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Atomic force microscopy and x-ray photoelectron spectroscopy
investigations of the morphology and chemistry of a PdCI »/SnCl, electroless
plating catalysis system adsorbed onto shape memory alloy particles

J. F. Silvain® and O. Fouassier
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Avenue du Dr A. Schweitzer, F-33608 PESSAC, France

S. Lescaux
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(Received 9 February 2004; accepted 8 July 2004

A study of the different stages of the electroless deposition of copper on micronic NiTi shape
memory alloy particles activated by one-step and two-step methods has been conducted from both
a chemical and a morphological point of view. The combination of x-ray photoelectron spectroscopy
(XPS) measurements and atomic force microscofiFM) imaging has allowed detection of the
distribution of the formed compounds and depth quantification and estimation of the surface
topographic parameters. For the two-step method, at the sensitization of the early stages, it is
observed by AFM that Sn is absorbed in form of clusters that tend to completely cover the surface
and form a continuous film. XPS analysis have shown that Sn and Pd are first absorbed in form of
oxide (SnO, and PdQ and hydroxide[Sn(OH),]. After the entire sensitization step, the NiTi
substrate is covered with Sn-based compounds. After the sensitization and the activation steps the
powder roughness increases. Behavior of the Sn and Pd growth for the one-step method does not
follow the behavior found for the two-step method. Indeed, XPS analysis shows a three-dimensional
(3D) growth of Pd clusters on top of a mixture of metallic tin, oxi@®nO and hydroxide
[Sn(OH),]. These Pd clusters are covered with a thin layer of Pd-oxide contamination induced by
the electroless process. The mean roughness for the one-step and two-step processes are equivalent.
After copper deposition, the decrease of mean roughness is attributed to a filling of surface valleys,
observed after the Sn-Pd coating step2@4 American Institute of Physics

[DOI: 10.1063/1.1787625

I. INTRODUCTION the dipping time and the bath composition, copper thin films
had never before been successfully deposited on NiTi sub-
Electroless metal deposition and autocatalytic chemicaktrates.
processes are widely used for the growth of many metal and | order to grow electroless copper on that substrate,
alloys on many surfaces. Due to its simple, low cost, anqocalized catalytic centers have to be created on the NiTi
easy to use proceé,.Sét has been used in fields such as avi-grface; they will help initiate electroless metal deposition.
onics and electronicsfor %29 metalllza.gon of simple and  pg|jadium clusters chemisorbed on the substrate surface con-
complex metallic, ceramic’ and plastic substrates. This it te these sites. Following two main methods have been
me;hod can.fbe used in order to obtain either thick or th'nproposed(l) the conventional two-step process which used,
(< '“m)_ uniorm coatings. . successively, dilute solutions of SnQlsensitization bath
Our interest in electroless metal deposition processes are | then PdGI (activation bath’®° and (2) the one-step
related to research in the production of metal matrix compos- : . . 710
. - . . process which used a mixed Sp®dC} solutions.~ The
ite where shape memory all@dgMA) NiTi particles are in- . .
o o . . reaction should then proceed autocatalytically to form a ho-
troduced inside a liquid matrix. Due to the nonwetting prop-

erties of NiTi with the liquid SrPb matrix, a copper thin film, mogeneous metal film on the surface. Extensive literature

; i 79,1113 ; i}
which has a contact angle with the liquid SnPb matrix less 2" be found on this subjett but the reaction mecha

than 90053 is electrolessly deposited on NiTi substrates. nisms and the role of the substrate are unclear. In this sense,

The process we used first was essentially based on tHue have investigated in details the mechanism of electroless
dipping of SMA NiTi powders, at room temperature, in two S @nd Pd coating of NiTi smart memory allggMA) with
successive baths. The first one was used to remove any siifl help of atomic force microscopAFM), x-ray photo-
face oxide traces, while the second one, the coating bath, w&ectron spectroscopyXPS) and scanning electron micros-
used to coat NiTi surface with copper. However, whatevercopy (SEM) for the two-step(SnCh+PdC} solution) and

one-step(SnChL-PdClL mixed solution methods. NiTi par-

3Author to whom correspondence should be addressed; F33:5 40 00 ticle size measurement pgrformed by laser granU|0metry
83 21; Electronic mail: silvain@icmb-bordeaux.cnrs.fr shows that most of the particle size ranged 540
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Il. EXPERIMENTAL PROCEDURES "

In our experiments, the electroless process is essentially
based on dipping, at room temperature, NiTi SMA powders
in three (deoxidation, sensitization-activation, and coating
or four (deoxidation, sensitization, activation, and coating
different and successive baths as described previBusly.

AFM was used in order to investigate the morphology of
Sn, Sn-Pd, and Sn-Pd-Cu clusters adsorbed onto NiTi mi-
cronic particles. The Tapping Mode™ technique, using a
Digital Instrument D3100 AFM, enables us to perform, at the
same time, both topographic and phase imaging. In the tap-
ping mode, the probe, which is only in intermittent contact
with the sample, is rastered across the sample; the amplitude
of vertical deflection of the cantilever yields topographic in-
formation.

XPS was used to investigate Sn, Pd, and Cu adsorption a)
processes on the NiTi surface. Depth profiling by XPS was 2.5
conducted using a VG ESCALAB 220 i-XL instrument, with
a monochromated AK« radiation sourc&150 um spot di-
ametey. In all cases, the spectra charged referenced to hy- €
drocarbon contamination Cspeak at a binding energBE) =
of 284.5 eV.

Depth profiling was achieved by argon ion etching with 0 0.25 0.5 0.75 1.0 1.25
3 keV ions. The measured sample current during depth pro- b) um
filing was 1 pA. The etched area was>33 mn?¥ and the
approximate etching rate was 0.25 nm/min. The relativelyFIG. 1. (a) Surface morphology of the as received NiTi particles
Iarge etching area compared with that being anal;(zlﬁﬂ) X1 wm?). (b) Height variation obtained along the line scan showitain
um) ensures that experimental artifacts from the side of the
Sputtered area or induced roughness are mn’urrﬁ%édb(), Samples is much smaller than for the as received one but the
in order to minimize any artifacts arising from different sequence of formation is conserved. The presence of tita-
Samp|e prepara’[ion processes, several Samp|es were arﬁHJm carbide at the NiTi close surface can be attributed to
lyzed. Deconvolution of the spectra was achieved by fittingcarbon contamination, induced during the atomization pro-
the data with a Gaussian/Lorentzian combination peak shagess.
with variation in peak full width at half maximum, position
and height being determined by an iterative program. The
peak identification were determined by reference to an XPS
databast'™° or from compounds analyzed in the same ap-
paratus.

Ill. RESULTS AND DISCUSSION
A. NiTi powders

The AFM analysis of as received and deoxided NiTi par-
ticles are shown in Figs. 1 and 2, respectively. The evolution
of the arithmetic mean roughne§®,) and of the maximum
roughnessR,,2) is shown in Fig. 3. For as received and
deoxided powders, the observed areaisllum? [Fig. 1(a)]

and 4x 4 um? [Fig. 2@)], respectively. The evolution of the a)
surface roughness along a single line is indicated from —-2.5
to +2.5 nm for the as received powders and from -250 to 250

+250 nm for the deoxided powders. The surface of the as

received powders is apparently very smooth as pictured in g o
Fig. 1; in contrast, deoxided powders are rougher as illus- =
trated in Fig. 2a) (white contrastand in Fig. 3. From XPS
analysist” a schematic representation of the different oxide
and carbide species on the NiTi surfasee Fig. 4, which b)
are mainly due to the elaboration process conditions, can be
proposed. It should be noted that the thickness of the thregg, 2 (a) surface morphology of the deoxided NiTi particlds
oxide and carbide top layers measured for the deoxided 4 um?. (b) Height variation obtained along the line scan showigan
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TiOz TizO; t =7 nm

« 60 nm TiO, NiO I- 25 nm

NiO TiO, TiC

NiTi

FIG. 4. Schematic illustration, obtained after XPS analysis, of the NiTi

surface.
(;;1; .y NTS Before Ar" sputtering, the Sn peak needed to be character-
111 111 11 1 ¥ 119, . . . .
deoxide  Sn  Sn+#Pd  (Sn-Pd) (Sn-Pd)}+Cu ized by two contributions. The higher one, at 487.40 eV,

_ _ _ ~corresponds to oxidesSnG,) and chloride(SnC}) species.
FIG. 3. Three-dimensional surface roughness obtained by AFM for variousrha [ower BE one. at 485.5 eV. is assigned to metallic Sn
samplesR,, the arithmetic mean roughnes$s;,,, max. —min. roughnesgl ! ) ’ 9

min dipping time in different chemical bath (SrP). A small peak corresponding to Cpg, at 198.4 and
199.7 eV, assigned respectively to Sp@hd/or C—C—O,
B. Two-step process is also_present. on the surface but vanishes after short.sput-
, tering times. Since also the Sn components corresponding to
1. NiT+3n substrate SnO, vanish after short sputtering times, it is concluded that
Samples subjected to short Sn deposition tifiseveral the SnC} and the Sn oxide are only present at the surface
seconds have been initially selected for XPS analysis. Inand that, at depth greater than 15 nm, the deposit is essen-
order to understand how Sn atoms interact with the NiTitially composed of Sn. Also, catalysis sites of the NiTi sur-
substrate, the XPS results before and during gputtering face are covered by pure tin met@PS results for long
are discussed. All values are presented in Table I. The desputtering timg
composition of the O 4 peak shows three components: one  From the above discussion, it can be concluded that Sn
at low BE (529.6 eV} attributed to TiQ oxide, and two at atoms are first absorbed on the NiTi substrate in metal forms
higher BE(531.58 eV and 532.96 e\tharacteristic of other (Srf), through the possible reactions,
metal-oxide and €=0 species. It should be noted that al! St + Ti — Ti2* + Sn
carbon peaks, located between 284.5 and 288.2 eV, which
are assigned to &-C, C—O0O, and C=0, respectively, dis- The samples subjected to short Sn depositions times have
appear after the first run of sputtering in all samples studiedalso provided significant information about the evolution of
Consequently, the contribution of oxygen and carbon will bethe Sn nucleation sites on NiTi. Figurgap shows AFM
neglected in further discussions. top-view phase image@ x 4 um?) and the evolution of the
As for the NiTi surface, the TiR peak can be decom- surface roughness along a single line is indicated from
posed in three componen(. Table ): one characteristic of —-250 nm to 250 nmFig. 5b)]. It is observed that, after
NiTi bonds and the two others of Ti oxides, which do not deposition, the NiTi surface appears covered of isolated Sn
vanish when analyzing inner layers. The evolution, witd Ar clusters(cf. Fig. 5 of 50-100 nm average diameter. Figure 3
sputtering time, of the titanium oxide binding energies, isdirectly infers that the surface area of the treated NiTi sur-
mainly due to a preferential oxygen removal efffdindeed,  face, whatever the surface treatment, is much wider than that
after Ar" sputtering(of TiO, and TyO3), TiO, surface, with  on the deoxidized NiTi one. In addition, the surface area
BE ranging from 456 to 458 eV, are formed. The presence oincreases with dipping time in the chemical bath and with the
the titanium species indicates that, after several seconds aimber of chemical bath used for the each process. The clus-
immersion, the NiTi is still detected at the sample surfaceter size at these early stages do not change appreciably with

TABLE I. Cl 2p3p,, Sn 3s,, Ti 2psj, and Ni o5, BEs, before and after Arsputtering of NiTi+Sn materials; BEeV) [FWHM (eV)] Area (%) Attributed
specieqtwo-step process: NiTi+Sn substrate

Argon sputtering Cl Bsp Sn 3y, Ti 2pap Ni 2p3/,
0s 198.3(1.4) 48 SnCh, 485.5(1.2) 15Sn 454.5(1.2) 3 NiTi
199.7(1.4 52 CI—O0—C 487.4(2.1) 85 Sn0G,- 2H,0 456.4(1.4) 11 Ti,04
SnCh 458.9(1.8) 86 TiO,
180 s(15 nm) 485.4(1.2) 43Sn 454.9(1.1) 17 NiTi 853.4(1.1) NiTi
487.4(2.0) 57 SnG,- 2H,0 455.9(1.1) 18 Ti,0O3

457.0(1.4) 9 TiO,
459.3(1.7) 36 TiO,

1000 s(80 nm) 485.2(1.3) Sn 454.7(1.0) 54 NiTi 853.4 (1.2 NiTi
455.6(1.0) 24 TiO,
456.5(1.4) 16 TiO,
457.7(1.7) 6 TiO,
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similar to the NiTi+Sn sampleg¢cf. Table |, will not be
discussed. On the other hand, evolution of the Pd and Sn
species before and after Asputtering is analyzed.

Before Ar* sputtering and for short sputtering time, the
Sn BE peak presents four main contributiqes Table II).

Two of them correspond to Sn hydroxid&nO,-2H,0O or
Sn(OH),] and oxide(SnQ,), another to metallic Sn, and a
small contribution, at 489.0 eV, that is unclgdine nearest
peak reported in the literature, at 487.4 eV, is assigned to
SnCh-2H,0). The SN state at 485.3 eV, which iss1 eV
higher than the corresponding BE for pure Sn metal, may be
assigned to a Sn-Pd alloy system. The Sn metal contributions
decrease with argon sputtering time, and only the contribu-
tions of the Sn oxides remain after 1000 s of argon bombard-
ment.

Finally, the BE peak of Pd was fitted using two compo-
nents: the highest energy one, at 336.2 eV, is attributed to
PdO and/or Pd-Sn alloy; the lower energy one, at 334.6 eV,
is attributed to pure metallic Pd. The higher BE contribution

// \ increases with increasing Asputtering time, while the Pd
_250 . . ' disappears after long ion-bombardment time.

0 1.0 2.0 3.0 Taking into account the above results for the NiTi+Sn
b) um and NiTi+Sn+Pd systems, the possible mechanisms of Sn
adsorption and Pd absorption are proposed. For the NiTi
+Sn system, XPS results show that Sn is absorbed in the
form of SrP, where Sn atoms do not react with thé Gons
of the Ti and Ni oxides. In addition, no clear proof of chemi-
immersion time and the presence of agglomerates is hardly,| reactions between Ni and/or Ti atoms with the Sn ones
observed, which indicates that Sn deposition on NiTi start,55 peen determined by the XPS. On the other hand, after the
as a 3D process, and that the coalescence of the individugld bath, XPS results show that‘Sstates are now present at
clusters gives rise to a continuous layer and, therefore, 10 g\o Nt surface. Therefore, it can be concluded that, inside
2D growth. the palladium bath, Sn atoms react with the Bdsplecies to

form P&, which can then react with the NiTi oxides to form

2. NiTi+Sn+Pd powders Pd and Sn oxide species vigZQons.

Table Il shows the typical evolution, after peak decom-  Figure &a) shows an AFM topographic image4
position, of the NiTi+Sn+Pd surface. Before and aftet Ar X4 um?) corresponding to 30 s of immersion time in the
sputtering, Ti, Ni, Sn, Pd, O, and C signals are detected of?dC} bath. Figures 3 and(b) clearly show that surface
all samples; therefore, the various components of théoughness and the area increase in comparison with the
Ti 2p3/2, Ni 2ps0, Sn 3ss,, Pd 3g,, and O B XPS peaks  NiTi+Sn surface. The increase of the 3D surface roughness
have been extracted. The decomposition of themay be ascribed to Sn re-dissolution into the Pd bath, to Pd
Ti 2p3, Ni 2ps5, and O &k peaks, which are, in fact, almost growth habits(presence of high peaksor to both effects.

FIG. 5. (a) Surface morphology of the NiTi+Sn particlé$x 4 um?). (b)
Height variation obtained along the line scan showiain

TABLE Il. Sn 3ds),, Pd 355, Ti 2ps,, and Ni 2o, BEs, before and after Arsputtering of NiTi+Sn+Pd materials; BE&V) [FWHM (eV)] Area (%)
Attributed speciegtwo-step process: NiTi+Sn+Pd substyate

Argon sputtering

Sné&,

Pd 3/,

Ti 2Py,

Ni 2ps/2

Os

180 s(15 nm)

1000 s(80 nm)

485.3(1.1) 52 Sn-Pd
487.2(1.5) 33 SN0, 2H,0
487.9(1.6) 4 SN0,
489.0(1.6) 112
485.3(1.1) 25 Sn-Pd
487.2(1.5) 45 SN0, 2H,0
487.9(1.6) 25 SN0,
489.0(1.6) 5 ?

487.2(1.5) 35 SN0, 2H,0
487.9(1.6) 65 SN0,

334.61.9 40 Pd
336.2(1.9) 60 PdO
Pd-Sn

334.61.9 20 Pd
336.2(1.9) 80 PdO
Pd-Sn

336.2(1.9) PdO

454.8(1.1) 5 NiTi
455.91.5) 10 Ti,0;
459.61.8) 85 TiO,

454.8(1.1) 28 NiTi

455.9(1.5) 22 Ti,0,
457.q1.4) 16 TiO,
459.6(1.8) 34 TiO,
454.7(1.1) 40 NiTi

455.9(1.5) 26 TiO,
457.0(1.4) 17 TiO,
459.6(1.8) 17 TiO,

853.4 (1.1) 84 NiTi
854.7(2.5) 16 NiO

853.4 (1.2) 90 NiTi
854.7(2.5) 10 NiO
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75

b) um

FIG. 6. (a) Surface morphology of the NiTi+Sn+Pd particlgsx 4 um?).
(b) Height variation obtained along the line scan showiain

Taking into account XPS and AFM results, a schematic
representation of the different tin and palladium species
present on the NiTi surface is propodefl Fig. 7(a)] for the

two-step electroless process.

n contamination oxide

Pd Pd/Sn

PO  SnO, SnO,,2H,0

TiO, Ti,0, NiO

NiO TiO, TiC

2) NiTi
Pd contamination oxide
» \x—‘
Pd Pd Pd Pd
SnO Sn Sn(OH),
TiO, Ti, O, NiO
NiO TiO, TiC
b) NiTi

FIG. 7. Schematic illustration, obtained after AFM and XPS analysi&)of
the NiTi+Sn+Pd surface an@) the NiTi+(Sn-Pd surface.

Silvain, Fouassier, and Lescaux 4949

d) Ry = 9.2 nm, Rypsx = 67.4 nm

FIG. 8. Evolution of the surface morphology of the NiTi particles after
different immersion time in the mixe®n-Pd bath:(a) 10 s,(b) 30 s,(c) 1
min, and(d) 10 min (R,, the arithmetic mean roughnesg;,.,, max.—min.
roughnesp

3. One-step process

Table Il shows the typical evolution, after peak decom-
position, of the NiTi«Sn-Pd surface. Before and after Ar
sputtering, Ti, Ni, Sn, Pd, O, and C signals are detected on

1S:0€:91 ¥20z Areniged zo
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TABLE Ill. Sn 3ds,, Pd 355, Ti 2ps, and Ni 2z, BES, before and after Arsputtering of NiTi+Sn-Pd materials; BEV) [FWHM (eV)] Area (%)
Attributed speciegone-step process: NiTi8n-Pd substratg

Argon sputtering Sn&;), Pd 35, Ti 2ps)n Ni 2p3),

0s 486.6(1.6) 80 SnO, SitOH),, 335.3(1.5) 66 Pd 458.3(1.4) 60 Ti,O3
488.6(1.6) 20 ? 337.1(1.4) 34 PdO 459.91.7) 40 TiO,

60 s(5 nm) 484.5(1.4) 20 Sn 335.6(1.4) Pd 453.8(1.1) 25Ti 852.2(1.1) 80 NiTi
486.4(1.6) 55 SnO 454.8(1.1) 30 NiTi 853.7 (1.5 20 NiO
488.6(1.6) 25? 458.2(1.4) 28 TiO,

459.7(1.5) 17 TiO,

180 s(15 nm) 484.2(1.2) 60 Sn 335.2(1.9) Pd 453.8(1.2 70Ti 852.2(1.0) 95 NiTi

486.3(1.4) 40 SnO 455.2(1.3) 20 NiTi 853.7 (1.6) 5 NiO

459.8(1.5) 10 TiO,

all samples. The decomposition of the Tis2, Ni 2ps., sharply increase after deposition time, which indicates
and O & peaks, which are, in fact, almost similar to the that the NiTi flatness is lost an@) that the surface rough-
NiTi+Sn+Pd samplegcf. Table Il), will not be discussed. ness increases with dipping time. This increase may be as-
On the other hand, the evolution of the Sn and Pd before ancribed to Sn re-dissolution into the Sn-Pd bath, to Pd growth
after Ar" sputtering is analyzed. habits (presence of high peaksr to both effects. Figure 3

Before and after Afsputtering, the Sn@Bdoublet enve- shows that the 3D surface roughness data obtained for the
lope is complex and can be associated, after curve-fitting\iTi+Sn+Pd and NiTi«Sn-Pd samples are quite similar.
with the presence of twgsurface and long Arsputtering  Finally, the mean roughness of the Sn-Pd/NiTi substrate,
time) or three chemically distinct speciésf. Table 1ll). The  ready for Cu deposition, i®,=6 nm, 30 times higher than
peak positions resulting from this procedure are 484.5that of the raw NiTi. However, from Fig. 3, a significant
486.4, and 488.6 eV, corresponding to°S8r’*, and SR decrease of these values after covered-to-eye Cu indicates
oxidation states, respectively. The low BE peak can be easilthat the surface height differences are smaller; this decrease
assigned to the pure Sn met&ir) and the middle BE peak can be attributed to the filling of valleys by Cu.
is attributed to SNO or SOH),(Sr*). Since there is no
evidence for a Cl peak from XPS, it is unlikely that the?Sn
species is produced by residual SnpGh the substrate sur-
face. As for the NiTi+Sn+Pd system, the remaining line, injy. SUMMARY AND CONCLUSIONS
terms of the observed BE, has no clear correspondence.

Before A" sputtering, two components—one at lowest The different stages of the electroless deposition of cop-
BE (335.3 e\ assigned to metallic PPd®) and one at high- per on NiTi micronic particles activated by one-step and two-
est BE(337.1 e\ assigned to palladium oxid®dO—have step methods have been studied by XPS and AFM. Conven-
been detected. In contrast to the two-step method, wheronal one-step and two-step processes, where dilute
Pd d BE at 336.2 eV(Pd-Sn alloy systepnis associated solutions of SnGHPACl, and SnCJ} and PdCJ} are used to
with Sn A BE at 485.3 eM(Sn-Pd alloy systepmthe metal promote the nucleation and growth of Cu thin films.
BE peak of Sn(484.5 e\j cannot be associated with any For the two-step method, at the sensitive early stages, it
Sn-Pd alloy system. Therefore, the Pd metal BE which ids observed that Sn is absorbed in the form of clusters that
~1 eV higher than the corresponding BE for pure Pd, maytend to completely cover the surface, thereby forming a con-
be assigned to a nanometric cluster shape. In this sensinuous film. It has been found that Sn and Pd are initially
Fristchet al,'® Nosovaet al,?® and Voogtet al,** show that ~ absorbed in the form of oxideéSnO, and PdQ and hydrox-
the shape difference between a Pd metalRc’) film and  ide[Sn(OH),]. After completion of the sensitization step, the
nanometric metallic P@PP) clusters can be associated with NiTi-substrate is covered with Sn-based compounds and the
an increase of the Pdd3, BE. For these authors, the BE roughness of the Sn/NiTi substrate becomes greater than that
change is mainly related to the reduction of the cluster vaeof the raw NiTi powder. During activation, the 3D surface
lence electrons or by relaxation effect which tends, in bottroughness increases, as demonstrated by AFM. The mean
explanations, to increase the BE when the cluster size degeughness of the Pd/Sn/NiTi substrate prior to Cu deposi-
creases. Conversely, short *Asputtering time leads to a tion is 1.5 times greater than that of the Sn/NiTi substrate.
complete removal of the palladium oxide species, whichThis increase is associated with the growth of Pd and Pd-Sn
therefore can be attributed to normal surface oxidation phecompounds, as verified by XPS.
nomena, induced after the electroless Pd deposition. A sche- Behavior of Sn and Pd growth for the one-step method
matic representation of the different titanium, nickel, tin anddoes not follow the behavior found for the two-step method.
palladium species present on the NiTi surface is proposethdeed, XPS analysis show a 3D growth of Pd clusters on
[cf. Fig. 7(b)] for the one-step electroless process. top of a mixture of tin metal: oxidéSnO) and hydroxide

The evolution of the arithmetic mean roughness and of Sn(OH),]. These Pd clusters are covered with a thin layer of
the max./min. roughness parameters along the Pd depositid?d oxide contamination induced by the electroless process.
are displayed in Fig. 8. It can be observed that both value$he mean roughness for the two-step and one-step processes
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