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Alstraet

We present recent results obtaimed in our lnbortory on the liser processing for deposition ol tungsten il copper. Four
processes ire presented, (1 An A laser or o diedde liser are used inoa divect writing maode o prodiee Woand WS, lines Trom
WIH, reduced by Ha andior SiH, and deposited on silicon, TN, S0 N and polvimide. (2) Pure oW flms were also deposited
on Guds by KrF excimer lser-induced deposion using o WECSiHHL gas mixture. (3 Very uniform, shiny metullie copper
lms, with Cw/C mtios up 1o 17 were deposited on TiN and fluoropolvimer substrates by the Kol excimer liser-ussisted
decomposition of Cufhlaei TMVSL (41 Finally, we have studied the Ar® amd diode laser direct wrniting of Pdoand Au for the

selective activation ol the electroless plitng of Cu
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1. Inteaduction

Mewllization forms a key component on electronic
cireuits. Indeed, it controls device properties when used
as an ohmic or Schouky contact as well as providing
interconneclions between the devices and the ouside
world or Between the devices themselves [1]. Progress in
microcleetronic cireuits and packiaging requires the de-
velopment of new metallization materials and Fabrice-
tion technigues. For instance, s the mimaturization of
devices and circuits for LILS] is pursued. the commonly
used Al and Al-based alloys, which suffer from both
glectromigration and stress voiding preblems, have to
be replaced. Depending on the emplovment of the
metals and deviee structures, W and Cu offer some
clear advantages. Copper has a very low resistivity (1.67
ufd am). a high electromigration resistance and a high
melting point, Tungsten is a low resistivity refractory
metal (o, = 3.6 162 cm) which either can be used as a
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thermally stable inlerconnect materil or can form good
Schouky contacts on CiaAs,

While these metals can be deposited by vurious fech-
migques, lasers can be wsed for selective ared progessing,
Indeed, a laser beam directed onto a surface can be
usad to locally mduce thin film deposition by either
pyvrolvtic or photolytic chemical reactions in the gas
phase or on the substrate (2] In a pyrolyie laser
chemical vapor deposition (LCVIY) process, lasers are
used s the heat source to induce a logulized thermal
reaction where the beiam is focuséd on the substrate
The movement of the beam on the surface leads to
the direet ‘writing” of patterns. Micron size metallic
lines having low resistivity may be written using visible
lasers such as the Ar~ laser. The applications of laser
direct writing are in microsurgery and custom design
for both integrated circuits and packagmg. However,
UV photons with sufficient energy may induce both
pvrolvtic and photolyvtic chemical reactions, cither in
the gas phase or on the surface. Projecting the UV
photons from an-excimer laser through a musk can lead
to thin film depesition with high resolution patterns,
This could therefore be compatible with in situ process-
1548

The ohbjective of this paper is to zive o gencral
overview of the development of luser processing tech-
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nigues for the deposition of W oand Cu performed at
Ecole Polytechmque de Montréal. Processes covered
are the following: (1) Ar ' and diode laser direct writing
of WSi, lines on TiN, polvimide and SIO. M, : (m)
excimer laser-induced deposition of Woand GaAs. (i)
excimer laser-induced deposition of Cu on TiN, S0,
and Nuoropolymers and (iv) Ar* and diode laser-as
sisted uetivation of the selective electroless plating of
COPHCT

2. Laser induced deposition of W and WE,

Laser mduced deposition of W using W(CO), has
been extensively studied |3 4] and pgrowth rates were
found to be relatively low, Furthermore. the resistivity
of the deposits 15 usually high ( ~ 200,00 due to €
and O incorporation in the films. In contrast, the use of
WF, as the precursor usually leads 1o high punty. thin
lilms with low resistivity { ~ 2ppan) a1 relatively high
growth rates. Tungsten has been deposited from WE,
using various tvpes of lasers [10-29). Most of these
studies relicd on the reduction of WF, by hvdrogen,
which occurs at relatively high temperatures { = 400°C),
or by the silicon substrate, which is limited 1o very thin
films [23]. Black and co-workers [25] have recently used
silane (Sily) 1o reduce WF, for the laser deposition of
W al lemperatures as low as ~ 300°C. This 45 mixture
permits one to deposit pure tungsten or tungsten silicide
films al relatively low temperatures on thermaliy sensi-
live materrals at high deposition rates. We have investi-
gited a number of laser processes based on both
WEH, and WF/SiH, gas mixtures [27.28,30-38] and
we present an overview of the process development of
the Ar' and diode Inser direct writing on TiN, poly-

imide and Si0_ N . as well us of excimer lusei-induced
deposition of W on GaAs.

2.4, Laser direct writing of WSi,

The laser direct writing system has ilrendy  been
described in detail elsewhere [31,35-37), Twa lasers ure
avalable on this system. An Ar® luser beam (4 = 488
nm, 1.5 W) focused on the substrate o a4 ~2 um
dizmeler circular spot, using 4 25 = {0.3] MAYL long
working distance objective, has been used, An AlGaAs
diode laser array emitting at 4 = 796 nm with a maxi-
mum power of | W has also been used for its compact-
ness and s reliability, The diode laser beam divergence
15 10° by 40° in the two directions transveise to (lie
propugation. The beam is first collimated using o 0.8
NA objective, and its cllipticity 15 reduced by a 41
anamorphic prism pair. The collimated and shuped
beam is then focused on the substrite using the 0.3
NA obgective, vielding an elliptic spot with axes of 12
and 93 um. The clean substrates were placed in a
stainless steel reaction chamber closed by a fused silica
window and mechanically pumped to a base pressure of
1077 to 10~ Torr. Direct writing was achicved by
moving the reaction chamber using computer con-
trolled translation stages having a lateral resolution of
0.1 um. Lines were written at speeds ranging from 2 to
100 ym s~ ' {the maximum velocity of the system) in
the direction parallel to the long axis of the diode laser
beam, or in any direction using the Ar— laser [25.36].

Table | summanzes the experimental conditions and
the most important results, Very uniform lines have
been reproducibly deposited by the 1wo tvpes of lisers
on silicon wafers, polyimide (PI) (Dupont PI-261 1D,
titamum nitride (TiN) and Si0O, N, thin flms, The WF,
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Aow was fixed at | scem and the reducing gases were H.
andor SiH,, depending of the substrate or the type of
laser, For instance, the low temperature SiH; reduction
reaction 15 particularly attractive for the deposition of
refractory metils and compounds on thermally sensitive
substrites, hke polvimide. We limited the SiH; flow 1o
3 seem 1o prevent any uncontrolled or explosive condi-
tions. Argon wis sometimes used s a bulfer sas. The
maxnnum laser power at the surface 15 limited by the
onsel of damage lormation on the suobstrate at the
speed mentioned i the table. Line thickness and width
were measured by wsing profilometry and opucal mi-
croseopy, respectively. Average growth rates were de-
duced wsing the spat dimension, the writing speed and
the line thickness, The growth rates obtmined with the
diode luser were an order of magnitede smaller than
those obtained with the Ar™ laser, due 1o the larger
laser power densities m the latler case

Fhe compositions of the deposited ines were deter-
mined by Awvger electron apectroscopy (AES) Owr
anitlvsis indicated that no Nuonne was mcorporated in
the bulk of the WSi, films within the limits of detection
1 ntp Aside from some surliee  contamimtion,
which we attribute to atmospheric exposure between
deposition and analysis, no carbon, nitrogen or oxygen
wits detected mothe deposited flm. When only H., s
used, pure W films are produced. For the WS, lilms,
the WiSI ratie was estimated from 51 KLL (1620 ¢V)
and W MNXN (1736 ¢V) Auper peak intensities. This
eittio wis hout 1.4 for the lines deposited on polvimide
and L5 o LB for the lines deposited on TiN, No
silicide peaks (WS, and W.51,) were detected using
Raman spectroscopy, indicating that Si and W were
present only in their elemental form i the bulk of the
depoaits, AES depth profiling measurements indicated,
in all WSi, films, a silicon depletion at the surface o
the deposit over a few lens of nanometers. This tung-
sten-rich surface is directly reluted 1o the nature of the
deposition process. According to Lo [39], many com-
peting, temperature-dependent reactions occur between
lhe gaseous species and the deposited matenal, even at
room temperature. In laser direct writing, only a fruc-
tion of the substrate is heated at a given tme. Room
lemperature reaetions will continue at the surface, 2ven
after local deposition. Morcover. the silicon reduction
of WI, is thermodynamically favorable at and above
room temperature, and it consumes silicon to produce
tungsten [39]). However. this reaction is limited to a
depth of a few tens of nanometers by the diffusion of
the slicon atoms through the tungsten laver [23]. This
explain the sficon depletion at the surface of the de-
parsils,

The resistivity of the deposits was evaluated using the
two-point probe method. The lengths of the lines were
measured by optical microscopy. and the cross-sec-
tional areas were determined by SEM. The lowest
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resistiviey of 13 pf) em [ ~ 20,00 15 obtained when
using an Ar © laser and H, as the reducing gas, Resis-
tivities were approsimitely one order o magnitude
higher when SiH, was used. probably due to the pres-
ence of Siom the films. The dilference in resistivities
between the WSi, lines deposited aon P and TiN may
possibly be attributed to the slightly different i content
in the lines, as observed in thermal OV from WE, axl
SitH, [40]

2.2 Excimer laser iduced deposition of Woon Gads

The excimer buser direct projection palterning of W
Schottky contact metallization on GaAs, to form MES-
FETs with self-aligned sates in one swep, could prave o
be an advantageous process unm]‘l:u'ud L the conven-
tonl  sputtering,  patterning  and  etehing  processes
presently used in dndostriad prodoction, This 05 espe-
clally so since GaAs has no stable native oxide iand is 0
relutively fragile substrate [41. Moreover, o OV pro-
cess is preferable 1o phvsical vapor deposition provess
stee it provides better conformal step coverige and less
damiige to the -V substomtes [42) This dssue hay
prompted many groups o study the deposition o W an
CraAs using a CVD process with WE, as the melal
precursor gas [32.42-46]

We have developed o UMY system to deposit W
from a maxture of WF,, 5iHy, Hy and Ar osing o KelF
excimer laser mcdent perpendicalarly on the substrace,
This system has been deseribed in detnl elsewhers
[32,47. 48] The luser vsed s an MPB AQXN-150; emit-
tig ab 248 fmoal a repetition vate wp o 60 Fly wath o
pulse width of 30 ns, The substrates used were | amn’
samples of (100) oriented undoped and Si-doped (10
em ) ligquid encapsulated Crochralski GaAs walers,
They were degreased, dipped in o hot 1 HCLHL0O
solution and dried in flowing nitrogen belore beéing
introduced into the deposition chamber. We used SiH,
to lower the requited deposition temperature on Lhe
thermully sensitive GaAs substrates, Typical operating
pressures were of the order of 14 Torr For o mixtuwee of
WEF,. SiH, H, and Ar opases having flows of 1, 3, 30
and 140 secem respectively, The Ar flow was used
mamnly to purge the window te avord any W deposition
on it. A lead lock was used to introduce the samples
inte the chamber and no deposition was attempted
before obtaining o base pressure lower than 5= 107
Torr,

Smooth and uniform metallic tungsten was deposited
on GaAs at laser Huences between 25 and 35 mlom 2
No deposition was detected at laser power densities of
19 mJ ¢m or less. even after one hour of laser
exposure at 4 repetition rate of 60 Hez, At 25 mlem 7,
we obtained 0.4 pm W hlms alter 34) < al 30 Ha [vis
difficult to evuluate the exuct deposition rate since we
have noted an incubation time, typically 100 s, belfore
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observing the shiny tungsten surface on the samples.
On the average, we estimate @ deposition rate of ~ |
nm s ' at 30 Hz with a pulse encray density of 25 mlJ
em % At enerpy densities > 35 mJ em  ? and a pulse
repetition rate of 30 Hz, deposition of W was also
detected but the films would usually delaminaic Very
quickly (typically alter | min) after the onset of the
growth, supgesting that the deposited films are under
high stress.

AES profiling indicates that almost no As or Ga
mterdiffusion is detected in the deposit. This is particu-
larly suriking when compared to W deposits obtained
using WEo and a cw Ar laser [46]. This is probably
because of the very brief heating of the substrate during
the 30 ns laser pulse width, which greatly reduced the
time during which diffusion of As or Ga into the W
layers might tuke place, Moreover, the substrate stoi-
chiometry was preserved, meaning that very little, if
any, degradation of the semiconductor had taken place.
In addition, no impunties (such as F, C, O) weie
detected above the noise level (< 1 ar%) in the metal
film, Compared to the compositon of the films ob-
thined by laser direet writing, the absence of Si was
noticeable, suggesting that the SiH, reduction of W, is
complete, This could be explained by the same mecha-
nism which leads to Si surface depletion in the Ar- and
diode luser deposited films. Indeed, since the surface
eools down during the 30 ms time between two consec-
utive 30 ns pulses, reaclion belween WF, and the 5 on
the surfuce could produce silicon based volatile com-
pounds, depleting the Si. Therefore, using a pulsed laser
o this process presents the advantage of producing
Pure W,

The crystalline structure of the deposited W owas
investigated by X-ray diffraction (XRD) and our Spec-
tra showed that the pure and stable z-W was formed.
Very little f-W was detected and could probably be
eliminated by a post-deposition anneal [43]. The F-Wis
4 metastable phase which can be stabilized by the
ineorporation of C. F, or O in the deposits [44]. The
formation of »-W 1s a unigue charactenstic of this
process since al low processing temperatures, granular
W is usually deposited with a resistivity = 100g, .,
[49]. Preliminary resistivity measurements on the sam-
ples, using a 4 point probe, vield resistivity values of 20
LY em [~ dpy,.), which is as expected for low resistiv-
ity thin =-W films.

3. Excimer laser-induced deposition of copper

Chemical vapor deposition (CVD} usin g Cufl
organometillic precursors has achieved good results,
permitting the deposition of thin copper films having
near-bulk resistivities [50. Since Cu is difficult to pat-
teen for ULS] with submicron resolution, a lechnique

which deposits copper in a selective manner, without
any dependence on surface quality, would be quite
attractive. Laser-induced CVD is one such technigue,
where the desired interconnect pattern can be projected
on the surface with the appropriate mask and lenses
(prajection patterning) [31] or written by moving the
sample under the focused laser beam (direct writing)
[32]. The laser direct writing of Cu. using an Ar* laser,
has recently been demonstrated by Han et al. [53] but
such a process, even 1If appropriate for circuit repair,
15 too slow for circuit production. Furthermore, submi-
cron resolution 1s difficult to achieve with this technique
and excimer laser is a more appropriate tool for obtain-
g high resolution patterning. We have performed
the excimer laser-induced CYD of copper using Clap-
per' (hexafluoroacetylacetonate) Crrimethylvinylsiline)
(Culhfac TMVS)), and we detail here the deposition
and characterization of unpatterned Cu lilms.

The system for the laser-assisted deposition of copper
hus been described elsewhere [54-56] and is similar to
the one described in Section 2.2, except for the gas
distribution system. Sinee Cuthfac)(TMVS) is u Ly
At room temperature, it was placed ma bubbler and
heated 1o 45°C, giving a vapor pressure of about 0.5
Torr. The rest of the tubing, as well s the Fector, wis
heated to 60°C to avoid condensation of the precursor,
The substrate temperature could be varied fram room
temperature to 200°C. but was always kept below
120°C during the experiments to avoid thermal deposi-
tion. The precursor was carried to the deposition cham-
ber by a flow of H. (20- 100 scem). To avoid Ly
deposition on the window, it was purged with an Ar
flow (20 seem) before and during laser exposure.

Cu was deposited on (80 nm)TiN/Si, and on Teflon™
PFA fluoropolymer samples with thicknesses of 125
and 250 ym. TIN was used because of its good barrier
properties, preventing copper diffusion into Si. Fluoro-
polymers were used as they are expected to be the low
& dielectrics used in future microelectronic devices.
Prior to the deposition, samples were degreased and
dried at 1153°C for 30 min. The reaction chamber was
evacuated to a base pressure of 10-7 Torr, The deposi-
Lon was carmied out at a laser repetition rate of 20 Hz,
The KrF excimer laser beam was unfocused, giving
energy densities at the substrate ranging from 2 to 31
mJ em 2,

Typical film thicknesses, as measured by profilome-
try. ranged from (L1 to 0.3 pm for films deposited with
a few thousand laser pulses. This corresponds to growlh
rates changing from 0.1 to 0.3 A per pulse {2 10 10 A
s '). Films grown under various conditions on TiN or
fluoropolymer samples appeared as shiny COPPEr Tir-
rors surrounded by a dark, narrow halo. Some of the
deposits had regions with matte appearances and some-
times. the entire surface had a matte appearance. In the
shiny copper region, the surface was very uniform and
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grain size, measured by SEM and AFM, was between
50 and 100 nm. In the matte regions. the surface was
much tougher and the grains were larger ( = 200 nm).
Cu films deposited on either substrate passed the adhe-
sive tape test, but showed some slight removal of the
rough grain regions. Thin deposits (less than 50 nm)
were invariably shiny, bul became matte as thickness
increased. We verified on the transparent PFA that all
the deposits presented a shiny appearance at the Cu
PEA interface when viewed through the substrate, even
the thicker films which are matte at the outer surface.
This indicates that two different growth regimes take
place, which may perhaps be related to the changes in
the optical absorption and the thermal diffusion that
occur as the hlm grows,

Performing an XPS analysis on samples unexposed
to air. we found that the binding energy position of the
main Cu 2p., peak is at 9326 eV and its width s
niarrow, This is indicatve of metallic copper and we
therefore conclude that complete reductuon of Cu(h-
e TMVS) was achieved. No sihicon was detected,
indicating the absence of TMVS at the surface, proba-
bly due to a rapid dissociative desorption of this hgand
[57]. Large quantities of carbon, oxygen and fluonine. in
several chemicnl states (ep, CF,, CO and C), were
detected at the surface. However, after cleaming the
samples with 2 keV Ar™ ions, it was found that most
ol the impurities were removed. For the films deposited
on TiN substrates, oxygen was no longer detected.
while carbon was substantially reduced and only traces
of fluorine could be seen. A Cu concentration of 95
al.%, as measured by XPS, was achieved for substrate
temperatures of 100 to 120°C, using a hydrogen flow of
100 scem and 2 laser energy density of 20 m) cm
For films deposited on the fluoropolymer samples, the
F concentration was alwavs greater. even afler ion
cleaning. AES profiles of a film deposited on a fluoro-
polymer sample showed that F is present throughout
the fihm. This is due to the laser mduced reaction
between the depositing Cu and the fluoropolymer sub-
strate, producing low molecular weight fluorinated spe-
cies which are trapped during the Cu deposition. The
maximum Cu content obtained on films deposited on
fluorppolymer samples was 30 at%, using the same
deposition parameters used for the deposition on TilN.
As hydrogen can not be detected by XPS, elastic recoil
detection (ERD) measurements were performed on
some samples. Hydrogen, possibly bonded to carbon.
was detected at a relative concentration of 7 aL™ in
fitms deposited at 60°C on TN,

Preliminary four-point and two-point probe resistiv-
ity measurements were performed on the samples and &
minimum resistivity of 41 p2 em ( ~ 25p,,5) was ob-
tained, Good conductive contacts were hard Lo estab-
lish and our results probably include high contact
resistance effects. However, the possibility of increased

resistivity due to poor marphelogy or cantamini
aceumulation at the grain houndary eannot present
be ruled oul.

4. Laser-assisted activation of the selective electroless
plating of capper

Laser-assisted chemeal vapor deposition 1s ilso
attractive techmique for integrated clrenit metallizatic
and for the repair and customization needs of Al
packaging industry [38]. However, while the high-pury
of vacuum processes will definitely be worthwhile fi
future ULS! applications, the packaging industry cou
henefit from cutting costs related to vacuum and g
distribution systems, Organometallic ilms avaid Ll
inherent complexity of gaseous precursors. Several i
thors have reported the decomposition of Au, Cu ot
Pd organometallic films [59-66) using Ar - laser [59
64], Nd:YAG [65] and a diade laser [66] Howeve
since it can be difficult to directly produce, from s
films, sufficiently thick low resistivity metallic condi
tors with aceeptable morphology, a subsequent step
Cu electroless plating can be used [64,65],

Fable 2 summarizes our results lor each ol the pr
cessing steps [67-70] Solil Pd and  Au-contuini
organometallic films were prepared from CONTMErC]
solutions on 3 pum thick layer of polyimide, a wide
wsed dielectric in packaging applications, and on &
pm thick silicon oxynitride. We used the same oplic
setup described in Section 2.1 to selectively decompao
these precursor films by the focused heam of either s
Ar— liser or 4 diode laser. Afier removal the unreict
precursor in acetone for Pd and trichloroethine lor A
the metallic deposits were dipped into the electrol
plating bath, Some deposits needed prior annealing
order to successfully activate the plating.

The Ar® laser-induced pyrolysis of Pd-containi
organometallic films yielded metallic palladium
polyimide [67]. However, the substrate was affected
the laser. as the Pd deposit was found 1o be embedd
into the polyimide. Although the Pd lines showed
high bulk concentration of carhon ([C|/[Pd] = 1.8
measured by XPS). the selective plating of copper wi
a resistivity of 7 ufd em { ~ 4py,,) was obtained wi
great reproducibility wathout the need of a prior unne

The pyrolvsis of gold-containing film was also pe
formed on SiO. N, with the same Tuser setup, Unfort
nately, the us-deposited gold could not successfu
activate the plating. However, a simple and nol op
mized anneal in air (4753°C during 30 min) was used
improve the purity of the deposit to a sufficient level |
the plating of copper.

The diode laser-assisted pyrolysis o the Au-conla
mg films was also studied [A8--70] The laser succe
fully decomposed 80 to 90% of the gold (I} mercapti
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Tahle 2

Made and Art luser induced pyralysiz of Au and Pd organometallic fitms for Cu electroless piating

Precursor film Resinate

Laser Ar+ Laser Diode Laser
A =488 nm . =796 nm
Step spot size: 2 um spotsize:2umx 15 um
Pd Au Pd Au
Engelhard | Engelhard | Engelhard | Engelhard
A-2988 Bright A-2988 Bright

Gold NW

Resinate Gold NW

plating

Substrate Polyimide/Si SIOxNy Polyimide/Si | Polyimide/Si
P|: 10 mW P|:151‘-11h'q'.'r P|:3D‘
v =0.025- v =0,001- ; G‘*nggw
. / 0.1 mm/s i =
e 0.5 mm/s
Pl affected Pl atfected Q
= 5 Pl affected
iy
S
it a Auo+AUl+C
R P{jlj A C i“" = ‘3.-.1 HE.:! &m E
As-deposited c - 30 uO-em
metal 2 P He
2
Necessary, S
: Not necessary | but was not = 300 °C, 10 min
Anneal optimized o
: E‘E?ﬁ?:‘s*::
c =7 pkr Plating - 8 uCrem
HL P perem ol aanadl p=8uQc

to the metallic Au” state with no apparent damage 10
the underlving polvimide. The deposits showed fair
amounts. of carbon (2030 w129 and sulfur (10-15
at¥) and once again required annealing at 300°C for
10 mim in order to activate the plating of copper.
Since this problem also occurred after an Ar' laser-
assisted pyrolvsis, we believe that 1t is inherent to the
precursar itself, not 1o the choice of the laser. The
ohvious solution would be to use the Pd-containing
films instead of the Au-containing enes. Unfortu-
nately, duc to optical considerations, the diode-laser
based svstem could not induce the pyrolysis of the
previously described Pd-films. Other Pd precursors
such as Pd acetate could be studied for this applica-
Lion,

3. Conclusion

Laser CVD from WF, and H, and/or SiH, gave
reproducible and high quality W or WSi, deposits on
virious substrates such as $i0, N, polyimide, TiN and
GaAs. When only H, was used. pure W lines with
resistivitics of ~ [3 pf? em were produced by an Ar™
laser. Using SiH, as the reducing gas provoked a low
temperature process that could be used on materials
with a limited thermal budget, and enabled us to make
deposits on fragile substrates such as polyimide and
GadAs, or to use u low powsr density diode |aser. WSI,
lines were deposited by laser direct writing on poly-
imide and TiN with resistivities of 40-80 pf} cm and
WSi ratios of 1. 4-1.8, Excimer laser-induced deposi-
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tion on GaAs produced pure z-W with a resistivity of
20 pdd em,

Metallic copper with Cu/C ratios up to 17 was
deposited on TiN and flucropolymer by excimer laser-
induced CVD. usmg Culhfac TMVS) as the precursor.
Although this is still not industrially acceptable for
ULSI interconnect applications, the optimization of the
deposition parameters is far from complete Metallic
copper with resistivities of 7-8 pfl cm was also de-
posited by clectroless plating on Au or Pd activation
Jayers produced by Ar— or diode laser direct writing on
orpganometallic films,
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