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trochemical potential for different cystalline structures of
RuO, films. At high temperatures, when the crystalline
phase was formed, the proton only reacts with the Ru ion
on the surface of the RuO, film. For the amorphous phase
of RuO, films prepared at low temperatures, the proton
can diffuse into the bulk of the RuO, film. This result is
consistent with that obtained from the RuO, - xH,0 pow-
ders prepared by‘aqueous sol-gel technique.
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ABSTRACT

This paper describes the use of microcontact printin%
of alkanethiolates on the surfaces of evaporated films o

thick resists, patterned microfeatures of silver with sizes
ing in aqueous solutions containing K,S,0;,
rapidly than that of i
Microstructures of si

(1CP)
silver.
down to ~200 nm were
K,Fe(CN),, and K,Fe(CN)s. Complete etchin
thick metal films when similar ferricyanide etchants were used.
by the present method have higher edge resolution (typically,

to generate patterned self-assembled monolayers (SAMs)
Using patterned SAMs of alkanethiolates as nanometer-
fabricated on Si/Si0, by selective etch-
of silver can be achieved more

~20 nm vs. ~100 nm)

and far fewer defects (~10 pits/mm? vs. ~10° pits/mm®) than those of gold fabricated by a similar procedure. Silver lines

(0.2 pmin thickness, ~50 pmin width, and ~5 mm in length) had the expected metallic conductivity

parallel lines of silver (0.2 wm in thickness, ~10 pm in width,
cally isolated from each other. Aqueous solutions
NH,0OH/O,, NH,OH/H,0,,
olates on silver. Patterned structures of silver
in aqueous solutions of HF/NH,F, and of Si(100) in aqueous
um thick) on silicon wafers could

choosing appropriate etching conditions, microparticles of MX (M = Ag;

(=5.56 X 10° S/cm).

~1 mm in length, and separated by ~10 pm) were electri-

containing other coordinating ligands and oxidants, Fe(NO,)..
and H,NCH,COOH/H,0,, were also selective etchants for use with patterned SAMs of alkanethi-
(50 nm thick) on Si/Si0,

solutions of KOH and i-propanol. Patterned films of silver (0.2
to cast elastomeric stamps with surface relief to be used for uCP. By

could be used as secondary masks for etching of SiO.

. X = Cl, Br,1, OH, and SCN) could be formed in

situ on the underivatized regions of the SAM-patterned surface during etching of silver.

Introduction

Microcontact printing (nCP)! is a convenient technique
for generating patterned self-assembled monolayers
(SAMs)® of alkanethiolates on gold,' and of alkylsiloxanes
on silicon dioxide? In carrying out p.CP on gold, an elas-
tomeric stamp is fabricated by casting polydimethylsilox-

- ane (PDMS) against a master (usually prepared using pho- -,
tolithography or fhicromachining,*® or from an available’
relief structure such as a diffraction grating) that provides

* Eléctrc')cherﬁl'c;af Societj Student Member.

. rapid reaction
. SAMs, ‘and on

a pattern complementary to that to be reproduced. The
stamp is “inked” with a solution of alkanethiol in ethanol.
the solvent evaporated, and the stamp brought into con-
tact with the surface of the gold for 5 to 10 s. Patterned
SAMs of alkanethiolates with dimensions larger than 500
nm can be produced routinely using this technique; smatl-
er features (~100 nm) have also been generated, albeit less
reproducibly.*" This procedure relies for its'success on the
of alkanethiols on gold yith formation 0
the autophobicity of the resiilting SAM>:
Patterned SAMs of hexadecanethiolate éngold serve 23
nanometer-thick resists that protect the ghderlying gold

3

5

g 4
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from certain etchants (for example, an aqueous solution
containing CN7/0; or $,077/Fe(CN)i~/Fe(CN)4~).%" This
combination of nCP and selective etching has been used to
produce patterned features of gold on $i/Si0,.'01

Alkanethiols also form ordered SAMs on the surfaces of
silver.”” Silver has a number of advantages over gold.
irst, it is less expensive. Second, silver has the highest
“hermal conductivity and the lowest electrical resistivity
among all metals: 4.29 W em™ K™ and -1.59 ) cm.'*¥
Third, silver and silver oxide have a range of redox activ-
‘ties that make them useful in catalysis and electrochemi-
val energy storage.'® Fourth, wet etching protocols for sil-
ver are easier than those for gold because silver is
chemically more reactive. Fifth, silver can be oxidized eas-
:iv to form insulating layer of oxide on the surface; this
vroperty is useful for fabricating metal/insulator/metal
tunneling junctions.'®” Sixth, as we discuss in the next
- vtion, microstructures of silver that are produced by the
-»mbination of uCP of hexadecanethiol and selective etch-
4 in solutions containing S,03” and Fe(CN)?~/Fe(CN):-
huve higher edge resolution and far fewer defects than those
ot gold fabricated using a similar procedure.

tere we demonstrate that wCP can be used to form pat-
wwrned SAMs of alkanethiolates on the surfaces of evapo-
ruted silver films, and that these patterned SAMs are
effective resists that protect the derivatized regions of sil-
ver frum etching in a variety of aqueous etchants, for exam-
v Fe(NOy),,  K,S,0,/K Fe(CN),/K,Fe(CN),, - KCN/O,,
- 1L.OH/0,, NH,OH/H,0,, and H,NCH,COOH/H,O0,.

Experimental

Muaterials and substrates.—Ag (99.9999%), Au (99.999%),
T1199.99%), K,S,0;, KSCN, K,Fe(CN),, K,Fe(CN),, Fe(NO,),
HF (48%, w/w), and CH,(CH,),,SH were obtained from
Aldrich. KI, KBr, KCl, KOH, KCN, and NH,OH (w/w,
26") were purchased from Fisher Scientific. PDMS elas-
tomer (Sylgard 184) was obtained from Dow Corning.
S1(100) wafers (Cz, N/Phos.-doped, test grade, SEMI Std.
tlats., covered by native or thermal oxide) were obtained
f7om Silicon Sense, Inc. (Nashua, NH). Hexadecanethiol
was purified under nitrogen by chromatography through

Table . Solutions that have been examined for use with patterned
SAMs on silver.

Coordinating Etching
Oxidant? . ligand* rate® Selectivity®

X Fe(CN), (0.01) None = —_
K,S,0, (0.1) ++ ++

~NH,OH (8.2) ++ +

NH,OH (0.16) + +

KSCN (0.1) + +

KCl1(0.1) + +

KBr (0.1) + +

. KI (0.1) + +

Fe(NO ), (0.05) None ++ ++
), (suturated) KCN (0.01) + ++
NH,OH (8.2) + +

H,NCH,COOH (0.1) - —

KSCN (0.01) - —

K,S,0, (0.01) - —

H0,(0.17) NH,OH (0.16) + +
H,NCH,COOH (0.1) + +

FeCl, (0.01) KC1(0.1) 0 -
KI (0.1) + .

KI(0.1) ++ -

L {0.005)

*(Concentration, M).

"All etchings were carried gut at room temperature.

-+ = vet:'[y rapid (1‘2 to 30 A/s).

- = rapid (1 to 10 A/s).

0 = slow (< 1 A/s).

- = very slow (almost no etching).

‘ Key: ++ = excellent, + = good, 0 = fair, - = poor, — = not
xamined because the etching was too slow. The evaluation of
clectivity was based on the density of defects (using SEM) pro-
‘fucted in the SAM-covered regions after the underivatized
~gions of silver just completely (or close to) dissolved,

silica gel. Thin films of xtiver (50t =0 nm thick) and
gold (50 nm thick) were propared by Fobeam evaporation
onto silicon wafers that had been princd with titanium (2
to 3 nm thick). After evaporation. the <ubstrates covered

Fig. 1. SEM images of silver films (50 nm thick) that had been pat-
terned with SAMs of hexadecanethiolate using .CP, and etched in
the standard ferricyanide etchant for different intervals of time. The
etching rate in this etchant was estimated to be 3 to 4 nm/s. Defects
appeared in the SAM-covered regions when the samples were
overetched. Three representative defects [black dots) are indicated
by arrows in (c).
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Si/SiO;

a

Fig. 3. (o) An AFM image of a test pattern of silver {50 hm thick]
that was produced by nCP and selective etching {~20 s). (b,
Cross-sectional SEM images of test patterns that were generated in
silver films (0.2 um and 1 um thick) using the standard combination
of CP with hexadecanethiol and selective etching {(~45 and ~90 s,

respectively). The isotropic nature of the etching is clearly seen in {c).

by thin films of silver were kept in air and were used with-
in several dayvs. These films of silver were probably cov-
ered by an ultrathin layer of silver oxide, although x-rav
photoelectron spectroscopy (XPS) of these silver surfaces
only showed characteristic peaks of Ag(0); the positions of
these peaks were not sensitive to the presence of very small
amounts of silver oxide” No difference in the quality of
the silver patterns was observed for those samples fabri-

Fig. 2. (a, b} SEM images of  test pattern of silver (50 nm thick) cated from substrates thz:t had been kept in the laborato-
that was fabricated by 1:CP with hexadecanethiol, followed by etch- ry for dxfleren? periods O,“t_m.le up to one mf)nth.
ing in the standard ferricyanide etchant for ~20 s. (c) SEM of a test “ In this paper, 50 nm thick films of silver were used as Lhe
tern of gold (50 nm thick) that was fabricated by uCP, followed stanqard fl}n1§ in examining and comparing the etlchmj_'
E;l selective etching in the ferricyanide etchant for ~'16 min. {d) The  behaviors of different etchants. There was no particular
smallest features (~200 nm in size] that have been produced in sil- reason for choosing this thickness. Silver f1!ms as thin as
ver films (40 nm thick) by the standard combination‘of uCP.and 30 nm and as thick as 1 pm were also used in testing for-
selective wet etching [~ 15 s}. The bright regions are metals covered ricyanide etchant: films 30 nm thick behaved essentially
by SAMs, the dark regions are $i/Si0, where underivatized metals the same as those 50 nm thick; films thicker than 0.2 pm
have dissolved. SRR resulted in more defects in the SAM-covered regions and
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Ag/SAM
}

10 pm

Fig. 4. SEM images of fest ﬁcﬂerns of silver (50 nm thick) that

were produced by etching in the ferri/ferrocyanide solutions, with
Ki, NH,OH, KBr, KSCN, and KCl as the coordinating ligands. Due to
their low solubilities in water, AgX precipitated in situ on the under-
ivatized regions of the SAM-patterned surfaces of silver. The cracks
formed in AgC! (indicated by arrows in e) probably resulted from
drying the sample too rapidly.

©-.1073

lower edge resolution for the generated microstructures of
silver than films 50 nm thick. We believe that for each
etchant there is a thickness that optimizes cost and edge
resolution; and minimizes the density of defects.

Microcontact printing (WCP).—PDMS stamps were fab-
ricated according to the published procedure.'* Before print-
ing, silver substrates were rinsed with ethanol and dried in a
stream of N,. An ~2 mM solution of hexadecanethiol in
ethanol was used as the “ink.” After applying the hexade-
canethiol solution (with cotton Q-tip) to the PDMS stamp,
the stamp was dried in a stream of N, for ~1 min, and
brought into contact with the surface of silver for 5to 10 s.

Etching of silver and gold.—The composition of the
standard ferri/ferrocyanide etchant for silver was: K,S,0,
(0.1 M), K,Fe(CN), (0.01 M), and K,Fe(CN), (0.001 M).
Caution: Potassium ferricyanide is light sensitive. The
photodecomposed products contain free cyanide.
Potassium ferricyanide is also incompatible with acids
and releases HCN. All etchings of silver were conducted
using this solution unless otherwise mentioned. For those
ferri/ferrocyanide etchants using I, Br™, C1~, and SCN~ as
the coordinating ligands, K.S,0, was substituted by the
same concentration of KI, KBr, KCl, or KSCN. The com-
position of the cyanide etching solution for silver was:
KOH (1 M) and KCN (0.1 M). The ferri/ferrocyanide etch-
ing solution for gold was: "'K,S,0, (0.1 M), K,Fe(CN), (0.01
M), K,Fe(CN); (0.001 M), and KOH (1 M). All etching of sil-
ver was carried out at room temperature in a 400 ml
beaker with ~300 ml etchant. The etching solution was

stirred at ~300 rpm with a magnetic stirring bar that was .

~2 cm long. The etching time reported here represents the
minimum time (or close to the minimum time) that is
required to dissolve completely the underivatized silver
film having the indicated thickness in the indicated
etchant. This time was obtained by examining {using scan-
ning electron microscopy (SEM)] silver samples that have
been patterned with hexadecanethiol by uCP, and etched
for different intervals of time (for example, as shown in
Fig. 1)."

Etching of silicon.—Anisotropic etching of silicon was
carried in an aqueous solution containing KOH and i-propanol
(:-PrOH) at 65°C (400 ml of H,0, 92 g of KOH, 132 ml of
i-PrOH) for ~10 min." The etching solution was stirred at
~300 rpm. Before etching the silicon, the native oxide on
the silicon was removed by dipping the samples in an
aqueous solution of HF/NH,F (250 ml of H,0, 140 ml of
48% HF, and 65.5 g of NH,F) for ~1 min.

Instrumentation.—SEM was done on a JEOL JSM-6400
scanning electron microscope. Atomic force microscopy
(AFM) image was obtained using a Topometrix TMX 2010
scanning electron probe microscope (Mountain View, CA);
the images were obtained in the contact mode.

Results and Discussion

A chemical etchant must contain an oxidant and a coor-
dinating ligand in order to dissolve a metal.!' For silver,
the oxidant can be Fe(IIl), O,, or H,0,; the coordinating
ligand can be S,0;, CN—, X— (X=I, Br, Cl, OH, and SCN),
NH;, amino acids, or NO;."**? Table I surveys some aque-
ous solutions that have been examined as etchants for use
with patterned SAMs of alkanethiolates on silver. Most of
them are effective etchants for silver, and many have good
to excellent selectivity.

Etching solutions that use K;Fe(CN),; as the oxidant.—
Figure 1 shows scanning electron micrographs (SEMs) of
silver films (50 nm thick) that had been patterned with
SAMs of hexadecanethiolate using pCP and etched in the
standard ferricyanide etchant for different intervals of
time. In the SEMs, the bright regions are silver covered by
the SAM and the dark regions are Si/SiO, where the
underivatized silver has dissolved. The progression of dis-
solution of bare silver can be clearly seen from these SEM
images. Since silver is chemically more reactive than gold,
no KOH is required in the etching solution to achieve
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Fig. 5. SEM images of test pat-
terns of silver {50 nm thick) that
were generated by pCP with
hexadecanethiol, {o“owed by
etching for ~15s in the ferri/fer-
rocyanide solufions {0.01/0.001
M) with different concentrations
of NH,OH. (A) 0.5, (8) 1.0, (C)
1.5, (D) 2.0, and (EF) 3.0 M. No
AgOH precipitate was produced
due 1o the formation of complex-
es of silver at high concentrations
(=2 M) of NH,OH. The 10 pm
bar applies to Fig. A-E. The edge
resolution in 3\is etchant is
. —200 nm. The light specks on
the dark regions (E, F) are re-
maining islands of silver.

rapid and selective etching'’
complete dissolution of 50 nm t
standard ferricyanide etchant was = 16 s the etching win-
dow was ~10 s.!! During the first -
only from the bare regions; w
longer periods of time, defects apy
ered regions (Fig. 1¢). Reducing t!
from 0.1 to 0.01 M decreased the
but had no influence on the etc

Figures 2a and b show SEM images (at two different

! The time required for the

294 s, silver dissolved
hen samples were ctched for
seared in the SAM-cov-
1o concentration of S.0;°
etching rate by ~30%,
hing window."

J. Electrochem. Soc., Vol. 143, No.

magnifications) of a test pattern of silver (70 ma thick) ver have

fabricated by etching in the standard ferrievanide etchant
for ~20 s, with a patterned SAM of hexadecanthiolate as
the SEM of a test pattern of
abricated using a similar pro-
of silver fabricated by nCP
her edge resolution (~20
) (~10 pits/mm’ vs. ~10°
pits/mm?’) ’(hé_“‘thé’se of gold produced by a similar proce-
dure® - The'BAM of hexadecanctiio
has 'ari"é'dgg‘fi"é‘solution of < 5 mm
4 3" ot

the resist. Figure 2¢ shows

gold (50 nm thick) that was f
cedure '-The ‘microstructures

2

and selectiv

vs. ~100 nm)‘and far fewer defects

£ 3N

e\&{gt etching have hig

be seen from the resulis of 1
ference in the density of de

smaller features, and thel
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AFM studies.” The edue resolution of the silver structures
hick silver films in this (50 nm thick) therefore probably represents the low limit
for microstructures that can bo fabricated by pCP and
selective wet etching using current techniques. Different
etchants usually resultin different edge resolutions, as can
st several sections. The dif-
foets (using similar etchants)
between the microstructures of silver and gold may be duc
to the structural differences between the SAMs of hexade-
canethiolate on silver and gold:

3 gives detailed profiles of -th

the alkanethiolates on sil-
o smadler G angle 197 ps. ~30°, and as &
result, fewer domans than those on g01c1.2'25 At present, the
smallest features produced by the standard procedure ol
uCP and solective etehing are - 200 nm in size (Fig. 2d).
These dimensions are set by the stamps that were availabl
for use with this work: we have not tried stamps with
ower limit to the definition that
can be achieved by this technique is not established by the
present work. D '
Late formed by pCP Figure
4. characterized by

)\edg’és of the
“microstructures otehid in stiver fiims. FiguréSa is an AFM
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Si/SiO,;

Ag/SAM

Fig. 6. SEM image of a silver pattern {50 nm thick) that was gen-
erated by etching in aqueous Fe{NO,), solution (0.05 M) for ~30 s,
with printed SAMs of hexadecanethiolate as the resists.

image of a test pattern of silver fabricated in a 50 nm thick
film, and Fig. 3b is a cross-sectional SEM image of the
same test pattern fabricated in a 200 nm thick film. Both
patterns of silver were generated using nCP with hexade-
cancthiol, followed by etching in the standard ferricyanide
solution for ~20 and ~45 s, respectively. The etching of
silver in the standard ferricyanide etchant was isotropic
(Fig. 3d).

Figure 4 shows SEM images of silver samples (50 nm thick)
thit had been patterned with SAMs of hexadecanethiolate by
1 CP and etched in aqueous solutions that use ferri/ferro-
cvanide (0.01/0.001 M) as the oxidant, and KI (0.1 M), KCl
(0.1 ), KBr (0.1 M), KSCN (0.1 M), and NH,OH (0.16 M)
as the coordinating ligand, respectively. The AgX micro-
crvstals (<0.5 pm in size) on the underivatized regions
were formed by the reaction indicated in Eq. 1

Ag(s) + Fe(CN)] (aq) + X '(aq) = AgX(s) + Fe(CN){~(aq)
X =1, Br, Cl, OH, and SCN) (1]

The composition of MX (M = Ag; X = I, Br, Cl, OH, and .

SCN) was verified qualitatively by energy dispersed spec-
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Fig. 7. SEMs of a test pattern of silver {50 nm) that was generat-
ed using uCP with hexadecanethiol, followed by etching in solutions
saturated with oxygen, for ~2 min with KCN (0.1 M) as the coordi-
nating ligand (a), and for ~9 min with NH,OH (8.2 M) as the coor-
dinating ligand (b).

troscopy (EDS). The rate of etching decreased in the order
of I" > OH = Br = SCN" > Cl’; an order that was prob-
ably determined by the solubility-product constants (K,,)
of the resulting precipitates. The silver scemed to dissolve
into solution first, and then AgX crystals grew from the
solution onto the surfuces. These AgX precipitates could
not be dissolved by water; all of them could be easily dis-
solved by immersing the samples in an aqueous solution
containing K.,S,0, (~0.1 M) for ~30 s

AgX(s) + 28,07 (aq) = Ag(S.0;5 ) (aq) + X (aq)
(X =1, Br, Cl, OH, and SCN) (2]

Silver films (~50 nm thick) underivatized by SAMs did
not completely dissolve in these five etching solutions
because the AgX precipitate formed a barrier between the
silver surface and the etchant during etching. Nevertheless,
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Fig. 8. SEM images of silver patterns (50 nm thick) that were pro-
duced by etching in solutions that used H,0, (0.17 M) as the oxidant
and (a) NH,OH (0.16 M), (b) H,NCH,COOH (0.1 M) as the coordi-
nating ligcnd. Oxygen bubbles formed from the decomposifion of
H,0, lindicated by arrows in () blocked the the access of etchants
to the surface and slowed the etching on those areas covered by
bubbles. Note that the edges of the silver patterns are extremely
rough {300 nm) in this etchant. The blemishes on the etched
regions were remaining islands of silver.

this result provides a new approach for forming patterned
microcrystals of AgX on the surfuce, and (at least for C17)
for contouring the surface.

The precipitate of AgOH s soluble in highly concentrat-
ed solutions (72 My of NH,OI 2 Figure shows SEMs of
silver samples (30 nm thick) that were patterned with a
SAN of hexadecanctbiolate and that had been etched for

15 s in ferri ferrocvanide £ 001 ~0.001 M) solutions

with different concentrations of NH,OH. Since the con-
centration of AgOH was determined by the concentration
of NH,OH, here we observed a transition from homoge-
neous to heterogeneous nucleation when the concentration
of NH,OH changed from 0.5 to 2.0 M. At higher concen-
trations of NH,OH, either no AgOH crystals were formed,
or this material dissolved immediately after formation

AgOH(s) + 2NH,OH(aq) = Ag(NH,);(aq) +
OH" (ag) + 2H,0 (3]

Etching solutions that use Fe(NO,), as the oxidant.—
AgNO;, is soluble in water at room temperature. Thus,
Fe(NO,), could be used as a selective etchant for silver in
a single-component solution .

Ag(s) + Fe(NO,), (aq) = AgNO, (aq) + Fe(NO), (aq) [4]

Figure 6 shows SEM images of a test pattern of silver (50
nm thick) that was generated by etching in an aqueous
solution of Fe(NO,); (0.05 M) for ~30 s. The edge resolu-
tion of the silver structures that were fabricated using this
etchant is ~100 nm. The etching rate increased linearly as
the concentration of Fe(NO,), increased from 0.01 to 0.1 M
Eq. 5

Etching rate (nm/s) = 46.7 (Fe(NO,);] (M) (5]

Although the edge resolution of this etchant is not as good
as that of ferri/ferrocyanide, the low toxicity and cost of
Fe(NO,), makes this etchant attractive in many applications.

Etching solutions that use 0,as the oxidant.—Figure Ta
shows SEM images of silver lines (50 nm thick) fabricated
by pCP of hexadecanethiol, followed by etching for ~2
min in an aqueous KCN solution (pH = 14, [(KCN] = 0.1 M)
saturated with O,. Note that complete etching of gold
films with the same thickness in an etching solution with
the same composition usually takes ~30 min.!' The edge
resolution of silver features fabricated using this etchant
is ~100 nm. Unfortunately, the highly toxicity and envi-
ronmental impact of free cyanide ion makes this etchant
unattractive in many applications.

When ligands that coordinate with silver more weakly
than cyanide were used, etching of silver became much
slower (Table I). Figure 7b shows SEMs of silver patterns
that were generated by selective etching in aqueous
NH,OH solution (8.2 M) for 6 min, with O, (from air) as the
oxidant.

Etching solutions that usc H,0, as the oridant.—Figure
g shows SEM images of silver patterns that were generat-
ed by pCP with hexadecanethiol, and selective etching in
solutions that used H,O, as the oxidant, with NH,OH and
H,NCH,COOH as the coordinating ligand, respectively.
During etching, oxygen from the decomposition of H.0,
formed small bubbles on the surfaces of the samples. As a
result, the etched surfaces became heterogeneous: areas
not covered by bubbles etched more rapidly than thosc
covered by bubbles (Fig. 8a). This etchant is therefore not
recommended for practical applications. There was anoth-
er difference between the systems that used H,0, and
ferri/ferrocyanide as the oxidants: no AgOH precipitate
was formed at this low concentration of NH,0H (0.16 M)
for the H,0, system.

Electrical conductivity and isolation of silver lines.—
Using the standard combination of pCP and selective wet
etching, an interdigitated array of silver lines (0.2 pm
thick, ~10 pm in width, ~1 mm in length, and separated
by ~10 pm) was fabricated on a silicon wafer that was
covered by a 0.5 um thick thermal Si0, layer. The sample
was subsequently immersed in an aqueous solution of HY'
(w/w, ~1%) for ~0.5 min to dissolve the exposed regions
of the titanium film (2 to'3 nm thick) that was used as the
primer between silver and silicon.” The resistance across
this array was measured to be ~2 MQ. This value is about
six orders of magnitude higher than that measured on con-
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a) Ag etching

10 um

tinuous regions of silver films, indicating that the silver
lines that are ~10 um in separation are electrically isolat-
ed from each other.

Silver lines (~0.2 pm thick, ~50 um in width, and ~5
mm in length) suitable for the measurement of conductiv-
ity were also fabricated using a similar method. A resis-
tivity of ~1.8 pQ) cm was measured using the two-probe
method. This value is close to the resistivity reported for
bulk silver, ~1.6 w02 cm'”; this value indicates that the sil-
ver lines fabricated by the present method have the
expected metallic conductivity.

Patterned films of silver as masks for the etching of SiO,
and Si.—One of the applications of uCP on coinage metals
(combined with selective wet etching) is using patterned
structures of these metals as secondary masks for the etch-
ing of underlying layers of SiO, and Si.>'"* Figure 9a shows
SEM images of lines and grids of silver that were generat-
ed by the standard procedure of pCP and selective wet
etching in ferri/ferrocyanide solutions. The silver films
were stable in strongly alkaline solutions (~4 M of KOH)
at elevated temperatures. After dissolving the native oxide
of silicon by immersion in aqueous HF/NH,F for ~1 min,
the (100) Si wafers were anisotropically etched in KOH/i-
propanol for ~10 min at 65°C (Fig. 9b).

Patterned structures of silver as molds for casting
PDMS stamps to be used for uCP.—Since silver is rela-
tively inexpensive and can be etched rapidly in a variety
of etching solutions, we wished to determine if it could be
used as a relief structure with which to fabricate PDMS
stamps (Fig. 10). We cast PDMS stamps against patterned
silver structures etched in silver films of 0.2 um in thick-
ness. Figure 11a shows a cross-sectional SEM image of the
patterned structure of silver that was used to produce
relief when casting the PDMS stamp; Fig. 11b shows the
SEM image of the silver pattern (50 nm thick) that was
generated by pCP using this PDMS stamp (after wet etch-
ing in the standard ferri/ferrocyanide solution for ~20 s).
These two silver patterns are complementary to each other.
‘This method provides a convenient route for generating
negative patterns without further access to facilities for
photolithography. The edge resolution of the second silver

Fig. 9. (a) SEMs of silver pat-
terns (50 nm thick] that were
generated using the combination
of .CP and selective wet etching.
The bright regions are mefa?s
covered by SAMs, the dark
regions are Si/SiO, where
underivatized metals have dis-
solved. (b) SEMs of samples after
anisotropic etching of silicon in
KOH/i-PrOH at 65°C for ~10
min with the above patterned sil-
ver films as the masks. The silver
masks remained on the surfaces.

pattern is <100 nm, a value that is good enough for many
applications.
Conclusions

Patterned features of silver with dimensions of less than
0.5 um can be generated routinely by a combination of

2 > PDMS 3?
’L‘I// > /s /Ilj'
7
.,,,,,/f -+——— Hexadecanethiol

Fﬁ ~— Ag (0.2 um)

Microcontact print

—o— SAM (2-3nm)

——

Etch silver

e ——

I S| |

Cast new PDMS stamp

BB PoMS )B:

Fig. 10. A schematic outline for fabricating PDMS stamps with
negative patterns from eiched silver structures. Note that the thick-
ness of the monolayer was exaggerated in the drawing.
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a) original pattern

—

Fig. 11. (o) SEM image of the silver structure (0.2 um thick) that
was generated by p.CP and selective etching (~45 s). (b, <] SEM
images of the silver pattern that was produced by uCP using the
PDMS stamp cast from the silver structure of (a), followed by selec-
tive etching { ~45 s}. The 10 pm scale bar applies to both {a) and (b).

The bright regions are metals covered by SAMs, the dark regions
are Si/Si0, where underivatized metals have dissolved.

pCP of hexadecanethiol and selective etching in a variety
of aqueous solutions. Etching of silver in solutions con-
taining $.0; and Fe(CN). /Fe(CN); was much more
rapid than that of gold (0.5 min vs. 15 min for 50 nm thick
films). Typically, patterned films of silver generated using
this procedure have higher edge resolution (~20 nm) and
fur fower dofeets (~10 pits/mm’) than those of gold (~100
nm and - 10 pits/mm’). Sitver lines produced on Si/Si0,
by this method had the expeeted metallie conductivity and

J Electrochem. Soc., Vol. 143, No. 3, March 1996 © The Electrochemical Society. Inc.

were electrically isolated using test structures. A sequence
that consists of stamping a patterned SAM on silver film,
removing the unprotected silver by etching, forming a new
stamp from the patterned silver, restamping, and re-etch-
ing constitutes a convenient method for generating nega-
tive patterns that do not require further access to pho-
tolithography facilities. Moreover, electroplating and
electroless deposition (for example, using Tollen’s reagent
and similar process) have been carried out at an industri-
al scale to make high quality coatings or mirrors (both pla-
nar and nonplanar) of silver; a combination of such plat-
ing procedures and pCP/etching may provide a convenient
method for making patterned features on curved sur-
faces.”® Patterning on nonplanar surfaces is difficult by
current photolithographic techniques.
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Characterization of High Oxygen:Tetraethylorthosilicate Ratio
Plasma-Enhanced Chemical Vapor Deposited Films

D. A. DeCrosta,* J. J. Hackenberg, and J. H. Linn
Harris Semiconductor, Melbourne, Florida 32902, USA

ABSTRACT

An investigation was conducted to characterize film

properties of oxygen-rich tetraethylorthosilicate (TEOS) films

deposited by single-wafer plasma-enhanced chemical vapor deposition. By increasing the oxygen:TEOS gas ratio from
11 to +:1 and maintaining a reduced gas flow rate, undoped silicon glass (USG) and phosphorus-doped silicon glass (PSG)
films exhibited a lower fixed charge, increased Si-O bonding sites, higher compressive film stresses, and higher refrac-
tive indexes. The USG and PSG dexosition parameters were optimized to achieve a film nonuniformity of <2.7% (lo) and

deposition rates of 1500 and 3100 A/min, respectively.

Introduction

Silicon dioxide films have been widely used in the
microelectronics industry as an interlayer dielectric (ILD)
film. As the size of integrated circuits continues toward
submicron dimensions, the type of ILD process employed
becomes more challenging due to higher aspect ratio
topography and film charging considerations. Silane-
based plasma-enhanced chemical vapor deposition
(PECVD) films generate reasonable ILD films, but suffer
from poor step coverage conformality. As interconnect
pitches decrease, silane-based PECVD films suffer from
incorporated voids between the interconnect lines leading
to possible long-term reliability issues.! An alternative to
silane-based films, is PECVD using TEOS as the silicon
source. PECVD TEOS films exhibit good step coverage
conformality, resulting in reduced film voiding between
submicron features.?> A disadvantage of TEQOS PECVD
films is their inherently greater film charging during
deposition. Film charging affects field threshold voltage,
degrading circuit performance, the magnitude of which
depends on the circuit technology®* Papers have been
published citing reduced film charging in TEOS PECVD
films deposited in oxygen-rich gas environments.*® The
manufacturing feasibility and film property requirements
are often not sufficiently addressed. Typical manufactur-
ing requirements for single-wafer deposition’ generally
require a refractive index of 1.46 * 0.01, a deposition rate
of 7800 * 300 A/min, nonuniformity <2.5%, and a com-
pressive film stress between 0.5 to 1.0 X 10° dyn/cm?. In
this paper we investigate the deposition of oxygen-rich
TEOS PECVD films that can be processed meeting typical
manufacturing requirements, in particular step coverage,
film nonuniformity, and reduced film charging.

Experimental

Silicon wafers (150 mm, (100), n-type, 3-5 (}-cm) were
used as the substrate on which oxygen-rich (4:1
oxygen:TEOS) PECVD USG films were deposited in an
Applied Materials P5000 single-wafer tool. This tool is a
multichamber vacuum load lock deposition system.
Experiments were designed to optimize deposition rates as
a function of gas flow rate conditions. These varied from

* Electrochemical Society Active Member.

675 to 1250 scem, while maintaining a constant 4:1 oxygen
to TEOS gas ambient. Susceptor temperature was held
constant at 400°C by the use of infrared (IR) lamps.
Chamber pressure during deposition was 9 Torr. The upper
electrode was a showerhead design and is RF coupled to a
13.56 MHz RF power supply. Oxide deposition rates and
film nonuniformity measurements were determined using
a 49 point measurement with a Prometrix FT-600.
Nonuniformity values were calculated using (standard
deviation/mean) X 100.

The effect of susceptor spacing on film deposition was
evaluated. Susceptor spacing matrices are typically per-
formed in manufacturing to minimize nonuniformity.
Oxygen-rich USG films were deposited under varying sus-
ceptor spacing ranging from 0.46 to 0.58 cm. Film deposi-
tion rates and nonuniformity values were subsequently
determined.

A third experiment was conducted to determine the
effects of RF power. Oxygen-rich USG phosphorous-
doped silicon glass (PSG) films were deposited under
varying RF power settings ranging from 300 to 550 W, Film
deposition rates and nonuniformity values were obtained
for each RF power setting and film type. The film stresses
were measured using a Flexus 2300, and refractive index
values, m, were calculated from a Rudolph ellipsometer
Model Auto EL

A final experiment was designed to assess step coverage
conformality, changes in Si-O bonding, film charging, and
wet etch rates as RF power and gas ratios varied. USG and
PSG films were deposited onto 1.2 um thick patterned
aluminum, with various pitches, to evaluate step coverage
conformality. The films were deposited using an RF power
of either 300 or 550 W and a gas ratio of either 1:1 (stan-
dard) or 4:1 (oxygen rich). Cross sections of the deposited
films were examined using an Amray 1645 scanning elec-
tron microscope (SEM). Step coverage values were subse-
quently calculated. Si-O bonding and wet etch rate condi-
tions were determined to evaluate film density as a
function of power and gas ratios. USG and PSG films were
deposited under the above conditions. Bonding in the
films was analyzed using a Nicolet 5DBX Fourier trans-
form infrared spectrometer (FTIR). Oxide etch rates were
determined using a timed buffered oxide etch (9:1 BOE).

Measurement of film charging was achieved by deposit-
ing USG and PSG films onto wafers with 0.1 pm of ther-
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