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Raman scattering and x-ray photoelectron spectroscopy are used to study the damage induced by
low energy AP 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 @gfiz 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(gdih A). 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 stoichiometritn:As=1:1) 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. ZH00 American Vacuum Socief$0734-211X00)10201-X]

[. INTRODUCTION of surface oxides and other surface adsorbates. Etching the
native surface with nonreactive species, such as gas-phase
InAs presents novel opportunities and challenges for dear+, is a popular method of removing these adventitious
vice fabrication due to the narrow energy gap and unusuapecies. Physical sputtering with Amllows the first few
band bending at the surfate’ In most I11-V semiconduc-  atomic surface layers of a semiconductor to be removed, and
tors, surface-induced band bending creates a surface deplgnder the right conditions it can be highly spatially aniso-
tion layer, which acts as a barrier to electron transport. |rtropic. For example, when combined with spatial masking,
contrast, the band bending at InAB00) and (110 surfaces  Ar* etching can be used to create features with large aspect
leads to a charge accumulation regi@®AR) in which the  ratios14-17 As attractive as Af etching is, however, it can-
electron concentration is hlghel’ than in the bulk. Further'not be emp'oyed if |t |eads to Substantia' a|teration Of Sub_
more, at doping concentrations greater thad0'’ cm™®  syrate properties. In this study, we characterize the
the Fermi level is above the conduction band minimum,ar*.induced damage to the near-surface region of
causing degeneracy. This situation leads to ohmic contaghas(100), under various etching conditions with the obvi-
formation and high transmittance metal—semiconductopys goal of minimizing At damage effects and identifying

interfaces’ These same properties make InAs an attractivehose conditions which produce an oxide-free, well-formed
material for the study of interfacial charge transport. Of par-ang reproducible interface.

ticular interest in our laboratories is the study of charge
transport in superconductor—semiconduct&:Sn) inter-

faces near the superconducting critical temperatttéThe || EXPERIMENT
first observation of an optical signature of the superconduct- _ _
ing proximity effect was discovered in the Nb/INAS0) Bulk-grown, (100)-oriented, single-crystal InAs wafers

model systemt?!3 Given the facility of forming ohmic con- ©obtained from OMK(Slovakig are used. They are-type
tacts to InAs and the interest in transport across InAs heterdSntSb InAs  with a carrier concentration of 1.2
interfaces, it is important to understand how typical deviceX 10 cm™3, as reported by the manufacturer and con-
processing steps affect the chemical and physical propertidgmed by the position of thé., collective phonon-plasmon
of InAs(100) interfaces. mode in the inelastic light-scattering spectrum. lon etching is
Any insulating layer present at a metal—semiconductor oPerformed in a stainless steel ultrahigh vacuybiHV)
semiconductor—semiconductor heterojunction interface caghamber using an ion guiCommonwealth Scientific Corp.
cause nonohmic charge transport across that interface, i.d0 @ Kaufmann configuration. The base pressure in the cham-
the formation of a Schottky barrier. Thus, the preparation ober is 2<10~° Torr. During the etching procedure, a con-

metal—semiconductor interfaces usually starts with remova$tant flow of high-purity Ar is introduced, raising the pres-
sure to 2<10 * Torr during etching. Etching is carried out

3Electronic mail- bohn@scs.uiuc.edu vyith a voltage and b_eam current of 75 V and 1 mA, respec-
YElectronic mail: lhg@uiuc.edu tively, unless otherwise stated.
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X-ray photoelectron spectrosco}PS) spectra are col- 100
lected with a Physical Electroni¢®HI 5400 instrument us-
ing a MgKa source. The lines used to evaluate the relative s -|
surface elemental concentrations are: §)(1Ez~531 eV,
AS(3d5/2,3d3/2), EB’\"’42, 43 eV; and |(BC15/2,3d3/2), EB
~444, 452 eV.

The Raman spectra are collected in a near-backscatterin’
geometry. Spectra are excited with an*Aaser(457.9 nm
using either a cylindrical or spherical lens with irradiances
ranging from 2 to 1800 W/cfn A surface photovoltage ef- 201
fect is observed at irradiances> 240 Wicnt for this dop-
ing level at room temperature. Thus, all spectra presented ar T . . . . T
acquired at <240 Wi/cnt. A single monochromatofSpex 190 180 200 Ram:,f%hm (Cﬁfg) 260 60 %0
500M) equipped with a liquid nitrogen cooled charge-
coupled devicéCCD) cameraPhotometrics 200utilizing a Fic. 1. Inelastic light scattering_ spe_ctra in the low-frequency region of
holographic notch filtetkaisel to remove unwanted Raman S2™PIes etched at 75 V for varying timas,=457.9 nm;T=300 K.
scattering from the laser line is used to collect the Raman
signal. Spectra are collected in tRéy,z)x configuration, in
which scattering from the longitudinal opti€LO) and
coupled photon-plasmon modes are allowed from an InA
(100) surface, and the(y,y)x configuration in which only
the LO mode is allowed® The transverse-opti€TO) mode
is disallowed in both configurations, and its presence is in
terpreted to signal lattice damage in the near-surfac

------ 15 second etch
------ 20 second etch
- - - 25 second etch
-~ Unetched sample
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mined. The inelastic light scattering spectra resulting from
gnAs bulk wafers etched at 75 V for varying times are shown
in Fig. 1. It is evident that even at this low bias voltage and
short etch time of 15 s, the LO mode intensity is significantly
reduced. At longer etch times, the LO mode asymptotically
gpproaches a constant magnitude, and at 25 s is reduced to a

region’® weak shoulder on the main_ peak. This shoulder persists
out to etch times of 1 min, indicating that a sputtering equi-
librium has been reached by 25 s. Interestingly, XPS studies
show that for samples etched at 75 V, the surface oxide

Ill. RESULTS remains out to an etch time of 35 s, indicating that any oxide

A. Two mode scattering remaining from shorter etch times does not affect the height

of the LO mode. It also suggests that the reduction in the LO
mode intensity is a physical phenomenon caused by damage

=1 =1
phonon (23_71 cm )I andh the L*|(217 cm) and |L+ to and through the oxide layer, not a chemical phenomenon
(~1150 cm™) coupled phonon-plasmon modes. E ectrons aused by removal of oxide-related surface states.

confined near the surface in the charge accumulation region o high frequency coupled phonon-plasmon mode de-

(CA_‘R) give rise to unsgreene_d L_O FJ_*;S”O” scatte_ring, as €Xived from InAs etched at 75 V for various times is shown in
plalned by the.uncertamty pr;nupf’@. .At these high car- Fig. 2. TheL, mode shape and center frequency does not
rier _concentrauons, the conﬁne_d region of the CAR has Q:hange appreciably. Since the mode is principally elec-
spatial extent, Ax~35 A, which leads to adk~1 tronic in character, with its center frequency dependent on

o EREL 2T .
< 10" cm " This is much larger than the scattering . er concentration, the constant position and line shape of
wavevector for this excitation wavelength, and leadgqto

#0 scattering at the unscreened LO mode frequéh&jnce
the penetration depth of the 457.9 nm probe light of 97 A'is 4,
greater than the width of the CAR, two modes are observed
an LO mode from the CAR and both low-frequenty, ,
and high-frequencyL ,, coupled phonon-plasmon modes 120
from the bulk. TheL _ mode is predominantly phonon-like,
while theL , mode is principally electronic in character. The
position of theL, mode can thus be used to indicate the
magnitude of the carrier concentration in the btftk®

Spectra taken in the(y,z)x configuration exhibit an LO

140
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B. Etch time @
. . . . . 0
Typical bias voltages used in Aretching of semiconduc- 1000 1100 1200 1300 1_150 1500 1600
tors range from 50 V to several k¥ In this study, volt- Raman Shift (om *)

ages rangln_g from 75 t0 300 V are used. At z_i gun VO_IJ_[age OEIG. 2. Inelastic light scattering spectra in the high-frequency region of
75 V, the time required to reach a _SpUtte”ng _eqU|||b”UmsampIes etched at 75 V for varying timés) 25 s; (b) 20 s;(c) 15 s; (d)
with respect to the surface concentrations must first be detetnetched samplé, ,=457.9 nm;T=300 K.
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Fic. 3. Inelastic light scattering spectra in the low-frequency region of FiG. 4. Inelastic light scattering spectra in the high-frequency region of
samples etched at different bias voltageg=457.9 nm;T=300 K. samples etched at different bias voltages:unetched samplgp) 150 V;
(c) 300 V. \g,=457.9 nm;T=300 K.

the L, mode are strong evidence that the damage mecha- _ -
nism does not change the carrier concentration in the pulRlectron effective mass. Table | shows the peak positions and

region and that the damage produced is confined to the neafidths with the corresponding calculated carrier concentra-
surface region. tions. In addition to the shift to higher frequency with in-

creasing etch voltage, the width of the modes increases.

In the context of the hydrodynamic model this could indicate

either a larger dispersion of carrier concentrations in the
C. Etch voltage sample volume probed or increased damping resulting from

spectra of bulk InAs samples etched for 30 s at varying voltnote that in all of the above experiments, even those under
ages are shown in Fig. 3. In comparison to the low-frequency’® most damaging conditions, the InAs retained a mirror-
spectra of unetched InAs, the LO mode is greatly reducedike appearance despite the dramatic changes in the Raman
While spectral line shape modeling requires botiLanand ~ SPectra and XPS-derived composition.

an LO contribution for InAs samples etched below 150 V

bias voltage, samples etched at higher bias can be fit by the

L_ Iin(_a shape fuqction anr_1e. In addition, in contrast to th.eD. Annealing

behavior at low bias, the high frequency mode changes sig- )
nificantly, moving to higher frequency with increasing etch  The above results demonstrate that the low-frequency in-
voltage, as shown in Fig. 4. The behavior of the mode, elastic light scattering spectra are perturbed even under the
indicates an increased carrier concentration in the bulk upof€ntlest etching conditions. At higher bias voltages, damage
etching at higher bias potentials, most likely resulting from&xtends further into the bulk, and donor states, manifested by
donor states created by the etching process. The coupléd! increased carrier concentration in the probed volume, are
plasmon-phonon modes can be used to calculate carrier coftéated. In an effort to remove the etch damage, an annealing
centrations using published material constants and takin§teP is added to the processing protocol. After etching,
into account the carrier concentration dependence of thedmples are optimally annealgdsitu at 500 °C for 12 min.
electron effective mas¥. The spectral center frequencies of This annealing procedure always returns themode to the

the L, andL_ modes are given by, and w_, respec- position and width of the unetched material. At temperatures
tively, using standard dispersion equations appropriate to Below 465 °C, no change is observed in the Raman spectra
hydrodynamic free electron resporiée, after annealing, while foilf >500 °C, whitish spots appear,

5 and the surface is visibly damaged. Even more interesting is
(w:)zz %[(‘Up"‘ wio)

2 22 2, 2 _ 2
= \/(wp wLO) +47TD(wL0 wTo)]' ) TasLE |. Center frequencies fdr, modes of InAs etched at different bias
where voltages.
ne? Center Peak Carrier
- ) Etch voltage/V  frequency/cmi®  width/cm™®  concentration/cm?® ®
Wp " 3]
€o€xM 75 1150 214 1310
is the plasma frequency ang 5 andwrg are the positions of 150 1236 293 1810

the LO and TO peaks, respectivetyis the electron concen- 300 1285 349 18107

tration, € is the dielectric constant of InAs, and* is the  acarrier concentrations are calculated according to(E.
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indicate the oxide layer is not completely removed at that

100 \ P —@:?;;friswei:: native point. There are several possible explanations for the reduc-
P\ - Etched for 1 minute tion in LO mode intensity upon etching. One is that*Ar

at 756 V and annealed

etching removes surface states resulting from oxides or sur-
face reconstructions. In the absence of lattice damage in the
near-surface region, removing surface states would unpin the
surface Fermi level from its position above the conduction
band, thereby reducing the magnitude of the band bending
and the width of the accumulation region. Since the LO
mode Raman signal is assigned to the CAR in InAs, reducing
T the volume of the CAR would reduce the intensity of the LO
wo 180 200 220 . 2‘{91 260 280 300 mode. However, this mechanism is not consistent with etch-
Raman Shift (cm ) induced changes observed in the high-frequency region.
Fic. 5. Inelastic light scattering spectra in the low-frequency region showingHigher etch voltages cause the mode to broaden and shift
the effect of annealing. Samples were etched for 1 min at 75 V to comi0 higher frequencies, indicating the creation of donor states
pletely remove the oxide, followed by 12 min of annealing in UHV at in the bulk. These donor states most likely represent lattice
i‘?\%othi' (ﬁ( izszpgsingﬁg\';g_ under the same conditions without first remc"’damage—ind.uced states in the bulk. Itis difficult to imagine a
process which would produce donor states deep in the crystal
and leave the near-surface region undamaged. Furthermore,
the behavior in the low-frequency region of the Raman specthe XPS results in Table Il clearly indicate an etch-induced
trum. Figure 5 shows that after an etch-anneal sequence, tithange in surface composition. Such a change in composi-
LO mode is more intense than that initially observed on artion would naturally be accompanied by lattice damage. A
unprocessed sample or from a region that is annealed witSecond possibility involves etch-induced physical damage in
the native oxide present, i.e., with the surface masked duringhe near-surface region. Such damage would disrupt transla-
etching (compare the LO response of the etched-annealeflonal symmetry in the unit cells in the near-surface volume
sample in Fig. 5 to the unetched control in Fig. 1 where the LO mode originates, leading to fewer unit cells
XPS result(Table I)) obtained on annealed InAs are re- contributing to LO mode scattering. Unfortunately disal-
vealing. Etching according to the conditions described aboveywed TO mode scattering, which is taken as evidence of the
without subsequent annealing, shows an In/As ratio betweegytent of etch damag®,is masked by thé _ mode from the
1.4 and 1.6, indicating an In-rich surface, i.e., As is preferyyik in thesen* samples. Even in severely damaged un-
entially removed by Af bombardment. Etching with the goped crystals TO mode scattering is typically only a frac-
InAs held at a temperature at 150 °C produces the largesjon of the intensity of the LO mode, so it is much weaker
|n/A_s ratio. Anr_wealing InAs(100) without etching, thereby than L_ scattering. A third possibility is that some of the
leaving the native oxide intact, reveals an InAs ratio of 1.2.yiqe is driven into the substrate during the etch, disrupting
Etching followed by annealing produces InfA$.0, indicat-  he crystal structure in the near-surface region, resulting in
ing a stoichiometric near-surface region. Clearly, dynamiGeaer unit cells to contribute to the LO mode.
processes involving atom migration and volatilization affect 11,4 annealing experiments help distinguish between the
the stoichiometry in the near surface region when INAS iS uar two cases. When InAs is etched, the LO mode is di-
etched W'th or W'thQUt anneallng, SO _that Comp‘,)S't'onminished in intensity, but it is restored upon annealing. In
changes in parallel with changes in the light scattering befact, annealing results in an LO mode intengitglative to

havior. the L_ intensity as an internal referenceyreater than the
LO intensity in either the unprocessed samlamtaining a
IV. DISCUSSION native surface oxideor the samples annealed with the native
The etch time studies clearly show that, after a short inoxide intact. Furthermore, the LO intensity in the samples
duction period, neither the Raman spectra nor the In/As raannealed without etching is significantly smaller than that in
tios show any dependence on etch time. A sputtering equithe unprocessed samples, suggesting that in these samples
librium is reached within 20 s, even though XPS resultsannealing causes diffusion of oxygen from the surface oxide
into the near-surface region reducing the LO scattering in-
TasLE Il. XPS-derived In/As ratios for samples processed under differenttenSity' If etching were to drive oxygen into the substrate in
conditions. sufficient quantities to affect the LO mode height, the an-
nealing step, which results in redistribution of oxygen atoms

Intensity (A.U.)

Unetched Etched deeper into the bulk in unetched samples, would not be ex-
1.45(75V, 30 9 pected to restore the LO mode intensity. Since the intensity
Unannealed 1.25 165V, 30s,150°C is restored fully upon annealing, it is likely that only a small
12 ggg& amount of oxygen, if any, is driven into the substrate during
Annealed 12 10 etching. Thus, the reduction of the LO mode upon etching is

more likely due to surface damage, which is subsequently
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repaired by annealing at 500 °C. This mechanism is also comshmic contacts requires that etch-induced damage be re-
sistent with the behavior of the, mode, which shifts and moved, and annealing at 500 °C is shown to be an effective
broadens upon etching, but is returned to its original positiormechanism for accomplishing this.

and width by annealing. If significant oxygen redistribution

into the bulk occurred the ;, mode would not be expected to ACKNOWLEDGMENTS
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