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It is found that an ordered and air stable GaAs(111)A—(1x1)-Cl surface can be produced by
chemical etching/passivation with dilute HCI solution. The synchrotron polarization dependent ClI
K edge x ray absorption near edge structure and x ray photoelectron spectroscopy studies
showed that the surface is terminated with Ga—Cl bonds oriented along the surface normal.

Low energy electron diffraction studies showed a bulklike (1%1) structure on the Cl terminated
GaAs(111)A surface. The Cl termination eliminates surface band gap states caused by surface
oxides. Photoluminescence measurements showed a dramatic increase in the near band
radiative emission rate corresponding to reduction in the occupied surface band gap states. A
reduction of surface gap states by Cl termination was confirmed by surface photovoltage
measurements.
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It is found that an ordered and air-stable G&A4)A—(1X1)—Cl surface can be produced by
chemical etching/passivation with dilute HCI solution. The synchrotron polarization-dependent CI
K-edge x-ray absorption near-edge structure and x-ray photoelectron spectroscopy studies showed
that the surface is terminated with Ga—Cl bonds oriented along the surface normal. Low-energy
electron diffraction studies showed a bulklikex1) structure on the Cl-terminated GaA§1)A

surface. The CI termination eliminates surface band-gap states caused by surface oxides.
Photoluminescence measurements showed a dramatic increase in the near-band radiative emission
rate corresponding to reduction in the occupied surface band-gap states. A reduction of surface gap
states by CI termination was confirmed by surface photovoltage measuremei@95cAmerican

Institute of Physics.

One of the major trends in modern electronic materialfound to be stable in air for at least 1 h, which is the time
and device research is to reduce individual devices down taormally required for sample transfer to ultrahigh vacuum
nanoscale dimensions. At such a small scale, the total num{UHV) systems for surface structure analysis.
ber of surface and interface atoms then becomes a significant X-ray photoelectron spectroscogXPS was used to
part of the device. The passivity and stability of surface atcharacterize the chemical composition of surfaces using
oms are expected to control to a large degree the perfoequipment and methodology as described in Ref. 15. The
mance and reliability of a particular device. Even now forpresence of Cl on the treated surface was identified bypits 2
air-oxidized Ill-V surfaces, the high number of surfacecore level withps, located at 198.0 eV, as shown in Fig.
states and high surface recombination velocity have contribl(a). Figure 1b) shows an As P, spectrum which can be
uted to many failures in optoelectronic devices such as catdifted by a single Gaussian—Lorentzian peak centered at
strophic optical mirror damage in semiconductor ladefs. 1322.98 eV. Figure (t) shows a Ga @), spectrum which
Surface passivation has, for example, been found to be &fn be fitted by two peaks. The major peak at 1117.27 eV is
absolutely essential process in the manufacturing of micro@itributed to Ga bonded to As, and the second peak with a
disk laserS. Therefore, ways of removing native oxides and chemical shift of 1.25 eV is explained as due to Ga—Cl bond-
passivating the surface against oxidation have been activel)d- XPS data suggest that the surface is free of Ga and As
researched in recent years both for device manufacturing arfides and that GaCl species are present on the surface.
for epitaxial growth on patterned surfaces? Sulfur passi- The chemical coordination of Cl was studied by photo-

vation has been the most widely used passivation metho‘aIECtriC polarization-dependent (Bﬂ—e'dge x-ray absorption
since its discovery by Sandradt al.” For (100) surfaces, it is near-edge spectroscofANES) carried out on the Cana-

found that S forms bridge bonds with group-IIl elemétit§® dian double-crystallnSt) monochromato(DCM) beam line

. located at the Synchrotron Radiation Center of the Univer-
and, therefore, naturally saturates all dangling b¢pé) sity of Wisconsin-Madison. The total electron-yield XANES
states. For a GaA$11)A surface with Ga termination, how- Y ' Y

. spectra were obtained by measuring sample current in a
ever, each surface Ga atom has one empty DB oriented <31I0Q/g5:l Y 9 P

th ‘ | Saturating th tv DBs by formi cuum chamber as described in detall in Ref. 11. The pho-
€ surtace normal. saiurating these empty Ubs by TormiNg,, e 5m was kept at a constant 20° glancing incidence angle
monovalent bonds with adatoms such as CI should in prin

i : while the sample can be rotated along the axis parallel to the
ciple produce a stable surface. This letter reports on our r

. . : ) ohoton beam. The sample was positioned such that the
cent discovery of producing a Ga monochloride terminate ample surfacf(111)-pland could be rotated either parallel
GaAq111)—(1X1) surface.

; ) or perpendicular to the plane-polarized photoelectric vector
Undoped, epiready GaA&LDA samples supplied by g 4t 5 constant photon incidence angle. Such a sample con-
American Xtal Technology were used in the study. Thefigyration is designed to eliminate surface effects at two ex-
sample preparation was based on the etching procedure rgame polarization&®
ported by Luetall® with certain modifications. In the The Cl K-edge absorption is caused by the photon-
present case, the epiready surface was immersed in diluigquced transition oK-shell electrons to empty valence or-
(10% HCI solution at room temperature for a few minutes. pjtals, which must be op character due to the dipole transi-
As will be shown, the HCI treatment produces an oxide-fregjon selection rule. The prominent feature in XANES spectra
surface terminated with CI. The Cl-terminated surface iSrom a covalent system is the transition sfelectrons to

670 Appl. Phys. Lett. 67 (5), 31 July 1995 0003-6951/95/67(5)/670/3/$6.00 © 1995 American Institute of Physics
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FIG. 3. Schematic view of Cl-terminated GaA$1)A surface.

..... about 2823 eV is the-, resonancé’ caused by the transition
B T e L =P of _CI s-electrons to Cl-Ga antibondin_g states. This inte_rpre-
Binding Energy (eV) tation on the nature of Cl was confirmed by measuring a
GaCk model compound and also by comparing the XANES
FIG. 1. Cl 2, As 2ps;,, and Ga gy, Spectra recorded from a HCl-treated SPectra with previously reported dataf Cl on Si(111) and
surface. The open circles are as-recorded data and the solid lines are Shirl&e(111) surfaces where monochloride termination was also
background substraction. For the Gi &pectrum, the two dashed lines rep- fgund. The XANES spectra show that theresonance inten-

resent spin-orbit splittingps, 1, and the solid line is the sum of these two  _:.., : : _
components. The peak at 204 eV is from the Axc8re level. For the As Sity Is very strong whetk is tuned towards the surface nor

2psy, spectrum, the data can be fitted by a single peak shown as the solif1@l (#=20°) and resonance is very weak wheris perpen-
line. For the Ga Pa, spectrum, the data can be fitted by two componentsdicular to the surface normal. This indicates that the CI-Ga
positioned at 1117.27 eV due to GAs) and at 1118.52 eV due to GE&I). bond is perpendicu|ar to ﬂ'(é_ll)-p|ane Based on the d|po|e
selection rule, it may be concluded that the Ga—Cl bonding
states|o,), are formed between atomiclik€l,p,), and DB

antibondingo-like orbitals, which is often referred to as 1
resonance. Since the bonding and antibonding states atgasP’)-

along the same axigr resonance has been used extensively ~ 1he structure of the surface was studied by LEED. A
to determine the orientation of adatom chemical bonds ofP@AS11DA sample was passivated as described above, and

surfaces. It is well establish¥d’ that theo-resonance inten- transferred within 40 min into a surface analytical chamber
sity l<co(6), whered is the angle between the photoelectric cOntaining a PRI RVL 8-120 reverse-view LEED. The LEED
vector and the chemical bond orientation. Figure 2 shows quata_y(\)/ere obtained at a chamber pressure of about 5
K-edge XANES spectra taken at two different polarizations10 ~ Torr. A (1x1) LEED pattern, commensurate with the
at #=20° andf=90°. The data were as-recorded with a lin- Underlying bulk periodicity, was obtained on as-passivated

ear pre-edge background substraction. The sharp peak $irfaces. Based on LEED, XPS, and synchrotron
polarization-dependent CK-edge XANES measurements,

however, it may be concluded that the surface is terminated
——————T T by ordered Ga monochloride bonds. A schematic view of the
] surface is shown in Fig. 3.

The optical properties of Cl-terminated GaAs were stud-
ied using photoluminescen¢BL) spectroscopy at 15 K. The
excitation source was the 488 nm line of an"Amser with
pumping power of 5.7 mW. All measured spectra were re-
corded using a Chromex 0.5 m grating monochromator with
a Si photodiode. Figure(d) shows the near band-gap PL
spectra for a Cl-terminated Ga@41A surface and an un-
treated reference sample with a native oxide layer. PL spectra
exhibit two peaks corresponding to bound-excit®&E) re-
combination(with an unresolvable fine structyrat 1.52 eV

ivaliiinsion < roatl A S and free-to-bound recombination involving carbon shallow
2810 2820 2830 2840 2850  acceptorge, A% at 1.50 e\!® After HCI treatment the inten-
Photon Energy (eV) sities of both peaks are enhanced, although the enhancement
for the BE peak is somewhat higher. The enhancement in PL
FIG. 2. ClK-edge XANES spectra taken on a G&REDA surface at two  Intensity from Cl-terminated GaAs is attributed to a reduc-
polarization angles. tion in the concentration of nonradiative surface recombina-

ICII IKI

Intensity (arb. units)

"
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400 lowing treatment is reduced compared with that for the pre-
(@) e treated material; the slope ratio is proportional to the ratio of
{S+(D/L)} before and after treatment, wheas the surface
recombination velocity and) andL are the ambipolar dif-
fusivity and diffusion length, respectively:?° Since(DI/L) is
constant with a value-5x10* cm/s, Cl treatment results in a
reduction inS of ~2-3 times.

The formation of a Ga—Cl bond rather than a Ga—H
bond may be explained by thermodynamic considerations.
The bond energy of Ga—C4#81 kJ/mo) is much higher than
that of Ga—H(<274 kJ/mo), of As—ClI (448 kJ/mo) and of
” e pye p e Cl-H (431 kJ/mo).?* The Ga—Cl bond will, therefore, be
Photon Energy (eV) favored energetically. By contrast, kinetics rather than ther-
modynamics were fourid responsible for H termination of
Si surfaces after HF treatmefit.Cl termination on(100),
(110, and (111)B was also found by XANES, but the CI
bond orientation was not apparent in most cases. This may
be attributed to the co-existence of several types of chlorides.
Details regarding these surfaces as well as other IlI-V com-
1001 pound semiconductor surfaces will be reported I4ter.

The authors wish to acknowledge Dr. X. H. Feng and Dr.
0 o5 oz 0s 08 K. H. Tan for their assistance in the synchrotron experiments
1/o (um) at SRC, which is funded by the U.S. NSF.

FIG. 4. (a) Near band-gap 15 K PL spectra, shown for epiready GHASA
samples indicating bound excit¢BE) and carbon-related free-to-boufe

C) emissions for as-receivédurve B and Cl-passivatetturve A samples. 1. F. DeChiaro and C. J. Sandroff, IEEE Trans. Electron DevB®$561
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