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Epitaxial Growth of Nickel Silicide (NiSi,) in Vacuum Deposited
Nickel and Gold Films on (III)Silicon Single Crystals*

Ki-Hyun Yoon**and Hee-Soo Lee®+*
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INTRODUCTION

Increasing demands {or large scale integrated
circuits {LSI) have made imperative the devel-

Hlared £A%H Sdzd
**Hongneung Machine Industry Co., LTD.
#t+Department of Ceramic Engineering, Yonsei University

Oopment of practical and reliable multilevel meta-
[lization.

It has.been reported! that the growth of a
compound by reaction between a thin metal film
and a single crystal can be controlled by proce-
sses at the substrate-metal interface, the com-

pound-metal interface, or by transport of mate-
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rials through the reaction product layer.

In industrial applications, metal silicides on
silicon are conventionally used to form ochmic
contacts and Shottky barriers, # Silicides can be
advantageous because they form at temperatures
compatible with silicon device fabrication. Once
{ormed, they should remain stahle,

The purpose of this work was to  Identify.
and determine the composilion and the [orma-
tion mechanism of the crystallites formed when
silicon samples ccated with wnickael and gold
Alms were heated o about 550°C. This tempe-
1ature is far below the peritcclic temperaturc
(993°C) of the Si-richest mickel silicide. ™ This
lowered reaction temperature has been assecialed

with enhanced inlerdiffusion at the inler[ace

between the Nlms. #

BEXPERIMENTAL

Puve gold wire and nickel strip were separa-

4] P

tely evaporeiod [rom o resistively— heated U-
shaped tunesten filoment onto thc unpolished

(11T susface of n-type silicor wafers. The si-

ligon subctrates were P doped wilhh resisiivities
of B0 chm em. Ni/AG/B1 samples  were prepa-
ved by depositing geld on silicon subsirates and
then nicke! upon the gold film. Au/S: and Au
JINi/8L samples wore prepared 1u a similar [ag-
hion. lmmediately before loading into the wa-
e bell-jar for for metal deposiiion, the sili-
con substrates were rinced in cold distilled water,
degrensed in acetone and ctched in a dilute hy-
drogen fluoride soluticn for 1 miaute o reduce
the oxide thickness on the silicon substrates.
The background pressure during evaporation
was kept below 231075 d{orr. The substrate-
to-gource distance was approzimately S5em. Du-
ving deposition, the temperaturz of the silicon
-substrales never cxcoeded about 50°C., The
substrate temperature was determined by a chr-

omel-alumel thermocouple held against to  the

substrate.

Immediately after evaporation. the adherence
of the gold and nickel films to the silicon subs-
trates was Lested using the lape test®®, In some
cages, the films showed poor adherence and
these samples were not used for further experi-
ments. The ticknesses of the nickel and gold
films were about 11004 and 28004, raspactive-
by, as determined from Auger in-depth profiles.
(SEM)
roicrograph displayed in Fig.1 shows that the

The scanning electron  microscope®
gilicon substrates were not smooth. Therefore,
it is not surprising that ihese substrates weie

not smocthly covered by the deposited {ilms.

Fignre . 5EM phoiograph of the micresnuciure of
the susface of the unheated St wafer, The
Si substrate appears rugh.

Many pinhole tyoe delscis appeared as dark spots
en the suiface of an unireated Au/Ni/5i sample.

The samples wers heated in vacuum to about
E50°C lor approximalely len minutes by elec-
tron bombardment. The background pressure

during heating the samples was maintained be-

*Model JSM-2. Jepan [lectronic Optic  Laboratory

Company, Japan
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low 431077 torr. After heating, the samples
cooled to room iemperature wilhin a few min-

wtes,

SEM photomiaph of the microstruciure ass-
ociated wiih the Au-Si euieciic the An/

Migure 2.
in

&1 sample.
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Tigure 2. !
I/ Au/S: sample, The evvstalliies

[rom  the
a SEM.

“The surlaces of the samples showed miccosliuc-

The

vacuum chamber and examined with

samples were then removaed
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Tigure 4.

the ery
cryslallites are MiSig

SHW photogiuph ol

The

A/78E sammle,

‘u]lC microstruciure ass-

pholograph of
clated with Au-Si euleciic in the Av/INi/

Figure 5. SEM

St sample.  Au(lighc aren) recryaial-

hized [rom the ligmd &u-5

was
cutetic.

structure fo-
bulle  zold-

mi-

wure similar o the Au-5i evtoriic
und by Hellawell? and Sinha® in

Figure 2 shows the tvps of

silicon allovs.
crostructure found for all samples.

truciure in this fgure was produced on a gold

The micros-

coated Si wafer.
NifAu/St and Au/Ni/Si samples

cther

had



features after heating, These features had the
3 and
4. The shape of the crystallites resembles a

form of crystallites, as shown in Figs.

slightly deformed hexagon. This shape is seen
more clearly in Fig, 5.

Several analytical methods were emploved to
determine the composition of these crystallites
and the matrix sutrounding them. These me-
thods were: ¥-ray diffraction; in-depth Auger
electron spectroscopy; and SEM  nondispersive
X-ray analysis

A. X-Ray Diffraction Analysis

The crystallites formed on some samples were
separated {rom the substrates by aqua regia.
These crystallites were washed several times
with distilled water to remove the residual
gold solution. They werc then dried in air,
and examined by X-ray diffraction. Cerac* Ni-
Si; powder was used for comparison with the

crystallites.

Pebye- Scherrer powder patterns were oblai-
ned using Cul<, radiation and a Ni filter. Some
of the many lines on the sample pattern could
be attributed to diffraction by pure gold. The
diffraction lines of gold decreased in intensity

No shift in the

positions of the gold lines oceurred as  a result

wilh increased washing time.

of this treatment. This suggests that gold was
not involved as a part of the crystallites. Auger
electron analysis later confirmed this. The rem-
ainder of the sample lines were indexed as Ni-
Siz which has a cubie caleium fluoride (Cl) st-
ructure® 1 Table I lists the observed diffrac-
tion lines together with the calculated relaiive
integrated intensities. The calculated lines {for
NiSiz could be accounted for except those lines
whose intensities were so low as not to be visi-
ble on the X-ray film even after prolonged ex-

posure,

TABLE II. Comparison of the Calculated Relative Integrated Intensities and Observed Intensities for NiSis

(a=5. 4064, CaFa(CD) Structure)

bkl ¢ Coatveed 1 1/ “Ceix(cj’}l)\IiSig Ol gﬁiﬂifﬁ

111 14. 317 3.115 | 1928479 80 3.118 3.119 s
200 16. 557 2,703 8064 S : x x

220 23.766 .|  1.9I1 | 2420449 100 1.913 1.916 s
311 28. 203 1.630 738672 21 1.631 1.632 W
222 29. 575 1.561 a7z a ) " .

400 34.745 1351 345438 14 1. 352 1. 354 VW
331 38. 303 1. 240 289595 12 L 241 1243 VW
420 39. 583 1. 209 136 1 -p * 4

22 44. 268 1.103 720499 30 1.105 1.105 w
511 47.760 1040 | 179627 7 1.042 1.045 VW
440 53. 706 0.9557 | 315609 13 0. 9559 0. 9600 W
531 57. 450 0.9138 | 340110 14 0. 9140 0.9143 YW
600 58. 747 0. 9010 181 < ¥ x

620 64. 307 0. 8547 728639 30 0. 8548 0. 8550 VW
533 69. 117 0.8244 | 203102 8 0. 8247 0. 8250 VW

* not observed

It should be noted that NiSiy with a lattice

*Cerac/Pure Inc., Menomonee Falls, Wisconsin, U. 5.
A.

parameter of 5. 406A represents a good match
with the diamond structure!® of Si with a lat-
tice parameter of 5.4301 A.
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B. Auger Electron Analysis

An Auger spectrum  from Ni/Au/Si sample
before either heat treatment or sputtering is
shown in Fig, 6. This spectrum was taken with
a Scanning Auger Microprabe. *. Flemental ox-
vgen and carbon peaks appear strongly at 513
The nickel(MNN)
peak at §0cV, and other nickel peaks with
characteristic energies from 716 to 847 ¢V are
prominent. Several gold peaks(70, 151, 1832-

2111 eV) are observed. No silicon peaks are

and 273 eV, respectively.

observed because the silicon substrate is too far

(~2800A) from the sample surface.
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Fignre 6. Auger spectra dN(E)/dE of the surface of
an unheated NifAu/Si sample. (The num-
bers are expressed in eV).

The surface of the sample was not uniform
hecause, as shown in Fig. 1, the silicon substr-
ate itself has a rough surface. There were ma-
ny pinholes in the nickel film. Gold was easily

detected through these pinholes,

An Auger spectrum from the surface matrix
of a Ni/Au/Si sample heated to about 550°C
is shown in Fig.7. The nickel peaks are no

longer observed bacause the nickel had dilfused

into the gold layer. The silicon peaks are now

*Physical Electronics Industries, Min-

nesota, U, S AL
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Figure 7. Auger spectra dN(E)/dE of 1he surface
matrix of 2 Ni/Au/Si sample heated tc
550°C (The numbess are expressed in V).

ac 82,89, and 1619 eV. The peaks at 82 and 8%
&V can be ascribed to the formation of oxidized
silicon'®1% at the surface rather than to an
alloy formation of gold and silicon. The oxide
was formed from exposure during transfer to the
Auger spectrometer bell jar.

Figure 8 shows an in-depth composition pro-
file® {or the same surface matnx as Iig. T
The nickel intensity is very weak over the
entire depth. The gold intensity is very strong
to about 15004, This region may be a Au-Si
alloy. Beyond 15004, the silicon intensity is
increased since this marks the heginning of the

silicon substrate.
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Figure 8. In-depth composition prefile for BNi, Au,
and Si of the surface matrix of a NifAu/

Si sample heated to 550°C for 10min.

Figure 9 shows an Aunger spectrum taken
from a crystallite of the type shown in Fig. b.
The silicon peak (LVV) is represented by twc
peaks at 86 and 92 eV. The gold peak (MNN}
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appears at 71 eV which is the same position as
in Fig. 7. The gold peak (MNN) intensity is
areatly reduced compared with that of the
nickel peak (MNN) at 62 ¢¥. According to
Hass et al. 19,

electronegalivity between

since Lhere is no diflerence of
silicer  and nickel,

the sificon Auger peals at 92 is nor expected 1o

shift.
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Figure ¢ Auger soeciea d(D) /AT of the corystaliites
a MiAAusS a2 10 RROCC
- (The nunhe

somple h

s ave expressod oo eV

ws an in-daplh compesition  pr-
ihe heosted INI/Au/S.
nickel and
dopth of

d uniil a
Thc increage in sicou and nie-
kel mzair iniensitiss was probably dne to the
carhon and oxygen surface contami-
nation *vith depidr. This 12gion ceems to be ma

DBeyond 51004, the silicon intensity

i

ks the beginning of

=

ie very greal since chis mar
the silicon subsirate.
]

decieases rapidly

lere. the nickel Intensily
C. Non-Disper:ive Z-ray Analysis
The Auger elecivon spectva, as well as  the
t-depth eompoasition profiles of crvstalli-

tes on th

o silicon subsitates, showed thal these
crystallites contained gold to a depth ol over
1005A. Therefore. study the gald-

free region with no 1-5&ispe-:sive Xoray analysis,

In order o

the gold containing layer was removed by  ion

sputtering. The sputter-ciched crystallites were

shen examined in SEM. An Ortec non-dispersi-
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Fignre 14, In-depth composition puefile for ™1, Aux

-nd 8i of the aysallites ol a Mi/Au/S
zample heaed w H30°C for L0min,

ve X-ray vnit was used f¢ obtain  a  chemical
analysis of the erystallices. Since X-ray dilfrac-
shown
Wi,

SEM unit {for comparison pr-

tion of the separated crystaliites had

them to Lo NiSis, a sample of Cerac®
was usad in the

rsiallites were also ezomined

TADLE Jf List of Peaks Height end Inensily Rmlo

of 81 ond Niin the Crvstallies o the
3 Crysiallites
Cerac?

Sutiece of the Sample.  the
Scpareted fice tle Sample and

‘\T]._‘VJ Teksn by the SEM X-ray Analyzer

T g, o E i ERH
“ample Pe:g i zeight | Inlensity
e | (9}'}) .T‘)"nJLLO
watallites o ' .
Crv stallites on 9.9 1.6 2
the Swmple \
Croyetallites
Seperated from 10 5 c
the Sample
. |
Ceiae I35 ! 4.0 2.6 2
ra:/l"Lm Tne.. Menomonee Falis, Wl - (isin,
U3 A

The peak i:eisghts, which zre proporiional o

the rumbar of H-vay nuleses, recorded by the

Ortec non-dispersive X-ray unit, ave shown in

Table II. For al! samples cxamined, the ratio
cf ihe silicon and nickel X-ray counts is two

*oaae/Fure Iric., Menomonee rzlls, ’wlacouu‘,, U
S. A,
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to one. For the crystallites alone, this fact
dees not prove that their composition s NiSis,
gince the Instrument may not have the same
sensitivity for each element. However, the fact
that the same ratio is chtained for a sampls of
known composition does support the conclusion
that the crystallites are indeed composed of
NiSi,.

D. Mechanism of the Formation of NiSi,

In the Ni/Au/Si sample, it is likely ithat the
gold film reacted with the silicon substrate as
the temperature increased over the Au-Si eutectic
temperature {370°C). Both niqke] and silicon
atoms could easily migrate into the evtectic and
react 10 form NiSiy. 7In the Au/Ni/Si sample,
il is probable that gold diffused through pinhole
type defects and grain boundaries of the nickel
film to the Ni/Si interface. The gold and silicon
then reacted to farm the Au-Si eutectic. This
iquid eutectic probably acted again as a high
diftusivity medinm for nickel and silicon atoms
which then reacted to {form NiSi,. Tn hoth
cases, gold might have been scparated from ihe
Au-Si eutectic whent the silicon in  the enteciic
reacted with nickel and some of the AuSi
emectic might have remained on the snrface.

The unit cells of both Si and NiSi; contain
eight silicon atoms so that only a short range
movemenl of the silicon atoms would be requi-
red for precipitation of the long range diffusing

interslilial niekel atoms. From the similarity of

G 5 -
Hi 5 o

@ My

Figure 11, Schematic representation of the NiSin and
the 8i-MiSis interface.

structures and lattice paremeters of boll Si and
NiSis, expitaxial growth of the NiSi; en the

silicon substrate can be expected. If the two

structures are maiched zlong a(lll) plane as

illustrated in Fig. 11,it can be seen . that the
atomic arrangements are matched .and form a
coherent interface. Tt has been ohsorved'® that
the bulk precipitates lie in lines in the crystal.
This has been suggested “as'being dus to ' hete-
rogeneous nncleation by dislecations, providing
vacancies for the precipitation. The predipita-
tion of NiSi; does not require a sifady vacancy
source the unit cells of both Si and NiSi; con-
tain the same 1}u;_nb€1‘ of silicon 2(omu. Ir;deed,
it seems thai the -hexagonal erystallites lie with
their {III) plane parallel io the (D silicon
subsirate surface, The NiSiy crvstallites which
lie on the (JII) substrate plane parallel to the

surface appear. as regular hexagors, while the

inclined crystallites resemnblc trapeziz,

CONCLUSICGN

NiSiy evystallites are forimed when Ni/Au/Si
and Au/Ni/3i thin film sampies ave heated to
350°. They appear 1o be fovmad by the rapid
diffusion of Mi and Si in an  Au-S: euieclic
which [ormn at the 51 surface. The orientation
of the cryslallites indicates they grow epltaxi-
ally at the (II)silicon swrfaze, The nickel
originally preseat as a thin fitm is incorporated
into the erystallites, Afler formation, the crys-
tellites are surrounded by an  Au-Si matrix.
Evidently, in the presense of a gold-silicon enot-
cetic, MNiSiy crysials can grow al  terrperatires

ruch lower than 993°C,

REFERENCES

1. M.P. Lepselrer and J. M, Andvews, Chwic Cetla-
cts ta Semiconductor (ed. by B Schwalz),
Blectrochem. Svc., (1%59).

2. J.I. Ziegler, J.W. Mayer, T.J. Wirgher 2nd

(51)



. M. Hansen,

. Ottaviani, D. Sigurd, V.

K.N. Tu, J. Appl. Phys. 44, 3851(1973).
Constitution of Binary Alloys,
McGraw-Hill Book Co., Inc., New York (1958).
Marrello, J. W.
Mayer and J.Q. McCaldin, J. Appl. Phys., 45"
1930(1974).

5. J. Sttong, Rew. Sci. Instrum., 6, 97 (1935} .

L. Holland, Vacwmm Deposition on Thin Films.
John Wiley and Sons, Inc., New York (i956).

7. A. Hellawell, Prog. Mater. S, 15, 1 {1970}
8 A K. Shina, Thin Selid Ififms, 20, 115(1974)
9. J.W. Mayer and K. N, Te. J. Vac. Sci. Tech-

140-

11.

not.. 11, 86{1974).

C. Picker and P.S. Dobson, Crystal Lattice De-
fects, 3, 210(1972).

A C. Wilson(ed.) Structure Reporis,
N.V. A, Oostnecl’s MIJ
{1954).-

Vol. 13,

Uitgovers Utrecht

(. C. Chang, Surf. Sce., 25 53(1971).
5. Thomas, J. Appl. Phys., 45, 161(19743.

G.W. Stupan, J. Appl. FPpys., 45, 5278(1974).
Each peak to-peak deflection 1n the derivative of
cnergy curve is

While recording

the energy distribulion versus

called an Auger electron peak,

16.

17.

18.

the poak-lo-peak amplitudes uf the Auger clectron
peaks. in-depth composilion profiles were obtained
by argon jon sputtering of the thin film.

T.W. Haas, J.T, Grant and G.J. Dooley I
J. Appl. Phys., 43, 1853 (1972)

K.H. Yoo, G. Lewis and L.L. Levenson, ./
Eletronic Materials, 5, 263{1976)

M. Yoshida, Y. Yamagochi and H. Acki, Ja-
pan, J. Appl. Phys.,, 2, 305(1963).

(B xH27)
| &
gaate s % AR B, g9

2 o] 2| F A ¢ kb, University of Missouri

[~}
alA WpalzhA 2 Postdoctoral Fellow. 3 A]
Zod A Ee A 25, FEAL
ol & =
AalAE FE3, AL T4 4, 4

s, g wsE AA @A GAd9 =24

alAl=y ol Fe Fo-d, A L9193 #HA,



