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Electron-Beam Induced Nanomasking for Metal
Electrodeposition on Semiconductor Surfaces
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The present work investigates the masking effect of carbon contamination patterns deposited by the elect(Brbleeampf a

scanning electron microscof8EM) for metal electrodeposition reactions. Carbon contamination lines were written at different
electron doses on n-type ($00) surfaces. Subsequently Au was electrochemically deposited from a 1 M KON1 M

KAU(CN), solution on the E-beam treated surface sites. The carbon masks as well as the Au deposits were characterized by SEM,
atomic force microscopy, and scanning Auger electron spectroscopy. We demonstrate that carbon deposits in the order of 1 nm
thickness can be sufficient to achieve a negative resist effegtcan block the electrodeposition of Au completely selectively.

The lateral resolution of the process is in the sub-100 nm range. The nucleation and growth of Au deposits and their morphology
as well as the selectivity and resolution of the process depend on several factors such as the electron dose during masking, and the
applied potential and polarization time during Au deposition. The process opens new perspectives for selective electrodeposition,
i.e., for high definition patterning of surfaces with a wide range of materials.
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During past decades, there has been a great deal of interest ielectrodeposition at treated surface locations and thus to provide the
micro- and nanometer scale pattern generation on semiconductorbasis for a novel patterning method in the submicrometer range.
The field is particularly driven by semiconductor technology and its ~ From a technological point of view, metal/semiconductor junc-
continuous demand for shrinking dimensions in the development oftions are essential for microelectronic devices. Hence, over the past
established devicgsuch as metal oxide semiconductor field effect 20 years, metal deposition on semiconductor surfaces by sputter
transistorMOSFETS)] as well as for the creation of novel devices deposition or evaporation techniques have been widely studied.
(such as quantum effect deviéesTherefore, a range of techniques Electrochemical deposition of metals on semiconductors has re-
bearing the potential to achieve submicrometer resolution have beefently found renewed intere¥t Due to its advantages and perfor-
studied and established. Except for UV lithography, electron beanfnance, electrodeposition has been adopted by the semiconductor
(E-beam)lithography is currently one of the most employed ap- |ndustry,e.g.,_t0 dep_osr[ copper for on-_chlp mterconnectlon_s_ leading
proaches to achieve high resolution patterning of conventional poly{0 @ decreasing resistance and reducing process compteityn
(methyl methacrylate(PMMA) photoresists, on one hand to fabri- order to achieve _selecyve electrodeposition, masking approaches
cate photolithographic masksand on the other hand to create based on cpnventlonal I|thography or new developments such as the
ultrasmall linewidths on both Si and de‘g Other lithographic LIGA_technlque have b_een appll_ed. Apart from approaches bgsed on
techniques are based on the exposure of photoresists to )@-raysmaSk'ng’ electrochemical reactions can become localized if local

focused ion bean’® or emplov scanning probe methodsDirect differences in the substrate reactivity exist. For example, it has been
' ploy 9p shown that porous silicon growth can electrochemically be initiated

Wcr)'rttlgg aApElrJ?glggre?)fusstllz]c?ieiledcef;?r\}vi?; E—T)::r?]rgsr izgebn;;r%hirl]%iscée'referentially at surface defects created in an n-type substrate by
P ) P+ focused ion beam bombardmé&hor that metal deposition can

deposition reactions. The principle IS that Precursor vapor Speciey, o hieved selectively at native defects of a single crystalline sub-
(e.g., metallorganic compoundare introduced into the vacuum strate surface such as single atomic sRg8

chamber of the instrument where, under the direct ion- or electron Within the present work, Au deposition 'on a contamination pat-
bombardment, the precursor molecules decompose and form a dgs o Si(100purface is studied in order to achieve insights in the

posit on the substrate surface. Such E-beam and ion-beam inducqg,jpjjiy and limits of the negative patterning potentials of such
deposition has been used to create 3-D nanostructirém the <. y g P gp

1-100 nm range or to directly generate different single electron tran-
sistors or superconducting quantum interference devices
(SQUIDs):* _ o Experimental
A specific and well known case of E-beam induced patterning is ) . . .
the formation of carbon rich contamination layers in scanning elec-  EXPeriments were carried out on n-type silidd@0)wafers with
tron microscopegSEMS). The E-beam activates reactions of the & resistivity of 1 to 100 cm. Prior to experiments, a layer ofydm
residual hydrocarbonénolecules from the pump oilin diffusion  thermal SiQ was grown on the wafers. Into this Sitayer, arrays
pumped systems to create a highly cross-linked hydrocarbon deof square openings of 408 400u.m were etched by classical pho-
posit. It has been reported that such deposits can successfully d@llthography.(Thls prepatterning was carrled_out to facilitate Ioc_at—
applied as a mask for subsequent ion milling leading to ultrasmalli"d the nanostructures subsequently deposited into the openings.
structures® Characterization work on carbonaceous deposits in The patterned wafers were cleaved to samples of 2 cm, each
SEM chambers showed that hydrocarbons adsorbed on a substra@@€ carrying five square openings. The samples were then degreased
surface are decomposed by the E-beam and form diamond-like cafy_Sonicating in acetone, isopropanol, and methanol, rinsed with
bon (DLC) an amorphous structure of carbon having mechanicaldeionized water and dried in an argon stream. To hydrogen passi-
and electrical properties close to diam&hif vate the_surface within the square openings, the s_amples were im-
The present work explores possibilities to use C-masks produced€rsed into 1% HF for 1 min. To achieve E-beam induced deposi-

by contamination writing in a SEM to suppress selectively metal ion Of C-line patterns, the samples were treated within the open
y 9 PP y squares with the “horizontal” single line mode in a Philips XL-30

FEG SEM. During the deposition the pressure of the chamber was
. ) _ 3.10 ®mbar, the voltage was set to 20 kV and the E-beam current
. Electrochemical Society Student Member. was 40 pA. All lines were written using the manufacturers aperture
Electrochemical Society Active Member. . .
20n leave from: EPFL Lausanne, Department of Materials Science, LTP, pumber 4. Dlﬁerenlt electron dose €Xposures were achieved by vary-
Switzerland. ing the exposure time under a constant electron current.
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Figure 2. AFM cross section of the E-beam exposure contamination line
array of Fig. 1. The increase of height of the lines corresponds to 10, 30, 60,
120, and 180 s E-beam exposure.

Figure 1. AFM top view of an array of five contamination lines E-beam linewidth was defined as full width at half-maximuRWHM) of
deposited on silicon with 10, 30, 60, 120, and 180 s exposure tthee ~ the Gaussian cross section. The figure shows that under the present
exposure time increases from the left to the right experimental conditions neither height nor width depend linearly on
the exposure time. The linewidth of the deposit increases with the
irradiation time and then tends to reach a limit value around 330 nm.
The fact that the base of the peaks is asymmetric can be ascribed to
nonoptimized astigmatism setting at the SEM. The fact that a

The ;amples thep were pressed aga_lnst_an O-fing of the electrob-e ascribed to the decomposition of hydrocarbon molecules ad-
chemical cell leaving a surface containing five 400400um open-  gorhed on the substrate: during the first seconds of E-beam exposure
ings exposed to the electrolyte. The electrolytesveal M KCN  the decomposition of a large number of molecules adsorbed on the
+ 0.01 M KAu(CN), solution prepared from reagent grade chemi- sjlicon surface, due to environmental contamination, may instanta-
cals and deionized water. The electrochemical setup consisted of Aeously be converted into a deposit whereas at longer exposure
conventional three-electrode configuration with a platinum gauze asimes growth depends only on the pressure of the chamber and thus
a counter electrode and a Haber-Luggin capillary with a Ag/AgCl on the rate of hydrocarbons that are transported through the vacuum
electrode as a reference electrode. and are freshly adsorbed on the irradiated area. During the experi-
Polarization curvegwith a pointwise step rate of 1 m\/eind ~ ment, the aspectidth/height)ratio changes from 180 for 10 s to 50
potential step experiments were carried out using a Jaissle
potentiostat-galvanost@iMP 88PC-100V.

Chemical characterization of deposits was carried out using Au- 2510 7107
ger electron spectroscofES) using the C peak at 270 eV and the ' _ ' ' ' ]
Au peak at 70 eV. AES spectra were acquired on a Perkin Elmer » 1 5
660 AES spectroscope. For topographic characterization atomic 3010 | 1610
force microscopy(AFM) was employed. AFM profiles were mea- ]
sured in air with an Autoprobe CP from Park Scientific Instruments 2510 L 15107° »
using silicon ultralever tip in the contact mode at a scanning rate ofg _ ] z
1 line per secondlps). SEM images were acquired with the micro- 3 29101 | 1410° B
scope described above. £ b 1 <
1 F 1 - -
Results and Discussion ; 15107 | 13107 5
Deposition of C-masks-Figure 1 shows an AFM top view of a < 1010" L ] 2102
silicon surface that was E-beam line exposed at different equidis- : _ |+AFM Width (um) | 1
tantly spaced locations for 10, 30, 60, 120, and 180 s, respectively ” 1 4
Clearly, the five deposited locations can be observed as lines. ir  >019% b [—=— AFM height (um) ] ] 110
order to evaluate the topography of the deposited structures in mor [ 1
detail, an AFM cross sectioffig. 2) was taken through Fig. 1. It is 0.010° N L 1010°
apparent that independent of the exposure time, the lines are dis 0 50 100 150 200
tinctly separated. An increase in exposure time results primarily in Time exposure (s)

an increased height and width of the lines. Figure 3 shows the height
and the width of the carbon lines in dependence of the E-beanFigure 3. Dependence of the carbon line height and width on the E-beam
exposure time. The height value was taken at the maximum and thexposure time.
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T This resist effect can be explained in terms of resistivity of the
carbon deposit. It has been reported in literdt(ithat the carbon
10° L . layers produced during E-beam carbon deposition show an amor-
phous structure, more specifically, DLC is deposited, consisting of a
predominant amount of C 8pThe properties of DLC strongly de-
pend on the C spcontent. The high amount of C$m the deposit
10% L | leads to electrical properties comparable to diamond. Therefore, in
comparison with the resistivity of the n-$1-10 ) cm) DLC be-
haves as an insulator and as a result suppresses electrodeposition.
From Fig. 5 it is clear that electrodeposition for 30 s at a rela-
tively low potential(—1.3 V, Fig. 5ayresults in a rough deposit. The
107 L _ size of the Au clusters is in the range of 100 nm. Further, a poor
lateral resolution at the edge of the lines is achieved and the deposit
is not entirely covering the silicon surface. The homogeneity of the
gold deposit formed between the carbon wires decreases with in-
o creased E-beam exposure time; between the carbon lines created by
107 - 7 2 and 3 min E-beam exposure, only few Au crystallites are depos-
ited. This finding hence indicates that electrodeposition may be in-
T fluenced by the overlap of the Gaussian tails of the contamination

~ C-masked ]

Untreated §

| Current density | (A/em?)
T

-1800 -1600 -1400 -1200 -1000 lines; with longer E-beam exposure time this overlap increases and
) hence may for the highest E-beam doses be sufficient to partially
Potential (mV) suppress the electrodeposition of gold. Using a higher potential of

) ) ) o ) . deposition(—1.6 V) results in a smooth continuous gold film onto
Figure 4. Potentiodynamic polarization curves in the cathodic direction ta silicon surface, as shown in Fig. 5b. The typical feature size of
‘IOT Kﬂoﬁé?\l_f})}ga:/rfﬁ%/t?g;g d(sgf‘r;;ﬁzfelar:gﬂg)'snaﬁqo ?;N(':;f“:r(]CNéZ_"nes the Au clusters is in the range of 50 nm. The higher potential also
patters as in Fig. 1. p p ying Ieads_ to a better I_gteral reso_lutlon at the carbor_1 edge_llnes. l_:urther, at

the higher deposition potential the above mentioned insulating effect
between the single contamination lines does not occur any more.

for the longest exposure time. These findings are in line with work When potentials cathodic te'1.6 V (Ag/AgCI) are applied, for a
tIonger period of time, overgrowth of the C-lines occurs. Further-

aiming for E-beam induced 3-D nanostructure fabrication where a . S : .
higher contamination contents in the vacuum chamber and longef°re, @nd more important, significant hydrogen evolution sets in. As

exposure times needles with width to height ratied can be a result, H bubbles sticking to the surface exhibit a masking effect,
grown*? i.e., lead to a very inhomogeneous deposit.

In order to characterize the carbon distribution over the surface, Figures 5¢c,d show the SEM images for a shor®rs) and a
the intensity of the Auger C peak was acquired as a function of thdonger (45 s)time of electrodeposition at a deposition potential of
distance perpendicular to the deposited lines. The Auger results have 1-6 V (Ag/AgCI) than in Fig. 5b. The shorter deposition time leads
to be taken in a semiqualitative manner as the Gaussian probinéP @ formation of a continuous film with a remarkable smoothness.
beam is convoluted with the Gaussian shape of the C-lines and he typical feature size is 10 nm. The carbon lines again act as

additional C-contamination occurs during observation in the AESNhegative resist and the growth of fine and regular crystallites on both
system. However, the results clearly indicate the presence of théides of the C-lines leads to an excellent lateral resolution. Note that

carbon lines. under these conditions, even the finest C-line of a height of only 1
nm (see AFM profile of Fig. 2)is clearly resolved and does not
Electrochemical depositior-Figure 4 shows cathodic potentio- suffer from overgrowth. Deposition for a longer polarization time
dynamic polarization curves from0.9 V to —1.8 V (Ag/AgCl) in (Fig. 5d)results in a rough film with typical feature sizes of 100 nm.
10 mM KAuU(CN), + 1 M KCN for a n-type silicon sample carry- The lateral resolution is poor due to the overgrowth of crystallites at
ing the same carbon line patterns as in Fig. 1. In the figure also, ahe C-deposit edges: this effect is of course most affecting the reso-
cathodic polarization curve of an untreated sample is included as dution of the smallest contamination linee., the line has almost
reference. For both samples, the current increases steeply at approxlisappeared after the electrochemical experiment.
mately —1.3 V (Ag/AgCl) to —1.4 V (Ag/AgCl) corresponding to In order to investigate the influence of deposition time on the
nucleation and growth of gold on silicon. The second current in-topography in more detail, AFM profiles were measured on the de-
crease at approximately1.5 V can be attributed to fEvolution. It posits of the samples of Fig. 5 polarized for 5, 30, and 45 s at the
should be noted that in order to achieve metal electrodeposition orapplied potential of-1.6 V (Ag/AgCl). The profiles are shown in
the semiconductor surface under cathodic polarization, n-type SFig. 6. The absence of gold deposition can be clearly seen by the
was used(For p-type material a blocking Schottky junction would “negative” peaks. The depth of the widest groove increases roughly
be established at the semiconductor/electrolyte interface, whicHrom 20 nm to 50 nm from the 5 s sample to the 45 s sample
would complicate the electrochemical progess indicating the growth of the Au layer with deposition time. How-
In order to evaluate whether or not such carbon patterns can bever, due to the high height/width ratio of the deposit, exact imaging
exploited as a mask for electrodeposition, a series of experimentsf the grooves is not possible as the AFM tip and/or feature convo-
under different electrochemical conditions was carried out. Silution occurs. For the 5 and 30 s deposition time the depth reaches
samples with arrays of five contamination lines, prepared under thevith increasing groove width a limiting value of approximately 20
same conditions as in Fig. 1, were electrochemically treated at difand 50 nm. For 45 s no limiting value is apparent, thus for this
ferent potentials and deposition times. Figures 5a-d show the SEMsample it is likely that the tip does not reach the substrate even for
images of the Au deposits obtained after polarization under differenthe widest groove. Nevertheless, the AFM profiles indicate that the
conditions. longer the deposition time, the rougher the gold film becomes. The
It is apparent that the surface is covered by a Au deposit exceptoot mean square roughness for the deposited filtaken on a
for lines that correspond to the location of the carbon lines. There-C-line free part of the AFM imaggsncreases from 2.1 nm & s to
fore it is evident that this C-contamination line acts as a mask to the5.1 nm for 30 s and to 6 nm for 45 s; this is in agreement with the
electrodeposition of metal and thus constitutes a negative resist if &crease in the typical feature sizes observed in the SEM. The de-
sufficient contamination layer is present. posits obtained for 5 and 30 s polarization tiffég. 6a and bshow
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Figure 5. SEM images of Au deposits produced under different electrochemical conditions on Si surfaces carrying the C-lines pattern of Fig. 1. Au deposition
was carried out in 10 mM KA(CN), + 1 M KCN by potential steps(a) to —1.3 V, for 30 s(b) to —1.6 V, for 30 s(c) to —1.6 V, for 5 s(d) to —1.6 V, for
45 s.

that carbon linewidths are not significantly affected by the duration  In order to further elucidate the chemical selectivity of this mask-
of the electrodeposition except for the smallest C-line which tends tang technique for electrodeposition, a polarization experiment was
disappear due to coverage or overgrowth by gold. From the AFMcarried out on a Si sample, where a rectangle-shaped carbon pattern
profile it is apparent that at the edge of a masking C-line a signifi- (around 20x 30wm) was produced using the “full frame mode”
cantly thicker deposit is formed; This thickening is in agreement ot the SEM. After gold deposition by a polarization curve from
with the increased brightness of the edges of the line in the SEM_g g/ tg 4 potential of-1.6 V (Ag/AgCl), an AES line scan for C

that results from an increased secondary electron emission due t0 g4 Ay was acquired through the pattern. The result clearly showed

thicker deposit. This effect becomes_ more signif_icant for Iines_ob-a perfect selectivityi.e., no Au deposition within the C-rectangle
tained by longer E-beam exposure times. Thus it appears as if th?vas detectable '

C-line edges stimulated the growth of Au. This growth stimulating Some aspects of above results should be regarded in the light of

ffect is further in li ith the findi f Fig. 4 that in th ial i .
effect is further in line with the finding of Fig. 4 that in the potentia the fact that for metal deposition on semiconductor surfaces, the

region between-1 V and —1.3 V (Ag/AgCl), the current obtained | . ) .
on the C-line sample is significantly higher than the current mea-interaction between metal adatoms and intact semiconductor surface

sured on the untreated substrate. At present, the cause for this effet§ tyPically weak and hence the deposition follows a 3-D island
is not clear. Speculatively, it may be a geometrical effect based orfrowth mecrlanlsﬁ‘f and implies a growth kinetics of the Volmer-
the current distribution, local diffusion profiles, or be due to adatom Weber typel" Therefore, a sufficiently large cathodic potential is
mobility, or a plain catalytic effect. required to create a high density of nuclei leading to an early coa-

It should be pointed out that in experiments performed with lescence of islands. This is in line with the fact that at lower poten-
longer deposition time than 1 min at1.6 V (Ag/AgCl), a series of  tials a much rougher deposit and isolated globular features were
undesired effects occurred. Not only did, as expected, overgrowth obbserved(Fig. 5a), indicating that less nuclei were triggered at the
the C-lines take place, but additionally the Au deposit layers showedower potential. At the higher potential, a sufficiently high density of
some degree of disbonding. nuclei is triggered to allow coalescence of islands. The fact that at
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% Figure 7. SEM image of a 90 nm wide gold line between two masking
C-lines. Au deposition was carried out in 10 mM K@&N),+1 M KCN by a
potential step to-1.6 V (Ag/AgCl) for 10 s.
on C-line deposition parameters as well as electrochemical param-
e eters. It has been shown that at C-levels in pressure range of
R 3 3 X 10 ®mbar C-masks of a thickness in the 1 nm range can be
S 3 produced. This layer thickness can be sufficient to efficiently and
£ 3 selectively block the subsequent electrochemical deposition. The
5 3 electrodeposition of Au on Si shows a 3-D growth morphology sug-
‘© ] gesting a Volmer-Weber type of island growth mechanism.
T ] To obtain a coherent Au deposition with a high lateral resolution
E and a high deposition selectivity, deposition potential and time play
3 a crucial role. In general it was found that higher cathodic potential

steps for a short period of time lead to more satisfactory results than
longer exposure at less cathodic values. This is consistent with the
Volmer-Weber approach, suggesting a higher number of activation
sites being triggered with a higher overvoltage. This leads to a coa-
lescence of islands in an earlier growth stage, and thus a finer grain
size, and, in our case, to a higher achievable lateral resolution.
This process presented in this work opens new perspectives for
selective electrodeposition and patterning of surfaces. The process
—1.6 V a longer polarization time results in a rougher film can be should be applicable to essentially any material that can be elec-
ascribed to a switch from charge transfer to mass transport contralrodeposited from an aqueous environment and thus may be em-
as suggested by the corresponding curkenttime curves. ployed to deposit selectively a large palette of materials in the na-
To exposure the lower size limit of the deposition process, anometer scale.
series of experiments was performed by minimizing the distance
between parallel C-lines, or by producing two perpendicular arrays
of six lines which were written with a decreasing spacing. Deposi-
tion of gold was performed by applying a potential step-tb.6 V
(Ag/AgCI) for 10 s. In all cases the features showed coherent depo
sition and complete separation by the resist lines. Figure 7 shows
example of the best resolution attained so far where the two paralle
C-lines lead to a confined Au deposit line with a width of approxi- The University of Erlangen-Nuremberg assisted in meeting the publica-
mately 90 nm. It has to be pointed out that possibly even smallertion costs of this article.
structures could be achieved as the result of Fig. 7 corresponds to

Distance (um)

Figure 6. AFM height profiles of deposit obtained in Fig. 5 f@) 5 s, (b)
30 s, and(c) 45 s at —1.6 V(Ag/AQCI).
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r AES measurements.

our minimum experimental E-beam displacement of 200 nm rather

than another limiting factor. L

Conclusions 2.
The results clearly demonstrate that E-beam induced C-maskings.

of a semiconductor surface can be exploited for a subsequent selec-
tive electrochemical metal deposition in the submicrometer range.

E-beam bombardment is used to achieve the decomposition of,.
residual hydrocarbon molecules present in an SEM chamber, tos.

form a carbon-rich deposit. Compared to silicon, the resistivity of

this C-deposit is very high and thus it can act as an insulator and ®
locally hinder electrochemical reductions such as in our case the;.

deposition of gold. This novel negative lithographic process depends
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