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ABSTRACT

Cold cathode emission was obtained for devices fabricated using S1i - SnO2
heterojunctions. Due to excessive heating the devices failed before photo

measurements could be made.

Devices fabricated by "etching" silicon either single crystal or expitaxial

exhibited no electron emission.
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L1ST OF 3YMBOLS

I = Variation parameter

jr = Electron Current density, junction region
jp = Hole current density, junction region

€ = Electric field, junctlon region

61(0) = Voltage drop across the junction

Al = A constant, heterojunction stop

jnr = Electron current density, radial component, junction region
jer = Emission current density, radial component
jeG = Emission cusrent density, angular component
Jn8 = Electron current dencity, angular component, junction region
() Jlifr=o0

0 difr >0
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j__ = Ho.e current density, radial component, junction region

= Hole current density, angular component, junction region
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q = Electron charg:
n = Electron concentration, junction region
n, = Electron concentration at zero electric field, junction region

p = Hole concentration, junction region

P, = Hole concentration at zero electric field, junction region

J = Variationzl parameter
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- Electric field, x component, body region
5& = Electric field, y component, body region
ng = Electric current density, x component, body region
Egy = Electron current density, y component, body region
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LIST OF SYMBOLS (Cont'd)

f

jpx = Hole current density, % componernt, body region
3;y = llole current density, y component, body region
o = Electron concentration, body reglon

Ho = Electron concentration, zero electric field, body region

p = Hole concentration, body reglon

p_ = Hole concentration, zero electric field, body region
o

G, CO’ G1 = Variational parameter, body region

}nx = Electron current density, x component, adjacent the junction
}ny = flectron current density, y component, adjacent the junction
}px = Hole current density, x component, adjacent the junction

o
il

Hole current density, y component, adjacent the junction

jnex = Electron injection current density, x component
jney = Electron injection currént density, y component

7 jpex = Hlole injection current density. x component
jpey = Hole injection current density, y component
Féx = Electron curr=nt injection, low, thermal, tunneling, etc., X coﬁponent
?Ly = Electron current injection, low, thermal, tunneling, etc., y component
Fﬁx = Hole current injection, low, thermal, tunneling, etc., % component
_by = Hole current injection, low, thermal, tunneling, etc., y component

NI 0 if x,y are not on the junction
24 L1 if x,y are on the junction

V., = Voltage at x,y

g

V20 = Voltage at x = LO’ y

noo= Electron mobility

up = Hole mobility

Dn = Electron diffusion constant
D = Hcle diffusion constant




CHAPTER 1

i INTRODUCTION

This research program had as contract goals the fabrication of photo sensitive

VAB structures. Unfortunately, due primarily to the initial decision to use

i

thermally grown SiO2 as the mask, usable structures could not be fabricated.
The time wise short program prevented subsequent fabrication based on tech-

niques that would have a greater probability of success.

Some significant advancements in the development of a cogent theory or opera-
tion were made. Overall, it must be concluded that this research effort fell
short of the goals; however, it must not be concluded that photo sensitive

VAB structures are not possible.




CHAPTER 2

PROGRAM SUMMARY

Tuis research and development program was directed toward establishing the
feasibility of fabricating high quantum efficlency photo emitters based on

the Variable Affinity Barrvier.

Although extreme fabrication difficulties were encountered, which necessitated
radical changes in emitter designs, a few samples did exhibit electron emis-
sion. However, these samples were short lived and photo emissive measure-

ments could not be conducted.

In all, three !ifferent design approaches were investigated. These were:

1. Fabricating VAB junctions wusing single crystal p type silicon.

2, TFabricating VAB junctions using epitaxial p on p+ silicou.

3. Fabricating VAB junctions using a tin oxide film on p type silicon.

Only the last approach was partially successful--emission occurred. However,
our results do not preclude that the other two design approaches are unfeasible,
but only that during this program it was not possible to fabricate the neces-

sary geometries or heterojunctions.

2.1 Program Implementation

The objective of this R & D effort was to establish the feasibility .f using
the Variable Affinity Barrier structure-—a demonstrated highly efficlent cold

cathode--as a photo emissive device.

As discussed in some detail in Chapter 3, the necessary conditions for Variable

Affinity Barrier is (1) to form a junction, preferably a heterojunction, in the




gurface of a semiconductor, (2) the junction jinterface must substantially be
neither parallel nor perpendicular to the surface of the device. ‘This curvi-
linear geometry (see figure 1) will necessarily create a field internal to
the junction region with a component directed toward the surface. Therefore,
the design objective of this program was to fabricate devices, generally as

shown in figure l-a.

Based on the phenomenological VAB model, discussed in Chapter 3, it is desiz-
able, bur not necessary, that the junction width, 1, be small, say one or two

micrometers. Further, the base region thickness, t, should also be small.

In discussion with Battelle Columbus lLaboratories, the following fabrication
restrictions were imposed:
1. The jun. tion cross section would necessarily be trapezoidal rathar than

semicircular (see figure 1-b).

2. The junction width, 1, could not be less than five micrometers nor

would it be larger than 25 micrometers.

3. The web thickness, t, must be equal to the wafer thickness, T, minus

the junction width, 1.

The restrictions werc imposed due primarily to equipnent 1imitations at both

Beta and Batrelle.

Dattelle was placed under contract to fabricate devices using pt+ silicon wafers
supplied by Night Vision Laboratory based on the configuration shown in figure
1-b. Since the pattelle Final Report is addended to this report only the

bighlights of their effort will Le jncluded in the body of this Final Report.
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At c¢he onset of the fabrication phase of this program difficul. ies were en-
countered; it was not possible to etch the wafers without creating a profusion
of etch pits. It was established during September 1972 that the NVL supplied
silicon we€ers could not bc etched using the E gas etchant; oticr silicon

wafers ceoonld be etched.

Battelle was only partiallv successful; the new silicon wafers could be etched
without introducing etch pits, but the desired geometry could not be achieved.
More importantlv, however, the heterojunction necessary for a VAB structure
could not be formed. These problems were a direct consequence of the decision
to use thormally grown 5102 as a mask during the etching process. The etch

rates of S5i0, and Si along with the limited thickness of thermally grown Slvz

2
prevented Battelle from fabricating useful devices. It must, therefore, be
concluded that this phase of the program was completely unsuccessful. Much was

learned, but the results were null.

As noted earlier, Beta independently initiated a program to fabricate photo
emitters based on fabricating a Si - SnO2 surface heterojunction and then form-
ing a norral cold cathode in the thin SnO2 layer (see figure 2). Some success
was achieved--em'ssion o-curred. However, the devices were short lived and
quantitative measurements could not be conducted. This effort will be dis-
cussed in Chapter 3. In summary, it must be concluded that this program was
not successful in achieving the contract goals, but it should not be concluded
that a VAB structure achieving cr su— assing the design goals cannot be con-

structed.
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CHAPTFR 3

PROGRAM PROGRESS REPORT

This research program was planned and implemented to quickly and inexpensively

establish the feasibility of the VAB structure as a new type of photo emitter.

Beta, due to the paucity of sophisticated laboratory facilities and expertise
in silicon technology, elected to subcontract the fabrication phase of the
program; Battelle Columbus Laboratories was selected. This selection was
based on:
1. Georgraphical location, Columbus, Ohio,
. Exceptional laboratory facilities, and

3. General excellence in experimental research.

The Battelle effort is reported in their Final Report addended to this report

and will not be discussed in this section.

Beta planned to conduct both theoretical and experimental programs that, in

conjunction with the Battelle effort, would establish the feasibility of VAB

emitter and meet the goals of the contract. Following is a review in some de-

tail of this effort.

3.1 Theorctical Program

The theoretical effort was initially planned to elucidate the underlying
mechanisms of the VAB structures, calculate performance parameters, and estab-
lish device designs for use by Battelle in fabricating the experimental de-

vices.
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3.1.1 VAB Emission Mechanism

The understanding of VAB structure is simple In concept but difficult to form-
ulate mathematically. These difficulties are due primarily to nonlinearities
and lack of definatle boundary conditions; in fact, the calculation of boundary
conditions at the interface constitutes the major mathematical problem. Both

the concept, that is a phenomenological model, and the necessary mathematics

are reviewed.

3.1.1.1 Variable Affinity Barrier

To develop a defensible model of any unknown phenomena it is important to re-
view all experimental results such that they can be include. or explained by
the model. Therefore, the tin oxide Variable Affinity Barrier cold cathode is

reviewed vrior to formulating a model for a generic VAB structure.

3.1.1.1.1 Tin Oxide Cold Cathode--A Review

Variable Affinity Barriers are usually fabricated by depositing a thin (.01 to
lym) film of tin oxide on a suitable substrate such as quartz. After metaliz-
ing for electrical contacts, the specimen is placed in a vacuum (v10~% torr).
When a voltage is applied, heating occurs with the maximum temperature occur-

ring in the necked down region (see figure 3).

When a temperature of approximately 600°C is reached, outgassing occurs and
there is an irreversible change in the tin oxide film; electron emission into
the vacuum is also observed. 1In addition, the resistance of the film has in-

creased, usually about 100 times the initial resistance.

Prior to forming the barrier, a scintillating, esgsentially white light is ob-

served. Figures 4, 5, 6 and 7 illustrate this forming process. On the first

10
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run, figure 4 for a virgin sample, the fllm current incrcases greater than
linearly uatil an activation threshold is reached (approximatecly 30 V) or

until the necked down region of the {ilm is heated to approxmately 600°C.
|

At
this time, the film resistance increases.

The solid curve illustrates the
experimental case where, due to the finite impedance of the power supply, the

voltage across the sample more than doubled.

If a zero impedance source had
been used, the voltage across the sample would have remained constant as il-
lustrated by the dashed vertical line.

Figure 5 illustrates some of the time dependent effects associated with the
juncticen formation.

For the case illustrated, a 60 hertz bias voltage was
applied to the sample.

Initially, this bias voltage was increased and the
film current increased greater than linearly.

When a voltac

of approximately
30 volts, rms, was reached, the film current spontaneously increased without
increasing the voltage.

When the current reached 7.0 milliamps, rms, or at

approximately 1.5 watts, the current peaked and then decreased to the high

film resistance value of 0.07 milliamps, rms.

It should be noted that resist-

ance change (increase) is strongly affected by the contacts and electrical
connections.

However, in general, the resistance change is proportional to
the power dissipated.

Once the formation process is completed a new nonlinearity exists. This is
illustrated in figure 6.

It is obvious the up trace (increasing voltage) is

essentially the same as the high resistance trace in figure 4; however, the

down trcce exhibits a wild "hysteresis like' effect.

The effect, ncglecoing
possible thermal lags, is not hysteresis.

In fact, as shown in figure 7,
those devices exhibit both switching and memory similar to that exhibited by

14
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some of the chalcogenlide glass, amorphous semiconductors and metal oxides.
Consider first the switching phenomenon. 1f the device is initially in its

low resistance state, curve 1, and the bias voltage is increased until it
exceceds the threshold, in this case 200 volts, the device spontaneously switches
to its high resistance state--dashed line. The emitter will remainv in the

high resistance state for both increacing and decreasing bias voltage, curves
l-a and 1-b. 1f the emitter Is in the high resistance state and the bias
voltage is slowly reduced, the emitter will convert to its low resistance state.
It will remain in this state for both increasing and decreasing voltage (curves
1 and 2), provided, of course, that the threshold is not again exceeded. 1In

fact, it is possible to cycle more or lesc at will from one state to the other.

In addition, as illustrated in figure 8, these emitters exhibit a partial
memory effect., If the emitter is operating at some point on the negative re-
sistance characteristic, say point B, C or D, the bias voltage is suddenly
switched off, then upon reapplication of a bias voltage, the low resistance
characteristic OA is not reproduced. Instead, a characteristic O0B', 0C' or OD'
is reproduced depending upon the operating characteristic prior to removing
the bias voltage. If the bias voltage exceeds a voltage denoted by Vs, then
the film reverts to a lower resistance state. The region enclosed by the
characteristic 0-D'-A is stable; also, the characteristic A-B-C-D-E is stable.
The area en-losed by the characteristics A-B-C-D-D'-C'-B' is unstable and the
film will spontaneously revert to the stable terminus, the characteristic

A-B-C-D.

A defensible model for the tin oxide structures must explain a number of

distinct conduction and emission phenomena, namely:

|
i
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j
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1. ‘The onset and increase of conductivity by the application of a volt-

age prior to activation (i.e., before going high resistance).

2. The formation of the high resistance state by the application of a

voltage (i.e., activation).

3. The decrease in conductivity by the application of a voltage (1i.e.,

dynamic negative resistance).
4. The scintillating light, thermal and electroluminescence.
5. The memory and cyclic effect.
6. The high electron transmission coefficient.

The phenomenological model which has been developed is plausible, but incom-
plete and speculative. 1t has served and can continue to serve as a framework
in which to fit many of the complex experimental observations, to suggest new

experimentation and to serve as a guide for improving the VAB cold cathode.

3.1.1.1.2 Variable Affinity Barrier--A Phenomenological Model

The literature is replete with investigations of voltage and current controlled
negative resistance in the wmetal oxide films (2-17). The similarity of re-
sults on tin oxide planar structures and those reported on other metal oxide
sandwich structures are sufficient to establish tha: the underlying mechanisms

are essentially the same.

However, the different geometries and most importantly the vastly greater
electron emission efficiencies are sufficient to rzquire a new model for the

devices to be formulated.

17




0f all the models formulated to explain the onset of conductivity in metal
oxide sandwiches, impurity band (hopping) conduction is most plausible. Al-
though the literature (18) does not indicate the existence of traps near the
Fermi level in the tin oxide, the probably amorphous nature of the tin oxide
films would necessarily indicate that traps would be distributed across the
forbidden band, which does support impurity band conduction. The impurity
band or traps are most probably due to an oxygen deficiency; of cource. inter-
stitials and other defects would also contribute. Antimony in tin oxide films
acts as a reducing agent (14) resulting in donor levels near the bottom of the

conduction band.

The variation in resistance as a function of veltage, figure 9, indicates a
very low activation voltage which is consistent with the known shallow traps

at 0.25 ev (12) below the conduction band.

After the onset of conductivity, many models could be formulated to explain
the greater than linear increase of film current with voltage; these include
thermal effects, double injection, impurfty band conduction, current reduction
of the tin oxide, and electro-migration of ions. Again, the phenomena is prob-

ably a function of all of these.

Generally, the experimental data favors reduction of the film that is decreased
stoichiometry, as the result of electrically heating the film. Of course, this
just introduces additional traps or defects throughout the forbidden band which

enhances the impurity band conduction.

When the temperature of the film reaches approximately 600°C (1), the film

resistance spontanecously increases. At this time or slightly before, a

18
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scintiliating white light appears against a thermal luminescence located in
the necked down region of the tilm, The ouset of vacuum emission is also
observed. Usually both the vacuum and film currents arc orratic and can best
be described as "bursting". There is an obvious (visible) correlation between
light intensity and eamlssion current. At least two mechanisms could account
for these observatioas. First, a plasma formation could at least qualitatively
explain the scintillating light and electron emission; the electric fields
parallel to the film surface for the high threshold emitters are centainly
high encugh if it is assumed that the film is only quasi-continuous. However,
the anomalously high emission efficiencies cannot be recadilv explained by
assuming that a plasma is the underlying resporsible mechanism. For the low
threshold emitters, it is not justifiable to assume that he fields are high

encugh to support the plasma h pothesis.

A second, and most probably mechanism, is the emission of ions due to the
electrical reduction of the film. These lons would not only constitute cur-
rent carriers, but under the experimental conditions would have a high prob-

ability of creating secondaries.

After a period of time, usually one to five minutes, the scintillation and
thermal lumincscence decrease and a blue eicctro-luminescence is observed.

At this time emission currents tend to stabilize. It is obsecrved that lumi-
nescence intensity and cmission current are correlated. If the film voltage
is now raised, the scintillation returns but again slowly disappears, and
stable operation returns. If the film voltage is cycled, the device tends to
become more stable; and the frequency of the seintillation occurrence de-

creases. It has been observed that when operating in a high voltage mode

20




L mﬂm

(v 100 V) aund the film voltage is suddenly reversed, therce is an immediate

h Increase in the scintilla®i~n and emission current. This supports the hypo-
thesis of ion migration as a contributing factor in the operation of these

emitters.

It should be noted that in the above descriptions, it has been taeitly as-

sumed that after activation the eathode has remained in the high resistance

state, that it is5 tune 0-D-E characteristic of figure 8.

Based on these observations, it is postulated that the accivation or forming
process is the electrical reduction of the Sn0, film as illustraced in figure

10. As showr, Lt has been assumed that the tin dioxide is reduced to tin

monoxide in the junction region B; the conditions necessary to explain the
observed phenomena are:
1. The junction interface, j, over a substantial portion of its length

must be neither per_ cndicular nor parallel to the emission surface, A.

2. The junction formed must be essentially symmetrical; otherwise, the

electriral characteristics will vary with film voltage polarity.

3. The junction must, in the limit of low fields, be high resistance to
account for the 100 fold increase in film resistance. The hetero-
junction, figure 10, would exhinit owverall high resistance between the
contacts. However, it is unlikely that Sn0 (a narrow band semi-
conductor) could support the internal field required for the high emis-~
sion probability. From reference 28 it can be postulated that the
Sn0 region is completely depleted of charge carriers and is, therefore,

an insulating region.
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1f thesc three crucial conditions are met and the dielectric strength (29)
of the film is sufficient to support the electric field necessary for emis-

sion, the high efficiency cold cathode will result.

The blue luminescence is undoubtedly a radiative recombination process in

the junction region of the devices.

This model, at least qualitatively, accounts for all of the phenomena observed
when the device 1s operating in the high resistance state; however, it does

not account for the low resistance and negative resistance phenomena. The

lov resistance leg of the I-V characteristic is similar to the current con-
trolled negative resistance discussed by, among others, Chopra (5), the switch-
ing phenomena in antorphous semi-conductors (6, 7 and 8) and the previously men-

tioned work of Simmons (2 and 3).

It is not clear at this time which mechanism is responsible for the switching
and memory observed in the tin oxide films. Arguments can be advanced sup-
porting each of the theories developed to explain the switching and negative
resistance phenomena. The partial memory effect, following Simmons (1 and 2),

suggests that ion migration and trapped charges are the underlying mechanisms.

The most important characteristics of VAB structures is the curvilinear junc-
tion and the existence of a conduction path around the junction (see figure
10). As a consequence, it can be argued that a voltage drop internal to the
junction region exist if the potential at the surface is to be single valued--

a necessary condition. Following is a review of the mathematical formalism.

3.1.2 Mathematical Formalism--VAB Structure

The phenomenological model previously described is very complicated mathemati-

cally. Some of the complications are introduced by space charge limited current
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ion migration and "hopping" conduction; but, the postulated geometry, i.e., a
semicylindrical heterojunction imbedded in the surface of a wide band gap
semiconductor, is of most fundamental importance and also is the most diffi~

cult problem to analyze.

At the onset of this theoretical investigation it was decided to ignore or
better yet, to assume that the conduction would consist only of drift and
diffusion currents. Within this restriction the basic theoretical problem is
to determine the two dimensional current flow in the semicylindrical juanction
region (region B of figure 9-a). If the boundary conditions at the interface,
3}, and the surface, s, were known then the mathematical development would be
straight forward, albiet computationally complicated. However, since these
boundary conditions are not known it is necessary to formulate a methodology
whereby these boundary conditions can be determined. 1In fact, once the bound-
ary conditions, particularly the boundary conditions at the surfaces, are

known the underlying emission mechanisms will also be known.

It was decided that a variational analysis, 1.e., the minimization of the
power dissipated, would be sufficient to determine both the current flows and
the boundary conditions. It was also decided to introduce as few approxima-
tions as possible in formulating the initial, or formal, development and as
dictated by computational complexity, to then introduce simplifying assump-~

tions.

Referring to figure 9, it is obvious that it is necessary to develop equations
for both the semicylindrical junction region, B, and the body of the device,
A, and then to require continuous solutions at the interface, j. This re-

quirement couples the two regions and will, in effect, establish the boundary
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conditions at the interface, j. Initially, however, the analysis will procecd

as 1f the regions are uncoupled.

3.1.2.1 Semicylindrical Junction Region

In the junction region (sec figure 10) it is convenlent to use cyclindrical
coordinates and also to separate the problem into two parts--that is, region
1 is by definition that part of the junction that is forward biased and re-

gion 2 is the reversed biased portion of the junction.

By definition, the ~ .icrface between thete two reglons is the line 0-0 of
figure 10. Tt is, of course, necessary to require continuity at this inter-
face. For notational simplicity in the forward biased region parameters will
be unprimed while in the reversed biased region parameters will be primed.
The formal problem is to find the extremum value of J defined by the follow-

ing iutegrals:

?

o rf
J ::f rdrd@ [I'n-}jp]'f-%(constraints)
To 0

(1)

To (1T
+[ frdrd@ [f;;’ffb]' § +[eonstraints
o -0

where the usual notatirn for current densities and electric fields have been
employed. The difficulty here is in selecting constraints which do not intro-

duce non-physical solutions.
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3.1.2.1.1 Determination of Constraints

Tt is obvious that the integral of the radial field, cr, from point 1 to point
1' where these points lie wholly within the junction region (figure 10) to a
large extent will be determined by the current flow in the body of the device
A. Let the voltage between 2 and 2' (located wholly within the body of the

device) be denoted by V.; further, let the voltage between 0O and 0 be denoted

1;

by Al, a constant, therefore a necessary constraint is:
o
o) {_9)=[frdr—[\/,(9)+&] 2)
To

where 61 (0) is the voltage drop across the junction. Similarly for the re-

versed bias region
y To /
&wp=ﬁmﬂvaﬂ] ®
o) o

Other needed auxillary equations are:

G o
&g (")desz’"(e)dr “
o] r

and

& . ()
rge(r)dé :ffr(e)dr
6 °

additionally

Lyg.j =Ly ®
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Jn Einrting
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where the je's are emission current densities and the §'s are functions which

zero everywhere except at the surface; then they are one.

Other needed auxillary equations are:

€ V- € = a|[n-n)-[p-a]
€ V- & = Q[(W'“";) —{p"~ P;)] (14)
Jp = nE+ D, VN =
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jr; = qli'nn'E'+ D,;Vn'

(16)
. — _ D an
Iy =qMpe ~ D, Vp
y; / /7 7/ / /
v - 18)
jp =qM,p € Dpvp (

where € is the permitivity and the other notations are standard.

3.1.2,1.2 variational Problem

The variational problem Is simply to find the extremum value for J and J' de-~

fined by the following integrals and then to select boundary conditions that

conserve continuity between the primed and unprimed variables.

o 0
J :[ [I‘ [(jnr-{-- jpr)fr+(jn6+j:09_)59] (19)

(216162 + 231eg)e - Cl6) 22l |5

Hs("'@)[‘r/“éb’rr(jnr o017~ o

+4 Sb"@'(jn9+ jeQG(Q]‘f}a@”
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where

A =vlgl+A+6l6)
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and for the primed system, J' is given by

[ fllsde bt sls)

+[(A{2l@)fz{2 +A/§(,¢)gé2)-él_—F,'(/\/,‘?(G)'i‘llg(r))}/—J

N /\3(:.9)[ bbr 7.( J— j.cl)r) + -52’—6-(]";9— /:,9):}

Xslnal] S5 (3 e+ 3y gg)-l-ris-al]

o 12
hell] [ 57 -{loirer 522

iy Pen+ Dr” gg) )2

L__.._...J

M';-(r'@)[(f +Jpe)2 ~lattp'e; - D"bpa

ol
+{aUpp€p - —p—bp) )2J}drd6
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where

o= y'le) +4,+ 6 (0] 22)

1f the integrands of these integrals are denoted by g and g' respectively

then for an extremum value the integrands must satisfy the following Euler

g b Z)
RET 230 \|> ( ) (23)
d g
29 _
d 9
29 » 27 \_
e
dg
%9 d ( : — (26)
— — dJpy )—-O
o 7 \o| 72
AL, O _%g/"‘ =0
bjn@ 20 b(—g%e) - (27)
or
29 > ; )_
dpg 2 (a(%fg@), =0 (28)
39 2 ( 09 ) > (_Ag_)_ (29)
- anf| — 3al2n) =0
an T a(m) >0 b(a@)
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(30)
27 20
: 29
29 2 —\ _
= d/ap)| =0 (31)
Yer T (?’(ﬁ"')/
249
29 2 ( _
— b(_/e ))_O (32)
deg Y7, b_eﬁ
09 _
29 - ¢ (33)
oF)
and a similar set of equations exist for the primed system. Specifically
calculating the various derivatives the Euler equations are:
2
r
T8 8 5 + lfes (34)
(€5 +256%)
_ );6./'7,,. 7 A 7 Jpr ] )ng:g(bfr) ,
2 15 = -
it ol Dhnniny
L) -
~ 3r[Ased=0
2 A (35)
A J
ingtog T T2 3892 B0 -26 n~62 L
NEPHGERIR i)
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> [As€s] _
| —3al =
A3 AgJ >
E,+ 7 F gl = 2= 0 (36)
[/nr"'/n@]? %
AcJ ST
g + ,26 nQ | — ==-"d = (37)
[/m+j;’?6]2 20 T
A A7)
£ - =3 i /-F—é—)t =0 (38)
SR Py AR
Ao J
[jpr“beJ?
").5-0 . Aéqun['srjnr*'g@/nG] (40)

[jﬁr"' fn%]
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(41)

Asq

2 [ A7%0r ] o 2 [A7P070g ]
+ LB+ _ 0
or | [ i€ +j2,]2

prIpy

X 4o, 0°16) 2 o
Ry 4/ e~r62l’”)+)L 19962(9)]3 o

A3O(r]+

.eﬁ(52(e) S S [136(9) :(43)
[ 24,72 62( |+0% 50027 0

2 2 _ 44)
2+a3=0 <

The solution of these simultaneous differential equations along with the
equation to include the variable end point, 8', could, in theory, be solved

in terms of F1 and F2, the junction boundary condition and the emission
function. However, it is not possible to include the transversality conditions
explicitly. If a function, an unknown function, ¢ is defined to describe the
locl of constant potential between the origin and the junct.on, then the

transversality conditons are formally:

Y 29
g - (57‘ ) ( = (45)

1itus, formally the problem can be solved in terms of three unknown functions,

Fl’ F2 and Y. By including the primed system th- dependence un |y could be
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removed. However, before the dependence on F. can be removed it 1s necessary

1

to include the equations governing the current flow in the body of the device.

3.1.2.2 Body Region

In the body region there is no particularly convenient coordinate system;
therefere, rectangular coordinates will be used. Again, it is ccnvenient to
an -ze the problem in two parts, denoted by primed and unprimed variables.

As . :he previous section the determination of the constraints is most impor-

tant. Referring to figure 1ll-a it is obvious that

l— Lo~ To Lo=Vre-y :
Vo—| ko Gy o Oy =0 ifx >{Lo- o) 6
L © Lo~ o |

where body parameters are barred.

Following the same rational used in the junction region, the variational pro-

blem now becomes find the extremum value of G and G' where G is defined by:

6 =GotG, 47

(48)

o # g € Tt Ty

Lo~To .-
Gp = Iy
Jo 0

lol‘
dg[
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G/ :[ dX f dg [('/T)X— jpx) gx +(jng*jpg)€y:| (49)
Lo™To “Vrg-[L; Tl |

o

+Z {'e“s gf:" + :il —q(ﬁ'—%‘o—fa’+5<,j]

|

!

e - 2 - . 24
+?’2“(jnx-—fnexc3(x,y)) +{ oyt Tpey6lxyl] B

- ~ dF 12
—((qunnfx-i"an[?X,X,y)+Do$2‘) i
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o

In a similar manner to that used in the junction region, a set of simultaneous
equations (the Fuler equations) can be calculated for the body of the devices.
By requiring continuity between the primed and wmprimed reglons as well as

across the junction, it is in theory at lcast possible to completely describe
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the VAB device. It is, of course, necessary to assume a form for the emission

functions, i.e., F,, the vacuum emission function and F_ , F ,F , F ,‘F' 5
3 ux’ ‘ny’ PX py nx

F;y’ Féx’ and f;y the junction emission functions. Standard functicns such
as thermal emission, hot electron emission, tunneling, etc. should be used

for these functions.
In practice, however, these equations have not proven tractable.

Before any meani .gful results can be derived from this set of rather formidable
equations it is ne ssary to introduce a number of simplifyiag assumptions.
Most of these simplifications, such as assuming that hole and diffusion cur-
rents are negligible. are justifiable; however, even with these simplifications
the equations are unsolvible. The most important assumption is that the device
can be described in terms of some average value of the current density compo-
nents, such as Qr’ Qx, etc., where the caret was introduced to indicate some

kind of current average. This assumption is tantamount to assuming that the

current components are independent. Specializing to the junction region then:

A
ot r = rqUuné&rdf (51)

dtr =rqUnEHdr (52)

_ 1 9 (53)
97 =€ 5 gt ai

Now in the sense of the averages used in this approximateion 565 is a function

of r oﬁly. Solving equation 51 gives:
e = W FR 4 ¢
r T V]d [UE T
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substituting equation 54 into equation 52 results in:

A
Ul 52
ar _°

f@ e (55)

a6

solving equation 54 for the potential givés:

Ue

V( r,9) - VO _\/ Ig./i\ll.._l_. V T°2_r2 (56)

d €
%)
il L\ 1e-1r2
TO
+Er(r=r°)r

Now we are interested in describing the device in terms of the potential dif-

ference AVO(O), thus:

A
AV, = ..%_fe_"a% [1= th2) + & [r=n)r (57)

and for the special case Er(r=ro) = o, AVO is:

—
| |d / :
AVe = 'a—lét'ue'(’“‘né‘) (58)

A
dir
FER and substituting into equation 55 gives:

solving this equation for

afr _ _ Awlgluce =)
d [ 1= 152)°
dAv
where %' —§§l = EO has been used.
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Thus, the current deusity components internal to the junction region are:

dAv_ _atg Ve T?(/"lné') (60)
dg dar AV

d’l\G = d AVE ! (61)
dr 2 V2 -y (1~ 1,2
dir
The problem remaining is to relate the junction current densities 7&} and
A
%%g with the current flow and the body of the device.” If the same spirit of

approximation that was used in the junction region is used in the body region

then the total body current is:

I(x):qEﬁEXf (62)

A :
I(X)z.[o‘“ d' T d/l\elr_el] dX (63)

where again the bar represents body parameters. Io is, of course, the current
in the body far removed from the junction recion. The integral is the total

current injected into the junction over the interval o - x taking the deriva-

2
G oUnésf| = —[Av°u‘€ 9 AV 2(3 (64)
where
4
) D - (65)
P 1= 1p2)
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Equation 54 can be put into the form of a differential equation using either

x or 0 as the independent variable. However, little success has been achieved
3 in effecting a closed fo;m solution. However, considering the physical situa-
tion it is reasonable to postulate that the rate of change the body current
with position will be small or:

1
o}

' AVE -%AVf(@:O)[@—O(X‘@-O(rJ (66)

Using equation 66 and 64 and solving for f gives a decreasing exponential form
rather than the postulated semi-circular form. However, the general agreement

in form indicates that equation 66 is not too bad of an approximation for AVO.

Other needed equations are:

d’l\r

96

1

Av,Ce~C [ oo cos@__/] 67)
(/ —an)

2 e .\/ 2 2
AVO e 2 X 7, cosg (68)
= Bo € 7 “) Vi — 1
fr r(/_an) e / °

A general, albiet approximate, closed form solution has been derived. However,

it is still necessary to derive an expression for the emission current, Ie.

Preliminary measurciuents of the distribution of the energy spread is very
narrow, less 1’3 ev; therefore, it is reasonable to represent the emission prob-

ability function by:
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0 if U&sinf=<Ty,
P = (69)
) if U&psinf >V

%2 _ E;Zb (70)

where Vb is the vacuum barrier, in volts, and n® is of course the effective
mass of the junction electrons. The emission current can now formally be

represented by:

4
= 4+dTC ~QLr,
0 N R VT

0. (1 1n2)°

where 60 is an adjustable parameter which determines the dark curren:, Iedc.

€ (71)

[e=

However, it is more important to establish a dependency on the applied voltage
Vo rather than the voltage across the junction region. This relationship be-

tween the applied and the junction voltage is simply:

Vo
AVy = - 77 (72)

120 L, B2~ [ Qdg
G

where

{G—O(To(e(xrocose*/}]ME
QR=- (73)
[1—1.2)°
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where no is the number of current carriers in the dark and n is the total
number of current carriers. Lo is 1/2 the length of the device and o is of

the form of il in (;é—); A 1s the web thickness. The photo conductive gain,
o 0
G, is given by:

o &3]
G:—Té{ 2 i (74)

2
[+o0=e - | “Qag

0

mf2

now ~——-——--—)ﬂ>[) - J[ R ffa therefore, the gain is approximately:

Volk | (75)

Gr-
E??Q?[.o

The photo emissive current is:

_ An Vo
Te=lepc| I * 55 2TeL, Gk

and

T
2— V2920(To(ecx7'ocose_/)u€

Iepc= 60’9 2 77

|1 =tp2)°

It can be seen by examining equations 76 and 77 that the VAB structure has the

potential for the development of a very efficient photo emissive device.

3.2 Experimental Program - Beta

The essentially null results of the Battelle effort required that Beta look to
other design approaches for the VAB photo cathode. The approach selected by
Beta was to fabricate a normal tin oxide cold cathode on the surface of a p+

silicon wafer, essentially as shown in figure 2. The band structure of the
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Si - Sn0O, heterojunction essentially will be shown as in figure 11 (refer-

2

ence 30).

The problem is to design a structure such that the dark current flow through
the silicon is small and such that a modulation of the current carriers iﬁ

the silicon will modulate the voltage across the junction reglon of the tin
oxide cold cathode. Further, these should be accomplished without sacrificing

the photo conductive gain.

The ideal approach is shown in figure 11. The p++ hole injecting contact

allows for adjusting the potential of the silicon wafer relation to the con-
tacts without a concomitant change in the hole current. The silicon relative

to the tin oxide will behave as a hole sink. Thus, electrons photo excited

in the silicon will diffuse into the tin oxide layer. If the tin oxide layer is
of relatively high resistance then the increased carriers (electrons) will mod-
ulate the voltage across the juhcfion region. In addition, a form of photo

conductive ~2ir will also be present.

Beta, at this juncture, had neither time nor facilities to fabricate this
"ideal" device (a lack of diffusion or ion implantation equipment). It was,
therefore, decided to fabricate a device without the p++ contact. Two devices
were fabricated; both exhibited electron emission. However, the film currents
were exceedingly high (v 200 ma) and the silicon overheated and the devices

were destroyed.

It is believed that the metal contacts diffused through the tin oxide film and
made intimate electrical contact with the silicon. The silicon base was there-

fore subjected to high current densities and excessive ohmic heating.

The samples submitted to Beta by Battelle, not suprisingly, exhibited no emis-

sion characteristics.
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CHAPTER 4

(T

CONCLUSTIONS AND RECOMMENDATIONS

The experimental results from the research and development fell far short of

the contract goals. A number of valid rcasons can be advanced, of which, the

most important are:

1. The program goals apparently were overly ambitious for the estimated

time and monies allocated to the program.

2. Battelle, wnile generally knowledgeable in silicon technology, did
not have specific experience in fabricating these silicon devires.
Therefore, when problems arose Battelle could not quickly establish
the reasons and effect solutious. Thus, Battelle was unable to de-

liver any usable devices.

3. The silicon supplied by the Night Vision Laboratory could not be
etched without introducing an unacceptable level of etch pits. Too
much time was spent trying to use these silicon chips. Thus, very

1ittle time could be spent fabricating devices from more acceptable

silicon.

4. 1In rotrospect, the inexperience of Beta personnel in the silicon tech-
nologies also was a contributing factor. Beta, like Battelle, was

unable to quickly establish'reasons and effect solutions for the diffi-

culties encountered.

In spite of the lack of experimental success this program did result in a

number of positive achievements. These include:
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1. A more definitive description of the basic effects of and importance
of curvilinear jurnction devices. 1In particular, plarar structure

incorporating curvilinear heterojunction.

2. Basic design concepts for fabricating VAB photo sensitive devices

were formulated.

3. Necessary fabrication steps for the VAB devices were established.

2 Beta strongly believes that steps should be initiated to develop these VAB

photo sensitive devices. However, in view of the difficulties encountered

in this program any subsequent programs should be based on less ambitious goals

and with time to resolve problems which are bound to arise.
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FINAL TECHNICAL REPORT
on

DEVELOPMENT OF A PROTOTYPE SILICON DEVICE
FOR USE AS AN ELECTRON EMITTER
by

R. D. Baxter

INTRODUCTION

The objective of the research described in this report was the
development of techniques for the fabrication of prototype Si device
structures in accordance with Beta Industries' design and materials
specifications. A critical step in the fabrication of the required device
structure was the formation of a relatively deep-etched channel in areas
of a single-crystal Si wafer. ‘

The particular technique investigated for this purpose was vapor
etching through a window in a thermally grown 8102 mask, E-g?s (SF6) was
selected as the etchant since, according to the 1iterature(1)T Si etch
rates as high as sever:! pm/min can be cbtained at temperatures as low
as 950 ¢, In addition, 5i surfaces etched with E~gas were reported to
be smooth and free from defects; thermally grown SiO2 was reported to
provide effective masking against etching; and *he E-gas itself is both
nontoxic and noncorrosive,

The present work indicates, however, that the etch rate of
thermally grown SiO2 upon exposure to [-gas at elevated temperatures is
not negligible, being as high as one-tenth of the Si etch rate at 1030 C
with an E-gas concentration of 0.5 percent. These results suggest that
the maximum channel depth which may reasonably be etched through an SiO2
mask is limited to a few tecns of micrometers, and that successful fabri-
cation of the desired device structure using the E-gas vapor etch would

be best accomplished on epitaxial layers rather than bulk Si wafers.

* References are listed on page 14,




EXPERIMENTAL DETAILS

The essential elements of the device structure conceived by
Beta Industries are sketched in Figure 1. The device may be seen to
consist of a single-crystal silicon bar containing two ohmic electrodes
separated by an emitter region. The emitter region itself consists of
an etched channe. which may be filled, or partially filled, with selected
insulator-metal combinations.
The basic processing sequence envisioned for achieving the
desired structure was as follows
Step 1 - Thermal oxidation of the Si wafer
Setp 2 - Formation of an emitter window in the thermal oxide
by photolithographic technique:z
Step 3 - Furmation of the emitter channel by vapor-phase
etching through the oxide mask
Step 4 - Opening of contact windows in the SiO2
Step 5 - Metallization of contact and channel regions
Step 6 - Removal of excess metallization by photolithograph
techniques.
For reasons to be discussed later, the present investigation
was confined to processing steps 1 through 3, which were carried out

under the experimental conditions listed below.
Oxide Growth

Thermally grown SiO, layers were prepared by a dry oxidation

process in a coanventional, siiglﬂ—wall reactor system. The system con-
sisted of a resistance-heated furnace and Mullite liner, a 60-mm (G.E. 204)
fused-quartz oxidation tube, and fused-quartz wafer carricr, Liquified
gases were used as sources of oxygen and nitrogen. The inlet lines were
of stainless steel, connected to the oxidation tube via Teflon couplings.
Both gas lines we.e filtered.

Preoxidation cleanintg of the Si wafers was accomplished using

(2)

the method described by Kern and Puotinen , as follows
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(1) Degrease in trichloroethylene
b (2) Soak for 15 minutes in 5:1:1 solution OE'“ZO:HZOZ:HNAOH
! at 75-85 C
. - (3) Quench and rinse in running D.I. water for 5 minutes
(4) Soak for 15 minutes in 6:1:1 solution of HZO:HZOZ:HCI

{ at 75-85 C

(5) Quench and rinse in running D.I. water for 10 minutes.
After the final rinse in 18-megohm-cm D.I. water, the wafers were spun
' dry and immediately loaded into the oxidation tube.
| The oxidations were performed in the temperature fange of 1000

! to 1200 C in pure oxygen for times chosen to yield the desired thickness.

Photolithography

! Immediately after oxidation, the wafers were spin-coated at

: 5000 rpm for 3 sec with a 40-cps solution of KTFR, The coated wafers

| were then prebaked for 30 min at 80 C and the window pattern formed by
exposure with collimated U.V. light through a Cr mask. After pattern
development, the photoresist was postbaked for one hour at 150 C, the
oxide window was opened with a buffered HF solution, and the photoresist
I was stripped with hot 1,50, .

! Vapor Etching

{ The vapor etching experiments were performed in the system
previously employed for wafer oxidation. The E-gas, obtained from
Matheson Gas Products, was diluted with He to achieve E-gas volume con-

centrations in the range 0.05 to 0.5 percent. He flow rates ranging from

d 2.7 to 24 1/mic were employed, corresponding to flow velocities of 1.6 to

! 14 cm/sec. Etching temperatures in the range 1000-1200 C were employed.

In a typical vapor-etch run, the silicon wafer was preheated to the desired
| temperature in a flow of pure He to achieve thermal equilibrium prior to

admission of the E-gas. This preheat time amounted to about 15 min.

i
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After vapor etching for the selected time, which varied from 1 win to 1
hr, the E-gas flow was interrupted and the apparatus flushed with pure le
for another 15 min before withdrawing the wafer from the hot zone. Both
bare (unoxidized) Si wafers and wafers containing the oxide mask were
employed at various stages of the study. In the case of bare wafers, the
etch rates under the various etch conditions were determined from the
change in thickness of the wafers, In the case of masked wafers, etch

rates were¢ determined by Talysurf measurements of the channel depth.

RESULTS_AND DISCUSSION

Since the subject program underwent a number of modifications
after its initiation, it is necessary to discuss the program and its
technical accomplishments in chronological order.

The original device structure conceived by Beta Industries was
that shown in Figure 1. The emitter region was to consist of an etched
channel having a width, w, equal to the thickress of the silicon bar and
a depth, d, euqal to one-half of the bar thickness, t.

By mutual agreement between BCL and Beta Industries, a channel
width of 20 um was selected for the prototype device, thereby implying a
total thickness for the finished wafer of about 40 pm. The silicon to be
used was comprised of (lll)-oriented, p-type, silicon single-crystal
wvafers supplied by NVL via Beta Industries. The total thickness of a
typical as-received wafer was nominally ,006 in,or about 150 pum. Therefore,
in accordance with the original design, an additional processing step
would bhave invoulved lapping about 110 pm of material from the back surface
of the wafer.

Shortly after initiation of the program, however, estimates of
predicted device performance by Beta personnel dictated the modified
geometry indicated in Figure 2. Notice that in Figure 2, the design depth
of the etched channel has been maintained at 20 pm, while the overall
thickness of the Si bar has been reduced to 25 pm. This seemingly slight

design modification presented a number of fabrication problems.

l
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Initial experiments showed that vapor-phase etching using E-gas in a le
carrier gas could be used to remove up to 20 jun of Si while still main-
taining acceptable surface morphology, i.e., surfaces free from cxcessive
pitting and gross irrcgularitics. llowever, removal of appreciably more
Si was always accompanied by increasingly nonuniform etching, substantial
rounding off of the wafer edges (the wafers became increasingly dome
shaped), and the occurrence of severe surface pitting. The deterioration
in surface quality upon vapor etching appeared to be a consequence of both
nonoptimum vapor etching conditions, and the quality of the as-received
p-type wafers. Cursory examination indicated that flow velocity, tempera-
ture, and vapor composition were important factors determining etéh rate,
etching uniformity, and structure of the etched surface. Clearly, however,
a detailed investigation of the effects of these factors was not possible
at the funding level provided by the subject contract. Therefore, etching
conditions were established essentially by a cut-and-try technique, and
there is no assurance that the conditions ultimately employed corresponded
to optimum conditions. It was observed, however, during the establishment
of at least nominal etching conditions, that the surface of the p-type
wafers supplied by NVL deteriorated much more rapidly and to a greater
degree during vapor etching than did the surfaces of either (111)- or
(100) -oriented l-ohm-¢m n-type wafers etched under identical conditions.
It is entirely possible then that the rather heavily doped p-wafers
contained precipitates or dislocation clusters which centributed to the
observed pitting. Also, the p-wafers were already dome-shaped as received,
the thickness of a typical wafer varying by as much as 35 pm from the
center to outside edge of the wafer. This domed characteristic was then
accentuated during etching.

Whatever the cause, the inability to remove more than a few pm
of Si without the attendent loss of surface planarity precluded the use
of vapor-etching techniques to thin the wafers to the required 25 um
thickpess either before or after channel formation. That is, the results
indicated that wafer thinning before channel formation would have resulted

in a surface unsuitable for the photolithographic process, and would have
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created serious wafer-handling problems during subsequent processing.
Wafer-thinning after channel formation would have been similarly fruitless
because pits in the chaunel region or in the back surfacce opposite the
channel region would have destroyed the integrity of the 5-pm-thick Si
region bridging the channel and also caused serious vapor-handling problems.

Thercfore, at BCL'r suggestion, and with Beta Industries'
approval, the program was again modified and the remaining BCL effort was
devoted to a "one-shot" attempt to achieve the desired device geometry in
a silicon epiiaxial layer as diagrammed in Figure 3. In view of the pre-
ceeding discussion, the use of homoepitaxial or even heteroepitaxial
(e.g., silicon on sapphire) layers offers a number of advantages. Referring
to Figure 3, the effective device thickness is the thickness, t, of the
epitaxial layer, the substrate acting primarily as a supporting structure.
Since the epitaxial layer can be grown to the desired thickness, the
channel depth, d, may be made arbitrarily close to the film thickness, &,
without creating any problems in wafer handling. .The design goal for the
distance (t-d) was therefore set at approximataly 1 um. Moreover, since
no actual wafer thinning is required, the entire etching process may be
accomplished through an oxide mask so that no surface degradation occurs
outside the channel region.

Investigations utilizing the epilayer approach wvere performed
initially on p/p+ wafers supplied by Beta Industries and subsequently on
portions of n/p and n/p+ wafers which were obtained by BCL feovr other
intended purposes. The initial results obtained with p/p+ wafers were
only mildly encouraging. Channels of the desired width were readily
obtained by vapor etching at 1100 C with E:ﬁ%ﬁ volume ratios in the range
0.1 to 0.5 percent., However, the maximum channel depth attainable was
found to be < 7.5 ym. In addition, after etching, the Si surface in
regions of the wafer covered by thermally grown Si02 wvere generally pitted
and less smooth than the ctched channel, indicating that nonuniform
etching was occurring over the regions which were presumed to be procected

against the etchant by Si0 It w:as initially thought that these results

2




occurred owing to undercutting of the thermal oxide in the vicinity of the
oxid» window and at pinholes, in agreement with the published results of
(1)

Rai-Choudhury . lowvever, subsequent work revealed the Limiting factor

to be the nonnegligible etch rate of 5i0, upon cxposure to E-gas at

clevated temperatures, Dramatic cvidcncz for the etching of SiOZ by E-gas
was provided when the fused quartz tube used in the etching experiments
failed, Examination of the failed tule revealed a noticeable thinning of
the tube walls in the failed portion of the tube (i.e., in that portion

of the tube cxposed to E-gas at elevated temperatures).

Therefore, in the subsequent work with n/p and n/p+ wafers,
channel ctching was accomplished in a step-wise manaer by exposing the
SiO2 masked wafers to E~-gas for successive l-min intervals. At the end of
each l-min interval, the wafers were withdrawn from the furnace and the
decrcase in oxide thickness estimated from the oxide color changes., This
process was continued until the oxide just disappeared, at which time the
channel depth was measured with a Talysurf. The procedure just described
was performed at one ctching temperature only, 1030 2. with Eﬁféi volume
ratios of 0.1 and 0.5 percent.

As might be expected in view of the previous discussion, the

results indicated a nonnegligible ctch rate for the 5i0, at both E-pas

2
concentrations., Moreover, the ctch rates of both Si and Si0O, ircreased

with increasing E-gas concentration. At an E-gas concentratgon of 0.1
n :cent, the Si and SiO2 ctch rates were about 0.67 and 0.05 pm/min re-
: :ctively, while at a concentration of 0.5 percent, the corresponding Si
and SiO2 etch rates were about 2.0 and 0.25 pm/min., Since the n/p and
n/p+ epiwafers had only been oxidized to t thickness of 0.3 pm, the maximum
channel depth which could be achieved amounted to about 4 pm at an E-gas
concentration of 0.1 percent and about 2 pin at an E-gas concentration of
0.5 percent.

Figures 4 and 5 are micrographs taken normal to the epilayer
surface after formation of a 4-pm-deep channel under vapor ctching condi-
tions such that a few hundred angstroms of thermal oxide remained after

etching. Figures 6 and 7 are micrographs of similar samples which were




FICURE 4, CHANNEL REGION OF n/p WAFER: ETCHING
TERMINATED PRIOR TO COMPLETE REMOVAL OF
SiOz LAYER
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processed under conditions such that etching continued after the ecxide
had been completely removed. TFor the sample correspouding to Figure 6,
the etching time and E-gas concentration (2 min at 0.5 vercent) was
sufficient to rewove an additional 4 um of Si after oxide removal. For
the sample corresponding to Figuve 7, the time and concentration (5 min
at 0.5 percent) weve suffici.nt to remove an additional 10 pm of Si.

A comparison of Figures 4 and 5 wita Figures 6 and 7 reveals
that an appreciable amount of pitting of the Si surface occurred once
the oxide was removed., llowever, these figures also indicate that no
appreciable change in channel geometry occurred during etching ofxthe
unprotected Si svrface, the etch factor being estimated at about 2 for
both sets of samples. Thu~, it appears that it is the high oxide etch
:ate which results in oxide mask failure rather than undercutting at oxide
windows or pinholes.

Examination of the samples corresponding to Figures 4-7 after
etching alsc revealed evidence for impurity redistribution duriug theimal
oxidation and/or vapor etching. Figurez & and 6 correspoad to the n/p epi-
layer having an epitaxial layer thickness of 10.4 pm. Figures 5 and 7
correspond to the n/p+ wafer having an epitaxial layer thicxness of 19.0
pum. Thermoclectric probing of the surfaces of the samples 4 and 5 indicated
that the outer surface of the epitaxial layers were still n-type after
channel etching had been accompiished., However, after subsequent removal
of an additional 4 um from the n/p wafer and an additional 10 pm for the
n/p+ wafer, all exposed surfaces of both wafers probed p-type, presumably
because of diffusion of p-type impurities from the substrate into the
epitaxial layers. Since the length of time the wafers were ~xposed to
elevated temperatures during etching was only a fraction of the time spent
at elevated temperatures during oxidation, the redistribution of impuritics
probably came about during oxidation.

Redistribution of the impurities, then, is another factor which
must be overcome berore successful device structures can be achievad by

the vapcr-etch technique.
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CONCLUSIONS aND RECOMMENDATIONS

Although no devices of the desired geometry were sticcessfully
fabricated during the subject effort, the results indicate that the fabri-
cation of structures possessing channel depths up to about 10 pm, is
certainly feasible. In particular, the results indicate that the
primary limitation on the depth of a channel which may be vapor etched
through an SiO2 mask is the thickness of the mask itself., The SiO2
etch-rate determinations accomplished in the present work indicate that
the successfu! achievement of a 10-pum channel depth at an E-gas concentra-
tion of 0.1 percent ard at a temperature of 1030 C would require a minimum
oride thickness of about 0.75 pm. At an E-gas concentration of 0.5 percent,
also at a temperature of 1030 C, the minimum oxide thickness required would
be about 1.0 pm. In additicn, it would be desirable to have at least a few
thousand angstroms of oxide remaining after vapor etching. "his remaining
oxide would be used for a mask for channel and contact metallization, Thus,
an optimum oxide thicknes< would more likely be in the range of 1-2 um.

For deeper channels, the required oxide thickness would, of course, be
correspondingly thicker. Ultimately, the limitation on channel depth
will be provided by the maximum oxide thirkness amenable to photolitho-
graphic techniques. Fo oxide thicknesses in the range 1-2 pm, standar:
photoresist techniques can be employed so that no particular difficulty
would be expected in the fabricatiun of 10-pm-deep channels. However, a
10-pm-deep channel would probably have application only in epitaxial layer
structures in which the active (epitaxial) layer thickness was < 12 pm,

In order to avoid the problem of impurity redistribution during the
relatively long time and high temperature required to givow a thermal oxide
1-2 um thick, it would be preferable to employ a chemically deposited
oxide., Deposition of an SiO2 layer by oxidation of silane, for example,
can be carried out at temperatures of about 350 C. At this temperature
little interdiffusion of impurities between the substrate and epilayer
would be expected. Thus, the following processing technique, capable of
producing 10-pm-deep channels in silicon epitaxial layers while ar th2

gsame time providing adequate surface protection, is recommended

i
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Deposit 1.5 um of $i0, hy oxidation of silane

Open oxide window in ihannel region by photolithographic
techniques

Vapcer etch channel to depch of 10 pnm

Open contact windows in remaining oxide

Metallize channel and contact regions

Remove cxcess metal..zation by photolithographic

techniques.
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