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ABSTRACT

The work reported in this dissertation was an attempt at
obtaining a better understanding of the behavior of gold-n-silicon
surface barrier diodes. Low reverse current, hlgh breakdown
voltage Au-n-Si surface barrier diodes were fabpricated by using
certain combinations of etch quenchants and surface treatments.

The effects of tf)ese etch quenchants, surface treatments and
different ambient conditions on the surface properties of silicon
were studied by performing low frequency field effect measurements
on filament samples of silicon. A new ambient cycle was evolved in.
order to obtain the conductance minimum in the fleld effect
measurements. Differential capacitance measurements were made in
order to correlate the réctification characteristics of the surface
barrier diodes with their diffusion potenﬁiéls. These measurenents
were not successful due to slow charge migration on the silicon
surface. A model of slow charge migi;at;:on and the results of its

experimental confirmation are presented. The correlation of the

rectification charac’;eristics to the density of fast surface states

Jdii




and to the thickness of the interfacial layer is discussed. The
roles of oxygen and water vapor in the formation of the diode are
explained. A simple physical model of the surface barrier diode

is presented which explains many of the observed effects.
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SURFACE STATES AND THE GOLD-n~-SILICON BARRIER

CHAPTER T
INTRODUCTION

The gold-n—-silicon surface barrier is a specific example
of a general metal-semiconductor contact. It has been widely qsed
during the last decade in the field of nuclear spectrometry.
Although it was the first type of semiconductor junction counter to
be used in nuclear spectrometryl, its behavior and principle of
operation are the least understood among, all types of semiconductor
Junction counter.6 However, the surface barrier counter offers an
important attraction in that it is basically very simple to fabri-
cate, requiring very little sobhisticated équipment. Therefore, it
can be easily fabricated in any well-equipped laboratory. Besgides,

the surface barrier counter offers some advantages over other types
of nuclear counter in certain app]ications.5
Basically, an Au-n-Si surface barrier consists of a thin
(lOO—SOOZ) gold film vacuum-evaporated on one surface of an etched
disc of n~-type silicon to which a non-rectifying contact is made at
the other surface. A potential barrier is formed at the gold-n-

silicon interface which exhibits electrical rectification

: characteristics. Electrically, such an Au-n-Si surface barrier
1



behaves very much like a one-sided step p-n junction, with the gold
electrode behaving like the heavily déped p=-side of the Jjunction..
The space-charge region which is depleted of free charge carriers,
also known simply as the depletion region, lies exclusively within
the n-type silicon and extends inwards from the Au-Si interface.
The voltage drop due to the potentiél barrier takes place over the

surface space-charge region. Hence the name surface-barrier.

- Operation as a Nuclear Counter

When a revers'e voltege bias is applied to the surface
barrier (gold electrode at a negative potential with respect to the
'silicon), then the width of the depletion region increases as the
square root of the reverse voltage. For a good surface barrier, the
magnitude of the reverse current density will be extremely small,
typicélly less than 1 uA/cm2 for several hundred volts reverse bias.
Thus, almost the entire reverse voltage drops across the depletion
region, making it a high electric field region. If an ionizing
particle such as an alpha particle is now incident through the gold
£ilm and is completely stopped within the high field region, then
all the hole-electron pairs created by the ionizing particle will be
swept away by the high electric field and a net charge will be
collected at ‘ each electrode.

If the ionization density along the track of the incident
particle is not exceedingly high as with the case of heavy ions or
fission fragments, then McKa,y2 has shown that there is no columar

recombination or capture of the free carriers within the depletion



region so that all the hole~electron pairs created will be collected.
If E is the energy of the incident particle and e is the
average energy required to create a hple-electron pair, then the
nunber of free carrier pairs created will be E/e . With suitable
electronicsﬂ such as a charge-sensitive émplifier, the collected free
carrier charge will give rise to a letége pulse which is propor-
tional to the incident charged pafticle energy. A multi-channel
pulse height analyzer can tiiqen sort out the voltage ‘pulses into
appropriate energy inter'val;s "giving rise to gn energy spectrum.
This, in essence, is how an Au-n-Si surface barrier is
used in nuclear spectrometry. In this application, it is used as
a detecting device and behaves much like an ionization chamber
whose basic function is to ;:ollect charge proportional to the
incident particle energy. In conformity with coﬁmon usage, the
surface barrier, in its application in nuclear spectrometry, will
be reierred jco simply as a detector or counter although a more

appropriate name would be a solid state ionization chamber.

Useful Quality Criteria for Nuclear Spectrometry Applications
The most important criteria for determining the quality of
a surface barrier in relation to nuclear spectrometric applications

are listed below. These are discussed in detail in Chapter 2.

1. Resolution. The resolution of a nuclear counter is a
measure of its abi]iﬁy to distinguish between two closely separated

energies of the incident particle. The resolution is usually



measurable only for the system as a whole, that is, including the
electronics. However, quite often, it is the detector which
contributes the most to the loss of resolution. The loss of
resolution is caused mainly by random.elecﬁrical noise present in
the detector although there will be a certain lower limit of noise
present inherently due to the statistical nature of hole-electrdn
creation by the lonized particle. As will be shown in Chapter 2, a
good measure of the detector noise is its amount of reverse current
at the voltage bias under consideration. In general, the larger
the reverse current, the more the hoise and the poerer the
resolution.

2. Depletion Width. For energy spectrum measurements

of nuclesr radiations, it is obviously necessary that the incident-
ionizing particle lose all its energy within the high field regim.
This means that for radiations such as beta rays of energy > 1MeV
and high energy protons etc., the depletion width must be of the
order of several millimeters. A large depletion width also helps
in reducing the thermal noise by reducing the detector capacitance.
For a fixed resistivity of the silicon material, the depletion
width is proportional to the square root of the reverse voltage.
The maximum useful depletion width is then governed by the maximum
value of the reverse voltage up to which the noise remains within
the required limits. Usually, the reverse breaskdown voltage is
‘taken as a criterion for judging the maximum available depletion

width. -



3. Stability. It is often necessary, as in the case of
alpha spectrometry, to operate the detector under a vacuum. During
normal storage and operation, the detector will be exposed to varying
amounts of oxygen 'angd. mois‘cure in the atmospheric air, and to other
gases, ‘and vapors. - For 1ong term ut:Ll:L'cy, the. operatlonal character—

luthS of ‘the detector should remain stable.under different ambient’

conditions..

Need for Reséarch on Au-n-Sl Surface Barriers

Considerable success has been achieved in making surface
barriers which have the properties listed above, nainely, low reverse
current, high breakdown voltage, relative immunity against ambient
changes and insensitivity to storage time. For example, surface
barriers have been repor"cedB’}'l with reverse current densities of
less than 1 uA/cm2 at about 1500-2000 volts reverse bias at room
temperature and much less current at lower temperatures. Also,
breakdown voltages as high 'a.s 4000-5000 volts have been achieved
and for very high resistivity material, a depletion width of 3.5
to 4 mm has been reported.3 However, commercially available counters
do not usually exceed 2 mm depletion width. Insensitivity to
ambilent changes has been possible by special encapsulation
techniques using epoxy.5

In spite of all this success, it can be said that the
fabrication techniques are based more on empirical observations

than on scientific lmow].edge.s’6’7 The yield of good surface -

barriers is very low and surface barriers such as those reported



above are rather rare and expensive. Most surface barriers are -
extremely sensitive to émbients, especially moisture and other
chemical vapors, become very noisy or break down at very low
voltages in a vacuum, and change characteristics with time. Good
surface barriers require special surface treatments. Hence the
need for fundamental research on the basic physical processes of
surface barrier operation.

The research reported here is concerned more with the
fundarental physical processes of operation of an Au-n-Si surface
barrier than with its applications in nuclear spectrometry. It
is true that the starting point for this research was the motivation
to put the fabrication procedure of surface barrier counters on a
more scientific basis, thereby improving the yield and reducing
the cost, and to improve the state-of-the-art of surface barrier
counters. However, the research was fundamental and could be more
appropriately termed as research on the physics and chemistry of
silicon surfaces, using the Au-n-Si contact as a tool.

Only a clear understanding of silicon surfaces and of
metal-silicon contacts can lead to a sclentific foundation for the
fabrication, maintenance and operation of surface barrier counters.
In order to obtain such a clear understanding; we must tum to
some of the unresolved problems about the Au-n-Si surface barrier.
These problems are also shared by many other metal-semiconductor
contacts and they all arise due to what are known as surface

states.ll_l3



Surface States

Surface states are localized electron energy levels
within the forbidden band and are located at the semiconductor
surface and within or at the outer surface of a layer of adsorbed
atoms. Two types of surface states, fast and slow, are known to
e}ci.st.8 The fast states are generally associated with the
termination of the crystal lattice and defects and impurities at
the semiconductor surface, and the slow states with the adsorbed
atoms. Both fast and slow states can be either donor-like or
acceptor-like. A donor-like surface state is electrically neutral
when filled and positive when empty. An acceptor—like surface
state is electrically neutral when empty and negative when filled.
Fast states have a relaxation time (time required toc fill or unfill
a surface state) of 10'5 sec. or less whereas for slow states, it
ranges from several milliseconds to several hours. Three important
quantities characterize a surface state, namely, its energy position
in the forbidden band, its density, and its relaxation time. All
of these ciuantities are sensitive functions of several different
physical and chemical factors.

In the absence of surface states, the theory of the
Au—n-Si surface barrier would be very simple. The diffusion
potential and the current-ve!'tage characteristic are then given by
the Schottky theory”?1 which is discussed in greater detail in
Chapter 3. 'The rectification characteristics would be stable with

respect to time and ambient conditions. However, it is found in



reality that surface states control the behavior of most metal—
semi conductor con‘cacts.lu’15 The presence of surface states has
given rise to a wealth of observed phenomena and has created
immense difficulties, both in theory and experiment, in the study

of metal-semiconductor contacts.

Unresolved Problems

The following are the important unresolwved problems
pertaining to the Au~-n-Si surface barrier.
1. The rectification characteristics of a surface

barrier depend strongly on the ambient conditions. If has been

- found from experience that a freshly evaporated gold contact on

freshly etched silicon will not be strongly rectifying until after
sufficient exposure to air or oxyg;en.l 7 If one starts measuring
the reverse cur~nt-=voltage characteristics soon after exposure to
air, e finds the reverse current at a given voltage to reduce by
two or three orders of magnitude over a pericd of days. This is
the so called forming or aging period for surface barriers.

There is no general agreement regarding the sequence or
amount of exposure. A sufficient exposure after etching but prior
to gold evaporation is considered adequate by some18 whereas

others®?

maintain that only post-evaporation exposure is useful in
the formation of a good rectifier. Another aspect of ambient-
sensitivity is that even after proper aging, the reverse
characteristics are very sensitive to the émbient. For example,

the reverse current at a given voltage changes considerably upon



exposure to a high vacuum or tq vapors of NH3, HF, halogens etc.
Also, a certain amount of moisture in the air has been found to be
necessary during the aging period.3 Perfectly dry air does not
yield good rectifiers. This agpparently is paradoxical since for
n-type silicon, dry air is known to make the surface more p~type
whereas moisture tends to make it more n~type. Evidently, both air
and moisture are needed to yield geood rectifiers.

The problem here is to gain a thorough understanding of
. the physical reasons behind these cbservatios as well as to devise
means by which surface barriers can be made ambient-insensitive.
One method of achieving ambient-insensitivity, with limited success,
has consisted of encapsulation of the surface barrier in an inert
impermeable material such as epoxy.

2. Chemical surface treatments prior to gold-evaporation
have -also been found to influence the rectification characteris-
tics3’19 significantly. Certain chemical {reatments have been
experimentally found to yileld better rectifiers with high reverse
breakdown voltages then others. However, there is no general
agreenent among research workers regarding their comparative merits.
No scientific explanapion exists for the effects of surface
treatments. Both the ambients and the surface treatments are
intimately tied to the surface states. The problem then is to
investigate the relation of the ambients and surface treatments to

the energies and densitles of fast and slow surface staces and of

the surface states to the rectification characteristics.
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3. In spite of the presence of surface states, there is
still some relation betweenl i;he rectification characteristics and
the work function of the metal used. Gold is generally used
because it has been experjmentally found to give good rectification
characteristics,but Siffert apd Coche:L5 have shown that chromium
and platinum can. be used equélly well. When a particular metal
such as gold has been chosen, one need not be concerned about the
metal work function anymore. However, it is necessary to understand
the role played by gold in giving good rectification character-
istics. For example, Siffert aﬁd Coche believe that the higher
work function of gold compared to that of silicon causes an electric
field between the gold and silicen which aids the fixation of
negative oxygen ions to the silicon surface, thereby forming an
inversion surface layer on the n-type silicon. This is why they
believe that only post—-gold-evaporation exposure to air is useful.
They have also shown that after sufficient exposure to air (up to
one year), almost any metal forms a strongly rectifying contact
regardless of its work function. This suggests that the role
played by the metal (including gold) is simply that of an electrode
or ohmic contact to the p~type surface layer; the metal is not the
cause of the surface barrier which is clearly there due to surface
states. The problem here is to verify to what extent this last
statement is true. .

i, Having established the dependence of the rectification

characteristics on the ambients, surface tfeétments* and metal work
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function, it is necessary to determine their relative importances.

9 rate the relative importance of

For example, Walter and Boshar’t:L
surface treatments, adsorbed gases and metal work function in that
decreasing order. Further experimental evidence is necessary for
such a ranking.

5. There have been conflicting reports regarding the
relation between the reverse characteristics and the surface barrier

heights. Walter and Boshartlgfomd that the larger the barrier

height, the lower the reverse saturation current. Gibbons2O found
" no such correlation. Also, the relation between the barrier height
and the reverse breakdown voltage is not known. Thus, more

investigation is necessary in this matter.

6. Archer'21 has reported that when silicon is etched in
an }H\IO3—HE‘ etchant, a stain film is formed on the surface whose

thickness depends on whether thé etching reaction is quenched by
deionized water or by an excess of HNO3 followed by rinsing in
deionized water. He reported the film thickness to range from
10-20 K for HNO3 quenched reactions to about 100-200 K for deionized
water quenched reactions. The exact composition of the films was
not determined but they were believed to be either elemental silicon
or some form of silicon hydride for n~type silicon. It is necessary
- to investigate the relation of the film-thicknesses, that is, of
different quenchants to the rectification characteristics. The
almost universal acceptance of deionized water as the quenchant

should therefore be questioned.



If Archer's results are correct.,then one is faced with two
interfacial layers between the gold and the silicon. One layer is
due to chemisorbed atoms and another is due to the quenchénts and/or
post-etch surface treatments. Both of these interfacial layers
could be the seats of surface states and could thereby control the
rectification characteristics. Very little information is available
on the composition, thickness and dielectric constant of, and the
energy and density of surface states (fast and/or slow) in either
- interfacial layer. It is certain, however, that both the inter-
faciai/iayefs must be transparent to free charge carriers in order
to account for the high forward currents.

22 have proposed a theory which relates the

Cowley and Sze
surface barrier height to the work functions of the metal and semi-
conductor, to the density of surface states and to the thickness of
the interfacial layer. Their theory assumes only one interfacial
layer, without regard to its nature or origin, and makes no
distinction between fast and slow surface states. Walter and
Boshart19 have attempted to extend this theory to the case of two
interfacial layers and they consider both fast and slow states.

The problem is, however, that most of the parameters used in either
theory are of unknown magnitudes, so that one can only make educated
guesses regarding thelr values.

Qualitatively, however, their theory predicts that the
larger the density of fast states and/or the thickness of the inner

interfacial layer, the smaller will be the dependence of the
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semiconductor surface potential on the anbient and/or the metal
work function. An experimental confirmgtion of this prediction is

necegsary.

Motivatian-for the Present Research

Having discussed the unresolved problems pertaining to the
Au-n-Si surface barrier it is now appropriate to state the motiva-
tion behind the research reported in this thesis. Specifically,
this motivation was threefold:

1. To make a comparative evaluation of the different
techniques used for the fabrication of Au-n-Si surface barriers.

2. To shed light on some of the unresolved problems
mentioned above', especially those pertaining to the effects of
anbients, quenchants and surface treatments on the rectification
characteristics, and to investigate the relation between the barrier
height and the rectification characteristics.

3. To develop a model for the Au-n~Si surface barrier,
incorporating surface states, which can explain the observed

effects.



CHAPTER II

THE GOLD-n-SILICON SURFACE BARRIER AS A
NUCLEAR RADIATION COUNTER

The principle of operation of an Au-n-Si surface barrier
as a nuclear counter has been discussed in Chapter I. The criteria
which determine the quality of a surface barrier were also listed

there. These will now be discussed in greater detail.

Depletion Width

For a homogeneously doped n—-type silicon surface barrier

at room temperature the depletion width is given by the relation

d=5.3x lO—S(an)l/2cm , (1)

where 5, 1s the resistivity of the silicon in chm-cm and V is

5 It is

the'total'reverse voltage, including the diffusion voltage.
therefore seen that in order to obtain a large depletion width, it
is necessary to use a high resistivity material and a large reverse
voltage. For a resistivity of 10,000 ohm—cm, a depletion width of
5 mm would require a reverse voltage of approximately 10,000 volts.
Hence the necessity of a high breakdown voltage when a large

depletion width is desired. It is also necessary that the reverse
14
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current at such high voltages be 1low in order to miniriue

noise.

Bssolution

The resolution of a nuclear counter iriéicates its
quality and usefulness as a charged particle energy spectrometer.
It is a measure of the minimum separation in energy that can be
unanbigucusly resolved.

Cansider a monoenergetic beam of charged particles
" incident on the counter. Then ideally, the output voltage pulses
should all be of the same magnitude. In practice there .will be
some spread in the pulse heights and the pulse height spectrum will

appear similar.to that shown in Figure 1.

,-

Total Counts

E
Channel Number or 57‘6‘”‘7]
Figure 1

Pulse Height Spectrum for a Monoenergetic Beam
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The resolution has been.conventionally defined in two ways.

1. TIf the peak of the spectrum occurs at a certain
energy, say E MeV, then the absolute width of the spectrum curve
in MeV (or KeV) at half the value of the peak counts is called
the full width at half maximum (FWHM) resolution.

2. When the full width at half maximum resolution defined
above is expressed as a bercentage ffaction of the peak energy E ,
then this percentage fraction 1s called the fractional width at half
maximum resolution and is also denoted as FWHM.

It will be realized that the above definitions of
resolution denote the overall resolution of the composite nuclear
spectrometer system including the electronics. Noise present in
both the counter and the electronics (mainly in the charge-sensitive
preanplifier) will contribute to a poor resolution. If the noise
in the electronics is small compared to that in the counter, the
resolution is then controlled almost entirely by the counter. This

may often be the case in practice.

Noise in Junectlon Counters

There are several causes of noise in a rectifying junction

counter. These are discussed in the following pages.

Statistical Fluctuations in Ionization

Since the creation of hole-electron pairs by an incident
charged particle is a statistical process, a beam of monoenergetic

particles will give rise to some spread in the pulse heights
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obtained. If N hole-electron pairs are created by a charged
particle as a result of N entirely independent ionlzing events, then
the standard deviation in N would be NY°. In reality, the
events are not all independent and the standard deviation is given

by

where F 1is the Fano factor which is less than one. Equation (2)
serves as the definition of the Fano f‘actor when o is the
actually observed standard deviation. The percentage standard

deviation is then given by

o_ F1/2

N = (N) s (3)
and since N = % ,» this becomes

g _ ,Fe\l/2

ﬁ = (E_) . (u)

If the pulse height spectrum is approximately gaussian,
then the fractional width at half maximum resolution is 2.35 times
that given by (4).

It is seen from (4) that the lower the energy required to
create a hole-electron pair, the better the resolutio. 1

In order to have an idea of the amount of noise
contributed by statistical fluctuations, it can be calculated that

for a 1 MeV charged particle beam incident on a silicon counter, and
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for F = 0.1, the full width at half maximum resolution will be
0.4 KeV. In practice, the Fano factor for silicon is believed to
lie between 0.13 and 0.06. 23 This value gives the theoretical
limit of the best resolution possible with a given semlconductor

material, due to inherent limitations.

Incomplete Charge Collection

Incomplete charge collection can occur in three different
manners. First, if the ionization density along the particle track
is very large, as with a fission fragment, columar recombination
can take place and those charge carriers lost along tbe particle
track contribute a negligible amount to the signal pulse. Second,
1f the lifetime of some free charge carriers is not large enough
for them to traverse the complete electric field region, then their
contribution to the signal will only be a partial contributicn.
Such 2 case can arise in a large depletion width counter with
insufficient carrier lifetime. Third, if the particle track is
longer than the active region of the counter, then quite natyrally
there willl be incomplete charge collection.

The loss of resolution due to columar recombination is
in most cases smaller than that due to stafistical fluctuatidns in
N . The second factor causes the same amount of loss of resolution
as the statistical fluctuations in N and is important only when
the active width of the counter is large compared to the carrier

drift length. Regarding the third case, if the counter is to be
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used for total energy spectrometry, then it is of no value to use
one whose depletion width is less than the particle track 1eﬁgth in
the counter material, If, on the other hand, the counter is to
be used for dE/dx measurementé, then this problem does not arise
since in a dE/dx counter, the depletion region covers the entire

width of the counter.

Thermal Nolse

Thermal noise, or Johnson neolse, occurs in any conductor
due to the thermal velocities of charge carriers, regardless of
whether a current is flowing through it or not, The preamplifier
connected to the counter will see this noise as an r.m.s. voltage

whose value is given by

= K (5)

where k is the Boltzmamn constant, T the absolute temperature of
the counter and C 1s the total capacitance of the counter
including stray capacitance of the 1eads.5 The amount of lineg
broadening or loss of resolution is then defined as that enefgy

AE of the incident particle which will create a voltage pulse of

the same height as the r.m.s. thermal noise voltage. It is given by

O\
~

4 = & xrc)/? | (

For silicon at room temperature, this glves
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1/2

AE = 1.4 ¢ %KeV , (7

where C 1s measured in pf.

It is seen from this equation that to keep the effect of
thermal noise on the resolution to a minimum, the total capacitance
of the counter must also be kept a minimum. If the stray
capacitance in the leads is;heglected, and if the counter is treated
as a parallel plate capacitance of plate separation equal to the
depletion depth d , then the junction capacitance per unit area of

the counter is glven by

e £ Ny (1/2

C_
or equivalently, by
C Ereo 172
= ( ) > (9)
A 2pnunV . _

where, °n is the resistivity of the n-type silicon, My is the
electron mobility, ND the donof density, €n the dielectric
constant of silicon, €5 the permittivity of free space, and V is
the total voltage.

It is seen that a large depletion width is useful in
reducing the thermal noise due to a reduction in capacitance. It
can be calculated that for a 1 cm? silicon junction at room

temperature, the depletion width must be at least equal to 214

microns in order to keep the line boradening due to thermal noise
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within 10 KeV.’

Noise Due to Reverse Current

It has not been possible, so far, to calculate the
amount of line broadening or loss of energy resolution due to
reverse current as was done with the other sources of noise. There
are at least three different sources of rewverse current and each
cah contribute to noise in a different manner, independent of the
other two. There does not exist an 'exact proportionality between
the amount of reverse current and the amount of noise since the
total current ﬁoise depends on the relative proportlons of the
individual sources of reverse current. Thus, for example, 0.5 pA
reverse current due to recombination in the depletion region may
result in greater noise than 1 wA of surface leakage current. Tt
is quite true, however, that for a given device, or a given set of
devices prepared in basically the same manner, the nolse will in
general be proportional to the reverse current. Thus, the amount
of reverse current is a useful measure of the noise in a surface
barrier counter. Iet us now consider the three different sources.

of current noise in some detail.

I. Bulk Diffusion Current

The minority carriers present in the undepleted region
will constantly diffuse into the depletion region and glve rise to

a room temperature bulk diffusion current density given by
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Iy= 7X10-30anT;l WA/ e (10)

where o 1s the n-type bulk resistivity in ohm-cm, Ll'o' is the
hole diffusion iength in cms and L is the hole lifetime in usec.
This equation is valid wheni the '_width of the undepleted region is
large compared to Ib and when there is no surface recombination.
Equation (10) clearly shows the need for a bulk material with a
large minority carrier lifetime but it also shows that in order to

. reduce I g ° the bulk resistivity must not be too high. In
practice, high bulk resistivities are chosen anyway to obtain large
depletion widths at reasonable voltages. The bulk diffusion current
can be minimized by totally depleting the counter provided that this
does not cause a problem due to carrier injectlon from the base

contact.

II. Reverse Current Due to Charge Generation in the Depletion

Region.

This current arises from the thermal generation of charge
carriers within the depletion region via generation and re-
corbination centers. For this case, the theory of Sah, Noyce and

Shockley25 gives, at room temperature,

_ -2 1/2 -1 2
Ig— 6x10 “(p nV) T ph/em” (11)

n o p have been defined earlier. It is seen that Ig

is proportional to the depletion width. Here again, a large

where V , p
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minority carrier lifetime in the bulk material is of considerable

advantage. Although both I, and Ig increase with the

d
resistivity, o . of the starting material, this increase may not be
as large as it appears since in flqat—zone refined silicon the

minority carrier lifetime rp also tends to increase with »p "

ITTI. Surface Leakage Current

This current is due to a conducting shunt path between
the gold electrode and the base electrode due to the space charge
region which exists under the entire surface of the counter. The
cause of this space charge region and its theory are discussed in
Chapter 3. The width and conductance of this space charge region
depend on the amount of bending of the energy bands at the surface,
that is, on the surface potential. If an inversion layer exists at
the surface due to surface treatments or ambierts, then the shunt
path will have a relatively large conductance.

It is possible to minimize this surface current by
causing the surface potential at the free surface of the silicon
to be lower in magnltude than the diffusion potential under the gold
electrode. One way of doing this is by encapsulating the counter
in an epoxy resin with an amine type hardener which prevents the
formation of an inversion layer under it. A p-n junction will then
be formed between the inverted space charge region below the gold
“electrode and the non-inverted space charge under the free surfa.cee5
Another method of minimizing the surface leskage current is by

using certain surface treatments,as was done in the work reported iere.
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it is seen that the total reverse current depends on
several factors. Under certain conditions, one or more of the
sources of the reverse current can be eliminated or minimized. For

example, Langmann and MEyer26

have shown that with proper
encapsulation, the reverse current is almost totélly made up of
diffusion and generation currents. Minimum surface leakage current
has also been achieved by using surface treatments instead of

encapsulation.

Optimization of Total Noise

Having considered the different sources of noise in some
detail, we can now draw the following general conclusions:

1. Most sources of noise increase with the active area
of the counter.

2. it is extremely important to have a starting material
with as large a minority carrier lifetime as possible. It is in
this regard that surface barriers are superior to the diffused
Junction counters. When counters are desired with large areas and
large depletion widths, both these factors give rise to increased
current noise. The only other controllable variable is the
minority carrier lifetime. Now, starting with high minority
carrier lifetime silicon, it is possible to maintain it in a
surface barrier but not in a diffused junction counter. The
fabrication of a surface barrier is performed at room temperature
whereas the high temperature required for the diffusion process in

a diffused junction counter degrades the minority carrier lifetime.
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3. In order to obtain a larse depletion width, it is
better to use high resistivity material than to use an extremely
high voltage. This 1s because of the fact that a higher resistivity
- may be accompanied by a better minority carrier lifetime and also
because a high voltage._ma;y give rise to microplasma breakdown noise
due to surface lnhomogeneities.

. L, There are essentlally two conflicting factors in the
optimization of countef noise. The thermal noise reduces with an
increase in depletion width due to reduction in capacitance. How-
ever, the current noise increases with depletion width. Thus, in
order to optimize the overall counter noise, one must use that
reverse voltage which will give the least overall noise for a
given counter. When an application demands a large depletion width,
the current noise will dominate over the thermal noise. One must
then try to minimize the current noise by fabricating the courﬁ:er
out of high resistivity high lifetime material and using the proper
surface treatments and/or encapsulation techniques. However, in
the case of an gpplication like alpha particle spectrometry where
a large depletion width is not required, it is in general possible

to minimize the overall noise.

Breakdown Voltage

As discussed earlier, large depletion width counters
require large reverse bias voltages. At large electiic fields in

the depletion region, avalanche breakdown will occur. It should be
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noted, however, that in general there will be two depletion regions
in the surface barrier counter, namely, (1) the main surface barrier
depletion region under the gold electrode and (2) the depletion
region at the junction between the free éurf'ace and surface barrier
space charges. The free surface is that part of the surface which
is exposed to the ambient. When this second depletion region

breaks down, a space charge limited surface “"current will then flow
and its magnitude will be controlled by the conductance of the free
surface space charge. Depending on the conditions at the free
surface, it is often possible for the space charge junction to break
down at a much lower voltage than the surface barrier. This is

the reason why the breakdown voltage is so ambient sensitive. In
many cases, there may also be inhomogeneities in the silicon_
surface or bulk where a breakdown may occur. Such inhomogeneities
can produce lar.= noise pulses without contributing much to the
total average reverse current. Surface barriers with high break-
down voltages can be obtained by using certain chemical surface

treatments and/or encapsulation.

Summary
In the light of the discussion presented in this chapter
it is now possible to meaningfully define the three most important
attributes of a good quality surface barrier counter, First, and

most important, is the resolution of a counter. It is true that
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all possible applications do not demand the same amount of high
résolution; nelther is it always possible to achieve it, since the
resolution depends on the active area, depletion width, the
temperature of operation, and the degree of sophistication of the
electronics.

No mention was made earlier of the temperature of
operation but it is true that the thermal noise as well as the
sources of current noise can be considerably reduced by maintaining
the counter at temperatures between the solid 002 and liquid
nitrogen temperatures. However, it is a great disadvantage in
terms of convenience and cost to have to operate at low tempera-—
tures. Besides, there is also the associated problem of preventing
moisture condensation on the counter and the radiocactive sample
when the sample needs to be changed. It is for this reason that
all effort was put into developing high-resolution counters which
are operable at room temperature.

The second criterion for judging the quality of a counter
is the maximum available depletion width. For a given resistivity
of the starting material, this is governed by the maximum value of
the reverse voltage to which the noise remains within the required

limits. Here again, the application will determine the size of the

(o))

epletion width which is necessary but a counter capable of having
a large depletion width will be useful for more applications than
one which is not.

Finally, the counter must be stable with respect to its
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resolution and breakdown voltage over a long period of time as
well as under vacuum. A vacuum 1s necessary for alpha and low
energy beta spectrometry. Most surface barrier counters tend to
become exceedingly noisy under amvacuum and also tend to break
down at very low voltages. f’.’

The following genefal statements can be made regarding
the fulfillment of the above three criteria in order to produce a
good surface barrier counter.

1. High resSolution at room temperature can be achieved
with certain surface treatments when the starting material has a
large minority carrier lifetime.

2. The same surface treatments which satisfy 1. also
give rise to high breakdown voltages so that large depletion widths
can be achieved when high resistivity starting material is used.

3. Proper encapsulation with epoxy resin after the
right kind of surface treatment can prevent deterioration with

time and under a vacuum environment.



CHAPTER ITIT
THEORY

The theory of the Au-n-Si surface barrier will be
presented in this chapter. First, the Schottky theory of a metal-
semicanductor contact in the absence of surface states will be
discussed in brief. Next, a theory of the semiconductor space
charge region will be developed in regar*d to both surface Ehannel
conduction and the a.c. field effect. Finally, the gold-n-silicon

surface barrier in the presence of surface states will be considered.

Schottky : Theory-of -a. ‘Nle;talrfSerrLi conduc_tor Contact

in ‘che~-~Absence;;.of..Surfaqe States

The Schottky theory will not be presented in detail since
it does not correspond to the real situation. However, it is still
important because i1t shows how a metal-semiconductor contact can be
éxpected to exhibit rectification characteristics.

Consider the specific case of a gold-n-sillcon contact of
the type shown in Fig., 2a. Figures 2b, ¢, and d show the energy
band diagrams for this contact under thermal equilibrium (no current
flow), forward voltage bias and reverse voltage bilas respectively.

Forward bias corresponds to the gold being at a positive potential

29
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SPACE CHARGE REGION

GOLD LAYER
> !
3 e n-TYPE SILICON
+ 4+ TX
= = OHMIC CONTACT
= ,

Fig. 2a Gold—n-Silicon Contact with Biasing
Electrical Circuit

v

Fig. 2b Energy Band Diagram of the Au-n-Si
Contact Under Thermal Equilibrium
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Y/

Fig. 2c

Fig. 2d

Fig. 2 (Cont'd) Energy Band Diagrams of a Forward Blased
Au-n-Si Contact (c), and of a Reverse
Biased Au-n-Si Contact (d).

Fig. 2
Au-n-Si Contact in the Absence of Surface States
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with respect to the silicon and reverse bilas corresponds to the
opposite polarity conditions. It is important to note that these
energy diagrams shown in Fig. 2 refer only to that region of the
silicon which is directly wnder the gold-silicon interface. At the
surface of silicon which 1s far removed from the gold, the energy
bands will continue to be straight right up to the silicon surface
since no surface states are asswumed 1;,0' be present.

First consider the case of thermal equilibrium as shown
in Fig. 2b. Here, the higher work function of gold causes electrons
to flow from the silicon to it untii the two Fermi levels coincide,
as demanded by the condition of ‘chermai equilibrium. When this |
happens, an electrostatic field is set up between the negative
surface charge on.the gold and an equal amount of positive space
charge in the silicon. The magnitude of the electric field must be
such as to prevent further flow of eléctrons from the silicon to
gold under equilibrium. The space charge extends to a non-
negligible depth below the Au-Si interface due to the small number
of free electrons in the silicon. The energy bands of the n-type
silicon must be bend upwards in order to account for the variation
of the free-electron density in the space charge region as a
funetion of the distance fli'om the surface. The amount of bending
of the bands at the silicon surface is given by the diffusion

potential Vd » as obtained from the equation: 10

-qu = Wm— WS = Wm— X - Wb N (12)
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where q 1s the magnitude of the electronic charge, Wm’ WS are
the metal and semiconductor work functions, x 1s the electron
affinity of the silicon and Wb is the energy difference between
the bottom edge of the conduction band and the Fermi level in the
silicon bulk (far removed from the surface). The very large micro-
potential barrier due to x and Wm is very small in width and is.
transparent to electrons due to quantum mechanical tunelling. V., ,
which is the surface potential of silicon under the gold electrode
under zero applied bias, is called the diffusion potential because
under thermal eugilibrium, its magnitude is just sufficient to
cause a drift current which exacﬁly counteracts the diffusion
current.

Although V4 is the true potential barrier against the
flow of electrans from the silicon to the gold, it is customary to
define the barrier height, V.. , as the energy required to take am:

electron from the Fermi level in the metal to the conduction band

edge at the silicon surface. Vb is given by the equation:

_qu = wm_ X = -qVS+ Wb . (13)

We see from (12) that the Schottky theory predicts a
surface potential barrier which depends on the difference between
the metal and semiconductor work functions. Ba.r'deenl:L was the first
to propose an explanation of the observed lack of dependence of the
diffusion potential on the metal and semiconductor work functions

on the basis of surface states.
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When a forward bias such as that shown in Fig. 2c¢ is
applied, the barrier height Vb remains constant but the silicon
surface potential VS decreases in magnitude so that an electron
diffusion current flows from the silicon to the gold. The
resistance to current flow is relatively small in this direction.
However, when a reverse bias is agpplied, Vs increases in magnitude
and the resistance to current flow is relatively very high in this
direction. If the applied reverse voltage 1S large, then a high
electric field will exist across the space charge region and it will
sweep away any free carriers that are generated within or happen to
diffuse into the space charge region. Hence a finite but small
reverse current will flow.

Quantitatively, the Schottky theory gives the current-

voltage characteristic to be:9
-qV

2y, sq.Ile iTa

4 12 kT e -1
J =0 [—=(V |+V.)] e X —> s (14)
n nee v dla . 2Q(IVdFVa)]

kT
1-e

where J is the current density, dﬁ the conductivity of the
n-type silicon, ND the donor density, €n the dielectric constant
of silicon, ¢ o the permittivity of free space, Va the agpplied
voltage bias, positive when reverse and negative when forward, and
the other quantities have been previously defined. This equation

is valid only for a metal-semiconductor contact in which Vd is

negative, that is, the metal work function is larger than that of
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the n-type silicon. It is also assumed that minority carrier
injection is negligible so that the current is due to a flow of
electrans only.

The reverse current density given by the abave equation
is actually higher than the experimentally observed reverse current
density by two or three orders of magnitude. It has been shown by

6 that at room temperature, and in the absence

Langmann and Ma,yer2
of surface channel conduction, the reverse current can be quite
accurately expressed as the sum of two components, viz., the bulk
diffusion current given by (10) and the current due to charge
generation in the depletion region as given by (11). The actual
current--voltage characteristic thus differs from that predicted by
the Schottky theory in two ways. Fifst, the reverse saturation
current is much smaller and secondly, its dependence on the
diffusion potential V a is much milder than the inverse exponential
dependence given by (14). A recent improvement on the Schottky

9

theory” can account for the smaller reverse saturation current but

1ts relative lack of deperdence on V P

the presence of swrface states. It is evident that surface states

can only be explained by

make the Au~-n-Si surface barrier behave more like a p-n junction
diode than like a metal-semiconductor contact. Also, surface
states make such a surface barrier sensitive to chemical treatments
and anbients and create an additional source of reverse current

through the surface space charge layer.
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Theory of the Semiconductor Space Charge Region

A space charge will arise under the surface of a semi-
conductor whenever there is an electric field present at its
surface. Such an electric field can arise in three ways: 1) by
simply placing the semiconductor in a region of space containing
an electric field due to some external source; 2) when the semi-
canductor is in the close proximity of a metal with a different
work function than its own; and 3) when there is a surface sheet
of charge due to electrons or holes bound in surface states.

Once a space charge is created, it has certain 'nique
properties which do not depend on the mamner in which it was
brought about. Hence, in the following discussion, the properties
of the space charge will be considered without regard to the
specific agency causing it.

Consider the energy band diagrams of an n-~type semi-
conductor as shown in Figures 3a and b. Fig. 3a corresponds to a
positive space charge and Fig. 3b correspands to a negative space
charge. All the important parameters are shbwn in the figure.

The reference of energy is taken as the Fermi level Erﬂ .

The intrinsic Fermi level, which is given by

E+E N,
_ ¢ v, kT v
B, = —5—+3% 1n.(—Nc) . (15)

is assumed to coinclde with the electrostatic macropotential. A

semi-infinite homogeneous crystal under thermal equilibrium is
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assumed. The surface is represented by the plane x = 0 and the
bulk by positive values of x . The electrostatic poten’ciél barrier

as a function of x is then glven by

E., - E.(x)
V(ix) = _db i R (16)
q
where Eib is the value of Ei in the bulk, far removed from the

surface. Thus, V yill be negative when the bands bend up
(positive space charge) and positive when the bands bend down
(negative space charge). This is because of the negative charge on
the electron; when its potential energy is positive its el_ectro-—
static potential is negative and vice versa.

The electrostatic potential with respect to the Ferml
level is given by

e A

$(x) = 3 . (7n)

It is more convenient to define dimensionless quantities

Vv , U by the equations

v(x) = %—é—}(—)— you(x) = Q%T(—x-)- . (18)

The carrier densities under thermal equilibrium can then

be expressed as

n(x) = nieu(x) = _nbev(x) (19)
p(x) = nie—u(x) = pbe_v(x) s (20)
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where nb = nieub and pb = nie ub are the electron and hole

densities in the bulk. It also follows from the definitions that
v(x) = u(x) - U . (21)

The conditions u(x) £ O correspond to n(x) < p(x) . When
u(x) = 0, then n(x) = p(x) = n, the intrinsic carrier density.
Also, v(x) % O corresponds to the energy bands bending down, ho
bending, and bending up respectively. At the surface, x = 0 , the
values of v ,u, V and ¢ are denoted with a subscript s as
Vg s Ug oo Vs and ¢S respectively. Then for a homogeneously
doped crystal, Vg = O means that the bands are straight right up
to the surface. This is known as the flat-band condition.

When Vg and u, are of the same sign, then the
majority carrier density in the space charge region will be greater
than that in the bulk and we get what is célled an accumulation
layer. When Vg and u, are of opposite sign, we get either a
depletion or an inversion layer. The space charge region up to the
point where the minority carrier density is equal to the majority
carrier bulk density (where v(x) = -2ub) is called the depletion
region. Between this point and the surface, the minority carrier
density exceeds the majority carrier bulk density and this region
is called the inversion lsyer. It 1s possible for the depletion
reglon to extend right up to the surface if |v | < |2u.| .

The condition of space charge neutrality in the bulk

region gives
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pb+ np = nb+ n, , (22)

where n, and n. are the densities of ionized acceptor and

A D
donor atoms respectively. In the space charge region, the net

space charge density will then be

Lt}

p(x) = q(ptny) = qlniny,)

(23)

q(p—pb) - a(n=n,) .

The variation of potential with the distance x from the
surface is obtalned by solving Poisson's equation which, in terms

of the reduced potential v , s be given by

v _aplx)_
e_e kT
ro

&

2
= _—ﬂ—ereokT (p-pb- n+n) . (2h)

This equation can be written as

d2

<

1 sinh(ub+ V)
= = [

T L

Al

where L 1is the effective Debye length which is defined as

e e KT 1/2
L=[—=X2% . (26)

q2(nb+ pb)



41

Multiplying both sides of (25) by %il’- and integrating

from x =« in the bulk to x = x , we have, using the condition

dv

that a—£=0 at x =00,

iF(ub,V)

d
&=~ T 27)

and integrating once more from x =0 , v=v. to x=x,v=v(x),

s
we get
X v dv
==t = (28)
L v HF(u, )
where
cosh(ub+ V) 1/2
F(Ub,V) = V2 [—cé-s'ﬁ—ug" - Vv tanh Ub- 1] . (29)

The minus sign in front of F(ub,v) in (27) and (28)
refers to v > O (bands bending down or negative space charge) and
the plus sign is for v < O (bands bending up or positive space
charge). The integration in (28) cannot be performed in a closed
form except when u, = O (intrinsic material). It must therefore
be evaluated numerically. |

The surface space charge density Zsc is defined as the
total net charge in the space charge region per unit surface area.
T se satisfies Gauss' law since the electric displacement vector

D must vanish in the bulk.

Hence
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z = E_€
sc rodxFO

ta(ngt b )LF(uy V) (30)

where F(u,v.) 1s the value of F evaluated at v =v_ . From
(30), we see that the surface space charge density for silicon is
strictly a function of the surface potential (Vs of Vs)’ the bulk
carrier concentrations and the temperature and is independent of the

nature or cause of the band bending agency.

Excess Surface Carrier Densities

By definition, the space charge density Zsc must also

be given by

oo = é’ a(p-p,n +n )dx (31)
which can be written as

g = a(AP - AN) (32)
where

AP = é (p-py, )dx (33)

AN = [ (n-n_)dx . (34)
O nb

AP and AN are known as the excess surface carrier densities
which are defined as the number of mobile holes or electrons per

unit area of the surface in excess of thelr number per unit surface
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area under flat-band conditions. AP and AN will be of opposite
signs. For example, for v < 0 , (positive space charge), AP will
be positive since the hole density in the space charge region is
larger than in the bulk. However, the electrons will be depleted
from the space charge region and AN will be negative.

As will be shown later, it is necessary to evaluate AP
and AN individually in order to calculate the surface conductance
of the space charge region. For this reason, (33) and (34) must be
put into another form.

If we change the variable of integration inlthese '

equations from x to v , then we can put these in the form

| 0 Vo
AP = pr J m av (35)
v. =D
S
0 >ev— '1
AN =n L vf o) av . (36)
s

In this form, AP and AN can be numerically evaluated
on a digital computer for a range of values of the surface potential

Vg s Onece the value of Uy, is known. Uy, is found from the type

and resistivity of the semiconductor material by using the equation

_ 1
= In G

> (37)
n’b

where Py is the bulk resistivity, is the electron mobility

Hp

for n-type material and n; 1is the intrinsic carrier concentration
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at the given temperature. Knowing Uy and N, s Py and L can
be evaluated by using (19), (20) and (26).
It is seen that for a given U, > AP and AN are single

valued functions of the surface potential Vg and theoretical

curves can be plotted of AP and AN over a wide range of both

positive and negative values of vy . Using (32), the surface

space charge density zsc can also be plotted as a function of Vg

Surface Conductance of the Space Charge Region

The surface conductance of the space charge region, AG , at
any surface potential \A is defined as the change which occurs
in the conductance, parallel to the surface, per square surface area
of the semiconductor sample when the surface potential is changed
from O to Vg Effectively, AG 1is the conductance, parallel to
the surface, per square surface area due to the excess surface
carrier densities only, since it is the difference between the
conductance per square surface area, parallel to the surface, when
there is a space charge and the same quantity when the bulk carrier
densities extend right up to the surface (flatband conditions).

Consider a semiconductor filament as shown in Figure U4,
for which 2 , w and d denote, respectively, its length, width
and depth. The x, ¥, z axes are taken along d, w and ¢
respectively. Flatband conditions are assumed to prevail at all
faces except the face x = O where we have a surface potential v, .

S

Iet o© s ? ds and O db denote, respectively, the average
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conductivities and depths of the space charge and bulk reglons.
The conductance of such a filament along its length is

given by

(6. d+ 0. d )w
g = sszbdb . (38)

In the absence of a space charge region, that is, when

= 0 , the filament conductance would be given by

Vg =
) ob(ds+ db)w
Hence, the change in conductance, parallel to the

surface, when Vg is changed from O to v_ is

e=g-g
(40)

) (GS— cb)dsw
2

The surface conductance per square surface area AG is

now defined as

AG = % Ag
(41)

= (og- cb)ds
Since both £ and w have the dimensions of length, AG

has the dimensions of conductance. However, AG does not represent
the total conductance of the filament. AG 1is called the surface
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conductance per square and its units are usually written as mhos/sq.
or punhos/sq. AG will be the same for a square area of the surface
whether it be a square cm. or a square meter or any other unit of
area.

In order to evaluate AG as a function of vy and U, s

we need to evaluate cs and O - From the fundamental equation

o =qun + upp) s (42)

' We can write

o, = alun+ uppb); (43)

Since o s is the average conductivity of the space

charge region, it can be written as

d
1 S
Oy = I J o(x)dx
s 0
d
1 S
o = § of q(unn(X) + upp(X))dx . (L)

If we assume that the hole and electron mobilities in the
space charge region are the same as in the bulk, which is a fair
assumption except in the case of strong accumulation or inversion
regions,16 then using (41), (43) and (44), and the fact that % is

a constant and can be taken under the integral sign, we have
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d
S
AG = cf> [au, (n=n) + au, (p-p,) Jdx
dy .ds
= é quy, (n=n, )dx + (J; Qup(p—pb)dx . (45)

We now note that for the upper limit of the integrals, ds
can be replaced by = , sincfe in reality the space charge region
approaches the bulk conditiohs only asymptotically.

Hence, we have
AG = q(u AN + w AP) (46)

where AN , AP are the excess surface carrier densities given by

(35) and (36). This equation tells us that AG , like I sc is

also a single valued function of Vg for a glven U, SO that
theoretical curves of AG versus vy can be plotted for a wide
range of values of Vg e Also, it is possible to plot AG versus
Zsc with v, asa parameter. As will be shown, suc_fl a theoretical

AG - I go Curve is at the very basis of interpreting data from ac

field effect measurements.

Theoretical AG versus ZS c Curve

Fig. 5 shows a theoretical curve of AG versus sc for

450 ohm—cm n—-type silicon. (ub = 6.676 and L = 1.23 microns). The

values of the surface potential vy are also indicated on the
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curve. This curve wés obtained by evaluating the integrals for AN
and AP numerically on an IBM 360 Model 40 digital compﬁter* using
the 36-point Gauss-legendre Quadrature method. AN and AP were
evaluated for values of \ ranging from -25 to +é5 in steps of
0.25, corresponding to the bending of the energy bands by 0.65 eV 1n
either direction around flatbands, in steps of 0.0065 eV.

Starting with Vg large and positive, we can trace through

three distinct regions of the curve as v_ goes through zero to

S

large negative values.

The region AG >0 , X <O, (vs > 0) corresponds to an

sc
accumulation region. The space charge is négative,' the bands bend

down and the surface conductance i1s mainly due to the large nunber
of majority carriers (electrons for n-type). As A approaches
zero through positive values, AN reduces but AP does not increase

significantly so that AG reduces, as does |zsc|. At v =0,

we have flatbands and both AG and Zs mst be zero by defini-

¢
tion. The curve thus passes through the origin at flatbands.

The region AG < 0 , _ .> ESC> 0 (—~2ub< v, < 0)

sei”
corresponds to the depletion region. As. Vg becomes negative, the
bands bend up and the space charge becomes positive. AN .'cont‘inues..
to decrease but the increase in AP is not sufficient to

contribute significantly to-the surface conductance so that AG
kééps on- de¢reasing. At v, = -2y, the free hole density at the
surface becomes equal to the bulk electron density and we enter into

the inversion region.
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For zsc > T

se” O (Vg< —2ub_) we have the inversion

region. For v < ;2ub » AG . continues to reduce further until at
Vg = =24~ ln.(;un/up)_ . (47)

AG reaches a minimum value. It is seen that the‘ surfgce potential
at wnich the conductance minimum ocours is éuﬁqiqu,e function of " u
and is approximately equal to —2ub for large U, - '

As \A becomes more negative beyond the conductance

minimum, AG starts increasing due to hole conduction. The curve

onece agaln passes throug;h AG = O when

AN
-l (48)

ST: }Ut

Beyond that point, we have a strong inversion layer and the surface
conductance is due mainly to minority carriers (holes in this case).

It may be noted that the AG versus Esc curve is linear
over most part except near ‘the conductance minimum and at very large
Vallies of Vg where saturation effects and degeneracy set in.

No corrections have been applied in evaluating the
theoretical AG v/s zsc curve for the reduction of mobilities of
electrons and holes in the space charge region due to surface
scattering. Such corrections, .first worked out by Schrief‘fer,28
are important only for strong accumulation and inversion layers,
that is, large values of A Since such large IVS| values are

- ordinarily unrealizable in practice, Schrieffer's corrections are

generally neglected. 8
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Surface States

A brief discussion on surface states was presented in
Chapter 1. It was mentioned there that surface states can be of
the fast or slow type and can also be donor-like or acceptor-like.
We will now discuss in some detail the origin and nature of both
slow and fast states and the effects of donor—- and acceptor—-like
states on the energy band structure of a semiconductor near its
surface.

Consider the energy level dlagram for an n-type semi~-
conductor as shown in Fig. 6a. When there are no surface states
present, and in the absence of an external electric field, flatband
conditions will exist. Now suppose that acceptor-like surface
states with a density N per e » regardless of being of the fast
or slow type, are introduced at an energy level Et below the
Fermi level. Since the surface states are empty and below the Fermi
level, some of the electroné from the conduction band will fall into
them. This causes a sheet of negative charge at the surface and a
positive space charge underneath it. The energy bands in the space
charge region will bend upwards with respect to the Fermi level,
Also, since the localized levels Et are due to short range atomic
forces (micropotential) and are hence unaffected by the space charge
macropotential, they will ride with the erergy bands. Equilibrium
will be reached when the positive space charge is exactly equal in

magnitude to the negative surface states charge. Under equilibrium,



53

VACUUM LEVEL

1 — X

D=

(%)

el x

2

wi

2L

O W EC
= - Er
O PE*

-

w Ey

Fig. 6a Energy Band Diagram Just After Introduction
of N cm 2 Acceptor-like Surface States at
Energy Et

VACUUM LEVEL

) =X
5 X
@
w
5 i B
gl —m
1= g,
O
% \
w EV

Fig. 6b Energy Band Diagram of (a) After Peachlng,
Thermal Equilibrium
Fig. 6
Effect of Acceptor-like Surface States on the Energy
Bands of n-type Silicon



5

the levels E, will lie‘ slightly above the Fermi level and will

t
therefore be only partially filled. The equilibrium condition is
shown in Fig. 6b.

We have thus seen that the presence of acceptor-like.
states at the surface bends the energy bands upwards and glves rise
to a poslitive space charge. This étatement is obviously true 'even
for a p-type semiconductor. An argmﬁent similar to the one above
- will show that when donor-like surface states are introduced above
the Fermi level, holes from the valence band will fall into them
and the energy bands of both p- and n—type semicondﬁctors will bend
downwards, leading to a negative space chérgeu | |

Thus, for an n~type semiconductor, donor-like surface
sﬁates will give rise to an accumlation region and acceptor-like
states will cause a depletion region and, perhaps an inversicm-
region also. Also, the larger the number of ionized surface states,
the greater the magnitude of the surface sheet of charge and the
more the bending of the energy bands.

Normally, ocn a real surface of a semiconductor, that is,
on a surface that is chemically etched and exposed to the atmosphere
or other gases, there 'eXiSt both donor- and acceptor-like surface
states simultanecusly. The bending of the energy bands and the
type of space chargé will then be due to the overall net effect of
both kinds of states. It is then possible that on the same piece

of a semiconductor, there may be different regions of the surface

with differing space charge. In contrast to this, a clean surface,
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such as is obtained by cleavage under ultre~high vacuum or by ion
bombardment and ennealing, is always found to have a positive space
charge, corresponding to acceptor—like surface states, on both n-
and p-type semiconductors. This is believed to be due to electrons
trapped by the dangling bonds at the surface.

Eﬂ;ze charge carriers which are trapped in surface states
behave as bound charges and do not take part in the conduction
process under normal electric fields. This, of course, is for the
same reason that charge carriers in donor and acceptor impurity
levels behave like bound charges. However, as will be pointed out
later, charge trapped in slow surface states will migrate extremely
slowly on the surface under the influence of an electric field
parallel to the surface. The current due to such a sﬁrface ionic
migration is negligible but it does give rise to a significant
variation of the depletion width and reverse junction capacitance
of metal-semiconductor surface barriers over a period of minutes or
hours.

The occupation statistics of surface states is govermed
by the Fermi-Dirac statistics in the same manner as f‘of impurity
levels. Thus, the probabllity that an electron occupies the energy

level E 31530

- 1 ~
£ (8) = , (49)

1+ g e [(Bp- Bp)/kT]

where 8, and 85 represent the number of degenerate gquantum
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states of the level E_ when it is vacant and oceupied,

respectively. If we now define an effective energy level Ei such
that

Ef =B + kT In(g /&, ) (50)

t - g & 8y s

then the occupation probability can be writtenl6 as

£ (E) = — 1 . (51)
Y lven [(EE— Ep)/KT]

The surface densities of occupied and unoccupied surface

levels will be given by

>}
i

£

]

Py = Ny £(E]) , (53)

where fp(Ez) =1 - f‘n(Eg) and n.+p. =N is the total denéity
of surface levels at the energy E, . The surface levels will now
be half occupied when the Fermi level coincides with Ff; rather
than with Et . The maximum rate of variation of fn(E,f;) and

f p(Ei) with energy occurs at E{ = En . Hence, surface states
close to the Fermi level are the most effective. Those close to
the band edges are the least effective. Of course, EL also rides
with the energy bands so that the occupation probability changes as
the bands bend.

In general, there can be several surface state energy

levels. 'The net surface charge density can then be given by



57

Ig = 4d ; Ny s p(E )-q 2 Ntkf‘n(Etk) , (54)

where th is the surface density of donor-like levels at energy

Etj and Ntk is the surface density of acceptor-like levels at
energy E‘tk .

In the absence of an external electric field, there will
be a space charge of equal magnitude and opposite polarity, so that

the total charge density ZT is given by

P It I, =0 - (55)

T

If an externally applied electric field exists at the
surface, (such as, for example, a capacitively applied field), then
the charge induced by the gpplied field will be dlvided between the
surface charge (charge bound in surface states) and the space

charge. Gauss' law will thengive

=0 (56)

where

L, =1D_ = +e.e € . (57)

D a is the magnitude of the electric displacement vector and €4 is

the dielectric constant of the medium external to the semiconductor

surface. ~Ea is the electric field strength in this surrounding

medium. The plus sign is for the electric field pointing into the
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semiconductor surface and the minus sign is for the field pointing

outwards. For the case of an applied electric field, we then have

5.=3 4+ 5. =-I_ . (58)

So far, it has not been necessary to distinguish between
fast and slow surface states. However, such a distinction becomes
essential when considering the effects of a time varying external
electric field. Actually, the distinction is more fundamental than
that of merely differing transient behavior. The nature and origin
of fast and slow states are quite different, and they behave quite .
differently under different physical and chemical conditions. Hence
a brief description of the origin and nature of fast and slow |
surface states will be presented after defining them in terms of
their transient behavior.

Consider a capacitor made up of a metal electrode in the
close proximity of an n—type semiconductor surface with an
intervening dielectric medium. This is shown in Fig. 7a. Suppose
that this capacitor is uncharged at first and a net density of
acceptor-like surface states causes the energy bands to bend up-
wards as in Fig. Tb. If now the metal electrode is given a negative
potential with respect to the semiconductor, then the electric field
in the dielectric will be pointing outwards from the semiconductor
surface. The capacitor charges up by removing same of the free
electrons from the space charge region of the semiconductor, thereby

bending the energy bands still further upwards.
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It is assumed, for simplicity, that the surface potential
Vg is not too large even in the presence of the electric field so.
that the minority carrier (hole) density in the space charge region
is still négligible., This assumption is very often justified in
practice. This charging up process takes place in a relatively
short time (of the order. of 10—8'sec or less) so that the conduction '
band of the semiconductor is in equilibrium with the field within
this short time after the application of the field. The energy
band diagram at this instant (t = O') is shown in Fig. Tc. The
surface states are still not in equilibrium with the induced charge.
This equilibrium can be reached only when some of the electrons are
released from the acceptor-like surface states into the conduction
band and when the conditions of (54) and (58) are both satisfied.
The final equilibrium conditions are shown In Fig. 7d. As the
equilibrium between the surface states and the induced charge is
being reachea, the energy bands will relax towards their original
pre-field positions. The amount of relaxation is determined by the
densities and energy positions of the surface states. Hence, a
study of the transient behavior of surface states can yield
information regarding their densities and enefgy_ positions.

The induced charge 1s distributed between the space
charge and the surface charge. Effectively, then, the surface
states partially shield the space charge from an éxtemal field.

With a high density of surface states close to the Fermi level, the

shielding or relaxation can be almost total.
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The fast and slow surface states are defined with respect
to their relaxstion times, that is, the time they require to reach
equilibrium with the induced charge. Those surface states which -
have a relaxation time of the order of 1072 sec. or less are called
fast surface states. Surface states with a relaxation time ranging

2 sec. to several hours are called slow states.

from about 10~
We can now discuss the origin and nature of fast and slow
surface states. Considering the fast states first, it is reasonable
to assume that since the fast states do not require too much time
to come Into equilibrium with the energy bands, they must have an
intimate contact with the semiconductor surface. The fast states
are therefore assumed to exlst at the semiconductor surface itself.

Tt was first shown by Tamm,>2 13

and later by Shockley,
that even at an ideal surface (free of defects, impurities, adsorbed
atoms or displacement of surface atoms), localized energy levels can
exist with a density of roughly one per surface atom, due to the
termination of the crystal lattice. More crudely, we can say that
dangling bonds of the surface atoms will exist at the surface and
that electrons can be trapped to satisfy these dangling bonds. The
actual structure of a semiconductor surface is rather complex but

it has been observed in practice that a clean semiconductor surface
always has a positive space-charge which confirms the dangling bond
hypothesis to some extent. In reality, there will be impurities

(dopant) and defects even on a clean surface and these can give

rise to fast surface states also. It is customary to associate
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fast surface states to surface trapping and reconbination levels,
regardless of the origin of such trapping levels. Electrically,
the behavior of these éurface levels is the same as that of
trapping and recombination centers in the bulk.

Fast surface states will also exist on chemically etched
(real) surfaces which are exposed to the atmos_pher'e. The density
of fast states on real surfaces is found to be about two to three
orders of magnitude smaller than on clean surfaces. This is
believed to be due to the satisfaction of some of the dangling bonds
by adsorbed atoms. Both chemical surface treatments (etching,
quenching, and post-etch chemical treatments) and gaseous ambiehts
affect the densities of fast surface states. There is experimental
evidence that the energy positions of the fast states are quite
insensitive to chemical surface treatments and gaseous ambients.l6
This evidence is quite conclusive for the case of gaseous ambients
but not so conclusive for chemical surface treatments.

The slow surface states are usually associated with
chemisorbed atoms. A real semiconductor surface will normally have
a layer of chemisorbed atoms on it and such atoms can also trap
electrons or holes. Since these trapping levels do not have an
intimate contact with the semiconductor surface, their relaxation
times will be comparatively large. The presence of the slow
surface states wili affect the densities of fast states in two ways.
First, the slow states can satisfy some of the dangling bonds.

Secondly, the charge trapped in the slow states will cause an equal
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and opposite charge to be distributed between the fast states and
the space charge. The bending of the energy bands will therefore
change, thereby changing the occupation densities of the fast
states. Thus, we note that gaseous ambients can change the

surface potential in much the same manner as an applied external
electric field. Actually, different gases and vapors can change
the surface potential much more .effectively than an electric field.
Coupled with their lack of influence on the energy positions of fast

states, this makes them very useful in ac field effect measurements.

Theory of the Low Frequency AC Field Effect

Consider an n-type silicon surface under a given ambient
in the absence of an extermal electric field. Gauss' law then

gi.Ves
onsT Fpgst Fho T O (59)

where Zss and I are the surface charge densities in the slow

S f'ss
and fast surface states respectively. Under an external electric
field corresponding to an inducing charge density I 5 ° e have

LrgsT Zgeo = —(Zsss+ Za> = i o (60)

where x'h N is the charge density induc=d by the combined action of
dionived slow surface statez and an electric field.
Now suppose that the external electric fleld is an ac

field with a frequency which iz hizh =noucsh so as to prevent
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the interaction of the slow surface states with the induced charge
but low enough to allow complete interaction between the fast
surface states and the induced charge. Such a frequency can lie
between a few Hz and a few KHz. Then,if Aza represents the change
in Za over a time At, we will have

+ AT = =AY = AZ, (61)

AZ
fss' "“sc a in

that is, the induced charge is distributed only between the fast
states and the space charge. Now the charge trapped in the fast
surface states, Zfss » 1s immobile and therefore does not contribute
to the surface conductance. Also, the charge zfss » being at the
very surface, does not enter into Poisson's equation (Eq. (24)) for

rd

the relation between Zgo and vy . Even in the presence of Less®

the surface potential v_ is still a single-valued function of Zsc

s
(vS is a double-valued function of AG although AG 1is a single-
valued function of Vg but in the case of Zoo and vy , each is

a single-valued function of the other). Thus we see that the
fraction of the induéed charge which goes into the space-charge
region, namely AZSC > glves rise to a unique change in the surface
potential Vg s which, in turmm, gives rise to a wunique change in

the surface conductance. What happens in practice is that a given
ambient (ESSS) determines a definite surface potential v, , and
hence, definite values of Zsc and AG , in the absence of an
electric field. An ac electric field then varies Vg s ZSC and AG

by small amounts around their equilibrium field-free values.
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Another ambient allows different field-free values of v

s’zsc and

AG around which they can be varied by the applied electric field.
By using a sufficient number of different ambients, it is possible,
in principle, to cover a large range of values of Vg s Zsc and
AG . 'Thus, it is possible to cover a significant portion of the
theoretical AG versus ZS c curve, including the conductance
minimum. The different ambients affect only the occupation
densities of fast surface states but not their energy positions in
the forbidden band. This allows the field effect curves for
different ambients to partially overlap and to form a smooth over-
all curve which would otherwise be obtained with a single ambient
and a large enough ac electric field. Thus, the different ambients
perform the same function as would an unrealizably large applied
electric field.

The experimental field effect curve is built up of a
nunber of field effect curves, each of which depicts the change in
surface conductance from its field-free value versus the total field-
induced charge density Azin = A):fss+ Azsc . Azin can be
calculated from the known magnitude of the applied ac field using
(57). If the overall experimental curve contains the conductance
minimum, then we know that the conductance minimum should occur at
the same valué of vy and Lo 88 for the theoretical curve. We
therefore align the theoretical and the experimental curves so that

their conductance minima coincide along the surface conductance

axis. Then the ordinates of the experimental curve will also
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represent the true values of AG , Also, the values of Vg and

Io for each point on the experimental curve will be the same as
for a corresponding point on the theoretical curve, A corresponding
point on the theoretical curve is one which has the same value of
AG and which lies in the same type of region (accumlation,
depletion, or inversion) as the chosen point an the experimental
curve. Although Vg is a double valued function of AG , if the
type of region 1s also specified along with AG , then a unique
relation between v, and AG can be established.

The abscissa on the overall experimental field effect
curve will be zin =3 fss+ Zoo 3 except that no preeise reference
point is available along this axis as 1t is along the AG axis.
This is because the charge induced by any glven ambient is not known
in absolute magnitude. If the reference point for the induced
charge is arbitrarily chosen to correspond to zern electric field
in some specific ambient such as vacuum or oxygen, then the
conductance minimum of the theoretical curve can be aligned with
that reference point on the experimental curve. The difference
along the abscissa between two corresponding polnts on the

experimental and theoretical curves will then give Tpes » the

ss
surface density of charge trapped in fast surface states with

respect to its value under the reference ambient. Of course, the

value of zfs for any ambient will be in error by at most an

s
additive constant. The field effect measurements are still useful

in yielding the correct order of magnitude of the density of lonized
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fast states. The densities for different émbients in reference to
the chosen standard ambiént will not suffer from any error other
than due to the limits of experimental accuracy.

We have thus seen that by measuring fhe surface
conductance modulation under a capacitively applied transverse ac
electric field, it is possible to evaluate thé surface potential
Vg and the density of ionized fast states for different ambients,
provided that the conductance minimum can be experimentally achieved.
From the variation of the occupation densities of fast states with
Vg > it is also possible to evaluate the energy levels of the fast
states. However, this cannot be done uniquely since several
different sets of energy levels will give rise to the same
occupation statisties. Hence, no effort was made in thls work to
evaluate the energy levels cf fast surface states. The greatest
utility of the field effect technique lies in the fact that it
enables one to quite accurately measure the influence of chemical
surface treatments and gaseous ambients on the surface potential
and the density of fast surface states at a semiconductor surface.
The relative simplicity of this method together with its versatility
has made it by far the most popular technique in the study of semi-

conductor surfaces.

The Au-n-Si Surface Barrier in the Presence of Surface States

We have seen that a metal semiconductor contact in the

absence of surface states will behave according to the Schottky theay
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and will have no surface channel conductance. The difference
between the metal and semiconductor work functions causes a surface
potentiai barrier and a space charge to appear uhder the semi- |
conductor surface and the contact exhibits electrical rectification
characﬁ.eristics . |

| In the presence of surface states, a potential barrier :
will normally exist at the semlconductor surface even withouf a
metal contact. If now a cantact is made with a metal, then most. ‘of
the induced charge due to the electric field arising out of the work
function difference will lie in the surface states rather i:han in
the space charge. For the specific case of the Au-n-Si contact,
the silicon energy bands under the gold contact will bend upwards
by only a small amount compared to the bending in the abéence of
surface states. The surface states thus effectively shield the .
semiconductor space charge region from aii external electric field.
The larger the density of surface states and the closer thelr energy
positions to the Fermi level, the more effective is their shielding.
Figures 8a and b show, respectively, the energy band diagrams of an
n-type silicon surface with acceptor-like surface states before and
after contact with gold.

It is seen from the asbove discussion that in the presence
of a large density of surface states, thé barrier height of the
metal-sémiconductor contact will show little or no relation to the
metal-semiconductor work function differences. This means that

the recitfication characteristics of a metal-semliconductor contact
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can be controlled more by the surface treatments and ambients than
by the type of metal used. This explains the experimental
observation that after sufficient exposure to air, almost any metal
yields a rectifying contact on n-type silicon regardless of its
work function.

However, the metal work function does play an important
role in yielding low reverse current surface barriers. The role of
the metal can only be appreciated after considering the reverse
current-voltage characteristic.

Consider the Au-n-Si surface barrier as shown in Fig. 8e.
A relatively large net density of acceptor-like surface states is
- assumed to be present on the entire silicon surface. Iet BSC and
FS c denote the space charge regions under the gold electrode and
under the free surface respectively. The corresponding surface
potentials will be Vd and VS . Now Vd and VS will in general
be different. The causes for their difference will be discussed
later. Here, we need only consider the consequences of their
difference. We may recall that Vd and VS will uniquely
determine the excess carrier concentrations AN and AP in the
two regions. Thus, if Vd and VS are different from each other,
a graded junction will be formed between Bsc and FS c

Now consider the application of a reverse voltage to this
surface barrier rectifier. First of all, there will be a reverse
current through Bsc . There is sufficient experimental evidence to

show that this reverse current does not depend directly on Vd as
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predicted by the Schottky theory. Rather, it is made up of the
bulk diffusion and the space-change generation currents as given hy
(10) and (11), just as for a regular p-n junction diode. In fact,
except for the surface channel current, the surface barrier diode
behaves exactly like a one-sided step p-n junction. The vy of
the surface barrier correépond_s to the‘ bullt-in voltage of the p-n .
J unction'except that whereas the latter depends on the product of
the impurity doping cohcentraﬁions in each region, the former
depends on the silicon doping concetration, the densities and
enérgy positions of surface states and on the metal work function
in a rather complex manner.22

Next, we must consider the current that flows acrass the

boundary between BSc and FS c and through Fs c to the bulk

contact. Three possible cases can be considered for this current.

(1) If |Vg| > |V4| , then AP will be larger in F,
than in By, and the B - fs . Junction will be forward biased
since FS c is at a positive ‘potential with respect to BS - A
large space-charge-limited channel current will now flow so that
the overall reverse current will be predominantly made up of this

channel current.

(2) 1Ir IVSI . |Vd| , then again a large space-charge-
limited chamnel current will flow of gpproximately the same

magnitude as in the first case.

(3) If |V ] < lvd_l > then the By - F Junction will

Sc
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be reverse biased and the channel current will be the small reverse

current through the Bsc" junction as long as the reverse

Fsc
voltage across this junction is much smaller than its avalanche
breakdown voltage. |

In reality, the Bsc— Fsc Junction will be a two-
dimensional graded junction and the development of its exact theory
is extremely difficult. However, we can see from the above
armwents that the reverse current of a surface barrier will depend
on both Vd and Vs and not on Vd alone. Also, it is because
of this reason that the reverse characteristics are so much
depehdent on surface treatments, quenchants, ambienfs and the metal
work function since all of these factors control Vd and the first
three contfol VS . Also, it is possible that the breakdown voltage

of the B o Junction may be significantly lower than that of

se” Tse
the Au-Si contact either due to strong accumulation or inversion of
the free surface, or due to localized inhomogeneities of the surface
states charge or both. This may therefore control the overall break-
down voltage of the surface barrier.

In order to investigate the effects of surface treatments,
etchants and quenchants on the rectification characteristics of the
Au-n-Si surface barrier, it is therefore necessary to study the
variation of both V4 and Vg with each of these variables. Of.
these two, Vd can be evaluated by dif‘ferential capacitance
measurements on a surface barrier. However, VS must be evaluated by

Jow frequency field effect measurements on filamentary samples
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prepared in the same mammer as the surface barrier except for the
gold evaporation.

We can now see why the metal work function does play a
secondary yet important role in controlling the rectification
characteristic of a surface barrier. If the metal work function is
larger than that of the n-type silicon, then the electric field |
resulting from the work function difference will aid the fixation
of negative ions such as O . It will thereby help create an
inversion layer under the gold electrode. The strength of inversion
may be controlled by the surface treatment and quenchant (density
of fast surface states). Thus, a metal such as Au Oor Pt exhibits
good rectification characteristics within minutes or hours af’cef
exposure to air, whereas low work function metals require several
months of exposure to air. Even then they do not yield such low

reverse currents as are obtained with Au, Pt, Cr ete.



CHAPTER IV
EXPERIMENTAL WORK ON Au-n-Si SURFACE BARRTERS

Fabrication

In order to investigate the effects of etch quenchants
and post-etch chemical surface treatments on the rectification
properties of Au-n-Si surface barriers, different conbinatims of
these were used in the fabrication procedures.

The cholice of the different quenchants investigated was
based on the following reasoning. Since the active components of
the  etchant CP4A are HNO3 and HF, it was argued that if an excess
of I-]NO3 gives rise to a thin stain film on the silicon surface, then
an excess of HF would give rise to a thick film conpared to that
given by deionized water. Thus, the three different quenchants
chosen were: (1) excess HF, (2) deionized water and (3) excess
I—INO3 .

The post-etch surface treatments used were: (1) no
specific chemical but storage in deionized water for 1-2 weeks with
water changed daily, (2) immersion in boiling deionized water for
30-40 min, (3) immersion in 1% agueous solution of potassium di-
chromate at 70-80°C for 20-30 min and (4) immersion in agua regia

(HCL/HNO3 = 3/1) at 70-80° for 20 min. The first treatment was
5
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| » 18
found by Reynolds and Persson to yield low reverse current diodes.

However, their treatment also included a two week exposure to
filtered air prior to gold evaporation which was not used in this
work. 'The bolling water and sodium dichromate treatments have been
widely used except that petassium dichromate was used instead of
sodium dichromate, since it is a very strong oxidizing agent. The
aqua regia treatment evolved from an observation that surface
barriers which were once fabricated and destroyed by dissolving the
gold electrode in aqua regia turned out to be better rectifiers upon '
refabrication, in spite of a thorough rinsing in deionized water and

re-etching.

Pre-etch Preparation

Several 5 mm thick slices were cut from a single 450 ohm—cm
n-type silicon ingot of 2 cm diameter and with the axis along the
(111) crystallographic direction. The minority carrier lifetime was
wnknown but based on the reverse currents it was calculated to .be
of the order of 100 usec. These slices wére once made into Au-Si
surface barriers but were found to have poor reverse characteristics.
The detectors were therefore destroyed by immersion in hot agua
regia.

Each slice was then lapped on both faces with Amerdcan
Optical M302, M303 abrasives on a ground glass plate. After rinsing
away the abrasive, they were then given an ultrasonic detergent bath,

rinsed with deionized water, given an ultrasonic bath in TCE
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(trichlorcethylene), dried an filter paper and stored in deicmnized
water in a very thoroughly rinsed beaker. After lapping, each

slice was handled exclusively with a set of clean teflon coated

tweezers.
Etching and Quenching
The etchant used was CPUA which is made up of HNO3: HF:
CH,COOH = 5:3:3. Fresh etchant was made each day and was cooled

3
for 2-UI hours in ice before use. Each slice was individually

etched in about 120 mi. of etchant for 24 minutes with the etching
beaker being surrounded by ice-cold water and being stirred quite
vigorously by hand. The etching action was quenched in one of the

following three manners.

1. After 24 min. of etching, about 50 ml of concentrated
(48%) HF was added to the etchant and stirred for another 10-15
seconds after which deionized water was gradually added and the
flushing or rinsing was performed until the resistivity of the over-

flowing water was about 1 Megohm—cm.

2. The etching was qQuenched by high resistivity deionized

water followed by a thorough rinsing in deionized water.

3. Same as in the case of HF quenching except that the

quenchant was about 100 ml. of concentrated (70%) HNO3.

Surface Treatments

Following quenching and rinsing, the silicon slice was
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given one of the four chemical surface treatments described sbove.
A light rinse in deionized water was given after each
surface treatment except the first. Care was taken to minimize
exposure to air from the start of etching till the completion of
the gold evaporation. Thus, after the surface treatments, the
slices were again stored in deionized water for 1-2 days until

ready for gold evaporation.

Gold Evaporation and Cantacts

A gold electrode of 12.5 mm in diameter and 20 wgm/cm’
thickness was evaporated on each crystal through teflon masks. A
2.5 mm dianeter gold dot of additional thickness was evaporated
at’ the periphery of each gold electrode for making contact to 1t
The' back contact was made with Anchor Alloy model Shurbond ITI
conducting silver paste. To ensure a good non-rectifying contact,
a 2-3 mm diameter area of the back face of each crystal was
lightly scratched with a diamond point prior to gold evaporation.
After gold evaporation, the crystal was mounted on g 7 mm diameter
kovar stud covered with silver paste. The overall mounfing
arrangement is shown in Fig. 9. Contact with the gold electrode
was made by banding a gold band onto the thick gold dot with silver
paste. The completed surface barriers were stored in a clean dust-
free enclosure. No form of edge-protection or encapsulation was

used.
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Fig. 9 Mounting Arrangement of the Au-n-Si Surface Barrier
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Identification Scheme

Table 1 shows the scheme of names used to identify each
surface barrier.

The first two letters of each name identifies the surface
trestment - AR for aqua regia, DI for dichromate, etc., and the
last letter identifies the quenchant used - H for hydrofluoric acid,
W for water and N for nitric acid. This system of naming has an
advantage over a numbering scheme in the fact that during the
discussion of the comparative properties of different surface
treatments and quenchants, one need not refer back or commit to
memory the correspondence between a nunber and the method of
preparation.

The surface barrier NOW was not prepared since it had
been studied extensively prior to this work. However, field effect

measurenents were also performed on an NOW sample.

Reverse Current-Voltage Characteristics

Both fomard and reverse current-voltage characteristics
were measured on a Tektronix Model 575 transistor curve tracer at
several intervals of time over a seven month period. Figures 10
and 11 show the curve tracer photographs taken affter storage in
filtered room air for one week and seven months respectively. For
both forward and reverse polarities, the scale alomg the voltage
(horizontal) axis is 20 volts/cm. and that along the current

(vertical) axis is 100 pA/cm. The hysterisis in the reverse
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Fig. 10 Curve Tracer Characteristics of Surface Barriers
After One Week of Storage In Filtered Room Air
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Fig. 11 Curve Tracer Characteristics of Surface Barriers
After Seven Months of Storage in Filtered Room Alr

DIN

DIW

DIH
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characteristic curve is caused by juﬁction and stray capacitances.
For these measurements, the surface barriers were shielded from
light and were mounted within six inches of the curve tracer input
terminals in order to minimize stray capacitance.

After one week of storage in clean air, measurements were
also made for detalled point by point current-voltage characteris—
ties on all surface barriers except those treated with potassium
dichromate. For the surface barriers of the DI group, the reverse
currents were so large even at low voltages that curve tracer
photographs were quite accurate for them. These point by point
measurements were made using a 1500 volt regulated dc power supply,
a 10 megohm current limiting resistor, a Boonton Model 95A
plcoameter and the surface barrier, all connected in series. The
surface barrier was mounted in a specially constructed metal
chamber which was a good electrical and light shield and which
could hold a high vacuum. Each surface barrier was tested at
atmosphéric pressure up to a reverse voltage of almost 1500 volts.
Figures 12, 13 and 14 show the reverse characteristics of the
NO, AR and BW groups of surface barriers respectively.

The results of the curve tracer and detailed current-

voltage characteristics can be summarized as follows:

1. With respect to both forward and reverse characteris-
tics, the surface treatments can be ranked in a decreasing order
of superiority as 1) NO, 2) AR, 3) BW and 4) DI. There is

some ambiguity about the ranking of AR and BW.
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2. The quenchants can be classified in a decreasing
order of superiority as 1) HF 2) H,0 and 3) HNO3 for the NO,
AR and DI surface treatments and in the decreasing order of

1) HNOB, 2) H,0 and 3) HF for the BW surface treatment.

3. The DI surface treatment does not produce good
rectifiers but it appears to be extremely useful in the evaluation
of the different quenchants, at least for the NO and AR surface
treatments, since it clearly distinguishes among them in the curve

tracer characteristics.

L4, The combination of surface treatment and quenchant
which gives the best reverse characteristic also gives the best
forward characteristic. It must be noted that if the back contact
to the silicon bulk material 1s not a perfectly non-rectifying
contact, then it will be reverse biased when the gold-silicon
contact is forward biased. Thus, the forward characteristic
actually depicts the quality of the bulk contact. We can then say
that the same mechanism which causes a good reverse characteristic
of the Au-Si surface barrier also caUses a non-rectifying bulk

contact.

5. After seven months of aging in filtered room air, the
bulk contact becomes more rectifying. However, the previous
comments still apply in the sense that the better the Au-S1 surface

barrier, the slower the deterioration of the bulk contact.

6. For the BW surface treatment, the reverse current
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characteristics indicate thatb the decreasing order of superiority
for quenchants is 1) HNO3, 2) H20 and 3) HF. However, for the
same surface barriers, the forward characteristics on the curve

tracer indicated a reverse order for the quenchants after one week

and the same order as given above after seven months.

Differential Capacitance Measurements for the

Bvaluation of the Diffusion Potential

The diffusion potential of a metal-semiconductor surface
barrier is most commonly evaluated by the method of differential
capacitance measurements. Under the condition that the semi-
conductor space charge is comprised of iohized impurity atoms only
(that is, when there is no inversion layer), the ac differential

capacitance of a netal—semicfdﬁductor surface barrier is given by

C\=-2 2
(F) "= ——— (V4 V) (62)
A qareoND d 'a

where % is the capacitance per unit area, ND the donor density
for an n-type semiconductor (assumed fully ionized in the space
charge region), V 3 the diffusion potential and Va the applied

voltage and q , €, 5 € have been defined before. Thus, if -]=2

o)
C
is plotted against the applied reverse voltage, there will be an
intercept on the negative voltage axis equal to Vd.
The differential capacitance measurements were made with

a Boonton Model T4C-3S8 sensitive capacitance bridge with a 50 mV

peak-to-peak 100 KHz intermal test signal. The reverse voltage
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bias could be applied with an interal dec power supply and
measured with a null-type Fluke Model 887A dc differential volt-
meter.

When 'th_e differential capacitance measurements were made
oh the surface barrier NOH, it was found that as the reverse bias
was varied from' ane value to another, there was a slow relaxation
effect in the capacitanée at each reverse voltage. For example,
suppose a veverse bias of 0.2 volts had been applied for a long
time , say 1 hour, 'and' the steady state capacitance had been

‘measured. Then whén the reverse voltage was changed to O.4 volts,
the .cépacitance would at once decrease as expected and then over a
period of 20-30 minutes, it would increase by a significant amount
(as much as 10% of its value at the lower voltage) and settle down
at a new value for 0.4 volts. The same kind of behavior would be
observed when the voltage was changed from 0.4 to 0.6. At each
reverse voltage a slight change in reverse éurrent was also
observed. For example, when the voltage was changed from 0.2 to
0.4, the reverse current would at once increase, as expected, and
then relax back to a slightly smaller value with time. At higher
reverse voltages the relaxation became less and less until it
vanished around 20 volts or so.

If the neasuremenfs were made with the reverse voltage
decreasing in steps from a high value, an exactly similér* but
reverse relaxation of capacitance was observed. That is, at a

smaller reverse voltage, the capacitance increased at first and
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then relaxed to a smaller value.

NON and ARH were found to exhibit exactly similar
behavior, Differential capacitance measurements were not performed
on other surface barriers because the relaxation of capacitance
would render the diffusion potential values unreliable. It was
fully confirmeﬁ that the relaxation effects observed were truly
due to the surface barriers and not the electronics. Replacing
the surface barriéfvby:a‘fiked capacitor of similar value showed
no such effects at all;‘ Fig. 15 shows a representative curve of .
the variation of.capacitance with timé for the surface barrier NON,

with the reverse voltage increasing.

Ihyestiggtiqgqu Capacitance Relaxation Effect by

Alpha Particle Probing Experiment

The following model was arrived at in order to explain
the slow relaxation of the differential capacitance.

Fig. 16a shows an Au-n-Si surface barrier in equilibrium
at some réverse voltage, say 2 volts. At this voltage, it will have
a certain depletion width and a corresponding differential.
capacitance and reverse current. The space charge region in the
silicon will have a slightly larger area than that of the gold
electrode. Due to the edge effect, the electric field lines from
the periphery of the gold electrode will terminate into the silicon
space charge not directly below but a little further away. This

will give rise to a tangential component of the electric field
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Figure Illustrating the Capacitance Relaxation Model



93

along the silicon surface in the vicinity of the periphery of the
gold electrode.

Now suppose that the reverse voltage is changed to 5 volts.
This at first causes the depletion width to increase, with a
correspohding decrease in the differential capacitance. The
lateral vspread of the space charge will also slightly increase and
so will thé tangential component of the electric field on the
silicon surface. The tangential electric field will cause the
migration of the chemisorbed ions. With a reverse voltage, the
direction of the tangéntial field will be towards the gold |
electrode so that negative ions such as those of oiygen will tend
to move away from the electrode. This surface migration of the
chemisorbed ions must presumably be slow in order to explain the
relaxation time of several minutes. As the surface ions migrate
away from the gold__ electrode, the silicon space charge undemmeath
will also tend to spread further, thereby increasing the
differential capacitance. This is shown in Fig. 16b. Also, as
the overall area of the space charge region increases, the reverse
current decreases by a very small amount, presumab‘ly due to the
reduction in the bulk diffusion current. The equilibrium
capacitance will thus be slightly higher than its value soon after
increasing the reverse voltage. When the reverse voltage has
reacheda sufficiently high value, the width of the depletion region
will be quite 1argé, even beyoﬁd the periphery of the gold

electrode, and most of the ionic charge will already have been
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migrated so that the space charge, and hence the differential
capacitance will not significantly change any further,

By an e‘xactly simlilar reasoning, 1t can be seen that
when i:,he reverse voltage is 'decr'easing;,‘ the ,capacitance at each
lower voltage will at f‘ir*ét .increase ahd then relax baok to a"lo.wer
value. | |

| In order to experimentally confirm the above model, it
was decided to conduct the following experiment.

Suppose a finely collimated beam of monoenergetic alpha
particles is incident normally on a surface barrier a little
beyond the edge of thé gold electrode. If the surface barrier is
used as a nuclear spectror[etér in conjunction with proper
amplifiers and a multichannel pulse height an'al&zer and if the
range of the alpha particle is much larger than the depletion width
at the point of incidence, then the peak of the pulse height
spectrum will correspond to an energy which is proportional to the
depletion width. When the reverse voltage is changed, then if the’
peak of the pulse height spectrum shifts with time, tha‘c_ must
correspond to a change in depletion width with time as required
by the above model. By measuring the time variation of the peak
of the pulse height spectrum, as a function of both different
increasing and decreasing voltages and different distances from
the edge of the gold electrode, a complete mapping of the width of
the space charge as a function of time, reverse voltage and

distance from the gold electrode can be made.
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A detailed alpha particle probing experiment as described
above was not carried out but time variation measurements made at
two different distances from the gold electrode edge did show a
time shift of the peak of the pulse height spectrum as expected.
These resulté are shown in Table 2. There were several experimental
difficulties associated with this experiment which could not be
completely overcome so that these results should be regarded as

only a qualitative confirmation of the model presented above.

Table 2

Time Variation of Alpha Energy at Position 1

Reverse Voltage | Reverse Voltage | Reverse Voltage
1 Volt 2 Volts 5.04 Volts

Time min o MeV o MeV o MeV
0 1.236 2.293 3.481
1.65 1.256 2.488 3.509
3.30 1.257 2.51h 3.512
h.95 1.329 2.536 3.512
6.60 1.342 2.533 3.522
8.25 1.352 2.570 3.507
9.90 1.360 2.558 3.516
11.55 1.369 2.577 3.513
13.20 2.583 3.514
14.85 2.59) 3.518




CHAPTER V
FIEID EFFECT MEASUREMENTS

Introduc_tion

The theory of the low frequency ac field effect
measurements was presented in Chapter IIT. Although the idea of
using a capacitively applied transverse electric field to modulate
the conductance of a thin semiconductor filamén"c had been used
previously, Brown was the first to show in 1955 thét the sui’face
potential as well as the densities and energy positions of fast
surfaces st'ates could be evaluated from such measureménts when a

conductance minimum was obtained.3l

Experimental Arrangement

In order to derive the experimental AG versus Zin

curve (Zin = zfss+ Zsc , 1s the field induced surface charge
density) from the measured parameters of the field effect
experiment, it is necessary to describe the experimental
arrangement first. This is shown schematically in Fig. 17 and is
described in the following paragraphs.

A constant current, I , equal to about 1 mA is made to

flow through the n~type silicon filament under investigation by

96
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connecting it in series with a large resistor RS and a high dc
voltage V . The current flows along the length of the sample
whose dimensions are approximately 2 cms x 2 mm x O.2 mm and which
has two non-rectifying contacts at the ends. The sample is placed
within an amblent control chamber where it can be kept under a
high vacuum or under any desirable gaseous or vapor ambient. A
250 Hz, 0~2000 volts peak to peak ac sinusoidal generator is
connected to two metal field plates which are applied to the broad
surfaces of the sample and separated from them by thin pieces of
mica. Part of this ac voltage forms the horizontal sweep of a
differential amplifier input dual beam oscilloscope. The ungrounded
or signal end of the sémple is ac coupled to input A of the upper
beam input amplifier whose input B is fed by a compensating RC
network whose function is to anull that part of the field effect
signal which is due solely to the capacitively induced displacement
current. The full ac field plate voltage is applied to input C
of the lower beam, and its function is to provide monitoring of
the horizontal and vertical voltage magnitudes. When both the dec
and ac voltages are applied, curves such as are shown in Fig. 18
are obtained, where the upper straight line is the monitoring ac
voltage and the lower curve is the conductance modulation curve.
let R, g denote the resistance and conductance of the
sample in the absence of an ac field. Then g 1s actually the
parallel conductance of the central 'coré where the bulk free

carrier densities prevail and the two surface space-charge reglons
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Fig. 18 Representative Oscilloscope FE Curves for the
BW and DI Groups of Surface Treatments
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of the broad faces. With a constant current I flowing through the
sample, the dc voltage across the filament will e Vf = IR = é
Now when the ac voltage 1s applied to the field plates, an
alternating electric field will be set—-up in the region between
each field-plate and the corresponding surface of the sample.
Let v, o = Vo sin g)t be vthe field plate voltage. Then

the charge density induced on the silicon surface is

Cv
= (63)

Ay = 3R

where C is the low frequency capacitance between the field plates
and the sample, and A 1s the effective area of the samble
surface under each field plate.

The induced space charge density will change the
conductance of the space charge region according to the relation
expressed by the theoretical AG versus ZSC curve. Thus the

filament conductance will be changed by an amount Ag and if the

current is maintained constant, a voltage AVf. given by

Ag = - v% AV (64)
f
will appear at the input A . Since Vf = IR ,
AV
g =-— . (65)
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Now, in order to convert Ag into conductance per

square we must have

AV '
R e (66)

IR

AG' = 5=

Here % and w are the effective length and width of
the filament sample actually under the field plate, I the constant
current through it, R 1its resistance under the particular ambient
under zero ac field and AVf the observed voltage variation.

Here, | AG' does not represent the surface conductance with

respect to flatband conditions but rather with respect to the field-
free surface potential under the given ambient. It is only when

the conductance minima of the experimental and theoretical curves
are aligned that the true values of AG with respect to flatbands
can be obtained for each point of the experimental curve. Using
equations (66) and (63) we can transform the observed field effect
curve on the oscilloscope into an experimental AG' versus Zin
curve.

As pointed out earlier, in practice it is hardly ever
possible to obtain a single experimental field effect curve under
any given ambient which will cover a wide range of AG' versus
Zin variation and will include the conductance minimum. Electric
fields as high as 10° volts/em fall to produce a wide enough swing

of the surface potential so that what is obtained in practice is a

small field-induced swing in surface potential around each of its
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quiescent values as determined by the ambient. One thus has to
subject the sample to an ambient cycle which successively swings
the surface potential from that corresponding to an accumulation
region to that for an inversion region. The fragmentary curves for
the different ambients are then superposed where they overlap to
form a smooth continuous curve of AG versus Zi . Even so, it
is quite often not possible to obtain a conductance minimum,
especially in the case of silicon which has a relatively wide for-
bidden band. The fact that it is possible to fit the different
fragments into a single curve is a direct indication of the fact
that it is only the fast surface state densitiles which change with

ambient and not their energy positions in the forbidden band.

Preparation of the Silicon Samples

The silicon %amples used in the field effect measurements
were in the form of filaments of average dimensions 1.7 cm x 3.2 mm X
0.25 mm. This form is best suited for field effect measurements
since it affords the large surface to volume ratio necessary to
resolve the small field induced conductance modulation from the
large shunting bulk conductance. Several 0.5 mm thick slices were
cut with a thin blade diamond saw from a cylindrical ingot of
450 ohm-cm n-type silicon with the cylindrical axis being
perpendicular to the (111) faces. These slices were lapped with
Amerdcan Optical M302 and M303 abrasives on a ground glass plate

until the faces showed no mechanical damage due to sawing. The
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lapped slices were then cut into filaments with the help of a
diamond scribe. The filaments were again lapped until their
thickness was around O.3 mm. The filaments were then cleaned in an
ultrasonic detergent bath, rinsed thoroughly in deionized water,
subsequently cleaned in ultrasonic TCE bath and dried on filter
paper. These were then stored in petri dishes in a dust-free
enclosure. After the final lapping of the filéments, they were
untouched by hands and were handled only with polyethylene or teflon -
coated tweezers which were rinsed thoroughly in delonized water each
time before use.

For each field effect run, two samples were etched and
surface treated simultaneocusly to insure against one of them not
being suitable for measurements. The filaments were etched in
100 cc of CP4-A etch for U4 minutes while being stirred vigorously
and holding the etching beaker in ice-cold water. The etch mixture
was freshly prepared for each run and was cooled for 2-4 hours in
ice before being used. After exactly 4 min. of etching, the
filaments were quenched with either HF, deionized water or HNO3'as
described before.

About 10 to 15 seconds after adding the quenching agent,
the etching mixture was diluted with slowly running deionized water
until the resistivity of the overflowing water was at least about
3 megohm~cm. The filaments were thus thoroughly rinsed to ensure
the absence of any residual acids on their surfaces. The samples

were then given the same set of surface treatments as the surface
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barriers, which were described earlier.

Extreme care was taken to prevent exposure to air during
the entire process of etching, rinsing and surface treatment. Evep
after the surface treatment, a maximum of 10 min. of exposure to
air-was allowed. During this time, the filaments were dried on
filter paper, gjently scra’qched on both sides at each end with a
diamond scribe and then masked off with mica pieces and placed in
the high vacuum evaporator for deposition of aluminum contacts over
the ends. The evgporator system was so set-up that aluminum could
be simultaneously evaporated on both sides so as to again eliminate
exposure to air during changing of face. A film thickness in
excess of 10001?. of Al was evaporated under a high vacuum of below
5}{10"5 mm. of Hg. At least 2 hours of pumping was used to Jnsure
as little thickness as possible of the interfacial layer between Al
and Si.

One of the filaments was then removed from the high vacuum
and stainless steel foil field plates with clean cleaved mica
spacers were quickly attached to it. The field plates were held by
alligator clips. This kind of a mounting arrangement was chosen
after trying several others because it provides a minimum of air
gap between the field plate-mica-silicon capacitor. After etching,
the crosssectional shape of the filament becomes sometimes like that
of a convex lens, thus requiring flexible field plates for maximum
coverage. After mounting the field plates, two single~strand wire

leads about 3 inches long were attached at each end over the
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evaporated aluminum with Anchor Alloy silver paste. The silver
paste has a tendency to cause a strong inversion layer under it so
that care was taken to not let the silver paste touch the silicon
beyond the evaporated aluminum. The fairly thick film of Al also
helped in preventing the silver paste from penetrating it and
reaching the silicon. The leads were attached éfter mounting the
sample within the ambient control system, so that it could be
quickly placed under a high vacuum without having to wait for the
silver paste to dry in air. Thus the sample was exposed to air for
only about 20 min. between the time it was removed from high vacuum
after Al evaporation and the time it was again in high vacuum ready
for field effect measurements.

The need for non-rectifying contacts for the success of
field effect measurements cammot be overemphasized. Excessive
variation of contact resistance with ambient renders the field
effect measurements useless for any quantitiative information; first
by introducing errors that cannot be corrected and secondly by
preventing the attainment of the conductance minimum. Considerable
effort was spent over a period of almost two years to achieve non-
rectifying contacts onto high resistivity silicon. This effort met
with only partial success. Contacts made on evaporated Al over
scratched surfaces were generally found to be good provided
exposure to alr prior to Al evaporation was minimiged. Even so,
the contacts remained good in air for only a few days or weeks.

This may explain why two filaments were prepared simultaneously and
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why exposure to air was minimized.

Field Effect Measurements

The experimental arrangement was as described earlier and
as shown in Fig. 17. The dc voltage was obtained from two high
voltage regulated power supplies stacked in series to glve about
4500 volts. The series resistance was 6 megohms which gave a de
current of about T40 microamberes thr‘ough the sample. A Boonton
Model 95A Sensitive DC Meter was used“to read and monitor the de
current. The filament resistances v;rere of the order of 100 kilohms
* and varied by as much as +30 kilohms under different ambients but
much less over the entire swing of the ac field. Thus the de
current:was substantially coanstant. The correction for not having
an ideal current source for I is giveh by

v , R 2
e true) = Ve (cbserved)® (1+ ﬁs) > (67)
where R is the dec filament resistance under a particular ambient
and the other quantlities have been defined previously. With R =
100 kilohm and RS = 6 megohm, the correction is seen to be less
than 3 per cent. Proper corrections were applied to 2ll the
experimental AG versus Zin curves. 1t may be pointed out that
use of a larger series resistance would have made the correvcticn
negligible but it would have either made it necessary to use an

wnduly high dc voltage with its associated breakdown problems or it
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would have reduced the de current with a subsequent reduction in
the resolution of fhe measurements. Of course, the dc current must
be limited to a safe level that does not heat the filament since
under a vacuum ambient, the heat losses through the leads may be
insufficient.

The frequency of the de field was 250 Hz. The ac frequency
is not critical and no detectable change in the field effect
measurements was observed over a wide range of frequencies of from
4O Hz to about 1 kHz. The frequéncy must be within this range
because it must be high enough to eliminate effects of slow states
and low enough to include all fast states, that is, to maintain an
equilibrium between all the fast states and the energy bands. The
ac voltage was obtained from an audio oscillator and a high voltage
audio amplifier which was capable of glving a sinusoidal voltage of
2000 volts peak-to-peak. Most of the time, however, a field plate
voltage of only 800 volts peak-to-peak was used.

The compensating network was made up of an air dielectric
150 pf variable condenser in series with two 0.5 megohm potentio-
meters, the output being at the comnection between the two potentio-
meters. When an ac voltage is applied to the field plate, the
output voltage across the filament consists of two components:

1) a voltage which is almost 90° out of phase with the applied ac
voltage and is due to the charging of the field plate-silicon
capacitor through the relatively small filament resistance, and

2) a voltage which is in phase with the applied ac voltage and due
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to the modulation of surface conductance. The purpose of the
compensating network is to cancel the out of phase displacement
comonent. With zero de current flowing through the filament, the
compensating network is adjusted to give a horigzontal straight line
on the scope indicating that in the absence of any conductance
modulation signal, the cancellation of the out of phase signal is
perfect. This condition is not always easy to achileve, especially
when a particular ambient causes an inversion layer, thus leading
to high contact resistances at the two ends of the sample. If this
condition is achieved, then only a slight adjustment should be
necessary to get a good field effeet curve when the filament dc
current is not zero. Quite often the conductance modulation signal
is so large compared to the displacement signal that compensation
becomes a simple matter.

The field effect curves were obtained directly on the
Tektronix Model 502 differential amplifier input dual beam
oscilloscope with a Polaroid camera attachment. The scope was
calibrated with the help of the audio generator and a Fluke Model
887A AC/DC differential voltmeter. The horizontal sweep for the
scope was obtained from the field plate voltage through a potential
divider.

For each ambient, the dc current was noted. A calibration
curve was made to obtain the dec filament resistance from the de
current. The ac voltage was then gradually increased from zero up

to about 800 to 1000 volts peak-to-peak. Under some ambients, only
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a small ac voltage was possible due to voltage breakdown. The
resulting field effect. curve was photographed for each ambient. In
practice, a time record was kept and photographs were taken at

certain time intervals during an ambient cycle.

The Anmbient Cycle

A definite amblent cycle was evolved after trying a large
number of different ones. Field Effect Curve photographs were taken
at approximately the following times during the ambient cycle which
is described below.

1. In air soon after mounting and attaching leads.

i

2. In vacuum at about 2x10 ' torr after 1 hr. of

diffusion punmping.

3. Tn vacuum at 5x10"5 torr or less after at least 12

hours of diffusion pumping.

4, Within the first minute after letting in dry oxygen
for 30 seconds. The oxygen was obtained from a Linde high pressure
oxygen cylinder through a liquid nitfogen cold trap to condense any
moisture in it. Oxygen was let into the bell jar at a slow rate

for 30 seconds after which the bell jar was sealed off.

5. 3 min. after letting in oxygen. |
6. Anyuhere between 6 and 10 min. after letting in O,.
7. Within one minute after letting in dry 802 for 15

seconds. The SO, was freshly prepared by reacting NaILISO3 (sodium
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sulphite) with concentrated sulphuric acid, in a glass flask which
was cannected to the 1iquid N, cold trap. With the O, still within
the bell jar at below atmospheric pressure, the SO2 was sucked in
along With room air just bY opening slightly the '_bell Jar vent

valve.

8. About 3 min. after letting in SO,.

9. About 6 to 10 min. after letting in SO,.

10. Within one minute after letting in dry N2O.for 15 secs.
N2O‘was obtained by heating NHLlNO3 vcr'ystals in a flask and was
sucked in through the cold trap ,' along with room air, in the
presence of O2 and 802.

11. About 3 min. after N,O intake.

12. About 6-10 min. after N,0 intake.

13. In vacuum after pu_mpi.rig for anywhere between 15 min.
and a few hrs. |

14, In moist air obtained by bubbling room air through
water. The moist air was let in for 15 secs. or sometimes even
for a few minutes.

15. 1In moist NH3 obtained by bubbling room air through an
aqueous solution of NHMOH. The NH3 was let in for 15 to 30 seconds.

16. In vacuum after pumping out NH3.- Sometimes, several
photos were taken during prolonged evacqation.

17. In room air, soon after letting in air following
evacuation of NH3.

18. After 30 min. or so in room air.
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The ambient cycle described above is only meant to give
an cutline of the ambients used and the relative time intervals at
which the field effect curve photographs were taken. Neither the
ambients not the times were rigidly fdllowed for each sample since
the primary purpose of the ambj,ent cycle was to help obtain a
conductance minimm so as to be able to evaluate the surface
potentials in room air, mois_t‘ alr and vacuum. _'Ihus the ambient
cycles and times of photographs differed slightly from sample to
sample and were always chosen to yield the best possible set of
partially overlapping field effect curves. A representative set

of field effect photographs is shown in Fig. 18.

Results of the Field Effect Measurements

The oscilloscope photographs of the FE (field effect)
curves repfesent’ed AVf Versus Vv, » which could then be converted
into AG' versus AI; by use of equations 66 and 63. In
practice, all the FE curves for a given filament were first
normalized to some fixed filament resistance. These were then
fitted to form a single FE curve. In some cases, a conductance
minimim was never obtained but could be estimated quite well by
slight extrapolation of the FE curve. The position of the
conductance minimum was chosen as a reference for measuring AVe
and Voo The field plate-silicon cspacitance and the physical

dimensions were measured for each filament and the experimental AG

versus zin curves were constructed.
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Figures 19 and 20 show the experimental AG versus Zin
curves for the NO and AR surface treatment groups. The theoretical
AG versus Zsc curve is also present in each figure. The field-
free position for some ambients are marked and the horizoptal
reference for each curve is arbitrarily taken as the field-free
positién under high vacuum after prolonged evacuation. The contact
resistances for the BW and DI groups of surface treatments were very
large and varied too much with the differen’b anbients and under
the ac field. Therefore, the surface potential could not be
quantitatively evaluated as a function of ambients and quenchants
for the BW and DI groups of surface treatments. However, useful
qualitative inferences can be drawn from their FE curves.
Representative FE curves for the BW and DI surface treatments are
given in Figure 18.

Table 3 gives the surface potential Vs in millivolts and

z fss ° the surface density of ionized fast states in units of

lO:LO cm-2 for the NO and AR groups. A negative surface potential

means a depletion or an inversion region and a positive VS
corresponds to an accurulation region. A positive value of zfss
denotes a net positive charge stored in the fast surface states
with respect to that stored under a high vacuum. Thus, the sign of

pX has only a relative significance.

f'ss
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TABLE 3

Results of FE Measurements

A Surface Potential V_ in mV
ient : ’ s 10 2
(Density of Ionized Fast States in 107 States/cm™)
NOH NOW NON ARH ARW ARN
Prolonged -260 -326 -351 7l 96 26
Vacuum (~0.62) (=0.74) (=0.79) (0.76) (1.20) _(0.16)
.” ~10 min 0, -223 -235 -229. 67 -31 -79
(-4.28) (-8.20) (-6.0) (4.35). (21.79) (12.35)
tgxmns% -329 -326 -369 0 - -116 -197
(7.29) (=0.73) (0.31) (26.2) (27.7) (22.2)
2 hr. vac. -104 ~194 =191
after O,+ SO, (42.0) (32.5) (6.37)
10 min vac. -309 - -382
after 02+ 802 (5.29) - (2.58)
1.5 min NH, -68 -265 up 78 135 104
(=12.7) (-6.15) (-11.0) (=1.25) (~16.44) (-25.29)
>10 min vac. -316 -308 -311 112 119 -19
after NH3 (6.2) (-2.68) (=2.44) (=25.8) (~6.87) (6.37)
>15 min air -313 : -331 - =275 -30 -348
after anbient (5.87) (2.37) - (67.7) (21.8) €35.9)
cycle

GIt



CHAPTER VI

DISCUSSION

This chapter includes a discussion of the results obtained.
The inferences which can be draWn .fr'om the results of the current-
v6ltage measurements and field effect measurements will be preéented
first. A model of the Au-n-Si surface barrier will then be given
which -explains many of the eXperinlentally observed effects.
Comparison will be made to the results obtained by others.
Finally, some overall conclqsions will be presented regarding the
relative success of this research in fulfilling the motivations
behind it and regarding fur*bher research that needs to be done in

this area.

Inferences from the Current Voltage Characteristics

and Field Effect Measurements

The following inferences can be drawn from the results of

the reverse current-voltage characteristics and the FE measurements.

1. The NO, AR and BW (except for BWH) surface treatments
prevent the formation of an inversion region at the silicon surface
even under strong electronegative ambients. The DI surface

treatment forms a strong inversion region at the Si surface. If

116
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these FE results are correlated with the reverse characteristics,
then a perfect correlation is obtained since all surface barriers
except BWH and those of the DI group had low reverse currents.

Also one must conclude from this that low reverse currents will not
be obtained in surface barriers which have a fairly strong
invérsioh region at the free silicon surface beyond the gold
electrode. It seems that in cases where a strong inversion region
appears at the free surface, either the condition |Vd| > [Vg| is
not realized or if it is realized, the différenée vyl = 17| is
very small and the breakdown voltage of the Bsc- Fsc Junction is
small because of the large hole concentrations in each space charge
region. Thus, for strongly inverted surface bérriérs like those of

the DI group, the condition (V4| = [V | presumably holds and

therefore large surface channel currents can flow.

2. For the NO and AR surface treatments, the quenchants
HNO3, HéO and HF cause an increasing density of fast surface states
in that order. This is indicated from the slopes of the FE curves
at any vy or AG . Actually, it is the quantity 4z

fss/qu >

which is the reciprocal slope of the v

5 .
g versus In . curve, which

indicates the effectiveness of the fast surface states in shielding
the space charge from an external field. This quantity is more
important than just the density of fast surface states (relative to
the density undef sofe standard ambient).‘ This is because it also
takes account of the energy positions of the fast surface states

and gives their overall shielding effectiveness. However, since
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for most ambients, Zfss N OB,

fss ~ "in _"Tin dAG
v, v dv, ~ dAG xdvS (68)

and since %@ﬁ at a given AG or Vg is the same for all surface
treatments anfi quenchants, it is good enough to use the reciprocal
slope g_i_%n_ of the experimental FE curves for purposes of com-
~parison of the different surface treatments and quenchants. The
smaller in the slope (in absolute magnitude) of the experimental

FE curve at any given v, , the less sensitive will the surface

S
potential be to variations in chemisorbed impurities.

| For the NO and AR surface treatments, the increasing
density of fast surface states with HNO3, HQQ' and HF (except for
ARW) can be explained on the basis of an increasing interfacial film
thickness caused by these quenchanté in that order. This is in
accordance with Archer's I'esults.zl Archer found the Stain films
to be composed of elther elemental silicon or silicon hydride so
that the film is quite possibly a restructured part of the silicon
surface rather than an external film and is therefore likely to
contain a large number of trapping centers within it. If, therefore,
it is assumed that the fast surface states reside within this film
rather than at the interface between this film and the silicon, then
the larger the film thickness, the larger will be the surface

density of fast states. The above experimental results can then be

very well explained. The anomalous behavior of the BW group cannot
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be explained without reliable FE data on them.

A correlation is also found to exist between the density
of fast states and the reverse current.. Thus, the decreasing
reverse current for HNO3, HEO and HF can be correlated with the
increasing density of fast surface states in that order. In terms
of the relative magnitudes of Vd' and Vg , this result can be
explained by the fact that for a given surface treatment, the larger
the density of fast states, the more it will prevent Bsc and FSc

from strongly inverting.

3. It is seen from the experimental FE curves that the
NO surface treatment gives rise to a smaller density of fast surface
states than does the AR treatment. This result at first appears to
be comple_tely at variance with the above discussion on quenchants',
since the NO gr'oup of surface barriers have a lower reverse current
than the AR group. However, there is' no contradiction involved if
we realize that shielding by a large density of fast states is just
one way of preventing Fs c and BSC from strongly inverting. This
is the mode of operation of the quenchants. The surface treatments,
one the other hand, operate in an entirely different manner. It was
pointed out earlier that the surface treatments influence the
structure and chemical reactivity of the sili.con surface. Thus, the
surface treatment actually controls the amount of chemisorption of
the ambient atoms or molecules by controlling their sticking
coefficients. For example, if the silicon surface is in a pure

oxygen ambient, then the type of surface freatment will control the
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number of oxygen atoms that are chemisorbed whereas the_ quenchant
(based on fast state densities) will control the fraction of tre
charge induced by the ionized O atoms which goes into the space
charge. This means that the NO surface treatment reduces the
sticking coefficients for most ambients compared to the AR surface
treatment. This statement is also confirmed by the fact that for
the NO surfa_ce treatment, the surface potential values are confined
to a relatively narrow range (almost completely within the depletion

region range) over the entire ambient cycle.

4, Under a prolonged exposure to vacuum, the AR group and
BWH have a slight accumulation layer whereas the'space charge for
the NO group and for BWN and BWW is highly depleted and the surface
potential is close to its value near the conductance minimum. This
result can be explained on the basis of a large number of water
molecules chemisorbed on the AR treated surfaces. Je éntsch32 has
shown that chemisorbed water can cause both slow and fast donor-like
surface states. This can then explain the large densitfyk of fast

states on AR treated surfaces.

5. The variations in the surface pétential are not
completely reversible under different ambients. For the NO and AR
surface treatnents, there is a tendency for the surface potential
to somewhat stabilize at some final value close to that near the
conductance minimum. In fact, it can be seen from Table 3 that in
many cases, the surface potential is much larger in magnitude under

room air after less than 30 min. of exposure after the ambient cycle
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than it is under strong electronegative ambients such as O2 and SOZ'
This indicates that initially, the silicon surfaces, especially of
the AR group, are predominantly covered with water molecules, a good
proportion of which are graduélly displaced by electronegative atoms
such as O , as shown by Maxwell and Gi:'een33 for Ge surfaces. Once
this displacement process is complete, a somewhat stable surface
potential is reached which does not change much with further ambient
changes. Evidently, the displacement process ﬁakes place much

faster in the NO group and BWN, BWW than in the AR group and BWH.

6. An exposure to vacuufn affér O, and SO, increases the
magnitude of the surface .potential in most cases. This indicates
the loosening of the bond strengths of the water molecules by O2
and SO2 so‘ that the vé.cuum pulls away the water molecules leaving
a large nunber of net acceptor—-like surface states. This can
explain the very large degradation of surface barriers under the

first vacuum exposure.

Model for the Au-n-Si Surface Barrier

in the Presence of Surface States

It was show:_} in Chapter 3 how the relative magnitudes of
Vd and VS affect the r*eversie current in a gold-n=-silicon surface
barrier. The previous discussion, based on the experimental
results, shows how the surface treatments, quenchants and ambients
control the rectification characteristics of the Au-n-Si surface

barrier by different mechanisms. Based on these experimental
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results and those obtained by others, the following simple model
is presented for the behavior of an Au-n-Si surface barrier.

After etching, the quenchant controls the thickness of the
stain film which, in turn, controls the density of fast surface
states. The larger the thickness of the interfacial film, the
larger the number of fast states per unit surface area. It must be
noted that what is observed experimentally is oﬂly the density of
ionized fast states and not theif total density. Thus, in order
for the previocus statement to be correct, the energy positions of
the fast states mist be essentially the same .under the different
quenchants. This is justified by the excellent correlation between
the densities of ionized fast states and the film thicknesses.

The occupation densities of the fast states are controlled
by the amount of bending of the energy bands which, in tum, is
controlled by the surface treatments and ambients. The surface
treatment controls the sticking coefficients of the different
anmbients..’ The sticking coefficient for a given gas or vapor‘
molecule (or atom) is defined as the probability of that molecule
(or atom) to be chemisorbed upon impinging on the silicon surface.
Altematively, the sticking coefficient is the ratio of the number
of molecules or atoms that are chemisorbed to the total number
impinging. The sticking coefficient will be a strong function of
the coverage, that is, of the number already chemisorbed. Under a
given ambient condition, the density of slow states will thus

strongly depend on the surface treatment.
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The prevention of a strong inversion region at the surface
can be achievéd by one of three mechanisms, viz.: 1) by reducing
the chemisorption of acceptor-like impurities such as oxygen, or
2) Dby counteracting the adsorption of oxygen by an equally high
adsorption of water or (3) by shielding the space-charge region
with a large density of fast states. The experimental results
indicate that the quenchants operate (HF operates most effectively)
via the third mechanism whereas the surface treatments NO, AR and
BW operate via the first and/or second mechanisms. The anomalous
behavior of the BW group with respect to the quenchants cannot be
explained without further investigation. The DI surface treatment
apparently cavers the surface with a large density .of chemisorbed
oxygen and causes a strong inversion region. |

Tt is now assumed, along with Jéntsch,3° that after the
etching, quenching and surface treatment, the silicon surface is
covered with a large density of chemisorbed water molecules and a
much smaller density of oxygen molecules. Then, prior to any
significant exposure Fto air, the energy bands will be bent slightly
downwards at the surface.

During the evacuation for the gold electrode evaporation,

20 has

the chemisorbed impurities are partially desorbed. Gibbons
indicated that the energy of the gold atoms impinging on the
surface during gold deposition may be sufficient to dislodge chemi-
sorbed atoms or molecules so that the desorption may be greater

under the gold electrode than -at the free surface. During exposure
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to air after gold deposition, oxygen and water are chemisorbed
again. However, now the adsorption characteristics are different
under the gold electrode than at the free surface. It 1s here that
the metal work function enters the picture. The electric field due
to the difference in work functions of the gold and silicon will
be such as to attract negative ions towards the silicon surface and
to repel positive ions away from it. Thus, one or both of the
following two effects will take place. If the water molecules or
oxygen atoms are ionized while diffusing through the gold layer,
then the electric field will help the diffusion of oxygen and retard
that of water. Secondly, even if water and oxygen diffuse as
neutral molecules and atoms respectively (it is known that diffusion
ofldiatomic gases such as O,, N2 etc. takes place as atoms, not as
molecules),3u‘the electric field will aid the bonding or fixation
of oxygen but will hinder that of water. Diffusion through the gold
electrode must be assumed in order to explain the variation of the
aging time with the thickness of the gold layer.17 The above
discussion then accounts for the éging time of only a few days for
the high work function metals Au, Cr, Pt compared to several months
for other low work function metals.

Usually, the exposure to vacuum during gold deposition is
not more than 2-3 hours, and the vacuum is not very high (pressure

v10-2-10"0

torr) so that there may not be a significant desorption
of impurities and if the pre-gold-deposition exposure to air was

negligible, then the bands may still be bending downwards at the
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silicon surface soon after gold deposition, even under the gold
electrode. The surface barrier will naturally exhibit a large
reverse current under these conditions, as observed by Siffert and
Coche.15 During post-gold-deposition exposure to air, oxygen will
preferentially diffuse through the gold electrode as discussed

above. At the free surface, oxygen will gradually tend to displace
much of the water over a period of several days. Maxwell and GJ:ween33
have shown that such a displacement of water by oxygen takes place
on germanium surfaces and it is therefore reasonable to assume that
it also occurs on silicon surfaces. The rate of displacement -

- depends on the surface treatment. On surfaces treated by the DI
treatment, the oxygen displaces water rather rapidly whereas for
the AR surface treatment, the displacement is the slowest. It is
this period of oxygen diffusion through the gold and displacement
at the free surface which comprises the aging period for a surface
bariier.

During the aging process, the energy bands continue to bend
upwards both at the free surface and under the gold electrode until
some equilibrium values of VS and V a in air are reached. For
surface barriers ylelding low reverse currents, such as NOH, ARH
etc., the condition IVd{ > [Vsl is satisfied, with the proper
value of [le - IVSI to yield a high breakdown voltage for the
reverse biased By~ F  Jjunction. The condition |Vg4] > [vg| is
fulfilled because of the larger density of water molecules at the

free surface than under the gold electrode. This also explains why
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a certain amount of moisture in the air is necessary in order to
yield low reverse current surface barriers. It also explains why
the surface barrier which gives a low reverse current in air
deteriorates considerably under a poor vacuum after only a short:
time of evacuation. Presumably, the bond~-strength of the water
molecules at the free surface is réduced after the displacement or
aging process so that even a slig;ht evacuation removes the water
molecules, and increases |V | . | |Vd| will remain essentially
constant under a slight ewacuation so thaﬁ |Vs| will approach
|V4] and glve rise to a large reverse current. The relative
stability under a second exposure to vacuum after iecovery in air
can be explained by the fact that recover'y takes place due to the
displacement of some of the oxygen by water which n;ow has a tighter
bonding than before. Jéhtsch32 observed that water molecules can
permeate chemisorbed oxygen and reach the silicon surface. The
exact mechanism of displacement of water by oxygen or of oxygen by
water and of the ensuing bond strengths is not well understood.
Finally, the deterioration of surface barriers under
electropositive vapors such as NH3 and HF can be explained on the

basis of the BS o Jjunction breaking down at very low voltages.

Fse
This is due to a large density of electrons in the free surface

space charge region and a high density of holes in the barrier

space charge region. The surface chamnel current is significantly
cantrolled by the Bs o FS c breakdown voltage even at voltage values

well below this breakdown voltage because of the avalanche
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multiplication in the reverse biased BS o F junction. The

sc
lowest surface channel current is obtained When Fy, 1s highly
depleted and BS c is slightly inverted. When this happens, the
total reverse current is then given mainly by the bulk diffusion
and depietion region generation currents of the surface barrier

proper, as shown by Langmann and Mayer.26

Conclusions

The followiﬁg conclusions can be drawn with reference to

the p‘reviously stated motivations behind the work reported here.

I. The experimental results allow us to make a comparative
evaluatién of the different fabrication techniques for surface
barriers. We then find that: |

1). The NO surface treatment is superior to the other
treatments tested. It can also be said that regardless of the type
of surface treatment used, a few days of storage in high resiétivity
deionized water yields s11périor diodes than does a pre-gold-
deposition exposure to air. o

2) For the NO arid AR surface treatments, the HF
quenchant is superior to the normally used H20 quenching procedure.

3) Any exposure to air prior to the gold electrode

deposition is unnecessary.

II. With reference to the previously stated unresolved
problems regarding the effects of surface treatments, quenchants,

ambients, and metal work functions on the rectification
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~ characteristics of surface barrier diodes, the following statements

can be made.

1) The model presented above accounts quite well for
the necessity of exposure to both air and moisture (that is, to
normal humid air, not dry air) in order to yield low revcise
currents. Regarding the amount and sequence of exposure, an
exposure of a few days. after gold deposition is sufficient. Effects
of other gases and vapors can also be explained on the basis of their
relative influences on VS and V q° Abient insensitivity can be
achieved only by proper encapsulation. .

2) The mechanism by which the chemical surface
treatments operate is mainly by controlling the sticking coefficients
of different ambients although iﬁ is also possible that the surface
treatment has some influence on the energy positions of the fast
states.

3) The rovle. of the metal work function is believed to
be that of causing breferential adsorption of certain ambients, so
as to maintain the equilibrium value of |V4| larger than that of
|VS| . On the whole, the metal work function is of secondary
importance compared to the surface treatment, quenchant and ambients.

~4) The reverse current does not depend difectly on
the barrier height; rather, it depends on the relative magnitudes
of |V4| and |V | . Even the true surface barrier current, aside
from the surface chamnel current, does not depend exponentially on

the diffusion potential Vd as predicted by the Schottky theory.
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Thus, there is a strong experimental evidence that the surface
barrier behaves like a regular p-n junction diode.

(5) Archer's results regarding increasing film thick-
ness in going from an HNO3 quenched surface to an HZO quenched
surface seem to be confirmed. It also ‘appears that HF quenching
gives a still thicker film, at least for the NO, AR and DI surface
treatments. The mechanism by which the quenchants control the
rectification characteristics is by controlling the surface density
of fast surface state_s'.

ITI. The simple model presented above does explain most

of the observed effects. These have already been discussed.

Recommendations for Further Research

Further work can be performed on the Au-n-Si in the
following areas.

1. Theorebisel woxd can be done in.ovder to obtain
quantitative relationships between Vs, Vd’ and the reverse current
and breakdown voltage. Vs’ v 3 should in tufn, be possible to
obtain from the densities of slow states and the densities and
energy positions of fast states. Obtaining the value of Vd will
also require a knowledge of the thicknesses and dielectric constants
of the interfaclal layers.

2. More work should be performed on the chemical aspects

of the behavior of surface treatments, quenchants and ambients.

3. An attempt should be made of performing the same type
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of measurements as reported here except that the surface barrier
and field effect sample should both be parts of the same filament,
as shown in Fig. 21. Then, field effect and current voltage |

neasurements can be simultaneously performed under any given ambient.

Metal Field
Mica ] Plate lead
Spacer N
I I ——— j
, | L- '
Silicon l \
Filamerit—) | |
| ‘ R
I |
Silver ; - A
Paste B R
Gold
Solder Deposition
Aluminum
Iead Deposition Tead
Figure 21

The contacts for the FE measurements should be made to the bulk as
well as to the surface so as to eliminate the inaccuracy of FE
measurements. The surface contact is made with silver paste on
evaporated aluminum whereas the bulk contact should be made by

soldering on a roughened-up surface.
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