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20. examined and identified as simple diffusion over a potential barrier
(exponential injection with respect to the varrier heignt). Dc and small-signall
ac models for both punch-through structures are derived from standard bipclar
Junction transistor thecry by aprlying a current-dependent, rather than the
standard voltage-dependent, boundary condition for the minority carrier concen-
traulon at the collector edge of the low-field base regicn. The small-signal
models incliude carrier transit-time effects in the diffusion-drift, reverse-
biased regions of the devices by means of a transit-time factor similar <o the
factor used in the standard frequency domain analysis of pure seturated drift
transit-time diodes. The small-signal noise properties of the 3ARITT diode are
developed employing the same techniques used in the formulation of the 3ARITT
diode circuit model. 3Both, small-signal impedances predicted by the circuiz
model and small-signal noise measures predicted by the noise analysis, compere
very well with experimentally measured values of typical BARITT structures. g

The microwave and millimeter-wave detection properties of the BARITT diode and
the optical detection properties of the punch-through transistor are examined
using the small-signal models. The BARITT diocde is shown to be capable of
efficient rectification at freguencies both within and above the region of
diode negative resistance. The punch-through phototransistor is shown to be a
high-speed version cf the standard phototransistor; attaining its rapid respo nsq
capability through its lack of charge-storage inertial effects. The device is
also cepable cf additional quantum gein due to negative-resistance reflaction-
type amplification near the transit-time frequency.

An analytic large-signal mcdel for the BARITT diode is develcped based cn the
nonlinear expconential ;nject*' cn mechanism. Excellent agreement is obtained
when the results of this simple model are compared with the results of higher-
order numericel studies and to experimental results. Extension of the model <o
include harmonic power extraction is zlsc demonstrated.

BARITT diode frequency converters are examined in two fundementally different
studies, based on two different methods of analysis: a very-low IF mixer study,
applicecle only to self-oscillating mixers, in which the conversion prcperties
are obtained from a perturbation of the basic oscillator egquations and a
general four-Irequency mixer study, in which an egquivelent linear network is
developed to describe the pumped diode and its circuit environment. The minimum
detectable signal of the very-low IF mixer is shown to be comparable to the AM
noise of the diode cscillator itself and the optimum noise figure of the general]
mixer is shown to be comparable, particularly at millimeter wavelengths, to
that obtainable from the best present-day Schottky-barrier diode mixers.
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Optical absorption coefficient (cm™!).

Transit-time factor of a diffusion-drift region.

Prcopagation constant of particle current space-charge
waves in the diffusicn-drift region of a2 punch-through
device.

Detector ideality factor.
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al
portion of a diffusion-drift region cf a BARIT
diode (cm).

d
B
Ratio of base region majority carrier current to
minority carrier current at the injection point.
Small perturbation gquantities.

Medium permittivity (F/em).

Efficiency.

Transit angle (rad).

Optical wavelength (um).

Electron and hole mobilities (cm2/V-s).

Device-circuit tuning angle (rad).
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Tt Electron and hole recombination lifetimes (s).

Y Relative phase angle of second-harmonic voltage to
fundamental voltage across the forward-viased region
of a BARITT diode.

W Angular frequency (rad/s).
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CHAPTER I. INTRODUCTION

1.1 Introduction

This study is concerned with the frequency conversion
and detection properties oI punch-through semiconductor devices.
The two principal devices that will be considered in detail are
the three-terminal punch-through transistor and its two-terminal
pecial case, the BARITT (barrier injection transit time) diode.
The majority of the theory developed in this werk will directly
pertain to the BARITT diode only; however, with only a sligh®
circuit complication, the addition of base lead circuitry, the
results can be easily adapted to the analysis of punch-through
transistor converters and detectors.

The low-noise characteristics of punch-through injection
(diffusion over a potential barrier)are the principal impetus for
this study. The highly nonlinear voltage-current relationship of
punch-through injection and the possibility of device transit-
time negative resistance further enhance the candidacy of
punch=-through structures as frequency converters. This discourse
explores these considerations as well as circuit and material
constraints and will attempt to establish the upper freguency

limits of useful operation for all conversion and detection

schemes presented.

1.2 Basic Princivles of Punch-Through Semiconductor Devices

Although the device theory that is developed throughout

this report is completely general in nature, only th

“le
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o*tnp* abrupt-junction uniformly - doped Si structure will be

dealt with in detail. The reasons for this choice of a

particular device doping profile and materiel are, in order of
importance: (1) Si pnp base region minority carriers (holes)

have a lower value of mobility than do the majority carriers
(electrons). This mobility relationship simultaneously aids in the
phasing of the induced current for negative-resistance applications
and lowers the base lead series resistance for three-terminal
operaticn. (2) Holes in Si have a lower ionization rate %han

do electrons, thus pnp structures are capable of sustaining

nigher avalanche-free dc input pcwers than their apn counterpart
devices. (3) Only Si devices have been experimentally fabricated
thus far. There is no overriding advantage in using the more exotic
IIT-V materials such as Gals or InP to construct uniformly doped
punch-through structures since their high electron mobility values
actually result in laower RF negative-resistance capabilitie51 and
their low hole mobility wvalues result in only incremental
improvements. Tailored base region doping profiles

are alsc not considered in this work,2 however, this would
represent a simple extensicn ¢f the dc and small-signal theories
presented in Chapters II and III, respectively.

1.2.1 Punch-Through Transistors. Punch-through transistors3

nave no nistory except in a negative sense. The following is a
quote typical of most if not all transistor textbooks:

"As the reverse~bias voltage on the collector Jjunction increases
still further, the collector space-charge penetration...increases

and the aeffective bvase width is still further reduced. In some
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transistors it is possible for the erffective base width to be
reduced to zero by this mechanism, and this condition is known as
punch through. In a punch-through condition, the transistor behaves
as though the emitter and collector were tied tcgether by 2 fixed
voltage source, and the base appears connected to both through
a reverse-biased junction. Normal transistor actiocn ceases as soon
as the punch-through voltage is reached.™ 1In other words,
punch through has been traditionally thought of as a
breakdown condition. We counter here with the assertion that
runch through is far from a breakdown mechanism and, in fact,
in a low-impedance environment it is a desirable occurrence as
the frequency respcnse of the transistor actually improves when the
device is punched through.

Proof of continued transistor action into punch through
can be deduced from the results of an experiment that uses optical
carrier generation to simulate majority carrier base current in a
two-terminal ptnp* structure. The results of such an experiment are
shown in Fig. 1.1. Here, a high-intensity microscope light was
incident upon an X-band p*np* 3i device with a2 uniform base donor
density of 1.6 x 10%5 cﬁ“3 and a base region width of 3.6 um.*
As the bias voltage vce between the two p* regions is increased

the structure behaves as a standard open-base phototransistor

with a large Early effect due to the nonstandard doping profile.

* It should be noted that this particular device was not intended
for the purposes of this experiment and was therefore Tfabricated
with the face of the diode covered with gold to act as a contact.
The quantity of light that reached the base region was thus
limited to that entering via the exposed sidewalls of the device.
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When the punch-through vecltage is reached, a large collector current
develcps independent of the incident light. This is the
punch-through current and is due to the diffusion of holes flowing
across the now-lcwer potential barrier, i.e., forward-biased junction,
between the base region and the emitting p+ region. However, in

the presence of light, differing magnitudes of light intensity can
still be easily discerned even though the bias voltage is past

the punch-through velue. Since the punch-thrcugh mcde change

-

in the dc bias current per change in incident light intensity

e
ct

remains at or even increases from its pre-punch-through value,
must be true that controlled injection of minority carriers at th
emitting Jjunction continues into the punch-through mode of

.

overation. That is, the presence of the space charge of the

I3

optically generated base region majority carriers (electrcns) near
the forward-biased emitter junction perturbs the barrier potential
such that a greater or lesser number of minority carriers (holes)
can diffuse across the junction depending upon the number of
electrons generated within the depleted region of the device.

For no optical generation the hole current is dependent sclely cn
the level of punch-through vias, but with optical generation the
magnitude of the hole current is modulated by the intensity of the
incident light. The depth of this modulation is determined
primarily by the standard transistor current gain mechanism.

The direct optically generated hole current is but a smell
secondary effect, exactly analogous to the standard case of normel

nonpunch-through photo-transistcr operation. A more detaile

analysis of a punch-through pnp photodetector 1is given

T s e —— e e e et e e e e
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in Chapter V; a discussion of the experimental results and the
basic principles of the device is included here as the basis

for the fundamental premise that transistor action continues up to
and into the punch-through mode.

Introduction of base region majority carriers into the
quasi-neutral base regian of a three-terminal junction :ransistoé;
under normal forward operating conditions, is accomplished
by the simple process of base current flow. The situation is no

ifferent in the operation of punch-through transistors. Punch

o,

through reduces the effective width of the low field region
through which majority carriers can flow in the transverse
direction from the base contact to a spot under the emitter, but
it cannot completely eliminate this region. The potential
distribution from emitter to collector must include the

value possessed by an undepleted majority carrier source region
near the base contact; in the two-dimensional planar structure

™4 1
X

shown in Fig. 1.2, points 1 and 2 represent these %wo

end points and the transverse path s, the equipctential surface
common to both points. The dashed lines depict the extremities

of the junction space charge or depletion layers for zero

bias. When the bias voltages VF and VR are both applied

with the polarities shown, the forward-biased emitter-base
Junction-depleticn layer snrinks somewhet while the reverse-biased

collector-base Jjunction dezletion layer grcws and the structure is

said to be under normal forward bias. If Vq is increased to a
-

magnitude such that the edge of the collector-base depletion

layer Just touches the edge of the emitter-base layer, punch
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through cccurs. Nevertheless, path s must still exist, though -
its longitudinal position may have shifted, and there remains a
base current path continuum of majority carriers from the base
contact to the edge of the emitter-base junction space-charge
layer. Thus the transistor can still function and can still
provide power gain if the collector load impedance is comparable
L0 the now-low common emitter device output impedance.

The advantages of a punched-through transistor structure
are: (1) an effective base width that is extremely small, thus
negligible base transit time and negligible base charge
storage; (2) a base width that is achieved electronically and
not by a difficult fabrication procedure; (3) negligible collecter
series resistance because of the inverted doping profile in com-
parison with standard practice; and (4) the base push-out effect,
Kirk effect, is not as prevalent as in a standard structure, again
because of the doping profile. A potential advantage is <he
possibility of negative de*;ce output resistance due to
transit-time effects in the collector-base space-charge layer.
Given a negative output resistance, a three-terminal microwave
BARITT-type oscillator can ve envisioned. The presence of base
region majority carriers at the minority carrier injection point in
such & device would suppress the power self-limiting effects of the
injected minority carrier space charge and enable a larger
cutput RF power in comparison with that of a two-terminal device of
similar longitudinal structure. Scme possible disadvantages cof
punch=-through transistors are: 1) high series base resistance

due to the extremely nerrow effective base width, (2) inability




to operate as & pure class B amplifier, and (3) thermal problenms

due to the necessarily high dc power bias point.

A prototype experimental Si p*’np+ low=-freguency structure
(emitter stripe width = 20 um), similar to that shown in Fig. 1.2,
was rabricated here* using diffused base and emitter
contacts on epitaxial material (base region donor concentration =
1.3 x 20'5 cm=3). A measured collector current collector-to-
emitter voltage I-V curve, typical for these experimental devices,
is shown in Fig. 1.3. A éonsiderable portion of the epitaxial
layer was lost to out diffusion of the substrate during the p-type
isolation diffusion which accounts for the low value of the
punch-through voltage at zero vase current. Several devices were
tested at 10 MHz as smell-signal amplifiers in a 50-Q system.

In each case thé forward scattering parameter 521 increased when

the quiescent operating point was moved into the puncia-thrcugh
region. The specific improvement for the device shown in

Fig. 1.3 was 5.5 d8 in going from bias point A (5, = 2.2 dB) ¢to

bias point B (SZx = 7.7 d48). Although these results are preliminary
and far from exhaustive they do lend credence to the feasivility

of the punch-through zicde of operation.

Caapter II of this work contains a discussion of the detailed
device physics of simple, uniformly - dcped punch-thrcugh transistors
and a method of approximating values for the dc base resistance
of ap*np* Si versicn of the device. A small-signal equivalent

circuit for the punch-through transistor and an estimate of the

* The structure was fabricated by T. N. Jackson.
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high-frequency performance limitations based on the mocdel are

-y

A presented in Chapter III. Appendix A contains a discussion of a
possible feedback mechanism in the punch-through transistor similar
to the Early effect in standard transistors.

1.2.2 BARITT Dicdes. The two-terminal three-layer punch-

through structure now kncwn as the BARITT diode was conceived by

e i,

Shockleys in 1954 as a means of achieving negative resistance through
carrier diffusion or drift delay. Several important contributions
concerning the device nave appeared since (see Kwok' and Nguyen-Ba.2
for a complete history and state of the art) but the basic principles
remain as originally promulgated by Shockley.
In light of the previous discussions on the punch-througa
transistor, a BARITT diode can most simply te described as an .
open-base punch-through transistor. But in <he diode structure,
. as opposed to the transistor,ﬁgseregion majority carriers do not
play an active role in the device physics since the diode has no
prime source of majority carrier resupply. Base region minority
§ carriers which diffuse over the emitter-base potential barrier are

swept to the collector contact by the electric field of the reverse-

biased collectcr-base junction.* The pessibility of negative

resistance arises when the time delay due to the minority carriers

transit across the ccllector-base space-charge layer result

1]

ct

in the fundamental component of the induced terminal curren

i bt s oo

* The two p-n Junctions can be replaced by two back-to-back
Schottky barriers,® the siructure of the first functioning @
microwave 3ARITT device.?
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and the emitter-collector terminal voltage being close to
180 degrees out of phase. The BARITT diode is presently .
employed in microwave systems, though in relatively small
numbers, as a low-noise two-terminal negative-resistance device.
Unfortunately, due to the self-limiting and phase-tracking nature
of its injection process the diode is also a low-power device.
This one fact alone has hindered the BARITT's acceptance in the ]
microwave design community. But for the receiver-type applications
considered in this study, high power is not a prerequisite and the
overall utility of the diode is reappraised.

A dc solution for the minority carrier current injection and
for the low-field current transport of a uniformly doped
BARITT diode is given in Chapter II. Small-signal impedance and
noise models for the diode based on this dc soluticn are presented
in Chapter III, and an approximate large-signal nonlinear model,
harmoniz effects included, is developed in Chapter VI. These
models are used in the device-circuit analyses of freguency
conversion effects in BARITT diode networks given in Chapters IV
and VII.

1.2.3 Freguency Scaling of Punch-Through Devices. Simple

i b gl

frequency scaling rules for the design of uniformly ™ - doped

punch-through devices can be derived from the following four
principles:

E 1. BARITT diode injected minority carrier current density, | 1
dec and RF, must not approach a value that will induce excessive

space-charge limiting of the injection process itself. Thus
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where Jo is the dc current density, JRF is the RF current density,
and Nd is the base region doping density. This relationship also
applies to the punch-through transistor but the restriction stems
from a base push-out consideration rather than an injection
limitation ccncern.

2. The magnitude of the electric field at the collector
end of the metallurgical base region cannot exceed a critical
maximum value; a value such that avalanche multiplication is

avoided. That is, for maximum input dc power

Ndw = const ., (1.2)

where w is the width of the metallurgical base regicn.
3. The efficiency of power generation by negative-
resistance transit-time oscillations is independent of frequency

if skin-effect losses are neglected. Thus

- = n = const (1:3)

for an optimally designed structure. This principle should be
considered an assumption rather than a maxim, and at higher

current densities must surely be suspects due to thermal

effacts.
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L. The optimum frequency for negative-resistance power
generation is proportional to the inverse of the metallurgical
base width f « w !. Figure 1.4 is a summary of this relationship
for several experimental and theoretical BARITT devices.?°10
Since the dc voltage across a punch-through device is approximately

proportional to the product of the base region doring density and

the square of the base region width

L R (1.4)
both the dc power density
Pd
g€ - 2w + 1
e (Ndw) = const {1.5)

and the RF power density, reference Eq. 1.3, are independent

of frequency, where A is the device cross-sectional areza.
Circuit design-scaling considerations require that circuit
impedance levels remain constant with frequency so the device
cross-sectional area A must be scaled as =2 since the primary
contribution to the impedance of a punched-through device is the
cecld capacitive reactance of the depleted base region

- rA)"!
e (87

Thus the RF power generation capability of a punch=-through structure

follows the familiar
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Similarly, the magnitude of the large-signal negative resistance

Rd can be shown to follow

Rdf2 = const .

Zxamples of this type of behavior as well as a discussion of a
realistic upper frequency limit for the application of punch-
through devices are given following the develovment of the

approximate large-signal mocdel in Chapter VI.

1.3 Freguency Conversion Apoplications of Punch-Through Devices

1.3.1 Small-Signal Detection. BARITT diodes and punch-through
transistors are basically nonlinear devices and as such can transfer
perturvations in the small-signal voltages across their terminals
to wvariations in bias voltages or currents. Since these devices
are capable of negative resistance as well, the realization of a
combined low-noise amplifier low-lewvel detector is guite practical.
This application and the general detector problem are
reviewed in Chapter IV fcllowing the developrment of a device smell-
signal model in Chapter III. It is shown theoretically and
experimentally that the BARITT diode in the proper circuit is a
very sensitive detector of microwave signals. It is also shown that
the price for such a response, not surprisingly, is bandwidta.

As mentioned previously, a punched-through small-signal optical
detector is described in Chapter V. The novelty of this detector

is the possibility of quantum optical gain when the light modulation
frequency is near the transit-time frequency of the device drift
region. A gain-bandwidth trade-off exists for this "photo-BARITT"

detector as does with the microwave version.
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1.3.2 Four-Freguency Mixers. The paramount application for

punch-through semiconductor devices espodsgq in this study is the
focur-frequency mixer, i.e., pump, primary sideband signal, image
sideband signal, and intermediate frequency signal. Of the
many variations of the punch-through four-frequency mixer structure
perhaps the most interesting, primarily for its simplicity, is the
self-pumped down-converter. The punch-through device is embedded
in a circuit such that it oscillates at the pump frequency. An
input signal at either a higher or a lower frequency than that
of the pump is coupled to the device which in turn mixes it with the
relatively large punping waveform to create the image and a down-
converted signal. Since in the right frequency range a punch-through
transistor cr BARITT diode can exhibit a negative resistance at
any one or at all the principel frequencies of concern, the
conversion process has the possibility of taking place with a net
gain Iin power level. The total device-cirpuit interaction a2t all
four frequencies governs whether any specific punch-through ccnverter
circuit has overall gain or loss. Of course, a punch-through
mixer can be operated with an external pump source, the standard
situation for Schottky-barrier and point-contact diodes, but this is
counter to the simplicity of the self-pumped scheme. 3Both methods
of pumping are discussed in the development of the four-frequency
mixer in Chapter VII.

Punch-through <raansistors and BARITT diode mixers are
interesting not only for their simple circuit configuraticn and

possible gain mechanism but alsc for their low-noise characteristics.
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The conversion noise for input sigr=’'s very near the pump
frequency is due primarily to the AM noise of the oscillaticn .
process. In this mode, self-oscillating BARITT diode doppler
detectors have been shown to be superior, i.e., possess a2 lower
minimum-detectable-signal capability, tc their IMPATT and Guan
diode counterparts both at X-band!! and above.l2 The conversion
noise for input signals sufficiently far away from the pump freguency
is due to the correlated and uncorrelated injection and drift
noise components at the three signal frequencies and is
relatively unaffected by the pump noise. Receiver single-sideband
noise figures as low as 13.7 dB have been measured in this
laboratory for X-band doubly-tuned BARITT diode mixers with an
IF of 145 MHz.

Chapter VII of this work contains a detailed analysis of
BARITT diode four-freguency mixers. For input signals very near

the pump frequency a perturbation analysisl3,l% on the large-signal

model of Chapter VI is used to derive the conversicn transfer |
function. :his perturbation analysis is then shown to be a special 2
case of the general four-frequency mixer. The general mixer |
itself is studied using a method very similar to Hines' work!3

on instabilities in IMPATT dicde networks. The noise figure of
the mixer is calculated using a generalization of Strutt's method!®

for simple diode mixers and is based on the small-signal impedance

and noise models developed in Chapter III.

LN
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CHAPTER II. DEVICE PHYSICS AND DC SOLUTICNS

2.1 Introduction

This chapter presents a discussion of the physics of
punch-through semiconductor devices, a dc solution for the drift region
of a BARITT diode, and an estimate of the dc base resistance in
a punch-through transistor. A current- and voltage-dependent
boundary condition for the minority carrier concentration at the
base edge of the collector-base depleticn layer is introduced
which allows a2 smooth transition from the classic diffusion transistor
to the punch-through transistor or the BARITT diode. This transition
is not possible if the standard voltage-only-dependent toundary

ondition for the minoriiy carrier comncentration is used to determine

O
[{]

ct

the collector-base interface. Previcus theories

®
ct

he current flow

ot

of punch-through current inj ion are discussed and the limitations

[1]
ot

c
of the theory used in this study, diffusion over a potential barrier,
are detailed. A simple numerical analysis is used to solve for the
minority carrier concentration in the low-field portion of the

drift region in a BARITT diode and an upper bound is determined for
the dc resistance to transverse majority carrier current flow in

the effective base region of a punch-through transistor.

2.2 Carrier Concentrations in Narrow-Base Diffusion Transistors and

in Punch-Through Transistors
The standard solution for carrier concentraticns and currents

in the field-free base region of a uniformly doped transistor structure

«l9=
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under low-level injection was first given by S‘nockley17 in hig

classic paper that introduced the junction transistor in 1949. -
This solution has served as the foundation for all the present-day

theories of bipolar transistor operation, i.e., high injection,

field-aided base transpert, Webster effect, and Kirk effecct.

This section exposes the limitations of the standard theory under

the conditions of an extremely narrow base width and punch through.

The standard theory is then modified and the punch-through limit is

accounted for.

2.2.1 Standard Theory for Diffusion Transisters. The

one-dimensional field-free base region pnp transistor structure

25

considered in this study is shown in Fig. 2.1. A constant base

doping concentration and low-level emitter injection are assumed;
thus, minority carrier {transport in the gquasi-neutral base region can

be described by diffusion alone, that is
.

do

)
5 (2]

Jp = - qDD

&

where JD is the hole current density, DP is the low={ield hole

diffusion cocefficient, and q is the electronic charge. The other

relationship which governs the base region hole distribution is the

i ¢
time-independent hole ccocntinuity equation

a7
& (g.2)

where p:l is the thermal equilibrium hole concentration and Tp is the
hole lifetime. The solution for the resulting seccnd-order,
constant coefficient, homogeneous ordinary differential equation cean

be expressed as

RS S R, NS
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x/L -x/L
p-p =4e ¥+3 o p, .
n
where Lp = v’DprD = the diffusion length for holes in the base and A -

and B are constants whicn must be determined by the boundary conditions

at the emitter and collector edges of the base, x = 0 and x = W,

respectively. These boundary values are designated as

p(0) = F and plw) = F . (2.3)

-w/L
s S
s ¥o= 8. ( A pn) e
w/L -w/L
e T -e
and
w/L
Har (re-pn) i (Fc -p)
Y w/L ~w/L
e - e P
The hole current entering the base region JP(O) and the hole current
exiting the base regicn Jp(w) can now be determined from Eq. 2.1,
in terms of the hole concentration boundary values, as 1
|
aD ] |
J (o) = =2 {(F - p ) coth = - (F, - p) csc lii (2.4) ’
L e n L c n L
= D P ) %
1
and ;
q'DD W s AN, ‘
- Jp(w) = 12; [(:e - pn) asch E: - (ﬂz - pn) ¢coth E;j

(2.5)

To complete the description of the transistor currents the majority

carrier electroncurrents at the emitter and collectcr edges of their

R e S
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respective depletion layers are added to the hol2 currents +to fornm
the emitter and collector terminal currents, defined as positive

into the terminals,
5 J(-w)+J(-we) (2.6)

and

0
o}
0
8]
0

The standard mincrity carrier btoundary condition for the
Juncticn transistor first introduced by Shockley is
N Y
v /V
g T

F = pn e a (2.8/

where VJ is the applied voltage that apvears across the junction
depletion leyer, emitter-base cr collector-base, and VT is the
thermal voltage kT/q. Application of this particular form of the
minority carrier boundary condition to transistors with the emitter-
base juncticn forward biased such that Fe >> P> the collector-base
Junction reverse biased such that Fc <€ Pos and with base widths
greater than several Debye lengths yields a satisfactory description
of transistor action. That is, a small majority carrier current in
the base controls a much larger injected current into the same
region. If the transvort of minority carrier current through the
base is efficient then there exists the possibility of a power gain

mechanism.

2.2.2 Narrow Base Width Considerations and the Punch-Thrcough

Transistor. The standard solution for currents in the active region

of a diffusion trensistor was presented in the previcus section.
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In this section a soluticn under narrow base width conditions is
considered. épecifi:ally, the standard solution is modified to -
account for the punch-through limit, w + 0.
A problem arises when the standard boundary condition, Egq. 2.8,
is applied to the collector-base junction under the additional
Vo) << 1, and a

conditions of normal biasing, V__ > 0 and exp (V

B s’ V7!

very small vase width, w/Lp << 1., The expressions for the exiting and

entering hole currents in the base region [0,w] now beccme

qQD_F =1
B T
J (w) = ”ru—[—u (2.9)
w 6 (L
D E 5
and
chFe Lo w
0
anw .
= J (w) 4 —— 7 . (2.10)
D

where the standard small argument expansions for the hyperbolic
functions have been employed and the emitier-base junction boundary
condition has been kept in its general form. It appears that both
currents can be made arbitrarily large by a simple reduction of the
base width w. Of course this is not physically possible as the
emitter-base junction can only supply a finite amount of current,
the ultimate magnitude of which is determined by the junction doping

profile and its level of forward bias.

The requirement that the hole concentration

of the collector-base depletion layer bte less than

equilibrium concentration, independent of the hole

at the base edge
the thermal

current density,
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is disconcerting at best. For typical vese doping densities the
hole thermal equilibrium concentraticn is approximately

10 to 10% holes/cm3 in Si. Thus the standard reverse-biased p-n
Junction boundary condition, Eq. 2.8, would lead to absurdly

low minority carrier concentrations which could never support the
transport transition from diffusion to drift current that holes

must undergo in traversing the field-free base region tc the

)

-
|

nigh-field collector-base depletion region. Matzl® was apparentl;
the first to consider this difficulty in detail and was able to solve
for the minority carrier concentration at the collector edge.

of the base region by considering a two-carrier mcdel and by using
the condition that the longitudinal majority carrier éurrent at the
depletion-layer edge is zero. Kirk,!9 in nis study of the
base-push-out effect on minority carrier transit time, required that
the minority carrier charge density at the depletion-laysr edge be
equal to the dec collector current density divided by the scattering-
limited drift velocity. Middlebrook?® studied the effects of Xirk's
current-dependent collector boundary conditicn cn the behavior of th
dec collector current and the dc common emitter current gain. None of
these authors, however, considered the combined effects of a
substantial minority carrier concentration at the base edge of the
collecter-base depleticn layer and an extremely narrow base width.

The following empirical formula is suggested as a replacement

for the standard collector =2d4ge boundary condition

- = =) I_ /
Fq Kp (1 - exp ps/pn)] * o, exp (Vg/Vg) o (2.11)




where B, = Jp(w)/qu, the hole concentration that would be needed to
account for a pure saturated drift current of magnitude Jp(w), with
v, the saturated drift velocity (vg = 107 cm/s in Si) and X

a dimensionless constant equai to the ratio of the actual hole
concentration at the base edge of the collector-base depletion layer

to the saturated drift hole concentration os. A numerical

=
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solution for a single-carrier model of drift and diffusion current
flow in a depleted region neer a zero field injection pcint is given
later in this chapter. From this single-carrier solution a lower
bound on K for a two-carrier device can be determined, but it is
sufficient for now to simply acknowledge the fact that for base
donor concentrations less than 5 x 10!6 in Si the value of X is
greater than five. Note that the new boundary condition, Eq. 2.11,
is a smooth transition from the standard boundary conditions, which
is valid only for low collector-base bias and extremely low collector-
current densities, to a new boundary value which is valid for any
bias level and current density in the normal regiocn of transistor
operation. In particular, for normal biasing, exp (VCB/VT) << 1y
and current densities such that Py >> pn, Eq. 2.11 simplifies

to

{ Fc = Kps " (2.12)
With this simplification the hole current den