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Summary

Ohmic contacts to n-type GaAs have been developed
for high-temperature device applications up to 300°C.
Refractory metallizatious were used with epitaxial Ge
layers to form thc contacts: TiW/Ge/GaAs, Ta/Ge/Gaas,
Mo/Ge/GaAs, and Ni/Ge/GaAs. Contacts with high dose
Si or Se ion implantation (102 to 10'4/cm2?) of the
Ge/GaAs interface were also investigated. The purpose
of this work was to develop refractory oh@éc contacts
with low specific contact resistance {~10 = Q~cm? on
1x1017/cn® GaAs) which ape free of imperfectioans,
resulting in a uniform N doping layer.

The contacts were fabricatad on epita¥ia1 GaAs
layers (n=2x1016 to 2x10!7/cm3) grown on N' (2x101%/cm3)
or semi-insulating GLaAs substrates. Ohmic contact was
formed by both thermal annealing {at temperstures up
to 700°C) and laser annealing (pulsed Ruby). Examina-
tion of -he Ge/GaAs interface revealed Ge migration
into GaAs to form an N doping layer.

Under optimum laser anneal conditions, the spe-
cific contact resistance was in the range 1-5x10 ~Q-cm?
(on 2x1017/cm® GaAs). This is an order of magnitude
improvement over thermally annealed Ay/Si! or Ni/Ge?
contacts. Thermally.annealed TiW/Ge had a contact
resistivity of 1x10 Qcm? on 1x1017/cn3 GaAs under
optimum anneal conditions. The contacts also showed
improved thermal stability over conventional Ni/AuGe
coatacts 4t iemperatures above 300°C. The contact
resistivity of thermally annealed TiW/Ge does not
increase appreciably with a 350°C, 190 hr anneal, while
that of Ni/A1Ge degrades appreciably between 25-35 hrs
at 350°C. Under bias conditions (6V, 15 mA) the con-
tact resistance of these contacts did not increase
appreciably at 300°C after 160 hr. Prelimiaary resulis
with the laser annealed contacts showed no measurable
increase in . sistance after 6 hr at 350°C.

Introduction

Low specific contact resistance ohmic contacts to
n-type GaAs using epitaxial Ge films have been reported
using molecular beam epitaxy® and vacuum epitaxy.2’'?
The epitaxial Ge film allows+(in thecry) the formatioa
of contacts with a uniform N layer, in the highly
doped Ge film itsel®® or, from Ge doping of the GaAs.2’*
These contacts should be more nearly free of imperfec-
tions comparcd to polycrystalline Ge or AuGe eutectic
films in which rapid impurity aiffusion occurs at grain
boundaries. Poth thermal anneaiing and laser annealing
have been used to form ohmic contact. Laser annealing
was used to form these contacts> because when a refrac-
tory metal overlayer is desired it was founa?’? that
oven dnneal teuwperatures in the range 500-750°C were
required. Subjecting the entire substrate to these
kigh temperatures can have deleterious effects on the
active and semi-insulating GaAs layers and to other
metallizaticus previously deposited on the chip, e.g.,
for the purpose of fabricating integrated circuits.
This problem can be obviated by selective contaci
an~ealing with a laser beam. Pulsed laseir annealing
may also be important .n obtaining enhanced activatiun
of implanted dopants and in obtaining certain doping
profiles when rapid heating and cooling are iigortant.

In this paper we ceport on TiW (88 wt. % W, 1%
wt. % Ti)/Ge, Ta/Ge, Mo,Ge, and Ni/Ge onmic contacts
t2 n~type GaAs which have two possibie areas of appli-
cations: 1) to devices which are designed to operate
for extended periods of time in a high temperature

ambient (above 150°C)!, and 2) to imprcve the reliabil-
ity of devices which experience high cnannel >r contact
temperatures, such as power field-effect tiansisto.s
(FET) and transferred-electron devices (1FD).® In both
cases, local melting at imperfertions in che contacrs
can result in device failure. Formation of an N layer
at the GaAs-contact interface by G2 doping can also
result in significant perfecrmance gain. in pewer FETs
snd TEDs through reduction in contact resistance and
increased voltage levels.

Experimental Method an. Results

Fabrication of the ohmic contacts was similar to
that described previously.? A number of different
types of contacts were investigated: TiW/Ge, Ta/Ge,
Mo/Ge, and Ni/f.», noth with and without a high dose of
Si or Se ion implanted (I?) at the Ge/GaAs interface.
Ohmic contacts were fah.icated on n-type epitaxial GaAs
layegs with carrier a concentration o 2x1017/cm® grown
on N (100) oriented GaAs sulstrates doped to 2x1018/cm®
or on GaAs epitaxial layers (n=1x1017/cm3, 20008 thick)
grown on semi-insulating (S1) GaAs substrates. To pre-
care the GaAs surface for growth of the epitaxial Ge
layer, the suriace was cleaned in organic solvents,
etched in a solutien (10 mf HCZ, 10 m¢ HF 40 mf H20,

6 drops of H20 ) to remove carbon and oxygea, and
placed immedxa%ely into a high vacuum system. Oxides
were desorbed by heati.g,the substrate to 575°C for 13
min in a vacuum of 2x10 ° Torr. Oxide desorption was
carvied out at 575°C because it was found* by Auger
el=ctron spectroscopy (AES) that the oxide conceut. a~
tion was at a w.nimum at this temperature without
greatly changing the GaAs stoichiometry. An epitaxaal
Ge layer was then grown in the same vacuum at 425°C to
thicknesses between 200 to 20008 by electron begm evap-
nration from pure Ge source. For contacts on N sub-
strates, circular Ge contact paiterns {30 to 250 pm in
diameter) were formed by etching and the metal over-
layers were deposited to thicknesses between 1000 to
20008 (by electron beam evaporation in the case ot Ta,
Mo, and Ni; and by sputtering in the case of TiW).
Isolated circular contact patterns we.e defined using
photnresist and lifting or by performing the deposition
throu_h a metal mask. Ohmic contact to the N backside
was made with AuGe/MNi, a'loyed at 450°C for 15 sec
prior to fabrication of the frontside contacts. .ypical
contacts are saown in ig. 1. In the case of 'hW/Ge/I2
Si contacts to the GaAs epitaxial layer on SI sub-
strates, transmission line mndel (TLM) contacts were
formed by etching the mesa, (iW, and Ge in three sep-~
arate etching steps.
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Fig. 1. Schematic cross sections of typical refractory
metal/Ge ohmic contacts to GaAs.
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Thermzl annealing of the TiW/Ge/I2Si contacts
(15008 Tiw/400R Ge/12Si at 60keV, 2x10'%/cm?) was car-
ried out in forming gas at 700°C. Near oplimum anneal-
ing condition§60( 25 min, the specific contact resist-
ance was 1x10 Qcm® as measured by the TLM method.®
Auger electron spectroscopy (AES) sputter profiles, as
deposited and after sintering in vecuum, are shown in
Fig. 2. After sintering, Ge migration into GaAs was
observed indicating an N doping layer at the GaAs
surface. This condition is necessary for a low spe-
cific contact resistance.® The Si implant may also
have been partially activated resulting in a further
increase in the concentration of the N doping layer.
After 25 min at T00°C, Ga outdiffusion was also
observed, allowing vacant sites for Ge or Si doping
atoms.

-

75 -

PERCENT COMPOSITION

» -

00 omoo0 oaie
Wae
. . A

o b 50 75 100
SPUTTER TIME, MIN
(a)

w—— -
N s

w e B

Lp:aca GoRigs } o

s

-

PERCENT COMPUSITION

SPUTTER TIME. MIN
(b)

Fig. 2. AES sputter profile of TiW/Ge/GaAs contact,
(a) as deposited and (b) after ohmic contact formation
at 720°C for 15 min at 10 ~ Torr.

Laser annealing was performed with a ruby laser
which emitted a one joule, 22 ns pulse obtained by
Q-switching the cavity with a Pockel's cell. Experi-
ments were performed hoth in single TEM_ = mode and in
multimnde operation. ‘Ine single mode was used for the
small diameter ohmic contact experiments while the
multimode was employed for large area AES znalyses.
For the TEM 0 mode case, a 0.8 mm circular aperture
was placed Qn the optical cavity. The output beam was
then focused to form a 260 pm diameter spot at the
sample. A 30 t{» 50 pm diameter spot, which contained
only the center of the Gaussian beam, was obtained by
use of a metal mask. Ohmic contacts were obtained at
energy densities between 0.09 to 5 J/cm?, depending on
the type of contact. For the multimode case, the full
one joule output was homogenized by a method similar
to that descrihed by Cullis, et al.? by sending it
through a 1.2 cm diameter fused quartz optical wave
guide which was bent and tapered to obtzin a spot

diameter at the sample cf 0.7 cm.
guide diffuser" was effective in homogenization of the
multimode structure of the beam and reducing speckle

patterns, "hot spots" were still observd at the output

Although this "light

(particularly apparent on GaAs surfaces). A detailed
analysis of the appearance of hot spots will be pub-
iished later.

Current/voltage (I/V) characteristics of i typical
Ni/Ge contact before and after laser annealing are
shown in Fig. 3 as displayed cn a curve tracer. Before
laser annealing the contacts were reasonably well
hehaved Schottky barriers; the upper curve shows a
reverse breakdown voltage of about 5 volts on 2x10!'7/cm®
doped GaAs. After a pulse of 0.04 J/cm?® the rectifica-
tion softens, indicating some very limited melting,
perhaps associated vith preferentially absorbing imper-
fections on the .p surface. At 0.14 J/cm? the contact
was ohmic and the photomicrograph of this contact,
shown in Fig. 3, indicated very shal) w, uniform melt-
ing had occurred. Similar results * _e found with
TiW/Ge, Mo/Ge. and Ta/Ge contacts.

0.04 Jicm?Z, 1 pulse
VERY: 500 pAldiv
HOR: 100mV/div

BEFORE LASER ANNFAL
VERT: 500pA/div
HOR: 1 V/div

—
0.14 J/iem2 40pm
VERT: 20 mA!div PHOTOMICROGRAPE.,
HOR: 100mV/uiv 0.14J/cm2

Fig. 3. Curve tracer I/V curves of Ni/Ge/GaAs contacts
before laser annealing and after laser annealing at
0.04 J/cm® (soft Schottky barrier) and 0.14 J/cm? (suf-
ficient energy density to form ohmic comtact). Photo-
micrograph of ohmic contact after 0 14 J/cm?.

Experimental curves of the specific contact
resistance versus laser energy density are shown in
Fig. 4. Measurements were made with a method similar
to that of Cox and Strack.'® These results were
obtained using the TEM__ mode with a 30 to 50 pm
diareter metal mask over (typically) 250 pym diameter
1sclated contacts. Approximate melting points for each
of Lhe contact types are shown at the top, as deter-
mined from photomicrographs of the irradiated surfaces.
However, the melting poicts could not be determined
precisely from the photomiciv,.«. 18 and very shallow
melting probably occurred below these points. It was
found that the contact resistivity was at a minimum
near the melting point for Ni/Ge and Ta/Ge contacts.
Similar TiW/Ge camic contacts formed on n=2x101€/cg3
GaAs epitaxial lsyggs resulted in a specific contact
resistance of 1xi0 “Qcm?. The higher value of spe-
cific contact resistance evidently resulted from the
lower doping in the GaAc. Similarly, contact resistiv-
ity values for Ta/Ge, Mo/Ge, and Ni/Ge were approxzi-
mately an order of nngaitude higher on 2x1018/cm? as
compared to 2x10'7/cm? GaAs.
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Fig. 4. Experimental values o specific contact resist-
ance as a function pulsed ruby laser energy deasity;

mp indicates approximate melting points as determined
from surface photomicrographs.

The interfaces before and after laser annealing
vere investigated using AES sputter profiling tech-
niques. Figure 5 shows AES sputter profiles of a Ni/Ge
contact before laser annealing and after laser anueal-
ing at an energy density just high enough to form ohmic
contact. A multimode 7 mm diameter beam was used o
irradiate a GaAs sample approximatcly 10 mm x 10 mm
containing 20008 Ni and 20008 Ge prepared as discussed
above. At 0.10 J/cm® sligh: melting patterns could
just be observed, indicating melting of the Ni and Ge
just to, and including, the GaAs surface. This energy
density corresponded to the threshold for ohmic contact
formation. Even at this low energy aensity there was
Ge migration into the GaAs, enough to greatly inc.ease
the n-type doping concentration at the GaAs surface.
Similar ;. ofiles were observed with Ta/te laser
annealed contacts. These profiles are also typical of
Ni/Ge thermal annealed ohmic contacts studied pre-
viously.?
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Fig. 5. AES sputter profiles of a 20008 Ni/20008
Ge/GaAs contact before laser annealing and after laser
angesling at 0.10 J/cu?, just at threshold for ohmic
contgct formation.
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Discission of Laser Anneal Results

The curves of specific contact resistance versus
en~rgy deusity, shown in Fig. 4, indicat» there is a
"window"” in enorgy density which is appropriate for
the formation of ohmic contact. This window Jdepends
on the layer thicknesses of the metal and epitaxial
Ge, the pulse duration, to some extent on the surface
morphology, and also on the fundamental interactions!!?
of the laser beam with the overisyers and GaAs. The
depth of melting and surface temperature are deter-
mined in part by the absorption coefficient, specific
heat, and thermal diffusivity of the overlayers and
GaAs surface. Obmic contact appeared to occur just at
the threshold of melting, but the eltirg must be deep
ensugh to melt at least the top 50 (o 1008 of the GaAs
surface to account for the AES profiles ir Fig. 5.
Solid-state diffusion processes are too slow tao account
for these profiles. Since the heatiag and cooling
rates are nearly the same in pulse la2ser annealing
dominated by thermal processes,!! the Ge migration intc
the GaAs surface must occur in the 50-190 ns that the
surface layers are molten. A minimum in the specific
contact resistance apparently occurs just abcve the
melting point at an optimum doping level and profile.
It is assumed that low contact resistance occurs by
electrons tunneling between the top metal layer and
the highly doped surface laver in the GaAs.? The spe-
cific contact resistance begins to rise at higher
encrgy densities as the melt peaetration becomes deeper
and the surface temperature reaches the boiling point.
Surface evaporation and oblation can then result in
loss of Ge and As (as well as loss of part of the metal
contact), as has been observed with these contacis at
high energy densities by electron microprobe x-ray
apralysis. This was foind to result in an increase in
the specific contact resistance.

The advantages of laser annealing over thermal
annealiag for these partictiar high-temperiture con-
tacts is seen in comparison with thermal annealing
results. For similar ohmic contacts, the specific coa-
tact resistance was more than an order of magnitude
higher when therm~!ly .7nealed? and high ambient tem-
peratures {up to 650°C for 5 min) were required. The
laser annealed contacts reported here also demons*y
an order of magaitude improvement in contact resistiv-
ity over Ag/Si contacts! thermally annealed. These
contact’ lso vompare favorably with conventional AuGe
ohmic cgetacts, for which a specific contact resistance
af 1x10 Qcm? can be routinely obtained, but which
degrace significantly at 350°C.

..
ave

High-Temperature Aging

The TiW/Ge/12Si ohmic contacts formed on GaAs epi-
taxial layers on SI substrates and thermally annealed
were studied by high tempeature aging in an ambient of
forming gas. Figure 6 shows the change in the specific
contact resistance after exposure to temperatures
between 350 to SOC°Z for over 175 hours. The behavior
of a typical AuGe/Ni contact, included in the 350°C
experimeats, is shown for comparison. These results
demonstrate the high-temperature rcliability advantages
of refractory metal/epitaxial Ge ohmic contacts. With
these contacts it was found that the contaict resistance
did not increase appreciably up to 190 hours at 350°C,
while that of AuGe cignificantly increased between
25-35 hours at 350°C.

Preliminary high-temperature aging experiments
with the lasor annealed ohmic contacts (TiW/Ge/I2Si,
Ni/Ge/1%Si, Ni/Ge, Ta/Ge, and Mo/Ge) were also carried
out by aging in vacuum at 10 ~ Torr. No measurable
change in specific contact resistance was found after
350°C for 6 hr.

The thermally anrealed TiW/Ge ohmic contacts were
also subjected to high-temperature aging under DC bias.



Figure 7 shows the results at 300°C and 350°C after
exposure for 160 hr. At 300°C the contact resisgévit
increased initially bet stabilized at about #-* “\\am?.
At 350°C the increase 1n contact resistivit* s auch
larger. This was partially explained by the - ge out-
Jdiffusion of Ga, shown in the ALS sputter prc .ies in

Fig. 8.
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Fig. 6. Specific contact resistance of thermally
annealed TiW/Ge and AuGe/Ni ohmic contacts as a func-
tion of anneal time at various aging temperatures in
forming gas.
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Fig. 8. AES sputter profile (Ge and Ga) of thermally
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outdiffusion.
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