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BACKGROUND :

The NASA Grant NGR 05-010-041 was awarded to the
University of California, Santa Barbara for a period of ap-
proximately one year beginning about 1 April 1969. The
Grant title, "Reliability Studies in Semiconductor Fabri-
cation," was to be conducted under the direction of Drs.

P. F. Ordung and J. G. Skalnik, and was for a total of
$14,859.

A request was made by the University of Caiifornia,
Santa Barbara on 25 March 1970 to extend the period of the
subject grant. The extension was granted to 30 September
1970 by means of a letter dated 14 April 1970 from Joseph
T. Davis, Grants Officer.

Our first grant monitor was Mr. Jeffréy J. Bowe, Code
TCP, NASA/ERC, 575 Technology Square, Cambridge, Mass. Our
second and current grant monitor is Mr. C. Gentry Miles,
Code S&E-R, Research Planning Office, George C. Marshall
Space Flight Center, Marshall Space Flight Center, Alabama,
35812. ¢ '

Our first technical report was dated 21 November 1969.

The title was, "A Study of High-Temperature BBr3 Deposition,”

and entailed a detailed study of the characterization and
calibration of a BBr3 deposition-furnace system. Briefly,
thevfifty—paqe report presented the results of the measure-
ments of oxide thickness and V/I for a series of silicon
wafers subjected to a variety of operatiing conditions.
Curves of oxide thickness and V/I were plotted as a function
of dope-Nj flow rate, moist-oxygen flow rate, wet-oxygen
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flow rate, warm-up time, dope time, purge .time and furnace
temperature.

Our second technical report was dated 27 April 1970.
The second t=chnical report was a short letter report that
described briefly our progress on an antimony buried-layer
system and an epitaxial-reactor system. This letter report
also mentioned a study of furnace-room contamination sources
and cleaning procedures. '

Oﬁr third technical report was dated 6 August 1970, and
was a 20-page report entitled, "Furnace-Tube Contamination."
Briefly, the report described the construction and testing
of a series of silicon p-n diodes in order to first isolate
and then prove the elimination of furnace-tube contamination.
Contamination is measured essentially by means of the ob-
servation of diode reverse-leakage current.

This present document represents the fourth and final
technical report on NASA Grant NGR 05-010-041. °

DESCRIPTION OF FINAL REPORT:

The fourth and final technical report is a 38-page re-
port entitled, "Profiling Procedures: I. Anodic Oxidation.

II. OLS-Profile-Program. Five copies of the report are in-
cluded with this fourth and final submission.

Prior to the formal ending date, 30 September 1970, of
Grant NGR 05-010-041, we were engaged in further work on the
BBr3 deposition process. The first technical report covered
the measurement of oxide thickness and V/I as a function of
several BBr3 system parameters. The additional work on the
BBr3 process involved the extension of the measurements to
include the determination of junction depth, Xy, @s a function
of the system parameters. :

Our initial efforts to measure'xj by grooving and sﬁaining
led to seemingly erratic results in which the xj did not
appear to increase srmoothly with increase or monotonic change
in system parameters. In an attempt to resolve the difficulty,
many additional silicon wafers were processed through the BBrj



deposition system. These additional wafefs were subjected to
an anodic-oxidation process in an attempt to measure X4§ much
more accurately than possible by use of the staining-and-
groovxng process.

The anodic-oxidation procedure is described in detail on

: pages 4 through 9 of the enclosed fourth and final report.

Photographs of the actual apparatus are shown in Fig. 1 of the
enclosed report. Briefly, the anodic-oxidation process is

one by means of which silicon-oxide is grown on the surface

of a silicon wafer through which impurities have been diffused.
The oxide growth is produced by the process of using the :
silicon wafer as one electrical terminal of an electrolytic
process.

After a short cycle of oxide growth, the oxide is etchéd
from the wafer surface by use of a standard HF etch. A vV/1
measurement.is made on the exposed surface. 1In a broad sense,
the V/I measurement indicates the total impurities in the
wafer in the region from the surface to the position of the
junction, Xy Successive oxidations, etchings, and V/I measure-
ments gradually lead to an accurate determination of the posi-
tion of the junction.

The series of V/I measurements made between steps of
anodic oxidation serve also to measure or delineate the pro-
file of impurities in the region from the original wafer sur-
face to the position of the junction. Since the profile shape,
as well as the value of X4 is desired information, a computer

| program was established to allow accurate and convenient cal-

culations of the profile shape from the experimental measure-
ments of anodic-oxide thickness and V/I. The cdmputer ‘program
was prepared for use on the UC-Santa Barbara, on-line, time-
shared system (OLS)

The OLS procedure is described in detail on pages 11
through 38 of the enclosed fourth and final report. Briefly,
it may be noted in Display 8 on page 17 of the enclosed report
that the display oscilloscope of the CLS system has instructed
the operator to enter his experimental voltage (actually V/I)
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readings. Display II on page 19 of the enclosed report instructs
the operator to enter his experimental oxide-thickness measure-
ments, After a plea for patience on the part of the operator in
Display 13, the computed profile is presented in Displays 14

and 16.

Unfortunately, the refinements of the measurement techniques
and the development of fast and accurate computer calculation
methods have not yet led to understanding the seemingly erratic
' behévio; of Xj with system parameters. Additional work on this
problem is in progress under a new source of funding. Mr. Hormoz
Motamedi, who has performed most of the actual processing and
calculations and who wrote the report entitled, "Profiling Proce-
dures," will continue to investigate this and related problems.

It is probably appropriate to state that a recent article
in the February 1971 issue of the Journal of the Electrochemical

Society refers to the erratic change in xj with system parameters
of a boron system. The article 'is entitled, "Glass Source B
Diffusion in Si and Sioz" by D. M. Brown and P. R. Kennicott.
Brown and Kennicott write that "----junction depths are observed
first to increase and then suddenly to decrease with increasing---."
Similar erratic behavior has been reported in "Effect of Extremely
Thin Nitrogeneous Surface Films on Phosphorus-Impurity Profiles in
Silicon,“.by J. Makris, A. Ferris-Prabhu, and M. L. Joshi, in

IBM Journal of Research and Development, March (1971) p. 132,

Summary : _
The NASA Grant NGR 05-010-041 officially covered the time

period. from 1 April 1969 to 30 September 1970. Four technical

reports have been presented, as follows:

1. 21 November 1969 A Study of High-Temperature BBr,
Deposition.

2. 27 April 1970 A brief letter progress report.

3. 6 August 1970 Furnace-Tube Contamination.

4. April 1971 Profiling Procedures: I. Anodic Oxidation.
II. OLS- Profile Program.







APPENDIX

Attached is a copy of a pape» to be presented in the
‘Region VI confefence in Sacramento in June 1971. The paper
is entitled, "Capacitance of P-N Junctions." Related to the
general question of studies of profiles of impurity distribution
in semiconductors is that of its measurement; such as by capaci=-
tance. Many capacitance formulas exist, but the question is:
to what do they relate - or,pérenthetically, what does the con-
cept of capacitance for a p-n junction mean? Our awareness of
this problem grew out of numerical computer studies that were:
being conducted by Mr. David Heald, Ph.D. candidate and Acting‘
Assistant Professor of Electrical Enginecering here in the depart-
ment.
This led to a thermodynamic derivation of the concept of

capacitance. It has been known for a long time that some of
the formulas for capacitance do not relate too well to physical
experiments performed on junctions. Now that we have a formula
that rests on a basic physical derivation, the next step is to
check it with a variety of experiments. These will involve
generating profiles, carefully measuring them, theoretically
computing their capacitance, and then measuring this capacitance.
Thus, we hope to provide reliable correlation between theory
and measurcment.

- We hope to find support for this effort. It is clearly
related to the reliability studies called for in the present
contract. ' : :



CAPACITANCE OF A P-N JUNCTION

David L. Heald, Phnilip F. Ordung, John G. Skalnik
University of California, Santa Barbara
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ABSTRACT

An area of considerable interest and
significance is that of the theory and cal=-
culation of incrementul capacitance of p-n
junctions. The literature includes several
different viewpoints concerning the details
of the concept of capacitance of p=-n Junc-
tions. In addition, the incremental capac=-
itance of a p=-n Junction with an arbitrary
doping profile is difficult to calculate
accurately.

In this paper, the nature of the capac=-
itance of a p-n Junction is explored. After
a review of several formulations available
in the literature, a thermodynamic deriva-
tion of the capacitance is presented and
discussed. A numerical comparison is given
for the capacitance calculated by use of
various formulaticons. The numerical solu=-
tions are presented for an asymmetrical
step Junction.

Concept of the Capacitance of a P-N Junc-
tion.

In this paper the term junction capac-
itance and the symbol Ct refer to the to-
tal incremental capacitance of p-n Junc-
tions. In certain formulations, the capaci=-
tance Ct is considered to be composed of
the two components of space-charge or de-
pletion capacitance, Cg, and diffusion ca-
pacitance, Cg. For large reverse bias, Ct
s aominated by Cs. For large forward bias,
C: 1s dominated by Cq. The difficulty of
iefinition and evaluation Cq and Cg is
iiscussed in the following paragraphs. .

The classical first-order expression
for the space-charge capacitance of a unit-
area step junction is based on the complete
iepletion approximation and is given by the

relation ‘KS—NN—
R , (1)
- 2(N5+Nd VT
'nere Ym is the sum of the built-in poten-
ial ond the applied voltage V, Ng .is the
.cceptor density on the p-side, Ng is the
.onor density on the n-side, g is the elec-
ronic charge, and Kge€g is the dielectric
:onstant. For linearly graded Jjunctions,
. cube=-root dependence of Cg on voltage is
ften quoted; nowever, as Changl has noted,
. more careful analysis for the linearly
;raded Junction also yields a square-root
‘elation between Cg and VYop.

In an early step-junction analysis,
'aeng? calculated capacitance by determi-
ing the cicnge in maximum electric field,

‘net charge distridbution for zero 3i

En, with change in applied voltage. The
calculated capacitance agreed with the
classical relation (1) for nearly symmeiri-
cal Junctions, but deviated significantly
for strongly asymmetrical Junctions.

A typical distribution of net charge
density and associated electric field for
a pt-n step Junction is shown in Fig. 1.
The plots shown were obtained oy numerical
computer solutions of the appropriate dif-
ferential equationc for the Junction.
Characteristically, as clearly shown in
Fig. 1, the distribution of net charge den-
sity ia a p*-n step Junction exhibits
spikes. The spike in the p-side approaches
a surface charge characteristic of a metal
plate. The spike on the n-side is ecuiva=-
lent to the formation of the inversion
layer in a surface device. By inspection
of Fig. 1, it may be noted that the de=-
pletion region does not extend to the posi-
tion, X3, of the metallurgical Junction,
and that the position of the maximum elec=-
tric field departs negligibly from xj.

Gummel and Sharfetter3 observed that
Chang's method of calculating the space=-
charge capacitance of p*-n Jjunctions omit-
ted contributions resulting from changes in
hole density in the n-layer with changes in
applied voltage, V. The nature of the
change in hole and electron densities w

ct
3}

-
change in voltage applied to a p¥-un step
Junction is shown in Fig. 2. In Fig. 2=,
hole and electron distributions are sucow:
for two values of applieéd forward dbias sc.-
arated by AV. 1In Fig. 2b, The resultizng
changes in hole and eleciron distributions
are shown. The sunaded area in Fig. 2b rep-
resents equal changes in the hole and elec-
tron densities, and will be negligivle in
comparison with the remaining area for re-
verse or small Torward vias. The net change
in charge witkh applied voltage is il-
lustrated in Fig. 2c. The position Xxe is

defined to be the position at which zThe
change in net charge density with V is e~
qual to zero. It may also be noted that
x. is essentially the position at waica
hole density is equal in magnitude to tTze
electron density.

The change in net charge with a
voltage is further illustrated in 7
The solid curve in Fig. 3a illustra
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"plus" and "minus" marks illustrate
cnange in hole and electiron densitie
a change in applied voltage. A skez
the change in hole and electron dens
is shown in Fig. 3b. The plot in Fi




s drawn for a large forward bias. The
xetch in Fig. 3 is drawn for small change
round zZero bvias.,

For a symmetrical Junction, xe will
oincide with x3j. DBy integrating Poisson's
quation, one may show that the maximum e=-
ectric field is at xj and that change in
« with voltage accurately reflects the
nange in charge stored on either side of
he Junction; th.t is, the change in Ep
ith vol.age is an accurate measure of the
nange of charge with voltage on an equiva=-
ent "plate" of a capacitor.

For an asymmetrical juncticn, xj and xg
ill not coincide. The position of xe is
oltage dependent. A capacitance calcula=-
ion based only on changes with voltage of
he electric field at either xj or the po=-

tion of maximum electric field accounts
»r less than the true change in stored
aarge. An accurate calculation reguires
ne determination at the position Xe of the
nange in electric field with change in
pplied voltage. The calculation is com-
licated by the fact that the position of

= is voltage dependent.

In a later derivation,l Chang modified
is original? analysis and developed the
ollowing expression for incremental capac-
tance, Cy, of a p-n junction:

—_ . Y an
ctijo oy &% = qu av &% (2)

1 (2), the Junction is assumed to be to-
ally enclosed within a semiconductor sec-
ion of length L.

DeMari® and Arandjelovic’ used (2) es
1¢ basis of their numerical work. Computa-
lonal accuracy for either dp/dV or dn/dv
5 difficult to achieve because of the
xrge dynamic range of numbers encountered
1 the numerical solution. For example,
1e subtraction of two successive solutions
)r the hole density in the neutral p-
:gion should yield zero, as shown in Fig.
'« However, roundoff error may easily
rershadow the important changes in density
.at occur at the edges of the depletlon
6103.

The first integral in (2) represents an
eluation of the area under the entire
rve labelled Ap in Fig. 2b. The shaded
ea in Fig. 2b will be significant for
rge forward bias and represents those
les neutralized by electrons. Although
ese noles do not contribute to net charge
nsity, they will result in a transient
mponent of curreant when the bias is
anged. In order to include the shaded
2z explicitly in the analytical formula-
%z ?ur capacitance, (2) may be rewritten
i Sollows:

= Xe d(p-n+X)
e qjo av

ing concentrati
V, the N=term ¢
st two terms
the shaded area iu I
are reminiscent of the minority- 3
diffusion capacitance of classical ¢
In the first t~rm of (3), (p-n+i) is
net charge density P and may bve *ela
electric field by means of Poisson's
tion. Thus

xe .xe — \

J dlp-n+d) o . : e d;(xg(k)
a)o =5 e 3V 0% = K_E =a
By the substitution of (4) inte (3), ti
capacitance in (2) may be expresseé in
the following alternate form:

—~ <
w
o]
o
<3

dE( X (1 %e = )
C.=K ¢ \ el all 88 axe| 4B 4x (5)
t 8o dv l av av
.o x
e
Since dn/dV and dp/4V in (5) are eval=
uated in regions of relatively small dynam-
ic range for the variables, (5) may be su=-
perior to (2) for the purpose of accurate

numerical calculations} however, a major
virtue of (5) may be that associated with
the grouping of factors. The first ternm
mnay be identified as the space-charge ca=-
pacitance, Cg. The second term may ve i-
dentified as the diffusion capacitance, Cg.!

The foregoing discussion has involved
& steady-stage analysis. According <o
Gummel and Scharfetter”, the experimentally’
measured small-signal, low frequency capac-
itance matches reasonavly well the space-
charge capacitance given in (5) for reverse
bias, small-forward bias, and low frequency
When appreciavle forward current flows,
diffusion capacitance must be included.

|

By use of the conventional depletion
approximation for a long-base diode, the
mninority-carrier d4if?d capacitance may
be calculated by inte an/&v over
the neutral p-region over the
neutral n-region. An
signal, low-freqguency anal
diffusion capacitance tha
calculated by the integra
Decreasing the storage of
in the neutral regions is acec
a current flow in the external ¢
Some of the carriers mey be remov
ternal current flow, tus some will recon-
bine with majority carriers and the aisap-
pearance will not be detected as current
in the external circuit. Accordingly, the
capacitance calculated on the basis of =&
small=signal theory is smaller than that
calculated by the integration procedure.
For higher frequencies, (wt >> 1.0), re-
combination will not be able to follow ilhe
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£ ithe depletion approximation were
~d to calculate diffusion capacitance
haded area of Fig. 2 in the dep ﬁetzon

tion would be omitted from the calcula=-

-
-
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Capacitance.

e Since (5) does not involve use of Thermodynamically! the energy 4W (in
: depletion proximation, the aiffusion electron volts) added to & systenm dY &
;acitance cslculated by use of (5) will process of adding An particles 1o & point
‘fer somewhnt from that calculated by in the system where each particle has &

of the depletion approximation. potential of u electron voltis is given a

A substantially different incremental follovs:
sacitance ca¢culation was made by Kennedy N A ‘e
‘ley, and Kleinfelder.® Their calcula- = s
»n is based upon the following equation. = - - : -

= Implicit in the process is the transport
14 { "seo L = — | (6) of a particle from a place.a: vhich ?he
L ™V av | 5 Jo 4= ax J potential energy is.zero; i.e., & point
well removed from the system, to the point
in question. In a system with several
¢ & given value of V, the term within different kinds of particles, each will
2 brackets represents whe total energy have its own potential. Then the energy
>red in electrostatic field in the semi=- added by augmentiing the number of each
nductor. Thus Kennedy, et al. have re= kind may be computed by an extension ol
ted the incremental capacitance to the the process defined in (9).
te of change with voltage of the total = = ; 3 —
ectrostatzgal‘y storid gnergy in the o BEGICURENE YOS VRS PR ol o n—
. sist of electrons and holes (the absence
miconduekor. of electrons). If electrons are moved
; = from an outside point to a point within
ilosophlcal Comments on Capacitance. the semiconductor where & p;:en:ial of uo

It is clear that several methods electron volts exists, then u® eleczron
ist for the calculation of capacitance. volts of energy are added per added elec=
is not clear how these methods compare. tron. A hole is produced at a poiant by
pnilosophically sound method should re- removing an electron from that point.
te capacitance to some fundamental cir- Thus the addition of holes to & point
it property. Tor example, one concep?i where the potential is uP corresponds to
incremental capacitance would be the e loss of energy from the system in tae
tio of the change in charge supplied to amount JP electron volis per acle. I
junction in response to the change in both electrons and holes in restective
ltage applied across it. From another quantities An end Ap are added where
ewpoint, one might compute incremental the respective potentials are u™ anéd P,
pacitance by computing the total change the net energy added to the system is
stored energy that results from & change expressed as follows:
applied terminal voltage. Stored-energy
lculation might be based upon the follow=- AW = uPAn- uPAp (10)
g equation.

If electron and hole densities are
7= =C (V+AV)2 — & c v2 (7)' added turguuufut-a diV}c?i ?;e.: ff égd fg
2 't 2—5F% are both functions of x &s are dota L* and
UP, the energy added over the lengia, o,
is the increase in stored energy wren of the device is expressed as follows:
e terminal voltage is increased frem V =
V + A4V, IfV #0-and AV is smill e- e = = e
ugh so that C+¢ remains reasonably con- AW = J (uBln - wPl4p) éx i)
ant over AV, Eq. (7) may bde solved as °
llows: .. Moreover if the changes in the c¢lectron
1 AW and hole” ?opulations oc?ur in response To
Ce =% 2% (8) a change in terminal oltage AV thas is
applied between the ends of the device,

It might appear from (B8) that the cal- the rate of change of energy =died wiiz
lation of incremental capacitance from gERyee 28 applie? Valtage may B WNDres=
ergy concepts is that which Kennedy, et sed as in the following ecna:%u: in which
. nave used. In fact, (6) and (8) differ L8 % T Gurements go vo B bas
cause the total stored energy is not the basn taken
me as the energy stored in the electro- aw . n én P dn] . £ m
atic field. Thc most obvious difference av - ; e Y vkt

tains in a Junction under thermodynamic




The distri-
rgy added
of a single
of

may bve
number un
nocles added a
nergy levels
the product of a single
Then the quantities

the electrocliiemical
i levels or im=-

ectrons and holes.

tential consists
s-=-namely, an elec=-
ntial energy per particle that
{ n the existence of elecirical
and & chemical potential energy
sults from the chemical fields of
ticle. Thus the electrochemical

1s ub and d? may be expressed as

trochemical po

g -0
o
Nt

5 -
oo o0
1

H P X WO
[ )
-~ @

by

(=]
[
o
£
(v}
<

o
o Gt M

e

.

<

(<7 ol
w

© ey g
¢ HE O ¢

o
Het 0o @

3 ¥

MY ch ct vyt O

O o
o
o

<]

a6 (x)

chemical energy
of an electron
at Xx.

|

'™ 4
= -qy(x) -
electrostatic
energy of an
electron at x.
(13)
w® = =qy(x) +
electrostatic
enexrgy of an
electron at x
where & nole
is located.

eo? (x)
chemical energy
cf an electron

at X where a
hole is located.

-
.

o

these eguations q is the magnitude of

he electronic charge, U(x) is the electric
otential at x, and ¢ and ¢P are the chem=-
ical potentials.

ey et

The electric potential Y(x) is related

in a conventional manner to electrostatic
field theory. The chemical potentials are

related to the statistics of the electron
and hole distributions within the seni-
conductors. Under the essumption that the
seniconductor is nondegeneratively doped
so that Mexwell-Boltzman statistics apply,
the values of the chemical potentials ¢P

and ¢P are given as follows: :

hy ®T n
o (x) = = n |=
Q (n

(14)

n's constant, T is tem-

vhere ¥ is Boltznm
n: is the intrinsic carrier

perature, and n
soacentration.

At this noint, the sucve of change with
respect o V energy added to a semi-
tonduc%ar may be shown to consist of two
:ompone..1s: Ine rate of change with re-
spect To V of energy added to the electric

field and to the chemical field. A substi-
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| q hn an D GCh ! dx
*i b= B n—_— :
4 ' ¢ . . |
JO '\ Qv er |
The significance of the first tera ia (15)
can be recognized as follows:
The rate of change with V of
energy added to the electric
field
oL ’ = \ |
== vix) | o _ dnl .. _—
J S¥AXI v T &v) (16a) |
o ¥ .
The significance of the second tTern ina
(15) can %e recognized by anelogy to (16a)
as follows:
The rate of change with V of
energy adcded to the chemicel
field
tL r = =
= | Lot SR - 0P R gy (165 )
=S | ¥ 4y~ % &V =
o
The incremental capacitarnce of a senmi-
conductor Jjunction,as obteined from thervo-
dynamic considerations,may therefore bve
expressed by the substitution of Egs. (16)
into (8). <Taus
— = = ;
&= i The rate ol change wish | i
T v V of energy added to tae|
(electric field J 5
-
r \ \-l)
2 The rate of change wita
- % V of ernergy added to the|
chemical field /
3
Correspondence of (6) With the First Terz “
in {17}, |
m 2 - (17 3 -
The first term ia (17) corresponds ©o
(6). To show this, and incidentally o
- - S s o0 : 3 i 2\
strengthen the identifications in (1l0),
the first term in (15) will be transformed
Assuming that the electiric field at the
boundaries of the device is unaffected oy
- - . ! = - \
terminal voltage and replacing (dp/édn) - |
(én/dV) with dp/&V, one may perform aa in-
tegration by parts®*
%
* - =
In order to perform the integration, let ;
av . = = = H
w=" 50 du = &Y 4x = - Zdx ané let dv =
a =2 3 {x
= 5 3 , = .
s GxX) so taat v = | vary Ut 3
e g7 (P ) e Gy | PeT. Bu
[+]
[x = = s ——
pdT = &seob(x). Thus the iategratiosn }

I

by parts yields




By means of (18), the first term in (17
s been shown to ve identical with (6).
sus (6) should be accurate in those re-
ions of applied voitage for which the
*irst term in (17) dominates Cg.
srmodynamic Considerations of the Rela-
ive Sizes o0f Terms in (17).
A p=n Junction in 2¢uilibirum internal-
v and with its environment will be in a
state of lowest energy. While it will coa-
tain both electrically and chemically
: energy, net energy cannot be taken
r e Junction without violating the
a hermodynanics If a bias, for-

or reverse, is applied to a Junction
equilidbrium, the effect is to cause an
increase in stored energy. The biasing
source supplies this energy which is
stored in the electrical and chemical
fields.,

These two components of stored energy
nmay be calculated by rewriting (15) as

nd (18) have been used. 3y

d == 4
a(ynny-y)-zuydx

the seconé term in (19) may be transformed
to yield

(20
== / )
5 D n =
+ kT %—" o ln(:—}- P +n Rn(—— - n)] dx|
QVLJO % i J
Tne first term in the dbrackets has previ-
ously been established as the total elec-
trostatically stored energy for a given

vo.tage V.. By analogy, the second term
within the orackets is recognized as the
total chemically stored energy for a
given V.

(L .y 42 yo 8E|T ]

o SERESE" Yigy| o558 B gy dx
The first term on the right is zero as
stated in the text. By recognizing that

r == , L

| 598 ax = 25| g2 gy t

lo T 2 av |, » One may trans-
forn nhe’s;goad term to yield the right
side of (10).

zero when V = 0, the integraticn constant
is taken as the negative of the sum of
the electrically and chemically stored
energies at V = 0. The integration of
(20) yields & result that may be expressed
as follows:
’ .
|Total electro=- Zlectrostat= !
W o= 13L¢:;ca;1y _ icelly stiored|
stored energy 2nergy at |
(at V V=20 )
(21)
\
(Total chnem= Chemicall] ;
+ ;ically stored - stored energy|
(energy at V at V= 0 J
If the electric field cistrivution for e=
quilivbrium conditions is denoted as Zg,
the electrostatically stored energy at V =
0 may be exprcssed as follows:
=—
Electrostatically K6 =
8§ C Bt—a \
stored energy at = == IS A&X (22)
NSy o
With the aid of (22), the available energy
(21) may be expressed in the following
form:
X e 1L rCTemiq&lly }
w22 (g% g 2) ax +[StoTed &= l(5.3
2 = (¢} :e?;y rela=- !
tive %0 |
(vhat at V=0,
The first term ia (23) is 12ieé as
the electrically siored e relatvive
to that at V = 0; hence t atificatioc:
shown for the secondéd term ns.

The significant observation at this
point is at V=0, W=0 and that for V # 0,
W > 0. For a forward dpiaseé Junetion
E < Eq. The first term on the rigat ia
(23) is then negative. As zhe forward
vias is increased, W increases. It Tol-
lows that the chemically stored term in
(3) must increase in value not only by
an amount to represent the value of W but
also to compensate the amcunt oy which th
first term is negative. This is cleaxrly
evident in Fig. & where the typical bezev
ior of the chemically and electriceally
stored energies, as well as the total and
available stored energies, are siuow:n &s a
function of V. ince increnmentel capace
itance is expressed by (17) in terms of
the rate of change of ener -y wita V, it
is clear from inspection o the curves i
Fig. L that the chen¢call; stored energy
will dominate capacitence for nign Torwar
bins and that the electrically stored en-
ergy will dominate for high reverse dias.
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§ 01 cCcompuling capaclitancec, vhe amdipo- e . =—— - S
= = = namic calculations are believed %o be

LA v Ve nea o VVaeYLCWwW v — e A
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rocedure involved the followin~ one= =
snsional equations: At large values of reverst
= nedy's method (4) yields thne
=" Q : = as the ther i
— T ) Poisson's Eq. e
— N € oviier mevino
S < S 0O B =
reverse ola
diverges, T
= === e Zlectron Current the Junctio
=0 a o T qQu = - s =
0 bel n Gx &7 Yyieids Tae s
namic method.
‘ ; =
T — = dp Hole Current
sgd_ P & = gD ==
P ? P c LG
i —== 1. Y.F. Chang, "The Capacitarnce of p-n

L Lo ™9 o F S ~ P s on &= & T e = ) Cdb oo iy 5 5 3 =
=" == Zlectron Steady- Junctions, Solid-State Electronics,
J e - - £9 - "G

q dx State Continuity Yol. 10, pp. 261=-28T7, 1967.

Eq. : o J
= = 2. Y.PF. Chang, "Capacitance of p=n Junce

« Gd .- % = =3 ~ ~ . "n - .
: = R =0 Hole Steady- tions: Space-Charge Capacitance,’ J. of
[ q dx State Continuity Applied Physies, Vol. 37, pps 2337=23&2,
i 5 Eq. 1966.

- pn‘n. - - op ~ - T ~ "e
=1 i Shockley-Read- 3. H.L. Gunmel and D.L. Scharfetter, '"De=-
e - - . >
: T p+tn+2n, Hall Recombina=- pletion-Layer Capacitance of p*-n Step
H = tion Model Junctions,” J. of Apnlied Paysiecs, Vol.

- - - 4
! §__, PP. ~6—2->3, 3967,
arrent density is denoied by J and the " =7 : e
== : .Y#__ - 7 L., A. DeMaxr 2h.D. Thesis, California
Doility and diffusivity by u end D re- = === —2 - P
== = Institute of Technology, 190T.
sectively. These guantities are sub-
2ripted p or n indicating reference to 5. V. Arandjelovic, "Ace
>1les or electrons. The material lifetime Steady-State Solution
S given by T. One-Dimensional Juacs
=E s == = = State Electronies, Vo
Given & set of boundary conditions, 1970
- - -
i ie above dirferentiel equations were :
olved Tor the carrier densities, electric 6. D.P. Xennedy, P.C. Murl
ield,. ané charge density throughout the der, "On the Measuremens
:vice (see Figs. 1 - 3). The energy and Atom Distributions in
apacitance computations are then perform- Differential Capacitsa
i. Since the focus is oan comparison of ca- iBM d. of Research at
acitance obtained by various methods, the 12, pp. 339-409, 1906¢.
2teils of the computations are omitted. F—a-—n owtah— T T  Janek R B htier
1o el Dill Vad g U e s UGULTAR s SeDe Wl CTo
: = - glectronic Conduction in 3colids; MeGraws
znacitance Comparisons and Conclusions g o = — 2
Bil1 . 196f, Beec. 3.4,
ms R = - 2ecomm
=8 BRPACILaRGE OF & Piek itep e 8. E. Speake, Electroxnic =
Lon has been calculated as & function of — ra o= ==
- = P s e McGraw=- —Hldid, ...9)u, vaia
oy the following methods:
= > - 9, D.L. Heald; Pa.D. Tiesis,; university oi
&0 sical first-order theor ‘ = —— =
‘) : =5 e ?*) = California, Saata Barvara, 19T1.
b) Chang's first method (change in maxi-
nunm eleetric field with voltage)

¢) Junction incremental capacitance (5)
d) Xennedy's method (6)
. e) Rate of cn?nge of total thermodynamic
i energy

ine results are shown in Fig. 5.

Nt s

The capacitance as obiained by the
rious methods will be compaxred to that
i:n is thermcdynamically obtained. 1In
oing so, one must observe that the thermo-
yoamic values, as plotted im Fig. 5, are
maccurate in trze neighoorhood of V = 0.
‘ne reason is that as V+0, (1/V) aw/aV be-
omes indeterminant and an appropriate al-
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