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ABSTRACT

An experimental verification of the theory of space-
charge-limited hole current in germanium is presented.
Alloyed p-n-p solid-state dilodes of various base widths W
are fabricated. The V-I characteristic of each diode 1is
measured at an amblent temperature of 78° K. These results
are compared with theory. Dacey (4) predicts:

J = 1.43ee, B, Ei/gv 3/2,75/2

where o is the low field
mobility of the holes and E, 1s the critical electric field.
This expression assumes a field dependence of hole mobility
of W= pol(By/E)L/2,

The three halves power relationship between current
and voltage is observed over nearly two current decades.

In that same current range. a direct proportionality of V
with w5/3 at a constant current density is also observed

to within the accuracy of base width and area measurements
which are better than 5%. The value of the critical electric
field obtained agrees with that estimated by Shockley's
model (11).

Measurements are also made at higher ambient tempera-
tures. The current decreases as expected from hot carrier
considerations.

These results represent the first detailed verifi-

cation of the validity of the theory of pure space-charge-

limited current of hot carriers in solids. The measured
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peak current density of 180 a/bm2 is greater than any value
reported on space-charge-limited cufrent in solids by an
order of magnitude.

Photographic materials on pp. 39, 40, 68, 89 and 91
are essential and willlnot reproduce clearly on Xerox

copies. Photographic copies should be ordered.
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INTRODUCTION

The effect of space charge in limiting the flow of
electrons through vacuum in thermionic vacuum tube diodes
and related devices 1s well known. Similar conditions can
exist in solids such as insulators and semiconductors into
which holes or electrons are injected. The objective of
constructing solid-state devices which are analogs of the
vacuum tube devices 1s a tantalizing one and its inevitable
success will be an important contribution to the field of
electronics. The best survey on the expanding interest in
this fileld is given by Wright (1). The reader is referred
to this recent article which also includes an extensilve
bibliography.

There exist several important theoretical studies
on space-charge-limited (abbreviated sel) current in solids.
Mott and Gurney (2) have considered a solid-state diode in
which holes or electrons flow through a perfect crystal of
infinite bulk resistivity from an ideal emitter to an ideal
collector. For this idealized solid-state diode, the scl
current is directly proportional to the square of the
applied voltage. Shockley and Prim (3) modified this
1dealized model to include fixed ions in the solid. This
analysié is applicable to scl current in semiconductors.
Dacey (4) extended this result to include the effect of

field dependent mobility. Rose (5) considered the influence



of traps, which are normally present in insulators. These
theoretical contributions are representative of the
important advancements toward understanding scl current in
practical solids.

A limited amount of experimental work has been done
on scl current in practical solids. Dacey (4) has made
measurements on a germanium solld-state dlode. In a semi~
quantitative manner his results indicate secl current flow.
Rose and Smith (6) and Wright (7), among others, have per-
formed experiments on cadmium sulfide to which they suc-
ceeded in making injecting and collecting cantacts. They
observed non-ohmic current which can be interpreted as scl
current in the presence of traps. Thils result has a firm
semi-quantitative basis, but the theory of scl current has
not been completely verified so far,

The subject matter to be presented here 1s an experi-
mental verification of the theory of scl current in solids.
Germanium 1s chosen as a sultable practical solld in which
the theory can be tested. The following description 1s one
that can be divided into three principal parts.

Part one outlines some theoretical aspects of scl
current in solids (chapter I, sections 1, 2 and 3, and
Appendix A). The primary objective is to consider the
effect of different properties of the s0lid on scl current.
This is accomplished by modifying the idealized case to

include the properties of practical solids. A detalled



theory of scl current in germanium 1s given.

Detalled experimental results for scl current in
germanium are presented and compared with theory in the
second part {(chapter I, section 4).

Part iLhree describes the material used in the fabri-
cation of the germanium p-n-p solid-state diodes. The
techniques of fabrication, evaluation and measurement are

outlined (ehapter TT, and appendices B and C).



CHAPTER I

SPACE-CHARGE-LIMITED CURRENT IN GERMANTUM:

THEORY AND EXPERIMENT

Introduction

This chapter 1s divided into two parts. The first
part outlines the theory of scl current in solids. The
second part compares this theory wilth experimental results
obtained in germanium.

The theory of scl current in solids is given in the
first three sections. In section 1, an idealized solid-
state diode similar to that assumed by Mott and Gurney is
described. The current-voltage relationship 1s derived
for a one-dimensional current flow. In section 2, the
advantages and disadvantages of different types of solids
as practlical representatives of the ldealized solid are dis-
cussed. Germanium is selected as the most sultable prac-
tical solid in which to verify the validity of the theory.
In section 3 an alloyed p-n-p germanium structure, as a
practical analog of an idealized solid-state diode, is
considered. A theoretical treatment of sc¢l current in such
a solid-state diode, which 1s essentially that presented by
Dacey, is outlined. Experimental results obtained from
_current-voltage measurements on fabricated germanium p-n-p
solid-state diodes of different n-region (base) width are

presented in section 4. From these results the



interrelationship between current, voltage, amblent temp-

erature, and base width, are determined and compared wlth

theory.

1 Theory of Space-Charge-Limited Current in an Idealized

Solid

1.1 One-Dimensional Model. A solid of width W

bounded by two parallel and planar electrical contacts is
considered. One of the electrical contacts 1s assumed to
inject charge carriers into the so0lid while the other con-
tact acts as a collector. The injecting contact 1s called
the emitter, the collecting contact the collector, and the
region in between the base. A one-dimensional model for
such a geometric arrangement 1s represented in figure 1.1.
The x-axls has the emitter-solid boundary as the origin and
is directed towards the collector. The electric field
intensity vector E, the current density vector J, and the
charge transport velocity vector v are considered as beilng
directed in the positive x-axis direction. The potential
of the emlitter i1s measured with respect to the collector
which is at zero potential.

The emitter 1s considered to inject holes only when
it is at a positive potential. When it 1s at a negative
potential no charge carrliers are injected into the solid.
This physical model is very similar to that of a thermionic

vacuum tube diode where the cathode which injects electrons
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Figure 1,1. A one-dimensional model for
a solid-state diode.
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into the vacuum corresponds to the emitter, and the anode
to the collector.
The model described here 1s called a solid-state

diode. It will be used to study scl current in solids.

1.2 Properties of the Idealized Solid-State Diode.

To obtain a simple thcory for space-charge-limited current
in solids, it is necessary to consider an ideallzed solid-
state diode. 1Its properties are as follows:

1. The emitter is an infinite source of holes and
the collector an ideal sink.

2. The resistivity of the solid is infinite.

3. There are no traps, no recombination centers,
no defects of any kind in the solid.

4, The injected charge carriers are transported
through the solid by drift only.

5. The drift velocity is directly proportional to

the electric field.

1.3 Voltage-Current Relationshlip. When a voltage

V is applied at the emitter an electric field will be

established in the solid. If thls voltage 1is positive then
the holes injected into the base wlll be transported by the
electric field to the collector. The transport velocity v
of the holes 1s directly proportional to the electric fleld

E and the proportionality constant is jp which is called
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the hole mobility 1n the solid, as indicated in equation 1.1.

v = BE (1.1)

For charges transported in vacuum, the charge carrlers act
as free particles. In thls case, 1t is the acceleration v
of the particle which is directly proportional to the |

electric field E, as indicated in equation 1.2.
v = (g/m)E (1.2)

From these equations, it is apparent that the analogy between
the solid and the vacuum conduction medium 1s not a direct
one.

When injected holes are transported from the emitter
to the collector, there is a net current flow. This current
is directly proportional to the injected hole charge density
o(x) within the base and to the transport velocity v(x) of

the injected holes, as 1s expressed in equation 1.3
J = u(x) v (x) (1.3)

where J 1s the current density. At steady state, this
current density 1is independent of x and t. The hole
transport velocity v(x) is expressed in equation 1.1 as a
function of the electric field E(x). Since the holes are
injected into an originally charge neutral base, they will
establiéh a space charge within the base by virtue of
their charge. The electric field E(x) which 1s

established in the base by the injected charge density
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e(x) is given by Poisson's equation

E : =
ddgx) géz) (2-4)
or
d® ¥(x) _-_e(x) (1.5)

ax2 €€o

where ¥ (x) is the potential with respect to the collector,
ahd € the relative dielectric constant. Since an 1ldeal
emitter is considered, the electric field is zero at x = O.
The appropriate boundary conditions for determlining the
current-voltage relationship for the solid-state diode

thus are:

B(0) = 0, and ¢ (0) = V. (1.6)

By manipulating equations 1.1, 1.3, 1.4 and 1.5 in a
straight forward manner and by applying the given boundary
conditions, the current-voltage relationship can be deter-

mined and 1s expressed as follows:

J = % 4§§ui__ ye (1.7)
W

This result was first derived by Mott and Gurney (2). In
equation 1.7 the current density J 1s directly proportional
to the sguare of the applied voltage V and to the hole
mobility p, and inversely proportional to the cube of the
base width W.

The corresponding current-voltage relationship for
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the vacuum tube diode is expressed in equation 1.8 in which
the current density J 1s directly proportional to the three-
halves power of the applied voltage V and inversely propor-
tional to the square of the width of the vacuum conduction
medium W. This equation i1s known as Child's three-halves
power law. The difference between the two current-voltage
relationships stems from the difference in the transport

velocity~electric field relationship expressed in equations

1.1 and 1.2.
2 2
J =% (?.%)1/ _%‘3. v3/ (1.8)
W

1.4 Impedance. The small signal impedance of the

idealized solid-state diode has been calculated by Shao
and Wright (8). Their results, along with those for the
vacuum tube diode, will be presented in section 3.4 of
this chapter where they willl be compared with the results

to be derived for the germanium solid-state diode.

2. Discussion on Space-Charge-Limited Current in Practical

Solids

2.1 Insulators. It 1s of interest to modify the

model of the l1dealized solid-state diode to include the
electrical properties of practical solids. One of the

stated conditions is that the resistivity of the so0lid be
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infinite. This would restrict the consideration to insula~
tors that have a wide band gap. Good insulators have
resistivities of the order of 1012 0 -cm. Another stated
condition is that there be no traps, no recombination cen-
ters, no defects of any kind in the solid. However, it 1s
a well known fact that wide band gap materials usually have
large densitles of traps. Finally, it 1s necessary to make
injecting and collecting contacts to the solid. Thils pre-
sents a rather severe restriction on the electron affinity
of the insulator and the work funetion of the metal contact.
Often surface states prevent a large scale injection of
charge carriers into the insulator. From these considera-
tions it is evident that the theoretical treatment of
practical scl current is more complex than already presented.

Experiments have been performed by Rose and Smith (6)
and Wright (7) on CdS to which they succeeded in making
injecting and collecting contacts. They were able to show,
after taking into account the trappling mechanlsms wlthin
CdS, that there 1s a square law dependence between the
injected current and the applied voltage. This is an import-
ant result in that it indicates that space~charge-limlted
current can indeed flow through insulators.

To show that there is a direct correlation between
theory.and experiment, it 1s necessary to know how the
injecting contact functions, what the effective width of

the base is, and what the bulk electrical properties of the
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solid are to at least a reasonable degree of accuracy. CdS
at the present state of the technological art satisfies
only the first condition and yet it 1s the only insulator
in which scl current has been extensively studied. For
these stated conditions to be satisfied, narrower band gap
elemental materials such as germanium and silicon appear

much more desirable.

2.2 Semiconductors (Germanium and Silicon). It

would seem that the selection of semiconductors as practiecal
solids in which scl current could be studied would be a
serious violation of the restriction that the resistivity of
the material be very large. However, this is not as severe
a violation as one may believe. It will be shown in section
3 of this chapter that the important parameter is not the
conductlivity due to the majority mobile charge carrier
density, but the conductivity due to the minority mobile
charge carrier density. Since the density of the minority
moblle charge carriers 1s exponentially temperature depend-
ent, i1t is possible to reduce greatly their density by
lowering the ambient temperature. In this way the bulk
resistivity that is related to the minority moblle charge
carrier density could be made very large.

From a large class of semiconductors only germanium
and silicon appear to be the most sulitable practical solids

for consideration for the following reasons: there is a
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large inventory of available information about the
electrical properties of these two semiconductors that can
be put to good use; the technological art of growing pure
germanium and silicon crystals is highly developed in com-
parison with that of other materials; finally, the tech-
nology of fabricating p-n junctions is also more advanced.

The appropriate semiconductor structure in which
scl current can be studied is an alloyed p-n-p structure
in which the conductivity of the p-regions is much higher
than that of the n~-region. This makes 1t possible to con-
sider one of the alloyed p-n junctions as an emitter and
the other as a collector. The width of the solid conduc-
tion medlum l1s the separation distance between the two
alloyed p-n junctions. This p-n-p structure is the solid-
state diode to be considered. Since the technology of
germanium differs from that of silicon and since the
solid-state diode had to be fabricated in the laboratory
(see chapter II), only germanium has been considered.

In the practical solid-state diode to he studiled,
there are two ihportant features that differentiate it from
the ideal solid-state diode. First, the impurity doping in
the n-type germanium must be accounted for as will be shown
in section 3. Second, the mobility of the moblle charge
carriers in the base 1s not independent of the electric

field, as will be shown in the followlng sectlon.
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2.3 Field Dependent Mobllity in Germanium. In the

theory of scl current in an idealized solid, 1t is assumed
that the mobility of holes or electrons is constant, that
is, the drift velocity of mobile charge carriers is
directly proportional to the electric field. This consider-
ation is valid in practical solids such as 1nsulators up to
very high fields, since the mobllity in these solids 1s low
when compared with that of germanium. For materials in
which the mobility is high, it takes but a relatively small
electric field to give sufficient energy to the mobilile
charge carriers such that these carriers are out of thermal
equilibrium with the surrounding solid. These carriers are
called "hot' carriers, and their mobility is field dependent.

Ryder (9) has measured the mobility of holes and
electrons in germanium and silicon as a function of the
electric field, and found that the drift veloeity of the
mobile charge carriers is directiy proportional to the
electric field up to what he calls the critical electric
fleld E,. In thls range the moblle charge carriers are in
thermal equilibrium with the solld. For electric flelds
higher than the critical electric field, the drift velocity
1s directly proportional to the square root of the electric
field. ‘In this range, the mobile charge carriers are not
in thermal equilibrium with the solid. Finally, for very
high electric fields, the drift velocity ceases to

increase further with the electric field and saturates at
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the "limiting drift velocity". These results are graphi-
cally shown 1in figure 1.2.

The drift velocity v as a function of the electric
field E for low and intermediate electric fields is

expressed in eguations 1.9 and 1.10, respectively.

Vv = MoBE for E < E, (1.9)
1/2
v = HQ(E%/ R for E.< E<E} (1.10)
E

where Mo is the low field mobllity, and Eé i1s the elec-
tric field at which the drift velocity saturates. The
limiting drift velocity is

Vs Uy (EcEé’l/E

From equations 1.1 and 1.2 we found that the relationship
between the transport velocity and the electric field
resulted in a different current-voltage dependence for the
scl current in solid and vacuum. If the problem of scl
current in germanium is to be solved, it is necessary to
include the effect of the field dependent mobility. Before
presenting the solution to the problem outlined, we will
first describe the salient operating features of the

germanium solid-state dlode.
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Figure 1.2.

A graphical representation of the
drift veloclty v of a charge
carrier in germanium and silicon
as a function of the electric
field E.
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3. Theory of Space-Charge-Limited Current in Germanium

3.1 Germanium P-N-P Structure as a Solid-state

Diode. The germanium solld-state dlode consldered 1s an
alloyed p-n-p planar structure in which the n-region is of
much lower conductivity than the alloyed p-regions. The
Qne~dimensional model for the structure is shown in figure
1.3a, which is the same representation as that used for the
ideal solid-state diode.

When a positive voltage is applied, the emitter
junction becomes forward biased whereas the collector junc-
tion becomes reverse blased. The mode of operation is
essentially that of a Jjunction transistor with floating
base. Nearly all of the applied voltage appears across the
reverse~blased collector and generates a depletion region
in the base. The current is proportional to the saturation
current of this Junction. Upon further increase of the
applied voltage the depletion fegion will eventually extend

throughout the base. This "punching-through" will occur at

a particular applied voltage Vbt which is called the "punch-
through" voltage. A base region in the sense of the simple
transistor model no longer exists. For applied voltages

slightly larger than the punch-through voltage, the current
1ncreasés rapldly because the additional electric field can
be sustained only by mobile charge carriers (holes) injected

into the base from the emitter. As long as their density
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is small compared with that of the fixed ionized donors in
the base, this additional electric field is negligible com-
pared with that due to the donor ions.

The fast increase in current ends when the additional
electrie field becomes dominant. The holes injected into
the base finally outnumber the donor ions. It is then that
the current becomes fully space-charge-limited.

There exist three distinct ranges of operation. In
the first range, the applied voltage is less than the

punch-through voltage and is referred to as the punching-

through range. In the second range, the applied voltage is
slightiy larger than the punch-through voltage. The current
increages rapidly, but the injected hole densit§ is less
than the donor ion density. This range is referred to as

the low current range. In the third range the injected

hole density is so0o large that the donor lon density can be

neglected. This is referred to as the high current range.
These three ranges are sketched in figures 1.3 and 1.4, A

more detalled analysis follows.

3.2 Three Ranges of Operation. In this section

the current-voltage relationships willl be derived for the
three ranges of operatlion. The followlng assumptions are
made in.addition to that of planar geometry:

1. The width wt of the transition region at thermal

equilibrium is negligible compared with the base
width W,
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2. The built-in voltage V., of the p-n junction at

thermal equlllbrium 1sjnegllgible compared wlth
the punch-through voltage th.
In the low and high current ranges, 1t is also assumed that:
3. The electric fileld at the emitter is zero (ideal
emitter).
4, Current flow is by drift only.
5. The effect of traps, recombination centers or

defects of any kind is negligible.

. 3.2a Punching-Through Range. According to the

theory , of a reverse-blased abrupt (alloyed) p-n junction,
the depletion layer in the lightly doped n-type base for
an appliéd voltage V has a width Y where

QND 2
\Y V, = Y 1.11
+ 3 2153 ( )

Vj is the bullt-in potential of the junction and ND the
donor ion density. ¥For a p-n-p structure of metaliurgical
base width W, punch-through is reached when ¥ = W - W..

Hence
aNp
2 ee

Vpt + Vg = (W - wg)? (1.12)

For the model of figure 1.3 this equation reduces to

qND o
v,z 2w .
ot T Tees (1.13)

since VJ and Wt are neglected, If 1t 1s assumed that charge
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carrier generation in the depletion region is the dominant
factor in the saturation current, then it is expected to be
proportional to Yf\zvl/2 (10) for V < th/lo. The analysis
of the current dependence in the vicinity of punch-through
is complex and has, to our knowledge, never been attempted.
For a clear observation of the following range, however,
the essential condition is that this saturation current
does not appreciably increase until immediately prior to

punch-through.

3.2b The High Current Range. This range of opera-

tion is identical to that of the idealized solid-state

diode except that the hole mobility is field dependent. It
1s assumed that the current flow is by drift only. For this
case the hole transport velocity v(x) is expressed as a
function of the electric field E(x) (see section 2.3) as

follows:
v(x) = noE(x) (1.14)

for x < x_, where E(xo) = E,, and

(x) o 2 8(x) (1.15)
vix) = E(x 1.1

Ko = 5
for x > x5, where E(W) < E{. The current-voltage relation-
ship that results from the consideration of the field

dependent mobility is



= 9 SCokofy _ 2
J = 5§ 3 (v ¢(xo)) (1.16)
(o]

for x < Xy and

5)3/2%0“01':01/2 VI 5/3 1 f 52\5/3)-3/2

2
J o g(é- w2 3 E? 613 2
(1.17)
for x S-xo, where
/2
_ [ 2JW
E1 '(eeouj (1.18)

Equation 1.16 represents the current-voltage relationship
in the region where the hole mobility is not field dependent.
In this region a square dependence between the voltage and
current‘exists as in the case of the idealized solid-state
diode. A deviation from the i1dealized solid-state diode
resulting from the field dependent mobllity is apparent in
equation 1.17. Here E1 is the electric field that would
have been present at the collector had the mobility not
been field dependent.

The electric field at the collector is always
directly proportional to the net charge per unit cross-
sectional area in the base. When holes are injected, then
the net charge in the base 1s always greater than that due
to fixed donor ions which 1s qNDW. Thus, in the presence

of scl current E1 is always larger than EQ’ where
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= ap W (1.19)

E
2 €€q

Even for the most stringent case to be considered (ND = 1013
donor ions em™3, W = 8.3u, T = 78° K) E, = GA7 V/cm and
E, = 21 V/cm. This indicates that the terms (E,/E;)? 1in

equation 1.17 are much less than unity and can be neglected,

Thus for practical conslderations this equation, which was

first derived by Dacey (4), can be expressed as

2 (5) 3/2 eequio B/ 2 v3/2 (1.20)

T=313 72

An identical result could have been obtained directly if
the field dependent mobility had been assumed to hold
everywhere in the base.

When the mobility becomes field dependent then the
current-voltage relationship derived by Mott and Gurney
(2) is no longer valid. According to equation 1.20 the
current 1is directly proportional to the three-halves power
of the applied voltage and inversely proportiocnal to the
five-halves power of the base width.

3.2¢ Low Current Range. In this range, the voltage

is nearly constant and essentially equal to the punch-

through voltage th.

from values of the order of the saturation current in the

The current, however, changes rapidly

punching-through range to values of the order of the scl
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current in the high current range.

In the trangition from the low to the high current
range, the space charge of both the fixed lons and the
injected charge carriers has to be considered. With the
assumption that the field dependence of the mobility
o ;;o(Ec/E)% holds throughout the base, Dacey (4) has
arrived at the following parametric representation for the

V-1 e¢haracteristic

V =

v t(3e2“ - 16e3%2 } 36 - 148%™ 2y 6u 4 25) (1.21)
P (el - L;eU/Q + U+ 3)2 |

J = 1.98 Jp(e” 4V oy 3)'1/2 (1.22)

where u takes on positive values from zero to infinity,

and th 1s the current density for the applied voltage th

if there are no donor lons present in the base. The result
of a numerical evaluation of this dependence is shown in
figure 1.5 where the voltage is normalized with respect to

the punch-through voltage V and the current with respect

pt

to th. When u tends toward infinity, the voltage

approaches V £ asymptotically while the current exponentially

P

decreases with u. When u tends toward zZero, the V-I

characteristic approaches that of the fully scl current.
The parameter u can be expressed as u = gNpuoT/e€o

where T is the time that charge carriers of constant

mobllity po would take to traverse the base in the presence
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of the actual field. The condition u<< 1 for the presence
of pure scl current therefore reguires that

<L
€E€q Tuo

This expression shows that the average value of the
electric fleld in the base must be much less than the
electric field at the collector at punch-through. This
inequality will be satisfied provided the 1njected charge

carriers dominate over the fixed ions as indicated in

section 3.2b.

3.3 Temperature Dependence. In the high current

range the current density is proportional to the mobility
of the hot holes., This mobility p(T) is a function of the
ambient temperature* T as expressed in the following

equation.

wMT)= po(T) (?_%(TB 2 (1.23)

The low-field mobility p,(T) as a function of the ambilent

temperature T 1is

() = ar~ /2 (1.24)

*The ambient temperature is that of the crystal and not of
the hot holes.
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where A 1s a constant. This equation is valid when the
holes are predominantly scattered by the lattice. The
mobility of the hot charge carriers for the same scattering
mechanism has been studied by Shockley (11). He considers
two limiting energy distributions of the hot charge carriers.

For the Boltzmann energy distribution he obtains

E,(T) = 1.8 _D%PT) (1.25)

For the discrete energy distribution he obtailns

E,(T) = 1.03 ‘_E%FTT (1.26)

In both equations, ¢ 1s the group veloclity of the longi-
tudinal acoustical waves in the lattice. He also considers

an intermedlate case for whlch he obtalns

- C
E,(T) = 1.51 —_E;TET (1.27)

By combining equations 1.23, 1.24 and 1.27 the
mobllity of hot holes as a function of the ambient tempera-
ture i1s obtained. From this result the current-voltage
relationship can be derived as a function of thc ambient

temperature and is expressed as follows:
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1/2 =3/4
21 y3/2 (1.28)

g7 —lng

ey
u
Wi

In this equation the current density is inversely propor-

tional to the three-fourths power of the ambient tempera-

ture.

3.4 Impedance. The small signal impedance of the

solid-state diode with field independent mobllity has been
derived by Shao and Wright (8). In appendix A this imped-
ance is determined for a f1e1d~depend¢nf mobility of the

form v = L»EC(E/Ec)l/h‘ The result is given in table 1.1.
The impedances of the idealized solid-state diode (n = 1),
of the germanium solid-state diode in the full scl current

range (n = 2), and of the vacuum tube diode are included

for comparison.

It is seen that the values of the equivalent
parallel capacltance Cq for the cases of n = 1 and n = 2
differ by a ratio of 3/ﬂ : 5/7 = 1,05, The corresponding
ratio for the equivalent ac resistance Ry is 1/3 : 2/5=0.83.
For values of n larger than 2 these ratios do not change
significantly, since for n— w, the corresponding ratios
are 9/8 and 2/3. It is thus found that the value of the
equivalént parallel capacitance of the small-signal
impedance of space-charge-limited currents 1s only slightly

affected by the mobility varlations considered. The same
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conclusion holds for the ac resistance R1 of the small-
slgnal lmpedance (as well as for the dc resistance R) as
long as changes in the dec¢ transit time To are accounted

for explicitly.

practical cases, the mobility does not obey laws of the
form v = 1 EC(E/Ec)l/h. For the range O<E<E,, a linear
relation holds. In view of the present results, it seems
likely that this more complex case.W111 not exhibit
properties which deviate significantly from:those of the
simple case with constant mobility.A ﬁowever, a more
detailed analysis than the present one is needed to fully

support this statement.

2.5 Discussion on Valldlity of Assumptlons. The

punch~through voltage th 1s directly proportional to We
provided W is much larger than the width W, of the transi-
tion region of the junction at thermal equilibrium. It is
difficult to accurately evaluate Wy in near-intrinsic
materials, but an estimate indicates that at lilquid nitrogen
temperature, wt must be of the order of a few microns in

germanium (12). The dependence of V £ on W2 is thus expected

p
to break down at base wldths of the order of 10 p. An
adequate theory for the current in the punching-through
range as the applied voltage approaches Vbt is not available.

However, even the simple model of a transistor in floating
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base operation is sufficlent to indicate that the current
in the punching-through range will lncrease very rapidly
with increasing temperature. Ultimately, there may be no
distinction between thls range and the low current range.

The effect of diffusion on the V-I characteristic for
a solid-state diode in which the mobility 1s field inde-
pendent has been considered by Lindmayer et al. (13). They
find that for injection densities at the emitter larger
than pg = 108 w2/cm3, where W is in{cm., the V-I character-
istic can be derived directly by assuming that the charge
transport through the solid 1is by drfft only. If 1t is
assumed that this condition also holds for fleld dependent
mobility, then for our thiékest sample with W = 0.0107 cm
Pe 1s approximately 10“ holes/bm3. But 1n the high current
range, the injected hole density at the emltter is always
greater than the 1013 donor ions/cm3 in the base. The
factor of 109 clearly indicates that the effect of diffu-~
sion on the V-I characteristic 1s negligible.

Since it 1is assumed that the electric field at
x = 0 is zero in the low and high current range, the poten-
tial maximum must occur at x‘= 0. However, in the actual
case the potentlal distribution in the base will exhibit
a maximum in the vicinity of, but not at, x = 0. Hence
the effective width of the conduction medium, which 1ls the

distance from this potential maximum (virtual emitter") to
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the collector, 1s less than the base width W. To deter-
mine the exact location of this virtual emitter 1is dif-
ficult. Therefore the following qualitative analysils is
used. The current flow in the vicinity of the virtual
emitter is essentially by diffusion. The hole density
gradient at the potential maximum will be (l/qu)J which is
of the order of 1.3 x 1017 J cm'”, where J 1s the current
density in a/'cm2 and Dp the diffusion constant for the
injected holes 1n cmg/s. From thi% result it is evident
that in the high current range (J >10 a/em?) the density
gradient must be higher than 1018/cm4; In figure 1.6 the
hole density distribution at thermal equilibrium and at
high injection in the vicinity of the alloyed p-n emitter
junction of the solid-state diode 1s sketched. The dopling
density in the p-region and the n-region 1is 1018 acceptors/
em3 and 1013 donors/cm3, respectively. From the sketch it
is evident that hole density gradients of the order of

1018 holes/cmLl at high injection appear within region I of
figure 1.6. This is less than 0.8 u at 78° K from the metal-
lurgical junction as shown in figure 1.6 where the value of
0.8 |, corresponds approximately to 2( €q3kT/2qND)1/2. Thus
in the high current range the effective width of the solid
conduction medium can be approximated by the base width W
provided W >> 0.8 u. In the low current range the potential

maximum will be near the edge of the transition region of the
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Flgure 1.6, A sketch of the hole denslty dlstribution 1n
the viecinlty of the alloyed p-n emitter of
the germanium solid-state diode.
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emitter at thermal equilibrium, which is a distance Wt
from the metallurglical Junction. Thus in the low current
range the effective width can be approximated by the base
width W provided W >> Wg.

A one-dimensional model is assumed for a planar
germanium solid-state diode. This assumption is valid
provided the ratio of the lateral dimensions to the base
width of the solid-state diode 1s much greater than unity.
For the actual solid-state diodes gabricatgd'this ratio is
larger than 7.

It has been assumed that the ‘éffects of traps,
recombination centers, or defects-of any kind in the low
and high current range are negligible. This assumption
appears to be valid for high quality near intrinsic n-type
germanium with a doping density as low as 1012 donors/’cm3
(4). Our measurements on germanium with a doping density
of 1013 donors/cm3 do not indicate the effects of this

nature either.
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4. Experimental Results

4,1 PFabriceted Germanium P-N-P Solid-State Diode.

The fabricated germanium solid-state diode (see chapter II,
section 3) consists of a near intrinsic n-type wafer on
which two parallel and planar p-type regions are alloyed

as shown in figure 1.7. These alloyed p-n junections form
abrupt metallurgical contacts with the parent material

(see chapter II, section 4). The separation qistance
between these two contacts represents the base width (see
chapter II, section 4.6). The n-regygﬁ which contains

1013 donors/cm3 (see chapter II, section 1.1) is of a much
lower conductivity than the alloyeé p-regions which contain
approximately 1018 acceptors/ecm3 (14). This high density

of acceptors makes it possible to consider the p-n injecting
Junction as an ideal emitter and the p-n collecting Jjunction
as a metallic contact. The lateral dimensions of the p-n
Junctions are made large compared to the base wldth. From
these considerations it 1s evident that the one-dimensional
model discussed in section 3 of this chapter is a good repre-

sentation of the fabricated germanium solid-state diode.

4.2 Voltage-Current Relationship. The V-TI charac-

terization of the fabricated germanium solid-state diode is
described in chapter II, section 4.7. The V-I character-

istics for two different samples as obtained on an
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Figure 1.7. A schematlic diagram of an allioyed p-n-p
germanium structure (not drawn to scale).
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oscilloscope display are shown in figures 1.8a and 1.8b.
The V-I characteristic in filgure 1.8a is of the sample with
the narrowest base width (8.31 ), and it clearly exhibits
the operation of the solid-state diode in the high current
range. For currents larger than 10 ma, the three-halves
power relationship 1s obeyed as shown in figure 1.10, The
maximum current passed through the sample is about 800 ma
which is equivalent to 180 a/cm2. In figure 1.8b the V-I
characteristic exhibits very cleap}y the operation of the
solid-state diode in the punching-thrgugh.fange. For volt-
ages less than the punch-through voifége the saturation
current is of the order of 1 pa.. This sample which has a
34.7 Dbase-width also exhibits a three-halves power rela-
tionship as shown in figure 1.9, but this 1s at much higher
currents than shown in figure 1.8b.

In figure 1.9 the experimental result for a fabri-
cated 34.7 p base width solid-state diode at an amblent
temperature of 78° K is compared with theory. For‘this
sample it is clearly evident that two _straight lines can be
drawn through the experimental points in figure 1.9: the
V = 6.2 volt line (low current asymptote) and the I~ v3/2
line (high current asymptote). Furthermore, if the normal-
lzed theoretical curve shown in figure 1.5 1s fixed between
these two llines an excellent it between the theoretical

curve and the experimental points.
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Figure 1.8 a An oscilloscope trace of a V-1 characteristic
of the narrowest base width sample.

(W=8.3p, V), ¥ 0.I3V,and T= 78°K)
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I,milliamperes

Figure .8 b An oscilloscope trace of a V-I characteristic
of a 347L base width sample.

(V6.2 V and T=78°K)
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In figure 1.10 the experimental results for the
solid-state diodes of various base widths at an ambient
temperature of 78° X are given. The low and high current
ranges can be represented by two stralght lines as indi-
cated in figure 1.9 except for the 8.31land the 17.5 psamples.
For these samples the low current lines are determined by
finding the best fit between the theoretical curve and the
experimental points. The base width in each sample is
indicated in the figure. [The junction area-and the base

width of each sample are given in table .1l.2.

TABLE 1.2
Base width Junction area
10—4 cm 1O"3 cm2

8.3 4,52
17.5 4,24
27.7 4,31
34,7 4,24

60 4,24
107 4,18
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structures of different base widths at
T = 78° X,
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The base width ranges from 8.3 y to 107 u and the
punch-through voltage ranges from 0.13 V to 55 V. The
base width range of more than one order of magnitude and
the corresponding punch-~-through voltage range of more than
two orders of magnitude cover a wide range of operation in
which the current-voltage characteristics of the fabricated
samples are studied.

There are two anomalles - observed in the 8.3 4 base
width sample. PFirst, in the high qgrrent range of this
sample, the current-voltage characteristic“deviates from
the three-halves power relationship;ih‘the region in which
the electric field at the collector is greater than 104 v/
cm. It was mentioned in section 2.3 of thls chapter that
at very high electric flelds the drift velocity becomes
saturated. When this is the case, the current is directly
proportional to the voltage. The tendency of the deviation
observed 1s 1n the direction expected for saturating drift
velocity. The value of 10% V/em for the electric field
is that expected from theory (11). Second, for this sample,
as well as for the 17.5 u base width sample, a deviation is
also observed at very low currents. The theoretical
analysis presented in section 3 of this chapter is hased on
the assumption that the punch~-through voltage is determined
by the base width W. This assumption 1s true as expressed

in equation 1.13 provided the width of the transition region
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of the emitter and collector junction for zero current 1s
much less than the base width. However, for these

samples, particularly for the 8.3 fg sample, this assumption
is not valid. In this case a deviation is observed as
expected.

The agreement between theory and experiment is
excellent and where deviations do occur (for the narrow
base wildth samples), there 1s valid reason for expecting
these deviations. In fact, they t?pd to demonstrate the
necessity of the assumptions made in the ﬁheory. The
experimental results indicate that fcg each sample con-
sidered there is space-charge-limited current. Furthermore,
they conclusively exhibit the two ranges of operation (the
low and the high current rangz).

The only other published measurement of space-
charge-limlited current 1n germanium 1s that of Dacey (4).
In his paper he presents the results for only one sample
with a base width of 280 u and a punch-through voltage of
4O V. The maximum current density of 10 a/cm2 reported was

not sufficient to exceed the intermedliate current range.

4,3 Base Width Dependence. Another important fea-

ture in the theory of scl current is the base width
dependence. A convenient way to express this dependence is

to rearrange equation 1.20 into the following form
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-2/3
(2/3)(5/3)3/2 ecomo B2 W 5/3
J

(1.29)

From this equation it is seen that 1f the current density
J and the ambient temperature are kept constant, while the
base width is allowed to vary, the applied voltage V is
directly proportional to the five-thlrds power of the base
width.

A verification of this dependence is possible.

Since there are samples of{differeﬂt baseww;dth, all that
is necessary 1s to keep the ambientltéﬁperature and the
current density constant for all séﬁpies and to measure the
resulting applied voltages.- Theéé voltages can be obtained
directly from figure 1.10. The constant current density
chosen is 47 a/bmz. This value is within the three-halves
power range for all samples. In figure 1.1la thls result
is compared with theory.

The agreement between theory and experiment 1is
excellent. Any deviation observed is within the expected
evperimental error of about 5%. From this result it is
concluded that there is indeed the base width dependence
as predicted by theory.

There 1s also a base width dependence at puﬁch—
through; In accordance with equation 1.13 the punech-through

voltage is directly proportional to the base width squared.
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This relationship can be checked experimentally by referring
to the very low current range in figure 1.10 where the
punch-through voltage of each sample 1s measured. The
experimental result obtained in this manner is plotted and
compared with theory in figure 1.11lb.

The agreement between theory and experiment is
excellent for the samples of larger base width. A marked
deviation from theory is observed for the 8.3 p sample.
The width of the emitter tyansition;region for zero current
is not negligible when compared with bgse'&idths of 8.3 1
and 17.5 4 as explained in section 4 2 of this chapter.
For this case, and particularly for the 8.3 u sample, the
second power relationship does not hold as expected. For
these two samples equation 1.12 cannot be reduced to
equation 1.13. PFurthermore the transition from the
punching-through range to the high current range through
the low current range is more rapid for the narrower base
width samples. As a result the low current range for the
very narrow base width samples may not be clearly defined.

From the experimental result for the punch-through
voltage, the donor doping density ND can be obtained. The
value of Np determined from flgure 1.11b is 9.2 x101°
donors/bm3. This value agrees within the expected experi-
mental error of approximately 10 percent with that deduced

from resistivity measurements.
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4.4 Critical Electric Field. The coefficlent in

the base width - voltage relationship expressed in equa-
tion 1.29 can be determined directly from the experimental
result in figure 1.1la. Because the low field hole
mobllity Ho can be expressed as py, = 1900 (300/T)1‘7

em?/Vs, where T is the ambient temperature (see section 1.1

of chapter II), the critical electric field E,can be
determined from the experimental value of this coefficient.
The value so obtained for ZBO K 1s 21 V/em. . Similarly, the
critical electric field can be determined from the current-
voltage measurements made on a few samples for other
ambient temperatures (see following section). These values
as well as corresponding theoretical values are given in
table 1.3.

The experimental values of the critical electric
field in table 1.3 for 195° K and 273° K are the average
of three and two samples, respectively. Although the vari-
ation in the value of Ec from sample to sample in this
temperature range is appreciable, the average value compares
favorably with the intermediate theoretical value. At 78° X
the value of Ec is based on a much larger nﬁmber of samples
and as a consequence 1t is more reliable. Thils value is
comparable to the theoretical value for the discrete energy
distribution. In all cases, the experimental values of Ec

fall within the range of the theoretical values. Ryder's
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TABLE 1.3

Ambient Critical Electric Fleld V/em
Temperature Theory* Experiment

T °K Ec1  [Eez  [Bes E,

#—_—mg =ﬁ

78 29 43 52 o1

195 140 {210 250 220(1 % 0.4)

273 250 |360 4ho 330(1 % 0.3)

results (9), which are based on conductivity measurements,
are more than a factor three higher. Compared to this, the

present results are in good agreement with theory.

4.5 Temperature Dependence. In figure 1.12 the

voltage-current characteristic of the 34.7 u sample is
plotted for different ambient temperatures to show its
effect on scl current. The measurements are described in
chapter II, section 4.7.

The important experimental results are: Scl current
increases as the ambient temperature decreases for a con-

stant applied voltage. This is the current-temperature

*The theoretlcal values E o, and E are for
the Boltzmann, the discrete, and the ntermedia e hot hole
distributions respectively (see chapter I, section 3.3).
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tendency expected as expressed 1n section 3.3 of this
chapter. The 3two ranges of operation described in sec-
tion 3.2 of this chapter are observed for the three dif-
ferent ambient temperatures (273° X, 195° K and 78° K)
considered. This is evident from the fact that the curve
for 195° K is a translation.of the curve for 78° K along
the current axis. Except for very low currents, this also
holds for the 273° X curve. The deviation observed 1s in
the direction expected for large saturation, currents. This
is very probable since this deviation occurs at higher
temperatures where larger saturation gurrents are present.
No quantitative analysis of- thls deviation 1is given.

If we consider the solid-state diode in the high
current range of operation 1n which the applied voltage 1s
kept constant while the amblent temperature 1s varied, then
a quantitative relationship between the current and the
ambient temperature can be obtalned. Furthermore, if we
normalize the measufed current to unlty at one particular
ambient temperature, it is then possible to represent the
current-ambient temperature relationship for different
samples on one graph. The results so obtalined are shown in
figure l.i3 where the temperature of normalization is 195° K.

‘A theoretical curve is also shown in this figure.
Its slope of -0.85 is a modified value of -0.75 given in

equation 1.28. This modification has been introduced to



53

10 T T T T T I | T
n W _
- A — 83pu -
- ¢ — 347 -
- — — 60 .
-E = —
o
= B B
(&
©
~ -0.85
= J ~T :
= n -
€
= ¢4
[ =
£
1.0
0.4 L1 1 1 i1 1 | |
30 102 500

T, °K

Figure 1.13. A comparison between theory and experiment
for sel current as a functlion of the
ambient temperature.



54

account for the temperature dependence of the low field
mobility as measured (see chapter II, section 1.1), which
1s A T 17 instead of A 715 a5 assumed in the theory.

In figure 1.13 a good agreement between theory and
experiment exists for the high temperature range, but for
789 X there is a deviation 6f about 50 percent. However,
the small number of measurements do not justify a quanti-
tative comparison with theory. Furthermore, it is evident
in section 3.3 of this chapter that the theory 1s itself
semi-quantitative in that two different energy distribu-
tions are considered for the hot hiles. Also, in sectién
4.4, the experimental results for the critical electric
field tend to indicate a transition of the energy distri-
bution of the hot holes from the Boltzmann distribution
towards the discrete distribution as the temperature is
lowered. If this were indeed the case, then from table
1.3 a deviation of about 50 percent would be expected 1n
figure 1.13 at 78° K, as observed.

In summary, the agreement between theory and experi-
ment is sufficient to indicate that a current-temperature
dependence exists and that this dependence is of the

magnitude expected.
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CONCLUSIONS

The theory of scl current in a germanium p-n-p
solid -state diode predicts three regions of operation:
the punching-through region, the low current range in which
the effect of the donor ions 1s significant, and the high
current range in which the effect of the donor ions is
negligible. The presence of the low and the high current
range 1s expérimentally confirmed.

At punch-through the relationship between punch-
through voltage and base width W has been experimentally
determined. These observations agrée with the theory and
show a G dependence as expected.

In the high current range the current 1s directly
proportional to V3/2. This is the dependence expected for
pure scl current for the field dependent mobility. The
relationship between voltage V and base width has also
been determlined in thls range. The results verify the
theory which predicts a dependence of w5/3. A quantitative
analysis of this relation leads to a value of 21 V/em for
the critical electric field E, at 78° K. At 195° K E, is

~220V/em and at 273° K it 1s =~ 330V/cm. These values
fall within the range indlcated by Shockley's theory. It
is the best correspondence between this theory and experi-
ments obtained to date. This makes it possible to relate

these results to the energy distribution of the hot holes.



56

There 1s an indication that at lower amblent temperatures
the distribution tends to become discrete.

These results are the first detailled verification of
the validity of the theory of scl current in solids.

The velocity of the hot holes 1s known to saturate
at fields of approximately 10% V/cm. When this value was
reached in one sample (8.3 u sample), the V-I character-
istic deviated from the three~halves power relatlonship as
expected. The measured peak current density of 180a/cm?
exceeds values reported so far on scl current in solilids by
one order of magnitude.

The theory of the impedance of a solid-state diode
has been extended to include the case of a fleld dependent
mobility. A verification of this theory is yet to be pre-

sented.
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CHAPTER IT

FABRICATION, EVALUATION AND MEASUREMENT

Introduction

A practical device, which can be represented
adequately by the theoretieal model for one-dimensional
scl current flow in n-type germanium, must be a p-n-p
structure with flat, parallel, and abrupt p-n junctions.
Furthermore, the ratio of the lateral dimenslons to the
base width of the structure should be large to minimize
edge effects. Finally, the n-type.germanium must have a
low uniform donor doping concentration and must be of high
crystélline quality.

A commercially obtained single crystal of high
quality near intrinsic n-type germanium is used for the
fabrication of p-n-p structures. Pertinent physical
parameters of the single crystal are measured as deseribed
in section 1 of this chapter. Since alloyed junctions
offer the best approximation to the requirement of abrupt-
ness, the experimental devices to be described in this
chapter are therefore alloyed p-n-p structures. The con-
dition of flatness is most readily satisfied for junctilon
orientations perpendicular to the DJI] axis of the
germanium crystal (15). Prior to the cutting and diecing

operation, the single crystal must therefore be
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crystallographically oriented. The procedure followed is
described in section 2. In section 3 the details of the
alloying process are presented. The structures obtained

are characterized in section 4,
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1. Measurement of Materlal Properties

A germanium ingot was obtalned from Hughes Semi-
conductors with the specification that it was n-type and
near intrinsic and that it was grown in the (111
direction. The denslty of donors and the charge carrier
mobility in the bulk material were not specified. These
electrical properties had to be determined from the bulk

resistivity and Hall measurements.

1.1 Resistivity Measurements. A sectangular fila-

ment of cross-sectional area A = 6.6 1072 cm?

and length

I = 1.87 cm. is cut from the near intrinsic n-type
germanium ingot wlth a diamond séw. Electrical contacts
(see chapter II, section 4.3) are made to the end faces.
It is then mounted on an electrically insulated copper
block and immersed in a temperature bath. A direct cur-
rent I = 1 ma is passed through it. Two tungsten probes
positioned by micromanipulators are used to measure the
potential drop along the fllament. The voltage across the
probes is measured with a galvanometer. The advantage of
this probing method 1s that any variations in the bulk
resistivity along the filament can be detected and that
non-linearities in the end contacts do not affect the result.
No variation 1in the bulk resistivity has been obsgerved.

It was also noticed that the electrical contacts were
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blocking at temperatures below -100° C, In making resist-

ivity measurements at different temperatures, three

different temperature baths are used: liquid xylene for

2509 ¢ to 105° C, 1liquid pentane cooled with liquid nitrogen

for 25° C to -125° C, and finally liquid nitrogen for -195°C.
The bulk resistivity ¢ for a rectangular fillament

at a temperature T is

b

e

o = (2.1)

where Vpl - Vp2 is the potential difference between the
two probes. These results are shown graphlcally in figure
2.la. The temperature dependence of the bulk resistivity
is divided in two regions: for high temperatures the bulk
material is intrinsic, and for low temperatures it is

extrinsic. For the latter the temperature dependence 1is

1
T - .
o(T) = 3 UG (2.2)
where p_(T) is the electron mobility and Np the donor
density (full ilonization assumed). The electron mobility

as a function of temperature T 1s expressed as

_ o[ ™k \m '
pn(T) = (300% K) (2.3)
Fn 300°K
where m 1is equal to -1.5 for lattice scattering (16).
The experimental value of m 1s ~1.7 as obtalned from

figure 2.1la. This 1s in good agreement with the value of
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~-1.64 of Debye and Conwell (17). Similarly the results for
a near intrinsic Semimetals' germanium lngot are given in
figure 2.1b, This specimen, as determined from Hall
measurements, is p-type and not n-type, as specified by

the manufacturer. For this case, the majority carrier
(hole) mobility pp(T) as a function of temperature T is

0 -1.7
Bo(T) = pp(300° K) <§%6’5i"}§"> (2.4)

-2,
Morin and Maita (18) observe a T 33

“deépendence for the
hole moblllity ln near intrinsic p-type material.

For electron and hole mobility values 1n germanium
of 3900 cm?/Vs and 1900 cm2/Vs respectively at 300° K (19),
a doping density of (1.0 = 0.1) 1013 donors/bm3 and (1.1 *
0.1) 1013 acceptors/cm3 in the near intrinsic n-type and
p~-type germanium respectively is determined. Furthermore
the electron and hole mobllity as a function of temperature
1s 3900(T/300)-1-7 and 19OO(T/300)'1'7 cm?/Vs respectively.
These are the low field mobility values (see chapter I
section 2.3).

An important parameter in the theory of scl current
in germanium p-n-p solid-state diode is the minority
mobile carrier (hole) mobility. This mobility should have
about the same temperature dependence as that of the holes

in the near intrinsic p-type germanlum.
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1.2 Hall Effect Measurements. The near intrinsic

n-type germanium crystal has been analyzed quantitatively
by Hall effect measurements. The procedure followed is
that of Debye and Conwell (17). The results are:

1. The value of the resistivity as well as its
temperature dependence agree completely with the 2 point
probe measurements.

2. The donor impurity concentration Ny 1s (1.1 =
0.1) 1013 em~3 if corrections for scattering mechanisms
are ignored. This compares well with the value of 1.0 *
0.1) 1013 ¢m~3 deduced in the previous section. According
to theory, Np should be corrected by a factor of 1.18 in
the case of pure lattice scattering. However, theory also
predicts a temperature independent value of ND. But
measurements show a variation of about 10% between 78° K
and 243° X, so that corrections of this order of magnitude
are uncertain and have been omitted.*

3. The above results confirm that the temperature
dependence of the mobility assumed in the previous section
is valid.

4, Measurements made on the first and the last
wafer cut from the crystal differ by less than 10%. The

manufacturer considers this an unusually good result, since

*ND can also be determined independently from junction

depletion capacitance measurements, but not to the same
degree of accuracy.
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erystals of such low doping concentration often show much

greater inhomogeneity.

1.3 Lifetime Measurements. The lifetime of

minority charge carriers, which 1s an important parameter
in evaluating the saturation current of a p-n junction,

has been determined by the recovery time method (20). The
result 1s 11 ps. This value is approximate since the
analysis 1s based on a low injection model. A much longer
lifetime is antlclpated for materlals of ‘the purity of this
near intrinsic n-type germanium singlé crystal. However,
it has been suggested that a large concentration density of
dislocations (of the order of 103 em™2) might be present

which could account for thls discrepancy.
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2. Crystal Alignment

There are two principal methods to determine the
orientation of a single crystal of germanium. They are the
X-ray diffraction and the etch pit methods (21). The etech
pit technique is chosen here for two reasons: first, the
measuring apparatus can be constructed rather easily, and
second, the necessary cutting, lapping and etching opera-
tions are similar to those needed also in fabricating p-n

junetions.

2.1 Optical Apparatus for Crystal Alignment. The

optical system consists of a coliimated beam of light gener-
ated in an arc lamp. This beam is directed af a right
angle to the etched germanium surface from which it is
reflected onto a graduated image plane (figure 2.2). The
distance of separation between the reflecting surface and
the image plane 1s determined by the focal length of the
lens and its distance from the surface. The focused image
of the light source appears on the image plane.

An etched reflecting surface can be represented by
a set of non-parallel reflecting planes. There will be an
image for each one of these reflecting planes. The etched
surface of a germanium crystal whose orientation is approxi-
mately perpendicular to the [11{] axls can be represented

by five non-parallel planes. Four of them correspond to
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Figure 2.2. Optical apparatus for crystal allgnment,.
Drawn approximately to 1/4 of actual size.
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the facets of the etch pits which have the form of trun-
cated triangular pyramids. The germanium surface itself
corresponds to the fifth plane. There will be five images
corresponding to these five planes. The posltion of these
images on the focal plane reveals the relative angular
orientation of these planes.

If the germanium surface is perpendicular to the

[111] direction, then the reflecting plane corresponding

to the truncated bottom of the eteh pit pyramids is parallel
to the crystal surface. Also, the three planes correspond-
ing to the three sides of the cteh pits will form the sides
of a regular triangular pyramid. This will be 1ndicated by
a three-fold symmetry of the image pattern. The image
pattern of an aligned crystal is shown in figure 2.3. The
images do not have well defined but rather diffuse bound-
aries caused by small inequalities among the facets of
different etch plts. The accuracy with which crystal
alignment can be determined is limited to the accuracy with
which the center of each image can be located.

If the germanium surface is not perpendicular to the
[111] direction, then there will be five distinct images.
Due to the preferential action of the etch, the bottom of
the etch plts remains closely aligned with the (llﬂ plane
so that the corresponding image can be used as a reference

for the alignment of the crystal.
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Figure 2.3 Image pattern of an etched (lil) germanium
crystal plane.
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2.2 Crystal Preparation for Alignment. The face of

the germanium ingot to be aligned crystallographically 1s
etched with a superoxol etchant (22) to obtain a first
approximate location of the (11ﬂ crystal planes. The
ingot 1s then cemented with wax (Apiezon W) on a jig that
is rigidly fastened to the horizontal cutting table of the
diamond saw. Two horizontal lines are then scribed on the
face of the ingot. A slice of approximately 1.5 mm thick-
ness is cut from the ingot.’ This,ﬁﬁt is oriented as closely
as possible into the direction of th&leiij plane as pre-
viously determined by rotating thefﬁable of the saw.

The pre-oriented side of fthe slice 1s lapped by
hand on a 600A silicon carbide paper to remove the coarse
mechanical damage, and then lapped to a fine uniform
texture on 3200 mesh grinding compound on a glass plate.
The slice 1s then cut along the scribed lines and the two
ends of the remaining wafer are truncated also so that the
wafer fits Into a wafer holder. These last two cuts are
not made parallel to each other to assure that the position
of the wafer with respect to the ingot is not lost. The
wafer is removed from its cutting Jjig with trichlorethylene
which dissolves Lhe wax, ls washed Lln acetone Lo remove the
trichlorethylene, rinsed in distilled water and dried by
absorbing the water with Kimwipe tissue. The wafer is now

cemented with its unlapped side on the wafer holder of the
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orienting jig. This jig allows one to vary and set the
angle of the lapping operations to follow.

The wafer surface is de-oxidized with a concentrated
solution of HF for two minutes, rinsed thoroughly with dis-
tilled water, immersed in a concentrated solution of HoOo
for ten minutes, and finally rinsed thoroughly with dis-
tilled water, The surface 1s then etched for about five

minutes at room temperature with an etchant of 3 ppv con-

centrated HoOp and 1 ppv concentrated HF,'then thoroughly
rinsed in distilled water and dried wLbh;ﬁimwipe tissue.
If the reflection pattern of the sqﬁfape is not well
defined, the etching procedure is continued in one minute
steps until a maxiﬁum of definition and intensity is
obtained in the pattern. This etchant produces a rela-
tively small density of large and well defined etch pits
on the germanium surface, which glves a clear reflection

pattern with little scatter.

2.3 Crystal Alignment., If the etched surface of the

wafer 1is not well aligned with the (111) plane of the
crystal, then there will appear five distinct images on the
focal plane of the alignment apparatus. The wafer is then
adjusted in the lapping Jjig until the image correspondlng
to the bottom plane of the etch pits colncides with the

center of the focal plane. The wafer 1s re-lapped, re-etched,
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and readjusted and these operations are repeated until the
final adjustment compensates for the last differences in
the relative intensities and for the deviations from the
three-fold symmetry 1n the reflection pattern. An image
of the pattern for an aligned crystal is shown in figure
2.3.

Once the wafer is aligned, its orientation relative
to the original cut has to be measured. For this purpose,
a sectlon of the wafer surpface had;ﬁeen qouered by wax
prior to the initial etech. Care was takéa to protect this
sectlon from further lapplng or ebgﬂiqg during allgnment,
In a final operation, the aligned surface is re-lapped, the
wax protecting the section of non-aligned surface is
removed, and the whole surface 1is etched in a diluted super-
oxol etchant long enough to produce a polished texture.
The surface of the wafer now forms two reflecting planes
corresponding to the aligned and the original non-aligned
surface. Lines parallel to the parallel sides of the wafer
are scribed on the non-aligned section of the surface. The
reflection pattern now consists of two images, corresponding
to the two planes, and a narrow ribbon of light which is
reflected from the scribed lines and is in a direction
perpendicular to that of the lines. Such a pattern is shown
in figure 2.4. The position of the images relative to the
ribbon of llght permits one to determlne the angular dls-

placements of the (11ﬂ crystal plane with respect to the
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II— Image corresponding to the non-oriented surface
II— Image corresponding to the scribed lines

Figure 2.4, Image of the reflection pattern for.
crystal allignment.
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horizontal and vertical axis on the pre-aligned surface of
the ingot.

The geometrical representation used for the calcula-
tion of the displacements is shown in figure 2.5. For a
typical case, CB = 1.7", AB = 6,95" and ZCBD = 33.2°, The
symbols are those given in figure 2.5, Angle CAB is twice
the angular displacement between the aligned and non-aligned
surfaces.

ZCAB-= arctan {CB/AB)
= 109 4y

Angle DAB is twice the angular displacement between
thé aligned and the non-aligned surfaces in the plane per-
pendicular to the vertical axis on the cut surface of the
ingot.

~ZDAB = arctan (DB/AB)
= 11° 33!

Angle BAE is twice the angular displacement between
the aligned and the non-aligned surfaces in the plane per-
pendicular to the horizontal axis on the cut surface of the
ingot.

Z/BAE = arctan (BE/AB)

50 171

[}

To align the ingot, one end of the jlg on which the

ingot 1s mounted is raised so that the vertical angular
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Filgure 2.5. A geometric representation used for calcu-
lating the angular displacements between
the oriented and the non-orlented surface
where B 1s the center of the image corres-
ponding to the non-oriented surface, C the
center of the lmage correspondlng to the
oriented surface, line 357Sp the center of
the image corresponding to the scribed lines
and A the center of the reflection plane.
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displacement is 2° 38.5' and the horizontal cutting table
is rotated by 5° 46.5' in the required direction. As a
check of the accuracy of this methbd, thé crystal orienta-
fion of the germanium wafer was determined by the X-ray
diffraction method and then checked by the optical method.
It was found that the accuracy of the alignment by the

optical method is within 30 minutes of are.
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3. Fabrication of P-N Junctions and P-N-P Structures.

3.1 Preparation of Wafers for Alloying. The

crystallographically oriented germanium ingot is cut into
parallel slices of thicknesses ranging from 500 to 300
microns. These slices are cleaned in trichlorethylene to
remove wax and grease. Each slice 1s lapped on 400 A and
500 A silicon carbide wet-dry paper to reduce its thickness,
if necessary, and is then lapped on 600 A silicon carbide
wet-dry paper to remove the coarse}mechaniéal damage .
Finally, the slice is lapped with QQOTmésh grinding com-
pound to a uniform texture. The’}ébping operation 1is
carried out on boﬁh gides ofbthevslice. The resulting
surface could be made less coarse by lapping the slice with
3200 mesh grinding compound on micro-cloth; however, no
marked advantage of such an operation was observed.

The lapped slice 1s cemented with wax to the
diamond saw jig and is then diced into wafers 2.5 mm.
square. These wafers, removed from the jig with trichlor-
ethylene, are cleaned ultrasonically in trichlorethylene
to remove grease, cutting residue and wax. They are then
washed in acetone, rinsed in distilled water, and finally

dried by absorbing the water with a Kimwipe tissue.

3.2 Masking. Alloyed p-n junctions of controlled

area can be formed by restricting the alloying process on
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the wafer to a fixed area. This 1s achieved by using a
standard graphite jig technique. The graphite jig is care-
fully machined to hold a wafer of specified geometry on
which a junction having a simple configuration such as a
circle or a rectangle is alloyed. Different graphite jigs
have to be designed for different wafer geometries and for
different alloying areas. Thlis method is not easily adapt-
able for labricating p-n junctions with different junction
areas on wafers of different sizes on a laboratory scale.
Another procedure which would evercome the restric-
tions of the graphite jig techniqué is one in which the
alloying area i1s controlled-not By mechanical means but by
making the wafer surface inactive to the alloying process
outside the desired alloying region. One way to accomplish
this is to mask the wafer surface by depositing on the wafer
a layer of material which is 1lnactive to the alloying
process. The advantages of this approach are that different
alloying areas can readily be produced and that there are
no limitations placed on the physical geometry of the wafer.
A material that completely satisfies this requirement
is silicon monoxide. Si0O, which can be deposited in a thin
homogeneous layer on the wafer surface by vacuum deposition,
is not wetted by the alloying material (indium in this case)
at junction alloylng temperatures. It strongly adheres to

the wafer surface but can be easlly removed by putting the
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wafer into a solution of HF.

3.3 Masking Procedure. Before p-n junctions are

alloyed on the germanium wafers, the wafer surfaces have to
be free of mechanical damage to insure planar junctions.
This damage can be best removed by chemical etching which
not only removes the damaged material, but also gives the
surface a highly polished texture. This can be achieved by
etching the wafer with anﬂetchant‘pf 3 ppvmof concentrated
HNO3 and 1 ppv of concentrated thfqy’abéﬁf two or three
minutes at room temperature. Since the etchant contains HF
which reacts with the mask;ng mg}é;iai, it is necessary
that this etching operation take place before a mask is
applied to the wafer.

The wafers must first be cleaned ultrasonically in
alcohol, rinsed in distilled water, deoxidized in a
diluted HF solution, and then rinsed in distilled water
before being etched in the manner outlined above. After
being etched, the wafers are washed in distilled water and
dried by absofbing the water with Kimwipe tissues. They
are now ready for masking.

Temporary masks are used to prevent the alloying
regions on the wafer from being covered during vacuum

deposition. These masks are thin flat platelets of tantalum

of the geometry desired for the p-n Junctions. They are,
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with the aid of a microscope, carefully positioned on the
regions to be alloyed. The wafers are kept on a glass slide.
The vacuum chamber conslsts of a bell jar placed on
a machined aluminum cylinder in which insulated electrodes
are placed to supply electric power to a heating filament
and to a heating strip inside the vacuum chamber,
Amorphous silicon monoxide 1s placed inside a 20 mil tung-
sten filament previously heat cleaned under vacuum. The
glass slide with the wafers is then:placedgon the support
table under the filament inside the vacuﬁﬁ chamber, After
the chamber is pumped down to a vaéﬁﬁm of about 2 x 10'6
Torr, the filament is rapidly hedted by passing a current
of roughly 20 amperes for about 15 seconds every 2 minutes
until the silicon monoxide deposited on the wafer 1s brown
in color. The intermlittent heating cycle prevents the
wafers from getting hot. The color of the wafer is taken
as an indication of the thickness of the Si0 layer. If
p-n junctions are to be made on both sides of the wafer
then the outlined masking procedures are repeated on the

opposite side of the wafer.,

3.4 Surface Treatment before Alloying. It is very

important to keep the alloying substrate (wafer surface)
and the alloying material (indium) very clean if the
alloying material is to wet the substrate uniformly.

Contaminants such as oxide layers, dust and lint inhibit the
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alloying process.

Chemical cleaning, the most common method, i1s not
possible gsince HF removes the mask. Gas cleaning by chemi-
cal reduction of the oxide layer 1s another possibility.
However, this procedure did not lead to fruitful results
owing to the presence of contaminants in the gas system
used. The method found most convenient 1s vacuum cleaning.

The procedure is as follows: immediately after the
masking operation, the vacuum chamber is modified by
replacing the filament containing silicon monoxide with a
filament containing indium (99.999":% pure)i,-w";ﬁd by putting a
5 mil tantalum heating strip about(&Qé ;m. below the fila-
ment. The heating strip is heat cleaned to remove surface
contaminants and the indium'is hgat cleaned to remove the
surface oxide layer. This cleaning is done in the vacuum
chamber. The wafers aré placed on the cleaned heating
strip and heated to 7500 C for 15 minutes in a wvacuum of
about 2 x 10"6 Torr. After the wafers have cooled down to
room temperature, a layer of a few microns of indium is
deposited on the substrates. Indium 1s evaporated by
passing a 15 ampere current through the filament for 10
seconds every 2 minutes. When the alloying substrates are
opposite sides of the wafers, indium 1is deposited on both
sides of the wafers. For this operation the wafers are
removed. from the vacuum chamber to be turned over. This is
quickly carried out so as to minimize the oxidation of the

exposed alloying substrate.

on
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The advantages of such a procedure are that not
only does a clean layer of alloying material come in con-
tact with the clean alloying substrate, but also this clean
layer prevents the substrate from being contaminated in any

way before the actual alloying process takes place.

3.5 Alloying P-N Junctions. P-n junctions are

alloyed in a horizontal strip heating furnace. The furnace
consists of a 5 mil tantalum heating strip inside a cylin-
drical vacuum tlght chamber. The heating strip is con-
structed to hold a small graphite cup in which p-n
junctions are alloyed. Heating strip temperature is
measured with an iron-constantan thermocouple. There is a
gas inlet and outlet to the furnace.

The gas system is composed of a catalytic hydrogen
purifler to de-oxidize the gas, two molecular sleve drying
towers to remove the water from the gas and a flow meter
to monitor the gas flow. The gas used 1s 80% nitrogen and
20% hydrogen forming gas. This gas, which flows through
the furnace, is used both as a reducing agent and as a
heat transfer medium.

Only one wafer can be placed inside the graphite
cup which is designed to maintain the wafer in thefmal
equilibrium during alloying. Before the wafer is placed
inside the graphite cup the layer of deposited 1ndlum is

carefully scraped off with a very clean razor blade
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everywhere except in the region to be alloyed. For p-n
Junctions to penetrate 10 to 40 microns below the wafer
surface, more indium has to be added. This is simply
accomplished by taking very clean strips of requlired addi-
tional indium of approximately the same area as the alloying
areas and by pressing these strips onto the alloying areas
with a very clean teflon plate. The wafer is then placed
inside the graphlte cup which had previouslyibeen heat
cleaned inside the furnace. The qhémber ;S evacuated and
flushed with forming gas several times;éé}ore the flow of
forming gas is set to 1000 cu. cm.{ﬁé; minute.

The wafer 1s now ready for the heat cycle which con-
sists of four different heating rates. First, the tempera-
ture of the wafer is continuously increased at a rate of
about 30° C per minute to about 100° C above the melting
point of indium to insure a uniform wetting of the added
indium with the vacuum deposited indium. Then, the tem-
perature of the wafer is continuously increased at a rate
of 50° C per minute to about 450° C to insure a uniform
wetting of the indium with the germanium substrate. From
here on, the temperature of the wafer is increased at a
very slow rate to about 540° C until the liquid indium
acquires a shiny luster, balls up, and eventually covers
the alloying area‘only, Finally, the temperature of the

wafer is inereased to the peak alloying temperature (550°C
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in this case) and maintained at this peak temperature for
about fifteen minutes so that the germanium-indium mixture
is in a liquid-solid phase equilibrium. The electric power
to the heating strip is controlled with a Variac.

In the cooling cycle the wafer is first cooled at a
continuous rate of 21° C per minute for sixteen minutes.
This first cooling rate permits a uniform rate of recrys-
tallization of the liquid germanium-indium mixture onto
the wafer substrate while.at the same time the liquid-solid
phase of germanium and indium is maintained in quasi-

uilibrium Thigs recrvstallized r»egion which is n=tvne
hadiadi o Al - ~ TS g T YESESsSSme s Q= es FEEssmR e =W d bt B il

makes a metallurglcal contact with the substrate material,
which is n-type, and a p-n junction results. The wafer is
then cooled at a continuous rate of 490 C per minute until
room temperature is reached. This final cooling rate

allows the wafer to rapldly cool to room temperature without
creating undue thermal stresses and strains in the regrowth
region. The alloylng process 1s viewed through a glass
plate on top of the furnace with a x30 magnification
microscope. The temperature of the wafer monitored with

the thermocouple 1s charted on a strip chart recorder.

Since it is important to control the cooling rate of the
wafer to obtain good reproduclible p-n junctions, the cooling
cycle is carefully made to follow a prescribed cooling curve

drawn on the chart.
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The advantages of the mask technique are quite
apparent. First, the added indium readlly wets the vacuum
deposited indium. Second, the clean alloying area is
uniformly wetted by the clean surface of the deposited
indium. Third, surface tension forces of ligquld indium are
sufficient to absorb the indium on the silicon monoxide
surface into the alloying region. The shape of liquid indium
then becomes the shape of the alloying region. It is evi-
dent from these operations that p-n junctions of different

geometries can be alloyed.

3.6 Alloying P-N-P Structures. The procedure for

preparing the wafer for alloying p-n-p structures is iden-
tical to that described for the p-n junctions. Both the
bottom and the top junctions are alloyed at the same time.
The graphite cup containing the wafer has a hollowed bottom
to provide space for the indium of the lower Jjunction. A
cross-sectional view of the graphite cup and the wafer is

shown in figure 2.6,

3.7 Surface Treatment after Alloying. The alloyed

wafer 1s first placed in a diluted solution of HNO3 for 2
minutes to remove any 1indlum that may be present on the
masked surface and to remove some indium on the periphery
of the alloyed region. The wafer is then rinsed thoroughly

in de-ionized distilled water and placed in a concentrated
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solution of HF for the length of time necessary for the
310 mask to be dissolved. The wafer is again rinsed in
de-ionized distilled water and then placed in a concen-
trated solution of H202 for 10 minutes. This operation
appears to oxidize uniformly the wafer surface and thus
enables the final etching process to etch at a uniform
rate on all parts. The wafer is lightly rinsed in de-
ionized distilled water and is then etched from 5 to 10
seconds in a fresh concentrated solution of 3ppv of HN03
and 1 ppv of HF., This etching process removes any shorting
channels on the surface between the alloyed region and the
bulk material. PFinally, the wafer 1s thoroughly rinsed in
de-ionized distilled water and placed in a concentrated
solution of H202 for about 10 minutes to oxidize the sur-
face. This oxidation pacifies the surface and prevents
the electrical characteristics of the junction from later
deterioration. The wafer 18 removed from the H2O2 solu-
tion and dried by absorbing the H,Oo solution with a
Kimwlipe tissue.

Numerous other different surface treatments were
studied on over twenty wafers. The surface treatment out-
lined above gave consistent results adequate for the

intended application.
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4, Measurement of P-N Junction and P-N-P Structure

Properties

4,1 Metallurgical Analysis. The desired p-n-p

structure must consist of an n-region separated by two
parallel and planar alloyed p-n junctions. Two metal-
lurgical techniques are used to determine whether or not
the fabricated structures meet this requlrement.

In the first method (23) the surface of the regrown
germanium 1s displayed by removing the indium from the
alloyed region by dissolving it in a concentrated solution
of HNOB. This surface is examined wlth a microscope. The
method 1s used primarily to give a qualitative analysis of
the wetting and dissolution of germanium by indium during
alloying and of the recrystallization process after dis-
solution. In the second method (24) an arbitrary
orthogonal cross-sectional cut of the p-n-p structure is
made and the two alloyed Jjunctions are exposed by a
chemical etch. This method glves guantitative results.

The cross-sectional cut of the p-n-p structure is
made in the following way: the wafer is placed vertically
in a cylindrical aluminum foil cup by means of a wire frame
hdlder_to which it is pasted with a sllver paste. A clear
potting compound {(potting compound No. 425) is poured into
the cup and left to harden for 48 hours at room tempera-

ture. The aluminum foll is then removed. The base of the
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clear cylindrical casement is lapped on very coarse silicon
carbide paper until the bottom edge of the wafer appears.
Then the operation is continued on a 500 A and 600 A silicon
carblide paper until the alloyed structure appears. Finally,
on 600 A silicon carbide paper lapping takes place across
the width of the wafer cross-section. This eliminates any
scratches that may appear lengthwise across the wafer
croass-section and which may later be mistaken for the
metallurgical junctions. The wafer cross-section is then
polished with 800 mesh grinding compound on a micro-cloth.
Two different methods were used to chemically
expose the Jjunctions. In both cases the surface is first
thoroughly rinsed in distilled water to remove the grinding
compound, then deoxlidized in a concentrated HF solution and
finally rinsed in distilled water. In the first method a
concentrated solution of H202 chemically etches in 20 to 30
minutes shallow grooves at the metallurgical junctions. In
the second method deeper and more distinct grooves are
obtalned in about a minute 1f the etchant is 20 ppv of
concentrated H202 and 1 ppv of concentrated HF., The etching
time is determined by the amount of HF added to H

0 After

272"
etching, the surface is rinsed in distilled water and dried
by absorbing the water with a Kimwipe tissue.

On the more than 30 regrown surfaces examined only 5

distinetly different structures are observed (see figure

2.7). Structure (2.7a) with its flat surface and smooth
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(a) FLAT STRUCTURE

(c)PITTED STRUCTURE (d) REEF STRUCTURE

(e) GRAIN STRUCTURE

Figure 2.7 Five different structures of the regrown surface for germanium.
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texture is representative of the ideal case wherein a
uniform wetting and dissolution of germanium by indium is
followed by a uniform recrystallization of germanium. The
platelet structure in (2.7b) strongly indicates that
regrowth takes place along the (111) crystal planes but
not at a uniform rate. The pit structure in (2.7c¢) 1is
usually obtéined when the alloying takes place on the
bottom gide of the germanium wafer (see section 3.6). No
detailéd effort has been made to determine the causes of
this effect. The reef structure in (2.7d) is probably due
to non-uniformity in recrystallization even though wetting
is uniform. In structure (2.7e) the large grain bound-
arlies and the non-planar surface indicate a non-uniformity
of wetting and dissolution. Of these five different
structures, (2.7b) and (2.7c) are the most common.
Metallurgical cuts of 10 samples show that for
regrowth surfaces (2.7a, b, ¢, d), the junctions are flat
and parallel to each other (see figure 2.8a) while for
(2.7e) they are not (see figure 2.8b). Metallurgical cuts
were made of n5ll samples after the electrical measurements
had been completed. Structures with non-parallel Jjunctions
were discarded in the final evaluation of the results. In
no case was it found that the pits observed (see figure
2.8a) in the regrowth regions affected the electrical
results. Junction separation distances are obtained from

these cuts.



9l

(a) PARALLEL JUNCTIONS (b)NON-PARALLEL JUNCTIONS

0 0l O05mm
L 1 |

Scale for(a)and (b)

op % oom

Scale for (c)

(c) CUT {aYMORE HIGHLY MAGNIFIED

Figure 2.8 Metallurgical cuts of the alloyed pnp structures
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The above analysis indicates that uniform wetting
and dissolution of germanium by indium and an almost uni-
form regrowth of germanium after dissolution was achieved.

A photograph 1s taken of each metallurgically cut
sample that is magnified 762.9 times with a microscope
(see figure 2.8c). From these photographs the separation
distance between the two metallurgical junctions can be
accurately measured. The error of measurement is less

than 2 percent.

4,2 Alloyed Junction Area. In the process of

alloying, the molten indium not only penetrates perpen-
dicularly but also laterally into the germanium wafer.
This undercutting on the edges of the SiO mask gives rise
to a junction area which 1s slightly larger than that
defined by the mask. The actual area of the alloyed region
must be measured if it 1s to be known to within 1 percent.
A photograph is taken of the alloyed junction that
is magnified 110 times with a microscope. The area of the
photographed junction is measured with a planimeter. The
errors involved in the scaling factor and in the planimeter

measurement are less than 1 percent.

4,3 Ohmic Contacts. Two external electrical connec-

tions have to be made to the p-n structure before the

electrical behavior of the junction can be studied. The
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contacts of these connections have to be ohmic. One of
these connections consists of a tungsten probe or of a
phosphor bronze strip in pressure contact with the indium
already present on the alloyed Jjunction. Thls contact is
ohmic, The other connection consists of a metal in con-
tact with a near intrinsic n-type germanium. Four differ-
ent methods of making this contact ohmic were studied.

One gave excellent results.

The first method was to fuse a metal with germanium
in a controlled atmosphere of forming gas and in air with
and without soldering fluxes. The materials used were pure
tin, pure lead, and also a 50-50 lead-tin solder which con-
tained some indium. The experimental results were
irreproducible and the contacts not ohmic.

The second method was similar in many respects to
the first except that the whole operation was carried out
in vacuum. Here pure tin, pure lead, 50-50 lead-tin
solder and gold were deposited on a hot and cold germanium
substrate. The temperature of the hot germanium substrate
was from 50 to 100° C above the eutectic temperature. The
contacts were not ohmic.

Liquid mixtures formed from the different combina-
tions of indium, gallium, and mercury were used in the
third method. These mixtures were rubbed onto the ger-

manium surface. Those containing mercury gave more favorable
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results. The contacts in general did not exhibit a good
ohmic behavior over a wide range of voltage and current
and also tended to deteriorate with time.

In the fourth method a good reproducible contact
was obtained which exhibited an ohmic behavior over a wide
range of current and voltage at room temperature and did
not tend to deterlorate appreclably with time. Here the
ohmic contact is obtalined by rubbling a liquid mixture of
gallium and indium on the germanium surface with a plece
of thallium until an intimate contact between the liquid

A A 41
u (O V)

] £
mixXoure an uria

fce 1a mada mi. m1imiIn l e
alC< 1o mauc. EA 4

property of thallium was observed by V. J. King (25). To
evaluate the quality of this contact, thin germanium
wafers of 5 different resistivities (2 n-type and 3 p-type)
were selected. Contacts were made on both sides of the
sample. The results in table 2.1 show that the range of
linearity between voltage and current is much larger for
p-type than for n-type germanium. From the resistance
measurements the bulk resistivities of the ﬁafers can be
determined. In figure 2.9 these results are compared with
the corresponding resistivity values obtained with the

4 point probe. The largest devliation between these results
tends to be for the n-type material; however, even this is
within the experimental error of measurement which is of

the order of 10%. On near intrinsic n-type germanium this
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Figure 2.9. A comparison between the resistivity
values measured by the 4 point probe
and the ohmiec contact technique.
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contact is ohmic down to about -100° C but for lower

temperatures begins to rectify (see chapter II, section

1.1).
Table 2.1
RANGE OF CURRENT AND VOLTAGE IN WHICH THE
MAXIMUM DEVIATION FROM LINEARITY IS LESS
THAN 5.%
Current Voltage Contact
Resistivity Peak to Peak to Area in
of Sample Peak in Peak in Conductivity 10‘2 X
In Q -cm Amps Voltis Type cm?
0.48 12 6.8 P 6.25
0.82 9.4 6.8 P 6.75
5.0 2.4 12 P 6.5
12.0 0.054 0.55 N 6.4
42.5 0.057 2.0 N 6.2

The advantage of this last method is that good
reproducible ohmic contacts can be made in a matter of a

few minutes. Also this contact ean he removed easily in

HF or HNO3 v

4.4 Depletion Capacitance. Ideally, the junctions of

the p-n-p structure should be abrupt. The abruptness
actually achieved is determined from a comparison of deple-

tion capacltance measurements with the theoretical expression
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for an ideally abrupt junction, for which

1/2
cp = (___E__E_“.D)/

2(V + Vy) (2.5)

where Cp 1s the depletion capacltance per unit area, V

the applied dc reverse bilas, VJ the built-in junction
potential, ND the donor concentration in the n-region, and
e the relative dielectric constant. Providing there 1s

no freezing-in of impurity atoms, the depletion capacitance
is not a function of temperature.

The apparatus used to make measurements of the
depletion capacitance at different ambient temperatures
consists of an aluminum cylinder which is thermally insul-
ated by beilng placed inside a closed dewar. The tempera-
ﬁure is raised by a heating strip embedded inside the
aluminum cylinder and is lowered by introducing an appro-
priate amount of liquid nitrogen into the dewar. A
thermocouple measures the temperature of the cylinder. The
diode rests with its n-type wafer on the cylinder with
which it is in good thermal and electrical contact. An
insulated probe establishes the electrical connection with
the indium dot of the alloyed p-region (see chapter II,
section 4.3). The capacitance i1s measured with a Boonton
Capacltance Bridge Model T4C-38 at a fixed frequency of
100 ke/s. The error of measurement is about 1 percent.

As a result of careful measurements, 1t has been
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established that if one of the junction regions is near
intrinsic then the capacitance 1s temperature dependent.
The effect is present in a large range of reverse blases
and cannot be explained in terms of a diffusion capaci-
tance. To eliminate this effect, care was taken to make
capacitance measurements at temperatures at which both
Junction regions were known to be extrinsic. Measurements
were made at room temperature on diodes alloyed on 0.5
-em, 12 Q-cm and 42 p -cm n-type wafers and at -65° C on
diodes alloyed on near intrinsic n-type wafers. Room
temperature measurements were also made on commerclal
2N1308 General Electric alloyed germanium structures. The
results are shown in figure 2.10. In this log-log plot,
the slopes for the Junctions alloyed in the laboratory
range from -0.475 t0-0.50 and is -0.45 for the commercial
sample. These results, compared with the theoretical
value of -0.5 predicted by equation 2.5, indicate that the
diodes fabricated are abrupt Jjunctions.

Another anomalous effect has been observed on these
capacitance measurements. If, in a p-n-p structure, the
reverse blas of the junction under observation is large
enough for the depletion layer in the n-region to penetrate
to the opposite junction, then an appreciable increase in
the capacitance is observed, as shown in region II of

figure 2.11. A large number of measurements were made on
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commercial samples (GE 2N1308 transistors) and it was
observed that this effect 1s strongly dependent on tempera-
ture and frequency. It is clear that the effect is due to
the interaction of the depletion layer with the transition
region of the floating junction. The exact nature of this
interaction, however, is not too well understood. The
temperature dependence of the capacitance shown in region I

of figure 2.11 is that discussed in the previous paragraph.

4,5 V-I Characterization of P-N Junctions. The V-1

characterization of the junction is used as a yardstick for
evaluating the fabrication process. Any defects in the
junction structure and any surface leakage effects are very
readily observed in the reverse junction characteristics.
The former gives rise to low breakdown voltages and the
latter reduces the reverse resistance of the junction. These
effects are shown in figure 2.12a2 and 2.12b, respectively.
Figure 2.12c depicts a reverse characteristic in which
nelther of these effects is present, This -characteristic

is typlcal for the average diodes fabricated, and such
results were obtained with a high degree of reproduclbllity.
Very few of the Jjunctions showed breakdown Qoltages less
than 150 V. If surface leakage effects were present, then
the surface was retreated to remove them. The apparatus
used to measure the V-I characteristic 1s described in

appendix C.
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Reverse junction voltage, volts D.C.
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(b) Surface leakage
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(c) Typical

Figure 2.12. Reverse junctlion V-I characteristics
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As a further check on the electrical rectifying
properties of the junctions, the experimental V-I charac-~
teristle 1s compared with that predicted by theory. From
theory the saturation current for an alloyed junction in
which the p-region 1s much more highly doped than the n-
region, 1s

o\ 1/2
I, = q (—B) ppA (2.6)
Tp

where I; 1s the saturation current, A the area of the Junc-
tion, p, the minority carrier (hole) concentration in the

n-reglon, D_ the diffusion constant and 'Up the lifetime of

P
the minority charge carriers. For a typical diode, at room

13 -3 . o -1 i}
n = 2.11077 em 7, Dp 49 em“ sec” , Ty

11 ps, A =4 10-3 em?2, and I = 28 pa. From equation 2.6

temperature, p

the calculated saturation current is 28.1 pa. The accuracy
of the agreement is believed to be somewhat fortuitous.
According to the simple theory of p-n junctions, the
saturation current should be constant for voltages greater
than approximately 1 V. According to figure 2.12c, however,
the reverse current increases from 28 pa at 1 V to 100 pa
at 50 V. This increase is interpreted as due to the non-
vanishing contribution of‘generation-recombination effects

in the space charge region of the junection.
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4,6 Junction Separation Distance in P-N-P

Structures. The separation distance between the two junc-

tions of the fabricated p-n-p structures is an important
parameter whose value has to be known accurately in each
sample. This value has been determined by three different,
independent methods.

The first, and most accurate, method is that of a
direct measurement of the base width by metallurgical tech-
niques. 1Its disadvantage 1s that the sample 1s destroyed
in this process and that it can therefore be applied only
as a concluding experimental step. The method has been
applied to all samples investigated and is described in
section 4.1 of this chapter.

The second method uses the basiec principles of a
reverse-biased p-n Junction in a p-n-p structure. For
abrupt and strongly non-symmetrically doped junctions
obtained by alloying, the width d of the depletion region
established by the reverse-blias V 1is

2 cey (V) 1/2
d=( ° - > (2.7)

where the symbols have their conventional meaning. This
depletion region will reach the boundary of that of the

floating junction at a "punech-through'" voltage whose value

i1s given by
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1/2 1/2
. (2 eeg (th + Vj) >/ L (2 eeoDV‘j j/ (2.8)

where the second term is due to the depletion region of the
floating Jjunction. For most p-n-p structures the punch-
through voltage is usually large compared to the bullt-in
potential V,, and for such cases the base width W 1is
proportional to the square root of th.

A simple way to determine the value of the punch-
through voltage is to apply a reverse bilas in the form of
a sawtooth across one junction and to measure the floating
potential of the other p-side with respect to the rirst.
The two potentilals are displayed on a dual-trace oscillo-
scope (see appendlx C for details). A typical result is
shown in figure 2.13. Ag long as the depletion region
does not extend across the full base width, the potential
difference between the two p-sides increases (region I in
figure 2.13). At punch-through, the depletion region has
reached its fullest extent and the potential difference
remains constant at the value Vbt'

This method is often used to determine base widths.
The punch-through voltage has been measured on several
samples. The results are shown in table 2.2. 1t 1s seen
that the measured values depend upon the ambient tempera-

ture. The punch-through voltage increases for decreasing

temperature. This variation cannot be accounted for by the
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A punch-through voltage measurement for
a typlcal fabricated p-n-p structure.
A1l potentlals are measured wlth respect
to the p-region of tre reverse-blased
Junction.
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simple one-dimensional theory presented here, so that the
interpretation of punch-through voltage measurements in
terms of equation 2.8 1s questionable. Base width measure-
ments based on this method are therefore considered

unreliable and have been discarded in the final analysis.

Table 2.2

Punch~through Voltage Vﬁt as a Function of
Temperature for 4 Different Samples

Temperature th in Volts
C X = 2 3 4
300 20 40 4.0 10
195 11
78 23 45 5.6
3 26

The third method 1s based on an analysis in which
the p-n-p structure 1is viewed as a transistor. A voltage
is appllied across the emltter and collector terminals with
the base floating. If the value of the applied voltage is
less than kT/q, then there is a linear relationship between
the voltage and thé current as shown in figure 2.14. The
structure in this range of operation can be represented by

an equivalent resistance R (see appendix B). The relation-

ship between R and the base width W 1s



108

sJnjonigs d-u~-d B JO

2l Ol

*BuTjeolJ ©seq 9U3 Y3ITM

OT1STJA930BIEBYD I-A POZTIBUWION "f#{T° 24n314

DI/AD
80 90 0 Z0

[ Kioay |

] _ _ _ _ _ [

Aioay) of
uolbwixoiddy JpauiT]

20
140
90

80

iMesb1y



109

W=aqp, p RA (2.9)

where pn;is the minority carrier concentration in the base
region, Uy the mobility of the minority charge carriers,
and A the junction area. The only restriction placed on
thls equation 1s that the base wldth be much less than the
diffusion length of the minority charge carriers in the
base region. This 1s not a severe restriction for any of
the structures fabricated, since their base widtﬁ is always
much less than the diffusion length of the minority charge
carriers.

The resistance R 1is determined from the linear
current-voltage characteristic when a small voltage signal
less than 0.1 kT/q is applied across the emitter and col-
lector terminals. Typlical numerical values at amblent
temperature of 26.5° C are: R = 0.75 mV/8 pa = 93.8 0,
A= 4,31 1073 cm2, Pp = 1900 cmg/Vs, p, = 2.1 1013 em-3
and W = 25.8 10-% cm. The base width of this particular
sample measured by the metallurgical method is 27.7 10~% em.

The base wldth of a structure as determined by this
third method and by the metallurgical method are compared
in figure 2.15. The scatter about the line WR =Wy 1is
approximately 10%. Since the error in the metallurgical

measurement is less than 2%, the error in WR must be of the

order of 10%. Each of the three methods described is used



110

1001— ©

Wy, microns

100
Wy, microns

Figure 2.15. A comparlson between the base width
valnes determined by the metallurgical

(WM) and the electrical technique (WR)
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for specific purposes. The first method is used to measure
accurately the junction separation distance in the p-n-p
structure at the end of the electrical measurements. The
second method is used to indicate qualitatively the punch-
through voltage to be expected when scl current measurements
are made. The third method is used to measure qualitatively
the junction separation distance before scl current measure-
ments are made, so as to allow for a preliminary evaluation

of the results.

4.7 V-I Characterization of a P-N-P Solid-State

e diode is pulsed wlth a saw-
signal and the resulting V-I characteristic 1s displayed

on the screen of an oscilloscope. The repetition rate and
the width of the saw-tooth signal are varied to observe if
there are any transient or thermal effects. Although these
effects are not observed over a wide range of pulse widths
and repetition rates (duty cycle of 50 percent and pulse
widths ranging from 10 ps to 10 ms), a duty cycle of 10
percent and a pulse width of 1 ms are used. The peak volt-
age that 1s applied is determined by the peak power that
can be supplied from the electrical apparatus. This peak
power is about 10 watts. A V-I characteristic of each

solid-state diode is measured at liquid nitrogen tempera-

ture. For a few of the samples, these measurements are
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also carried out at 195° X, 273° K, and 300° K. The voltage
and the corresponding current are determined directly from
the oscilloscope;trace. A measurement error of about 5% is
expected.

The electrical apparatus used to measure these V-1

characteristics is described in appendix C.
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APPENDIX A

IMPEDANCE OF SPACE-CHARGE-LIMITED CURRENTS WITH
FIELD DEPENDENT MOBILITY

Introduction

The small-signal impedance presented by space-charge-
limited currents in vacuum can be calculated in closed form
for a planar structure (26). The solution shows that such
an arrangement has an equivalent parallel capacitance which
is.3/5 of the geometrical capacitance Co = Aeo/B as long
as the period of the sinusoidal perturbation is longer than
about twice the dc transit time T, of the charge carrier.

For frequencies higher than that, the value of this equiva-
lent parallel capacitance 1s frequency dependent. In the
limit of very high frequencies, its value approaches that of
the purely geometrical capacltance Ae%/a. Recently, Shao

and Wright (8) have analyzed the small-signal impedance
presented by space-charge-limited currents in a dielectric
medium. Thils case differs from the previous one by the modi-
fied relation which exists between the electric field E and
the velocity v of the mobile charge carriers. These
authors assume proportionality between v and E. Thelr
solution shows that in this case, the equivalent parallel
capacitance is 3/4 of the geometrical capacitance Cy = Ace,/d
for sinusoidal perturbations whose period is longer than

about twice the de¢ translt time To of the charge carriers.



114

Beyond this, the value of the equlvalent parallel capacitance
is again frequency dependent. At very high frequencies, its
value again approaches that of the purely geometrical capaci-
tance Aeey/d.

Proportionality between charge carrier velocity v
and electric field E implies a constant charge carrier
mobility n. It 1s a well established fact that in semi-
conductors, such as germanlium, the mobility 1is not constant,
but decreases with increasing fleld strength. Beyond a
critical field E,, the velocity obeys the relation (11)

v = p {E,E'. It is the purpose of thls investigation to
determine how this modification affects the resultant small-
signal impedance of space-charge-limited currents.

This problem is studied under the assumption that the
period of the small-signal perturbation is long compared to
the dc¢ transit time ol the charge carrlers. Thlis restrictlon
is imposed by the appearance of integrals which can be evalu-
ated only numerically for arbitrary frequencies. On the
other hand, the generalization to a relation%hip of the form
v = ],-I,EC(E/'}E‘.c)l/rl does not present major difficulties for
this restricted range of frequencies. Such a dependence 1s
relevant to very hot charge carriers (11). The analysis is
therefore carried out for this general form of velocity-field
relationship. Except for the change in the field-velocity
relationship, the model is identical to that of references
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(26) and (8). 1Its essential features are: a) planar

geometry, b) carrier injection at X = O with zero initial

velocity, c) collectlon of the charge carriers at x = d and

d) negligible diffusion processes.

Theorz

The fundamental relations which govern the flow of
space-charge-limited currents are the law of conservation of

charge, Polsson's equation and the velocity-field relation-

ship |
3 ( i v) . . 8% (1)
ETR— @
vV = u E, (E/Ec)l/n (3)

With appropriate boundary conditions, these three equations
determine the values of the electric field E, and of the den-
sity e and the velocity v of the charge carriers as a
function of both the coordinate x and the time t. The con-
tinuity equation can be integrated once if the charge densilty

p is eliminated by Polsson's equation to obtain

(v L —%—E—) ey ()

The constant of integration j(t) represents the total current
density of the arrangement and is independent of the coordi-

nate x, If the velocity v 1s now interpreted as that of a
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particular charge carrier, we have

v = ""“'_'d axf"‘( t )"""' s ( 5)

where x(t) is the location of that charge carrier as a
function of time. The left-hand side of equation 4 then
is a total differential for E(x(t), t) and the equation

can be integrated again
t

ce E(t,T) = Jj(t)dt (6)
t
where it is assumed that the charge carrier under consider-
ation is emitted at x = 0 with a zero velocity at an arbi-
trary instant of time ¥. Substitution of the field-

velocity relation 3 leads to

ee 1/n d o 1/n
(;agr%’::r“) <t - J/ J(t)at (7)
C

-t
from which the position of a charge carrier can be found

through a final integration. Then

1/n
<ﬁﬁ%§h> x (¢, T) = ( j(t)dt >1/§t.(8)
Cc

<t|
o

To determine the impedance of space~-charge-limited

currents, the expression
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X

AvV(t) =v(o,t) - V(x,t) = (KE(x,t)dx (9)

0

has to be evaluated at any given instant of time t. The
desired function E(x, t) can be derived from the known
function E(t, t) of equation 6. This expression gives the
field strength at the point at which the charge carrier is
located at time t 1if it was emitted at time T.
Equation 8 on the other hand, gives the location of the
charge carrier at time t 1if 1t was emltted at time T.
Thus, the time of emission T of a charge carrier located
at a point x at any instant of time t 1is obtained by
solving equation 8 for T(x, t). This time of emission is
substituted into the known function E(t, t) to find the
desired field distribution E(t,x).

This program will be carried out for a dec current

density Jo upon which a sinusoidally varying component

JleiQ’t is superimposed. Thus
J(E) = g, + 3y elw® (10)
and
et ® (t-%)
- e = 1 1w (t-T) _
E(t,8) = 5 (¢-%) + —3 (e 1)(6a)

and
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—

iwt

ce 1/n . 3 jqe w (6T 1/n
Q_Ln En?.l ) ‘?j—t' = [J(t-t) + li'w“"" (ei (£-%) -l)]
- e (7a)

In this last equation, the complex notation is at fault
unless the following considerations are restricted to a
small sinusoidal perturbation, in which case the linear term
in a binomial expansion is the only significant one. Then

(.E,G_Q_____.)l/n%% _ (jo(t—f))l/n {% (jo(t_f)>(l-n)/nl

Nphn-1
P Ee

\i:’_lf___... (iw(t -t) 1)} (7p)

so that
1/n
€€ n_ .1/n (L+n)/n
<‘;—§:I—> x(6,%) = 5757 J5 (t-%) *
W E;
t-t
g eioo'ﬁ'
%J(()l-n.)/n 1iw Z(l-n)/n (eiQ)Z -1 ) dz (83.)
0

The integral cannot be evaluated in closed form for positive
values of n unless n = 1 (case of Shao and Wright). It
will therefore be assumed that the transit times t ; t con-
sidered are sufficlently short compared to the period of |
perturbation so that a Taylor expansion of the integrand 1is

Justifiable. Then
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( ee, ) 1/n .- n Jé/h (£-F) (1+n)/n

(8p)

(1-n)/n Jleiuff <'E%T (t;E)(l*n)/h .

o = (142n) 2 (1.
t A T (-0 /h*(l%%l— B%IT(t-tSl 3n)/n+-">

This equation is readily solved for t by an approximate
procedure. Since the sinusoidal current density Jl is but
a small perturbation of the dec current density Jj,, it may
be expected that the time of emission T will deviate only
little from that found in dc operation. If for this
latter case a charge carrier needs a lapse of time to to
reach a point x, the transit time with superimposed per-
turbation will be t, 4+ t;, where t; << t . The time of

"emission then is
T=t - (tg+ t1). (11)

This expression is substituted into equation 8b. With
J1 = 0, it is found that

tg = (ax)?/(n+1) (12a)

where

1/n

. ce 41

& (‘ﬁfﬁﬁ%r—'> = (12v)
P Ee Jo
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With this, it then follows from perturbation terms of the

first order only in jl and tl that

icw t
Jie 1 _lw  3nsl 2
by = - (HIT Yo = BT A1) (EmeT) to‘) (13)

o

Expressions 11, 12 and 13 are now substituted into equa-
tion 6a and the exponentials are appropriately expanded,
as is consistent with the assumption of sufficiently long

perturbation periods. One then finds

ee E(x,t) = Joto + Jobt1 + JleiQJt(to.- 1o tg) ) (14)

2!

where the dependence upon =x 18 expressed through t, and
t1 of equations 12 and 13. The voltage drop AV can now

be evaluated. Expressed in terms of tc, the result is

1 " iwt /. 2
av(t) = Ghip JotoX - 1° (%ﬁxr tox-1 (oRe (3R L) 06
%o %% (15)

If the total length of path for the space-charge-limited
current 1s d and the corresponding de¢ transit time as

given by equation 12 is T,, the dc resistance R 1is

T.d T
R = n+l 0 _ n+l o (16)

2n+l Ace, T Pn¥l Co

where A 1s the area of the current path and C4, is the
geometrical capacitance of the structure. The small-signal

impedance 1s
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T g 2 72 g
n O - n 0
2* ZoaT Wes o (mmmmme e mee— (17

o)

Expressed in terms of an equivalent parallel resistance Rl

and an equivalent parallel capacltance Cl’ the impedance

is given by

R
1 2ns1 TRee, 2nxl T,

. 2n+l1 Ace _  2n+1
¢ = 3n+ 1 d - n+ 1 Co
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APPENDIX B
RESISTANCE - BASE WIDTH RELATIONSHIP: THEORY

For applied voltages less than the punch-through
voltage, the theoretical expression for the current-
voltage relationship of the germanium solid-state diode 1is
essentially that of the floating base transistor. From
transistor theory (27), the current I that will flow

when a voltage V 1is applied across the solid-state

diode, is
qVe/kT Ve /kT
I=1Igm= Gll.l% (e / -1) + Gip l&!‘. (e? / -1) (B.1)
and 1s also equal to —Ic, where
Ve/kT Ve /kT
T, = Gh}_é!'_l‘_(eq /%t 1)s Gll}i'g. (e27¢/KT 1) (B.2)

According to the current and voltage convention as shown

in figure B.1, V = V, - V,. These expressions can be con-
siderably simplified if the reverse saturation electron
current at the emitter and at the collector is assumed to

be negligible compared with the reverse saturation hole
current at these Junctlons., This simplification is possible
because the resistivity of the n-region is much higher than
that of the p-reglons. For this case

G11 = Q PPy AL; coth(W/Ly)



123

U

0

7
a
%

E e

Figure B,1. A one~dimensional floating base transistor
configuration.
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and

G = =-q ]‘J’p pn A 1

ir L, STAR(W/L;)

where p_ 1s the minority mobile charge carrier (nole)

density in the n-region, Lp the diffusion length of the
holes injected into the base, Pp the hole mobility, W
the base width, and A the junetion area. Since Ie is

equal to -I,, then
cQVe/kKt _ aVe/%T _ 5

whilch reduces to

Vy = -V, = -V/2

for V<< KT/q. Hence equation B.l can be expressed as

I=(Gyy - Gyp) V/2 (B.3)

where

G.. - G,_ = q p. A cosh(W/Lp) + 1
11 1r Fo *n Lp sinh (W/Lp)

(B.4)

If we set V/I = R, then

R = 2/(Gy; - Gyp) (B.5)

This signifies that the resistance R of the solid-state
diode 1s constant for applied voltages much less than kT/q.
If W<Ly, such that (W/Lp)2<:< 1, then equation B.4 can be
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expressed as
Gp - Gyp = 2a P Py AW
Equation B.5 can now be written as

W=gqg Bp Pn AR (B.6)

This is an important result in that if the electrical
properties of the base material are already known and if
w2 < < Lg, then the base width W <c¢an be determined
directly from the resistance measurement.

It should be noted that the measurement of R has
?een carried out at a temperature (273° K) at which the
base material of the sample is near extrinsic. The above
analysis, which is based on a low injection mode of oper-
ation, is not applicable, since even for very same applied
voltages the sample operates in the high injection mode.
It is well known, however, that a c¢orresponding analysis
in the high injection mode (28) leads to the same result
as expressed in equation B.6. This dependence is thus

assumed to be always valid.
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APPENDIX C
ELECTRICAL MEASURING APPARATUS

The block diagram of the electrical measuring
apparatus 1s shown in figure C.1l. A saw-tooth voltage
signal of fixed amplitude but of varilable duty cycle and
pulse width 1s generated by an externally triggered
Tektronix oscilloscope Type 543. A high current two stage
cathode follower is used to increase the power output.

The V-1 characteristic of the solid-state diode, which is
maintained at a particular ambient temperature, is traced
on the screen of a Tektronix oscilloscope Type 503.

| In figure C.2 the circuit diagram of the apparatus
i1s shown. The set of attenuators adjust the amplitude of
the input signal to the cathode follower, while the d-c¢
grid blas voltages minimize the d-c plate current. A set
of protection resistors are connected at the output of the
amplifier., The sample 1s placed across terminals A and B.

In figure C.3, a mounted sample is shown. To
measure the V-I characteristic of a solid-state diode, the
emitter lead is connected to terminal A, and the collector
lead to terminal B. To measure the V-I characteristic of
the p-n junction, the base lead is connected to terminal A
and the collector lead to terminal B. This is the same

connection as used for punch-through voltage measurement
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External
trigger
generator
| V-1 Display
1 High current Rp @
—A cathode “%
Osc. . R . —e
sweep follower S_ - -
"__T‘
N ~
1 1| p—Dewar
Temperature '
— P-N-P Ge
bath “""{P///—s'fruc'rure
—
\___/

Figure C.1. Block diagram of the electrical measuring
apparatus,
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ELECTRICAL
INSULATION
TOP VIEW
PHOSPHOR BRONZE STRIP —
SOLID STATE DIODE EMITTER LEAD—
OHMIC PASTE
[ P
COLLECTOR
LEAD

CROSS SECTION

Figure C.3. A mounted solld-state diode.
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except that 1n the latter case the current measuring
resistors are shorted out. The voltage across the reverse-
biased junction and the voltage of the floating junction
are measured with respect to ground on the dual trace
screen of the Type 543 oscllloscope.

For different ambient temperatures, the sample is
placed in a temperature bath of liquid nitrogen for T = 78°K
and of dry lice mixed with liquid pentane for T = 195o K.

For T = 2730 K a temperature bath of liquid pentane sur-

rounded by'an ice-water mixture is used.
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