The pH of the electroless bath was adjusted to 4.9 with acetic
acid and during the deposition the temperature was kept at
81+1°C.

Two series of plating experiments were carried out using
fresh solutions for each run and a surface area to volume ratio
of 3 cm?: 0.3 dm>. The thickness of the electroless Ni-P matrix
films was controlled by the immersion time. A slight pH
decrease (down to 4.8) in bulk solution was observed for the
longest immersion time (90 min).

To investigate the role of the reducing agent in determining
the amount of deposited phosphorus, similar plating condi-
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tions were employed but the concentration of sodium
hypophosphite was changed, varying now from 11.5 to
46.0 gdm3).

The thickness of the coatings was estimated using a
Rodenstock profile measuring station (RM 600 2D/3D model).

The phosphorus content in each plated sample was evaluated
by chemical analysis."

The ellipsometric measurements were performed with a
SENTECH rotating analyser ellipsometer equipped with an
HeNe laser (632.8 nm) as a probe. The experiments were
carried out at an incident angle of 70°. Traditionally, the
ellipsometric parameter is defined®® by the ratio p=Ry/
R,=tg¥e, where R, and R are the reflection coefficients of
polarised parts, parallel and perpendicular to the incident plane
respectively. The tg¥ is the amplitude of the ratio and 4 the
difference in the phases of the reflection coefficients. Therefore,
the measured characteristic quantities are the angles ¥ and 4
from which the coating optical parameters, n (reflection index)
and k (absorption index) or the complex refractive index
i=ns—ik, are evaluated.

Pairs of ¥ and 4 were collected for at least three different
regions in each sample. For all cases the measurement
deviations were less than 0.020° in both ¥ and 4.

The structural Ni-P thin film analysis was made by X-ray
diffraction, using a Philips PW 1710 diffractometer and Cu-Ka
radiation (A= 1.54056 A), the diffractograms were recorded for
a step scan (step size 0.020°, 0.4 s count time per step) with 20—
120° angle range.

For testing corrosion resistance and, eventually, to correlate
the behaviour to the structure induced by the phosphorus
content, the coated steel plates were exposed to a neutral salt
spray atmosphere in accordance with ASTM B117, for 240 h.
A metallographic microscope (Zeiss-kAXIOVERT 100A) was
employed in the periodic inspection (every 24 h) of the samples
subjected to the corrosion test.

Results and discussion

The Ni-P samples deposited onto pre-cleaned and polished
carbon steel substrates were obtained for different periods of
immersion (10-90 min) in the electroless solution, giving films
with a thickness in the range 1.5-12.0 pm.

The ellipsometric measurements were recorded for the as-
deposited films. Since the effective sample depth of absorption
(e.g., 31 nm at k=3.2 and wavelength 632.8 nm) is smaller than
the film thickness, the sample can be considered a semi-infinite
bulk system and the analysis of the data can be carried out
straightforwardly by directly converting 4 and ¥ to the
complex refractive index, 7i=n,—iks.

In Fig. 1, the real and imaginary parts of the Ni-P refractive
indices are shown, as a function of the deposition time. The
order of magnitude of the observed ng and k; values is in good
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Fig. 1 Evolution of the real and imaginary optical indices of Ni-P films
as a function of deposition time from a solution containing 23.0 g dm >
sodium hypophosphite (the curve represents a second order polynomial
fit to the data points).

agreement with the reported!® complex optical index of bulk
electrolessly deposited Ni-P (7=2.262—;2.375). However, our
ellipsometric observations indicate significant differences in the
optical properties of the material as the Ni-P film thickens.

Actually, for deposition times up to about 50 min, the real
component of the refractive index increases and the imaginary
part decreases. Thereafter, the sense of variation of the two
components changes abruptly. Since ks is related to the
absorption coefficient o (x=4nky/4),>' the highest values of
ks (at 10 and 90 min deposition time) should be attributed to
the presence of more absorbing and dense materials. The
variation of the optical parameters over the deposition time is
indicative of structural modifications occurring during the
coating process; these are probably due to an increase in the P
content with the thickness of the deposit as previously
reported®> and also observed in the present samples (4—
8 wt% P). The high sensitivity of ellipsometry in detecting
structural changes is even more remarkable when the inversion
in the sense of variation of n, and k, at about 50 min is noticed.
This feature suggests that, thereafter, another stage in the Ni-P
growth process takes place.

The structure of as-plated deposits was also analysed by X-
ray diffraction and Fig. 2 shows typical diffraction diagrams.
Despite the hindrance, due to the large sharp substrate peaks,
to definite characterisation of the Ni-P layers, the results
clearly reveal a considerable broadness of the diffraction line in
the angle range 20=35-55°, which can be interpreted as an
overlap between the Ni(111) and Ni(200) diffraction lines. It is
also worthwhile to note that the most intense NizP diffraction
lines [Ni3P(231) and (141)] can appear within the same angle
range. Thus, the broadness of the line at the angle
corresponding to Ni(111) might be a result of a low ordered
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Fig. 2 Typical X-ray patterns of electroless Ni-P coatings on carbon

steel deposited from a solution containing 23.0 gdm ™ sodium
hypophosphite for (a) 10, (b) 40, (c) 60 and (d) 90 min.
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structure with microcrystallites. The average size of the
crystallites is 25-40 A, estimated assuming the Scherrer
equation® holds (in this case, D~0.94/fcosf where f is the
half-width of the diffraction line, in radians, and 0 the Bragg
angle). Similar values have been reported for Ni-P alloy
deposits containing about 5wt% P?* and indicate grain
coarsening of the nickel phase (and/or the formation of
NizP). As the thickness of the film increases, there is a decrease
in crystallinity, which is particularly noticeable for deposition
times longer than 50 min. Large humps are observed as well as
a shoulder in the diffraction line for Ni(222).

A reduction in the hypophosphite ion concentration in the
plating solution would lead to a decrease in the percentage of
phosphorus in the deposit>®” and therefore films displaying
better crystallinity are expected. X-Ray diffraction patterns for
Ni-P deposited over 30 min from electrolytes with various
hypophosphite concentrations are presented in Fig. 3. Despite
the influence of the hypophosphite concentration on the plating
rate,”” the main features of the X-ray diffraction profiles are
similar to those in Fig. 2. However, it must be pointed out that
the films prepared from solutions with lower reductant
concentration present a well-defined diffraction line for the
preferred orientation of nickel; a solid solution of phosphorus
in a polycrystalline nickel system is probably occurring. On the
other hand, coatings formed from relatively high hypopho-
sphite ion contents exhibit the same trends as Fig. 2c and d.
The microcrystalline size was estimated as described above; as
expected,® it decreases progressively when the P content
increases: 40 A (4 wt% P, Ni-P prepared from 23.0 g dm >
H,PO,"), 20 A (7 wt% P, Ni-P obtained from 40.0 g dm*
H,PO,").

It was also seen that further increases in hypophosphite ion
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Fig. 3 Diffractograms of Ni-P films over carbon steel deposited at
different concentrations of hypophosphite ion in the plating bath: (a)
11.5, (b) 23.0, (c) 34.5 and (d) 40.3 g dm >,
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Fig. 4 Real and imaginary components of the refractive indices of Ni-P
films as a function of reductant concentration in the plating solution;
30 min deposition time.

concentration, e.g. >40 g dm™3, do not increase the amount of
amorphous phase in the deposits.

Fig. 4 displays the ellipsometric data collected from the same
samples. The optical properties of the films change drastically
when the amount of reductant added to the plating bath is
increased. When compared to the results in Fig. 1, a better
defined variation in the real and imaginary components of the
reflection indices is observed. This can be attributed to the
higher crystallinity of the deposits with lowest P content, in
contrast to the amorphous character imparted by the increase
in the phosphorus percentage.

Large imaginary components are observed for more
homogeneous structures, i.e. either Ni-P deposits consisting
mainly of fine crystallites (uniform dense grains) or amorphous
electroless nickel alloys, even bearing very fine crystallites. For
intermediate stages, the values obtained for the optical
properties suggest a lattice disorder—the increase in P content
is responsible for structures under tension.

When subjected to corrosion tests under a neutral salt spray
atmosphere, the sample behaviour corroborates this analysis.
Higher resistance to corrosion has been observed?’ for coatings
prepared from solutions containing 40.3 gdm™® H,PO,™ or
deposited over longer times, situations where large k, values
were obtained.

Conclusions

The structure of the Ni—P films deposited by electroless plating
using hypophosphite ion as reductant changes from crystalline
to amorphous as the film thickness and/or the concentration of
H,PO,” in the bath increases. Although the period of
crystalline growth still deserves more detailed X-ray analysis,
the X-ray diffraction data are consistent with the ellipsometric
information. At intermediate stages, a rather disturbed
crystalline phase prevails, which gives rise to fine crystallites
dispersed in a semi-amorphous medium. Finally, a homo-
geneous amorphous material can be expected.

Ellipsometry is revealed as an efficient technique for the
characterisation of small variations in the phosphorus
distribution and content of electroless Ni-P coatings. The
possibility of distinguishing changes in the Ni-P structure is

particularly relevant when reproducible properties are
required.
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