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ABSTRACT

This paper is conéerned with electronic devices which

.?_exhibit the property of controllable signal prOpagation de-

lay based on the principle of minority carrier drift in
semiconductors. -

Theoretical predictions of the time domain response

- of ideal devices are compared to measurements made on a

practical device fabricated with the gaseous diffusion
techniquesbused in the manufacture of integfated circults.
The theoretical aspects of temperature comﬁensatibn

afe diséussed, and successful temperature compensétion_of

- a device is reported.

Application of devices to time delay, phase-shift,

frequency selective filter, and oscillator ciréuits‘ére

presented, and the course of future WOrk, 1eading’tc mofe'

sophisticated applications is outlined.
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LIST OF SYMBOLS

A= Area
a = ty/2K?
= Emitter-to-collector spacing
Dp= Hole diffusion constant |
D,= Electron diffusion-constant :
= Electric;field'~. | |
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Acceptors. per unit volume
Donors per unlt volume

Volume~den$ity of holes

Excess volume density of holes

Power

Q Factor of resonant circuit =

Charge

Injected charge
Eiectrohic eharge V
Résistance |

Device resistance -

Temperature sensing resistance

Laplace operator

Time

Pulse delay time

Input pulse time duration

Temperature

Voltage, voltage applied to device

Temperature sensing voltage'
Velocity
Width.

‘Width (in time)

Emitter width . .

Change in time width

Distance variable .

Common base current transfer ratilo

v
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Common emitter current transfer ratio

Unit impulse function
Dielectric permittivity
Mobility |

Hole mobility

= Electron mobllity

Effective mobility

‘Resistivity

Conductivity
Dielectric relaxation time
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Radian frequency'v
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' INTRODUCTION

The direct observation of minority carrier drift,
diffusion, and recombination in semiconductors nas first
reported in'l950 by Haynes and Shockley. Their;work, un-

dertaken,in connection with the early transistor develop-

" ment program, laid the eXperimental foundation for the

h theory by which we now understand semiconductor devices.
'One of the most’ striking features of this experiment was

- the controllable delay of electrical signals made possible

'through the mechanism of minority carrier drift. The

highly successful application of minority carrier trans-
port in amplifying and switching dev1ces:hes overshadowed
the time delay property which has found 1little or no;ape
plication in the years since the original experimentglv

| This paper discusses the theoretical‘aspects of a
device.based on these principles, the successful fabrica-
tion and testing of such a device, the relation of test

results to theoretical predietions, and the possibilities

fforppractical application of devices which fall into this

class of Semiconductor Delay Elements.



PRINCIPLES OF CARRIER TRANSPORTZ

‘Majority carriers'in,semiconductors such as silicon
and germanium behave similarly to iree'carriers in mater—
ials'COmmonly calledbconductors.A The movement of carriers
under the influence of an electric field is given by
(1) o | | - ;T= current density

- J=eE. €
o _ . o o

The one-dimensional steady—state motion of holes under an

electric field

conductivity

'electric field in a p-type semiconductor, for instance, is

" described by:

(2) | | J;(DRIIFT)= drift Curr_enf'f. :
S P = nole denstty
v»*JP(DRIFT): 3 PMp 51 T

/uP = hole mobility

electronic charge

 where ( 3 /D/LAP. ) can be recognized as the conductivity

by comparison of (1) and (2) The velocity of hole motion

(from the principle that J_ d(Q/A)/dt ) s
S (3) A= unit area "
‘:/L4F> ':'.' V= hole veloc1ty |

Majority carriers also move, : ‘or. diffuse, under the
= influence of concentration gradients '_ v ' 1’pa‘

(4) T [%o'—'dlfquion constant
: : P i : for holes s

hole diffusion
current

1]

'J;o(/)u-‘/:)'f:“3Af-)f(i | J (DIF‘F)

X = dimension under
’ consideration

C e



v

(5)

,(6) - € g

When this aspect of semiconductor conduction 1s consideréd,

the total expressibn for cUrrent.becomes:
= ' P T P
JP“ JP(DIFF) +§],.D(DRIFT)_. . gDP;‘;'? + 3P/"‘PE .

As far as transient phenomena aré cbncerned, majority

~carriers are similar to free carriers_in‘cbnductors. In
_both»¢ases, the length of time fof which an un—neﬁtrélized
space charge region can exist after the injection or with-
- drawal of a quantity of free carriers is very Shoft;: The

~ charge-unbalanced region decays exponentially with char-

acteristic time

conductivity

TR' B v o € = pefm‘ittivitir '

called the dielectric relaxation time. For silicon and

germanium, the relaxation time is of the order of a pico-

- second for I L1 -Cmn matérial.3 This is the time inter-

val during which large majority currents flow from an ex-

ternal source in contact with the material to extinguish

" the charge—producéd,electric field. For purﬁoses'ofjsignal.

delay, therefore,.majority éarriers pro?ide negligibie in-
crease in delay,over,that which is obtainab1e with electro-
magnetic waves. Sé ény hope for a practical deléy.de&ice
dependé'on minority_carriérbbehavior.

Minority carrieré,_for instance electrons in a p-type

semiconductor, obey the same conduction laws with respect



to drift and diffusion es,do:maJority'carrieré;i So;
(1) i : o
B ?.3'0!\.32 J’Z/*‘n”“S
in the one-dimensional case being considered
Minorit§ carriers are not free, however, to flow in

‘and out of contacts by displacement as do magority carriers.
. - P

‘But the rules of space charge quasi-neutrality still_epply.

What happens is'thaf'an'eXCeSS of minority'Carriers_orer
the thermel equilibrium value'is'space—oharge'neufraiized
1.by'majority carriers in the interval'of-the relaxation time,
'f>and*thenvthe two species of carrier recombine‘iﬁ abprox—-
iﬁately exponential fashion withvcharacferis#ic time.

1Z%; called the lifetime of minority cerriere inpthe_

" material.
o Therefore,
: . ‘ /- ~ L
(8) .é/ N = excess minority
o = 7 Ta o concentration above
hznc=0)e . thermal equilibrium.

N/ o '
N'(t=z0)= initial excess minor-
. : ity carrier. concen-
“ ‘tration
 and, difﬂerentiating:
:(9) ' Cfn o fj[‘ ,
. Crt | 'z:n“'
' Since the. concentration of maJority carriers must

Al

closely follow that of the minority carriers in order to |

preserve space charge quasianeutralityu

[

-&ﬂ ]



~ (10)

[0y
o
h\

The three previously considered phenomena (drift
diffusion and recombination) can now be combined into
two equations expressing the conseryation of charge,v
known collectively as the continuity equation, which
describe the time behavior of minority and majority :
carriers in a semiconductor. | Because apzap,and
'én:anﬁ theresulting. expressions are:

(11) B

dee _ 1 3% Y /
Qfe~ L dde _ P _ 3 _ P
5 JAx Z;'“' Dp 3> 'ﬁfﬁpés " Th

n
< 04 ope e %
,NoW'consider_the case'where'an.impulse of{mindrity
bcarrierslis injected~into'a semiconductor. .First, charge
i neutrality_is_provided virtually instantaneously, so;that_
an exceSS»of‘holes and electrons-exists'in the region of
injection. Second these oarriers tend to spread out due
to the concentration gradients Third the holes- and
electrons tend to recombine, thereby reducing the density
» ‘/ l? of the concentration lump with. the time constant - .
rFourth if an externally applied‘drift field is present

the concentration lump moves in- the direction in which

charges of like sign with the minority carriers would



~move in such a field. This illustrates the dominance of
. minority carriers over'mejorityrcarriers.in the process of
excess carrier drift.

The Velocity with which the lump'moves is

"1/'_/,(“ .
This equation is ‘well obeyed in silicon up to velocities of
Y

(13)

about 2x106 cm/sec.
It can be seen, then, that reasonable:delays ceﬁ be
obtained in micron distances with velocities raﬁging:from
1Ou't0'106»cm/sec of course the max1mum delay obtainable
is. governed by the lifetime, both at the material surface
and in the bulk, which is of microsecond duration even in
the most perfect samples. Lifetimes can be reduced to the
order of a nanosecond ‘in samples with,poor-Surféce‘proper—
ties or a high density ofrbulk'reCOmbination-centers; as
H;.with_gold~doping. ' |
The solution of the.continuity'equetion.for minority
v carriers can be'obtained under’the'following assumptio'ns:5
1) Oue—dimensional'solutioh | |
- 2) Un1t impulse ex01tation 1n both time and space
3) Substantial conductlvity (i e, short 73@ )
| ) Extrlnsically doped sample
| 5) Low level injection (minority”injection much
smaller than mé.;j_'ority; dopinﬁg)»,

The solutlon under these conditions is:



(14)

N: : "'%7" | e—(X*ﬂth)74Dnt |

fdo = Initial area concentration
‘ - of minority carriers

h/(X,f)‘ Volume density of minority
carriers as a function of
| ‘distance and tlme }
This equation can be recognized as a gausSian distrieutioh‘
in the moving coerd'iriate system X,,-_where‘, o |
(15) S ‘ S
:'(X—-/'u_“(fi)_‘ |
" The Haynes-Shockley experiment was originallyiperform—
ed with holes in n—ﬁype_germahium erystal, using a point
centact emitter and.cellector.' Delays.of_tenseof mierog

seconds duration were obtained in:germaniﬁm éryetals:with’

measured lifetimes as high as 200/usec and mobility measuredv

to be = 1.7 x 103 cmz/volt—-_sec.6 This classic experlment

'illustrated conclusively the existence of hole and electron

~drift, diffusion, and bulk and surface recombination, as

well as prov1d1ng an accurate and direct measurement of -

- drift mobillty of mlnority carriers.



'iDEALFDEVICE_CHARACTERISTiCS'

| Befofe considering the practical aspects of:eXpléit-,.
ing the”Haynes-Shockley experimentél’results, let us ex-
amine moré closely'the prédicted behavi6r'of an ideal j
device. | . |

Figure 1 shows a diagram of (a) an ideal dévicé-and
the carrier distributions existing in.épaée a finite time |
f»_after the injection of (b) an impﬁlsé of minoriﬁy capriérs
f- and (é)fabstép»bf_minority carriers. If we heglect ﬁhe
- effect of the difference in time between the collection
©of the first carriers in the packet and the last, we can
transférm (14) into a function éf t,ahd~tD; : | :
A6) o (Laje _Te  a-tofth @ /K
frft) /12} va——kf+‘7; e

= output current

AR
| !

= input currént

'VEMTB o Lol
k: ———— = standard deviation of
v ‘a gaussian pulse (in
‘ units of time)

| 7;=% input'pﬁlsé duration
In the case of a unit current impulse, where I Qo Cg(f)

an IT Qoéct) e= Qo. (7;-*0)
cS(f)

Q.

unit'impulsé fdnctioh

finjectéd chérgeu



EMITTER o I - COLLECTOR

==

‘ . A ' : —1V*

IMPULSE RESPONSE

: v [ GAVSSrAN]
(b))
| STEP RESPONSE
. [ERROR Fuucrwmq
) ‘Tn?m
|
X=0
FIGURE 1

(a) Diagram of an 1deallzed device

(b) Carrier distrlbution in space at t tme tD due to unit ‘
impulse input '

(c) Carrier distribution in space at tvme tD due to unlt
step input



Therefore:

- e, ‘;.'f' o .tost”2 -2
(18) - I :—————216/)'3"( ‘ e "'gﬁ e ( | o) /4/( '
° TK ™ = |

~ which isvthe pure gaussian form.

The peftinent features of the reeulting pulse are
the width, amplitude, and delay. A description of these
propenties_is contained in (16). First, we wili coneider

delay.

where: 'toé!delay to center of gaussian or to half

c maximum amplitude of erf response:
So, for fixed <ﬂv, and variable applied drift flEId'

- (20) ;
| ,.iér /unf, /Uné—ﬁ (' ) \/

distance from‘emitter to'coliector

V.
L

‘For fixed applied voltage, and variable d:

tD “(/A v) | H

applied drift voltage

distance between ohmic contacts

(21)

Next, consider the width of the concentration lump,

" expressed in units of time:

10



(22)

11

W= e T, + awg

Where: W = emitter width
T, = input pulse duration

AW_ = width increase due to
.diffusion of minority
carriers away from the
region of high excess
concentration.v

(23) 1[ :

where' zswt is taken as the w1dth increase measured at

one-half the maximum amplitude (FWHM), and 11._ is the

‘conversion factor from standard-deviation to FWHM. 7 g

So, for a fixed emitter to- collector spacing, and var-

iable drift field: 1[___~_
o .1
(24) AW, = kLD (t,,)

However, for a fixed drift field and variable distance:

(25) ' | N
: , ,1[. : N
. A‘VVtV:i lgif?h'h(ifo) /e

vaquations (24) and (25) are alternate forms of the basic
- & relation expressed in (23), but with different parameters
- he1d~conStant and deiay.time as the 1ndependent variable.‘
' These forms are those most easily compared with experi-

'-mental results
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Attenuation is the result of: two effects, diffusion
and recombination. In the absence of recomblnation we
WOuld expect the product of pulse amplitude and width to

remain constant, since the’totai'number of inJected car-

K5

riers 1s constant in time. Therefore, considering dif-

fusion only:

- (26) | ’j%a’ oC.

| ZﬁV9$TZ:Zi::*"DP7; | R .

If we multiply by the recombination term to take care of

" carrier loss:

(27) tb/fb

.___ oc :

i , - : R
Fuﬁthermore, the amplitude is proportional to input pulse
durétion, leading us to:

e

_I:, - vl ‘e—'-fp/%n._
§ I; 2_rs——-on tp - _V_-]; >

or, for unit impulse excitation,

(29)

to = — < '

B 'Lff_V._vo,,to‘

 Notice that as (o~ in equation (28), the transfer
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fnnction approaches its dc value:
(30) ~ ;
“ _J_o_/ - ~ o /7n
[1:5 de c |

Figure 2 is a set of graphs summar1Z1ng the time}re—
sponse relationships described here. These_graphs form
a basis forecomparison with the experimentalldeta,-which
~1s given leter in the paper. | | |
Since the response function of an ideal semiconductor
deiay device would obviously be a low pass oharacteristic
with variable phase shift, an examination of the frequency
__reSponse should yield some interesting information. |
We can determine the frequency reSponse by takiné the‘
Laplace transform GC) of the time response to a unit 1mpulse
(31) gf (Impulse response) = F(s).
”v”F(s)p=Atrensfer‘function_p
| in s; the Leplece
variable. |
From (18): |
(18)

—~tofr, -(t- tbz 2
I,= F(t) Qo é(f:)— Q°[23/7?l< /f e ( /4K J

"” which becomes, on eXpanding'the exponenti

(18a)

. o/'a, | e ycz- /4,; LY/
— o o ~ LK
Fe) Qo éft) Qo aV"K [e Cc € J



FIGURE 2 CAPTIONS

, as a function of control voltage,

(a) Pulse delay time,. tD
. to—collector spacing.

for a fixed emitter

(b) Pulse delay time, tp, as a function of emitter—to col-
' ~lector spacing, for a fixed control voltage

(¢) Pulse width increase,A\N&, as a function of time: delay,
+ with fixed emitter-to-collector spacing and variable
control voltage. :

© (d) Pulse w1dth increase A.VVt, as a function of time de-
' lay, with fixed control voltage and variable emltter-
"to-collector spacing S
L,

- (e) and (f) Current transfer function /ff:/, as ‘a func-

' tion of time delay, Upper curve attenuation due to
diffusion only, lower curve shows combined effect
of diffusion and recombination.

14
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Let . - - o |

Then (18) can be expressed as:

(18b) | | tD/Z" -_fg/;,Kz | t’/ = a'.t'.
: e [~ 74K"}
F(t) Qo é('é’ (e 2T K )(e ’ )(e )
. But: | .4 | | |
(33) o 3t 8
| L [dff(t) e ] ::'fTCES'f )
'j;Therefore éf

@y

tp/tk 'tmﬁﬂ< Z(S <a) | _a)
Fes-a=[-f—a"— 7[6 e”'{CCK(s ) -

_ Recall_that, from (23),vthe conversion between standard de-
~viation and pulse width 155_3
(23)

VVt;:'VILJ K )
| s0 that an alternative expression of (3“) is:

(34a)

Y
1

~t/%3 -2. 5S¥b)

The frequency response can be determined by setting s=jw

in equation (34) and_obtaining the magnltude and phase of

. (mu A L - .1'!
Fes-a)= [ JEGW('S er{c[ 5%)]]



. p—

F(jw -a) astovaries."

The function F(s- a), given by (34) is tabulated in

_several references,lo but most usefully in Fried and Conte._,

The detalls concernlng the application of this functlon are
given in the apoendix, so only the results are presented
here. Flgure 3a is a normalized plot of the frequency sensi-
tlve portlon of F(s-a) in polar form, for varlous ratios of
time delay to pulse width.ll Dev1ce5'w1th high ratlds of

tD/Wt;are best for pulse delay applications, since this im-

'plies-maximum bandwidthAfor_a givenfdelay. Devices.With low

. ratios of tD/Wt are best .for most phase-shift applications,

since attenuation of harmonics above the frequency of inter-
est is maximum.

Examination of the amplitude versus ffeQueney*plot in

| Figure 3b reveals an extremely sharp cut-off characteristic

fer a typical value of tD/wt., Such a characteristic could

be very useful if adequate control and stability of device‘

parameters could be achieved.



| IM F

FIGURE 3a

| FGw-a)  [Neamaurzeo]
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DESIGN AND FABRICATION . | |
The design of a'device tormeet the goals.of this pro-
jeCt represented.a compromiSe between the ideal situation,
the practical limitations of the diffused technology, and
the capability of existing fabrication facility.12 The goal
was to produce a device with delays of tens to hundreds of
“> nanoseconds, maximizing bandwidth, and’minimizing attenua—
tion. | | a | | | |
For these relatively short delays, the velocity of
carriers should be of the order of 105 to 100 cm/sec Ob-
':.taining this-high a velocity required the selection‘of the‘
'highest'mobility_silicon’available'so“that electric.fields
‘could be kept within reasonable limits. The highest mobil-
;‘ity for minority'carriers is.found_in p-type siliconiwith'
" doping levels leSs.than'lols'atoms/cm3. The mobility in
this material decreases from'greater than 1060 em?/volt-

15 atoms/cm3 to about 300 cm2/volt—sec at doping

sec at 10
levels.above 1017 atoms/cm3.l-3 A velocity of 106 cm/sec
 requires a field of 163 volts/cm with a mobility of 1000
em?/ volt-sec. Silicon wafers with doping levels of lOlu
atoms/cm3vand lifetimes in excess of 1 microsecond were
chosen for the basic material

The geometry of the device was planned to prov1de five
n- -type emitters and one: n-type collector in a line between

ohmicVfieldeproducingvcontacts in the p-type background.



&y

" Diffusing n on p junctions,into'lightly'dOped material is

'.1not'practica1 because‘of the ability of surface state charges

and surface oxides containing positive ions to 1nvert the

1lightly doped material’ at the surface, produc1ng a thin

n-type layer which forms'a conducting path between n—type
" . >

‘diffusions. To overcome this effect, a channel of boron—

doped p material was diffused into the lightly doped back-

“,ground'to form a "Guard-ring" around all n-type diffusions.

"Base" contacts were made adjacent to each emitter so that

a low-resistance path existedifor effective‘forward—biasing

of the emitter junctions. Figure 4 is a photograph of the

device showing the five emitters, the five "bases" and the .

vcollector, situated between the ohmic field—producing;con- o

rtacts.':Notice that’the-basefcontaCts are placed beside the

emitters to avoid areas of extremely high surface recombina-
tion veloc1ty in the s1gna1 flow path. |

One of the main. des1gn considerations involved keeping

:'the surface recombination to a minimum. It was assumed

that surface recombination centers would substantially re-

- duce the lifetime of electrons below the l/xsec bulk life—

time, S0 the channel diffusion was planned to force minority'

carriers away from the-surface, uti11z1ng the built—in

-~ drift field which results from doping concentratlon grad-

7;'ients. Using the assumption of an exponential doping pro-.

file.,
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FIGURE 4. COMPLETED DELAY DEVICE



(35)

P 7
P(X):Poe ) |
FL surface doping concentration

The built-in electric frield, €drift, is given by:
(36) | |

diffusion length

| £ = — kT 1

_If a design'value of ZiDrift = 102v/em is chosen, a diffusion

length of about 3 microns results. Choosing-a surface con-
_centration of about 1017 atoms/cm3, a diffusion depth (at -
which doping becomes comparable to the bulk concentration of
_1014'atoms/cm3) of about 7 microns iS'obtained The surface
,area covered by this p~ type diffu51on was made just large |
enough to cover the expected spreading area of the injected
electrons, so.that it would not lead to excessive power
dissipation; 'Iniorderlto.increase the collection efficiency,
“the n;type cdllector'difquion‘was made as deep as\possible;
of-the'order-of'25'micrOnsg-sO'that carriers which diffused
»deep into the bulk could be collected The emitters were

"required to be as . shallow as possible, so that injection

5n;would take place at a junction of highly doped n and p type

7_materia1 : Figure 5 shows the doping profiles of the emit-

12f1ter, channel, and collector.;

The problem of power dis31pation becomes a serious one

23
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in devices of this type. Power dissipated in a bar of
E length,Q , cross-section A;’fesistivity f’, is:

(37) D | |
. , 2 A2 A 2
PV EL A

eL/A Q.

(S =v de‘-sired electri‘c field

It is therefore desirable'to minimize the area andflength
_ of the chip, while maximizing the resistivity. The Wafér ' .
ztthickness was minimized, and channel width limited, bﬁt-the'
" length between field—producing contacts was about 500 microns,
 ‘requ1r1ng a voltage of 50 volts to give E = 1000 v/cm vA \
comblned resistance of 5000 . for bulk and channel was
almed for, giving a maximum power dissipation of 0. 5 watt
at &€ = 1000 v/cm,. |

Some non-ideal aspecte became apparent at the deéign
'stege, and the fabricatien wae undertaken with these_in'
mind. First, the fact thatftheremitters were conparable'
in width to the distance between‘emitter and collectof
contacts meant that an electrical impulse input'QOUId{be
degraded into a carrier>lump_of finite width at:fhe-mement_
:ef injection;Ar | | |
~ The w1dening factor‘can be seen to be:

_(38)

emitter width

2 £
1} H

collector to emitter distance



The first emitter 1s'the-wor5t'1n this respect ~and the
‘last'is the best. The first emitter, whose width is about
equal to d would automatically give a pulse about equal in
width to the delay time, even if diffusion-were'ignored.
The effect 1is to seriously 1limit the maximum bandwidth of |
athe device. | |
Second, the. temperature dependence of mobility was
v*recognized as a serious problem. The mobility decreases
with increasing temperature, SO that the device 18 subject
ynot only to ambient temperature variations, but also to
serious effects from heat produced by power dissipation in
the chip. This effect de-sensitizes the delay to elec~
‘tric field. One gommoh way to circumyent this_problem is
to pulse the drift field at low enough‘duty,cycleisofthat
self;heating becomes negligible. . This, ofvcourse, has -
h_serious-drawbacks in the operation of a useful device.
Another possibility for’oorrecting temperature dependence‘
:was'planhed at the design stage.i If the temperature de~ |
: pendences of drift mobility (minority‘carriers) and con-
:ductivity mobilityv(majority carriers) are assumed to»be
equal, then biasing the device with a current source could
tbe‘expectedvto produce'temperature compensation;
'The argument is as_follows: |
'fSince | e

S (39)

Ve :/J.n (T) - £
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estimated junction depth of 20 microns with a 15-hour drive-

27

~and

(4o) é: _1_.__'5;8_._. Is(;/u,,(r)p)A fs :
0 ._. - f | &/ﬁdT’fLA

Ve = velocity of electrons -

Jg = "sweeping current"

Py
1

device resistance

b
1

tiength'

>
i

area’

then if p 1s a constant that is, no conductivity modula-

‘.tion takes place:

(41)

CHn(TY 15

Ve= Mp(T) 7 PA

'So the more closely matched the temperature dependencesiof

/L(ﬁ andI/Jp, the more linear the relation between ve and’ I
The device described in this paper was fabricated w1th

standard gaseous diffusion and'photollthography techniques

in the semiconductor laboratory of the Electfonics Research

Laboratory at the University of -California, Berkeieyt The

starting wafer was a 10041.—cm_(111) orientation p-type

silicon wafer 20 mils thick The wafer was lapped to less

than 10 mils thlckness, and. the surface polished. The ini-

tial_diffusion was for the n—type collector, prcducing an

WL

in. Next was the channel.diffusion, resulting in‘an estima-

ted depth of 7 microns, a resistivity of 2x1071_n -em



(giving a surface concentration of. about u X 1017 atoms/cm3)
This resulted in a combined resistance of l 2 F(!L for the -

10 K bulk and 1"’4 K . channel. This resistance was lower

‘than hoped for, due to too large a channel doping level. - Thef;

" next step was the deposition of n+ layers for emitters and -

also to cover the deep-collector deposit.
' The devices were diced and mounted in 12-pin TO—5 head-
.. ers for testing.v The back of the chip, which was type n after

processing, had to be electrically isolated from the header

f because it formed such a ieaky junction that the ohmic proper-

ties of the device were disrupted by the large 1eakage cur-

“_rents. 'Bonding'to;the header was accOmplishedtwith non-con-

. ductive cement.

28
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ELECTRICAL CHARACTERISTICS
The first electrical tests performed on the device
were with a transistor curve-tracer.' Two—terminal tests

made between each emitter and nearest base contact showed

"~ "hard" (negligible reverse leakage current) junctions’ with

reverse breakdown at about 9 volts. The collector—channel
Junction was also "hard" with reverse breakdown at about

15 volts. A two-terminal test on'the‘field-producing con-

| tacts showed a linear V-I characteristic in both directions

up to about 17v in either direction. At this point, the
resistance abruptly changed from 1200 L1 to 200 /1. . This
effect was probably due to some form of breakdown in the
doped layers on the back of the chip, forming a lower re-
sistance path between the ohmic contacts. The practical

effect was to limit the continuous-mode operationhof the

- device to'v01tages not much greater-than l7tvolts,’because

the low resistance greatly increased power dissipatlon at

_ high voltages.

The similarity of this device to a lateral transistor

is very close. A curve-tracer test using the emitter and

' base nearest the collector gave a typical set of common

emltter curves. W1th no drlft field applied, the common

emittericurrent "Gain" was‘g = 0.4. The maximum. obtain—

‘able was 1.4 with an applied drift field. This'eorrespOnds

to a common- base current transfer ratlo of Xpin = 0. 3 and

X = 0.6. The improvement in X as the field is 1ncreased

max
is due to the directlng actlon of the drift field .on the
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minority carriers;'as;welliasttheireducedttransit time due
to drift, which reduces the effect of re’co"mbination.g The
curve tracer.operated at 240 steps;per.seCOndvso these are
'essentially'dc'parameters. By analogy to a multi-emitter
and base lateral transistor the symbol shown 1in Figure 6
will be used throughout the paper in describing the perform—
i'ance of this device. . :
The basic arrangement for testingvthe impulse response,
‘step response,'and frequency response is'shown'in‘Figure 7.
The-drift field was switched on at a low enough duty cycle
" to minimize self-heating effects. | The capacitorslin the
bases maintained a constant base voltage for high frequency
.and pulsed common-base operation.. It was determined that
- increasing the collector reverse bias had little or no effect
" above a volt or so, therefore'the self-reverse biasing'effect
. of the circuit shown was suffiCient:to insure,operation in-
-dependent of collector to channel voltage. |
Figure 8-a is a picture of the 1mpulse response at abf
;given_drift field, resulting from inputs on emitters El,
-E2; and E3.. Notice that pulse from E3 looks a good deal
,morellike'the ideal gaussian response than those from El
~and E2. The reason for_this is that E3 is far enough:ree_
. moved from“the collector to more closely'approximate the”
ideal. assumptions Figure 8—b shows the pulse from E2 for
three different drift fields,_but w1th amplitudes normal-
‘1zed to show more clearly the difference 1n delay Figure _‘

’K8 -C shows the step response, which is approximately the same
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as the.waveforn obtained by‘Haynes?and‘Shockley;ls the in--
tegral of the gaussian, or error function

Data was extracted from a series of photographs to see
" how well the time domain response agreed-with the predicted
response;_'Figure 9 shoﬁs delay as a'fdnction of_distance.
l for various applied drift voltages.b This agrees well with
_ the'expectedtlinear response predicted in Figure 2-b, when
fdistance is measured trom.the center of each emitterato the
- nearledge of the collector. Figure 10 shows'delay as'a func-~
- tion of applied drift voltage. There is a'perplexing dis-
agreement here betweenvtheory-and'experiment; Theory pre—d_
'dicts‘(see equations 20 and Figure“Za) that delay should be
vi?proportional to (V)flg but eXperimental.results show that it
iﬁis proportional to (V)'l/z. The practical effect of this re-
f‘lationmis'to'make'temperaturevcompenSation (disouSSedﬂlater)
more‘difficult; and introduce an undesirable-nonelinearity
into the control voltage.

It isvinteresting to extract a value for mobility from
vtheSe data. The velocity can be obtained from the slope of
the t_ -vs.-d curves in- Figure 9. U51ng the calculated value -

D
'__of € and the relationship

:;‘we get a value OI/#A the effective mobility, which is plot?
“ted as a function of V in Pigure 11. A satisfactory eXplana—
'Vtion for this apparent change in mobility would account for |
: the anomalous relation between voltage and delay

Figure l2 shows Wt, the pulse w1dth at half amplitude,
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plotted as a function of‘tD;' The lines of oonstaht diStance
;p"for'El, E2, E3, Show-exoéllent agreement with the 3/2—power
Aarelation illustrated-inﬁFigure 2-d{j‘There is a depahture
‘from this law as the delay becomes smaller. This is to be
- ‘expected because-the pulse width becomes more a function of
emitter width and less a function of diffusion as the time
of travel becomes Smaller. The dotted lines through the
points of equal drift voltage agree less well with the pre-
: dicted relation shown in Figure 2—d.- The actual slope is
l0.35,'as opposed to the theoretical 0.5, out this error could
~be due to the initial width, which is comparable to the out-
.‘ put pulse width at shorter delay times
‘ The fact remains that the pulse widening is far greater
than anticipated'for the delay obtained. On purely theor—'

.etical_groundSYthe width should be that expressed in (22),

22y o

Taking'typical values for the parameters in the above ex-.
pression, as inferred'from,other measurements ;

For UtD = 70 nsec

=

= 62 nsec
at E2, V = 10v -
= 10-nsec

= 50 x 107 ~4 cm

= 3
]

S o

= 2x105 cm/sec
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Wergef:
| Dh,= 67vem2/sec'(measured).
But we know that the temperature'is near 25°C, .and the ef-
fective mobiiity 1s 700 ecm%olt sec, therefore:
Dﬁ_= 18 emz/see*(caiculated).
The measured spreading, which_is-aimost four'times

" the predicted value, forms the Siﬁgle‘mest limiting defect

in this device, and severely iimits its utility;as a pulse
_delayer. TIf the expected diffusion constant_goverhed the

spreading, we could expect the width increase, under the

same conditions of operation, to be

(23) ' o
(1.1 Dnto
BV

Aw't ::-“_ I9nS'EC

And under'extremeiy ideal cenditions‘/1= 1ObQ-cm2/vblt—sec,-

6

v=10" cm/sec, tD = 70 nsec, We-would:expect:

L AWe = 5 nsec

_ whichewould;aiIOthhe passage'of very narrow pulsea with
minimuﬁ attenuation; : o

| An estlmate of the effective 11fetime’of electrons in
athe device ‘can be obtained from Figure 13. This is a_plot“
i of peak current out, over peak current 1n, for El, Eé, E3, -
f'as a function of delay A reasonably good fit”iseebpained’
11f the theoretical curve (Figure 2- e). with 100 nsee'aésumed
:_llfetlme,_is superlmposed on-the data. ThlS reduction of

.lifetimevto the order 100 nanoseponds is probably the re~
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suit of a very high'recombinafion ﬁate at surfaCé'of‘the
device. Better surface treatment would be necessary if
one wished to build é device with délays apprbaéhing-the
microsecond range with reasonable atfenuatiOn;-.Thisxshortéf—
than-expected lifetime limited the useful area of the device
‘to the first thrée'emitteré singe‘attenuafibn;from tﬁé fourth
anq fifth emittefs wés too'great fof‘aéduraté méasuréments
to.be_takén.‘ | | |
Interesting and useful prdperties afe contained’in the
.ffequency response 6f the deviée. 'Figure 14 shdws-freqﬁency
,respbnse}curves for El; E2, and E3 at differeﬁﬁvdrifﬁ‘field
settings. Bandwidths vary from a minimum of about 3.5 MHz
at E3 (V=8v) to about 8 MHz at E1 (V=17v). Roll-off slopes
yary from about 6 db/octave to aboutvls db/octave.at:thé
two extremes. -Midbahd'current_gaih varies'from abouﬁ 0.3 to
0.6. Phase shift measurements for E2 indicate thati180°. |
phase shift oceurs élong a locus of points covéring-é ratio
o of 3 to 2 in frequency and 2 to 1 in. amplitude. This:prop-
erty of providing 180° phase shift with currént_ééins‘of
' ébouf 0.1 to 0.2 indicates the poésibility of usinérthe de-
_vice in a phase-shift oscillator. | B |
It is interesting tq.compare the measured frequency re-
sponse, both in amplitude and phase, with that'predi¢ted by
_the theory of an ideal device. If the valués of;tD and W
Obtainéd from pulsé-measufementsiare“insertéd into the fre-.
VIquency funétion; very éqbd agreéhehtbresults. Figuré 15

- shows the theoretical and méasured response for E2, V=10
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volts. The greatest diSagreément:éomes in the émpliéude
characteristic, but this is to 5e“éx§ected; since thé ob-
ser?ed-impulse response 1is Obviously.nof‘a pure gaussian.

" It should be pointed out that the theoretical pﬁase éhar4
;acteristié is exactly 1inear'With frequency, and the’méésured‘
characteristic agrees quite closely_With this.

What woﬁld bevthe frequency performance to be expected
from a device with the spreading reduced to 10 nanoéecoﬁds |
per 60 nanoseconds of delay by improving constructioh tech-
niqﬁeé and eliminating the anomalies present in the éxist—'
‘ing device? Calculafioﬁs for this’caSe,'which repreéents
the highest argument tabulated by Fried and Conte, indicates
‘a bandwidth of the order of 200 MHz with extrémely fést foll-v

..off.
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THERMAL.CHARACTERISTICS

" The temperature dependence of mobility represents one:
of the major problems confronting the application of minority
carrier delay devices, The rapid decrease of mobility with_
o increasing temperature causes delay to increase with_ambient
temperature, and also with self-heating. -'.

iA;device was arranged as shown in Figure 16.‘ The field

‘was produced by injecting a known current into the ohmic con-
tacts, instead ofvmaintaining»a constant voltage across the
device. If delay is'inverselylproportional to electric field,
and the temperature dependence-of.minority and majority mobil-
ities is the same, then, as shown in (41), the delay should
u‘be constant with temperature However, the delay was found

‘to be proportional to (V)™ -1/2

in the pulsedvdevice where
temperature was constant.:'Therefores’as-should;be’expected,
the current biasing did'not'provide enough cOmpenSation for
temperature change. | | |

Delay was measured'by injecting’a.sinusoidal waueform,
and measuring the frequency required to give i80? phasee
‘shift. Ail measurements were made at E2. Figure 17-shows
how delay increases with temperature foriseveral{different
bias currents. ' From this graph it appears that a-constant
=~ delay (represented byva horizontal line) could be maintained
‘:by increasing'the'bias current as the temperature'increased.
.fFigure 18 is a graph showing thelmeasured;bias required_to
 maintain a constant delay; as a function of"temperature. Ir

a linearly increasing blas current could be'automaticaily
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’p_ture rise caused R to increase, the voltage V increased ac-

50

produced} then the temperature dependence of delay could be
compensated - »

When the resistance between the ohmic contacts,:Rd,,was
measured as a function~of temperature,‘it'was found to in-
crease relatively linearly with,bothpambient_temperature'and
bias'current:(Figurevl9)b 'This explains why‘the_delay can
be kept constant by a linearly increasing bias current. Ir
| RdOC T and we must forceIIOCﬂ?to keep ty constant, then
(l43) -VItD constant = I Rp oC T2, | _

This fact:was also observed directly. Setting t (V)O'C'Vl/2

equal to -tD (T)C( T‘l, as the condition for temperature com-
'.pensation, and solving, we_get'VOC'Tz, which agrees with the

.experimental observation expressed in (43). |

The.amplitude, whose theoretiCal temperature'dependence
is_very-complicated3 is fourid to be relatiyely insensitive

to temperature. With constant current bias the amplitude of

. the output signal decreases‘about.ld% as the temperature~in_
creases from 0°C to 100°cC. |
Automatic compensation for temperature variation was
accomplished using the c1rcuit of Figure 20. Thevohmic por-
'tion of the deVice, between B3 and the negative ohmic contact, if

. was used as a temperature sensing resistor. As the tempera-

| cordingly, since R was fed by a constant current source.

t]An‘increase in V caused an 1ncrease in I, through the ampli-

flers Q3 and Q1. . The gain of these amplifiers was trimmed
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by Rl to.compensate for the deereasing‘}4by increasing ID
_-appropriately. A variable control voltage, Vo s
value of tD. Thermai'COuplingrbetween the active portion

set the

- of the aeviCe and the sensing portion reeulted-in a positive.
.feedback situation in the dempenéating loop, butvthe:meChan—
1sm was perfectly stable over the range of30°C to‘lOb°C.

_ The effectiveness of the temperature compensatorfwasfaccur—
»ately measured by closing the signal loon between the col-
.lector and E2 with an inverting amplifier in signal path
thereby producing an oscillator .whose frequency was propor-
'tional to 1/tp. The detalls of the oscillator are given later,
‘but the temperature sensitivity of the Qscillatien frequency
was & 1% over the range 0°C to iOO°C‘indicating»very.gpod com-
pensation of the temperature dependent delay. ﬁirect Qbser-
vations of:pulse delay as a function'of temperaturefWere made
which indicated the delay was, as expected; conetant witn
:temperature, although accurate measuremente were not attempt-

ed.
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APPLICATIONS |
| There are a number of possible appllcations for a de-
vice with controllable propagation<de1ay. -One such applica—
tion is a variable nanosecond ‘pulse delay element of the
type used for fast coincidence systems in the study of
particle physics. - The quest -for such a dev1ce served as the
.original impetquforvthis project, ‘and although the device
constructed falls far short of the bandwidth reduired for
this application, future improvements could almost certainly
achieve the required specifications.l In princiole, a nano-
‘second pulse delayer would work as shown in Figure 2l. Coarse
delay would be‘achieved by seleCtion'of.one of the various
inputS'for injection of a standard pulse,'and'fine:adjustment
would be provided by”variations of control'voltage.' The amp-
- 1litude of current 1nJected would be increased w1th distance,
so that output amplitudes could be kept relatively constant.
Differentiation'of the input pulse results in a zero-crossing
output‘signal suitable forvamplitudeeinsensitiVe?timing dis-
‘,crimination. This technique Was-actually tried on the ex-
.:,perimental device with injection at E2 only. Thé delay was
.>variable from 90 nsec to 120 nsec, uith double—pulse‘reso—-
lution of about 125 nsec. Use as'aipracticalbnanosecond de—_
- lay device'would requireiresolutiOn about an order of magni-
f;tude better than that achievedtinithis experimental'deVice.
_éuch an improvement is probablyvfeasible with more soohisti-
cated fabrication techniques than thOSe'used.~.

Two other time«delay'appliCations'with,potentialkuse«
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fulness would be: (l) Use of the variable risetime property
to achleve controlled propagation delay in high-speed inte-
grated circuit logic systems; and (2) Use of the energy-stor--

age property to form a timing element in 1ntegrated mono-

- stable and astable multivibratorsvand dynamic shift regis-

ters. -

" Use of the phase shifting properties of this'delaybde—‘
vice led to the realization of several useful radio;frequency.'
applications. Figure 22 shows" a family of very nearly lin-
ear phase-shift versus frequency curves. for several COntrol
voltages, measured at E2. ~ Phase shifts as’ high as 360° were
measured at E3. Application of a suitable signal to the con-

trolAvoltage input could produce a phase shift variation in

 excess of 45 degrees with this device.

Another obvious application for the phase shift prOper-
ties of this lateral tran31stor is for use incan oscillator.

A single transistor feedback amplifier was used to form the

_ oscillator circuit. The minimum gain required of such an

amplifier is 5-10 in the range of interest, whereas a gain
of about 30 is required for a conventional RC phase‘Shift
oscillator. Figure 23 shows the ftuning characterisbics of

the oscillator;and Figure 24 shows the diagram of the oscil-

'vlator'used‘in this'test and the temperature‘test,reported in -
“the previous_section. As can be seen, the tuning character-

" istic is reasonably linear and the temperature stability

very good (x 1% from O°C to lOO°C)

With the feedback amplifier adjusted_to gain:below
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CONCLUSION

The device déscribed in.this paper-ekhibited character—

L istics which conformed to theory quite well, except for two @

i notable exceptions. The first anomaly was the fact that '

»propagatioﬁ»velocity was proportional to the square yoot of
_applied voltage instead of being'linearly related. The sec-
ond anomaly was the'lafger-than—expected'spreadipg'ofdthe
pulse between input and output; There are possible eXplana—
? tions for these effecte which are preeented as hypotﬁesis,

.since no experimental meaSurements were~made.which COﬁid

, prove or disprove their correctness.
The velocity anomaly could be explalned if we assume"
‘.that the mobility actually does change'in‘the fashion indi;
cated by the graph of "apparent mobility" in Figure 11.' The
apparent mobiiity chahges from a'maximum of about‘900 at low
field to 450 at high field. This might be explained if we
‘assume that the majority current density gets high enough to
cause conductivity'modulation in the region'whefe:the minor-
-Vitvﬂcapriere flow. A change in hole'density.from aboué“1015
to i0i7‘per ch3 would accoﬁnt for the;observed change:in‘ap—
parent mobility of electrons. The mobility'of hblesjin this

j region would be decreased only about 20% as the ﬁajority con-
:ocentration.went'from 1016 to'i017'atoms/cm3 Itdis conceiV‘_ B
~able that such conductivity modulation could take place in
- the more lightly doped regions of the p—material and not show
up Very strongly in the V-I characteristic of the device ‘be-

cause of the shuntlng effect of the heav1ly doped channel_



_agrees more closely with experimen

region. This explanation would be. consistent with’tﬁe fact

that minority carrier velocity is Cbnstanﬁ with,distance for

~a given applied voltage, butvféils below the expected in-

crease with larger electric field.  There is a square-root

‘ relationship between velocity and'eléctric'fieid predicted

by Shockleyl6, based on accousticaIQmOde phondn_scatfering.
Some experimental tests of‘this.effect'USing majorit§ car-
riers show no‘appreciaﬁle nonflinearity in siliqon béioW-
103 volts/cm.17 More recent theoréticai and exﬁerimental
work shows the square-root reiationship.to'be only aﬁproxi—
mate, and that a model includingvopticai phonon scatﬁering

t.18

The excess spreading of a pulse which givesian unex-

~ pectedly large value for the diffusion cbnstant'éould.actﬁ—

ally be due to a collection time which isvcomparable“to the

pulse width. If minority carriers spread'by'diffusion to a

depth below the n-type collector diffusion, they can still

: be.collécted by’the‘force of the concentration gradient caused

by the depletion of the electrons near the colleCtor junction.

" Electrons would diffuse into the depletion region and be col-
J lected, but the result would be an artifiéial broadening of

the received pulse.

- The lateral transisﬁor geometry'used in this Study was

IreSponsible‘for some of the limitations of the déviée; It

_can be stated, however, that the present device worked quite

satisfactorily,as'phase-shifter. The main limitations af-

erct thé;pulse.délay-capability, and pefhap§ some impfove-
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ment could be made in this regard within the 1imitations of
" the lateral geometry. -

One possibility for realization of a better pulse delay
device_is 1n.the_geometry'of:Figure 26.. This_geometry,
similar to that of a conventional transistor, but with an
extremelyIWide base region,-would‘feature an_n—t&pe oolleotor
and pétype ohmic contact'on the bottomiof the chip. .Several
advantages would be apparent. First, the electrons would
trayel in the bulk exclusirely, thereby eliminating the prob-
lem of surface recombination. ‘Second, the dimension of emit-
ter andicollector in the direction of electron travel would
be extremely small, so that one and perhaps two sources of
pulse spreading would be eliminated. Several fahrication
problems exist, but the fabricationaof-such a derice should

certainly be possible, and would represent a logical exten-

- sion of the work presented here.

The p0551bility of applying some of the results of this
"study to integrated circult fabrication seems promising Not
only could the applicatlon of external drift field possibly
~aid the productlon of hlgher gain and frequency response
1ateral pnp transistors, but such possibllities as tunable
‘jphase—shlft oscillators, phase modulators, phase detectors,
;:and low—pass and band- pass filters are very 1nterest1ng and
| merit further study. :

Two avenues therefore appear open to future'effort.
EOne.is'the pulse‘delay'device'with‘conventional diffused
transistor geometry, and'the other is the assortment of

linear applications in integrated circuits. Both areas
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offer promise of the eventual practical applicétion @f the

phenomena first:dbservéd 20 yéars ago by Haynes and Shockley.
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" APPENDIX

L Calculatiohs |

Functions related to‘the_Léplace4transformed Gaussiah5
. N o | |
K'(s-a)" - _
F(s-a)= e erfe[K(S-3)]

: arevtabulated_in Carslaw and Jaeger;‘Faddeyeva and Térent'ev,
and Fried_and‘Conte. Thé last reference 1s the most useful,
" since it tabulatés the function for negétive arguments, which
is the range applicable to the,prbblem at_héﬁd. |
| bFried and Conte define the function:19

_a (V%
Fcz)= aJ' e 2[ e Clt

Z=X+]Y
Making use of the appropriate substitutiohs we can.génerate:
o 22 | | o
F(ji) =J Vir € erfc (2)
The identification to the_Laplace—transformédhgaﬁssian

M{ is simply: 4 B . S
Letting s$J€0'for frequency respohse,calculations;v

JZ2 = —(Kw) - j(ka)
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The following identities'are_givenxin the reference:

Re FL(-kw),ka)] = ~Re F[(kw), (-«a))
Tm (k) (k&) = Im F{(ke), k)]

which must be used because tables exist for
XTKw positive only
)l =K a positive and negative’

(we use the. negative
portion) .

So, when using the tables of F(z), the following‘rules
: apply o
1) X =2 K Y =EKkS

)  Re F(s—-a)'-: T Im Fcz):
5 Im F(s-a) = =7 Re F@)

4) For F(s-a), consult tneitable for y £ Q only.
As the authors point out,‘their-table includes most
reasonable values of the funetion for positive and nega—
tive arguments at intervals of 0.1 in x and‘y,-whion-is
sufficiently fine—grained for determining the function
i qualitatively by hand calculation. . | _i
It should be mentioned that F(s- a) represents the
'jfrequency domain'solution to the base—transport problem
in transistors, where an exponentially graded base: doping
profile is assumed Use of this function could give.a
' more accurate answer than the."Lumped»Modei" approach

used in many texts.
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FOOTNOTES‘

1.

An exception to this is the negative resistance diode

proposed by W. Shockley ("Negative Resistance Arising

from’Transit Time in Semiconductor Diodes", Bell ‘System

Tech. Jour., 33, 1954, pg. 799) and later, 1n the ava-

lanche;drift form by W. T. Read ("A Proposed High—

Jour., 37, 1958, pg, 401). This diode finds present—day'
practical application in microwave oscillators.
The basic'theory in this section is derived from:

R. B. Adler,”et al.,-Introduotion'to Semiconductor

‘Physics. (Wiley, 1964) - (Chapters 1, 3, and M)

S. Wang, Solid State Electronics (McGraw—Hill 1966)

(Chapters 3 and 5)

A. S. Grove, Physics"and'Technology gngemicondUCtori'
Devices (Wiley, 1967) (Chapter )

R. M, Warner and J. N. Fordemwalt (Ed.) Integrated

Circuits De31gn-Pr1nciples and Fabrication (McGraw—
Hill, 1965), pg. 35.

Grove, pg. 108

'Adler, et al., Section 4.3

: J R. Haynes and W. Shockley "The Mobility and Life

of Injected Holes and Electrons in Germanium", Physical

| Review, §lv; 5, 1951) pp. 835v843.
Adler, et al > PP. 174~ 175.

C. D. Hodgman (Ed ), C.R.C. Standard MathematiCal

Tables (1959), rg. 327



- 10,

11,

12,

13,
14,
15.
16,

17,

Hodgman;‘pg.-33U---‘

‘References to this function are'"

H. S. Carslaw and J. C. Jaeger, Conduction of Heat

in Solids (Clarendon Press, 1959), Appendix II.

V. N. Faddeyeva and N. M. Terent'ev;'Tablesiggjthe

Values of the Function
] ' -z’~ & ot d

(Pergamon Press,- 1961)

B. D. Fried and S. D. Conte, The Plasma Dispersion
Function, (Academic Press, 1961)
Plotted from data in Fried and Conte.

G, A. Rigby (Ed.), Integrated Circuits Labbratory

Manual'(unpubliShed).

Adler, et‘al.;ipg. 34,

GroVe, Chapter 9.

'Haynes and Shockley, pg. 836.

W. Shockley, "Hot Electrons in Germanium and Ohm's Law"

Bell System‘Tech.vJour., 30, 1951, pg. 990;

E. J. Ryder,"Mobility of Holes and Electrons in High

Electric Fields" Physical Review, 90, 1953, pg. 766.

and

" E. C. Prior, "The:Field-Dependénqe'of Carrier Mobility

in_Silicoh.and Germanium" Journal Phys.Chem;fSolids, 12.

1960, pg. 175.
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18,

. 19.

'E, M. Conwell, "Lattice Mobility of Hot Carriers"

© Journal Phys. Chem. Solids, 8, 1959, pg. 234.

The symbols:ﬁsed here are different than that used by

Fried‘and-Cohte.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A _Makesv any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, .or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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