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Abstract

Low temperature laser processing of W using WE, and SiH, is discussed. This process can be applied with limited
thermal budget to various substrates, giving the possibility of depositing thin films on fragile substrates like polyimide or
GaAs. In a direct writing mode, an Ar™ laser and a diode laser have been used to produce WS, with various controlled line
profiles on polyimide and TiN. Best resistivities are between 40 and 80 w{) - cm and the composition W /Si vary from 1.4
to 1.8. Excimer laser induced deposition of W on GaAs for making Schottky contacts has also been investigated. This
process yields pure a-W deposits with resistivities of 20 p{) - cm.

1. Introduction

Laser beams directed onto a surface can be used
to induce thin film deposition by either pyrolytic or
photolytic chemical reactions in the gas phase or on
the substrate [1]. In a pyrolytic laser chemical vapor
deposition (LCVD) process, lasers are used as the
heat source to induce a localized thermal reaction
where the beam is focused on the substrate. The
displacement of the beam on the surface leads to the
direct ‘writing’ of patterns. However, UV photons
may induce both pyrolytic and photolytic chemical
reactions, either in the gas phase or on the surface.
Projecting the UV photons from an excimer laser
through a mask can lead to thin film deposition with
high resolution patterns.
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Fax: +1 514 340 3218.

Tungsten is particularly interesting in microelec-
tronics because it is a low resistivity refractory metal
(ppux = 5.6 Q- cm). It can be used as a thermally
stable interconnect material and it forms good Schot-
tky contacts on GaAs. Laser processing using
W(CO); has been extensively studied [2-8], but
growth rates are relatively low and the resistivity of
the deposits is usually high (~ 200 p,,;), owing to
C and O incorporation in the films. In contrast, the
use of WF, as the precursor usually leads to high
purity thin films with low resistivity (~2 py,) at
relatively high growth rates. Tungsten has been de-
posited from WF; using excimer [9-13], CO, [14,15]
and ion (Ar* and Kr*) [16-28] lasers. Most of these
studies relied on the reduction of WF, by hydrogen
or by silicon substrates. However, hydrogen reduc-
tion of WE, occurs at relatively high temperature
(>400°C), and Si reduction, which takes place at
lower temperatures, is self-limited to very thin films
[22].
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Black and co-workers [24] have recently used
silane (SiH,) to reduce WE, for the laser deposition
of W at a temperature as low as ~ 200°C. This gas
mixture allows one to deposit pure tungsten or tung-
sten silicide films at relatively low temperatures on
thermally sensitive materials at high deposition rates.
However, care must be taken because WEF; is highly
reactive and explosive conditions are possible [24]
We have investigated a number of laser processes
based on the WF, /SiH, gas mixture [26,29-33] and
we present, in this paper, a discussion of the process
development of the Ar* and diode laser direct writ-
ing on TiN and polyimide as well as of excimer laser
induced deposition of W on GaAs for Schottky
contacts.

2. The WF, /SiH, gas mixture

Compared to the hydrogen reduction of WE, for
which the global reaction is [34]

WE, + 3H, —— W + 6HF, (1)

where AG at 300 and 700 K are respectively +30
and —30 kcal /mol, the global reaction for the SiH,
reduction of WE; is strongly dependent on process
conditions and its chemistry is not fully character-
ized. In a thermal CVD process, tungsten and its
silicides can be deposited by varying the gas mix-
ture. In thermal CVD, two global reactions have
been proposed:

WF; + 3SiH, —— W + 3SiF, + 3H,, (2)
WF + 2SiH, —— W + 2SiHF,; + 3H,, (3)

where the AG vary between —160 and —200
keal /mol at 300 K < T < 500 K [34]. While reaction
(1) requires T > 400°C, efficient silane reduction of
WEF, may take place at temperatures as low as 175 to
200°C.

Using SiH, and WE, highly exothermic, and
even explosive reactions can take place at low tem-
perature. As a safety requirement, partial pressures
of the reactive gases have been limited to 15 Torr
diluted in Ar and/or H, for our experiments. When
operated in a static mode, where a reaction cell is
filled to the desired pressure and gas ratio before
processing, we have noticed that the gas mixture

continuously evolves, often leading to an uncon-
trolled process [35]. More controlled and repro-
ducible growth is obtained in a dynamic mode,
where the gases are kept flowing at an established
ratio of flow rates, We observed that the laser power
density necessary to induce the deposition reaction
strongly depends on the gas mixture. For all pro-
cesses described below, well controlled low-tempera-
ture depositions are obtained using a gas mixture of
fIWE,) =1 sccm and f(SiH,) =3 sccm diluted in
Ar and/or H, with flows ranging from 50 to 150
scem.

3. Direct writing of WSi, on polyimide and TiN

The direct writing system uses a laser as a heat
source to induce localized pyrolytic processes, and
has already been described in detail elsewhere
[30,36]. Two lasers are available on this system.
First, an Ar* Jaser beam (A =488 nm, 1.5 W)
focused on the substrate to a ~2 um diameter
circular spot, using a 25 X (0.31 NA), long-working-
distance objective has been used. An AlGaAs diode
laser array emitting at A =796 nm with a maximum
power of 1 W has also been used for its compactness
and its reliability. The diode laser beam divergence
is 10° by 40° in the two directions transverse to the
propagation. The beam is first collimated using a 0.5
NA objective, and its ellipticity is reduced by a 4:1
anamorphic prism pair. The collimated and shaped
beam is then focused on the substrate using the 0.31
NA objective, yielding an elliptic spot with axes of
12 and 93 pum. However, the beam characteristics
and the wavelength of the diode laser limit the range
of temperature rises. The highly divergent beam is
difficult to collimate and focus, yielding low power
densities, and the near-infrared radiation is not
strongly absorbed by most electronic materials
[37,38]. As a result, it is difficult to initiate pyrolytic
processes. Direct photolysis is also not expected to
be important at these wavelengths.

The substrates used are polyimide (PI) (Dupont,
PI-2611D) and titanium nitride (TiN) thin films. The
PI was diluted in n-methyl-2-pyrolidone (1:1), and
spun at 4000 rpm for 40 s on etch-cleaned 2" Si
wafers. The films were then baked at 135°C and
310°C for 30 and 60 min, respectively. The PI
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thickness, measured by profilometry, is ~ 0.3 um.
The 100 nm thick TiN films were deposited by
reactive sputtering on 800 nm SiO, on Si wafers.
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
1072-1073 Torr. Direct writing was achieved by
moving the reaction chamber using computer con-
trolled translation stages having a lateral resolution
of 0.1 pwm. Lines were written at speeds ranging
from 2 to 100 pm/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 [27,36].

Very uniform lines have been reproducibly de-
posited on PI with the Ar™ laser (Fig. 1a) and on
TiN with both lasers (Figs. 1b and 1c) using the
SiH, reduction of WEF;. Laser-assisted low-tempera-
ture reaction is particularly attractive for deposition
of refractory metals and compounds on thermally
sensitive substrates, like polyimide. However, the
laser power thresholds for substrate damage must be
determined prior to deposition. We observed that an
Ar” laser power (Pp) larger than ~ 180 mW in-
duces thermal damage to the PI layers at writing
speeds of 10 to 100 wm/s in 8.9 Torr of Ar [39].
Moreover, because the deposited tungsten layers
strongly absorb the 488 nm radiation, the tempera-
ture rise induced locally by the laser increases as
soon as deposition begins, imposing even stronger
limitations on the process operating conditions. In-
deed, we observed PI damage underneath and near
the WSi, deposits for high laser powers. The thick-
ness of the deposited lines, determined from pro-
filometry measurements, increases monotonically
from the laser power threshold for deposition (~ 80
mW) to the laser power threshold for damage deter-
mined previously (~ 180 mW). Over this range of
laser power, the thickness and widths vary from 200
to 480 nm and from 4 to 10 wm respectively at a
writing speed of 25 pum/s in a gas mixture where
the flows of WE,, SiH,, and Ar were respectively 1,
3, and 50 sccm. A very uniform line deposited in
these conditions is shown in Fig. 1a. For hydrogen
diluted mixtures where fIWF) =1 sccm, f(SiH,)
= 3 scem, and f(H,) = 50 scem, the thicknesses and
widths range from 250 to 700 nm and from 4 to 5
wm, when the laser power is increased from 140 to

Fig. 1. Scanning electron micrographs of laser-deposited WSi,
lines. f(WF;)=1 sccm, f(SiH,)=3 sccm. (a) PI substate, Ar*
laser, P =103 mW, v =10 um/s, f(Ar)=50 sccm, P =17
Torr. (b) TiN substrate, Ar* laser, P; =140 mW, v =100 um/s,
f(Ar) =150 scem, P =16.2 Torr. (c) TiN substrate, diode laser,
P, =360 mW, v =100 pum/s, f(Ar)=50 sccm, P =8.9 Torr.



478 M. Meunier et al. / Applied Surface Science 86 (1995) 475-483

170 mW. Using the spot dimension and the writing
speed, we deduce average vertical growth rates of
2.5 t0 6.0 um/s for the Ar-diluted ambient and 3.1
to 8.8 um/s for the H,-diluted mixture.

As shown in Fig, 1b, direct writing was also
performed on TiN substrates using the same Ar*
laser. The uniform flat-topped line shown was writ-
ten at 100 pwm /s using a relatively high laser power
of 140 mW and a gas mixture of 1 sccm WE;, 3
sccm SiH,, and 150 sccm Ar. Lines written in these
conditions are typically 20-180 nm thick and 1.5-11
um wide depending on laser power. This gives
average vertical growth rates ranging from 1.0 to 9.0
pm/s. Cross-section scanning electron microscopy
(SEM) indicates that the lines written at high laser
powers have a flat-topped profile as shown in Fig.
2a. Similarly, lines have also been deposited on TiN
using the diode laser. Fig. 1c presents a SEM picture
of a typical WSi, line deposited using the diode
laser at a writing speed v =100 pm/s. The total
pressure in the reactor was 8.9 Torr, and the flows of
WF,, SiH,, and Ar were 1, 3, and 50 sccm, respec-
tively. The laser power incident on the substrate was
360 mW. Lines deposited under these conditions are
typically 160 to 860 nm thick and 4 to 12 um wide,
depending on laser power and Ar flow. This corre-

sponds to vertical growth rates of 0.16-0.86 um/s.

We note that growth rates obtained with the diode
laser are an order of magnitude smaller than those
obtained with the Ar* laser, due to the larger laser
power densities in the latter case. All lines deposited
using the diode laser presents a Gaussian-like cross-
section profile (Fig. 2b), even at high-ldser powers.

Fig. 3 shows the line thickness and a schematic of
the line profile as a function of Ar* laser power for
lines deposited on TiN from a gas mixture of 1 sccm
WE;, 3 sccm SiH,, and 20-150 sccm Ar. It indi-
cates that the line thickness increases with increasing
laser power, but decreases with increasing carrier gas
flow. This has been observed for the three situations
presented above. However, the Ar flow has no sig-
nificant effect on the line width. In laser direct
writing, the growth rate is different in all locations of
the deposit, because the local temperature rise is
determined by the laser beam profile and the proper-
ties of the heated layer. Therefore, at a given time, it
is possible for the growth rate to be controlled by the
mass fransport in the center of the line or by the

S ———————.
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Fig. 2. Scanning clectron micrographs of the cleaved profile of
WSi, lines deposited on TiN, (a) Ar™ laser, fIWF,)=1 sccm,
f(SiH,) =3 scem, f(Ar)=150 scem, P =16.2 Torr, P =250
mW and v=100 pm/s. (b) Diode laser, f(WF)=1 scem,
f(8iH,) =3 scem, f(Ar)=150 scem, P =162 Torr, Py =455
mW and ¢ =100 pm/s.

surface kinetics near the edge of the deposit. The
kinetics, the mass transport of the reactive molecules,
and the laser beam profile will determine the final
profile of the deposit. In an extreme case where mass
transport controls the growth rate along the line
width, the lines will have a flat-topped profile. This
case is illustrated in Fig. 2a which presents a SEM of
the cleaved profile of a line written on TiN at high
power using the Ar? laser.

We also observe in Fig. 3 that the growth rate
depends very little upon the Ar flow using the Ar*
laser at low powers (P, < 70 mW). Lines deposited
in these conditions have a Gaussian-like profile
shown in the insert of Fig. 3. This corresponds to a
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Fig. 3. Thickness of Ar™ laser-deposited WSi, lines on TiN as a
function of incident laser power for various Ar flows. f(WF;) =1
scem, f(SiH,) =3 scem, f(Ar) = 20, 50, and 150 sccm, P = 5.6,
8.9, and 16.2 Torr, v =100 um/s. At P, <70 mW, the growth
is controlled by the surface reaction while for P, > 100 mW, it is
controlled by the mass transport to the reaction zone. The line
profiles are explained in the text.

regime where the growth is mostly controlled by
surface reactions. However, at higher laser powers
(P, > 100 mW), line thickness reaches a maximum
and then saturates. This saturation thickness de-
creases with increasing Ar flow. Lines deposited in
this regime have a flat-topped profile as shown in the
insert of Fig. 3. This indicates that the deposition
process in the high power regime is essentially con-
trolled by mass transport to the reaction zone.

In comparison, for diode laser deposition, line
thickness decreases with increasing Ar flow even for
low laser power, and, as mentioned earlier, all lines
present a Gaussian-like profile (Fig. 2b). We at-
tribute this difference in the growth behavior to the
difference in the absorption of the two light wave-
lengths by the TiN substrate and by the WSi, de-
posit. Indeed, the deposit considerably modifies the
light absorption, and therefore the deposition condi-
tions, during the growth. This Gaussian-like profile
has been observed for deposits made at several writ-
ing speeds, laser powers, and gas compositions, us-
ing the diode laser [35]. Line thickness increases
when the writing speed decreases, with a ratio larger
than the ratio of the speed reduction.

Because deformation of the PI substrate can occur

during deposition, analysis of the overall profile of
these lines is not straightforward. Indeed, plan view
observations of the lines deposited at relatively high
powers indicate a significantly different morphology
in the center regions of the deposits [39]. Cross-sec-
tion SEM is therefore necessary to determine the real
deposit thickness and profile. Nevertheless, evolution
of the line profile and morphology is clearly ob-
served when the laser power is increased. Mass
transport limited growth, producing flat-topped lines,
is also obtained for relatively high powers.

The cleaved profiles shown in Fig. 2 also indicate
a columnar growth structure, often observed in the
chemical vapor deposition of refractory metals [40].
The surface of the lines written at high power is very
uniform. The lines written at lower powers present
the nodular structure of Fig. 1c where the tops of the
columns are dome shaped. The surface of the de-
posits is smoother than that obtained with the hydro-
gen reduction of tungsten hexafluoride [27].

The composition of the deposited lines has been
determined by Auger electron spectroscopy. Our
analysis indicates that no fluorine is incorporated in
the WSi . films within the limit of detection (1 at%).
Aside from some surface contamination, which we
attribute to atmospheric exposure between deposition
and analysis, no carbon, nitrogen or oxygen is de-
tected in the deposited film. The W/Si ratio is
estimated from Si KLL (1620 eV) and W MNN
(1736 eV) peak intensities. This ratio is about 1.4 for
the lines deposited on polyimide and 1.5 to 1.8 for
the lines deposited on TiN. No silicide peaks (WSi,
and W;Si,) are detected using Raman spectroscopy,
indicating that Si and W are only present in their
elemental form in the bulk of the deposits. AES
depth profiling measurements indicate, in all cases, a
silicon depletion at the surface of the deposit over a
few tens of nanometers. This tungsten-rich surface is
directly related to the nature of the deposition pro-
cess. According to Lo [34], many competing, tem-
perature dependent, reactions occur between the
gaseous species and the deposited material, even at
room temperature. In laser direct writing, only a
fraction of the substrate is heated at a given time.
Room temperature reactions will continue at the
surface, even after local deposition. Moreover, the
silicon reduction of WE; is thermodynamically fa-
vorable at and above room temperature, and it con-
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sumes silicon to produce tungsten [34]. However,
this reaction is limited to a depth of a few tens of
nanometers by the diffusion of the silicon atoms
through the tungsten layer [22]. This can explain the
silicon depletion at the surface of the deposits.

The resistivity of the deposits has been evaluated
using the two-point probe method. The lengths of the
lines are measured by optical microscopy, and the
cross-sectional areas are determined by SEM. On PI,
we obtain resistivities ranging from 190 to 290 w2 -
cm in the Ar-diluted ambient, and from 80 to 140
@€ - cm in the H,-diluted mixture. Lines written on
TiN have typical resistivities of 40-70 w()-cm,
independent of the laser used for deposition. These
differences in resistivity between lines deposited on
PI and TiN can possibly be attributed to the slightly
different Si content in the lines as observed in ther-
mal CVD from WEF, and SiH [41].

4. Excimer laser induced deposition of W on
GaAs

The excimer laser direct projection patterning of
W metallization on GaAs, to form MESFETs with
self-aligned gates in one step, could prove to be an
advantageous process compared to the conventional
sputtering, patterning and etching presently used in
industrial production. This is especially so since
GaAs has no stable native oxide and is a relatively
fragile substrate [42]. Moreover, a CVD process is
preferable to a physical vapor deposition process
since it provides better conformal step coverage and
less damage to the II[-V substrates [43]. This issue
has prompted many groups to study the deposition of
W on GaAs using a CVD process with WF; as the
metal precursor gas [31,43-47].

We have developed 2 UHV system to deposit W
from a mixture of WF;, SiH,, H, and Ar using a
KrF excimer laser incident perpendicularly on the
substrate. This system has been described in detail
elsewhere [31,48]. The laser used is a MPB AQX-
150, emitting at 248 nm at a repetition rate up to 60
Hz with pulse width of 30 ns. The substrates used
were 1 cm? squares of (100) oriented, undoped and
Si doped (10'7 em™2), liquid encapsulated Czochral-
ski GaAs wafers. They were degreased, dipped in a
hot 1:1 HCI:H,O solution and dried in flowing

nitrogen before being introduced into the deposition
chamber. Typical operating pressures were of the
order of 14 Torr for a mixture of WE;, SiH,, H, and
Ar gases having flows of 1, 3, 50 and 140 sccm
respectively. The Ar flow was mainly used to purge
the window to avoid any W deposition on it. A load
lock was used to introduce the samples into the
chamber and no deposition was attempted before
obtaining a base pressure lower than 5 X 107° Torr.

The use of silane as a reducing gas for WF; was
prompted by our earlier results which showed the
formation of GaF; at the surface of the GaAs sub-
strates [48,49]. GaF; was shown to be the product of
the reaction between WE, and GaAs, a reaction
which takes place as GaAs is exposed to WE;, and is
enhanced by the laser irradiation. The presence of
GaF; could explain the difficulties encountered by
many authors in nucleating W films on GaAs using a
WE, based process [44-47]. GaF, will desorb at
about 900°C [47], but such high temperatures are
incompatible with GaAs processing, as the substrate
surface would thermally decompose. This suggests
that the temperature for deposition of W films on
GaAs should be reduced to obtain reproducible and
controllable results. By using SiH, instead of H,,
the onset of metallic W formation is reduced from
400°C to 200°C [24], limiting the reaction between
WEF; and GaAs.

Metallic tungsten was deposited at fluences of 25
mJ/cm® and above. No deposition was detected at
laser power densities of 19 mJ/cm?® or less, even
after one hour of laser exposure at a repetition rate of
60 Hz. After such long exposure to WF, and SiH,,
we detect some powder on the substrates. This is not
surprising since the WE, /SiH, mixture is very reac-
tive and very sensitive to the operating conditions
[35,50]. At 25 mJ/cm?, we obtained smooth and
uniform metallic W deposits on GaAs. Typically, we
obtained 0.4 um W films after 340 s at 30 Hz. It is
difficult to evaluate the exact deposition rate since
we have noted an incubation time, typically 100 s,
before observing the shiny tungsten surface on the
samples. On the average, we estimate a deposition
rate of ~1 nm/s at 30 Hz with a pulse energy
density of 25 mJ/cm® At energy densities > 35
mJ /cm? and a pulse repetition rate of 30 Hz, deposi-
tion of W was also detected, but the films would
usually delaminate very quickly (typically 1 min)
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Fig. 4. Scanning electron micrograph of a W film deposited on
GaAs by excimer laser at 25 ml/cm?. Flows are f(WF)=1
scem, f(SiH,) =3 scem, f(Ar) =140 scem and f(H,) = 50 sccm.

after the onset of the growth. This shows that the
deposited films are under high stress, but no further
experiments were done to elucidate this phe-
nomenon. As shown in the SEM of Fig. 4, films
deposited at 25 mJ/cm® have an island structure
similar to that reported by Krans [51].

AEFES profiling indicates that almost no As or Ga
interdiffusion is detected in the deposit. This is
particularly striking when compared to W deposits
obtained using WF; and a CW Ar™ laser [47]. This
is probably due to the very brief heating of the
substrate due to the 30 ns laser pulse width which
greatly reduces the time during which diffusion of
As or Ga into the W layers might take place. More-
over, the substrate stoichiometry is preserved, mean-
ing that very little, if any, degradation of the semi-
conductor has taken place. In addition, no impurities
(like F, C, O) are detected above the noise level (< 1
at%) in the metal film. Compared to the composition
of the films obtained by laser direct writing, the
absence of Si is noticeable, suggesting that the SiH,
reduction of WE; is complete. This could be ex-
plained by the mechanism which leads to Si surface
depletion in the Ar* and diode laser deposited films.
Indeed, since the surface cools down during the 30
ms time between two consecutive 30 ns pulses,
reaction between WE; and the Si on the surface
could take place, depleting the Si. Therefore, using a
pulsed laser in this process presents the advantage of
producing pure W.

The crystalline structure of the deposited W was
investigated by X-ray diffraction (XRD) and our
spectra show that the pure and stable a-W is formed.
Very little 8-W is detected and could probably be
eliminated by a post-deposition anneal [44]. The
B-W is a metastable phase which can be stabilized
by the incorporation of C, F, or O in the deposits
[44]. The formation of @-W is a unique characteristic
of this process since at low processing temperature,
granular B-W is usually deposited with a resistivity
> 100 py, [52]. Preliminary resistivity measure-
ments on the samples, using a four-point probe,
show resistivity values of 20 Q- cm (~4py )
which is as expected for low resistivity thin a-W
films.

5. Conclusion

Laser CVD using WE; and SiH, is a low temper-
ature process that can be used on materials with
limited thermal budget and enables us to make de-
posits on fragile substrates like polyimide and GaAs
or to use low power density diode lasers. These
conditions lead to the deposition of W or WSI,.
Reproducible deposits have been obtained on various
substrates such as polyimide, TiN and GaAs. WSi,
lines having various controlled line profiles are de-
posited by laser direct writing on polyimide and TiN
with resistivity of 40-80 w()-cm and composition
W /SI of 1.4-1.8. Excimer laser induced deposition
on GaAs produces pure «-W with resistivity of 20
w) - cm.
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