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RESEARCH AND DEVELOPMENT PROGRAM TO PRODUCE A SILICON
CARBIDE COLD CATHODE (HOT ELECTRON) EMITTER

By R. M, Oman

Norton Research Corporation

INTRODUCTION

General Comments on Electron Emission

The emission of electrons from solids is a subject of great
technological importance and there is little possibility of it
becoming less so in the forseeable future. However, the general
trend or evolution from thermionic emitters and towards "cold"
solid state emitters will no doubt continue. Of course techno-
logically the most common emitter has been the thermionic emitter
and continued work with thermionic emitters has brought about
a refinement to where the emission current density is approaching
the theoretical limit.

There are four commonly used methods of electron emission:
thermionic emission, the escape of electron from a solid surface
because of energy imparted (to the electrons) by heating the
solid; photoemission, the ejection of electrons because of excess
energy imparted by high energy photons; field emission, where
electrons are able to leave the solid because of a narrowed and
lowered surface barrier in the presence of a high electric field;
and secondary emission, the ejection of electrons when the solid
is bombarded with high energy electrons (energy transfer is from
the primary to the emitted electron).



The most widely used of these methods is thermionic emission
primarily because of the large current densities obtainable
via relatively simple "brute-force” methods. The major drawbacks
to thermionic emission are the large amounts of power required
to heat the emitter and the reaction of the hot emitter surface
with gas constituents in the vacuum. This latter limitation
makes the thermionic emitter of questionable value as an elec-
tron sources for low pressure gauges oOr any low pressure mass
analysis device.

The drawbacks to photoemission are the requirements for a
high intensity ultraviolet source and an appropriate (low) sur-
face barrier. The equations describing the field emission of
electrons indicate that this method of emission is capable of
providing large current densities. However, the application of
the high fields (recall that in field emission the current
density j <« E2 exp (-A/E) where A is a constant and E is
the electric field) necessary to obtain these currents presents
a practical problem in preparing and maintaining surfaces that
can withstand fields near breakdown.

Secondary emission using either electrons or ions for
the primary particles is a relatively clean way of getting
electrons though in practice the emitted current densities are
not very high. Secondary emission is used (and quite success-
fully) in low pressure devices where a "cold cathode" discharge
provides the source for primary particles. Two major problems
are evident, more or less, depending on the pressure, the
liberation of gas from the cathode and the problem of sustaining
a discharge at low pressures.



Hot electron emission in comparison with these more popular
emission mechanisms has the advantage that the emitting surface
is cold (temperature wise) and the power requirements are
relatively low. The major disadvantage is the low level of
emitted current. For applications in vacuum instruments there
are some additional advantages such as the emission current being
insensitive to pressure (at low pressure) and a surface that is
relatively inert regards reactions with the residual gas. Though
there is not sufficient information yet available for a definitive
statement, there may be other advantages to a hot electron
emitter such as only a slight temperature dependence of the
emission current and narrow energy spread for the emitted elec-
trons. These latter properties depend on the details of the
actual emitter and must be taken up in that context.

Hot Electron Emitters®

A hot electron emitter is a solid state device that emits
electrons excited to high energies (say in excess of 6 eV) in
the solid sufficient to overcome the surface barrier without any
additional energy input. The term hot electrons comes from
semiconductor physics where charge carriers of high energy (higher)
than the Fermi energy including the Maxwell-Boltzmann modification)

are termed hot carriers. An electron of 6 eV energy has an

*The word hot used in this report has two meanings 1) the
physical temperature of a piece of material and 2) the energy
state for electrons in a solid.  This should present no problem
in interpretation; the context should make clear the meaning.

For example, the statement "Hot electron emitters are not hot."
is understood to mean that solid state devices that emit electrons
via the mechanism of hot electron emission are physically cold.



equivalent temperature of 70,000 deg K. Hot carriers can be
created only in regions of high electric field where the electron
can gain this rather high energy between collisions with the ion
cores. The emission of these hot electrons depends (once they
are excited) on the lack of losses that would take away enough
energy to drop them back into the Fermi sea and their ability

to overcome the surface barrier.

The problem is best understood by breaking it up into
three separate problems. Refer to Fig. 1 where we give a
generic name to each of these regions and also physically de-
scribe the region for a reverse biased semiconductor junction
emitter.

FPirst, the electrons have to be excited to several eV of
energy and this is accomplished in the generation region in-
dicated where there must of necessity be a high electric field.
The electroncs that leave this generation region and for our
purposes we confine our attention to hot electrons which we
define as those possessing the minimum energy necessary to sur-
mount the barrier enter the transport region and there loose
energy on their way to the surface. These hot electrons en-
counter a barrier at the surface which is a potential barrier
of finite height and width. Those that surmount this barrier
are emitted from the solid.

We can at the outset put some very dgeneral restrictions
on the propert;es for this kind of a device. Working back-
wards we first note that surface barriers are the order of or
greater than 5 eV for untreated surfaces of metals or semi-

conductors so we require that the electrons be accelerated to
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at least 5 eV in energy in the generation region to be con-
sidered as possible emitters. This requires further that the
device be a semiconductor capable of sustaining sufficiently
high fields to generate hot carriers, in excess of 5 eV in
energy, in the generation region. This requirement alone allows
us to make an operationally definitive but not necessarily ex-
clusive statement that any semiconductor junction where we can
produce at least an avalanche breakdown in the reverse direction
is a suitable candidate for consideration as a hot electron
emitter. Given such a device which surely approaches the limits
of present technology we make an emitter by creating an appro-
priate transport region and the requirement on the transport
region‘is that its thickness be the order of or less than the
mean free path for the electrons which is ~ 1000 g. In order
to have a more detailed understanding of this phenomenon of

hot electron emission we need to better understand what goes on
in these three regions so in the next section we present a simple
model for a junction, a discussion of electron loss mechanisms

in the transport region and barrier penetration.
THEORY

Junctions

Abrupt junction. - Let us consider now a semiconductor
crystal containing a p-n Jjunction and further assume that the
junction region is very narrow. This is called an abrupt junction.
In actual practice it is possible only to approach the situation

of an abrupt junction and a junction that is spread out in the
crystal is called a graded junction. The abrupt junction is a
much simpler situation to handle mathematically and the model
developed here shows most of the features of both abrupt and
graded junctions. This simple model is in any case sufficient
for our purposes.



Assume that we have an abrupt p-n Jjunction as shown
in Fig. 2. On the n-side of the junction there are n

no
free electrons and Poo free holes and on the p-side p

pO
free holes and npo free electrons. The number of electrons
on the n-side is much greater than on the p-side and vice

versa for the holes so

(1) n_ > Do pp0 >> p

no

The notation here is simply that the letter n or p denotes

the carrier, electron or hole, and the first subscript n or

p denotes the side of the junction and the second subscript o
indicates initial condition. The Cd and Ca indicate donor
and acceptor concentration.

If we instantaneously create the situation (the abrupt
junction) describe above there will be a diffusion of elec-
trons into the p-region and holes into the n-region de-
pleting thé region surrounding the junction of majority carriers,
that is, some electrons will be lost from the n-region and
some holes from the p-region. As this depletion continues
the ionized donor and acceptor atoms near the junction set up
an electric field so as to oppose the continued diffusion of
majority carriers. In the equilibrium condition then there
is a depletion of majority carriers from the junction region
and a space charge layer built up in which there is an electric
field. The situation is shown in Fig. 3.

Potentials. - The difference in potential across the

dipole layer created by this diffusion is related simply to
the dipole moment (per unit area) by

(2) ¢ = 41D
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where ¢ 1is the potential difference at the boundary and D
is the dipole strength. The Fermi level must be at the

same potential across the junction. Far from the junction the
p- and n-regions must behave like separate p and n crystals
and in a p-type crystal the Fermi level moves toward the
valence band and in an n-type crystal toward the conductance
band. Thus across a junction depletion region the bands bend
so as to oppose by creating an electric field the depletion of
majority carriers from the region immediately surrounding the
junction as we saw in the physical picture of the previous
section. The band situation is shown in Fig. 4.

The internal contact potential ¢ is determined by the
equilibrium electron or hole densities far from the space

charge region. The equilibrium electron density is

2mm*krs/ 2 E_-E
(3) n = 2 € exp __..F__irl
no n2 kT
and the equilibrium hole density is
Zﬂm;kT3/2 EF-EC
(4) npo = 2 ""—-—hz———— exp kT

The double subscript on E such as Ecn is that the first sub~-
script refers to the band, conduction or valence, and the second
subscript to the side, p or n. Solving these equations for

E and E we have
cn cp

n
_ no
(5) Ecp - ECn = kT 1n 5

10
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n
no

(6) ¢ = kT 1n

po

Now we want to consider the effect of an applied voltage on
a semiconductor containing a p-n junction. Since the carriers
are depleted from the junctioﬁ region, most of the applied voltage
will appear at the junction. If the voltage is applied to the de~
vice in such a way as to flatten out the bands and effectively re-
duce the inner potential, the junction is said to be biased in
the forward direction. In this situation the impedance of the
junction is reduced with the potential barrier being given by
o - Vo where V0 is the applied voltage. This is assuming all
the voltage appears across the junction which is generally the
case. If the sign of the applied voltage is reversed with the
negative voltage applied to the p-region then this is the re-
verse direction and the‘effective potential is the same expression
o - Vd‘ where VO4 is now a negative quantity. Also in this
situation the impedance is increased.

Junction model. - Now we can proceed to set up a mathematical

model for the junction. The first point to consider is how the
space charge varies as we approach the junction from the p or

n sides. Far from the junction the net charge density is zero on
both sides and on the p-side Jjust before the junction it is -eCa
and on the n-side eCd. As the junction is approached from the
p-side thegcharge density goes quickly from zero to —eCa with
the same situation obtaining as we approach from the n-side with
the charge density quickly approaching eCd. This is assuming that
all donors and acceptors very close to the junction are ionized,
that is, that e(¢ - Vo) >> kT which is most always the case.
This situation is shown in Fig. 5.

With tﬁe notation shown in the diagram we can now write down
the Poisson's equation for the solid assuming that the transition
region is sufficiently narrow so that it can be approximated by
a straight (vertical) line thus A
12
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dz¢ 4nmeC
o - d 0 < x < x +
dX2 K [o]
aZ¢ 4teC
(7) ~ = a -xXx <x <0
dXZ K o
dz¢_
= 0 X > X and x < -Xx
dxz o+ o=

Beyond the space charge region the potential is a constant so that

¢+(x) for x > X is a constant and ¢_(x) for x < X is

+
a constant. Also the difference in these potentials is just
L e A A N
tric field must be continuous since there is no surface charge

(—xo_). At the junction the elec-

(Gauss's theorem) so that

dé, de_
(8) -E, (o) = = = I =—EJ0)=-EO
) o
where the E (o) and E_(o) indicate the fields in the
(o < x < xo+) and (—xo_ < X < 0) regions and EO the common
value at the junction. With these boundary conditions we can
proceed to integrate Eq. (7). The first integral is

' do 4meC

(9) + _ d = =
> = = X + A = E+(x) (0 < x < xo+)
d¢_ 4'rreCa
I - <« ¥+B=-E_(x) (-x __ < x < 0)

14



Outside the space charge region the field must be zero so
d¢+/dx = 0 at X . and d¢_/dx = 0 at =X _ thus the constants
are

(10) A = d x and B = X

and so Eq. (9) becomes

d¢+ 4ﬂeCé

(11) By ) =g T o By 7@
dé_ 4meC

“E_(x) = g = ——= (x+x )

If we set x = 0 in these field equations we find a relation

between the densities and the widths of the space charge region

41eC X 4meC x
(12) E = - — 4ot _ _ & oc
o K K
so that
(13) _Ci - Xo+
C X
d o-

and the ratio of the widths of these space charge layers is in-
versely proportional to the charge density.

15



Integrating the first of Eq. (11), ¢+(x) can be written
as

-2meC

(14) 9, (x) = d (x

- 2 4
K o+ x) ¢

where a constant due to the (x - x)2 term has been taken up

o+
with the usual constant of integration. Similarly we have

' 21TeCa )
(15) o_(x) = " (x + xo_)4 + D

Since the potential must be continuous at x = 0 we take the
arbitrary potential zero to simplify evaluation of the constants.
2 2
2meC x . 2reC x _

(16) C=———— and D= - "

and the potential has the form of

21reCd

(17) o, (x) = — [x0+2 - (xg, - x) 2]
2m1eC

(18) o_(x) = —2 [x + x )2 - x_ 2]

in the vicinity of the junction.

We can now specify the width of the junction in terms of
the material parameters for the semiconductor. The effective
inner potential (¢ - Vo) defined above can be written as

16



2me

- = 27 2 - 2
(19) ¢ -V, — [Ca%,, C x,_°]
and X . and x _ are related by Eq. (13) so we can solve for
X o4+ and x__
k(o - VO) Cd %
(20) X0+ = 772 R CPRENE
a'd a
%
k(p - VO) Cd
(21) Xo- © L 2me c (C,+C ]
a'd a

and the total width of the space charge region X=X, + X,. is

k(o - Vo)

_ 1 1
(22) X, = ["-"—2,]'1.—6—'—— (C_ + E—)]

Substituting in Eq. (12) for the field at the junction we find

8ﬂe(¢‘—‘Vo) 1 -1 %
(23) E, = [—

dFa
+
U

Of course the field is also given by the simple relation
Eo = 2(¢ - Vo)/xo.

Zener diode. - When a very high reverse bias is applied to

a p-n junction there is a very sharp bending of the bands as
illustrated in Fig. 6. In this situation the potential energy
barrier separating electrons in the valence band of the p-region

17
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Fig. 6. Band Diagram for a Zener Diode with
(a) No Voltage Applied and (b) Reverse Bias.



from empty states in the conduction band in the n-region be-
comes very narrow and tunneling of electrons from the p- to

the n- region may occur. This reverse bias electron tunnel
current is the Zener current. The phenomenon can be looked on

as internal field emission and is analogous to the problem

of field emission from a metal where electrons inside the metal
have to penetrate (tunnel through) a surface potential barrier.
In the barrier penetration problem, a special case of which we
shall take up shortly, the transmission is proportional to an
exponential containing the barrier width and square root of the
barrier height in voltage. Thus we see there are two requirements
for the Zener mechanism, the bands must be bent sufficient so
electrons in the valence band are opposite allowed states in the
conduction band and the barrier width reduced sufficient to allow
appreciable transmission. Both these requirements are met with

a narrow junction and a high reverse bias voltage. Looking back
to Eg. (22) we see that the narrowest junctions, those most suit-
able for use as a Zener diode, are those where the material is
highly doped and in these high fields exist even before applica-
tion of voltage.

Avalanche diode. - Another method of obtaining high

reverse bias currents is to use the avalanche mechanism. If
the electrons which are providing the current in a reverse bias
junction can between collisions acguire sufficient energy from
the electric field to create electron-hole pairs by impact
ionization (of atoms) an avalanche effect will be initiated
leading to breakdown in the junction. The condition for
avalanche breakdown in a junction then is that the electrons
acquire sufficient energy between collisions for impact
ionization. If the impact ionization energy is E then the

i
critical field for avalanche breakdown is

19



(24) E = —;

where )X is the mean free path. In most crystals A is the
order of 10> cm and E, is the order of 10 eV so we require
fields of order 10% V/cm. The actual breakdown voltage for a
junction can be determined from Eg. (23) if V

and Vb >> ¢ so that the field is given by

b replaces Vo

E, 8neV -1 %

L i _ b
(25) Eb‘T‘[K (c C

and solving for Vb we have

2
KE,

(26) V, = —2

1
b (

8me2)2 Ca

+‘cl':‘;)

Since the mean free path (electron-ion core collisions) is in-
versely proportional to temperature the avalanche breakdown
voltage increases with temperature. Contrariwise, the Zener
mechanism is relatively insensitive to temperature because the

electrons traverse the entire junction without suffering a
collision.

The actual breakdown mechanism depends on the material and
the junction. Those devices with abrupt junctions and high doping
levels will generally break down via the Zener mechanism while
for graded junctions or abrupt junctions with small doping the
breakdown mechanism will be avalanche. Experimentally the
temperature dependence determines the mechanism.

20



Electron Transport in Semiconductors

After the electrons are excited to high energies in the

generation region most of their kinetic energy is manifest in

a high velocity component directed toward the emitting surface.
Only electrons with energies greater than ~ 5 eV can overcome
the barrier at the surface and escape from the material so in
determining the predominant electron loss mechanism in this
region, we must keep in mind that we are looking for electron
losses operating at energies > 5 eV. In this section then we
give a survey of the electron loss mechanisms that can operate

on electrons in transport.

In this discussion we must realize at the outset that the
electron loss mechanisms leading to resistivity as we generally
speak of it in connection with problems in the conductivity
metals, are not neceséarily the ones of interest here. In nor-
mal conduction phenomena an electron collision where there is
momentum transferred but in which momentum is conserved does
not lead to resistivity because the current is not affected
(remember current is basically number x charge x velocity).

Such a collision, however, may reduce the energy of the primary
electron sufficient to make it impossible for this electron ever
to be emitted from the material. For example, if a 6 eV elec-
tron traveling in a specified direction collides with a thermal
electron and the two electrons end up moving off in the same
direction each with 3 eV energy the total current has not
changed but the probability of the original electron overcoming

a b5 eV barrier has gone from unity to zero.

Also we must consider loss mechanisms other than those
typical for conduction electrons because the electrons we are
concerned with have higher energies than typical conduction
electrons and for most collision processes there is a strong

21



dependence of free path length or characteristic collision time

on energy.f For example, conduction electrons in metals typically
have mean free paths of N 1000 Z while the free path length for

electron—-electron collision can be 100 i or less in the 5 - 10

eV range (ref. 2).

With this general introduction then we proceed to a
brief discussion of the several electron loss mechanisms we need
to consider. Generally the electrical resistivity of a material
depends on the departure from or disturbances to the perfect
lattice. Thus in transport problems we consider (1) electron
scattering by vibrating host atoms (electron-phonon inter-
actions), (2) scattering by impurities and lattic imperfections,
that is, disruption of the uniform periodic lattice by imper-
fections therein and (3) electron-electron interactions. The
relative importance of these is the order given with the electron-
phonon interactions being by far (by several orders of magnitude)

the more important.

To this usual list we need add only one other for our case,
(4) plasma oscillations. We now take up each of these in turn
and consider their relative importance regards energy losses for
hot electrons.

Plasma oscillations (ref. 2). - "Plasma" type interactions

characteristically involve an energy loss on the part of the high

energy electrons in excess of 10 eV and have an associated free
[+]

path length of order 200 A. Since the electrons injected into

+The expressions, "mean free path", "free path length" and
"characteristic collision time" all refer to a time or distance
between collisions. In this report the term "mean free path" refers
only to the processes leading to resistivity in metals. -

22



the transport region originate in an avalanche or at best a

Zener junction few of the electrons are expected to have sufficient
energy to enter into plasmon interactions with this attendent

large energy loss. Because this type of interaction is not

totally beyond the realm of possibility it should be considered

for each case, that is each device. The free path length and

loss per interaction are such as to drastically reduce the

probability of electron emission if this mechanism operates.

Impurity and lattice imperfections. - We can get some idea

of the relative importance of this mechanism for our situation with
a simple order of magnitude calculation and logical argument. The
initial assumption is that one (eléctron—electron) interaction
produces sufficient energy loss to remove the carrier from con-
sideration as a possible emitter. We can estimate an effective
cross section Ougs that would be necgssaiy for this process to

be significant and so we define Oeff V ETT where Ci is the
impurity concentration and L is the maxifium path length available
for the interaction or the thickness of the transport region. The
maximum value for L is 1000 2, the maximum value of the mean
free path for the electrons; the transport region must be of order
or less than this value. The maximum concentration we could ex-

O ss v 1071% cm2. What this calculation
tells us is that in order for impurity scattering to have any

pect is 10!%/em3* so

influence the cross section for the impurity atoms must be at
least 10—11+

geometrical cross section of a lattice site which is 10

cm?. This is an order of magnitude larger than the

-1
> cm?

so we can neglect impurity atom scattering. Now assuming further

*This concentration amounts to approximately one impurity
atom for every one thousand host atoms sufficient to drive the
valence band to the close proximity of or into the Fermi level for
most semiconductors assuring at least an avalanche and probably
a Zener junction.

23



that the electrical extent of a lattice defect and hence its
cross section, is roughly equal to that for impurity atoms
we can neglect scattering at lattice imperfections also (assume

lower concentrations).

Electron-electron interactions. - In any electron-electron

interactions that we want to consider, that is, where one elec-
tron is "hot" and the other is not we would expect that the
primary electron would be scattered into a lower energy state
and removed from consideration regards emission. For electrons
near a band edge and here we assume that the hot electrons are
close (within 1 or 2 eV) to the bottom of the valence band the
collision frequency is (ref. 3)

12 &m?
™t az #HE 3
q

(24)

where a is the spacing of the electron gas and the other
symbols have their usual meaning. A "hot" electron that enters
into an electron-electron interaction is assumed to be scattered
into a lower energy state, either into the Maxwell modified
Fermi distribution in the valence band or into the conduction
band. Taking kT for 6 eV electrons and calculating a on
the basis of a concentration of 10!° 1/cm3 and taking

E, = 2.8 eV we obtain a time between collisions of 7T__ ",

4 x 10°!'% sec. Again using 6 eV electrons, calculating the
velocity and using this Tee Ve fing that the free path length
for this kind of collision is 6000 A.

This is still a bit large for consideration as a loss

Q
mechanism since the transport region must be 1000 A or less.

24



However, this mechanism should be seriously considered for each
particular situation because it is close (within an order of

magnitude) to the mean free path.

Electron-phonon interactions. - Electron-phonon inter-

actions physically are the scattering of electrons by the
vibrating host atoms with the scattered electron going into
another momentum state with a coincident absorption or emission
of a phonon.

It is this interaction that predominates in the classical
resistivity of metals and therefore defines the mean free path.+
The energy per interaction is of order 0.1 eV for the energy
range we are interested in with one interaction every few lattice
sites. There is also a strong dependence of the energy loss
per interaction on electron energy with the loss increasing for
high energy electrons. With this kind of situation it is clear
that this loss mechanism obtains and is no doubt primarily
responsible for the attenuation of hot electrons in transport
through the lattice. Because this loss mechanism is well under-

stood we shall be content with this simple argument.

In looking for the predominant interaction leading to
energy losses for hot electrons in the transport region we
have shown that the classic loss mechanism leading to electrical
resistivity in metals should predominate with the electron-elec-
tron interactions also possibly playing a role. The exact
mechanism and its magnitude need be worked out for each
particular case though we would expect on the basis of the above

to find the limiting loss mechanism among these later two.

+The mean free path as it is used in describing the re-
sistivity in metals and defined classically by Wilson is an
operational definition and does not prescribe the mechanism
for energy loss.
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Barrier Penetration

The last thing the electrons must do in order to leave
the solid is penetrate the surface barrier. On the basis of
what we have done so far it would appear that in most devices,
at least some of the "hot" electrons will reach the surface
barrier with sufficient energy to pass the barrier, in a
classical sense, with only a discrete loss in energy. The
barrier height of say 5 eV is about the same energy as many
of the hot electrons so we should look into the attentuation
introduced by the barrier for electrons with energy nearly
equal to the barrier height.

The model for barrier transmission we shall use is the
usual simple one for barrier transmission shown in Fig. 7.
This is a square barrier of height Uo and width b with a
particle of energy E 1incident from the right. By appropriate
matching of the free particle wave functions we can obtain an
expression for the transmission of the barrier,
5

=2 & (v -E)] b
2 °

(25)

H
|

This expression is most realistic since it provides greater
transparency for small mass, less difference between the
barrier height and the energy of the incident particle and
a narrower barrier. We can work out some more convenient
relations for seeing the effect of this transmission on the
emitted current of electrons by putting in the constants m
and H. If this is done we find a numerical relation

1

(26) T = ——
o1.1x108AE
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Fig. 7. Model for Barrier of Fixed
Height and Width.
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where AE 1is the energy difference measured in eV and b
is the width in cm. If we measure b in Angstrom, we can use
an even simpler approximate relation

1
(27) T = S
JAED

Wé can also write this in another form.

(28) AETD = Ln%

Now we can plot (Fig. 8) T versus AE%b on log linear paper
which will be a straight line and see what combinations of
barrier height and width give reasonable transmission. For
example with an oxide layer 20 i thick which is about. the
smallest we can expect the energy of the incident electron
need be only 0.25 eV below the barrier height to reduce the
transmission to 107 °. Thus our first approximation is to take
the barrier as a classical one, that is, electrons with energy

greater than the barrier height get over and those below do not.
EXPERIMENTAL

Brief Historical Survey

Almost all of the few papers on electron emission from
reverse biased semiconductor junctions have been published
since 1960 (ref.s 4-12). Most of the early work was on silicon
devices but more recently emphasis has been on silicon carbide.
Generally speaking the hot electron emission was observed from
the edges of junction devices before any formal attempt was made

on devices specifically prepared to study hot electron emission.
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Typical of the first efforts were those of Patrick and
Choyke (ref. 4, 9) who measured hot electron emission from SiC
12 4o lo—s'amp and Bartelink, Moll. and

Meyer (ref. 7) who measured emission currents as high as 10~

over a range of 10
9
amp from silicon. The best reliable emission currents reported
have been of order 10 amp (ref. 12). Some of the higher
currents were obtained under pulsed operation.

First Simple Experiments

Our first experiments were to measure the hot electron
emission current from the edge of commercial light emitting
diodes. The configuration and details of the Norton and General
Electric packages which we used are shown in the accompanying
two figures (Fig. 9 and Fig. 10). These two packages formed
the basis for our various mounting schemes used throughout this
work.

One problem we encountered early on and this is peculiar
to SiC rather than hot electron emission was that the crystals
crack quite easily under rapid heating or cooling. In many
respects the SiC crystals behaved as one might expect a piece
of glass to behave under the same circumstances. This cracking
problem plagued us throughout the work and in the case of SiC care
must be taken to heat and cool the crystals slowly. A rate of
10°C/min appears to be satisfactory.

Our basic experimental apparatus which is shown schematically
in Fig. 11l is relatively simple. The diodes are run in the re-
verse direction (there is usually no light emission in this
direction) and the emitted electrons are collected by a plate
placed close (1 - 2 mm) to the diode. The field in the junction

30



SiC
CRYSTAL ' /7 MOUNTING
BLOCK

Fig. 9. Norton Standard Package -
Light Emitting Diode.

31 -



32

METAL INSULATOR

N

SiC p-n JUNCTION

CONTACT
MATERIAL

Fig. 10. General Electric Standard Package -
Light Emitting Diode.



VACUUM ENVIRONMENT

[T~~~ - oo =
| |
I
| SiC CFYSTAL |
| i
i ___n_ | |COLLECTOR|
|
I P |
l |
| |
L e e e e J
~1000V
i1

0-10omal | BATTERY |ELECTROMETER
+

| o-4gv =|

Fig. 1l1l. Schematic Diagram of Basic Apparatus.
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is of order 10% V/cm and the field applied by the plate must
be or order 10% V/cm. The high field in the junction and the
fact that the electrons are emittéd in close proximity to the
junction requires this high collecting field. If a high
collecting field is not present the electrons will return to
the n-region of the crystal, that is, after being emitted
they will turn slightly and reenter the n-side of the crystal.

The vacuum environment was via a commercial oil diffusion
pumped glass bell jar system that operated in the 107° to
108 Torr range. .

Looking to the adjacent table (Table I) which is a summary
of the data on edge emission from these standard package light
emitting diodes we see extremely low emission currents and low
efficiencies. The best (most efficient) devices were two of
the General Electric SSL-11 diodes that were run at a com-
paratively low junction current. If we assume that the applied
voltage is directly related to the voltage across the junction
then as we would expect on the basis of the theory developed in
the previous sections those junctions sustaining a higher voltage
(those able to "heat" the electrons more) to give a better

emission, and this is the case.

Reduce the Thickness of the n-Region

Ion bombardment. - One method of removing small amounts of
material from SiC (say from 100 to 10,000 Angstrom) is to use
positive ion bombardment. We attempted to do this with the

intent of developing a technique for removing small amounts of
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TABLE I

SUMMARY OF EDGE EMISSION DATA

Diode Voltage Current Emission Efficiency+
1200B2 40v 30ma 1 x 10° Camp 3 x 10712
1166AL 36 25 1x 10713 4 x 10712
1160281+ 34 30 2 x 10714 6 x 10712
1255011 29 30 5 x 10 !2 2 x 10710
1190B1B 34 30 3 x 1071" 1x 10712
SSL-11#257 35 2.6 3 x 10712 1x 109
SSL-11#256* 15 20 10712 x 10710
SSL-11#272 35 4.2 1.2 x 10 ' 3 x 1079
SSL-11#273* 18.5 40 6 x 10 13 1.5 x 10”11

The diodes with SSL-11 in the designation are General Electric,

the others Norton.

L

After etch in CP-4
Unpolished side

This definition of efficiency is very much an operational one.
It is the emitted current over the junction current.
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material from the crystal, that is, to reduce the electron
transport distance in the n-region. There has been some work
done on sputtering of SiC (ref. 13) and by inference from work

on II - VI and III - V compounds (ref. 14) we would'hope to re-
move Si and C together. Surely this is the case for the [0001]
direction in SiC and probably also for other directions. The
details of the mechanism are not completely clear but it is safe
to say that we do not expect to have an excess of one constituent
on the surface after ion bombardment.

Every attempt to bombard a crystal with ions resulted in a
degradation of the junction character. Of course the ions were
incident on the emitting edge (the edge facing the collector
in Fig. 1l1l). After even a very mild bombardment of 75 ma-sec
at the typical cleaning voltage of 400 V (2.5 ma for 30 sec)
which should remove less than 1000 atomic 1ayers* we typically
observed a 10 - 20 percent drop in voltage across the junction
and a decade loss in emission current. Further bombardment of
the same sample or more extensive bombardment doses on a fresh
sample always resulted in further or increased degradation. After
several attempts where in each case the junction was degraded
ion bombardment was abandoned.

Apparently, the damage introduced by the ions or the
occluded argon served to lower the conductivity. Again by
inference with work on metals we expect the damage to be 1000
to 10,000 Angstrom below the surface (ref. 15). And this is

*A dose of ~ 100 u amp-sec per cm? gives about one ion
for each surface atom and with somewhere between 1 and 10 (and
closer to 1) ions necessary for each sputtered atom we can make
a good estimate of the number of layers removed.
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greater than the maximum thickness of the n-region which must

be of order or less than 1000 Angstrom. No attempt was made

to anneal out the ion bombardment induced damage as the annealing
temperature is around 1000°C and the diode package would stand
no where near this temperature (maximum less than 200°C).

Polishing, lapping or machining. - Mechanical methods for

preparing crystal surfaces is most inappropriate because all
of these methods leave scratches the order of 100 to 1000
Angstrom which is the same size as the thickness of the n-

region we would like to prepare.

Bias cut junctions. - An ideal emitter would be a p-type

material with a very thin n-type layer and a doping so as

to produce a Zener diode with a thin contact on the n layer

such that the combined thickness of the n-region and the contact
was less than 1000 Angstrom. In this way "hot" electrons
created in the junction would pass through the n-region and

the contact and into the vacuum without suffering appreciable

energy loss.

Now as an approximation we made up samples with a cut
across the junction to expose a thin n-region. This technique
was so successful in increasing the emission current up to
acceptable working levels that most of the rest of the ex-
perimental work was done on similar samples. A drawing of this
configuration for the emitters is shown in Fig. 12. And in Fig. 13
this kind of an emitter is shown on a mounting block. In this
device the n-region is so highly doped that the voltage applied
at the contacts is essentially all present across the junction.
Looking at the insert.in Fig. 12 we can make an estimate of the
area where the electrons are being emitted. Assuming that an
effective path length of 1000 X in the n-region 1is the
maximum that an hot electron can travel a strip of n material
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Fig. 13. Norton Diode Modified for Electron Emission..
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roughly 1400 Angstrom wide should be emitting electrons.

Since we most likely have an avalanche junction electrons should
also be coming from the junction itself and assuming a junction
width of 1000 A and a field of between 10° and 10% V/cm
there should be hot electrons most of the way across. For the
sake of argument let us assume a total emitting area from the
junction of 600 A thus we have a strip of width 2000 A for
emission. Since most of the devices we used were 2 mm 1long

the surface area for emission was 4 x 106 cm?.

In Table II is a summary of data on the maximum emission
obtained on these edge cut diodes subjected only to wash in
acetone or alcohol or a CP-4 etch. This Table shows data typical
of the many diodes checked and further is limited to very mild
etches and cleaningsT. Note however, that diode No. 1334 had
a relatively high emission current and efficiency.

Lowering of the Surface Barrier

Heating. - Using this same package as shown in Fig. 13
we attempted some mild heating of the sample. We were limited
in temperature by the contact material which for the Norton
diodes was a lead-indium alloy and for the General Electric
diodes a gold epoxy.

+Typical CP-4 etches were for under 5 sec. The CP-4 etch
is 100 parts nitric acid, 44 parts glacial acetic acid and 16
parts 48% hydrofluoric acid.
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Diode No.

1317 EV

1342 EV

1334

TABLE II

SUMMARY OF EMISSION FROM 45° CUT DIODES

Voltage

29V
28

23

Current Emission Efficiency

30 ma 6.2 X lo_gamp 3 x 10_7

40 1.1 x 10710 3 x 10”8

7 6

60 2.6 x 10~ 4 x 10~
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Heating of the crystals was accomplished by electron
bombardment from either a hot filament or a plasma. The
electron bombardment was always carried out so that electrons
did not strike the SiC but rather some part of the mount. Con-
siderable care had to be taken to slowly heat and cool the
crystals, otherwise they cracked. Temperatures were measured
with a thermocouple.

We ordered from Norton some special diodes mounted on
tungsten blocks with materials so as to withstand 700°C. Un-
fortunately, however, neither of these devices was operated
over 200°C. With the first one a series of minor disasters
such as solder melting at 100°C, leads coming off and the
diode coming loose from the mounting block eventually culminated
with a breakdown in the diode junction. And on the other diode
we cracked the crystal early in the experiment (before exceeding
250°C) .

In normal operatidn on a reasonably efficient (large) heat
sink at approximately 30 V and 20 - 60 ma the temperature
was 80 to 120°C. And the data shown in Table II was taken after
running the devices for several hours in vacuum. In almost
every case the initial emission current was very low, in the
10'—12 amp or lower range but during the first hour of operation
there was a rapid rise of several orders of magnitude usually to
the J.O_9 or 10 % amp range and after this a slow rise of
another decade or so over several hours. Heating, other than
that inherent in operation of the device, or etching in CP-4
served to reduce the time necessary to reach an equilibrium
emission current. Sometimes the emission current rose slowiy
for many hours (10 to 20) so etch in CP-4 was most appropriate
to hurry the process along. This situation is attributed to
a dirty surface coming to equilibrium with its environment with
the final state being determined by the temperature of the de-
vice and the vacuum.
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A summary of our efforts to specifically improve emission
by heating of the package shown in Fig. 13 is given in Table III.

Cesium adsorption. - In an attempt to directly lower the

surface barrier we used a cesium ion gun to deposit a known
amount of cesium on the surface. A simple schematic of_ the gun
is shown in Fig. 1l4. This ion gun uses a zeolite (molecular
sieve) in which an exchange reaction has been performed to place
cesium in an alkali metal site. The bond arrangement in the
zeolite is such that the cesium is liberated as an ion. This
type of gun has two distinct advantages. First, cesium is not
released into a vacuum chamber to do its destruction on workiﬁg
parts and second, controlled amounts of cesium can be deposited
on desired surfaces simply by applying the proper voltages. 1In
these experiments we obtained cesium ion beams in the 107% to 107 °
amp range which is most convenient for depositing monolayers on
the metal. (Note that a dosage of 100 y amp-sec is approximately
equivalent to a monolayer coverage on 1 cm?.) We had two

very successful exposures the results of which are summarized

in Table IV. Based on this data and some other less successful
runs, that is, cases where we had a small fraction of or large
number of monolayers deposited we see that the cesium has an
effect other than lowering the work function namely reducing

the voltage across the junction, most likely by a leakage path
around the edge of the diodes.

This reduction in voltage across the junction had a
disastrous effect on the emission current and forces the con-
clusion that the total effect of cesium adsorption is not
beneficial. Further attempts at cesium adsorption were aban-
doned.
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TABLE IIT

SUMMARY OF EMISSION FROM HEATED DIODES

Diode No. Voltage Current Emission Efficiency

8 7

* - -
1325B2 26V 60ma 4.5 x 10 7.5 x 10

Heatt at 250°C for 10 min.

26 60 2 x 10 3.2 x 1077

1349a1 28 25 3 x 10712 1 x 1010

Heat at 125°C for 20 min.

23 25 1 x 107° 4 x 1078
Heat at 200°C for 20 min.

23 25 1 x 10710 4 x 1072
Heat at 200°C for 20 min.

23 25 3 x 10 10 1.2 x 10”8

*
This diode was previously used for cesium adsorption. It was
etched and run and etched and run before this test.

tThis stated time does not include heating and cooling time.
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TABLE IV

SUMMARY OF EMISSION FROM CESSIATED SURFACES

Diode No. Voltage Current
1334 21V 60ma
After a dose of 600 p amp-sec

18 60
1325B2 26 60
After a dose of 175 u amp-sec

25 60

Emission

8 x 107°

2 x 108

3 x 108

1.4 x 1078

Efficiency

1.3 x 10”7

3.3 x 10”8

5 x 10~ 7

2.3 x 10~/
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Tailoring the junctions. - As far as tailoring the junctions

to give a high voltage drop is concerned the concept is barely
feasible since it is difficult enough to make the diodes let alone
make them with specific impurity dopings. About all we know about
the doplng and the junction is that the junctions are apprbximately
1000 A wide and the donor impurities are nltrogen at concentrations
of approximately 1018 +to 10!°9 per cm?® and the acceptor im-
purities are boron or aluminum at approx1mately 10'7 to 1018

per cm3® concentrations.
DISCUSSION AND CONCLUSIONS

In the development of a model for the junction, we saw
that for a junction operating in the avalanche condition the
junction current is temperature dependent. There is a relatively
large amount of power discipated in the junction which serves
to raise the temperature of the whole device, and thus limit the
current. It is this effect that in practice limits the current
for a reverse biased junction running in avalanche. For a Zener
diode local heating at imperfections causes "punch through" i.e.,
microscopic breakdown in the junction. Thus there is a clear
finite limit to the junction current and the devices we have
used have been operated near this limit. The junction current
cannot arbirarily be increased, we have to look elsewhere for
more emission.

The temperature surely affects the loss mechanism in the
transport reason whatever mechanism is operating. If we assume
the loss in the n-region is typical electron transport loss
for condution electrons in metals (electron-phonon interactions),
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* !
we expect at high temperatures a resistance proportional to

temperature. This is with a simple Einstein model for the lattice.
In this theory the scattered electron is presumed to loose an
amount of energy small compared with KkT.

For the case of hot ,electron transport the energy loss per
collision may be large compared with kT. If there were a large
energy loss per scattering event then we would expect resistance
to be proportional to the fifth power of the temperature as is
the case for low temperatures.

Experimentally it should be rather easy to see if something
(in this case the emission current) depends on the first or
fifth power of temperature. Unfortunately, we were not able to
make such a determination. There were other things going on
that precluded such measurements. When the temperature of a
piece of SiC is raised, in vacuum, there surely is a large change
in the oxide layer thickness and probably content too. We expect
the oxide layer to get thinner as we increase the temperature.
There may well be regions (in temperature) between say 200 or
300°C and 1200°C where the surface condition is relatively
stable and we could study the dependence of emission current on
temperature without the surface changing but such was not the
case in this work. In our attempts to measure emission efficiency
as a function of temperature we always observed an increase in
emission efficiency as the temperature was increased up to 200°C
or so and then a decrease. The initial increase was presumed
due to a thinning barrier layer and shortly (usually one or two
data points) after the observed decrease in efficiency with
temperature we destroyed the device. This kind of an experiment
however, does appear possible with sufficient perserverence and

would be very helpful in understanding the loss mechanism.

*

. High temperatures in this context means high in relation to
the Debye temperature. All of the devices we worked with were
presumably in the high temperature range.
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Though it appears, at this point, that electron-phonon
interactions produce attentuation of the electron beam there
has most assuredly not been sufficient work to rule out other
loss mechanisms. J

The effect of a finite barrier appears to be simple. If
o
we take a barrier 5 A wide (approximately one atom) which is
as small as we could ever hope to get then electrons 1 eV

below the barrier are attenuated by a factor 10_5.

On the basis of the work in Theory and the geometric
arrangement of Fig. 12 we can make an estimate of the maximum
current we might be able to observe for this configuration. For
convenience we make this calculation for 1 ma of junction
current. If there is 1 ma of junction current through a
3 amp/4 x 1072 cm?
or 2.5 x 10 ? amp/cm2. A 2000 A strip 2 mm long has an

area of 4 x 10°° cm? and so there would be 1 x 10-7 amp

junction 2 mm on a side. This is 1 x 10

across the junction per ma of junction current in the device
available for emission.

The maximum current we have observed is 4 x 10 ° amp per
ma of junction current (Norton diode No. 1334, Table II) which
is close to the calculated maximum value (4%) considering the

sophistication of this calculation.

The several attempts to directly reduce the thickness of the
n-region were unsuccessful because they introduced damage into
the crystal to a depth comparable with or in excess of the desired
thickness of this region. |

Direct lowering of the work function by cesium adsorption
may or may not have been successful. The total effect of cesium
adsorption was not however in the desired direction. Unless
these undesirable effects of leakage can be overcome, there is

no reason to use cesium adsorption to lower the work function.
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Heating the crystals like étéhing seems to be of some
help though primarily in decreasing the time to reach equil-
ibrium. There is a difference of opinion in the literature
regards heating With some authors -claiming necessity of heating
to one or another temperature (some as high as 600°C) and
others claiming this of no value (ref. 4, 11, 12). Our experience
indicates that heating helps in rapidly attaining the maximum

emission current but does not appreciably alter that maximum.
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