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Metal Deposition onto a Porous Silicon Layer by Immersion
Plating from Aqueous and Nonaqueous Solutions
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Immersion plating of metal§Ag, Cu, Ni) onto a porous silicofPS) layer from aqueous and nonaqueous solutions has been
studied. The modified PS layers after the immersion plating were analyzed by X-ray diffraction and X-ray photoelectron spec-
troscopy. Fourier transform infrared spectroscopy and scanning electron microscopy were also performed to investigate the
structural changes and microstructure of PS samples after the plating process. In both solutions, the deposition of metal oxidizes
PS simultaneously to SiO The different deposition behaviors are discussed in terms of different rest potentials of PS in these
solutions and electrode potential of each metal. Immersion plating in nhonaqueous organic solutions shows that a trace of residual
water affects the metal deposition. Based on the results obtained, the mechanism of metal deposition is proposed. The metal
deposition proceeds by nucleation and growth via the local cell mechanism. It is also found that metal deposition proceeds very
differently on Si wafer and PS surfaces. The different deposition behaviors on both surfaces are discussed.
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Porous siliconPS)is quickly becoming an important and versa- itself is catalyzing the deposition. In addition, such a technique al-
tile electronic material in different fabrication technology. It was lows the formation of metal deposits in the form of island-like struc-
initially observed about 45 years ago as black resist on Si afterture with simplicity in operation and lower cost. In this case, con-
electropolishing of c-St.Since the first report on its ability to emit  trolling the size and distribution of the island metal particles could
very efficient visible photoluminescence at room temperatsig; enhance the catalytic activity of the semiconductor electrodes for
nificant development has been made toward the understanding anshotoelectrochemical cells, as has been repdﬁéﬁ?urthermore, it
applicability of such material for electronics and the material hasis also possible to obtain patterned metallization of PS structure
been investigated for possible optoelectronic applications. since the deposition of some metals can be localized to the illumi-

Another interesting chemical property of PS is its ability to act as nation area.

a modest reducing agehtn contrast to its optical properties, much However, in most cases the deposition of metals is accompanied
less attention has been given to using PS as both a reducing agepy a quenching of the photoluminescence, most likely due to the
and a substrate for metal deposition. In addition, it is important tononradiative defects generated by the surface modificafivtean-
establish good electrical contact with the volume of the PS structurgyhile, the PS luminescence could be retained if the deposited metal
for realizing the potential applications in the microelectronics indus-js dissolved by acid treatmehtin a different trend of PS formation,

try. Furthermore, PS layers have also been proposed for potentiat has been reported that the film formed by chemical etching in the
application as the host matrix for polymers or metals, which havepresence of P& improved the photoluminescence propertis.
interesting optical properti€sFor example, Pt-coated n-type PS other authors were concerned to deposit various conducting poly-
electrodes have shown good solar energy conversion, which is Ongers to PS layerf2° Their results showed that after a certain time
of the highest for n-Si photoelectrochemical solar célSonse-  of immersion in different polymer-containing solutions, the hardness
quently, metal deposition on PS is a subject of interest. __and the thermal conductivity for the resulting structure were im-

Dry processes such as physical and chemical vapor dep(zs't'onproved without affecting the photoluminescence. For more details,
are widely used to deposit metals in the field of Si technology. e gifferent deposition methods, with special attention to the re-

However, it appears that such a process leads to poor penetration & jrements and specific drawbacks of each method, are reviewed in
metal inside the pores of the PS due to what is called pore moutrh recent report:

blockage. However, such blockage is not expected when applying * A anodic reaction occurring on the same substrate surface is

electrodeposition meth8d in solution. Under the electrochemical important for the immersion plating process to be completed. It is

reaction the charge carrie_rs are provided by the bulk silicon, an_d itis, ssumed that the anodic reaction accompanying metal ion reduction
expected that the deposition process can take place preferentially g, aqueous solution is the oxidation of Si in the presence of water

the pore bottom, as in the case of the formation of the PS layer. In . N .
addiFt)ion electroless platid§ and immersion plating as Wzt into Si0,.**??However, due to the lack of water, the oxidation of Si

methods, are expected to be quite effective to deposit various meto! .PS.iS not expected to occur as a counter reaction for metal depo-
! sition in nonaqueous solutions.

als. In both methods there is, in principle, no great problem of mass : -
transport inside the pores, which may limit the process. In recent Methanol (MeQH), a protic so_lv_ent as water, and acetonitrile
work, Belyakovet al1® reported that Ag metal could penetrate in- (MeCN), an aprotic solvent containing no oxygen atom, were used

side the PS layer during the deposition from solution. They also®S organic solvents in this study. The physicochemical properties of

observed that the structures obtained with chemically prepared met%t/ ater fand thtesle dsolvg?ts are d'féeré%mh?r%fof' ?rl]fferent Cond'.'
contacts show better photoelectric properties and more intense ele lons 1or metal deposition may be requiréd. Furtner, our previous

24 ; . . .
troluminescence compared to the structures with vacuum-evaporatefOrk  is the first report concerning metal deposition from nonaque
contacts. ous solutions.

In this study the immersion plating method is highly nominated, | W'th resly()ect tﬁlt':]e reaction mde?]hanlhsm durlng the |m|”é1ers!ohn
where no electrical contact is required as in the case of electroplat?!ating. Jesket al.= have proposed that the reaction proceeds wit
ing. The method has another virtue over electroless plating since ndli€ction current multiplication and hydrogen evolution is indispens-

catalyst is needed to deposit the metals of interest as the PS surfa@@!€ for deposition. In contrast to this model, chemical Rpocesses for
the deposition reaction have been proposed by Tsebal.”= How-

ever, the prior mechanism is put in question because the reaction
with electrons in the conduction band of a p-type silicon cannot

, Electrochemical Society Active Member. . . proceed without illumination and gas evolution was never observed
Present address: Canon, Incorporated, Eltran Business Center, Hiratsuka, Kana; ~. .
gawa 254-0013, Japan. during our experiments. On the other hand, the latter model does not
2 E-mail: farid@iae.kyoto-u.ac.jp give information either about the generation of nuclei at the initial
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stage of immersion or how the deposition proceeds after a prolongec LI S I B I B B T B N B N B B N B B
time of exposure. In this article, this information is identified and Ag(111)
thoroughly discussed.

This study reports on the immersion plating of met@g, Cu,
Ni) onto PS layers from aqueous and nonaqueous solutions, in orde - Ag(200)
to compare and realize the different deposition behaviors of eact €)]
metal and to investigate the effect of residual water in nonaqueous
solutions on the anodic counter reaction of the process. We did no
perform analysis to quantify the metal penetration into PS; therefore, Cu(111)
we do not discuss the pore filling in this study. Another objective of
this work is to clarify the detailed reaction mechanism during the g (b) Cu(200)
immersion plating event. In addition, the different deposition behav- &
iors of the PS layer and the Si wafer are also discussed.

Inte

Experimental

©

The Si(100)single crystals used in this study were p-type boron- e,
doped (10-20 2 cm in resistivity). The starting wafer€.6 mm
thick) were cut into 1.3 1.3 cm pieces. The PS layers were pre- d
pared by electrochemical anodization in a cell made of trifluoroeth- (d y
ylene resin utilizing a current density of 2 mA cffor 20 min. A
silicon wafer and a copper current collector were mounted at the IR I T T T T U N I O B A
bottom of the cell by using an O-ring that allowed 0.7852mﬁthe 30 35 40 45 50 55
Si crystal to be exposed to the homogeneously mixed electrolyte
composed of 20 wt % HR47 wt % HF:99.5 wt % ethanol
= 1:1.35 in weight). Prior to each experiment, the Si wafers were 26 (degrees)
rinsed in acetone and dipped for a few minutes in 5 wt % HF _ o ] s
solution to remove any native surface oxides. The PS thus prepareffigure 1. XRD patterns of PS after 1 min immersion &) 5 X 10 = M
was dried by blowing Ar gas onto it. PS layers about® thick ~ A9250:. (b) 10°° M CuCl, (¢) 10°° M NiCl,, and(d) untreated PS.
were produced having porosity in the range of 75-80%. Then PS
was immersed in the solution containing different metal ions at
room temperature. AgCIQ AgNO;, Ag,SO;, CuSQ, CuCl,

Cu(NG;)2, (CRSQ,),Cu, NiSQ,, and NiCh were used as metal  gq|ytions of NiC} or NiSQ,; there was no change either in XRD
salts. Purification of organic solvents, MeOH and MeCN, was per-pattern or in color. Copper was deposited during the immersion in
formed by drying over molecular sieves. The re_3|dualﬁ\$vater WasScycl, and CuSQ aqueous solutions, whereas deposition was not
measured by the conventional Karl Fischer titration metftathe detected from Cu(Ng), solution. Silver deposition resulted from

concentration of metal ions prepared was 20/, unless otherwise the immersion in AgSO,, AgClO;, and AgNG, solutions. Figure 1

specified. The preparation and experiments in nonagueous SOIU“O%OWS the XRD patterns of the PS samples after 1 min immersion in
were conducted in a glove box under Ar gas atmosphere. After the,. . . o .o
ifferent metal ion aqueous solutions. Dipping the PS in“101

immersion, the PS sample was rinsed in the pure solvent and drie%_ 1
by blowing Ar gas. P P iCl, leads to no change in the XRD pattern. However, the pattern

X-ray diffraction (XRD) patterns were measured with CtxK of PS aftvosr immersion in 1¢ M CuCl, exhibits two peaks at43.4
radiation(1.54 A) using a Rigaku RAD 2 C system with an attach- and 50.4°, corresponding to (u11) and C3:u(200), respectively. Fur-
ment for thin-film measurement. X-ray photoelectron spectroscopythermore, the sample exposed to510™> M Ag,SO, reveals two
(XPS) measurements were performed using a JPS-9010 MC, JEOLPeaks related to silver deposition. _ _
Fourier transform infrared spectroscofyTIR) spectra were taken The different deposition behaviors can be discussed according to
by means of a Nicolet Avatar 360. A Si wafer was used as a referthe different electrode potentials of each metal. Half-cell reactions
ence to remove S| bu|k absorption. The data were averaged over ngd electrode pOtentials in dif‘fel’ent SO|uti6‘?’i§9are Summarized in
times with a resolution of 4 cht. Table I. CIQ, is not concerned with the reaction since it is difficult

The rest potential of PS in contact with the solutions was mea-to be reduced, although it has the highest positive potential. Nickel
sured using Ag/AgCl as a reference electrode. A potentiostathas the most negative electrode potential and therefore the reduction
galvanostat, Princeton Applied Research model 273A, was usedf nickel ions on PS surfaces is not favored. Nickel cannot deposit
The ohmic contact on the rear side of the samples was made with agn the PS by immersion plating from its simple salts. On the con-
InGa eutectic alloy. The measurements were conducted in the darkrary, the potential of CUf/Cu couple is more positive than that of
Current-potential curves using a Si rotating disk electrdRIBE) in Ni?*/Ni and consequently, copper ions are more easily reduced to
pure organic solvents were measured using an automatic polariza=u metal. Cu deposits under simultaneous oxidation of PS as con-
tion system, Hokuto Denko HZ-3000. A three-electrode cell wasfirmed by FTIR measurementsliscussed later). Cu was not de-
used with an Ag/AgCl electrode as a reference and a Pt wire as &ected during the immersion in Cu(NJ aqueous solution although
counter electrode. The rotation rate was 2000 rpm and the scan ratie oxidation of PS occurred. Nitrate ion has more positive potential
was 2 mV s'. We used 0.1 M tetra-butylammonium perchlorate  than C&*. This means that NDion is thermodynamically easier to
as a supporting electrolyte during the rest potential and currentpe reduced than Gi. In addition, nitrate ion can oxidize silicon,

potential measurements. Scanning electron microsc§M),  resulting in absence of Cu deposition. The oxidation of Si in
JSM-5600 JEOL, was used to examine and characterize the MOI{F/HNQ, solution during PS formation by stain etching is well
phology of the specimens after the plating process. known3° The same surface oxidation was also observed when we

used NaNQ@ solution.
The deposition of Ag after dipping PS in aqueous solution of
Immersion plating of metals from aqueous solutienbletal Ag” is also related to the positive standard potential of Ag. The
deposition on PS was inspected by measuring the XRD patternpotential of Ag'/Ag couple is more positive than that of €UCu
Nickel deposition was not detected on the PS surface from aqueousouple. The difference has an influence on the metal deposition.

Results and Discussion
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Table I. Half-cell reactions and electrode potentials at 25°C in different solutions.

Electrode potentialV vs. SHEf

Half-cell reaction H,O MeOH MeCN
Ni?* + 260 — Ni -0.32 — -
C#"+2e — Cu 0.28 0.41 —0.34
Agt+e — Ag 0.68 0.75 0.11
NO; + 4H™ + 3¢ — NO + 2H,0 0.40 — —
ClO; + 2H* + 260 — CIO; + H,0 0.78 — _

The potential is referred to a standard hydrogen elect(S#)in an aqueous solution. In all solutions, pH is set equal to 7 and the activitie$ of Ni
Cuw*, Ag*, NO; , NO, CIQ; , and CIG are set equal to 1G.
b References 26-29.

Unlike Cu, Ag was deposited from AgNGsolution because Ag trolyte. We measured the rest potential of PS in~4MM
has more positive potential than yQon. AgCIO,-MeOH and MeCN solutions. The Ag/AgCl reference elec-
The behavior of PS during the immersion in agueous solutions istrode was connected to the electrolyte by means of a saturated
classified into two categories on the basis of XRD and FTIR results:KNO-agar salt bridge made of a polyethylene tube. The measure-
(i) no change andii) silicon oxidation to SiQ. The classification =~ ments were reproducible within a few millivolts. The result is shown
of all samples is summarized in Table Il. It is worth noting that the in Table Ill. The rest potential of PS in the MeOH solution, from
oxidation of silicon to Si@ is indispensable to the metal deposition. Which Ag was deposited, stays at less nolofere negativeyalue,
while the value in the MeCN solution shifts to noble directitess
Metal deposition from nonaqueous solutions and structural negative), indicating the unfavorable Ag deposition. The result of
changes.—All the preparations and plating experiments reported irtest potential is dependent on the electrolyte composition and the
this section were conducted in a glove box under Ar gas atmospheresurface site reactivity of the electrode material. We used PS samples
We investigated the influence of anhydrous NjS&hd NiCl, dis- prepared under the same conditions and the same metal ion concen-
solved in purified MeOH and MeCN solutions on PS substrates. Wetration; hence, the different rest potentials are mainly related to the
utilized 102 M metal ion concentration. XPS measurements re- solvent. The potential shift in the case of MeCN solution may be due
vealed that Ni was not detected in all solutions after the immersionto a complex formation with Ag ions. It should be noted that
process. This behavior can also be attributed to the more cathodieCN forms a stable complex with Atgions.zs
redox potential of Ni in these solutions, as mentioned in the previous  cusq, and CuC} solutions of MeOH and MeCN were prepared.
section. , . Since CuSQ is sparingly soluble in these solvents, we prepared a
Deposition of Ag onto I_DS was inspected by measuring XPS and.gncentration of 3x 103 M in MeOH and 2% 1074 M in
also visually. Ag deposition was commenced immediately from MeCN solution. We prepared 18 M CuCl, solutions. Cu metal

MeOH solution, as evident from a metallic silver appearing on the . . .
PS surface. On the contrary, no metal was obserr\)/[t)ad fro?n MeCN"aS deposited from CugEMeOH solutions while only a trace of

solution. Figure 2 shows the Ag 3gand Si 2p XPS spectra of PS gu ;vas ob;eé\_/zd ggg Cug-ilt\/IeOfHPséo_lutlons. ':j'gurti 3 shows the
after 10 min immersion in 1 M AgClO,-MeOH and MeCN so- U 2pyp aNA SI 2p spectra o immersed in these G

lutions. The charge correction was made by setting the binding enCUCk-MeOH solutions for 10 min. A sharp peak at 932.4 eV cor-
ergy of C 1s to 284.5 eV as an energy reference. These spectra shdgSPonding to Cu deposition from Cus®eOH solution was de-
that the Ag metal-related peak appears at 368.5 eV from MeoHtected while only a small peak from CuyGhas observed. This trace
solution, whereas no signal is detected in the case of the MeCN

solution. The reduction of Agions was accompanied by the oxi-

dation of PS: two peaks were detected at 99.4 and 103.0 eV, whiclf T T T ¥ T | L L B R L L
can be assigned to Si(@nd SiQ, respectively* This behavior is Sizp SiO;
due to the different electrode potentials of Ag in both solutions. The 500cps
electrode potential in MeOH solution is more positive than that in
MeCN solution by more than 0.5 Y&ee Table I). i
The measurement of rest potential is quite interesting becaus Si
this parameter is characteristic of the anodic and cathodic reaction
taking place on the Si surface. The rest potential is the potential tha (@)
PS substrate spontaneously attains when it is immersed in the eleq
Table Il. Summary of the results of immersion plating on PS
from aqueous solution. PS was immersed in I# M solution for (b)
10 min.
(b)
Solute Deposited metal Silicon oxide
NiSO, None None s | L 1 A I} | I S B
NiCl, None None 370 368 366 105 100
cusqQ, Cu Sio,
cuCl, Cu Sio, Binding Energy (eV) Binding Energy (eV)
Cu(NGy), None Sio,
AgNO; Ag Sio, Figure 2. Ag 3ds,, and Si 2p XPS spectra of PS after 10 min immersion in
AgCIlO, Ag Sio, 102 M AgClO, of (a) MeOH and(b) MeCN solutions.
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Table Ill. Rest potentials (V vs.Ag/AgCl) of PS immersed in 0.01 LI I I I L
M of (CF3S0;),Cu and AgCIO, in MeOH and MeCN solutions? 41 N

Organic solvent System Rest potential, V Deposited metal

MeOH Cu -0.20 Yes
MeCN Cu +0.34 No
MeOH Ag —0.62 Yes
MeCN Ag -0.10 No

#0.1 M tetra-rbutylammonium perchlorate was added as a supporting
electrolyte.

Current density (mA/cm?)

amount of Cu deposition is attributed to the inhibition of Cu depo-

sition by CI” ions. Tsuboiet al!* have investigated that Cu deposi-

tion from its halide aqueous solution was inhibited as the concen-

tration of halide ions increased. They attributed the inhibition to the LT e ————_—

reversible contact adsorption of halogen ions on the PS surface. W -15 -10 -05 00 05 10 15

have investigated in detail the effect of Clons on Cu deposition

onto PS from a methanol solutidAand we attributed this inhibition Potential (V vs. AG/AGC))

to the stabilization of Ci) species in this solution. From the XPS

measurements it is also revealed that the deposition of Cu was ageigure 4. Current density-potential curves of Si RDE (&) pure MeOH

companied by the oxidation of Si. The oxidation of Si was also (——) and (b) pure MeCN (- - - -) containing 0.1 M tetra-

confirmed by measuring FTIR spectra, as explained latter. n-butylammonium perchlorate as a supporting electrolyte. The rotation rate
On the contrary, no Cu was detected from MeCN solution con-and scan rate were 2000 rpm and 2 mVA,srespectively. The scans were

taining either CuS® or CuCl. Since we could not prepare the started at the OCP.

102 M CuSQ, in organic solutions and CuCkeems to inhibit the

deposition, we used trifluoromethanesulfonic acid cofipesalt,

(CR:S0;),Cu, to prepare other solutions. The concentration of Cupared with that in MeOH solutior(see Table Imight be related to

ions was 102 M. We carried out the immersion plating process the absence of Cu deposition from MeCN solution.

under the same experimental conditions. Copper deposition was in- In addition to the two factors mentionécest potential of PS and

spected by XPS, XRD, and visually. Copper was found to depositredox couple of each mejahat affect and determine the deposition

from MeOH solution, whereas no metal was observed from MeCNbehavior in organic solvents, one should not neglect the influence of

solution. We also measured the rest potential of PS in these soluthe different physicochemical properties of both solvents. As men-

tions. The results, given in Table IIl, show that the rest potential oftioned earlier, MeOH is classified as a protic solvent, whereas

PS in MeOH solution containing €l ions stays at less noble po- MeCN is aprotic, containing no oxygen atom. MeOH has a greater

tential, (—0.2 V vs. Ag/AgCl), indicating the possibility of Cu  Gutmann’s donor number than MeCN20.0 and 14.1,

deposition, while the value in MeCN solution shifts to the noble respectivelyj®* i.e., MeOH has a higher donor abilitpasicity). As

direction, (+0.34 V), explaining the inhibition of metal deposition. & consequence, the solvation power of MeOH toward ions is greater

It is most plausible that the observed potential shift stems from athan MeCN and it is quite similar to watéMeOH molecules can

complex formation with Cu ions. It is also reported that MeCN donate one and accept two hydrogen bontisview of these facts,

forms a stable complex with Q1 ions? In addition, the negative it is expected that the solvation states of metal i@ or Ag)in the

value of the potential of Cii/Cu couple in MeCN solution com- WO solvents are not similar and consequently, this may also have an
effect on the deposition behavior.

It is also of interest to note that Cu was found to deposit much

T faster on the PS from MeOH solution than aqueous solution. The
Cu2 I Si 2p amount of deposited Cu from both solutions for the same Cu ion
uZps; concentration and immersion time was estimated by inductively

1keps coupled argon plasma emission spectroscdfy) technique. The
potential of Cd"*/Cu couple in MeOH solution is more positive than
that in aqueous solution. This means that Cu ions are more easily
reduced in MeOH than in aqueous solution thermodynamically.
The average level of residual water was 30 ppm in Cusad
(CR;S0;),Cu-MeOH solutions, while it was around 50 ppm in
CuClL-MeOH solution according to Karl Fischer titration. The con-
centration of 50 ppm water content corresponds to about 2
X 1072 M and hence, the water concentration in the organic solu-
tions cannot be neglected. We applied vacuum distillation to im-
prove the residual water content after drying over molecular sieves.
However, further reduction of water content was not attained.
Current-potential curves using a Si RDE were measured to investi-
gate the electrochemical behavior of pure MeOH and MeCN sol-

105 100 vents. We used 0.1 M tetradputylammonium perchlorate as a sup-
porting electrolyte during the measurements. The result is depicted
Binding Energy (eV) Binding Energy (eV) in Fig. 4. It reveals that both solvents exhibit a wide potential win-

dow during the measurements. The oxidation of MeOH starts at
Figure 3. Cu 2py, and Si 2p XPS spectra of PS immersed (&) 3 potentials higher thant+0.3 V vs. Ag/AgCI. A similar oxidation
X 10°% M CuSQ, and(b) 102 M CuCl,-MeOH solutions for 10 min. potential of MeOH was reported in aqueous solufibthe rest

Downloaded on 2014-05-07 to IP 169.230.58.199 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

C460 Journal of The Electrochemical Society49 (9) C456-C463(2002)

—r Tt L ing appeared in both solutions. No absorption at 2190-22501cm
assigned to (BiH,, is observed. The absorption intensities related
@) 0.1 Abs 0.1 Abs to SiH,, namely, at 630-680 cnt, are decreased. The disappear-

ance of the absorption at 2090-2150 drrassigned to Sidafter
the immersion in CuS@MeOH and aqueous solutions is also ob-

served. However, the same absorption band is slightly decreased
after the immersion in CugiMeOH solution. It is also of interest to
note that the different SiO—Si peak intensities, Fig. 5a and c,
(b) indicate that in CuGFMeOH solution PS is more slowly oxidized
compared to CuSPMeOH solution, and this result corresponds
© We!l to the result obtained by XPS mea_ls_ure_me(rstse Fig. 3)in
~/\/\/~\ which only small peak-related Cu deposition is detected due to the

Absorbance

5

inhibition by CI” ions. Furthermore, the appearance of an absorption
peak at 1100 cm® for all the samples immersed in aqueous and
nonaqueous solutions of Cu ions demonstrates that the oxidation of
PS accompanies the deposition of Cu metal from the solutions.

@

Mechanism of metal deposition onto PS surfaeln order to
clarify the reaction mechanism of metal deposition onto the PS sur-
face, a series of SEM images of Cu deposition from 0.01 M
PR I ' [ I Er— (CF;S0;),Cu-MeOH solutions was examined at different immer-
2200 2100 1200 1000 800 600 sion times. The SEM images obtained are shown in Fig. 6. At the
early stage of immersion, after 5 s, many Cu particles in the order of
120-180 nm diam were detected on the surface of PS, Fig. 6a. A
prolonged immersion for 30 s produced a size increase of the Cu
crystals, in the range of 500 nm, as clearly observed in Fig. 6b.
Further morphological investigation revealed that the Cu nuclei in-
crease rapidly both in number and size as the deposition time pro-
ceeds. After 5 min immersion in the same solution, the PS surface is
almost completely covered by Cu metal, as clearly seen in the SEM
. . ) image of Fig. 6c¢.
potential of PS in MeOHs. solution, where Cu and Ag were de- Copper ions are able to withdraw electrons from the PS sub-
posited, is—0.2 and—0.62 V (Ag/AgCI), respectively, as shown in  strate, and thus deposition occurs. Here we consider that the reduc-
Table lll. These results suggest that MeOH is a stable solvent and i§on of Ci2* proceeds through the galvanic displacement of PS in
not expected to be involved in the reaction where the reduction ofy,q plating bath. In other words, €U gains electrons released by
metal ions occurs. Furthermore, the immersion of PS in all MeCNye gjectrochemical oxidation of PS to be reduced and deposit on the

solutions containing metal ions, in which the water content Wasg tace A similar reductive deposition of Cu and Ag on PS from
21-26 ppm, led to oxidation of Si, although the solvent does ”°taqueous solutions has been repoftetf.

contain oxygen atomssee Fig. 2, for exampleAccordingly, we The oxidation of PS and the reduction of metal ions were found

concluded that the trace of residual water in the organic solutions[0 occur simultaneously and can be explained by the following
strongly affects the deposition process. coupled redox reacti&ﬁ*glz

Wavenumber (cm'l)

Figure 5. Transmission FTIR spectra of PS after 10 min immersiofian
3 X 10° M CuSQ,-MeOH solution, (b) 102 M CuSQ,-aqueous solu-
tion, (c) 1072 M CuCl,-MeOH solution, andd) freshly prepared PS.

Changes in FTIR spectra after immersion platirgrhe trans- L
mission mode of FTIR spectra can provide sensitive information©Xidation
concerning the surface species. However, in order for this technique Si+ 2H,0 — SIO, + 4H* + 4e [1a]
to work well, many surface sites must be available. PS layers satisfy
this condition due to the very large surface area, and that is why the, g
structure of the PS surface has been extensively investigated by

transmission FTIR spectroscopy® The spectra were measured on SiH, + 2H,0 — SiO, + (4 + X)H" + (4 + x)e”  [1b]
freshly prepared samples to investigate the structure changes after
immersion in different solutions. Reduction

Figure 5 shows the spectra of an as-prepared PS layer and
PS immersed in CuS@MeOH and aqueous solutions and
CuChL-MeOH solution for 10 min. FTIR spectra of PS and its oxi-
dized state have been investigated and the band assignments ha¥
been proposetf*! As-formed (fresh) PS displays bands associated AgT + e — Ag [2b]
with surface hydrides: the spectra show distinctive triplets at
2090-2150 cm', a sharp absorption at 910 ¢ and strong ab-  The oxidation of PS was confirmed by FTIR spectra, and in all cases
sorption at 630-680 cnt, Fig. 5d. This absorption is due to SiH  the form of silicon oxide is Sig, as revealed by XPS measurements
species. Absence of the absorption at 1100 tdue to Si—O—Si (peak at about 103 eV in Fig. 3 and.4he formation of a SiQ
stretching demonstrates that the oxidation does not proceed for thRiyer was also reported as the product of Cu deposition on Si from
freshly prepared sample; the spectra was measured soon after the Rgjutions containing G as traces of impurit§>4¢
formation. Further, absorption at 810 cthcorresponding to SisF On the basis of the morphological analysis obtained by SEM and
stretching does not appear, indicating that the PS layer contains nghe information received from XPS and FTIR, it is revealed that the
fluorine. This result is in good agreement with the result obtained byoxidation of PS and the deposition of Cu occur from the very be-
sputter depth profile measuremeftts. ginning of immersion. The detailed mechanism of metal deposition

A marked change in the spectra is observed for the PS immerse@Cu or Ag)is illustrated in Fig. 7. The metal deposition is suggested
in agueous and nonaqueous solutions containing” CAn absorp-  to initiate from a finite number of nucleation sites which is depen-
tion extending from 1000 to 1200 crh due to Si—O—Si stretch- dent on the properties of PS surface and the plating bath constitu-

CP" + 2e — Cu [2a]
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Figure 6. Plan-view SEM images of PS layers after immersion in 0.01 M
(CF;S0;),Cu-MeOH solutions for different period$a) 5 s, (b)30 s, and
(c) 5 min immersion.

ents. The generation of nuclei is observed at the early stage of imunderneath act as local anodes from which the electrons are supplied
mersion(step 2 and 3). As the exposure time proceeds, the electronto the metal ions through the deposited metal or intergrain bound-
released by the anodic oxidation of PS are supplied to the metal ionaries. Based on these observations, the deposition process proceeds
through the deposited metal, resulting in the growth of crys&iep by nucleation and growth via the local cell mechanism.
4). Consequently, the immersion plating process proceeds by a . . -
nucleation and growth mechanism. Comparison of metal deposition on silicon wafer and PS
The thickness of the deposited Cu layer on PS was estimategurfaces.—To investigate the possibility of metal deposition onto
according to the following formula p-type Si(100)wafers, immersion plating under the same experi-
mental conditions was carried out in nonaqueous solutions. Metal
t=m/(aXxd) (3] plating inspected by the naked eye revealed no deposition. However,
XPS measurements revealed that a minute amount of Cu and Ag
wherem is the mass of deposited Cu as measured by ¢CB,the was adhered on the Si surface from MeOH solution accompanied by
geometrical surface area of the PS, ahis the density of bulk Cu  oxidation of silicon. A similar cementation process was also reported
metal. The estimated thickness after 5 min immersion was found ten c¢-Si in aqueous solutidH.
be 0.38um. The interesting question is now to understand how this  In order to demonstrate the different deposition behaviors, Fig. 8
thick Cu layer is formed after 5 min immersion. This result cannot shows plan-view SEM micrographs of 2 min Ag deposition from
be explained by the general corrosion-type mechanism, since th8.01 M AgClO,-MeOH solution on bare Si and PS surfaces. As seen
deposition reaction is inhibited and ceased after a short time ofin Fig. 8a, Ag crystals, 100-180 nm diam, are deposited on the Si
immersion, when the PS surface is no longer in contact with thewafer surface in the form of island-like structures. However, in Fig.
solution. Therefore, we suggest that the immersion plating proces8b it is apparent that the density of Ag nuclei considerably increased
should proceed via the local cell type scheme rather than the generdoth in number and size when the substrate is PS. These results
corrosion type at this stage, although both the mechanisms may bshow that much more metal plating occurs on the porous surface
possible at the early nucleation and growth stages. The depositedompared to that on the Si wafer. In other words, metal deposition
nuclei act as local cathodes for further crystal growth. On prolongedproceeds very differently on bare Si and PS surfaces.
immersion the coalescence of the nuclei occurs and hence, the ex- Metal deposition by immersion plating takes place at the open-
posed area of the PS substrate is reduced. Then the unoxidized R$cuit potential(OCP, no currentpf the substrate upon dipping in
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Figure 7. Schematic representation of the mechanism of metal deposition s
onto PS substrate during the immersion plating.

the plating bath. Since the rest potential is dependent on the electrd=igure 8. Plan-view SEM micrographs of Ag deposits after 2 min immer-
lyte composition and the surface reactivity of the electrode material Sion in 0.01 M AgCIQ-MeOH solutions on aifa, top)p-Si(100)wafer and
the measurements of the rest potential may provide good informalP. bottom)a PS substrate prepared on the same wafer type. The deposition
tion concerning the different deposition behaviors between PS and@s carried out under identical experimental conditions.
Si electrodes. We measured the rest potential of both substrates im-
mersed in 0.01 M (Cf50;),Cu and 0.01 M AgCI@Q-MeOH solu- ) 4950 )
tions. The results are shown in Table IV. An inspection of the dataind PS formatior®*® (v) Quantum confinement caused by the
shows that the rest potential of PS in both solutions has a mord@nometer-size structure in PS. _ )
negative valudless noble potentiaompared to that of Si wafers.  Since we treated the Si wafers with 5% HF solution prior to the
Less noble potential obtained for the PS indicates the promotion ofMMersion plating, the wafer surface is also terminated by hydrogen
the anodic reaction.e., the oxidation of PS. Historically, it has been atoms. We expect no significant difference in the states of silicon
noted since its discovery that PS layers are significantly morehydrides between the two surfaces and consequently, this cannot be
chemically reactive than bulk Si. Upon exposure to hot wet air or the direct reason for the rest potential shift. Our research gfoup
metal ion solutions, the freshly prepared PS samples are oxidize@nd other®>*have observed no major difference in metal deposi-
rapidly. The speed and extent toward oxidation is much higher com-
pared to Si wafers.

According to these observations, the question arises as to under- tapje |V, Rest potentials (V vs.Ag/AgCl) of PS and Si wafer in
stand the difference in rest potential values and why metal deposi- .01 M of (CF,S0;),Cu and AgCIO,-MeOH solutions?
tion is faster on PS than on Si surfaces under the same conditions.
The different behaviors in the deposition between PS and Si wafers Metal ion solution Substrate Rest potential, V
is unclear. A detailed interpretation of the observed results is diffi-

cult; however, some distinguishable points between the two surfaces U ion solution F;IS —0.20
can be outlined as followsi) PS differs from Si wafers by its high Ag ion solution ps :g-éé
porosity (in this work 75-80%). (i) The specific surface area of PS Si _0'02

is known to be very large; of the order of 200%wm?.8 (iii) The

presence of a great amount of silicon hydrides on PS surfack. (0.1 M tetra-rbutylammonium perchlorate was added as a supporting
The depression of dopant; the dopant dissolves in HF solution dur- electrolyte.
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tion when they used different types of dopant, and hence, the de-
pression of dopant during the formation of PS in HF solution does
not affect the deposition behavior. Thus, it is doubtful whether point 5
(iii) or (iv) can interpret the results. 3.
Based on this explanation, we tentatively attribute this difference
to the different surfaces. The vast internal surface area of PS com-g'
pared to that of Si wafer would increase the metal deposition reac-¢
tion. Furthermore, the promotion of metal ion reduction usually oc- 7.
curs at defects on the surface, such as scratches or contamination
area®>>3 or at the more chemically active sites, such as kinks and g'
steps®® Thus, the presence of pores may provide sufficient increasg
of metal deposition to the porous layer. Therefore, the difference in11.
the deposition behavior is likely related to the different morpholo-
gies between the two surfaces. The different morphology affects thé?:
rest potential value and the potential directs the plating process; s
Much more effort is needed in this area before detailed understandss.
ing can be obtained. 15.

16.
17.
Metal deposition onto PS by immersion plating from aqueous

and nonaqueous solutions was investigated. Ag was deposited frors.
all the aqueous solutions containing Agvhile Cu deposition de- 19
pends upon the type of salt used: CuSieposits Cu, CuGlinhibits
deposition, whereas no Cu was detected from Cu{N@queous
solution. In nonaqueous solutions, Ag and Cu were deposited fron?!-
the MeOH solution containing metal ions. On the contrary, no metal
was detected from the MeCN solution of either Agr C/#". The
inhibition effect of CuC} was also found in nonaqueous solution. Ni 24.
could not be deposited onto PS from its simple salts in neither aque-
ous nor nonaqueous solutions. The oxidation of PS occurs simulta="
neously with the deposition of metal. The different deposition be- 26.
haviors are attributed to the different redox couples of each metal in
solution. It is also related to the different rest potentials of PS in?27-
these solutions. The rest potential of PS in MeOH solution contain-,g’
ing Ag" or CU#" ions stays at less noble value, indicating the pos-
sibility of metal deposition, while the value in MeCN solution is the 30.
most positive, explaining the unfavorable metal deposition. Based!-
on these results, we concluded that solution chemistry of metal ions
determines the rest potential of PS and the rest potential directsy.
metal deposition. Besides, a trace of residual water was found t@3.
affect the immersion plating behavior in nonaqueous solutions. 34

We have discussed the reaction mechanism for immersion plats.
ing. Metal is deposited on the PS by electrochemical displacemengg
deposition. The oxidation of PS occurs simultaneously with the37.
metal deposition. The whole deposition process proceeds by nucle-
ation and growth. At prolonged immersion time, the growth pro-
ceeds via the local cell mechanism rather than the general corrosiogy
type. 40.

We have also observed that metal plating occurs at a much higher
rate on the porous surface compared to that on the Si wafer. Furthefl:
the changes produced during the formation of PS lead to a shift in,
the rest potential of PS toward less noble direction. This potentialas.
shift indicates the promotion of anodic reaction and consequently,
the metal ion reduction is enhanced. The difference in depositiorf4:
behavior between PS and bare Si is likely related to the different,g
morphologies of both surfaces. Much further work is needed in thisse.
area for complete understanding.

Conclusions

20.

23.
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