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ABSTRACT

Two methods of anodically etching n-GaAs have been investigated. Sub-
sequently they have been used to detect crystallographic defects present in
bulk-grown, single crystal material. The first method provides topographical
featuring of the semiconductor anode. The selective discrimination of defects
achieved via this controlled electrochemical technique is superior to that ob-
tainable from standard chemical etchants. The second dissolution regime,
in which an interfacial oxide layer is continuously present, permits smooth,
featureless removal of material. Thus a simple two-stage anodization procedure
has allowed the damage characteristic of the Beilby layer to be probed. There-
after, a total, smooth removal of this damaged surface layer permits identifi-
cation of bulk crystallographic defects—dislocation structures well known in
GaAs require the dissolution of only 0.5 um. Analysis of the semiconductor
electrode condition in the electrolytes used for etching has yielded model
results. Such analyses have enabled the relationship between the electrical
properties of the defected GaAs and the individual topography of the defects

as etched to be explored.

The electrochemical characteristics of gallium arsen-
ide and other III-V semiconductors have recently at-
tracted increasing interest. As well as providing a route
for an automated electrical assessment of both epitaxial
and substrate quality material (1, 2), anodic oxide
films have been intensively studied (3, 4), mostly in
connection with MOS device applications utilizing
GaAs.

The studies reported here have some relation to
both of these topics, but are differently aimed over-
all. It has become increasingly clear in the production
of liquid-phase epitaxial GaAs and GagAl;-As for
optoelectronic devices that routine evaluation of the
material should center on the crystallographic defect
content of the epilayers (5). Some defects act as non-
radiative, enhanced recombination centers, which re-
duce the efficiency of photoabsorptive devices (solar
cells) and which degrade and may terminate the effi-
ciency of photoemissive units (lasers) (6). Chemical
etching would appear to provide the technically easiest
means of defect identification once the etchant has been
calibrated (7). However, the current state of the art
is inadequate for the purpose indicated. Optical reso-
lution of etch pits in single GayAl;_;As layers has
recently been reported by Komiya et al. (8) as possible
only after the dissolution of 4 um in a HyOy/HF solu-
tion. For GaAs/GazAl;—;As double heterostructure
material, where all five epilayers together occupy
about this very thickness (9), a ten-fold improvement
in the resolution achieved per unit depth probed would
be the minimum desired. Although defect detection in
heterostructures has been displayed (5) via the use of
the AB etchant (10) in a modified form, an extra thick-
ness of epitaxial growth was necessitated in order to
accommodate the lack of etch discrimination.

Both Ambridge et al. (1) and Niehaus and Schwartz
(3) were able to report in the work already cited that
electrolytic etching of GaAs produced features at the
electrode surface. These were presumed related to
the defects in the sample. Kuhn-Kuhnenfeld (11)
used a chemical etchant of standard composition for
GaAs under conditions where the photovoltaic proper-
ties of the semiconductor provided effective electrolytic
control. Although the procedure was not subjected to
a critical calibration, various features became well re-
solved after 2 um of etching. Several appeared “dis-
location like.” Later Saitoh et al. (12) used the same
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scheme of photoassistance together with the AB etch
composition and were able to gain a good delineation
of defects with the removal of less than 1 um of ma-
terial.

We report here on the development of two com-
plementary techniques of anodic dissolution of n-GaAs;
one to yield a topographically featured surface, and the
second to allow continuous, smooth etching. The elec-
trode polarization studies which preceded the design
of each technique are detailed in an Appendix. Corre-
lation of the morphological detail displayed via the
first etching mode has been carried out with the use of
double crystal x-ray reflection topographs. The selec-
tive resolution of defects such as dislocations by our
electrochemical technique is shown to be superior to
that obtained from other currently advocated etching
techniques (7). Minimal dissolution is required (0.5
u«m or less) close to the target set.

In this instance, our attention is given to bulk-grown
n~GaAs alone. Therefore we are describing the trial of
these methods on substrate quality material. However,
as a specific example of the resolution capability and
to illustrate how the procedures can be used to profile
the defect content of a GaAs slice in depth with high
accuracy the differentiation of surface damage and
bulk defects close to the surface of a substrate are de-
scribed.

Experimental

Much of the apparatus used in this work has been
described previously by Ambridge et al. (1, 2). A major
difference here, however, concerned the cell construc-
tion, where an all-glass unit was designed. This was
basically a small spectrophotometer cell with a PVC
sample mounting ring (2) mounted directly onto one
face which had been predrilled as appropriate. There
were, as before, inlet/outlet ports for electrolyte flow
and limbs for the insertion of a saturated calomel ref-
erence electrode and a carbon cathode. A platinum
wire electrode for capacitance measurements was in-
serted directly through the side of the PVC ring. Both
the sealing of the GaAs sample onto the ring and the
provision of electrical contact to it were achieved via
sprung probes of tin-coated gold wire (2).

By mounting the cell directly onto a microscope
stage plate and using an inverted metallurgical mi-
croscope, observation of the whole exposed GaAs elec-
trode surface (~7 mm?) was possible at a magnifica-
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tion of 30x (at the eyepiece). Examination of fine
topographical details developed during anodization
such as etch pits, areas of nondissolution, and surface
film nucleation sites was very straightforward. Illumin-
ation of the electrode was direct via the microscope
optics and since all of the. polarization behavior re-
ported here involves illumination, a continuous visual
observation of the electrode was possible. The optical
source was a 260W high pressure mercury arc lamp
set to provide Koehler irradiance of the sample.
Measurement of electrode potential was obtained
through a high impedance digital voltmeter (Solartron
LM 1604). An autobalance capacitance bridge (Wayne
Kerr B641), operating at 1.592 kHz, was used for mea-
surement of interfacial capacity. Polarization of the
illuminated electrode was attained by use of the poten-
tiostat designed by Bremner et al. (13). Cell current
was monitored using an electrometer (Keithley Model
602) with its output facility linked to a digital inte-
grator (Time Electronics TS100A). Two electrolytes
new to GaAs electrochemistry were used throughout
this work. They were: as stock solutions, 0.5M Tiron
(1,2 dihydroxybenzene-3,5 disulfonic acid disodium
salt) which had a pH = 3.45; and 0.3M sodium dihydro-
gen orthophosphate pH = 4.32. The GaAs used had
been boat grown and cut into slices in a {100} orienta-
tion (Mining and Chemical Products Limited and Mon-
santo Chemicals Limited). All were silicon doped.

Electrochemical Characteristics and Technique
Electrode capacitance.—Reproducible Mott-Schottky
characteristics were obtained from unilluminated
n-GaAs (Ng = 2.0 X 1017 em—3) electrodes (14) using
both of the electrolytes chosen for use here. The flat-
band and open-circuit potentials are plotted in Fig. 1
together with previously published data.

Electrode polarization—Illumination of the same
electrode samples yielded sizable photopotentials (~
—450 mV) and, in the usual manner, allowed stable
anodic polarization (reverse-biasing of the Mott-
Schottky barrier) curves to be obtained (Fig. 2). Cur-
rent/voltage behavior was also examined using various
solutions formed by mixing the two basic electrolytes.
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Fig. 1. Collation of data concerning the variation in band bend-
ing at the unilluminated n-GaAs electrode with electrolyte pH.
Values for the flatband potential (Yrp) and the open-circuit (rest)
potential (Vo) are taken as follows: () Benard and Handler (29);
® LaFlere et al. (41); @ Ambridge and Faktor (14).
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Fig. 2. Current-voltage behavior of an illuminated n-GoAs elec-
trode (same sample as Fig. 1) in: i. 0.5M Tiron; and ii. 0.3M
NaH3PO4. The point A marks the experimental condition for step
2, Fig. 5.

For example,. it was found that only small proportions
of Tiron (10% v/v) were required in the electrolyte
to yield current characteristics identical to Fig. 2i
In this case, the reverse-bias breakdown behavior of a
lower doped n-GaAs electrode was examined—again
with illumination—and found to be as plotted in Fig. 3.

Electrode morphology.—Since all of the curves such
as shown in Fig. 2 and 3 were gained with an experi-
mental arrangement which allowed direct visual in-
spection of the electrode, the surface morphology de-
veloped was very easily relatable to particular polar-
ization conditions. The photographs in Fig. 4 are repre-
sentative of etching under steady-state conditions at
the points marked A in Fig. 2i and B in Fig. 3.

The result of the single etching experiment shown
as Fig. 4i bears no similarity to morphologies found
either by Kuhn-Kuhnenfeld (11) or Saitoh et al. (12)
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Fig. 3. Extended current-voltage plot for an illuminated n-GaAs
electrode (2.6 X 1016 donors per cm3) in a mixed electrolyte (10%
0.5M Tiron/90% 0.3M NaHoPO4). The point B marks the experi-
mental condition for step 1, Fig. 5.
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in those studies of the photoassisted chemical dissolu-
tion of n-GaAs which we judge to be closest to our
fully controlled electrochemical conditions. In our case,
the sample used had been mechanochemically polished
using a standard bromine/methanol routine immedi-
ately prior to anodization. It appeared, therefore, that
the low overpotential etching in Tiron solution had
revealed features representing imperfections intro-
duced during the sample preparation. This supposition
was confirmed by subjecting similarly finished slices to
a sequential etching experiment as indicated in Fig. 5.
Step 1 was accomplished by use of the defect-inde-
pendent etching conditions (point B in Fig. 3) leaving
a surface typically as that shown in Fig, 4ii. Then after
a simple replacement of electrolyte, step 2 was initiated
and the surface topography monitored through its
duration using the microscope. Both d; and ds—the
successive etch depths— were easily calculable .yia the
integrated current density (for details, see the Ap-
pendix). As an example, the two etched surfaces pic-
tured in Fig. 6i and 6iv were obtained with material
removals of dy = 2.0 yum and dy = 0.57 um. The mini-
mum value of d; found necessary in order to avoid the
appearance of etch features caused by polishing dam-
age was 0.5 um for the mechanochemically polished
slices.

Crystallographic Defect Studies

We shall begin here with comments concerning the
polishing damage encountered during the single etch
experiments. Clearly no information concerning the
bulk defect structure of n-GaAs substrate waters can
be obtained definitively without the removal of the
damaged surface layer.

In fact, the appearance of prepolished surfaces after
a single step 2 etch changed quite sharply with prior
alteration of the polishing rate (this made principally
by varying the bromine content of the polishing solu-
tion). Where low rates had been used, the surface took
on a continuously disturbed form, with all of the linear
features as per Fig. 4i in close coalescence. Thus a form
of Beilby layer (15) was present. its characteristic

A
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removal 17 //' Y oG step 2

~ defect
revelatior

original surface

n-GaAs slice cross~section

Fig. 5. Schematic representation of the sequential electrochemi-
cal etching experiment. The cross-hatched region marks the “layer”
probed for defect content.
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Fig. 4. Photomicrographs (No-
marski interferometry) showing
surface morphologies developed
after electrochemical etching of
two separate samples: i. at point
A in Fig. 2i, 0.2 um removed;
and ii. at point B in Fig. 3, 5.2
pm removed. .

depth was, however, no different from that exhibited
by the discretely scratched surface. The damage itself
might arise from particles of abrasive material or even
GaAs which have remained attached to the slice after
any mechanical freatment, or, more probably, have
become trapped on the polishing pad at any time since
its manufacture. We note that in spite of warnings to
the contrary (7), mechanochemically prepared GaAs
slices are still taken to be damage free (16). Our ability
here to reveal minor work damage, such as that caused
by mechanochemical polishing, and to profile its region
of confinement near the surface at submicron levels,
illustrates nicely the fine resolution of defective mate-
rial attainable with the electrochemical etching meth-
ods.

With regard to the crystallographic imperfections of
the bulk, the etched slice photographed in Fig. 6i is
only one of a number which have been subjected to a
cross correlation with structural defect -analysis by
x-ray methods. Double crystal x-ray reflection topog-
raphy was chosen—it has the advantage of probing a
near surface layer alone (17, 18). More generally the
two techniques used over-all then have independent
origins, particularly so, as we shall show later, with the
etching performed electrolytically. The x-ray topog-
raphy was used first to map as fully as possible the
defect content of the sample. Since not all possible
dislocation Burgers’ vectors will yield contrast at a
single reflection, only a superposition of two x-ray
topographs will provide a complete map of the dislo-
cation distribution. Figures 6ii and 6iii are micrographs
of the photographic plates on which the two x-ray ex-
posures covering the same area were recorded, but the
superposition is made difficult because the topographs
are unavoidably distorted geometrically with their
foreshortened axes perpendicular. Attempts at reach-
ing a graphical correspondence between all three topo-
graphs, that is including the detail available after the
sequential etching of the same sample area (Fig.
6i), are further hindered by a significant disparity in
the depth resolution of the techniques. The morphology
of Fig. 6i resulted from a dissolution in the topo-
graphical etching mode (dz) of 0.57 um, while the sur-
face layer thickness imaged by the x-ray technique
was ~18 pum (17, 18). Hence there is involved here a
sampling discrepancy factor of more than thirty.

In view of these problems, the over-all correlation is
judged fairly satisfactory. Note first that the pro-
nounced linear feature present at the left-hand edge of
all three topographs is the result of a deliberate scratch
mark made as a geographical reference point. There-
after, particular correspondences can be seen between
the linear array of features extending along the line
of the arrow marked A in Fig. 6i and 6ii, and also be-
tween a group of features at B in both Fig. 6i and 6iii.
The line of detail labeled A in Fig. 6ii contains several
linear images (one is arrowed at a) which do not ap-
pear in the complementary x-ray topograph. Analysis
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i)

Electrochemical etching

Fig. 6. Results of the etching
calibration. i. Somple surface-
morphology after electrochemical
etching as indicated in Fig. 5,
with dy 0.57 um; ii. and iii.
double crystal x-ray reflection
topographs recorded for the sam-
ple prior to etching, using the
511 and 511 reflections from
GuaAs, respectively; and iv. feo-
tures resulting from sequential
electrochemical etching at an
adjacent area to that shown as
i. (n-GuAs sample, Si-doped, 8.6
X 1017 donors per cm—3),

v)

250 microns
L e —

of the diffraction conditions show this to be a disloca-
tion with a high (probably complete) edge component.
Clearly it lies in a [011] direction. The absence of a
comparable linear feature from the etched surface is
probably attributable to the difference in depths
probed, as described already. On a neighboring area of
the same sample (which was not clearly imaged by
the x-ray method due to slice curvature) the elec-
trochemical etching did produce linear features ar-
rayed along both the [011] and the [011] directions
(see Fig. 6iv, which has an increase in magnification
and a sample rotation relative to Fig. 6i). Thus an
ability to reveal both dislocation outcrops (for disloca-
tions inclined to the surface plane) and dislocation
lines (lying in the surface plane) is indicated. In this
connection, note that the linear features present:in
Fig. 6iv are all terminated by a roundel, similar to
those which, individually, represent dislocation out-
crops. This indicates a segmentation of the dislocation
into, presumably, the <110> directions and therefore
at these points it either enters the bulk or was origi-
nally attached to the slice surface. Electron microscopy
of bulk-grown GaAs has indicated previously that this
dislocation type is often dominant (19).

The type and scale of defect discrimination demon-
strated here is simply not attainable with many of
the chemical etchants reported in the literature as
suitable for defect analysis in GaAs (7), though the

500 microns

—— )

\

i)

projection of ;511!

500 microns (approx.)
—d

X-ray topography

best characterized of these, the AB etch (10), may,
under conditions of dilution (5, 20) and together with
photoassistance (12), yield a comparable detection.
Some significant information concerning the mech-
anism by which defects are revealed in the step 2 elec-
trolytic etching case can be gained by consideration
of the data contained in Fig. 1 and 2i. (Note that an
account of the characteristics contained in Fig, 1-3,
together with their relation to previous work on the
electrochemistry of GaAs, is given in the Appendix.)
First, by using the surface barrier potential (ygn)
shown for Tiron in Fig. 1, a band diagram for the ap-
propriate semiconductor/electrolyte contact (at open-
circuit, and unilluminated) can be constructed. This
is shown as Fig. 7i. With subsequent illumination, the
electron hole pairs photogenerated within the electrode
produce a decrease in the barrier height while any
anodic overpotential applied thereafter acts in the re-
verse-bias sense, assisting the diffusion of holes toward
the interface. Under these circumstances, the photo-
current shown as Fig. 2i is produced. The diagram ii
in Fig. 7 is a schematic representation of the electrode
condition at point A on the polarization curve 2i where
the anodic overpotential is 250 mV. If applied po-
tentials in excess of 250 mV are used, a photocurrent
saturation is attained and the electrode subjected to
normal reverse-bias conditions, the depletion width in-
creasing with voltage. Finally, on any further increase
in potential, breakdown conditions will be approached.
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Fig. 7. Band diagroms representing: i. quantitatively, the n-GoA:«
electrode (unilluminated, and at the open-circuit condition) in con-
tact with 0.5M Tiron electrolyte; and ii. schematically, the n-GaAs/
0.5M Tiron half-cell under conditions represented by point A in
Fig. 2i.

Any interband state acting as an electron-hole re-
combination center within the depletion width marked
in Fig. 7ii will then introduce two localized perturba-
tions to the over-all polarization behavior near the
rest condition. First, there is a reduction in the open-
circuit photopotential, and second, a stifling of the hole
current which supplies the anodic dissolution reaction.
Clearly the operation of the latter will produce pédints
of low etching rate at the sites where nonradiative re-
combination processes are facile. It has long been well-
known that dislocations can act as efficient nonradia-
tive centers in most of the III-V compound semicon-
ductors (21).

We have found that all of the discrete features
etched on samples such as shown in Fig. 6i (where all
of the defects are supposed characteristic of the bulk
material) and Fig. 4i (where the defects arise from
polishing operations) are indeed elevated in profile.
This was ascertained by use of a Talysurf instrument
on some heavily etched samples. The surface features
produced on n-GaAs samples in both of the photoas-
sisted chemical etching studies already referred to (11,
12) exhibited a similar cross-sectional geometry. Al-
though Kuhn-Kuhnenfeld (11) recorded negative pho-
topotentials-—as happened here—and attempted an ex-
planation of the etching action via his data, no ascrip-
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tion of a mechanism for defect delineation can be re-
alistically made on the basis of such singular observa-
tions. This is because the overpotential available for
the dissolution remains largely chemical in origin. Only
by the addition of a full electrochemical control, as
that obtained by our fixing of the electrode potential
of the semiconductor sample, can the over-all mech-
anism depicted semiquantitatively in Fig. Tii be justi-
fiably proposed.

This contention is open to experimental test. Al-
though at low overpotentials the localized recombina-
tion processes are responsible for impeding the dissolu-
tion, an increase in applied bias should lead to a reduc-
tion in defect resolution. This follows because the in-
creased field strength imposed in the depletion region
during the traversal of the photosaturation is responsi-
ble for a decrease in the probability of minority car-
rier trapping at the imperfection (22). There is an in-
trinsic mechanism involved (that is a field effect on
the capture cross section of the trap) and probably also
a contribution resulting from the increased energy
imparted to the carrier (23). Thus the experiment
consists of comparing the resolution of defects at dif-
ferent anodic potentials. The photomicrographs of Fig.
8 display the results obtained from such a study.

Two separate Si-doped samples were involved,
labeled D and S, and clearly have very different defect
morphologies. Kach was examined at three adjacent
areas. The micrographs Di and Si show the surface
morphology obtained after “standard” sequential elec-
trochemical etching, as per Fig. 5, with a step 2 over-
potential of = 300 mV and with d2 = 0.57 xm and 0.40
um, respectively. There is a significant discrepancy be-
tween the resolution attained for Di and that yielded
by the sample §hown in Fig. 6i and 6iv, even though
the etching conditions were the same in each case,
Their dissimilar behavior might be taken to indicate
that a different degree or type of dislocation decoration
was specific to each. The wafers had almost identical
carrier concentrations, but originated from different
manufacturers. This marked discrepancy in etch be-
havior was observed consistently through a whole
range of samples obtained from these two suppliers.
The topography shown by the sample S has, in the
equivalent case(Si) two basic elements. The striations
present in the left-hand portion of the micrograph
were originally supposed to derive from a known facet
effect often incurred during the bulk solidification of
GaAs (24). Clearly some extensive microfaceting
would be required to produce the features as observed.
However, the same defected area gave a strongly
imaged, banded contrast on an x-ray topograph. This
is probably inconsistent with simple variations in
dopant concentration alone (7). The common severity
with which these features were resolved by both tech-
niques leads us to suspect that they have a basic crys-
tallographic origin, possibly linked to lamellar twin-
ning (7). (Note that there are also striations present
in Fig. 6i, but they are very much weaker than those
of Si. Also the accompanying x-ray topographs there
(6ii and 6iii) have no image matching the striae. Our
conclusion is that these etch features do correlate with
simple variations in dopant concentration, and hence
carrier mobility, and that the periodic distribution
arose there from thermal cycling occurring during
solidification.) Also present for Si, and covering the
whole area of the micrograph, is an array of small
nodular features at a density of ~ 2 X 108 ecm—2, Their
origin is as yet uncertain. However, considering the
carrier concentration of the sample (Ng = 2.4 x 1018
cm—3), dopant precipitation would appear to be a
strong possibility. Some attempts were made to check
the comparative behavior of this wafer on use of the
AB chemical etchant (10), both in a standard form and
also with dilution and photoassistance together (12).
Only in the latter case was a clear resolution of the
same nodular topography attained. The concentrated
etchant produced only a marginal featuring of the
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surface, certainly not as clear a morphology as that
observed for GaAs doped with Se and Te at the same
concentration levels (25). For these materials, Stirland
(25) has observed good correlation between etch pit
features (at localized densities of between 106 and 108
cm—2) and small defects allied to dopant precipitates.
The evidence for the presence of similar imperfections
in silicon-doped material is certainly much less clear
and our result can only be advanced as an additional -
preliminary indication of similar precipitation effects.

The changes in the etch morphologies developed at
different electrode potentials are shown in sections ii
and iii of Fig. 8. The central pair of micrographs (Dii
and Sii) illustrate the results gained after using an
overpotential of 1.25V. (This is sufficient to double the
possible voltage drop across the depletion region and

Sample D

Fig. 8. Nomarski interference
micrographs showing the etch
morphologies developed during
the defect revelation procedure
at different anodic electrode po-
tentials; i. overpotential ~250
mV; ii. overpotential 1.25V; iii.
overpotential = 1.75V. (n-GaAs
samples: D, Si-doped, 7.8 X
1017 donors per cm3; S, Si-
doped, 24 X 1018 donors per
cm3),
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therefore to increase the field strength relative to that

of the first etching experiment by a factor of \/2.) In-
terestingly, the resolution of each defect type is af-
fected differently. The striated features (in Sii), the
origin of which we have been unable to identify with
complete confidence, remain as well resolved as in the
initial case Si. In Dii, only those dislocations resolved
most severely in the first instance have now produced
a local perturbation of the anodic current, while the
distinctive nodular features present in Si are no longer
revealed at all in the second case. The material re-
moval was held constant for each sample (ds = 0.57
and 0.40 um were the average removals for D and S,
respectively). At this stage we can conclude that the
qualitative model dealing with the selective resolution
of imperfections has been amply verified by the experi-

Sample S

iii)

500 microns
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mental results. Additionally, there appears to be avail-
able some semiquantitative information concerning the
minority carrier lifetime at different defect centers.

In connection with this last statement, the results
gained at current densities exceeding the photosatura-
tion are of interest (Diii and Siii). The defects which
were acting primarily as recombination centers in the
low overpotential etching, should, under the neces-
sarily higher overpotential conditions now required,
participate as localized breakdown sites. The use of
this etching regime is known from previous experi-
ments to result in a discretely pitted surface (26, 27).
Thus an inversion of the etch morphology is possible
on traversing the whole anodic potential range. This is
shown separately here in Fig. 9 by the comparative
display of Talysurf traces for the two sample areas
photographed as Di and Diii in Fig. 8. Because the
electrochemical etching was confined to a well-defined
circular area, the boundary etch step could be used
for calibration of the vertical axis. These steps are posi-
tioned in line on the left-hand side of Fig. 9. The
etch profile is then clearly resolved in both cases, con-
sisting of elevated (ridged) features for Di and de-
pressed (pitted) features for Diii. The edge step was
also used to calibrate optical microinterferometers of
the standard Michelson type and also a Nomarski dif-
ferential interference contrast objective and use of
these techniques confirmed that an inversion of etch
topography was indeed gained on increasing the anodic
potential. Finally, sample S was also subjected to
etching at current densities > 1.5 mA cm~2 In this
case, (Siii), the dissolution is largely confined to the
heavily striated material and the imperfections re-
sponsible for the nodular features in Si do not con-
tribute individually to the reverse-bias breakdown of
the sample area probed. The generation/recombination
characteristics of each type of defect are clearly quite
different,

Summary and Discussion

Our aim in this work was to procure a technically
simple method for the resolution of crystallographic
defects in GaAs, preferably with a resolution such that
reproducible results could be gained with the removal
of =0.5 um of material. Of necessity, two previously un-
tried methods of anodic dissolution have been in-
vestigated. The technique thus developed consists of:

(i) A defect-insensitive etch (step 1in Fig. 5) which
can be used for the removal of damaged material from
as-polished surfaces, or to accurately section the slice
to any predetermined depth. The anodic dissolution

5 microns

Diii)

unetched surface
L
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here is carried out continuously with an oxide film
present at the interface to preserve the initial topogra-
phy.

(#) A defect-revealing etch for n-GaAs which has
a high sensitivity related directly to the electronic
characteristics of the imperfection (step 2 in Fig. 5).

Used in sequence, these two dissolution regimes al-
low: (i) the depth characteristic of polishing damage
to be gauged quantitatively for any method of slice
preparation; and (ii) the defect content of the bulk
material (n-GaAs substrate) to be determined with a
resolution not attainable with any of the standard
chemical etchants used previously for GaAs.

One distinctive element of the technique described
here has cardinal importance. The adoption of fully
electrochemical etching conditions, in which chemical
reaction between the etchant and semiconductor has
been deliberately excluded, leaves the dissolution
totally dominated by the optoelectronic properties of
the sample. That is, etching only occurs at locations
on the surface where the anodic current is either un-
inhibited or, alternatively, enhanced. Therefore the
correlation of morphological features produced against
defects identified by an independent crystallographic
technique (as per Fig. 6) comprises a relation between
the structural origin of the imperfection and its elec-
tronic consequence, Thus our experimental method cor-
responds quite closely to those adopted for detailed
studies of structural defects and their nonradiative
recombination characteristics in n-GaP (23, 28), ex-
cept that in this case the etching and the optoelectronic
probe are done neatly in combination.

Furthermore, the manner in which the semiconduc-
tor properties of GaAs dominate its electrode behavior
indicates an easy extension of the method into analyses
of epitaxial GaAs and probably also other III-V com-
pounds. Working, for example, with the epitaxial struc-
ture of most interest at this time [the five-layer GaAs/
GazAl;—;As sequence grown for injection laser fab-
rication (9)], we have bheen able to probe the n-GaAs
buffer material and its homoepitaxial interface with
the substrate, and also, separately, the succeeding n-
Gagg5Ale.35As layer. Results from this and other areas
of similar material assessment will be described in a
subsequent publication.

Note
During the period while this paper was under re-
view, a publication on the same topic (42) has appeared
in the literature. We have carried out anodic etching
experiments on nt-GaAs exactly as described by

features

Fig. 9. "Talysurf” profiles of
the etched surfaces photographed
as Di and Diii in Fig. 8.

500 microns

Downloaded on 2016-09-13 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

628 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

Greene in an attempt to classify the defect revealing
conditions according to our Fig. 8. The most important
distinetion is that no deliberate illumination is included
in Greene’s experimentation. Thus, automatically, the
rather “heavy-weight” conditions imposed (maximum
current density 2 mA c¢m—2 and cell voltage 10V) lead
to a defect resolution of types ii and iii in Fig. 8, de-
pending somewhat on the level of ambient illumina-
tion. These are not the most sensitive conditions. For
example, only the prephotosaturation current density
etching of sample S in Fig. 8 (Si) resolves the high
density of nodular features which we suspect are re-
lated to impurity precipitation defects in Si-doped n+-
GaAs.
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APPENDIX

Use has been made in these studies of the anodic
capacitance and polarization characteristics of n-GaAs.

Electrode capacitance.—The only systematic exam-
ination of the depletion characteristics of GaAs/elec-
trolyte contacts is that due to Benard and Handler
(29), who determined specifically the semiconductor
surface potentials but used only strongly acidic. media.
The collection of data assembled in Fig. 1 includes that
measured for the electrolytes used here, and confirms
that the n-type semiconductor surface is in substantial
depletion under open-circuit conditions, One note-
worthy aspect is that the band-bending (]¢s?|) for the
electrolytic contact appears to exceed almost every-
where 1n the pH range the values measured for n-
GaAs/metal junctions (—0.80V = yn = —0.95V) by
Mead (30). There is also present a systematic variation
of ys» with pH, and this produces a differential resolu-
tion of the crystallographic defects in step 2 etching
conditions, just as that obtained by variation of the bias
voltage and pictured in Fig. 8. The highest etch dis-
crimination is procured therefore with acidic media,
where the field strength in the depletion layer is lower.
Note that Fig. 1 will not apply to electrolytes contain-
ing strong oxidizing agents (31).

Electrode dissolution and passivation.—It is well
known that the anodic dissolution of the wide bandgap
semiconductors requires the participation of holes.
Pleskov (32) first confirmed that this was the case
for GaAs, having investigated the anodic currents
gained using both acidic and alkaline electrolytes. The
curve shown as Fig. 2i here, where use has been made
of the complexant electrolyte Tiron, is of the same
classical form (33, 34) and yields, over-all, two im-
portant advantages in the topographical etching stud-
ies. First, the anodic reaction has a strict six-electron
equivalence (35), which allows the integrated current
density to be converted automatically to the average
dissolution depth. Second, it allows the electroetching
to occur without interference from insoluble products
at the electrode surface, in contrast to, say, sulfuric
acid solutions which leave precipitated arsenious oxide
(26). Importantly also, the electrolyte is acidic (see a,
above).

Conversely, the anodic polarization curve obtained
using the phosphate electrolyte (Fig. 2ii) shows
passivation characteristics similar to those observed

April 1978

for various GaAs electrodes by Harvey (36, 37). Since
curves 2i and 2ii were recorded under identical illumi-
nation conditions, it is clear that the straightforward
photosaturation limitation present in the first instance
has been replaced in 2ii by a kinetic restraint due to
product insolubility.

From Fig. 3 it is apparent that a mixture of the two
electrolytes allows both of these individual character-
istics to appear in succession. Specifically, the addition
of the complexant (Tiron) to the barrier oxide forming
electrolyte (NaH;PO4) has led to a large increase in
the steady-state current density achievable in the pres-
ence of a uniform anodic oxide film (compare point B
in Fig. 3 with the original passivation curve 2ii). As
yvet we have been unable to clearly resolve the in-
dividual roles of photoinjection and Schottky barrier
breakdown in the supply of holes for the over-all dis-
solution reaction. A six-electron equivalence is main-
tained however, with a 1 mA e¢m~—2 current density cor-
responding to a continuous removal rate of 1.7 um per
hour. Some experimental observations concerned with
the effect of aqueous electrolyte composition on the
outcome of GaAs anodization have been published by
Schwartz et ¢l. (38). In comparison, the specific com-
plexant action of Tiron, as set out above for the mixed
electrolyte, is rather better defined than the anion-
type dependencies noted by Schwartz et al. Also, the
use of an electrochemical regime where oxide dissolu-
tion is uniformly enhanced for the machining of GaAs
(see step 1 in Fig. 5) was not dealt with. In fact, one
particularly important application (the precise thick-
ness trimming of epitaxial layers) has generally been
subjected to a noncontinuous method, where, in sep-
arate steps, the oxide is first grown and then removed
under open-circuit dissolution conditions (3, 39, 40).
Clearly this multiple-stage processing may lead to
some cumulative inaccuracy in assessing the over-all
material removal.
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On the Nature of Fixed Oxide Charge

S. L. Raider*:* and A. Berman
IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533

ABSTRACT

An oxidation-induced fixed oxide charge Qss is known to be generated in
the SiOs-Si interfacial region. In the light of recent determinations of the
composition and width of this interfacial transition region, a reexamination of
the nature of this charge is undertaken. A model, consistent with known
transition region composition, is proposed in which a positively charged silicon~
oxygen complex is formed as an intermediate reaction product of the oxida~
tion process. This intermediate may be trapped within the transition region
when the oxidation reaction is terminated by quenching in the oxidizing
ambient. The concentration of this complex is proportional both to the excess
oxygen concentration and to the nonoxidized Si-Si bond density in the transi-
tion region. The model is also consistent with the dependence of @ss on such
factors as oxidant pressure, oxidation femperature, inert-gas annealing, and

substrate orientation.

Electrically active sites such as fixed oxide charge,
Qss form in the oxide film at or near the SiOz-Si inter-
face (1) during the oxidation reaction. Their formation
occurs within the same region in which Si is incom-
pletely oxidized and within which the oxidation proc-
ess takes place (2, 3). The number of nonoxidized Si
atoms present within this transition region cannot be
identified with Qs The density of these charge sites
after oxidation (1012 em—2) (1, 4) is significantly lower
than the nonoxidized Si-Si bond density (1015 cm—2)
within the transition region. Qs is reduced further (to
1010-1011 em—2) by postoxidation annealing treatments
(1, 4). The magnitude of @ss depends intimately upon
the thermal oxidation process (1). Despite numerous
studies, the relationship between thermal oxidation
and Qgs, as well as the chemical nature of Qg is not
well understood. Control of fixed oxide charge densi-
ties, which are of technological importance, remains
largely empirical.

Recently, the composition and width of the SiO.-Si
interface, formed by thermal oxidation of «100> and
<111> oriented Si surfaces were characterized by
analysis of x-ray photoelectron spectroscopy (XPS)
data (5-8). Changes in Si chemical bonding at this
interfacial region were derived from XPS spectra (5,
8). Although the detection limit of x-ray photoelectron
spectroscopy is approximately 1013 cm~2 and does not
provide a means for direct observation of the sites
responsible for Qgs, the XPS findings do provide a new
picture of the transition region within which these
electrical instabilities must be understood. We have
therefore reconsidered the thermal oxidation process
and the related chemistry that occurs at an SiO:-Si
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Key words: silicon, oxidation, Si0:-8i interface, electrical insta-
bilities, surface states.

transition region and that may influence the oxide
charge densities.

Fixed Oxide Charge

The properties of fixed oxide charge have been sum-
marized in several papers (1, 4) and review articles
(9-12) and are only briefly described here. These
charges form a positive space charge in the oxide film
during the thermal oxidation process and induce a
negative image charge in the Sj substrate. Fixed oxide
charges are stable under moderate temperature-bias
conditions and are unaffected by changes in surface
potential. Densities are dependent upon substrate ori-
entation with Qss<111> > Qss<100>. Chemical etch-
ing (1) and internal photoemission experiments (13,
14), as well as the dependence of Qss upon substrate
orientation, indicate that Qs is near to the substrate.
For example, results of internal photoemission experi-
ments suggest that most of the charge is located at less
than 20A from the substrate and is spatially distrib-
uted within the SiOz-Si transition region.

Factors that influence Qs include oxidation and an-
nealing ambients and the oxidation temperature.
Charge densities reflect the final oxidation or anneal-
ing conditions. The formation or reduction of Qs is
reversible provided that steady-state conditions are
achieved. In a reactive dry oxygen ambient, Q¢ in-
creases with decrease in oxidation temperature. An ex-
ample taken from the earlier literature (1) shows that
Qss is about 4.2 X 101! em—2 after 2000A thick films
have been annealed to minimize Qs and subsequently
oxidized at 550°C. After oxidation of Si at 1200°C, Qs
is 2 x 101° cm—2, Varying the rate at which a sample
is pulled from a hot zone in an oxidation furnace is
equivalent {to adjusting the final effective oxidation
temperature at which the oxidation reaction is
guenched, thereby altering Q. High temperature an-

Downloaded on 2016-09-13 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

