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Abstract

By means of electroless copper deposition method a complex image has been fabricated in a mix-
ture of cupric sulphate and formaldehyde, the surface and subsurface properties of which has
been studied in detail by X-ray photoelectron spectroscopy (XPS) combined with sputter depth
profiling technique analyzing distribution and chemical state of copper and silver. Depth profiling
by XPS in conjunction with Ar+ sputtering shows that the catalytic activity of silver persists, cata-
lyzing reduction of copper. The integral areas of spectra Ag3d after electroless copper deposition
for 5 min at different sputtering times demonstrate that the amount of silver at the surface is
greater than that in the interior. And then, the quite likely reasonable explanations are provided
for the result. Additionally, the chemical shift of Ag3d XPS and deconvolution of Ag3d XPS spec-
trum have been also analyzed respectively at length.

Keywords

Electrochemistry, Electroless Copper Deposition, Imaging Agents

1. Introduction

The development of the technology of ultrafine printed wires is closely related to the design and the production
of sophisticate electronic devices [1]-[3]. In comparison with those methods, such as plasma vapor deposition,
chemical vapor deposition and electroplating technology, electroless plating not only is a simple and convenient
method particularly with respect to its cost performance and very simple equipment, but also has the following
superiorities: 1) a layer of conductive material can be deposited directly onto the dielectric substrate without an
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electric source; 2) any surface including 3-D and internal structures with complicated shape can be uniformly
metallized by electroless deposition [4]-[6]. Therefore, electroless metal deposition has played an important role
in the fabrication of very large-scale integrated circuits and ultra large scale integrated circuits [7]. The flow-
chart of integrated circuits fabricated by electroless deposition method is showed in Scheme 1. Moreover, elec-
troless copper deposition has become an important research field and been widely applied because of low bulk
electrical resistivity (1.67 uQcm) and the high resistance to electromigration of copper [8] [9].

A silver image obtained when a silver halide photographic material is exposed and processed can be used un-
der certain conditions to catalyze a redox reaction depositing another metal, for example, copper onto the silver
image. The process not only is equivalent to the widely used electroless metal deposition method, but also has a
close relation with the photographic process. In a modern photographic process, coordination compounds are
doped in silver halide microcrystals to produce shallow electron trap centers in order to greatly improve the sen-
sitivity of the photographic emulsion [10] [11]. Shallow electron trap centers are believed to play an important
role in the formation of the latent image in the silver halides grains when they are exposed. In general, shallow
electron trap centers in silver halides can act as a temporary storage for a portion of photogenerated electrons in
the interior of the microcrystals, resulting in reducing the recombination of electrons with holes. Thereby those
shallow centers trapped electrons may migrate to the latent image centers at an opportune moment and increase
the formation efficiency of the latent image in the photographic process.

The image silver formed by conventional development has no catalytic activity on electroless copper deposi-
tion because of the actions of Na3S,05in fix solution. It must be activated by rehalogenating the image silver to
silver bromide. The silver bromide in turn is reduced to silver during the electroless copper deposition. The
newly formed silver is catalytic and can act as the active center to catalyze electroless copper deposition. Copper
deposits in the pattern of the original silver image. In comparison with other deposition methods, this new tech-
nique has matchless superiority in clarity, contrast and resolution of the image system.

The activation reaction is:

Ag +CuBr, — AgBr +CuBr
The reactions of electroless copper deposition are:
Ag"+e — Ag
Cu* +2e - Cu

X-ray photoelectron spectroscopy (XPS) has been used extensively over the past ten years in many areas of
surface and materials. One of the major advantages of XPS is its ability to provide consistent chemical informa-
tion. XPS combination with sputter depth profiling technique also provides a detailed knowledge of the spatial
distribution of specific elements and the changes of the chemical information in both the surface and the subsur-
face. In this study, the distribution and chemical state of copper and silver within the final image are studied by
alternative Ar* sputtering and electron spectroscopy for chemical analysis (ESCA).

2. Experimental and Methods

The tabular grain silver halide emulsions, prepared by means of equilibrium double-jet methods, are used as the
light-sensitive material to be coated onto a substrate. The samples are divided into two groups. One group
(Sample A) is without shallow electron trap dopants, and another one (Sample B) is doped with shallow electron
trap dopants (KsFe(CN)g) during the manufacture of emulsions. After uniform exposure (daylight, 0.05 sec),
both groups of samples are developed in D-19 (20°C, 5 min) and fixed in F-6 (20°C, 10 min). After fixation the
samples were washed thoroughly in running water to ensure that there was no residual Na,S,0zand hence no S
in the emulsion layers. Followed activation the samples are developed in an electroless copper deposition solu-
tion, which contains mainly cupric sulphate and formaldehyde (pH = 13.0). The formulas of activating solution
and electroless copper deposition solution are shown in Table 1.

To obtain information on depth distribution of copper and silver, the Ar* sputtering and ESCA analysis are
performed alternately at the same position in the image area by an XPS, Perkin-EImer Model PHI-550 (Norwalk,
CT). The pressure in the ultrahigh vacuum chamber of the spectrometer is 666.6610 *° Pa. The Mg Ko with
photon energy hv=1253.6 eV is used as a radiation source. All binding energies are referenced to a C1s neutral
carbon peak at 284.6 eV. The characteristic peaks of Ag3d3/2 (367.9 eV) and Cu2p3/2 (932.4 eV) are used in
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Scheme 1. The fabrication of integrated circuits via electroless copper deposition.

Table 1. Experimental formula.

Items Ingredients Concentrations

o . Cupric bromide 25.0g-L*

Activating solution . . o
Potassium bromide 10.0gL

Cupric sulfate(pentahydrate) 259L*

. i Sodium ethylenediaminetetraacetate 47 9L

The eletroless copper deposition solution . . o

Sodiumhygroxide 209-L
Formaldehyde solution (28%) 26 ml-L™

silver and copper analysis respectively.

3. Results and Discussion
3.1. Depth Profiling by XPS Combined with Ar+ Sputtering

Sputter depth-profiling technique (such as Ar* etching in situ) in combination with X-ray photoelectron spec-
troscopy will be used to understand the surface and the subsurface properties of a complex image formed during
electroless copper deposition. The depth profiles for the sample A and B treated with activating solution for 10
min, followed by electroless copper deposition for 5 min, respectively are shown in Figure 1(A) and Figure 1(B).
Figure 1 indicates that silver initially formed is not completely covered by copper formed by the catalysis of
newly formed silver and copper. The catalytic activity of silver persists, catalyzing further reduction of copper.
The integral areas of spectra Ag3d at different sputtering times indicate that the amount of silver at the surface is
greater than that in the interior. Maybe this can be explained as following: 1) The sizes of the silver atom and the
copper atom are not matched, and the stress in the crystal lattice caused by the deposit of copper forces silver
atoms to diffuse to the image surface. 2) The specific surface free energy of silver (I’ag = 1.53 x 10 Jem?) is
less than that of copper (I'cy = 1.67 x 10™* J-cm™), and when the two metals coexist, the metal having
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Figure 1. Cu2p and Ag3d XPS with Ar® sputtering. Panel A:
sample A; Panel B: sample B. Ar* sputtering time: a. 0 (surface);
b. 5 min; c. 15 min; d. 25 min; e. 35 min.

the lower specific surface energy is concentrated at the surface more readily. 3) Perhaps the Ag™ is complexed
by EDTA and is then deposited by reduction.

Copper at the surface may be oxidized to a certain degree. With increase of the time of electroless copper
deposition the amount of copper deposited at the surface increases, and more copper is oxidized. Curve a, the
XPS spectra at the surface, in Figure 1(A) and Figure 1(B), respectively show a typical CuO 2p XPS spectrum
(the binding energy of CuO is 933.6 eV) [12].

If electroless copper deposition continues long enough, a bright and electrically conductive copper film can be
formed. XPS investigation of the sample shows that there is no silver at the bright surface, but after 60 min Ar*
sputtering, both silver and copper are found, as shown in Figure 2, indicating that although silver atoms tend to
diffuse to the image surface, they are eventually covered by closely packed copper atoms. The continuation of
electroless copper deposition after complete covering means that from then on the deposition is an autocatalytic
one [13] [14]. The longer the deposition goes, the thicker the pure copper layer becomes.

3.2. Chemical Shift

Figure 1(A), Figure 1(B) and Figure 2 show that all XPS spectra in the image exhibit a significant chemical
shift to lower value for Ag3d, whereas no such shift is found for Cu2p, because the surface XPS data show the
information of CuO instead of Cu. The data are listed in Table 2. As the atomic combination state and the
chemical circumstances around the atoms are changed, the accurate value of binding energy for the internal en-
ergy level may vary. The chemical shift of silver obtained from electroless copper deposition indicates that elec-
tron clouds of 5s orbital of the outmost shell of the silver atoms partly overlap with each other, forming metal
bonds, and hence silver clusters Ag,, with a number of silver atoms are formed. However, the position of Ag,
peak may vary because at different positions and depths the number of silver in the cluster may different. In the
silver cluster the partly overlapped 5s electron clouds are shared by all silver atoms, decreasing the shield effect
for the electrons at the internal shells (3d) and causing the shift of the binding energy of 3d orbital to a lower
value. The data listed in Table 2 state that under the same conditions (for example, at the same sputtering depth),
the Ag3d chemical shift of the sample A (without shallow electron trap dopants) is more than the one of the
sample B (doped with shallow electron trap dopants). These results also indicate that the rate of copper deposi-
tion for sample B is faster than for sample A under the same conditions of electroless deposition. Because with
increase of the amount of copper deposition the relative amount of silver decreases, and at the same time the
diffusion of silver atoms to the surface forced by crystal lattice stress, decreases the number of silver atoms in
the silver cluster. Therefore the number of atoms whose 5s orbital electron clouds are partly overlapped
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Figure 2. Cu2p and Ag3d XPS for sample with bright copper. Curve a. sur-
face; Curve b. 60 min Ar* sputtering.

Table 2. The chemical shift of Ag3d XPS.

Chemical shift to lower value (eV)

Sputtering Time (min)

Sample A Sample B
0 (surface) 0 0
5 1.6 0.7
15 1.6 0.7
25 1.6 0.6
35 15 0.6

decreases, as does the shield effect for the internal electrons, so that the chemical shift becomes less.

3.3. Deconvolution of Ag3d XPS Spectrum

With the aid of a computer the experimental XPS spectrum of Ag3d (sample A after 5 min sputtering) is decon-
voluted [15]. The results shown in Figure 3, where the solid curve represents the experimental XPS spectrum
and the dotted curves represent the spectra after the computer deconvolution, indicate that the experimental XPS
spectrum consists of two spectra, one for Ag and the other for Ag,. The result predicts that there must be two
chemical states of silver in the image: monoatomic silver and polyatomic silver, as summarized in Table 3. The
integral areas shown in Table 3 are the areas under the spectral curves of monoatomic silver and polyatomic
silver respectively. The ratio of the two areas is equal to the mol ratio of atoms existing in two different chemi-
cal states, Ag/Agn = 0.55. Because of the existence of monoatomic silver the crystal lattice stress owing to the
deposition of copper can easily force silver atoms to diffuse from the interior to the surface. The data listed in
Table 2 indicate that there is no chemical shift of Ag3d at surface, proving that silver at the image surface is in
only a monoatomic state.

4. Conclusions

In summary, by analyzing the surface and the subsurface properties of a complex image formed during the elec-
troless copper deposition by means of X-ray photoelectron spectroscopy combined with sputter depth profiling
technique can draw the following conclusions:

1) Silver initially formed is not completely covered by copper formed by the catalysis of newly formed silver
and copper by electroless copper deposition, which is an autocatalytic one after copper atoms completely cover-
ing silver atoms, subsequently shaping the increasingly thick copper layer until depletion of any active constitu-
ents in the plating baths.

2) The typical CuO2p XPS spectrums demonstrating copper at the surface may be oxidized to a certain degree.
With increase of the time of electroless copper deposition the amount of copper deposited at the surface in-
creases, and more copper is oxidized.

3) The chemical shift of Ag3d XPS proves electron clouds of 5s orbital of the outmost shell of the silver at-
oms partly overlaps with each other, forming metal bonds, and hence silver clusters Ag,. These chemical shifts
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Figure 3. The XPS spectra of Ag3d for sample A (after 5 min
sputtering). Solid curve: experimental spectra; dotted curve: de-
convoluted spectra; The chemical states: a. Ag; b. Ag,.

Table 3. The chemical states of silver.

Binding energy (eV) Integral area

Chemical states

Ag3da/2 Ag3ds/2
Ag 367.7 3737 4944
Agn 366.5 3725 9008

also show that the rate of copper deposition for sample B is faster than that for sample A under the same condi-

tions of electroless deposition.
4) Deconvolution of Ag3d XPS spectrum predicts that there must be two chemical states of silver in the im-

age: monoatomic silver and polyatomic silver. Furthermore, no chemical shift of Ag3d at surface proves that
silver at the image surface is only in a monoatomic state.
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