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Raman scattering and x-ray photoelectron spectroscopy are used to study the damage induced by
low energy Ar1 milling on InAs~100! surfaces. Evidence for etch-induced lattice damage is
obtained even under the mildest conditions employed. Etching at 75 V creates an In-rich surface and
reduces the intensity of scattering from the unscreened longitudinal optic~LO! phonon in the
near-surface region. Etching at higher voltages creates damage states that increase the carrier
concentration at depths at least as large as the Raman probe depth~;100 Å!. Postetch annealing at
500 °C in ultrahigh vacuum restores the LO phonon mode to its original intensity, the carrier
concentration to original levels, and a stoichiometric~In:As51:1! surface composition.
Etch-induced lattice damage in the near-surface region, which is subsequently removed by
annealing at optimal temperatures, is the only mechanism consistent with all the inelastic light
scattering and composition results. ©2000 American Vacuum Society.@S0734-211X~00!10201-X#
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I. INTRODUCTION

InAs presents novel opportunities and challenges for
vice fabrication due to the narrow energy gap and unus
band bending at the surface.1–8 In most III–V semiconduc-
tors, surface-induced band bending creates a surface d
tion layer, which acts as a barrier to electron transport.
contrast, the band bending at InAs~100! and ~110! surfaces
leads to a charge accumulation region~CAR! in which the
electron concentration is higher than in the bulk. Furth
more, at doping concentrations greater than;1017 cm23,
the Fermi level is above the conduction band minimu
causing degeneracy. This situation leads to ohmic con
formation and high transmittance metal–semiconduc
interfaces.2 These same properties make InAs an attrac
material for the study of interfacial charge transport. Of p
ticular interest in our laboratories is the study of char
transport in superconductor–semiconductor~S:Sm! inter-
faces near the superconducting critical temperature.9–11 The
first observation of an optical signature of the supercond
ing proximity effect was discovered in the Nb/InAs~100!
model system.12,13 Given the facility of forming ohmic con-
tacts to InAs and the interest in transport across InAs het
interfaces, it is important to understand how typical dev
processing steps affect the chemical and physical prope
of InAs~100! interfaces.

Any insulating layer present at a metal–semiconducto
semiconductor–semiconductor heterojunction interface
cause nonohmic charge transport across that interface,
the formation of a Schottky barrier. Thus, the preparation
metal–semiconductor interfaces usually starts with remo

a!Electronic mail: bohn@scs.uiuc.edu
b!Electronic mail: lhg@uiuc.edu
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of surface oxides and other surface adsorbates. Etching
native surface with nonreactive species, such as gas-p
Ar1, is a popular method of removing these adventitio
species. Physical sputtering with Ar1 allows the first few
atomic surface layers of a semiconductor to be removed,
under the right conditions it can be highly spatially anis
tropic. For example, when combined with spatial maskin
Ar1 etching can be used to create features with large as
ratios.14–17 As attractive as Ar1 etching is, however, it can
not be employed if it leads to substantial alteration of su
strate properties. In this study, we characterize
Ar1-induced damage to the near-surface region
InAs~100!, under various etching conditions with the obv
ous goal of minimizing Ar1 damage effects and identifyin
those conditions which produce an oxide-free, well-form
and reproducible interface.

II. EXPERIMENT

Bulk-grown, ~100!-oriented, single-crystal InAs wafer
obtained from OMK~Slovakia! are used. They aren-type
~Sn1Sb! InAs with a carrier concentration of 1.2
31019 cm23, as reported by the manufacturer and co
firmed by the position of theL1 collective phonon-plasmon
mode in the inelastic light-scattering spectrum. Ion etching
performed in a stainless steel ultrahigh vacuum~UHV!
chamber using an ion gun~Commonwealth Scientific Corp.!
in a Kaufmann configuration. The base pressure in the ch
ber is 231028 Torr. During the etching procedure, a co
stant flow of high-purity Ar is introduced, raising the pre
sure to 231024 Torr during etching. Etching is carried ou
with a voltage and beam current of 75 V and 1 mA, resp
tively, unless otherwise stated.
1440Õ18„1…Õ144Õ6Õ$15.00 ©2000 American Vacuum Society
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X-ray photoelectron spectroscopy~XPS! spectra are col-
lected with a Physical Electronics~PHI 5400! instrument us-
ing a MgKa source. The lines used to evaluate the relat
surface elemental concentrations are: O(1s), EB'531 eV;
As(3d5/2,3d3/2), EB'42, 43 eV; and In~3d5/2,3d3/2), EB

'444, 452 eV.
The Raman spectra are collected in a near-backscatte

geometry. Spectra are excited with an Ar1 laser~457.9 nm!
using either a cylindrical or spherical lens with irradianc
ranging from 2 to 1800 W/cm2. A surface photovoltage ef
fect is observed at irradiances,I .240 W/cm2 for this dop-
ing level at room temperature. Thus, all spectra presented
acquired atI ,240 W/cm2. A single monochromator~Spex
500M! equipped with a liquid nitrogen cooled charg
coupled device~CCD! camera~Photometrics 200! utilizing a
holographic notch filter~Kaiser! to remove unwanted Rama
scattering from the laser line is used to collect the Ram
signal. Spectra are collected in thex(y,z) x̄ configuration, in
which scattering from the longitudinal optic~LO! and
coupled photon-plasmon modes are allowed from an In
~100! surface, and thex(y,y) x̄ configuration in which only
the LO mode is allowed.18 The transverse-optic~TO! mode
is disallowed in both configurations, and its presence is
terpreted to signal lattice damage in the near-surf
region.19

III. RESULTS

A. Two mode scattering

Spectra taken in thex(y,z) x̄ configuration exhibit an LO
phonon ~237 cm21! and the L2(217 cm21) and L1

(;1150 cm21) coupled phonon-plasmon modes. Electro
confined near the surface in the charge accumulation re
~CAR! give rise to unscreened LO phonon scattering, as
plained by the uncertainty principle.20–22 At these high car-
rier concentrations, the confined region of the CAR ha
spatial extent, Dx;35 Å, which leads to aDk;1
3107 cm21. This is much larger than the scatterin
wavevector for this excitation wavelength, and leads toq
Þ0 scattering at the unscreened LO mode frequency.23 Since
the penetration depth of the 457.9 nm probe light of 97 Å
greater than the width of the CAR, two modes are observ
an LO mode from the CAR and both low-frequency,L2 ,
and high-frequency,L1 , coupled phonon-plasmon mode
from the bulk. TheL2 mode is predominantly phonon-like
while theL1 mode is principally electronic in character. Th
position of theL1 mode can thus be used to indicate t
magnitude of the carrier concentration in the bulk.24,25

B. Etch time

Typical bias voltages used in Ar1 etching of semiconduc
tors range from 50 V to several kV.14–17 In this study, volt-
ages ranging from 75 to 300 V are used. At a gun voltage
75 V, the time required to reach a sputtering equilibriu
with respect to the surface concentrations must first be de
JVST B - Microelectronics and Nanometer Structures
e

ng

s

re

n

s

-
e

s
on
x-

a

s
d:

f

r-

mined. The inelastic light scattering spectra resulting fro
InAs bulk wafers etched at 75 V for varying times are sho
in Fig. 1. It is evident that even at this low bias voltage a
short etch time of 15 s, the LO mode intensity is significan
reduced. At longer etch times, the LO mode asymptotica
approaches a constant magnitude, and at 25 s is reduced
weak shoulder on the mainL2 peak. This shoulder persist
out to etch times of 1 min, indicating that a sputtering eq
librium has been reached by 25 s. Interestingly, XPS stud
show that for samples etched at 75 V, the surface ox
remains out to an etch time of 35 s, indicating that any ox
remaining from shorter etch times does not affect the he
of the LO mode. It also suggests that the reduction in the
mode intensity is a physical phenomenon caused by dam
to and through the oxide layer, not a chemical phenome
caused by removal of oxide-related surface states.

The high frequency coupled phonon-plasmon mode
rived from InAs etched at 75 V for various times is shown
Fig. 2. TheL1 mode shape and center frequency does
change appreciably. Since theL1 mode is principally elec-
tronic in character, with its center frequency dependent
carrier concentration, the constant position and line shap

FIG. 1. Inelastic light scattering spectra in the low-frequency region
samples etched at 75 V for varying times.lex5457.9 nm;T5300 K.

FIG. 2. Inelastic light scattering spectra in the high-frequency region
samples etched at 75 V for varying times:~a! 25 s; ~b! 20 s; ~c! 15 s; ~d!
unetched sample.lex5457.9 nm;T5300 K.
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the L1 mode are strong evidence that the damage me
nism does not change the carrier concentration in the b
region and that the damage produced is confined to the n
surface region.

C. Etch voltage

The low-frequency region of the inelastic light scatteri
spectra of bulk InAs samples etched for 30 s at varying v
ages are shown in Fig. 3. In comparison to the low-freque
spectra of unetched InAs, the LO mode is greatly reduc
While spectral line shape modeling requires both anL2 and
an LO contribution for InAs samples etched below 150
bias voltage, samples etched at higher bias can be fit by
L2 line shape function alone. In addition, in contrast to t
behavior at low bias, the high frequency mode changes
nificantly, moving to higher frequency with increasing et
voltage, as shown in Fig. 4. The behavior of theL1 mode,
indicates an increased carrier concentration in the bulk u
etching at higher bias potentials, most likely resulting fro
donor states created by the etching process. The cou
plasmon-phonon modes can be used to calculate carrier
centrations using published material constants and ta
into account the carrier concentration dependence of
electron effective mass.26 The spectral center frequencies
the L1 and L2 modes are given byv1 and v2 , respec-
tively, using standard dispersion equations appropriate
hydrodynamic free electron response,18

~v6!25 1
2 @~vp

21vLO
2 !

6A~vp
22vLO

2 !214pp
2~vLO

2 2vTO
2 !#, ~1!

where

vp5A ne2

e0e`m*
~2!

is the plasma frequency andvLO andvTO are the positions of
the LO and TO peaks, respectively,n is the electron concen
tration, e is the dielectric constant of InAs, andm* is the

FIG. 3. Inelastic light scattering spectra in the low-frequency region
samples etched at different bias voltages.lex5457.9 nm;T5300 K.
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electron effective mass. Table I shows the peak positions
widths with the corresponding calculated carrier concen
tions. In addition to the shift to higher frequency with in
creasing etch voltage, the width of theL1 modes increases
In the context of the hydrodynamic model this could indica
either a larger dispersion of carrier concentrations in
sample volume probed or increased damping resulting fr
carrier scattering from etch-induced structural disorder.
note that in all of the above experiments, even those un
the most damaging conditions, the InAs retained a mirr
like appearance despite the dramatic changes in the Ra
spectra and XPS-derived composition.

D. Annealing

The above results demonstrate that the low-frequency
elastic light scattering spectra are perturbed even under
gentlest etching conditions. At higher bias voltages, dam
extends further into the bulk, and donor states, manifested
an increased carrier concentration in the probed volume,
created. In an effort to remove the etch damage, an annea
step is added to the processing protocol. After etchi
samples are optimally annealedin situ at 500 °C for 12 min.
This annealing procedure always returns theL1 mode to the
position and width of the unetched material. At temperatu
below 465 °C, no change is observed in the Raman spe
after annealing, while forT.500 °C, whitish spots appea
and the surface is visibly damaged. Even more interestin

FIG. 4. Inelastic light scattering spectra in the high-frequency region
samples etched at different bias voltages:~a! unetched sample;~b! 150 V;
~c! 300 V. lex5457.9 nm;T5300 K.

f

TABLE I. Center frequencies forL1 modes of InAs etched at different bia
voltages.

Etch voltage/V
Center

frequency/cm21
Peak

width/cm21

Carrier

concentration/cm23 a

75 1150 214 1.331019

150 1236 293 1.631019

300 1285 349 1.831019

aCarrier concentrations are calculated according to Eq.~1!.
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the behavior in the low-frequency region of the Raman sp
trum. Figure 5 shows that after an etch-anneal sequence
LO mode is more intense than that initially observed on
unprocessed sample or from a region that is annealed
the native oxide present, i.e., with the surface masked du
etching ~compare the LO response of the etched-annea
sample in Fig. 5 to the unetched control in Fig. 1!.

XPS results~Table II! obtained on annealed InAs are r
vealing. Etching according to the conditions described ab
without subsequent annealing, shows an In/As ratio betw
1.4 and 1.6, indicating an In-rich surface, i.e., As is pref
entially removed by Ar1 bombardment. Etching with the
InAs held at a temperature at 150 °C produces the lar
In/As ratio. Annealing InAs~100! without etching, thereby
leaving the native oxide intact, reveals an InAs ratio of 1
Etching followed by annealing produces In/As51.0, indicat-
ing a stoichiometric near-surface region. Clearly, dynam
processes involving atom migration and volatilization affe
the stoichiometry in the near surface region when InAs
etched with or without annealing, so that compositi
changes in parallel with changes in the light scattering
havior.

IV. DISCUSSION

The etch time studies clearly show that, after a short
duction period, neither the Raman spectra nor the In/As
tios show any dependence on etch time. A sputtering e
librium is reached within 20 s, even though XPS resu

FIG. 5. Inelastic light scattering spectra in the low-frequency region show
the effect of annealing. Samples were etched for 1 min at 75 V to c
pletely remove the oxide, followed by 12 min of annealing in UHV
500 °C. A sample annealed under the same conditions without first rem
ing the oxide is also shown.

TABLE II. XPS-derived In/As ratios for samples processed under differ
conditions.

Unetched Etched

1.45 ~75 V, 30 s!
Unannealed 1.25 1.6~75 V, 30 s, 150 °C!

1.5 ~150 V!
1.5 ~300 V!

Annealed 1.2 1.0
JVST B - Microelectronics and Nanometer Structures
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indicate the oxide layer is not completely removed at t
point. There are several possible explanations for the red
tion in LO mode intensity upon etching. One is that A1

etching removes surface states resulting from oxides or
face reconstructions. In the absence of lattice damage in
near-surface region, removing surface states would unpin
surface Fermi level from its position above the conduct
band, thereby reducing the magnitude of the band bend
and the width of the accumulation region. Since the L
mode Raman signal is assigned to the CAR in InAs, reduc
the volume of the CAR would reduce the intensity of the L
mode. However, this mechanism is not consistent with et
induced changes observed in the high-frequency reg
Higher etch voltages cause theL1 mode to broaden and shif
to higher frequencies, indicating the creation of donor sta
in the bulk. These donor states most likely represent lat
damage-induced states in the bulk. It is difficult to imagine
process which would produce donor states deep in the cry
and leave the near-surface region undamaged. Furtherm
the XPS results in Table II clearly indicate an etch-induc
change in surface composition. Such a change in comp
tion would naturally be accompanied by lattice damage
second possibility involves etch-induced physical damage
the near-surface region. Such damage would disrupt tran
tional symmetry in the unit cells in the near-surface volum
where the LO mode originates, leading to fewer unit ce
contributing to LO mode scattering. Unfortunately disa
lowed TO mode scattering, which is taken as evidence of
extent of etch damage,19 is masked by theL2 mode from the
bulk in thesen1 samples. Even in severely damaged u
doped crystals TO mode scattering is typically only a fra
tion of the intensity of the LO mode, so it is much weak
than L2 scattering. A third possibility is that some of th
oxide is driven into the substrate during the etch, disrupt
the crystal structure in the near-surface region, resulting
fewer unit cells to contribute to the LO mode.

The annealing experiments help distinguish between
latter two cases. When InAs is etched, the LO mode is
minished in intensity, but it is restored upon annealing.
fact, annealing results in an LO mode intensity~relative to
the L2 intensity as an internal reference!, greater than the
LO intensity in either the unprocessed samples~containing a
native surface oxide! or the samples annealed with the nati
oxide intact. Furthermore, the LO intensity in the samp
annealed without etching is significantly smaller than that
the unprocessed samples, suggesting that in these sam
annealing causes diffusion of oxygen from the surface ox
into the near-surface region reducing the LO scattering
tensity. If etching were to drive oxygen into the substrate
sufficient quantities to affect the LO mode height, the a
nealing step, which results in redistribution of oxygen ato
deeper into the bulk in unetched samples, would not be
pected to restore the LO mode intensity. Since the inten
is restored fully upon annealing, it is likely that only a sma
amount of oxygen, if any, is driven into the substrate dur
etching. Thus, the reduction of the LO mode upon etching
more likely due to surface damage, which is subseque
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repaired by annealing at 500 °C. This mechanism is also c
sistent with the behavior of theL1 mode, which shifts and
broadens upon etching, but is returned to its original posit
and width by annealing. If significant oxygen redistributio
into the bulk occurred theL1 mode would not be expected t
return to its original position. Thus, both the LO andL1

modes are consistent with surface damage which is remo
by annealing and inconsistent with spatial redistribution
surface oxide.

This interpretation is also fully consistent with the XP
results. The increased In/As ratio observed in all etched,
unannealed, samples could indicate either As thermal
sorption, preferential As removal, or a segregation of As f
ther into the bulk. The observation that the In:As ra
~;1.2! observed for annealed, but unetched, samples
smaller than that observed for etched but unannea
samples~;1.5! can be interpreted in the context of the fo
mation of the elemental oxides. Reports on GaAs indic
that GaxOy is thermodynamically more stable than AsxOy .
Thus, over time AsxOy loses its oxygen to Ga atoms and t
free As migrates away or desorbs.27–29 The thermodynamic
considerations are similar in InAs, with the In oxides bei
more thermodynamically stable than the As oxides.30 Com-
paring the four possible combinations of etching/annealing
the In/As;1.0 obtained in the etched then annealed sam
can then be interpreted in terms of the propensity of eac
the processing protocols to remove As. The most dram
reduction in As is observed in etched, but unannea
samples as would be expected based on relative volati
tion of In and As. Unetched but annealed samples show
intermediate In/As ratio, and it is reasonable to postulate
the native oxide is more readily converted to In oxides at
higher temperatures present during annealing, forcing the
out of the near-surface region. Finally we note that annea
under optimal conditions:~a! results in a near-surface sto
ichiometry identical to theoretical;~b! returns theL1 mode
to its original position and intensity; and~c! produces a sig-
nificantly increased LO mode scattering intensity.

V. CONCLUSIONS

Ar1 etching, under the mildest conditions employed, ev
before the native oxide is completely removed causes a l
reduction in the LO mode intensity. This reduction is due
physical damage to the lattice in the near surface reg
Etching at higher voltages causes, in addition to a reduc
in the LO mode, formation of donor states and a concomit
increase in carrier concentration in the bulk, as evidenced
changes in theL1 mode behavior. Annealing previousl
etched samples at 500 °C:~a! reduces bulk carrier concentra
tions to levels observed in unprocessed samples, as
denced by the return of theL1 to its original position and
width, ~b! removes etch-induced lattice damage in the ne
surface region, as indicated by the LO mode intensity
creasing to levels above that in the unprocessed samples
~c! gives a stoichiometric surface composition. Clearly t
formation of the highly conducting interfaces needed
J. Vac. Sci. Technol. B, Vol. 18, No. 1, Jan ÕFeb 2000
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ohmic contacts requires that etch-induced damage be
moved, and annealing at 500 °C is shown to be an effec
mechanism for accomplishing this.
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