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We report a nonaqueous passivation regime consisting géManzene/15-crown-5/oxidant. The

use of a nonpolar, aprotic organic medium required the addition of a specific chelating agent
(15-crown-5 to solubilize sodium sulfide, and organic oxidizing agerienthraquinone,
benzophenone, ejcto act as electron acceptors. The surface optical and chemical properties of
GaSb surfaces after aqueous and nonaqueous sulfide treatments were compared. Nonagueous
passivation resulted in higher photoluminesce(fek) intensity, lower oxide content, and a less
amount of elemental Sb than aqueous passivation. The PL intensity from passivated surfaces was
correlated with the standard reduction potentials of electron acceptor2008 American Institute

of Physics. [DOI: 10.1063/1.1613994

The surface properties of semiconductors are crucial deagents were added to the passivation solution to facilitate
terminants of device performance. Considerable efforts havelectron transfer. The optical and chemical characteristics,
been made to modify 11l-V semiconductor surfaces in ordetbefore and after chemical treatments, were studied by photo-
to improve electronic properties and device performanceluminescence(PL) and x-ray photoemission spectroscopy
The passivation of GaAs with aqueous solutions of sodium{XPS). A comparison of the results of GaSb passivation in
or ammonium sulfides has been extensively studied bothqueous and nonaqueous sulfide solutions indicated that non-
theoretically and experimentally* The reactions between aqueous passivation generates surfaces of high quality.
chalcogenides and GaAs surface species change the surface Samples of single-crystal, nominally undopgedtype
electronic structures and remove the surface states from ttend Te-dopedh-type GaSh(100) were studied. Botm- and
band gap, thus unpinning the surface Fermi level and imp-type GaSb wafers had a carrier concentration of
proving electrical and optical properties. ~10Y cm™3. A thick native oxide layer existed on the as-

GaSb is an important 111V compound semiconductor forreceived GaSb substrate surfaces before any chemical treat-
high-speed and optoelectronic device applications, the pements were carried odtAll wafers were initially degreased
formance of which is strongly dependent on the chemicaby sequential immersion in boiling and then cold trichloro-
and electronic properties of GaSb surfaces or interfacesthylene, acetone, and methanol, and were then blown dry
However, GaSb is highly chemically reactive, being easilywith nitrogen. In order to reduce surface oxides, the de-
oxidized by atmospheric oxygen with the formation of nativegreased GaSh wafers were immersed in concentrated HCI for
surface oxides several nanometers tHiék additional con- 5 min, and then rinsed with 2-propanol. The resulting surface
sequence of surface oxidation is the formation of elementalas flat with a thin oxide layer remaining.
antimony at the oxide—GaSb interface, which creates a con- The nonaqueous passivation solution containegSNa
duction channel parallel to the interface that leads to highanhydrous benzene. As p& is insoluble in nonpolar sol-
surface leakage current, thus limiting applicatiéfia/arious  vents such as benzene, stoichiometric amo(mtde ratio of
surface passivation methods, including wet and dry chemica\a,S to 15-crown-5 1:2of a cation complexing agent, 15-
processe&; ™ have been studied in efforts to improve GaSbcrown-5, were added to increase solubility. This procedure
surface characteristics. Unfortunately, most processing teclincreased the sulfide concentration t& 202 gm/ml. Small
niques are still water-based and lead to the growth of surfacemounts of the organic oxidizing agents naphthalene, ac-
oxides and degrade the structural quality of the surface.etophenone, benzophenone, or anthraquinone were added to
Therefore, alternative, nonaqueous, solvents capable of suke solutions. The GaSb wafers were immersed in the or-
fidization are of particular interest for GaSb surface processganic sulfide solution ol h at room temperature. Upon
ing. removal, the wafers were rinsed with methanol and then

In this work, a specific benzene-based sodium sulfideslown dry with nitrogen. Aqueous sulfidization consisted of
passivation regime was developed to improve the passivatiofhe immersion of GaSb wafers in a satura@d 86 gm/mt?)
of GaSb surfaces. Chelating agents were employed to soliNa,S aqueous solution for 1 h, followed by a deionized)
bilize and activate sulfide anions, and organic oxidizingwater rinse and a nitrogen blow-dry.

The surface chemical properties were investigated by

dauthor to whom correspondence should be addressed; electronic mai?:(P_S utilizing Al Ke radiation (f_”’:l486-6 eV) as an exci-
kuech@engr.wisc.edu tation source. Data were obtained at a chamber pressure be-
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TABLE |. Comparison of passivation results from room-temperature PL Gazp3 Sbad

measurements Sb.
Ga-0 Sb-0 Sb-Sb a

Room-temperature PL intensity t Ga-Sb { t

Treatments n-type GaSb p-type GaSb (a)

(a) Degreased 1 1 ot

(b) HCI +2-propanol 1.4 1.3

(c) Na,S/Dl-water 3.5 3.0 Ga-SGa_Sb Sb-sb (Sb-Ga

oxide

(b)

low 5% 10" 1° mbar, and recorded with a pass energy of 15
eV, in order to determine the surface chemical bonding
states, as well as to quantify the surface composition.
n-GaSh wafers were used in the XPS studies.

The passivation efficiency of aqueous and nonaqueous
solutions was evaluated by room-temperature PL peak inten- (c)
sity. The results fon- andp-type GaSb surfaces are listed in
Tables | and Il. All of the PL measurements are referred to 11l22 ' 11119 y 11I16 y 11I13 3I8 y BIB y 3'4 y 3'2 y 310 '
degreased wafers of_the appropriate carrier type. Separate PL Binding Energy (eV) Binding Energy (eV)
measurements, on eithef or p-type GaSb, were referenced
to PL obtained from degreased, as-received GaSb wafers 6fG. 1. Ga33 and Sb4 XPS spectra oh-GaSh after various surface
the same carrier type, that is;GaSh was used as a referencetreatments(a) degreased surfage) dipped in HCI_ for_5 min. and rinsed py
for the passivate-GaSh samples. The as-received GaSh PLZF1ohancL olewed by 11 o aaueous pesshation and b waer e
increased only slightly after dipping in HCI, and was alwaysNa,S nonaqueous passivatiofanthraquinone as oxidizing aggnand
substantially weaker in intensity than the passivated samplesiethanol rinse.

In all cases, since the PL emission arises from band-to-band

recombination well away from the sample surface, the spec- o .
o CoL Surface characterization was performed by XPS analysis
tral shape and characteristics of the PL emission in all

samples did not change with passivation treatment, justifyin 0f Ga, Sb, C, O, S, and Cl spectra recorded after each chemi-
P g b ') %al treatment om-GaSh. Intense oxygen signals indicated

the use of the PL peak intensity as a metric of passivatlon. that a thick layer of oxides covered the as-received GaShb

The PL results presented are averages over many measur%-rface While immersion in HCI reduced the amount of sur-
ments from separately prepared samples. Aqueous squidiz%— :

tion resulted in a threefold increase in PL intensity. Nonaque-ace oxides, the presence of Qi Zignals indicated the gen-

ous sulfidization, on the other hand, resulted in markeirat'on of chloride-containing species on the GaSb surface.

enhancements in PL intensity. It is crucial to point out, how- \gure 1 |IIustr§ltes the XI.DS Gp2 and Sb 4 spectra ob-
ever, that no increase in PL intensity was observed in théalned after various chemical treatments, as well as the peak

; P . s components to the spectra after numerical deconvolution: the
absence of added organic oxidizing agents; in addition, P ) A
intensity correlated with the standard reduction potentials o ha_GS b tg?)d 'r; QaSb ata blg_dlgg energy of %1111713 8ev\7nd
the oxidizing agents. The PL intensity exhibited by substrate%\le >a— | don n @@3”.6“ a ”!n Ing energy 0 q 0 V.
passified with solutions containing the strongest oxidizing \° S/gnais due to metallic gallium were observed.

agent, anthragquinone, was enhanced more than sixfold rela- Alter e't,h?r of ,th? passivation treatments, al th? XPS
tive to that exhibited by the reference sample. spectra exhibited similar structure with only changes in vari-

ous peak intensities, as noted subsequently. Thggsig-

nal was drastically reduced compared to that observed after
TABLE II. Passivation results based on nonaqueous sulfide solutions CO”SimpIe immersion in HC{not shown, and a peak ata higher
sisting of NgS/15-crown-5/benzene, with added oxidizing agent. binding energy(1119 4 e\) became visible associated with

Ga-8 Sh-sh, Sb-Ga

Sb-8
$b-0, t

Chemical Reduction  PL intensity the formation of Ga—OH groupé:'® We attribute the com-
Oxidizing agent structure potentiaf n-/p-Gasb ponent at a binding energy of 1118.2 eV to a Ga—S bonding
state resulting from the sulfidization of the GaSb surface.
(1) Naphthalene —2.63 6.2/4.8 The Sb 4 spectra were deconvoluted into the Ga—Shb bond
in GaSh(31.7 eV}, the Sb—0 bond in S5 (34.7 eV}, and
(2) Acetophenone _158 7.4/5.4 the Sb—Sb bond in elemental §1.9 eV}, with a spin—orbit

splitting of 1.25 eV and a new peak at a binding energy of
33.2 eV is attributed to Sbh—S species on the passivated sur-
-1.23 7.7/5.9 face.
The concentration of each component was calculated
from the XPS signal area divided by the corresponding
‘O 065 8.2/6.3 atomic sensitivity factor: 5.4 for Ga#@8 and 1.0 for Sbd.®
These results indicate that while the as-received GaSb sur-
face is slightly rich in gallium, the aqueous sulfide treatment

3See Ref. 26. leaves the surface antimony-ri¢isb-to-Ga ratio of 1.51
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The nonaqueous sulfide treatments, however, yield aegard to the deficit of antimony, it is intriguing to consider
gallium-rich surfaceSb-to-Ga ratio of 0.56 The nonaque- that the ionic diameter of Sb (1.52 A®) is significantly
ous sulfide treatments resulted in decreased amounts of sunore compatible with the cavity diameter of 15-crow(t5/
face oxides and a largéthreefold increaseconcentration of  to 2.2 A29) than is that of G&" (1.24 A2%. Indeed, several
gallium sulfides on the surface than do the aqueous treatomplexes formed between &b species and 15-crown-5
ments; the concentrations of antimony sulfides are similar fohave been isolated:?® Thus, the change in GaSb surface
the two treatments. The concentration of elemental antimongtoichiometry may result from the preferential complexation
on the surface after the nonaqueous treatnf@@o is half  (and subsequent dissolutjonf Sb cations by excess 15-
that resulting from the aqueous treatment. crown-5.

The benzene-based sulfidization of GaSb results in en- In conclusion, the sulfidization of GaSb surfaces is pos-
hanced PL intensity, surfaces with increased sulfide covesible in an inert, nonpolar aprotic solvent such as benzene,
age, and reduced oxygen and antimony content. Our choigerovided provisions are made to solubilize sulfide séits
of benzene as a solvent was motivated by the need for the addition of crown etheysand to facilitate electron flow
solvent more inert than water. The experimental and theoreinto the passivation solutiotby the addition of organic oxi-
ical studies’~*° have described sulfidization of I1I-V semi- dizing agents The degree of passivation, as measured by the
conductors as a redox process that is highly dependent on tiRL intensity, can be modulated by the reduction potential of
properties(e.g., polarity of the solvents employed. the added electron acceptor.

The major drawback of inert solvents is their low solvat- ,
ing power. Chelation of the cation by macrocyclic polyethers ~ 1he support from Army Research Office and DARPA are
(“crown ethers”), however, has been shown to solubilize 9ratefully acknowledged, as well as the NSF-funded UW-

inorganic salts into organic solverffsin our case, the mag- EC.
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