The Korean Journal of Ceramuacs, 4 [3] 222 - 226 {1998)

Synthesis and Properties of CuN, Thin Film for Cu/Ceramics Bonding

Sang Ok Chwa, Keun Soo Kim and Kwang Ho Kim

Department of Inorganic Materials Engineering,
Prsan National University, Pusan 609-735, Korea
(Received June 5, 1998)

Cu,N filin was deposited on silicon oxide subsirate by r.[. reactive sputtering techmique. Symthesis and properties
of copper nitride film were investigated for its possible application to Cu metallization as adhesive interlayer
between copper and Si0.. CuN film was synthesized at the subsirate temperature ranging from 100°C to 200°C
and at nitrogen gas ratio above Xu,=0.4. CuN, Cul,, and FGM-structured Cu/CuN, films prepared in this work
passed Scoleh-tape test and showed improved adhesion property to silicon oxide substrate compared with Cu film.
Electrical resistivity of copper nitride film had a dependency on its lattice constant and was ranged from 107 to 107
Qem. Copper nitride film was, however. unstable when it was annealed at the temperature above 400°C.
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I. Introduction

opper is one of promising materials for metallization
C in micro magnetic devices™ and in ultralarge scale

integrated (ULSI) circuits due to its low resistivity
and high electromigration resistance® In spite of its
merits, the application of copper metallization has heen
ohstructed bhecause copper has a poor adhesion property
{0 ceramic substrate such as 810,

Recently, an interesting material, Cu,N was synthesized
in nitrogen plasma by sputtering technique” and was in-
vestigated on its possible applications for recording
media.”” However, other properties of the copper nitride
film are not well-known yet and its application as a bond-
ing promoter for the copper metallization has never been
reported. The present work was, therefore, undertaken
to investigate the bonding characteristics of copper
nitride film to $i0. substrate and fo try a successful
copper metallizalion using the copper nitride film.

II. Experimental Procedures

Copper nitride films were prepared on Si0,(4000A )/Si
wafer by reactive magnetron sputtering technigue. Copper
targei(99.99%, CERAC) of 2 inches in diameter and 1/8
inch in thickness was sputtered in the plasma of gas mix-
ture composed of nitrogen and argon. The distance between
the substrate and the target was 50 mm and the chamber
was pre-evacuated to less than 1x 10° torr pressure hefore
[ilm deposition. Pre-spulter etching of target was carried
out to obtain a clean surface of target. Flow rates of high
purity (99.999%) Ar and N. pases were separately con-
trolled by mass flow controllers and the chamber pressure
was monitored by a Pirant gauge. The surface temperature
of substrate was monitored by a thermocouple and was
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controlled in the range from room temperature to 400°C for
the deposition. The sputtering process was proceeded at
chamber pressure of 10 nitorr under r.f. power of 30 watt,

Fhase and erystallinily of the deposited film was
analyzed by the X-ray diffractometer {Rikaku} using
CuKo radiation. Film thickness was measured by stylus
{Tencor, o-step). Scanning electron micrascopy (SEM) was
used to determine thickness of the film and to- ohserve
fracture eross-sectional morphology of the deposited layer.
Optical microscopy {OM) was used to observe the surface
morphology of the film. Auger eleciron spectroscopy (AES)
was used to determine the depth distribution of Cu, N, 8i,
and O in the deposited layer. Auger spectra were
collected by using a Perkin-Elmer 800 AES with 1 pA
electron beam accelerated to 10 kV.

Adhesion property of copper nitride {ilm to Si0; sub-
strate was tested in accordance with standards of both D
3330 (Method for Peel Adhesion of Pressure-Sensitive
Tape of 180 Angle) and D3359-87 (Test Method for
Measuring Adhesion by Tape Test) of American Society
for Testing Materials(ASTM)."*"” For the tape test, half
inch wide, semi-transparent and pressure-sensitive tape
(3MD was attached on the depasited area of 44 mm® In
order to attach the pressure-sensitive tape to film with
uniform attaching force, the tape was suppressed with a
constant pressure of 10 bars by using a press instead of
Tubbing by a pencil with an eraser described in ASTM
standards. The attached tape was removed by seizing
a free end and pulling it off rapidly back on itself at as
cloge to angle of 180" as possible. Fig. 1 shows a schematic
illustration of the Seotch-tape method for adhesion test.

I11. Results and discussion

1. Synthesis of Cu,N film with deposition variables
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Fig. 1. Schematic illustration of our Scotch-tape method for
adhesion tesi.
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Fig. 2. X-ray diffraction patterns of films deposited at various

substrate lemperatures (deposition pressure, 10 mTorr; r.£
power, 30W; Xy,=0.5).

Fig. 2 shows X-ray diffraction patterns of films
deposited at various substrate femperatures. Nitrogen
gas ratio in sputtering gas mixture was fixed at Xy,=0.5.
At room temperature metallic Cu peak was appeared,
but at substrate temperatures in the range of 100-200°C
CuslN films were deposited. Further increase of substrate
temperature above 250°C, metallic Cu peaks appeared
again. From our experimental results it was found that
optimum temperature range to synthesize Cu,N was from
100°C to 200°C. At the low substrate temperature like
room temperature thermal energy to synthesize copper
nitride is eonsidered to be insufficient, whereas at high
substrate temperature thermal decomposition of syn-
thesized copper nitride is known to cccur.™™ T. Maru-

Synthesis and Properties of Culy, Thin Film for Cu [ Ceramics Bonding 223

CuN(100)
CuM(200)

Cu(111)

A X(0.0)

X,,(02)

Intensity(arb.unit)

20 30 40 50 60
Diffraction angle(20, degree)

Fig. 3. X-ray diffraction patterns of films deposited at vari-
ous nitrogen gas ratios (deposition temperature, 150°C; de-
position pressure, 10 mTorr; r.f. power, 30W),

vama et al.” have reported that at high substrate tem-
perature around 300°C, re-evaporation of atomic nitrogen
in the copper nitride film occurred. Fig. 3 shows X-ray
diffraction patterns of films deposited at various nitrogen
gas raties. Substrale temperature was fixed at 150°C
and nitrogen gas ratio, Xy, was changed from zero to one.
At pure argon atmosphere of X.,=0.0, metallic copper
wag deposited. At X,=0.2, any diffraction peaks corres-
ponding to either metallic copper or copper nitride phase
did not appear. At nitrogen gas ratios above Xy,=0.4,
however, crystalline eopper nitride films with [100]
preferred orientation were deposited.

2, Adhesion properties of copper nitride film

Table T shows the tape test results of films deposiled
on 510, with various subsitrate temperatures and nitrogen
gas ratios. The thickness of copper nitride films for tape
test was in the range of 1800-2500A. All Cu,N films
deposited at substrate temperatures in the range of 100-
200°C did not peel off from substrate and passed the

Table L. Tape test Results of Films Deposited on SiC. with
Varions Substrate Temperatures and Nitrogen Gas Ratios

Sample Result Jample Result
TerNys bS Tio0Mo 5 *
T190g 5 o Tysol0 s
Ti5olNgs Qo T1:0Ng 0 <
Ta00Ngs o Ti5elNo 4 O
T260Na 5 o Ty:0MNoe &
TageMNo s ® Tra0Mos o
To50MNo s X TuseM10 o

where, T; substrate temperature {"C), N: nitrogen gas ratio
(Xy,) in sputtering gas, »: peeled off, C: passed.
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Fig. 4. Optical micrographs of film surface after tape test
for the films deposited at {a) room temperature, (b) 150°C
and (c) 400°C.

tape test, whereas Cu films got easily removed from the
substrate by the tape and showed poor adhesion
property. Fig. 4 shows optical micrographs of film surface
after tape test. The copper films deposited both at room
temperature and at 400°C peeled off from 5i(}, substrate
after performing tape test. On the other hand, copper
nitride film deposited at 1560°C remained as it had heen
and rather left the resin trace on its surface, detached
from the adhesive tape. This reflects the fact that the
adhesion force of copper nitride film to Si0, substrate at
least exceeds maximum adhesion capability of the tape.
For an adhesive copper metallization to Si0, using a
copper nitride film, FGM {({unctionally graded materials}
structured filmg were deposited on Si(Q), substrate. Double
layer Cu/Cul, film was prepared on Si(), substrate by
changing the nitrogen gas ratio of plasma gas mixture
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Fig. 5. Fracture cross-sectional morphology of the prepared
Cu/Culy/510, layer by SEM.
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Fig. 6. Auger depth profile for the Cu/CulNy/Si0, layer.

during the sputtering process. Fig. 5 shows a cross-sec-
tional SEM micrograph of the prepared Cu/CulN+/SiO,
layer. In Fig. 5, morphological distinction between Cu
and CulNy layers are drawn without clear interface. Fig. 6
also shows Auger depth profile for the Cuw/CuNy/SiO,
layer. Nitrogen content in the CulNy layer was found to
be about 8 at.% by our AES analysis, which indicated a
copper nitride phase of Cu excess from stoichiometric Cu,N.
Small nitrogen incorporation in Cu layer in Fig. 6 was
caused by the retained nitrogen gas in chamber during
the process. The nitrogen content in Cu layer is, however,
believed to be largely suppressed by controlling the
process. Our FGM structured film of Fig. 5 showed good
adhesion properties to 510, and passed the tape test. In
our experiments, all FGM structured films using copper
nitride interlayer passed the tape test regardless of thick-
ness of the copper nitride interlayer.

3. Thermal stability and resistivity of copper nitride
film

Fiz. 7 shows X-ray diffraction patterns of CuN films
annealed at various temperatures in Ar atmosphere. As-
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Fig. 7. Xray diffraction patterns of Cu,N films annealed at
various temperatures in Ar atmosphere.

deposited Cu,N films were healed to various iem-
peratures with heating rate of 5°C/min., held for 2 hours,
and cooled down in furnace. CuN film was found to be
stable to 300°C, bul degraded above the temperature of
400°C. As the Cu.N film was heat-treated at temperatures
above 400°C, intensity of diffraction peaks of Cu,N largely
diminished. Thermal unstability of Cu,N film has been
reported™® similar to our results. Small peak, corres-
ponding to Cu,O, appeared during heat-treatment at
400°C in Fig. 7 seemed to be caused by oxidation of Cu;N
due to oxygen adsorbed on the inner tube wall.

Fig. 8 shows variation of both lattice constant of Cu,N
crystal and resistivity of copper nitride film as a function
of deposition pressure. As the deposition pressure de-
creased, lattice constant of copper nitride film increased.
In addition, all copper nitride films prepared in this work
had a little larger lattice constant than 3.815 A, that of
stoichiometric CuN crystal (JCPDS file no 2-1156). This
implies thal our films were Cu-rich nonstoichiometric
compounds due to Cu interstitialey. Because decrease of
deposition pressure induces increase of the sputtering
vield of target material, copper ioms were oversupplied
compared with nitrogen ioms to the substrate with
decreasing deposition pressure, and thus, Cu inter-
stitialey in copper nitride film. In Fig. 8, electrical resis-
tivity of copper nitride film was changed with variation
of deposition pressure, e.g., decreagsed with increase of
lattice constant due to the decrease of deposition pressure.
The electrical resistivity of copper nitride film is believed
to do closely with latiice constant, that is, Cu interstitialey
gince interstitial Cu atoms possibly produce donor elec-
trons in the copper nitride film. As for the electrical pro-
perty of Cu,N, copper nitride has been reported to be

insulator” or semiconductor.”” Reeenily, T. Maruyama et
¥
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Fig. 8. Variation of hoth lattice constant of CusN crystal

and resistivity of capper nitride film as a function of deposi-
Lion pressure.

al.” reported that the electrical property of copper nitride
film depended on its lattice constant and was ranged
from ingulator to semiconductor. Qur results was well
consistent with those of T. Maruyama and showed the
electrical resistivity ranging from 107 to 107 Qem.

TV. Conclusions

In summary, Cu,N film was successfully deposited in
the substrate temperature range from 100°C to 200°C
and at nitrogen gas ratio above X,=0.4 by rf reactive
sputtering technique and was found to be a possible
bonding material as adhesive interlayer belween copper
and Si0,. Our Cu:N, CuN, and FGM-structured Cu/Culy,
films passed Seotch-tape test and showed improved adhe-
gion property to silicon oxide substrate compared with
Cu film. Electrical resistivity of copper nitride film had a
dependency on its lattice constant and was ranged from
107 to 10" Qem. Copper nitride film was, however, un-
stahle when it was annealed at the temperature above
400°C.
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