Al{Ge) metallization: The effect of Ge on the solubility of Si in Al
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The contact resistance between Al{Ge) alloys of various compositions and 7™ Si has been
measured using a four-terminal Kelvin probe. The samples processed for these measurements as
well as similarly prepared thin films on unprocessed Si wafers have been characterized by both
scanning and transmission electron microscopy after heat treatment in the temperature range
350-500 °C. The specific contact resistances for the alloys are comparable to those found for pure
Al contacts to Si. However, the alloyed contacts show considerably more spiking into the Si
substrate due to dissolution of Si in the metal layer. For temperatures around 350 °C, excessive
spiking {compared to pure Al) is believed to be caused by increased solubility of Si in Al due to the
presence of Ge. The reason for the enhanced solubility of Si in the alloy could be a counteraction of
the strain in the Al lattice by Si and Ge. For anneals at 450 °C the extensive spiking could be

associated with liquification of the contact metal.

The interaction between Al thin films and crystalline Si
has been studied extensively due to the importance of Al as
an ohmic contact to both n- and p-type Si.’* Two major
difficulties with the use of Al metallization are the well-
known spiking and regrowth problems. Spiking into the Si
substrate due to dissolution of Si in Al during sintering can
be minimized by adding Si to Al to suppress the Si dissolu-
tion or by reducing the diffusion rate of Si in Al. The first
solution is commonly used. The second approach has been
investigated by Garg and co-workers who have measured
the effects of small amounts of metal solutes in Al on the
Al/Si interdiffusion.* They found that addition of In
lowered the diffusion rate of Si in Al by about a factor of 2
but a much greater reduction is necessary in order to prevent
spiking through shallow junctions. Neither solution solves
the regrowth problem which manifests itself on cooling
when the Al becomes supersaturated with Si which then pre-
cipitates within the metal layer as well as regrowing epitax-
ially at the Al/Si interface. This regrown Si p layer causes
excessively high contact resistance to n-type Si.>® Here, we
report on the addition of Ge to Al as an approach to both the
spiking and regrowth problems. In an aluminum solid solu-
tion the presence of a second dissolved element usually re-
duces the solubility of the first and vice versa.” To the best of
our knowledge, the solid solubilities in the Al-Si-Ge ternary
system have not been published and the effect of adding Ge
to Al on the spiking can only be found through experiments.
A priori one might think that a Ge-Al metallization would
have some advantages over Si-Al when it comes to regrowth
problems since if Ge precipitates out of the Ge-Al solid solu-
tion upon cooling and grows at the substrate interface a he-
terojunction will result. The electron barrier at the Al/Ge
interface can then be expected to be lower than between
Al/Si since the barrier height generally scales with the band
gap. A low barrier height would then lead to a low ohmic
contact resistance. A similar approach which takes advan-
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tage of the smaller Ge band gap is being evaluated by Robin-
son and co-workers.?® They are looking at the suitability of a
thin heavily doped epitaxial layer of Ge between Aland Sias
a very low resistance ohmic contact.

We have tested our idea of adding Ge to the Al metal
contact. However, the experimental results do not reveal the
desired reduction in spiking. In this communication we
briefly describe these results and an explanation for our find-
ings.

Contact resistance measurements, scanning electron
microscopy (SEM), and transmission electron microscopy
were used to characterize Al(Ge) thin films with Ge concen-
trations from 2 to 75 at. 9%. Ge and Al were weighed out
according to the desired alloy composition and placed ina W
wire basket from which they were evaporated until the
source material was exhausted. The total amount of Al eva-
porated was kept constant for all samples and the composi-
tion of the films was verified by Rutherford backscattering
spectrometry. The pure Al films were about 3300 A thick.
Heat treatments were carried out in an argon atmosphere in
the temperature range 350-500 °C for 1 h. Contact resis-
tance measurements were made using Kelvin probes to
n*(100)Si.'° The contact areas were about 10X 15 um?. The
wafer processing steps were as follows: (1) standard chemical
cleaning; (2} field oxide growth; (3) first-level masking (active
area); field oxide etch and standard cleaning; {4) implanta-
tion of 5 10'* cm™? As at energies from 100-200 keV; (5)
standard chemical cleaning; {6) growth of 0.1-um thermal
oxide followed by a 30-min anneal under nitrogen at 950 °C;
(7) second-level masking to open contact holes followed by
an oxide etch down to Si; (8) 60-s etch in 50:1 H,O:HF just
prior to placement in an evaporator for metailization; (9)
third-level masking to define metal pattern followed by
chemical etching; and {10} anneals in argon as described
above.

The Al(49% Ge) contact resistance data as a function of
sintering temperature are shown in Fig. 1. The values are
independent of temperature from 350-500 °C. Multiplica-
tion of the resistance values by the lithographic contact area
yields a typical specific contact resistance of 2 X 10~ {} cm®
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which is the same as that found for good Al or Al(Si) con-
tacts. The results for Al (2% Ge) contacts are similar with an
average value of 5 10™° Q2 cm®. Contact resistance values
for Al{Si) had considerable spread which may be due to vary-
ing oxide thicknesses and/or etch rates across the Si wafers
during processing. Also, the relatively large size of the con-
tacts makes it more likely that there will be large resistance
defects in the contact area. It is possible that the lower spread
in the Al(Ge]) resistance values could be related to the en-
hanced interaction between the alloys and the Si substrate as
described below.

The SEM micrographs taken of the contacts are quite
striking. Figures 2 and 3 contrast the Al vs Al (49 Ge) con-
tacts annealed 1 h at 450 °C. All photos have been taken after
the metallization has been removed using 9:1 HF. The pit-
ting seen in Fig. 2 is typical for Al/Si contacts. In Fig. 3 the
bright areas are Ge and the thinner lacy covering also con-
tains Ge. The major feature is a huge crystallographic pit

FIG. 2. (a) Ion implantation region of Kelvin probe showing three Al con-
tacts after 1-h anneal at 450 °C with metallization removed; (b) closeup of
center contact actually measured.
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FIG. 3. (a) Ion implantation region of Kelvin probe showing three Al (4%
Ge) contacts after 1-h anneal at 450 °C with metallization removed; (b)
closeup of center contact actually measured.

almost 3 um deep which fills the entire contact opening. All
Al{Ge) contacts observed are very similar to this one.

In order to study the effect of varying the Ge concentra-
tion under identical surface conditions, a sample was pre-
pared by evaporating Al, 4% Ge, and 30% Ge on the same
wafer at the same time by using a shutter, Figures 4 and 5
show the 4% and 309 alloys, respectively, after a 1-h anneal
at 450 °C. Both pictures reveal large Ge precipitates with
thicknesses ranging from about 1500 A to about I um. The
substrate of the 49 alloy sample appears quite porous. The
amount of Si dissolved is very much greater than that found
for the pure Al-on-Si sample. The substrate of the 30% Ge
alloy sample shown in Fig. § appears almost glassy with a
mildly undulating topography. There are many smaller py-
ramidal precipitates covering most of the surface. Both
cross-sectional transmission electron microscopy and chan-
neled Rutherford backscattering measurements show that
the precipitates on both samples are polycrystalline. For
both alloys the interface between the precipitate and the sub-
strate is very uneven with many tangled dislocations. Trans-
mission electron microscopy also revealed extensive pitting
of the Al (4% Ge)} sample as opposed to the larger scale
roughness of the Al (30% Ge} substrate.

The difference in the appearance of the substrates of the
4% and 30% Ge samples may possibly be explained with
reference to the Al-Ge phase diagram. The Al-Ge system has
a eutectic temperature of 424 °C and reaches the eutectic
composition at 30% Ge. At 450 °C the equilibrium state of
an Al-Ge mixture containing 4% Ge would be a dual phase
where most of the mixture is in the a (Ge dissolved in Al)
phase and a small amount is in the liquid state.!! Enhanced
dissolution of Si into these small liquified areas may account
for the porous appearance of the Si surface. In contrast the
30% Ge alloy is completely melted at 450 °C. This may be
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reflected by the rolling yet unpitted Si surface seen in these
samples.

A sample prepared by evaporating Al (75% Ge) onto a
{111) Si wafer and then annealing for 1 h at 450 °C was also
examined using SEM with the metal removed. Even with
such a large percentage of Ge, many large triangular pits
measuring up to 2 gm on a side were seen. The Ge coverage
was continuous although very pitted. In this case the equilib-
rium state at 450 °C would be a dual phase as in the Al (4%

FIG. 5. A1 {30% Ge) thin film on unprocessed Si substrate after 1-h anneal
at 450 °C with the metal removed. The upper photo is a higher magnifica-
tion sideview.
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FIG. 4. Al1(4% Ge] thin film on unprocessed Si
substrate after 1-h anneal at 450 °C with the
metal removed.

Ge) sample except that a much larger fraction of the alloy
would be in the liquid state.

Annealing at 350 °C also results in considerably more
pitting for the Al{Ge) alloys than for the samples with pure
Al In this case the explanation for the enhanced pitting can-
not be due to dissolution of Si into the liquid state as suggest-
ed for annealing at 450 °C since we see no evidence for melt-
ing at 350 °C by SEM. We generally see the signatures of
melting clearly in cases where we know it has occurred. Spe-
cifically, the Si surface of both the Al (4% Ge) and Al (30%
Ge) samples were smooth and flat with isolated pits often
located well away from the Ge precipitates. The Si surfaces
show extensive modification and the appearances are quite
distinct when Al/Si and Al-Ge/Si samples are annealed
above the Al-Si eutectic at 577 °C and the Al-Ge eutectic at
424 °C, respectively. The signatures of melting are apparent
both by SEM and visual inspection.

Another possible explanation for the extensive pitting
(which would also apply at 450 °C for compositions other
than at the eutectic) is that the solid solubility of Si in Al
could be enhanced by the addition of Ge. Dissolution of Siin
Al causes a volume contraction of 1.365 X 10™*/at. %
whereas Ge dissolved in Al causes a volume expansion of
1.115 X 1073/at. %.'>'* At 350 °C about 1 at. % Ge dis-
solves in Al. Suppose we begin with Al (1% Ge) and assume
that as Si is added the lattice contraction proceeds just as it
would in pure Al except that now the initial lattice param-
eter is larger. In this case 0.95 at. % Si would be required to
reach the same lattice parameter of a saturated solid solution
of Siin Alat 350 °C. This is the same amount of Si that would
normally dissolve at 525 °C. It may be reasonable to ignore
all but lattice size effects on the solid solubility when the
latter is limited so that direct interaction between solute
atoms is small. Further, in the present case Ge and Si form a
continuous series of solid solutions so they would not restrict
one another’s solubility in Al by forming a compound. If the
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solid solubility of Si in Al is increased this could lead to
excessive spiking.

In summary, the 2% and 4% Ge in Al metallization
schemes result in good reproducible contact resistance val-
ues from 350 to 500 °C. Still, the contacts are unsuitable for
shallow junction applications because of the extensive spik-
ing. At higher temperatures, this may be in part due to par-
tial liquification of the Al(Ge) alloy. At 350 °C the enhanced
solubility of Si in Ge may be due to the compensating effects
of Si and Ge on the size of the Al lattice. Work is underway to
quantify this effect.

We would like to acknowledge the help of X. B. Cox
and V. Maszara, and stimulating discussions with J'W.
Mayer and G. Ottaviani. The use of the Microelectronics
Center of North Carolina processing facilities is also greatly
appreciated.

'R. Rosenberg M. J. Sullivan, and J. K. Howard, Thin Films Interdiffusion
and Reactions, edited by J. M. Poate, K. N. Tu, and J. W. Mayer (Wiley,

4462 J. Appl. Phys., Vol. 568, No. 11, 1 December 1985

New York, 1978), p. 13.

’D. Praminik and A. N. Saxena, Solid State Technol. 26, 127 (1983).

’D. Praminik and A. N. Saxena, Solid State Technol. 26, 131 (1983).

*N. Garg, L. S. Castelman, and C. D’ Antonio, Thin Solid Films 112, 317
{1984).

SH. Sankur, J. O. McCaldin, and J. Devaney, Appl. Phys. Lett. 22, 64
(1973).

°T. M. Reith and J. D. Schick, Appl. Phys. Lett. 25, 524 (1974).

L. F. Mondolfo, Aluminum Alloys: Structure and Properties (Butter-
worths, London, 1976).

SP. D. Wang, E. Selvin, and G. Y. Robinson, J. Vac. Sci. Technol. B 2, 209
(1984).

°G. Y. Robinson, Semiconductor Research Corporation, Research Trian-
gle Park, NC 27709, Technical Report No. 065, Contract No. 82-11-004.

195, S. Cohen, G. Gildenblat, M. Ghezzo, and D. M. Brown, J. Electro-
chem. Soc. 129, 1335 (1982).

'"M. Hansen, Constitution of Binary Alloys, 2nd ed. {McGraw-Hill, New
York, 1958), p. 97.

2H ). Axon and W. Hume-Rothery, Proc. R. Soc. London Ser. A 193, 1
(1948).

BThe volume contraction is defined as {a* — (a + Aa}’]/a® where a is the
lattice parameter of Al and Aa is the change in the lattice parameter of Al
due to the addition of 1 at. % solute.
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