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ABSTRACT

The effects of ion bombardment upon
electrical properties and reactions at
Au-GaAs interfaces have been studied.
Electrical data (I-V, C-V) showed that

bombardment of (100)GaAs with 0.5 to 3keV

Ar prior to Au deposition resulted in
lower surface carrier concentrations and
increased depletion distances irrggpec—
tiyg of,dopant concentration (-10"  to
10 ) or type (n-5i or Te- or p-;n}.
These effects are consistent with Ar
creation of deep level bandgap states.

Ion bombardment cleaning of GaAs resulted

in accelerated reaction rates between Au
and the substrate when atomic disorder
remained, but annealing of bombardment
damage resulted in an atomically clean,
atomically ordered interface which was
more stable during heat treatment. The
presence of interfacial oxygen accele-
rated the reaction between Au and GaAs.

INTRODUCTION

Electrical contacts to GaAs are
becoming more important because of
increasing use of this compound semi-
conductor for optoelectronic and high
speed devices. For these applications,
both rectifying (Schottky) and ohmic
contacts are necessary. Contrary to
silicon-based devices, it has not been
possible to vary the Schottky barrier
height or induce ohmic contacts by
varying the work function of the metal
used to contact GaAs. This is because
the Fermi energy of GaAs pins near mid-
gap during creation of contacts, and
there is very little wvariation in the
pinned positicn as the metal is varied.
Ohmic contacts have been made by in-
creasing the surface doping density and
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switching the transport mechanismlfiom
thermionic emission to tunneling. *

In addition to pinned Fermi energy
levels, contact metals are commonly
deposited on GaAs by sputtering, which
can cause surface damage by energetic
ion or neutral bombardment prior to
metal coverage. Reactive ion etching
is often used for pattern delineation,
and again energetic surface bombardment
damage may result. Finally contaminants
({organics, hydrocarbons, oxides and
hydroxides) are often left at the
metal/GaAs interface unless extra-
ordinary measures are used, such as in
situ ion bombardment cleaning of the
surface. As a result, it is of interest
to understand the effects of ion bom-
bardment upon electrical behavior of
gold contacts to GaAs. 39}5 subject
has been studied before, however the
type of dopant (n or p- type) and dopant
concentration range has been limited.
Thus one objective of the present study
was to investigate the effects of
varying dopant concentration and type.

The second objective of this study
was to characterize the effect of the
interface composition and structure upon
the reaction between Au and GaAs. It is
well established that Au will react with
Gahsoatltﬁmg?ratures as low as
~350°C.> 2! In fact, ohmic contacts
of Au to GaAs are created by a "sin-
tering" treatment in which deposited
thin films of Au-Ge-Ni1 are reacted at
—430:0 for ~2 minutes under forming
gas. The reaction products are
generally not uniform layers. The
condition of the Au-GaAs interface was
varied in this study to determine
whether interfacial contaminants would
affect this reaction.

EXPERIMENTAL

The effects of ion bombardment was
studied on (100)GaAs wafers doped with



1x10 7em™? or 2x10189§_3_§i or lxlgéac@;3
cm

Te (n-type), or 1x10 or 1x10""cm
Zn (p-type). Alloyed indium ohmic
contacts were made on the back surface
prior to depositing Au in an ultra-high
vacuum (UHV) chamber. The samples were
cleaned with concentrated HCl just before
inserting into the UHV system, then
sputter with 0.5, & or 3keV Ar striking
the surface at ~35 . The beam shape was
Gaussian at 3keV (4mm FWHM) with a total
current of 5SuA, but at 0.5keV the ~1lua
beam was nearly uniform over a 5x5mm
area. Auger electron spectroscopy (AES)
was used to monitor the surface
composition before and after sputtering
using a 3keV, 25uA primary beam and
collecting derivative data with S5eVpp
modulation voltage. Sputtering was
generally continued until all contami-
nants (C,0 and N) were removed and the Ga
and As peak to peak heights (PPH's) were
constant with time. It is clear that As
is depleteg iEom the surface by ion
sputtering™’ but angle resolved
electron spectroscopy shows that As may
be near the stoichometric value in the
first atTQ }gyer of a sputtered

surface. ™’

Immediately ﬁfter ion sputtering, Au
thin £ilms (~1000A) were deposited in
situ then analyzed ex situ by I-V and C-V
techniques. For comparison, Au was also
deposited on surfaces prepared by etching
in concentrated HF, rinsing in D.I. water
and drying in Nz.

To study the effects of interfacial
condition on the Au-GaAs reaction,
samples of Au were deposited on surfaces
etched with HC1+HF (chemically cleaned),
ion sputter cleaned (3keV Ar 18 sputter
cleaned plus annealed in 1x10 “Torr
vacuum at 570°C for one hour, or surfaces
etched in H,0/H,0, mixtures to remove
0rg3nics an& hyar3carbons then heated to
570°C to thermally desorb thg gx}ges and
hydroxides from the surface.®’"’ Thin
films of Au were deposited on these
surfaces in UHV. Reaction of Au with
GaAs was induced by heatang to %
temperatures between 350 C and 500°C for
times ranging from 3 to 60 minutes. The
extent of reaction was characterized by
stripping the gold film with a cyanide
etch and measuring the density and size
of reigtion pits left on the GaAs sur-
face.

RESULTS
Effects of the Ion Bombardment

Depending on the dopant type and
concentration, Au contacts on chemically
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etched GaAs were Schottky, nearly ohmic,
or ohmic. After sputtering, the I-V
behavior was distinctly different from
contacts on chemically cleaned surface.
The data on n-GaAs will be discussed
first, followed by data from GaAs.

Typical forward I-V curves of Au
contacts to Si doggd GgAs are shown in
Figure 1. For 10" 'cm “Si, Log I, versus
V. data from chemically cleaned Eamples
wgre linear indicating Schottky be-
havior, but sputter cleaning resulted in
soft diode I-V characteristics. The
current was highest after bombardment
with 0.5keV Ar ', and it decreased mono-
tonicallygas_the ion energy increased.
For 2x10" "cm Si doping, Au contacts on
the chemically cleaned GaAs acted nearly
ohmic (as demonstrated in reverse bias
with high current), but contacts on
sputter cleaned surface were rectifying
with dramatically reduced current. For
a given ion energy, the current in-
creased a factor of 100 as the doping
concentration increased by a factor of
10. The I-V curves for sputter cleaned
n-CaAs were independent of whether the
dopant was Si or Te, although the
current levels for Si-doped samples were
about 50% lower than for Te-doping.
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Fig. 1. Forward current versus voltage

for contacts of Au on chemical-
ly cleaned or sputfgreg3n~type
GaAs,dopeq by 1x10"'cm ~ or
2x10” "com 8i.

Plots of 19& Ifsvs. log vf were
linear for 2x10" "cm Si or Te doped
GaAs sputtered with 500eV Ar which
indicates that I = I , where I_ and m
are constants. Forwird I-V datagayove
0.1V was described By?I = 0.08 V°*'~ for
Si-doped and I=0.6V“"" for Te-doped GaAs
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(I in amps and V in volts). For contacts
on n-type GaAs with a lower Si-doping or
higher energy Ar sputtering, only part
of the I-V curves (0.1V < V ¢ 0.5V) can
be fitted by I = Iev“‘.

For contacts to p-GaAs, the I-V
behavior had both similarities and
differences as compared to those on n-
GaAs. Contacts onlghemically cleaned
GaAs doped with 107"cp,~ 2y were ohmic,
while those on 1 x 10" "cm Zn-doped GaAs
were nearly ochmic (Figure 2). All
contacts to sputtered surfaces exhibited
soft rectification with dramatically re-
duced current. Similar to n-typed
samples, the current increased Dby
30 as the doping concentration
increased by 10. In contrast to n-type
materials, Ar energy did not have a
large effect on the current level in
p-GaAs and the current was lower for
p than for n-GaAs. In addition, there
were intersections between the I-V
curves for p-GahAs of the same doping

density but different Ar energy.
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Forward current versus voltage
for Au contacts on chemically
cleaned or sputtered Zn doped
p-Gahs.

Fig. 2.

Measurements of C-V data could not
be performed on ohmic or near-ochmic con-
tacts, so contacts to chemically cleaned
surfaces could not be measured on every
substrate. However, all the contacts on
sputtered GaAs were rectifying and in
general capacitance were decreased by
sputtering with larger decreases at
higher energies.

Assuming changes in the GaaAs di-
electric constant are negligible, the
depletion depth is equal to the contact
area times the dielectric constant
divided by capacitance. Depletion depths
were calculated by assuming uniform
carrier concentration and a Au contact
barrier height of 0.9eV or U.igev on n-
and p-type GaAs, respectively ~.
Depletion depths on goth n and p-GaAs
were increased by Ar sputtering, and
larger depths resulted from higher Ar
energies. The increases in depletion
depth was larger for p-GaAs than for
n-GaAs (comparing similar doping concen-
tration). For contacts to sputtered GaAs
of the same doping concentration,
slightly larger depletion depths were
found on Si-doped than on Te-doped
samples. Increased capacitance with
increased reverse bias was observed on
some samples. Effective carrier
concentration Egofiles were calculated
from C-V data and the data show
changes in the ratio of effective carrier
concentration with depth. For samples
with depletion depths greater than 1000A,
the calculated concentrations were the
same as the manufacturer's specified
values. For shallow depletion depths,
the calculated concentrations were lower
than the value specified by the manu-
facturer. Because the effective carrier
concentration is less and the depletion
depth is increased, Ar sputtering
apparently results in removal of
carriers.

Effect of Surface Preparation

Uniform Au films were obtained on
all as-deposited samples irrespective of
the GaAs surface condition. Significant
morphological changes occurred for Au
films on chemically etcged GaAs after
annealing 3 min. at 380°C in UHV. As
shown in Figure 3, after annealing the Au
film was not uniform and the underlying
Gads (identified by point analysis with
scanning AES) was partially exposed in
the reacted areas. After stripping the
top Au layer with a cyanide Au etchant,
rectangular pyramidal reacted pits were
revealed on the GaAs surfaces. The
maximum pit length (L ) was 3.5um, the
typical ratic of pit Tgﬁgth to pit width
(L/W) was about 9, the average Ga concen-
tration in GaaAs ([Gal),. . ) estimated from
the amount of dissocia@gd Gahks was about
5 at%, and the total density_sDT] of pits
with L > 0.lum was about lum “.
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(a) (b)

1000A Au on chemically etcged

GaAs, after heating to 380 C for

3 minutes in UHV.

(a) surface morphology of the
Au film,

(b) after stripping of the Au
layer.

(a) (b)

Fig. 4. 1000A Au on thermally deox%dized

GaAs, after heating to 380°C for

3 minutes in UHV.

(a) surface morphology of the
Au film,

(b) after stripping the Au

layer.

After a 3 min, 380°C anneal the Au
film on thermally deoxidized GaAs was
still uniform; no openings in the Au,
symptomatic of extensive reaction, were
observed. However small reacted pits
were revealed after stripping the Au
layer, as shown in Fig. 4. The Lga was
about 0.5um with a small_ﬁfw ratiB8s 3,
and the DT was about 2um A similar
morphology was cbserved for Au films
on sputtergd plus annealed GaAs after 3
min at 380°C [Lma about 0.4um, L/W about
6). Both clean, #nnealed interfaces
indicate a finite, but much smaller
extent of reaction between Au and GaAs
without oxides as compared to the
reaction observed with thin oxides on
chemically etched GaAs.

The morphology changes upon
annealing of Au film on sputtered GaAs
surfaces was considerably different from
the others. The Au layer wag discon-
tinuous after heating to 380 C for 3 min
and a high density of small sguare
particles was observed. The ion beam
used to sputter clean the surface had a
Gaussian shape with a FWHM of 4mm, there-
fore different surface morphologies of
reaction pits were obvious at different
distances from the center of the sputter
beam after annealing. Away from the
sputter center, the extent of Au coalesce
increased and the shape of the reaction
pits changed from sgquare to rectangular.
Far away (7mm) from the center of
sputtering, the reacted morphology was
similar to that of chemically etched
Gaas.

DISCUSSION

Effects of Ion Bombardment

While there are a number of
possible explanations for the effects
of ion bombardment on the transport of
charge carriers across the Au-GaAs
interface, dopant type conversion and
thereby creation of back-to-back diodefs
by ion sputtering has been discounted.
Instead, the data are best explained by
postulating that ion bombardment creates
a concentration of deep level states
within the bandgap that trap both elec-
trons or hole carriers. The net effects
is a reduced surface doping density and
increased depletion distance, and a
switch to "soft" rectifying behavior.
By postulating the creation of a concen-
tration versus depth dependent upon
energy but constant for steady state
sputtering conditions, the wvariation
with dopant concentration and type can
be explained. Such an explanation is
consistent with the_cgnclusion of
previous studies.g's_g'i%'Eé

Earlier the reduced surface doping
density has been suggested to result
from site rearrangementlgor Si dopant
during ion bombardment. Silicon is an
amphoteric dopant in GaAs and while it
prefers to occupy the Ga sites and serve
as an n-type dopant, at high concen-
trations it appears to compensate itself
by occupying both Ga and As sites acting
as both an n and p-type dopant. The
dopant Te is not amphoteric in GaAs,
and its behavior after ion bombardment
was very similar, though slightly less
modified by ion bombardment, therefore
while some self compensation may occur
during ion bombardment, the effect is a
secondary one.
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Effect of GaAs Surface Preparation

The condition of the GaAs surface
obviously significantly affects the
behavior of the two materials during heat
treatment. The observation of more
extensive reaction at the interface when
oxides and hydroxides were present
suggests that oxygen somehow accelerates
the decomposition of GaAs. This is
consistent wish reports by Liliental-
Weber, et al that oxygen at the
interface considerably modifies the
reaction between Au and GaAs. The
mechanism is unknown and largely undis-
cussed, however a reduction of the
eutectic temperature in a quaternary
(0-Au-Ga-As) system as compared to the
ternary (Au-Ga-As) system is one
possibility.

It is well established that the
decomposition of GaAs in the presence of
Au causes the Ga E?nEE“EBOf the overlying
film to increase. """’ It is general-
ly reported that As is not incorporated
in the Au-Ga solid solution, but instead
is released by sublimation to the
ambient. However recent data show that
GaAs regrows during continued heat
treating 35 wafers with a thin Au film
overlayer through an Ostwald ripening
of the GaAs dissolution pits. Regrowth
requires that As be present in the solid
solution, and quantitative AES has been
used to establish these concentrations
(~1 to 2 at.%). Furthermore these data
suggest that the Au-GaAs contacts became
ohmic during reaction with Si-doped
substrates, and experimental data suggest
that dopant 55Eregation to the interface
is the cause.

SUMMARY

The effects on electrical properties
of ion bombarding (100)GaAs wafers with
Ar at energies between 0.5 and 3.0keV
has been studied ag.a funcigon_gf dopant
concentration (~10 to 107"cm ~) and
type (n or p). In addition the effects
of atomic order and composition upon the
interfacial reaction of Au and GaAs has
also been studied. Ion bombardment
resulted in a reduced surface carrier
concentration and longer depletion depthg
in all instances, which suggests that Ar
creates deep level bandgap states which
trap both hole and electron carriers.
The result is a switch from near-ohmic
behavior for highly doped n- or p-type
GaAs to a "soft" rectifying contact for
Au on ion bombarded GaAs. The condition
of the GaAs surfaces strongly affected
the reaction with Au thin films. Chemi-
cal cleaning, which leaves oxygen at the
interface, accelerated decomposition of

GaAs and formation of Au-Ga-As solid

solutions.

Similarly atomic disorder

caused by ion bombardment also acceler-

ated the reaction.

Contrary to initial

expectations, atomically clean and
ordered surfaces resulted in less de-
composition of GaAs and reaction with

Au.
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