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Characterization and Formation Mechanism of Macroparticles
in Arc Ion-Plated CrN Thin Films

M. H. Shiao, Z. C. Chang, and F. S, Shieu™*

Department of Materials Engineering, National Chung Hsing University, Taichung 402, Taiwan

The microstructure and chemistry of macroparticles in CrN films prepared by an are ion-plating method on AISI 304 stainless steel
was characterized by an energy filtering transmission electron microscope (TEM) equipped with an electron energy loss spectros-
copy (EELS) detector. The surface morphology of the CrN coatings with macroparticles was examined by a high-resolution field
emission scanning electron microscope (SEM). SEM observation shows that the macroparticles lie on craters and protrude out of
the coating surface. Cross-sectional and plan-view TEM results reveal that the macroparticles are bud shape, which has the Cr
metal located at the bottom center and surrounded by a chromium nitride layer. Quantitative EELS analysis of a macroparticle
from the core region to the outer shell shows that the nitrogen and oxygen concentrations in the macroparticle increase from 17.7
to 38 atom %% and 7.7 to 9.5 atom %, respectively. On the basis of the analysis, a model describing the formation of macroparticles

in the arc ion-plated CrN coatings is proposed.
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The arc ion-plating technique with features of high ionization
ratio and ion kinetic energy, produces hard coatings of high packing
density and good adhesion. The higher deposition rate of arc ion
plating than other physical vapor deposition (PVD) methods such as
ion beam sputtering makes it attractive for cutting tool, semiconduc-
tor, and decorative industries. However, the presence of macropar-
ticles in the coatings lowers erosion and corrosion resistances, and
reduces the luster of the coatings. A very good review of the growth
defect formation in cathodic arc evaporated coatings was given by
Aharonov ef al.! who first carried out a systematic study of the
effect of bias voltage characteristics, such as the amplitude, fre-
quency, and duty cycle, on the evolution of defectz in TiN coatings.

Many studies of arc ion-plating technology in recent years have
dealt with the reduction of macroparticles by manipulating the depo-
sition parameters such as arc current and partial pressure of the
reactive Fs}sses,u or by adding a cylindrical filter to the deposition
systems." " Generally, the macroparticles are composed only of the
metal phase.™ This model can account partly for the poor coating
properties and performance that the arc ion-plated nitrides have ex-
hibited. However, the model cannet explain why there is no contrast
between the macroparticles and the matrix of the nitride coating, of
which the average atomic number is different, when examined by
X-ray mapping and backscattered electron image (BEI) in a scan-
ning electron microscope (SEM).

In contrast to the coating properties and processing manipulation,
relatively few reports have focused on the microstructure and chem-
istry of macroparticles in an arc ion-plated nitride coating. In our

previous study”™!® of the macroparticles in TiN and TiAIN coatings
by cross-sectional transmission electron microscopy (TEM), a for-
mation mechanism of the macroparticles in arc ion-plated nitride
coatings was proposed. In this paper, characterization of the macro-
particles in arc ion-plated CrN coatings was carried out by cross-
sectional and plan-view TEM along with electron energy loss spec-
troscopy (EELS). Surface morphology and composition of the CrN
coatings with macroparticles were examined by SEM in the second-
ary electron image (SEI) and BEI modes. On the basis of SEM and
TEM analyses, an answer to the above-mentioned analytical ques-
tion is provided and the formation mechanizm of macroparticles in
the arc ion-plated CrN coatings is discussed.

Experimental

AISI 304 stainless steel specimens whose surface had an average
roughness of R, = 0.18 pm, were used as substrates for CrN coat-
ings. After a protective plastic cover was removed from the speci-
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mens, the steel substrates were cleaned thoroughly in an ultrasonic
bath cleaner with acetone. A schematic diagram of the arc ion-
plating system iz shown in Fig. |. The distance of the substrates
from the Cr cathode, which was placed on the upper section of the
vacuum chamber, was about 150 mm. The purity of the Ar and N,
gases used was 99.9% and that of the Cr target was 99.99%. The
base pressure of the vacuum chamber before operation of the system
was about 7 % 107 Pa.

Prior to deposition, the surface of the substrates was further
cleaned by Ar ion bombardment with an energy of 800 eV for 30
min and the temperature of the steel substrates was gradually raised
to 350°C. The pressure of the Ar gas during ion bombardment was
about 1.33 Pa. Subsequently, deposition of Cr began at a substrate
bias of 400 V with an arc current of 70 A for 1 min. Deposition of
CrN was initiated by infroducing N5 gas at a pressure of 2.66 Pa into
the vacuum chamber, and the substrate bias was reduced to 130 V.
The deposition time of the CrN coatings was 60 min, and the arc
current was controlled at 70 A, Under this condition, the deposition
rate was estimated to be about 50 nm/min, which gave a film thick-
ness of about 3 pumn after 60 min deposition.

The surface morphology of the CrN coatings with macroparticles
was examined by a Hitachi 54100 high-resolution field emission
scanning electron microscope. In addition to the SEI, the BEI was
also used fo investigate the image contrast between macroparticles
and the matrix of the nitride coatings.

Two types of thin specimens, i.e., plan-view and cross-sectional,
were made for TEM investigation. The plan-view specimen was
prepared first by sectioning the CrN-coated steel sheet into a
44 mm square, and then grinding and polishing from the steel zide
down to about 30 wm thick, and then cut into a 3 mm disk from the
square for subsequent ion milling. The cross-sectional specimen was
prepared by gluing two 5 > 5 mm square specimens face-to-face,
and then cutting perpendicular to the coating/substrate interface into
slices about | mm thick. After grinding and polishing down to about
30 pm thick, the thin specimen was aftached to a Cu grid for ion
milling.

lon milling was carried out using a BAL-TEC RES 010 ion mill,
operated at 5 kV, using a single-side sample holder at a milling angle
of 15 and 79 for the plan-view and cross-sectional specimens, re-
spectively. For the plan-view specimen, the milling process was ini-
tiated from the metal side until perforation. To examine the inner
part of the macroparticles, the specimen was further ion milled from
the coating side to reveal the subsurface microstructure. For the
cross-sectional specimen, special care was taken to reduce the pref-
erential etching due to different sputtering rates of the coating and
the steel by using an oscillating system, by which the ion beam was
directed mainly perpendicular to the interface.
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Figure 1. A schematic diagram of the arc ion plating system.

Characterization of the nitride coatings was carried out by an
energy-filtering TEM, Zeiss EM 902 A, operated at 80 kV. With the
in-column magnetic prism (energy filter of the prism/mirror/prism-
type according to Castaing/Henry/Ottensmeyer) engaged, the con-
trast and resolution of the image and diffraction pattern can be im-
proved greatly by choosing only the elastically scattered electrons
for observation with the energy selecting slit below the spectrom-
eter. The energy resolution in the electron spectroscopic imaging
was better than 25 eV. The electron detector for EELS was a pho-
tomultiplier tube (PMT) with an energy resolution of 1.5 eV
mounted below the final fluorescent imaging screen. The microscope
was operated in the spectrum mode for the EELS recording.

Results

A typical SEM micrograph showing CrN macroparticles is dis-
played in Fig. 2, in which the specimen was tilted 40° to give a
three-dimentional perspective. The apparent size of the macropar-
ticle iz about 3 pwm. The macroparticle laid in a crater, had a conical
shape and protruded out of the CrN coating surface. Top-view SEM
of the macroparticles in SEI and BEI modes are shown in Fig. 3. It
is readily seen that the contrast between the macroparticles and the
CrN coating is relatively weak in the BEI mode. This contradicts the
assumption that the macroparticles are composed only of the Cr
metal phase; metallic Cr macroparticles should be much brighter,
due to a higher backscatter coefficient, than the CrN matrix in the
BEL

Figure 2. SEM micrograph of a macroparticle in the CrN coating.

Figure 3. Top-view SEM micrographs of macroparticles in a CrN coating
using (a) SEI and (bj BEI imaging mode.

A cross-sectional TEM micrograph of a CrN macroeparticle pro-
truding out of the CrN coating surface is shown in Fig. 4. The
apparent size of the macroparticle is about 0.85 pm. The macropar-
ticle is bud shaped. A Cr droplet is located at the bottom center
surrounded by a nonuniform layer with a columnar structure radiat-
ing from the center. A flattened torus void is present beneath the
macroparticle. An enlargement of the lower-left corner of the mac-
roparticle is shown in Fig. 4b, in which, by close examination, a thin
layer with microstructure different from the central droplet can be
identified.

To reveal the inner microstructure of the macroparticle by plan-
view TEM, the thin specimen was further ion-milled from the coat-
ing side after perforation, as described previously in the experimen-
tal procedure. Figure 5 shows the plan-view bright-field image and
selected area diffraction (SAD) patterns of a macroparticle. The
chromium nitride surrounding the central droplet exhibits a colum-
nar structure and radiates out of the droplet. The very high contrast
of the core structure in Fig. 5a is caused by very strong electron
scattering of Cr in the [(111] zone axis, as indicated in Fig. 5b. When
the selected area aperture was located at the rim of the CrN macro-
particle, which covers the nitride coating and part of the Cr droplet,
the SAD pattern was obtained as shown in Fig. 3¢, CrN reflections
were identified in addition to the Cr metal phase.

The EELS spectra of the center Cr grain and the surrounding
CrN layer of the macroparticle are shown in Fig. 6. For the Cr grain
shown in Fig. 6a, the L, ; edges of Cr located at 575 eV are readily
seen, but the K edge of O located at 532 is barely observed. Near the
inner region of the CrN layer, the K edge of N located at 401 eV was
detected in addition to the Cr and O peaks, as shown in Fig. 6b. The



322 Jonrnal of The Electrochemical Society, 150 (5) C320-C324 (2003)

() T200mm

Figure 4. {a} Cross-sectional TEM micrograph of a macroparticle inlaid in
an arc ion-plated CrN coating. (b) Enlargement of the lower-left comer of the
macroparticle.

EELS spectrum of the outer shell CrN is shown in Fig. 6c. The
intensities of O and N increase as the probed areas approach from
the inner to the outer shell of the macroparticle.

Small Cr droplets tend to have a spherical shape, as shown in
Fig. 4 and 5, in which the radii of the central Cr droplets are 0.29
and 0.42 pm, respectively. For larger droplets, e.g., the metal droplet
in the center of Fig. 7, they have a flat-bottomed or semielliptical
shape. In addition, when the macroparticles spalled off the coating
surface due to mechanical impacts or thermal treatments, pinholes
were observed in the coating as shown in Fig. 8.

Discussion

Formation of macroparticles in the CrN coatings—Generation
of ions, electrons, neutrals, and droplets on the cathode surface in an
arc evaporation system has been discussed extensively, e.g., see Ref.
1,2,11-14. During deposition various radii of droplets, from submi-
crometers to tens of micrometers, are emitted at various angles from
the Cr cathode surface and the local temperature on the cathode
surface may be higher than the melting point of the Cr cathode
(1862°C)." The emission angle of the Cr droplets from the cathode
surface tends to decrease with increasing droplet size %18

Before a Cr droplet is emitted from the cathode surface, the steel
substrate may have been deposited with CrN for a period of time, as
depicted in Fig. 9a and b. Cheng ef al® used a thermal analysis
method to analyze the temperature of Ti droplets with different sizes
vs. the distance to the cathode. Their results showed that the tem-
perature of the Ti dropletz with a radius smaller than 2 pm, de-
creased considerably, down to less than the melting point of Ti

Figure 5. {a} Plan-view TEM micrograph of a macroparticle inlaid in a CrN
coating. Selected area diffraction patterns of (b) the central Cr grain and (c)
the outer CriN shell of the macroparticle.

(1670°C) within 200 mm from the cathode and hence solidified.
When the radius was larger than 2 pum, the droplets remained in the
liquid state and had a flat-bottomed geometry after deposition on the
substrate. Keidar et al.'” reported that the temperature of Ti droplets
with a radius of 0.1 pm, deposited at different plasma densities,
dropped rapidly from 1726 to 1100°C within 10™* s on emission
from the cathode, i.e., transforming from liquid state to =olid state.
Accordingly small Cr droplets emitted from the cathode solidified
during their travel to the substrate, and reactions of the ionized metal
and nitrogen formed a thin nitride layer on the surface of the drop-
lets. In addition, Keidar er al.'” pointed out that the surface energy
was higher than the kinetic energy for a small droplet. This suggests
that the shape of small droplets remained spherical, but for the larger
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Figure 6. The EELS spectra of (a) the central Cr grain, (b the inner, and {c)
the outer portions of the CrN shell in the macroparticle of Fig. 4a.
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Figure 7. Large semielliptical-shaped Cr droplet is embedded in the CrN
coating.

ones the surface energy alone is not enough to maintain the spherical
shape when the droplets collide with the substrate and they became
flat-bottomed droplets, as shown in Fig. 7, where a semielliptical-
shaped Cr droplet is present in the CrN coating. The diameter at the
base of the droplet was 4 pm.

Once the macroparticle collides with the CrN coating and stays
on the surface, voids beneath the macroparticle can form due to the
shadowing effect of the ion flux. After a short time, the coating
geometry of the macroparticle becomes eccentric, as shown in Fig.
Oc. Subsequent growth of chromium nitrides on the macroparticle
surface follows the orientation of the previously deposited CrN to
form a radiated-type structure, until coalescence with the regular
CrN columns perpendicular to the substrate surface occurs. The flat-
tened toroidal void formed beneath the macroparticle within the CrN
coating is sealed as the deposition continues, see Fig. 9d or Fig. 4.
Similar TEM observations have been reported in 0prwi-:ms studies of
macroparticles in the TiN or TIAIN coatings."*" Because the mac-
roparticles are covered by a thick layer of CrN near the coating
surface, can explain why the image contrast between the macropar-
ticles and the surrounding nitride matrix is weak in the BEI mode of
SEM observation.

The edges of the torus are inclined to the surface due to continu-
ous growth of the macroparticle. The toroidal void, if present near
the coating surface, weakens the adherence of the macroparticle to

Figure 8 Pinhole left on the surface of the CrN coatings after macropar-
ticles spalled off the coating.
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Figure 9. Schematic diagram showing the formation mechanism of a mac-
roparticle and its surface morphology in an arc ion-plated CrN coating.

the coating.'®" Keidar er al'® suggested that electrical charges may
accumulate on the metal droplets emitting from the cathode while
passing through the plasma zone, and a repulsion force is likely to
be developed between the macroparticles and a substrate that is also
under negative bias, resulting in a weak bonding at the interface.
Thus the protmided macroparticles are likely to be spalled off on
cooling of the coated specimen to room temperature due to the dif-
ference in the coefficients of thermal expansion between the macro-
particles and the nitride coating. As a result, pinholes are readily
produced on the coating surface as shown in Fig. 8. The pinholes are
known to be detrimental to the erosion and corrosion resistances of
the coating.

As deposition continues, the CrN coating keeps growing and
produces a crater around the macroparticle as shown in Fig. 9¢ or
Fig 2. If deposition of the CrN coating iz stopped in situations like
Fig. 9d or e, there will be a conical protrusion on the coating sur-
face, resulting in rough surface morphology. Because the net growth
rate of the CriN columns that are perpendicular to the substrate sur-
face is higher than those inclined, fe., the CrN surrounding the
macroparticle, dimples around the macroparticle are formed as seen
in Fig. 2. If deposition continues, some of the macroparticles even-
tually may be embedded in the coating as depicted in Fig. 9f. Be-
cause the CrN coating located on top of the macroparticle has simi-
lar orientations to the coating matrix, the boundary between them is
difficult to distinguish, as indicated by the dashed line in Fig. 9f

In a previous study of the growth defects in arc- evaponted TiN
coatings using conventional SEM by Aharonov et al.! the formation
mechanism of conical features on the coating surface was proposed.,
which is in part similar to the current model. However, since the
spatial resclution of the TEM and field emission SEM used in this
study is much higher than that of the conventional SEM used by
Aharonov et al., new information regarding the microstructure of
the macroparticles in arc-evaporated coatings has been obtained by
this research. First, as shown in Fig. 4 the metal droplet is sur-
rounded by a nonuniform nitride layer, not only near the coating
surface due to subsequent deposition, but also on the opposite side,
i.e., near the bottom of the crater, implying that the core-shell struc-
ture of the metal droplet shown in Fig. 9a and b must be formed
before it reaches the substrate. Second, toroidal voids exist under the
macroparticles resulting from the shadowing effect of the ion flux
during subsequent deposition, as can be seen in Fig. 4 and 7. Third,
dimples, as shown in Fig. 2 and 3, are always present around the
macroparticles on the coating surface due to a difference in the
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crowth rate of the CrN columns at different orientations.

Chemical analysis of the CrN macroparticles —EELS has very
good sensitivity for light-element detection compared with X-ray
microanalysis,?! and is well suited for detecting elements such as
nitrogen and oxygen in the macroparticles. In this study, the EELS
analysis of the CrN macroparticles was done on the plan-view TEM
specimen shown in Fig. 5. Figure 6 gives a series of EELS spectra
from the central Cr droplet toward the outer shell CrN of the mac-
roparticle. In the spectrum of the central Cr droplet in Fig. 6a, a
small peak corresponding to the K edge of oxygen is barely seen in
front of the L edges of Cr. On background subtraction using expo-
nential curve fitting,”! the oxygen content in the central Cr is caleu-
lated to be 4.6 atom %. Figures 6b and ¢ are the EELS spectra taken
from the inner and outer portions of the surrcunding CrN shell. The
peak corresponding to the K edge of nitrogen shows up clearly in
Fig. 6b and the content of nitrogen increases slightly in Fig. 6c.
Quantitative analysis of these spectra indicates that the nitrogen and
oxygen concentrations in the CrN ceating surrounding the macro-
particle increase from 17.7 to 38 atom " and 7.7 to 9.5 atom %,
respectively, in Fig. 6b and c. Compared with the EELS results of
TiN macroparticle in a previous report.” the concentration of oxygen
in the TiN macroparticles is much higher, up to 25.5 atom %, than
that in the CrN macroparticles. The result can be understood from
thermodynamics in that the affinity of oxygen with Ti is higher than
that with Cr2* although, strictly, the system is not necessarily under
equilibrium. In addition, the only chromium nitride phase that was
identified in the SAD pattern of Fig. 5c is CrMN, unlike the TiN
macroparticles, in which the outer shell of the macroparticles was
composed of the TiNy s, a-TiNys, TiN, and TiN phases.”

Conclusions

Macroparticles in arc ion-plated CrN coatings have been charac-
terized by energy filtering TEM and SEM. The macroparticles in the
arc ion-plated coatings have a core-shell microstructure and a bud
shape. The core region consists of metallic Cr while the outer shell
contains only the CrN phase. A formation mechanism of the macro-
particles preduced by arc evaporation deposition is proposed based
on the analytical results. This model explains the weak image con-
trast present between the macroparticles protruding the surface and

their surrounding nitride matrix during SEM observation using
M-ray mapping and/or backscattered electron imaging.
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Abstract

The effect of metal vapor vacuum arc (MEVVA) Crimplanted interlayers on the microstructure of CrN films on the silicon
wafer was investigated. Two types of the CrN-coated specimens (CrlN/Si and CrN/Cr/8i) by cathodic arc plasma deposition
were prepared with and without & MEVVA Crimplanted interlayer. The diffraction patterns of the coated specimens revealed the
presence of CrN, and the (220) preferred orientation for both CrN/Si and CrN/CrN/8i. The CiN coating thicknesses for CrN/
Si and for CrN/Cr/Si were 0.3 um and 1.3 pm, respectively. Secondary ion mass spectrometry proved the high quality of the
films on silicon substrates. Transmission electron microscopy micrographs and selective area diffractions revealed the presence of
a large number of nano-scale Cr resulting from the interlayer of MEVVA Cr with a background of single crystal silicon spots.
Furthermore, in situ stress measurement demonstrated that the presence of a Cr interlayer between CrN and 5i could drastically

reduce the residual stress in the CrN/Cr/Si assembly.
@ 2003 Elsevier Science B.Y. All nights reserved.

Kevwords:  Metal vapor vacuum arc; Secondary ion mass spectrometry; Transmission electron microscopy: Residual stress

1. Introduction

Chromium nitride (CrN) films have been successfully
applied in tools because of their excellent mechanical
properties and corrosion resistance [1-3]. In our previ-
ous studies, a Cr interlayer was electroplated to increase
the corrosion and tribological resistance of CrN films
[1]. However, the electroplating industry is notorious
for its pollution of the environment and the residual
stress in this material system interlayer has seldom been
investigated. Thus, this study employed metal vapor
vacuum arc (MEVVA) ion implantation to deposit an
interlayer of Cr. This method has many outstanding
advantages, such as the ability to produce almost all
species of metal ion, a wvery high current, pure ion
beams, reasonably high charge states and a large beam

*Carresponding authar: Tel.: 4+ 886-3-5371-5131 ext. 334 5; fax: +
BR6-3-5T140200,
E-manl address: heshih@mse.nthueduiw (H.C. Shih).

spot [4]. This technique also allows the use of cathodic
arc plasma deposition (CAPD) for forming CrN [5],
and this study employs silicon wafers as the substrate.
Two specimens were prepared; one was a pre-coated
interlayer of Cr between the CiN film and the Si
substrate, designated as CrN/Cr/Si and the other was
CrN directly deposited on the Si substrate, designated
as CrN/Si. The in situ residual stress measurements [6]
were made to investigate the effect of an interlayer Cr
on the residual stress, Understanding the effect of
residual stress is useful in further studies.

2. Experimental details

A 725 pm thick p-type (100) Si wafer (Toshiba
Ceramics Co., Ltd.) was selected as a substrate. The Cr
interlayer was deposited using an MEVVA ion implanter
at an extracting voltage of 50 kV. Mevertheless, the
extracted Cr lons have wvarious valencies, including
Cr*, Cr**, CrF* and Cr** [7]. The main component

D040-6090003'E - s front matter & 2003 Elsevier Science BV, All rights reserved.

PIL: S0040-6000(03)00600-X



& Han et al 7/ Thin Solid Films 436 (2003) 238-243 230

was Cr®* with a corresponding average energy of 100
keV. The ion doses and the current density were
210" jons/cm? and 6 pAfem?, respectively. The
substrate temperature was measured by K-type thermo-
couples and the substrate was heated from nominal room
temperature up to approximately 100 °C after implan-
tation. A CAPD technique was used to produce CrN
films. During the deposition, the substrate temperature
was maintained at ~ 330 °C at a bias of — 150 V; the
arc current was 60 A: the N, partial pressure was
controlled at ~3 Pa, and the deposition time was 70
min.

The crystal structures of CrN/Si and CrN/Cr/Si
assemblies were investigated by X-ray diffraction
(XRD) and transmission electron microscopy (TEM).
4 Mac Science MXP3 diffractometer using Cu K,
radiation (A=0.154 nm) with the collected interval of
0.02°/2 ¢ was used. A Philips CM2 TEM operating at
200 kV was used to examine the crystal structure of the
Cr/Si assembly. The surface morphology and the thick-
ness were measured by scanning electron microscopy
(SEM), JEOL JSM-5400, operating at 15 kV. A Cameca
IMS-4F secondary ion mass spectrometer (SIMS) with
a Cs™ primary beam with an impact energy of 14.5 ke
and a primary current of 30 nA traced the depth profiles
of chromium, nitrogen and silicon in the films. In situ
curvature measurements were made using a scanning
laser curvature method to determine the stress changes
in the film. A He—Me laser with a wavelength of 632.8
nm and a power of 7 mW was used. The laser spot was
approximately 0.25 cm and moved through | cm on the
surface of specimen. The curvature (1/R) of the film
was obtained and the residual stress (o) calculated
using the Stoney's equation [8]: )

E. &2 1]
=— 5 I8 —
L 6(1—vg) {;%[R. (1)

where vg is the Poisson ratio of the substrate; Es is
Young's modulus of the substrate; ¢, is the thickness of
the film, and #5 the thickness of the substrate.

3. Resalts and discussion
3.1 XRD results

Firstly, XRD was used to examine the crystal structure
of CrMN/Si and of CrN/Cr/5i assemblies, as shown in
Fig. 1. The two assemblies match the CiN phase as
given in the JCPDS card [9]. Notably, the 24 value of
33.017 is attributed to the second reflection from the Si
substrate. The (200) and (220) diffraction line of the
CrM phase is observed for both samples. Furthermore,
the predominance of CrN (220) is the preferred orien-
tation after the JCPDS card is compared with [9]. Such
an obtained (220) orientation has a slightly lower
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Fig. 1. XRD patterns of CrM/8i and CrM/Cr/Si showing a pro-
nounced preferred orientation of (220

diffraction angle, indicating a compressive residual stress
in the film, which deserves to be examined further using
a scanning laser curvature measurement. The full width
at half maximum (FWHM) of the diffraction peak
normally represents the grain size in Scherrer’s equation.
The grain sizes of the CriN/Si and CrN/Cr/Si assemblies
are similar because of the similarity of the two FWHMs
(1.47 vs. 1.74). The Cr interlayer does not affect the
preferred orientation of the CrN films; this fact is
consistent with the authors” previous studies on electro-
plated Cr as an interlayer [3].

3.2. SEM observation

Fig. 2 presents the SEM morphologies of the scatter-
ing of macroparticles on the surface films of the CiN/
Si and CrN/Cr/Si assemblies. Macroparticles may result
from the reactive force of intensive ions that flow back
from the ionization region onto the underlying liquid
pool of the chromium target, or from the plasma-
generated micro-explosions on the cathode surface [10].
The macroparticles revealed by EDS consist of pure
chromium. Fig. 2ab depicts the decohesion of macro-
particles at the particle-matrix interface while Fig. 2cd
shows the cross-sectional morphologies of the CrN/Si
and CrN/Cr/Si assemblies. The surface morphologies
are essentially the same and independent of the Cr
interlayer. However, the difference in CrN film thick-
ness, 0.3 pm for CrN/Si and 1.3 pm for CiN/Cr/Si,
can be explained by the fact that the Cr ions implanted
interlayer facilitates the nucleation and growth of CriN,
which result in contrast to the results of our previous
studies on the use of electroplated Cr to bridge the
succeeding CrN coating resulting in well-textured forms

[51.
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Fig. 2. SEM surface morphology of the films: {a) CrM/Si; and (b} CrN/Cr/Si and the corresponding SEM cross sectional morphalogy of the
films: (<) CrN/Si; and (d) CrN/Cr/Si.

L T 1000 1500 2000 0 s00 1000 1500 2000

sputtering time [s] sputtering time [s]

Fig. 3. The depth profile of elemental Cr, M, and Si as a function of sputtering time for {a) CrN/Si and (b) CrN/Cr/Si
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Fig. 4. (a) TEM micrograph of the MEVVA Cr deposited silicon showing the presence of a larger number of nanc-scale Cr and (b) SAD pattern
resulting from the MEVVA Cr deposited silicon showing diffraction rings on a background of single crystal silicon spots.

3.3 SIMS analysis

SIMS was conducted to elucidate the elemental dis-
tribution of chromium and nitrogen in the CrN films for
CrN/Cr/Si and for CrN/Si assemblies. Fig. 3a,b shows
the logarithmic intensities associated with chromium
and nitrogen with silicon noise as a function of sputier-
ing time for CrN/Si and CrN /Cr/Si assemblies, respec-
tively: good quality films on the silicon substrates are
observed. For instance, the acquired homogeneity is
exhibited in the depth of the layers, showing similar
intensity variations for CrMN/Si and CrN/Cr/Si. The
stoichiometric ratio of nitrogen and chromium in the
CrN film cannot be changed significantly by the MEWV-
V& Cr ion-implanted interlayer, as resolved from the
SIMS depth profiles.

3.4 TEM observation

TEM was used to disclose the microstructure of the
Cr interlayer by MEVVA. Fig. 4a.b shows the plan-view
bright field image and selected area diffraction (SAD)
pattern of the MEVVA Cr-deposited silicon wafer,
respectively, implying the presence of a large number
of nano-clusters (Fig. 4a) and a weak diffraction pattern
(Fig. 4b) with a background of single crystal silicon
spots, associated with the thin MEVVA Cr interlayer.
The d-spacing calculated for the diffraction rings match-
es with the standard d-value of Cr [11]. The presence
of such Cr diffraction rings proves that chromium
disilicide {CrSi;) was not formed here.

CrSi; can be directly synthesized using MEVVA
techniques at a substrate temperature of 150 °C and a
current density =88 ph/cm? [7,12]. Nevertheless, both
the current density (6 pA/em?) and the substrate tem-
perature (approx. 100 °C) used in the performed exper-
iment are consistently lower than required, seemingly
explaining why Cr5i, could not be produced.

Although CrSi, can be synthesized by solid—state
diffusion (thermal annealing) [13,14], no such phase
could be detected after CrN was deposited by CAPD.
The substrate temperature was ~ 350 °C while the CrN
film were being deposited, so insufficient energy was
provided for Cr atoms to react further with the Si
substrate.

3.5, Residual stress analysis

The residual stresses of the CrN/Si and CrN/Cr/Si
assemblies and the differences between them were eval-
uated and compared. Residual stress often exists in
deposited films and originates from two major sources:
one is the intrinsic stress that depends on a deposition
parameter such as, ion bombardment energy and the
other is the thermal stress that is caused by the different
thermal expansion coefficients between the film and the
substrate [15—18]. The residual stresses were determined
experimentally by a scanning laser curvature method,
and the curvature was further converted into stress using
Eq. (1). The needed parameters are, Ez= 1302 GPa,
vs=0.279 [19], rs=T725 jum and # is the corresponding
thickness of the CiN film observed by SEM, 0.3 pm
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Table |

A comparison between Cri/Si and Cr/Cr/Si assemblies determined by XRD, SEM and in situ stress measurements

Specimens Preferred crientation CrM films thickness (pm) Mensured curvature (m=") Residual stress (GFa)
CrM /51 CrM (220) 0.3 —0.16 £0.01 —8.0240.53
CrN/Cr/5i CrM (220) 1.3 —0.24 =001 —2.7710.12

for C'N/Si and 1.3 um for CrN/Cr/8i. The residual
stresses for CrN/Si and for CrN/ Cr/Si are — 8.0 GPa
and —2.8 GPa, respectively, as shown in Table 1. The
obtained stress levels are reasonable in comparison with
the values in the literature (—2.9 to —8.8 GPa)
[2,6,20,21].

The thermal stress of CrN (o) can be estimated
as follows [22]

{&&N - I.'tg'l}i:'ijr

vl hu:'m{"'c:w_ 13:|
Ecm hgEs

(2)

Tom = [

where « is the thermal expansion coefficient (e 4=
23107 K™Y ag=4.1x107% K~ v is the Pois-
son's ratio (rog=0.199, 15=0279); E is Young's
modulus (Ecqy=452 GPa, E5=130.2 GPa), h is the
thickness of the films and substrates, and AT is the
difference between the deposition temperature and the
room temperature. The thermal stress (o, ) is only 0.3
GPa for depositing CrN deposition herein, confributing
approximately 4% for CrN/Si and 12% for CiN/Cr/Si.
Therefore, the residual stress is mainly the intrinsic
stress.

Surprisingly, an MEVVA Cr interlayer can drastically
reduce the residual stress in the CrN film. To estimate
the magnitude of the reduction of stress, the reduction
of stress A o can be defined as,

Ao =|(ocaser— Tom) f Tem] X 100% (3)

where oemo and ooy are the corresponding residual
stress with and without the MEVVA Cr interlayer,
respectively. The role of the Cr interlayer is apparent: it
can significantly relax the residual stress of CrN films
by up to 63%. It can therefore effectively reduce the
residual stress in the growing of CrN films, using Eq.

(3).
4. Conclusions

This study compared and characterized the micro-
structures and residual stress of CrN on a silicon wafer
formed by CAPD both with and without a Cr interme-
diate layer deposited by MEVVA using XRD, SEM,
TEM and SIMS.

1. No intermediate phases of CrSi; were formed between
the MEVVA Cr and the 5i substrate after MEVVA

Cr implantation and subsequent CrN coating.

2. The diffraction patterns of the specimens indicated
the presence of the CrN phase, with a (220) preferred
orientation for both CrN/Si and CrN/CrN/Si.

3. The plan-view bright field TEM and its SAD reveal
the presence of a large number of nano-clusters and
a diffraction pattern with a background of single
crystal silicon spots from the interlayer of MEVVA
Cr.

4, The origin of the diffraction ring is a clear indication
of the nano-crystalline Cr deposited by MEVVA.

5. Moreover, in situ stress measurements demonstrate
that the presence of a Cr interlayer between CrN and
Si can dramatically reduce the residual stress in CrlN
films.
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Microstructure and shear strength of a Au—In microjoint

F.S. Shieu®, Z.C. Chang, J.G. Sheen, C.F. Chen

Institute of Materials Engineering, National Chung Hsing University, Taichung 402, Taiwan

Abstract

Two types of Au-In microjoints, Le. Awln/Au in which In foil was wsed and Aw/In, were prepared by either solid state inter-
diffusion (SS11) or solid-liguid interdiffusion {(SLID) bonding for single lap tensile test. Deposition of the Au and In thin films was
carried out by thermal evaporation on a polyethylene terephthalate (PET) substrate. It is found that the shear strength of the Au/ln
microjoints is higher than that of Au/ln/Au using In foll. It is also observed that the fracture mode of Au-In microjoints depends
on the types of In used. Failure of the Au/ln microjoints appeared to be along the joint-subswate interface, whereas it occurred
within the In foil for the other type of specimens. Examination of the Au/In microjoints by glancing angle X-ray diffraction reveals
the presence of the two major constituent phases, Auqln, and Aw, as well as other intermetallics Auln,, Augglns, and Auglng in
small amount. On the other hand, only the intermetallic Aulns and pure In were observed in the Au/In/An microjoints, where the
total thickness of In is much higher than that of Auw. @ 2000 Elsevier Science Ltd. All rights reserved.

Keywards: . Microstructure; F. Elctron microscopy, transmission; F. Diffraction

. Introduction

Indium (In)-contaiming alloy selders show a longer
fatigue hife, better mechanical properties and reliability
than conventional tin (Sn)-contaiming alloys as solder
nterconnections for electronic packagng [1-4]. As a
result, indium and its alloys are considered to be used m
the surface mount technology for vanous microelec-
tromic devices in the future. From the processing point
of view, indium has lower melting point, 156°C, than
that of tin, 232°C, thus the joining temperature can be
reduced further. To take advantage of this ment and
also mprove the service life of a In-containing micro-
joint, 4 new bonding technique, called solid-liquid
interdiffusion bonding (SLID) [5.6]), has recently been
introduced in electronic packaging industry.

The SLID process uses a multilayer of high-melting
and low-melting matenials as a bonding preform and s

carnied out at temperatures above the melting point of

the low-melting matenial. Subsequently metallurgical
transformation takes place between the high- and low-
melting matenials and the low-melting matenal 15 gradu-
ally consumed, resulting in a microjoint which contains
only intermetallics and/or the high-melting matenial. By
properly controlling the film thickness and processing

* Corresponding author, Tel.: + E86-4-285-4563; fax: +ER6-4-28H5-
T,
E-mail address: Fsshicu@dragon.nechu.edu.tw (F.5. Shicu).

conditions, it is possible to form a strong microjoint free
from the low-meltng material. This technology wall allow
the system designers of electronic packaging to reverse the
conventional soldering hierarchy of lower and lower pro-
cess temperatures of subsequent manufacturing steps.

Since the technology relies on the formation of an
intermetallic, it s important to understand the phase for-
mation during joining and its influence on the mechamcal
properties of the microjoints as well. In this study, both
transmussion electron microscopy and glancing angle X-
ray diffraction are used to study the microstructure and
phase formation of the Au-In microjomts. In addition,
the effect of In thickness on the shear strength of the
microjoints i presented and discussed.

2. Experimental

Two types of Au-In microjoints, i.e. Au/ln/Au and
Aw/ln, schematically shown in Fig. 1, were prepared, in
which the former contains an In foil of 20 pm thick,
while the latter uses an In thin film of 2 pm thick. Spe-
cimens containing the In foil were made by depositing a
thin layer of Au about 5 pm thick, using thermal eva-
poration, on a polyethylene terephthalate (PET) sub-
strate of dimensions 5= 10=0.2 mm for use m a single
lap tensile test. The base pressure for Au evaporation
was Bx107% torr and rised up to 2x10-7 torr during
deposition. The In foil was then sandwiched between

(M -5 795/ )/ § - sec Front matter i 2000 Elsevier Science Lid. All rights reserved.

PIL: S0%66-9T795(99)00147-%
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--— PET
Boooons| —— [In foil

Type I: Au/In/Au

-4— PET
In ——— 3
PET —# I J

Type II: Au/In

Fig. 1. Schematic of the two types of specimen geometry For single lap
tensike tost.

twor Au-coated PETs and joining was carried out inoair
at 250°C for 5 min. The other type of specimens was
produced by hot pressing the Au-coated PET with an
In-coated PET together in air at temperatures spanning
from 100 up to 250°C and duration from 1 to 30 min
(see Table 1). The In thin films were prepared also by
thermal evaporation and the chamber pressure was
maintained at Sx 107 torr during deposition.

The shear strength of the Au-In microjoints was
evaluated by single lap tensile test. The fracture mor-
phology of the tested specimens was examined by a
JEOL 5400 scanning electron microscope operated at 20
KeV. Intermetallic phase formation within the micro-
Joints was investigated by glaneng angle X-ray diffraction
using Cu K, radiation with incident angle fixed at three
different values 0.1%, 0.5% and 1.0°.

Microstructure of the microjoints was characterized
by a Fess 902A energy filtering transmission electron
microscope (TEM) operated at 80 KeV. Thin sections

about 100 nm thick were made by a Reichert Ultracut E
ultramicrotome for TEM observation.

3. Results and discussion
3.1, Shear sivength of the Au—Tn microjoinis

A single lap joint loaded in tension is the most com-
mon test geometry for evaluating adhesive joints. If the
stress  concentrations ansing from  the differential
straiming of the bonded substrates and from the eccen-
tricity of the loading path can be neglected, the ultimate
shear stress, Ty, of the adhesive joint 1s related to the
applied tensile load, F, by tue = F/4, where 4 15 the
bonded area.

The test result of the Au-In microjoints produced
using different geometry and under different joining
conditions i given in Table 1, in which has been included
the shear strength of pure In and the PET substrate. It is
found that on the average the Au/Tn microjoints exhibit
higher shear strength than those of Au/ln/Au which
contain In fol. The shear strength of the Au/In micro-
jomnts prepared below the meltung point of In, which
underge solid state interdiffusion, and above the melting
point of In, which undergo solid-liquid interdiffusion, 1s
guite similar. It 15 also noted that the duration of hot
pressing shows insignificant effect on the measured shear
strength. Mevertheless, the shear strength of the Au/In/Au
micragoints 15 apparently higher than that of the pure In,
likely due to a difference in the defects content in the In [6).
Fig. 2 shows the fracture surface of the In foil in a Au/In/
Au mucrojoint in which failure of the single lap specimen
oceurred within the In. Cavities and stretching in the In
due to shear deformation can be casily observed.

The most striking outcome of the mechameal test 15
the change of failure modes in the microjoints with the
types of In used for joining. It s obtained that failure of
the single lap specimens containing In foil occurred
within the In layer, whereas it took place at either the
Au-PET or the In-PET interfaces when In thin films

Table 1
The processing conditions, measured shear strength and observed phases in the Au-In microjoints
Types of specimen Hot pressing conditions Shear strength Ohserved Remarks
geometry [MPa) phascs
Temp Time
=0 (min)
I 250 5 1i0+0.14 In, Auln; SLID bonding
I 250 15 1.540.51 Auslng, Auglng, Au SLID bonding
KD 53 1.13 £0.1% Ansln,, Auglng, An,
150 5~30 1.25 +0.50 Anslng, Aunlng, Au, SSID bonding
100 530 113 064 Auslna, Aulng, Augglns, Au
In 0% £0.10 Fol
PET 321018 Sheet
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Fig. 2. A 5EM micrograph of the fracture surface of 2 Aufln/Au
microjoint where failure ocourred within the In.

were used. Since the result of X-ray diffraction (see
below) indicates that the thin film In was nearly con-
sumed, only intermetallic phases and some remnant Au
would be left in the microjoints. The shear strength of
both Au and the wvarious Au-In intermetallic com-
pounds is expected to be higher than that of pure In, as
reflected from the melting point of the phases [B]. As a
result, phase transformation, via interdiffusion, of the
low-melting In and high-melting Au into the various
Au-In intermetallics has resulted in a strong Au-In
microjoint. The real strength of the Au/In microjoints
is, however, not known due to poor joint—substrate
adhesion.

3.2, Analysis of the phase formation by X-ray diffraction

The result of single lap tensile test demonstrates the
importance of layer thickness, which will eventually
determine the phases formed upon joining, on the shear
strength of Au—In microjoints. Typical X-ray spectra of
a Au/In microjoint hot-pressed at 100°C for 15 min, in
which delamination of the microjoint occurred along
the In-PET interface are shown in Fig. 3. In addition to
the peaks from PET and clay, both of which were used
as an internal standard, intermetallic phases Auslns,
Aulns, and Auggln;, and pure Au are observed. The
intensity of the Au(111) peak increases with the inadent
angle due to an increased X-ray interaction volume at
higher incident angle. 1t is clear from the X-ray diffrac-
tion that the low-melting constituent In has been com-
pletely consumed and reacted with Au to form a variety
of intermetallic phases after joining; thus a strong Au/In
microjoint free from pure In is obtained. The depletion
of In in the Au/ln microjoint is also reflected in the
color change of the In layer from brnight to dark gray
before and after joining, while viewing through the
transparent PET substrate.

A summary of X-ray diffraction result of the various
specimens prepared for the single lap tensile test is given
in Table 1. From the table it can be seen that Auqlng
and Au are the common phases observed in all the Au/
In microjoints, and indeed they are the two major con-
stituent phases detected in the X-ray spectra. This can
be rationalized by the fact that the atomic composition
of Au,ln, is close to the thickness ratio of Au (5 pm)
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Fig 3. Typical X-ray spectra of the Au/In microjoint hot-pressed at 100°C for 15 min, recorded at different incident angles.
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and In (2 pm) before joimng. In addition, two other
intermetallic phases, Augln; and Aulng, were observed
for the specimens prepared using sohd state interdifTu-
sion bonding, i.e. hot pressing below the melting point
of In. For those specimens produced above the melting
point of In, e undergoing sohd ligud interdifTusion
bonding, the intermetallic phase Auglng was observed in
the X-ray spectra. The two phases, Ausln, and Auglng,
hawve similar atomic composition, and are designated as
¥ and y in the Au-In binary phase diagram [8]; how-
ever, the latter i1s stable only at high temperature. This

metallics which are different from those existed in the
specimens prepared by the SSID process. When the In
foil was used to form the microjoints, i.e. In is a major
constituent in the microjoint, it is observed that the X-
ray spectra show peaks mainly from In, with small
peaks from the mtermetalhe Aulns.

3.3, Transmission electron microscopy of a Au/Tal Au
microjoint

Reactions in the Au-In diffusion couples is reported to
be the fastest formation of intermetallics among transi-
tion metals and 15 characterized by an activation energy
of 0.23 eV [9). Consequently, preparation of thin sec-
tions for TEM observation by conventional ion milling

method has been found to be invalid because 1on beam
induced phase transformation can readily oceur. To over-
come this difficulty, ultramicrotomy was utilized in the
current study to prepare thin sections of the microjoints
for TEM investigation.

A cross-section TEM micrograph of the AuwIn/Au
microjoint after the single lap tensile test s shown in
Fig. 4a, which consists of a region of equiaxial grains
and a portion of fractured segments. As a result of poor
adhesion, the PET substrate delaminated from the Au/
In/Au microjoint during ultramicrotomy. It has been
demonstrated that a brittle material such as Auln. will
shatter and form periodic cracks during ultramicrotomy
[10]. From the selected area diffraction (SAD) pattern
shown in Fig. 4b, of an interfacial regon, 1t 15 obtained
that the equiaxial grains are pure In, and the fragments
are identified to be Aulna. This result is the same as the
conclusion of Millares et al. [11], where 1t 15 reported
that the Auln; mtermetallic 15 the major phase in the
reaction zone of the bulk Au-In difTusion couple.

Fig. 4¢ shows the microstructure of a region, which s
expected to be under the maximum shear stress duning
the single lap tensile test, of the In about 10 pm away
from the In-Aulns interface. As a result of severe shear
deformation, the polyverystalline In has transformed
from 4 random onentation near the Auln, to a texture
near the center of the single lap specimen at which the

Fig. 4. {a) A cross-scction TEM micrograph of the Au/In/Au microjoint after single lap tensile test; {b) the SALD pattern of an interfacial region in
{a); () the microstructure of pure In about ~~10 pm away from the In-Auln, interface; {d) the SAD pattern of an area in (c).
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shear stress reaches a maximum value. The existence of

texture is illustrated both by the presence of a rectan-
gular cell structure where high dislocation density can
be readily seen i the bright field image of Fig. 4¢ and
by the pseudo single erystal SAD pattern of Fig. 4d. The
zone axis in the SAD pattern of Fig. 4d 15 close to the
[001] direction of In that has a body-centered tetragonal

crystal structure. The deformation texture consists of

{110} plane onented parallel to the substrate surface
with {111} direction, which is the primary slip system for
a body-centered cubic metal [7], aligned in the maximum
shear stress.

4. Conclusions

It has been demonstrated that the shear strength of a
Au-In microjoint evaluated by single lap tensile test can
be mproved by decreasing the thickness of the In layer
and avoiding the presence of unalloyed In in the end
materials. This can be achieved for example by replacing
in the process In foils by In thin films.

Thereaction and phase formation in the Au—In system
was examined either by glancing angle X-ray diff raction
or transmission clectron microscopy. In the Au/ln con-
figuration where the film thickness of Au is higher than
that of In, Au-In, and Au are the two major phases
observed in the microjoints, in addition to other mter-
metallics Aulns, Auggln;, and Auglng i small amount,

On the other hand, only Auln; and In are detected in
the Au/In/Au microjoints m which In foil was used.
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Abstract

The Au-Insvstem is of both fundamental and technical importance for engineering applications such as microelectronic packaging, The
growth mechanism and crystal orientation of the Au and In thin films produced by thermal evaporation on MaCl substrates are studied by
transmission electron microscopy { TEM). Like most metals, the growth of both Au and In thin films on single crystals of MaCl follows the
Volmer—Weber mode, i.e. formation of metal nuclei first, and then grain growth and coalescence of the particles to form a continuous thin
film. In contrast, the growth of In on the Av-coated NaCl substrates follows the Frank—van der Merwe mode, i.e. laver by layer, as a result
of strong interactions between Au and In. The formation of Auln: phase occurs instantly upon In deposition, and the intermetallic exhibits
an epitaxial orientation to the underlaver Au single crystals. In addition, cross-saction TEM obsarvation of the AwIn/Au thin sections by

ultramicrotonty shows that the Aulng intermetallic is brittle. © 2001 Elsevier Science BV, All rights reserved.

Eeywaords: Growth mechanism; Intermetallic; Microstructure; Transmission electron microssopy

1. Introduction

The study of metallic thin films is of both technologi-
cal importance and fundamental interest. On one hand, thin
films are the key technelogy in many sectors of hi-tech in-
dustry, e.g. in the manufacturing of microelectronics com-
ponents and solid state devices [1,2], on the other hand, they
often show properties that differ from the bulk [3.4], e.g.
the solubility of an impurity in a thin film is usually much
higher than that in the bulk. In many applications, differ-
ent types of metallic thin films need to be prepared for spe-
cific purposes. As a result, an understanding of the interac-
tions among metals and the formation of intermetallics and
their properties are crucial for the design and fabrication of
solid-state devices involving thin film technology.

In a recent research conducted by Shimizu et al. [5], itis
demonstrated that indium {In}-containing alloy solders have
longer fatigue life, better mechanical properties and relia-
bility than conventional tin {3n)-containing alloys as solder
interconnections for electronic packaging. Other desired
properties such as thermal stability and corrosion resistance
of the In-containing alloys are also reported [6-8]. It is,
therefore, expected that In-containing alloys may be used in
the surface mount technology for microelectronics devices

* Comesponding author. Tel.: +886-4-285-4563; faor: +886-4-285-T017.
E-amall address: fashiew@dragon nelnedutw (F.S. Shieu).

in the near future. Unlike indium, gold {Au) is being widely
used in the electronic industry as contact and conductor
material. Reactions and characteristics of a metal-In micro-
joint such as Au—In need to be investigated in great detail
before the engineering practice of the In-containing solders
can become useful. One particular technology, so-called
solid-liquid interdiffusion bonding (SLIDY [9] that is draw-
ing great attention currently for joining the die and substrate
in microelectronics packaging, involves the preparation of
two or more metallic thin films. One key parameter for the
success of the SLID technology is control of the thickness
of the metallic thin films properly.

In this study, the growth modes of Au and In thin films
prepared by thermal evaporation using electrical resistance
heating are investigated. Formation and mechanical proper-
ties of the Aulny intermetallic from the Au-In bilayer are
characterized by transmission electron microscopy (TEM).
In addition, the effect of the Au interlayer on the orientation
relationships of the In thin films deposited on the NaCl sub-
strate, and the formation of texture in the In of the Au—In
microjoints upon shear loading are discussed.

2. Experimental

Two types of specimens with different geometry were
prepared to study the reactions between Au and In. In one
type. single erystals of NaCl cleaved along (00 1) plane were

025405 84'01/F — see front matter © 2001 Elsevier Science BV, All rights reserved.
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used as the substrate, in which Au thin films of thickness
about 50 nm were first deposited on the substrate by thermal
evaporation using a resistance-heated W boat. Subsequently,
a thin In film of thickness about 20 nm was deposited onto
the aforementioned Au-coated NaCl substrate to form an
InfAu bilayer structure. The base pressure of the vacuum
chamber before evaporation is ~ 1.1 % 10~ Pa, and rises up
to ~2.7% 10~ Pa during deposition. A quartz-type thickness
menitor was used to measure the deposition rate, and the
thickness of Au and In thin films.

In the second type of specimens, a thick Au layer of
about 5 pm using thermal evaporation was deposited onto
a polvethylene terephthalate (PET) substrate of dimensions
Smm = [0mm x 0.2mm. Specimens for tensile test were
made by sandwiching an In foil of 20 pm thick between the
Au-coated PETs, and then hot-pressed in air at 250°C far
5min. The shear strength of the AuwIn/Au microjoints was
evaluated by a single lap tensile test.

Microstructure of the two types of specimens was char-
acterized by a Zeiss 902A energy filtering TEM operated
at 80 kV. For the first type of specimens, thin sections were
prepared by dissolving the single crystals of NaCl in dis-
tilled water and then picked up by a 300 mesh Cu grid [10].
In cases where the deposition time is short corresponding
to the early stage of film growth and thus the metal film is
discontinuous, a thin layver of carbon is evaporated onto the
metal-coated NaCl substrates before dissolving in the water.
For the sandwiched Au/In/Au specimen that has undergone
tensile loading, thin sections of the failure components about
100 nm thick for cross-section TEM cbservation were made
by a Reichert Ultracut E ultramicrotome.

3. Results and discussion
3.4, Growth of Au and In thin films on NaCl substrates

The growth modes of metallic thin films on a substrate
can, in general, be classified into three categories: the

**?‘J KX

o I B B
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(@) (b) (©)

Fig. 1. A schematic of the three growth modes commonly ocourring in
the vapor deposition of metallic thin films: (8) Volmer—Weber mode: (b)
Frank—van der Merwe mode, sand (c) Stranski-Erastanov mode.

Wolmer—Weber mode, the Frank—van der Merwe mode and
the Stranski—Krastanowv mode, as shown in Fig. | [11]. The
first mode usually occurs when the surface energy of the
film materials is large compared with that of the substrate.
The second and third modes, on the other hand, take place
when a film of low surface energy is deposited on a sub-
strate of high surface energy. If the strain energy in the
film is small compared with the surface energy of the film
material, the film will grow by the Frank—van der Merwe
mechanism; if the strain energy in the film, however, is
large, the Stranski—Krastanov mode will dominate.

Fig. 2(a) and (b) show the morphology of Au particles
deposited on a single crystal of NaCl substrate by thermal
evaporation for 10 and 30 s, respectively. It can be seen from
the micrograph of Fig. 2(a) that discrete Au nuclei with
particle sizes ranging from | to 3 nm are formed at the early
stage of deposition and then coalescence of the Au particles,
shown in Fig. 2(b), gradually occurs as deposition contin-
ues. The Au particles grow both laterally and vertically,
and eventually a continuous film of 50nm is obtained as
shown in Fig. 3{a). The bright disk-like areas in the image,
within which extinction contours with four-fold symmetry
are observed, reflect that the cleaved NaCl surface is full of
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Fig. 2. Evolution of the Au thin film on single crystals of MaCl substrate during early stage of themmal evaporation: {a) formation of Aun mmclei, and (b)

coalescence of the Au particles upon deposition for 10 and 308, respectively.
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Fig. 3. TEM micrographs showing {a) the BF image, (b) the SAD pattern, () the (200} DF, and (d) (2 203 DF images, of a continuons Au film deposited
an the MaCl substrate. The appearance of the bright disk-like areas in the images reflect many profrusion defects on the substrate surface.

protrusion defects [12]. A selected area diffraction (SAD)
pattern of the thin film is given in Fig. 3(b), which re-
veals that the Au layer has an epitaxial orientation re-
lationship with the single crystal of NaCl substrate, i.e.
(00 Daw 00 Upggey and  [00 1]anf[00 1]yacy. The dark
field (DF) images using (200) and (2 20} reflections are
shown in Fig. 3{c) and (d), respectively, where the intersec-
tion of the two extinction contours resulting in an absorption

band is easily discerned. Although the microtwins in the
Au thin film are not readily defined in the bright field (BF)
image of Fig. 3(a), the SAD pattem of Fig. 3(b) reveals
clearly the presence of strong twin spots [12].

The BF image and SAD pattern of an In thin film of thick-
ness of about 50 nm produced by a similar deposition con-
dition as the Au thin film shown in Fig. 3{a) are given in
Fig. 4{a) and {b). In spite of the fact that the growth mode of

Fig. 4. TEM micrographs showing (a) the BF image, and (b) the SATY pattern of the In filen having thickness similar to the Au film shown in Fig. 3,

deposited on single crystals of MaCl substrate.
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In on the single crystals of NaCl is similar to that of the Au
on MNall, two major differences are noted. First, within the
detection limit of the thickness monitor, Au forms a contin-
uous film but not In for the same coating thickness of 50 nm.
This result is due to the surface energy of Au, 1.185 Tm—2,
which is much higher than that of In, 0.556T7m™=2 [13], as
mentioned in the beginning of the section. As a result, the
apparent growth rate of Au particles in the lateral direction
is faster than that of In to reduce the total free energy of
the thin film. From the cross-section viewpoint, the In par-
ticles tend to approach a sphere, whereas the Au particles
favor an ellipsoid and thus form a continuous film earlier.
The difference in the morphology of the metal particles is
also reflected in the visibility of the microstructure of the
films to the electron beam. The internal structure of the Au
films can be seen in the BF image of Fig. 3(a), whereas it
is almost opaque to the electron beam for the In films pre-
pared under the same deposition condition (see Fig. 4{a)).
It makes the picture even clear when the atomic scattering
factor, of which the scattering power of Au is higher than
that of In [12], is taken into account.

In addition, from the SAD pattern of Fig. 3(b), it is shown
that the Au film is an epitaxial layer with the {00 1) zone
axis parallel to the electron beam direction, however, the ring
pattern in the selected diffraction of the In film, Fig. 4{b),
indicates that it is polyerystalline. Since the lattice mismatch
between Inand NaCl, 42%, is much larger than that between
Au and NaCl, 28%, so does the strain energy in the In thin
film [11], the formation of an epitaxial relationship between
In and MNaCl is very likely to be obstructad.

3.2 Effect of the Au interlaver on the growth of In on
NaCl subsirates

Although the growth mode of both Au and In thin films on
the single crystals of NaCl follows the Volmer—Weber mech-
anism, In undergoes a completely different growth mech-
anism on the Au-coated NaCl substrates. As mentioned in
Section 3.1, the Au film of 50nm thickness deposited on
the single crystal of NaCl forms a continuous layer and ex-
hibits an epitaxial crientation to the (00 1) NaCl substrate,
Le (00 D)4/ H00 gy and [00 1] 4y S00 1 Jyact. as shown
in Fig. 3. The BF image and the SAD pattern of the speci-
men in which In of thickness of about 15 nm was deposited
on the Au-coated NaCl are given in Fig. 5(a) and (b), re-
spectively. From the electron micrographs, it can be seen
that the image contrast and features of the Au in Fig. 3(a)
and the In/Au bilayer in Fig. 5(a), lock very similar, except
that the size of disks decreases slightly in the latter case.
Since the microstructure of the two specimens remains al-
most unchanged before and after In was deposited onto the
Au films, it strongly suggests that the In must grow on the
Au surface by a mechanism of Frank—van der Merwe mode,
ie. layer by layer.

Compared with the SAD pattern of Fig. 3(b) in which Au
was deposited on a single crystal of NaCl, the diffraction

pattern of Fig. 5(b) for In deposited onto the Au-coated
MNaCl is very complicated, and contains many extra spots.
By careful analysis, it is found that the extra spots consist
of reflections from the intermetallic phase Aulng, instead of
pure In, and those due to double diffraction and microtwin,
in addition to those resulting from the Au layer observed
in Fig. 3{(b). A close examination of the diffraction pat-
tern in Fig. 5(b) also reveals that the (2 20) reflections of
the Aulns intermetallic are nearly superimposed on the
Au microtwin spots. An enlargement of the microtwin
reflection showing the doublet is given in the up-right
comer of Fig. 5(b). Analysis of the diffraction pattern in-
dicates that an epitaxial relationship, [4 0 0]aum,//T2 204y
and [220]4p, is ~7.5 away from [200]4y, exists be-
tween Aulna and Au, in which Aulny has CaF: type
face-centered cubic structure. A schematic of the diffrac-
tion pattern illustrating the major reflections is given in
Fig. 5(c).

The instant formation of Aulnz intermetallic right after
deposition of In onte Au is also observed by other investi-
gators [14,15). Bjontegaard et al. [14] reported that the for-
mation and growth of Auln intermetallic after evaporation
is characterized by an activation energy of 0.23 eV, and that
the Aulny phase is known to be the fastest transformation re-
quiring the least thermal energy of any intermetallic among
transition metals. In a study of In deposition on the Au (11 1)
surface conducted by Robinson and Slavin [15] using Auger
electron spectroscopy, it was found that the Aulny phase
was formed from the onset of deposition, and the intermetal -
lic thickened a layer at a time, i.e. following the Frank—van
der Merwe mode. In addition, the growth mode of Sn de-
posited onto the Au surface was investigated by Zhang and
Slavin [16] using Auger electron spectroscopy, low energy
electron diffraction and electron energy loss spectroscopy.
It was concluded that Sn initially formed an intermetallic,
Ausn, which grew laterally as a double layer, followed by
continued growth of the same phase one layer at a time,
i.e. the Frank—van der Merwe mode [11]. From the cur-
rent experimental results and those reported in the literature,
it is quite clear that strong chemical reactions or alloying
among overlayers favor the Frank—van der Merwe growth
mode.

3.3, Cross-section TEM of the AuwIn/du microjoints

Since the reactions between Au and In occur even
at room temperature [17], preparation of thin sections
for cross-section TEM investigation by conventional ion
milling method has been found to be invalid due to ion
beam-induced phase transformation. To overcome this dif-
ficulty, ultramicrotomy was utilized in the current study to
produce thin sections of the microjoints for TEM observa-
tion.

A cross-section TEM micrograph of the Au/In/Au micro-
joint after the single lap tensile test is shown in Fig. 6{a),
which is composed of a region of equiaxial grains and a
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Fig. 5. TEM micrographs showing {a) the BF image, and k) the SAD pattern of the InfAu bilayer deposited sequentially on the MaCl substrate. Inserted in
the up-right corner of (k) is an enlargement of the efAsction from An microtwins. (¢} A schematic indicating the origin of major reflections shown in (b).

portion of fractured segments. As a result of poor adhesion,
the PET substrate delaminated from the joint during ultra-
microtomy. The technique of ultramicrotomy has recently
been utilized by Shieu and Lee [18] to probe the mechan-
ical properties of a composite material. In general, a brit-
tle material such as Aulny will shatter and fonm periodic
cracks during ultramicrotomy. From the SAD pattern shown
in Fig. 6(b) of an interfacial region, it is deduced that the
equiaxial grains are pure In, and the fragments are identi-
fied to be Auln;. This result is consistent with that reported
by Millares et al. [8], who found that the Auln; intermetal-
lic represents the major phase in the reaction zone of a bulk
Au-In diffusion couple.

Fig. 6(c) shows the cross-section microstructure of a re-
gion, near the center of the sandwiched AwIn/Au speci-
men, in the In foil about ~10 wm away from the In—Auln

interface. For a single lap tensile test, the center region of the
single lap specimen suffers the maximum shear stress. As
a result of severe shear deformation, the polycrystalline In
has transformed from a random orientation near the Aulna
to a texture near the center of the single lap specimen. The
existence of texture is illustrated both by the presence of
a rectangular cell structure where high dislocation density
can be readily seen in the BF image of Fig. 6(c), and by
the pseudo single crystal SAD pattern of Fig. 6(d). The
zone axis in the SAD pattern of Fig. 6(d) is close to the
[001] direction of In which has a body-centered tetrago-
nal erystal structure. The deformation texture consists of
{110} planes oriented parallel to the substrate surface with
(111} directions, which is the primary slip system for a
body-centered cubic metal, aligned in the maximum shear
stress,
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Fig. &. {a) A cross-section TEM micrograph of the AuwTn/Au microjoint after single lap tensile test. (b) The SAT pattern of an interfacial region in {a).
(c) The microstructure of pure In about ~10 pm away from the In-Aulng interface. (d) The SAD pattem of the area in {c).

4. Conclusions

It has been demonstrated that the growth mechanism of Au
and In thin films deposited on the single crystals of NaCl sub-
strate follows the Volmer—Weber mode. Unlike the In films
that are polycrystalline, the Au films exhibit an epitaxial
relationship, (00 134,/ (00 Vingcy and [00 1] 4, A T00 1 .
with the single crystals of NaCl substrate. When In was de-
posited onto the Au-coated NaCl, it was observed that the
Aulnz phase is formed instantly, and the intermetallic grows
layer by layer, i.e. it follows the Frank—van der Merwe mode
as a result of the strong chemical interactions between Au
and In. In addition, it is found that the Aulng layer shows
an epitaxial orientation to the underlayer Au substrate. By
sandwiching an In foil between two Au films, it is observed
that the major phase in the microjoint is the Aulna inter-
metallic. From the cross-section TEM in which thin sections
were prepared by ultramicrotomy, it can be deduced that the
intermetallic Aulny is brittle in nature.
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