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We report on the electrochemical deposition of gold films omiype silicon. Gold deposition
occurs through progressive nucleation and diffusion limited growth. A high density of gold nuclei
was obtained by using a short potential pulse-tb.6 V(Ag/AgCI), and subsequent growth was
performed at about-1.1 V(Ag/AgCl) where the growth rate is kinetically limited. Transmission
electron microscopy showed that high quality, continuous gold films were formed with an average
grain size on the order of 50—70 nm. The electrical properties of the electrochemically deposited
Si/Au Schottky junctions are comparable to junctions prepared by evaporation or sputtering
techniques. ©1998 American Institute of Physid$0003-695(98)01948-2

Electrochemical deposition of metals and alloys onto  The mechanism of deposition can be changed by tuning
metallic substrates plays an important role in many moderithe position of the band edges or the energy of the acceptor
technologies. For example, in the electronics industry eleclevels in solution. Fof100) orientedn-type silicon(4 (2 cm)
trochemical and electroless deposition are widely used foin a pH O solution the conduction band eddgécf) and
applications such as copper printed circuit boards, throughvalence band edgeE(g) at the surface are located at
hole plating, multilayer read/write heads, and thin film mag-about—0.6 V (Ag/AgCl) and 0.5 (Ag/AgCl), respectively’.
netic recording media. In contrast, the electrochemical The equilibrium potential for the AugGlIAu couple is 0.78
deposition of thin, continuous metal films onto silicon hasV(Ag/AgCl),” so there is expected to be significant overlap
been largely overlooked despite the technological imporbetween the valence band and the acceptor levels. This is
tance for applications such as Schottky junctions and metakonfirmed by the observation that gold deposition from
lization. AuCl, in 1 M HCI+1 M HF solution occurs under open cir-

The thermodynamics and kinetics of metal deposition orcuit conditions on bothn- and p-type silicon. However,
semiconductors are dependent on the accessible energy lgite films were highly stressed and had poor adhesion. In pH
els in the semiconductor and solution. Figure 1 illustratesl4 solution, the band edges are shifted g
possible mechanisms for metal deposition on a semiconducs —1.4 V(Ag/AgCl) and Eyg~—0.3 V(Ag/AgCI).2 The
tor surface; for convenience the metal ion is considered as agquilibrium potential for AGCN), in pH 14 solution is about
acceptor state with a temporal distribution of energy—0.82 (Ag/AgCI),” so that the energy levels of the gold
levels?~> A metal/metal ion redox couple with a sufficiently acceptor states are expected to overlap with the conduction
negative equilibrium potentiale.g., a transition metahas band. In this case, gold deposition is not observed under
acceptor levels that have a large overlap with the conductiofpen circuit conditions, indicating that there is no overlap of
band edge. If the surface electron concentration in the corgold acceptor states with the valence band. In addition, gold
duction band is sufficiently high, electrons can be transferre@eposition onp-type silicon can only be achieved under il-
to the metal ion in solution resulting in deposition of the lumination, confirming that the deposition mechanism is
metal. The deposition rate is dependent on the band bendirgjectron transfer from the conduction band.
and can be controlled by the applied potential. For the case
of a metal/metal ion couple with a positive equilibrium po- E E
te_ntlal (e.g., a noble metglwhere the acceptor states pverlap o WE) bW(E)
with the valence band of the semiconductor, deposition takes
place by hole injection into the valence band. When the po-
sitions of the band edges are fixed, the deposition rate is 00

. . . . I
expected to be independent of applied potential. In this case, Ecg— . Ecs
deposition can occur under open circuit conditions as long as Eor
a suitable hole acceptor is present in solution. However, hole
injection often leads to oxidation of the semiconductor re- Eve EVB@ o<l
sulting in either the formation of an oxide layer or dissolu- -
tion of the semiconductor. Based on these considerations, OR
deposition via t.he conduction band is preferred since th?:IG. 1. Energy band diagram illustrating possible mechanisms of metal
growth mechanism and, hence, the properties of the depoﬁéposition on am-type semiconductor; the energy levels of the oxidized
ited films can be controlled by means of the applied potenspecies are shown as a Gaussian distribution. Deposition of a metal from a
tial. metal/metal ion couple with a negative equilibrium potentizy,, takes

place via electron transfer from the conduction band to the solution, and

deposition from a metal/metal ion couple with a positive equilibrium poten-
3Electronic mail: searson@jhu.edu tial, Eé,R, occurs through hole injection into the valence band.
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U (V vs. Ag/AgCl) FIG. 4. Cross-sectional TEM image of an electrochemically deposited gold

film on n-type S{100.
FIG. 2. Voltammograms fo¢100) orientedn-type silicon(4 A cm)in 1 M
KCN solution at 14 pH with(a) 0 and(b) 50 mM KAU(CN),. The scans  gre characteristic of three dimensional nucleation followed
were started at the OCP, and the scan rate was 10TV s by diffusion limited growth'! The inset of Fig. 3 shows the
transients replotted in dimensionless form, along with the

Figure 2 shows a cyclic voltammogram f¢t00) ori-  theoretical curves for instantaneous and progressive
entedn-type silicon(4 Q1 cm) in 1 M KCN solution, adjusted nucleation*>'3The transients show excellent agreement with
to pH 14 with KOH, with and without 50 mM KA(CN),.  the progressive nucleation model. The diffusion coefficient
The experiments were performed using a conventional threef Au(CN), can be obtained from the produ'(ﬁ;tm [where
electrode cell with a Ag/AgCI3 M NaCl) reference and a i2t,,=0.2598¢Fc)?D]%*® resulting in a value of 1.5
platinum counter electrode. At this pH, the silicon surface isx 1075 cn? s7%, close to values reported in the literatdfe.
hydrogen terminated and is stable under open circuit condifhe diffusion coefficient can also be obtained from the cur-
tions and at potentials negative with respect to the open cirrent decay at long times from the Cottrell equation for linear
cuit potential(OCP.%*° Consequently, the formation of an diffusion to a planar surface, which resulted in a value of 2
oxide during deposition can be avoided. The voltammogramx 10~° cn?s™ 1.
in the gold solution shows a characteristic peak at about Based on these results, the experimental conditions for
—1.30 M(Ag/AgCI) due to gold deposition followed by a the deposition of high quality, continuous gold films on sili-
sharp increase in the current atl.65 V(Ag/AgCI) due to  con can be determined. The general approach is to provide a
catalyzed hydrogen evolution on the gold clusters. On theotential pulse at negative potentials where a high density of
reverse scan, gold deposition is observed up-100 V(Ag/  nuclei is formed, followed by growth at more positive poten-
AgCl) indicating that an overpotential of about 0.3 V is re-tials under charge transfer or mixed charge transfer/mass
quired for nucleation. The reverse scan does not show @ansport control. Growth under charge transfer control is
stripping peak which, in the absence of valence band holesiecessary in order to prevent dendritic growth of the nucle-
shows that a high barrier- Si/Au Schottky junction has been

formed. 0.5 0 0.5 1 15
Figure 3 shows a series of current transients for potential T T T T ™3
steps from the OCP to various potentials for gold deposition
from 50 MM AUCN);, in 1 M KCN at pH 14. The transients
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FIG. 3. Current response to potential steps freth.1 V (Ag/AgCl), where
no deposition takes place, ta) —1.6 (Ag/AgCl), (b) —1.5 (Ag/AgCl), and U (V)

(c) —1.4 V (Ag/AgCI). The inset shows the transients replotted in dimen-

sionless form{[J) —1.6 (Ag/AgCl), (O) —1.5(Ag/AgCl), and(A) —1.4 V FIG. 5. (a) Mott—Schottky plot andb) current densitfA cm™2) vs a po-
(AQ/AqCI). The theoaretical curves for instantaneddashed and nrogres-  tential curve on a semilogarithmic plot for an Si/Au Schottky iunction
sive nucleation(solid) with diffusion limited growth are also shown. prepared by electrochemical deposition.



Appl. Phys. Lett., Vol. 73, No. 22, 30 November 1998 Oskam, van Heerden, and Searson 3243

ated clusterd>®The gold films deposited using this method which shows that these junctions are nearly idéalhe satu-
were bright and exhibited good adhesion to the silicon surfation current,j,, was determined to be 2810’ Acm2
face. resulting in a barrier height of 0.80 eV. The values for the
Figure 4 shows a cross-sectional transmission electrobarrier height obtained by the two different methods are in
microscopy(TEM) image of an electrochemically deposited excellent agreement indicating the absence of either an inter-
gold film onn-Si(100). We note that the delamination of the facial layer or a high density of electrically active surface
gold film in the image is due to sample preparation. The filmstates. These characteristics are comparable to junctions ob-
was deposited using an initial potential pulse dl.65 tained by sputter deposition or evaporatidn.
V(Ag/AgCl) for 50 ms followed by growth at-1.12 (Ag/ . ) )
AgCl) for 200 s. The total charge passed was 0.1 CZm _Thls work was supported by the National Science Foun-
corresponding to a film thickness of 100 iassuming 1009 dation under Grant No. CTS-9732782.
efficiency), close to the average film thickness of 90 nm
obtained from TEM images. The TEM Image reveals thelL T. Romankiw and T. A. Palumbo, iilectrodeposition Technology
preser)ge of stacklng_faglts Wh.ICh IS Oft.en fou.nd for gqld Theéry and PracticQEIe.ctrc.)chemicaI ’Society, Pennington, NJ, 1088 Y
deposition. The gold film is continuous with equiaxed grains 13
with an average size on the order of 50—70 nm. The grair?H. Gerischer, inPhysical Chemistry, An Advanced Treatigécademic
size is expected to be determined by the nucleus densitgZfeéz}i':cek‘]’ér\(gtctlr%zam4A62t-35 1677(1990
since g'rowth of'the nuqlel continues until th.ey poalesce re-an m Fajardc’J and N. S. Lewis, Scien@74, 969 (1996
sulting in a continuous film. The average grain size of 60 NMSg_ A Marcus and N. Sutin, Biochim. Biophys. Acg11, 265 (1985.
corresponds to a nucleus density of 2 B0'° cm™2. Thisis  °J. H. Ye, F. Peez-Murano, N. Barniol, G. Abadal, and X. Aymerich, J.
in good agreement with scanning electron microscopy im-,Phys. Chemss, 17650(1995. _
ages of silicon surfaces after deposition of about 5 mCTm (kBérMNeSv(;h\r(Tgi 'qgélniaglzmem'als In Aqueous Solutigvarcel Dek-
of gold (20 equivalent monolayeysvhich revealed a nucleus  &p. Allongue, V. Costa-KieIirig, and H. Gerischer, J. Electrochem. Soc.
density of about % 10" cm™2. 140, 1018(1993. o _
The electrical properties of the electrochemically pre- 9;’4 A'i%%%“iég’- Costa-Kieling, and H. Gerischer, J. Electrochem. Soc.
pared Si/Au junctions were characterized by measuring the’P.%‘Ilongu(e, H?'Brune’ and H. Gerischer, Surf. S5, 141 (1992.
barrier height and ideality factor of the junctions. Figuf@)5 !'E. Budevski, G. Staikov, and W. J. Lorer&lectrochemical Phase For-

shows a plot ofC~2 (whereC is the measured capacitafjice _mation and GrowthVCH, Wenheim, 1995

12 ! ; ;
versus the applied bias. The plot is linear and the intercepB: Scharifker and G. Hills, Electrochim. Ac@8, 879 (1983.
PP P p‘TQG. Gunawardena, G. Hills, I. Montenegro, and B. Scharifker, J. Electroa-

wit_h the potential axig is-0.51 V, which leads to a barrier 5 chemai3s 225(1982.

height of 0.79 eV. Figure (b) shows the forward current 4J. A. Harrison and J. Thompson, J. Electroanal. Ché®n113(1972.
versus the applied bias on a semilogarithmic plot correcteélizR M. Brady and R. C. Ball, Naturé.ondor) 309, 225(1984.

for the reverse bias curreht.The plot is linear over about %gﬁgs'g Ben-Jacob, R. Clarke, and L. M. Sander, Phys. Rev. $t.
five orders of magnitude and from the slope of the current-7g y Rrnoderick and R. H. Wiliamsvietal-Semiconductor Contact®x-

voltage curve the ideality factor was determined to be 1.2 ford, New York, 1988



