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lengths longer than 1.5 pm show areduction, as expected
for long channels. Figure 6 shows normalized transfer
characteristics for low threshold FET’s of different chan-
nel lengths, with the maximum transconductances ob-
tained at the inflection point. The highest value obtained
was 465 mS/mm, with an associated voltage gain of 39.5
for a 0.75 wm opening in the chrome mask and 0.5 um es-
timated channel length. The high voltage gain demon-
strates that no extended high field domain is needed at
the drain end of the channel to improve current confine-
ment, as this is already provided by the (Al,Ga)As/GaAs
junction.

The second parasitic effect investigated is the I-V col-
lapse. HEMT devices using the A1GaAs/GaAs material
system have been widely plagued with the phenomenon
of the collapse of the I-V characteristics at low tempera-
tures in the dark, applying high drain bias (2). This has
been associated with electron trapping at deep donor
centers (“DX”-centers) in (Al,Ga)As. A high field is
needed, so that the electrons can surmount the repulsive
barrier surrounding the center before being trapped, the
high field being provided in a high field domain region in
the N-doped (Al,Ga)As adjacent to the gate metal at the
drain side outside the intrinsic device region. The I-V
collapse should, thus, not be related to the intrinsic de-
vice structure, and be absent in HEMT structures with a
narrow recess structure as described above. Figure 7
shows curve tracer output characteristics of a 1 pm
HEMT at room temperature (7a), 77 K in light (7b), and at
77 K in dark (cooled down in dark) (7¢). No instability
leading to the I-V collapse is observed, although the
threshold voltage shift of approximately 0.40V indicates
a large percentage of “DX”-centers in the (Al,Ga)As.

Conclusion

Specific characteristics of the chemical etching of
heterostructure (Al,Ga)As/GaAs material have been de-
scribed. It is shown that a number of recess profiles can
be obtained and narrow recess HEMT structures can be
produced with the channel length smaller than the gate
length. The major parasitic material effects, masking
short channel device behavior, could be eliminated in
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devices of 0.3 pm gate length. These are channel current
limiting effects, due to surface depletion, and the I-V col-
lapse phenomenon, due to a high field domain in the
(Al,Ga)As layer. It is expected that by tighter control of
processing parameters and the use of high resolution li-
thography, devices with essentially negligible parasitics,
in the 100 nm range and below, can be fabricated. Thus,
it seems that wet chemical etching, especially when
using low etch rates, can be very useful in achieving high
vertical and lateral resolution in the processing of
submicron 3-dimensional devices. Moreover, wet etch-
ing does not suffer from the electrical damage intro-
duced by dry etching.
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Laser Chemical Vapor Deposition of Gold

The Effect of Organometallic Structure
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ABSTRACT

The laser-induced pyrolytic deposition (LCVD) of gold from dimethylgold acetylacetonate and two fluorinated deri-
vates has been examined. The incorporation of fluorine substituents on the acetylacetonate ligand increases the vapor
pressure of the organogold complex substantially. Rates of gold deposition are strongly dependent upon the vapor pres-
sure and therefore, the gold complex utilized. Rates of deposition, deposit resistivities, and deposit purities are compared

for each of the gold complexes.

The laser-induced deposition of gold has been re-
ported from plating solutions (1), metallo-organic films
(2), and from the LCVD of dimethylgold acetylacetonate
(3). The latter approach is a completely dry, single-step
process in which the rates of metal film formation can be
influenced by increasing the partial pressure of the or-
ganometallic precursor or by the addition of a buffer gas.
The localized deposition of metal, which can be achieved
by LCVD, enables one to fabricate, repair, or modify cir-
cuits, and repair clear defects in lithographic masks.

Laser chemical vapor deposition (LCVD) of metals is a
modification of conventional CVD, in which a focused
laser is absorbed by the substrate and utilized as a local-
ized heat source. An organometallic, adsorbed or collid-
ing with the surface, undergoes a thermal decomposition

to metal with the liberation of volatile reaction products.
The surface temperature profile, induced by laser heat-
ing of the substrate, defines the reaction zone and con-
trols the deposition of metal. The optical and thermo-
physical properties of the substrate and deposited
material are thus important process parameters. Another
critical component to LCVD is the organometallic com-
plex used as the metal precursor. The decomposition
temperature of the organometallic will determine the
laser power necessary for the initiation of deposition and
the vapor pressure will profoundly influence the deposi-
tion rates. An ideal precursor will decompose cleanly to
metal, in a selective manner, be stable at room tempera-
ture and in air. The thermal chemistry is extremely im-
portant for other reasons as well; a low decomposition
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temperature facilitates the deposition of metal onto ther-
mally sensitive substrates (i.e., polymers) without dam-
age.

The role of precursor properties will be illustrated in
this paper by examining the pyrolytic, vapor-phase dep-
osition of high purity gold metal from dimethylgold(IIT)
acetylacetonate, Me,Au(acac), and two fluorinated deriv-
atives. These three complexes possess similar decompo-
sition temperatures, are stable to air, and exhibit a clean
thermal decomposition to gold metal. Both dimethyl-
gold trifluoroacetylacetonate, Me,Au(tfac) and dimethyl-
gold hexafluoroacetylacetonate, Me,Au(hfac), offer
higher ambient vapor pressures than the nonfluorinated
analogue. All three organogold complexes decompose at
sufficiently low temperature to permit the LCVD of gold
onto some polymeric substrates. A comparison of the
deposition rates, resistivities, and the quality of the
metal produced is made for the LCVD of gold from these
three related precursors.

Experimental

The gold complexes utilized throughout this study
were synthesized according to the literature procedure
of Brain and Gibson (4). Dimethylgold iodide dimer was
prepared from tetrachloroauric acid and then reacted
with the potassium salt of acetylacetone, trifluoroacetyl-
acetone, or hexafluoroacetylacetone.! The final products
were purified by careful distillation or sublimation, as
appropriate. The physical properties for the three gold
complexes are given in Table I. Differential scanning
calorimetry (DSC) was performed on the neat complexes
to determine the temperatures of decomposition. Vapor
pressures were determined with a capacitance manome-
ter after several freeze-pump-thaw cycles.

In the laser deposition experiments, the 514.5 nm line
from an argon ion laser was utilized (Coherent Innova
20). The beam was attenuated with a half wave plate
combined with a polarizing prism and was focused with
a single, plano-convex lens (10 cm focal length). The
laser power was monitored with a Newport photodiode
(Model 815) through the use of a beamsplitter while the
experiment was in progress. The power readings were
corrected for abhsorbance/reflectance losses at the optical
interfaces. At the substrate, the power density was calcu-
lated after accounting for the focal spot diameter (45 pm
for the 10 cm lens).

The substrate was contained in a vacuum cell (stain-
less steel) fitted with an optical quartz window and vac-
uum valve. Neat gold complex was placed into the cell
prior to evacuation and the cell was pumped to a back-
ground pressure of 10~* torr with a turbomolecular
pump; cooling of the cell during pump down was re-
quired to prevent evaporation of the highly volatile
Me,Au(hfac) complex. The cell was mounted on a motor-
ized stepper stage (Ealing) and could be scanned through
the focused beam to “write” lines of metal. The beam
was kept normal to the substrate at all times and focused
onto the substrate surface. All of the depositions were
carried out with the cell at room temperature (24°C).

The heights and widths of deposited gold spots, used
for rate measurements, were determined from optical
and scanning electron microscopy (SEM), respectively.
The electrical resistances were measured on a Magne-
tron Instrument (Model M-700) four-point probe
equipped with a Probex head. Typically, a gold line was
laser deposited across evaporated gold pads (30004).
Cross-sectional areas were calculated from profilometer
traces and used to calculate line resistivities. Annealing

1 A modification of the procedure in Ref. (5) was used.

Table I. Properties of gold complexes. Melting point
and ambient vapor pressure of the gold complexes

Compiex T, °C) Py (T
la 82 9
1b 40 40
1c ~5 350

LASER CHEMICAL VAPOR DEPOSITION OF GOLD

2617
CH 0 R
A\
Au( \
CH3/ 0=
RI
Complex Structure Abbreviation
1a R=R'"= CHj MeoAu(acac)
1b R = CHj Me,Au(tfac)
R = CF3
1c R=R"=CF3 MesAu(hfac)

Fig. 1. Moleculer structure of the gold complexes utilized in this
study. The incorporation of fluorine atoms in the acetylacetonate li-
gand is depicted by structures 1b and lc.

of laser deposited lines was achieved by placing the sam-
ple in a quartz tube in a convection furnace.

Scanning Auger electron spectroscopy (SAES) of the
deposited gold was performed at Surface Science Labo-
ratories, Mountain View, California. Argon ion sput-
tering was employed to depth profile the gold deposits.

Results and Discussion

Complex properties.—The synthesis of Me;Au(acac),
la, was reported as early as 1939 (4). The incorporation of
fluorine atoms into the acetylacetonate ligand affords
the synthesis of Me,Au(tfac), 1b, and Me,Au(hfac), lec,
complexes as reported by Kochi in 1978 (6). Fluorinated
organics are known to have higher ambient vapor pres-
sures when compared to their hydrocarbon analogues,
presumably by decreased van der Waals and hydrogen
bonding interactions (7). As expected, the fluorinated
gold complexes have increased vapor pressures (Table I)
under ambient conditions. Differential scanning calo-
rimetry (DSC) of the neat complexes shows that all three
gold complexes undergo exothermic decomposition be-
ginning at 160°C. Although the decomposition tempera-
tures are similar, the activation energy to decomposition
may be quite different. The increasing volatility of the
complexes with increasing temperature makes an accu-
rate measure of the decomposition enthalpy (AHg)
difficult.

The purified, neat materials are quite stable in air at
0°C for long periods of time. However, at elevated tem-
peratures or in protic solvents, decomposition is ob-
served with reductive elimination (8) of ethane and sub-

01lmm250kV 326E2 0015-088 PI-AU-1

Fig. 2. Gold line deposited on du Pont RC5878 from Jo ot 2 pum/s.
Line is 90 pm wide and 20 pm in height.
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sequent precipitation of gold (9). The relatively low
decomposition temperature of the neat complexes ena-
bles the facile deposition of gold onto polymeric sub-
strates which possess a high glass transition (10) temper-
ature (T, without damage to the polymer. The
deposition of gold onto a commercially available polyim-
ide (du Pont RC5878) is shown in Fig. 2. The high vapor
pressures at ambient temperatures and low thermal de-
eomposition temperatures makes these three complexes
highly desirable precursors for the LCVD of gold.

Rates of Deposition

Rates of gold deposition were determined for the three
compounds by growing spots of gold onto silicon wafers
with a thermally grown SiO, layer (2800A). Deposition
rates were compared utilizing the ambient vapor pres-
sures of the precursors while all other experimental con-
ditions were identical.

Previous studies on the growth of gold deposits with
time were shown to increase with increasing laser power
for 1a (3). The growth of gold spots occurs in two distinct
stages; the induction or nucleation stage and the steady
growth stage. The nucleation time is often long, but is
observed to decrease with increasing laser power. Thus,
a higher laser power induces a higher local surface tem-
perature, a shorter nucleation time, and a wider depos-
ited spot. As seen in Fig. 3, the time for the initiation of
deposition decreases in going from 1a to lc, for an iden-
tical substrate, laser power, and focal spot size. The de-
creased induction time suggests that the formation of a
thin, nucleation layer is dependent on the vapor phase
concentration. After the initiation of deposition, the
vapor phase concentration will be a rate-determining
factor as demonstrated in these studies for the LCVD of
gold.

Deposition at elevated cell temperatures was found to
vield faster rates of deposition (3) with la. The enhanced
rate of deposition was attributed to the increased vapor
pressure of the complex, consistent with the models of
Ehrlich (11) and Kodas (12). A similar increase in vapor
pressure is achieved in these experiments without
changing the cell temperature; the three organogold
complexes have different ambient vapor pressures, but
similar decomposition temperatures. Thus, under iden-
tical experimental conditions, deposition of gold from 1b
and 1c showed increased rates of deposition when com-
pared to 1a (Fig. 3), as expected based upon their relative
vapor pressures (Table I).

Using the kinetic model of Ehrlich and Tsao (11, 13) we
can calculate theoretical rates of gold deposition, assum-
ing a hard-sphere approximation (14), to compare with
our experimentally determined rates. In the simplified
rate expression, where the mean free path (1) is much
greater than the focal spot diameter, the rate, r, is given

by
ol ] o _
5 / J
— A A ic
€ s5f |/ ° o 1b -
= /A e 1a
> [ 4 9 7
2 10 _7 o/ ]
5—‘ —
;—1 A ././.
K /'/./ iy
0 1 hd J L 1 1 L
0 20 40 60

Time (seconds)

Fig. 3. Thickness of deposited gold as a function of irradiation time;
comparison of the three complexes under identical laser conditions (1.0
X 10° W/cm?) onto SiO, over silicon at room temperature (24°C).
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Table 11. Calculated physical properties. Calculated values
of {R} and v for the goid complexes. The
calculated values of r assume € = 1.0

{R} v r
Complex mol/em? cm/s atom/cm?-s
la 2.8 x 10 1.4 x 104 2.0 x 10
1b 1.3 x 10% 1.3 x 104 8.5 x 10
ic 1.1 x 10 1.2 x 10* 6.6 x 10
e D{R} {R} ev
l 2

where {R} is the concentration of precursor at its room
temperature vapor pressure, ¢ is the probability for reac-
tion of a precursor molecule upon collision with the lo-
cally heated substrate, and v is the rms velocity of the
precursor at room temperature. Values of rates (), in
which € is unity, are given in Table II, as well as values
for {R} and v. If € is similar for the three gold complexes,
then the rates are governed predominantly by the vapor
phase concentration, for identical laser conditions. As-
suming that e is equal for the three compounds, the cal-
culated rates of deposition for 1b and 1c are 4.3 and 33
times faster, respectively, than the rate for 1a. This calcu-
lated rate trend is similar to that observed experimen-
tally as shown in Fig. 3; the vertical growth rates are 0.45
pm/s (4.5 times) for 1b, and 2.5 pm/s (25 times) for 1c as
compared to 0.1 pm/s for deposition from la. These verti-
cal growth rates indicate that the deposition of gold is
governed predominantly by the gas phase concentration
and that e is similar for the three organogold complexes.

Surface Analyses and Resistivity Measurements

Resistivities of gold lines were examined at several
laser powers, scan speeds, and after a post-annealing
step. The laser power has a minimal effect on line resis-
tivity, but does increase the width of the line and the ob-
served grain size of the metal. Also, the laser power can
alter the deposit shape, such that volcano (15) profiles are
noted at high laser powers. This is especially true for lc
in comparison to both 1a and 1b on SiO, over silicon and
may result from a lower desorption temperature for lc.
Scan speeds of <10 pm/s result in thick lines with the
thickness being determined by the rate of deposition and
thus, the precursor complex (i.e., 1¢ > 1b > la). At a con-
stant laser power, increasing the scan speed results in an
increased resistivity for deposition from la (3). The de-

- ereasing line thickness (<0.5 pm) with the increasing

scan speed results in gold lines which become increas-
ingly discontinuous and finally, are no longer conduct-
ing (>40 um/s). Resistivities of gold lines deposited from
1b and le, however, were inversely affected by the scan
speed. Fast scan speeds-(=5 pm/s) produced lines of

Ll I T [ T ﬁ T
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E i = 1b-0.36 W 1
& . v 1c-0.20 W
3 40 A 1c-040 W -
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2 i n T
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@ o
ﬂq:) 20 .o © o] v 1
A
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Scan Speed (um/s)

Fig. 4. Calculated resistivities as a function of scan speed for gold
lines deposited from 1b and 1c before annealing.
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sufficient thickness (>2 pm) which had lower resistivi-
ties when compared to lines written at slow scan speeds
(Fig. 4) for one laser power. The slower scan speeds re-
sult in thicker lines and may possess a poor morphology
for electrical conduction. The number density of voids
(16) in evaporated films is related to the rate of metal dep-
osition and an analogous situation may exist for the
LCVD of metals.

The purity of the deposited gold from la was found to
be 96-98% based upon scanning Auger and x-ray photo-
electron emission data (3). Both 1b and 1c produce gold
deposits which contain trace amounts of carbon and
oxygen, but have been observed to be = 95% purity after
depth profiling (100A)? with argon. The calculated
resistivities of gold lines deposited from 1b are shown in
Fig. 4 (0.50W) and these lines had gold concentrations of
95-100% with no correlation to scan speed. Thus far, the
deposit purity does not vary with laser power and/or
scan speed within experimental error. This would seem
to indicate that the morphology of the gold film, rather
than purity, will determine the observed resistivities.

Resistivities can be reduced with a post-annealing step
(3) through a reduction in the number of defects within
the film (16). Typically, temperatures of 300°-350°C for 30
min in air were used to anneal the films. Interestingly,
annealing reduces the resistivities of lines deposited
from 1la, 1b, and 1c, but the observed decrease is smaller
for lines deposited from 1c when compared to lines de-
posited from la and 1b. Similar behavior upon annealing
has been observed for gold films grown by conventional
CVD (17) from both 1b and 1c. Once again, this behavior
can be attributed to the film’s morphology. The grain size
of gold particles deposited by CVD from 1b are small,
while larger grained deposits are observed from lec.
Lines deposited by LCVD from all three gold precursors
generally have resistivities which are two to 20 times
bulk gold (2.44 pQ-cm) and can be reduced to two to five
times bulk material after annealing.

Recent temperature measurements and calculations
(18) have shown that the surface temperature does not
vary greatly with scan speed on SiO, over silicon. How-
ever, the surface temperature is strongly influenced by
the thickness of the gold line being deposited; thus, the
surface temperature will decrease with increasing thick-
ness of the deposited line as a result of thermal conduc-
tion (19). At the slow scan speeds, deposition of a thicker
line occurs simultaneously with a decrease in surface
temperature. The lowered surface temperature could re-
sult in a minimum of thermal annealing, a change in de-
posit morphology, and ultimately, in higher observed
resistivities for lines deposited from 1b and 1c. For lines
deposited from la, the surface temperature remains high
with the increasing scan speed, but the lines become dis-
continuous due to a decreasing line thickness.

Conclusions

LCVD of gold metal from 1a, 1b, and 1¢ has been dem-
onstrated. The deposition rates are strongly dependent
upon the vapor pressure and therefore, the precursor
utilized. Relative experimental and theoretical rates of
deposition have shown good agreement. The low decom-

2 This is an estimated depth for argon ion sputter based upon a

standard film of Ta,0,. Gold may sputter two to three times as
rapidly as the standard.
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position temperatures allow the deposition of gold to be
achieved, by a pyrolytic process, onto thermally sensi-
tive substrates. The purity of metal is high and highly
conducting gold lines can be produced on several sub-
strates; a post-annealing step may be utilized to reduce
the line resistivities. The deposition process can be
tailored by the choice of gold.complex, laser power, and
scan rates for a specific application.
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