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ABSTRACT 

The adsorption of nanometer-sized, palladium-phosphorus particles (Pd0.86P0.~4) onto Si3N4, SiO2, and H-terminated 
St(100) surfaces is described. These colloidal particles were prepared in aqueous solution by the reduction of Pd 2§ with 
hypophosphite in the presence of polyvinylpyrrolidone(PVP). The stericatly stabilized particles catalyze Ni deposition 
from an electroless solution. High resolution electron microscopy shows that the particle size decreases with increasing PVP 
concentration in the sol. Several monocrystalline domains were observed in all particle samples. The surface affinity of Pd 
particles, covered with PVP, and of "free" PVP molecules (i.e., not associated with Pd particles) depends strongly on the type 
of surface. The large differences in Pd coverage between different types of surface (e.g., Si3N4 and SiO2) offer interesting 
possibilities for novel pattern-wise electroless metallization procedures. 

Introduction 
The electroless metallization of semiconductors and non- 

conducting materials is of considerable industrial impor- 
tance. Electroless deposition (of, e.g., Nii) requires a cata- 
lytically active surface. An interesting activation proce- 
dure involves the adsorption of colloidal Pd particles on the 
surface to be plated. 2 Differences in surface coverage of 
catalyst particles on different types of surface offer inter- 
esting possibilities for pattern-wise e]ectroless metalliza- 
tion. An example of this type of approach is the selective 
metallization of indium t in oxide (ITO) patterns on glass 
substrates 2,3 It was shown that Pd particles, stabilized with 
polyvinylalcohol, adsorb on ITO but  not on glass. An elec- 
troless metal layer could, therefore, be selectively grown on 
the ITO pattern. The ultimate goal is to produce Fd parti-  
cles, stabilized with water soluble polymers, with a high 
and specific affinity for a particular type of surface, en- 
abling selective metallization. 

In a previous paper, 4 the adsorption on H-terminated 
St(100) single-crystal surfaces of nanometer-sized Pd par- 
ticles, sterically stabilized with polyvinylpyrrolidone 
(PVP), was reported. These colloidal Pd particles were pre- 
pared in aqueous solution by the reduction of Pd 2§ ions with 
hypophosphite in the presence of PVP. We described the 
strong influence of the PVP concentration on the Pd parti-  
cle size and the Pd coverage of the Si substrate. On Si sur- 
faces, a competitive adsorption was observed between Pd 
particles, stabilized with PVP, and "free" PVP molecules 
(i.e., not associated with Pd particles). No significant influ- 
ence of the molecular weight of the PVP on the adsorption 
was observed. In addition, we found no adsorption of Pd 
particles on oxidized Si surfaces. 

In the present work, we consider how the chemical na-  
ture of the surface influences the adsorption of colloidal Pd 
particles. We studied Si3N4 and SiO2 surfaces and compare 
the results with those previously obtained on H-terminated 
Si(100). 4 The adsorption process is discussed in terms of 
particle-substrate and polymer-substrate interaction. A re- 
lation can be expected between the size and the polymer 
coverage of the metal particles and their affinity for a par- 
ticular surface. Therefore, the size and atomic structure of 
Pd particles, prepared in the presence of different concen- 
trations of PVP, were studied in detail by high resolution 
electron microscopy (HREM). Possible methods of pattern- 
wise metallization are discussed at the end of the paper. 

* Electrochemical Society Active Member. 

Experimental 
All chemicals used were of analytical grade, and the 

solutions were prepared with deionized water. A 0.056M 
palladium chloride solution was prepared by dissolving 
t.00 g PdC12 in 35 ml concentrated hydrochloric acid 
(37%, Merck) and making it up to 100 ml with water. PVP 
samples with various (average) molecular weights (Mere) 
were used in this study (Mere: 10,000, 40,000 from Fluka, 
and 360,000 from Janssen; stock solution: 9.11 g PVP/liter). 
Sodium hypophosphite was used as the reducing agent 
(0.48M solution). 

The silicon nitride samples consisted of 120 nm Si3N4, 
grown by chemical vapor deposition on St(100) wafers pro- 
vided with 50 nm SiO2. The silicon dioxide samples were 
100 nm thick, thermally grown at 1000~ in oxygen, on 
p-type St(100) wafers (20 ~ cm), Wacker-Chemitronic 
GmbH, Germany). The Si single-crystal wafers were (100)- 
oriented samples (boron doped, 20 to 30 l l  cm) obtained 
from Shinetsu. The wafers were cut into pieces of 15 • 
15 mm 2 and ultrasonically cleaned in ethanol. To obtain a 
fresh surface, the SiO~ and Si3N 4 wafers were etched for 
0.5 and 2 min, respectively, in an aqueous NH4F-HF solu- 
tion (pH 6), and rinsed under running water. The Si3N4 
layers etch slowly in the NH~F-HF solution ( -1  rim/rain). 
The SiO2 layers etch relatively fast in this solution 
( -30 nm/min). After this treatment, both the SigN4 and 
S i Q  surfaces were hydrophilic (water contact angle <5~ 
The native oxide on the Si surfaces was removed by etching 
for about 1 min in the NH4F-HF solution. The etch rate of 
Si in this solution is extremely low (<0.1 nm/min). 5 After 
etching, the Si surface was hydrophobic (water contact an-  
gle - 7 8  ~ and H terminated. 6-1~ 

Palladium sols containing Pd, PVP, and hypephosphite in 
varying concentration ratios were used. First, a solution 
containing the required amounts of Pd and PVP was pre- 
pared. While the (air-saturated) solution was stirred, a 
given volume of the hypophosphite solution was added. 
After an "induction period" of 3 to 5 rain, the color of the 
solution (pH 1.2) turned from yellow to transparent brown 
due to the formation of metallic Pd. 2.4 No corrosion of the 
particles occurred because the Pd sol is saturated with dis- 
solved hydrogen after formation. 4 The sols were found to be 
colloid-chemically stable during adsorption of the parti- 
cles on the substrate. 11 In general, i0 rain after the addition 
of the hypophosphite solution, a cleaned and etched Si3N~, 
SiO2, or Si sample was introduced into the Pd sol immedi- 
ately after the rinsing step. Adsorption of the Pd particles 
was allowed to occur, in general, for a period of 5 rain. 
Afterward, the surface was briefly rinsed under running 
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Fig. 1. HREM images (75 • 75 nm) of Pd particles adsorbed on 
SI3N4 membranes, cp~ = 8.46 • 10-4M, C,aH P02 = 1.56 • 10-2M, 
adsorption time 5 min, Mpw = 10,000. (a, top ~ft) Cpw = O, (b, above) 
Cpw = 11.4 mg/liter; Ic, left) Cpw = 114 mg/liter. 

water and dried in air. In all cases, adsorption caused no 
noticeable depletion of Pd from the solution. All experi- 
ments were performed at room temperature. 

The Pd surface coverage (Fad) of the samples was meas- 
ured by x-ray fluorescence spectroscopy (XRF) using a 
Philips PW 1404 spectrometer, z2 The detection limit for Pd 
on the substrates was 0.02 • 1015 Pd atom/cm 2. Samples for 
HRE1Vi work were 13 nm thick Si3N4 membranes prepared 
by preferential local etching of an St(100) wafer support in 
a KOH-H20-isopropanol solution, za The Pd particles, ad- 
sorbed onto these thin Si3N4 membranes, were studied with 
a Philips CM30 transmission electron microscope operat- 
ing at 250 keV. 

In some experiments, an S i Q  surface, covered with a 
PVP monolayer, was oxidized pattern-wise using a contact 
mask in a UV/ozone reactor (UV/ozone photoreactor, PR- 
100, UVP Inc.) for 10 min. After activation of the substrate 
in a colloidal Pd solution, an electroless Ni layer was grown 
by immersing the substrate for 1 min in an electroless Ni 
plating bath (Niposit 468, Shipley, Newton, MA) operated 
at 65~ This procedure results in the formation of an Ni 

film (0.25% B) on the activated parts of the surface, with a 
growth rate of 7.5 ~m/h. 

Results 
HREM images (75 x 75 nm 2) of Pd particles adsorbed on 

SigN4 membranes are shown in Fig. 1 (curves a-c). These are 
images of particles prepared in the presence of different 
concentrations of PVP (Mpve: i0,000). A significant de- 
crease in particle size with increasing PVP concentration is 
found. A transition from irregularly shaped to spherica] 
particles is observed. It was found that at a PVP concentra- 
tion of about 50 mg/liter (cpd = 8.46 x i0 4M, CNaH~pO~ = 
1.56 X 10-2M), the particles reach their minimum size 
(-3nm diam). Relatively monodispersed particles are 
shown in Fig. 1 (curve c, cave = 114 mg/liter). In Fig. 2, a 
single 6 nm diam particle is shown; the atomic structure of 
the lattice is clearly resolved. In all particles, several 
monocrystalline domains were observed. In the case of 
St(100), 4 no preferential orientation of monocrystalline Pd 
particles with respect to the (I00) surface was observed. 
The palladium and phosphorus content of these colloidal 
particles was measured by XRF after adsorption onto an H 
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Fig. 2. HREM image of a single Pd particle, cpa = 8.46 • 10-4M, 
CNaH2PO2 = 1.56 • 10-2M, Cpw = 11.4 mg/liter. Adsorption time 5 min, 
Mpw = 10,000. 

terminated Si surface. Figure 3 shows the phosphorus con- 
tent of Pd particles adsorbed on Si to be 14atom percent 
(a/o), independent of the PVP (Mpve: I0,000) concentration. 
No phosphorus was found on Si samples treated with a 
blank solution containing HCI, PVP, and hypophosphite. 

The Pd surface coverage (Fpd) on Si3N4 was measured as a 
function of the adsorption time (Mpw: i0,000). Figure 4 
shows that Fpd increases rapidly and, within a minute, 
reaches an almost steady value which only slightly in- 
creases with time. In the experiments of Fig. 4, the Pd-cov- 
ered Si3N4 surface was rinsed with air-saturated water be- 
tween adsorption and XRF determination. Figure 5 (curve 
a) shows that Fpd does not decrease for a rinsing time.of up 
to i00 rain. However, in (air-saturated) water containing 
HCI (6.34 • i0 2M), a significant decrease of Fp~ was found 
(Fig. 5, curve b). In Fig. 6, the Pd surface coverage is plotted 
against the Pd concentration in solution; the solutions were 
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Fig. 3. A /o  P in Pd particles, adsorbed on H-terminated Si, as a 
function of the PVP concentration. Sol preparation: cpd = 8.46 • 
10 4m, C,o,2m 2 = 1.56 • 10-2M. Adsorption time 5 min, Mpw = 
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Fig. 4. Pd coverage (Fpd) of Si3N4 as a function of the adsorption 

time (t). Sol preparation: cpd = 8.46 • 10 4M, CNaH2PO2 = 1.56 • 
10 2M;cpw = 114 mg/liter, Mpw = 10,000. 

obtained by dilution of a more concentrated sol (cpd = 
8.46 • 10-4M, cpw = 114 mgfliter, CNaH2PO2 = 1.56 • 10-2M) 
with an aqueous solution containing HC] (6.34 x 10-2M) 
and NaH2PQ (1.56 x 10-2M) to keep the ionic strength and 
composition constant. An adsorption plateau is reached at 
very low Pd concentrations in the sol. The adsorption of Pd 
particles on Si3N 4 was measured as a function of the PVP 
concentration (Mpve: 10,000). Figure 7 (curve a) shows a plot 
of Fpd vs. the logarithm of the polymer concentration 
(log Cpve). A continuous decrease of the Pd surface coverage 
with increasing PVP concentration is found. Two roughly 
linear regions can be observed in Fig. 7 (curve a) with a 
sharp transition at around Cpw = 50 mg/]iter. In the PVP 
concentration range of 50 to I000 mg/liter, a slight decrease 
in Fpd is observed. For comparison, the corresponding Fpd 
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Fig. 5. Pd coverage (Fpd) of Si3N4 covered with Pd particles as a 
function of the immersion time in (a) water and in (b) 6.34 x 10-2M 
HCI. Sol preparation: cpa = 8.46 • 10-4M, CNo,2Po2 = 1.56 • 10 2M, 
Cpvp = 22.8 mg/liter. Adsorption time: 5 min, Mpw = 10,000. 
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v s .  log Cpve for an H terminated Si surface is also plotted 
(Fig. 7, curve b). 4 For the Si surface, the same transition at 
around Cpw ---- 50 mg/li ter  was observed. 

The adsorption on S i Q  of Pd particles, stabilized with 
PVP (Mpve: 10,000, 40,000, and 360,000), was measured as a 
function of the PVP concentration in the sol (Fig. 8, curves 
a-c). For the three molecular weights studied, Fpd is low 
over the entire PVP concentration range (Fed < 0.8 • 10 ~5 Pd 
atom/cm2), especially for the low molecular weight PVP 
concentration gives~rise to a sharp increase of Fed. A maxi-  
mum in Fed was observed, after which Fp~ decreases to very 
low values. For the experiment of Fig. 9 (curve a), the S i Q  
surface was first immersed for 5 min in a solution contain- 
ing 1140 mg PVP/liter (Mere: 10,000), 1.56 • 10-~M 
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Fig. 7. Pd coverage (Fpd) of Si3N4 (a) and H-terminated Si (b) as a 
function of log Cpw. Sol preparation: Cpd = 8.46 • 10-4M, CNoH2m2 = 
1.56 • 10 2M. Adsorption time: 5 min, ~ = 10,000. 
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Fig. 8. Pd coverage (Fpd) of SiO2 as a function of log Cpw. Sol 
preparation: cpd = 8.46 • 10-4M, CNoH2m2 = 1.56 • 10-2M. Adsorp- 
tion time: 5 min. (a) Mpvp = 10,000, (b) Mpw = 40,000, (c) Mpw = 
360,000. 

NaH2PO2, and 6.34 • 10 2M HC1 before adsorption of col- 
loidal Pd. For comparison, the adsorption of the corre- 
sponding colloidal Pd onto bare S i Q  is shown in Fig. 9 
(curve b). Palladium adsorption strongly increases after 
pretreating the surface with PVP, particularly for sols con- 
taining small amounts of polymer. 

Discussion 
In the present work, the adsorption of nanometer-sized 

Pd particles on SigN4 and S i Q  surfaces was studied. Re- 
sults for H-terminated St(100) were discussed in an earlier 
paper. 4 From that study we concluded that a combination 
of particle-substrate and polymer-substrate interactions 
determines the adsorption of colloidal Pd. In general, a 
combination of chemical and electrostatic particle-sub- 
strate interactions are expected to play a role in the adsorp- 
tion process. These effects are discussed here in some detail. 

An increase in the concentration of PVP in the sol de- 
creases the Pd particle size (Fig. 1, curves a-c). In our previ- 
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Fig. 9. Pd coverage (Fpd) of SiO2 as a function of log Cpvp. Sol 
preparation: Cpd = 8.46 • 10-4M, CNaH2PO2 = 1.56 • 10-2M. Adsorp- 
tion time: 5 min. M~p = 10,000. {a) SiO2 with preadsorbed PVP, (b) 
clean SIO2. 
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Fig. 10. Scheme for obtaining a metal pattern on an SiO2 substrate. 

ous paper, ~ it was concluded that PVP, by adsorbing onto 
the metal surface, strongly influences the growth of Pd par- 
ticles in solution. PVP molecules, adsorbed on a Pd parti- 
cle, form a steric layer which probably acts as a diffusion 
barrier hindering the transport of reactants to the metal. 
This hindered growth favors the formation of new particles 
in the solution. The observation of a minimum particle size 
(~3 nm diam) indicates that polymer adsorption on the 
(growing) metal particles take place after the particles have 
attained a certain minimum size. The incorporation of 
phosphorus was previously observed in the deposition of Ni 
layers from electroless solutions containing Ni ~+ and 
H3PO2.13 It seems likely that the phosphorus content will 
influence both the catalytic activity and chemical stability 
(e.g., against corrosion) of the particles. 

The time scale of the adsorption of Pd particles on Si3N4 
surfaces can be deduced from Fig. 4. In the concentration 

Fig. 11. Light microscopy image (1400 • 900 ~m 2) of an electro- 
less Ni pattern on SiO2 produced according to 'the procedure de- 
scribed in Fig. 10. Dark areas: uncovered SiO2; light area: Ni-cov- 
ered SiO~. 

range studied, adsorption is fast and levels off within I rain. 
The fact that Pd adsorption still increases slowly over 
longer periods of time is presumably due to a relatively 
slow reorganization in the adsorbed phase, allowing for the 
creation of some additional adsorption sites. After the ini- 
tial fast increase, the further increase in Fpd is, in general, 
less than 0.2 X 1015 Pd atom/cm 2. The same effect was al- 
ready observed for the adsorption of colloidal Pd on H-ter- 
minated St(100). 4 The results in curve a of Fig. 5 illustrate 
that adsorption of Pd particles on Si3N4 surfaces is irre- 
versible. No desorption occurred during rinsing with water. 
When Cl- ions are present, adsorbed Pd particles are slowly 
oxidized by dissolved oxygen (Fig. 5, curve b). This can be 
explained from the negative shift in equilibrium potential 
of the Pd(II)/Pd couple due to complexation of Pd 2+ with 
Cl- ions. This shift increases the driving force for oxidation 
by dissolved 02. 

In Fig. 7 the Pd surface coverage is plotted against the 
logarithm of the polymer concentration in the sol (log cpve) 
for an Si3N4 and an H-terminated Si surface (curves a and 
b, respectively). For both types of surface, a continuous 
decrease of Fpd with increasing PVP concentration is ob- 
served. In previous work 4 on H-terminated Si if was con- 
cluded that, up to the kink in curve b of Fig. 7 (Cpve ~ 50 mg/ 
liter), the number density of adsorbed Pd particles is about 
constant while the size of the adsorbing Pd cores of the PVP 
covered metal particles decreases, resulting in a lower Pd 
surface coverage. The particle size becomes constant at 
Cpve -- 50 mg/liter. After the kink, "free" PVP molecules (i.e., 
not associated with Pd particles) are considered to be 
present in the sol. Both Pd particles, covered with PVP, and 
free PVP are able to adsorb onto the Si surface. There is a 
competition between the adsorption of Pd particles and 
polymer molecules. 

A remarkable difference in adsorption between Si3N4 and 
Si is observed. In the case of Si3N4, Fpa decreases only 
slowly with increasing cpve after the kink (Fig. 7, curve a). 
In contrast, for St, Fpd decreases strongly with increasing 
polymer concentration (Fig. 7, curve b). For Cpve -> 1200 mg/ 
liter, the Si surface is completely blocked by PVP (Fpd = 0). 
At this PVP concentration, the Pd surface coverage on 
Si3N4 is still high (Fpd = 1.6 • i0 I~ Pd atom/era2). No or only 
slight desorption of Pd particles occurred when an Si or an 
Si3N4 surface, covered with Pd particles, was immersed in 
a PVP solution, containing 9.11 g PVP/liter over a long 
period (I to 24 h). On the other hand, preadsorbed PVP on 
Si3N4 could be displaced instantaneously by Pd particles. 
Preadsorbed PVP on Si could be displaced only over a 
longer period (-30 min). Obviously, the affinity of Pd parti- 
cles for Si3N4 is much higher than that of PVP molecules for 
this surface. The strong affinity of the Pd particles for Si3N~ 
may be explained by assuming H + coupling to surface ni- 
trogen atoms giving rise to a postive]y charged surface. Pd 
particles are expected to have a negative charge due to 
specific adsorption of C1 ions. In spite of the presence of 
the steric layer, interaction between particles and the sur- 
face seems to occur. In the case of H-terminated St, the 
observations point toward a strong affinity of both Pd par- 
ticles and PVP for this surface. From Ceve < 50 rag/liter, the 
case where no free polymer is present in the sol, 4 similar 
curves are expected for Si and Si3N4. The difference in this 
concentration range is possibly due to a difference in con- 
formation between adsorbed Pd particles, covered with 
PVP, on Si and Si3N4. The higher affinity of PVP for Si 
suggests attraction and deformation of the steric layer sur- 
rounding the particle upon adsorption. This should in- 
crease the occupied area per particle on St, giving rise to a 
lower Pd surface coverage. 

The results in curve a of Fig. 8 illustrate that the Pd 
surface coverage on SiO2 is very low over the entire PVP 
concentration range studied (Mpw: i0,000). For the case in 
which no free PVP molecules are considered to be present 
in the sol (Ceve < 50 rag/liter), Pd adsorption does not take 
place. 4 In addition, no Pd was detected on SiO2 surfaces for 
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Pd sols prepared in the absence of PVP. The measurements 
suggest that the low molecular weight PVP molecules, ad- 
sorbed on Pd particles, have no "free" tails which can inter- 
act with the S iQ  substrate. It is known that PVP has a 
strong interaction with SiO2.15 The observations suggest a 
compact structure of the PVP layer around the metal parti-  
cles. It is reasonable to assume that the thickness of the 
steric layer of the Pd particles depends on the PVP to Pd 
ratio of the sol. For Cpve < 50 mgfliter, the Pd particles have 
an incomplete and thin steric layer. For these particles, 
electrostatic repulsion between the particle and the sub- 
strate seems to be important. The surface of the Pd particle 
is expected to be negatively charged due to the specific 
adsorption of C1- ions. The SiO2 surface may have a slightly 
negative charge because of the acidic character of SiO2.10 

In the case of low molecular weight PVP (Fig. 8, curve a), 
particle adsorption occurs on SiO2 when Cpve > 50 mg/liter 
resulting in low Pd coverages (Fpd -- 0.2 • 1015 Pd atom/ 
cm2). At high PVP concentration a well-developed steric 
layer is formed. Pd particles prepared at high PVP concen- 
tration are expected to have a more PVP-like character and 
a corresponding higher affinity for SiO2 compared with Pd 
particles prepared with a low PVP concentration. This ex- 
plains the adsorption of both PVP and Pd at Cpw > 50 mg/ 
liter. In the case of higher molecular weight PVP (Fig. 8, 
curves b and c), "free" PVP tails on the particle are more 
likely. These particles or multiparticle complexes 4 are able 
to adsorb on SiO2. 

The presence of a preadsorbed PVP layer on SiO2 has a 
considerable influence on the subsequent adsorption of 
colloidal Pd (Fig. 9). Adsorption of particles occurs when 
C~vp < 50 mg/liter, the range in which the particles are as- 
sumed to have an incomplete steric PVP layer (the situation 
before the kink in Fig. 7). Interaction of free PVP tails, 
present on the SiO2 surface, with the particle surface is 
then possible. When the particle has a fully developed 
steric layer, Fpd becomes very low (Fpd < 0.4 • i0 I~ Pd atom/ 
cm2), and interaction is no longer possible. 

The adsorption results as presented in Fig. 9 can be suc- 
cessfully employed to produce metal patterns. One proce- 
dure is schematically depicted in Fig. 10. First, a clean SiO~ 
surface is modified by adsorption of PVP. Subsequently, a 
metal contact mask is placed on the surface. In a UV/ozone 
reactor the PVP is oxidized according to the pattern in the 
mask. The surface, without the mask, is then immersed in a 
Pd sol, prepared in the absence of PVP. Particles in such a 
sol only adsorb on the PVP covered SiQ, while the UV/ 
ozone treated parts of the surface remain uncovered. Sub- 
sequent electroless Ni metallization leads to the growth of 
an Ni layer on the activated parts of the surface (Fig. Ii). 
Metal patterns can, in principle, be made on Si by defining 
an SiO2 pattern on the St, followed by selective adsorption 
of colloidal Pd. Adsorption occurs on the unoxidized sur- 
face only. Subsequent electroless metallization and oxide 
etching yields a metal pattern on St. Snow et al. showed 
that it is possible to "write" oxide lines (~ i00 nm width) on 
an H-passivated St(100) surface with a scanning tunne]ing 

microscope (STM) operating in air. 17 Using the large differ- 
ence in Pd surface coverage on SiO2 and H-terminated St, 
electroless metal patterns could be selectively grown on the 
unoxidized parts of the surface. This offers interesting pos- 
sibilities for the fabrication of metal nanostructures on Si 
using STM. 

In forthcoming contributions, the adsorption of Pd parti-  
cles and the polymer on various substrates, studied in situ 
with reflectometry, will be discussed. The catalytic proper- 
ties of PVP-stabilized Pd particles on Si surfaces for elec- 
troless Ni deposition are currently being studied. 
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