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1. INTRODUCTION

This is the final report for Contract No. F33615-78-C-1532, entitled
"Effects of Surface Conditions on Carrier Transport in I1I-V Compounds." The
report describes work that was performed on the 30-month contract which was
initiated in September 1978. Work that was reported previdus]y in
four interim reports associated with this contract is included here. In addi-
tion, activities pursued during the last 6-month phase of the contract are
reported.

As GaAs microwave technology moves toward higher frequency and
smaller dimension devices, the importance of surface-potential stability and
control of the surface potential so as to minimize surface band bending at the
active layer—gate interface of an FET increases. Also, for many years there
has been interest in a GaAs MIS technology. The development of such a tech-
nology, has been limited by the absence of a stable GaAs—insulator interface
which does not exhibit large hysteresis effects and which permits inversion
and accumulation to be obtained. The identification of such an interface
could have considerable influence on future GaAs device technology. The
nature and properties of the GaAs interface states is a key element in
learning how to control GaAs interface properties so as to maximize device
performance.

The primary approach to studying GaAs interface characteristics
followed in this program was to correlate surface chemistry and surface
potential by means of x-ray photoemission spectroscopy (XPS). By utilizing
XPS to study GaAs surfaces on which the selvedge thickness is on the order of
the XPS photoelectron escape depth, both the surface chemistry and surface
potential can be determined from a single measurement. Thus the GaAs surface
chemistry can be altered and the corresponding effect on surface potential can
be directly determined.

Section II of this report describes the XPS apparatus and measurement
technique that wereutilized to correlate GaAs surface chemistry and poten-
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tial. Characterization and initial surface preparation of GaAs samples is
also discussed. Section III presents all of the experimental results obtained
from XPS studies in this program. Included in this section are studies of
thermally treated surfaces, oxidized surfaces, surfaces intentionally exposed
to gases or on which materials were deposited, and samples with different
doping type. Section IV develops a model to interpret the correlation of
surface potential with surface chemistry and doping type observed experi-
mentally. This model associates the interface states responsible for Fermi-
level pinning and thus the observed surface potential with multiple charge
states of a single GaAs interfacial defect. Section V describes progress
toward the development of a C-V apparatus which could permit the determination
of interface-state densities without physically contacting a sample. Two
papers were published based on work supported by this contract; these papers
are reproduced in the appendix.

I1. APPLICATION OF XPS FOR GaAs SURFACE POTENTIAL MEASUREMENTS

The most frequent and well known application of XPS is the deter-
mination of surface chemistry by analysis of the chemical shift.l XPS can
also be used to measure surface potential and interface band bending,2
although this application has not received widespread attention. Much of the
work carried out as part of this contract involved studies of the retationship
between GaAs surface chemistry and surface potential. Consequently, in
Section II.A we discuss the XPS apparatus; in Section I1.B the XPS measurement
technique that was used to determine GaAs surface potentials is described.
Application of the technique requires knowledge of the sample doping charac-
teristics. Properties and initial surface preparation of the GaAs samples
utitized in this work are summarized in Section II.C.
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I1.A XPS Apparatus

The XPS measurements discussed throughout this report were obtained
by using a Hewlett-Packard 5950A XPS spectrometer with monochromatic Al Xa
radiation (1486.6 eV). The XPS system includes a bakeable ultrahigh vacuum
(UHV) custom-built sample preparation chamber. By combining ion-, cryo-, and
Ti-sublimation-pumping it is possible to obtain a system base pressure of
<10~10 ¢orr. However, because many of the experiments carried out during this
work involved exposure of GaAs surfaces to various gasses, sample heating, and
evaporation of various materials onto sample surfaces, the typical system
pressure during most of the XPS experiments was in the low 10'9 to high
10-10 topr range.

A schematic diagram of the XPS system is shown in Fig. 1. The sample
preparation chamber has several features which were used in this work. The
instrumentation includes a low energy electron diffraction (LEED) system, a
rastered ion sputter gun, a general purpose multi-source evaporation system
with a shutter to interrupt the beam, and a quartz crystal film thickness
deposition monitor. The sample is attached to a movable rod which incor-
porates a long UHV bellows assembly.

The sample holder has a heater with an attached thermocouple
temperature monitor. There is a substantial temperature drop between the
measured thermocouple temperature and the sample surface temperature. By
comparing our measured temperature at which a GaAs surface can be thermally
cleaned with results of others,3 we estimate that our measured temperatures
are =20% too high. Consequently, all sample temperatures given in this report
have been reduced by ~20% to provide a more consistent basis to compare
results. A temperature controller which utilizes the thermocouple as a
monitor, was used to regulate the sample temperature between room temperature
and ~600°C. The GaAs samples were attached to a Mo sample platen by In. This
sample platen was mechanically attached to the sample heater.

As part of this program, an evaporator capable of depositing small
amounts of semiconducting or insulating compounds on GaAs surfaces was

i
4
i
4
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developed. The evaporator consisted of a small resistively heated quartz
ampoule which was mounted in the XPS sample preparation chamber in close
proximity to the sample surface (~1 in.) to minimize the amount of evaporated
material required to produce thin layers on the GaAs surfaces within the UHV
system.

11.8 Surface Potential Measurement Technique

In this Section, the use of XPS as a potential monitoring technique
is described. This application is illustrated in Fig. 2 which shows a
schematic band diagram for n-type GaAs. The interface (or band-bending)
potential is Vgg and for no band bending (a flatband condition), Vgg = 0. The

| GaAs GaAs _GaAs
‘ other parameters shown in Fig. 2, namely Ec > Ecs Ev’ R EAs3d’ q, W, Eg are
3 the conduction-band minimum, the Fermi energy, the valence-band maximum, the

i As3d core-level binding energy, the electronic charge, the depletion width,
; and the binding energy referenced to Eg. The notation (b) and (i) refers to
bulk- and interface-quantities, respectively, and A = Ec-E,.

As mentioned in Section II.A, the XPS measurements discussed through-
out this report were all obtained by using monochromatic Al Ka radiation
{1486.6 eV). The escape depths for the Ga3d and As3d photoelectrons excited
by this radiation are «258.% Thus, if only a thin (thickness comparable to

the escape depth) layer of material is present on a GaAs surface, it is
possible to observe As3d and Ga3d photoelectrons originating from the GaAs; in
Fig. 2, this thin layer is shown as ~20A. For this case Eﬁ?éé(i) or ESZQZ(i)
is measured. If the GaAs is only moderately doped (5}017 cm 3), W 1034 and
thus band bending will not complicate the interface core-level binding energy
measurement. On the other hand, if the doping density is too low, the sample
resistivity could become large enough that charging effects would complicate
the XPS measurements. Consequently, a doping density in the 1016 ¢m-3 range

is very suitable for XPS surface-potential measurements.

From Fig. 1 it is clear that the position of Ep at the interface,
a(i), 1s given as
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or equivalently

_ GaAs GaAs _GaAs

The interface potential is
Vg = alb)-ali) . (3)

A key parameter needed to determine a(i) is the core-level to valence-band
maximum binding-energy difference. For the Ga3d and As3d core levels in GaAs,
these quantities have recently been determined with high precision.5

GaAs .GaAs _

EAs3d'Ev = 40.73 + 0.02 eV (4)
GaAs _GaAs _
EGa3d'Ev = 18.81 + 0.02 ev . (5)

To determine a change in interface potential, & qVBB, it is only
necessary to determine a change in interface core-level binding energy

5 Eﬁzgz(i) or § Eg:gZ(i); it is clear from Fig. 2 that

GaAs

= = GaAs

B8

However, to determine an absolute value for qVpgg it is necessary to measure
Eﬁiéj(i) on an absolute binding-energy scale referenced to Ep. For this
purpose, an Au overlayer {with thickness >103A) was evaporated onto a sample
surface at the conclusion of an experiment. The absolute binding-energy scale
was established by indexing the observed peak position of the Au4f7/2 line to
84.00 + 0.01 eV.6 Care must be taken to ensure that the Au overlayer is thick
enough to establish bulk properties as for very thin layers the Au4f7/2 line

binding energy is observed to depend on layer thickness (see e.g., Ref. 7).




i

In the following sections several studies which involve XPS observa-
tions of aA{i) variations will be presented. Here we show one example of the
ease with which large variations in A(i) can be directly observed. In Fig. 3a
is shown the As3d core level for an n-type GaAs (100) sample which was ther-
mally cleaned at ~570°C in vacuum, oxidized at ~460°C by exposure to 2 x 10 L
(Langmuir) of 0, to form a Ga203-GaAs interface, and subsequently stored in
vacuum at room temperature for 16 hrs. This same sample was then thermally
cleaned by heating in vacuum at ~570°C and a few monolayers of Au were
evaporated onto the room temperature sample surface (Fig. 3b). The vertical
1ines in Fig. 3 indicate the center of the peak width at half peak height.

The large variation (0.7 eV) in Eﬁiéj(i) and thus aA(i) is obvious from the

figure.

11.C GaAs Sample Characterization and Initial Surface Preparation

Most of the GaAs samples utilized in this work were bulk grown
although a few vapor phase epitaxial (VPE) layers were also studied. The
electrical characteristics of the GaAs samples are documented in Section II.C.1.
The initial GaAs surface preparation to remove mechanical polishing damage and
to prepare the samples for insertion into the XPS system is mentioned in
Sec. I1.C.2.

I1.C.1 Electrical Characterization

The GaAs bulk samples utilized in this work were purchased from
Crystal Specialties Inc. Both n- and p-type materials were studied. The
crystallographic orientations were (100), (110), and (111). The specifica-
tions for the samples as provided by Crystal Specialties are given in
Table 1. The heavily doped n-type material (boule #3548) was used as sub-
strate for the YPE grown samples. As mentioned in Sec. I1I.B, for the XPS
surface-potential measurements, it is desirable to keep the carrier concentra-
tion 51017 cm'3 so that potential variations within the photoelectron escape
depth will not complicate the aA({i) measurement.
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Table 1
Sample Characteristics as Supplied by Vendor

Crystal- Carrier Etch Pit
Boule lographic Concentration Mobility Density
# Orientation (em™3) (cm2/volt-sec) (cm2)
3691 (100) (p) 9 x 1016 180 9500
Cd doped
3686 (100) (n) 6 x 1016 3500 8800
(110) Te doped
3548 (100) (n) 3 x 10%7 3000 6400
Sn doped
3630 (100) (p) 2 x 1016 230 3200
In doped
3782 (110) (p) 2 x 1016 210 6000
(1118) Cd doped

The GaAs material specifications supplied by Crystal Specialties
(Table 1) were verified for some of the samples by our own electrical
measurements. These measurements which are summarized in Table 2 included
room temperature Hall-effect, capacitance-voltage, and van der Pauw measure-
ments. For boules #3630 and #3782 the doping type was confirmed although
analysis of the carrier concentration was not carried out.

A few measurements were also carried out on VPE samples which were
grown by the Microwave Section of MRDC (Thousand Oaks). The samples
(designated as VPE #1100) were 3 u thick, n-type, and had a carrier concen-
tration of 4 x 1016 cm=3. This material was grown on substrates from boule
#3548 which had a (100) orientation.

10




Table 2
Measured Material Characteristics
Carrier Carrier Bulk
Boule Concentration Concentration Mobi11ty Resistivity
# (Hall effect) (C-v) (Ha1l effect) (Van der Pauw)
(cm™3) (cm™3) (cm2/volt-sec) (ohm-cm)
3691 (p) 1.4 x 1016 2 x 1016 200 2.2
a
3686 (n) 1.6 x 107 1 x 1017 3400 1.2 x 1072
3548 (n) 3.0 x 1017 3.8 x 1017 3300 6.2 x 1073
ac-v measuremef;s on,samples from this boule yielded a range of values from
0.5 to 2 x 10*' cm”

11.C.2 Initial Surface Preparation

The final surface treatment of the bulk grown GaAs samples as
supplied by Crystal Specialties was a chemical mechanical polish designed to
produce a surface flatness of ~1 y/in. To remove possible residual mechanical
polishing damage, the bulk grown samples were first degreased in detergent,
rinsed in deionized water, and then etched in a freshly prepared (4:1:1)
HpS04:Hp05:Hy0 solution for about 1 min. This freshly prepared solution which
is quite warm (~60°C) has an etching rate of ~1 p/min. At the conclusion of
the etch, the samples were quenched in deionized H,0. The samples were then
attached to Mo sample platens with In which required heating in air to
«160°C. The time inverval between etching and insertion of the samples into
the XPS spectrometer was usually <10 min. The etching procedure just
described is referred to throughout this report as the initial chemical
etch.

For consistency of initial surface preparation, the VPE grown samples
were also given a similar initial chemical etch. However, because the epitax-
ial layer was only 3 y thick, the samples were only etched for a few seconds
to avoid complete removal of the layer.

1
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I11. RELATIONSHIP BETWEEN GaAs SURFACE POTENTIAL AND SURFACE CHEMISTRY

In this section XPS measurements of GaAs surface chemistry and sur-
face potential are reported. Section III.A describes measurements on n-type
materials which demonstrate reproducible variations in surface potential for
several thermal and oxidation surface treatments. Also reported in this
section are measurements whicli involve depositions of thin semiconducting or
insulating lYayers. In Section III.B XPS measurements on bulk grown p-type
GaAs materials are presented. Similarities between surface-potential vari-
ations on n- and p-type materials were noted and thus in the latter part of
this program a considerable effort was made to study the correlation of
surface-potential variations as a function of surface chemistry for both
doping types. These studies are presented in Sec. III.C.

II1.A XPS Measurements on n-type GaAs Samples

The majority of XPS measurements carried out as part of this contract
were performed on bulk grown n-type (~1 x 10t7 cm’3) GaAs (100) material from
boule #3686. In this section we describe results on surfaces prepared by
several different methods. The studies include a few results for VPE grown
epitaxial layers.

11I.A.1 Thermal and Oxidation Studies

Correlations of surface chemistry and surface potential are described
in the first part of this section. In addition, a new view of the surface
chemistry associated with thermal cleaning of a GaAs surface is presented
here.

111.A.1la. Surface-Potential Variations

A typical series of XPS spectra in which surface potential varia-
tions with surface treatment are directly observed is shown in Fig. 4. The Eg
region which includes both the As3d (~41 eV) and Ga3d {~19 eV) core levels is

12
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covered. The vertical lines shown in the figure indicate the approximate
centroid of the Ga3d and As3d lines which are associated with GaAs. These
centroids shift rigidly together as the surface potential varies which justi-
fies the use of XPS as a surface-potential monitoring technique (a similar
result was also reported in Ref. 8).

The chemically etched sample (top spectrum) exhibits oxidized forms
of both As and Ga on the surface. The chemical shift of the As3d Tevel in the
oxidized As relative to GaAs (aEg = 3.2 eV) and of the Ga3d level in the
oxidized Ga relative to GaAs (AEB ~ 0.95 eV) suggests that the oxides are
primarily As,03 and Ga203.9 This sample was heated to ~550°C (1 min)} and
cooled to room temperature before obtaining the second spectrum shown in
Fig. 4. The surface contaminants C and 0 were removed by this treatment. In
this case both EgZQZ(i) and EgZQZ(i) have decreased substantially which
corresponds to an increased surface band bending. The sample was then exposed
to 4 x 104 L of dry 0, at »490°C and subsequently cooled to room tempera-
ture. This treatment caused Gap03 to appear on the surface (note the high
binding-energy shoulder on the Ga3d peak in the third spectrum of Fig. 4)
which was accompanied by a significant decrease in band bending. Subsequent
storage of the sample in vacuum (--10‘9 torr) for about 15 hours (see fourth
spectrum of Fig. 4) resulted in a further substantial decrease in surface band
bending. A final heat cleaning treatment (see bottom spectrum of Fig. 4) at
«550°C (2 min) and subsequent cooling to room temperature produced a surface
band bending similar to that observed in the second spectrum. The relative
changes in Egzgg referenced to the average value observed on the thermally
cleaned surface are given in Table 3. This experiment clearly demonstrates
that the thermal cleaning procedure produces a surface on which Vgp can be
altered by means of chemical reactions.

As noted in Table 3, the band bending and thus the surface charge is
lowest for the surface which had only Ga,03 present and which was stored in
vacuum (--10'9 torr) for several hours. Another series of experiments was
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Table 3

Annealing and Oxidation of GaAs
n-Type GaAs (100), Boule #3686
(Same sample as studied in Fig. 4)

Relative As3d
Treatment Binding Energy Remarks
in GaAs (ev)
Chem. etch +0.16 A5203 + G3203
»550°C -0.03 Clean
4 x104L0 +0.29 Ga,0
at =490°C 2 23
Vacuum ~15 hrs +0.47
at 25°C
»550°C +0.04 Clean

d%ncertainty +0.05 eV

carried out to determine the absolute Egng(i) by the method discussed in
Section 11.B. The initial surface was prepared for this study by heating a
sample to ~400°C within the XPS system to remove all As oxides followed by
vacuum storage, also within the system, for 2 days at room temperature. The
binding energy on an absolute scale for this initial surface is given in
Table 4. At the conclusion of the series of experiments reported in Table 4,
a thick Au overlayer was evaporated onto the sample in situ. The binding
energy of the As3d peak in GaAs, a(i), and the associated line width are given
in Table 4 after several oxidation and thermal treatments (in each case the
sample was cooled to near room temperature for the XPS measurements). The
thermally cleaned surface was prepared several times on this sampte. The As3d
binding energy is observed to scatter by almost 0.1 eV. This suggests that it
may be difficult to prepare a completely reproducible surface by thermal
cleaning even though characteristic LEED patterns were observed on all the
cleaned surfaces. The results in Table 4 show that in each case where Gajy04

15
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Table 4

Oxidation and Thermal Treatment of GaAs
n-Type GaAs (100), Boule #3686

As3d Binding  a(i) As3d Line

Treatment Energy in (eV) width in Remarks
GaAs (ev)3 GaAs (eV)

=400°C; 41.95 1.22 1.41 Ga203; no As,04

Vacuum 2 Days

at 25°C

~440°C 41.82 1.09 1.39 6a,0,

540°C 41.64 0.91 1.43 Ga,03; no LEED

~550°C 41.41 0.68 1.39 Clean; LEED

6 x10%L 0 41.44 0.7 1.39 No oxides

at 25°C; ~480°C

6 x10*L 0 41.71 0.98 1.39 Ga,02; no As,0

at =490°C ° 2"3 273

~550°C 41.46 0.73 1.38 Trace of residual
oxygen; no LEED

~560°C 41.40 0.67 1.35 Clean; LEED

Vacuum 12 hrs 41.48 0.75 1.31

at 25°C

«560°C 41.45 0.72 1.35 Clean; LEED

6 x 1041 0, at  41.49 0.76 1.37 Ga,04

~200°C

~560°C 41.36 0.63 1.35 Clean; LEED

6 x 10* L 0, 41.51 0.78 1.41 Gay04

at ~360°C

~560°C 41.37 0.64 1.35 Clean; LEED

3accuracy s $0.05 eV




is formed on the surface, a sizable decrease in band bending relative to the
thermally cleaned surface results. A possible minor exception is the oxidized
surface formed by 0, exposure at ~200°C. If elemental As is formed in the
oxidation process, it may be that it is not completely removed from the sur-
face at this lower temperature.

The binding energies given in Table 4 can be used to evaluate the
surface charge. In the following analysis, the depletion approximation is

assumed. The conduction-band minimum to Fermi-energy position in the bulk
10
is

Ec -Eg=KkT 1In (NC/ND) (7)
where k is the Boltzmann constant, T is the absolute temperature, Nc is the
effective conduction-band density of states and Np is the donor density. For
Np ~1017 cm'3, E.-Ef = 0.04 eV. The surface charge, Q. , is given by

Qgq = (2 q e NplVgyl)72 (8)

where ¢_ is the semiconductor permittivity.

S
The surface which had been heated to ~400°C and stored in vacuum for
2 days had an As3d binding energy (given in Table 4) of 41.95 eV. As indi-
cated in Eq. 4, the recently determined value for Egzgz-EsaAs is 40.73 eV.
Because Eg in the bulk is 1.43-0.04 = 1.39 eV above E,, from Fig. 2 it is seen
that Iq Vggl = 1.39 - (41.95-40.73) = 0.17 eV. From equation (8), this leads
to a surface charge of 0.76 x 10”7 cou]/cm2 or 4.8 x 1011 e1ectrons/cm2. This
value is much larger than the 1010 electrons/cm2 characteristic of the Si0,/Si

interface.

The results reported in this section show that the low Vgg can be
obtained for a n-type GaAs (100) surface either by thermal cleaning followed
by high temperature oxidation and room temperature vacuum storage or by
thermal removal of the initial Asy03 at ~400°C followed by room temperature
vacuum storage.

17
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The vacuum storage phenomena was investigated further in an indepen-
dent set of experiments. Bulk samples of n-type GaAs (100) and (110)
both from boule #3686 were mounted side by side on a single Mo sample
platen. The vacuum storage phenomena was only investigated on the (100)
sample; we will return to a discussion of the (110) results in Sec. IIl.C.2.
The results of these experiments are presented in Table 5. The initial
chemically etched surface was thermally cleaned at ~560°C. This surface was
oxidized at ~420°C to form Ga,05 and stored in vacuum for 25 hrs. The usual
large decrease in Vgp was observed. Subsequent storage in vacuum for an
additional 43 hrs produced no change in VBB; however an anneal at «420°C
markedly increased Vgg. The surface was then thermally cleaned at «560°C and
reoxidized at ~420°C to form Ga,03. The a(i) monotonically drifts with
storage time to the same low value as was previously observed. At this point
the sample was again thermally cleaned and reoxidized to form Gay03 on the
surface. During the previous 2 vacuum storage sequences, an ion gauge had
been used in the sample preparation chamber to monitor the residual gas pres-
sure (=1 x 1079 torr). The sample was now stored in vacuum for 22 hrs but
with the ion gauge turned off. Previous work reported in the literaturel! has
demonstrated remarkable differences in surface reactivity due to excited gas
species produced by the presence of an ion gauge. In this experiment we again
observed a decrease in Vgg with vacuum storage; however, the maximum change in
Vgg was less than with the ion gauge on. Further work would be needed to
substantiate if this is a real effect. At this point, the samples were again
thermally cleaned and thin deposits of Au were evaporated onto the surfaces.
The results of these experiments are discussed in Sec. 111.C.2.

The surface potential of an initially prepared Ga,03 surface was
studied several times throughout this report; it is observed to vary sub-
stantially from sample to sample and as noted in Table 5 to change with vacuum
storage time. The drift with vacuum storage time may explain the scatter in
a{i) observed on the initially prepared Gay03 surfaces as no attempt was made
to carry out the XPS measurements at a constant time interval following sur-
face preparation.




Table 5

Vacuum Storage Phenomenon and Au Deposition Study
n-Type GaAs (100) and (110), Boule #3686

As3d Binding
Treatment Energy in GaAs a(1) Remarks
- (ev)? (ev)
| (100) (110) (100) (110)
3 Chem. etch 41.60 0.87 As,03 + Gay04
' l ~560°C 41.39 0.66 Clean, LEED
;430;84 Lo, 41.41 0.68 Gay03
L ; 25 hrs vacuum 41.67 0.94 Ton gauge on
é ; 68 hrs vacuum 41.68 | 0.95 Ion gauge on
‘ «420°C 41.50 0.77
] ~560°C 41.35 0.62 Clean
-; ;430;84 Lo, 41.42 0.69 Ga,04
| 0.5 hr vacuum 41.45 0.72 Ion gauge on
1.75 hrs vacuum 41.50 0.77 Ion gauge on
I 3 hrs vacuum 41.52 0.79 Ion gavge on
_5 hrs vacuum 41.54 0.81 Ion gauge on
) 8 hrs vacuum 41.58 0.85 Ton gauge on
22 hrs vacuum 41.66 0.93 Ion gauge on
«560°C 41.35 0.62 Clean, LEED
-420°C4 41.40 0.67 Gay0;
5x 10" L 0,
6 hrs vacuum 41.54 0.81 Ton gauge off
22 hrs vacuum 41.54 0.81 Ion gauge off
~560°C 41.33 41.39 0.60 0.66 Clean, LEED
~1 Monolayer Au 41.38 0.65

=3 Monolayers Au 41.18 0.45

¥Kccuracy ¥0.05 ev




In the next section, the surface chemistry associated with the
thermal cleaning of GaAs is discussed.

III.A.1b Surface Chemistry Associated with Thermal Cleaning

In this section the results of a series of XPS experiments related
to thermally cleaning a chemically etched GaAs (100) surface are reported.
The sample was heated at a specific temperature for five minutes followed by
cooling to room temperature before the XPS analysis. Each successive anneal
was at a higher temperature. The As3d, Ga3d, Ols,and Cls XPS photoelectron
lines were monitored during the experiment. The small amount of initial
surface C contamination decreased below a detectable value at ~240°C. Oxygen
was removed from the surface at «550°C. The initial surface exhibited both
As,05 and Ga,03 as can be seen in the XPS spectra obtained with this surface
which are shown at the top of Figs. 5 and 6. In Table 6, the relative peak
areas above background associated with the As3d line in both GaAs and As,03,
the total Ga3d 1ine, and the total Ols line are given. Also, the As3d binding
energy in GaAs relative to the thermally cleaned surface and the associated
line width (full-width at half-ma; imum intensity) are given.

The As,04 decreases slowly between ~240 and ~450°C. The spectra in
the middle of Figs. 5 and 6 show the Ga3d and As3d lines after the ~530°C
annealing treatment. The As,04 is clearly absent; however, the Ga203 com-
ponent has apparently increased. The spectra at the bottom of Figs. 5 and 6
show the Gald and As3d lines after thermally cleaning the surface.

To investigate the apparent increase in Ga,03 which accompanies the
decrease in Asy03, the spectra at the top and middie of Fig. 5 were analyzed
further. The Ga3d line shape associated with the thermally cleaned GaAs
surface (bottom of Fig. 5) was fitted to the low binding-energy side of the
peak at the top and middle of Fig. 5 and was subtracted from this experimental
peak shape to obtain the peak shape associated with the oxide. The results of
this analysis are shown in Figs. 7 and 8. The ratio of Ga3d in Gay03 to Ga in
GaAs increases from 0.31 to 0.54 between Figs. 7 and 8. The apparent chemical
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shift of the Ga3d line in Ga,05 relative to GaAs is 0.95 eV in both cases. 1In
Fig. 9 the relative photoelectron peak areas (taken from Table 6) are plotted
as a function of the annealing temperature. As previously noted, the As,04
starts to decrease at ~240°C and is absent at ~450°C. There appears to be
only a small loss of oxygen from the initial surface up to ~240°C. However,
above ~240°C in the temperature range where A5203 is being removed from the
surface, the total 01s peak area remains essentially constant up to ~530°C.
The total Ga3d peak area increases somewhat between ~240°C and ~530°C while
the As3d peak area associated with GaAs is relatively constant. The total
As3d peak area decreases substantially in this temperature interval.

The above results suggest a new view of the surface chemistry asso-
ciated with thermally cleaning a GaAs surface. It is usually assumed (see
e.g., Ref. 12) that As oxides are removed from the surface first due to the
high volatility of these compounds. The XPS results reported here show that
As is lost from the surface as elemental As (presumably as As, or Asg). In
the process, additional Ga must be oxidized to form Ga203. These results
suggest that a surface chemical reaction of the form

As,03 + 2 GaAs » Ga,0q + = As, + (9)

is associated with the removal of oxidized arsenic from the GaAs surface in

the ~240°C to ~450°C temperature range. It is interesting to note that
additional GaAs is consumed in this process.

The change in surface potential (as monitored by the relative As3d
binding energy in GaAs) is shown at the bottom of Fig. 9. The bands initially
bend up as the annealing temperature is increased to ~240°C. As the Aso03 is
removed from the surface, the bands bend down past the initial position. When
the Gay03 is removed from the surface, the bands bend up by ~0.3 eV. This
thermally cleaned surface was reoxidized to form Gay03 by exposure to
6 x 107 L of 0, at «500°C. As indicated in Table 6, this resulted in a marked
decrease in surface band bending which was further decreased by storage in
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vacuum for 7.5 hours. Both of the results are consistent with the observa-
tions discussed in Sec. 111.A.la.

The same thermally induced solid-state reaction as suggested in
Eq. (9), has been proposed13 to explain the formation of elemental As at
interfaces between GaAs and relatively thick (-103A) anodic oxides. Inter-
faces prepared at room temperature which do not initially exhibit elemental As
are observed to form elemental As rapidly at 450°C,13 which, due to the thick-
ness of the oxide, remains trapped at the interface. Recent condensed-phase
diagram ca]cu]ations,14 have also shown that only elemental As and Ga,03 can
exist in thermodynamic equilibrium with GaAs, consistent with Eq. (9). There
has been considerable recent interest in the electrical effect of the ele-
mental As detected at the thermally annealed native-oxide/GaAs 1’n1:erface.15’16
These elemental As atoms may be a major source of interface traps and thus
play a significant role in determining the GaAs MOS char'acteur'istics.”’18 The
results of this section suggested the possibility of forming a useful
GaAs-oxide interface by heat treating a native oxide of moderate thickness
(<1008). By annealing this oxide at ~450°C it should be possible to form pure
Gap03, evaporate the elemental As which is formed, and produce a new GaAs
interface by consuming additional GaAs during the process. Observations
reported in Sec. IIl.A.1a show that this process reduces Q- An attempt to
prepare such a sample is reported in Sec. II1.A.2; however, as discussed in
Sec. IV, the relatively small Qs observed on Ga,03/GaAs interfaces for n-type
material may not imply a relatively low interface-state density.

III.A.2 MWater Vapor and Air Exposure Studies

In this section, XPS studies related to the exposure of GaAs (100)
surfaces to H20 vapor and air are reported. A pure Hzo vapor source was pre-
pared by attaching a 12 in. long quartz tube containing liquid H,0 to a UHV
leak valve. The Ho0 was frozen with a dry ice/methanol bath and the tube was
evacuated through the leak valve. Dissolved gases were removed by subsequent
melting and freezing of the Hy0 followed by evacuation of the tube.
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The XPS results (relative As3d binding energies and line widths in
GaAs) for a series of experiments in which a thermally cleaned sample was
exposed to H,0 vapor are given in Table 7 (all XPS data were obtained at or
near room temperature). Exposure to H20 vapor at room temperature, ~240°C,
»360°C, and ~480°C caused no observable surface chemical reaction to occur.
Also, only modest variations in surface potential were observed. Subsequent
cleaning of the surface at ~560°C followed by exposure to a mixture of H,0 and

Tl -

: 0, at ~200°C also caused no noticeable surface reaction to occur. High tem-
! perature oxidation followed by vacuum storage caused a marked decrease in
surface band bending which has been mentioned several times previously.

Two experiments are reported in Table 7 in which the surface was
given an initial high temperature oxidation followed within a few minutes by
H,0 vapor exposure after the sample had been cooled to near room tempera-
ture. In both cases the same marked decrease in band bending is observed as
on the vacuum stored samples. A component of the residual gas in the ion

pumped XPS system is H,0 vapor. Although with careful bakeout procedures, the

! base pressure of this system is in the high 10'11 torr range, the residual
background Hy0 pressure in more "typical" experiments is considerably higher.
This suggests that the decrease in band bending associated with room temper-
ature vacuum storage of surfaces oxidized at high temperature may be due to
H,0 absorption and may explain why subsequent annealing of these surfaces
increases the band bending.

The stability of the high temperature oxidized (100) surface to air
exposure was investigated in a separate experiment; the XPS resuits on the ‘
relative As3d binding energy and 1ine width in GaAs are given in Table 8. The
usual marked decrease in band bending was observed following high temperature
oxidation. The sample was subsequently exposed to laboratory air at 1 atmo-
sphere for 1 hour. Contrary to the effect of exposure to pure Ho0 vapor dis-
cussed above, this treatment resulted in an increase in surface band bending
which may be associated with a change in the chemical state of the oxidized
Ga. In Fig. 10 the Ga3d-and As3d-core levels observed by XPS on the surface

;
f
!
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Table 7
Ho0 and 0, Exposure of GaAs Surface
n-Type ?GaAs (100), Boule #3686
’ Relative As3d As3d
i Treatment Binding Energy Line Width Remark s
j in GaAs (eV) in GaAs (eV)
' ~560°C 0 1.39 Clean, LEED
25°C Vacuum; 2 hrs +0.03 1.37
: 6 x 103 L H,0 at 25°C 0 1.29
[
B 3 x 104 L H,y0 -0.04 1.43
' X at -240°C
i
1 6 x 10% L Hy0 -0.08 1.32
\ at ~360°c
3 x 103 L Hy0 +0.04 1.39
at ~480°C
~560°C; 3 x 103 L -0.03 1.39
~560°C -0.05 1.37 Clean
6 x 10% L 0, at ~480°C +0.09 1.36 6a,05
»200°C Vacuum; 12 hrs +0.49 1.34
~540°C +0.02 1.32 Clean h
6 x 104 L 0, ~480°C +0.23 1.39 Gay0s |
105 L Hy0 at »35°C +0.44 1.37
~480°C +0.22 1.36
10% L H,0 at «36°C +0.41 1.35
~160°C +0.24 1.42
~540°C +0.15 1.44 Surface still
oxidized
{ 30
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Table 8

Air Exposure of Oxidized GaAs Surface
n-Type GaAs (100), Boule #3686

Relative As3d As3d Line Remarks
Treatment Binding Energy Width in
in GaAs (eV) GaAs (eV)
«560°C 0 1.41 Clean; LEED
6 x 10 L 0, +0.24 1.41 Gay0,
at ~480°C
Air at 25°C +0.13 1.36 No As,04; oxidized
for 1 hour form of Ga may differ
from previous treat-
ment; see Fig. 11.

which had been exposed to air are shown, The high binding-energy shoulder
observed on the Ga3d 1ines appears to have a larger shift relative to Ga in
GaAs than those observed in Figs. 7 and 8. As in Figs. 7 and 8, a Ga3d line
shape associated with Ga in thermally cleaned GaAs was fitted to the low
binding-energy side of this experimental spectrum and subtracted from the
data. The result is shown in Fig. 11. The center of the peak associated with
the oxidized Ga has a larger binding-energy difference (by =0.2 eV) relative
to GaAs than the binding-energy difference between Ga,03 and GaAs. The 01s
level on the air exposed surface is substantially shifted to higher binding
energies than on the high temperature oxidized surface as can be seen in
Fig. 12. 1If it is assumed that no change in interface dipole charge
distribution occurs as a result of the air exposure, these results suggest
that a different chemical form of Ga may exist on the air exposed surface.
The initial surface with the very thin Ga oxide Yayer is not stable to room
temperature air exposure.

A few capacitance-voltage measurements were performed with GaAs
samples on which the initial surface was originally characterized by XPS. As
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discussed in Sec. III.A.la the GaAs (100) surface which is formed by high tem-
perature oxidation to form only Ga,03 on the surface has a relatively low Qs

In an effort to electrically characterize the interface formed by the
high temperature oxidation of GaAs (100), a sample was prepared in the XPS
apparatus and characterized by XPS to be sure that only Ga,0; was present on
the surface. This sample was removed from the XPS system and transferred into
a 510, evaporation system; the transfer required ~1 hour of air exposure. For
comparison, an additional sample which was only given a 4:1:1 etch
(HyS04:H,07:H,0) was mounted in the Si0, evaporation system next to the high
temperature oxidized sample. About 1000A of Si0, was evaporated onto the
samples followed by evaporation of metal dots through a contact mask.

Capacitance-voltage measurements were taken at 200 kHz. These data
are shown in Fig. 13 where the two samples are identified as thermally
oxidized (prepared in the XPS system) and etched (prepared with the 4:1:1
etch), respectively. The capacitance variation with applied voltage indicates
that neither accumulation nor inversion took place for these samples. The
apparent "flat-band" voltages were determined from 1/c2 plots as shown in
Fig. 14. 1In these plots only depletion occurs. The inflection point is where
a "flat-band" potential is produced because the depletion region has been
diminished by the applied voltage. The "flat-band" voltage for the thermally
oxidized sample is considerably higher than for the etched sample which indi-
cates a possibly larger band bending at the thermally oxidized interface.

This result coupled with the XPS studies reported above which attempted to
duplicate the effect of 1 hour air exposure again show that the thermally
oxidized surface is unstable in air,

IIT.A.3 Studies with Deposited Materials

XPS surface-potential measurements were carried out with thin over-
layers of deposited materifals in attempts to alter the interface potential by
this means. The materials were deposited by using the quartz tube evaporator
described in Sec.I1.A. The first part of this section describes experiments
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in which elemental As was evaporated onto bulk n-type (100) surfaces. Other
deposited insulators are described in the second part of the section. A1l
GaAs samples were from boule #3686.

a. Elemental As

Because As can easily be evolved from GaAs surfaces, it might be
intuitively expected that As vacancies are a dominant defect near GaAs sur-
faces. An experiment was performed to determine if A(i) could be substan-
tially altered by varying the surface concentration of As. In this experi-
ment, a n-GaAs (100) surface was exposed to a Asp, beam. This beam was gen-
erated by heating GaAs in the quartz tube evaporator. The results are
summarized in Table 9 which shows the relative shifts of As3d- and Ga3d-core
levels as a function of increasing As overlayer thickness. The initial sur-
face was thermally cleaned at ~550°C. This surface was then oxidized prior to
As deposition, to form Gay03 which as discussed above produces a relatively
small band bending on n-type GaAs. Four sequential As deposits were carried
out; the relative As overlayer thickness can be assessed from the As3d/Ga3d
intensity ratio which is given in Table 9. Little variation in the As3d
binding energy is observed for all the deposits. There is a chemical shift of
~0.3 eV between As3d in elemental As and in GaAs (the Eg is larger in ele-
mental As). Thus, although there does not appear to be a potential shift in
the As3d line, this interpretation is complicated by the chemically shifted
elemental As component. In fact, for the thicker As deposits, a substantial
potential shift is observed in the Ga3d line. For the thickest As deposit the
band bending in this n-type sample increases to nearly the same position as is
observed on the thermally cleaned surface,

The final surface treatment of this sample was an = 300°C anneal. A
substantial fraction of the elemental As was removed from the sample surface
by this treatment as can be seen from the As3d/Ga3d intensity ratio. However,
little further change in band bending was produced as determined by the lack
of significant change in the Ga3d relative binding energy.
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Table 9

Deposition of As on GaAs
n-Type GaAs (100), Boule #3686

Relative Binding
Energy (ev)?

Treatment Intensity Ratio

Sequence As3d/Ga3d Ga3d As3d
~550°C Anneal®
(Clean, LEED) - 0.00 0.00
Oxidation (Gay03) 1.34 +0.43 +0.27
ist As Deposit 1.38 +0.39 +0.27
2nd As Deposit 1.78 +0.37 +0.31
3rd As Deposit 2.29 +0.24 +0.27
4th As Deposit 3.48 +0.08 +0.27
»300°C, 5 min 2.02 +0.04 +0.12

a - Accuracy is * 0.06 ev.
b - Binding energies are relative to the values observed on this surface.

b. Other Materials

Experiments were carried out in which thin layers of CuBr, GeS,
and Si0, were evaporated onto bulk grown n-type GaAs (100) surfaces. The
results are briefly summarized in Table 10.

CuBr is a semiconducting material (Eg = 3.0 eV) which has the
interesting feature that it is lattice matched to and will grow epitaxially on
GaAs (100) at room temperature. The band matching properties of this hetero-
junction have been previously studied in this laboratory.19 This epitaxially
prepared heterojunction suggests the possibility of forming a low defect

interface with a corresponding low interface-state density similar to the use




Table 10

Deposition of Materials on GaAs Surfaces
n-Type GaAs (100), Boule #3686

e

Deposited Relative As3d
Material Treatment Binding Energy Remarks
in GaAs (eV)
~440°C +0.34 63203
~550°C 0 Clean, LEED
CuBr Epitaxial +0.06 LEED
Growth at
25°C
~560°C 0 Clean §
GeS Degosit at +0.02 |
25°C
GeS ~280°C; Deposit +0.15 First deposit
at 25°C removed by =~280°C
treatment
=570°C 0 Clean
$10, Deposit at +0.05
«400°C

of oxidized Ga,_,Al,As layers for GaAs passivation.20 A thin layer <20& of
CuBr was grown epitaxially on this surface at room temperature. Only a small
decrease in band bending was observed which suggests that the surface states
assocfated with the surface charge present on the thermally cleaned surface
are not removed by the room temperature epitaxial growth of CuBr,

GeS was evaporated onto a thermally cleaned GaAs (100) surface. The
substrate was at room temperature. Essentially no change in band bending
occurred. The GeS was subsequently removed from the surface by heating to




=280°C which was followed by an additional GeS deposit at room temperature.
This procedure resulted in a significant decrease in band bending which
suggests that a surface reaction may have occurred during the heat treatment.

j Silicon monoxide was evaporated onto a thermally cleaned substrate
] which was at ~400°C during the deposit. Only a small decrease in band bending
1 was observed at this interface.

The results reported in this section, although fragmentary, suggest
that to produce a substantial alteration of surface potential a surface
chemical reaction may be required as, for example, is produced by oxygen

W EET Y T

exposure at high temperature. Interfaces formed by reaction with S, P, and
1 other non-metallic elements are clearly interesting possibilities.

E I11.A.4 VPE Grown Material

; . The experiments reported in this section were carried out to deter-

L | mine if there were any significant differences in the chemistry and (inter-
facial) surface potential for VPE samples (described in Sec. II.C.1) as
compared to bulk n-type GaAs. The results of various treatments are listed in
Table 11. The thermal treatment to about ~550°C results in converting a
surface with mixed Ga- and As- oxides to one of solely Gay03. Further heat
treatment at =570°C removes the Ga203 from the surface and results in a clean
GaAs(100) surface with a characteristic LEED pattern. Exposure of this clean
surface to 0, at elevated temperatures (~480°C) results in Ga,0; formation and
concomitant loss of the LEED pattern. These surface treatments result in a
variation of the surface potential which closely mimics that observed for the
surfaces of bulk samples. Namely, the Gay03 surface exhibits only a small
band bending (~0.2 eV), while thermal cleaning results in a large band bend-
ing. Table 11 also summarizes results from the deposition of elemental As
(see also Sec. III.A.3a) on the thermally cleaned surface at low substrate
temperatures. Such depositions resulted in elemental As overlayers as
detected by a 0.3 eV chemical shift of the As3d line to higher binding energy;
however, no change in surface potential was observed. Thermal treatment
resulted in the As being easily driven off.
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; Table 11
} Several Treatments of VPE Grown GaAs
n-Type GaAs (100), VPE #11003

\ Relative As 3d
Treatment Binding Energy Remarks
in GaAs (eV)
| ~550°C +0.2 Gay0y
i 16 Hrs Vacuum +0.3 -
' 570°C 0.0 Clean, LEED
2x10%L Hy0 (~480°C) 0.0 —--
i 2x10% 0, (~480°C) +0.2 Gay0;
; 560°C 0.0 Clean, LEED Ga3d/As3d ~0.88
i Deposit As® (25°C) (+0.3)b Ga3d/As3d ~0.02
A (No significant shift in Ga3d
% 1ine)
* i
560°C 0.0 Clean, LEED Ga3d/As3d ~0.88
Deposit As® (~65°C) (+0.3)P Ga3d/As3d ~0.42
(No significant shift in Ga3d
1ine)

@ . 40.1 eV Binding-Energy Instability
- Chemical Shift Due to As®

No significant differences in surface potential variation were noted
between the YPE and bulk grown materials.

I11.8 XPS Measurements on p-Type GaAs Samples

Measurements were carried out on bulk p-type material (boule #3691)
to compare the effects of surface treatments on surface chemistry and poten-
tial with the results of Sec. III.A on n-type materials. Also in this section
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are described the results of a Hy0, surface treatment which produced a native
oxide that contained As,0g.

1. Thermal and Oxidation Studies

Thermal and oxidation treatments similar to those reported in
Sec. I11.A.1a were carried out in a bulk grown p-type GaAs (100) sample. The
results are summarized in Table 12. The chemistry of the p-type surface is
similar to that for n-type described above. Heat treatment at ~480°C produces
a surface of Ga,0,, while further treatment at =560°C yields a clean surface
with a characteristic LEED pattern. High temperature (=480°C) oxidation
results in a Ga,03 covered surface. The magnitude of the surface-potential
variations is similar to that observed for n-type material but the sign of the
variation in band-bending potential is reversed, i.e., a surface treatment
which causes an increased Vgp for n-type material produces a decreased Vgg for
p-type material and vice versa. This surface-potential behavior as a function
of treatment is discussed further in Sec. III.C where a more direct comparison
of XPS results for n- and p-type samples is presented. As was noted in
Sec. II1.A.la for n-type material, vacuum :~:torage(«-10"9 torr, 16 hrs) also
results in a surface-potential varjation on p-type material. Finally, sput-
tering of the large Vgp surface with 1 kev Art followed by a =280°C anneal
produced a large variation in a(i).

2. H,0, Treatment to Form Aso0g

The XPS experiments on band bending at oxidized GaAs surfaces
described above have concerned two types of oxides: a) a mixture of As, 03 and
Ga203 formed after the initial surface preparation procedure Sec. 11.C.2 and
b) Gay03 only, formed by heating the mixed oxide of (a) to ~500°C or oxidation
of a thermally cleaned sample in 0, at this temperature. We have also inves-
tigated a third type of GaAs native-oxide covered surface, that formed by
etching a sample in a 4:1:1 (HZSO4:H202:H20) solution, quenching with water,
followed by storage overnight in a solution of Hy0, (30%) and Hp0. After the
Hpo0, treatment the sample was not heated before initial XPS examination.
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Table 12

Several Surface Treatments of GaAs
p-Type GaAs (100), Boule #36912

Relative As3d
Treatment Binding Energy Remarks
in GaAs (eV)
~480°C +0.3 G8203
»560°C 0.0 Clean, LEED
0, 2 x 10% (~480°C) +0.2 Gap03
16 Hrs Vacuum +0.3 ---
Sputter 1 kev Ar' -0.1 No LEED
Anneal ~280°C (Small Gay04)

a _ .0.1 eV Binding-Energy Instability

In Fig. 15, the upper XPS spectrum shows the As3d core-level peaks
from the initfal H,0, treated surface of a p-type GaAs (100) sample. In
addition to the peak from the underlying substrate [labeled As(GaAs)], a
substantial peak chemically shifted by ~ 4.5 eV and attributed to As,0g (see
Ref. 21) is also evident. The data indicate the presence of some As,0; and
the Ga3d core-level spectrum (not shown) indicated the substantial presence of
Gay03. From the relative intensity of these two As peaks, in conjunction with
an examination of the corresponding peaks associated with the Ga3d core
levels, the estimated oxide thickness is 15-20& and the composition consists
of a Asy05, Asy03, and Gay03 mixture. This Hy0, treatment produced the
thickest (by about a factor of 2) native oxide layer that was examined in this
work. Also in Fig. 15, the lower As3d spectrum shows the result of a ~340°C
heat treatment. The initial As,0g has been converted to As,03 and there {s an
accompanying relatively large ~0.35 eV increase in band bending (seen as a
shift in the As(GaAs) peak). No change in Ga chemistry was observed after
this ~340°C heating. Thus, this surface is a mixture of As,03 and Gay0j3.
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Next, the sample was heated to ~550°C and a clean surface and characteristic
LEED pattern was obtained. The potential shift associated with this step was
=0.45 eV to lower band bending. The results are summarized in Table 13.

The same H,0, treatment described above was also applied to a n-type
GaAs (100) sample (boule #3686) and for completeness these results are also
given in Table 13. Roughly similar results were obtained, except that the
band-bending change when As,0g was converted to As,0; was somewhat smaller.

Table 13

Peroxide Treatment of GaAs
p-Type GaAs (100), Boule #3691
n-Type GaAs (100), Boule #3686

Relative As3d
Binding Energy
in GaAs
Doping Treatment (ev)? Remarks
HZOZ +0.1 A5205 (A5203) + G3203
p ~340°C +0.45 A5203 + 63203
~550°CP 0.0 Clean, LEED
H202 +0.3 A5205 (A5203) + G3203
n ~320°C +0.4 A5203 + G3203
~550°¢cb 0.0 Clean, LEED

a - Accuracy is * 0.06 eV.
b - Binding energies are relative to the values observed on this surface.

111.C Correlation of n- and p-type GaAs Surface Potential Measurements

As noted in Sec. III.B.1, the variation in band-bending potential
between n- and p-type surfaces is apparently correlated with the interesting
feature than an increased Vag for an n-type surface corresponds to a decreased
band bending on a p-type surface and vice versa. In the first part of this
section, experiments on n- and p-type GaAs (100) bulk samples from boules
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#3686, 3691 and 3630 are described which were designed to explore this
correlated potential varfation., The results of these studies which confirmed
the correlated surface-potential variation suggested that modifications of the
popular Universal Defect Model (UDM) of Fermi-level pinning22
Most previous studies of GaAs Fermi-level pinning reported in the literature
have involved the (110) cleavage surface. In order to compare our results
with these studies, experiments on n- and p-type GaAs (110) bulk samples from
boules #3686 and 3782 were carried out and are reported in the second part of
this section.

were needed.

11.C.1  (100) Measurements

To facilitate comparison of the chemistry and surface-potential
variations between n- and p-type GaAs(100), an n- and p-specimen were simul-
taneously given a chemical etch in the same solution and then mounted side by
side on the same sample platen. Thus, as nearly as possible, both samples
were exposed to the same chemical and thermal treatments. The results are
shown in Fig. 16, where binding energies are reported on an absolute scale by
the method described in Sec. 11.B. As can be seen in Fig. 16, except for some
small subtle (~0.1 eV) differences, the surface potentials for n- and p-type
GaAs(100), as monitored by the As3d core-level binding energy, track together
in a highly correlated manner as a function of surface treatment. It must be
remembered, however, that when considering the band-bending potential, this
behavior is opposite. For example, consider the clean surface; when exposed
to 2 x 10% L 0, at ~460°C, the As3d core level shifts by 0.18 eV to higher
binding energy for both n- and p-GaAs(100). However, in the case of n
GaAs(100), this means the band bending is reduced by 0.18 eV, while in the
case of p-GaAs{100) the band bending is increased by 0.18 eV. Another
interesting aspect of Fig. 16 is that the surfaces can be prepared with at
least several different surface potentials. This result may be in contradic-
22 which
suggests a unique pinning position for the energy bands on n- and p-type
samples. One final interesting observation concerns the effect of Au deposits

tion to the recently proposed UDM for surface Fermi-level pinning
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on the surface. Before terminating the experiment with a thick Au deposit for
a fina) absolute reference-energy determination, intermediate amounts of Au
were deposited. At first only a small submonolayer amount of Au was deposit-
ed. The Au4f7/2 binding energy had a 0.29 eV difference between n- and p-type
GaAs, the same difference as observed for the As3d binding energy in n- and
p-GaAs. This submonolayer deposit had little effect on the surface potential
as seen in Fig. 16, Next, the Au deposit was increased to several mono-
layers. At this point the Au4f7/2 binding energy on n-GaAs decreased by 0.82
eV, while on the n-GaAs the Au4f7/2 binding energy decreased by 0.53 eV. Now
the Au4f7/2 binding energy was the same on both n- and p-GaAs, i.e., 84.20

eV. At this point, there is a large surface-potential shift in the n-type
sample, which resulted in the same As3d binding energy for the n- and p-type
samples (see Fig. 16). A final thick deposit of Au resulted in a further
shift of the Au4f7/2 by 0.20 eV to lower binding energy; it was observed that
a small amount of As was present on top of the Au deposit. The variation in
Au4f7/2 binding energy with Au layer thickness was previously noted in

Sec. 1I1.B.

Several additional experiments were carried out to explore the highly
correlated variation in surface potential for n- and p-type sampies subjected
to the same surface treatment. The same approach of monitoring samples
mounted side-by-side on a single Mo platen was employed.

Figure 17 shows the variation in Egagj(i) measured relative to the
GaAs S

EAs3d(i) observed on the thermally cleaned n-type surface for three sets of n-
and p-type samples. The error bars in Fig. 17 refer to relative error limits
between the n- and p-type sample surfaces and between different surface treat-
ments. The initial surfaces for sample set #1lwere chemically etched and had a
mixed oxide consisting of Ga,03 + As,03. These samples were heated to ~415°C
to remove the As,03 leaving only Gay03; the a{i) is observed to increase for
both surfaces. The samples were then thermally cleaned at ~540°C which caused
a decrease in a(1) for both surfaces. Deposition of a thin layer of Pd caused
the a(i) for both surfaces to become nearly equal and have essentially the
same value as observed on the thermally cleaned p-type surface.
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For sample set #2 the initial surfaces were thermally cleaned at
~540°C. Deposition of a submonolayer amount of Au caused only a small varia-
tion in surface potential; however, a thicker Au deposit caused a(i) to be the
same for both surfaces and have a value nearly equal to that observed on the
thermally cleaned p-type surface. This behavior is also observed in Fig. 16.

The inital surfaces for the third sample set shown in Fig. 17 were
- thermally cleaned at =~540°C. These surfaces were oxidized to form Ga203 by
exposure to 2 x 10 L of 0, at ~415°C which caused a(1) for both surfaces to
increase. Vacuum storage for 15 hrs caused a small additional increase in
a(1), a result which was noted in Sec. III.A.la. A final thermal cleaning of
these surfaces reproduced the initial aA(i).

Two other n- and p-type sample sets were studied which again showed
i the highly correlated movement of A(i). Details of the experimental procedure
' prevented the difference in A(i) between the n- and p-type surfaces to be
determined with reasonable accuracy, however, the relative change in As3d
binding energy for the individual n- and p-type surfaces was measured with
good accuracy. The results are given in Table 14. For sample set #4 the
initial surfaces were prepared as described in Sec. 11.C.2 and had the usual
mixed oxides of Gay0; and As,03. Heating these surfaces to ~450°C removed the
As,03 and caused (i) to increase for both surfaces.

The initial surfaces for sample set #5 were prepared as described in
Sec. I1.C.2 heated to ~400°C to remove the As,04 and stored in vacuum for 18
hrs. As noted in Sec. III.A.la, this procedure produces the highest a(i) on
n-type surfaces that we have observed. Thermally cleaning this sample set at
»550°C caused A(i) for both surfaces to decrease. Reoxidizing the surface to
form Gay03 by exposure to 6 x 104 L of 0, at ~450°C caused a(i) to increase
for both surfaces.
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Table 14

Annealing and Oxidation of GaAs
p-Type GaAs (100), Boule #3630
n-Type GaAs (100), Boule #3686

p-Type n-Type
Sample Relative As3d Relative As3d
Set Binding Energg Binding Energg
# Treatment in GaAs (ev) in GaAs (eV) Remark s
A Chem. Etch® 0.00 0.00 Asy03 + Gay0,
~450°C +0.15 +0.13 Gap0s
Chem. Etch,
=400°C, +0.15 +0.42 G6203
18 hrs. vacuum
5 «550°CP 0.00 0.00 Clean
6 x 104 L 0, at
~450°C +0.23 +0.24 Gap0y
U J

a - Accuracy is * 0.05 eV,
b - Binding energies are relative to the values observed on this surface.

An additional set of exveriments involved deposition of As, (again
from a GaAs source) onto a n- and p-type sample which were mounted side by
side on a single Mo platen. The initial surfaces had been prepared as
described in Sec. II.C.2, and had a mixed oxide which consisted of As,03 and
Gap03. The difference in relative As3d-and Ga3d-binding energies between the
n~ and p-type surfaces was not determined. Consequently, in Table 15, the A
As3d-and Ga3d-binding energies have been normalized to the values observed on
the thermally cleaned surfaces for each sample. Following the chemical etch,
the samples were heated to ~440°C to produce the Ga,03 surface. This resulted
in a decreased A(i) for both samples. The change in A{i) observed for the n-
type sample in Table 15 is larger than that for the p-type sample possibly
because the p-type surface was studied first and as noted in Sec. IIl.A.la the
potential shift on this surface takes place gradually over a period of several
hours. The deposition of a thin («5&) layer of As on this surface caused
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Table 15

Several Treatments of GaAs
p-Type GaAs (100), Boule #3630
n-Type GaAs (100), Boule #3686

p-Type n-Type
Relative Ga3d Relative As3d Relative Ga3dd Relative As3d
Binding Binding Binding Binding
Treatment Energy in Energy in Energy in Energy in
Sequence GaAs (ev)3 GaAs (ev)? GaAs (ev)? GaAs (ev)?d Remark s
: Chem. Etch -0.07 -0.09 +0.04 +0.10 As,03 + Ga,y04
| ~440°C +0.26 +0.13 +0.35 +0.32 Gay03
h Deposited As® +0.44 +0.43 +0.37 +0.38 ~54 thick
= ~240°C +0.42 +0.27 +0.41 +0.30 Removed ~3/4
i of As®
7 % «550°C 0.00 0.00 0.00 0.00 Clean, LEED
3
; Deposited As® +0.16 +0.35 -0.04 +0.19 ~6A thick
~240°C +0.09 - -0.02 - Removed =3/4
of As®
~550°C +0.02 - -0.04 - Clean, LEED
=450°C,
6 x 10 L 0y +0.35 +0.24 +0.28 +0.29 Gap04

a - Binding energies relative to the values observed on the thermally cleaned surface;
accuracy is + 0.05 ev,

1ittle change in band bending on the n-type surface consistent with the
results shown in Table 9. The apparent change in band bending noted on the p-
type surface is probably only due to the vacuum storage effect noted pre-
viously. Annealing these surfaces at ~240°C (which removed «~3/4 of the ele-
mental As from the surface) caused 1ittle change in band bending.
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The samples were then thermally cleaned by annealing at ~ 550°C. The
usual large decrease in aA(1) was observed for both samples. A thin («~6R)
layer of As was deposited onto these surfaces. Although little change in band
bending was observed on the n-type surface, a(i) on the p-type surface increased
substantially. With the assumption that a(i) for the n- and p-type thermally
cleaned surfaces is separated by ~0.3 eV (see Fig. 16), this shift would nearly
make the A(i) for the p-type surface coincide with that observed on the
thermally cleaned n-type surface (a result which is just opposite to that
observed for Au and Pd deposits as noted in Figs. 16 and 17. Thermal annealing
of the samples at =240°C removed about 3/4 of the elemental As and caused the
bands to bend back to near the thermally cleaned position. A subsequent thermal
cleaning of the surfaces reproduced the a(i) observed on the initial thermally
cleaned surfaces. An additional thermal oxidation of these samples in 0, at
~450°C produced the usual increase in a(i) for both samples.

The experiments described in this section demonstrate that a(i) for n-
and p-type surfaces subjected to identical treatments shift in the same direc-
tion (note that this means as the band bending is increasing for one surface it
is actually decreasing for the other surface). The difference between the
pinning position (resulting from a particular surface treatment) for n- and
p-type samples is nearly constant and is =~0.3 eV. Large variations in A(i) of
up to 0.7 eV have been observed (Fig. 16). The deposition of several monolayers
of Au on thermally cleaned surfaces causes A(i) to be the same for both n- and
p-type samples and nearly equal to the a(i) observed on the thermally cleaned
p-type (a similar result was obtained for the Pd deposition). The deposition of
several monolayers of As on thermally cleaned surfaces caused A(i) again to be
about the same for both n- and p-type samples; however in this case the a(i) is
nearly equal to that observed on the thermally cleaned n-type surface (further
study is needed to confirm the reproducibility of this As deposition result).
These observations support the idea that the Fermi-level pinning position is
being determined by defects. However, the UDM22 appears to need modification to
be consistent with these results. An alternative to the UDM which is consistent
with both these results and the experimental results on which the UDM was based
is presented in Sec. IV,
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I11.C.2 (110) Measurements

Most of the studies carried out in this contract involved GaAs (100)
surfaces due to the expected greater device interest in this surface. However,
to check the general nature of some of the observations (especially the corre-
lated surface-potential variations reported in Sec. III.C.1), as few XPS
measurements of surface-potential variations with surface treatment were carried
out on (110) oriented samples. These measurements are discussed in this
, section. The (110) oriented bulk GaAs samples were from boules #3686 and
j 3782.

A i o

A set of surface-potential measurements was carried out on an n-type
GaAs (110) surface. The initial sample surface was prepared as discussed in
Sec. II.C.2, This treatment resulted in a surface which consisted of several
monolayers of Ga,03 and As,03. The As,0; was removed from the surface by
heating at about 470°C. The surface was then thermally cleaned at ~550°C. This
surface exhibited a characteristic LEED pattern and no oxygen could be detected
by XPS. The sample was then oxidized at ~430°C in 0, (2 x 10* L) to reform the
Gay05 surface. This surface was stored overnight in vacuum; the final surface
treatment involved an additional thermal cleaning at =540°C.

The relative binding energy of the As3d level was monitored by XPS to
determine the relative surface potential. The results are shown in Table 16.
The relative binding-energy scale is referenced to the average As3d binding
energy observed on the thermally cleaned surfaces. The variation in surface
potential is very similar to that reported for n-type GaAs (100) in
Sec. IIl.A.la.

A set of surface-potential experiments was also carried out on a GaAs
(110) p-type surface. The sample was initially prepared as discussed in
Sec. II.C.2. Consistent with previous results, this treatment produced a
surface which consisted of several monolayers of the oxides As,04 and Gay0,.
The sample was then annealed at ~470°C to remove the Asy03 followed by thermal
cleaning at ~550°C. The surface was then reoxidized by exposing the sample to
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Table 16

Annealing and Oxidation of GaAs
n-Type GaAs (110), Boule #3686

D VU

Relative As3d Binding Remarks
Treatment Energy in GaAs (eV)
Chemical Etch 0.16 Asy03 + Gay03
‘; =470°C 0.21 63203
5 ~550°C -0.04 Clean, LEED
: 4
‘ 2 x 10" L 0, at 0.16 Ga,0
| ~430°C 2 273
~10 hrs Vacuum 0.29 --- |
|
i ~540°C 0.04 Clean !

2 x 104 L of 0, at =430°C. This sample was stored overnight in vacuum. The
final surface treatment was an additional thermal cleaning at ~540°C. In

Table 17 are shown the relative As3d binding energies referenced to the

\ thermally cleaned surface. There is a high degree of correlation of the surface
potential changes with the data reported on the GaAs {110) n-type material
(Table 16).

Experiments were also carried out in which n- and p-type samples were
mounted side-by-side on a single Mo sample platen so that variations in surface
treatments would be minimized. In Table 18 are shown the relative As3d binding
energies for n- and p-type samples subjected to several surface treatments. The
highly correlated movement in surface potential for the two samples can be
. clearly observed. The data in Table 18 have been normalized to the average
o binding-energy value observed on the thermally cleaned surfaces.

-—— ..
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Table 17

Annealing and Oxidation of GaAs
p-Type GaAs (110), Boule #3782

:l
1 Relative As3d Binding Remarks
4 Treatment Energy in GaAs (eV)
l Chemical Etch 0.06 As,03 + Gay04
. =470°C 0.21 Ga203
! «550°C 0 Clean, LEED
t
‘ 4
i 2 x 10" L 0, at 0.12 Ga,0
I ~430°C 2 273
' «10 hrs Vacuum 0.19 -
| ~540°C 0 Clean
,t
i Table 18
‘ Annealing and Oxidation of GaAs
g n-Type GaAs (110), Boule #3686
‘ p-Type GaAs (110), Boule #3782
Relative As3d Relative As3d
Treatment Binding Energy Binding Energy Remarks
in n-Type GaAs 1in p-Type GaAs
(ev) (ev)

Chemical Etch 0.06 -0.03 Gaglz + Asy03

=470°C 0.16 0.16 Gay04

~550°C -0.04 -0.06 Clean, LEED

¥ ~430°C, 0.08 0.19 Gay0s
‘ 2 x 10" L 0,
A 12 hrs Vacuum 0.27 0.25 --

~540°C 0.04 0.06 Clean, LEED
l
y
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In another experiment, thin layers of Al were evaporated on n- and
p-type samples mounted side by side on the same sample platen. The results of
these experiments are given in Table 19. The data have again been acrmalized to
the binding-energy value observed on the thermally cleaned surface.

Table 19

Deposition of Al on GaAs
n-Type GaAs (110), Boule #3686
p-Type GaAs (110), Boule #3782

Relative As3d Relative As3d
Treatment Binding Energy Binding Energy Remarks
in n-Type GaAs in p-Type GaAs
(ev) (eV)
«550°C 0 0 Clean, LEED
=1 Monolayer Al 0.02 0.01
=5 Monolayers Al 0.02 0.01

At the conclusion of the experiment which produced the data in
Table 18, a thick Au layer was deposited onto both sample surfaces. The average
absolute binding energies (relative to the Fermi level) for the thermally
cleaned n- and p-type surfaces were found to be 41.43 and 41.13 eV, respec-
tively. 1In an additional independent experiment, another n- and p-type GaAs
(110) sample set was thermally cleaned and again a thick Au layer was evaporated
onto the sample surface. In this experiment, the absolute binding energies were
observed to be 41.39 and 41.15 eV for the n- and p-type samples, respectively.
By using the average values and the known value of 40.73 eV for the binding-
energy difference between the As3d core level and EsaAs’ a{i) relative to
EsaAs is found to be 0.68 and 0.41 eV for the thermally cleaned n- and p-type
GaAs (110) samples, respectively.

The data of Tables 16-19 have been used to determine aA(i) for several
surface treatments of n- and p-type GaAs (110) samples by using the 0.68 eV and




0.41 eV aA(1) values observed on the thermally cleaned surfaces as a reference.

The results are given in Table 20.
average value is also given.

Interface Fermi-Level Position for Several Treatments of GaAs Surfaces
n-Type GaAs (110), Boule #3686
p-Type GaAs (110), Boule #3782

Where more than one measurement exists, the
The data in Table 20 are reproduced in Fig. 18.

Table 20

n-Type p-Type
Treatment A(1) Al1) Remarks
(ev) (ev)
Chemical Etch 0.74 0.38 Ga,0, + As,0
0.83 0.79 0.a7 0.43 2V3 3V3
=470°C 0.83 0.57 Ga,0
0.89 0.86 0.62 0.60 2V3
~550°C 0.64 0.35 Clean, LEED
0.64 0.64 0.41 0.38
~430°C 0.75 0.60 Ga,0
2 x 104 L 0, 083 °7° 053 0% 273
12 hrs vacuum 0.95 0.66 -—-
0 97 0.96 0.60 0.63
=540°C 0.71 0.47 Clean, LEED
071 0.71 0.41 0.44
~1 Monolayer Al 0.69 0.42 -—
~5 Monolayers Al 0.69 0.42 ---

The correlated variation in surface potential between n- and p- type
samples that was observed for (100) surfaces in Fig. 16 is again observed for
In Fig. 16 the last surface treatment involved
deposition of a few monolayers of Au while in Fig. 18 that last surface treat-
The behavior of these two metals as it effects

(110) surfaces in Fig. 18.

ment involved Al deposition.

59




(A3) ADHINI ONIANIG PE sV

o o © < o o o
N - [ ol - - - o M
<t < <t < <t _ <t < A.w
3 _ T T T Tiv suaavionow M
< S~ >
o &
31 Y - T
HIAVIONOW L~ s
G .
i 1 © i
n € a (@331 °'Nv319) - 2
_,_ // IVINNY Do0¥5 ~ =
- @ _
2 5 !
i w 2 £
m - WNNOVA HH ZL- E "
} < g
i uwl <
£
w (Eo%en) | u > 8
3 PA . = ©
; B 01401 XZ'3g08r~7] g
| e
j (@331°NV310) | @ .
; = IVINNY -,
00056 ~ 35
| 58
(EoCen) g%
- TVINNY Do0Lp =~ -]
w =z
N | \ | HOLT TVIINIHD =
] N o (o] (] <t N b o
m o - - o o o o Mm S v
1 w (A8) (1) V'NOILISOd TIAIT-INHI4 JOVAHILNI w




P Y

aA(i) is quite different. In an 1ndependeﬁ¢ experiment reported in Table 5, thin
layers of Au were deposited onto n-type GaAs (100) and (110) samples which were
mounted side by side on @ single sample platen. The variation in a(i) for the
two different crystallographic orientations is very similar.

A comparison of A(1) values for (100) and (110) samples which were
subjected to similar surface treatments (Figs. 16 and 18) suggests that the
(110) may be systematically Jower by ~0.1 eV. However, a comparison of the a(i)
observed on thermally cleaned GaAs (100) surfaces in Tables 4 and 5 and Fig. 16
shows that considerable scatter occurs from sample to sample. In the one case
where a (100) and (110) sample were studied under as nearly identical surface
preparation conditions as possible (Table 5) the A(i) for the two samples were
jdentical to within experimental error. Thus, without further work, signifi-
cance should not be attached to this result.

For completeness, an experiment was also carried out on an n- and
p-type GaAs (111B) sample set in an attempt to observe similar surface-potential
variations. Unfortunately, the thermal cleaning treatment resulted in surface
faceting.

IV. A SINGLE DEFECT MODEL INTERPRETATION OF THE GaAs SURFACE
POTENTIAL MEASUREMENTS

Spicer et 122 nave proposed a universal pair of pinning levels which
in GaAs arise from Ga and As vacancies. In their UDM, they suggest that these
vacancies produce characteristic donor-and acceptor-levels at 0.5 and 0.75 eV
(relative to ESaAs), respectively. This model was based partly on the obser-
vation that the a{i) are independent of surface treatment for a specific doping
type. Our experimental results agree with Ref. 22 for similar surface condi-
tions but for treatments associated with the Ga,03-GaAs interface, we observe
different a(i). This seems to unambiguously require a modification of the
UDM,




The fact that the difference between n-type and p-type A(i) remains
nearly constant, although the average varies, suggests that the same defect may
be involved throughout with levels shifted by the surface treatment. Otherwise,
it would have to be assumed that not only did the high temperature oxidation
followed by vacuum storage add new defects, but that this process also removed
the old ones (a new empty level above the one which had pinned the n-type
material would not increase A(i) if the original level is still present).
Furthermore, it would have to be assumed that the added levels for the n-type
and p-type samples differed in energy by about the same amount as the original
levels. This would require a fortuitous coincidence if two different defects
were involved for both n-type and p-type material. It would even seem to be a
coincidence if one defect which produced n-type and p-type pinning were replaced
by a single different defect which produced n-type and p-type pinning. It is
therefore suggested that the observed highly correlated movement of A{i) on the
n- and p-GaAs surfaces is the result of a single defect (such as an As
vacancy23) which is responsible for all of the pinning levels and that the
defect is affected by surface treatment. Thus, the high temperature oxidation
treatment reported here may shift the energy levels associated with the defect
by changing the local defect environment.

1f the same defect is behaving as a donor and acceptor, it must exist
in three charge states, either positive, neutral, or negative.23 We may then
associate an electron level with the addition of the first electron (+/0) and a
higher level with the addition of the second (0/-). The energy difference in
such levels is customarily called U and is assumed to arise from the Coulomb
repulsion between two electrons in the same orbital. The differences in A(i)
observed for GaAs are in fact on the order of a typical Coulomb shift; Baraff
et 2124 predict a Coulomb U of =0.25 eV for the Si vacancy. The defect in GaAs
cannot be a negative U center as 1s the vacancy in Si because for a negative U
center the neutral state would be unstable. This would lead to a single a(i)
for both n- and p-type GaAs since there is only a single energy level at which
an electron is added or removed.
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In n-type material, we assume that enough defects are in the negative
charge state to produce the band bending necessary to pin A(i) at the (0/-)
level; in p-type material enough defects are in the positive charge state to pin
al1) at the (+/0) level. Since (0/-) and (+/0) levels originate from the same
defect, the number of each of these levels is of course equal on a particular

surface.

The n- and p-GaAs surfaces on which several monolayers of Au (or Pd)

E . were evaporated seem to be an anomaly. On these surfaces both n-type and p-type
‘ specimens have the same A(i) which is, within experimental error, the same as
the A(1) observed on the thermally cleaned p-type surface. This suggests that
the gold atoms have taken electrons from the neutral defects to produce positive
defects and compensating negatively charged gold centers. This process in

,? itself does not change A(i), but the positively charged defects can now take on
| electrons in n-type material which moves a(i) to the (+/0) level, in agreement
with experiment. The fact that a heavy coverage of gold is required to accom-
plish this suggests that only a small fraction of the gold atoms are active
(less than the number of defects, but enough to increase the band bending to the
(+/0) level), perhaps those which enter the specimen interstitially. Previous

experimental work has indicated that Au can form shallow acceptor levels in GaAs
25

c—— — e .

and cause n to p conversion.

A single defect model (SDM) of Fermi-level pinning in GaAs accounts in
a natural way for all of our experimental data and we believe, all of the data
in Ref. 22, 1t is probably the simplest model which will accomplish this, but
it 1s not conclusively proven. Furthermore, our results give no indication as
to what the defect may be although an As vacancy would seem to be a reasonable
possibility.

The model proposed here could have important implications for
interface-state density control. It suggests that by means of surface treat-
ments it may be possible to adjust aA(i) within some interval. However, the
‘ observation that the interface-potential difference between a pair of n- and
| p-type samples remains nearly constant at ~0.3 eV suggests that the interface-
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state density may be rather large despite a surface treatment that minimizes
band bending on one or the other sample. This is because the minimum density of
defects in the SDM is that required to trap the charge associated with the
surface which has the largest band bending of the pair.

V. CONTACTLESS C-V APPARATUS DEVELOPMENT

As a possible supplementary probe of electrical interface properties,
development of a contactless C-V technique was attempted. In this section we
discuss the progress made toward this development. The first part of the
section discusses the measurement technique. Our design and assembly of the
apparatus is discussed in the second part of the section.

V.A Measurement Technique

Capacitance vs voltage (C-V) measurements are a routine, established
technique for investigating metal-insulator-semiconductor (MIS) structures. C-V
curves yield valuable information about the band-bending magnitude in the semi-
conductor at equilibrium, amount of interface charge, and time constants of
interface-state occupation. It would be of use to develop a contactless C-V
technique for investigating the characteristics of the ambient-semiconductor
interface (be it air or vacuum) of GaAs in a manner analogous to that used for
solid insulator-semiconductor interfaces. In this way the electrical charac-
teristics resulting from a given surface treatment could be evaluated in a non-
destructive manner by using a metal-air-semiconductor (MAS) arrangement.

In a C-V measurement a crucial parameter is cmin/co’ the proportional
change in measured C from accumulation to depletion, where Co Is the capacitance
between the electrode and the semiconductor, and Cin 18 the capacitance of the
semiconductor depletion region in series with Co, at the onset of inversion. It
1s easy to show that

C”,r,n/co = 1/[1 + (eowm/esd)] (10)
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where ¢, and g are the dielectric constants of insulator and semiconductor,
respectively, W, is the width of the depletion region at inversion, and d is the
electrode to semiconductor spacing.

My = {08 e kT an (Np/m /N 2 em an
Rewriting Eq. (10) as
b
| - -1
A. i d = (g Wi/ )(C/Cos)-1] R (12)

| we see that the electrode to sample spacing required for a given 'dip' in a C-V
measurement is dependent only on the semiconductor doping and the ratio of gap

k to semiconductor dielectric constants. By using an air gap having es/eo = 12

K rather than the usual solid dielectric having es/eo =3 it is clear that to

i achieve the same cminlco’ d must be four times smaller for the same ND' With

i GaAs, for a Cpy,/C, of 0.6 and Ny = 1 x 1016 cm'3, the air gap must be d =
480A. A lighter doping allows d to increase; for Np = 1015 cm'3, d = 1200A.
Therefore, the MAS measurements would probably be best suited for use on Np <
1010 cm3 materfal. At 1000A, a disk electrode 50 mils in diameter gives a
value for C, of 100 pF, a workable value for a C-V measurement.

T

A contactless C-V measurement needs to use an ~1 mm diameter electrode
at a gap of <1000&. The most desirable geometry has the electrode exactly
parallel to the semiconductor surface, that is, d = constant. 1If d is not a
constant, there will not be an equipotential at the semiconductor surface,
thereby making the interpretation of a C-V measurement complex.

An expression is now derived for Co as a function of angle 6 for a disk
of radius R inclined to a conducting plane, with d the distance from the center
of the disk to the plane. It will be shown that the function Co(8,d) provides
the basis for a technique to align a contactless C-V measurement system.
Ignoring any fringing field, which is justified for a 2R/d = 10% geometry, C,(6)
is given by

65




T ‘
o e et L

R
2¢e, | {[(Rz-xz)l/zl/(d + ox)} dx (13)
-R

co(e)

or
R
(2 e/d) [ {(RE-x
R

2)1/2/[1 + (ox/d)]} dx (14)

co(e)

For 8 small, where 8R/d < 0.1, which is the region of most interest, the
1/[1 + (ex/d)] term in the integral can be replaced by 1/[1 + (ex/d)]«l -
(ex/d) + (ox/d)? allowing Eq. 14 to be evaluated analytically. Upon
integration,

Co(8,4) = (e, wR2/d) (1 + (R%62/ad®)) = ¢ 11 + (R2%/ad2))  (15)

where C, is the gap capacitance at 6 = 0. One approach for alignment would be
to vary 8 mechanically while keeping d a constant and tuning for a minimum in
Co(e). When o = 0, the gap dimension can be directly found by calculating

d = eouRZ/CO. These alignment measurements would be made with the surface in
«ccumulation. The alignment sensitivity in 8 can be greatly enhanced by
measuring dC/de; the derivative of Eq. 15 is

dc/de = CoRze/Zdz i (16)

Therefore, if a measurement scheme to generate dC/de is devised, the sensitivity
for detecting a null in 8 is:

o = (2d?/RBc,)dc/de) = 5 x 1070 (dc/ae) (pF)L . (17)

For R = 25 mils and d = 10004, Co = 108 pF. Therefore, 9 is a very sensitive
function of dC/ds.




To fully assess the above result a way must be found to generate an
electrical signal that is proportional to dC/de. A possibility is to measure
dC/de by means of a modulation scheme with lock-in amplifiers. This method is
now briefly described. First, consider a 6 with a small ac modulation impressed
such that e{t) = 8 + A8 sin wct, where we js the frequency of the modulation and
A8 the amplitude. Substitution into Eq. 15 gives C(t) = C,[1 + ke(t)2] where k
= RZ/ad2, A voltage V(t) = V, sin w,t is also placed across the capacitor C,.
The resulting current through the capacitor is given by:

1 = C(dv/dt) + v(dC/dt) . (18)

It is now assumed that o, >> wg. For V = ¥, sin ot and C =
c°[1 + k(o + A0 sin mtt)Z], where k = R /4d2, R = radius of capacitor probe, and
d = distance from surface,

dv/dt = oV, cos w,t (19)
and

dC/dt = Col2k0uw a0 cos wct + k(a8)2 u. sin 2 wct] . (20)
Ignoring terms involving 2w, and assuming k(48)2 < ko2 << 1,

C = Cyl1 + 2a6ks sin wct] (21)
Cldv/dt) = wV,C, {cos w,t + aske [sin (u, + w.)t

- sin (wy - w)tl} (22)

and
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V(dC/dt) = wVoConeke [sin (wy + w )t + sin (o, - o)t . (23)

The terms involving 6 appear at w = (w, + w.) and w = (w, - w.); if the measure-
ment is made such that w, >> w., then c(dv/dt) > v(dC/dt). Therefore, for w

>> mc,

v

i » C(dv/dt) = wyVolo {COS w,t + aske [sin (“v + “c)t
- sin (wv - wc)t]} . (24)

In other words, the current signal generated at wy ¥s modulated at a frequency
we with an amplitude proportional to 8. The magnitude of the current appearing
at w, after appropriate demodulation by two lock-in amplifiers in series (see
Fig. 19) is a direct measure of o: i(8) = (w,V,C,a0k)8. For w, =5 x 104 Hz, Co
= 10'10 F, a6 = 2 x 10"5 radians, k = 10, V = 1V, which are reasonable values
for a 25 mil probe spaced at 1000&, i(q) = 10-3 amps/radian. Therefore, for
8= 10-5 radian, a signal current of 10'8 amps will be generated, which should

be readily detectable by the lock-in amplifier method described.

By feeding the current (Eq. 18) into a lock-in amplifier tuned to wy s
the output of the lock-in is S, = Ajw,CoVq (1 + keae sin w t) for w, >> w,
where A, is the gain of lock-in 1. Therefore, the dc component of this signal
is a direct measure of Co- Sy can be fed into a second lock-in tuned to w.,
the resulting output is Sc = ArArw,C,V k083 thus, 98 = Sc/AewvcovokAlAz- where
A, is the gain of lock-in 2. Direct comparison to Eq. 17 shows that dC/de is
measured with this method as (dC/de) = (2S./A8w,VoAjAs). The measurement
scheme is shown schematically in Fig. 19. Varying 8 until the output of lock-
in 2 is a minimum determines ¢ = O,

vV.B Design and Assembly

The mechanical design and geometry of the contactiess C-V apparatus
is shown schematically in Figs. 20 and 21. The sample is mounted in the pivot
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plane of two ~2.5 in. diameter gimbled rings. The ring pivots are 90°

apart. Coarse angular adjustment is obtained through the edge pivots by using
a differential screw micrometer (coupled to a computer drive). The sample is
mounted on an assembly consisting of four piezoelectric transducers in the
form of pillars, which in turn are mounted on the end of a differential screw
micrometer spindle. This assembly is mounted coaxially in the gimble ring
table; the micrometer is adjusted to bring the sample surface to the plane of
the gimble pivots. Fine angle adjustment is accomplished by supplying an
appropriate electrical drive to the piezoelectric support pillars, the angular
tilt is directly coupled to the sample. The micrometers have a controlled
movement of <1 um, and the piezoelectric drives have a maximum movement of

~4 uym. The micrometers are motor driven by computer control to adjust 8 and
the piezoelectric crystals are driven with an ac voltage to provide the
modulation of 8, a8(t). The dimensions of the gimble rings and micrometer
movements are consistent with a possible <10"5 radian adjustment in s.

The adjustment of d, the gap separation between the 25 mil radius
capacitor probe tip and the sample surface, is made by another differential
micrometer screw-piezoelectric crystal combination. The crystal is mounted at
the end of the micrometer spindle (see Fig. 21). The piezoelectric crystal
has an extension of ~3A/V. The mechanical adjustment can be made in ~25004
increments, and the piezoelectric drive can be used for adjustments <50001%.
This gap micrometer adjustment would also be by means of a computer controlled
motor drive of the micrometer,

Figure 21 is a cross section view showing the relationship between
the sample, the g-motion assembly, and the z-motion assembly. The GaAs sample
is mounted on the end plate of the 9-motion transducer assembly (8-TA), which
in turn is attached to the gimble table. The upper part in Fig. 22 is a
photograph of 8-TA, shown attached to a differential micrometer screw. When
the o-TA is mounted on the gimble table, this differential screw is adjusted
manually to bring the top of the sample into the plane of the gimble pivots.
The o-TA consists of four ceramic piezoelectric transducer (CPT) pillars
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connected electrically so that opposing pairs can be activated to provide a
tilt action. Figure 23 shows the gimble table assembly in which the o-TA is
mounted. The two motor driven differential screws provide for a coarse 8
adjustment of up to 2.5° (4 «x 1072 rad) with a resolution of 1 x 107>
radians. A vernier & motion of up to 5 x 10-% radians with a resolution of
5 x 1077 radians is provided by the 6-TA assembly after the coarse mechanical
8 alignment. This combination of mechanical and electrical adjustment for 1

motion should provide an adequate range for proper operation.

A similar coupling of mechanically- and electrically-induced motion
was used for the gap spacing (z-motion) assembly. The z-motfon assembly 1is
shown in the lower half of Fig. 22. This assembly consists of a motor driven
differential screw to which is attached a CPT pillar. The probe tip
(described below) is attached to the opposite end of the CPT to make up the
z-transducer assembly (Z-TA). The differential screw has a total motion of
10 mi1 (250 ym) with a resolvable motion of 1000&. The Z-TA has a total
travel of 3 ym with a resolvable motion of at least 50A. The z-motion
assembly is mounted directly over the a-motion assembly by means of an
aluminum support frame. The entire assembled apparatus is shown in Fig. 24.

In Fig. 25, a block diagram design of the system computerized instru-
mentation is shown. The system is designed such that after initial coarse
manua) set-up, it would operate under “closed-loop" computer control to bring
the probe tip to within 500% of the sample surface with a parallel alignment
of <1075 radians.

In operation, the computer moves the z-motion drive until lock-in 1
(Fig. 19) gives a signal level which shows the probe is near the sample. The
g-alignment has two orthogonal degrees of freedom, fQamand 8o accomplished by
the gimble table micrometers and the e-TA;"gj!§1t'el is varied to minimize
Bas then o, is varied to produce 8¢ =‘Q!‘ Output C then gives a measure of
d. If d needs to be smaller the crometer of Z-TA can be used, followed by
any necessary adjustment of 8, To control the micrometers, the com-
puter provides drive to the gotors attached to the z-micrometer differential
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screw and the o and 8y differential micrometer screws. Feedback to determine
micrometer rotation is monitored by turn-counters attached to these motors,
whose outputs are read by the computer. The drive for the Z-TA and o-TA
assemblies is a 0-1000 V signal also controlled by the computer. Feedback to
measure the effect of Z-TA and 9-TA changes is computer monitored by reading
the output of lock-in 1 and lock-in 2, respectively. The Z-TA is designed so
a 1 V change in drive corresponds to a 50& change in d. The 9-TA {is designed
such that a 1 V change in drive produces a 5 x 10'7 radian change in 8. This
alignment sensitivity should be entirely adequate for proper operation of the
C-V apparatus.

Probe tips for the C-V apparatus were fabricated. Degenerately doped
Si (p = 0.004 ohm-cm) slices were sorted for flatness. It is necessary to
maintain better than 0.5 um surface variation per inch to achieve an accept-
able probe tip flatness. The silicon wafers used exhibit less than 0.25 um
per inch surface variation in selected areas. Next, mesas were formed by iso-
tropically etching the silicon from the top side; the backside of the wafers
is thermally bonded to a glass slide with black wax. Liquified black wax was
screened onto the smooth top surface of the wafer through an appropriate metal
mask. The mask was lifted off and the wax was allowed to harden. This left a
protective pattern of dots on the surface while the backside of the wafer was
sealed and protected from the etch. The isotropic silicon etch solution used
was nitric, acetic, and hydrofluoric acids (HNO3:CH300H:HF) in the proportions
7:2:1, respectively. This solution provides an etch rate of ~5 um per
minute. The individual mesas were then isolated by wafer sawing and each die
was mounted on a metal carrier with either conductive epoxy or preform
soldering. A probe tip assembly is shown in Fig. 26.

At the conclusion of this contract the contactless apparatus had been
tested in a laboratory bench-top environment. As anticipated the apparatus is
very sensitive to vibration. The next development phase of this system would
incorporate vibration isolation measures possibly by utilizing a very low
resonance spring suspension or an {solation column similar to that used for
Taser system tables.
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VI. SUMMARY

The surface chemistry and associated surface potential of several
GaAs surfaces has been investigated by XPS. Several surface treatments which
involved oxidation, annealing, gas exposure, chemical processing, and deposi-
tion of materials were studied. The studies primarily involved bulk grown n-
and p-type GaAs samples with both (100) and (110) orientations although a few
samples of VPE grown n-type GaAs (100) were also characterized. No signifi-
cant differences between the bulk grown and VPE grown material were noted.

A primary conclusion is that the interface Fermi-level position,
ali), can be altered substantially by surface chemistry alteration. The
maximum variation in a(i) was observed for n-type samples and was 0.7 eV. The
relative variation in A(i) is strongly correlated with surface chemistry and
is quite reproducible from sample to sample. For most surface treatments, the
variation in a(i) between n- and p-type samples, subjected to the same surface
treatment as nearly as possible, was highly correlated; an increase in band
bending on an n-type surface corresponded to a decrease in band bending on a
p-type surface and vice versa. The difference in a(i) between the n- and
p-type surfaces remained relatively constant as was «~0.3 eV. Similar results
were obtained for both (100) and (110) oriented samples. An exception to the
highly correlated movement of a(i) on n- and p-type surfaces was provided by
the depositions of a few monolayers of Au (or Pd) onto thermally cleaned sur- |
faces. In this case a(1) for both n- and p-type surfaces was observed to be
identical to within experimental error and to be very close to the value
observed in the thermally cleaned p-type surface.

The surface-potential variations observed in this work suggest tgpt
interface states responsible for GaAs Fermi-level pinning may be associated
with multiply charged states of a single defect. The fact that the difference
in a(1) for n- and p-type samples remains nearly constant at ~0.3 eV suggests
that the defect associated levels are shifted in energy by surface treat-

ment., If the same defect 1s behaving as a donor and acceptor, it must exist
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in three charge states, positive, neutral, and negative. The energy differ-
ence between the levels assoctated with a single defect is assumed to arise
from the Coulomb repulsion between two electrons in the same orbital; in Si a
Coulomb shift of ~0.25 eV has been predicted. The behavior of Au (and Pd)
deposfted on n-type surfaces suggests that these atoms remove electrons from
neutral defects which makes it possible for the positively charged defects to
acquire electrons and move a(i) to the pinning position observed on the p-type
| surface.

Studies associated with the thermal cleaning of GaAs surfaces suggest
a new view of this process. In the temperature range where A5203 is lost from
1 the surface it is found that 1ittle if any oxygen is lost and a substantial
' increase in the amount of Gay03 present on the surface is observed. It is
' concluded that a surface chemical reaction As,0; + 2GaAs » Gay03 + (4/x)As 4,
' -? is associated with the thermal cleaning process rather than the loss of
| volatile As oxides from the surface.
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o APPENDIX

: Two papers were published based on work supported by this contract.
i é These papers which are reproduced in this appendix are:

1). "XPS Study of GaAs (100) Surface Oxide Chemistry and Interface
Potential" in the Physics of MOS Insulators, edited by G. Lucovsky,
S.T. Pantelides, and F.L. Galeener, Pergamon Press, New York, 1980, (a
talk on this subject was presented at the Physics of MOS Insulators Con-
ference, June 18-20, 1980, North Carolina State University, Raleigh, N.C.),
and

2). "Correlation of GaAs Surface Chemistry and Interface Fermi-
Level Position: A Single Defect Model Interpretation", J. Vac. Sci. Technol.,
Sept./Oct. 1981 issue (in press), (a talk on this subject was presented at
the Eighth Annual Physics of Compound Semiconductor Interfaces Conference,
January 27-29, 1981, Williamsburg, Va.)
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XPS STUDY OF GaAs{100) SURFACE OXIDE CHEMISTRY AND INTERFACE POTENTIAL

R. W. Grant, 5. P, Kowalczyk, J. R, Waldrop, and W. A. Hill
Rockwell International Electronics Research Center
Thousand Oaks, Calffornia, 91360

Considerable research effort has been expended in recent years searching for a
successful GaAs MOS technology. Although promising capcitance-voltage results have
been recently reported (1-3), the methods used have, for the most part, relied on
technologically complex processing procedures (e.g., molecular beam epitaxy) to
obtain the insulator-GaAs interface. It is also noteworthy that the results to
date for GaAs MOSFET structures have not been very encouraging. We report experi-
ments in which x-ray photoemission spectroscopy (XPS) has been used to correlate ii
chemistry, electrical potential, and charge at the native-oxide/GaAs interface
(n-type material) as a function of various processing treatments. Our results
indicate that the lowest interface charge is obtained for the Ga203/GaAs interface
. and that the prospect of &8 MOS structure involving native oxides should not yer be {
1 ruled out. :

It is well known that x-ray photoemission spectroscopy (XPS) can be used to deter-
f mine the surface chemistry of a solid sample (4). A much less utilized aspect of
i the XPS technique is the measurement of surface (or band-bending) potential, VgB,
1 of a semiconductor sample (5). This measurement is illustrated in Fig. 1; a flat-
band condition has VBg = 0. All binding energies are referenced to the Fermi level,
} EF. The conduction-band minimum is E., the valence-band maximurm is Ey, the core-
level binding energy 1s Ec}, 4 = Ef - Ey, W is the depletion width and q is the f |
k electronic charge.

Fig. 1. Schematic energv~-band diagram which fllustrates the XPS
measurement of band bending.
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The (b) and (i) notations refer to bulk- and interface-quantities, respectively.
A HP5950A XPS spectrometer which utilizes AlKa radiation (1486.6 eV) was used for
the measurements. The most energetic photoelectrons analyzed in these measure-
ments have escape depths of about 25A. Thus, if only a thin insulating layer of
»20A is present on a semiconductor surface, unscattered photoelectrons from the
underlying semiconductor will be observed and Ec1(i) can be determined. For
moderately doped semiconductors (£1017cm-3), W=x103A and thus band bending will not
complicate the Ec1(i) measurement. From Fig. 1 it is seen that

qV BB " 4+ (E - Ev) - Ecl(i). (1)
A knowledge of the semiconductor bulk doping characteristics determines &, (Ec1 -
Ev) can be obtained from XPS measurements. For GaAs, a precise value of

GaAs GaAs

EAsBd - Ev

has been recently reported (6).

= 40.73 2 0.02 eV

l Changes in surface chemistry during thermal treatment of a chemically etched GaAs
1 (100) surface were monitored by XPS. The "initial" surface was prepared by etch-
ing in a (4:1:1) H2504:H202:H20 solution. The sample (n-type, =~1x1017¢o~3) was
attached to a Mo plate by using In (this involved heating in air to x160°C) and
was inserted into the XPS spectrometer within a few minutes., Within the XPS system
the relative sample temperature was measured by a theromcouple attached to the
i sample heater (in all cases the stated temperature is, therefore, considerably
.‘ higher than the actual sample surface temperature, by as much as %20%). The sample
! was heated for five minutes at a specific temperature followed by cooling to =30°C
} for the XPS analysis. Each successive anneal was to a higher temperature; vacuum
; during annealing was =10-9 torr. The small amount of initial C surface contamina-
! tion became undetectable above *300°C and O was removed from the surface at *677°C.
The initial surface exhibited oxidized forms of both As and Ga (upper part of Fig.
2). The chemical shift of the As3d level in As oxide relative to GaAs (AEp=3.2 eV)
1 and of the Gald level in Ga oxide relative to GaAs (AEpx0.95 eV) suggests that the
oxides are primarily As203 and Ga203 (7). The lower part of Fig. 2 shows the same
spectral region after the sample was heated to 650°C. The As203 has clearly been
removed from the sample surface, however the shoulder on the high binding-energy
side of Ga3d line (which corresponds to Ga203) has clearly increased in intensity.
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Fig. 2. XPS spectra in the region of the As3d and Gald levels. Sample
is described in text.




In Fig. 3 the relative XPS
peak areas above background
are plotted as a function

04 -
2 e rteginsnanes N ; of annealing temperature,
o ' 4{ ’“ The oxidized As, labeled
WE& K As 3d ‘G‘A‘)__,__——-./ 1' As3d (ox.), decreases slowly
20 '\\\,-"’7- | to zero between =300 and
<23 Ga 3d (TOTAL) . 550°C. The O 1s line inten-
:‘S< 0.2 - sity decreases until =300°C;
f usg’ . however, in the temperature
] , 5 T TN As 3d lox.) | range where the oxidized As
# & “\Z{T 1 1is removed from the surface,
E S ;  the 0 1s line intensity 1is
S~ i essentially constant. Also
. -QG 0 e 7 shown in Fig. 3 are the peak
l - 0.3 . o i areas associated with As3d
| g 7 . in GaAs and the total Ca3d
2 §W% 027 . . . 4 peak area (oxidized Ga + Ga
52" o.zF LI - in GaAs). The As3d(Gahs)
28 ol remine ot s
: Tz (INTTIAL) 100 200 300 400 500 600 700 (total) is observed to in-
p - ANNEAL TEMPERATURE (°C) crease significantly in the
' 300 to 550°C temperature
Fig. 3. Relative photoelectron peak areas and As3d range. These results Sugzest
binding energy vs. annealing temperature. a new view of the surface
: Sample described in text. chemistry associated with
thermally cleaning a GaAs
surface. It is usually assumed (see e.g., ref. B) that As oxides are initially

removed from the surface due to the high volatility of these compounds. The XPS
results of Figs. 2 and 3 show that As is lost from the surface as elemental As
(presumably As2 or Asi) and in the process additional Ga203 is formed. We conclude
that a surface chemical reaction

Asj03 + 2CaAs » Gay05 + 4 As,* (2)
x
is associated with the removal of Asa0; from the GaAs(100) in the 300-550°C temp-
erature range. Additional GaAs 1is consumed in this process. This same thermally
induced solid-state reaction has been proposed (9) to explain the formation of
elemental As at interfaces between GaAs and relatively thick (~1083) anodic oxides.
Interfaces prepared at room temperature which do not initiallv exhibit elemental As
are observed to form elemental As rapidly at 450°C (9), which, due to the thickness
of the oxide, remains trapped at the interface. Recent condensed phase diagram
calculations (10) have also shown that only elemental As and Ga203 can exist in
thermodynamic equilibrium with GaAs, consistent with Eq. (2).

There has been considerable recent interest in the electrical effect of the ele~
mental As detected at the thermally annealed native-oxide/GaAs interface (11, 12).
These elemental As atoms may be a major source of interface traps and thus play a

' significant role in determining the GaAs MOS characteristirs (13). For GaAs MOS
applications, it 1s important to reduce the interface charge and interface state

‘ density. As mentioned above, XPS can be used to determine VBE and thus the net
interface charge, Qg. In the lower part of Fig. 3, the Ep for the As3d core level
relative to the thermally cleaned surface, SEg, is shown (we also define 6Vyp as
the change in Vg relative to the thermally cleaned surface, 6Eg = -6Vgg). As the
surface contamination associated with C and O is removed at temperatures below
=300°C, 6Ep is observed to decrease by =0,15 eV, which indicates an increase in
VBE and a corresponding larger net negative Qg. However, in the temperature range
where As 15 lost from the surface, which is associated with additional Ga203
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formation and consumption of GaAs, SEp increases by 0.2 eV (Vpy decreases by

x0.2 eV) and the net negative Qs decreases. This behavior is caused by a chanze in
the interface-state density with the possibility that acceptor states are being
removed frow the interface during the Gap03 formation process. A marked decrease
in GEB is again observed when the sample temperature is raised high enough to
clean the surface (Fig. 3).

In the Table, surface-potential variations for several surface treatments are pre-
sented for rwo additional series of experiments. Both samples were from the same
GaAs boule and the initlal surface preparation was the same as for the sample dis-
cussed previously. The Ei:;; scale for sample #1 was established by the evapora-
tion of a thick Au laver onto the sample at the conclusion of the experiment and
indexing the observed XPS peak position of the Audfy/2 line to 84.00= 0.0] eV (14).

GaAs (100) Surface Potential Varjation With Surface Treatment

Gahs

Sample # Treatment EAs3d BVBB* Remartks }

(eV) {el) .

1 500°C; Vacuum 2 days at 25°C 41.95 -0.50 63203 1

p8s°.; 6x10°L 0, at 610°C 41.71 | -0.26 Ga,0; |

p95°C 41.45 0.00 ‘ Clean, LEED

1 1

2 zocec | meeee 0.00 iﬁClean, LEFL

px10°L H0 at 25°C | —o-a- 0.00 ! ﬁ

psocc e -0.02 | cClean |

. —

[A o o L '

bx10 'L OZ at 600°C -— -0.23 03203 !

10°L H,0 at - -0.44 {

poo°c ] e -0.22 | \

4 ° ~

1oL HZO at 39°¢c | eeee- -0.41 !

'5VBB - -6EB
For sample "1, the initial chemically etched surface was heated to 500°C followed
by storage in vacuur for two days at 25°C; this procedure produced a very high
Ei:ﬁ;, and low VBB' Subsequent thermal surface cleaning to obtain a surface with
no detectable O or C as determined by XPS and which exhibited a characteristic
LEED (low energy electron diffraction) pattern, followed bv veoxidation at 610°C to
form Ga203, did not immediately produce a low surface potential. In severai exper-~
iments, we have observed that room temperature vacuum storage (~10~9 torr) for a
period of 1-2 days markedly reduced VBg on n-type GCaAs(100). A possible explana~
tion is provided by the experiments reported on sample #2 {n the Table. An initi-
ally ciean surface was exposed to H20 vapor at 25°C; no change in 8Ep was observed.
This surface was thermally recleaned and oxidized to form Ga203. * change in 8Eg
similar to that observed for sample #1 was observed. Subsequent exposure of this
surface to small amounts of H;0 vapor for ~1 hour resulted in large values nf SEp
similar %o that observed in sample #1. Anv alteration of the surface chemistrv as
a8 result of the H70 vapor exposure was below detectable limits of the XPS analvsis.
Because H20 vapor 16 a regidual gas component of the lon pumped XPS aystem, expo-
sure to #30 vapor may offer an explanation for the variation in Ep with the room
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temperature vacuum storage noted above.

The net interface charge can be calculated by using Eqs. 1 and 3. From the Table,
the surface of sample #1 (which was annealed at 500°C and stored in vacuum for 2
days) exhibited Eﬁ:;: = 4].95 eV. XPS analysis of this surface showed only 63203
(in addition to the GaAs), no oxidized As was observed. For a donor density of
Nntlol cm™?, Axl.39 eV and thus Vpp = 0.17 eV. Qg can be calculated from (15)

Q = (2 4Ny, Y &)

where € is the permitivity of GaAs. Qg is found to be 0.8x10'7cou1/cm2(x5x1011
electrons/cm?).

TN S S

1

‘ The results presented here suggest the possibility of forming a useful GaAs/oxide
interface by heat treating 8 native oxide of moderate thickness (<100A). If this

A oxide is annealed in the 500-600°C range, it may be possible tc form pure Ga203,

evaporate the elemental As which is formed, and produce a new GaAs interface by
consuming additional GaAs during the process. Our observations show that this
process reduces Qg (and hopefully the interface-state density). A MOS structure

' would be formed by subsequent deposition of a good quality dielectric.

k. This work was supported by WPAFB Contract No. F33615-78-C-1532.
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CORRELATION OF GaAs SURFACE CHEMISTRY AND INTERFACE FERMI-LEVEL
POSITION: A SINGLE DEFECT MODEL INTERPRETATION

R.W. Grant, J.R. Waldrop, Steven P. Kowalczyk and E.A. Kraut
Rockwell International
Microelectronics Research and Development Center
Thousand Oaks, CA 91360

ABSTRACT

XPS measurements of core-level binding energies have been used
to determine the interface Fermi~level position in (100) and (110) n-
and p-type GaAs samples as a function of surface treatment. A variation
in interface Fermi-level position of up to 0.7 eV has been observed.
The difference in interface Fern -level position for n- and p-type samples
subjected to identical surface treatments remains nearly constant at
~ 0.3 eV. A single defect model (SDM) is sugge .ied which appears to
provide the simplest explanation for the observed interface-potential

variations.
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I. INTRODUCTION

A generally useful insulator for a GaAs MIS device technology has
yet to be developed. The tendency for GaAs-insulator interfaces to
exhibit large interface state densities appears to be a major obstacle
to achieving inversion or accumulation characteristics suitable for
device applications. Recent work' has suggested that characteristic
GaAs defects (associated with Ga- and As vacancies) situated near an

_-oxide-or metal-GaAs interface may be responsible for large mid-gap

interface state densities. The present X-ray photoemission spectroscopy
(XPS) experiments were undertaken to study the relationship between
interface chemistry and Fermi-level position, A(i), with a goal of
learning how to adjust and control interface state densities,

We have measured A(i) as a function of several surface treatments

for (100) and (110) n- and p-type GaAs samples. A variation in A(i)

of up to 0.7 eV has been observed. For n- and p-type samples subjected
to identical treatments, the difference in A(i) is nearly constant at
~ 0.3 eV. It is suggested that a single defect model (SDM) with
multiple charge states of the type proposed by Daw and Smith? offers

the simplest explanation for the experimental observations.

9
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I1. EXPERIMENTAL

The use of XPS for jn}erface Fermi-level position measurements has
been discussed elsewhere * , only a brief summary is given here. Fig. 1
shows a schematic energy-band diagram for n-type GaAs with a thin
insulator or metal overlayer which has resulted in interface band bend-
ing. All binding energies, EB, are referenced to the Fermi-level (EF)‘
The conduction-band minimum is EE‘AS, the valence-band maximum is
EEaAs’ the As3d core-level binding energy is Eﬁggj, the Fermi-Tlevel
position relative to EeaAS is A, W is the depletion width and q is the
electronic charge. The (b) and (i) notations refer to bulk- and inter-
face-quantities, respectively. For a flat-band condition A(b) = A(i).
The GaAs bulk doping characteristics determine A(b).

A Hewlett-Packard 5950A XPS spectrometer which utilizes monochromatic
AlKx radiation (1486.6 eV) was used for the measurements. The spectro-
meter has an ultra high vacuum sample preparation chamber and the base
pressure of the instrument was = 1 x 10']0torr. The As3d- and Ga3d-
photoelectrons analyzed in our experiments have escape depths of about
25A. If only a thin layer of material (thickness comparable to the
escape depth) is present on the GaAs surface, unscattered photoelectrons
from the underlying GaAs will be observed. The = 25A escape depths of
the As3d- and Ga3d-photoelectrons from the GaAs minipize any possible
surface chemical-shift effects on the observed core-level binding energies
of these photoelectrons. The binding energies of the As3d- and Ga3d-
core levels associated with GaAs change by the same amount due to band
bending in the GaAs. The As3d line will be used to monitor A(i) because
when a surface oxide is present, the As3d binding energy in GaAs is well
resolved from the As3d binding energy in the oxide. For moderately
doped semiconductors (5310]7cm‘3), W =~ 103A and thus band bending will not

affect the Egggj(i) measurements. From Fig. 1 it is seen that

ot = £ - (628 - ) 0

The term (Egggz - EeaAs) is obtained from independent XPS measure-
ments on clean GaAs surfaces and a precise value of
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GaAs GaAs
Eas3d - Ey

= 40,73 £ 0.02 eV (2)
has been recently reported*. It is clear from Eq. 1 that a change in

GaAs, .
As3d(1):

Figure. 2 shows an example of a direct observation of a A(i)

! A(i) is equal to the change in E

variation., The As3d core level in n-GaAs (100) for a sample which was

! i thermally cleaned at = 570°C in vacuum (= lo'gtorr), oxidized at =~ 460°C

4

by exposure to 2 x 10" L of 0, to form a Ga203-GaAs interface®, and was

subsequently stored in vacuum (*'10'9 torr) at room temperature for 16

- — e -

hours, is shown in Fig. 2a. This same sample was then thermally cleaned
by heating in vacuum (= 1077 torr) at = 570°C and a few monolayers of Au

were evaporated (at <8 x 10'9 torr) onto the room temperature sample

surface (Fig. 2b). The vertical lines in the figure indicate the center

of the peak width at half peak height. The large variation (0.7 eV) in

Egng(i) and thus A(1) is obvious from the figure.

The GaAs samples were bulk grown with n- and p-type doping densities

0]7 and 2 x lowcm'3

of about 1 x 1 , respectively’. The samples were
cut and polished to obtain (100) and (110) orientations, then etched in
a freshly prepared (4:1:1) HZSO4:H202:H20 solution to remove polishing
damage. Freshly etched n- and p-samples with the same crystallographic

~f‘ orientation were mounted on a single Mo plate by using In (this involved

f'; heating in air to = 160°C) and inserted into the XPS spectrometer within
a few minutes. The sample temperature was measured by a thermocouple
attached to the sample heater (the measured temperatures have been
reduced by 20% as an approximate correction for the temperature drop

between the thermocouple and sample surface). To calibrate the EB scale,
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a thick Au layer was evaporated onto the sample (at the conclusion of an
experiment) and the observed As3d peak positions were indexed to Ezu4f7/2
84.00 * 0.01 eV®. The As3d core level binding energies at the interface,
223(1), reported here are accurate to * 0.05 eV.
Two different types of oxide surfaces were studied in the present

work. The first surface was formed by an initial (4:1:1)H2 it H202 HZO

chemical etch followed by heating in air to = 160°C. This surface is
covered by several monolayers of oxidized Ga and As; the chemical shifts
of these surface species suggest that this layer consists primarily of
A5203 and Ga203 (see discussion in Ref. 3). The second type of oxide
surface was produced by two methods. The A5203 can be removed from the

Chemically etched surface to produce a Ga203-GaAs interface via the
surface chemical reaction?

As,0, + 2Gaks — Ga,0, + i As, 1. (3)

We have observed that A5203 is completely removed from both the (100)
and (110) surfaces for annealing temperatures of =~ 475°C although at a
370°C annealing temperature Su et al’ report that a small residual

amount of Aszo3 remains on the (110) surface. The Ga203-GaAs interface
was also produced by exposing a thermally cleaned surface to 02 at

=~ 450°C. A1l oxides can be removed from the sample surfaces by annealing
at =~ 550°C. Some caution must be exercised to avoid excessive heating,
which will cause Ga deposits to form on the surface, but with care

reasonably sharp characteristic LEED patterns of the surfaces were

obtained.
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IIT RESULTS

Several measurements of A(i) for various surface treatments are
summarized in Figs. 3 and 4 for (100) and (110) surfaces respectively.
After the initial chemical etch, the surface treatments were carried
out sequentially in the XPS sample preparation chamber and the results
are shown in Figs. 3 and 4.° XPS measurements were performed with the
samples at room temperature and in vacuum (< 10'9 torr) after each
surface treatment. The results indicate that A(i) can be substantially
altered by changes in surface chemistry. The Ga203-GaAs interface on n-
type GaAs (100) produces the larﬁest A(1) that we have observed. This large
A(1) is obtained only after storing samples in vacuum (*flo'gtorr) for
=~ ] day and may be the result of exposure to H20 vapor from the residual
gas’. The same large A(i) can be obtained with samples which are either
prepared by the surface chemical reaction (Eq. 3) or by oxidizing a

thermally cleaned surface in 02 at = 450°C. Measurements carried out

during the vacuum storage interval indicate that A(i) monotonically
shifts from the position observed shortly after preparation of the
Ga203-GaAs interface to the final A(i) shown in Figs. 3 and 4 during
a time period of many hours.

The variation in A(i) with surface treatments similar to those
described in Figs. 3 and 4 and the nearly constant difference in A(1)
observed on the n- and p-type surfaces were reproduced with many (10-15)
different samples. The absolute values of A(i) were determined for a
much smaller set of samples. For three n-type (100) and two n-type (110)
samples, the average A(i) for the thermally cleaned surfaces was 0.69 eV
(0.15 eV range of values)and 0.67 (0.02 eV range of values), respectively.
A comparison of A(i) values for the (100) and (110) samples shown in
Figs. 3 and 4 indicates that the (110) values are systematically lower by
% 0.1 eV however without further work, the significance of this result

cannot be evaluated.




- — ———— - b e e

IV DISCUSSION

Spicer et al' have proposed a universal pair of pinning levels
which in GaAs arise from Ga and As vacancies. In their unified defect
model (UDM), they suggest that these vacancies produce characteristic
donor and acceptor levels at 0.5 and 0.75 eV (relative to ES’AS),
respectively. This model was based partly on the observation that the
A(1) are independent of surface treatment for a specific doping type.
Our experimental results agree with Ref. 1 for similar surface conditions
but for treatments associated with the Ga203-GaAs interface, we observe
different A(i). This seems to unambiguously require a modification
of the UDM.

The fact that the difference between n-type and p-type A(1)
remains nearly constant, although the average varies, suggests that the
same defect may be involved throughout with levels shifted by the
surface treatment. Otherwise it would have to be assumed that not only
did the high temperature oxidation followed by vacuum storage add new
defects but that this process also removed the old ones {a new empty
level above the one which had pinned the n-type material would not
increase A(i) if the original level is still present). Furthermore,
it would have to be assumed that the added levels for the n-type and
p-type samples differed in energy by about the same amount as the original
levels. This would require a fortuitous coincidence if two different
defects were involved for both n-type and p-type material. It would even
seem to be a coincidence if one defect which produced n-type and p-type
pinning were replaced by a single different defect which produced n-type

and p-type pinning. It is therefore suggested that the observed highly
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correlated movement of A(i) on the n- and p-GaAs surfaces is the result
of a single defect (such as an As vacancy’) which is responsible for all

of the pinning levels and that the defect is affected by surface treatment.
Thus, the high temperature oxidation treatment reported here may shift

the energy levels associated with the defect by changing the local

defect environment.

If the same defect is behaving as a donor and acceptor, it must
exist in three charge states, either positive, neutral, or negative?.

We may then associate an electron level with the addition of the first
electron (+/0) and a higher level with the addition of the second (0/-).
The energy difference in such levels is customarily called U and is
assumed to arise from the Coulomb repulsion between two electrons in the
same orbital. The differences in A(i) observed for GaAs are in fact on
the order of a typical Coulomb shift; Baraff et al® predict a Coulomb U
of = 0.25 eV for the Si vacancy. The defect in GaAs cannot be a negative
U center as is the vacancy in Si because for a negative U center the
neutral state would be unstable. This would lead to a single A(i) for
both n- and p-type GaAs since there is only a single energy level at
which an electron is added or removed.

In n-type material, we assume that enough defects are in the negative
charge state to produce the band bending necessary to pin A(i) at the
(0/-) level; in p-type material enough defects are in the positive charge
state to pin A(i) at the (+/0) level. Since (0/-) and (+/0) levels
originate from the same defect, the number of each of these levels is of
course equal on a particular surface.

The n- and p-GaAs surfaces on which several monolayers of Au were

evaporated seem to be an anomaly. On these surfaces both n-type and
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p-type specimens have the same A(i) which is,within experimental error,

the same as the A(i) observed on the thermally cleaned p-type surface.

This Suggests that the gold atoms have taken electrons from the neutral

defects to produce positive defects and compensating negatively charged

gold centers. This process in itself does not change A(i), but the
positively charged defects can now take on electrons in n-type material
which moves A(i) to the (+/0) level, in agreement with experiment. The
fact that a heavy coverage of go}d is required to accomplish this suggests
that only a small fraction of the gold atoms are active (less than the
number of defects, but enough to increase the band bending to the (+/0)
level), perhaps those which enter the specimen interstftia]]y. Previous
experimental work has indicated that Au can form shallow acceptor levels

in GaAs and cause n to p conversion'®.

The model discussed above of single defects near or at a GaAs surface
is compatible with a slight difference in A(i) between crystallographic
faces for the same surface treatment. Thus, a single defect model (SDM)
of Fermi-level pinning in GaAs accounts in a natural way for all of our
experimental data and we believe, all of the data in Ref. 1. It is
probably the simplest model which will accomplish this, but it is not
conclusively proven. Furthermore, our results give no indication as to
what the defect may be although an As vacancy would seem to be a reasonable
possibility.

The model proposed here could have important implications for
interface-state density control. It suggests that by means of surface
treatments it may be possible to adjust A(i) within some interval. However,
the observation that the interface-potential difference between a pair of

n- and p-type samples remains nearly constant at = 0.3 eV suggests that
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the interface-state density may be rather large despite a surface
treatment that minimizes band bending on one or the other sample. This
is because the minimum density of defects in the SDM is that required to
trap the charge associated with the surface which has the largest band

bending of the pair.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3
Fig. 4

Schematic energy-band diagram which illustrates the XPS
measurement of A(i) for GaAs.

XPS spectra in the region of the As3d core level for a
n~GaAs(100) sample with two different surface treatments.
a) Sample was thermally. cleaned at =~ 570°C, oxidized at
=~ 460°C by exposure to 2 x 104 1 02 and stored in vacuum
for 16 hours.

b) The same sample was thermally cleaned at = 570°C
followed by the deposition of 2-5 monolayers of Au.

The EB difference of 0.7 eV between the two vertical lines
is a direct measure of the A(i) difference.

A(i) for several GaAs (100) surface treatments.

A(i) for several GaAs (110) surface treatments.
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