
JOURNAL OF MATERIALS SCIENCE 26 (1991) 1815-1820 

Adhesion of chromium metallization on alumina 
surfaces prepared by sol-gel techniques 

H. K A N A I * ,  G. J. DEMOTT t, D. L. KOHLSTEDT ~ 
Department of Materials Science and Engineering, Cornell University, Ithaca, NY 14853, USA 

The adhesion of a sputter-deposited Cr metallization layer to alumina films prepared by a 
solution-gelation method has been investigated using a pull test. Alumina films with a range 
of thicknesses (1 to 6 i, tm) were prepared by dipping commercially available polycrystalline 
alumina substrates into hydrolysed aluminium butoxide sols and fired for 1 h at 500, 900, or 
1200 ~ Monolithic, crack-free films resulted both from pure alumina and Ti-doped alumina 
sols. The adhesion strength was dependent on the thickness of the alumina films, as well as 
on the temperature of the heat treatment. Failure occurred in part between the alumina film 
and the substrate and in part between the alumina film and the chromium layer. For alumina 
films fired at 500~ the adhesion strengths of 1 lam thick films were greater than those meas- 
ured for 3 and 6 !am thick films because of the formation of greater mechanical bonds between 
alumina films and the substrate. The adhesion strength of the chromium layers was greatly 
improved by firing at 1200 ~ This increase in adhesion strength was attributed to an increase 
in the surface roughness of these specimens, which occurred due to crystallization of the sol 
layer. The adhesion strengths of films doped with Ti was not significantly different from those 
of the undoped films. 

1. Introduction 
The use of ceramic substrate materials for chip carriers 
and other integrated circuitry applications has greatly 
increased interest in the study of metal-ceramic bond- 
ing. Commonly, alumina substrates are employed to 
support conductor patterns of copper or gold that are 
deposited o:r an adhesive layer, such as chromium, 
which adheres strongly to the ceramic substrate as 
well as to the conductor layer [l]. Although Cr, Ti, Ni, 
W, Mo, and Pd all adhere well to alumina substrates 
and two- or three-metal systems are sometimes util- 
ized in industrial production [2], chromium has been 
used most extensively. 

A substantial amount of work has been done in the 
area of metal-ceramic adhesion [3-7]. Chopra [8] 
reported that adhesion of a metal film to a ceramic 
substrate is generally the result of a bond with an 
oxide layer: consequently, adhesion strength was 
closely related to the free energy of formation of the 
metal oxide. Caulton and co-workers [9] found that 
the addition of oxygen during the initial deposition of 
chromium improved the adhesion strength between 
chromium and glass by several orders of magnitude. 
Pierce and Vaughan [10], who investigated the effect 
of oxygen partial pressure on the adhesion of 
chromium thin films to alumina substrates, concluded 
that the incorporation of oxygen resulted in increased 
adhesion strength because CrzO3 formed at the 
interface. 

Although the formation of a C r 2 0  3 layer at the 
interface between Cr and A120 3 appears to be import- 
ant for good adhesion, the effects of surface morpho- 
logy and impurities on the adhesion strength of a Cr 
film to ceramic surfaces have not been clarified; This 
report details an experiment in which the surfaces of 
alumina substrates were modified with alumina thin 
films prepared by sol-gel techniques to change these 
two parameters in thin surface layers. The morpholo- 
gies of the alumina thin films formed on the substrates 
and the adhesion of sputter-deposited Cr pads on the 
alumina thin films are described. Titanium was chosen 
as a dopant because a thin "adhesive" layer of Ti has 
been shown to increase the adhesion between conduc- 
tor layers and ceramic substrates. 

2. Experimental procedure 
Alumina sols were prepared by the hydrolysis of 
aluminium sec-butoxide, AI(OC4Hg)3, which is abb- 
reviated as Al(OBuS)3 [11, 12]. The alkoxide was first 
diluted to 10 wt % with sec-butanol, then this solution 
was slowly introduced into vigorously stirred, distilled 
water at 90 ~ The mole ratio of water to the alkoxide 
was 100. stirring was continued for 30 min after the 
addition. At this point, concentrated HC1 was added 
dropwise to the sol until the mole ratio of HC1 to the 
alkoxide was 0.07. The sol was stirred for 4 h after the 
addition of HC1. 
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Figure 1 SEM micrographs of undoped films on polycrystalline r substrate. (a) unfired, 1 gm; (b) unfired, 3 gm; (e) unfired, 6 gm; (d) 
500 ~ 1 gin; (e) 500 ~ 3 lam; (f) 500 ~ 6 p.m; (g) 900 ~ 1 gin; (h) 900 ~ 3 gm; (i) 900 ~ 6 gin; (j) 1200 ~ 1 [am, (k) 1200 ~ 3 gin, (1) 
1200 oc, 6 gin. 

To prepare the doped sol, a 4 wt % solution of 
Ti[O(CH2)aCH3] 4 in sec-butanol was added to the 
solution of Al(OBuS)3 so that the mole ratio of dopant 
to aluminum was 0.05. This mixture was stirred for 
10 min before it was slowly added to the stirred, 90 ~ 
distilled water. The remaining sol preparation was the 
same as for the undoped sol. 

Alumina films were prepared by dipping poly- 
crystalline m-alumina substrates into the sols. Film 
thickness was changed by single dipping the substrates 
into sols of increasing viscosity or by double dipping. 
The coated specimens were dried at 60 ~ for 5 days 
and then fired at 500, 900, or 1200 ~ for 1 h in air. The 
heating rate was 100 ~ h -  a, and the cooling rate was 
400 ~ h -  1. Film thickness was measured on scanning 
electron microscope (SEM) micrographs of fractured 
cross-section. 

A portion of each sol was poured into a glass petri 
dish, dried, and fired at the same schedule and temper- 
atures as the thin film specimens. The phases formed 
were identified by the powder X-ray diffraction (XRD) 
method using a Cu target. 

Twelve Cr pads (3 mm in diameter and 800 nm 
thick) were sputter-deposited on to each thin film spe- 
cimen. A 0.63 mm diameter Mo wire was epoxied to 
each Cr pad. Failure force was measured by pulling 
the wire along a direction perpendicular to the sub- 
strate, using a screw-driven testing machine (Instron 
Model 1125 Tensile Strength Testing Machine), until 
separation. The crosshead speed of the testing ma- 

chine was 2.5 mm rain- a. The failure stress was calcu- 
lated by dividing the failure force by the pad area. The 
average value and standard deviation were calculated 
from the results of twelve such measurements. 

Compositional analysis was performed with an elec- 
tron microprobe (JEOL Superprobe 733) operating at 
the following conditions: 8 kV accelerating voltage, 
17 nA reference current, 1 gm beam diameter, and 20 s 
count time. Pure metal standards were used. 

3. Results  
3.1 M o r p h o l o g y  
SEM micrographs of both the unfired and the fired 
undoped films are shown in Fig. 1. These micrographs 
illustrate that the 1 gm thick films conform to the 
surface of the substrates and that the roughness of the 
films decreases as the thickness increases. In general, 
the surfaces of the films were quite smooth for the 
specimens fired below 900 ~ The formation of 0.1 to 
0.2 gm thick lamellae during the 1200 ~ firing is also 
illustrated in this figure. 

The general trends in surface morphology of the Ti- 
doped specimens were similar to those of the undoped 
specimens. 

3 .2  P h a s e  d e t e r m i n a t i o n  
The XRD patterns of the undoped gels gave the 
following results: the diffuse diffraction pattern of the 
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Figure l Continued 

unfired gel corresponds to that of boehmite. Although 
the XRD pattern of the gel fired at 500 ~ showed the 
presence of y-A120 3 and the pattern of the gel fired at 
900 ~ showed the presence of 6-A1203, these patterns 
were quite broad, indicating incomplete crystalliza- 
tion. In contrast, the XRD peaks of the specimens fired 
at 1200 ~ were sharp and indicated the presence of 
completely crystallized ~-A120 3. 

The XRD patterns for doped specimens which were 
fired at 500 and 900 ~ were featureless, indicating 
amorphous  structures. The XRD patterns of the Ti- 
doped specimens that were fired at 1200 ~ revealed 
the presence of ~-A1203 plus TiO 2. 

stresses for the specimens fired at 500 ~ are slightly 
greater than those for the specimens fired at 900 ~ 
(3) The failure stress is the highest for specimens fired 
at 1200~ at this temperature all of the pull tests 
failed in the epoxy. (4) The failure stresses for the Ti- 
doped specimens were similar to those measured for 
the undoped specimens of the same thickness. The pull 
test also failed in the epoxy during failure stress 
measurements performed on twelve Cr pads that 
were deposited on an uncoated alumina substrate 
specimen. 

3 .3  C o m p o s i t i o n a l  a n a l y s i s  
Electron microprobe analysis of the Ti-doped speci- 
mens fired at 500 and 900~ indicates that these 
specimens are compositionally homogeneous, with Dopant 
6.4 +_ 0.6 wt % TiO2. The Ti-doped specimen fired at 
1200~ separated into regions of pure alumina and 
regions of TiO z plus A1203, as predicted by the phase 
diagram for the AI203-TiO 2 system. None 

3.4  Fai lure s t r e s s  m e a s u r e m e n t s  
The results of the pull tests are shown in Table I. These 
results reveal several trends: (1) For specimens fired at 
500 ~ the failure stress was greater for the I gm thick 
film than for the 3 and 6 ~tm thick films. (2) The failure 

TAB LE I Pull test failure stress measurements 

Film Failure stress 
thickness (MPa) 

(~m) 
500 ~ 900 ~ 1200 ~ 

Ti 

1 1.3 _ 0.3 0.7 + 0.2 ~ > oep 
3 0.4 _+ 0.2 0.2 _+ 0.0 cr > ~ep 
6 0.8 _+ 0.3 0.6 + 0.1 cr > crop 

1 1.5 __+ 0.3 1.0 _+ 0.5 cr > crop 
3 0.7 + 0.2 0.3 ___ 0.2 cy > crop 
6 0.9 + 0.3 0.7 +_ 0.4 ~ > cr~r , 

Note: cy ~ crep denotes that the adhesion is greater than the strength 
of epoxy. 
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4. Discussion 
As firing temperature is increased, an alumina gel 
undergoes the following phase transformation [13]: 
boehmite-7-alumina-6-alumina--~-alumina. Although 
these phases were observed in this study, the speci- 
mens which were fired at 500 and 900 ~ exhibited 
incomplete crystallization due to the short firing 
times. The phases formed in both the undoped and the 
Ti-doped specimens fired at 1200~ conformed to 
published phase diagrams [14]. 

According to Yoldas, alumina bulk materials pre- 
pared from aluminum sols are porous (porosity of 
65%) with small pores having radii less than 5 nm 
and large pores having radii of 10 to 15 rim. Before 
the ~-A120 3 crystallization temperature of 1200 ~ is 
reached, this porosity is essentially all eliminated, 
strengthening the material [15]. In our experiment, 
the relative density of undoped monolithic gel fired at 
1200 ~ for 1 h was 98%. 

4.1 Undoped  coat ings  
To determine the difference in strength of adhesion of 
1 gm thick films and 6 Bm thick films to the substrate, 
cross-sections of the samples fired at 500 ~ were 
examined. It is difficult to distinguish the 1 gm thick 
film from the substrate, Fig. 2a. The 6 gm thick film is, 
however, easily distinguished from the substrate, Fig. 

Figure 2 SEM micrographs of cross-sections of samples with 
(a) 1 gm thick film and (b) 6 gm thick film on polycrystalline ~- 
alumina substrates. 
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2b, because there are openings between the film and 
the substrate; that is, the 6 gm thick film did not 
conform as well to the substrate surface. This situation 
was also observed with 3 gm thick films. These results 
suggest that the bonding between 1 gm thick film and 
the substrate should be greater than the bonding 
between the thicker films and the substrate. Con- 
sequently, the higher failure stresses observed for the 
t g thick films can be correlated directly with the 
microstructure. 

The surfaces that were left behind after the pull test 
(failure areas) were examined by SEM. Micrographs of 
these failure areas from the undoped specimens which 
were fired at 500 and 900 ~ are shown in Fig. 3. In 
some cases, fragments of the gel layer were removed 
with the Cr film during the pull test. Energy dispersive 
spectrometric (EDS) analysis of the gel layer fragments 
which remained attached to the substrate indicated 
that no Cr was left behind in any of these cases. The 
ratio of the area of gel coating which was removed by 
the pull test to the total area of the Cr p a d -  the 
"broken-area r a t i o " - w a s  calculated from SEM 
micrographs of three different areas for each specimen 
shown in Fig. 3. 

For the specimens fired a t  500 ~ the broken area 
ratios were 0.05 + 0.01 for 1 gm thick films, 0.26 _+ 
0.03 for 3 gm thick films, and 0.14-t-0.04 for 6 gm 
thick films, thus, failure occurred primarily by debon- 
ding at the interface between the metal and the cer- 
amic thin films. 

For the specimens which were fired at 900 ~ the 
broken area ratios were 0.20 + 0.07 for 1 gm thick 
films, and 1.00 + 0.00 for both the 3 and the 6 gm 
thick films. In this case, failure occurred by debonding 
at the gel film-substrate interface. To investigate the 
cause of the lower adhesion strength of the specimens 
which were fired at 900~ the expansion of the 
undoped films during firing was measured. The 
spacings between indentations in the coating did not 
change for specimens that were fired at 500 ~ how- 
ever, the spacings increased by 5% for specimens that 
were fired at 900 ~ This change indicates that the 
coating is expanding at this firing temperature. This 
expansion may be caused by the evolution of struc- 
tural water and residual organics during firing at this 

�9 temperature [16], which quite likely causes micro- 
fracturing of the gel film-substrate interface. 

For undoped samples fired at 1200 ~ transmission 
electron micrographs (TEM) of cross-sections of these 
specimens reveal a porous structure made up of ap- 
proximately 100 nm diameter particles joined by sin- 
tered necks, as shown in Fig. 4. This structure is 
similar to the vermicular m-alumina particles observed 
by Dynys and Holloran [17]. TEM micrographs of 
the gel-substrate interface region of these undoped 
specimens demonstrate that the gel film is sintered to 
the substrate in several places, as illustrated in Fig. 5. 
The direct sinter-bonding of the gel film to the sub- 
strate, combined with the open, lamellar structure of 
the films into which Cr metal could be deposited, 
results in the high adhesion strengths measured for the 
metal-gel film-substrate systems formed under these 
conditions. 



Figure 3 SEM micrographs of failure areas on undoped films that had been fired at 500 or 900 ~ for 1 h (a) 500 ~ 1/am; (b) 500 ~ 3/am; (c) 
500 ~ 6/am; (d) 900 ~ 1/am; (e) 900 ~ 3 lam, (f) 900 ~ 6/am. 

4.2 Ti-doped c o a t i n g s  
The surface roughness of the specimens which were 
doped with Ti is very similar to that of the undoped 
homologues. In addition, the broken area ratios of the 

Ti-doped specimens could not be distinguished from 
those of the undoped specimens. Within the 
scatter in the data, the failure stresses determined for 
the Ti-doped films were also identical to those meas- 
ured for undoped films. Therefore, the addition of Ti, 
at these concentrations, to alumina films does not 
affect either the adhesion of sputter-deposited Cr films 
to the gel films or the adhesion of the gel films to the 
alumina substrates. This result suggests that, in the 
present study with relatively rough A120 3 surfaces, 
mechanical bonding between chromium and alumina 
dominates metal-ceramic adhesion. 

Figure4 TEM micrograph of cross-section of undoped gel film fired 
at 1200 ~ revealing a vermicular structure. 

5. Summary  and conclusions 
Monolithic, crack-free thin (1 to 6 gm thick) films 
of pure AlzO 3 were formed by dip coating polycrystal- 
line alumina substrates with an average grain size of 
10 gm into sols that were formed by hydrolysis of 
Al(OBuS)3. Thin alumina films doped with Ti were 
also prepared. The adhesion failure stress of Cr films 
that were sputter-deposited on the gel films after they 
were fired was determined by a pull test method. The 

1819 



Acknowledgments 
This work was supported by IBM through the Cornell 
Ceramics Program. The electron microscopy and X- 
ray diffraction were carried out in central facilities of 
the National Science Foundation Materials Science 
Center at Cornell University. GJD was supported by 
Corning Glass Works, and HK was supported by 
Toshiba Corporation. 

Figure 5 TEM micrograph of cross-section of undoped gel film fired 
at 1200~ revealing a well sintered interface between the gel film 
and the substrate. 

failure stress was dependent on the thickness of the gel 
film and on the heat treatment, with the highest failure 
stresses determined for the specimens with the rough- 
est gel-coated surface (i.e., for all specimens which 
were fired at 1200 ~ No direct effect of the composi- 
tion of the gel dopant could be determined. 
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