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A backside secondary ion mass spectrometry technigue is employed to examine elemental
redistribution in the Ge/Pd/GaAs ochmic contact as a function of annealing conditions. Diluie
Al containing marker layers (Ga, _ Al _As) in the GaAs permit precise calibration and
alignment of the elemental depth profiles. Double etch-stop thinning yields high depth
resolution. The onset of ochmic behavior is found to occur when Ge is detected at the GaAs
surface. Good ohmic behavior is observed when an interfacial layer of reacted Pd,GaAs is
dispersed and complete coverage of Ge occurs. The Ge/GaAs interface is abrupt with the Ge
concentration dropping by over three orders of magnitude within 100 A. About 40 A of GaAs
is found to be consumed during the ohmic contact formation. Degradation of the ohmic
contacts, as a result of further heat treatment, was found to correlate with Ge in-diffusion into
the GaAs. The resulis place strict limitations on doping and heterointerface models of chinic

behavior for this contact.

L INTRODUCTION

Ohmic contact formation to GaAs has been studied ex-
tensively,"© yet the detailed mechanisms causing ohmic be-
havior are still debated for all practical contacts. The ubiqui-
tous Au-Ge-Ni alloyed ohmic contact has been extensively
studied since 1967,” but remains controversial.' A popular
explanation for its ohmic behavior is that, during alloying of
the contact, some GaAs is dissolved into the melt which,
upon cooling, is rejected and regrows epitaxially cn GaAs.
Some Ge is incorporated into this regrown layer and dopes
the GaAs sufficiently » type® to permit electron tunneling to
dominate at the contact interface. However, Geis an ampho-
teric dopant which produces heavily compensated material
when high doping concentrations are attempted. The high-
est doping concentration reported for liquid-phase epitaxial
growth of GaAs from Au-Ge®® and Au-Ge-Ni° melis is
about 5 X 16'® donors/cm.? For good ohmic behavior, as ob-
served in these alloyed ohmic contacts, a doping density of at
least 5 10" donors/cm’ is required.” Although bulk dop?
ing concentrations of this magnitude are not achievable,
Kirchner ef gl.'' claim, from specific contact resistivity mea-
surements, that during molecular-beam epitaxiai (MBE)
growth a surface doping concentration of ~ 1 10?® don-
ors/cm” can be achieved (with Si). It may be argued that a
similar phenomenon occurs in the Au-Ge-Ni contact, al-
though there has not been any direct observation of this. The
nonuniformity both laterally and in depth of these alloyed
contacts makes such an observation particularly difficult.
This nonuniformity can itself be a source of electron injec-
tion due to field emission.

In the case of the scolid-phase contacts using Ge/Pd/
GaAs, a significant increase in spatial oniformity is ob-
served.'”'® During ohmic contact formation some Ge s con-
sumed in the formation of PdGe and excess Ge is transport-
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ed to the GaAs surface where it grows epitaxially.’>"'5 An
alternative mode! for the ohmic behavior of this system is
that the epitaxial Ge layer results in a low barrier contact to
GaAs, as has been observed for MBE grown Ge/GaAs
structures.'® However, studies of ostensibly undoped Ge lay-
ers, of the temperature and doping dependence of the con-
tact resistivity,” and of the increased contact resistance to p-
type GaAs as compared with the pure Pd contact' are
consistent with the doping model. It is suggested that Ge is
incorporated into GaAs preferentially on Gassites due to the
formation of excess Ga vacancies'” to yield an n * layer im-
mediately beneath the contact. This paper sets out to resolve
the extent of Ge incorporation which occurs, if at all, within
nanometers of the contact interface.

Secondary ion mass spectrometry (SIMS) is an appro-
priate technigue for this study since it possesses high depth
resolution coupled with high (parts per million) sensitivity
to the constituent elements, particularly Ge. The depth reso-
lution of SEMS is dependent upon the sampie roughness and
nonuniformity,'” ion beam mixing and knock-on effects,'®!°
preferential sputtering,'®, and segregation effects induced by
oxygen bombardment.?° These effects make it difficult to
detect a thin layer of low concentration immediately beneath
a layer of high concentration; in this case, a layer of Ge-
doped GaAs beneath a Ge layer. In addition, polycrystalline
metallic overlayers typically roughen considerably in the
course of a sputter profile. To circumvent these difficulties,
high depth resolution SIMS profiles were performed from
the backside of chemically thinned samples, vtilizing the
technigue deveioped by Paimstrém et a/.,*’ described below.

Knowledge of sputter rate and depth resolution are es-
sential when trying to extract guantitative information from
SIMS depth profiles. Unfortunately, these parameters can
vary from run to run and sample to sample. Here, internal
marker layers of known thickness and spacing were incorpo-
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FIG. 1. Backside SIMS sputter depth profiles of an unannealed Ge/Pd/
GaAs/dx [Ga g, Al As/GaAs) structure using 2.3 keV O, ion beam.

rated in the samples in order to calibrate sputtering rate and
depth resolution during each individual depth profile. The
marker layers also allow for precise alignment of the depth
profiles 8o that material consumption can be examined with
a precision exceeding the inherent depth resolution of the
technique. Molecular-beam epitaxy was used to grow the
layer structures since this technigue has great control of lay-
er thickness, interface abruptness and layer composition.
The marker layers were formed using four periods of
GaAs(400 A)/GagoAl,, As{(100 A) layers. These layers
are atomically abrupt and the sputter rate is similar in GaAs
and Gayg Al ; As. The concentration of Al was chosen o
minimize matrix effects but still give a substantial SIMS sig-
nal. An 800 A Si-deped GaAs surface layer was also incor-
porated, permitting subsequent electrical measurements. In
order to achieve maximum reproducibility, only samples
fabricated from the same wafer will be directly compared.

A backside SIMS technique has been used previously to
study the penetration depth of Au-Ge-Ni/GaAs alloyed
contacts by Shappirio et @l.*** In their case alternating n-
type and p-type GaAs layers were used as markers and the
sample geometry was not designed to optimize depth resolu-
tion (roughly 3 um of GaAs was sputtered before reaching
the GaAs/contact interface).

5. EXPERIMENT

The samples were grown by MBE in a Varian Genil
MBE system. The following structure was grown by MBE
on semi-insulating (Cr-doped} (100) GaAs: GaAs buffer
(5000 A)/ AlAs (1000 A)/4X[GaAs (400 A)/
GagoAly, As(100 A)]/GaAs(n-type Si-doped 1x10%
.cm ™2, 800 A). The AlAs layer was used as a lifi-off layer to
enable removal of the subsirate for backside SIMS. This
technique for lifting off thin GaAs layers has been described
recently.” Some samples had an additional Ga, Al As
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layer 5000 A thick grown between the AlAs and GaAs buff-
er layer. The MBE grown samples were degreased with
TCE, ultrasonicaily cleaned with acetone and isopropandl,
then rinsed in HCLH, O (1:1 by volume) until hydrophobic,
and finally rinsed in deionized H, O and blow dried in flow-
ing N,. immediately after drying, the samples were loaded
into an ion pumped electron beam evaporator with a base
pressure ~ 1.7X 10~ ¢ Torr. Pd (470 A) was deposited at 7
A/ s, followed by Ge (1500 Ayatis A/s. The pressure dur-
ing deposition was {1-3) X 107 Torr. The samples were
annealed in a forming gas ambient {15% H,-85% N, ) at
temperatures ranging from 325 10 410 °C. For electrical eval-
uation saroples with transmission line { TLM) patterns were
also fabricated simultaneously.

After annealing the metallization/GaAs/
4% [Gag,Al,, As(100 A)/GaAs(400 A)] structure was
lifted off for backside SIMS analysis. The contact surface
was protected using wax and the AlAs lift-off layer dissolved
in an HF based etch.”® The wax-supported structures were
mounted contact side down in the SIMS instrument and
depth profiles were performed from the semiconductor side
of the samples. The samples with the additional Ga,, Al
As layer were mounted contact side down on a GaAs sub-
strate using wax. They were then thinned mechanically to
~ 50 gm before being etched in a H, G, -NH, OH ctch. The
Ga, , Aly s As layer acted as an etch stop layer enabling pref-
erential removal of the substrate GaAs. The Ga, Al As
and AlAs were then removed using an HF based eich. Since
two etch stop interfaces are employed, the resuiting surface
is near atomically smooth. SIMS measurements were per-
formed in an Atomica 3000-30 ion microprobe utilizing 2 2.3
or 6.6 keV G, ion beam at normal incidence. A Geimplant-
ed GaAs standard was used for calibration. RBS measure-
ments were performed using a 3 MeV He ™ * ion beam pro-
duced by a General Ionex [-MV Tandetron accelerator. The
transmission line method (TLM) was used to determine the
specific contact resistance of the ohmic contacts.

. RESULTS

Figure 1 shows a backside SIMS depth profile of an un-
annealed Ge/Pd/GaAs structure. Note that the front edge
of cach Al peak is sharper than the back due to ion beam
mixing (knock on).”® Since the GaAs/Gag, Al As inter-
faces grown by MBE may be assumed fo be atomically
abrupt, the transition width of this front edge is a measure of
the depth resclution during each depth profile. The peak-to-
valley ratio for the Al signal in Fig. 1 decreases with sputter
depth, indicating a slight decrease in depth resolution with
sputtering. For the Al layer closest to the contact the 10%—~
90% widths of the front and back edges were ~ 50 and ~ 85
A, respectively. In determining low concentrations close 10
an interface the signal rise and decay rates are also impor-
tant. For the Gag 4 Al | As layer closest to the contact the Al
signal rise rate was determined to be ~ 10 A/decade at the
GaAs/Gag, Al ; As interface and the decay rate to be ~90
A/decade at the Gay, Al As/GaAs interface using a 2.3
keV O, beam. The small signals of Ge and Pd in the semi-
conductor layers arise from background noise in the SIMS
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instrument. When the GaAs/contact interface is reached,
the Pd signal can be seen to rise much faster than the Ge
signal (20 A/decade vs 50 A/decade). This shows that Pd is
in contact with GaAs. The Pd signal then drops before it
-rises again at the Pd/Ge interface. The Ga and As signals are
alsc abserved to increase at the GaAs/Pd interface. The rate
of rise for the Pd signal indicates that this interface is abrupt.

Figure 2 shows the GaAs/Pd/Ge interface more clear-
ly. A 6.6 keV O," ton beam was used in this case. Figure 2{(a)
shows the frontside profile (i.e., from the contact surface)
and Fig. 2(b) the backside. The horizontal axis (sputter
time) has been normalized such that the sputier rate for
GaAs is the same in each case. It can easily be seen that the
depth resclution at the GaAs/Pd interface has been substan-
tially improved by backside SIMS. A Pd signal rise rate of
~30 A/decade was determined for Fig. 2(b) and Pd signal
decay rate of ~250 A/decade for Fig. 2(a}.

Figure 3 shows RBS backscattering spectra of the
Ge/Pd/GaAs structure after various anneals. The as-depos-
ited spectrum shows the Ge/Pd/GaAs structure. Annealing
at 225 °C results in PdGe formation at the Ge/Pd interface.
However, some unreacted Ge remains at the surface as can
be inferred from the Ge peak at the surface and the high-
energy edge of the Pd peak which has not reached its surface
value. Annealing at 325 °C results in Ge accumulation at the
GaAs surface with no elemental Ge remaining on the con-
tact surface. The associated SIMS depth profiles are shown
in Fig. 4. The unannealed sample shows an abrupt GaAs/Pd
interface [Fig. 4(a)] with a 20 A /decade rise rate of the Pd
signal. There is no Ge detected in the as-deposited Pd film.
The SIMS depth profile for the 225 °C annealed sample { Fig.
4¢{b) 1 shows that Pd and Ge have reacted. The Ga and As
signals show peaks at the interface as in the unannealed sam-
ple. Annealing at 325 °C results in these peaks disappearing
when Ge comes into contact with GaAs [Fig. 4(c) ]. There
is little Pd in the interfacial Ge layer. These results are con-
sistent with the RBS data shown in Fig. 3.

The amount of GaAs consumption during ohmic con-
tact formation can be determined from Fig. 5. Here the
marker layers allow precise alignment of unannealed and
annealed profiles. The shift in interface position corresponds
toa ~40 A consumption of GaAs. This is < 5% of the 800 A
GaAs surface layer thickness and within the experimental
tolerance.

SIMS profiles were alsc obtained from samples which
underwent a second anneal, as shown in Fig. 6. The SIMS
depth profile for a 225 °C, 30 min/325 °C, 30 min dual an-
neal [Fig. 6{a}] is virtually identical to the profile of the
325°C, 30 min annealed sample [Fig. 4(c)]. Figure 6(b)
shows the SIMS depth profile of 2 325 °C, 30 min/410°C, 1 h
annealed sample. Again, the profile is very stmilar to that for
the 325 °C annealed sample except that significant penetra-
tion of Ge (of the order of 200 :&) into the GaAs is observed.

The TLM measurements of these contacts showed that
the as-deposited samples were rectifying, the 225°C an-
nealed sample was a poor ohmic contact (r, ~1X107*
2 cm®) while the 325 °C sample showed good ohmic behav-
jor (r, ~14%x107° $lcm?). The dual anneal at
223 °C/325 °C yielded virtually identical contact resistivity
to the sample annealed at 325 °C only. The 325°C/410°C
dual anneal showed an increase in the specific contact resis-
tance (7, ~35x10 7% cm?).

V. DISCUSSION
A. Comparisons

The backscattering resultsin Fig. 3 and the SIMS results
in Fig. 4 are consistent and in complete agreement with ear-

tier published results on the Ge/Pd/GaAs contacts.!>° It
has been shown with transmission electron microscopy that
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FIG. 2. SIMS profiles of an unannealed Ge/Pd/GaAs structure using 6.6
keV O," ion beam: (2) from the front and (b) from the back. The depth
scale marker is for the Gads only.
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Pd reacts with GaAs during deposition to form a thin inter-
facial layer ( ~60-120 A) of Pd,GaAs.”® The presence of
the Pd,GaAs layer has also been observed by x-ray diffrac-

Pd,GaAs formation at the interface. Similarly, the large rise
in the Ge signal at the Pd/Ge interface may also be indica-
tive of a Pd-Ge reaction during deposition. Clearly, there is
tion.?® This layer was found to be present in samples as-  no significant Pd indiffusion intc the GaAs beneath this
deposited and annealed at 225 °C, but was not detected in  reacted layer; the as-deposited structure consists of
contacts annealed at 250 °C and above.*® The backscattering ~ GaAs/Pd,GaAs/Pd/Ge.

results in Fig. 3 cannot detect this layer due to lack of resolu-

tion. The rise in the Ga and As SIMS signals at the GaAs/Pd

interface [Fig. 4(a)] is interpreted as a signature of
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Annealing at 225 °C results in a Pd-Ge reaction: with the
formation of PdGe, as inferred from Figs. 3 and 4(b). Both
backscattering and SIMS show that there is little transport
of Ge from the contact surface through the PdGe to the
Gads surface. However, SIMS does show a presence of Ge
at the GaAs surface [Fig. 4(b)]. The SIMS results in Fig.
4{b) show the Ga and As signal rise 2t the GaAs/Pd inter-
face, which is indicative of a Pd, GaAs layer. Furthermore,
the Pd signal can be seen to rise more rapidly at high signal
level than the Ge, consistent with the presence of a thin layer
richer in Pd than Ge. Hence, it can be concluded that the
Pd,GaAs layer is still present. The contact structure has
become GaAs/Pd, GaAs(Ge)/PdGe/Ge. The presence of
some Ge in the GaAs interface region may expiain the
change in the electrical properties of the contact in going
from rectifying to poor chmic.

It can be deduced from both the backscatiering (Fig. 3)
and SIMS [Fig. 4(c)] resulis that annealing at 325 °C re-
sulis in Ge accumuliation at the GaAs/contact interface.
Again this is in agreement with earlier studies.’”””® These
results cannot determine whether this arose from Ge trans-
port through the PdGe and/or Pd out-diffusion. The lack of
Pd at the GaAs surface and Ga/As yield increase at the
GaAs/Ge interface shows that the interfacial Pd, GaAs lay-
er no longer exists in agreement with x-ray diffraction stud-

jes.2®

B. Regrowtih, dissolution, and doping

If a thin highly doped GaAs layer is formed during coh-
mic contact formation, then this could occur either through
diffusion of Ge into the GaAs or by solid phase regrowth of
GaAs doped with Ge. Solid phase regrowth of GaAs from
Ni,GaAs has been shown to occur in Si/Ni/GaAs struc-
tures.”’ It is important to determine whether a similar mech-
anism is occurring in Ge/Pd/GaAs contacts. During the
deposition of Pd on GaAs, a thin layer (60-120 A) of
Pd,GaAs phase forms.” According to Sands ef al,* this
phase can grow to a maximum thickness of ~250 A at
275 °C before the next ternary phase starts t¢ grow. They
found that the second phase did not form at temperatures
below 230 °C. A similar amount of Pd,GaAs formation was
reported by Lin ef a/. for 2 250 °C, 1 h anneal™® (150 AofPd
was consumed by reaction, which corresponds to ~225 A
Pd,GaAs). The formation of 60-250 A Pd,GaAs would re-
sult in the consumption of ~ 30-130 A of GaAs. From Fig. 5
it was deduced that ~40 A of GaAs is consumed during
contact formation, which is in the range of that predicted
from Pd, GaAs formation. The error in consumed GaAs is
estimated to be + 20 A due to sample nonuniformity and
beam current drift.

In comparing Figs. 4(b) and 4(c) it is clear that the Ga
yield in the contact metallization has increased by about one
order of magnitude and is about two orders of magnitude
lower than in GaAs. 50 A of GaAs corresponds to ~ 1 X 10°
Ga atoms/cm?. The contact metallization consisted of 470 A
Pd and 1500 A Ge , which corresponds to ~IX 10!
atoms/cm?. Thus, if ali the Ga in the Pd, GaAs layer were
dispersed in the contact metallization uniformly it would be
present at a level ~1 at. %, which is probably below the
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solubility limit. The Ga and As are uniformly distributed so
that there is no diffusion limitation to the dissolution of
GaAs. Assuming that the Ga ionization yield is similar in
PAGe and GaAs the Ga yield in the PdGe would, in fact,
correspond to about 1 at. %. In short, consumption and dis-
sofution of GaAs clearly occurs, but the extent of GaAs re-
growth, which depends on the Pd, GaAs thickness, cannot
be accurately determined; it is anticipated to be between 0
and 50 A. Lattice imaging of an annealed ohmic sample in
the presumably analogous Si/Pd/GaAs system has shown
evidence for a regrown GaAs layer on the order of 100 A
thick.'?

The rate of Ge signal rise at the GaAs/Ge interface was
~20 A/decade, which is comparable to the as-deposited
GaAs/Pd interface and only slightly worse than the
GaAs/Gag, Al ; Asinterface { ~ 10 A/decade). Hence, the
amount of Ge in-diffusion into the GaAs must also be smail.
The data cannot rule out the formation of an extremely thin
Ge-doped GaAs laver. From a Ge-implanted GaAs stan-
dard, a normalized ion yield of 50 in Fig. 4 corresponds to
1 X 10" Ge atoms/cm”. This level occurs at a depth of ~50
A beneath the interface. Thus the maximum thickness for a
Ge-doped GaAs layer with Ge doping »>1X 10" cm % is
~90 A. This number may be dominated by instrumental
broadening and interface roughness. The a1 -Gahs re-
growth model requires that a layer of doping 10 cm ~ *be at
teast 30 A in thickness to yield ochmic behavior.

Degradation in contact resistance after annealing at
410°C correlates with Ge diffusion into the GaAs. This
might be expected since high doping concentrations of Ge in
GaAs resuits in highly compensated material and in some
cases even p-type material. However, under ideal conditions,
n* doping levels ~7x 10"°/cm”® have been achieved.”

C. Alternative models

In determining the formation of a thin Ge doped GaAs
layer, it has been assumed that the doping levels of interest
are in the range of 1 X 10"°~1x 10°°/cm’. Another mecha-
nism which may also be the cause of ohmic behavior is the
formation of a thin ternary Ge, {GaAs), _ . (Ref. 30) layer
with 2 small band gap between the regrown Ge and GaAs.
Ion beam mixing and variations in ton yields at high concen-
trations makes this difficult to detect using SIMS alone.

The presence of Ge at the contact/GaAs interface is
gbserved by SIMS in samples annealed at temperatures as
low as 225 °C [Fig. 4(b)]. The interfacial Ge could be con-
tained in a Ge/GaAs heterojunction, the Pd, GaAs layer or
in PdGe which is in contact with the GaAs as a result of
nonuniform decomposition of Pd, GaAs. A Ge/GaAs heter-
ojunction may exhibit ohmic behavior,'® in which case the
doping of the Ge becomes an issue. As yet the doping level
and type in the Ge layers formed in these Ge/Pd/GaAs con-
tacts has not been determined. Recent low-temperature elec-
trical measurements suggest that an effective barrier of
~0.01-0.02 eV is present in this contact.®® This is only
siightly lower than the conduction band discontinuity for an
MBE #» " -Ge/n~-GaAs heterojunction (~0.08 eV).?2 A
lower effective barrier height might be expected for s *-
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Ge/n t -Gaas. However, if the mechanism for the ohmic
behavior in the 8i/Pd/GaAs and Ge/Pd/GaAs systems are
the same, then the n+-Ge/n*-GaAs heterojunction is un-
likely to be responsible for the ohmic behavior since no
8i/GaAs heterojunction has been observed. On the other
hand, preliminary SIMS results indicate no significant in-
diffusion of Si also in the 8i/Pd/GaAs system.

For chmic behavior to be observed, changes in the GaAs
surface region have to occur to enable easy carrier transport
across the Ge/GaAs interface. Either an n ¥ -GaAs surface
layer is formed, the Fermi-level pinning position for the
GaAs surface is modified to give a low barrier at the
Ge/Gahs interface [such as may happen if a thin
Ge, (Gads), , were formed between the Ge and GaAs],
or a defective regrown GaAs surface layer is present.”® The
electrical data for these contacts on p-type GaAs, which
show poor ohmic or rectifying behavior,>* are not inconsis-
tent with n * -regrown GaAs layer or a n7-Ge/n " -GaAs
heterojunctionr model. These data could also be explained by
a lowered effective barrier height to n-type GaAs by the for-
mation of a thin Ge, (GaAs), _, intermediate layer, Fermi-
level unpinning at the GaAs surface, or movement to an-
other pinning position.

V. CONCLUSIONS

Backside SIMS can be used to study doping level con-
centrations of overlayer impurities immediately beneath an
interface. This enables direct detection of in-diffusion into
the underlayer. SIMS signal rise rates of 20 A/decade have
been demonstrated for GaAs/metallization interfaces.

The onset of chmic behavior in the Ge/Pd/GaAs sys-
tem is found to occur when Ge is detected at the GaAs sur-
face. Good ohmic behavior is observed when an interfacial
layer of reacteéd Pd, GaAs is dispersed and complete cover-
age of Ge occurs. Degradation in the ohmic behavior corre-
lates with Ge diffusion into the GaAs beneath the contact.
This okmic contact is extremely shallow; after contact for-
mation only ~40 A GaAs is consumed and the maximum
Ge penetration depth is less than 100 A,

These results place strict limitations on the models for
ohmic contact formation. Significant consumption and dis-
solution of GaAs occurs in the contact, imiting the amount
of GaAs available for regrowth. For the #n ™ -GaAs regrown
layer model, the thickness of any regrown GaAs layer and
the extent of Ge in-diffusion must be significantly less than
100 A immediately beneath the contact.
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