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L.aser direct writing of aluminum conductors
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Microelectronics Sciences Laboratories, Columbia University, New York, New York 10027

R. R. Krchnavek
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(Received 23 Getober 1987; accepted for publication 28 March 1988)

We report, for the first time, the laser direct writing of high-conductivity aluminum
interconnects from dimethylaluminum hydride (DMAIH ). These lines were deposited from
this metalorganic gas using a focused deep-ultraviolet laser beam, and the depositicn process
was studied as a function of several process parameters. Electrical measurements ané Auger
eiectron spectroscopy were used to characterize the quality of the laser-deposited films.

Laser direct writing of metals has attracted increasing
interest in recent years as a nonphotolithographic tool for
making focalized metallization patterns on microchips. The
fabrication of metal-oxide-semiconductor (MOS) devices
using only direct writing techniques has been demonstrat-
ed.! Also, direct writing has recently been used for integrat-
ed circuit customization,” and to repair prototype circuits in
a large-scale integration (LSI) development umnit.’® Al
though aluminum is by far the most common conductor
metal used in integrated circuits, it has not previously been
possible to direct write highly conductive alominum (at rea-
sonably high rates) from any known metalorganic source.
The dissociation chemistry of trimethylaluminum (TMAIL)
is such that carbon incorporation from organic ligands oc-
curs and results in poor conductors being deposited, and
deposition from triisobutylaluminum (TIBALI) is extremely
slow because of its very low vapor pressure. Note, however,
that it has recently been reported that high quality alumi-
num can be deposited from TIBAIL using a combined laser
projection/CVD (chemical vapor deposition) techrique.”

Here we report for the first time the successful direct
writing of aluminum lines of high conductivity using di-
methylaluminum hydride (DMAIH) as the metalorganic
parent gas and a focused, deep-ultraviolet {1V ) laser beam.
We attribute the purity of the deposited lines partly to this
new metalorganic source, DMAIH, which decomposes with
tittle apparent carbon inclusion, and partly to our relatively
high-power UV laser sousrce that leads to a hybrid photoly-
tic/pyrolytic deposition schene.

In these experiments, the laser sources used were an
Ar't laser at 275 nm or a frequency-doubled Ar* laser. The
latter source was obtained by an intracavity frequency
doubler at 257 nm. With the relatively high-intensity, deep-
UV laser, viz., powers =~ 60—-100 mW, a combination of both
photodeposition and pyrolytic growth occurs, as previously
reported.”

The beam was focused with a quartz microscope objec-
tive (16X, M.A.=0.25}) into a high-vacuum chamber
through a quartz window. The substrates used were 3i(, on
silicon and glass (BK-7). The samples were mounted in this
chamber, which was evacuated to a base pressure of = 1§~
Torr using a cryopump equipped with a LN, foreline trap for
the metalorganics. In the experiments described here, a stat-
ic fill of unbufered DM AIH (vapor pressure = 2 Torr) was
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always used. For thickness measurements, the cross sections
of the lines were measured using a stvlus profilometer and
checked with a scanning electron microscope. Resistance
measurements of lines deposited between gold test pads,
along with stylus profilometry data, yielded a measure of the
conductivity. In addition, Auger electron spectroscopy
(AES) was carried out on large-area films made by raster
scanning the laser beam and a depth profile of elemental
composition for these films was made by ion milling succes-
sive layers.

We have begun to characterize the deposition of Al from
DMATH using the 275 nm laser wavelength focused 1o a spot
size of 2.3 pm (full width at half-maximum) and using a
substrate of 3000 A of $i0, on 8i. A plot of deposited thick-
ness versus laser power is shown in Fig. 1. At low power, the
thickness increases linearly with power, which is what one
expects for a photolytic deposition process. At about 162
kW /cm?, the thickness starts increasing expenentially with
power, which is indicative of pyrolytic deposition. The tran-
sition between growth dominated by pyrolytic versus photo-
iytic deposition is iltustrated visually in Fig. 2, which shows
SEM photographs of lines deposited at various laser powers.
At 130 kW/em?, a thin { < 500 A) photolytically deposited
line is visible in the photograph. At 162 kW /cm’ one can see
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FIG. 1. Thickness of laser-written aluminum lines as a function of incident
faser power. The scan speed was 40 m/s, the laser wavelength was 275 nm,
and the DMAIH pressure was 1.0 Torr.
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FIG. 2. SEM micrographs of laser-written aluminum lines with increasing
laser power. (a) 130 kW/em’, photolytic deposition; (b) 162 kW/cm?,
transition regime; (¢) 195 kW/cm?, pyrolytic growth. 'The conditions are
those of Fig. 1.

bursts of pyrolytic growth occurring. This erratic behavior is
possibly due fo changes in temperature arising from fluctu-
aticns in laser power or variations in deposit properties (e.g.,
reflectivity or thermal conductivity). By 195 kW/cm?, the
deposition is fully in the pyrolytic regime and a thick (al-
most haif a micron) continuous line is visible in the photo-
graph. A simplified calculation of the temperature rise in-
duced by the laser beam {similar to Ref. 8) allows an
estimate of the effective activation energy for the thermal
decomposition of DMAIH at the onset of pyrolytic growth.
This calculation yields £, = 16-22 kecal/mol, which is in
rough agreement with a similar experiment using the 257 pm
wavelength and glass as the substrate.

Figure 3 shows the deposited thickness versus laser scan
speed at two different laser powers, one in the photolytic
regime and one in the pyrolytic regime. Both curves exhibit
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FIG. 3. Thickness of laser-written aluminum lines as a function of laser
scanning speed in the photolytic (Jow power = 114 kW /cm?) and pyrolytic
(high power = 227 kW/cm?} regimes. The laser wavelength was 275 nm,
and the DMAIH pressure was 1.0 Torr.

the expected dependence, namely, that thickness decreases
inversely with scan speed. Given that the deposit width is
~2 pm, these curves imply a vertical growth rate of about
0.09 pmi/s for photolytic deposition at 114 kW/cm” and as
high as 7 um/s for the pyrolytic curve at 227 kW/cm”. In the
pyrolytic regime a reasonably thick, 1000-2000 Alinecanbe
written at speeds up to 100 pm/s.

(Gas phase absorption spectra were taken for DMAIH
(Fig. 4) and exhibited low-absorption cross sections for the
UV wavelengths used here, which translates to a very small
amount of photodeposition from the gas phase in the deep-
UV cases studied here. This observation is in agreement with
the slow deposition rate observed when no pyrolysis is occur-
ring. Furthermore, a brief series of experiments confirmed
the existence of an adlayer photodissociation mechanism
only nnder deep-UV irradiation. This experiment involved
the use of a sapphire substrate which is transparent for the
UV wavelengths used here. It was possible to photodisso-
ciate the adsorbed layer without the presence of the gas, and
this was observed by filling and then evacuating the chamber
down to base pressure. Visible lines were written, even in
those conditions under deep-UV irradiation. These experi-
ments are consistent with simple estimates of the maximum
photodissociation growth rates from the gas phase and the
adlayer. Assuming ballistic motion of the gas phase reaction
products {the mean free path is rnuch greater than the reac-
tion-zone radius), the photodissociation rate from the gas
phase is given by®

R, = aN,0, P, /] 2rkvw, .

Inserting parameters appropriate to our experiment for the
photolytic regime [N, (1 Torr)=3.5X 107 m 3,
o, =0.001 A% P, =8 mW, A =257 nm, w, =2 um, and
assuming a = 1] yields R, = 3.6 X 10% reactions/(m”s).
This gives an estimated deposition rate of 0.006 um/s. This
is much lower than the observed rate of over 0.1 um/s, indi-
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FIG. 4. Gas phase absorpticn spectrum for dimethylaluminum hydride
(DMAIH). Inset: enlarged region of interest.

cating that gas phase photodissociation is not playing a sig-
nificant role in the photodeposition process. A similar calcu-
lation of the maxzimum growth rate from the chemisorbed
layer yields a much higher rate, indicating that deposition
from the adlayer is the dominant photolytic process.

Experiments to test the conductivity of these lines have
shown good resulis. With 257 nm light and glass as the sub-
strate, pyrolytically deposited lines written with =200
kW /cm” at 100 m/s yielded thick 0.5 gm lines with resisti-
vities as low as two to three times that of bulk aluminum.'?
For 275 nm light under the same conditions, the resistivity
was typically twice as high. With Si0,/Si as the substrate,
the pyrolytically deposited lines were not nearly as conduc-
tive. This is probably due to the higher thermal conductivity
of silicon yielding a lower temperature at the surface and,
hence, causing a smaller amount of thermal curing of the
deposit. However, photolytically deposited lines written on
Si0,/Si using 257 nm with ~100-200 kW/cm?® at 10-50
m/s yielded thin, 200-500 A lines with resistivities of two
to ten times that of bulk aluminum. Again, results with 275
nm light were typically not as good, but resistivities of less
than ten times the bulk were obtainable. In addition, it was
found that the conductivity of these lines did not significant-
iy degrade with time after being exposed to air over a periods
of several months.

Auger electron spectroscopy {(AES) measurements
were carried out on large-area films {100 ,wmz) that were
deposited by raster scanning the deep-UV beam. The films
were deposited on silicon using 257 nm light with 21€
kW/cm? at a scan speed of 23 um/s and while flowing
DM AIH gas. With the aid of in sétu ion milling, it was possi-
bie to reconstruct a depth profile of the elemental composi-
tion of these films. The surface layers and the first few
hundred angstroms were characterized by a high carbon
content of 40% and a high oxygen content of 30%, a result
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typical of a rough air-exposed aluminum film. At a depth of
200-300 A, the carbon level was less than 10% and the OXy-
gen ievel was approximately 5%. These results indicate a
reasonably pure aluminum film. However, it must be noted
that these films were deposited on silicon under conditions
which generally vielded a poor conductor. Therefore, the
highly conducting films presented earlier probably have sig-
nificantly higher purity. In addition, these films typically
had a surface roughness greater than the 200-300 A milling
depth, so that even after milling some unmilled surface may
remain whick will lead to an erroneously high measurement
of the impurity level.

In addition to applications requiring metal intercon-
nects, it was demonstrated that this technigue is also suitable
to direct-write aluminum gates for GaAs MESFET transis-
tors. These were fabricated conventionally minus the gate
metallization step, which was direct written along with its
interconnect, and yielded working transistors, without the
need for any special preparation.

We have thus demonstrated a laser writing technique
that is fuily compatible with current integrated circuit tech-
nology, and can be used to repair and customize integrated
circuits in situ without the need of 2 masking step.

The authors would like to thank members of the Colum-
biz Microelectronics Sciences Laboratories for their help in
the preparation of this work. We would also like to thank
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