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ABSTRACT

Part I

With the advent of ion implantation, it has become possible
to introduce many new dopant species into silicon. The electrical
behavior of implanted species displaying deep energy levels was
investigated in this work. Hall effect and sheet resistivity
measurements were taken as a function of temperature to determine
the carrier concentration, mobility, compensation, and impurity
jonization energy in the implanted layers. However, since these
electrical parameters varied with depth in the samples, conventional
Hall effect methods were inadequate. Special differential Hall
techniques were developed to characterize'the inhomogeneous samples.

The validity of this differential technique was demonstrated
by investigating the doping effects of indium in silicon. Differen-
tial measurements were first made on samples shallow diffused with
indium. Then the results were compared with bulk values that had
been obtained in a uniformly doped sample by standard methods. In
addition, studies were made on indium implanted silicon to determine
the influence of radiation effects. 1In all three cases an indium
acceptor level of 160 meV was observed. Mobility plots versus tempera-
ture were also consistent with bulk measurements. However, significant
compensation effects were noticed in the implanted layers.

With the analysis technique experimentally confirmed, the

electrical behavior of tellurium implanted silicon was investigated.
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Samples were implanted with several doses to study the electrical
activity as a function of impurity concentration. Isothermal anneal
cycles were performed to determine the anneal temperature necessary
to attain peak electrical activity. After anneal, differential Hall
measurements were made from 100° to 278°K to characterize the
implanted layers. Tellurium was found to behave as a donor with
an energy level of 140 meV in ion implanted silicon. For room
temperature electron densities above 1017 carriers/cm3, the ionization
energy was observed to decrease. In conjunction with this decrease,
the doping efficiency of ion implanted tellurium was also observed

3

to decrease for concentrations in excess of 1017/cm . Both of these

effects were attributed to the influence of energy level broadening.

Part IT

Ion implantation was investigated as a doping process for

the fabrication of submicron n-type layers in GaAs. Tellurium

13 _ 1 x ]0]5

implantation was performed as a function of dose (3 x 10
Te/cmz) and substrate temperature (23°C - 350°C). After implantation,
a protective dielectric coating was sputtered on the samples to
prevent the GaAs from disassociating during the anneal. The protec-
tive qualities of three dielectrics (Si02, 513N4, AIN) were

compared. Anneal temperatures ranged from 750°C to 950°C. The

residual radiation damage and defects in the implanted layers
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were studied by photoluminescence and Rutherford backscattering
measurements. The electrical characteristics were analyzed by
Schottky barrier capacitance-voltage and Hall effect measurements.
Sequential Hall measurements in conjunction with layer removal were
used to determine the carrier concentration and mobility profiles
in the implanted layers. In addition, junction capacitance-voltage
and current-voltage measurements were performed to evaluate the
quality of implanted diodes.

The samples implanted at room temperature and subsequently
annealed with a 5102 protective coating displayed almost no
electrical activity and had intrinsic regions extending several
microns into the GaAs. In contrast, high electrical activity was
observed in samples implanted at elevated temperatures followed by
anneal with a S1'3N4 coating. A doping efficiency of 50% was achieved
with a carrier density approaching the maximum attainable in tellurium

doped GaAs (7 x 10]8 3).

electrons/cm However, the electrical activity
varied over a wide range for samples with identical implant conditions.
This scatter in the electrical measurements was attributed to the
poor adherence of the S1'3N4 layers to the GaAs surface during the
anneal.

The maximum electrical activity achieved using an AIN encap-
sulent was comparable to the value attained using a Si3N4 coating.
However, the electrical activity was consistently high for the AIN

protected samples and the AIN displayed better adherence to the GaAs

during anneal than Si3N4.
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PART I

ENERGY LEVEL DETERMINATION IN ION IMPLANTED SILICON
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Chapter 1
INTRODUCTION

There is considerable interest in understanding the elec-
trical behavior of deep energy levels in si]icon.(]) Devices such
as photodetectors and thermistors rely on the impurity effects
of deep Tevels. A wide variety of space-charge-limited current
phenomena are attributed to the presence of deep levels. Aiso
several undesirable effects (trapping, oscillation, and negative-
resistance) have been associated with the presence of these levels.

In the past, investigations have been Timited to dopants
that could be introduced into silicon by equilibrium techniques.
With the deve1opmenf of ion implantation, it has become possible to
introduce many new species.

To characterize the dopingreffect of these new species
the carrier concentration, mobility, compensation, and impurity
ionization energy should be determined for samples implanted with
these dopants. For bulk-doped semiconductors, these quantities can
be obtained from simple Hall effect and resistivity measurements
taken as a function of temperature. Many investigators have performed

(2-9)

similar measurements on implanted samples. However, this tech-
nique can only be used to give a qualitative picture for implanted
layers as the electrical parameters vary as a function of depth in

such specimens.

On the other hand, if the measurements are taken in combination

with sequential layer removal, bulk values of these parameters can be
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determined as a function of depth in the samples. The analysis pro-
cedure has been described by Johansson et a].(]o) However, the
experimental validity of this technique has not been confirmed.

For this reason, we have investigated the doping effects of
indium in silicon. The electrical behavior of indium has been well

(11-18) 40 si1icon (see Table I). It has a deep

characterized
acceptor level of approximately 160 meV. Since indium can be added
to silicon by equilibrium techniques, a test can be made of the
ané]ysis procedure proposed by Johansson et al. Using the proposed
technique, energy level determinations were made on samples shallow
diffused with indium. For comparison, standard methods were used

to measure the ionization energy in silicon bulk-doped with indium.

Once the analysis technique was verified, studies were made
on indium implanted silicon to see if the imp]antéd ionization energy
was also 160 meV. The mobility and the presence of compensation
were also measured in the implanted layers. Comparison was made with
the shallow diffused results to see if radiation damage affected
the implanted values.

However, to study the dopant behavior in implanted samples,
it is necessary to have a large fraction of the implanted species on
regular lattice sites and to eliminate compensating effects caused
by radiation damage. In the thermal annealing sequences used to
reduce the influence of radiation damage, one must consider the
possibility that precipitation and outdiffusion effects might occur.

Several of the group II and VI elements have been implanted

into si]icon.( 4) Backscattering measurements were used to study the

(4

)



TABLE I

Indium in Silicon

Measured Ionization

Reference Energy (meV) Method
Pokrovskii, et a1.l11) 160 Hal1

H. Preier (12) 156 Hall
Morin, et al.13) 160 Hall
Messenger, et a1ﬂ14) 153 Hall

R. Newman (15) 160 Optical
Holland, et a1(16) 160 Hall
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lattice Tocation of the implanted species as a function of anneal
temperature. Most of the implanted species displayed a low sub-
stitutional level and outdiffused during the anneal. However,
telTurium and selenium maintained high substitutional components
(~60% and ~40% respectively) and did not significantly outdiffuse
below 800°C.

Initial studies on the electrical behavior of implanted
selenium were difficult and led to confusing results. As expected,
Se behaved as a donor in silicon. But only low electron densities

17

(< 10 e]ectrons/cm3) could be attained independent of ion dose.

Ionization energy measurements were contradictory and may have been
influenced by the large amount of electrically inactive selenium
present in the implanted layers.

On the other hand, tellurium displayed relatively high
doping efficiencies and appeared to have a deep level in silicon.
Hence, tellurium was chosen to be the subject of the second energy
level investigation in silicon.

The introduction of tellurium into silicon by equilibrium
techniques is difficult. Only by careful vapor growth tech-

(17)

niques can tellurium doped silicon be prepared. Electrical

measurements on such samples indicate tellurium to be donor with an

ionization energy of approximately 140 meV.(]7)

Ion implantation was used to prepare the tellurium doped

specimens for this work. Samples were implanted with doses ranging

12 15 2

from 4 x 10 Te/cm2 to 1.4 x 10~ Te/cm” to study the dose dependence

of the electrical activity. Isothermal anneal cycles were performed
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to determine the anneal temperatures necessary to attain high doping
efficiency. After anneal, the surface carrier concentration and
mobility were measured as a function of temperature. Since only
qualitative conclusions could be drawn from such data, the tellurium
jonization energy was computed from Hall measurements taken as a

function of temperature in conjunction with Tayer removal.
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Chapter 2

HALL EFFECT TECHNIQUES

In order for implantation to become useful in device application,
the electrical characteristics of implanted layers must be understood.
Hall effect and sheet resistivity measurements can be used to deter-
mine the number of electrically active centers and carrier mobility.
In addition, the impurity ionization energy and the amount of compensa-
tion present can be determined by performing these measurements as
a function of temperature.

For bulk-doped semiconductors these measurements are simple.
However, the fact that implanted layers are thin (often less than
]000&) with dopant concentrations varying as a function of depth,
requires special techniques in making the Hall effect and sheet
resistivity measurements. The purpose of this chapter is to describe
the special techniques that have been developed for the analysis of

implanted layers.

2.1 Surface Hall Effect and Sheet Resistivity Measurements

2.1.1 General Principles

Hall effect and sheet resistivity measurements can be performed
using several different techniques and sample configurations.(]B)
The standard Hall sample is bar shaped and requires a minimum of five
electrical contacts. Also, the measurement technique for this
configuration requires knowledge of the contact spacing on the sample
(19)

surface. The most versatile method was introduced by van der Pauw

and necessitates only four contacts be made on the periphery of a
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sample with uniform thickness. No knowledge is needed of the contact

spacing and the sample may take any shape as long as it is singly
connected.

The van der Pauw configuration can be conveniently used for
measurements on diffused or fon implanted samples. However, care must
be taken to isolate the Hall pattern from the bulk of the semiconductor.
The necessary electrical isolation can be accomplished either by using
a substrate material of very high resistivity or by planar or mesa
processing such that a p-n junction isolates the layer of interest.

Planar techniques involving ion implantation through a mask,
often result in junctions with a Tow breakdown voltage. For this
reason, mesa processing was chosen to isolate the Hall structures from

the substrate material.

Fig. 1 The van der Pauw pattern used to measure sheet resistivity
and Hall effect in this work. The contact regions are
numbered clockwise 1 to 4.

Figure 1.shows the van der Pauw pattern used in measuring Hall
effect and sheet resistivity in this work. The contact pads are

numbered clockwise 1 through 4. To determine the number of carriers,

Ns, per cm2 in a sample, a current I]3 is passed between two
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opposite contacts and a measurement is made of the voltage change
AVZ4 (the Hall voltage) between the other contacts when a magnetic
field B 1is applied normal to the sample surface.

B - 13

N, = —— (6.25 x 10

10,
> Mag

; (1)

in units of volts, gauss, and amperes.+ Correspondingly, the sheet
resistivity P is obtained from the potential difference V]2
between two adjacent contacts generated by passing a current 134

between the two remaining contacts.

<<

T 12
P = el (2)
S wn 2 134

Combination of the surface carrier concentration Ns and the sheet

resistivity P yields the effective mobility Mg+

T S (3)

where q 1is the charge on an electron.
If the pattern is not symmetrical, a geometrical correction factor

f(]g) enters into the relation for the sheet resistivity.

pe = 557 (Ry + ROF(Ry/R,) (4)

S

"The Hall factor r = Hy/up, where yup is the drift mobility, was
assumed to be unity in the absence of more precise data.
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where R] = V12/134 and R2 = V]4/123. Since a symmetrical pattern
was utilized in this work, large deviations in the R values are indic-
ative of a non-uniform layer thickness across the Hall pattern.
Hence, to avoid misinterpreting the data, measurements should be

performed for all configurations of current path and B-field direction.

Averaging of values can be used to reduce the measurement error.

2.1.2 Differential Analysis Procedure

The interpretation of surface Hall effect and sheet resistivity
measurements made on diffused or ion implanted samples is complicated
because both the carrier density n and the mobility u vary with
depth in the samples. Thus, the surface carrier concentration and

(20)

the effective mobility are weighted averages.

i [J n(x)u(x)dx]

: (5)
J n(x)u(x)“dx

J n(X)p(X)de

j 0 (x)u(x) dx

In a typical sample there is a heavily doped region with Tow
mobility near the surface followed by a tail reaion with low doping
and high mobility. The surface carrier concentration can be twice

as large as the actual number of carm’ers/cm2 due to the weighting

of the higher mobility in tail region. Similarly, the effective
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mobility can be much larger than the actual mobility in the heavily
doped region.

Hence, if meaningful interpretations are to be made, a method
of extracting the carrier density and mobility from surface measure-
ments should be developed. This can be accomplished by combining
layer removal techniques with Hall and sheet resistivity measurements.
The necessary theoretical relations can be derived from the
weighted averages of NS and Mg Equations (5) and (6) involve two

integrals. These may be solved for and then differentiated to give

nG0u(0? = § [ Ngu,? (7)

Solving for n(x) and wu(x), we get

r 2
%i' Nse ]
n(x) = T T 55 (9)
x| Nste J
d [, 2]
C Ny
ax | Ns¥e J

Experimentally the carrier density and mobility are determined
by measuring NS and ue,stripping off a thin layer of material, and
repeating the measurement. By repeating this differential measurement

many times the carrier density and mobility profiles can be determined

in the sample. This procedure for computing bulk values from surface
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measurements will be referred to as the differential analysis method.

2.2 Measurements as a Function of Temperature

In studies of implanted dopants, one would like to determine
ionization energies and the presence of compensating centers. This
information can be obtained by performing differential Hall effect
measurements as a function of temperature. This section will

describe the analysis procedure for such measurements.

2.2.1 Uniform Doping
Shockley describes the usual procedure for deriving energy
levels from Arrhenius plots of carrier concentration versus 1/T for
a bulk doped samp]e.(Z]) As an example, we will discuss the case of

p-type doping with the presence of donor compensation (Fig. 2).

724??/ LSS LLLSL LSS ///
/// CONDUCﬂON BAND 7

COMPENSATING DONORS
INDIUM ACCEPTORS

—

VALENCE BAND //jéé
SISTIIS SIS g

Fig. 2 Energy band diagram for p-type silicon with donor compensation.
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For a non-degenerate system, there are two straight line regimes of
an Arrhenius plot (considering the 'freeze-out' doméins only, see

Fig. 3). The upper portion is defined by the charge balance between
the free charge carriers p and the ionized acceptors. This non-com-

pensated 1line has a s]ope* of

%}%= - (2.52)E, - (.39)T , (11)

where EA is the acceptor ionization energy in meV. The lower portion,
commonly referred to as the compensated regime, is determined by the
charge balance between the ionized acceptors and the ionized compen-

sating donor centers. Its s]ope+ is given by

g—‘(% = - (5.08)E, - (.78)T (12)

The 'knee' in the Arrhenius plot determines the doping level of the
compensation (see Fig. 3).
For n-type doping with acceptor compensation the corresponding

slope equations are

— 1‘]3”” = - (2.52)E, - (3)T (13)

for the non-compensated line, and

+The correction for the T]'7 dependence of N,, the effective density
of states fgr the va]gnce band, has been included in these relations
Ny - mh*T]' where m" - 70.2
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Fig. 3 Theoretical temperature dependence of the carrier concentration
for a p-type silicon sample with donor compensation (considering "freeze-
out' domains only). Slope analysis of such an Arrhenius plot yields

the acceptor ignization energy Ep and the presence of compensating
donors (4 x 10 4/cm3 in this case). Numerical values on the axes are

for qualitative understanding only.
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25 - - (500, - (7T, (14)

for the compensated Tine.

2.2.2 Nonuniform Doping
The effect of nonuniform doping and the presence of a
compensation profile will be illustrated with the following simple
model. First, let us assume that a nonuniform sample can be treated

(5) 2

as two layers , one containing Pp acceptors/cm~ with C_ compen-

P
sating donors/cm2 and the other Pt acceptors/cm2 with Ct compensating
donors/cm2 (Fig. 4). Then we may apply the uniform analysis technique
to each layer. The Arrhenius plot for the first layer is derived

from the temperature dependence of the number of carriers/cmz, PS in

p
the layer. Similarly, the Arrhenius plot for the second layer is

produced from the temperature behavior of PSt‘ Note that the 'knee'
in both curves is determined by the corresponding compensation in each
layer (see Fig. 4). Since the Tayers cannot be physically separated,

we are unable to directly measure P._ and PSt' As a result, we must

Sp
interpret surface measurements made on the sample as a whole. Such
measurements yield an effective surface carrier concentration Ps which

is related to P_ and P_ by
>p t

2
Pe . t Pg n
_[Spp Stt}

S 2
Pu+Pu]
[ sp p St t

where My and uy are the carrier mobilities in each layer. However,
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Fig. 4 The effect of nonuniform doping and the presence of a compensa-
tion profile in a semiconductor is illustrated by a two Tayer model.

The first layer js assumed to contain Pp acceptors/cm? with Cp compen-
sating donors/cm?, while the second Pt acceptors/cmé with C+ compensa-
ting donors/cm? as shown in the insert. The figure shows the temperature
dependence of the surface carrier concentration (solid Tines) for each
layer. Note the sharp compensation 'knee' in each curve. The dashed
line represents the temperature dependence of the effective surface
carrier concentration Ps obtained from measurements on the combined struc-
ture. Obviously, interpretation of an experimental P curve is impos-
sible unless the doping and compensation profiles are determined.
Numerical values on the axes are for qualitative understanding only.
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we cannot analyze the Arrhenius plot of P, versus 1/T unless
several assumptions are made about the nonuniform sample. For
example, models (1ike this one) must be made of the carrier
concentration and mobility profiles.

In order to avoid the difficulties of interpreting plots of
effective quantities it is necessary to determine the actual density
and mobility distributions for each sample. In the last section,

a differential analysis procedure was described for measuring these
profiles by performing Hall effect and sheet resistivity measurements
as a function of layer removal (stripping). The strips must be made
thin enough so that each layer removed can be assumed to have a
uniform acceptor concentration and compensation profile (Fig. 5).
Knowing the thickness d of a stripped layer, we can determine the

number of carriers/cm3, p, and the carrier mobility u in the layer.

2

[Ps]“1 B PSZUZJ
A

° = (q) TR (16)
[ S-I 1 52 2:'
2 2

E)Sfl] ] P52u2J
T (17)

Here Ps and uy are the effective surface carrier concentration and
1
mobility measured before layer removal, while PS and u, are the
2

corresponding quantities observed after layer removal. However, it

is apparent that since the effective quantities will change very
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Fig. 5 The differential analysis method for analyzing Hall measurements
on nonuniform doped specimens. A typical nonuniform acceptor and com-
pensation profile is shown in the insert. Measurement of the effective
surface carrier concentration (dashed lines with values on left axis)
and mobility as a function of layer removal allows one to compute the
number, p, of carriers/cm3 and the carrier mobility u in the stripped
layer (see relations given). Slope analysis of the Arrhenius plot of

p versus 1/T (solid line with values on right axis) yields_the acceptor
jonization energy and the number of compensating donors/cm® in the
removed layer. Numerical values on the axes are for qualitative
understanding only.
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little after a given layer removal, small errors in these quantities
will result in large errors in the computed layer carrier density
and mobility. Hence accuracy is imperative.

If surface measurements are performed as a function of tempera-
ture after each layer removal, the above analysis can be used to
derive Arrhenius plots of carrier concentration versus 1/T for each
layer (see Fig. 5). Thus, we can determine the dopant ionization

energy and the number of compensating donors/cm3 in each layer.

2.3 Experimental Procedure

2.3.1 Implantation and Sample Preparation

The semiconductor substrates used in ion implantation
studies should be of high quality with low defect concentration. The
presence of electrically inactive impurities and crystallographic
defects may influence the behavior of the implanted layer. During
sample preparation, it is necessary to heat the implants to high
temperatures. As a result, the originally inactive impurities or
defects might become electrically active.

The sample preparation prior to ion implantation is vital for
the fabrication of uniform implanted layers. Before implantation,
the substrate should be thoroughly cleaned (organic scrub followed
by a hydrofluoric acid etch) to remove surface impurities. A thin
residue left on the sample surface could result in a non-homogeneous
implanted region.

1. (22)

The implantation process is discussed in detail by Mayer, et a

In brief, it consists of scanning a narrow beam of high energy ions
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across a sample surface. By such methods, ions are implanted into
the substrate producing a doped layer that is uniform over a large
area.

There are several parameters that can be varied during implanta-
tion: 1implant energy, ion dose, substrate temperature and substrate
crystallographic orientation. The implant energy determines the
penetration depth of the implanted ions in the substrate. Theory
developed by Lindhard, Scharff, and Sch1¢tt(23) describes the profile
of the implanted ions. The profiles are Gaussian with the peak depth
and width dependent upon implant energy, ion mass, and substrate mass.
Implant energies generally range from 40 to 400 keV producing ion
penetration depths from .05y to Ty.

The ion dose is a critical parameter-in the evaluation of
implanted layers. For most investigations, the implant dose is in

15

the region of 1012 to 10 ions/cmz. However, for ionization energy

studies, the dose should be Tow enough so as not to result in energy

level broadening. To avoid a reduction in the ionization energy,

17 3

the maximum doping concentration should be kept below 10" atoms/cm

in the implanted Tayers.
Substrate temperature can strongly influence the electrical actiVv-
ity of the implanted layer. In silicon, hot implantation generally

(22)

results in Tower electrical activity. However, as we will see in
Part II of this thesis, hot implantation in GaAs produces much higher

electrical activity than room temperature implantation.
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The crystallographic orientation of the substrate to the
incident ion beam can drastically affect the implant profile. If
the beam is aligned with a major crystallographic axis, ions may
penetrate 10 times the depth observed in samples with a random
orientation.(zz) The resulting ion distribution is called a
channeled profile. In some cases, the profile almost resembles a
step function: a profile much different from the Gaussian observed
for implants not aligned (random orientation).

During implantation lattice disorder is created as the implanted
jons come to rest in the crystal. In order to characterize the
electrical behavior of implanted layers, the crystallinity must be
restored. High temperature anneal has been successful at reducing
the radiation damage and producing conductive layers. Samples are
generally annealed in a quartz tube furnace with a flowing inert gas
such as Ar or N2. However, precautions should be taken to be sure
the furnace is not contaminéted. Typical implant doses represent
less than a monolayer, and hence, contaminants could easily influence
the electrical behavior. Samples are usually annealed in the range
of 600 to 1000°C for less than 15 minutes.

After anneal, the Hall pattern is defined on the implanted surface.
Conventional photoresist and etching techniques were used in this

work to fabricate the van der Pauw mesa (see Fig. 1).

2.3.2 Layer Removal Technique
Anodic stripping operations(]O) were utilized to remove

uniform silicon layers, i.e. silicon dioxide was anodically grown
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and then removed by etching. The anodizing was performed in a

teflon beaker containing the anodic solution (97% N-methylacetamide,
2% deionized water, and 1% potassium nitrate by weight). The area

of the anodic oxide was defined on the sample with a vinyl mask. Care
was taken to not etch the contact pads or the channels connecting

them with central Hall disk.

The masked sample was then secured below a hole in the bottom
of the teflon beaker. The anodization was carried out with a constant
current density of 9 ma/cm2 in the presence of high intensity light.
E1lipsometry measurements were used to determine the thickness-voltage
dependence. Oxide thicknesses were found to be reproducible to within
+ 5%. The oxide layer was stri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>