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Abstract

General principles of laser direct-write deposition processes
are reviewed. Device interconnection of CMOS gate arrays by
means of computer-controlled, laser-induced thermochemical
surface reactions is described. Interconnection quality param-
eters are related, and processing rate considerations are dis-
cussed.

Introduction

Interconnection of high performance active devices on semi-
conductor substrates is recognized as one of the pacing items
in extending the limits of integrated circuitry. Indeed, as the
ultra-large scale integration (ULSI) plateau is approached, the
reliable creation of adequately low resistance and sufficiently
dense interconnections between transistors may dominate the
formation of the devices themselves as the crucial technology.
In addition, the comparative immutability of integrated cir-
cuitry places a high premium on the ability to rapidly im-
plement a VLSI/ULSI design, in support of design iteration
activity.

We describe here the application of a direct-write technique
for discretionally interconnecting at high speed the active ele-
ments of a VLSI integrated circuit substrate. In both the work
reported here and similar endeavors still underway, we employ
gate arrays as model systems for direct-write interconnection
R&D; the present work employs CMOS gate arrays with 5000
devices per unit.

Our direct-write approach uses the focused, switched beam
from a CW argon ion laser to similarly switch thermochemi-
cal reactions between the gate array surface and an overlying
atmosphere. The composition and pressure of the gas mix-
ture are chosen to produce chemical reactions of the desired
kind and degree in the time interval of interest. In the present
case, this reaction is the deposition (on a thin silicon dioxide
layer overlying a silicon substrate) of a metal (e.g., tungsten), a
metal silicide (e.g., tungsten silicide), or polysilicon sufficiently
heavily doped to have adequately high conductivity.

Chemical Reactions For Laser Deposition

A variety of laser-induced interconnection formation pro-
cesses have been studied.[1% These fall into two broad classes:
photolytic and pyrolytic processes. The photolytic processes
are based on local laser-induced photodecomposition reactions
occurring either at the substrate and/or in the gas phase. The
pyrolytic processes are based on chemical vapor deposition re-
actions which occur due to local heating from a focused laser
beam incident on the substrate. In applications for IC man-
ufacture, pyrolytic processes have the advantages of exhibit-
ing generally substantially higher rates with presently avail-
able laser technology and, since they are based on chemical
reactions already used in IC manufacture, they interface more
readily with typical IC processes and materials.

Livermore, CA 94550

There are two basic groups of laser-driven pyrolytic pro-
cesses which might be applied to interconnection of device
structures in integrated circuits. One group is the surface-
catalyzed unimolecular thermodecomposition reactions, such
as those involving carbonyls!*5%l and silanes!™]. Two examples
of particular interest are

(1) Ni(CO),— Ni(s) + 4CO

(2) SiH,—Si(s) + 2H,

These reactions are based on reactants which at room tem-
perature have vapor pressures of at least a few hundred Torr
and deposit materials which have high melting points, thus po-
tentially allowing relatively fast deposition rates (as explained
below). The other groups of reactions are “bimolecular” re-
actions, typically involving reduction of metal halides. Two
reactions of this type which are useful for deposition of tung-
sten microstructures are 410l

(3) WFs + 3H,—~W(s) + 6HF

(4) W, + 35i(s)=W(s) + SSiF,

Since tungsten and tungsten silicide are quite promising in-
terconnect materials for next-generation VLSI/ULSI circuitry,
direct-write laser processes which rapidly generate high quality
W and WSi, interconnections could be very useful.

Tungsten deposition by silicon reduction of tungsten hex-
afluoride (reaction 4) offers the interesting possibility of be-
ing used as a bulk process following direct-write of a silicon
interconnect structure by a laser process based on reaction
(2). This approach greatly increases the conductivity of the
laser-patterned polysilicon structure at the cost of only a small
amount of processing time. Furthermore, it produces a more
stable structure than direct deposition of tungsten by reaction
(3), since the silicon acts as a passivation and adhesion en-
hancement layer between the oxide and tungsten.

An inherent advantage of direct-write laser processes is
their sequential nature which allows on-line changes of the in-
terconnect structures for circumventing defects in devices or
interconnect structures. In general, such changes can require
both etching and deposition processes. For removal of silicon
and various metal structures, processes based on halogen con-
taining gases have been studied and reported.[t*-13]
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Reaction Kinetics For Laser Deposition

Since laser-induced deposition processes proceed in a se-
quential manner, one of the most important issues to be con-
sidered is reaction kinetics.

Laser-induced pyroltyic deposition processes can be thought
of as involving five consecutive steps:

1. Transport of the reactant gas to the laser-heated portion
of the substrate;

2. Adsorption of the reactant on the substrate surface;

3. Decomposition of the reactant gas on the heated portion
of the surface;

4. Desorption of the volatile product from the heated sur-
face; and

5. Transport of the product gas away from the substrate
surface.

The rate-limiting factors of such processes are generally
either set by the chemical reaction rate (steps 2, 3 and 4) or
are due to gas transport effects (steps 1 and 5).

The temperature- and pressure-dependence of the chemi-
cal reaction rate after the nucleation phase of the process is
described by an Arrhenius-type relation of the form:

(5)

where P is the reactant gas pressure, T is the substrate tem-
perature, n is the reaction order and T, is the activation tem-
perature.

At low temperatures, the deposition rates are limited by
the surface reaction rate of Eq. 5. Clearly, this process can be
accelerated by increasing the incident laser power, and hence
the surface temperature. As this is done, the surface reaction
rate eventually outstrips the ability of the gas to deliver re-
actants and/or to remove reaction products. As a result the
deposition rate does not continue to climb with laser power,
but eventually saturates.

A general treatment of the transport of reactant and prod-
uct gases during laser deposition is difficult. The character of
the transport depends critically on two parameters: whether
the reaction absorbs or liberates gas molecules; and the ratio
of the hot spot size, p, to the molecular mean-free path, A.

If the Knudsen number, Kn = A/p, is very large, then the
effects of gas transport are easily calculated. In this molecular
flow regime, reactant species are supplied to the surface at a
rate of

R = R,eTA/TP"

(6)

1
F; = .Zn‘U(

where F; is the number of molecules per second per area strik-
ing the surface, T; is the average molecular speed of reactant
species ¢, and n} is its molecular density. In this flow regime,
the ejected molecules free-stream away from the hot spot, cre-
ating a local atmosphere of reaction products. However, be-

cause the ejection speeds are greater than those of reactant

gases and are more effectively directed, these product densi-
ties are low, and should not choke the reaction. Hence, in the
molecular flow regime, the deposition rate saturates at a level
dictated by the slowest influx rate. For Si deposition by silane,
this rate is ~ 75 um sec™! Torr™!.

While the molecular flow regime is easy to analyze, it can
only be assumed for large Knudsen numbers, which for micron-
scale spots implies pressures below about 10 Torr. Since we
generally operate at higher gas densities in order to increase the
deposition rate, the actual molecular flow is strongly influenced
by gas collisions.

Accurate calculation of the gas transport in the fluid regime
is difficult, involving both diffusion and convection of multiple
species. The analysis is even more complicated in the p
100 Torr regime, in which transport is in transition between
the molecular and fluid regimes. Accordingly, we will only
qualitatively discuss transport at such gas densities.

The flow will strongly depend upon the reaction balance
of gas molecules. If the reaction absorbs more gas molecules
than are liberated, then reactants can be supplied to the hot
spot at sonic velocities. The specific influx rate ranges from
the molecular limit of Eq. 6, to a rate about 70% higher in
the fluid limit. If there are no product gases, the gas transport
rate can then be monotonically increased by raising the gas
density, until the surface rate of Eq. 5 is reached. Product
gases will have to diffuse away from the hot spot against the
reactant influx, and if present can thus choke off the reaction.

However most reactions, including the ones discussed ear-
lier, liberate at least as many molecules as they absorb. In the
case where there is no net molecular generation, then the gas
convection is relatively weak. Here the transport of reactants
and products is a diffusion limited process. This case was an-
alyzed for constant gas diffusion constants inl*l. The specific
transport rates scale as D/p, a considerably lower velocity than
the sonic rate. Furthermore, one cannot arbitrarily increase the
deposition rate by increasing gas density. Once the reactant
density dominates the total density, then the diffusion coeffi-
cient will decrease, and the transport limited deposition rate
will saturate.

The general case involves some outward convection, be-
cause most reactions liberate more molecules than they absorb
and because the gas is emitted at high speed. This means
that deposition is limited more by the supply of reactants than
by removal of products. The diffusion velocity will then be
an upper bound on the specific influx rate, since incoming gas
must travel against an outward convection. However, while
this convection will slow the influx rate, it will not completely
dominate the flow, since the emission of gas depends on the
influx-limited reaction rate.

The accurate calculation of gas transport limited deposi-
tion rates will probably require a Monte-Carlo analysis. In the
absence of such precise results, we expect gas limited deposi-
tion rates to saturate in the neighborhood of 1 ¢m sec™?, for 1
micron-scale traces.

Laser Beam-Substrate Interactions

The temperature field produced during a typical laser de-
position process is dependent on substrate features such as the
field insulation thickness overlaying device structures, and by
the shape and composition of material being deposited. Since
this is quite difficult to model, it is usually easier to deter-
mine experimentally the correct laser intensity profiles for the
desired deposition patterns. However, for making first-order
estimates on laser requirements, it is useful to review the ana-
lytic solution for a scanning Gaussian profile beam incident on
a plain slab of silicon.

The temperature field produced in a plain slab of solid
silicon by a linearly swept laser beam of Gaussian profile has
been treated previously.1415] Using a Kirchhoff transform we
define a linearized temperature:

T K(Tl)
7 = ol Sl
" D=, kT
where T, is the reference sinitial) temperature. Writing the
space- and time-dependent laser intensity I as
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where P is the incident laser power and v is the laser focal spot
sweep rate, then
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where 0, is the peak value of the linearized temperature for the
static case, Rs is the surface reflectivity, K(7,) is the substrate
thermal conductivity at room temperature, and r, is the laser
beam radius (1/e intensity).

The Green’s function technique used in this derivation is
pot strictly permitted, since the thermal diffusivity has an im-
plicit space and time dependence via its explicit thermal de-
pendence. However, for “relatively slow” scan velocities, D is
of little importance as we are in the steady-state limit. We
can then convert the linearized temperature 6, to an absolute
value. For silicon, this leads to the relation

Surface reaction rates, as in Eq. 5, are exponentially sensi-
tive to temperature. This results in an effective hot spot radius
p which is typically about 40 % the size of the actual laser spot
To.

When depositing foreign material on a substrate, the ther-
mal calculation becomes much more complex. For example,
when a metal layer is deposited onto a Si or SiO, substrate,
lateral conduction along the layer will be stronger than that
down into the substrate. Green’s function calculations of lay-
ered structures!!® are correct only if properties are independent
of temperature, or for the steady state case if thermal conduc-
tivities of the layers have the same temperature dependence.
The general problem, particularly when the upper layer is of
limited spatial extent, must be solved numerically.

P(l - ms)/!’,

(12) 1060

T,=99+201exp{

Experimental Procedure

The laser microscope used in this study permitted simul-
taneous laser irradiation and viewing of the gate array, as de-
picted in Figure 1. As detailed in previous descriptions of this
experimental apparatus/®9], laser pulses are formed by electro-
optic modulation of the output of a CW argon-ion laser os-
cillating at 5145 A. The x-y motion of the wafer-containing
reaction vessel is coordinated with the laser pulses by com-
puter control.

The aluminum overcoating on the vendor-supplied gate ar-
rays was removed and the dies were cleaned, both by conven-
tional wet processing. After insertion of the gate arrays, the
reaction chamber was baked out under vacuum. Various mix-
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tures of phosphine and silanes or tungsten hexafluoride and
hydrogen were then introduced into the cell for doped polysil-
icon or tungsten deposition, respectively. '

After the initial preparation of a gate array, as described
above, the chip surface consisted of a roughly 1um thick silicon
dioxide insulation layer overlaying the entire die except for via
holes to underlying polysilicon areas of transistor gate/source/-
drain regions or polysilicon interconnects. Various structures
were fabricated on these gate arrays using direct laser-writing
in order to study the deposit morphology, bulk electrical resis-
tance, punch through to the underlying structure, and contact
resistance in connections through the vias to the gate array
features. Individual transistors were wired to laser-deposited
pads and tested by electrical probing.

Results and Analysis

In one group of experiments, reaction (2) was examined.
The following results were obtained using an 825 Torr silane
mixture laced with 0.19% PH, for doping. The substrate was
translated relative to the fixed laser beam which was switched
on for 50-200 psec per 0.1 pm of wafer travel to deposit polysil-
icon interconnecting lines. The focusing objective lens was suf-
ficiently defocused so that the deposition width was as wide as
the 5 um diameter via holes. The deposition of low resistivity
material and the successful connection to gate array structures
was demonstrated in this experiment.

Electrical resistance of laser deposited polysilicon lines was
measured by the four-point probe technique. Five polysili-
con lines with an average length of 2.5 mm were deposited on
the gate array insulating oxides (see figure 3). Laser-deposited
probe pads connected at 250 pm intervals to each line provided
resistance data on a total of 32 segments of this length. The
resistance data was coupled with a single profilometry trace
across each line segment which was integrated to determine
cross-sectional area, to obtain the doped polysilicon resistiv-
ity. The deposited traces were typically 3-5 pm wide by 1 um
thick as shown by profilometry, and the uniformity of the mi-
crostructure cross-sections was confirmed by scanning electron
micrographs.

For the 28 line segments used in this measurement, the
average resistivity was 3.5 x 10~® ohm-cm with the best mea-
surements below 3 x 10~* ohm-cm. (For reasons discussed
below, four segments were not included in this analysis.) This
resistivity is approximately an order of magnitude lower than
that measured for our earlier deposits, and is probably due to
improved deposit morphology. The silicon resistivity of 3.5 x
10~* ohm-cm (~ 35 ohms/square) is about as low as for polysil-
icon deposited by conventional vapor deposition methods.[!?-19]
The resistance between two adjacent written lines was mea-
sured to be greater than 10'° ohms, demonstrating good isola-
tion between individual laser deposits and suggesting minimal
thermal damage to the underlying silicon dioxide layer.

In only four of these 250 ym long segments were the mea-
sured resistance values abnormally above average. Scanning
electron microscopy examination revealed rare morphology de-
fects due to poor step coverage in regions of underlying polysil-
icon interconnects (and thus ~ 1 pgm high oxide steps) running
perpendicular to the deposited lines. These defects occurred
rarely and their cause is currently under examination. In these
early studies, such morphology defects were observed in only
one in 1500 traversed steps. This suggests that they are not
an inherent problem of this process.

Some deposited line segments on the same gate array were
diverted through the underlying polysilicon interconnects. Elec-
trical continuity was verified through these traces, thus demon-
strating the compatibility of this process with the use of polysil-
icon tunnels to expedite routing.
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The one remaining requirement necessary to wire gate ar- 17. J. J. Yang, W. L. Simpson and R. P. Ruth, J. Electron.
ray circuits by laser writing is the demonstrated electrical hook- Mat., 10, 1011(1981).

up of functional transistors. In studies to date, only the DC 18. H. Kurokawa, J. Electrochem. Soc., 129, 2620(1982).

characteristics of a gate array MOSFET have been measured . .
e : T ; 19. N. Gerzberg and J. Meindl, IEEE Electron Device Lett.,
after wiring to laser deposited polysilicon lines and Erobe pads EOL-1, No. 3, March 1080,

(see figures 2 and 4); operation was consistent with expected
device performance.
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Figure 1. Experimental Apparatus

Figure 2. Devices interconnected with laser deposition of doped polysilicon.
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Figure 3. Example of a line used for resistivity measurements.

Figure 4. Example of a laser deposited doped polysilicon line contacting device structures.
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