
AD-fii64 568 MICROSCOPIC CONTROL OF SEMICONDUCTOR 
INTERFACE i

REACTIVITV(U) MINNESOTA UNIV MINNEAPOLIS DEPT OF
CHEMICAL ENGINEERING AND MATERIALS SCIENCE A FRANCIOSI

UNCLASSIFIED i@ JAN 86 N88i4-84--8545 F/6 7/4 NI.



1.10 12EM

IBII 

IIl

Suo111112 
,0

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-1963-A

A.



mQ

In

%OFFICE OF NAVAL RESEARCH
-CD

ANNUA REOT 8/oi/84 -07/31/85 D TIICI .LEcTEn
CONTRACT #t NOO1 4-814-K-O545 FEB 19 06 3

TASK NR 371-162

MICROSCOPIC CONTROL OF SEMICONDUCTOR INTERFACE REACTIVITY

Principal Investigator: A. Franciosi

Department of Chemical Engineering

and Materials Science
University of Minnesota

Minneapolis, Minnesota 5 5 4 5 5

Reproduction in whole, or in part, is permitted for any purpose of the United

... States Government.

-I

L"
O'J

S* This document has been approved for public release and sale, its distribu-

tion is unlimited.

-:::7
° 2:2



REPORT DOCUMENTATION PGE READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECiPiEmT'S CATALOG NUMBER

4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

Annual Report 8/1/84-7/31/85 Interim; 8/1/84-7/30/86

S. PERFORMING ORG. REPORT NUMBER

7. AUTwOR(s) S. CONTRACT OR GRANT NUMBER(f)

A. Franciosi N00014-84-K-0545

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

- AREA & WORK UNIT NUMMERS

University of Minnesota
1919 University Ave task NR 372-162
St Paul - MN 55104

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research 1/10/86

Electronics Division (Dr. K. Hathaway) Is. NUMBER OFPAGES
Department of the &x"v.3, r a.-rnn AA 22] L

MON~~~ ~ ~ ~ AlbrA(jga ;F
S4. MONITORING AGENCY NAE &-ADORESS(I di1Iermit g Controllln ie *11cc) IS. SECURITY CLASS. (of 0l4 report)

unclassified

I". DECL ASSI IrlCATION/ DOWNGRADING
SCEDuLE

I. OISTRIBUTION STATEMENT (of tl Report)

-Approved for publi release; unlimited distribution.

17. DISTRIBUTION STATEMENT (ol the abstract enteredin Slock 20, If dlfiFerent Repet)

IS. SUPPLEMENTARY NOTES

-19. KEY WORDS (Centnue an reverse old. It neceeem md idatpy by block nims-b-)

Interface reactivity; catalysis; metal-semiconductor interfaces

O 20. AMSTR ACT (Cotitlte an revwee side If necesary mid Idantify by block mber)

First year annual report for the program "Microscopic Control of Semiconductor
Interface Reactivity".

4

DD FjOR7 1473 EDITION OF NOVS S OBSOLETE

AMN 072.F140 unclassified
S4 0

7
02.LP.01d4601 SECURITY CLASSIFICATION OF TilS PAGE (WlA veto £itnered4

I



.1. 14Table of Contents

:uma:y ofe2rs: ear Activity I

Cumlatve istofPublications7

GradateStudents/Postdocs/Visitors8

External Collaborations3

Publications/Patents/Presentations/Honors List 10

Equipment 12

Matching Funding 12

Appendix: Preprints/Reprints

Accesion For
NTIS CRA&I
DTIC TAB
Li'anno.j:Ced L

01s B ay i Io

D ......

it.~ ib, t...



Summary of First Year Activity

.4, #-In recent years a number of metal overlayers on silicon have been shown to

yield an increase in silicon oxidation rate when the surface is exposed to an

oxidizing atmosphere. Metals as diverse as Au, Ag, Cu, Pd all give rise to

promotion effects, with the production of Si-oxide phases of variable stoichio-

metry. In the case of Au and Cr, the Si-oxide appears to nucleate on top of the

metal overlayer. To the extent that the metal atoms increase the surface

reaction kinetics and do not appear directly involved in the reaction product,

i.e. the surface silicon oxide, they play the role of a catalyst. Since the

magnitude of the effect depends on the overlayer-silicon interface morphology, in

the absence of a more precise denomination we refer to such phenomena as inter-

face catalytic effects.

The main goal of our program is to investigate the microscopic mechanisms

which determine these effects, characterize the electronic and structural

modifications that accompany the surface reactions, determine the stoichiometry

of the reaction products and/or the interface composition profile, and ultimately

obtain an enhanced control of the kinetics of surface reactions with gaseous

species and metals. Long term practical applications include the synthesis of

new insulating and metallic epitaxial layers on Si and GaAs and enhanced control

of interdiffusion and contact stability. -_

We have conducted parallel investigations on Si(111) and GaAs(110) sur-

faces. Our interest in GaAs stems from both technological and fundamental

* reasons. The possible use of catalysts to promote the formation of new stable

insulating layers on GaAs surfaces would have substantial impact on device

*technology, if the reacted layers would exhibit inversion and accumulation

characteristics suitable for MOS fabrication. From a fundamental point of view,
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our understanding of the microscopic mechanisms that determine interface cata-

lytic effects could be greatly improved by considering GaAs-metal interfaces,

which may exhibit for a given metal different chemistry and different local

morphology relative to the silicon case.

We have conducted a number of synchrotron radiation photoemission studies of

the effect of different metal overlayers on the oxidation rate of GaAs and Si

surfaces. We have concentrated on low pressure, low temperature reaction with

oxygen or water, and on semiconductor substrates cleaved in situ, in order to

simplify the experimental procedures and to expedite the build-up of a substan-

0 tial systematics. The objective was to establish correlations between the

specific catalytic activity of a given overlayer, the chemistry of the metal and

the properties of the semiconductor surface.

Investigation of the interaction of Si and GaAs surfaces with oxygen in the

presence of Ag, Au, and Cr overlayers, and of semiconductor-water reaction in the

presence of Cr and Mo overlayers show that the magnitude of the oxidation

promotion effect depends on the chemistry of the overlayer, on the local morpho-

logy of the interface region and on the nature of the gaseous reactants. For

example Au shows catalytic activity both on GaAs and Si, while Ag exhibit some

measure of activity on Si, where it forms an intermixed, diffuse interface, but

not on GaAs, where the interface morphology is sharp and unreacted. We find that

the promotion effect in the series is maximum in the presence of Cr overlayers,

and that the nature of the surface reaction products changes if oxygen or water

is employed. For example, in the case of oxygen on GaAs, Ga and As oxide phases

are found with high atomic oxidation states present. If water is employed, only

Ga oxide/hydroxyl phases are found at the surface, on top of a Cr-As subsurface

layer that remains largely unaffected by oxidation.

%V



The strong catalytic activity of Cr overlayers on both Si and GaAs surfaces

stimulated our interst in examining the role of Cr on other semiconductor

substrates with different type of bonding. Semiconductor of the II-VI family are

known to exhibit substantial ionic character in the bonding and to give rise to

strong exchange reactions following metal deposition. We choose Hg,_xCdxTe

alloys for their technological interest for infrared applications. We character-

ized the local interface morphology of Cr overlayers onto Hg,-xCdxTe(110)

surfaces. Our results show that the local interface morphology is far more

complex than for GaAs or Si, with Cr replacing Hg atoms at room temperature in a

* 10-13A thick subsurface layer. Studies of the potential role of Cr in control-

7 ling HglxCdxTe surface reactivity with oxygen are in progress.

In all of the catalytic studies performed in our program, the oxidation of

the interface species resulted in their decomposition into stable oxide phases.

If this process leads to saturation of the chemisorption process, then the

technological implications would be minor. However, in all cases we have

examined thus far we did not observe saturation at the highest exposures explored

at room temperature. This suggests that when the mass-transfer problem is solved

by low-temperature annealing of the substrate during reaction, relatively thick

oxidized layers can be grown. Even at room temperature thicknesses larger than

20-30 A are easily obtained. The metal atoms that remain relatively unreacted in

the first oxidation stage, appear oxidized at high exposure. This, however, may

not eliminate catalytic effects, since transition metal mixed oxide phases show

considerable catalytic activity for a number of chemical reactions, and explain

why saturation is not observed.

The evidence that the chemistry of the metal is of primary importance in

determining the promotion effect is unambiguous, but the metal overlayers
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discussed so far have relatively high electronegativity and varying degree of

d-character at the Fermi level EF. We speculated that metals with low electro-

negativity, relatively high p character at EF and intermixed interface morphology

might give rise to unprecedented oxidation enhancement effects, since they would

play the double role of "catalyst" and electronic "promoter" of the oxidation

reaction. Promotion and poisoning effects of catalytic reactions, such as is

observed, for example, during co-adsorption of CO with K or S on Ni, seems far

removed from semiconductor chemistry, but the thought was rather stimulating, so

we extended our study to low electronegativity metal overlayers, namely Cs, Na,

-- and Sm.

Although some of our results are still preliminary, we found evidence of

dramatic oxidation promotion effects induced by Cs and especially by Sm over-

layers. Surprisingly the magnitude of the effect is smaller for Na overlayers.

The unprecedented magnitude of the promotion effect for Sm overlayers is consis-

tent with our model, since Sm is a low electronegativity metal that exhibits an

intermixed interface morpology both with GaAs and Si substrates. The chemisorp-

tion of Sm atoms on Si and GaAs surfaces follows a peculiar two-step process,

with Sm atoms in a divalent state at submonolayer coverage, and in a mixed valent

state at higher concentration. A most striking results is that the onset of the

promotion effect appears related to the formation of trivalent Sm species. This

result may give us invaluable insight on the connection between local bonding and

interface catalytic effects. Therefore we are attempting to ciarify the complex

Sm chemisorption process through comparison with adsorption studies on ideally

I--." inert substrates (solid xenon crystals). A couple of papers in press will focus

on electronic structure and reactivity of elemental Sm in cluster and thin film

form. Structural studies of overlayers with substantial catalytic activity are



also in progress, following the successful testing of our new electron energy

loss fine structure spectrometer.

Future Developments

We plan to concentrate on the synthesis and charcterization of novel

insulating materials on Si and GaAs The low-pressure room temperature reaction

parameters employed so far have been sufficient to study the catalytic activity

of a number of metal overlayers and to synthesize thin (10-30A) insulating

layers. We plan to further extend the systematics, but we emphasize the impor-

* tance of ultimately obtain device-grade materials and test MOS structures. To do

that we have to synthesize thick insulating layers (1-5pm), characterize these

layers for composition and structure, examine the inversion and accumulation

characteristics for practical MOS applications. Since the catalyst atoms are not

- removed from the reaction products (the insulating layer) after the reaction is

completed, they may in principle yield interface states in or below the insulat-

ing layer and give rise to junction parameters unsuitable for device applica-

<-1 tions. New thermal procedures would then have to be used in order to disperse

the ultrathin catalyst layer in the semiconductor matrix without perturbing the

insulating layer. The growth of MOS test structures for electrical characteriza-

tion is the most effective way of examining these problems.

Low-pressure/low temperature systematics:

We will continue our investigation on Si and GaAs cleavage surfaces, and

extend it to thermally cleaned (100) surfaces and "technological" chemically

etched surfaces. New chemisorption studies will deal with transition metal

overlayers such as Mo and Nb, and low electronegativity overlayers such as Be,

77i:
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Ca, Yb. The puzzling contrast between the catalytic activity of Cs and Na

overlayers will be examined through structural and electronic analysis of the

local overlayer morphology, via electron energy loss fine structure and photoe-

mission investigation. Subject to time availability, we plan to examine near

noble metal overlayers and compare their specific catalytic activity with noble

metal case examined previously. Tne goal is to construct a detailed microscopic

model of the interface catalytic effect that will guide our future studies.

Thin film processing:

* We will study the suitability of interface catalytic effects for producing

good quality insulating layers in the 1-5pm thickness range. We will focus on

some of tne metal overlayers most effective in promoting low-pressure and

low-temperature reactions (Sm, Cs, Cr) and perform chemisorption studies of

oxyge.- and water at pressures up to 1-10 torr and temperatures up to 500-7000C.

for this purpose we will construct a high pressure reaction cell where the sample

can be heated through back-surface irradiation. The cell will be connected

through a differentially pumped transfer stage to the existing electron spectro-

meter. X-ray photoemission and XPS-AES depth profiling will give information on

- layer composition. Ex-situ electron microscopy and Rutheford backscattering

studies will provide information on the structures and composition of the thicker

layers. Special emphasis will be given to examining the final distribution of

catalyst atoms in the reaction products, and the influence of thermal processing

on this distribution.

A positive conclusion of the thin film processing stage should enable us to

E11 start the preparation of MOS test structures for electrical characterization.

Having identified the most promising catalytic process, we will proceed to form

p.%
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insulating layers and suitable contact patterns on wafer samples. Our existing

spectrometers are still suitable for our purpose, provided that suitable metalli-

zation patterns can be obtained beforehand on the wafers and maintained stable

during the following processing steps. Automated electrical testing equipment is

available to us rhrough external collaborations within the Minnesota Microelec-

tronic community (Honeywell, Department of Electrical Engineering).

Cumulative List of Publications

84-K0545-1 A. Franciosi, S. Chang, P. Philip, C. C. Caprile and J. Joyce,
"Microscopic Control of Semiconductor Surface Oxidation", J. Vac.

* Sci. Technol. A3, 933 (1985)

8-K-0545-2 P. Philip. A. Franciosi, and D. J. Peterman, "Interface Chemistry
of Hg.-xCdxTe", J. Vac. Sci. Technol A3, 1007 (1985).

84-K-0545-3 A. Franciosi, D. W. Niles, G. Margaritondo, C. Quaresima,
M. Capozi and P. Perfetti, "Au-Si Interface Formation: The Other
Side of the Problem", Phys. Rev. B32, 6917 (1985).

84-K-0545-4 A. Franciosi, P. Philip and D. J. Peterman, "Interface Chemistry
of Ternary Semiconductors: Local Morphology of the
Hg,_xCdxTe(110)-Cr Interface", Phys. Rev. B32, 8100 (1985).

84-K-0545-5 S. Chang, A. Rizzi, C. Caprile, P. Philip, A. Wall, and
A. Franciosi, "Overlayer-induced Enhanced Oxidation of GaAs
Surfaces", J. Vac. Sci. Technol. A (in press).

84-K-0545-6 C. Caprile, A. Franciosi, D. Wielickza, and C. G. Olson, "Experi-
mental Determination of the Electronic Structure of Small Metal
Particles", J. Vac. Sci. Technol. A (in press).

or
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Graduate Students/Postdoc/Visitors

Personnel involved in the project. In parenthesis we give the supporting

institution.

Dr. C. Caprile Postdoctoral Associate (MEIS*)

S. Chang Graduate Student (MEIS*)

A. Wall Graduate Student (MEIS*)

P. Philip Graduate Student (MEIS*)

Dr. A. Rizzi Visiting Investigator from
University of Modena, Italy (MEIS*)

Prof. P. Soukiassian Visiting Investigator from
0 University of Reims, France

Prof. S. Nannarone Visiting Investigator from (Italian National
University of Rome, Italy Research Council)

Prof. E. Colavita Visiting Investigator from (Italian National
University of Calabria, Italy Research Council)

* Microelectronic and Information Science Center of Minnesota, and industrial
consortium that includes Sperry, 3M, Honeywell, Control Data Corporations
and the State of Minnesota.

External Collaborations

*[ A number of researchers from industrial and academic institutions have had

access to equipment purchased with ONR funding, within the following ongoing
collaborative projects:

- McDonnell Douglas Corporation (Dr. D. J. Peterman, McDonnell Douglas
Research Laboratories, Department 224, St. Louis, MO). Enhanced Control of
Interface Reactivity for Mercury-Cadmium-Telluride.

- "Purdue University, Department of Physics (Professors R. Reifenberger and
J. K. Furdyna). Enhanced Control of Interface Reactivity for Ternary
Semiconductors.

University of Rome, Italy, Department of Physics (Professors S. Nannarone
and M. DeCrescenzi). Structural Aspects of Interface Reactions for Si andGaAs.
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Publications/Patents/Presentations/Honors Report

1 August 1984 through 31 July 1985

A. Papers Submitted

1. A. Franciosi, S. Chang, P. Philip, C. Caprile and J. Joyce, "Microscopic
Control of Semiconductor Surface Oxidation", J. Vac. Sci. Technol. A3, 933
(1985), supported in part by MEIS* and by the Graduate School of the
University of Minnesota.

2. P. Philip. A. Franciosi, and D. J. Peterman, "Interface Chemistry of
Hg,_xCdxTe", J. Vac. Sci. Technol A3, 1007 (1985), supported in part by
MEIS*, by the McDonnell Douglas Independent Research and Development
program, and by the Graduate School of the University of Minnesota.

* 3. A. Franciosi, D. W. Niles, G. Margaritondo, C. Quaresima, M. Capozi and
P. Perfetti, "Au-Si Interface Formation: The Other Side of the Problem",
Phys. Rev. B32, 6917 (1985), supported in part by MEIS*.

4. A. Franciosi, P. Philip and D. J. Peterman, "Interface Chemistry of Ternary
Semiconductors: Local Morphology of the Hg,_xCdxTe(110)-Cr Interface",
Phys. Rev. B32, 8100 (1985), support in part by MEIS*, by McDonnell Douglas
Independent Research and Development program, and by the Graduate School of
the University of Minnesota.

* 5. S. Chang, A. Rizzi, C. Caprile, P. Philip, A. Wall, and A. Franciosi,
"Overlayer-induced Enhanced Oxidation of GaAs Surfaces", J. Vac. Sci.
Technol. A (in press), supported in part by MEIS*

6. C. Caprile, A. Franciosi, D. Wielickza, and C. G. Olson, "Experimental
Determination of the Electronic Structure of Small Metal Particles",
J. Vac. Sci. Technol. A (in press), supported in part by MEIS*.

* Microelectronic Center of Minnesota, an industrial consotium including 3M,

Honeywell, Sperry and Control Data Corporations.

B., C., D., E., F., G.

None

H. Presentation

1. A. Franciosi and P. Philip, "Microscopic Control of Silicon Interface
Nc Reactivity", 31st Meeting American Vacuum Society, Reno, Nevada, December

da 4-7, 1984.
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2. A. Franciosi, P. Philip and D. J. Peteman, "Interface Chemistry of MCT",
1984 Annual Meeting Materials Research Society, Boston, Massachusetts,
November 26-30, 1984.

3. A. Franciosi, S. Chang, P. Philip, and C. Caprile, "Microscopic Control of
Semiconductor Oxidation", 1985 March Meeting of the American Physical
Society, Baltimore (Maryland), March 25-29, 1985.

4. A. Rizzi, C. Caprile, P. Philip, A. Wall, and A. Franciosi, "Catalytic Role
of Transition of Metals on Si and GaAs Surfaces", 32nd Symposium of the
American Vacuum Society, Houston (Texas), November 19-22, 1985.

5. C. Caprile, A. Franciosi, D. Wieliczka, and C. Olson, "Experimental Deter-
mination of the Electronic Structure of Small Metal Particles", 32nd
Symposium of the American Vacuum Society, Houston (Texas), November 19-22,
1985.

6. A. Franciosi, "Surface and Interface Properties of Ternary Semiconductors
[* for Infrared Applications" (invited), 1985 Annual Meeting of the Italian

National Research Council, Surface Division, Modena (Italy), December 16-18
(1985).

7. E. Colavita, M. De Crescenzi, S. Nannarone, S. Chang, P. Philip, A. Wall,
and A. Franciosi, "Surface Extended Electron Energy Loss Fine Structure
Above the 2p Core Level of Cr", 1985 Annual Meeting of the Italian National
Research Council, Surface Division, Modena (Italy), December 16-18, 1985.

I. Honors/Awards/Pri zes

The following matching grants were awarded for the above research:

1. $187,000, Microelectronic and Information Science Center (a consortium
including Honeywell, Sperry, Control Data Corporation, 3M and the State of
Minnesota).

* 2. $25,000, Graduate School, University of Minnesota.
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Equi pment

,". The following capital equipment items were aquired in the first year of the
program.

1. Turbomolecular pump LH TMP 150/D4A $ 6,125

Ionization gauges Granville Phillips and
controller 271-003 1,713

3. Lock in amplifier EGbG PAR 128 A 3,831

4. Thermoionics COV-2000 pump system 13,640

5. Electron energy analyzer LH EA10/100 36,292

6. UHV chamber LH REZ 10/11 5,554

7. Electron gun LH EQ 22/35 9,039

8. X-ray source LH RQ 20-35 27,665

9. Picoammeter Keithley 485 813

'0. Microvoltmeter Keithley 197 848

11. Oscilloscope Tektronix 2235 1,551

-. 12. Ion gun LH IQE 10/35 5,333

TOTAL $112,404

These aquisitions were possible because of the extensive matching funding
for personel expenses that became available during the first year of the program.

Matching Funding

The following matching grants were awarded for our research program.

$187,000 From the Microelectronic and Information Science Center of
Minnesota, a consortium including 3M, Honeywell, Sperry,
Control Data Corporations and the State of Minnesota - Grants
# 0910-4791 and 0912-4991.

$ 25,000 From the Graduate School of the University of Minnesota,
Grants # 0100-4908-32 and 0100-4969-02.
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Microscopic control of semiconductor surface oxidation
A. Franciosi, Shu Chang, P. Philip, and C. Caprile
Department of Chemical Engineering and Material Science, University cf Minnesota. Minneapolis.
Minnesota 55455

J. Joyce
Matenals Science ftgrgam, University of Wisconsin, Madison. Wisconsin 53 713

(Received 29 November 1984; accepted 17 February 1985)

We examined the effect of ultrathin (0.1-10 A) chromium overlayers on the reactivity with oxygen
of Si(l 11) and GaAs( 10) cleavage surfaces. Synchrotron radiation photoemission shows that for
Cr coverages below a critical threshold coverage the overlayer does not affect substantially the
oxygen adsorption rate. For chromium coverage above threshold the overlayer sharply enhances
the oxygen adsorption kinetics so that most semiconductor atoms in the surface and near surface
region appear oxidized at activated oxygen exposures as low as 100 L. The critical threshold
coverage corresponds to the onset of reactive interdiufusion at the Si( 111 )-Cr and GaAs( 110)-Cr
interfaces. Therefore we suggest that ultrathin Si-Cr and As-Cr reacted phases created at the
surface act as activation layers for semiconductor oxidation.

Thin metal overlayers deposited on atomically clean semi- threshold coverage (1.3 A for Si). We relate this enhance-
conductor surfaces can change dramatically the reactivity of ment to the thin intermixed Si-Cr and As-Cr species that
the surface for reactions with gas species" and metals.3.6 start to form at the surface at the critical threshold coverage.
We have recently shown, for example, that thin Cr over- These intermixed species act as catalysts and dramatically
layers on Si( 111) surfaces can act both as passivating layers increase the semiconductor oxidation kinetics. Most of the
and as catalysts for Si( 111)-Au interface reaction, so that one silicon, gallium, and arsenic atoms in the surface and near
can control and modulate interdiffusion by varying the surface layers appear oxidized at oxygen exposures as low as
thickness of the Cr interlayer.6 Similar effects have been ob- 100 L. The major reaction product identified at the Si surface
served by Brillson and co-workers for A] atoms at the is a Si-oxide with average Si-oxygen coordination between 3
GaAs( 110)-Au interface.5 As far as reactions with gaseous and 4. For GaAs, an As oxide similar to As20 3 is observed,
species are concerned, a few pioneering studies have ad- together with a Ga-oxide phase that involves an effective
dressed the effect of Ag and Au overlayers '3 on the oxida- Ga--oxygen coordination greater than for Ga20 3.
tion of silicon surfaces, while the presence of an Al overlayer The experiments were performed on a clean Si( 111)2 X 1
has been shown to induce the formation of a potentially sta- and GaAs( 110)1 x 1 surfaces obtained through cleavage of
ble new oxide phase on Ge(l 11) surfaces.2 An understanding n-type single crystals inside a photoelectron spectrometer, at
of these phenomena requires a search for systematic correla- operating pressure < 5 X 10- " Torr. Cr was deposited from
tions of the observed "catalytic" trends with the different a W coil at pressure < 3 X 10- ,o Torr, with overlayer thick-
local morphology of the metal/semiconductor surface lay- ness measured by a quartz thickness monitor. Since the clean
ers. The goal is to establish a connection between the micro- semiconductor surfaces are relatively inert upon oxygen ex-
scopic bonding situation of semiconductor and metal atoms posure, we elected to use activated oxygen in the pressure
at the surface and the observed specific catalytic activity, range 10 - Torr to enhance reaction kinetics. ""' A tung-

We report here on the interaction of Si( 11) and sten ionization filament was therefore positioned in line of
GaAs( 110) surfaces with activated oxygen O2 in the pres- sight of the substrate during oxygen exposure. The photoe-
ence of ultrathin (0.1-10 ,A) Cr overlayers deposited in situ. mission measurements were performed by positioning the

We selected the Si-Cr and GaAs-Cr systems because these sample at the focus of a synchrotron radiation beam and of a
are within the interfaces best characterized at room tempera- commercial double pass cylindrical mirror analyzer. The ra-
ture.' Furthermore, chromium compounds show consider- diation from the 240 MeV electron storage ring Tantalus at
able catalytic activity for a number of chemical reactions.' the Synchrotron Radiation Center of the University of Wis-
Interaction with oxygen was selected as prototype reaction consin-Madison was monochromatized by means of a 3 m
with oxidizing gas phases, and because of extensive literature toroidal grating monochromator in the 21-130 eV photon
existing on this subject.""- 3 Our results indicate a qualita- energy range. The overall experimental energy resolution
tively similar effect of the Cr overlayer on the kinetics of Si (electrons and photons) was typically 0.3-0.4 eV for the va-
and GaAs oxidation. While only limited oxygen adsorption lence band and Ga 3d core levels, and of about 0.6-0.8 eV for
is possible on the clean semiconductor surfaces at the highest the As 3d and Si 2p core data.
activated oxygen exposures explored (10' L) we see an en- Photoelectron energy distribution curves for the Ga 3d
hancement of several orders of magnitude in the semicon- and As 3d core levels are shown in Figs. I and 2, respectively,
ductor oxidation rate for Cr coverages above a critical as a function of O' exposure (10-104 L) of the clean

OW J. ves&. eLT*coL AS(S), May/Jun l6S 0734.2101/U/0S3ON3o0601.-OO 19o Amerin Vacumn Soetq $S3
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responds to initial flat-band core binding energy. Exposures RLTV IDN NRY(V
up to I0 L yield a rigid shift of the core levels that reflects FIG. 2. EIC's for the Ga 3d core emission from cleaved GaAs 10). Spectra
the change i band bending, and attenuation of the As 3d diplace downward show the effect of exposure to increasing amounts of

activated oxygen. The gid shift of the core line reflects the variation in
surface contribution, visible as structure on the low binding bnd bending.
energy side of the main As 3d line. These changes reflect the

relatively low oxygen adsorption rate observed on cleaved The spectra for the oxidation of the clean surface all show'
GaAs( 10) surfaces. 12. 3 Even at the highest exposures ex- the presence of one, two, and threefold silicon-oxygen co-
plored here, the oxygen coverage is only a fraction of a mon- ordination, as expected in the submonolayer and monolayer
olayer. 12 The quasisaturation value of band bending for 103 oxygen coverage range.'0 The effect of Cr overlayer on the
L exposure (0.65 eV) corresponds to the value observed by oxygen adsorption kinetics is shown in the middle and bot-
Lindgren et al.'2 at 10'-l09 L exposure to pound state mo- tom sections of Fig. 3. We distinguish two qualitatively dif-
lecular oxygen, so that the use of activated oxygen in our ferent regions as a function of Cr coverage 0. For 0 below a
case yields a 10 to 100-fold enhancement in adsorption. critical threshold coverage of 1.3 ± 0.3 A the Cr overlayer

Results for the Si(l 11l) surface are summarized in Fig. 3. In affects relatively little the silicon oxidation rate. For exam-
the top section we show the Si 2p core emission for a clean pie, in the midsection of Fig. 3 we show EDC's for the Si 2p
Si( 11)2 X I surface (dashed line) and for the same surface emission at 0 = 0.6 before (dashed line) and after exposure to
after exposure to 100 L of activated oxygen (solid line). Weak 100 L of activated oxygen (solid line). Deposition of 0.6 A of
oxygen-induced features appear on the high binding energy Cr onto the clean Si( 11) cleavage surface 7 attenuates slight-
side of the main line. Vertical bars 0.9, 1.8, 2.6, and 3.5 eV ly the Si 2p emission with no visible line shape changes. Ex-
below the main line mark the position of the chemically posure to 100 L of activated oxygen gives rise to the same
shifted Si 2p contributions associated by Hollinger and oxygen-induced feature observed for oxygen adsorption on
Himpsel'o with silicon atoms bonded to 1,2,3, and 4 oxygen the clean Si(l 11) surface.
atoms, respectively. Further exposure to oxygen (1(9 L) The situation changes dramatically if Cr coverages above
yields a three to fourfold increase of the oxygen-induced fea- threshold are employed. This is shown in the bottom section

tures, that saturate in intensity and show little change' upon of Fig. 3 for 0 = 2 A. Exposure of the Cr-activated semicon-
further oxygen exposure (10' L), in agreement with the 1-1.5 ductor surface to 100 L of activated oxygen (solid line) yields
monolayer oxygen saturation coverage observed in Ref. 10. a main oxide-induced feature centered 3.0 eV below the main
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larity with our results suggests that in both cam silicon
SI auldtion atoms locally coordinated to 3 and 4 oxygen atoms are likely""" '2p can omissio / hr, 1300V
2c sO n to coexist and give rise to the broad Si 2p oxide band ob-

o0 L I " served experimentally. Comparison of the intensity of the Si
i / \ 2p oxide feature relative to the main line, however, indicates

"cr co that the oxygen adsorption rate on the Cr-activated Si sur-
.0o . , face is 20 to 30 times higher than on amorphous silicon lay-

ers." We conclude that while the nature of the surface reac-
I '~ tion products appears the same in both cases, the origin of

" \enhanced oxidation has to be found in the Cr-induced modi-

I i \  fication of surface chemistry rather than in the amorphiza-
9.-0.6,tion of the semiconductor surface layer. In earlier studies of

-- the Si(l Ill)-Cr interface7 we proposed that for Cr coverages
below 1.5 monolayer the Cr atoms participate in weak chem-

"- ,/isorption bonds that affect only slightly the stability of the
/ Si-Si bonds in the surface and near surface region. At cover-

age above 1.5 monolayers a reactive interdiffusion interface
formation stage is established, with formation of disordered

8.2 /Si-Cr intermixed species. The onset of reactive interdiffu-
sion coincides within experimental uncertainty with the

I critical threshold coverage for oxidation determined in this
+ *4 + 2 0 work. The correspondence suggests that the silicidelike sur-

= BINDING ENERGY (eV) face species formed above threshold act as catalyst for the

FIG. 3. Si 2p core emission from cleaved Si( 11)2 X I surfaces. Top: Clean oxidation of the semiconductor atoms in the surface and
surface emission before (dashed line and after exposure (solid line) to 100 L near-surface region.
of activated oxygen. The vertical bars mark the position of Si Z, oxide In recent work Cro1 7 suggested that the enhanced oxida-
features associated by Hollinger and Himpsel (Ref. 10) with silicon atoms

coordinated with one, two, three, and four oxygen atoms. Midsection: A 0.6 tion of the room temperature grown Si-noble metal inter-
A Cr overlayer was deposited on a freshly cleaved Si( lll) surface. The faces may be explained by the low stability of the intermixed
resulting Si 2p core emission is shown before (dashed line) and after (solid surface phases and on the metalliclike density of states at EF
line) oxygen exposure. The vertical bars mark Hollinger and Himpsel's Si 2p which may ease the breaking of the oxygen molecule and/or
oxide features. Bottom: Effect of a 2 A Cr overlayer on the Si( I 11) surface the creation of atomic oxygen excited states. These mcha-
oxidation. The Si 2p core line shape before oxidation (dashed line) is similar
to the initial Si 2p line. After exposure to 100 L of activated oxygen (solid nisms may indeed be active also in the Si-Cr case at chromi-

line) a major oxide band emerges. The vertical bar marks the position of a um coverages above the critical threshold and contribute to
major Si 2p oxide features identified by Riedel et al. (Ref. 16) during oxida- the enhanced oxidation effect. However, one word of cau-
tion of amorphous silicon. tion is necessary, since for refractory metals on silicon the

stability of the intermixed phase is expected to be higher, as
indicated by the trend of the corresponding silicide forma-

line. Further oxygen exposure4 increases this feature relative tion enthalpies, and, as observed by Cros, t since the pres-
to the Si 2p substrate line, indicating that no saturation of ence of two species (Si and refractory metal) with very strong
oxygen adsorption is observed in this exposure range (10- 10" tendencies to oxidize, changes the nature of the problem
L). The width of the Si 2p oxide line suggests that several with respect to the Si-noble metal case.
different oxidation states may coexist, and its binding ener- The morphology and room-temperature revolution of the
gy, intermediate between those observed for Si atoms locally Si( 11 )-Cr and GaAs( 110)-Cr interfaces present many simi-

bonded to 3 and 4 oxygen atoms, i° shows that threefold and larities. Both interfaces react at room temperature only for
fourfold coordination are likely to be dominant in the silicon coverages above 1.5 A(Si 7 ) and 2 A (GaAs"). Reactive inter-
oxidized layer. diffusion occurs in a limited coverage range of 1.5 < 0 < 9

The results of Fig. 3 indicate that Cr coverages above the (Si") and 2 < 0 < 20 (GaAs) and yields silicidelike species on
critical threshold coverage change dramatically the reacti- Si and arsenidelike phases on GaAs. Further Cr deposition
vity of the semiconductor surface and enhances several or- gives rise to an unreacted metal film on top of the reacted
ders of magnitude the silicon oxidation rate at room tern- interface. 7" The chemical bonding for the main interface re-
perature. The observation of enhanced oxygen adsorption action products (silicide or arsenidelike) involves in both
kinetics for Ag' overlayers on silicon has been related to the cases dominant coupling of the metal-d states with anion-p

' ,disruption of the ordered Si(1 11) surface upon Ag deposi- states, with similar modifications of the electronic density of
tion. The effect of "amorphization" of the Si( 111) surface on states. These similarities between the two interfaces suggest

the Si oxidation rate can be estimated by the results of Riedel that an oxidation promotion effect may be found also for

[.. et al." who recently studied amorphous Si and Ge layers GaAs-Cr above a critical threshold coverage value of 0c_2

upon exposure to activated oxygen. The vertical bar in the A. In Figs. 4 and 5 we summarize the effect of exposure to
bottom section of Fig. 3 indicates the position of the domi- activated oxygen on the As 3d and Ga 3d core level emission.

- q nant Si 2p oxide feature observed by Riedel et al. " The simi- In the top section of Figs. 4 and 5 we show the clean surface
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A. FIG, 4. Effect of thin Cr overlayers on the oxidation of As at the GaAsI 101 FiG. 5. Effect of thin Cr overlayers on the oxidation of Ga at the GaAs(1 101
-'p. surface. Top: Clean surface As 3d emission before (dashed line) and after surface. Top: Clean surface Ga 3d emission before (dashed line) and after
, p., (solid line) oxygen exposure. Midsection: A I A Cr overlayer was deposited (solid line) oxygen exposure. Midsection: A I k Cr overlayer was deposited

on a freshly cleaved GOaAs 110) surface. The resulting As 3d emission is on a freshly cleaved GaAs 110) surface. The resulting Ga 3d exposure is
shown before (dashed line) and after (solid line) oxygen exposure. Bottom: shown before (dashed linel and after (solid line) oxygen exposure. Bottom:
Effect of a 0k Cr overlayer on the GaAsl 10) surface oxidation. The As 3d Effect of a 10 A Cr overlayer. The Ga 3d core line before oxidation (dashed
core line shape before oxidation (dashed line) is composed of a low binding line) includes a main contribution from dissociated Ga atoms or from Ga
energy reacted As 3d feature from Cr-As interface species, and of a high atoms in a Cr matrix (Ref. 8). Upon oxidation (solid line) most of the Ga

' binding energy segregated As/substrate contribution (Ref. 8). Upon oxida- atoms appear oxidized. The vertical bars 1-4 mark the position of oxidized
tion Isolid line) most of the As atoms appear oxidized. The vertical bars 1-4 Ga 3d features observed by Landgren eta. (Ref. 12). The vertical bar 5
mark the position of the oxidized As 3d features observed by Landgren et al. marks the position of the Ga 3d core level i. la20., from Su etal, (Ref. 20).
(Ref. 12) for As coordinated with one to four oxygen atoms. The vertical bar
5 marks theposition of the As 3dcore level in As0 3, from Su etal. (Ref. 18). bttom-most Section) the main contriution corresponds to

free gallium atoms that are a by-product of the As-Cr inter-
core emission before (dashed line) and after (solid line) oxy- face reaction and/or gallium atoms dispersed in a Cr ma-
gen exposure. In the midsection we show the corresponding trix. Upon exposure to 100 L of activated oxygen most of
results for a Cr overlayer with 0 = 1, i.e., below the critical the As and Ga atoms within the experimental sampling
threshold coverage. In the bottom-most sections of Figs. 4 depth are oxidized. We find an increase of several orders of
and 5 we present results for 0 = 10. Again, the dashed line magnitude in the overall surface oxygen uptake, and no evi-
and solid line indicate, respectively, results before and after dence of saturation in the exposure range explored (10-10'
oxygen exposure. The zero of the binding energy scale corre- L). The character of the oxidation reaction products can be
sponds to the flat-band initial core binding energy, and the examined by comparing the observed oxide-induced As 3d
spectra have been arbitrarily normalized to emphasize line features with those reported by Landgren el al. 2 0.8, 2.3,
shape changes. As indicated in Figs. 1 and 2, and in the 3.2, and 4.2 eV below the initial substrate As 3d line (vertical
topmost section of Figs. 4 and 5, the clean GaAs surface is bars'" in Fig. 4) and related to the presence of As coordinat.
relatively inert and only low oxygen coverage can be ob- ed, respectively, with one, two, three, and four oxygen
tained at room temperature. For 0= 1 the Cr overlayer atoms, and with a 3.4-3.5 eV feature reported in Refs. 18 and
yields only relatively small modifications in the oxygen up- 19 for As in A 2 0 3 (vertical bar 5 in Fig. 4). The broad experi-
take rate. The spectra at 0 = 10, instead, show dramatic mental oxide band suggests that several arsenic-oxygen
modification of the As 3d and Ga 3d line shape upon oxida- bonding configurations must coexist in the surface and near
tion. At 0 = 10 the As 3d and Ga 3d lines before oxidation surface region, with a dominant contribution coming from
(dashed line) both include two distinct components For As high oxidation states that are barely detectable on the oxi-
(tic marks) a low binding energy As reacted 3d line appear dized GaAs surface' 2 at coverages of l0"' L.
above the initial clean surface emission, and a second line For the Ga 3d lines during oxidation of GaAs Landgren et
shifted to higher binding energy represents segregated ar. al. 2 observed chemically shifted components 0.45 and 1.0
senic and residual substrate emission.' For Ga (dashed line, eV below the main line at low exposure (10' L molecular
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oxygen), components at 0.8 and 1.4 eV at high exposure (lI0 Synchrotron Radiation Center of the University of Wiscon-

L). These are indicated by vertical bars 1-4 in Fig. 5. While sin-Madison is supported by the National Science Founda-

Landgren et al. 2 suggest that the 1.4 eV component may tion under Grant No. DMR-8020164 and we gratefully ac-
correspond to Ga in Ga 20 3, Su et al. report2" a Ga 3d broad knowledge the cheerful support of its staff.
oxide feature centered some 2.2 eV below the main Ga 3d 5 /2

line for Ga20 3. This is marked by vertical bar 5 in Fig. 5. The 'A. Cros, J. Dernen. and F. Salvan, Surf. Sci. 110, 471 (1981); J. Derrien
and F. Ringeisen, ibid. 124, L35 (1983).

results in the bottom-most section of Fig. 5 indicate that 2 .D. Kamm' P. Perfetti, T.-X. Zhao, and G. Margantondo, Appl. Phys.
several nonequivalent oxidation states for Ga coexist within Lett 40,619 (1982).
the sampling depth. Furthermore we note that a major spec- 3G. RoWs, L. Caliari, 1. Abbati. L. Braicovich, 1. Lindau, and W. E. Spicer,
tral contribution derives from Ga 3d features shifted 3 eV Surf. Sci. Leu. 116, L202 (1982).

below the pinned Ga 3d position (midsection of Figs. 2 and "A more detailed analysis of the results for silicon will be presented in a

5), i.e., from higher oxidation states than previously oh- forthcoming paper: A. Franciosi, P. Philip, and C. Caprile (to be pub-
lished).

served for Ga in Ga 2O3. The nature of these new oxide spe- 'L. J. Brillson, G. Margaritondo and N. G. Stoffel, Phys. Rev. Lett. 44. 667
cies is not clear at present. It may involve mixed Cr-Ga (1980).
oxide phases, but valence band results are consistent 2 1 with a 'A. Fnucio&. D. G. O'Neill. and J. H. Weaver. J. Vac. Sci. Technol. B 1.

main Cr20O3 oxidation state for Cr, with no evidence of mixed 524 (1983); A. Franciosi, J. H. Weaver and D. G. O'Neill, Phys. Rev. B 23,
4889(1983).

oxides. In analogy with the present case, we mention that Al 'Extensive results for Si( I I)-Cr at room temperature have been presented
overlayers on Ge" appear to stabilize a higher oxidation state in A. Francisi. D. J. Peterman, 1. H. Weaver, and V. L. Moruzzi, Phys.

for Ga atoms upon oxygen exposure at room temperature. Rev. B 2,, 4981 (1982).
Also in this case the morphology of the new potentially sta- 'Results for the GaAs 10)-Cr interface at room temperature were avail-

ble oxide phase remains unclear, able to us in the form of a preprint: J. H. Weaver, M. Grioni, and J. Joyce
I satr(to be published).
In summary, we have shown that thin Cr overlayers on Si ee, for example. C. N. Satterfield. Heterogeneous Catalysis in Practice

and GaAs surfaces can dramatically enhance the sernicon- (McGraw-Hill, New York, 1980).
6 ductor oxidation rate if Cr coverages above a critical thresh- "We will not try to summarize the extensive literature available on this

old coverage are employed. This critical coverage corre- subject. See, forexample, G. Hollinger and F. J. Himpsel, Phys. Rev. B 28,

sponds to the onset of reactive interdiffusion of Cr and 36511983); J. Vac. Sci. Technol. A 1, 640 (1982), and references therein.
"C. M. Garner, 1. Lindau, C. Y. Su. P. Pianetta, and W. E. Spicer, Phys.

-semiconductor atoms at the interface. The enhanement of Rev. B 19, 3944 ( 19791; C. Y. Su, P. R. Skeath, 1. Lindau, and W. E. Spicer.

several orders of magnitude in the oxygen adsorption kinet- J. Vac. Sci. Technol. 19, 481 )1981), and references therein.
ics is presumably related to the catalytic activity of ultrathin "See, for example, G. Landgren, R. Ludeke. Y. Jugnet, J. F. Morar. and

silicide and arsenidelike overlayers formed for Cr coverages F .J. Himpse], J. Vac. Sci. Technol. B 2, 351 (1984); T. Miller and T.-C.

above threshold.'.4 The end products of oxidation involve Chiang, Phys. Rev. B 29, 7034 (1984), and references therein.
semo ndtor om in everld ffer ts o xiationg ivv '3C. Y. Su, I. Lindau, P. W. Chye, P. R. Skeath, and W. E. Spicer, Phys.
semiconductor atoms in several different coexisting oxida- Rev. B 24, 4045 f1982). and references therein.

tion states, with high oxidation states largely dominant. For "In these conditions the "activated" species consist mostly of excited mo-

silicon, for example, dominant three and fourfold oxygen lecular oxygen and atomic oxygen. See J. A. Silberman, D. Laser, I. Lin-

coordination was observed, with compelling analogies to a- dau, W. E. Spicer. and A. Wilson. J. Vac. Sci. Technol. A 1, 1706 (1983).

Si oxidation processes. "P. Pianetta, 1. Lndau, C. M. Garner, and W. E. Spicer, Phys. Rev. B 18.
2792 (1978).
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We present preliminary studies of room temperature formation of the Hg, Cd, Te 1 10)-Cr
interface. For Cr coverages below 2 A, Cr atoms replace Hg atoms in a 10-13 , thick
semiconductor layer while elemental Te is released at the surface. The typical high coverage
interface morphology consists of an elemental Te surface, a metallic Cr film, a Hg-depleted
subsurface layer where Cr is bonded to Te, and finally the ternary semiconductor bulk. This
complex interface chemistry is compared with recent results for Hg_ - Cd. Te interfaces with
simple and noble metals.

Mercury-cadmium-telluride is probably the most studied 5 X 10- " Torr with coverage 0 monitored by a quartz thick-
ternary semiconductor in recent years because of its wide- ness monitor. The photoemission measurements were per-
spread application for infrared detectors. The use of this ma- formed using monochromatized synchrotron radiation from
terial for device fabrication requires us to meet a number of a Grasshopper grazing incidence monochromator and the
challenges. Lattice, surface, and interface instabilities in the Tantalus electron storage ring at the Synchrotron Radiation
alloy are caused by the weakening of the Hg-Te bond rela- Center of the University of Wisconsin-Madison. The photo-
tive to the Cd-Te bond. "3 Large changes in electronic prop-
erties are possible as a result of mechanical stress and may
arise, for example, during metal contact fabrication. The re- Hg,-, Cd. Te and Cr

lationship between local stoichiometry and semiconductor h&, 6oev
* surface/interface properties is still largely unexplored. Re- x2

cent pioneering studies have related the Schottky barrier
height for the Hg_ -, Cd. Te-Al' and Hg, -.. Cd. Te-Aus

interfaces to the nonstoichiometric composition of the semi-
conductor surface layer. In this paper we present prelimi-
nary results of investigations of the local morphology of the
Hg _., Cd2 Te( 110)-Cr interface. Results concerning the es- t
tablishment of the Schottky barrier have been published pre-
viously.' To our knowledge this is the first investigation of a
HgCdTe-refractory metal interface by means of surface sen-
sitive techniques. Our study indicates that important differ-3
ences exist in interface morphology and interface parameters -

(Schottky barrier height, interface width) relative to
HgCdTe-noble and simple metal systems and emphasizes z

% .that careful analysis of the local environment of each ele-

mental species during interface formation is the only way to Z
obtain a complete picture of the local interface structure. 4

We performed synchrotron radiation photoemission mea-
surements of interfaces prepared in situ by direct Cr sublima-
tion on cleaved Hgo7sCdo.22 Te(110) substrates. The 0
HgCdTe single crystals were grown at McDonnell Douglas
Research Laboratories using a modified Bridgman method.
The bulk crystals exhibited a band gap of 0. 175 ± 0.01 eV nI I
and p-type conductivity with a room-temperature carrier
concentration of 2 x 10 as cm- determined from infrared

* transmission and Hall effect measurements, respectively. 22 20 16 14 12 10 6 4 2 0 E,The samples were introduced into the photoelectron BINDIN ENERGY (@v)

st ee r woeratn sue in x1"to r th throINh aNRYlspectrometer (operating pressure <5 10t  Torr)througha FIG. i. EDC's forthe valence bandsand Hg Sd5,2,Hg 5d, 2 ,and Cd 4dcore
.',-." fast insertion devie and cleaved in situ with varying degrees levels for the Hgj _,Cd,TellO-Cr interface. The spectra are given in

of success at obtaining mirrorlike surfaces. Interfaces were relative units and the topmost EDC's are shown expanded by a scale factor

prepared by Cr sublimation from a W basket at pressures of of 2.
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FIG. 2. Top, left: decomposition of the Hg 5d (dashed line) and Cd 4d Idot-
dashed line) core emission from the clean HgCdTe surface. Top, right: Te 4d
emission at hv = 110 eV, for the clean HgCdTe surface and for the

HgCdTe-Cr interface at 0 = 20. Bottom: integrated intensity of the Hg 5d,
Cd 4d, and Te 4d core emission is shown in a semilogarithmic plot after
normalization to the clean surface emission and to monochromator output. -.

electrons were energy analyzed by means of a commercial
double pass cylindrical mirror analyzer, with a typical over-

- all resolution (electrons + photons) of 0.4-0.7 eV for hv < 90
eV, and 0.8-1.0 eV at higher photon energies. 0

In Fig. I we show representative photoelectron energy
distribution curves (EDC's) for the valence band emission 44 ,2 40 8

from the clean and Cr-covered semiconductor surface, at BINDNG ENERGY (ev)

hv = 60 eV. The EDC for the clean surface is in good agree-
merit with the results of Silberman et al.' and Spicer et al." surface with 20 A Cr coverage. The integrated intensities of
and exhibits a Te p-derived density of states (DOS) feature the Hg, Cd, and Te emission, normalized to the clean surface
within 3.5 eV of the Fermi level EF and a second structure emission, is shown as a function of metal coverage in a semi-
(4-7 eV) derived from unresolved Cd-s and Hg-s DOS fea- logarithmic plot in the bottom-most section of Fig. 2.
tures. Structure in the 8-12 eV binding energy range corre- The effect of Cr deposition can be seen in Figs. 1-2 from
sponds to the Hg 5d,, 2 and Sd 3/2 core levels and the unre- the fast attenuation of the Cd 4d and especially of the Hg 5d
solved Cd 4 doublet. This is more clearly seen from Fig. 2. core emission. Solid lines in Fig. 2 correspond to exponential
In the left-most top section we show a decomposition of the attenuation of the core emission. The resulting attenuation
core emission in terms of a Hg 5d line shape (dashed line) and length of 0.7 A for the Hg 5d cores is far more rapid than can
a Cd 4 line (dot-dashed line) for the clean HgCdTe surface. be reasonably expected from an escape-depth-driven mecha-
The Hg and Cd core line shapes were obtained from HgSe nism, that would correspond to an attenuation length of 4-5.

and CdSe samples measured in the same experimental condi- This indicates that Hg atoms migrate away from the surface
tions. The emission from the Te 4 cores was also monitored layer. Since the binding energy of the Hg cores remains un-
with comparable surface sensitivity at hv = 110 eV. As an changed," this process is likely to produce a surface layer
example, we show in the right-most top section of Fig. 2 the completely depleted in Hg rather than a layer with graded
Te 4 line from a clean HgCdTe surface and from the same Hg content, that would give rise to several inequivalent envi-

Ao,
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ronments for Hg atoms within the sampling depth and possi- 10
bly to broadening and shifts of the Hg 5d cores. Assuming a

photoelectron escape depth of 4-5 A, the residual Hg 5d 05 + +
emission observed at 0 = 2 is consistent with complete Hg + + +
depletion of a 13-16 AL thick surface layer.

The relatively small attenuation of the Te 4d emission in

Fig. 2 is mainly related to the presence of dissociated Te : 0.1 To 4d 31

released at the overlayer surface. The existence of two differ- hy - 539V

ent environments for the Te atoms at the interface is clearly 0, :::;:::
shown Fig. 3, where the experimental EDC's for the Te 4d ,-_

core emission (solid line) can be successfully fitted (short- Z

dashed line) in terms of two 4d components shifted - 0.5 eV z .0r. 4d I

from each other. Escape depth-dependent studies" demon- 0 hta53Vus .5 hv•5 e

strate that the Te ii component corresponds to a Te-rich T+
surface layer. Its binding energy corresponds to the one re-
ported for elemental Te, ° 0.4--0.5 eV above the Te 4d bind- HgICdxTo-Cr

ing energy value for the clean HgCdTe surface. The Te 1 0.17

component starts at the clean surface binding energy value
and then shifts 0.25 eV to lower binding energy as the Cr < -

coverage increases up to 2 A. This may reflect the interaction 0
of the Te i atoms with Cr, which has a lower electronegati- Z

vity relative to Hg. The attenuation of the Te 4d emission as a 0.0
function of metal coverage is shown in Fig. 4. The top section
shows a semilogarithmic plot of the Te ii integrated intensi- 2 6 10 14 IS 22 24
ty, normalized to the clean surface Te 4d emission. The bot- e (A)
tom-most section shows the analogous plot for the Te i com-
ponent. Figure 4 indicates that Te II is released at the surface FIG. 4. Semilogarithmic plot of the integrated intensity of the Te 4d core

for 0 < 0 < 2 A while Hg leaves the subsurface layer and Cr emission from the Hg, _,Cd, Te-Cr interface, normalized to the Te 4d

interacts directly with Te atoms (type i) in the semiconduc- emission from the clean surface. Top: The Te it component corresponds to

tor. The lower section of Fig. 4 shows that the Tei (hv = 5 3 dissociated Te released at the surface during the first interface formation
stage. Bottom: The Te i component corresponds mostly to Te atoms in the

eV) attenuation for 9 > 2 A follows an exponential behavior subsurface layer, where the Cr-Hg exchange reaction takes place for e < 2
with attenuation length of 7-8 A. Since this value is consis- A.

tent, within experimental uncertainty, with the photoelec-
tron escape depth, the Te I "substrate" emission shows,
therefore, no evidence of Cr-Te interdiffusion at high metal change reaction" is used here to summarize a process in

coverage (8 > 2). which initially Hg atoms are bonded to Te atoms in the ho-

For 0 < 2 the Hg depletion of the surface layer and the mogeneous semiconductor and, upon Cr deposition, the sur-

shift of Te i 4d emission may both be related to the replace- face and subsurface layers appear depleted of Hg while Cr-
ment of Hg-Te bonds with Cr-Te bonds. This is suggested Te bonds are established. '5

by the difference in formation enthalpy of refractory metal As for the Cd atoms in the interface region, at this prelimi-
tellurides relative to HgTe," that makes a Hg-Cr exchange nary stage it is not possible for us to determine if and to what

reaction thermodynamically favored. This is supported by a extent a Cr-Cd reaction takes place. If it does, it cannot

comparison of the attenuation of the Hg emission with the involve more than 10%-15% of the Cd atoms in the subsur-
Cr atomic density. At 0 = 2 we have observed a 13-16 A Hg face region. A more complete discussion of this point will
depletion layer from the film surface. The Te ii surface con- have to wait for a future report."
tribution accounts for approximately 3 A.7 The remaining The description of the Hg _ Cd. Te 110)-Cr interface
10-13 A thick subsurface layer contains (1.2-1.5) x 10" formation process that stems from this work is rather com-

atoms/cm', to be compared with a Cr covers ge of 1.6 X 10" plex. At low metal coverages (0<2 A.) Cr atoms replace all
atoms/cm2 at 0 = 2. Therefore the Hg attenuation is rough- the Hg atoms in a 10-13 A thick layer of the semiconductor,
ly consistent with a one-to-one exchange reaction between while some Te atoms are released from the semiconductor
Cr and Hg atoms, followed by diffusion of the dissociated Hg and form an elemental Te layer at the surface. Further Cr

away from the surface and subsurface layer.'2  deposition (0>2 A) gives rise to a metallic Cr film covered by
Our suggestion of a Hg-Cr exchange reaction for 0< 9<2 the dissociated Te species. This picture is rather different

is based on (a) the thermodynamic trends, (b) the Hg deple- from the one proposed for the HgCdTe-Au' and HgCdTe-
tion of the surface layer and its quantitative relationship with Al' interfaces. For HgCdTe-Au, Davis er al.' did report
0, (c) the binding energy change of the Te i 4d line for 0 < 2. significant Te outdiffusion in the Au film, but no chemical
More quantitive studies of the Te i 4d and Cr 3p core intensi- shift of the Te 4d core was observed, leading to the conclu-
ties, as well as of the Cr 3p binding energy are in progress to sion that elemental Te was not the dominant species present
confirm this picture." We emphasize that the term "ex- Furthermore, no change in the Hg/Cd ratio was observed a
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1010 Philip, Francloel, and Paterman: Interface chemistry of Hg,. Cd, To 1010

low metal coverage, when a 0.2 eV decrease of the band 'R. R. Daniels, G. Margaritondo, G. D. Davis, and N. E Byer, Appi. Phys.
bending was observed relative to the clean surface. For the Lett. 42,50(1983); G. D. Davis, N. E. Byer, R. R. Daniels, and G. Margar-

HgCdTe-Al interface, Daniels et al." do not present any Te itondo, J. Vac. Sci. Technol. A 1, 1726 (1983).
re. D. Davis, W. A. Beck, N. E. Byer, R. R. Daniels, and G. Margarntondocore data, but observe Hg depletion near the surface and a (nulse)N. (unpublished).

large decrease of the Hg/Cd ratio at low metal coverage. An 'D. J. Peterman and A. Franciosi, Appl. Phys. Lett. 45, 1305 (1984).
apparent 0.2 eV change of the interface position of the Fermi 'A description of the deconvolution procedure for the Hg 5d and Cd 4d

level was related by these authors to the variation of the cores, as well as of the Te 4d line shaz analysis will be presented in a

Hg/Cd surface ratio. In the case of the Hg, _., Cd. Te(l 10)- longer paper: A. Franciosi, P. Philip, and D. J. Peterman (unpublished).
i3. A. Silberman, D. Laser, 1. Lindau, and W. E. Spicer, J. Vac. Sci. Tech-

Cr interface one has to distinguish the properties of the rela- nol. 21, 154 (1982).
tively thin surface and subsurface layers from those of the "W. E. Spicer, J. A. Silberman, J. Morgen, 7 Lindau, J. A. Wilson, A.-B.

underlying semiconductor bulk. The subsurface layer forms Chen, and A. Sher, Phys. Rev. Lett. 49,948 (1982).

with the exchange reactions that yield the dramatic varia- 1'U. Solzbech and H. J. Richter, Surf. Sci. 97, 191 (1980).

tions observed in the Hg/Cd ratio. The surface layer is con- "The equilibrium phase diagram of the Cr-Te binary system is still not
completely understood. The existence of CrTe, Cr 3 Te4 , Cr2 Te3, CrTe2,

stituted of dissociated Te that seems only a by-product of the and Cr, Te, have been proposed, in some casea following observation of

exchange reaction that takes place in the subsurface layer. relatively wide ranges of homogeneity of the Cr,- Te alloy, ranges asso-

The information on the underlying "near-surface" bulk is ciated with the coexistence of two or more of the above stoichiometries.

carried primarily by the residual Hg 5d core emission, while See for example, F.A. Shunk, Conutituion of Binary Alloys, 2nd supple-

the Te core and valence band emission primarily reflect the ment (McGraw-Hill, New York, 1969).
The standard formation enthalpies of Cr tellurides are not known.

surface and subsurface electronic structure. We did not ob- However, their higher stability relative to HgTe is expected from a num-

serve any variation in the Hg 5d core binding energy ber of thermodynamic trends. Apart from the lower electronegativity of
throughout the coverage range explored and we suggest that Cr relative to Hg, that suggest a larger ionic contribution to the bonding,

neither the local stoichiometry nor the band bending in the we note that the known formation enthalpies of refractory metal tellurides
near surface region is affcted by the reactions that take are all well above the value of - 7.6 kcal/mol appropriate for HgTe. Ina particular, most values are in the - 20 to - 40 kcal/mol range (for exam-
place in the two uppermost layers. In particular, interface pie TiTe - 29.9; MnTe - 26.6; MoTe, - 32; WTe2 - 32; etc.) and

reactions do not change the n-degenerate character6 of the none was reported below the - - 13.5 kcal/mol value of NiTe,, and

near-surface region. Ti2 Te. See K. C. Mills, Thermodynamic Data For Inorganic Sulphides,
Selenides and Tellurides (Butterworths, London, 1974). Therefore, the
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Au-Si interface formation: The other side of the problem
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* Most metal-semiconductor interface-formation studies investigate the chemisorption of metal adatoms on
,-.. * semiconductor substrates. We extended the investigation of the Si-Au interface to the chemisorption of Si

atoms on Au. We found that the formation of an extenued, alloyed interface region is a common feature
of both interface-formation processes. Thus, the changes in the surface and bulk substrate thermodynamic
parameters do not affect the qualitative morphology of the interface.

The crucial importance of metal-semiconductor interfaces puter.
has stimulated a large number of photoemission studies of Figure I shows a series of pholoelectron energy distribu-
their formation in the past decade.' - " These investigations tion curves (EDC's) taken at a photon energy of 21 eV with
have explored the chemisorption of metal atoms on semi- the horizontal scale referred to the Fermi level. Figure 2
conductor substrates. We present the results of what is to shows the corresponding spectra taken at a photon energy of
our knowledge the first photoemission experiment investi- 35 eV, which enhances the cross section of the d-d anti-
gating the chemisorption of silicon atoms on a metal bonding states. The bottom curve in each figure corre-
substrate-Si deposited on Au. These results demonstrate sponds to the clean Au substrate. The other curves corre-
that the two processes-Au deposition on Si and Si deposi- spond to the same substrate covered by a Si overlayer of in-
tion on Au-are essentially symmetric. In particular, we creasing thickness. Figure 3 shows for comparison a series

-- find a systematic correlation between formation of Au-Si al- of EDC's takenit at a photon energy of 40 eV for Au depo-
loys and change in Au 5d crystal-field splitting"- in both sited on cleaved Si( 11).

* cases. We also find evidence that the formation of an ex- The most important conclusions obtained from Figs. 1, 2,
- tended alloyed interface region saturates at comparable coy- and 3 are the following. First, when Si is deposited on Au

erages (atoms per unit surface) for Si deposited on Au and the antibonding d-d state signal at - -2.6 eV is progres-
for Au deposited on Si.9  sively attenuated.8 

i
2 A symmetric increase in this signal is

The experiments were performed at the PULS synchro- observed in Fig. 3 when Au is deposited on Si. Second, the
tron radiation facility of the Frascati National Laboratory, d features shift to higher binding energies due to the Si ad-
with the beam line equipped with a Jobin-Yvon toroidal atoms on Au. This effect also has a symmetric counterpart
grating monochromator. Photoemission experiments were in Fig. 3.
performed in the photon-energy range 20-60 eV with the The similarity between the results for Si on Au and those
experimental equipment described in Ref. 10. The overall for Au on Si is further demonstrated by a detailed compar-
resolution was of the order of 0.4 eV. The substrate was ison of the results of Figs. 2 and 3. The main effect of the
prepared by depositing a Au from a W coil on a Ta sheet in Si adatoms in Fig. 2 is an apparent decrease of the energy
situ, at a pressure below 5x 10 -10 Torr. The thickness of splitting of the two main Au 5d features. We see in Fig. 3 a
the polycrystalline substrate was of several hundred symmetric apparent increase of this splitting when the Au
angstroms. Si was deposited also in situ from an electron thickness increases. This effect has been explained' by the
beam source at a rate of the order of I A/min. The over- formation of a Au-Si alloy in which the Au atoms are far

, . layer thickness was measured with a quartz thickness moni- from each other-and therefore the splitting becomes closer
tor.9 Data taking and processing were controlled by a CA- to that of atomic Au, 1.5 eV.
MAC system interfaced with a Tektronix 4052 microcom- Calculations by Bisi et al.6 provided a detailed theoretical

0 32 6917 ©1985 The American Physical Society
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E (eV) FIG. 2. EDC's similar to those of Fig. 1, taken at a photon ener-
FIG. 1. Photoelectron energy distribution curves (EDC's) taken gy of 35 eV.

with a photon energy of 21 eV on a clean Au film and then on the
same substrate covred with a Si overlayer of increasing thickness.
The energy scale is referred to the Fermi level EF. proximately twice as many atoms per unit area for the Au

substrate than for the Si substrate. The reason of this ap-
parent discrepancy could be, for example, a different near-

background for the above explanation. The results of these surface defect-formation enthalpy for the two cases.
authors indicate that the antibonding d-d states are those We also see that the asymptotic values of the splitting for
mostly affected by alloy or compound formation. In the
case of pure Au, these states correspond to the shoulder
2-3 eV below the Fermi level in Fig. 1. For photon ener- Au onSi(1ll)
gies of 35-40 eV, Figs. 2 and 3, the d-d antibonding states 'h=40eV
dominate the shallowest-in-energy Au 5d feature.' 2 Thus,
their shift in energy is the main cause of the apparent of Au;
change of the Au 5d splitting on going from pure Au to the
Au-Si alloy.

Therefore, the behavior of the Au 5d energy splitting at
photon energies of 35-40 eV is a good probe of the forma-
tion of a Si-Au alloy at the interface.7 We show in Fig. 4 7
this splitting as a function of the overlayer thickness (in
equivalent monolayers; see Ref. 9), for Si on Au and for 10
Au on Si. We see from this figure that most of the change
occurs for equivalent converages of 0-8 monolayers for Au
on Si and 0-4 monolayers for Si on Au. To interpret this
observation, one must consider the definition of the
equivalent coverages in the two cases (Ref. 9). This defini-
tion implies that the interface layer formation is completed
after depositing approximately the same number of atoms
per unit substrate area in both cases. (6-7) x 10"
atoms/cm 2. This result is somewhat surprising, since the BULK Au
adatom chemisorption energy was considered- the dominant
promoting factor for the " i-Au intermixing. Thus, the ex- -10 -5 O:EF
tent of the intermixing should be proportional to the E (eV)
number of atoms per unit substrate area. This, however, is FIG. 3 EDC's taken for Au deposited on clean Si(ll l) at a pho-
not consistent with the results of Fig. 4, since there are ap- ton energy of 40 eV The data are from Ref 11.

S' . . o - . . . .. ... .
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the Au-vacuum interface. Similarly, in the case of Si on Au
3- one could have segregated phases that give a constant Au

5d splitting for large coverages.
In summary, the most important result of our experiment

is that interface alloyed species are formed both when Au is
z .-3---- . --Au on Si deposited on Si and when Si is deposited on Au. Processes
:2 -Si on Au of this kind. involving either alloys or interface compounds,a.
LA have been observed in many investigations of metal over-

Slayers on silicon ' 5- ' Several factors have been proposed~Au~cd SPLITTING
j A PLTTNGto control the formation of these extended interfaces. Our~results enable us to rule out some of these factors, at least

in the case of Si-Au. For example, we can rule out an im-
portant role of mass transport, of the segregation energies,
and of the adatom kinetic energy. We also find similar

.'r 0 numbers of atoms involved in the alloyed interface species
0 10 ~ (MONOLAYERS) for both Au on Si and Si on Au. One important result is

FIG. 4. The apparent Au 5d energy splitting as a function of the that the changes in bulk and surface thermodynamic param-
overlayer thickness for Au deposited on Si (Fig. 3) and for Si depo- eters caused by interchanging substrate and overlayer do not

- - sited on Au (Fig. 2 and Ref. I1). The overlayer thickness is ex- affect the qualitative morphology of the interface region.
pressed in equivalent monolayers in both cases, as discussed in
Ref. 9.
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Interface chemistry of ternary semiconductors: Local morphology
of the Hg -_. Cd.Te(l 10)-Cr interface
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(Received 18 April 1985)

Synchrotron-radiation photoemission studies of interfaces prepared in situ on cleaved substrates
show atomic interdiffusion with Cr/Hg and Cr/Cd exchange reactions taking place at room tem-
perature for Cr coverages less than 2 A. Correspondingly, dissociated Te is released at the surface.
A subsurface region 10-13 A thick is formed in which Cr atoms replace all of the Hg atoms and at
least 20% of the Cd atoms. Below this subsurface the semiconductor maintains the bulk
stoichiometry and the initial surface band bending.

Very little is known about the interface chemistry of tion have been presented earlier." ' Here we describe the
ternary semiconductor alloys. The results available on local morphology of the interface region in detail and re-
compound semiconductors ' 2 can be extrapolated only in late the interface electronic properties to the local chemis-
part to ternary alloys, where the interplay of two different try of the material.
kinds of chemical bonding can substantially change the
character and stability of each bond with respect to those EXPERIMENTAL DETAILS
of the binary parent compounds. Hg,...Cd2 Te is prob-
ably the ternary semiconductor most studied in recent
years because of its widespread application for infrared Single crystals of Hg, xCd=Te were prepared at
detectors in the (8 -1 4 )-Am spectral range. This material McDonnell Douglas using a modified Bridgman method.
poses a number of intriguing fundamental and technologi- Several oriented (110) posts (3 x 3 x 15 mm 3) were cut
cal problems that only now are starting to be addressed. from the center of the cylindrical portion of a boule.
As a ternary semiconductor alloy formed from parent Samples cut from each end of the cylinder showed an
compounds of very different stability, this material easily identical energy gap of 0.175±0.01 eV and p-type con-
sustains composition variations. It has also been recently ductivity with a room-temperature carrier concentration
recognized that the interplay of ionicity and metallicity in of 2 x 1016 cm-3, as determined from infrared-
the two kinds of chemical bonding that coexist in the ma- transmission and Hall-effect measurements, respectively.
trix further weakens3 '4 one bond (Hg-Te) relative to the The sample composition, deduced from the band gap mea-
other (Cd-Te), causing lattice, surface, and interface in- surements' s was x =0.22±0.01. The posts were loaded
stabilities in the alloy.3 For example, dramatic composi- into the photoelectron spectometer through a special fast-
tion variations have been observed in Hg, _.CdTe as a insertion device, thus allowing an operating pressure
result of processes as diverse as mechanical damage,6' 7 ox- < 5 x 10- ' Torr while avoiding sample exposure to high
idation, s and metal deposition.9" A detailed understand- temperature. The posts were cleaved in situ with varying
ing of the interface chemistry and physics of this material degrees of success at obtaining mirrorlike surfaces. The
requires a systematic analysis of variations in local photoemission measurements were performed by position-

S-stoichiometry, Schottky-barrier height, and interface ing the samples at the common focus of the mono-
width. chromatic photon beam and a commercial double pass

Pioneering photoemission studies have recently clarified cylindrical mirror analyzer. Photoelectron energy distri-
the nature of chemical bonding in the bulk alloy, ' t2 and bution curves (EDC's) were recorded for 40 < h v < 140 eV
related the Schottky barrier height for the using a "grasshopper" grazing incidence monochromator
Hg,_,Cd Te(110)-AI (Ref. 10) and Hgn_.CdTe( 110)- and synchrotron radiation from the 240-MeV electron
Au (Ref. 13) interfaces to the local composition of the storage ring, Tantalus, at the Synchrotron Radiation
semiconductor surface layer. In this paper we focus on Center of the University of Wisconsin-Madison. The
the chemistry of Hg, -. Cd Te-refractory metal interfaces, overall energy resolution (electrons plus photons) ranged
which represent a new class of technologically important from 0.4-0.7 eV for hv< 100 eV to about 0.8--1.0 eV
junctions that are largely unexplored. We have performed for the high-photon-energy studies (Te 4d and Cr 3p core
synchrotron radiation photoemission studies of the levels at hv=110 eV). The interfaces were prepared
Hgl-,CdTe( 110)-Cr interface formed in situ. Results in situ by direct Cr sublimation from a W coil and the
concerning the connection between Schottky-barrier metal coverage was monitored using a quartz thickness
height and the changes in semiconductor 3urface composi- monitor.

32 8100 ©1985 The American Physical Society
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RESULTS shape of the HS 5d and Cd 4d levels obtained from
cleaved HgSe and CdSe samples. As an example, the re-

Valence states sult of the decomposition for the clean surface is shown in
the top section of Fig. 6. All cleaves resulted in identical

The experimental results are organized in two series of [Hgj:[Cdj:(Te] ratios (as determined by the ratios of the
figures. Figures 1-4 show valence-band spectra for the Hg 5d, Cd 4d, and Te 4d integrated emissions) irrespec.

clean and Cr-covered Hg_,CdjTe surfaces, Figs. 5-10 tive of cleave quality, and no time-dependent change of

summarize results for the core-level emission. In the the surface composition was observed after cleaving.

photon-energy range available to us we were able to moni- From the EDC's of Fig. 1 it is possible to estimate the po-

tor the evolution of the Hg 5d, Cd 4d, Te 4d, and Cr 3p sition of the valence band maximum, E, by linearly ex-

',= .core levels as a function of metal coverage, gaining infor- trapolating the valence band edge at low binding energy.

mation on the relative concentration and on the local From all cleaves we obtained E,=0.49±0.15 which,
chemical environment of each atomic species present in when compared with the measured bulk band gap of only

the interface region. 0.175±0.01 eV, indicates a strongly inverted (n-type)

In Fig. 1 we show representative energy distribution character for the near surface region.

curves for the valence-band emission of the cleaved The effect of Cr deposition on the valence band emis-

Hgt_=.Cd.Te surface. The zero of the binding energy sion is shown in Fig. 2 for hv=60 eV. The bottom-most

scale corresponds to the spectrometer Fermi level as de- spectrum is the clean surface spectrum while EDC's dis-

rived from the Fermi level cutoff of the high-Cr-coverage placed upward correspond to increasing Cr coverages e
EDC's. The spectra have been approximately normalized and are given in relative units. Two effects are clearly

to the main emission features, and are given in arbitrary evident in Fig. 2. First, emission from the Cr 3d states

units. The EDC's show good qualitative agreement with quickly dominates the valence band spectra within 3 eV of

the results of Silberman et al.t' and exhibit a EF. Second, the Hg-derived emission decreases dramati-

Tep-derived density-of-states feature within 3.5 eV of caly and is almost negligible at e-3 A. These two

* the Fermi level EF, and a second structure between 4 and trends are shown in more detail in Figs. 3 and 5 where we

7 eV derived primarily from unresolved Cd s and Hg s have plotted, in an expanded scale, the valence-band emis-

features which reflect the metal s-chalcogenide p hybrid- sion within 9 eV of EF and the Hg 5d-Cd 4d core emis-

ization responsible for the stability of the alloy. 6  sion, respectively. In Fig. 3 we see that initial Cr deposi-

The emission features between 8 and 12 eV correspond tion gives rise to increased valence emission within 2 eV

to the Hg 5d and Cd 4d core levels. Deconvolution of of EF, and to a "tailing" of valence states at EF. A true

two doublets was performed using the experimental line Fermi.level cutoff, however, cannot be seen until -3 A.

IC4. To H9,, Cd, T. ea Cr

h. 606V

*2

909

00

'

K, - " Z 6 4 2 f, 22 20 II I l 0, E,

"FIG. 1. EDC's for the valence-band and Hgl 5d-Cd 4d FIG. 2. Valence-band and Hig 5d-Cd 4d core-lev6el emis-
'%'"core-level emissions from Hgj_,CdTe(110) surfaices obtained sions for the Hgl_,Cd, Te(! 10)-Cr interface. The topmost spec-

• -by cleaving x =0. 22 bulk crystals. tra are shown multiplied by a scale factor of 2.

'%4 V%,

IdI

core-level.". emiss.ions fro.. g...," , 10suacsotie "sion-"for "thc "-'-",d,T l-C inerfac. The topmo" spe... "c ""
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monolayers, taking 1 ML=6.8X 10"' atoms /cm 2 equals
q,.. cd, T,. C, the total surface atomic density for Hg .. CdTe(O110)1.

ha, -60 evThe main differences we note (tic marks) are a shift of the
main 3d feature by 0.2 eV to higher binding energy, in-
creased emission within I eV of the Fermi level, and a
rather broad density-of-states feature centered 12.5 eV
below EF.

Core emission
43U

Figure 5 shows the evolution of the Ill; 5d and Cd 4d
L core-level line shapes in the 0 0 ! 5 3 A coverage range

for hv=60 eV. The spectra were obtained from the
EDC's of Fig. 2 after subtraction of a smooth secondary

Z electron background and are given in relative units. The
Z- vertical dashed lines mark the position of the Hg

Z 0. 5d5/2, Hg 5d 3/2, and Cd 4ds/2 levels after deconvolution
(see top section of Fig. 6). Emission from all cores appear
strongly attenuated even at low metal coverages (note the

S ; scale factors in Fig. 5). Furthermore, the Hg-to-Cd ratio
decreases dramatically with increasing metal coverage.

0 The binding energy of the Hg 5d core levels remains un-
. . , ,, ,, changed as a function of metal coverage within experi-

9 a 7 6 s 4 s 2 1, oE, mental uncertainty (-0.1 eV). For the Cd core levels,
F 3 INoING ENERGY (v) our data show constant binding energy for O 5 1 A, and

FIG. 3. Detail of the valence-band emission within 9 eV of suggest a sjarp 0.3-0.4 eV binding energy increase for I
the Fermi level EF for the Hg,_,CdTe( 110)-Cr interface. A <0<3 A.17

Initial Cr deposition gives rise to increased valence emission
within 2 eV of the EF and to tailing of valence states at EF. A
true Fermi level cutoff, however, can be seen only for coverages
0>3.

Mqt.X Cd x To Cr

ha, * 60eV
At this point, the 3d emission gives rise to a main emis-

.. sion feature centered 1.3-1.4 eV below EF which is rela- .

tively sharp (full width at half maximum (FWHM) XIS 3... . 3
-2.7-2.8 eV] *ompared to the more bulklike Cr emis-
sion at e=25 A. Very little change of the valence states
is observed for 10 < 9 < 25 A yet there are several relevant
differences compared to bulk Cr. This is shown in Fig. 4

*: ' where the topmost spectrum (solid line) was obtained I"

from a 250-A-thick Cr film evaporated on oxidized Ta, z X3I-

and the bottom-most, spectrum from the Hgl _..CdTe in- Z
terface with E8=25 A [coverage corresponding to over 30 z

4 0
1r x U4

CLJ

S9, C To -- J

14'] 13 1 1 1

C- ,'0t ' 0

- I.-

e,-25 BINDING ENERGY We)

'6 1 Z 4 2 OE FIG. 5. Detail of the Hg 5d and Cd 4d core-level emission

SN %,G ENERGY 'ev) from the HSI _, Cd, Te-Cr interface as a function of metal cov-
FIG. 4. Comparison of valence emission from bulk Cr erage. The vertical dashed lines indicate the corresponding

(250 A Cr film on oxidized Ta) and from the Hgi ,Cd.Te-Cr binding energy as derived from the deconvolution shown in the
interface at 0=25 A. The 25-]k-coverage interface shows in- top section of Fig. 6. Note the dramatic increase of the
creased emission within I eV below EF and a 0.2-eV shift to [Cd]/[Hg] ratio due to HS migration away from the subsurface
higher binding energy ot the main 3d feature. layer.

I
:% .., ,
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To examine quantitatively the surface concentration of broadened asymmetrically at e = 1. 5 and 3.0 A and shift-
Hg and Cd as a function of coverage, the two doublets ed to lower binding energy. For 0 > 10 A, however, the
were deconvolved as sketched in the top sections of Fig. 6. linewidth decreases again while the doublet is shifted to
The total integrated intensity of each doublet at a given higher binding energy. These nonmonotonic trends can be
coverage e was normalized to the zero-coverage emission explained by the existence of two 4d lines, shifted by 0.5
intensity, and is shown in a semilogarithmic plot in the eV from each other, and with coverage-dependent relative
lower section of Fig. 6. The solid lines correspond to an intensity. To fit the experimental spectra, we used two 4d
exponential attenuation of the core emission. The result- line shapes obtained from the clean surface emission and,
ing attenuation lengths' s are 0.7 and 1.7 A, respectively, as fitting parameters, the binding energy and relative in-
for the Hg 5d and Cd 4d core levels. The attenuation of tensity of the two 4d components. The result oC the fit is
the Cd and especially of the Hg core emission is far more shown in Fig. 7 by a short-dashed line. The fit is remark-
rapid than can be reasonably expected from an escape- ably good, and the experimental line shape appears to be
depth;driven mechanism, where an attenuation length of composed of a lo%% binding energy doublet (Te 4d I) that
4-5 A would be expected.19  dominates at low coverage, and by a new high-binding-

EDC's for the Te 4d core emission at hv= 110 eV and
h v =53 eV are shown (solid lines) in Figs. 7 and 8, respec- I

-Z atively. The spectra appear all approximately normalized -_.., 0,

to the main emission feature to emphasize the line shape ". 1-- 11

changes. The EDC's (solid lines) in Fig. 7 show that the
sharp experimental 4d line shape for the clean surface is

60V ....

A 12 10 a
F3; NDG ENERGY (eV)

;''

o~ q r /r (ouiP

- To 4d ''130V I

* Cd4d n,, V

04

2 4 a 6 0 20 22 24 :

FIG. 6. Top: deconvolution of the experimental line shape
(solid line) in Hg 5d (dashed line) and Cd 4d (dotted-dashed
line) contributions for the clean Hg,_°Cd.Te surface. The 4d
and 5d line shapes were obtained from HgSe and CdSe samples.
Bottom: semiloganthmic plot showing the integrated intensity E >',, @.

of the Hg 5d, Cd 4d. and Te 4d core-level emission, normalized FIG. 7. Te 4d core emission from the Hg, .CdTe-Cr inter-

to the emission from the clean surface, as a function of metal face at h v= 110 eV. Solid line: experiment. Short-dashed line:

coverage. As discussed in the text, the fast attenuation of the rt.ults of a best fit using the sum of a Te 4d T subsurface con-

Hg and Cd emission reflects an exchange reaction in a ponent (long-dashed line) and a Te 4d If surface component

i 10-13)-A subsurface region, where all of ihe Hg atoms and at (dotted-dashed line). At hv= 110 eV the emission from the Cr

least 20% of the Cd atoms are replaced b) Cr atoms. 3p cores is negligible for E 5 10.

0,.,.. '. . .*,-,.-,-w- ' . ' ,- ' . ' ' ' .,' ,' . - ".' . . . , "" - - " ..- ,. .. .

c " " " " " " . ,""" .,.•. .. - . " , " . -'"". ' ' ' ' . "
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FIG. 9. Binding energy of the Cr 3p, Te 4d I, and Te 4d II,
core-level emission from the Hg1 _,Cd.Te-Cr interface. The

% binding energies were obtained from the deconvolution pro-
-j 3cedure described in Figs. 7 and 8. The high-coverage saturation

... V.__. values of the Cr 3p and Te 4d II binding energies are close to

2 .the elemental values.

FIG. 8. Te 4d core emission from the Hgu_-CdTe-Cr inter-
face at hv=53 eV. Solid line: experiment. Short-dashed line: higher binding energy. The final binding energy at high

result of a best fit using the sum of a Te 4d I subsurface com- metal coverage appears close to the bulk Cr value (41.95 _

ponent (long-dashed line), a Te 4d II surface component 0.1 eV versus 42.22±0.15 eV). The binding energy of the

(dotted-dashed line), and a Cr 3p line (dotted line). The Cr line Te 4d II component remains relatively unchanged as a

shape was obtained from a Cr film evaporated on an inert sub- function of coverage, with at most a gradual 0.l-eV de

strate. At hv=53 eV we are near the photoemission threshhold crease in the whole coverage range. The Te 4d I com-

and the Cr signal is of the same order of magnitude as the Te ponent, that starts at the clean surface position, shifts rig-

signal. idly 0.25 eV to lower binding energy during initial metal

deposition (0 <2 A) and then remains unchanged. The
integrated intensity of each Te 4d component is plotted in

energy component (Te 4d II) 0.45 eV above the main line Fig. 10 as a function of metal coverage for hv=53 eV.
that grows as a result of Cr deposition, and becomes the The overall Te 4d core-level emission (component I plus

doniinant feature at e= 10 A. At coverages greater than component 11) is compared in the lower part of Fig. 6 (full
10 A the Cr 3p core-level contribution, at a binding ener- squares) with the Cd 4d and Hg 5d core-level emission. It

gy of about 42 eV, is not negligible, even for hv= 110 eV, is readily seen from Fig. 6 that the attenuation of the Te
and the fit cannot be obtained by simply superimposing 4d core-level emission is relatively small compared to that
two Te 4d lines. This is demonstrated by the results at of the Cd and Hg core-level emissions. This is because

hv=53 eV in Fig. 8. At photon energies close to the while the Te 4d I component exponentially decreases in

photoemission threshold, one expects the centrifugal bar- intensity (lower section, Fig. 10) the Te 4d 1I component

rier to emphasize the Cr 3p as compared to the Te 4d (upper section, Fig. 10) grows dramatically during deposi-
emissions in our EDC's. The experimental line shapes in tion of the first two monolayers. The results at hv= 110

Fig. 8 (solid line) reflect, in fact, the superposition of the eV are similar, ex. ept for the higher saturation 'alue ol
two 4d lines and a Cr 3p line (dotted line). Again, to the Te 4d II emission, about 60-80% of the clean surface
reduce the number of fitting parameters, we used an ex- emission as opposed to 40%.
perimental Cr 3p line shape determined from evaporated
Cr films, and we let the binding energy and intensity of DISCUSSION

this line be the additional fitting parameters. The results Composition variations
(shown with short-dashed lines in Fig. 8) were extremely
rewarding. We emphasize that the results of the fitting at The results of Figs. 1-10, and in particular, of Figs. 2,

h -v=53 eV confirm those at hv= 110 eV since the bind- 3, 9, and 10, suggest that different processes occur at the

ing energy of each Te 4d line was identical, within experi- interface in the low-coverage range 0!5 e < 2 A, and in

mental uncertainty, in the two cases. The binding energy the high-coverage range 8 > 2 A. In Fig. 6 we showed

of each Te component and of the Cr 3p line is shown in that dramatic changes in the relative [Hg]/[Te] and

Fig. 9. The Cr 3p emission appears initially at constant [Hg]/[Cd] concentrations at the surface occur upon Cr

" binding energy (for e < 3 A) and then shifts toward deposition at low coverage. For 2 A Cr coverage the

,-
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10 depth at hv= I10 eV, this last point clearly indicates the

surface character of the Te 4d II emission, It is possible

05 __to roughly estimate the amount of Te at the film surface
2 + by calculating the thickness d of a Te layer which would

give rise to the same 4d emission intensity observed at the
- 01 To4d highest metal coverage. Assuming the Te photoionization

h. , 53ev cross section to be similar in the semiconductor and in the
Te 4d 11 environment, one obtains

I TI,,(e)
=-I- -e-_

0 " -- IT(O A )
' 05 hi.53ev where L is the photoelectron escape depth [L --4 A at

h v =ll0 eV and L--8A at h v=53 eV (Ref. 19)].
For both hv=53 eV and hv= 110 eV we obtain d=3
A J it

01 Hg1lCdxTe-Cr A, i.e., about 1.3 monolayers, in terms of the Te surface
atomic density on the Hgo.78Cdo22Te(110) surface. The

,o0o Te 4d II emission is therefore localized in a relatively thin
surface layer of the deposited film. Further information

. on the chemical environment of the Te 4d II component
001 can be obtained from the high-coverage Cr 3p (Fig. 9) and

": . valence-band (Fig. 4) results. At high metal coverages
.6 0 4... 22 .24 (..2. A) the Te 4d I emission does not contribute ap-2 6 1 () preciably (Fig. 10) and the results of Figs. 4 and 9 reflect

FIG. 10. Semilogarithmic plot of the integrated emission in the interaction of the Te 4d II species with the top layers

S tensity of the Te 4d core levels from the Hg 1 ,Cd.Te-Cr inter- of the Cr film. Correspondingly, the Te 4d II binding en-

face, normalized to the Te 4d emission from the clean surface. ergy (0.4-0.5 eV above the initial 4d substrate emission)
Top: The Te 4d II component corresponds to dissociated Te is consistent with the "elemental Te" core binding ener-

released at the surface during the first interface formation stage. gies reported in Refs. 20 and 21, and the Cr 3p binding
Bottom: The Te 4d I component corresponds to Te atoms in energy is close to the elemental Cr 3p value. This sug-
the subsurface layer, where the Cr-Hg (and Cr-Cd) exchange re- gests a relatively small Cr-Te interaction for the Te 4d II
action takes place for e < 2 A. environment. The valence band results of Fig. 4 are quali-

tatively consistent with such a picture. An elemental Te
valence emission is expected to shown a 5s emission

Hg 5d core-level emission is reduced to about 4% of the feature peaked some 12 eV below the valence band edge
initial value, the Cd 4d emission to about 30%, while the and a leading emission feature within 1.5 eV of the
overall Te 4d emission remains near the clean surface valence band edge, deriving from the Te lone-pair p elec-
value (100 %). The reduction of the Hg signal is ex- trons. Figure 4 shows that the high-coverage valence-
plained by a combination of three experimental observa- band spectra exhibit indeed a 12.5-eV broad emission
tions: (a) Hg depletion of the semiconductor surface feature absent in Cr and increased emission within I eV
layer, (b) layer-by-layer Cr coverage of the reacted surface, from E. We therefore suggest that the Te 4d II species

j.", and (c) Te outdiffusion at the surface of the Cr film. The that are released at the surface during the early stages of

, analysis of the Te 4d line shape gives us a guideline to in- interface formation reflect mostly an elemental Te envi-
terpret the remaining experimental results. Figures 7 and ronment.

S.8 show that two well-defined chemical environments exist The sharp decrease of the Hg 5d emission (Fig. 6) for
for the Te atoms at the surface. The Te 4d I environment 0 < 2 A cannot be explained simply by layer-by-layer cov-
is related to the bulk semiconductor Hgo 7,Cdo.22Te envi- erage of the HgI-, CdTe substrate, even if one takes into
ronment, as indicated by the Te 4d I binding energy account the formation of an additional Te 4d II surface
which starts at the clean surface value (and then shifts layer. Hg has to migrate away from the surface layer.
rigidly to lower binding energy; see Fig. 9). The Te 4d II Since the binding energy of the Hg 5d cores (Fig. 5)
environment is sharply different from the initial semicon- remains unchanged, this process is likely to produce a sur-
ductor environment, as indicated by the (0.4-0.5)-eV in- face layer completely depleted of Hg rather than a layer
crease in 4d binding energy, which varies very little with with graded Hg content. In the first case one would ex-
further metal deposition (Fig. 9). The intensities of the Te pect the residual Hg emission to come from deeper in the
4d I and Te 4d Ii components (Fig. 10) exhibit sharply solid and to reflect a relatively unperturbed Hgl_,CdTe
different coverage dependencies. The Te 4d II component environment. In the second case one would expect, in-
increases dramatically' at low coverage (e<2 A). ith a stead, several inequivalent environments for Hg atoms

S-suggestive inverse relationship to the sharp decrease of the within the experimental sampling depth, with consequent
Hg 5d emission (Fig. 6). At higher coverage it %aturLes broadening and shift of the Hg 5d cores, in contrast with
to a constant limit of about 40% of the initial o,erall Te the results of Fig. 5. The residual 4% Hg 5d emission ob-
emission (hv=53 eV). The saturation value at hy= 110 served in Fig. 5 at 8=2 A, is consistent with complete
eV is. instead, about 70%. Because of the shorter escape Hg depletion of a (13-16)-A thick surface layer.2 3

N7--N
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The residual Hg core emission would then reflect the atoms in the subsurface region. After the reaction is
stoichiometric Hg-,CdTe semiconductor below this completed, the Cr cores shift toward the bulk Cr position,

. layer. The Te emission, intead reflccts both the dissociat- as expected since no interdiffusion takes place. for
ed species at the surface of the evaporated film (Te 4d II) e > 2 A. The Cr 3p binding energy for e - 2 A is
and the reacted Te 4d I species in the subsurface layer (see 0.5 _0. 1 eV less than that for the final "metallic" posi-
next section). We emphasize that at e=2 A only an es- tion. This would seem to argue against a net charge
timated 10-15% of the Te 4d I emission (hv=53 eV) transfer from Cr to Te atoms during the exchange reac-
originates from regions of the semiconductor deep enough tion. We emphasize, however, that the observed "chemi-
in the solid so to reflect the stoichiometric situation. cal shift" need not be related in an elementary way to the

actual charge transfer 4 Furthermore, for Cr atoms iso-
lated in a nonmetallic matrix, as appears to be the case for

Exchange reactions e 2 A (Fig. 3), the binding energy should be measured
,. from the vacuum level and would reflect the effective

work function of the subsurface and surface species. 25 If
In the lower part of Fig. 10 we show that the intensity we take, for example, the high coverage Cr 3p and Te 4d

of the Te 4d I core-level emission (hv=53 eV) decreases II binding energy as representative of the elemental Cr 3p
to about 70% of its initial value for 0 -2 A and, at and Te 4d emission, then at e -2 A both the Cr 3p core
higher metal coverages, follows an exponential behavior level and Te 4d I core levels exhibit an analogous -0.5
with attenuation length of 7-8 A. Since this value is con- eV shift to lower binding energy relative to the elemental
sistent, within experimental uncertainty, with the pho- state, with no clear indication of net charge transfer in
toelectron escape depth, we identify the Te 4d I com- any direction.
portent as Te subsurface emission. Our results show, Exchange reactions between metal overlayers and semi-
therefore, no evidence of Cr-Te interdiffusion at high conductor cations have been observed in Il-VI compound
metal coverages (E>2 A). For e <2 A, the interpreta- semiconductors such as CdSe and CdTe.1' 2 In these ma-

* tion of the results of Fig. 10 is complicated by the outdif- terials dissociated Cd has been reported in the interface
fusion of Te 4d II species and by Hg migration away region and its presence has been related to the production

- from the surface. For EO-2 A we note that the observed of Ohmic contacts onto the semiconductor surface. These
-. Te 4d I intensity (70%) is consistent with the attenuation dissociated Cd species are characterized by a 0.5-0.6 eV

expected from the Te 4d II layer alone, as if the Cr did lower 4d binding energy compared to Cd in the Il-VI-
... not contribute to the attenuation. This, together with the semiconductor environment.26 Our results show that the

binding energy change of the Te 4d I core levels observed Cd emission from the Hgl_,CdTe-Cr interface decreases
for E < 2 A, argues for substrate-overlayer interdiffusion more slowly in intensity than the Hg emission, and that
in this coverage range. The Hg depletion would be then the binding energy of the.Cd 4d cores seems to increase
related to the replacement of Hg-Te bonds with the by about 0.3 eV at 0=3 A. Therefore, while the subsur-
more stable Cr-Te bonds. An independent check of this face region does contain a substantial amount of Cd, these
hypothesis can be obtained by comparing the observed at- atoms appear to be neither bulk-Hgl-,CdTe-like nor
tenuation of the Hg emission with the Cr atomic density. dissociated. A possible explanation is that the Cd atoms
At E=2 A we have observed a 13-16 A depletion layer in the subsurface region interact with Cr when Cr replaces
at the film surface. The Te 4d I surface layer accounts the neighboring Hg atoms with a charge transfer from Cd
for - 3 A. The remaining 10-13 A subsurface layef con- to Cr. Due to the higher stability of the Cd-Te bond as
tains _( 1.2-1.5)X 1015 Hg-sites/cm2 . At E-2 A the compared to the Hg-Te bond, the probability of Cr re-
Cr surface density is _ 1.6 7 X 10 15 atoms/cm 2. Therefore, placing Cd in the structure is smaller. If the exchange
the Hg attenuation is roughly consistent with a one-to-one occurs, Cd atoms must migrate away from the subsurface

0 exchange reaction between Cr and Hg atoms, followed by region since we have no evidence of dissociated Cd within
diffusion of the dissociated Hg away from the surface and the experimental sampling depth. Both Cd and Hg, in
subsurface layer. fact, exhibit large diffusion coefficients in Hg_-,CdTe

The core binding energy results are more difficult to in- at room temperature.6 From the reduction in intensity of
* . terpret due to the presence of a number of semiconducting the Cd emission at 0-2 A we can estimate a lower limit

and metallic species of rapidly varying composition. Dur- fP)r this Cr-induced Cd deficiency in the subsurface layer
" ing the Hg-Cr exchange reaction the Te 4d I core shifts of (0.7-1.0)x 1014 atoms/cm. This would be consistent

by about 0.25 eV to lower binding energy. This shift with the difference between the Cr surface concentration
could reflect a net charge transfer to the Te atom because at 0-2 A of 1.67x 10"5 atoms/cm 2 and the available Hg
of the reduced Cr electronegativity compared to Hg. The sites in the subsurface layer [ -(1.2-1.5)x 10"
rigid shift of the Te 4d I core level and the fact that the atoms/cmr2 1. In this picture, upon metal deposition Cr
shift is independent of the experimental sampling depth atoms would replace all of the Hg atoms and at least 20%

* (4 A <L < 8 A for 110 eV > hv > 53 eV) further confirms of the Cd atoms in the subsurface layer. The model im-
the picture of a Cr-Te reacted subsurface layer with a plies that the residual Hg 5d emission seen at E=2 A is
depth which is larger than L. The Cr 3p binding energy representative of the bulk semiconductor underlying the

:. (Fig. 9) appears constant in the first interface formation subsurface layer and its binding energy reflects the bulk
stage (E < 2 A), in agreement with a one-to-one exchange stoichiometry and the near-surface band bending." Sys-
picture that yields a similar local environment for all Cr tematic investigation with variable escape depth and high
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resolution for the Cd 4d core levels is necessary to further and a Hg-depleted 10-13 A subsurface region where
verify the validity of this model. Cr-Te and Cd-Te bonds coexists, on top of the ternary

semiconductor bulk. The Hg core emission from the

CONCLUSIONS underlying bulk remains at a constant binding energy in-
dicating that the bulk environment and the semiconductor

The local morphology of the Hg-..CdTe( 110)-Cr in- band bending 14 remain unchanged beneath the surface and
terface is rather complex compared to those reported for subsurface layers.
the Hgl-,Cd.Te-Al and Hgl-.CdzTe-Au interfaces. A
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ABSTRACT

Thin metal overlayers deposited on GaAs (110) cleavage surfaces enhance the

surface oxidation rate several orders of magnitude above the clean surface

value. The magnitude of this effect depends on the chemistry of the overlayer,

on the local morphology of the overlayer-semiconductor interface region and on

the nature of the gaseous reactants. We present a synchrotron radiation photo-

emission investigation of the GaAs surface interaction with oxygen in the

presence of Ag, Au and Cr overlayers, and of the GaAs-H 2 0 reaction in the

presence of Cr overlayers. We find that the promotion effect is maximum in the

presence of Cr overlayers, and that the nature of the surface reaction products

changes if oxygen or water is employed. In particular, in the case of oxygen, Ga

" and As-oxide phases are found with high atomic oxidation states present. If

water is employed, only Ga oxide/hydroxyl phases are found at the surface, on top

of a Cr-As subsurface layer that remains largely unaffected by oxidation.
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INTRODUCTION

A number of metal overlayers on silicon yield an increase in silicon oxida-

*. tion rate when the surface is exposed to an oxidizing atmosphere. Metals as

diverse as Au', 2 , Ag3', , CUS, Pd5 and Cr 6 have all been shown to give rise to

promotion effects, with the production of Si-oxide phases of variable stoichio-

.... metry. In the case of Au1 and Cr6 - , the Si-oxide appears to nucleate on top of

the metal overlayer. To the extent that the metal atoms increase the surface

reaction kinetics and do not appear directly involved in the reaction product,

'" i.e. the surface silicon oxide, they play the role of a catalyst. Since the

* magnitude of the effect depends on the overlayer-silicon interface morphology,

in the absence of a more precise denomination we refer to such phenomena as

- interface catalytic effects.

In this paper we discuss a few examples of interface catalytic effects

observed for GaAs. Our interest in GaAs stems from both technological and

- fundamental reasons. The possible use of practical catalysts to promote the

formation of new stable insulating layers on GaAs surfaces would have substantial

impact on device technology, if the reacted layers would exhibit inversion and

accumulation characteristics suitable for MOS fabrication. From a fundamental

-- point of view, our understanding of the microscopic mechanisms that determine

interface catalytic effects could be greatly improved by considering GaAs-metal

interfaces, which may exhibit for a given metal different chemistry and different

local morphology relative to the silicon case.

The information on GaAs interface catalytic effects is very scarce. We are

aware of only one other photoemission study8 , showing that enhanced oxidation
-:.

effects are produced by submonolayer Cs deposition onto the GaAs(110) surface.[J We have previously reported6 that Cr overlayers greatly enhance the GaAs-O

o - .

.% ° . . .. . - . . . - • - . • . - , - . - . , ,



3

reaction at room temperature. Here we compare the effect of Cr overlayers with

the effect of Ag and Au overlayers and examine the role of the metal chemistry

and the metal-semiconductor interface structure. Ag and Au have similar chemis-

try, exhibiting relatively low reactivity for oxidizing species, but exhibit

different interface morphologies. Several authors 9-10 have indicated a rather

sharp GaAs(110)-Ag interface with little or no atomic interdiffusion and possible

island formation. For GaAs(110)--Au most authors concur" - 3 in indicating

substantial atomic interdiffusion, with the formation of an extended intermixed

interface region. Correspondingly, we find evidence of Au-induced oxidation

promotion, while no promotion effects are observed for Ag-overlayers. A quanti-

tative comparison with the GaAs:Cr-02 case indicates that the promotion effect

is greatly enhanced by the use of Cr, a refractory metal exhibiting an extended

intermixed interface region with GaAs. Clearly the chemistry of the metal and

the interface morphology both play a relevant role. We have also examined the

- effect of Cr overlayers on the GaAs interaction with H20. We have chosen H20 as

a prototype molecular oxidizing species because of its relevent technological

role in silicon processing. It has recently been suggested that the chemisorp-

tion of H20 on GaAs shows similarities with GaAs-O2 interaction" 5 - 7  We find,

however, very dissimilar behavior in the presence of Cr. We do observe enhanced

reaction kinetics in both cases, and H20 chemisorption does not trigger a

decomposition of the arsenide-like surface species, but selectively yields

oxidation of Ga at the surface. This result appears related to the formation of

Ga-oxide or hydroxyl phases where low Ga oxidation states dominate, rather than

to the synthesis of Ga2 03 at the surface.

a
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EXPERIMENTAL DETAILS

The experiments were performed on GaAs(110) surfaces obtained by cleaving 4

x 4 x 10 mm3 single crystals of n-type, Te-doped, 10Q x cm GaAs in-situ in our

1photoelectron spectrometer at operating pressure < 5 x 10-11 torr. Overlayers of

Ag, Au and Cr were deposited in-situ from W-coil resistively heated evaporators

at pressures below 4 x 10- 0 torr. Overlayer thickness was monitored with a

quartz thickness monitor. Exposure to water or oxygen was performed at pressures

. in the I0- 7 -I0 - 5 torr range. Ion pumps were isolated from the spectrometer

during exposure and the system was pumped down in the 10- 9 torr range with a

* cryopump prior to opening to the ion pump. Pressure during exposure was moni-

tored with a low-emission ion gauge that was not directly in line-of-sight of

the sample surface. Even with such precautions, we expect a definite contribu-

tion of excited molecular species to the gas composition during exposure. For

comparison, we also conducted chemisorption studies of the GaAs(110) surface in

the same conditions. Promotion effects (or the lack of them) due to the over-

* layer are defined by comparison with the results for the free surface.

The samples were positioned at the focus of a monochromatic synchrotron

radiation beam and an electron energy analyzer. A toroidal grating monochromator

or a "grasshopper" grazing incidence monochromator was used to disperse the

radiation from the 240 MeV electron storage ring Tantalus at the Synchrotron

Radiation Center of the University of Wisconsin-Madison. We used a commercial

double pass cylindrical mirror analyzer to energy-analyze the photoelectrons in

the GaAs:Ag case, and a hemispierical analyzer for the other studies. Angular-

integrated photoelectron energy distribution curves (EDC's) were recorded for 40

*< hv < 140eV with an overall energy resolution (electrons & photons) of 0.4 eV

for all studies except GaAs:Ag (0.7-0.8eV) and are shown in figs. 1 to 7 after

SI-



subtraction of a smooth secondary background estimated with a polynomial fit of

the high and low energy spectral range. Here we focus mostly on a systematic

comparison of results for the Ga 3d and As 3d core line emission. More complete

results concerning the valence states and metal cores from selected interfaces

will be presented elsewhere"

RESULTS AND DISCUSSION

Oxidation

Studies of GaAs oxidation in the presence of Au, Cr and Ag overlayers are

summarized in figs. 1-3. We explored overlayer thicknesses in the 0.1 - 15 A

range and oxygen exposures in the 10 - IO L range. The spectra have been

approximately normalized to the intensity (peak height) of the main emission

feature in order to emphasize the lineshape changes and are given in arbitrary

units. The zero of the binding energy scale corresponds to the initial core

binding energy for the clean surface in flat-band conditions. The metal coverage

is given in A or monolayers2 .

In the top section of fig. 1 and 2 we show the lineshape of the As 3d and Ga

3d cores, respectively, for the clean surface (solid line) and after exposure to

1O00L of oxygen. Note that the clean spectra (solid line) have been shifted

0.60 eV to lower binding energy to compensate for band bending and emphasize

lineshape changes. Except for the band bending variation, very little change is

observed in the core lineshape as a result of oxygen exposure. This is in

-2 2

agreement with the results of Landgren et al. 22 who estimate an oxygen coverage

on the order of a tenth of a monolayer as a result of exposure to oxygen at room

temperature in the 1-10" L range. When Au is predeposited onto the GaAs(110)

surface, exposure to oxygen gives rise to a definite core lineshape change

-%
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(mid-section of figs. 1-2). The shaded areas emphasize new high binding energy

- core features that are the result of oxygen chemisorption. For comparison, the

vertical bars labeled 1 to 4 in figs. 1-2 indicate the chemically shifted core

features observed by Landgren et al. 22 during GaAs oxidation, and associated with

* As and Ga atoms coordinated with 1, 2, 3 and 4 oxygen atoms. The vertical bar

*labeled 5 in Fig. 1 shows the binding energy of the As 3d observed by Su et al. 2 3

during As oxidation and associated by these authors with stoichiometric As2O3 .

Similarly, vertical bar 5 in Fig. 2 was obtained from the results of Su et al. 2
4

for Ga203. Figs. 1-2 show that the presence of Au overlayers gives rise to a

* weak oxidation promotion effect, with the formation of an oxygen chemisorbed

layer where low As-O and Ga-O coordination numbers are observed. Correspond-

ingly, little effect is seen on the valence states 9 that mostly reflect a Au-5d

derived DOS with only minor modifications following oxygen exposure. The

intensity of the core oxidized features in figs. 1 and 2 appears to increase

relative to the main line if higher exposures or higher metal coverages are

employed. Therefore, we conclude that we did not observe saturation of oxygen

chemisorption in the exposure range explored, and that the oxidation promotion

effect appears related to the thickness of the Au intermixed species that are

formed when Au is deposited onto the clean GaAs surface. There is some disagree-

ment in the literature about the detailed nature and the actual thickness of such

species"-13, but most results seem to indicate an alloyed region of thickness>

20 A.

When Cr is deposited onto the GaAs(110) surface chemically driven interdif-

fusion takes place2  with the formation of two main reaction products: a Cr-As

arsenide-like phase at the interface and a Cr-Ga intermetallic alloy25 . This is

visible in the core lineshape spectra (solid line) in the bottom-most sections of

I%
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figs I and 2. The overall As 3d line is the result of the superposition of a

bulk As 3d component and of a new low binding energy component some 0.3-0.4 eV

below the main line 25. In Fig. 2, bottom-most section, the Ga 3d line (solid

line) shows a broad low binding energy feature centered some 0.6-0.7 eV above the

main line that corresponds to Ga atoms in several inequivalent environments in

the Cr matrix.

Upon oxygen exposure (dashed line) new oxide-derived features dominate the

core spectra so that most As and Ga atoms within the experimental sampling depth

are oxidized. We find an increase of several orders of magnitude in the surface

* oxygen uptake and no evidence of saturation in the exposure range explored6. The

oxide-derived core features are of two kinds: low oxidation state features

appear near the initial flat band position in Fig. 1 for As, together with a

broad oxide band centered at 2.4 eV that reflects several non-equivalent high

oxidation states for As within the sampling depth. In fig. 2 (bottom-most

section, dashed line) the two oxide bands are even better defined: a first

feature near the zero of the relative binding energy scale reflects mostly single

- and double Ga-O local coordination. A second well-defined feature appears

centered some 2 eV below the first one, and corresponds to higher oxidation

* , states than previously observed for Ga. The nature of these new oxide species

that appear potentially more stable than Ga2 , is still a subject of investiga-

•-., tion.

If the results for GaAs:Cr-0 2 are compared with those for GaAs: Au-C 2

important differences are found. An obvious difference is in the magnitude

of the promotion effect which is several-fold higher for Cr overlayers. A second

interesting difference is in the nature of the oxide species. In the case of Au

overlayers the oxidized spectra show only low oxidation state features near the

4 '1I
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zero of the relative binding energy scale. The high-stability Ga oxide phases

observed (bottom-most section of fig. 1-2) are not formed in the presence

* of Au overlayers. One possible suggestion is that such species involve Cr-arse-

nate phases, that may exhibit a relatively high oxygen content. However,

our metal core and valence band resultsl' indicate a main Cr 2 0 3 -like oxidation

state for Cr, with no evidence of mixed oxides. Whatever the detailed nature of

these high stability oxide phases is, clearly the chemistry of the metal over-

layer determines if they form or not.

In examining the GaAs:Ag-O2 case, we leave aside for a moment the overlayer

* chemistry and we focus on the importance of the interface morphology in determin-

ing interface catalytic effects. In fig. 3 we show the effect of oxidation on

the Ga 3d (rightmost section) and As 3d (leftmost section) core lines for two

different Ag coverages. The topmost EDC's have been obtained with a 0.1 A Ag

overlayer, the bottom-most ones for a 1 A Ag overlayer. Relatively small metal

coverages were used because of the rather sharp interface morphology reported for

GaAs(110)-Ag 9-1 0 . The zero of the binding energy scale is referred to the clean

surface flat-band position, and the EDC's for the unoxidized surface (solid

lines) have been shifted 0.65 eV to lower binding energy to superimpose them on

the oxidized spectra (dashed line). Notwithstanding the experimental energy

resolution for the series of results above, 0.8 eV, the spectra in fig. 3 clearly

show that the Ag overlayers do not give rise to an oxidation promotion effect in

the exposure range explored. This fact is confirmed by our valence band results

which actually suggest that, if anything, the Ag overlayers passivate the GaAs

surface against oxygen adsorption.

As discussed before, Au overlayers give rise to a limited oxidation promo-

tion effect. We have shown that despite the chemical similarity of Ag and Au, Ag

Nj%



overlayers do not give rise to a promotion effect under the same conditions. We

suggest that the different behavior is associated with the different metal-semi-

- conductor interface morphology. It appears that promotion effects occur via a

metallic intermixed "activation layer" from which semiconductor atoms are

released. Activation effects have indeed been observed only for overlayers

that intermix with the semiconductor atoms with the formation of metallic

(silicide-like, arsenide-like, etc.) reaction products. Our results for GaAs-Ag

vs. GaAs-Au can be compared with those for Si-Au and Si-Ag by Rossi et al. 3 , S

and Cros et al.2' 4 Au and Ag overlayers on Si both give rise to oxidation promo-

tion when intermixed phases are formed.

Water Chemisorption

Figs. 4 to 7 summarize studies of H2 0 chemisorption on GaAs(110) in the

presence of Cr overlayers. Fig. 4 and 6 show the effect of H20 exposure on the

As 3d and Ga 3d lineshape, respectively. The topmost EDC's show the results for

,_ the clean cleavage surface, and EDC's displaced downward show the results for

increasing Cr coverage prior to oxidation. The spectra have been arbitrarily

". normalized to emphasize lineshape changes. The zero of the binding energy scale

corresponds to the initial core binding energy for the clean surface in flat-band

conditions.

The effect of H2 0 chemisorption on the clean surface is mostly visible in

Fig. 4 and 6 in the rigid core binding energy shift due to band bending. In the

,. exposure range explored, the coverage obtainable at room temperature is lower

than a monolayer, and our results for the clean surface are in agreement with a

number of investigations' 5 - 1 7 in which molecular water was used.

The effect of Cr overlayers on the oxidation of As is visible in the lower
N4-

- q .
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section of Fig. 4. Apart from the band bending, a relatively small oxide-induced

feature is observed between 2 and 3 eV in the spectra at 2 and 4 A Cr coverage.

These modifications appear surprisingly minor when compared to the oxidation

promotion effects described in the previous section. In Fig. 5 we compare the As

3d core lineshape during oxidation of the clean surface (topmost curve) and for

HO and 02 chemisorption in the presence of Cr overlayers of similar thickness

(mid and bottom-most section). The interaction with HO does not produce any

major oxide feature, indicating that the arsenide-like interface region is

essentially stable against water exposure in the exposure range examined.

The situation is drastically different for Ga, as can be seen by comparing

Figs. 5 and 7 Before water exposure the result of increasing Cr deposition is

the emergence of a broad low binding energy feature some 0.7-0.8 eV below the

main line. This feature increases with Cr coverage and has been associated 2 5

with the formation of Cr-Ga intermetallic alloy. The effect of exposure to 1000

L of H2 0 is shown by a dashed line for each Cr coverage. The "alloyed" low

binding energy feature is removed in all cases, and new high binding energy

features appear between 1 and 3 eV below the main line. Since the intensity of

the oxidized feature scales with the initial intensity of the alloyed feature, we

suggest that water chemisorption selectively involves the surface Ga atoms

possibly through decomposition of the Cr-Ga surface alloy2". In fig. 7 we

compare the Ga 3d core lineshape during oxidation of the clean surface (topmost

EDC) and for H20 and 02 chemisorption in the presence of Cr overlayers of

similar thickness (mid- and bottom-most section). The vertical bars 1-4 indicate

the Ga 3d binding energies observed by Landgren et al. 22 for Ga atoms coordinated

to 1, 2, 3 and 4 oxygen atoms. Vertical bar 5 was obtained from the results of

Su et al. 2 for Ga 2 03 , vertical bar 6 from the results of Webb and
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Lichtensteiger26 for H2 0 chemlsorption on GaAs. The authors assigned this

feature to Ga-OH bond formation. Fig. 7 shows that during water exposure the new

Ga 3d oxidized features indicate relatively low oxidation states. No hint is

found of the high stability Ga-oxide feature observed during oxygen exposure.

Instead, the relatively broad and structured oxidized feature is qualitatively

consistent with Ga-hydroxyl bond formation and/or Ga oxide phases with low Ga-O

coordination and lower stability than Ga2 O3 .

The very dissimilar behavior observed in comparing the two bottom-most

sections in Fig. 7 is somewhat surprising in view of the suggestion by Childs et

al.' s that water and oxygen chemisorption on GaAs give rise to similar local

bonding at the semiconductor surface. Clearly the chemistry of the metal-semi-

conductor interface yields a drastic asymmetry of the two chemisorption pro-

cesses. These results argue for a substantially different chemisorption energy

"  in the two cases. The stability of the Cr-As subsurface layer has been effec-

-"tively compared to the energy gained through the formation of chemisorption

. bonds, and the layer appears stable only against water chemisorption.

CONCLUSIONS

We have presented what is just the start of a systematic study of overlayer-

induced promotion effects for GaAs surface reaction. The chemistry of ternary

systems of this kind (semiconductor/overlayer/gaseous species) is both intriguing

Ar' and complex. Promotion effects are relatively common, but their magnitude

depends on the interplay of the chemistry and the morphology of the overlayer-

semiconductor interface. Correspondingly, metals with similar chemistry can give

* rise to quantitatively different promotion effects and so can overlayers with

similar morphology and different chemistry.

6-]
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The large reactivity encountered for these metal-semiconductor interface

species is not surprising. In the case of silicon, silicide-like phases are

formed at the interface, while for GaAs the reaction products include arsenide-

like species. Oxygen chemisorption studies on bulk silicides have shown higher

oxygen uptake rates than for elemental silicon, the presence of high silicon

*'- oxidation states and a prefential oxygen bonding to silicon atoms that leaves the

metal atoms relatively unaffected, at least in the first chemisorption

stage2 7 -2 8 . It was proposed that the metal atoms are effective in dissociating

the 02 molecule at the silicide surface and consequently promote silicon oxida-

*@ tion28 . While a detailed understanding of this mechanism is still missing,

the similarities in the chemical bonding between arsenides29 and silicides 3-32

suggest that similar effects can take place at metal-GaAs interfaces.

The oxidation of the interface species results in their decomposition into

stable oxide phases. If this process leads to saturation of the chemisorption

process, then the technological implications would be minor. However, in all

cases we have examined thus far we did not observe saturation at the highest

exposures explored at room temperature. This suggests that when the mass-trans-

fer problem is solved by annealing the substrate during reaction, relatively

thick oxidized layers can be grown. Even at room temperature thicknesses

larger than 20-30 A'" - 0 are easily obtained. The metal atoms that remainr relatively unreacted in the first oxidation stage' 2 7 - 8 , appear oxidized

at high exposure. This, however, may not eliminate catalytic effects, since

transition metal mixed oxide phases show considerable catalytic activity for a

number of chemical reactions3 , and explain why saturation is not observed.

In this connection, we notice that the metal overlayers examined so far have

- relatively high electronegativity and varying degrees of d-character at EF. We

k.'. V .
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suggest that metals with low electronegativity, relatively high d-character at EF

and intermixed interface morphology may give rise to unprecedented oxidation

enhancement effects, since they would play the double role of "catalyst" and

electronic "promoter" of the oxidation reaction 33 ' 4 . Promotion and poisoning

effects of catalytic reactions, such as is observed, for example, during co-

adsorption of CO with K or S on Ni(O01) 314 , seems far removed from semiconductor

chemistry, but the thought is rather stimulating, and we plan to extend our study

to low electronegativity metal overlayers such as Ca and Sm.
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FIGURE CAPTIONS

Figure 1. As 3d core lineshape at hv = 85eV before (solid line) and after
(dashed line) exposure to 1000L of oxygen. The spectra have been
approximately normalized to the main emission feature (peak
height) in order to to emphasize lineshape changes. The zero
of the energy scale corresponds to the initial flat-band core
binding energy. Top: oxidation of the cleaved GaAs (110) sur-
face. The clean spectrum (solid line) has been shifted 0.6 eV to
lower binding energy to compensate for the band bending that
follows oxidation. Mid-section: oxidation in the presence of a Au
overlayer (2.7 monolayer) gives rise to lineshape changes. The
shaded areas emphasize new high binding energy core features that
are the result of oxygen chemisorption. The vertical bars 1-4
indicate the chemically shifted core features observed by Landgren
et al. 2 2 and associated with surface As atoms coordinated to 1, 2,
3, and 4 oxygen atoms, respectively. Bottom: oxidation in the

~ .,.. presence of a Cr overlayer (2.8 monolayers). The vertical bars
* 1-4 are still derived from ref. 22. Vertical bar 5 shows the

binding energy of the As 3d observed by Su et al. 2 3 and associated
with As2 03

Figure 2. Ga 3d core lineshape at hv = 60eV before (solid line) and after
(dashed line) exposure to 1000L of oxygen. The zero of the energy
scale corresponds to the initial flat-band core binding energy.
Top: oxidation of the cleaved GaAs (110) surface. The clean
spectrum (solid line' is shown shifted 0.6 eV to lower binding
energy to emphasize line shape changes and compensate for the band
bending that follows oxidation. Mid-section: oxidation in the
presence of Au overlayer (2.7 ML) gives rise to new high binding
energy features (shaded areas). Vertical bars 1-4 indicate the
chemically shifted core features observed by Landgren et al.22

and associated with Ga atoms coordinated to 1, 2, 3 and 4 oxygen
atoms, respectively. Bottom: oxidation in the presence of a Cr
overlayer (2.8 ML). The vertical bars 1-4 are derived from
ref. 22. Vertical bar 5 was obtained from the results of Su et
a124 for Ga2 03 .

. .. Figure 3. As 3d (left) and Ga 3d (right) core lineshape at hv = 85 eV and 60
eV, respectively, before (solid line) and after (dashed line)

. .cexposure to 1000L 02.  The experimental energy resolution for

.. ~ these results is 0.8 eV. The topmost spectra have been obtained
with 0.1 A Ag overlayer, the bottom-most ones for 1A overlayer.
Relatively small metal coverages were used because of the sharp
GaAs-Ag interface morphology" - ". The spectra before oxidation
(solid line) have been shifted to low binding energy to compensate
for the band bending that follows oxidation and emphasize line-
shape changes. No oxidation promotion effects are seen within
experimental uncertainty.

Figure 4. As 3d lineshape before (solid line) and after (dashed line)
exposure to 1000 L H20. Spectra displaced downward show the

WI%, ,.
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effect of Cr overlayers of increasing thickness during oxidation.
Except for the band bending changes, the effect of water chemi-
sorption is seen in the emergence of a relatively small oxidized
feature between 2 and 3 eV below the flat-band initial core
binding energy. The Cr-As reacted subsurface appears mostly

* stable against reaction with H20.

Figure 5. As 3d core lineshape during oxidation of the clean surface
- .' (topmost spectra) and for H20 (mid-section) and 02 chemisorption

(bottom-most section) in the presence of Cr overlayers of similar
Sthickness. The core emission is shown before (solid line) and

after (dashed line) exposure to 1000L. The interaction with H20
leaves the arsenide-like interface species relatively unchanged,
while high stability oxidized phases are formed during oxygen
exposure.

Figure 6. Ga 3d lineshape before (solid line) and after (dashed line)
exposure to 1000 L H20. Spectra displaced downward show the

* effect of Cr overlayers of increasing thickness during exposure.
Before water exposure increasing Cr deposition yields a low
binding energy Cr-Ga alloyed feature 0.7-0.8 eV below the main
line (solid line spectra). Upon water chemisorption the alloyed

" V'. feature is removed and new high binding energy oxidized features
appear between l and 3 eV below the main line.

Figure 7. Ga 3d core lineshape during oxidation of the clean surface
(topmost spectra) and for H20 (midsection) and 02 chemisorption
(bottom-most section) in the presence of Cr overlayers of similar
thickness. The core emission is shown before (solid line) and

after (dashed line) exposure to 1000L. The vertical bars 1-4
indicate the chemically shifted core features observed by Landgren
et al.22 and associated with Ga atoms coordinated to 1, 2, 3, and
14 oxygen atoms, respectively. Vertical bar 5 was obtained from
the results of Su et a12 4 for Ga 2 03 , vertical bar 6 from the
results of Webb and Lichteusteiger26 reportedly for Ga-OH bond
formation. During water exposure no high stability Ga-oxide

* features (see bottom-most spectrum) are observed. Relatively
broad and structured oxidized features are observed instead,
suggesting Ga-hydroxyl bond formation and/or Ga oxide phases with
low Ga-oxygen coordination and lower stability than GaO ,.
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The electronic structure of small metal particles and the modification of

this electronic structure that derive from interaction with a substrate are

of prime concern to all of us working in the area of catalysis and chemi-

sorption. In recent years we have conducted a number of chemisorption

studies involving metal-semiconductor interactions where one attempts to

correlate the changes in adatom and substrate electronic structure (core

and valence levels) to the rather complex chemistry of the metal-semicon-

10 ductor interface. Since large modifications of the metal states are expected

also as a result of the increase in cluster size and/or overlayer thickness

0 when a fully inert substrate is employed, the interface scientist is

•%" -obliged to look for systematic correlation between changes in substrate

? and adatom electronic features in order to extract the information

pertaining to interface chemistry. It is clearly very desirable to

compare the results of any chemisorption study on "reactive" substrates

with those of similar studies conducted on ideally inert substrates.

However, "inert" substrates are hard to come by, and the available experimen-

tal information is very scarce. The importance of such studies is emphasized

by the discomforting observation that virtually all studies of interface

chemistry tend to produce "chemical" shifts of electronic levels and no

evidence of size-induced effects in the overlayer states.ii" In the past the search for an ideally inert substrate has stimulated
the use of materials as diverse as amorphous carbon, graphite, silica, layer

4X, compunds, etc. Optical and transport studies have been recently supplemented

by photoemission spectrosopy studies, that probe directly core and valence

3-6
states of substrate and overlayer. One promising pioneering study has

shown the feasibility of synthesizing in situ metal clusters on solid rare

c,:
-j 4JL4 Ps



U3
ri!.

gases' and examine the electronic structure through conventional photoemission.

Here we summarize the result of a first synchrotron radiation study of Sm

clusters grown in situ on solid Xe crystals. Samarium was chosen because

an extensive literature exist on the formation of clusters on amorphous

6 8
carbon , on the electronic structure of Sm surfaces , and on the chemistry

of Sm-semiconductor interfaces.9-10 Spectroscopically, the Sm 4f emission is

a sensitive probe of the locPI environment, and a valence transition is

expected on going from isolated divalent Sm
+ 2 atoms to the trivalent bulk.

6

The Sm + 2 and Sm+ 3 configurations are easily distinguishable in photoemission

since they give rise to final states multiplets widely spaced in energy.

A bellow-mounted closed-cycle refrigerator was used as sample manipula-

tor. Films of Al or Sm were evaporated in situ on the polished Cu cold finger

prior to cooling. The films (100-500A thick) were kept at 15K during Xe conden-

sation. Xe pressure in the 10-4-10- 7 torr range and total exposure in the

10-105 L range were explored. We monitored the attenuation of the characte-

ristic substrate emission (Al 2p or Sm 4f levels) as a function of Xe exposure

to calculate the thickness of the condensed Xe layer. Surprisingly we observed

an exponential attenuation of the substrate emission with constant attenuation

length throughout the 0-50L exposure range. Extrapolation to higher Xe cove-

rages and escape depth values from the literature suggest that we were able
P '~ 0

to synthesize Xe layers in the 5-6000A thickness range, that such films were

stable in ultra-high vacuum on a time scale of several hours, and that the

film thickness was uniquely determined by the overall Xe exposure in Langmuirs

for a given substrate. Dramatic charging effects of the insulating Xe films

0

were observed at thicknesses above 1OA, and for the cluster studies we used

0
Xe films in the 40-70A thickness range. Representative photoelectron energy

VNS 4 1
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distribution curves (EDC's) for the 5p 5s and 4d emission from a 70A Xe film

condensed on Sm are shown in fig.l. The spectra have been recorded with a

commercial double-pass cylindrical mirror analyzer and a thoroidal grating

monochromator at the Synchrotron Radiation Center of the University of

Wisconsin-Madison. The energy scale is referred to the substrate Fermi level.

Similar results are obtained from Xe films condensed on Al. The only diffe-

rence is a rigid shift of 1.8 eV to lower binding energies of all Xe spectral

• .features. The shift reflects the variation in substrate work function and

the alignment of the insulating Xe states to the vacuum level. We have also

analyzed the evolution of the Xe core emission as a function of layer

thickness to study relaxation effects induced by metal proximity. On Al we

measure relaxation shifts of 0.5eV between the first and the second Xe layer,

*and of about 0.2eV between the second and the third layer. The shift appear

smaller in the Xe-on-Sm case,suggesting a different spatial extension of the

screening orbitals.

When a metal is evaporated onto the Xe surface, the small substrate-

overlayer interaction results in agglomeration of the deposited film and

-" cluster formation. This is readily visible in the EDC's, since even a. the

.highest coverages explored the Xe emission is always visible. The attenuation

of the Xe emission as a function of coverage can be used to estimate the

average size of the metal clusters, purview that one makes some simplifying

11
assumption on the cluster morphology. We assumed hemispherical cluster size

and through escape-depth dependent core level studies of substrate and

metal emission we were able to obtain rough estimates of the average cluster

"ma radius. The information on the cluster electronic structure is provided by

valence band EDC's after subtraction of the Xe contribution. The result is

.L ..
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shown in fig.2 where we compare the cluster valence emission at increasing

0

metal coverage with the bulk Sm emission (topmost EDC) from a 450A-thick

film deposited on oxidized Ta. The vertical bars indicate the Sm+ 2 final

state mutiplet near the Fermi level and the deeper Sm+ 3 mutiplet. The

Xenon layer was condensed on a Sm film in an original "sandwich" geometry

a.i that minimizes work function-related shifts and simplifies the subtraction

of the Xe features. The results of fig. 2 clearly show the expected valence

transition from a dominant Sm+ 2 configuration at small cluster size, to

a metallic Sm +2/Sm+3 ratio (topmost EDC) at larger cluster size. From the

modeling of the Xe core emission described previously we estimate an average

00 14 2 11
cluster diameter of about 30+8 A at Sm coverages of 5x01 atoms/cm in fig.2

In conclusion, we have presented a simple, straightforward technique to

study cluster evolution. From escape-depth-dependent synchrotron radiation

photoemission we can estimate cluster distribution and average cluster size.

As a by-product of the Xe-metal interaction we obtain information on metal

fnto12screening and work function . The simplicity of the technique offer promise

of wide-range systematic studies in the near future.

This work was supported in part by the Office of Naval Research and by

the Microelectronic and Information Sciences Center of Minnesota. The Synch-

A rotron Radiation Center of the University of Wisconsin is supported by NSF

Grant No. DMR-80-20164.
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FIGURE CAPTIONS

Fig.1 Emission from the Xe 5p, 5s and 4d levels from a 50A amorphous film
condensed on a clean Sm substrate at 15K.

Fig.2 Valence band emission from Sm clusters deposited in situ on a solid
Xe substrate. The spectra are shown after subtractionof t~e Xe 5p
contribution. The topmost spectrum was obtained from a 450A thick
Sm film deposited at room temperature on oxidized Ta. The vertical bars
indicate the 4f final state multiplets for the Sm+2 and Sm+ 3 configu-

-. rations. A valence transition from a dominant divalent Sm configu-
ration to a dominant trivalent configuration is seen with incresing
cluster size.
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