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ABSTRACT.

The drift velocity of electrons in silicon at high electric
fields is measured in the {111) direction over the range of
lattice temperatures from 4,29K to 300°K, This information is
'obtained from measurements of pure unipolar (sclc) space-charge-
limited current. Structures of the type n* n n* and n* p n™ have
been manufactured to study this current, The experimental V-I
characteristics obtained from these structures offer a consistent
picture. The theoretical models adopted are simple and adequate,

The drift velocity is found to increase monotonically with
electric field strength in the range of lattice temperatures covered,
It is established that a limiting drift velocity exists at high
electric fields., Its temperature dependence is measured from 4,2°K
to 3009K, No indication of a negative differential mobility - as
observed in GaAs and Ge below 770K - is present, At 300K ané 779K
the velocity-field relationship is determined from the linear (low
field) range up to a field stréngth of the order of 10° volt/cm., A
comparison with results obtained by other authors at those two
temperatures yields good agreement, in particular at 3000K,

A falrly couplete treatment of thé influence on unipolar sclc
of: (1) trapping, (2) geometry, (3) ionized impurities, (4) illumin-
aiion, and (S)Ithermal carriers, is presented, In particular, the

effect of giant trapping and normal trapping is studied in detail.
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The threshold voltage is measured as a function of lattice temper-
ature from 4,20K to 300°K, In the range from 4,2°K to 500K, its
temperature dependence is correlated to that of the trapping cross-
section for the compensated donor atoms., Above 779K, the temperature
‘dependence of the threshold voltage is linked to that of the Debye
length. From this analysis, the degree of compensation of the

material is derived in a simple way,
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INTRODUCTION

The flow of unipolar scle (space-charge-~limited current)
through solids has received considerable attention in recent years,
Attempts have becn made to find practical apblications for its
proverties, This has met with little success, Ilowever, in the
process, a vast amount of information has been gathered regarding
its behavior under the influence of distinct phenomena, In this
work, a different view point is taken., Rather than considering
uninolar sclc as an end by itself, it is used as a tool to achieve
a better understanding ahout the complex nature of solids, This
aporoach has been taken by several authors before, mainly, to
deteramine: (1) the prescnee of traps, (2) the trapning paramctexs,
and (3) the influence of trapping in preventing and reducing the
flow of current, lere, the’em@hasis is placed in understanding from
measurements of 'pure'" unipolar sclc the behavior of the drift
velocity as a function of the electric field strength and lattice
temperature, Before this can be acdcomplished, however, the influence
of a field dependent mobility on sclc must be well understood,
Various structures of the type n* p n* and n* n n*, with different
thicknesses and resistivities, have beeﬁ manufactured to study seg-
ments or the entire field-velocity relationship.

Chapter I encormasses all the pertinent models which describe

the flow of pure unipolar sclc under the influence of various initial
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conditions; some previously obtained by several authors, some
- extended to mect the conditions present in this work, and some de-
rived here to anply to very snecific situations encountered in the
experimental analysis of the field-velocity relationship. The
presentation of a simple analytical treatment to provide a comparison
‘with the experimental findings takes priority and overrules a
detailed analysis., For a better and more complete treatment, the reader
is referred in the text to the work of several authors who have con-
sidered the varicus models in great detail, |

Chapter II gives a short description of the manufacturing pro-
cedure emloyed to fabricate the structures. It also describes the
techniques used to obtain the various structure parameters, and the
apparatus emnloyed to measure the V-1 characteristics and to vary
the environmental temperature from 300°K to 4,29K,

The expefimental results, apart from those on the temperature
dependence of the limiting Arift velocity, are presented in
chapter III, The threshold voltage is analyzed independently from
the V-I characteristics because of its remarkable content of informa-
tion about the structures and on the properties of the material. The
characteristics of the structures are divided into two regimes for
voltages below and above threshold, The former yields information,
primarily, on trapping phenomena, and the lat;er on the field dependence
of the carrier mohility. The field-velocity relationship as obtained

from sclc measurements for electrons in silicon is compared with



determinations by several authors; An effort is made to explain
qualitatively the discrevancies encountered, Finally, the influence
of geometry and heating of the structures on the V-I characteristics
is considered in detail,

The experimental results on tﬁe temperature denendence of the
limiting drift velocity are illustrated and compared with theory in
chapter IV, An effort is made to present that information about the
band structure, the low field mobility, and the energy distribution
of the electrons which is pertinent to the analysis of the high field
mobility., The currentlv available theories for the limiting drift
velocity are included and expanded to apply for silicon oriented in the
{111) direction and for the field strengths and lattice temperatures

considered experimentally,



CHAPTER I

ANALYSIS OF UNIPOLAR S,C,L.C,

1,1 Introduction. With the advent of Quantum Mechanics, the

classical picture of an insulator as a material suited only to
provide electrical insulation was drastiecally changed. In principle,
it apneared fecasible - by analogy with a vacuum tube diode - to carry
high current densities through an insulator provided with suitable
contacts, More specifically, Mott and Gurney(l'l) vredicted in 1940
‘what the dec characteristics of such currents in an insulator or semi-
conductor should be. DBecause this current flow is dominated by the
"space charge in front of the emitter, it has comc to be known as
unipolar “space-charge-linited current” (sclc). According to tﬁeir
model, which assumes: (1) planar geometry, (2) no trams or impurities,
(3) a field-velocity relation v = yE valid at any field strength,

(4) no thermally cenerated charge carriers, (5) a finite concentra-
tion of carriers at the emitter boundary, (6) negligible diffusion,

unipolar sclc is described by the expression
J = (9/8) ee pu VI3 ) (1.1)

where €€ is the dielectric constant of the solid, u the mobility

of the charge carriers, W the thickness of the insulator, and V the



applied voltage., In general, this expression represents the flow

-of pure unipolar sclc in a solid after the effect of imjurities and
trapning is overcome, as long as the field velocity relation v = uE
holds, Since the original description of unipolar sclc, a number of
other models with different sets of conditions have been nronosed,

For instance, the vproblem has been tackled by Rose(lfz) in the presence
of traps, by Shockley and Prim(1+3) for a finite impurity concentra-
tion and by Dacey(1'4) for a field dependent mobility, This situation
essentially reflects the complexity of solids, A unified theory of
uninolar sclc is difficult because of its dependence upon the character-
istics of the particular solid through which it is to flow, Illowever,

it is possible to distinguish two regimes of interest: (1) the trap

and impurity dominated range, where the quality and purity of the
material play a dominant role; and (2) the range of pure unipolar

sclc, where the current is affected only by the field-velocity relation-
ship and the dielectric constant of the material, Recause of the
gxistence of the first regime,.unipolar sclc has emerged as a powerful
tool in the study of electronic properties of solids,

An analysis of the trap dominated range yields information about
their location in energy, density, and irapping cross-sections for
both types of carriers. An analysis of pure unipolar sclc yields
information, primarily, about the field velocity relationship. In this

chapter, the tools with which this information is extracted from



unipolar sclc are presented and analyzed,

1,2 Approximations to the current flow equation, In the forth-

coming analysis, we shall considef one dimensional and one carrier
(electrons) currents through n and p- type crystals, llowever, the
results apply equally well to holes, and can easily be extended to
other geometries by introducing a different geometrical factor. The
energy band scheme for an n-type crystal with electron injecting
contacts is illustrated in figure (1.la). At steady state, the
current density is free of divergence and given by

) dn
J=ev (E) (n+n5) # 4K T (1.2)
‘ dx

where n and n, are, respectively, the densities of injected and
thermal electrons, v(E) their drift velocity, k the Boltzﬁann
constant, T the lattice temperature and E the electric field strength
at any position X measured from the emitter electrode, Since the
bulk is no 1onger neutral because of the injected electrons, whose
density varies from a high value at the emitter to a low value at the
collector, the electric field has a divergence which is given by

Poisson's equation:

(1.3)

where ¢ 1s the electronic charge., Substituting for the electron density
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in (1.2), the following second order differential equation results:

dE KT d2E
- J = €E_ V(E) e * No V(E) + H eww EE . .
o VE) e (E) . o TT (1.4}

In order to find a unique solution to this equation, it is necessary
to stipulate two boundary conditions, It is customary to consider a
semi-infinite bulk, Consequently, at the collector, n - n,as x- ®°,
At the emitter it is assumed that E(0) = 0 which neglects the
potential miﬁimum created in the bulk by the injected electrons,
‘Essentially, these boundary conditions imply a complete disregard
for the physical nature of the contacts. It is, thus, consistent to
obtain the applied voltage as the integral of the electric field,
We shall inquire briefly into the nature of these assumptions with
regard to the temperature dependence of punch-through covered in
section 3,1.1, For a more general treatment of boundary conditions,
the reader is referred to Lampert's technical report PT-1445,61'5)
where he has scouted the field and commented in general terms for
and about other possible conditions at the contacts.

To seek the general solution of equation (1.4) is not practical,
A more realistic approach is to formulate models in which one or more
of the contributions to the current density are dominant, In the
following discussion, the models pertinent to our investigation are
described, The.emphasis is placed in enumerating the solutions for
the various approximations, rather than in describing the nrocedure

followed in obtaining the results,
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Unless otherwiée stated, the relation v = yE is assumed to hold
at any field strength, The contribution of diffusion to the current
density is considered to be negligible in all instances., Diffusion
dominates the drift contribution to the current density in the
vicinity of the emitter, however, it has been shown by 'Shockley
and Prim(l's) that for applied voltages greater than approximately
25 millivolts, the current is carried chiefly by drift. In general,
it will only have an appreciable effect for low applied voltages and
thin samples. |

Assuming the crystal to be an ideal insulator (n, = 0),

equation (1.4) reduces to

dE .
-J =1u¢cgp B e . (1.5)
dx
With the set of conditions, E(0) = 0 and V(0) = 0, the solution

of this differential equation is
2,3
J = (9/8) egou V /W, (1.6)

The assumption of an infinite supply of carriers at the emitter is
implicit in this result, If a. finite concentration, cqual to the
thermal density of electrons at the emitter interface, is assumed

instead of E(x = 0) = 0,the solution of (1.5) is

/
2 2J
Vs = )y [ (W o+ xo)3/2 - X 3/2 ]

1.7
B v . . 1.7)
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where
J e
(o]
YRR -
©  2u Nyie
and
Ny =N, e BT 1.9

¥ - ¢ is the energy barrier at the contact, This is Mott and
"Gurney's original result, For low anplied voltages, the expression

reduces to (1.6)., For large applied voltages, the effect of space

charge is overcome and the current density is ohmic, given by-

J = ey No V/W . (1.10)

Eventually, for very high voltages, the current density saturates

at

Jep = € Ny Ven/ V2 , N (1.11)
where V., is given by (kT/m*)l/zand m*is the effective mass of the

carriers, Jth is the unilateral thermal current density at thermal

equilibrium flowing from the emitter into the insulator,
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The next degree of difficulty is introduced by considering a non-
negligible density of thermal electrons. Equation (1.4) reduces to
1E
-J=aeouE£-— +en_ uE (1.12)
o
dx ,
A solution has been worked out by Lampert(l‘s). For convenience,

he performed the following change to dimensionless variables

n, e ngu E(x)
U= e =

n J

2 _ 2

3

e n 03 112

V{x)

and from the solution to the reduced differential equation

w=eu=-1n (1-1u ,
found the current density and applied voltage to be given by

e?nfuy 1
J =" o ! 1,13
- egg O (1.13)
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and

—_— (1.14)

where the subscript ¢ refers to the collector interface, A closed
form expression for J in terms of V is impossible, however, the
solution can be divided into two regimes where explicit relations
exist for the dc characteristic, For low applied voltages, the

current flow is ohmic, due to the thermal charge carriers, and given

by
J=enguV/m , (1.15)

At sufficiently high applied voltages, the contribution to the
current density due to the injected electrons dominates and it is
given by (1.6). The cross-over voltage V, . at which the averaée
density of injected electrons equals the thermal density is found

by equating the two contributions, This yields
i} 2,
Vo= (8/9) e ng W/ee, . (1.16)

One of the requirements for observing unipolar sclc in a solid is

implicit in this relation, namely, that the dielectric relaxation
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time of the crystal;'seo/unoe , must be large as compared to the
transit time of the charge carriers,

In the transition region, tﬂe solution must be found numer-
ically by tabulating values for l/w, and vc/wc2 vs u, The solution
for the entire dc characteristic is given as a normalized log-log
plot in figure (1.2).

Up to now, we have considered injection of electrons into an n-
type crystal, Another possibility is to study injection of electrons
into a p-type crystal. The energy band scheme is illustrated in
figure (1.1b). The dc characteristics are greatly affected by the
density of p~type impurities in the crystal, in particular, at low
applied voltages. One of the junctions is always reverse biased and,
‘consequently, appreciable current will not flow until the base
region is depleted of mobile holes and the electric field reaches the
clectron emitting contact, Since.the crystal is p-type, the density
of thermal electrons can be neglected. Under the previous set of
conditions, the differential equation which governs the current flow

- is

dE !
-J = wee  E E;'— wee, e N E (1.17)

where Ny is the density of impurities in the crystal, assumed to be

independent of x and tctally ionized, Thus, (1.17) describes the
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current flow after the mobile holes have been removed from the bulk,
The voltage required to deplete the crystal is referred to as punch-
through (th) since, at this threshold, the depletion regions of the
forward and reverse biased contacts meet and electrons can be readily
injected into the base, Its value is found by integrating (1,17) with
J = 0, which yields

2
e Ny W

th = 2520 [] (1. 18)

Below V the behavior is that of a floating base transistor., This

pt?
range will not be explored_any further analytically because of the
complications involved., A qualitative description is given in
section (3.2,1).

The solution of equation (1,17) has been obtained by Shockley and
Primcl‘s). A élosalform expression for J as a function of V is not
possible, except at high applied voltages where the behavior ié

described by (1.6). It is convenient to introduce J t and V

p t related

P
by the expression

Jpt = /8 eequ VoM (1.19)

This is the current density that would flow through the structure if

the resistivity of the crystal was infinite, J and V are then given

by
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3=, (32/9) e? - g - 17! (1,20)
and

Vav, (P -4ef ez g1t (1.21)
where

B =tue NI/eeo

‘and t is the transit time for the electrons in a crystal of thick-

ness W, In the limit, for g8 -0,

| , |
ige > GND™ (1.22)

as expected when the density of injected electrons more than compan=
sates the effect of ionized impurities in the crystal. The solution
for the entire dc characteristic is given as a normalized log-}og plot
in figure (1.3).

The previous model can be easily extended to account for the
presence of trapping centers distributed uniformly throughout the
erystal, The threshold voltage at which the current density increasés

o
sharply to the pure unipolar sclc value is now given by the density
of ionizcd impurities and cmpty trapping centers at thermal equilibrium,
Physically, threshold is the voltage required to deplete the base region

of mobile holes and to fill the empty trapping states Np, It is given

by the expression
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Ve, = Np + Ni). 1,23
Th zee, (N7 1) ( )

The solution of (1,17}, again, holds for applied voltages above

Vrpe Below Vqp, the current density can have literally any
dependence on applied voltage depending on the distribution in-
energy and the density of trapping centers, Thus, it is more
realistic to look at this range, for the specific cases at hand,

in the context of the experimental results as is done in section
3,2,1, In general, trapping is disregarded entirely in this chapter
and dealt with in the above.mentioned section only to the extent of
describing its effect on the V-I characteristics obtained experi-
mentally for the various structures.

The restriction of a field independent mobility is now lifted
and the complete field-velocity relationship is taken into consider-
ation. The mobility dependence on the electric field is assumed to
be of the form shown in figure (1.4). At low electric fields, the
mobility is a constant and, at high electric fields, the drift
veldcity is a constant, The transition region for intermediate
field strengths is approximated by various empirical relationms,

If, in deriving expressions (l.zﬁ)!and (1.21), the assumption
of a constant drift velocity is-made, a two-fold integration of

Poisson's equation yields

J = 2€E v - (1.24)
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where V¢ is the limiting value of the drift velocity, The current
density increases linearly with applied voltage above threshold,
This relation assumes that the built-in electric field is of enough
strength at threshold to bias the entire crystal in the limiting
velocity range of the field-velocity relationship, This model is of
particular significance in evaluating the limiting velocity from
pure unipolar sclc measurements, Equation (1.24) is illgstrated as
a normalized log-log plot in figure (1.5).

The two limits of the field-velocity relationship have now been
considered in the context of the various approximations to the
equations governing the current floQ; There remains to study the
effect of the transition fegion in the dc charapteristics. This is
done for the simplest possible case which assumes an ideal insulator-
no impurities, traps, or thermally generated carriers. The contribu-
tion of diffusion to the current flow is once again neglected, _Under
this set of conditions, equation (1.4) reduces to

~3=ee v £ | (1.25)
dx ' :
The electric field and the potential are;assumed zero at the emitter
interface. Three empirical relations are considered for v(E),

namely,

VE) = vg temh E/Eg) (1.26)
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v (E)

vs [1 - ex (-E/E)] (1.27)

and

#

V(E) = 2/n v_ tan~! (7/2°E/E ) (1.28)

E, is the electric field intercept of the low and high field
assymptotic to v(E). The previous reclations are shown in
figure (1.4). The solution of (1.25) cannot be accomplished
analyticglly for any of the three cases,.consequently, it is
necessary to resort to a numerical evaluation of the differential
equations(l‘G). The dc characteristics obtained in this fashion
"arc shown in figures (1.6), (1.7) and (1.8). The three character-
istics are very similar in appearance, as illustrated in figure (1.9).
However, if the measurements of pure unipolar sclc exhibit well
defined square and linear ranges, it should be possible io obtain a-
good determination of the actual field-velocity relationship by fitting
various empirical relations to the experimental data, This is demon-
strated in chapter 3. Moreover, if measurements can be carried out
in a large number of identical structures, the statistical determin-
ation of the drift velocity as a function of the electric field
should be in good agreement with the true relafionship.

Finally, if the thermal concontration of c¢lectrons is high

enough, a range exits in which hot carrier effects are observed before
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the onset of unipolar sclc. In such a case, the current density

is given by

' - 2
J = n, e v(E) + 2ee Vg v/we o, (1.29)

Figure (1,10) illustrates this relationship with v(E) = vy
tanh (E/E ). The assumption is made that, in the thermal range,
the drift velocity has reached the limiting value v before the
injected carriers dominate the current flow., This model has
relevance, primarily,‘in evaluating the field-velocity relationship
obtained from measurements of ohmic flow in crystals, as will be
seen in section 3,2.4, o

We have now covered those models for pure unipolar sclec which
are pertinent to the present investigation, except for trapping which
will be dealt with - due to its complexity - in the context of the
experimental V-I characteristics. It is unfortunate that a unified
theory for uniﬁolar sclc is impossible, but on the other hand, it is
fortunate that a simple measurement of the dc¢ characteristics of a
crystal, provided with at least an ohmic contact, can yield so much
information about its nature, The large number of models mentioned
in this section to describe various aspects of the general phenomenan
of sclc demonstrate the complexity of the general situation,

1.3 Temperature Dependence, Pure unipolar sclc depends upon lattice

temperature through the variation of the material dependent parameters,

i.e., the dielectric constant and the drift velocity of the carriers,
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The dielectric constant is impervious to temperature variations in -
(1.7~

“high purity méterials._ 8)Consequem’cly, any change with temper-
ature of pure unipolar sclc reflécts the dependence of the field
velocity relationship. 1If this relationship is such that a constant
drift velocity is achieved beyond a critical field Eb’ the dc
characteristics of structures which exhibit the behavior prescribed
by equation (1,24), will yield directly the temperature dependence
of vg. Breakdown phenomena are the only major experimental limita-
tions of this technique, The low field mobility can also be easily
obtained from any sclc structure which exhibits a V2 dependence for
J over the prescribed température range,

The present investigation establishes that, for silicon
oriented along the [111] direction, a limiting drift velocity for
electrons exists in the temperature range 4.2 £ T < 300°K, On the
other hand, Gunn et a1, (1®) have established that below 77°K
germanium oriented along the [100] direction exhibits a negative
differential mobility for electrons at field strengths above 1 or
2 kilovolts/cm, In this instance, the dc characteristic of pure
unipolar sclc should exhibit instabilities as observed in the Gunn
effect, The remaining alternative is for the drift velocity to
increase monotonically with-increasing field strength, in which case

the dc characteristics always exhibit a voltage dependence larger

than V. It follows that pure unipolar sclc provides quantitative
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information on the temperature dependence of the drift velocity

at high field strengths only when velocity saturation is present.
Nevertheless it also provides a simple method with which to

establish the general behavior of the field velocity-relationship as a

function of temperature,
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CHAPTER II

STRUCTURE FABRICATION, EVALUATION AND METHOD OF MEASUREMENT

Two series of structures were used in this work, called here D=
and R-structures, The procedure utilized to fabricate D-structures

(2.1) 1nformation on the manufacturing

has heen described elsewhere,
process of R-structures follows, preceded by brief considerations on
some general requirements these structures must meet,

The major nroblem to solve when unipolar sclc is to flow through
‘a solid is that of finding a suitable injecting or ohmic¢ contact,
This contact, by definition, has a large reservoir of carriers which
cah be readily injected into the base under forward bias. The problem
is aggravated if the contact is required to retain this property
throughout the temperature range 4,2°= T =300°K, A nondegenerate
diffused or alloyed contact is unsuitable because at low temperatures
it becomes an extension of the insulating bulk and presents an energy
barrier to the electrons at the metal contact, Degenerate material,
on the other hand, behaves like a metal at low temperatures and |
presents a very small barrier to the electrons entering the baée.
This type of contact has been attained by diffusing phosphorus or
boron, for an n* or a p* contéct, respectively, into the bulk from a

constant concentration at the surface well in excess of the solid

solubility limit for siliconm,
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P-type silicon of 20002 - cm resistivity before diffusion and
oriented along the [111] crystalographic direction has been
employed to manufacture R-structures. Up to the diffusion step,
the techniaue used is essentially the same that applies for the D-
structures. A wafer is first cut from an ingot with a diamond saw,
then lapped with silicon carbide.AOO, 800, 1600 and 3200 mesh to
the ‘desired thickness and finally polished with two diamond compounds
0.5, 0.2 microns, The wafer is etched immediately after it has been
thoroughly cleaned to remove all residues of the lapping and polish-
ing compounds and to eliminate the mechanically damaged layer, The
surfaces must be essentially free of damage since the junctions are
shallow and irregularities on the surface would be rcflected in the
junction profile, After this etching, the wafer is again cleaned
thoroughly right before it is ﬁlacéd for two hours in a furnace
with an oxygen atmosphere at 920°C, The thickness of the oxide grown
is approximately 0,5 microns. One of the sgrfaces (top) is now masked
with circular dots eight mils in diameter and twenty mils apart.
The oxide is removed everywhere from the opposite side (bottom).
The wafer is now ready for diffusion. This step is carried out at
10709C, The carrier gas, Ny or Oy, is‘allowed to flow through
POClz and the furnace where it is reduced at the surface of the
wafer which is placed on its edge to expose both sides, The
wafer is kept on'the furnace for no longer than fifteen or twenty

minutes. The resulting surface concentration of phosphorus exceeds
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1020 en~® as determined by sheet resistivity (V/I approximately

0.75) and junction depth measurements,
' To mask one side of the wafef only simplifies the proéedure
greatly, If both sides were masked, the circular openings in the
oxide would have to be carefully aligned, Also, before testing the
structures would have to be scribed and broken into individual
devices, The thin oxide grown on the surface during'diffusion has
to be removed before measurements can be performed on the structures.
In the meantime, it serves as a protection against contamination
from the environment during storage and transport which, otherwise,
might change the characteristics of the device, The procedure
outlined above applies equally well for p'o p* structures, The
carriexr gas in the diffusion step is allowed to flow through BBry
instead of POCl;, in order to dope the crystal p* at the surface,
The furnace is preheated to 1150°C and the diffusion time is, again,
of the order of 15 minutes, |
The structures are not cahned because: (1) it is complicated,

(2) it is not essential, electricylly and (3) it would spoil the
thermal properties of the structures, as will be demonstrated in
chapter 3, A pressure contact is used!for testing. Since the surfaces
are highly degenerate, no appreciable error is expected from the
contact resistance, It is also advisablg not to bond leads to such
shallow doped léyers because they could cause irregularitiés in and

damage to the diffusion profile.
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The thickness and area of the structures have been determined with
a calibrated microscope, The junction depth, in the case of D-
structures has been measured by aﬁ angle lap and staining technique,
Typical values vary from 2 to 3 microns, An accurate determination
of the junction depth of the R-structures has not been carried out.
However, from the diffusion time and the resistivity of the material,
it is not expected to exceed that of the D-structures. Since the
current flow in the R-structures is not unidirectional, it is only
possible to prescribe the area of the masked circular dots in the
top side which have a diameter equal to 200 micronms.

The electrical characteristics are measured with -a saw-tooth
Voltage of variable duty cycle and rise time, A visual display of the
V-1 characteristics is preferred as long as the power dissipated in
the structures is not excessive, The alternative approach is to apply
a square wave voltage and obtain the characteristics point by point
However, in this particular instance, that i; not practical since,
as will be described in the subéequent paragraph, the temperature of
the sample cannot be kept constant’for a reasonable length of time
except at the extremes of the temperature range covered. A block
diagram of the electrical apparatus used is given in figure (2.1)}.

The circuit diagram of the saw-tooth amplifier is given in figure (2.2).
The capacitance of the sample holder and its leads to the cryostat

limits the acceptable minimum pulse width to approximately 2 microseconds.
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Single shot measurements were used, primarily, to check against
excessive heating caused by the duty cycle, DC measurements were
carried out with a Keithley 610 B electrometer up to 1075 amms, From
this current level up to 5.1073 amps, a Hewlett-Packard Harrison
6207B DC power supply was used as a constant current source and the
voltage and current were measured with two Dynamics D,C, Micro Volt-
Ammeter Model 4072,

Measurements were performed over the range of environmental
temneraturés 4,2 < T =300° in a double-dewar cryostat., The
structures were mounted in a light tight, vacuum tight jand electro-
statically shielded sample holdef which consists of: (1) a top made
of brass where the vacuum valve is mounted and through which the
electrical connections are taken out; (2) a high-purity-copper block
where the structure, the thermometer, and the thermocouple are mounted;
{(3) a copper cap which encloses (2); and (4) a stainless steel tubing
which joins (1) and (2). An indium O-ring is used to vacuum seal the cap
to the copper block. The sample\enclosure is thermally isolated from
the <¢op ( at room temperature) by (4) which has a very small thermal
conductivity at any temperature, Also, the electrical connections are
taken out of this enclosure through sapphire bead$ - sapphire has a
relatively large thermal condﬁctivity at all temperatures - in order ta
short thermally the leads coming out of the enclosure to the_coppér

block, In general, the sample holder was designed to reduce heat leaks
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to a minimum and the choice of materials used is such as to meet

this requirement, The leads were fed from the enclosure to the top

in tension provided by four springs on the top mount, and separated
from each other and the stainless tubing by pierced plastic disks
placed along the way to the top, Figure (2.3) illustrates a top

view of the copper block and a cross-sectional view of the entire
sample holder. The temperature was measured with a germanium
thermometer manufactured by Solitroﬁ, good in the range from 1,50

to 1009K, Above this range and up to 300°K, a chromel-alumel
thermocouple was employed, Data were taken at the lowest tempera-
tures by filling the cryostat with liquid He and N». ter evaporation
of the liquids, the temperature of the sample increases by the natural
heat leakage of the system, in about three hours from 4,2° to 77°K,
and roughly the same time from 779 to 300°K., An active control of

the temperature was not attempted,
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CHAPTER 111

EXPERIMENTAL RESULTS

This chapter encompasses all the experimental results obtained
from the three types of structures used in analyzing the flow of
unipolar sclc in silicon, except for the temperature dependence of
the limiting drift velocity which is presented in the next chapter,
The emphasis is placed in understanding the underlying physical
phenomena which determine the structure of the V-I characteristics,
Little effort is made to provide quantitative treatments.

The V-1 characteristics are covered through the entire range
of applied voltages. The analysis is divided into two regimes,
below and above threshold, and the influence of trapping and the
field-velocity relationship zre considered extensively, The
threshold volt#ge is treated independently because of its remarkable
content of information about the electronic properties of the |
material, Finally, the influence of the geometrical configuration
and the thermal properties of the structures are reported and
analyzed, |

3.1 The threshold voltage, All VaI chéracteristics exhibit a

threshold voltage at which the current density increases abruptly,
Its value is in general dependent on the concentration of empty
traps and ionized impurities in. the crystal at a given temperature.

(see section 1,1). Destructures have been manufactured from p-type
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crystals whose resistivities are 200 and 2000 Q-cm, before diffusion and
300 and 8000 Q-cm,, respectively, after diffusion, The thresholds
observed for these sfructures are in accordance with what is

expected theoretically for punch-through, as the analysis carried out
with samples varying in thickness from 30 to 60 microns reveals, This,
plus a few other tests performed ~ which are elaborated upon in relation
with the R-structures - precludes the possibility of a large concen-
tration of trapping centers for the injected charge carriers above

77°€. In this case, the threshold voltage is thus due to the doping

of the crystal and is therefore. punch;through.

R-structures have been manufactured from a p-type crystal whose
resistivity is 2000 Q-cm. before diffusion (the resistivity after
diffusion has not been determined), In the same temperature range,
770 = T = 3009K, these structures exhibit a clear threshold only in
the vicinity of 77°K. There, its value is larger than what is expected
for punch-through., The discrepancy can be explained by assuming a
significant concentration of trapping centers in the bulk. Further
evidence pointing towards their existence comes from the influence of
illumination on the V-I characteristics. |

Figure (3.1) depicts three characteristics measured in the same
sample; (1) exposed to intense illumination, (2) exposed to room
iilumination, and (3) in the dark, It is observed that light reduces

the threshold voltage, When trapped carriers are present, illumination
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will depopulate the traps and reduce the threshold voltage, as is
observed, The effect is practically absent in D-structures, as
figure (3,2) indicates, “If the gamples are illuminated through a
silicon filter -~ to cut off wavelengths capable of causing band to
band excitation - the effect is essentially the same for R-structures,'
while Destructures remain unaffected, Additional evidence is obtained
when a double pulse, i,e., two voltage ramps whose separation in
time is much smaller than their respective rise times, is applied to
an R-structure, It is observed that the threshold voltage of the
second pulse is larger than that of the initial pulse, similar to the
result illustrated in figure (3.1 ). This cannot be accounted for by
the temperature dependence of punch-through (see section 3,1.1),
since heating of the sample would cause a change in the opposite
direction., Also, as the repetition rate or the rise time of the
pulses is increased, the effect diminishes and eventually disappears,
as expected if traps are the cause of the effect, |

Hence, enough evidence has been gathered to state conclusively
that over the temperature range 779 < T == 3009K; the threshold of
D-structures is determined by punch-through and that of R-structures
by trapping. Below 779K, all structurés exhibit giant trapping and
. the threshold voltage is determined by the density of ionized donors

and neutral acceptors,
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3.1,1 Punch-throuch as a func¢tion of temperature, Different teche

niques are available for determining the value of punch-through., For
instance: (1) capacitance-voltagé measurements, (2) application of

a sawtooth~voltage to either of the two junctions with the base
grounded (only applicable when the base is provided with a contact of
its own), (3) the V-I characteristics, In this work punch-through
has been determined by feeding a constant current through the struce-
ture, whose value is in the regime of the V-I characteristics where
the current density increases sbarply, and measuring the resulting
voltage as a function of temperature. As long as punch-through is
well defined, this technique provides a good determination of its
ﬁalue.

Figure (3.3) illustrates the temperature dependence of punch-
through for a D-2000 structure approximately 70 microns thick. A
considerable error in its absolute value can be expected due to the
measuring technique employed. However, its temperature dependence.
T 1/2, should be quite accurate except at both extremes in temper-
ature, DBelow 509K, the threshold voltage increases rapidly, not duc
to punch-through but to giant trapping as will be demonstrated in
the subsequent section, At high tempefatures punch-through is not
well defined.()onsequently,'at the high operating points the temper-
ature dependence of the mobility becomes noticeable and at low

operating points the temperature dependence of leakage and saturation
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current dominate., The best determination of punch-through can be
obtained by comparing the applicable theoretical model of unipolar
scle to the experimental VI chafacteristics.

Punch-through has been found in section 1,2 as a function of
the density of impurities by assuming that: (1) the junctions are
abrupt and (2) the thermal equilibrium concentration of majority
charge carriers extends up to the metallurgical junctions, In this
section, we shall derive an expression for punch~through which, to
a first approximation, takes into account the physical nature of
the junctions, Figure (3.4) illustrates a floating basc transistor
at thermal equilibrium,. The internal built«in voltage of the

junctions is found by setting the algebraic sum of the drift and
(3.1)

diffusion terms equal to zero , and it is given by

V; = Vg Inny/ (3.1)

np,

where V, = kT/e, and n, and n_are the densities of electrons at

P
either side of the junction, Assuming complete depletion, the

width of the transition region is given by

172 .
W= V2 Ly (V5/Vy) R (3.2)
where
VesokT |
LD = [} (3‘3)

ezNA
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Ly is the extrinsic Debye length., If Wy and LD are taken into account,

‘the effective width of the base region is

W =We2W -2 LD

eff

According to this model, then, the voltage required to remove the

remaining mobile holes from the base is given by

e NI 2
Vpr *+ Vi == W - Wy - 21 ]
o]
e NIwz ‘2
o~ - B T - - I
Vo T3 - [(1 - We/W = 2 Lp/W) = (0 /M° ]
=V L1 - 20 /W -4 Ly/Nr ] , (3.4)

where Vo is the zero-order approximation for punch-through when the
nature of the contacts is disregarded, Vo will, thus, hold in the

2(Wt + 2 LD)
limits of high impurity density and W >> Lp. The Tatio = ————

W
essentially determines how much of an eiror is involved if th is
used to calculate either the resistivity mpthe thickness of the
crystal,

The implicit assumption has been made that the forward biased

junction is unaffected by the applied potential and, hence, that all



52

the voltage appears in the reverse biased junction, This is indeed

the case since at V the built-in voltage at the emitter junction

pt?
is approximately given by(3°2)
’ -
Vi = Vi ~kT In{ 2 [1 +exp (-~ ¢ th/kT)]} 1 (3.5)
oT
\j ) )
vV, = vi - kT In 2 | (3.6)
‘for V_. >> kT/e .

pt

Expression (3.4) exhibits a temperéture dependencé directly related
to the Debye length, If(Wt is expressed in terms of the crystal
parameters, one obtains
2ee kT NpN .
A
2 —(In —= + EgAT) 12, (3.7)

2 \
NA e Nch

W= [

where Eg is the band gap energy, N, and N, the effective number of
states in the conduction and valence bands, respectivély, and Np
the density of electrons in the contacts, The first term within
the parenthesis is relatively small and proportionmal to In T, If
the conditions are such that Wt is virfually independent of temper-
ature, expression (3.4) plotied as a function of T yields a

‘ NAWZR 1/2

straight line whose slope is given by [=—e—= ]

(higher order terms
g€, :



have been neglected)., This relation is only good in the extrinsic
z:angé of the material, but it can be extrapolated to. intercept both
J

coordinates which yields at 09K, th = Vg [1 - E%—J and at th =0,
W=2(W, + 2Ly, From these intercepts and the slope, it is
possible to find the thickness and resistivity of the crystal. The
model visualized to derive (3.4) seems to be in accordance with our
experimental findings for the temperature dependence of punch-through,
as will be demonstrated hereafter,

The resistivity of the sample, unfortunately, is not known
accurately which makes a comparison of the experimental result with
theory more difficult, It is known, however, to lie between 2000

12 and

and 8000 Q-cm, corresponding to impurity densities of 7.10
2.1012 cm‘s. An average value of (4.5)~1O12 will be used, The Debye
length for this concentration is (1.9)~10'4 cm at 300°K. The width

of the transition region is about 17-10~4 cm, Thus, from (3.4)

Ve =18 [5.2x107 w62 x 108 T2 ) (3.9

A comparison of this relation with experiment yields moderate agree-
ment in the slope of figure (3.4). Howéver, if Ly is replaced by «
Ly, one obtains instead of (3.4))

: 2
th = v0 [1- = Wy +2alp)] (3.9)
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which provides an excellent fit to the experimental results for an o
of about 1,5, This is indeed quite reasonable, The empirical factor
a accounts, essentially, for the subtleties of junction theory left
out in the model. It has been assumed that the junctions are abrupt,
but the diffusion profile is an error function - diffusion was
carried out from a constant concentration at the surface - dropping
from a maximum concentration in the contacts (equal to the solid
solubility limit for phosphorus in silicon) to the thermal concentra-
tion of holes in the crystal in about 3,104 cm, Also, at a distance
Lp from thermal equilibrium in the base region, the concentration of
mobile holes has only decreased by'a faéfor e-l and, consequently,
it is logical to expect a non-negligible contribution passed this
deviation.

To conclude, if punch-through is used to determine either, the
density of impurities or the thickness of the crystal, its extrapolated
value at 0°K must be employed, The effeét of W, and Ly must be taken

into consideration.,



3,1,2 Trapping at low temmeratures, It has been established experi-
(3.3-5)

~mentally and subsequently formulated theoretically (3.6-3)

that large capture cross-sections exist in compensated materials for
temperatures in the vicinity of liquid helium, Mobile charge
carriers are captured in one of the excited states of an ionized
'impurity atom by emitting either a phonon or a photon,. Eventually,
the trapped carrier cascades down to the ground level of the ionized
impurity atom by subsequent emission of phonons or photons, or it is
thermally reexcited into the conduction band, The carrier is con-
sidered to be trapned when it reaches an orbit more than KT below
the conduction band, Lowering the temperature permits states of
increasing radius to contribute to the capturing, thus, the strong
temperature dependence.of the capture cross-section (3.6) . Experi-
mental results for n-type phosphorus and boron doped silicom have
been obtained by Levitt and Honig(s‘g) for the capture cross-section
and the trapping time of conduction electrons as a function of
.temperature. Their results are illustrated in figures (3.5) and
(3.6). The theoretical analysis nresently available explains only
partially the expérimental results for ''giant trapping” at low
temperatures, The experimental cépturé cross-sections differ in
some instances by as much a§ an order of magnitude from what is
expected theore;ically, and the effect of different degrees of

compensation has not vet been accounted for satisfactorily. Those
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authors explain tﬁe magnitude and the temperature dependence of the
caﬁture cross-section in terms of the available theories, namely,
those by Lax(3+6) and Rodriguez and Ascarel1i(3.7)  The T~ 1/2
power law dependence is attributed to the fact that, at very low

- temperatures, the capture rate constant a is independent of
temperature and since the capture cross-section is given by

O¢ = a/{Ven>» it will reflect the temperature dependence of the
average thermal velocity,

Owing to the nature of this work, trapping at low temperatures
would manifest itself through the variation with temperature of the
threshold voltage., This parameter has been obtained over the
temperature range 4,20 <T =£ 770K, 1Its dependence with temperature
is given in figure (3.7) for three different types of structures,
namely, D-200, D-2000 and R-2000, Lowering the temperature from
approximately S0°K, the threshold voltage first increases sharply
and eventually levels off for temperatures of the order of 129X,
The percentage change from 50° to 4,29K is about the same for the
R- and D-2000 structures and different for the D-200 structure,
Measurement above 779K have been carried out for D-2000 structures
which exhibit a threshold voltage whoge only contribution is due to
punch-through. The results in that range of temperatures were given
and analyzed in the preceding section,

Illuminatibn of the structures at 4.29K causes the observed

increase in threshold voltage from its value at 779K to disappear
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if the measurements are taken with a ramp pulse whose rise time ig
of the order of microseconds, No change is observed, however, if
dc measurements are taken, The effect of increasing the répetition
rate or the time width of the ramp is to gradually make the behavior
conform with that observed at dc, Also, the return pulse of the
ramp traces essentially the V-I characteristic with no illumination
present, Typical V-I characteristics for D-200 and R-2000 structures
measured with pulses and dc at 4,29, with and without illumination,
are shown in figures (3.8) and (3.9).

These phcnomena arc indicative of trapping which is known to
be closely related to the properties of the material, For this work,
p-type compensated silicon has been used, The energy band scheme
is illustrated in figure (3.10). N, and Nd are‘the total concentra-
tions of acceptors (boron) and denors (phosphorus). Ny = Ny repre-
sents the total number of holes available for conduction in the
extrinsic range of the material, At low temperatures, the deﬁsity
of holes in the valence band i$ given by the expression(3°lo)

*
2am” T N, - N s

3/2
p = ( h2 )</ (

) expl-Ba/kT) (3.10)

i

2 Ny

where E, is the acceptor activation energy. In the limit, as T
épproaches 09K, the neutral acceptor concentration becomes equal-

tO Na - Ndo
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The D~ and R-2000 structures have been manufactured from the same
ingot, The resistivity of the 2000 Q-cm wafers changed during
diffusion. Punch-through and capacitance measurements carried out
after diffusion for the D-structures, in a sample not diffused but
placed on the furnace for the same length of time, indicated the
resistivity of the bulk to be of the order of 8000 Q-c¢m, The
R-2000 structures were oxidized for two hours at 920°C, and
diffused for 15 or 20 minutes at 10509C, as opposed to thirty min-
utes total time for the D-structures at 1150°C and, consequently,
the resistivity is expected to be somewhat higher, No attempt was
made to determine the actual resistivity of the Restructures except
for punch-through measurements, However, these are not to be
trusted since the behavior is mostly dominated by traps also intro=-
duced during the oxidation step, The increase in resistivity is
believed to be caused by outgassing of the acceptor impurities, and
the appearance of traps by contaminants present on the furnace,

The phenomena observed experimentally at very low temperatures
can be explained satisfactorily by invoking trapping of injected
electrons at the lonized donor and neutral acceptor atoms. Consider
a structure which exhibits punch-through at high temperatures and
giant trapping at low temperatures. The expected temwerature
dependence of threshold is illustrated in Zfigure (3.11), The

dependence at high temperatures has already been analyzed far the
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case of punch-through in the nreceding section. This analysis vyields
the concentration of uncommensated accentors N, o= Ny, Lowering the
tenperature below T, the threshold increases and eventually levels
off at about T; . The difference between the value of threshold
below T; and the extrapolated value of punch-through at 09K is
attributed to traoping in the donor level, Between Té and Ti’ the
threshold voltage essentially reflects the variation with temperature
of the capture crossesection (see figure 3,9),and conseguently of

the trapping time. According to Brown{3.11) the temperature TC, at
which the capture cross-section deviates from the -1/2 power law
and attains a very strong dependence with temmerature (anproximately
T'3],shou1d occur somewhere hetween 7°K and 17YK for lowly doped
materials, This is in agreement with the tcmperature T; at which the
threshold voltage starts deviating aporeciably from its saturation
value at 4.2°K, Thus, as the temperature is increased above Tes

the donor level gradually ceases to behave like a trapning level
since its trapping time is becoﬁing longer and the release time is
diminishing, Eventually, the injected electrons cannot be considered
to be captured in any of the excited states of the Coulomb potential
since the sticking prohability - the prébability for an electron not
to be reexcited into the conduction band - is negligibly small, The
temperature at which this occurs is about 409K (see figure (3.10)).

This is also the temperature at which the uncormpensated donor atoms
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become zlmost totally ionized, Whether this correlation is of
deeper significance is unclear,

Theoretically, one should expect the contribution from punch-
through to decrease and eventually disavpear since the concentration
of mohile holes in the valence band diminishes exponentially with
temperature, However, as the holes freeze in, the neutral centers
are believed to behave as deep traps for injected electrons with a
fairly small trapping time. and loﬁg release time, This conclusion
has been reached from the effect of illumination on the samples,

Lax theoreticallyis' 6) (3.12)

and Honig experimentally , have found
trapping cross-section for neutral centers about two orders of
magnitude smaller than those of ionized donor centers with a shallow
temperature dependence. They concluded that, at low temperature,
these two types of centers dominate the capture process, in agree-
ment with our findings, Our experimental evidence is, nevertheless,
not sufficient to stipulate this with certitude, An independent
“measurement of the compensation at low temperatures would clarify
the situation. This could be accomplished by performing Hall effect;
measurements below 509K, From expression (3,10), a plot of in(pT=3/2)
versus 1/T results in a straight line of slope -L,/k which yields
the activation energy for the acceptors. The intercept of the

extrapolated linear range at 1/T = 0 gives the quantity (Na - Nd)/Nd .

Since N; ~ Ny 1is known from punch-through measurements in the high
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temperature range, the compensation Ny can be readily obtained.
However, this procedure is complicated by the fact that the compen-
sation of the material varies dﬁring the manufacturing steps and,
consequently, the measurements have to be obtained in a sample
which has been exposed to the same procedure except for the actual
doping of the contacts,

The effect of illumination can be readily explained in terms of
the previous model, D C measurements with and without light yield
the same threshold because the trapping time is much smaller than the
release time and consequently, on the average, the donor trapping
level is filled with injected electrons, On the other hand, pulse
reasurements with and without illumination result in different V-I
characteristics, If Levitt and Honig results for the trapping time
(see figure (3,11))} are extrapolated to a concentration of about 1012
cm‘s, which is what is expected in this particular case, the trapping
time is of the order of microseconds., This extrapolation is perhaps
questionable but it indicates the order of magnitude to be expected,
When a ramp with a few microseconds rise time is initially applied to
the structure in the dark, the donor level is not totally filled with
injected electrons, since the duration of the pulse is of the order
of the trapping time, If the repetition rate is increased sufficiently,
electrons will accumulate in the donor level for each ramp and,

eventually, the V-I characteristic exhibits the same threshold
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voltage as for dc¢ measurements, This is indeed observed,

When the structures are illuminated, however, the release time

is decreased and, in between ramps, the trapped electrons are
reexcited, The structures will, thus, exhibit a threshold voltage
approximately equal to that observed at 779K in accordance with the
results obtained,

The D-2000 and D-200 structures exhibit essentially the behavior
prescribed above, At 779K, illumination has little effect because
the threshold voltage is mostly caused by punch-through. Pulse
and dc measurements yield identical V-I characteristics in the range
of interest, At 4,2°%K, illumination removes most of the contribution
to V., due to trapping in the donor level when the samples are pulsed
with a ramp whose duration is a few microseconds, DC measurements
are identical with or without illumination, The R-2000 structures,

- however, have a threshold voltage at 779K which is partly due,to
punch-through and partly due to trapping. Since the R~ and D-2000
structures were manufactured from the same ingot, the discrepancy

in behavior must be a direct comsequence of contaminaticn, A
trapping level due to contaminants present on the furnace - most
probably nickel or gold - was probablyiintroduced during the oxida-
tion step for the R-2000 structures, Hence, pulse measurements with
the sample illuminated at 77°K also cause the threshold voltage to

decrease, Illumination at 4.29K removes most of the contributions
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to Vi due to trapping in the donor level and in the impurity level
intreduced during processing, The remaining Vip 1s mostly due to
trapping in the neutral acceptor atoms,

In conclusion, the existence of giant trapping at low temperatures
has been established, A more exhaustive analysis of pure unipolar
sclc, in the temperature range below 779K, will yield information
about the magnitude and temperature dependence of the capture cross-
section, Gregory and Jordan(3-13)'ana1yzed the transient response
of pure unipolar sclc under the influence of giant trapping, and
obtained the capture cross-section of holes in the ionized acceptor
atoms. The value gotten with this technique applied to hot carriers,
since the energy gained by the carriers from the electric field is
much greater than their thermal energy. A more extensive analysis of
the threshold voltage can clarify the trapping mechanisms present at
low temperatures. However, enough information has been gathered
to ascertain that its temperature dependence yields directly the
concentration of donors and acceptors in the material, The density of
acceptors is given by the value of Vth at 4.29 and, the density
of donors, by the extrapolated value of punch-through at 09K, This
technique eliminates the necessity of conducting Hall measurements
in a sample carried through the same manufacturing steps as the

structures,
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3.2 The V-I characteristics, This section emphasizes the dependence

of pure unipolar sclc upon the field-velocity relationship. The
analysis provides an exhaustive treatment of pure unipolar sclc
from low to values of electric field strengths as high as 10° v/cm
over the temmerature range 4,29 =T =300°%, An n™ p n* structure -
or its counter part »* n p* - is ideally suited to study segments of
the field-velocity relationship, The width and doping of the p-region
can be tailored to cover either the range of thermal or hot charge
carriers. In some instances, the entire fieldevelocity relationship
can be studied with just one structure, provided heating and breakdown
vphenomena are zbsent., The two possibilities have heen considered in
this work. A determination of the field-velocity relationship is
made from pure unipolar scle over the above mentioned temperature
range, The experimental results obtained from this analysis about
the drift velocity at high field styengths are discussed in more
detail in the subsequent chapter,

Trapping phenomena below 50°K have already been investigated
through their effect on the threshold voltage. In this section,
the trapping phenomena observed in the R-2000 structures above 300K
will be analyzed, The discussion will be limited to presenting the
V-I characteristics in the context of unipolar sclc. Alse, the
usefulness of the subject to gather information about the electronics

properties of solids is demonstrated,
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3.2.1 The effect of punch-through and trapping in limiting the

current density, Below threshold, the current density is either

suppressed by the reverse biased junction {punch-through), by
trapping, or a combination of both, This regime of the V-I charac-
teristics has been covered superficially, and the analysis is by

" no means exhaustive, However, a few of the observations made are
presented,

In the case of punch~-through, the behavior for applied voltages
below threshold is that of a floating base transistor, At very low
applied voltages, only saturation and leakage current - caused by
generation and recombination centers, diffusion, surfaces and
junction irregularities - flows through the structure (Jppr)s
This is essentially the current density expected to flow in a
reverse biased junction, An increase in applied potential causes
the depletion region to extend closer to the forward biased jpnction.
The effective width of the base region is reduced and, consequently,
the amplification factor of the transistor B increases. For values
of applied potential very clase to but lower than punch-through, the
current density is enhanced by a large;B since the effective width
of the base region is very small, ThuS, the V-I characteristics
exhibit a transition region where the current density increases
rapidly with applied voltage even though punch-through has not yet been

reached, Figure (3.12) illustrates the experimental results obtained



I(A)

) 10! 102 {o}
102 ——T—TT 7T I RARE —TTTPrrgio7!
~  D-2000 | - ;

- T=77 %K .

~ o PULSES (50,5)} ]

B a2 DC ILLUMINATED/ k
10‘3 / ] 10-2

- / .

L ; _
104 = 41073
07° & -

- . ]

-7 A/Cﬁ’ L Ll Ll il
(o) J :
107! 1o° 10! 102

V (voLT)

Mgure 3.12



74

from a D-2000 structure which exhibits punch-through under the
influence of illumination, When the structure is illuminated,
the gencration current is inecreased considerably and, consequently,
the structure of the current density in this ranpge can be more
easily perceived, The behavior conforms with the previous descrip-
tion, |

Trapping phenomena above 779K have only been observed in the
R-20CC¢ structures, To explain the V-I characteristics of these
structures, the energy band model of figure (3.13) is vroposed, It
is characterized by the presence of both hole and electron trapping
levels, However, reference is made to one of these tranping levels
only in the forthcoming analytical treatment, The relevance of the
model will become apparent when the type of contaminant responsible
for the observed behavior is determined, For siﬁplicity the analysis
is divided into the two regimes according to the location of the
quasi fermi energy level with respect to Ey. The two regimes
correspond to the two regions where the Fermi-Dirac distribution
can be approximated by simple exponentials,

when (Ey - Ep}/kT >> 1, the Fermi-Dirac distribution can be

approximated by

f=1/gexp ~ (E, - Zp/kT , (3.11)
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where g is the degeneracy factor of the traps,
At the onsent of injection, a number of the injected carriers
determined by f are trapped, This leads to a current suppression

a(3.14)

factor » glven by

g = Nc/gNtexp - (B = Et)/kT , (3.12)

where N is the density of trapping states located at E; in energy,
In the limit of g << 1, the current density is given by the

expression
= f 2 s
J=9/8ceyu & VO/N . (3.13)

then the quasi fermi energy level (determined by the number of
injected carriers) crosses Ly, the density of free carriers increasces
rapidly and the current density approaches the limit of pure unipolar
sclc, The voltage required to fill all the traps, Vqgy , is
given by |

Ny e w2

VipL = . (3.14)

2
€€

For the particular case of an n" n n'structure, the dc character-
istic is given as a normalized log-log plot in figure (3.14).
The cross-over voltage from the ohmic to the square range is now

given by
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. n.e Wl 1
= = . — b
Va n/6 = 8/9 — 3 (3.15)
o
When {(Eg = E /KT >> 1,
l1-£f=1/gexp (E, - Ep) /KT . (3.16)
Thus, at thermal equilibrium, the number of empty traps
15(3.15)
Po = N¢/gexp (By - Ep)/KT . _ (3.17)

At the onset of injection, practically all the injected carriers
go into filling up p, ond their contribution to the current density

is negligible, When the applied voltage reaches the value

c] o ‘;\-'2

Vo2 3,18
TFL ) ee, ' ( )

all the traps have been filled and the contribution of the injected
carriers to the current density increases rapidly to the limit of
pure unipolar scle, Once again, for the particular instance of an
n* n n* structure, the dc characteristic is given as a normalized
log-1log plot for two values of VrpL in figure (3.15).

The V-1 characteristics of an R-2000 structure, taken at 300°
and 779K, are given in figures (3,16) and (3.17), These structures

should exhibit a threshold dominated by punch-through. However, it
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is our contention tﬁat during the oxidation and diffusion steps,

‘the p-region inverted to an n-region and, consequently, the structures
are actually of the type n" n n+;‘hence, the ohmic behavior at low
applied voltages. At 3009K, the behavior is ohmic for three

decades of applied voltage and no range is found where the current
density has a square dependence for low applied voltages. This rules
out the possibility of a shallow trap ((E¢ - Ep) /KT >> 1) and, thus,
the experimental characteristics are compared with that obtained

for a deep trapping level ((Ep - E.)/kT > 1), This comparison yieids
an effective value of approximately 1 volt for threshold, which is

of the same order of magnitude as the cross-over voltage Vo. The
thermal concentration of electrons in the conduction band has been
determined from Vg and the magnitude of the current density in the ohmic
range, The two values agree within 20%,land their average is about
90,1011 ¢m=3, This is scarcely two oxders éf magnitude above the

intrinsic concentration of silicon at 300°K, From the relation
ng = No exp - (B, -~ ER)/kT (3.19)

Ithe quasi fermi energy level is found to be located about 0.45 ev be-
low the conduction band, At 779K, theiV-I characteristics exhibit a
definite threshold of approximately 15 volts, The current density
below threshold has only been measured for a decade of voltage and

it is orders of magnitude smaller than at 3009K., The increase in
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threshold from its value at 300°K. is unpredictable from the simple
trapping models developed previously. The superficial coverage of
.the range below threshold and the lack of information for temper-
atures in between 300° and 77°K make the analysis difficult, It
is feasible, nevertheless, to explain the temperature dependence
of Vrpp in terms of a temperature dependent capture cross-section,
as was done in relation with giant trapping. It is also plausible
that since the material is almost intrinsic, the Debye length is
long and the density of electrons in the conduction band is deter-
mined by the contacts., At 300°K.this density is enough to fill up
most of the traps, but at 779K the average density of electrons
decreases which results in a higher Vppp.

The location in energy of the traps has been inferred indirectly.
The R-2000 and D-2000 structures have been manufactured from the
same ingot and,consequently, their behavior should be identical,
However, as has been demonstrated in this chapter,that is not the
case, . The difference in behavior can only be correlated to the
different diffusion steps and the added oxidation step for the
R-2000 structures in the manufacturing procedure employed. The-
wafers used to manufacture the R-2000 s%ructures were probably con-
taminated in the diffusion furnace. The most probable contaminant
is gold which is used for gettering transistors in order to improve

their V-I characteristics, Further evidence pointing toward gold
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. P + +*
as the contaminant comes from measurements taken with p p p

structures manufactured from the same ingot. These structures

also exhihit trapping phenomena for temperatures above 770K,
indicating that the contaminant is introducing at least two
trapping levels capable of capturing holes and electrons., Gold

is known(3'16) to introduce an acceptor and a donor level in
silicon, as illustrated in figure (3,13), which is in agreement
with what has been observed experimentally, Thus, even though

the evidence gathered is not sufficient to establish this with
certitude, it is feasible that gold is responsible for the trapping

phenomena observed in the R-2000 structures,
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3.2.2 The regime of pure unipolar scle, Above threshold, the

structure of the V-I characteristics is solely determined by the
field-velocity relationship. A theoretical analysis was developed
in chapter 1 for pure unipolar sclc which encompasses the effect of
a field dependent mobility, Models were proposed to consider
different segments of the field-velocity relationship. These models
cover only combinations of limiting cases, but there is enough over-
lap among them to account for most real cases, if a definite square
dependence on applied voltage is observed above threshold. If not,
a graphical analysis ean always he carried out., The following is

a comparison of the above mentioned analytical models with the
experimental V-I characteristics,

At 300°K, the R- and D-2000 structures exhibit V-I charactcf;
istics which reflect the entire field-velocity relationship (see
figures 3,16 and 3,18), At low field strengths, after the effect of
threshold has been overcome, a definite square voltage dependence for
the current density is observe&; At high field strengths, the
. current becores linear with applied voltage, The. experimental
characteristic is compared with that obtained analytically by approxi-
mating the field«veldcity relationship Qith the expression
v = vg tanh (E/E,) (see figure 1.6). The agreement is excellent for
both R-2000 and D-2000 structures, The effect of lowering the temper-

aturc from 300K is to decrease the range where the current density
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increases as the saquare of the applied voltage, and to increase
the linear range. This is caused by a decrease with decreasing
temerature of the critical field., Lowering the temperature causes
the electrons to gain energy from the electric field at a faster
rate since their interactions with the lattice decrease almost
exponentially with temperature, Consequently, the low field
mobility increases rapidly as a function of decreasing temperature,
and the field at which the electrons deviate appreciably from
thermal equilibrium with the lattice decreases, The fact that an
extension of the linear range is observed implies not only that a
limiting velocity exists, but also that it extends to lower fields
as the temperature is increased. The V-I characteristics for R-
and D=2000 structures at 77°K are shown in figures (3,17)and (3.19).
A graphical analysis at this temperature is a difficult task, since
the models available from chapter 1 assume that at threshold the
electric field is either low or high enough for the V-I characfer«
istics to clearly exhibit a squére or linear dependence on applied
voltage. Thus, the transition region from threshold to the linear
range cannot be fu%ly covered with one or a corbination of models,
The threshold voltage of the D-ZOd structures is of such a
magnitude at all temperatures as to create a built-in field in most
of fhe base region bigger'than the critical field, Consequently,in

these structures the current density never exhibits a square
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dependence on applied voltage., The effect of a field dependent
velocity is only noticeable in the range right after threshold at
high temperatures, At 3009K (see figure (3.20)), a sizable deviation
from a linear dependence is observed, due partly to a field

dependent velo;ity and partly to JFBT' Both tend to smocoth out the
abrupt jump in current density at threshold. As the temperature is
lowered, the critical field and JFBT decrease, hence, the deviation
from a linear dependence diminisheé, and at 77%°K it is almost un-
noticeable (see figure (3.21)).

Lowering the temperature below 77°K, causes the transition region
from threshold to the linear range of the V-1 characteristics to gradu-
allf,disappear in all structures, Finally, over the temperature
range 4.29<T=50°K, the characteristics are independent of temper;
ature, This behavior is a consequence of the variation with temper-
ature of the limiting velocity, the critical field, and threshpld..
The limiting velocity is independent of temperature below 50°K, and
the electrons deviate from therhal equilibrium at field strengths
well below the built-in field established by the presence of a
threshold, Also, the built;in field increases with decreasing temper-
ature due to the increase in threshold éaused by giant trapping.

Over that temperature range, then, the V-1 characteristics exhibit

a linear dependence at'any applied voltage above threshold, The
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experimental characteristics at 4,20K are shown in figures (3. 8),
(3.9 ) and (3.22) for the three types of structures, The agreement
with the analytical model for pure unipolar sclc with a limiting
velocity is remarkable. The current increases at threshold by five
orders of magnitude without an appreciable increase in applied
voltage,

To the author's knowledge, the only other measurement of pure
unipolar sclec in silicon with hot electrons at 4,2% was performed

by Brown and Jordan (3:17)

These authors employed structures of the
type n* n n*, At that temperature, however, the type of impurity in
the base region is irrelevant since the crystal becomes an ideal

insulator. According to their evaluation of the V-1 characteristics,

the mobility as a function of the electric field is given by

o= 2.1 x 109 B708 (en? vl secly . - (3.20)

This relation was obtained from a comparison of the experimental

V-I characteristics with an analytical model for pure unipolar sclc

which assumes a field dependent mobility of the type .
w =K E™® (3.21)

and which yields the following expression for the dc characteristic,

2-(1

3 . ee K v
3= ) (e . (3.22)
2 -0 2 -0 WG
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Expression (3,20) does not agree with our experimental observations
at 4,29K, Our analysis of their data reveals, however, that the
slope of the V-I characteristics is not 1,2 but 1,0, as our results
would indicate, Figure (3,23) illustrates their results, The dots
correspond to the experimental points and the smooth curve to the
theoretical model for pure unipolar scle with a limiting velocity.
The agreement is excellent, Moreover, if a straight line is drawn
through all the experimental points for currents above 107! amp,, as
was done in reference (3.17),the slope obtained is 1,25, It scems
that the authors failed to realize that when the V-I characteristic
is plotted in log-log paper, the true sloée is observed only for
voltages orders of magnitude: above threshold., Their thickness
denendence of the current density has also been replotted in

figure (3.24). A straighi line of slope 2,0 seems to fit the data
as well as one with slope 2.2, This re-evaluation of Brown and Jordamn
data indicates that indeed a limiting velocity is present at 4,29
in their case also., The magnitﬁde of the limiting velocity was
calculated from their data to be approximately 1.7 x 107 cm/sec.,
which is in very good agfeement with our result, Thus, this analysis
provides an independent check for our findings at this temperature,
Brown and Jordan did not have a visual display of the V-I character-
istics and a mistake in evaluating the data from a log-log plot is

quite plausible,
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In the range of pure uninolar sclc, the V-I characteristics should
be essentiélly independent cfillumination except when trapoing is
present below threshold, In this instance, illumination causes the
trapped electrons to be excited back into the conduction band in
between ramps, if the repetition rate is small as compared to the release
time, This tends to increase the range of pure unipolar sclc toward
lower operating points, This extension could otherwide he accomplished
only by taking single shot measurements and recycling. the sample from

T, - temperature at which the measurements are taken - to 3000K and

0
back to Ty in order to thermally re-excite the electrons into the
conduction band after each pulse, With light of the propervfreQuency
and fast enought pulses, the range of pure unipolar sclc can be
extended to very low voltages at low temperatures, Figures (3.,1) and
(3. 9) illustrate thé effect on an R-2000 structuré at 779 and 4,29K,

A noticeable increase in the range of pure unipolar sclc is observed

at both temperatures.
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3.2,3 The effect of geometry, The geometrical configuration of the R

and D-structures has been designed to conform with the assumption of
a planar geometry. Nevertheless, for the sake of simplifying the
manufacturing procedure, this has not been fully accomplished. The
D-structures apnroach very closely the ideal case and current flow

is symmetrical for both polarities if the resulting chip, after
dicing, has the same area for both sides, The R-structures, however,
are physically unsymmetrical, One side of the wafer is diffused
throughout the entire area (bottom) while the opposite‘side (top)

is masked to yield a large number of circular dots, When the bottom.
side is reverse biased, the depletion region will move uniformly
toward the top throughout the wafer until threshold is reached, If
the thickness is uniform, at least within one circular dot, the
whole area of the emitter will start conducting at the same applied
voltage. The current flow will be unidirectional since the equi-
potential lines run parallel with respect to the surface of the wafer,
except at the outer perimeter of the dots (see figure (3.25)). The
contribution from the surrounding dots is negligible. %hen the top
side is reverse biased, the depletion region will not 6n1y expand in
depth, but also in width, When it finaily reaches the bottonm
junction, current flow will not be unidirectional (see figure (3.26}).
As the applied potential is increased above the value at which ‘

appreciable current is observed, the conducting area will tend to
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increase further significantly, R-structures, thus, are
electrically non-symmetrical,

Rodriguez and Nicolet(3:18) solved the problem of pure uni-

polar sclc in three geometrical configurations - planar, cylindrical
and spherical - and concluded that the current density would have
the same voltage dependence regardless of geometry if the configu-
ration is independent of applied voltage, The V-I characteristics

are, in general, described by the relation

I=6, (% V2 (3.23)
for thermal carriers, and

I=8;, (X V _ (3.24)

for hot carriers, where (X) is determined by the geometrical

‘configuration, In particular, for a planar configuration,’

9/8 . 1/W3 « A (3.25)

O
i

2 .12 A, (3.26)

f

and GH

where A is the area of the contacts,
The D-2000 and D-200 structures have the same geometry and, as
expected, their behavior conforms with the analysis of pure unipolar

sclc for a planar configuration, The R-structures also conform with
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the analysis carricd out in chanter 1, but an effective geometrical
factor is found empirically different from that of a planar con-
figuration and different for both biasing modes. When the ton
junction is forward biased, the V-I characteristics can be analyzed
and made to conform with theory by employing (3.25) and (3,26) with
an effective area equal to 5.5 x 10-4 cn? which is bigger than the area
of the dot in the top side, Hence, the current flow is unidirectional
as anticipated from the discussion of the field distribution for this
polarity (see figure (3.25))., When the bottom junction is forward
biased, the V-I characteristics cannot be described with the geo-
metrical factor for a planar configuration with an effective area,
Again, this is in agreement with the field distribution obtained

for this polarity (see figure (3,26)). Figure (3.27) illustrates

the V-I characteristics obtained for this biasing mode at 779K,

The experimental characteristic is compared with theory as was done
in the previous sections, and the agreement is excellent, The
deviation from linearity at higﬁ applied voltages is caused by

impact ionization., Along the periphery of the circular area in the
top side, there is a large gradient in the concentration of ionized
impurities present, Consequently, by Géusses law, a large electric
field results which causes microplasma breakdown at lower applied
voltages than expected, § (X) is then fairly insensitive to aoplied

voltage since the current density follows the voltage dependence
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nredicted theoretically for a constant geometrical configuration,
We know, however, that the emitting area is a function of apnlied
voltage. The discrepancy can be explained by realizing that the
predominant contrihution to the current density comes from the
emitting area below the collector, where the equipotential lines
run parallel to the surfaces of the crystal, Carriers emitted
from any other place in the bottom surface must transverse a larger
path to reach the collector and, consequently, their contribution
to the current flow is not as great and decreases as the path
increases, Thus, the added contribution due to an increase with
applied voltage of the emitting area is negligible and does not
affect 5@9.

The geometrical factors found empirically for both polarities
are bigger than the corresponding one for a planar geometry. It
is seen that this must be the case by glancing at figures (3.25) and

(3.26), since the planar case is included for both polarities,
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3,2,4 The field-velocitvy relationshin, We shall now discuss the

possibility of using pure unipolar scle to determine the drift
velocity for all field strengths and at any temperature, Consider
an R- or D-2000 structure at 300°K, From the square and the linear
ranges of the V-I characteristic the low field mobility and the
limiting drift velocity are obtained. The transition region is
best approximated by an empirical relation of the form (1.26).

Substituting the experimental values for vy and L, this yields
v = 1,0 x 107 tanh E/7.5 x 103 (3.27)

In figure (3.28), this dependence is compared with Norris and
Gibbons* field-velocity relationship obtained by a time-of-flight
technique(S'lg). The agreement is excellent at all field strengths,
A comnarison with determinations made by other authorscs'zo'zs)
reveals that our relationship gives higher values at all field
strengths and a better defined limiting velocity range (sece
figure (3.29)).

Prior's results(3'21) are in remarkable disagreement with all
available determinations of the field velocity relationship because
of an undue variation with the resistivity of the material, A
nossible explanation for this discrepancy is as follows, Some of
his data can readily be interpreted with a model mentioned in chapter 1

whexe it is assumed that a field dependent mobility exists for the

electrons present at thermal equilibrium, and that injection is
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significant only at high field strengths (see figure 1, 10), Of all
the cases considered by Prior, the variation of the current
density with electric field for a 34 Q-cm n-type germanium sample
is best exnlained in terms of the previous model, Unfortunately,
Prior does not specify the thickness of the sample, 3ut, if a
width of 500 microns is assumed - which is within the specified
crystal lengths -, one finds that the thermal and space charge
contributions are equal at a field strength of the order of 5.10%
v/em, This agrees with his experimental result, If the same type
of calculation is carried out for a 300 Q-cm n-type silicon samnle
500 microns thick, the electric field at which the two contribu-
tions are equal is 1,0 x 10° v/cem, again in fairly good agreement
with what is observed experimentally as illustrated in figure (3)
of Prior's publication, Our model also explains the variations

in the field velocity relationship with crystal thickness observéd
in some of Prior's results since the contribution of the injected
carriers to the current density has a stronger dependence on thick-
ness than the ohmic contribution, A more accurate re-evaluation

of Prior's data would require a numerical analysis encompassing the

are sufficient, however, to strongly suggest that Prior's erratic
results were caused by electron injection at the negative contact,
This also demonstrates the advantage of using, rather than suppress-
ing, pure unipolar sclc to obtain the field velocity relationship,

Prior's results at low field strengths may have been affected by
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imnurity scattering as well, since the resistivity of his base
naterial varies by two orders of magnitude. This possibility is
'explored next,

In general and chronologically, from 1953 to 1968, the deter-
minations of the field-velocity relationship fer n-type silicon yielded
increasingly higher velues for the drift velocity at a fixed field
strength, This coincides with the period of great pfogress in
silicon technology, Two decades ago, the quality of the silicon
crystals was low, The highest resistivities possible were of the
order of ohm cm, Presently, it is possible to achieve resistivities
as high as 100 k&2 =.cm, In chronological order, the resistivity
of the silicon crystals used to obtain the results illustrated in

(3.20) (3.21)

figure (3.27) are, in Q-cm: (1) Ryder ~ 10 , (2) Prior

5-300, (3) Davies 70(3-22) | (4) Boitschenco 20(3:23)

, (3) Norris

23 x 104(3'19) » (6) Rodriguez 20 x 104, Thus, the impurity con-
centration, as determined from resistivity values, has been reduced
by four orders of magnitude within this time interval,

It has been established theoretically and experimentally(3'24’25)

that impurity scattering is a dominant mechanism of the mobility
at low field strengths, For intermediate fields strengths (the warm

electron range), the mobility should be well approximated by(3'26)

w=ug (1+8E2) (a2
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where L is the low field mobility and 8 is independent of the

field, but dependent on the impurity concentration, The variation

of 8 with impurity concentration, as obtained by Gunn (3+27)

for n-type germanium at 77°K is illustrated in figure (3,30), At

high field strengths, impurity scattering is expected theoretically

to be ineffective. Consequently, the high field mobility should be

the same for pure and impure samples, As the field is increased

from low values, the contribution of impurity scattering decreases

and the mobility increases, Simultaneously, the carrier temperature
increases and lattice scattering by acoustical and optical phonons
reduces the mobility. The two effects oppose each other, Experi-
mentally, an increase in mobility with electric field has been
observed, but it is much smaller than expected theoretically(S-zg),
Contradictory results have been reported at high field strengths(§'27'28)
In general, impurity scattering decreases the low field mobility and
shifts the point of dominating lattice scattering to higher field
strengths,

It is seen in figure (3,29) that the variation of the drift
velocity at a fixed field strength is opposite from what is expected
from impurity scattering, i.e., the deviation from linearity occurs
at higher field strengths for purer samples, A plausible explanation

for this discrepancy is the fact that the various determinations were

obtained with samples of different crystallographic orientations and,
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consequently, anisotropy effects must be taken into account, For
a treatment of anisotropy the readér is referred to references(3'29’3o'31)
where it is analyzed both experimentally and theoretically, It is
unfortunate that most of the currently available measurements of the
field velocity relationship, at least for silicon at 300°K, have

been obtained from normalized I-V characteristics by assuming a low

field mobility of 1350 cm?/volt-sec,, regardless of the impurity

content, This renders some of these data useless since the true
relationship has been shifted up or down by a factor dependent on

the discrepancy of the low field mobility from the assumed value,

A more logical approach would have been to determine the true low

field mobility from Hall effect measurements or some other suitable
technique, As a last remark, it should be stated that other phenomena -
as injection at intermediate and high fiéld strengths - can be
‘responsible for some of the discrepancy observed, however, impurity
scattering and anisotropy effects should be considered ' strong
possibilities,

At 770K, the experimental characteristic of a D-2000 structure is
also compared with an analytical model fpr pure unipolar sclc which
assumes a field-velocity relationship of the tvpe (1,26), However,

. in this instance, the comparison is not as accurate as at 300°K
because a clearly defined square range is not present, A low field

mobility of approximately 2,3 x 104cm/volt-sec, is obtained from the
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analysis. The field-velocity relationship is found to be repre-

sented by the relation

vg=L4x 10’ tanh E/7.0 x 10 (3.28)

The accuracy of this expression is to some extent questionable except
at high field Strengths where a clearly defined limiting velocity
range is observed in the V-I characteristics, A better determina-
tion is possible if monochromatic light is used to photoexcite the
trapped carriers and reduce the threshold voltage, Our present result,
however, at least reflects the general tendency of the field-velocity
relationship as the temperature is decreased,

In figure (3.31), the relation 3.28 is compared with Jorgenson's
determination of the drift velocity at 779K, with an n-type 25 Q-cm
samplecs’sz). Much of the discrepancy can be exnlained in terms of
impurity scattering, D, Long et al.(3.25) have obtained the temmer-
ature dependence of the electron mobility in a set of n-type silicon
sarmles of varying impurity content and compensation between 30° and
1009k, For a 25 Q-cm sample, the low field mobility at 779K should
be of the order of 104 cm2/volt~sec. But this merely sets a lower
limit to u, because the resistivity is;not a good measure of the
total concentration of impurities when compensation is present,

The value of 2.104 used by Jorgenson is in disagrcement with the
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previous estimate, For a sample with an impurity concentration of
the order of 1013 cm’s, as present in the R- and D-2000 structures,
the low field mobility should be about 2.104, in agreement with our
finding., Hence, it seems reascnable that Jorgenson's low field
mobility was reduced by impurity scattering, Lattice scattering
then starts dominating the mobility at higher field strengths which
would explain the absence of a limiting velocity range in his measure-
ment. Also, it should be noticed in figure (2) of his work, that
anisotropy effects seem to be still present for the sample with the
closest orientation to the (111) direction, which would tend to
increase the transition region at intermediate field strengths,

Our samples are almost free of impurity scattering and a well defined
limiting velocity range is observed,

Below 779K, the V-I characteristics contain no information about
the mobility at low and intermediate field strengths since the behavior
is linear above threshold, Photoexciting the trapped carriers an ex-
tension of the linear range ana the probable appearance of the transi-
tion and square regimes in the V-I characteristics could be accomplished,
Nevertheless, it is possible to infer from the previous analysis
that the field-velocity relationship will most probably exhibit the
temperature dependence illustrated in figure (3.32). This result is
qualitative except at high field strengths where information has been

obtained about the limiting velocity from the V-I characteristics.



116

<Ol

L€ aandty

(Wwa/1710A) 3

1Ol

o0l

P

I

PTT T T 1

1

| I T

L

IR

P11

11

— —— . — —— — —— o= . e m—— — o ot e o]

Mo OG> 11 >2] >€)

I T T O | 1

I T T |

g0l

gO!

(99s/w2) Pp



7117

The behavior at low and intermediate field strengths will be
strongly affected by impurity scattering which has considerable
strength at very low temperature,

The previous analysis of the field-velocity relationship is
qualitative rather than quantitative and provides only guidelines
for most extensive studies, At 3009K, however, the fit found between
the V-I characteristics and that obtained analytically from a model
which assumes a field-velocity relationship of the type (1.26) is
striking, A comparison with other determinations also yields fairly
good agreecment,

3.3 Heating effects. The following is an estimate of the error caused

by heat generated in the structures during the application of the
signal, The range of ambient temperaturés covered extends from
4,20K to 300°K, Data are available in the literaturec3'53’34)

for the heat capacitance and the thermal conductivity of silicon as
functions of lattice temperature, Figures (3,33) and (3,34) illustrate
their dependence over that temperature range., According to these

data heating is significant primarily at low temperatures, and partic-
ularly in the vicinity of 4,29 where both the heat capacitance and

the thermal conductivity achieve very ldw values, Figure (3.35)
illustratcs the temperature dependence of the product C_V/pc for silicon,
which is approximately provortional to the thermal time constant of

the structure if one of the boundaries is an ideal sink. The propor-

tionality factor is determined by the geometrical configuration and
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the boundary conditions for the structure, If the thermal contact
of the sample to its holder is poor; a small amount of energy - of
the order of microjoules - can raise the lattice temperature con-
siderably,

The V-I characteristics of the structures are measured with a
ramp shaped pulse whose duration can be varied from 2 microscconds
to dc, Figure (3,36) illustrates the time dependence of the voltage
and current pulses, fince, to a first approximation, both increase
linearly with time, they can be represented by the following

expressions

V(t) = Vm t/T (3.29)
and

I (t -t )/(T - t,), (t>t,) '
. m (o) 0/ o]
i(t) = (3.30)
0 » (T <ty)
where T is the time width of the voltage ramp, t, the time at which
v(t) = Ve , V the maxinum apolied voltage and I the maximum

current flowing through the structures, The total energy dissipated

. in the structures for a single .ramp is

L = J‘T v(t) i(t) dt. , | ' (3.31)
o
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Vi Im T

[1-3/2y+1/2%3] (3.32)
3 (1 -v)

where v = to/T .

This result is also anplicable when the repetition rate is such
that the time interval between two ramps is long compared with the
thermal time constant, A value of y = 1/2 renresents a reasonable
average, since at twice the threshold voltage V¢h. the V-1 character-
istic is usually linear. Also, let V, and I equal to 100 volts
and 50 ma , respectively, Substituting into (3.32), one finds that
for this set of values the energy in joules is approximately given
by the time duration T in seconds, i.e., E (joules) = T(sec). Thus,
with the present experimental setup, the minimum generation of
energy vossihle is 2 microjoules,

To estimate the'temperaturé increase AT in the sample with
respect to the temperature T, of the sample holder, it is assumed
that the duration of the signal and the inverse of the duty cycle are,
respectively, short and long as compared to the thermal time constant
Tep o The increase in temperature is then given by AT = E/Cy.

This expression is only valid at high temperatures, where C,reaches

the Dulong and Petit classical limit, At low temperatures, in particu-
lar close to 4.2°K,CV depends on the temperature according to the
emirical expression(s'ss)

Cy = AT + BT® . (3.33)
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The linear and cubic terms are the electronic and lattice contri-
butions to the heat capacitance, respectively, This representa-
tion is valid up to approximately 50°K, AT is now found by
integrating (3.33) with respect to T from T, to T, + 4T. The re-

sulting expression is

E = B/4 [(T, + AT)* - Tod] (3.34)

where the linear contribution to the heat capacitance has been
dropped since it is negligible for temperatures above 4,2°K,
IThis transcendental equation can be solved by an iteration tech-
nique,

To detect the increase in temperature expefimentally, Two
voltage ramps are applied in rapid succession, The first one heats
up the structure and the second one samples the increase in temper-
~ature, The separation of the two ramps in time is short compared
to Ten This yields an upper 1limit for AT since the second ramp
causes heating of its own and increases the temperature of the
structure even further, This procedure is particularly effective
at quite low temperatures where the first ramp causes a large AT,
thereby increasing the heat capacitance/and strongly vreducing the
heating effect of the second ramp, The difference in the limiting

drift velocity of the two ramps and the temperature dependence of

the limiting velocity -~ assumed to be correct to a first approximation
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for this purpose - then yield AT, Another indenendent indica-
tion of the amount of heating taking place at low temperatures is
given by the change in threshold voltage observed in the second
pulse, The variation of Vth with temperature is then utilized as

a calibration curve to determine AT, Since it is difficult to
determine'vth accurately from the display of the V-I character-
istics on the séope, this method is primarily useful at very low
temperatures where threshold is varying strongly with temperature.
A lower or upper limit to the temperature of the sample for ambient
temperatures in the vicinity of 4.2%K is readily obtained by noting

if the threshold voltage has changed on the scope, According to
¢

c» pproximately 159K, Also, a compari-

figure (3.7), this limit is T
son of the experimental V-I characteristics with the analytical
model, will reveal if appreciable heating is taking nlace.

The two series of structures - D and R - have to be treated
indencndently because of their different geometrical configuration,
As will be shown, the D-structures exhibit poor thermal dissipation,
while the R-structures behave almost ideally, The previous analysis
applies mainly to the D-structures, The thermal time constant has
been measured for a typical D-structuré at 4,29, and found to be
orders of magnitude bigger than what is expected theoretically from

bulk properties (see figure (3,35)). This means that the limiting

thermal resistance is that of the contact to the sample holder and
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not that of the bulk of the crystal. Figure (3.37) illustrates
the temperature dependence of the thermal time constant measured
for a D-structure under conditions of excessive heating at 4,2°K,
A very approximate analysis indicates an effective thermal conduc-
tivity of about 10-3 watts/%K for the thermal contact between the
sample and its holder, This value is about an order of magnitude
smaller than that of the crystal, This justifies the assumption
made in the analysis that heat dissipation during the ramp is
negligible for the D-structures, In figure (3.38), the variation
with temperature obtained experimentally for AT is shown for a
10 and 50 microseconds ramp. Figures (3.39), (3.40) and (3.41)
are photographs of the V-I characteristics taken with a double
pulse of variable width at 4,2°, 77°, and 300°K, They exhibit
quite clearly the change of the limiting velocity and threshold due
to excessive heating, Notice that at 4,20K, even with a sizable
ramp duration (100 microseconds), the change of the limiting
velocity is small, This is due to its weak temperature dependence.
- The determination of the V~I characteristics and the limiting
velocity were made under the best possible circumstances,

Since the R-structures are produce& in large numbers on one big
chip, an individual structure is surrounded by an ideal heat sink,

The thermal time constant should therefore be proportional to C,/x.



127

No/ 3NOM (+)2) -—no

37N0F () J ~-——

¢-Ol
-0l

10l
9-0i

T

1

LR

rtrt 11 { |

FrET T |

wby 01~ 30N
706 = M :31JWVS
. Mo 2 =9

_ 1]

| A O L

|

L L

_o_N.g

(d8s)Hia



128

T TTT

|

N
N\

terTr T T 1

103

111

Ng
N
R

\

VT T TTTT

|
—

-
1
To (°K)

AN
IOus —
102

| SR N T T |

H 2
I Ve ¢ . i
— O —
N
|
- o) -
I I | | | I T | | |
- O
o ge

102

(o) 1V

Figure 3.38



129

s7T/0G - HLQIM 3S1Nd

(MP/LT0A 02) A

6¢ ¢ 2andty

sT102 - HLGIM 3STNd

(MP/LT10A 02) A

(Alp/oW 02) T

3S1Nnd 318N04a

Mo 2P =1
002 -d

(AMp/ow 02) |



sTO0I-HLAIM 3SNd
(MP/ L0A O1) A

Ot €7 eanstg

sTO0G- H1QIM 3SNd
(MP/ 170A 02) A\

(Mp/owQO2) T

3S1Nd 3718N034

Mo ll=1
00¢ -d

(Mp/ow 02) T



sT00I-HLAQIM 3STNnd

(AMP/170A O1) A

Th*¢ @an31g

s70G-H1QIM 3SINd

(AtP/ LT10A O1) A

(Mp/owQ2) T

3SINd 3718N0a

Mo O0E = 1
00<¢ -3

(Ap/owQ2) T



132

Considering the size of the active region, the thermal time constant
is at all temmeratures smaller than the smallest time width for the
ramns, [eat is therefore removed from the active region more
rapidly than it is generated so that the temerature does not
increase noticeably. The double pulse technique confirms this

and yields no indication of heating whatsoever at any temperature
for reasonable pulse widths, Figure (3.42) is a photograph of the

V-1 characteristics for an R-structure taken with a double pulse
of 100 microseconds total duration at 4,29, The traces for the

two ramps are indistinguishable from one another,
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Chapter IV

THEORETICAL ANALYSIS AND EXPERIMENTAL RESULTS
FOR THE LIMITING DRIFT VELOCITY

4,1 Introduction, The first experiments which show that in

germanium and silicon, at high field strengths, the drift velocity
is no longer proportional to the electric field were performed by

(3.20) and subsequently expanded by scveral authors(3'21'22’23).'

Ryder
Figure (3.29) illustrates the field-velocity relationshipsas obtained

by these authors in n-type silicon, The general trend is for the

drift velocity to first increase linearly with applied electric

field (constant mobility), and to eventually reach a limiting value

at high enough field strengths {(constant drift velocity). 'Shockley(4'1)
put forward an explanation of these results by considering the momen-
tum and energy balance of carriers subject to an electric field and
scattering by acoustic and optical phonons., His work was based on
the simple parabolic model for the band structure which assumes that:
(1) the minimum energy in the conduction band, or maximum energy in
the valence band, is possessed by one quantum state of either spin
and occurs at the central point of the reduced zone, (2) the bands
are non-degenerate, (3) the constant enérgy surfaces near the edges

of the conduction and valence band are spherical in form. The result-

ing expression for the drift velocity as a function of electric field

£(4.2)



135

vg = ug 2/ {1+ [1+ (31/8)(n, E/up)?11/2) "2 & (4.1)

where u; is the longitudinal speed of scund, At low and high

field strengths, (4,1) reduces to vy = Bo E and Vg = (2/3n)1/4.

(up uy 5)1/2’ respectively, This theoretical determination of the
drift velocity compelled Ryder to fit his data in the regime, which
now has come to be known as ''the warm electron range," to an gl/2 .
field dependence, At very high field strengths, Shockley includes
the effect of optical transiti<ns to explain the experimentally
observed limiting velocity regime, He remarks that, for optical pho-
nons to be effective, the carrier energy must be greater than hug,
where wy is the characteristic frequency of the optical phonons, but
that when they do come into action, they are more effective than
acoustic phonons., An interaction with an optical mode absorbs most
of the carrier energy; thus, the existence of a limiting velocity
range when this type of scattering is predominant.

A comparison between theory and experiment reveals that carriers
are able to dissipate their excess energy more effectively than
expected on the basis of (4,1), A deviation from thermal equilibrium
is observed experimentally for electric fields about three orders of
magnitude bigger than what theory predicts, Ience, an added energy
loss mechanism must be introduced in the theoretical analysis to
account for the discrepancy at low fields, As noted by "Shockley,

this could be obtained by considering the correct band structure,
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Since the original work of Shockley and Ryder, the state of
the art has progressed in the sense of attaining a better nhysical
or qualitative understanding of the observed phenomena, The
simple parabolic model offered decided mathematical advantages
and was canahle of coping with most basic optical and electrical
nroperties observed until recently, IHowever, the discovery of
longitudinal and transverse anisotropy effects of hot electrons,
made it compelling to deal with a transport theory for a many-valley
semiconductor, Cyclotron resonance experiments, as suggested by
Sh ockley and carried out by Dresselhaus et al.,(4'3) established
that the one-band, many-valley model is appropriate to describe
the conduction band of silicon and germanium, It is now well known
that the bottom edge of the conduction band for these two elements
is composed of equivalent energy minima located at symmetrical
positions in the Brillouin zone, The surfaces of constant energy

at each valley are prolate spheroids represented by equations of the

type
2 2
2 % K
€ = h2/2 ( ———tm + 2 , (4.2)
me mg

where the k's and m's are the wave numbers and effective masses
perpendicular and parallel to the spheroid axes, respectively,

In amany-valley semiconductor, lattice vibrations of optical
or acoustic nature can cause two types of electronic transitions,

intravalley and intervalley, or transitions between two states
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within or in different valleys, respectively, Intravalley scatter-
ing by an acoustic mode is an elastic process since it involves
phonons with sizable momentum and low energy, Optical phonons,

on the other hand, are very energetic and carry relatively little
momentum, consequently this tyne of scattering is inelastic,
Intravalley scattering involves phonons (either acoustic or optical)
of definite momentum prescribed by the relative location of the
energy minima in the Brillouin zone, In general, optical phonon
scattering will be of importance for lattice temperatures or electric
fields high enough that a sizable number of electrons have energies
comparable to hy, It should be mentioned, however, that the

greater size of these phonons more than commensates, in some instances,
for the smaller probability of emission as comared to acoustic
phonons,

It is evident from the previous discussion that before an
analysis of the carrier mobility can be carried out, knowledge must
be obtained about: (1) the spectrum of lattice vibrations to deter~
mine the energies of the phonons taking part in the scattering
processes, (2) the number and location in k-space of energy minima
within the Brillouin zone, (3) the enefgy distribution of electrons
within each valley, and (4) the strength of the different scatter-
ing processes as represented by coupling constants,

We are concerned in this chapter, primarily, with the hot

electron regime of the field-velocity relationship. Results have
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been obtained experimentally which indicate the existence of a
limiting velocity regime for electrons in silicon oriented along
the [111] crystallographic direction over the temperature range
4,2° = T = 300%K, Before these data can be analyzed, however,
the behavior of the low field mobiiity should be understood,
Section 4,2 includes the currently available data for silicon, as

pertinent to the present investigation, and presents a treatment

(4.4) (4.5)

of the low field mobility as furnished by D, Long and Adawi
Section 4,3 provides a qualitative description of the type of
energy distribution expected for electrons in silicon within a
prescribed set of conditions, Section 4.4 presents the available
treatments of the limiting velocity, as reported by Reik and

Risken, and Jorgenson et al,, expanded to cover the case under con-
sideration, Finally, in section 4.5 our experimental results for
the hot electron regime of the field-velocity relationship in‘
silicon are illustrated and compared with theory. Throughout this
chapter, reference is made to germanium also because of its
similarity with silicon in the band structure but its remarkable dis-

similarity in behavior at high field strengths and low temperatures,

4,2 The Low Field Mobility, The temperature dependence of the

mobility at low field strengths has been determined experimentally
for holes and electrons in silicon and germanium, In all instances,
the result deviates appreciably from the T-3/2 power law predicted
~from simple acoustic lattice scattering. Long(4‘4) has shown that,

for electrons in silicon, this deviation can be accounted for by
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including intravalley and intervalley scattering by both acoustic and
ootical phonons, Ilis analysis is presented in part with a threefold
purpose: (1) as a means for introducing data about silicon which

is relevant to the investigation of the high field mobility,

(2) to determine the relative strengths of the dominant scattering
mechanisns, and (3) to allow a comparison of the mobility dependence
on temperature at both extremes in electric field strengths,

(4'6), the momentum scattering is

According to flerring and Vogt
described by a relaxation time tensor diagonal in the principal

axes of the constant-energy spheroids and given by

T T.:
1/2
l/Ta = Waa(.E_gllz(..J * oz Wi(_sigslz { ng( E_+ 1) /
o T, i T, KT;
b g+ 1) [E—- DY 0r o, (43)
chi
T..

ci -1
where ng = [ exp Q;—J - 1] ,

and o refers to the direction relative to the spheroid axes., The

temperatures T, T

ci» and T0 are, respectively, the lattice temper-

ature, the characteristic temperature of an ith phonon, and a
reference temperature which fixes the absolute magnitude of the

coupling constants. e is the electron energy, and Waa and Wi are
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the coupling constants for acoustic and optical phonons, respectively,
These authors also found the mobility to be described by

o= Z [ 2<€T€> + <Etl)

o 3<e) m, mz

] , (4.4)

where the symbols < > represent averages over a Maxwellian dis-
tribution,

Silicon has a many-valley non-degenerate conduction band,
There are six valleys located along the [100] axes in k space at .
distances of 0,85 + 0,03 from the center of the first Brillouin
zone, (4:4)  The surfaces of constant energy at each valley are
described by equation (4,2). The transverse and longitudinal
effective masses , as determined by C, J, Rauch et al.,(4'7) are
(0.192 + 0,001) m, and (0.90 * 0.02) m,, respectively, Intra- and
intervalley transitions by optical and acoustic phonons are possible,
Intravalley scattering by optical phonons, however, has been shown
to be of negligible significance in silicon(4'8). Besides,-this
type of scattering can always be ascribed to intervalley scattering
by optical phonons since both enter the calculations for the mcbility
with the same form, Because of the location of the valleys in the
conduction band, intervalley scattering always occurs as an Umklapp
process, There are two types of intervalley transitions in silicon:
(1) f-scattering which involves transfer of an electron to any of
four equivalent valleys and (2) g-scattering to the remaining valley,

By a geometrical argument, Long found the phonons invoived in the
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two types of scattering to he well represented by their energy
spectrum for the [100] direction. The phonons able to participate
in the intervalley scattering processes are then found to lie within
two narrow ranges of energy, i.e., from 135%K to 230°K and from
570%K to 730°K which to simplify the theoretical analysis of the
mobility ,are approximated with characteristic temperatures of 190°
and 640°K, respectively,’

It is now possible to substitute equation (4.3) into equation
(4.4) and to adjust the various coupling constants until a reasonable
fit to the experimental temperature dependence of the electron
mobility is achieved. Long finds in this manner intervalley scatter-
ing by the 630°K optical phonons to be the dominant transition at
high temperatures, The ratio of the coupling constant describing
the strength of this transition to that for acoustic scattering has
a value of WO/Wat = 2, The ratio of the coupling constants fo;
acoustic inter and intravalley scattering is Wllwat = 0,15 and the
fit is quite insensitive to the value of this ratio since it is
possible to vary it by a factor of two before an appreciable worsen-
ing is detected, However, the fit is sensitive to a variation of
15% in the former ratio, Thus, to expléin the temperature dependence
of the low field mobility, it is necessary to include intervalley
scattering by acoustic and optical phonons, It is also clear that

this type of scattering will gradually become ineffective as the
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temperature is lowered since the number of electrons canable of ex-
citing intervalley phonons decreases exponentially with temperature,
Consequently, if the effect of immurity scattering is either negligible
or accounted for separately, the plot of mobility as a function of
temperature approaches assymptotically a T-3/2 power law due to
‘intravalley acoustic scattering as the temperature is decreased.

In germanium, a similar analysis has been carried out for the
low field mobility by Adawi(4's). He concludes that the dominant
scattering mechanisms are intravalley transitions by acoustic and
optical phonons with a characteristic temperature of 400°K, The
ratio of the coupling constants which best fits the exvnerimental
data is W, /W,e = 0,19, This treatment is, nevertheless, not as
accurate as for silicon since the deviation from a T-3/2 power law,
accounted for by optical phonon scattering, is quite small over the
temerature range covered,

In summary, the information made available by the analysis of
the low field mobility is outlined, In silicon: (1) coupling to
intervalley optical phonons is strong, specially for lattice temper-
atures which correspond approximately to the optical phonon energy,
(2) the temmerature dependence of the 16w field mobility is dominated
by intervalley scattering at high temperatures, (3) intravalley
scattering is very weak, In germanium: (1) intervalley scattering is in-
significant, (2) the temperature dependence of the low field mobility

deviates slightly from the T-3/2 vower law predicted by intravalley
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acoustic scattering, (3) optical intravalley scattering is weak
but dominates over intervalley scattering,

4,3 The solution of the Doltzmann eauation, In the absence of an

electric field, the solution to the Boltzmann equation for a non-
degenerate semiconductor yields a Maxwellian energy distribution for

the carriers
« (/KT '
fy, = n/N_ exp (&/kT) , (4.5)

where n is the density of carriers and N_ the effective density

of states in the conduction band, The average thermal energy of

the electrons is then 3/2 kT, When an electric field is applied,
carriers gain energy at the rate euosz, and the thermal energy dis-
tribution is perturbed, This energy is dissipated through collisions
with the lattice and other carriers, Eventually, a steady state

is reached when the rate of energy gained equals the rate of energy

lost, i.e.,

A<dE/dt > g = euoEz ' (4.6)

where <: :} represents an average over the energy distribution of
the carriers,
At low field strengths, the solution of the Coltzmann equation

consists of the thermal distribution plus a small perturbation
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term proportional to th.anplied field, the relaxation time and

the first derivative of{a. i.e.,

£= £ ,T)+ 1

where fl < < 50 .
The carriers are still 2 thermal equilibrium with the lattice
and the effect of the eictric field is to cause an average
velocity proportional tcit and along its direction,

Increasing the appliad electric field strength, the average
energy of the carriers xcreases above the zero field thermo-
dynamical equilibrium viue and the perturbation term £ increass=
accordingly, When f, beomes comparable to f,, the carriers are
said to be hot and thei::nergy distribution is no longer well
represented by (4.5). nwever, in some instances, it is possibls ==
represent the situation gain with a Maxwellian distribution at =
carrier temperature T, .e,,

' 1
£=1£ <, T,)+ £, o =

wvhere fl' < < f

This effective temperatiz is a function of the electric field ==

t

approaches the lattice imperature as the field goes to zero, Iz -
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the purpose of this section to give a justification for using such
a distribution in the case of silicon and germanium at high field
strengths,

Reik and Risken(4'9) have solved the Boltzmann equation for
electrons in a many-valley semiconductor with scattering by acoustic
and optical phonons, These authors obtain a Maxwellian distribution
when intervalley scattering is negligible and the average energy
of the electrons is grcater than the optical phonon energy., The
electron temperature within each valley increases approximately with
the square of the electric field strength and, in general, is differ-
ent for each valley since the angle between the electric field and
" the longitudinal axes of a particular valley is different in each
case, In particular, if all the valleys are oriented eauivalently
with respect to the electric field direction, the electron temmer-
~ature attains the same value in all equivalent valleys, Other
assumptions made in the process of solving the Boltzmann equafion
are the following: (1) The wave vectors lie within a Ak smaller
than 107 cm~1 from the center of the valleys, The assumption of
constant effective masses is valid and scattering to non-equivalent
valleys can be disrégarded. This placés an upper limit for the
field strength. (2) The transverse and longitudinal phonons are
equipartitioned thermally over the range of lattice temperatures

77° < T =300°K, (3) The contribution of acoustic .= phonons to the
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rate of energy loss of the electrons is neglibigle, This also
places an upner limit to the value of the field strength, (4)Im-
purity and electron-electron scattering are neglected,

Germanium lies well within the limits imposed by the previous
assumptions over the temperature and electric field ranges
779 <T <300°K and 103 <E <7,10% v/cm, respectively. Inter-
valley scattering is down by a factor of 10~3 from the contribution

(4.10)

by optical intravalley scattering In silicon, however, the

result of a Maxwellian energy distribution will not apply in general,

C3‘32), the electric field is

But, if as pointed out by Jorgenson
applied along a direction such that the longitudinal axes of the
equivalent valleys are equivalently oriented with respect to it, the
electrons attain a Maxwellian distribution regardless of the strength
of intervalley scattering., In this instance, intervalley and intra-
valley scattering by optical nhonons lead to expressions of thg

same type in the Boltzmann equation and can thus he dealt with identi-
cally. Such orientations are the [100] and [111]-direction for

germanium and silicon, respectively,

4.4 The high field mobility., The general tendency of the drift

velocity is to rcach a limiting value at high enough field strengths,
This value is, in general, dependent on the crystal orientation at a
fixed lattice temperature, Reik and Risken(4+1Dhave derived an
expression for the limiting drift velocity through the solution of

the Boltzmann equation, i.e.,
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v 2 A uY, wat[ k . E mt uzz 2 , wat 2 "1/2
e Tl M + — .
4T Tt o ot DIEEY T - (40)

where Z is the direction devmendent part, The analysis can be
simplified considerably if the balance-of-energy method is emnloyed
to obtain the previous expression.[4'12) Moreover, by using the
'knowledge of a Maxwellian distribution and a crystal orienfation

such as to align. the valleys equivalently with the electric field,
the problem is simplified even further, In this section, the analysis
of the drift velocity at high field strengths in that particular case
is presented and expanded to encompass silicon over the range of
lattice temperature 4,2° < T < 300°K,

The choice of crystal orientation reduces the problem to a one-
valley model, For simplicity, only one type of intervalley transi-
tion is considered. Subsequent to the forthcoming analysis of the
- limiting drift velocity, the true nature of the ohonon energy
spectrum is included in an approximate manner, The equation for

the balance of ecnergy is given by

<.‘§.E> = ey E2 , (4.10)
at /o 0"

and the mobility by
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(5] T
t
= e e , (4.11)
m €
3k
m
where W= m
1+2%k t
m
m
with k'n = — .
i mt

Expression (4.11) has beer obtained from (4.4) by assuming that
the acoustic anisotropy is very weak, There is experimental
evidence for both silicon and germanium which indicates this to

(4.13, 14) The momentum relaxation time is obtained

be the case,
from (4.3) under the assumption that § > S!iwo . The resulting

expression is

1 € T ﬁ.u

— (W (=) + W (2n, + 1) 22 ] (4.12)
T at ) 0 =

Tt n Tn ‘n

Substituting into (4.11),and averaging over a Maxwellian dis-

tribution at Te,the mobility is given by

e 4 T T : Aw
n1/2 ... o -1
H 2 ey e (o 1 —) + W (2n_+ 1) —— . (4,13
o m* 3/ Te) (e (Tn) o (215 KT ] )

The average rate of energy loss is due to carrier interactions

with optical and acoustic phonons. However, it can be ascribed
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totally to the interactions with optical phonons in the range of
I
field strengii. considered here, i.e., E < 5,10 v/em, This

assumption i. discussed further in the following section. The rate

of energy loss is then given by(4'15)
de 2 @)’ T
. 7 8] e 1/2
=/ “YoTr (=) : (4.14)
dt op b an Tn

The balance of energy equation is now easily obtained and solved

for Ty by substituting (4.13) and (4,14) into (4.10), This yields

2¢? E2(kT_)2 W, kT 172
kTe = — (g + 1)+ —(—]] . (4.15)
3m (o )OW W fw
Lo o [o] (v}

Introducing (4,15) into (4,13), one finds for the limiting drift

velocity(z'zz)
4 ne l/2 Wae kT <172 |
ve = (=) [@n  + 1) +—( = ] : (4.16)
Y6r m Wo f.‘.hio

This expression, as it stands, is applicable to germanium over the

" temperature range 77° < T <300° and for electric field strengths
below 104 v/cem, In the case of silicon, (4,16) must be modified to
include all possible intervalley transitions., Again, rather than
complicating the problem by performing a detailed analysis which would
include all possible intervalley transitions and their characteristic
(4.4).

energies, the approach taken by Long in analyzing the low field
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mobility is used here, The intervalley nhonons are described hy

just two such phonons with energies hw, and hw,, and the strength

1)
of the transitions as determined by the coupling constants, by

four times W, and W;., The factor of four arises from the presence
of four equivalent intervalley transitions of tyne f. g-scattering

is accounted for by the choice of phonon energies, The resulting

expression for the limiting drift velocity is then

1/2

2.
4 Ao Wy W kT
o} 1 1 at

vs°-—-J[--(1+-—~(-—))] [(-—)(—-—)
6T m wo w, o ﬁwo

W W

1
+ (2n, + 1) + (2n; + 1) — G~£ ) ]'1/2 . (4.17)

'.|O wo

This relationship is not expected to provide an accurate fit to

our experimental findings for the limiting velocity since, as'pointed
out before, the true nature of the phonon spectrum has been dis-
regarded, lHowever, it will enable us to determine whether or not

it ispossible to describe the tenverature dependence of the low and
high field mobility by the same set of coupling constants and phonon
energies, |

4.5 CExverimental results and commarison with theorv, Experimental

determinations of the limiting velocity of electrons have been

carried out by several authors in germanium oriented along the [100]-
(3.32)

direction, Jorgensen et al,, covered the temperature range

from 779K to 200°K, These authors found a good fit between the
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observed experimental dependence and that predicted by expression
(4.16) with an optical phonon energy of k + 4309X and a coupling
constants ratio for optical and acoustic intravalley scattering

of 0,17; in good agreement with that found by adawi (4+3) from low

field mobility measurements, Its magnitude is, nevertheless, off by
about 25%, They also found that the limiting velocity range extends
beyond the upper limit in field strength (about 7.103 v/em) imposed

by the assumptions within which the theoretical model is valid, In

a subsequent paper(4‘16), a semiquantitative explanation of these
phenomena was put forward by considering the contrihution of acoustic
phonons to the rate of energy loss of the electrons, and by intro-
ducing scattering to non-equivalent valleys. Gunn et al.c4'l7)

covered the range below 77°K and found that the field velocity rela-
tionship exhibits a negative differential mobility and the existence

of current instabilities at high field strengths. The phenomepa are ex-
plained in terms of scattering of electrons to non-equivalent valleys,
Germanium has six such valleys in the [l11]-direction and one at

k = 0, at 0,20 ev from the energy minima at the edges of the conducticn
band, This type of scattering, regardless of its strength, can only be
significant at high field strengths wheh the electrons gain sufficient
energy to make the transition possible, For high lattice temneratures,
the field strength required for this to occur might be very large

since collisions with the lattice are very frequent and electrons gain
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little energy from the applied field, Lowering the lattice temmer-
ature, however, the mobility increases and the eclectrons are able to
gain sufficient energy between collisions to make the transition
possible at lower applied fields strengths, It has been found ex-
perimentally by applying pressure to germanium(4‘18) that if the
equivalent and non-equivalent valleys are brought to coincide in
energy, the coupling for transitions to non-equivalent valleys is
very strong, Thus, once electrons achieve energies commarable to
0.2 ev, they will be écattered into the non-equivalent valleys and
their behavior is prescribed by the transport properties of these
valleys. This gives rise to a negative differential mobility if as
in the present case, the mobilities in the two valleys are drastically
different, The treatment is then similar to that for Ga As.

Silicon differs from germanium in at least two counts, coupling
to intervalley scattering is very strong and the nen-equivalent valleys
(six in the [100]-direction and one at k = 0) are located at higher
energies from the energy minimé at the edges of the conduction band.
Conwe11(4‘19) has compared the ratios of energy loss to acoustic and
optical phonons in germanium, The contribution of optical phonons is
dominant up to a certain value for the’average electron energy where
the acoustic contribution takes over, The location of this intercept
depends on the relative strengths of the scattering rates and the
lattice temperature. In silicon, since coupling to intervalley phonons

-

is very strong, the electron energy at which the intravalley acoustic
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contribution dominates should occur at very high field strengths,
close to or above breakdown fields; at all lattice temperatures, Thus,
the assumption which ascribes the rate of energy loss to optical
phonons, introduced in the process of solving the Boltzmann equation
and in deriving expressions (4.16) and (4,17), should be valid over
the electric field strengths covered (approximately E < 5.10% v/cm),
Also, since the difference in energy between equivalent and non-
equivalent valleys is large (about 0,5 ev), non-equivalent scattering
is not expected to be of significance in that range of electric
fields regardless of its strength. A negative differential mobility
range is thus not expected in silicon,

Our experimental results for the limiting drift velocity of
electrons in silicon extend over the range of -lattice temperatures
from 4,29 to 300°K, The limiting drift velocity has been obtained
from the V-I characteristics of pure unipolar sclc., To observe
this current, structures of the type n* nn* and n* p n* were manu-
factured by masking and diffusion techniques, The linearity of the
characteristics above the threshold voltage Vth proves that the
drift velocity reaches a limiting value, In that case, a simple

model of pure unipolar sclc predicts that the current density J is

given by

J=2ec vy (V- Ven) /W

The dielectric constant is independent of lattice temperature

in high purity materials, Thus, the change in the slope of J as a



154

101

Tt

[

I OO DR N I |

+

-

+

Ol

(bw) IV



155

function of lattice temperature yields the temperature dependence of
the limiting drift velocity., Figure (4.1) has been obtained from the
V-1 characteristics of pure unipolar sclc by measuring the increase
in a AI for a fixed AV as a function of lattice temperature, The
results for two structures (R-2000 and D-200) are given in that
figure. The different magnitude of AI in the two plots at a fixed
lattice temperature is a consequence of the different geometries of
the two structures, The slightly larger temperature dependence of

A I observed in the D-200 structures at high temperatures is a conse-
quence of the poor thermal properties of these structures as compared
with the R-2000, Figure (4.2) has been obtained by rescaling the
ordinate of the plot for the R-2000 structure in figure (4.1) to yield
the known values of 1,0 . 107 cm/sec at 3009, This procedure is
adopted to circumvent the uncertainty in the effective area of the
geometrically non-symmetrical devices, Figure (4,2) also illustrates
expression (4,17) for two sets of parametric values,

Equation (4,17) has been plotted for the average phonon energies
and coupling constant ratios obtained by Longc4'4) from the temperature
dependence of the low field mobility (upper curve of figure (4.,2)). A
discrepancy between theory and experiment is observed in the magnitude
of the limiting drift velocity and its temperature dependence, It is
thus concluded that the limiting drift velocity cannot be fully ex-
plained in terms of the coupling constants and phonon energies which

describe the low field mobility. In order to provide a good fit to
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our experimental data it is necessary to attach more importance to
the intervalley transitions with transverse acoustic phonons by
increasing their strength as determined by the coupling constants
ratio Wy/Wae + This is in accordance with what has been determined by
Dumke (4.20) | He found the intervalley phonons to be represented with
effective temperatures of 530°K and 270°K which contribute 22% and
56%, respectively, of the total scattering, the remaining being
intravalley scattering by acoustic phonons, An attempt is made to
provide a better fit to the experimental temperature dependence
(also illustrated in figure (4,2)) by using phonons with effective
temperatures of 630°K and 220°K and coupling constant ratios of
Wo/Wae = 1 and W;/W., = 2.7, respectively, These values are not
necessarily accurate since the best possible fit has not been
attempted, This would require a more elaborate analysis, However,
the previous values do indicate the importance of the acoustic
intervalley phonons in determining the temperature dependence of the
limiting velocity. |

At very low lattice temperatures; equipartition of energy
for the intravalley acoustic phonons is no longer valid and the
zero point lattice condition should be ﬁresent. Equipartition gives
rise to an €/? and -T- dependence for the acoustic relaxation time,
while in the latter case it is independent of lattice temperature

and proportional to the energy of the electrons, In a situation
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where the zero point lattice condition dominates, the mobility

would be field dependent at high field strengths., In particular, for
a Maxwell-Boltzmann energy distribution(4-21), one obtains u~ g-0.8,
However, for the case at hand, the zero point lattice condition is
not expected to be significant since the coupling to acoustic and
optical intervalley phonons is very strong, at least in the range of
electric field strengths considered, Thus, expression (4,17) is
valid over the entire temperature range covered experimentally,
Acoustic intravalley scattering plays a very unimportant role in
determining either the magnitude or the temperature dependence of
the limiting drift velocity.

As a last remark, it is emphasized that the analysis in this
chapter is incomplete, Nevertheless, it is probably the best
description possible within the context of an experimental work and
with the currently available theories. The values obtained fpr the
phonon energies and the coupling constants may not really describe
the energy losses and the strength of the transitions actually
present, They may account for approximations made in the derivations
of the limiting drift velocity and for the heating of the structures,
if any, but they do describe the observed magnitude and temperature

dependence,
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CONCLUSIONS

he flow of pure unipolar sclc in silicon has heen analyzed to
deduce the field dependence of the electron mobility over a wide
range of electric field strengths and lattice temperatures, The
existence of a limiting drift velocity is established and its magni-
tude measured over the temmerature range 4,20 <T =300°K, The
experimental results obtained offer a consistent picture and the
theoretical models adopted are simmle but adequate,

Our findings demonstrate the usefulness of nure unipolar sclc
as a tool to study the electrical transnort properties of materials,
It has been said, repeatedly, that this type of measurement is
unsuited for a detailed evaluation of individual factors, and that
other techniques are better adopted to study hot electron effects,
The discrepancies in the results nublished so far for the field-
velocity relationship seem to indicate otherwise. The techniqpe of
sclc can admittedly not satisfy those interested in the fine structure
of solids. But, the ease with which information about a multitude
of phenomena is obtained by this technigue, over a wide range of
lattice temveratures and electric field strengths, certainly estab-
lishes its usefulness even 1if, perhaps,ja small price in accuracy is

naid, Also, the results are obtained in a form relevant to practical

applications,
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In addition to the information on the drift velocity of
electrons, a fairly complete treatment of uninolar sclc is presented,
The various structures manufactured in the course of this investi-
gation made it possible to study also the influence on sclc of:

(1) trapping, (2) geometry, (3) ionized imnurities, and (4) thermal
carriers, In narticular, the effect of giant and normal trapping is
studied in detail, The variation of the threshold voltage, over the
temperature range 4,2° =< T = 779K, is correlated to the temmerature
dependence of the trapning cross-section for the compensated donor
atoms, The variation of the threshold voltage for temperatures above
509X, in the case of D-200 and D-2000 structures, is linked to the
temverature dependence of the Debye length, In the case of R-2000
structures, over the same temperature range, an analysis of the V-I
characteristics below threshold reveals the presence of traps. These
traps are believed to he caused by a gold contaminant introduced |
during the diffusion step., A method is also described which nrovides
a simple technique to obtain the degree of comnensation of the material,

The field-velocity relationshin for electrons in silicon is
commared with other determinations currently available at 770K and
300°K, An effort is made to explain the various discrepancies by
invoking electron injection at the negatively biased contact, impurity
scattering, and anisotropy effects, The treatment is qualitative
because of the lack of information on essential parameters., The

temperature dependence of the limiting drift velocity is compared with
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an analytical expression originally derived by Reik and Risken,

and extended in this work to apply for silicon oriented in the [111]
direction, at very low temperatures and at high field strengths, A
reasonable fit to both its magnitude and temperature dependence

is obtained if coupling constants and phonon energies are used
different from those employed to describe the low field mobility,
Owing to the approximations and assumptions made in deriving the
analytical expression, the physical significance of these parameters

is uncertain,
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FIGURE CAPTIONS

{Chapter T)
Energy band diagram of an n-type crystal provided with two

electron injecting contacts at thermal equilibrium,

Energy band diagram of a p-tyne crystal provided with two

electron injecting contacts at thermal cquilibrium and for

an applied voltage V,

Theoretical V-I characteristic of pure unipolar sclc in an
n* n n* structure assuming thermal carriers (constant mobility)

pt related by JUt = 9/8 €€ gu Vgt/ws .

and normalized to th and VP

Theoretical V-I characteristic of pure uninolar sclc in an-

n* p n* structure assuming thermal carriers (constant mobility)

and normalized to th and th related by th = 9/8 €E U Vgt/w° .
Empirical field-velocity relationships for electrons in silicon,

Theoretical V-I characteristic of pure unipolar sclc in an
nt p n* structure assuming hot carriers (constant drift velocity)

and normalized to Jpy and Vyy Telated by Jop = 2 sy vg Vor/W .

Theoretical V-I characteristic of pure unipolar sclc¢ for an ideal

insulator assuming v(E) = A tanh E/Eo .
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Theoretical V-I characteristic of nure unipolar sclc for an

ideal insulator assuming v(E) = Vg (1 - exp (-E/EO)),

Theoretical V-I characteristic of pure uninolar scle for an ideal
m E

-— O s

2 LKy

. . -2 -
insulator assuming V(E) = — - v tan 1 (
m

Comparison of the V-I characteristics illustrated in figures

(1.6), (1.7), and (1.8).

Theoretical V-I characteristic of pure unipolar sclc in an

vn* n n* structure which exhibits the effect of hot electrons in

2 T
s ESO 9

_ 4n=3
e W = 10

the thermal range and normalized to the condition =
o

Chapter II

Block diagram of the electrical measuring apnaratus,
Circuit diagram of the current amplifier,
Cross-sectional view of the samnle-holder,

Top view of the copper-block mount,

!

Chapter III
V-1 characteristics of an R-2000 structure at 779K with and

without illumination present,
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V-1 characteristics of a D-200 structure at 779K with and

without illumination present,

Temperature dependence of the punch-through voltage (th)

for a D-2000 structure 70 u thick,

Schematic representation of a floating base transistor at
thermal equilibrium, The condition Ny >> N, is nresent so

that the transition region lies entirely in the p-region,

Temperature dependence of the capture cross-section of photo-
excited carriers in phosphorus doped silicon for two samples

with different impurity contents.

Electron trapping lifetime dependence on compensating acceptor

concentration in phosphorus doned silicon at 1,39K,

Temperature dependence of the threshold voltage in the range

4,29 < T =77°% for the R-2000, D-2000 and D-200 structures.

V-I characteristics of an R-2000 structure at 4,29 with and
without illumination present., Measurements taken with 20 us

pulses and de,

V-1 characteristics of a D-200 structure at 4.2°K with and

without illumination present. Measurements taken with 10 yus

pulses and dc,
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Cnergy band diagram for p-type compensated silicon at low

temperaturcs,
Schematic temnerature dependence of the threshold voltage,

V-I characteristic of a DB-2000 structure at 779K under the
influence of illumination, Measurements taken with 50 us nulses

and dc,

Energy band diagram for n-type silicon doved with phospnhorus,

boren, and gold.

Schematic V-I characteristic for unipolar sclc contolled by a

single set of shallow traps,

Schematic V-I characteristic for univolar sclc controlled by

a single set of deep traps,

V-1 characteristic of an R~-2000 structure at 3009K in the dark.

Measurements taken with 20 ps pulses and dc.

V-1 characteristic of an R-2000 structure at 779K in the dark,

Measurements taken with 20 us pulses and dc,

V-I characteristic of a D-2000 structure at 300°K in the dark,

Measurements taken with 20 us pulses,
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V-1 characteristic of a D-2000 structure at 779K in the dark.

Measurements taken with 20 us pulses,

V-1 characteristic of a D-200 structure at 300°K in the dark.

Measurements taken with 20 ps pulses and dc,

V-I characteristic of a D-200 structure at 77°K in the dark.

Measurements taken with 20 us pulses and dc.

V-I characteristics of a D-2000 structure at 4,20K with and
without illumination present, Measurements taken with 2 us

pulses and dc,

V-1 characteristic of pure unipolar sclc obtained by Brown
and Jordan(3:17) with an n* n n* structure with 4,29K, The
solid line represents the model of pure unipolar sclc with
hot electrons ( v(E) = vg). The dashed lines are the slopes
to the experimental characteristic: (1) as found by those

authors, and (2) as given by the previous model,

Thickness dependence of the current density as obtained by

(3.17)

Brown and Jordan with n* n n* structures at 4.2°.

Cross-section of an R-2000 structure and schematic representation
of the electric field and equipotential lines for the case

when the top junction is forward biased,
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Cross-section of an R-2000 structure and schematic representa-
tion of the electric field and equipotential lines for the

case when the bottom junction is forward biased,

V-1 characteristic of an R-2000 structure at 779K in the dark
with the bottom junction forward biased, Measurements taken

with 20 us pulses and dc.

Comparison of the field-velocity relationship for electrons
in silicon at 300K as obtained by a time-of-flight techniquecs'lg)

and from pure unipolar sclc (present work),

Comparison of the field-velocity relationship for electrons in
silicon at 300%K as obtained by several authors (3+19-23)

(includes present determination),

. . )
Impurity devnendence of 8 as obtained by Gunﬂz'27* in n-tyve

germanium at 779K,

Commarison of the field-velocity relationship for electrons in

(3.32)

silicon at 779K as obtained by Jorgensen end Rodriguez

(present work),

Temperature dependence of the field-velocity relationship below

S0°K for electrons in silicon.

Temnerature denendence of the heat canacitance (Cv) of silicon.
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3.34 Temperaturc dependence of the thermal conductivity ( « ) of

silicon,

3.35 Temperature denendence of the product C,/k which is nroportional

to the thermal time constant Tthe

3.36 Schematic representation of the current and voltage pulses for

a typical structure as functions of time.

3.37 Thermal time constant of a D-200 structure as a function of
the increase in temperature AT, the energy E, and the heat

capacitance C .

3.38 Temperature dependence of AT in a D-200 structure for 10 us

and 50 us pulses,

2.39 V-I characteristics of a D-200 structure at 4,.29K taken with

a double pulse, Single pulse widths: 20 us and 50 us,

3,40 V-I characteristics of a D-200 structure at 779K taken with a

double pulse, Single pulse widths: 50 us and 100 us.

3.41 V-I characteristics of a D-200 structure at 3009K taken with a

double pulse, Single pulse widths: 50 ps and 10 us,

3.42 V-I characteristic of an R-2000 structure at 4,2°K taken with a

double pulse, 4ngle pulse width: 50 us,
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Chanter IV
Temperaturc dependence of the limiting drift velocity in
terms of a A I for a A ¥ of 20 volts, A I related to AV by

= w2
ATl =2 €ey Vg A AV,

Comparison with theory of the observed temperature dependence

for the limiting drift velocity in an R-2000 structure,



