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Controlled oxide removal for the preparation of damage-free
InAs (110) surfaces

T. D. Veal and C. F. McConville®
Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom

(Received 7 April 2000; accepted for publication 18 July 2000

Controlled oxide removal from InA&10) surfaces using atomic hydrogen{Hhas been achieved

by monitoring the contaminant vibrational modes with high resolution electron energy loss
spectroscopyHREELS. The contributing oxide vibrational modes of the partially tdleaned
surface have been identified. Following hydrocarbon desorption during preliminary annealing at
360 °C, exposure to atomic hydrogen at 400 °C initially removes the arsenic oxides and indium
suboxides; complete indium oxide removal requires significantly higher hydrogen doses. After a
total molecular hydrogen dose of 120 kL, a clean, ordered surface, exhibiting a sharp) (1
pattern, was confirmed by low energy electron diffraction and x-ray photoelectron spectroscopy.
Energy dependent HREELS studies of the near-surface electronic structure indicate that no residual
electronic damage or dopant passivation results from the cleaning procesg00@American
Institute of Physics.S0003-695(00)05537-4

The preparation of clean, ordered, and stoichiometridHREELS. The near-surface electronic structure of the clean
[lI-V semiconductor surfaces is generally problematic with-surface was also studied by HREELS, semiclassical dielec-
out the extensive facilities available with molecular beamtric theory simulation§,and charge profile calculations.
epitaxy (MBE). When these are unavailable, the standard Samples of Sdoped InA$110 wafers H~4
method ofin situ cleaning of polar InAs surfaces is cycles of x10'¥cm™3) were individually loaded into the ultrahigh
low energy ion bombardment and annealtinigowever, this vacuum HREELS spectrometerbase pressure ~2
has been shown to cause severe structural damage, resultingl0~ °mbar) without anyex situtreatment. X-ray photo-
in the introduction of defects, enhanced carrier concentraelectron spectroscogXPS) and low energy electron diffrac-
tions, and reduced mobilities within the outermost 1000 A oftion (LEED) were used to monitor the chemical composition
the materiaf~3 Traditionally, the nonpola¢110) surfaces of and surface ordering, respectively, before, during, and after
[lI-V materials have been produced by cleaving in vacuumthe cleaning process. Specular HREEL&= 6,=45°) was
However, from cleave to cleave large variations in the surused to study the surface vibrational modes of the contami-
face step densities result. These steps have been observeghts on the as-loaded and partially cleaned surfaces, and to
using scanning tunneling microscopy whefkEll), (112), probe the near-surface electronic structure of the clean sur-
and (110-type steps have all been identified on IiAK).*  face. Molecular hydrogen was thermally cracked by the W
The consequent modification of the surface, where the readdament of an atomic hydrogen sour@ePI Ltd., UK) held
tivity is likely to be dominated by the step density profile, at ~2100 °C(as measured by an infrared pyromgtsith an
will result in significant nonuniformity in the surface prop- estimated H—H* conversion efficiency of about 6%—7%.
erties with each cleave. This is evident from photoemissiorHydrogen doses were measured in terms of molecular hydro-
studies, where the expected flat-band condition, with no eleagen exposures in kilo-Langmui&L) (1 kL=10"3Torrs).
tron accumulation, is rarely achieved for INA30). The sur-  During AHC, the chamber pressure was typically 3
face electronic structure is extremely sensitive to the presx 10”° mbar. Samples were degassed for one hour to 360 °C
ence of cleave-induced steps, which result in downward bangrior to AHC, and annealed to 400 °C during AHC by a
bending and accumulation layer formatimn alternative  combination of the atomic hydrogen source filament and the
surface preparation technique, atomic hydrogen cleaningample filament mounted behind. The surface temperature
(AHC), offers an effective way of obtaining clean, undam-was measured by a chromel-alumel thermocouple in direct
aged InA$110 surfaces with uniform step densities. This contact with the sample.
method has previously been shown to be an efficient, rela- The as-loaded samples gave a very weak and broad
tively low temperature technique for obtaining clean, well-specular elastic peak in HREELS, with an angular spread of
ordered, damage-free GaAs and Iff®1) surfaces’’ 15° full width at half maximum{FWHM); they exhibited no

In this letter, the removal of oxide and hydrocarbon con-ordered LEED pattern. Figure 1 shows specular HREEL
tamination from the InAQ.10 surface by annealing under a spectra from an as-loaded sample, after annealing at 360 °C,
flux of atomic hydroger(H*) is reported. During AHC, the and following total atomic hydrogen cleaning doses of 15,
contaminant vibrational modes were identified and moni-30, and 60 kL. The as-loaded spectr{ifig. 1(a)] features a
tored by high resolution electron energy loss spectroscopgeak at 106 meV—almost twice the width of the elastic
peak. This is attributed to a combination of In-O and the
“Author to whom correspondence should be addressed; electronic maif\S—O Vibrational modes, known to exist &87 and~118
C.F.McConville@warwick.ac.uk meV, respectively? However, it is apparent that the broad
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FIG. 2. Experimental specular HREEL spectra, with an instrumental broad-
FIG. 1. Specular HREEL spectra, recorded at 15 eV, with an instrumentagning of 10 meV FWHM, recorded at room temperat(detted lines and
broadening of 16 meV FWHM, frorte) an as-loaded InA810 samplejb) three-layer dielectric theory simulationsolid lineg as a function of
after annealing for one hour at 360 °C; and after total atomic hydrogerincident-electron energy for clean In@40) (n~4x10®cm™) after a to-
cleaning doses ofc) 15, (d) 30, and(e) 60 kL. tal of 120 kL of atomic hydrogen cleaning.

peak at 106 meV in both Figs(d and Xb) cannot be due GaAs!®® In the case of GaA400), it has been proposed
solely due to the combination of two symmetric peaks centhat the removal of A, occurs by the formation and de-
tered at 87 and 118 meV. Since the character of the intramcsorption of AsH, while the oxygen generated in this process
lecular bond changes, for example betweegi©Oland IR0, reacts with surface gallium to form more &&.® A similar
relatively large frequency shifts can occur. This suggests thanechanism is proposed here, with the formation of more
the origin of the low loss energy side of this peak is a com4n,0O5; explaining the increased intensity in the In—O vibra-
bination of In—O vibrational modes of several different fre- tional mode observed in Fig(d).
guencies in the range 87 t6100 meV. These modes result The HREEL spectrum after a total of 30 kL of AHC
from the various intramolecular bonds present in the differ{Fig. 1(d)] is essentially the same as after 15 kL, except that
ent In oxides likely to exist in the native oxide, including the intensity of the oxide vibration has decreased, suggesting
In,O5 and less thermally stable suboxides such a®IiThe  that some IpO; has been removed. After a total of 60 kL of
peak centered at170 meV, which has been previously as- AHC, the oxide peak in the HREEL spectruhig. 1(e)]
signed incorrectly to the As—O vibratidhjis in fact due to  shifts to 87 meV, the position for the In—O vibration. There
the combined hydrocarbon deformation modé&;—H),*> s no intensity in the As—O vibration region of this spectrum.
while the peak at 360 meV is attributed to the C—H stretch-This corresponds to the removal of &% to below the de-
ing mode. The presence of hydrocarbons on the surface wasction limit of the techniqué~0.1% of a monolayéf), and
confirmed by the C& XPS spectrum. The oxide vibrational indicates the presence of,{D; as the only surface contami-
modes were identified with the presence of In oxide anchant. At this stage, the partially clean surface gave a slightly
As,O;, by reference to the In As2p and &, and Ok  more intense specular elastic peak in HREELS, with an an-
XPS spectra® The In oxide could not be identified by XPS gular spread of 8° FWHM, and a weakX1l) LEED pattern
since the different oxides are indistinguishable because afith high background intensity. The intensity of all the peaks
the small chemical shifts of the Ird3lines. in the spectra of Fig. 1 decreased as the incident electron
Preannealing at 360 °C removed the hydrocarbon conenergy was increased, with the expecl:‘e‘d”2 dependence,
taminants, as indicated by the lack of any corresponding vieonfirming that they are due to vibrational modes and not
brational modes in the HREEL spectrdifiig. 1(b)] and by  collective excitations.
XPS, although the broad oxide peak at 106 meV remained. A clean surface was obtained after a total of 120 kL of
This suggests that no oxides are desorbed as a result of aAHC exhibiting a clear, sharp (1) LEED pattern and no
nealing at 360 °C. After a 15 kL dose of'lHa peak at 90 residual carbon or oxygen as observed using XPS. Increased
meV can be observeffrig. 1(c)], narrower than the initial surface ordering was also apparent from the more intense
oxide peak of the annealed surface, but of greater intensitgpecular elastic peak in HREELS with a much reduced an-
and with a shoulder extending te150 meV. The change in gular spread3° FWHM). HREEL spectra, with varying in-
shape and shift of the oxide peak is due to the removal ofident electron energy, are shown in Fig. 2 for the clean
most AsO; and all the In suboxides, indicating that the peaksurface(dotted lineg, along with simulations generated by
at 90 meV is mainly composed of J@5-related In—O vibra- semiclassical dielectric theoifgolid lines. While the clean
tions (at 87 meV, with the high loss energy shoulder due to surface spectra shown do not extend to the loss energies of
the residual As—O modes. Desorption of,@g requires a all the contaminant vibrational modes, it was independently
lower H* dose than Ig0; removal because of its lower ther- confirmed that their intensities had been reduced to below
mal stability, as indicated by the free energies of formatfbn. the detection limit. Instead, two collective excitation features
The removal of As oxides before Ga oxides has been previef the clean surface are revealed. In the 10 and 30 eV spec-

ously observed during atomic hydrogen cleaning oftra, a loss feature at-29 meV assigned to the Fuchs—
Downloaded 06 Jul 2009 to 137.205.202.8. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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produces the observed plasmon peak dispersion in the ex-
perimental spectra. This indicates that AHC does not cause
. any subsurface damage: the spatial dispersion coefficients for
. IBA samples are significantly lower than those predicted by
the RPA because of additional defect scattefivghen the
carrier mobility of the AHC-prepared InA%10 surfaces is
deduced from the plasmon lifetimes used in the simulations,
the result is a factor of four higher than for samples from the
same wafer subjected to grazing incidence IBA at 500 eV
incident energy. This provides further evidence that AHC
5'0 160 15'50 200 does not induce the same degree of electronic damage as
Depth / A surfaces subjected to low energy ion bombardment.
In conclusion, it has been demonstrated that clean, well
FIG. 3. The MTFA electron density profile for InAkL0O) surfaces §~4 ordered |nAs110) surfaces can be reproducib|y obtained by
x 10'%em ) prepared by atomic hydrogen cleanifdptted ling and the oy 00q11re 1o atomic hydrogen at relatively low anneal tem-
three-layer histogram profile used in the dielectric theory HREELS simula- . .
tions (solid line). Note the shape of the profile is characteristic of heavily P€ratures. The removal of hydrocarbon contamination purely
doped InAs. by annealing at 360 °C and controlled reduction of the sur-
face have been achieved, and the vibrational modes of the
. . component oxides identified. In the early stages of AHC
Kliewer syrface optlca] phonion can .be seen as a shouldgr 335—60 KL) at 400 °C, the AsO; and In suboxides are shown
th.e glashc p.eak.' The intensity of this feature.d'ecays rapid 0 be removed. A total molecular hydrogen dose of 120 KL is
ywth increasing incident electron energy, and it is not presen}equired to remove the 0, completely, including that gen-
in the higher energy spectra. The higher loss energy peakrgated during AgO; removal. Semiclassical dielectric theory
due_ t(.) the conduction ba_nd su_rface plas_mon eX_C|tat_|on_s, amulations successfully reproduce the experimental clean
exhibits a downward dlsperspn with increasing InCIdentsurface spectra over a wide incident electron energy range.
elecron energy, from 93 meV In the 10 eV spectrum ta 89These results indicate that no detectable electronic damage or

meV at 100 eV. . . . . . . __dopant passivation is introduced in the near-surface region.
The plasma dielectric function used in the simulations
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