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The microstructure and electrical properties of nonalloyed epitaxial Au-Ge contacts were
studied. Ohmic behavior was obtained after a 3 h anneal at 320 °C with the lowest average
contact resistance and specific contact resistivity found to be ~0.28 Q mm and ~7x107¢
Q cm?, respectively. Localized reactions in the form of islands were observed across the surface
of the contact after annealing and were composed of Au, Ge, and As, as determined by
secondary ion mass spectroscopy (SIMS) imaging and Auger depth profiling. Back side SIMS
profiles indicate deep Ge and Au diffusion into the GaAs substrate in the island regions. Ohmic
contact behavior was found to depend upon both the kinetics of the reactions (localized
reactions and island growth) and the thermodynamics (substantial diffusion of both Au and
Ge) of the system. A model describing the coupled Au and Ge in-diffusion with respect to the

GaAs substrate is presented.

INTRODUCTION

Ohmic contacts to n-GaAs for electronic and optoelec-
tronic devices and circuits have traditionally been Au-Ge
based systems and much work has been devoted to the
understanding of this contact system and the metal-
semiconductor reactions contained therein.! Typically,
these contacts have been formed by evaporation of Au, Ge,
(or an Au-Ge alloy) and Ni films with a subsequent anneal
above the 356 °C Au-Ge eutectic temperatiire.® It is well
known that this alloying process not only alters the phys-
ical and chemical structure of the deposited films it also
introduces interfacial roughness and potential spiking
problems.3 In addition, these contacts were often formed
on GaAs with a thin surface oxide and were microstruc-
turally polycrystalline. These variables have made it ex-
tremely difficult to study the fundamental mechanisms of
ohmic contact formation in a controlled fashion. We have
collectively addressed these problems by using a greatly
simplified system: nonalloyed Au-Ge ohmic contacts using
a single crystal Ge film grown on an oxide free GaAs sur-
face under ultrahigh vacuum (UHYV) conditions. A non-
alloyed contact provides smoother interface morphology
and can be used with shallow junctions. Nonalloyed ohmic
contacts have been made in the past by sintering,*> grow-
ing heavily doped GaAs,®’ and using As-doped epitaxial
Ge films on GaAs.®® The Au and the Ge were both depos-
ited under UHYV conditions and should therefore yield re-
duced interfacial contamination and diminished grain
boundary diffusion. The reduction of oxygen may be im-
portant since oxygen on the GaAs surface has been ob-
served to decrease the rate of reactions in the Pd/GaAs
and Pt/GaAs systems.!®!! Such a system will allow us to
further explore the fundamental mechanisms of ohmic con-
tact formation and to compare the results with studies us-
ing polycrystalline films.!2
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The Au/Ge interactions with GaAs and resulting mi-
crostructure were investigated using scanning electron mi-
croscopy (SEM), Auger electron spectroscopy (AES),
transmission electron microscopy (TEM),.and front-side
and back-side secondary ion mass spectroscopy (SIMS).
Electrical performance was evaluated using transmission
line model (TLM) measurements on contact pads with
varying gaps. '

EXPERIMENT

The sample structure consisted of 500 A Au/250 A
Ge/GaAs substrate. First, the samples were cleaned in
warm solvents and then loaded into a Vacuum Generators®
V-80 M molecular beam epitaxy (MBE) system with a
base pressure < 8> 107! Torr. Prior to Ge growth the
samples were annealed at 590-600 °C for 2040 min to
remove the surface oxide. 250 A Ge was grown using an
electron beam hearth at a rate of ~0.2-0.3 A/s at 400 °C.
The sample was then cooled to 100°C and Au was then
deposited at a rate of ~0.08 A/s using a Knudsen Cell
heated to 1300 °C. The Ge was epitaxial with respect to the
GaAs substrate, and the Au was highly oriented as deter-
mined by x-ray diffraction, reflection high energy electron
diffraction (RHEED), and selected area electron diffrac-
tion. A conventional furnace with an Ar ambient was used
to anneal the contacts at 320 °C for various times.

A PHI 660 scanning Auger microprobe was utilized
for compositional and structural analysis. A 4 keV Ar™ ion

-beam was used for sputter depth profiling. The base pres-

sure of the instrument was ~ 3 X 107'° Torr, with the pres-
sure during the analysis rising to ~5X10~% Torr. The
impact energy of the electron beam was 10 keV. The sam-
ple was tilted ~ 30° from normal incidence of the eleciron
column. The high resolution TEM was performed on a
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JEOL 2010. An AMRAY 1610 SEM was used for surface
analysis.

While front-side SIMS and Auger microprobe analyses
may provide compositional information in the metalliza-
tion region above the substrate very little can be under-
stood below the metal/substrate interface due to effects
such as ion beam mixing, surface/interface roughness, and
preferential sputtering. The SIMS back-side sputter depth
profile technique overcomes these difficulties and enables
high depth resolution measurements to be made since dif-
fusion profiles are measured from low to high concentra-
tion gradients. The SIMS back-side sputter depth profile
technique was first used successfully to study alloyed
AuGeNi and TiB, ohmic contacts'>!* and has been used to
analyze a variety of ohmic and Schottky contacts.’>!7 For
the diffusion study using the back-side SIMS technique,
marker layers were used to monitor depth in the sample
and were first grown in a Varian GEN II MBE system.
The following structure was grown by MBE on semi-
insulating (SI) (100) GaAs:Al,;Gag;As (1.0 um)/GaAs
(undoped 2000 A)/GaAs (n-type, Si-doped 1x10'®
cm“3, 2000 fk)/ 10X [GaAs (n-type, Si-doped 1X 10
em ™3, 500 A)/GaAs (n-type, Si-doped 1% 10'® cm~3, 500
A)1. The Aly;Gag,As layer was used as an etch stop in the
removal of the GaAs substrate. The Au and Ge layers were
then deposited as described above. Sample preparation de-
tails for the back-side SIMS technique are given else-
where.'® In order to make electrical contact to the SIMS
sample holder the sample was gold-coated after the back-
side preparation. A Cameca IMS-3F secondary ion mass
spectrometer was used for this study. The primary ion
beam was mass-filtered Cs™ with a net impact energy of
14.5 keV. Negative secondary ions were analyzed to max-
imize signal intensity. The vacuum in the sample chamber
during analysis was ~5X 10~2 Torr. '

For electrical analysis transmission line model (TLM)
patterns were simultaneously fabricated on Au/Ge layers

grown on an n* (Si-doped 1 10" cm™3, 1.0 um) epilayer.

on SI GaAs. The TLM pattern processing included a two-
step chemical etch of the Au and Ge layers using KI1/1,
and H,0,, respectively.

RESULTS

Ohmic behavior of the contacts was observed only af-
ter annealing at 320 °C for 3 h. For these conditions spe-
cific contact resistivity and contact resistance measure-
ments on TLM patterns yielded average values as low as
7% 10~¢ Q@ cm? and 0.28 Q mm, respectively. This com-
pares quite favorably with. our previous study using poly-
crystalline films!? (5 10~ Q cm?) and is lower than the
nonalloyed polycrystalline Au-Ge contacts achieved by
others.” The contacts were found to be fairly stable at
320 °C, increasing to ~2 X 10~ Q cm? after 21 h as seen in
Fig. 1. The contact resistance remained at the value of 0.28
Q mm. v

Figure 2 shows SEM micrographs of contacts in the
as-deposited state, and after 1, 2, and 3 h anneals at 320 °C.
The formation of islands on the surface of the contact is
apparent after 1 h, and the size and density of these islands

4774 J. Appl. Phys., Vol. 72, No. 10, 15 November 1992

Stability Data

e 10* , e ;
[$]

e

@

(4]

c

©

s

B

[72]

e 10°

k]

11

s

o

=]

[&]

©

=

[$]

g_ 10 , : S ;
[77]

0 5 10 15 20 25

Annealing Time (Hours)

FIG. 1. Specific contact resistance of epitaxial Au-Ge ohmic contact
annealed at 320 °C plotted as a function of anneal time.

increase with annealing time. A plot of the ratio of island
area to total area as a function of anneal time at 320 °C is
presented in Fig. 3. The curve flattens out after about 3 h,
which is roughly the time required to achieve an ohmic
contact.

The AES depth profile for the as-deposited Au/Ge/
GaAs structure showed a broad interface between the Ge
layer and the GaAs as seen in Fig. 4. After annealing for 1
h the contact surface appeared spotted with dark, island-
like regions about 3-5 ym in length. Auger depth profiles
were obtained inside and outside these localized island re-
gions and are shown in Figs. 5(a) and 5(b), respectively.
Figure 5(a) shows the Auger depth profile for this contact
after the 1 h anneal inside the localized region. Substantial
Ge'and As interdiffusion were observed, with the appear-
ance of a GeAs type phase near the surface, and the initial
formation of two Ge layers beneath that layer. Ga out-
diffusion to the surface was also observed with evidence of
limited compound formation in the Au layer in Fig. 5(a).

HBE #2310 Ax-Dess . 4

10 pm

10 pm

10 um 10 um »

FIG. 2. SEM micrographs of epitaxial Au-Ge contact surface after in-
creasing anneal times at 320°C: (a) as-deposited, (b) 1 h, (c) 2 h,
(d) 3 h
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Au-Ge Island Formation data
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FIG. 3. Ratio of island area to total area of contact plotted as a function
of anneal time.

This is seen in the small rise in the Ga signal near 5 min
with a reacted thickness on the order of ~50 A. Au dif-
fusion appears limited to the GaAs substrate region. The
AES depth profile outside the localized island regions for
this contact is shown in Fig. 5(b). This profile indicated
very little interaction between the Au-Ge and the GaAs
and essentially resembled the as-deposited case of Fig. 4.
Increased Au, Ge, As, and Ga diffusion was observed after
a 2 h anneal as seen in the AES depth profile inside an
island presented in Fig. 6. Again, very little interaction was
observed outside the islands and therefore the depth profile
is not presented.

Figure 7 shows the AES depth profile inside an island
of the contact after a 3 h anneal, which resulted in an
ohmic contact. Auger analysis of this region showed the
complete formation of the Ge layer on the GaAs substrate.
The GeAs type layer near the surface appears to be stable,
and the contact possesses two distinct Ge layers, separated
by a second thin GeAs type layer. The onset of ohmic
behavior coincides with the complete formation of the Ge
layer on the GaAs. Ga out-diffusion is still evident al-
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FIG. 4. AES depth profile for as-deposited Au-Ge sample.
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FIG. 5. AES depth profiles for Au-Ge contact after 320 °C anneal for I h:
(a) inside island region, (b) outside island region.
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FIG. 6. AES depth profile for Au-Ge contact inside island region after
320°C anneal for 2 h.
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FIG. 7. AES depth profile for Au-Ge contact inside island region after
320°C anneal for 3 h.

though the extent of Ga interaction with the Au layer near
12 min cannot be accurately determined. In comparison,
there was little As detected and no evidence of GeAs phase
formation in the localized regions of the previously studied
polycrystalline contact structure.'? As in the case after the
2 h anneal, the Auger depth profile after the 3 h anneal was
similar to that of the as-deposited sample.

Cross-sectional TEM revealed roughness at the Ge/
GaAs interface on the order of 300 A and regions where

the Au was in contact with the GaAs. This is shown in Fig.

8. This broadness in the interface was substantiated by the
Auger analysis in Fig. 4. The average depth of the Au
protrusions was ~70 A with the deepest protrusion of
~450 A. Due to growth nonuniformities, this may not be
representative of the entire wafer. The Au film is composed
of highly textured, large grains. The orientation relation-
ship as determined by selective area diffraction was found
to be Au(200)|| Ge (220)|| GaAs (220). Figure 9 shows a
high resolution TEM micrograph of an area outside the
islands after a 3 h anneal. The analysis revealed very lim-
ited reaction between the Au-Ge and GaAs. Structurally, a
clean Ge/GaAs interface can be seen, as well as a fairly
smooth Au/Ge interface. The Au layer is highly oriented
with respect to the Ge and the GaAs with the same orien-

FIG. 8. TEM micrograph of as-deposited Au-Ge sample.
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FIG. 9. High resolution TEM micrograph outside the island regions of
epitaxial Au-Ge contact. The interfaces are denoted by arrows. The con-
tact was annealed at 320 °C for 3 h.

tational relationship as the as-deposited sample:
Au(200)|| Ge (220} || GaAs {220). These TEM results are
consistent with the Auger analysis outside the localized
region after the 3 h anneal. The results differ from the
previously studied polycrystalline Au-Ge contacts where
the Au orientation on the GaAs was determined to be
Au(111)|| GaAs (100). This difference is due in part to
the absence of the native oxide for the epitaxial contacts.

Figure 10(a) shows a front-side SIMS depth profile of
the as-deposited Au/Ge/GaAs sample on the substrate
containing the Si-doped marker layers. The Au and Ge
signals can be seen with their respective tails into the GaAs
substrate. Note that these tails are artifacts caused by ion
beam mixing and sputtering effects. The second Au peak at
the Ge/GaAs interface is due to ionization effects and the
oscillations in the Si signal are due to the Si concentration
changes in the marker layers. A front-side depth profile of
a sample which exhibited ohmic behavior after being an-
nealed at 320 °C for 3 h is shown in Fig. 10(b). Compar-
ison with Fig. 10(a) indicates clearly that there has been
diffusion of As and Ge into the Au layer as seen in the
relative rise in the Ge and As signals near 200 s. Ga signals
are not shown due to the relatively low Ga sensitivity using
Cs™ as a primary beam. Since the sputter rate differed in
the two depth profiles, the axes are scaled to similar depths
using the Si marker layers.

A back-side SIMS depth profile of the as-deposited
sample is shown in Fig. 11(a). Note that the surface is now
on the right-hand side of the graph. A more accurate mea-
surement of the Au and Ge distribution is illustrated by the
sharp rise in the Au and Ge signals in Fig. 11(a) in con-
trast to the Au and Ge tails caused by ion beam mixing in
Fig. 10(a). Note also in Fig. 11(a) the absence of the
second Au peak which was observed in Fig. 10(a) due to
an ionization artifact. The marker layers of 1000 A peri-
odicity can be seen in the Si signal intensity oscillations.
Figure 11(b) depicts the back-side imaging profile of the
sample annealed at 320 °C for 3 h. The stable As matrix
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FIG. 10. SIMS front-side depth profiles: (a) as-deposited sample, (b)
after 320 °C anneal for 3 h.

signal from the substrate up to the contact interface implies
little substrate change as a result of the anneal. The Si
marker layers indicate that any substrate consumption is
probably less than 500 A. The high sensitivity of this back-
side technique allows for the determination of trace levels
of Au and Ge. As in the front-side profiles, Au and Ge
diffusion are apparent when Figs. 11(a) and 11(b) are
compared. Au is observed to penetrate approximately 4500
A into the GaAs substrate. The Ge signal possesses a much
sharper rise near 600 s with a diffusion distance that is
nearly the same (4000 f&) as that of Au. The back-side
lateral images corresponding to Fig. 11(b) are shown in
Fig. 12. At this depth just below the substrate region Au
and Ge both exhibit similar segregation effects, indicating
coupled localized reactions for both Au and Ge.

It should be stressed that Fig. 11(b) represents an av-
erage of the signals inside and outside the island regions.
Selected area profiles corresponding to Fig. 11(b) for Au
are shown in Figs. 13(a) and 13(b). The profiles show
substantial differences between Au diffusion inside and out-
side the island regions. A plateau in the Au signal near 500
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FIG. 11. SIMS back-side depth profiles: (a) as-deposited sample, (b)
after 320 °C anneal for 3 h.

s is apparent inside the island region which could possibly
indicate a Au-Ga reaction. The penetration depth for this
plateau appears to be ~2000 A. Au penetration is substan-
tially less outside the island region. Figure 13(b) shows the
selected area profiles for Ge. The Ge signal does not exhibit
the same plateau as Au in Fig. 13(a) in the localized re-
gion. Agaln, there is a distinctly greater Ge diffusion
(~1000 A) inside the island region than outside of it.

FIG. 12. Back-side lateral images for sample annealed at 320 °C for 3 h.
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FIG. 13. Selected area profiles using back-side SIMS for (a) Au and (b)
Ge in the contact after annealing at 320°C for 3 h. (a) and (b) show
profiles inside and outside the island regions, profiles over the total area,
and profiles of the Si marker layers.

DISCUSSION

The formation of an epitaxial nonalloyed ohmic con-
tact may be looked upon from roughly two points of view:
kinetics or thermodynamics. The kinetics perspective
would explain the island formation and segregation effects
while the thermodynamics analysis could describe the
phase formations within these islands. Au-Ge island for-
mation data of Fig. 3 correlated with contact resistivity
results (Fig. 1) provide some evidence that ochmic contact
behavior must be accompanied by some critical island or
localized region density. This saturation of the island
formation/density factor suggests the possibility of a lat-
eral diffusion-limited process. Further, since the contact
structure is epitaxial, the resistivity will not be dominated
by grain boundary diffusion as in the case of polycrystalline
contacts.!® Our results suggest that localized reactions or
island formation are important in achieving a nonalloyed
Au-Ge ohmic contact. Localized reactions in the nonal-
loyed Au-Ge ohmic contact system have been observed in
a previous study.!? There, it was also determined that a
contact composed exclusively of Ge/GaAs was not ohmic.
Tladis and Singer®® pointed out the significance of the in-
homogeneous lateral Ge distribution in the ultimate for-
mation of an alloyed ohmic contact while Braslau®?! pro-
posed a contact model for the alloyed Au/Ni/Ge system
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where conduction occurs in the Ge-rich islands. In our
study the SEM and lateral SIMS images (Figs. 2 and 12),
the SIMS, and AES depth profiles combine to clearly show
the segregation of Ge and As to the same localized regions
above the substrate and the segregation of Ge and Au to
the same localized regions at the contact/GaAs substrate
interface. TEM results for the as-deposited structure in
Fig. 8 reveal Au protrusions into the GaAs substrate which
may serve as nucleation sites for the localized reactions.
Previous work??® on Au-GaAs reactions have also docu-
mented the lateral inhomogeneity of Au on GaAs but the
temperatures used were above the Au-Ga eutectic of
347°C.>* The simplified epitaxial Au/Ge/GaAs contact
structure results in a system that is dependent upon segre-
gation and island formation for ohmic behavior.

A thermodynamic analysis of the epitaxial contact may
describe the actual compound phase formation that takes
place within the islands or localized regions. While micro-
structural results for contacts annealed for 3 h at 320°C
showed that the Ge/GaAs interface is smooth outside the
island regions as in Fig. 9, inside the island region there is
substantial Au and Ge interdiffusion. The Auger profiles in
Fig. 5(a) illustrate this substantial Ge, As, Au, and Ga
diffusion in the localized regions after only 1 h of anneal-
ing. There is substantial Au in-diffusion only in the local-
ized regions as seen in the back-side lateral images in Fig.
12. This Au in-diffusion is accompanied by rapid in-
diffusion of Ge. The resultant Ge diffusion behavior at the
Ge/GaAs interface can be seen in the evolution of different
Ge/As-related phases from the Auger and back-side SIMS
profiles. The incorporation of both Au and Ge in the sub-
strate region has been seen in this study to be necessary for
ohmic behavior and we consider the Au and Ge related
phase formation below.

The Au interaction with Ga in Figs. 5(a), 6, and 7
appears to be limited to reaction thicknesses less than 50 A.
However, the penetration of Au into the GaAs substrate
over time is more carefully observed in the back-side SIMS
profile in Fig. 13(a). The Au in this localized region of a
contact which displayed ohmic behavior (320 °C, 3 h) ex-
hibits a plateau just beneath the metal/GaAs interface,
indicative of a possible reaction with the GaAs. Au is a
known interstitial diffuser in GaAs®*? and has been shown
to enhance Ge in-diffusion due to excess Ga vacancies in
sintered Au-Ge contacts.* In addition it is known from
thermochemical data” that AuGa (AH~—7.64 kcal/
mol) compound formation is favored over AuGe (AH~
—2.24 kcal/mol). The dissolution of Au in GaAs then
may best be studied to first order using a ternary phase
diagram. The Au-Ga-As ternary phase diagram shown in
Fig. 14(a) as derived by Byers et al®® reveals that the
phases AuGa-GaAs-Au can exist and are stable thermo-
dynamically. The existencé of such a AuGa-GaAs-Au sys-
tem could also explain the limited Au interaction with Ga
above the contact.

Ge interdiffusion is influenced to a great extent by Au
in-diffusion. The formation of stable AuGa phases just be-
neath the metal/GaAs interface may promote the incorpo-
ration of Ge since Ge is known to diffuse substitutionally.?®
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FIG. 14. Ternary phase diagrams: (a) Ga-As-Au and (b) Ga-As-Ge.
Both are valid for 300 < T'< 600 °C and are taken from Ref, 28.

The selected area profile [Fig. 13(b)] shows the greater Ge
diffusion into the GaAs in the island regions. However,
while this incorporation of Ge may suggest heavy doping
of the GaAs substrate region it does not eliminate the pos-
sibility of a thin graded Ge/GaAs layer or a Ge/GaAs
heterojunction as was considered for Ge/Pd contacts.'®
This is supported in part by examination of the Ge-Ga-As
ternary phase diagram in Fig. 14(b). Tie-lines can be
drawn between the stable phases Ge-GaAs-GeAs (or
GeAs;). The Ge/GaAs region could accommodate these
phases which would allow for the existence of the required
heterojunction. The Ge-Ga-As phase diagram indicates the
existence of the different Ge-related phases that are present
in the localized island regions with the onset of ohmic
behavior in the Auger profiles. The evolution of the Ge
layer into the GeAs phases and the Ge phases may be now
seen in the following manner. Rapid Ge and As out-
diffusion to the contact surface away from the substrate
initially occurs, resulting in GeAs formation. The rapid Ge
diffusion may be due to the Au in-diffusion while As is a
known diffuser in Ge® and Au.’® As the As out-diffusion
diminishes Ge diffusion into the GaAs dominates. The rea-
son for this behavior may be due in part to the formation of
the thin (50 A) AuGa diffusion barrier as was observed in
Fig. 5(a) near 5 min. This would serve to limit As out-
diffusion and, in the absence of such diffusion, would allow
Ge in-diffusion to occur.

A model that emerges for this single crystal ohmic
contact formation is as follows. Au first comes in contact
with the GaAs at points where the Ge layer is either very
thin or nonexistent. It reacts with the GaAs to form AuGa
phases which results in the formation of free As and/or
vacancies in the GaAs lattice. The Ge then rapidly in-
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diffuses substitutionally via Ga vacancies vforming GeAs
related phases. Heavy Ge doping may then occur, leading
to ohmic contact formation.

CONCLUSION AND SUMMARY

Nonalloyed Au-Ge ohmic contacts were formed using
single crystal Ge grown on GaAs. SEM, AES depth pro-
files, and SIMS imaging revealed localized reactions across
the contact surface, with substantial Ge, Ga, and As inter-
diffusion in the localized island regions. Two factors are
important in ohmic contact formation: localized reactions
and island growth, and the substantial diffusion of both Au
and Ge. The ohmic contact can be modeled as a coupled
Au and Ge interaction with the GaAs. The lowest average
contact resistance and specific contact resistivity were
found to be ~0.28 & mm and ~7X 107°% Q cm?, respec-
tively.
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