Chemical Cleaning of GaSb (1,0,0) Surfaces
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ABSTRACT

GaSb (1,0,0) surfaces have been cleaned by chemical passivation and later heat-treatment in ultrahigh vacuum congj.
tions. Four different etching solutions consisting of an oxidant and an acid for oxide dissolution have been studied. Wity
the H,SO4H,0,:H,0 the surfaces become very rough, unevenly ‘covered with oxides, and not suitable for later epitax
3 NaK(tartrate), HF:HNO;:CH,;COOH, and Br:methanol, le:
. rather smooth surfaces covered with a thin passivating layer, probably consisting of pure Sb, Sb,03, and Ga,O3, which ¢

be easily removed by heating the samples in ultrahigh vacuum at temperatures between 480° and 510°C.

growth. The remaining three etchants studied, HC1:H;O,:

One of the crucial stages in epitaxial growth or in the

preparation of negative electron affinity (NEA) photocath-
odes is the preparation of clean and flat surfaces. In both
cases the presence of contaminants, mainly carbon, must
be carefully prevented. In the case of NEA photocathodes
the presence of small amounts of C on the surface rapidly
degrades the efficiency. In molecular beam  epitaxial
growth if some residual C remains on the surface, this can-
not be removed unless the samples are heated at rather
high temperatures. For GaAs, temperatures well over the
limit of congruent evaporation are necessary and this
_ treatment causes the faceting of the surface.
"~ In the past, argon ion bombardment and later annealing
were used for cleaning the semiconductor surfaces. How-
ever, the temperature needed for damage recovery is well
over the congruent evaporation temperature again and
this process is not suitable for surface preparation. At pres-
ent, an alternative process consisting of passivating the
GaAs surface with a thin oxide layer which prevents C ad-
sorption is commonly used [see for example Ref. (1)]. This
thin layer can be easily removed by later heating the
sample in ultrahigh vacuum conditions. The etching of the
sample takes place via the typical oxidation-dissolution
chemical mechanism. The formed oxide is dissolved in
some aqueous acid or basic solution. After stopping the
chemical reaction the sample surface remains covered
with a thin oxide layer, that because of its chemical inac-
tivity prevents the adsorption or reaction of possible con-
taminants like C on the surface.

Unfortunately GaSb is more reactive than GaAs and
thus GaSb is quickly oxidized in an oxidant ambient.
Moreover, the Sb oxides are rather insoluble in aqueous
acid or alkali solutions causing inhomogeneities during

etching when the oxidation-dissolution mechanism is re-~

sponsible for the etch reaction. The presence of some com-
plexing agent that renders the oxidized Sb soluble during
the etching has been proposed (2). .

In this work we report results obtained with several
etching solutions. Morphology, Auger measurements, and
RHEED have been used to demonstrate the suitability of
some of these etchants. !

Experimental

The samples used in this work are (1,0,0) polished GaSb
lices doped with Te (3 x 10! ¢em™3) obtained from ingots
_grown on silica boats by the horizontal gradient freeze

echnique. . - '
Lxcept for the last etch step all the samples have been
cted to the same cleaning procedure. First of all they
i : ‘boiling trichloroethylene, acetone, metha-
deionized water. The residual oxides on

. During all the cleaning sequences, the samples nev

" above except in the case of the H,SO4:H,05:H,0 mixtur

the sample surfaces are etched off by HCl and later ri
in deionized water to achieve the same starting conditic
in all of the samples. After that, the samples are immer,
in H,SO, to remove possible organic residues, and t
rinsed again in deionized water. Finally, the sample
etched in the different freshly prepared solutions
final etch is quenched by successive immersion o
samples in two different methanol baths. After complet
the cleaning procedure, the samples are blown with
tered dry nitrogen, soldered with Ga to a molybd
sample holder, and loaded into a 360 MBE Varian sy

come exposed to air until they are dried with N».

The compositions; temperatures and etch times o
different etchants are the following: . L

1. H,S0,:H,0,:H,0, (3:1:1), 70°C, 2 min

2. HC1:H,0,: NaK(tartrate), (830 mM:300 mM:83
room temperature, 5 min : j

3. HF:HNO;:CH;-COOH, (1:10:15),: room temperatl
15s i

4. Br:methanol, (5:1000), room temperature, 30s

Once the samples are loaded in the vacuum system
the limiting vacuum achieved, they are heated to ob
clean surface. Over 400°C, the samples are heated un
Sb flux in order to avoid surface decomposition. Al
spectra and RHEED diffraction patterns were recorded
50°C steps. This study has been repeated for two samp
prepared. with each of the etching solutions mention

Another series of samples were prepared in the sa
way for studying the surface morphology by sca
electron microscopy in the amplitude modulation work!
mode for enhancing the contrast. :

Results and Discussion
Morphology.—Figure 1a shows the electron micro
photography of a sample etched with H,SO0.H,0x2:Hy
is clearly apparent, the surface is considerably rough
as a consequence of a very inhomogeneous etch.
over, even at first sight, differently colored regions ¢
seen unevenly shared over the etched surfaces. The
fects may be due to the formation of a passivating.
which is rather insoluble in acid or alkali aqueous
tions (2) which prevents the later etch of the samplt
has been proposed by Buglass et al. (3). The oxide !
formation has also been observed in the first stages
anodic oxidation process in GaAs, InP, InAs, and Iﬂs
In Fig. 1b the micrograph of a sample etched
HF:HNO;:CH;COOH can be seen. Contrary to that !
above case, the surfaces observed by the electron
scope are rather smooth and show a mirror-like asp



‘oblanco,

um condi-
died. With
T epitaxia]
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which can
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conditions
-immersed
,.and then
amples are
itions. The

ns, HCL:H,0,:NaK(tartrate) and Br:methanol are very
ar to that obtained with the HF:HNO;:CH;COOH
nt, and even the degree of roughness observed with
ectron microscope is comparable, and thus they will
e shown here.
cial care has to be paid so as to avoid exposing the
les to air during all the cleaning process, otherwise
exposed area becomes severely damaged. In Fig. 1c the
on micrograph of a sample, etched with Br:metha-
vith exposed and unexposed areas can be seen. The
de of the micrograph corresponds to a region which
ccidentally been put in contact with air just before
ich. As seen, a step between exposed and unexposed
as developed. Furthermore, the exposed region re-
avery much rougher surface than the unexposed
d, even by simple visual inspection, it can be seen
he exposed area has lost its mirror-like aspect. To the
'y, the region at the right side of Fig. 1c exhibits a
smooth aspect comparable to that of Fig. 1b indicat-
at this region has suffered an etch more homogene-
n the exposed.area. Probably, during the exposure
strong electrochemical potential is developed be-
the exposed and unexposed areas which causes a
ind inhomogeneous oxidation of the region in con-
h the ambient. Thus, because of the poor solubility
xide, the sample becomes unevenly and selectively
giving rise to a very rough surface. Similar effects
bserved when the samples to be etched with the
Os:NaK(tartrate) solution are previously put into
with air.
ew of the morphology results obtained with the
H;0,:H,0 solution described above, only the
s'etched with the three remaining mixtures have
udied by RHEED and Auger.

D mixture.
n the sam
yy scannin
ion workin

sight. The results with the remaining two etching so-
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Fig. 1. Electron micrographs of three sampies etched with: (q, top
left) H,504:H,0,:H,0; (b, top right) HF:HNO;:CH3;COOH; (c, left)
Br:methanol and with the left region exposed to air just before the etch.

sb

b)

Sb

8b

Fig. 2. Auger spectra of a sample etched with Br:methanol: (a) as in-
troduced in the vacuum system; (b) after 5 min electron bombardment

_in the same point and with no thermal treatment; (c) after completing

the thermal-treatment.
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Auger measurements.—Figure 2a shows a typical Auger
spectrum of a sample etched with Br:methanol before any
thermal treatment. The only peaks observed correspond to
Sh, O, and Ga. In some cases traces of C appear. The spec-
tra obtained in the samples etched with the other solutions
before thermal treatment are similar. First of all, it should
be remarked that the Sb peak observed in the as-prepared
samples does not have the standard shape of pure Sb (5)
nor that obtained in clean GaSb (see Fig. 2¢). When the
samples are heated, the Sb lineshape changes in such a
way that it can always be represented as the superposition
of two bands of similar shape but different amplitudes:
one at an energy about 454 eV, as normally observed in
pure Sb or clean GaSb, and another analogous band
shifted about 5-6 eV towards lower energies and probably
due to some oxidized species of the Sb. The superposition
of both bands results in the shape observed in all the
etched surfaces (see Fig. 3). This apparent superposition of
two peaks has also been observed in oxidized samples of
InSb (6). The energy separation between the two bands is
such that the height of the rightmost peak of the complex
band, h2, corresponds to pure Sb and is not affected by the
proximity of the shifted band. In a similar way, the left-
most peak height, h1, of the complex band is not affected

A

g. 3. kupéy'rpo_sitionf of -shifted - Auger peaks - giving rise to the
shapes observed for Sb. See text. : ’
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Table I. Auger peak heights for the different as eiched sam
jul

Sample Etchant h1Sb  h2Sb hy, O
30 Tartrate 14.4 17.6 828
31 Tartrate 8.5 10.5 57
32 HF 11.2 19.4 49
34 HF 14.4 25.1 42.2
33 Br 19.2 35.7 32.4
35 Br 26.2 25.5 36.2

by the presence of the standard lineshape and it ¢4
taken as a measure of the shifted band. :
The differences among the Auger spectra recorg
the different as-prepared samples are summarized in”
1. The peak heights h1 and h2 corresponding to Sh an
peak-to-peak amplitudes of O and Ga are reported.
height has been normalized to the sum of the four pey
The most significant difference is concerned with the
content (pure as well as oxidized) of the distinct sam
This content is maximal in the samples etched with B
thanol and minimal in those prepared with HCI:H,0,
(tartrate). . ’
The cleaning process during heating has been foll
by recording, at each temperature, the peak-to-peak
tude, hy, for Ga and O and the heights hl and h2 f
two Sb species. These heights have been corrected:
sensitivity factors of the different elements [see Ref.
the case of Sb, an additional correction, which take
account the ratios of hl and h2 with respect to h;
been introduced. Finally, each height has been norms
to the sum of the four. This normalization process en
us to obtain better insight into the composition of t|
face layer, although these results only can be consid
a qualitative way. Figure 4 shows the evolution of t|
ferent peaks with temperature for samples prepare
Br:methanol and HF:HNO;:CH;COOH.
Although the behavior of all the samples is very sin
in the sample represented in Fig. 4a the evolution o
different peaks with temperature can be more easi
lowed than in the other samples because of the highe
tial Sb content and because the Auger spectra havi
recorded at the smallest temperature intervals. We cat
tinguish six temperature regions that are clearly diff
tiated: :
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Fig. 4. Surface layer composition evo.lution vs. tehperai’ure fo
samples etched with: (a) Br:methanol; (b) _HF:HN03:CH3C00H (
®: pure Sb; +: oxidized Sb; A: Ga). k

i
H
3
H



1. Between room temperature and 80°C, the Sb oxide

cak decreases while the pure Sb peak grows, indicating
that a certain amount of the oxide is reduced. However,
this oxide reduction may be due not only to a temperature
effect, but more probably to an oxide reduction induced
py the electron bombardment during the initial stages of
the Auger spectra recording. In other samples we have ob-
served a similar decrease of the Sb oxide peak at room
temperature. The spectrum of Fig. 2b has been recorded
under the same conditions as that of Fig. 2a after maintain-
ing the electron beam focused at the same point for about 5

e

can be

rded in
in Table s the temperature increases above 160°C, the peak
and the © due to pure Sb starts to decrease reaching a minimum
'd. Each calue; clearly distinguished from the noise level, at around
r peaks. 1950°C. This pure Sb decrease is accompanied by a quick
1 the Sh “srowing of the Ga peak.
samples. 4 Between 200° and 400°C a gradual and complete elimi-
1 Brime- on of the Sb oxide takes place. In this temperature
0,:NaK- the Ga peak continues to grow, although more
; han in the above region. Since the oxide elimina-
followed kes place over a wide temperature range, an expla-

a desorption process does not seem suitable. A
anism. completely analogous to that which occurs
g thermal annealing of the anodic oxide of GaSb as
sed by Schwartz et al. (7) may be argued. Near the
terface a Sby0O; reduction giving rise to Ga,O; and
¢ Sb could take place via the reaction
+ 2GaSb Gay0; + 4Sb. Later, the pure Sb out dif-
reaching the surface. The pure Sb evaporates from
face in such a way that once a certain rate is
d, the surface becomes depleted of pure Sb and the
1 process can continue.
bove 400°C and up to around 460°C the surface layer
almost exclusively of Ga oxide. The small Sb sig-
rved may be due to a small amount of pure Sb dis-
n the Ga oxide. However, it seems more probable
signal comes from the GaSb substrate, because at
emperatures the vapor pressure of Sb is high
to completely deplete pure Sb from the surface

ween 480° and 510°C the Ga oxide desorbs quickly
g a clean GaSb surface. Figure 2c shows an Auger
m of a sample surface cleaned in such a way.

me of the as prepared samples traces of C appear.
r, in all of the cases these traces disappear com-
above 250°C. In.all of the samples a small peak due
been seen at the final stage of the cleaning process.
1all S signal is seen just when the O peak starts to
e, however it disappears immediately. It is possible
me S residual contamination coming from the
bath before the final etch could have remained at
e. :

been pointed out above, the pure Sb peak height
omes null but remains small probably due to the
ion of electrons escaping from the GaSb sub-

on of the Ga oxide, can enable us to estimate and
he oxide thickness obtained with the different
his thickness is maximum in the samples
ith Br:methanol and minimal when the etching
s HF:HNOQO;:CH;COOH. Furthermore, it is appar-
ain correlation exists between the oxide thick-
timated in this way and the temperature which is
completely removing the oxide layer. Whereas
les etched with Br:methanol, and thus with the
xide, a temperature between 500°-510°C is neces-
e elimination, in the samples prepared with

emperatures between 480° and 490°C, slightly
the above ones. )

h are the species formed during the chemical
ms reasonable to assume that the surface layer
Ga,03, Sb,03, and Sb as it has been observed in

rature for

cooH (@
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oss the surface layer. This height, just before the -

CH,COOH a completely clean surface is ob- .

hough from this study we cannot infer conclu--

ized by other methods. These are the only-
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Fig. 5. RHEED diffraction pattern after completing the thermal
treatment. ’

chemical species formed in thermal or anodic oxidation
processes unless the conditions are highly oxidizing (4, 7).
Furthermore, the behavior of the thermal or anodic oxides
under thermal annealing is very similar to the one reported
here. '

RHEED.—No diffraction pattern is observed in the as-
prepared samples. After reaching 400°C and under Sb flux
spotty patterns start to be observed although only in those
samples which show the largest Sb peak heights at that
temperature. This seems to corroborate- that in these
samples the oxide thicknesses are the lowest.

After completely removing the oxide layer a bar diagram
with 1/3 order streaks along the [1,1,0] azimuth (Fig. 5) can
be observed in all the samples indicating that the surface is

atomically flat (8). |

Conclusions

Among the four chemical etchants (H,SO,:H,0,:H,0;
HF:HNO;:CH;COOH; HCL:H,0,:NaK(tartrate); Br:metha-
nol) used for obtaining clean and flat GaSb surfaces under
ultrahigh vacuum conditions, the first one must be dis-
carded because it gives rise to very rough surfaces. This
may be the most oxidizing of the four and, because of the
poor solubility of the oxides, the surface is unevenly
etched and remains inhomogeneously covered with ox-
ides after the etch. The remaining three solutions produce
rather flat surfaces when the samples never come into con-
tact with air between the preliminary degrease and the
final etch. These three etchants give rise to a thin surface
layer which probably consists of Gay0;, Sb,O;, and pure
Sb, and whose proportion depends on the particular etch-
ant used. This thin layer prevents C adsorption on the
sample surface during preparation and loading into the
UHV chamber.

This surface layer can be easily removed by heating the
samples at temperatures between 480° and 510°C, leaving

‘atomically flat surfaces when the samples are maintained

under a Sb flux during the final stage of the heat cleaning
process. The elimination of the surface oxide takes place
in two stages. First, the Sb,Q; at the interface is reduced in-
creasing the Ga,0; content and leaving pure Sb which out-
diffuses towards the surface from where it is evaporated.
Later the Ga,O; layer is quickly desorbed leaving a clean
and flat GaSb surface. , e
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Electrical and Metallurgical Characterization of Niobium as
Diffusion Barrier Between Aluminum and Silicon for Integrate,
Circuit Devices |
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ABSTRACT

Electrical, metallurgical, electromigration, and functional characterizations of an (A1-0.5% Cu)/Nb interconnect
lization for use in 1.2 pm SRAM integrated circuit devices have been performed. The results indicate that niobiu
excellent diffusion barrier to aluminum and silicon. It is shown that the presence of niobium has significantly im
the electromigration strength (at j = 1.0E7 A/em?) and the thermal and electrical stability of metal to'silicon and me
metal contacts. The barrier characteristics of the niobium were studied electrically (via junction leakage current and
tact resistance measurements) and analytically (via TEM examination of aluminum-niobium-silicon interfaces). TEM
electron diffraction analyses show the formation of the NbAl; phase. It is found that the NbAl; phase has a much sl
rate of growth than TiAl; in the temperature range studied. Results do not indicate any significant increase in jun
leakage current of contact resistance after 540 min of heat-treatmerit at 425°C. The results further indicate that the nio
does not have any negative effects on the performance of 1.2 pm CMOS SRAM devices. It appears, however, that the
ence of niobium has an effect on the speed distribution of the devices. )

~ Aluminum and its alloys containing silicon and copper
are widely used for the interconnecting metallization of in-
tegrated circuit devices. Silicon is added to the saturation
point of the aluminum film at the alloying temperature,
hence eliminating aluminum spiking into the silicon sub-
strate at the contact areas. The addition of copper is pri-
marily to improve the electromigration strength of the alu-
minum film and suppress the formation of hillocks. The
addition of these two alloying elements, however, can
cause some severe reliability and processibility problems
1-7. .

The ever increasing demand for high performance inte-
grated circuit devices has resulted in a significant scaling
of device geometries. This scaling consists of reduction in
diffusion junction depth, contact size, and dimensions of
the interconnecting metallization film. The more shallow
the junction, the higher the possibility of junction leakage
or shorting if an aluminum-silicon alloy is in direct contact
with a silicon substrate. Another consequence of direct
contact between the silicon substrate and aluminum-
silicon interconnecting films is the regrowth of epitaxial
silicon at contacts resulting in an increase in contact resis-

tance and degradation of circuit performance (8-10). There-. B

fore, one cannot obtain metallurgically and electrically re-
liable metal to silicon contacts using only silicon
containing aluminum films in direct contact with a single-
crystal silicon substrate. Consequently, it is essential to
use a silicon-free aluminum alloy in conjunction with a
suitable diffusion barrier as an interconnecting metalliza-
tion film.

Various refractory metals and their alloys have been
evaluated as diffusion barriers between aluminum and sili-
con. There is a great deal of information in the literature re-
garding the kinetics and thermodynamics of their reac-
tions with aluminum and its alloys (11-14). The authors
also have studied the metallurgical and electrical charac-
teristics as well as the reliability of an (Al-0.5% Cu)/Ti inter-
© _connect metallization system for use in 1.2 pm CMOS

" SRAM integrated circuit devices (15).

* 1 Present address: AMD, Austin, Texas 78747.
2 Present address: Weitek, Sunnyvale, California 94089
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'_four parts. In part A, the extent of metallurgical interact
at the interfaces between the niobium and A1-0.5%

beam electron diffraction technique was used. With s4

6. J. Bregman and Y. Shapira, J. Vac. Sci. Technol, g
(1985). e

7. G. P. Schwartz, G. J. Gualtieri, J. E. Griffithg
Thurmond, and B. Schwartz, This Journal 12-’1 C
(1980). 2

8. W. T. Tsang, T. H. Chiu, D. W. Kisker, and J A
zenberger, Appl. Phys. Lett., 46, 283 (1985;.

Although there is a great deal of information regar
various refractory diffusion barrier elements and the
plications and limitations in the literature, studies a
tinuing to investigate more metallurgically and electr
reliable barriers with less process complications and f
limitations. Among the refractory metals studied as
sion barriers for the fabrication of integrated circu
vices, niobium (Nb) is the least explored, if it has bee
plored at all. Niobiur has a very high melting temper
(2468°C) which makes it thermally a very stable difft
barrier. Because of such a high melting point, it doe
exhibit self-diffusion at temperatures below its recry
zation temperature (1/2 Tm); consequently, it is not su
tible to electromigration at post-metal processing tem
tures. Moreover, the resistivity of niobium is
approximately six times that of aluminum (16)
makes it a possible candidate for the main conducto
multilayer metallization system.

This paper presents the results of a study eonduct
an aluminum (containing 0.5% Cu)-niobium (Nb) bila
intetconnecting metallization structure used for the fa
cation of 1.2 pm minimum geometry CMOS SRAM
grated circuit devices. In this study, metallurgica
electrical properties of this bilayer film are evaluated al
with its electromigration strength.

Experimental '

The evaluation and characterization of niobium as 8!
fusion barrier in an (Al-0.5% Cu)/Nb system consisted

films, and the niobium and silicon dioxide films or s
crystal silicon substrate after heat-treatment for 30,
and 240 min at 425°C in a hydrogen -environment
studied. To examine interactions at various film interfa
a Philips EM420T transmission electron micros¢
equipped with a Tracor TN-5500 EDS System was W
This microscope has resolutions of 2, 15, and 25A 10
TEM, STEM,. and SEM modes, respectively. To iden
the phases present at various interfaces, a convefg




