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enhancement and formation of extended defects, were
eliminated.

The new additional F ion implantation technique re-
duced the diffusion enhancement of As and P at low tem-
peratures and formation of extrinsic defects in n-type
silicon.
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ABSTRACT

Reactive ion etching (RIE) of InAs, InSb, and GaSb in either CCL,F4/O; or C,Hg/H; discharges has been examined as a
function of gas composition, flow rate, pressure, power, and etching time. The C,H¢/H; chemistry gives smooth, controlled
etching of these materials for C,H; concentrations less than 40% by volume in H,, and the etch rates are in the range 280-

350A under these conditions. Subsurface lattice disorder was restricted to =50

in depth for both types of etching. The

CCLFy/0O, chemistry led to consistently rougher surface morphologies on all three materials with In droplets visible on
InAs. The etch rates with CCLFy/O, are higher by factors of 2-56 than for C,H¢/H,, and the etched surfaces all show signifi-

cant concentrations of Cl-containing residues.

There are a number of important applications for InAs,
GaSb, and InSb. In particular, thin epitaxial layers of InAs
are used to facilitate ochmic contact formation to GaAs be-
cause of the low (~0.2 eV) barrier heights for metals on
InAs (1, 2). Gallium antimonide is the optimum substrate
for some long wavelength lasers and photodetectors (3-5),
while InSb has also attracted much interest as a material
for long wavelength (5.3 pm) infrared detectors and emit-
ters. All of these semiconductors have relatively narrow
bandgaps and have been used in a variety of superlattice
structures with novel transport properties (6). In order to
fabricate such structures with ultrasmall geometries, it is

necessary to develop dry etching techniques which allow
highly anisotropic or selective etching of the component
layers. To date there has been very little work carried out
on reactive ion etching (RIE) of InAs, GaSb, or InSb be-
cause of their relative newness in terms of device utili-
zation.

The most common gas chemistry for dry etching of III-V
semiconductors has been based on chlorine or chlorine-
containing gas mixtures, primarily because of the high vol-
atilities of Ga, As, P, and Sb chlorides (7-14). For some ap-
plications however, Cl-based RIE presents problems be-
cause the etch rates tend to be rather large for many III-V
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materials, and therefore are not controlable for mesa etch-
ing where small thicknesses are removed. In addition, the
reactive ion etching of In-based materials tends to leave
rough surface morphologies because indium chlorides
have lower volatilities than their group V counterparts.
The use of chloro-fluorocarbons like CCLFy (Freon 12) re-
duces the problems associated with the corrosiveness and
toxicity of chlorine, although recent environmental con-
cerns appear likely to lead to restrictions on the use of
chloro-fluorocarbons because of their deleterious effect on
the earth’s ozone layer. Some moves have already been
made to ban their use.

Recently a new gas chemistry for etching III-V semicon-
ductors has been introduced. It involves the use of meth-
ane- or ethane-hydrogen mixtures, and smooth, controlled
etching has been demonstrated for InP, GaAs, InGaAs,
and InGaAsP (15-20). The etch products with this gas
chemistry are AsH; or PH; when GaAs or InP are the sub-
strates (21), while the group III product has not been
unambiguously identified, although metalorganics such as
trimethylgallium and trimethylindium have been sug-
gested (22).

In this paper we report an investigation of the etching
characteristics of InAs, GaSb, and InSb in both C,H¢H,
and CCLF,/O, discharges. The etch rates have been meas-
ured as a function of etching time, total pressure, plasma
power density, gas composition, and gas flow rate, and the
resultant surface morphology examined by scanning elec-
tron microscopy (SEM). Near-surface lattice disorder in-
duced by energetic ion bombardment was investigated by
cross-sectional transmission electron microscopy (TEM)
and He" ion channeling. The elemental composition in the
top 100A of the etched samples was obtained from Auger
electron spectroscopy (AES) and x-ray photoelectron
spectroscopy (XPS) measurements.

Experimental

All of the wafers used in these experiments were cut
from nominally undoped, (100) boules grown by the liquid-
encapsulated Czochralski (LEC) technique (Sumitomo
Electric, New York). The substrates were 1-2 in. diam, with
the InAs being n-type with a 300 K carrier concentration of
10 cm~2 and mobility of 25,000 cm? - V~! - s71. The InSb
was intrinsic at room temperature with a net carrier con-
centration of 1.7 X 10!® cm™? and an electron mobility of
65,000 cm? - V-! - 571, Undoped GaSb is always p-type be-
cause of the presence of stoichiometry-related residual ac-
ceptors (23-25), and in our case the material displayed a
300 K doping density of p =1 -8 X 10'7 em™3, with a hole
mobility of 740 cm?- V-1 -s7L,

Prior to patterning with photoresist, the substrates were
chemically etched in order to remove any residual pol-
ishing damage which might affect the dry etch rates. For
the InAs this consisted of etching for 3 min in 2% Br,/
methanol, a rinse in methanol, and a 3 min etch in HF, fol-
lowed by rinsing in distilled water (26). The GaSb and InSb
samples were etched for 3 min in a 5:1:1 H,SO,:H,0,:H,0 so-
lution at 40°C, rinsed with distilled water, dipped in HF, and
rinsed again with distilled water (27). For etch rate
measurements, the samples were selectively patterned
with AZ1350J photoresist to give a mask with openings of
size 1-50 pm in width. These mask openings were descum-
med by exposure to a 50W O, plasma in a barrel reactor,
and immediately prior to loading in the RIE systems, the
samples were rinsed in 1:1 NH,OH:H,0 to remove native
oxide from the semiconductor.

The samples were reactively ion etched in a Model 51
Materials Research Corporation reactor with a stainless
steel chamber and lower powered electrode. We found it
necessary to use a quartz cover plate over the cathode in
order to achieve reproducible etch rates, and the samples
were thermally bonded to the cooled electrode with high
vacuum grease. The sample temperature was <40°C dur-
ing all runs. The discharge frequency was 13.56 MHz, with
an electrode spacing of 7 cm. Electronic mass flow con-
trollers were used to introduce research-grade C,H; H,,
CCLF,, and O, into the chamber after pumping it to a base
pressure of ~1077 torr. The InAs, GaSb, and InSb etch
rates were examined for their dependence on total pres-

1925
10,000
RIE 4 mTorr
L 20 scem
0.85 W-cm™2
19CCIxFp/102 2 CzHg/18Hp

8000~ e Gasb o Gasb

4 InSb & {nSb

® |nAs O InAs

01
Q
(o]
(=]

ETCH DEPTH (&)
E-Y
Q
(@)
[e)

2000

4 6 8 10 12
ETCH TIME (min)

Fig. 1. Etched depth in GaSb, InSb, and InAs as a function of time in
discharges of 2 C,HJ/18H, or 19 CCI,F,/1 0, (4 mtorr, 0.85
W-em™?),

sure (3-40 mtorr), plasma power density (0.4-1.3 W - em™3?),
gas composition (5-50% for C;H; relative to H,, and 25-95%
for CCL,F; relative to Oy), gas flow rate (5-25 sccm), and etch
time (1-12 min).

After the RIE treatments, the photoresist on patterned
samples was removed by rinsing in acetone and methanol,
and the etch depth measured by Dektak stylus profil-
ometry on eight spatially separated locations on each 5 x
5 mm? sample. The surface morphology was examined by
SEM by cleaving through the features on the mask consist-
ing of 1 wm lines separated by 3 um. A thin Au film (~50A
thick) was deposited on the sample surface to reduce elec-
trical charging, and a primary electron voltage of 20 kV
was used. All of the micrographs were taken at 80° with re-
spect to the horizontal. Unpatterned sections were also
prepared for cross-sectional TEM by chemical thinning
and iodine ion milling. The latter proved to be an absolute
necessity in order to reduce ion milling damage in the
InAs, GaSb, and InSb. A JEOL 200CX microscope was
used, and all micrographs were taken using multibeam
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Fig. 2. Average etch rate of GaSb, InSb, and InAs as a function of
time under the discharge conditions of Fig. 1.
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charges.

bright field imaging with seven beams included within the
objective aperture. The sample was tilted so that the beam
direction was parallel to the {110] zone axis in order to re-
duce contrast effects at the surface and allow the best view
of the surface morphology.

Samples for AES were examined with a primary elec-
tron beam voltage of 10 kV at a beam current of 0.5 pA and
a primary beam spot size of 5 um diam. Depth profiling
was accomplished by sputtering the sample with 3.5 keV
Ar* ion beam at a rate of ~40A - min~!, rastered over
3 x 3 mm? XPS with angle-resolved capabilities was used
to measure both the atomic composition of the near-sur-
face region and the chemical bonding of the In, Sb, Ga,
and As atoms. All chemical analyses were performed after
removal from the RIE chamber to give a picture of what
the surface will be like in a typical device processing se-
quence. We also performed the analyses with different
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Fig. 4. Average etch rate of GaSh, InSb, and InAs in 0.85 W + cm2
2 C,Hy/18 H, or 19 CCL,F,/1 O, discharges as a function of the total
pressure in the reactor.
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beam currents in order to check that the beam itself was
not changing the surface chemistry, We found no evidence
of any alteration by the probe beam.

Results and Discussion

Etch rate dependencies—It is clear, from the original
work of Niggebrugge et al. (15), that reproducible, poly-
mer-free etching, at least for InP, is obtained for small frac-
tions of ethane or methane relative to hydrogen for the
C,H¢/H, or CH,/H; gas chemistry. Our own experience with
Freon 12 RIE has been that a small addition of O, to the
discharge minimizes polymeric residues on the etched sur-
faces (20). Based on these results we chose as our standard
etching condition 2 C,Hg/18 H, or 19 CCLFy/1 Oy mixtures,
each at a total pressure of 4 mtorr, flow rate of 20 scem, and
a power density of 0.85 W - cmn2, The self-biases on the
cathode under these conditions were 430V for the C;Hy/H,
discharges and 390V for CCLF,/O,.
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Fig. 6. Average etch rate of GaSb, InSb, or InAs in 4 mtorr,
0.85 W - cm 22 C,H¢/18 H, or 19 CCLF,/1 O, discharges, as a func-
tion of gas flow rate.
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Fig. 7. SEM micrographs from GaSh reactively ion etched in 4 mtorr, 20 sccm, 1.1 W - cm™ discharges of 19 CCLF,/1 O, (at top) and 2 C,H,/18

H; (at bottom) for 4 min each.

Figure 1 shows the time dependence of etch depth in
InAs, GaSb, and InSb for RIE times up to 12 min. All of the
lines pass through the origin, implying that there is no
delay in the commencement of etching upon ignition of
the plasma as is often observed for RIE of materials like
AlGaAs which have thick native oxides. The etch depths
are all linear with time, and in each case the CCLF,/O; etch-
ing is faster than for comparable treatments with C,Hg/H,.
It appears from these results that gallium and antimony
chlorides are more volatile under RIE conditions than
their indium and arsenic counterparts. The normal boiling
points of these possible etch products are GaCl; (201°C),
GaCly (5635°C), SbCl; (283°C), SbCl; (79°C), AsCl; (130°C),
InCl (608°C), InCl, (560°C), and InCl; (600°C) (8), although
these should be used as a guide only in considering etch
rates since it is their volatility under ion bombardment
that is the critical parameter. The vapor pressure at 75°C of
AsCl; is 19 torr and of GaCls is 14.5 torr, to give some idea
of their relative volatility (29, 30). By contrast to the results
for CCLFy/O; RIE, the use of C,H/H,; leads to the slowest
etch rates for GaSb which is consistent with past reports of
decreasing etch rates for increasing Ga content in the ma-
terial (15). The average etch rates of InAs, InSb, and GaSb
as a function of etch time are shown in Fig. 2. Within ex-
perimental error these etch rates show no fime de-
pendence.

Figure 3 shows the dependence on plasma power den-
sity of the etch rates of InAs, InSb, and GaSb in C,H¢/H, or
CCl1,F»/O;. The results for C;Hg/H, RIE are all fairly similar,
showing monotonic increases in etch rate as the power
density, and hence self-bias (V) on the cathode, increased.
The ion current incident on the sample will also increase
under these conditions as it is proportional to Vg*2. For
this gas mixture the self-bias was 200V at 0.4 W - cm 2 and
610V at 1.3 W-em™2 leading to more efficient sputter-
induced desorption of the etch products at the higher pow-
ers. The results for CCl,Fy/O, RIE of these materials are
quite different from each other. For GaSb there is a satura-

tion in etch rate for power densities above ~0.8 W - cm™2,
indicating that the reactive species from the discharge
may be removed by ion bombardment before they have a
chance to react with the semiconductor. By contrast, InSb
does not show this behavior, although it is possible that it
occurs at power densities higher than those we investi-
gated. Finally, for InAs the etch rate is constant up to ~0.8
W - cm~2 at which point it increases rapidly with increasing
power density. This would be consistent with a desorp-
tion-limited etch regime at the lower power densities.

The etch rate dependence on the total pressure in the re-
actor at constant flow rate (20 sccm) and plasma power
density (0.85 W - em~?) is shown in Fig. 4. The GaSb, InSb,
and InAs etched in C;Hy/H, all show a decrease in etch rate
with increasing pressure, which is presumably due to the
decrease in cathode self-bias (430V at 4 mtorr, 225V at 30
mtorr). Even though the fall-off in etch rate appears to be
even more dramatic for CCLF,/O, RIE with increasing
pressure, the proportionate decreases are of the same
order as for C,Hy/H, etching factors of approximately 3-5
over the pressure range 4-40 mtorr for both gas chem-
istries. Therefore, we appear to be in a desorption-limited
regime under these conditions, because in a reactant-
limited mode the etch rate should increase as the pressure
and hence number of reactive species supplied to the sur-
face increases.

The effect of altering the gas composition of the two dif-
ferent types of discharge on the etch rates of GaSb, InSb,
and InAs is shown in the data of Fig. 5. For the C,Hy/H,
chemistry the etch rates for all three materials peak
around 25% of C,H; by volume in the plasma. This is con-
sistent with results on RIE of InP and GaAs using C,Hy/H,
or CH/H,, in which maximum etch rates are observed at
10-20% by volume of the organic component (15, 17, 19).
The increase in etch rate we observe for C;Hg fractions up
to 0.25 is presumably due to an increase in the concentra-
tion of active species like ethyl radials, while above 25%
C,H¢ by volume there is most likely a competition between
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Fig. 8. SEM micrographs from InAs reactively ion etched in 4 mtorr, 20 sccm, 1.1 W - ecm~2 discharges of 19 CCI,F,/1 O, (at top) or 2 C,Hs/18 H,
(at bottom) for 4 min each.

etching and polymer deposition, with a consequent de- polymer deposition around the reactor chamber. By con-
crease in etch rate. At C;Hg concentrations above 40% we trast, GaSb, InSb, and InAs reactively ion etched in

observed a brown film on the photoresist mask and heavy CCl1,F,/O, show little change in etch rate until a concentra-

- -

Fig. 9. SEM micrographs of InSb reactively ion etched in 4 mtorr, 20 sccm, 1.1 W - cm~2 discharge of 19 CCl,F,/1 O, (at top) or 2 C,H,/18 H, (at
bottom) for 4 min each.
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Fig. 10. TEM cross sections from GaSb etched in (a) 19 CCLF,/1 O; or (b} 2 C,H4/18 Hy; InSb etched in (c) 19 CCIF,/1 O, or (d) 2 C;H,/18 Hy;
and InAs etched in (e) 19 CCI,F,/T O, or {f) 2 C,H,/18 H, discharges, each for 4 min under the conditions of Fig. 9.

tion of 75% by volume of Freon 12, at which point this rate
increases sharply. This rapid increase is also presumably
due to an increase in the concentration of active chlorine
species available for reaction at the semiconductor sur-
face. The largest differential in etch rate between the two
gas chemistries is obtained with GaSb.

Under our conditions, the etch rates of all three materi-
als are independent of the gas flow rates for C,H¢/H; RIE,
as shown in Fig. 6. The nominal residence times in our re-
actor vary from 1.25-0.16s for flow rates between 5-40 scem,
but these times appear to be longer than the surface reac-
tion time for removal of Ga, Sb, In, and As during C,H¢H,
RIE. The results for CCLF,/0, etching are quite different,
with InAs showing no flow rate dependence, InSb display-
ing a decrease in etch rate with increasing flow rate, and
GaSb actually going through a maximum with increasing
flow rate. This could be explained as follows: up to a flow
rate of 20 scem there is an increase in the number of active
chlorine species per unit time reaching the surface of the
semiconductor, leading to an increase in etch rate. Above
20 scem these active species are pumped away before they

can react with the GaSb. We did not observe any change in
deposition within the reactor with increasing gas flow, so
the alternative explanation of having deposition up to 20
scem, beyond which the products are pumped away more
efficiently, does not seem likely.

Surface morphology and damage—For GaSb we ob-
tained smooth surface morphologies after etching with
either gas chemistry over a wide range of discharge condi-
tions. Figure 7 shows SEM micrographs from GaSb
samples reactively ion etched under similar conditions
(4 mtorr, 4 min, 20 scem, 1.1 W - em™2) in either a 19 CCLFy/
1 O, (at top) or a 2 C,Hy/18 H;, (at bottom) plasma. The etch
rate is faster for the former leading to a deeper mesa, but in
both cases the etched surface is featureless. The anisot-
ropy of the etching appears a little better for CCLLFyO,
RIE, and the sidewall for features etched in C,Hy/H, shows
some waviness. We have observed similar results for etch-
ing of GaAs and InP in C,H¢H,. At this point it is not clear
what causes the waviness because we have seen no evi-
dence for polymer deposition on the sidewall. Under our
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face region of GaSb control or RIE samples (conditions of Fig. 12).

conditions smooth etching of the wafer surface itself was
obtained for all C;Hg concentrations less than 40% by vol-
ume in the discharge. For C,H; fractions above this value,
there was increasing undercutting of the sidewalls and
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Fig. 14. XPS survey spectra from GaSb control or RIE samples (condi-

tions of Fig. 1

2).
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Table 1. XPS results. Elemental composition data measured from
the surface (~100A) of each sample and expressed in
atomic percent units for the elements detected

Sample C O F Cl Ga As In Sb
InAs-control 40 34 - — — 10 16 —
InAs-C;HyH, 32 39 — — — 11 18 —
InAs-CCLFy/O, 48 21 — 15 — 9 85 —
InSb-control 32 4 — — e V] 12
InSb-C,Hg/H, 36 38 — — — — 14 11
InSb-CCLF5/0, 28 45 — 42 — — 79 149
GaSh-control 40 39 — — 13 —_ = 8.2
GaSh-C,HgH, 30 4 — — 18 - - 7.8
GaSb-CCLF»/0, 4 33 28 63 54 — — 8.5

RIE conditions: 2 C;Hg/18 H,, 0.85 W - cm ™2, 4 mtorr; 19 CCLFy/
10,085 W -em™2

very rough surface morphologies. We attribute a large part
of this roughness to sputtering of polymer from on top of
the photoresist mask onto the horizontal surface. This
leads to a micromasking effect on this surface, with the
consequent roughening of the morphology.

The surfaces on InAs reactively ion etched in both types
of discharge were not as smooth as with GaSb. Figure 8
shows SEM micrographs from InAs samples etched in
CCl1,F,/0, (top) or C,H¢/H, (bottom) under the same condi-
tions described earlier. For CCLFy/O, RIE there are In
droplets visible on the etched surface, which implies a se-
vere As deficiency for these discharge conditions. This
kind of surface degradation is usually observed after expo-
sure of InP and related compounds to hydrogen-based
plasmas (31) but can often be seen with Cly-based RIE of
InP as well. The etching of InAs in C,H¢/H, does not lead to
In droplet formulation, but the surface morphology is not
particularly good. At least part of this seems to have been
caused by the wet etching treatment prior to the photore-
sist being spun-on. The evidence for this assertion comes
from the fact that the surface of the areas that were
masked during RIE are also quite wavy, meaning that
most of the surface features observed on the mesa bottom
were not in fact a result of the dry etch.

1931

(a) GaSb CONTROL

0+Sb

i -/3\

(b) GaSb CCl,F,/0,

NUMBER ELECTRONS DETECTED—

547 522
<— BINDING ENERGY (eV)

Fig. 15. High-resolution XPS Sb(3d3) and Sb+O data from GaSb
control or RIE samples (conditions of Fig. 12).

Figure 9 shows SEM micrographs from InSb samples re-
actively ion etched in CClLFy/O, (at top) and C;Hg/H, (at
bottom). The discharge conditions were the same as de-
scribed earlier with regard to Fig. 7 and 8. In the case of
CCLF./O, RIE, severe overcutting of the mesa is obvious
and there is a good deal of roughness apparent in the field
of view of the SEM. The overcutting may be due to invola-
tile etch products sticking to (and masking) the sidewalls.

Table II. High-resolution ESCA data: binding energies, atom percentages, and peak assignments. (Binding energies were corrected to the binding
energy of the —CH,CH,— signal at 284.6 eV. Atom percentages were calculated from the high-resolution data.
Peak assignments were based on the binding energies of the reference compounds.)

Sample C C; C; (o} O, Ga, Gap; As; As, As; Sb; Sb, In,; In, Cl; Cl
InSb control
Binding energies 284.6 286.1 288.3 — — — — — - — 536.9 539.5 — 444. — —
Atom percents 21. 6.3 5.0 — — - — — — - 2.3 8.7 — 14. — —
InSb CzHe/Hz
Binding energies 284.6 286.0 288.,5 — — — — — - — 536.9 539.5 — 444.5 — —
Atom percents 217. 5.3 3.9 — — — — — —_— - 2.4 8.6 — 14. — —
InSb CClez/Oz
Binding energies 2846 2863 2887 — — — — — — - 537.7 539.8 — 4450 1984 —
Atom percents 22. 2.1 1. — — — — — _ = 1.0 13. — 79 46 —
InAs control
Binding energies 284.6 286.1 288.1 530.8 5323 — — 405 43.7 45.0 — —_ 443.9 4449 — —
Atom percents 28. 6.7 4. 25. 89 — — 6.3 1.8 1.9 — — 9.6 6.4 — —
InAs Csz/Hz
Binding energies 284.6 286.1 2882 5308 5322 — — 407 43.7 450 — — 4440 445.0 — -—
Atom percents 25. 3.2 3.2 29 10. — — 6.5 25 21 — — 10. 7.5 — —
InAs CCLF/O,
Binding energies 284.6 286.1 2885 5311 5324 — — 413 437 452 — — — 4452 1985 —
Atom percents 34. 9.3 47 18. 57 — — 1.6 50 25 — — — 8.6 73 —
GaSb control
Binding energies 284.6 286.3 288.3 — — 192 202 — - — 537.6 539.7 — — — —
Atom percents 31. 3.5 2.5 — — 3.7 9.3 — - — 1.8 6.7 — — — —
GaSb C,Hy/H,
Binding energies 2846 286.3 288.4 — — 186 200 — - — 536.9 539.6 — — — —
Atom percents 30. 4.3 2.8 —_ — 58 12 —_ —_ - 35 4.3 — — - —
GaSb CCLF,/0O,
Binding energies 284.6 286.2 288.0 — — 188 205 — - — 539.0 540.1 — — 198.8 200.4
Atom percents 31. 9.5 4.0 — — 1.8 36 — — - 0.9 6.4 — — 3.9 24
Peak assignments: Ci,=C-RRBR=C,H) O; = metal oxides Ga; = Ga, GaSh As; = As, AsIn
C; =C—O0—R 0= C=0,C—0-R Gay = GaO, As, = Asy03
C;=0=C—0—R In; = In, InSb Sb, = Sb, SbIn As; = As,05
In, = InO, Sb, = SbO,. CL=Cl
Cl; = C—-C1
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Fig. 16. AES survey spectra from lnSb, control or RIE samples (4 min,
0.85 W - cm~2, 4 mtorr, 2 C,H/18 H; or 19 CCLF,/1 O, discharges).

By contrast, C.Hg/H,; RIE leads to featureless surface mor-
phologies, but rather rough sidewalls. We did not observe
any correlation between the roughness of the sidewalls
and more severe undercuttinig. The origin of the sidewall
roughness is not clear, although it may be due to replica-
tion of edge roughness in the mask. In almost all cases we
observed a faithful transfer of the mask dimensions into
the sample, with no significant loss of feature size. In gen-
eral it appears that CCL,F,/O, etching leads to somewhat
rougher morphologies than for RIE with C,Hg/H,, at least
for the materials discussed here.

This conclusion is supported by the cross-sectional TEM
micrographs of Fig. 10, On the left-hand side of the figure
we show micrographs from GaSb, InSb, and InAs reac-
tively ion etched in CCLFo/O, under the same conditions
described previously for the SEM pictures, while on the
right-hand side of the figure we show the corresponding
micrographs from C,HgH,-etched samples. In each case
the latter samples have comparable or better surface mor-
phologies. For the CCLFy/O, etching, the GaSb showed
peak-to-valley roughness of 100-120A, the InSb had peak-
to-valley heights of 120-150A, and finally InAs had values
of 80-90A. By contrast, the peak-to-valley roughness of
these materials after C;Hy/H; RIE were GaSb (50-604),
InSb (<20A), and InAs (<30A). Even under these high
power density (1.1 W - cm~2) conditions there were no sub-
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Fig. 17. AES depth profiles of elemental composition in the near-sur-
face region of InSb control or RIE samples (conditions of Fig. 16).

surface dislocations observed after RIE, as we have seen
with GaAs.

The fact that GaSb, InSb, and InAs are more resistent to
the introduction of lattice disorder than GaAs is borne out
by ion channeling data from the RIE samples. Figure 11
shows backscattering spectra obtained using 2 MeV He*
ions at either conventional or glancing angle geometries
on reactively ion etched InAs. In the lower part of the fig-
ure the width of the In and As surface peaks is ~50A,
which is basically the resolution of the technique given
that there will always be a few monolayers of disorder as-
sociated with surface reconstruction and the presence of
native oxides. After RIE the area under the surface peaks
increases, but the width (at half-maximum) remains the
same as that of the control sample, indicating that any
damage introduced by the C,;H¢/H, treatment is limited to a
depth of <50A. It has been our experience that C,Hy/H, dis-
charges operated at similar power densities to CCLFy/O,
plasmas will create damage at greater depths than the
Freon-12 based mixture, because of the greater penetra-
tion depth of the light hydrogen ions relative to the ions in
this mixture. In GaSb, InSb, and InAs we therefore expect
that CCL,F,/O,, even at relatively high plasma power densi-
ties, will not lead to the introduction of measurable lattice
disorder beyond 50A.

Surface chemistry.—After RIE the samples were re-
moved from the plasma reactor, and the composition and
chemical bonding in the near-surface region were exam-
ined by AES and small-area XPS in separate systems. As
mentioned earlier, we did not see any effects of the probe
beams due to preferential desorption or other changes due
to local heating. Although AES and XPS are not sensitive
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Fig. 18. AES survey spectra from InAs control or RIE samples (4 min,
0.85 W - cm™2, 2 C,H¢/18 H, or 19 CCI;F,/1 O, discharges).

to the presence of hydrogen, we expect that some hydro-
gen will enter the samples during RIE in C,Hy/H,, as it does
in GaAs and InP. To this point, however, there has been no
demonstration of the role of hydrogen in InAs, InSb, or
GaSh, so it is not clear whether passivation of the shallow
dopants occurs in these materials. Figure 12 shows AES
surface scans of Ga, Sb, O, C, and Cl on GaSb samples
etched in either CCLF,/O, or C,Hy/H, discharges, as well as
results from an unetched control sample. There are two
features obvious from this data. First, for CCL,Fy/O, RIE,
there is considerable Cl contamination on the surface. Sec-
ond, etching in the C,H¢/H, discharge leads to an Sb defi-
ciency on the surface. Atomic depth profiles of the compo-
sition in the near-surface region are shown in Fig. 13. On
the control sample the native oxide appears to be com-
posed predominantly of a gallium oxide. After CClL,F,/O,
RIE, more than 50% of the surface is covered in a Cl spe-
cies on top of an oxide on the GaSh, whereas after C,Hg/H,
RIE, the surface looks chemically very similar to that of
the control sample. Any Sb deficiency appears to be less
than 40A in depth in the material etched in the C;Hy/H, dis-
charge.

Figure 14 shows XPS survey spectra from GaSb samples
etched in the two different gas chemistries, as well as from
an unetched control sample. High-resolution data from
these spectra were curve-fitted to resolve the presence of
multiple components, and based on this type of data the
average elemental composition in the top 100A of each
sample was estimated and is reported in Table I. The sur-
face C concentration varied between 30 and 44 atom per-
cent (a/o), which is within the range expected from atmos-
pheric contamination. Because of the presence of Cl, and a
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Fig. 19. AES depth profiles of elemental composition in the near-sur-
face region of InAs control or RIE samples (conditions of Fig. 18).

small amount of F, contamination on the surface of the ma-
terial etched in CCL,Fy/O,, it appears to be Ga-poor, but this
is an artifact as seen from the AES depth profiles in Fig. 13.
The C,H¢H, gas chemistry appears to be inherently
cleaner compared to CCL,Fy/O,.

Examples of high-resolution XPS data for Sb(3d3) and
0+Sb transitions from control and RIE GaSb samples are
shown in Fig. 15. Differences in the relative amounts of the
various oxides are obvious, particularly for the C,HgH,
etched material. The oxygen is present both as metal ox-
ides and C =0 and C—0O—C or C—0O—H species. The tabu-
lation of the high-resolution XPS data giving the binding
energies of the different transitions observed, their proba-
ble assignments, and atom percent compositions, is listed
in Table II. The Ga and Sb are present as both elemental
species in the GaSb, and as oxides, and similar results are
obtained for the components in the InAs and InSb. It is no-
ticeable that Cl contamination is present on all samples
after CCLF,/O, RIE, whereas the samples etched in
C,Hg¢/H, appear to be relatively free of surface residues.

AES survey spectra from both etched and unetched
InSb samples are shown in Fig. 16. Once again the most
obvious point arising from this data is that CCl,F,/O, RIE
leads to the presence of Cl contamination on the surface.
This residue is ~40A thick, as seen in the AES depth pro-
files of Fiig. 17. In this case the Cl residues appear to be pre-
sent at an even higher concentration than was the case
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chemistry very similar to that of the control piece. (1986).

Similar data was obtained from InAs samples. Figure 18 7. E({"gg%;l and R. E. Howard, Appl. Phys. Lett., 37, 1022
shows the AES survey spectra from control and RIE : .
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