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Although InP is widely used in optoelectronic applicatidns,
little is known about the surface chemistry of this important
semiconductor. Modification of the InP surface is potentially
important as a route to introduce functional groups for the
stabilization of InP photoelectrodésto control the surface
recombination properties of InP-based electrical deViéds,
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If the reaction involved alkylation of the surface through the
P lone pair, a chemical shift to higher binding energy in the
XPS of the surface P atoms would be expected as a result of
the functionalization. In contrast, high-resolution XP spectra
of etched InP (111)B faces showed negligible change in the P
2p region upon surface modification. Bfas a counterion)
should also be present on the surface if a benzylphosphonium
species had been formed, but only small amounts of Br were
observed, with Br/F ratios<0.1 (Table 1). Attempts to
exchange the putative surface anion with other anions, including
X~ = ClO4~, CI7, or Sbk™, produced only traces of these
species on the InP surface (Table 1). Titration of the etched,
P-rich (111)B face with (gHs),O-BFs, to probe the P lone-
pair density on the surface, yielded negligible F detectable by
XPS.

These experiments indicate that it is unlikely that P lone pairs
are dominating the chemical reactivity of this InP surface. The
lack of significant XPS signals on the etched InP (111)B surface
other than those assignable to In, P, C, and O strongly suggests

study electron transfer from a solid to a redox-active donor at that residual hydroxyl groups are responsible for the surface

a fixed distance from the solitf to control nucleation and
growth of metals on semiconductdrgnd for use in optically
linked chemical-sensing applicatioHs.To our knowledge, the
only prior investigations of the derivatization of etched InP
surfaces are the work of Gu et &.who coated the InP surface
with overlayers of thiols through an unidentified binding mode,
and that of Spool et at2 who observed face-selective reactivity
of InP with benzyl bromides and proposed that the reactivity
of the P-rich, (111)B face of InP was dominated by the lone

chemistry. As support for this hypothesis, the reactivity of the
two estergp-CRCsH4COOG ;H,4Br andp-CRCsH4COOG 2H2s

with (111)B InP surfaces was investigated. Reaction of InP
with the Br- or H-terminated alkyl esters yielded persistently
attached Cf groups on the surface fF ratio from XPS=
0.43). These modified surfaces displayed essentially identical
F/In intensity ratios to each other and to the surface obtained
from reaction withp-CRCsH4sCH,Br (Table 1). These data
imply that essentially identical overlayer thicknesses, as probed

pairs of the terminal P surface atoms. We describe herein apy the F and In atom locations, were obtained from the three

new, apparently general strategy for functionalization of InP

systems and provide strong evidence that the esters had been

surfaces. We also present evidence that the reactions of thisgjeaved during reaction to produce persistently attached
semiconductor surface are dominated by the reactivity of 5. cF,CeH,COO- groups on the InP surface (Table 1). A

residual—OH functionalities on the InP surface.

simple aliphatic halide also reacted with the InP surface to yield

Table 1 summarizes the X-ray photoelectron spectroscopic 5 syrface-bound alkyl species. In addition, a fluorinated

(XPS) data for a series of reactions performed with (111)B-

monochlorosilane reacted with the (111)B InP surface, yielding

oriented, n-type, single-crystal InP specimens having doping persistently attached Si atoms and fluoroalkyl groups, as detected

densities in the range 18-10'8 carriers cm®. In our studies,

by XPS (Table 1). This collection of chemical reactions is

etches and reactions were performed under anaerobic conditionsyrecisely that expected ofOH functionalities on the semi-
In accord with prior work under aerobic etching and reaction gnductor surface.

conditions!? exposure of (111)B-oriented InP CFCgHa-

To explore the oxidation state of the surface P atoms, XP

CHBr yieldeql persistently attached F and fluorinated methyl spectra were recorded for chemically etched (111)B and (111)A

C atoms (designated ag)Cas detected by XPS (Table 1). The = gyrfaces and for (110) InP surfaces (a mixed face containing

atomic ratio G/F on the modified surface was found to be close poth P and In atoms) that had been prepared by cleavage of an
to the expected value of 0.33 (Table 1). The limiting coverage |np crystal in ultrahigh vacuum (UHV). The latter two surfaces

of p-CRCgH4CH,— groups was approximately 4 104 cm~2,
as compared to a calculated P atom density of6 10 cm~2
on a perfect (111)B surface. Negligible &d F were observed
on surfaces that had been exposeg-toFCsH,CHs under the
same conditions.

* Author to whom correspondence should be addressed.

(1) Sze, S. MSemiconductor Sensorg/iley: New York, 1994.

(2) Indium Phosphide and Related Materials: Processing, Technology
and Deiices Katz, A., Ed.; Artech House: Boston, 1992.

(3) Sze, S. MPhysics of Semiconductor Biees 2nd ed.; Wiley: New
York, 1981.

(4) Bocarsly, A. B.; Walton, E. G.; Wrighton, M. S. Am. Chem. Soc.
1980 102, 3390.

(5) Heller, A. In Photoeffects at Semiconductor-Electrolyte Interfaces
Nozik, A. J., Ed.; American Chemical Society: Washingtion, DC, 1981;
Vol. 146, pp 57.

(6) Parkinson, B. A.; Heller, A.; Miller, BJ. Electrochem. Sod.979
126, 954.

(7) Lewis, N. S.Annu. Re. Phys. Chem199], 42, 543.

(8) Rosenwaks, Y.; Thacker, B. R.; Nozik, A. J.; Ellingson, R. J.; Burr,
K. C.; Tang, C. L.J. Phys. Chem1994 98, 2739.

(9) Nakato, Y.; Tsubomura, Helectrochim. Actal992 37, 897.

(10) Moore, D. E.; Lisensky, G. C.; Ellis, A. B. Am. Chem. S04994
116, 9487.

(11) Gu, Y.; Lin, Z.; Butera, R. A.; Smentkowski, V. S.; Waldeck, D.
H. Langmuir 1995 11, 1849.

(12) Spool, A. M.; Daube, K. A.; Mallouk, T. E.; Belmont, J. A.;
Wrighton, M. S.J. Am. Chem. S0d.986 108 3155.

should both contain only lattice P signdfsin contrast to the
P-rich (111)B face which also should display XPS signals from
terminal surface P atoms. The P 2p region of the (111)A face
and of the cleaved (110) face were essentially identical and were
well-fit by a single spir-orbit-split doublet (Figure 1a). In
contrast, the etched (111)B face showed an additional P 2p XPS
signal at higher binding energy than the main peak, indicating
P atoms in a higher oxidation state than those in the lattice. An
additional peak at a similar binding energy was obtained for an
etched (110) face, as displayed in Figure 1b. This signal of
oxidized P was also present on the (111)B InP surface that had
been functionalized witp-CFCsH4CH2Br under nominally
anaerobic conditions. Thus, the lack of change in the P 2p XPS
signal for etched (111)B samples during surface modification
can be consistently ascribed to the rapid reactivity of the native
(111)B surface with oxygen and/or water, producing a surface
oxide/hydroxide that then participates in the subsequent surface

(13) Although the (110) face is a mixed face containing both P and In
atoms, terminal and bulk lattice P atoms are approximately equal on this
face, because surface relaxation causes only minor changes in the surface
structure (see: Woicik, J. C.; Kendelewicz, T.; Miyano, K. E.; Richter,
M.; Karling, B. A.; Bouldin, C. E.; Pianetta, P.; Spicer, W. E.Vac. Sci.
Technol., AL992 10, 2041), and no surface reaction was observed by XPS
within 3 h after cleavage.
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Table 1. XPS Data for (111)B InP Surfaces

atomic ratié intensity ratio
treatmertt CHF Xe/F PQYPip F/In

la anaerobically etched InP <0.05

1b aerobically etched InP 0.15

2a InP+ p-CRCgH4CH2BI/(C;Hs)3N (0.2 and 0.02 M, resp., in GIEN) 0.36 <0.1 <0.05 0.38
2b INP+ p-CFsCsH4CH;z (0.2 M in CHCN) <0.05 <0.07
3a InP+ p-CRCeH4CHBr, then+ 0.1 M LiCIO4—CHzOH 0.36 <0.02 <0.05 0.38
3b InP+ p-CRCsH4CH,Br, then+ 0.1 M NaSbk—CH;OH? 0.36 <0.02 <0.05 0.38
4 InP+ (C;Hs)20-BF5 (0.1 M in hexanes/CkCl,, 10:1) <0.05 <0.05
5a InP+ p-CRCeH4sCOOGH24Br (0.1 M in CH;CN) 0.43 <0.02 <0.05 0.23
5b INP+ p-CRCsH4sCOOGH25 (0.1 M in CHCN) 0.43 <0.05 0.24
6 InP+ CR5(CHy)sl (0.1 M in CH;CN) 0.35 <0.1 <0.05 0.22
7 INP + CF3(CHy),Si(CHg)2Cl/(C2Hs)sN (each 0.1 M in CHCN)" 0.43 <0.02 <0.05 0.09

aInP samples were etched prior to surface modification by applying a two-step procedure, ysi@HBPH and NH—CH;OH solutionst®
Surface modifications were carried out at 82, except for procedure 3, which was performed at room temperature. Once the reaction was
completed, samples were removed from the derivatization solution, thoroughly rinsed with cle@ @2 °C), and blown dry with M. The
entire surface preparation was carried out under anaerobic conditions, unless otherwise Troteatomic ratios were derived from the measured
XPS intensities (see, e.g., Sé3h Sensitivity factors were taken from Wagner et’alThe measured binding energies af, €, PQ, Pinp, and In
were 292.7, 688.3, 133.3, 128.6, and 665.7 eV, respecti¥&ly= Br (69.1 BeV) for reactions 2, 3, and 5, | (619.4 BeV) for reaction 6, and Cl
(269.2 BeV) for reaction 7 PQ; represents indium phosphate(V¥)The absolute number @ CFRCsH4sCH,—, p-CRCsHsCOO—, and CR(CHy)s—
units on the surface was calculated to be 4.30'4, 2.6 x 10*, and 2.9x 10 cm™2, respectively, using a standard overlaysubstrate modép
The p-CF;CsH4CH,— andp-CFCsH4COO— overlayers were estimated to be 8.7 A thick, and the(CH,);— overlayer was estimated to be 6.4
A thick. Escape depths were taken from Laibinis ef%hnd sensitivity factors were taken from Wagner e¥al.No Cl was detected by XPS.
9No Sb nor additional F was detected by XPShe Si 2p peak was observed at 102.3 BeV. Also, no reaction was observed in the absence of
(C2Hs)3N, whereas reaction 2a proceeded withoutHg)sN but reached the reported limiting coverage more rapidly in the presence of this base.

In summary, the reactivity of the (111)B face of etched InP
appears to be dominated by classical -OH group reactivity. This
surface-bound functional group can be exploited using a variety
of conventional reaction pathways to yield persistently bound
alkyl chains, benzyl groups, silyl groups, and other function-
alities on the InP surface. The presence-@H groups and
their role in the chemical functionalization reaction are beneficial
in the case of InP, because surface modification is thus possible
without destroying the strong IRFO interaction that produces
the excellent electrical properties of the etched, air-exposed InP

. : . . surface>!4 Characterization of the monolayer properties of
A R these InP surfaces to effect deliberate modification of surface

Binding Energy eV Binding Enerey eV oxidation processes, as well as electrical studies of these surfaces
Figure 1. XPS spectra of the P:2p region for various InP samples. (a) to modify their surface recombination velocity, will be reported
Solid line, etched (111)B InP; dashed line, etched (111)A InP. (b) Solid subsequently.
line, etched (110) InP; dashed line, (110) InP cleaved in UHV. The
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case showing the presence of additional, high-binding-energy signals Office of Basic Energy Sciences, for support of this work. M.S. is
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recorded with focused and monochromatized AlyK irradiation fw fellowship.
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