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Optical properties of polycrystalline and
amorphous Ni,_,P, layers by ellipsometry
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The optical properties of polycrystalline and amorphous d.c.-electrodeposited Ni, P, alloys in
the visible spectral range are reported. Spectroscopic ellipsometry measurements of the
pseudo-optical constants were performed from 1.65 to 3.1 eV for specimens with atomic
fraction of phosphorus of 0.06 < x < 0.28. It was found that the dielectric functions of as-
deposited Ni, _, P, could be expressed in the modified Drude-like form, including separate
contributions from the interband transitions. Estimated values of the plasmon energy in the
range of 5.3-3.1 eV and scattering time of the order of 107 "% s seem to show quantitative
validity. A decrease in plasma frequency by a factor of about 1.4 across the glass-forming
range agrees well with the predicted decrease in the s—p density of states at the Fermi level.
Transformation of the amorphous Nig 5,5 P, 255 to the crystalline NizP + Ni phase caused by
heating results in changed optical functions which exhibit large deviation from the single
nearly-free-carrier approach. This would suggest a two-carrier and/or frequency-dependent
Drude parameters model as offering a more reasonable description of the optical conductivity

of crystalline two-phase Ni—P systems.

1. Introduction

During the last 15 years, considerable interest has
been focused on the properties of transition metal—
metalloid alloys in the crystalline and amorphous
states [1, 2]. Since nickel-phosphorus alloys exhibit
not only interesting physical properties but also the
possibility of technological applications (thin film re-
sistors and underlayers of thin film magnetic discs),
they have been extensively studied by different
methods [3-13]. Various investigations have shown
that the physical behaviour of Ni-P alloys, being
dependent on P concentration, is strongly influenced
by their structure [6-9, 14, 15] and less by the tech-
nique of preparation [7-9, 14].

In general, as-prepared Ni, _, P, alloys with low P
concentration, x < 0.11, are metastable supersatura-
ted solid solutions of phosphorus in the microcrystal-
line f c c—Ni structure [8]. With increased phosphorus,
the dimensions of the crystallites decrease from ~ 20
to a few nanometres [16] and amorphization takes
place. However, controversy still exists in the literat-
ure as to whether the structure of P-rich alloys is
amorphous or microcrystalline [16]. The amorphous
state, in the sense that X-ray diffraction no longer
indicates the existence of crystallites, can be achieved
for samples with P concentration in very limited
range, 0.15 < x < 0.3. Amorphous Ni—P alloys are not
stable, and under subsequent annealing transform into
several crystalline phases (Ni;P, Ni,,P5, Ni) [8, 15].

Our knowledge of the electronic structure of trans-
ition-metal alloys is still in a rudimentary stage com-
pared to that of pure metals. It is also not known in
detail whether amorphization alters the electronic

1842

spectra of alloys with respect to the crystalline sys-
tems. The earlier works suggest that the stability of an
amorphous alloy is essentially governed by the elec-
tronic density of states in the vicinity of the Fermi level
[17, 18]. Most papers reporting on the optical, mag-
netic, catalytic and transport properties of Ni-P alloys
relate the addition of P atoms to a charge transfer
from P to Ni or from Ni to P [11, 13, 19-22]. Recent
studies on the metal-metalloid amorphous alloys
stress the problem of the existence of some short-range
order (SRO) around the metalloid atoms [1, 19, 23,
24]. The SRO around transition-metal atoms was
found to be looser than around s—p elements, which in
nonstoichiometric amorphous alloys can lead to
phase separation [25]. To our knowledge, no band-
structure calculations for P concentrations 0 < x < 0.15
are actually available.

The theoretical model of the optical conductivity in
amorphous metals is very complex, and a complete
description including multiple-scattering effects has
not been presented as yet. Thus, in particular, a
nearly-free-electron treatment with a single-scattering
approximation can play the role of a first approach
and explain many of the transport phenomena. How-
ever, little work has been done on the optical proper-
ties of Ni; _, P, alloys. Until now the optical proper-
ties of Ni-P have been studied by refiectivity measure-
ments [11, 13] in a narrow P concentration range
only. The Drude-like behaviour of reflectivity spectra
was observed for low frequencies [13].

The aim of this work was to get information concer-
ning the optical properties of d.c.-electrodeposited
Ni, _,P, alloys in the concentration range of
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0.06 < x £ 0.28 including two types of structural
transition: the first, from the crystalline to the
amorphous state due to successive incorporation of a
greater amount of P atoms; and the second, re-
crystallization by heating the amorphous P-rich speci-
men. The measurements were performed in the visible
spectral range by means of spectroscopic ellipsometry.
This means in practice that both the real, ¢,, and
imaginary, &,, parts of the complex dielectric function
g€ =g, + ig, of bulk materials can be measured di-
rectly on a wavelength-by-wavelength basis without
the need of Kramers—Kronig transformations or com-
binations of reflectance and transmittance measure-
ments at different states of polarization and/or angles
of incidence. Our previous investigations [26] of thick
Ni-P coatings indicate that the optical constants and
dielectric spectra measured with the use of visible light
can probe the electronic properties of these alloys.

2. Experimental procedure

2.1. Sample preparation and characterization
The Ni, _, P, coatings of different P concentration
(0.06 € x £ 0.28) and thickness of about 20-30 um
were prepared on brass substrates by d.c.-electro-
deposition using bath conditions as in Brenner et al.
[27]. The pH of the plating solutions was kept con-
stant at 1, and temperature was maintained at 343 K.
The direct current density applied was 0.5-1.0 nm
dm ™2 No surfactants were added.

The bulk composition of the samples was deter-
mined by chemical techniques (the so-called molybdo-
phosphoric method). For several Ni-P specimens, the
atomic concentrations in the near-surface layers were
verified by the Auger electron spectroscopy (AES)
depth profile method. Some differences exist between
the composition estimated from the chemical analysis
and the AES data (~ + 0.01). This may originate
from the not exactly uniform spatial distributions of
Ni and P atoms which are probably caused by local
disturbances in the plating conditions. To check the
crystalline and/or amorphous structure of the Ni-P
alloys, X-ray diffraction scans were taken using CuK,
radiation as the X-ray source.

The crystallization of amorphous Nig 1,5Pg 275
specimens was performed in vacuum at a pressure of
about SmPa by 1h annealing at a temperature of
about 950 K.

Just before optical measurements were taken, the
samples were mechanically polished with alumina grit
of grain size < 0.25 um, washed in an ultrasonic bath
and dried in an argon atmosphere.

2.2. Ellipsometric measurements

The pseudo-optical constants of the Ni; _ P, alloys
have been determined in the visible spectral range
(1.65-3.1 eV) by means of spectroscopic ellipsometry.
The measurements were performed at room temper-
ature and under laboratory air conditions at intervals
of & = 10 nm. The ellipsometer used was a static type
equipped with a monochromator and Xe lamp (or
He-Ne laser) as the light source. A regulated retarder

was employed as compensator. The experimental
errors of ellipsometric parameters ¥ and A, deter-
mined in two zones at an angle of incidence ¢ = 70°
are estimated to be 4 0.1° and + 0.2°, respectively.
The complex pseudo-dielectric functions &(m) = &, (®)
+ ig,(®) were obtained from ellipsometric parameters
using the well-known relation.

) = sinfe + [(1 — (1 + 7)*]sin’ptan’e
(1)

tg¥ e (2)

where
P o=

represents the main equation of ellipsometry.

3. Results and discussion
3.1. Structure of Ni, _ P, layers
The X-ray diffraction (XRD) patterns of as-deposited
Ni-P alloy coatings are shown in Fig. 1. The spectra
presented are computer separated from the joint Ni-P
and substrate XRD patterns. Two peaks due to Miller
indices (1 1 1) and (200) of Ni fcc structure appear at
0 = 22.3° and 26°, respectively. Their positions are
independent of the composition of samples within the
experimental error. Any lines associated with the pre-
sence of Ni-P compounds were not reveaied. The
alloys with P concentration close to x = 0.13 show a
broadening of the Ni (111) strong band, while the
second maximum disappears. Specimens having
x > 0.2 are completely amorphous. The sample with a
P concentration of x = 0.17 exhibits a diffraction
maximum higher than that of x = 0.145. This may
imply that the former sample has a mixed structure
composed of an amorphous phase and crystalline
nickel precipitations, and the crystalline order domin-
ates. Many experiments on Ni, _, P, alloys show that
total amorphization occurs only when P concentra-
tion reaches eutectic (x =~ 0.19) and that, at lower
concentration, amorphous and disordered crystalline
regions coexist [9, 16].

For Nig 5,5Pg. 275 Specimens, the crystalline struc-
ture appears after annealing (Fig. 2). The new maxima
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Figure 1 Computer-aided XRD patterns of as-deposited Ni and
Ni, -, P, layers.
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Figure 2 Computer-aided XRD patterns of (—-—) as-deposited
and (——) annealed Ni, ;,5P, 575 alloys.

which appear on X-ray diffractograms of the annealed
Ni—P alloy may correspond to the precipitated cry-
stalline phase of Niz; P [14, 15].

3.2. Optical data and analysis

The optical properties of homogeneous systems are
completely characterized by complex dielectric func-
tions. In the case of a heterogeneous material, how-
ever, an effective dielectric function can be attributed
to the system if the wavelength of light is much larger
than the typical size of the inhomogeneities.

The effects of P concentration and the structure of
Ni—P alloy coatings on their optical properties are
shown in Figs 3 and 4. The pseudo-optical constants
of Ni,_,P, specimens determined at A = 632.8 nm
(Fig. 3) reveal, in general, a decrease of extinction
coeflicient, k, with an increase in P concentration. This
implies worse conductivity conditions with the in-
crease of atomic fraction of P in the alloy. Larger
differences in the extinction coefficients for samples
with P concentration close to x = 0.15 reflect, most
probably, the structure effect on optical properties of
alloys and/or differences in spatial concentration of P
atoms. The refractive index, n, remains practically
constant up to x = 0.15. In the concentration region of
mixed phases one can note a little jump of n to larger

k A=632.8 nm
35
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Figure 3 Pseudo-optical constants (i = n — ik) of Ni, _,P, alloys,
P concentration at A = 632.8 nm. Open circles, as-deposited speci-
mens; dark circles, annealed Nig »,5Pg 575-
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Figure 4 Real, €;, and imaginary, ¢,, parts of pseudo-dielectric
function against #w for Ni, ,P,. (a)As-deposited specimen,
x = 0,0.058; @,0.128; W, 0.171; (1, 0.210. (b) As-deposited (open
circles) and annealed (dark circles) Niy 755 Py 575-

values followed by a slow increase with an increasing
amount of P atoms.

In the case of crystalline (annealed) Nig 5,5Pg 575
alloy, the refractive index is only slightly increased,
whereas the extinction coefficient is evidently shifted
to larger values. The AES spectra displayed an in-
creased concentration of P in the near surface layers of
recrystallized Ni-P specimens compared to that of
their amorphous counterparts. However, the in-
creased extinction coefficient of the annealed alloys for
longer wavelengths of light cannot be explained, for
the reasons mentioned above, as an effect of segre-
gation of metalloid to the surface.

In Fig. 4 the real, €,, and imaginary, €,, parts of the
pseudo-dielectric function of as-deposited Ni, _ P,
alloys and the annealed Nig,,5P,,75 specimen
are plotted. The spectral variations of & are similar for
as-deposited alloys in the microcrystalline (x < 0.13),
mixed-phase (0.13 < x <0.20) and amorphous
(x > 0.20) states. With an increasing amount of P
atoms, values of &, considerably increase and both
g,(®) and g,(®) functions show evident flattening.
Larger differences, as a feature in g,(w) below 2 eV,
appear for annealed Ni, 1,5 Py 575 samples (Fig. 4b).

The linear dependence of — &, on ® ? depicted in a
wide range of light spectra (Fig. 5) encourages us to
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Figure 5 Real parts of pseudo-dielectric functions, — g, against
™ 2 for as-deposited Ni, _ P, layers (open circles) and annealed
Nig 725 Po.275 (dark circles). Solid lines are the least-squares fits to
experimental data.

presume that the pseudo-dielectric functions of as-
deposited microcrystalline and amorphous Ni, _ P,
can be expressed in the Drude-like form, including
separate contributions from the interband transitions
emphasized in this spectral range. It is well known that
transition metals are not formally free-electron-like
systems, and both intraband and interband processes
contribute to the dielectric function at lower energies
of several tenths of ¢V [28]. The optical properties in
the interband region are mainly determined by elec-
tronic transitions dependent on the local order. The
influence of intraband contributions is generally larger
in &, as was observed for Ni [29]. Thus we assume
that for visible light, the components of the complex
dielectric function of approximately single phase Ni-P
alloys can be described as a superposition of intra-
band (Drude formula) and interband transitions

g1(@) = &4 + £(0) — 0}/ + v (3)
and
0g,(®) = 4no’(®) + oly/(0® + v?) 4

where y =11 is the damping parameter, o,
= (4nNe’m,,')'/* defines the plasma frequency, c'(®)
and &) (o) represent the interband conductivity and
the interband contribution to &, respectively, and €,
is the contribution from transitions at higher energies.
If the interband contributions are less dispersive than
intraband parts of € and wt> 1 is fulfilled, it is easy to
extract £° = g, , + €, and w, by a linear least-squares
fit of formula — g,(w~2) obtained from Equation 3
applied to experimental data. The second Drude para-
meter, v, and the interband conductivity, ¢’, can also
be derived from Equations 3 and 4.

Other difficuities arise in the modelling of mixed-
phase alloys, 0.1 < x < 0.2. The systems can be re-
presented as inhomogeneous mixtures, whose optical
properties {effective) will depend on the volume frac-
tion of amorphous clusters in a disordered matrix or
on the volume fraction of microcrystalline metal-rich

i

I 1 i N )
0.0 005 010 015 020 025 030
x (gt fraction P )

Figure 6 Effective plasmon energy, fiw,, against P concentration.
The solid line is drawn only to guide the eye.

impurities in the amorphous matrix. Because their
&,(®~?) functions also follow a Drude law in this
range (Fig. 5), we assume that the mixed-phase alloy
dielectric function can also be approximated by a
modified Drude function, with effective (w, > and {t)
parameters.

Fig. 6 demonstrates the dependence of the plasmon

energy ho,, estimated from the slope of the linear part
of — ¢,(w™?)curves, as a function of the P concentra-
tion of as-deposited Ni—P alloys. For comparison, we
have found ho, for d.c.-electrodeposited pure Ni
layers. Our value of the plasmon energy ho, = 5.47
4+ 0.15eV, taken without correction for surface
roughness and thin oxide layer, is in agreement with
the results reported by Lynch et al. [28] and Gadenne
and Lavait [30] of 5.23 and 5.74 ¢V, respectively. It
is rather difficult to ascertain the effect of the surface
structure on dielectric function. We assume that under
the preparation conditions, the influence of the surface
roughness and the thickness (~ I nm) of the oxide
layer is similar for all samples. This may result in a
small increase of g, (w) and decrease of &, (w) without a
substantial change in the shape of the dielectric spec-
tra. The spectral form of pseudo-dielectric data of the
anodically oxidized Niy 5,5Py.,75 surface (covered
with an ~ 5-nm-thick passive layer) confirms these
assumptions. Consequently, the presence of the thick
oxide layer considerably alters &° but the slope of the
— g,(®~?) line remains unchanged, giving the same
value of w,,.

The presence of P atoms in the microcrystalline Ni
matrix of low P content (x < 0.10) Ni-P alloys does
not have much influence on the estimated values of
plasmon energy. A considerable decrease of Aw, with
the increase of x above 0.145 can be explained by the
decrease in the effective number of nearly-free carriers
with increased P concentration. Such a dependence is
consistent with the density of states calculations of
Khanna et al. [21] and Ching [207]. These authors
point out the minimum s-p density of states at the
Fermi level for amorphous Ni—P alloys. Khanna et al.
[217] show that the density of states at the Fermi level
(which is essentially unchanged) decreases by a factor
of 1.4 within the metalloid atomic fraction range
0.15-0.26. Our decreasing factor of 1.9 taken from
[(DP(O.IS)/(DP(O.275)]2 is also comparable to a corres-
ponding decrease by a factor of 2.3 deduced from the
specific heat measurements, and a decrease by a factor
of 1.6 derived from the Knight-shift experiments
known from the literature [6, 12]. Similar behaviour
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of plasma frequency for amorphous Ni—P layers was
reported earlier by McKnight and Ibrahim [13] from
a computer fitting of i.r.-reflectivity spectra. Although
their values of fiw, of about 17 eV at low P concentra-
tion (15 at %), and a corresponding decrease of nearly-
free carriers by a factor of about 5 across the glass-
forming range, seem to be rather large.

Values of the electron scattering time, T = v~ !, were
extracted from the plots of ws,/[e® — (n? —k?)]
against ®? which exhibit linear dependence in the
large part of the spectra, and by a fit of g;(®) to
experimental data using previously estimated values
of w, and €°. The results also confirm the dependence
of {t> on P concentration, but the relationship be-
tween {t) and x is more complex as can be seen from
Fig. 7. For microcrystalline alloys (x < 0.13) we ob-
serve a decrease in scattering time from about
9x 107135 for x = 0.058, down to about 2x 107155
for x = 0.13. One might expect the electron-scattering
time for low atomic fraction of Ni,_ P, samples
would not differ much from that determined for pure
Ni. The relaxation times of Ni deduced with the help
of different methods are in the range of 1.1-1.3
x 107145 [28, 30, 31]. This means that our effective
relaxation times are shorter by a factor of 1.3-5.0 for x
ranging from 0.06 to 0.13. Amorphous specimens
demonstrate a slight tendency to increase the carrier-
scattering time with an increasing number of P atoms,
from 2x107'% to 3x107!%s in the concentration
range of 0.15 < x < 0.275. Such 1 variations for
amorphous Ni—P alloys were also found by
McKnight and Ibrahim [13] and this corresponds
well with the s—p density of states calculations [20,
21]. This also indicates that the electron-scattering
process is dominated mainly by the added metalloid
impurities and less by the displacement of Ni atoms
[32]. Our values of T within the order of magnitude of
10715 s seem to be realistic; however, the results must
be considered with caution, since estimation of t is not
strictly independent and errors are possible.

It is noteworthy that calculated values of the optical
resistivity at @ = 0, p,, = 41/027, using our values of
{w,> and (1), range from about 20 pQcm for
x = 0.058 up to about 180 pQ cm for x = 0.275, and are
in very good agreement with d.c.-resistivities of Ni—P
alloys known from the literature [9, 10, 14, 32]. We
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Figure 7 Effective scattering time against phosphorus concentra-
tion estimated for as-deposited Ni, _ P, alloys.
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thus conclude that the increased resistivity of as-
deposited low P concentration Ni-P systems is due to
both an increase of effective scattering rate, and a
decrease in plasma frequency. The increased resistivity
of amorphous specimens with larger P concentration
is due only to decreased plasma frequency.

The real part of the complex total optical conduc-
tivity spectra, o = wg,/4n, depends on P concentra-
tion being less dependent on frequency for samples in
the amorphous state (Fig. 8a). The curves for samples
with P concentrations of x = 0.21, 0.24 and 0.275
differ only a little. Larger values of o for amorphous
alloys than for low P concentration specimens in the
higher frequency part of the spectrum appear to be
consistent with the prediction derived by Ching [20]
from the joint density of states calculations. In Fig. 8b
we demonstrate the interband optical conductivity
spectra o’ (multiplied by #) obtained for as-deposited
Ni-P alloys from we, spectra after subtraction of the
Drude contribution. One can see from Fig. 8 that the
structure of the optical conductivity is affected not
only by the concentration of P atoms but also by the
structure of the samples. The contribution of the
Drude-like free carriers to the optical conductivity is,
in general, very small.
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Figure 8 (a) Real part of the total optical conductivity, o (in eV),
(b) interband conductivity ¢’ against Ao for as-deposited micro-
crystalline and amorphous Ni, _,P_ alloys. x = O, 0.058; @, 0.128;
B, 0.171; [, 0.275; and +, 0.275 (annealed).



Major differences between amorphous and crystal-
line Nig ,,5Pg ;75 optical conductivity spectra
(Fig. 8a), like larger values of o and a small peak for
the latter specimens, are manifested in the low-energy
part of the reported spectra. These may confirm that
the interband transitions play an intrinsic role in this
spectral range. A similar structure of ¢ spectra,
located between 1.4 and 1.7 eV, has also been ob-
served for Ni samples [ 30, 33, 34] and is established to
be dependent on crystallite size: the smaller the crys-
tallites, the weaker the structure, This explains a weak
structure of ¢’ (interband conductivity) spectra ob-
served for as-deposited low P concentration (micro-
crystalline) samples. Large deviation from the single
carrier Drude-like approach seen in Fig. 5 may sug-
gest two-carrier and/or frequency-dependent o, and t
models for recrystallized P-rich Ni-P alloys. The
observed effect is not surprising. The heterogeneous
conductor, consisting of well-defined constituents
(such as crystalline Niy P and Ni) with different elec-
tronic properties, can be approximated by an effective
medium (Maxwell-Garnett or Bruggeman theory, for
example) whose properties are a function of the con-
ductivity of each medium and of the volume fraction
of one medium in relation to the other [32, 35].
Because of a narrow energy range and probable pre-
dominant interband contributions, we have not been
able to demonstrate a realistic description of optical
conductivity within a two-carrier effective medium
model for a recrystallized P-rich Ni-P alloy. It should
be noted that drastic changes of transport properties
in Niy 6Py 5, after heating above 600 K were re-
ported earlier by Cote and Meisel [10]. Trans-
formation of amorphous alloys to the crystalline Niy P

+ Ni phase resulted in a large reduction in electrical
resistivity. This effect is consistent with changes in the
optical properties of annealed Ni—P alloys.

4. Conclusions

The knowledge of optical properties of the system
under consideration gives an insight into both elec-
tronic transport and electronic structure. Ellipsometry
was employed with success to obtain reliable optical
functions of the polycrystalline and amorphous
Ni, ., P, alloys over the visible spectral range. An
approximate formula that allows a comparison of
experimental data with the single-carrier model, in-
cluding separate contributions from interband trans-
itions, has been used. The simplified model of super-
position of intraband and interband transitions gives a
good description of the dielectric spectra of metastable
Ni-P specimens, in the sense that we are able to
extract the Drude parameters. We believe that our
effective values of ®, and 1 describe, at least qualitat-
ively, the electronic properties of Ni, _, P, alloys for x
not larger than 0.3. Plasmon energies of 5.3-3.1 eV for
x ranging from 0.06 to 0.27, and a scattering time of
the order of 10715 s, seem to be realistic. The decrease
in plasma frequency by a factor of about 1.4 across the
glass-forming range is consistent with Khanna er al’s
[21] calculations of the density of states for amorph-
ous Ni-P alloys, and predicts the decrease of the s—p

density of states at E,. The dependence of the plasma
frequency and relaxation time on x can be related to
the increase of d.c.-resistivity of Ni-P with an in-
creased scattering rate and decreased plasma fre-
quency.

Changes in the optical functions due to annealing of
the Nig 7,5P 275 alloy suggest an application of a
more sophisticated model, such as a two-carrier
and/or frequency-dependent w, and t approach, and
an effective medium theory for the description of
optical and electronic properties of crystalline P-rich
Ni—-P systems. To verify the validity of the models
proposed here, further investigations extended to
lower- and higher-frequency ranges are needed.
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