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Selective High-Resolution Electrodeposition on Semiconductor Defect Patterns
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We report a new principle and technique that allows one to electrodeposit material patterns of arbi-
trary shape down to the submicrometer scale. We demonstrate that an electrochemical metal deposition
reaction can be initiated selectively at surface defects created in a p-type Si(100) substrate by Si*™*
focused ion beam bombardment. The key principle is that, for cathodic electrochemical polarization of
p-type material in the dark, breakdown of the blocking Schottky barrier at the semiconductor/electrolyte
interface occurs at significantly lower voltages at implanted locations than for an unimplanted surface.
This difference in the threshold voltages is exploited to achieve selective electrochemical deposition.

PACS numbers: 68.55.Ln, 61.72.—y, 81.65.-b, 82.45.+z

Electrochemical deposition of metals and alloys onto
metallic substrates plays an important role in many
modern technologies. In the electronics industry, electro-
chemical and electroless deposition are widely used
for applications, such as copper printed circuit boards,
through-hole plating, multilayer read/write heads, and
thin film magnetic recording media [1,2]. Surprisingly,
there have been relatively few reports on the electroless
[3-8], or electrochemical [9-20], deposition of metals
onto semiconductors despite the technological importance
of metal/semiconductor contacts for Schottky junctions
and metallization. However, the recent success in replac-
ing aluminum metallization by copper in silicon device
technology (see, e.g., Refs. [21,22]) has led to a renewal
of interest in electrochemical deposition of metals onto
silicon as well as onto various barrier materials.

In order to create patterned metal structures, techniques
based on classical lithography are employed. For high
resolution patterning, most frequently e-beam or ion beam
lithography are used (see, e.g., Ref. [23]). Recently, the
development of the so-called LIGA (Lithographische Gal-
vanische Abformtechnik) technique [24,25] that uses x-
ray photoresist templates to produce high resolution “3D”
electrodeposited structures has found considerable scien-
tific interest. However, apart from the necessity to fabri-
cate masks as demanded in these methods, the techniques
imply that photoresists are provided that are resistant to the
deposition or etching environment.

In contrast to masking approaches, far fewer attempts
have been made to employ direct patterning processes. An
interesting electrochemical deposition approach is based
on native differences in the substrate reactivity. This is,
for instance, the case for electrodeposition reactions on
monotomic edges of terraces of a single crystal substrate
(see, e.g., Refs. [26,27]). Ion implantation in Si is fre-
quently used in the production process of integrated cir-
cuits, to dope near surface regions of the substrate (see,
e.g., Refs. [28,29]). Apart from this primary doping ef-
fect, the high energy implantation process is accompanied
by the generation of defects in the substrate surface and
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underlying lattice [30,31]. In a previous Letter, we re-
ported how defects intentionally introduced in a surface
by focused ion beam (FIB) bombardment can be used to
selectively trigger an electrochemical etching reaction to
form light emitting porous Si [32].

In the present Letter, we report the selective deposi-
tion of metals using the principle outlined in Fig. 1. A
p-type semiconductor/electrolyte interface, when electro-
chemically biased, shows a similar electrical characteristic
as a metal/semiconductor or p/n junction, i.e., a diode be-
havior with a current passing state when forward biased
and a blocking state when reverse biased. In the blocking
state a specific “barrier breakdown” potential U(Bd) exists
that has been ascribed to Schottky barrier breakdown of
the junction. At U(Bd), electrochemical reactions are not
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FIG. 1. Schematic current-voltage curve of a p-type semicon-
ductor polarized in an electrolyte. The semiconductor/electrolyte
interface shows a current blocking characteristic under cathodic
bias up to the Schottky barrier breakdown potential U(Bd) (solid
curve). At potentials cathodic to U(Bd), significant current
flow is observed and electrochemical surface reactions take
place. For a surface that has been damaged by ion implanta-
tion (dashed curve), the threshold potential U(Bd)gefects 1S Sig-
nificantly lower. As a consequence, in the processing window
between U(Bd)iner and U(Bd)getects, €lectrochemical reactions
are initiated selectively on the implanted regions.

© 2000 The American Physical Society 2985



VOLUME 85, NUMBER 14

PHYSICAL REVIEW LETTERS

2 OCTOBER 2000

hampered any longer by insufficient availability of charge
carriers and thus can proceed at significant rates. The value
of U(Bd) is strongly affected by surface defects, i.e., break-
down occurs for much lower applied bias voltages than for
the intact surface, opening a window for selective process-
ing between the two threshold voltages.

To create defined defect patterns with a high lateral
resolution, Si*™ ion patterns were implanted into phos
phorus doped (1-10 Q) cm), p-type Si(100) wafers at
room temperature with a 100 kV JEOL 104 UHV FIB
system. Si** was selected as the implanting species
because chemical effects such as substrate doping are
avoided. Moreover, Si** is a sufficiently light element
to minimize surface sputtering effects and to achieve
mainly implantation and defect creation. Si** ions
from a Au-Si liquid metal ion source were selected (at
60 and 200 keV, respectively) using an E X B mass
filterr The nominal beam width—controlled by an
aperture—was 150 nm (defined as the full width at half
maximum of an approximately Gaussian beam shape). By
vector scanning the ion beam, different patterns (squares,
lines, letters, dots) were implanted. Each pattern was
implanted with dosages of 3 X 1013, 104, 3 x 104, and
10" jons/cm?.

The number and distribution of defects created by the
implantation can be estimated by calculations using TRIM
code [30]. The calculation of the vacancy depth profile
shows that creation of vacancies occurs immediately below
the surface, and peaks at =50 nm below the surface for
50 keV implantation and at =250 nm below the surface
for 200 keV implantation.

The implanted samples were then electrochemically
treated under different conditions. Electrochemical po-
larization was carried out by voltage sweep experiments
(polarization curves) where the voltage (electrochemical
potential) was stepped by 10 mV every second in the
cathodic direction. The potentials were measured and are
reported versus the saturated calomel electrode (SCE). The
electrochemical treatments were performed in the dark to
avoid light induced carrier generation in the semiconduc-
tor sample. Electrodeposition of Au was carried out in an
electrolyte consisting of 1M KCN + 0.01M KAu(CN),
or alternatively in 0.1M H,SO4 + 0.01M CuSO4 to
deposit copper.

In preliminary experiments, the threshold voltages for
metal deposition for the defective surface, U(Bd)gefects»
were determined as —1.3 V (SCE), for the alkaline Au
containing electrolyte, and —0.5 V (SCE) for the acidic
Cu electrolyte. For the intact p-type Si surface U(Bd)ingact
was in every case <—10 V (SCE).

Figure 2 shows examples of the surface morphology of
locally implanted samples after an electrochemical treat-
ment at potentials between U(Bd)gefects and U(Bd)ingact.
The letters and lines were written with the FIB and sub-
sequently electrochemically “developed” from the latent
implanted areas by Au electrodeposition. The scanning
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FIG. 2. Selective Au deposition on p-Si (100): (a) SEM
image and (b) scanning AES image for Au of letters written
with a Si*" ion dose of 10'* cm™2 followed by polarization
from —900 to —5000 mV in a 1M KCN + 0.01M KAu(CN),
electrolyte (leading to Au deposition only on the implanted
regions); (c) AFM topography image of Au lines electro-
deposited selectively on single FIB implant lines (Si*™*
at a dose of 3 X 10" cm™?) under the same electrochem-
ical conditions as in (a) and (b) (the AFM image size is
8 X 8 um).

electron microscope (SEM) image in Fig. 2(a) shows
selective deposition of gold on the implanted areas. The
scanning Auger electron spectroscopy (AES) map for Au
[Fig. 2(b)] for the deposit of Fig. 2(a) demonstrates that
the deposition takes place with a very high selectivity.
(Presence of Au is not detectable outside the implanted
region.) A corresponding AES map for Si in the im-
planted letters indicates no detectable Si. Therefore, the
deposit is coherent and no uncovered Si areas are present.
The Au lines shown in the atomic force microscope
image in Fig. 2(c) were deposited on single line FIB
implants and show a width of 300—500 nm and a height
of approximately 200 nm; i.e., selective and coherent
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deposition can clearly be achieved with a submicrometer
lateral resolution.

The morphology of the deposited features was found
to depend strongly on the implant dose and the applied
potential. For homogeneously implanted samples at dif-
ferent doses, a potential sweep from —0.9 V to —3 V
results in complete Au coverage only for the highest inves-
tigated implant dose of 10'> ions/cm?. At the lower doses
(3 X 10", 10" ions/cm?), deposition results in isolated
globular structures. The surface density of these globu-
lar deposits, corresponding to successful Au nucleation/
growth sites, decreases with a lower implant dose. For a
dose of 3 X 10'3 ions/cm? no Au deposition could be de-
tected. This finding shows that nucleation and growth of
Au clusters on the Si surface is strongly interlinked with
the defect density introduced by the ion bombardment.

For potential sweep experiments from —0.9to =5 V, a
dose of 10'* cm™? leads to a complete coherent coverage
of the implanted region (such as in Fig. 2). This indicates
that, for each polarization potential, a different critical de-
fect density has to be established to achieve a coherent
coverage of the implanted surface. Such coherent features
obtained by polarization to —3 or —5 V typically have a
height of 50—-200 nm (obtained from atomic force topog-
raphy mapping as in Fig. 2(c).

In general, nucleation and growth of a metal deposited
on a foreign substrate can either be of a 2D film type or a
3D island formation or intermediate cases [33]. For metal
deposition onto semiconductors, the interaction forces be-
tween adsorbed metal atom (adatom) and the semiconduc-
tor surfaces are usually relatively weak (compared with
metal-metal interactions). Thus, often a 3D island growth
is predominant [33] as in our case. As a result, nucle-
ation and growth will follow a Volmer-Weber—type ki-
netics [34]. This implies that the number of successfully
triggered nucleation sites is strongly potential dependent.
In other words, at lower applied potentials, where only a
few nucleation sites are triggered, the clusters would have
to grow extremely large to reach coalescence to a continu-
ous film.

Another factor that strongly affects the deposition
process is the energy used for ion implantation. Some ex-
periments were carried out with Si(100) samples carrying
defect patterns created by Si** implantation at 200 keV.
Even for implant doses of 10" cm™2 polarization in
IM KCN + 0.01M KAu(CN), to —5 V does not reveal
any deposition. This can be explained by considering the
implant/defect profiles for 50 and 200 keV. According to
TRIM calculation for 200 keV implantation, the damage
profile peaks at =250 nm below the surface; i.e., after
implantation a relatively thick outermost layer of the sub-
strate is present that is less defective than an underlying
“maximum damage” layer. Such a relatively undamaged
surface layer is frequently observed after high energy ion
implantation (see, e.g., Refs. [35-37]). This top layer
can be removed by a uniform chemical etch. For samples

implanted at 200 keV, after etching the top 150—200 nm
of the Si sample [samples were dipped for 10 s in a
chemical etching solution (300 ml HNO3; 65% + 200 ml
CH; COOH 100% + 20 ml HF 48%) with a nominal Si
etch rate of 1 um/min at RT], selective electrochemical
deposition can be achieved easily.

An example with such a preetched Si sample is shown
in Fig. 3 for the selective deposition of Cu patterns on the
Si(100) surface. In this case, the letters were written with
single Si** FIB lines with a nominal width of 200 nm
at 200 keV with a dose of 3 X 10'* cm™2. The surface
then was uniformly preetched and, subsequently, Cu de-
position was carried out by polarizing the samples from
—0.5to —2V at —10 mV/s in 0.1M H,SO4 + 0.01M
CuSO4. The width of the deposited Cu letters results as
approximately 200-300 nm. These findings clearly indi-
cate that the etching pretreatment exposes higher defect
concentration and thus facilitates deposition and suggests
that metal nucleation and growth is either linked to a criti-
cal defect density or that for Schottky barrier breakdown at
sufficiently low potentials a critical defect density is neces-
sary. Additionally, the result in Fig. 3 shows that the reso-
lution of the deposition can be in the range of the nominal
implant width. In other words, under ideal electrochemical
conditions, the lower lateral resolution limit of the deposi-
tion process mainly depends on the diameter of the writing
ion beam.

In summary, we have shown how a semiconductor elec-
trode can be “activated” for a subsequent selective electro-
chemical reaction by intentionally creating defined surface
defects at desired surface sites, and more specifically how
to produce laterally confined metal structures on Si by a
direct writing process. At present, the best resolution ob-
tained lies in the 100 nm range but could be optimized to
even smaller dimensions (using a smaller diameter of the
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FIG. 3. SEM micrograph of selectively electrodeposited Cu
letters on p-type Si(100). The latent letter patterns were FIB
written with Si™* ions at 200 keV and a dose of 3 X 10'* cm™2.
Then the maximum damage zone was exposed using a uni-
form chemical Si etch and Cu was deposited by polarizing the
sample in 0.1M H,SO4 + 0.01M CuSO,4 from —0.5 to =2V
SCE. The letters were implanted with a nominal ion beam
width of 200 nm; the width of the deposited Cu letters results
as 200-300 nm.
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writing ion beam). The results, at present, suggest that
this principle is not restricted to the example investigated
within this work (selective Au or Cu deposition on p-type
Si) but generally can be applied to any electrodeposition on
semiconductor reaction. Since, other than metals, a wide
range of materials can be electrodeposited (e.g., semicon-
ductors, polymers, or ceramics), the process opens up wide
possibilities for nanostructuring of materials. As the pat-
terning of semiconductor surfaces with a variety of mate-
rials is of a high scientific and technological importance,
e.g., for modern device development, the process provides
a new tool for selectively adding new functionality to a
semiconductor surface.
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