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CHAPTER. 1
INTRODUCTION

There has been a continuing interest in the use of siiicon—on—.
~ sapphire, S05, as a_méterial for fabrication of_high frequency electronic
deviﬁes. The 808 technology allowé dielectric.isolation of deviceé bﬁ.
etching out isolated islands of silicon f£ilm nn_the_high resistivity
gapphire substrate in ﬁhich individual devices are constructed by dif-
-fusion, oxidation, metallizatioﬁ,”etc., implemented using_photolitho—
graphic definition techniques. Because of the low lifetime in thin
silicon films on sapphire, practical bipolar transistprs-have not been.
realized using this technology; however, MOS circuitry is now manu-
factured in S0S (Inselek, RCA, and perhaps others:) It seems likely that
CCD'S {Charge Cdupled Devices) built in SOS may be attractive for two
reaspns.- _

First, it may aﬁ some time be desirable to integrate CCDs with other
'high speed'SOS Iogic'ciréuitry. As we shall'see;'CCD's wiil.probab;y
require thi#ker films, as will probably be the ﬁase for bipelar tran~
:ﬂasistors,-an&'this poées-technological problems for etching.f.The:thin film
is more desirable since the etch timé is reduced and the photoresist |
- protéctibn'probiem isg 1esé éévére;
| Perhéps a hétter case cén be made For the desirability of fabri-
cating CCD imaging devices in 50S. There are problems in accomplishing

this, but the problems of building other CCD imagers must also be con~

sidered in comparison. The central problem in fabricating a CCD is to pre-

“vent potential barriers (or wells) between the transfer electrodeé._ There are

three teéhniqués.which have bééﬁ successful  in QVE£CQmingJ£he'prbhlem'dff
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potential barriers in the gap which result in the case of a simple
scructure with gacs wider than 1-2 u m. (1) The technique used by Texas
Instruments! makes the gap very small by depositing half of the aluminum -
electrodes and then anodizing them, producing an Al,0, insulator, roughly.
1000 A thick,_to inshlate these electrodes from a subsequently deposited
aluminum.layer. (2) A technique pfoposed at Bell Lahs? utilizes intergap
doping to establish a potentiai within the gap.to.a.veiue between those
under the transmitting and receiving transfer gates. (3) Researchers at
RCA3 have published a number of papers giving results obhtained with two
levels of metalization, where one ccnductcr level is doped polysilicon.

- Another technique which has been mentioned is the resistive sea of poly-
silicon in which the.trensfer electrode pattern is defined by doping. A
. short discussion. of these techniques will be beneficial.

The first.technique appears to be the best for solving the probleﬁ.
fVIc is simple'ie coﬁcept and implementation and produces, insofar as-
reported, no undesirabie side effects such as oxide contamination for
exaﬁple.' A high conductivity trensfer eiectrode structure is.definéd in

this way and the gap potential is fixed by the surface potentials under

'ad3acent electrodes. From the standpoint of 1maging, the channel is ‘closed

to incident radiatlnn S0 that backside 111umination 15 required. Therefore,

the wafer must be thnned in the chdnnel region to a thickness of roughly
30 uom, i. e., the spacing between adjacent cells. The second technique
o essentlallv results in a se1f~aligned bucket—brlgade structure which haw a

_ _higher transfer 1neff1c1encv and consequently a 1ower upper cutcff fre~

quency than a true charge coupled device. Otherwise, the structure “allows

wide gaps for'echancing the photon receiving area of ‘the channel.
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The third technique utilizes doped ﬁolvsilicon electrodesvwhich at
best have a resistivity over ten times that of aluminum. Comnsequently, in
long stfuétures the resﬁltant RC transmission stru#ture for the polyéilicoa
tfansfer electrode structure produces phase delay and distortion which_
limits the upper fréquency of oﬁeration. The polysiliconQQxide-silicon
thin film structure will result in spectralbsele;tivity of the incident
radiafioﬁ, and there will of course be some absorption of radiation in the
polysilicon, This latter feature of absorption will he inherent in any
scheme except number two above.

Although all of these schemes may prove'satisfacgory ip_soﬁa appli=-
cations, they obviously have problems assoclated with them. In a preceding
report,* it was suggested that a thin film silicon-on-sapphire structure
might be feasible. From an optical standpoint such a structure would be
superior because the sapphire is trangparent and most.of-the-photnﬁS'would
be absorbed in the depletion region of the CCD chamnel. Kranzer® has
- reported lifetime profiles in S0S films which show that the thermal
(leakage) current from depleted regions near the silicon-sapphire interface
._would'bE'excessive.for~sensitive 508 imagiﬁg‘déﬁices.v His resuItS'suggest 
that thicker silicon films will be required for sﬁcceésful applicat:on of

50S to CCD imaging devices. [Either of’tﬁévtéChniQues (1)10r (3) above

g shuuld be suitable for transfer electrode structure,

_Kranzer ‘has done extensive experimentation with gate controlled
:'dibdéé"invwhiéh'the éapaniténce and leakage current were measured for varioﬁs
.édnditions. :ﬁeyer7 héq'élsd'fepbrféd resulfs from‘éxpériménts witﬁ this
type of structure. These results should be valuable for the de31gn of CCD

.imagers and Derha“s fsr'bipolar transis*ors fabricated in sos.




Figures 1.1 and 1.2 show tvpical results obtained by Kranzer.® His

- published dapas.was_obtained using the one-dimensional Poisson's analysis
to reduce both capacitance and diode reverse current vs. gate bias data to
obtain lifetime and doping profiles for depletion depths short of the
silicon—éapphire interface. The results of a one-dimensional analysis can

be expressed as:-

X, = gy /CSi o | 1.12
T = 1/2 qniA/(aIr/aXd) 1.2
N#(Xd) - - (cT)q) aﬁé/axd 1.3
Cyy = CpC/(C, -Cp) R 2

Where CT’ CSi and Cox are respectively, the measured gate less
overlap capécitance, the series deﬁletion capacitanéé, and the gate to
depletion layer capacitanmce through the oxide. Other variables are 1, the

carrier lifetime, ﬁ the intrinsic carrier concentration, Esi the silicon

i
permittivity, VG, :he gate voltage, Ir, the diode reverse cgrrent, q, the
.electrbﬁic chérgé, A, the afea df capaéiténce Csi’ and Xd, the depletion
_iaye:_depth. |

| There are certain féatﬁres of Krénzef‘s data® which.are not explained
by a onevdimensional_analysis. Furthermore, it would be of interest to -
have the re;ults bf a more complaﬁe analyéis.to study fhe data in the regioﬁ

in which the one-dimensional interpretation has reascnable #alidity.. This

study was conducted to pbtain an analysis based upon an essentially two-

. . dimensional model. The structure studied has cylindrical symmetry so that

only the Z-axis and radial coordinates are required.
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Figure 1.1 Capacitance vs. Gate Bias for SOS-GCD

Figure 1.2 Junction Current vs. Gate Bias for S0S-GCD




Chapter 2 presents the one~dimensional analysis of the MOS structure
as it is applied in the succeeding work, Chapter 3 presents a somewhat
simplified two-~dimensional analysis which is useful for interpreting the
experimental results. Chapter 4 presents a more complete two-dimensional
analysis, Chapter 5 gives the conclusions of this study. Apﬁendices A,

B, and C give the computer programs developed to implement the énalysis.
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CHAPTER 2

ONE-DIMENSIONAL DEPLETION

LAYER ANALYSIS OF MIS STRUCTURE

A diagram of the structure to be modeled is shown in Figure 2.1.

The capacitance structure is annular with typical dimensions given in the
figure where the aspect ratio of the differential radius, wz, to the
thickness is greater than 100. If the silicon~sapphire interface is
accumulated with mcbile carriers, thus providing a conductive plane, then
clearly the silicon depletion field variation across the film thickness
can be closely approximated by a one-dimensional Polsson equation solution,
The presence of the P+ inner annulus and the N+ outer annulus will pgive
rise to a small radial field component. The fact that a rectifving barrier
occurs at the junction of the P+ and N annulae will make *he radial field
component larger in the junction region and smaller elsewhere. Therefore,
until the depletion extends to the silicon-sapphire interface, the one-
dimensional approximation should be valid.

Figure 2.2 shows sketches of the assumed charge, electric displace-
ment, and potential distributions. Surface charges at the 5i-5i0, and
Si-Sapphire interfaces are assumed. The existence of the former is well
established, and the latter is required to prevent depletion of the inter-
face when a two-dimensional model is used. The two-dimensional calculation
discussed in Chapter 4 showed that the field due to the junction would
penetrate the sapphire'and deplete the more lightly doped interface. If
one assumes the thermally generated carriers in this region are collected,
this gives rise to a leakage current, due to generation in this low life-

time region, which is much in excess of that observed with small gate
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voltages. A fixed positively charged layer will keep the interface in

aceumulation until the field component due to the gate electrode depletes

this region.

Application of the Poisson analysis to this problem is relatively

straightforward. It is advantageous, however, to consider two cases,

i.e., Case I, depletioﬁ is short of the Si-Saphire interféce, and, Case II,

| - depletion extends through the silicon film.

10

Case I. Depletion thickness less than film thickness.

. o
dx €
D=D0x Oixj_tox
D = Dox + st2 + q Jt NB(x) dx . tOx SHEE L + %y
ox
d _ _D
dx E
bG) = VG - Dox x/on == ox

At the bottom of the depletion layer, - m(xd)vs 0 and

D(xd) = 0. Therefore

2.1-a

2 bl“b

2;1-0

2:2"&

2,2-b

202"‘:




—

L . v 4
. oxd oA
Dox "o j Nn(x)dx - QBGZ T (QE * Q“z)
tOX

bo T W = BulCod = Vgt (O + Qu ) /Coy

£t _+x o
ox d
LYy = -‘L—j dy [ N, (2)dz

Esi

tox tax
Csi = Esi,xd
ox on[tox
We further define:
X
Qx> & q J Ng (x)dx
tox

Then the potential is:
p) = Vg + Op(x) + 050 /C

+ QB(X - tbx“ssi - wa

®

For any depletion depth Ry =X - tox

Vg = ~ @t stz)lcqx - Qp/Cgy + MY

2.3

2.4

2.5

2.6

2.7

2.8

2,9

2.10

2.11

i1
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Equation (11) may be used to calculate the gate voltage required'
to deplete any arbitrary doping profile to the depth Xqe Note also that

from (11):

dv

- (l/Cox +1/C_;)d0, + d{Ay)

where CT is the measured gate capacitance;* Carrying out (carefully)

the indicated differentiations with respect to X4, Ome obtains:

Cc. dv
= --L£ _& .
Further, from (6):
x - Esi (- CN)
d 0x CN
or,
€qy 1 -2cC.)
¥ = Cg=) C. Cox - 2:14
ox N
where GN = CT/Cox is the normalized capacitance which could be obtained

from measurements, Note that equations (13) and (14) provide a parametric

pair which may be used to estimate the doping prof4 NB(x) for the

depletion region giving rise to the capacitance C which is included

i,
in the measurement.
The leakage cufrent due to generation of carriers in the depletion

reglon of the field induced junction is simply given by:

t +=x
ox

-

81 T 9

gen
oX

or,

* less overlap capacitance,
12

—dQB/_cT+_d_(Alp) 22

d
, ni
qA _ _ 2.15

f




- 1 N .
T(xd) = 3 qni/(algenlaxd) 2.16

- Again (14) and (16) form a parametric pair for establishing the lifetime
profile from junction current vs. gate voltage measurements if one assumes
that the measured junction current, Ir’ is equal to the generated current,
Igen' Figure 2.3 shows typical doping and lifetime profiles obtained by

applying these parametric equafions tc Kranzer's data,
Case II. Full depletion of the silicon film.

In this case, only the regions for solution of (1-a) and (2-a) are
extended., On the sapphire'side of the si-saph. interface we have:

Dsa = Dox + stZ +'QB + stl ' 1-e

b = ¢ - O +2Q

sa X0 ox ssZ)ICsi i E 2-;

When this full depletion occurs, the field génerally will be defermined
by boundary conditions and.géometfy so that wsé Qill nﬁ'loﬁgér be av

constant value across the si-saph. interface. However, (1~c) and (2-c)
may be used to establish the interface.boundéry conditiohs for a field

~solution in the sapphire ;egion. Combining (1-c) and (2-c), we obtain:

/Cox + ¥V, ~ Ap 2,17

552 G

lpsa = (QB + stl - Dsa)/CT +Q

In‘the faiiowing; (2~17j.is used in bﬁtaiﬁing a numéfical sbluiion for tﬁe
fig;q.in the sapphire when the through depletion occurs. |

Thé éﬁuations dbtéiﬁéd here can.bé used twb.wafé.' As pointedﬂout,
~ the pairs (13)_—_(14) and.(lé)_— (16) can be useq.for.analysis of experi;
mental data aé ﬁas dﬁné by Kraﬁzer. if the»profileé. 1(x) and NB(x) are

13
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available, then (6), (7), (11) and {13) can be integrated (wé use
numerical methods) to obtain the capacitance voltage Cp ve. Vg {or

CN VS, VG) and GIgen vs. VG curves.
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CHAPTER 3

SIMPLIFIED TWO-DIMENSIONAL ANALYSIS

. This work was done after that reported in Chapter &, consequently,
some insight into. the electrical behavior of the GCD on SOS had been
obtained. It was known that the 1-D depletion model gave a fairly

good aﬁﬁroximation before through-depletion 1f Q (the fixed

ssi
charge_at the Silicon—Sapphire interface, SS1) was large enough to
.préveﬁt deﬁletion from the bottom of the film upward, 1In this case,
the depletion edge advances downward with Increasing IVG['with the
edge parallel to the film surface, It seemed plausible, therefore,
that with Qgg4>0 an electron accumulation layer would exist at the
8SI and that this acaumulation layer would be pradually reduced
-across the SSI as the gate voltage, | V|, increased. In the 2-D self-
corisistent depletion analvsis (SCDA) discussed in Chapter 4, this
- type of behavior can be modeled; however, the program converges
slowly when the gate field penetrates significantly into the sapphire
substrate, Thus, it was not practical to use the program to calculate
C-V and I-V curves and to change parameters such as the film thick-
ness, geometry etc.

" It was concluded that a simplified program might be useful,
espéecially after throughwdepletion-'occured.. In this progfém, the

film parameters could be changed freely, e.g. 0 was a point of prime

ssi

interest. It was already known that large valuas nf Oget caused a

large offset in the c-v curvas which had not been observad experimentally.'

16




Héyer7 had observed small offsets and Heiman® had observed a lack of
"through-depletion” (very larpe offsets) for deep depletion transistors.
This behavior had been explained in terms of a layer of fixed charge
within a high-resistance glassy interlayer .stween the silicon film

and the sapphire substrate.%:10 The fixed charge resulted from
ionized impurities, which might be unintentional contaminants or
(presumably) doping impuritieé introduced laterally through the

layer frbm the P+ and Nt regions. If doping impurities are intro-
duced, note that acceptors from the Pt region would redece Qggq at the
innef edge.of the annular.depletion capacitance and donors from the
outer N* region would increase Qggy. Therefore, the distribution for
sti'would'generally incféase from the inmer radius to the outer

radius. The simplified program allows the treatment of fggq @s 2 non-~
uniform distribution on the 85I. Such a phenomena could possibly
explain the lack of a sharp drop in the C-V curves when through-depletion
occurs. | | | | - | |

The algotithm for_the simﬁﬁfied model is as follows:

1, Starting with an assumed set of boundary conditions,
typically.with b =0 on the si—sapph,interface? svlve for
the potential field in the.sapphiré using é successive-
pver—relaxatinn procedure (SOR),

2, Calculate the electric displacement field, D, on the
sapphire side of the interface. Calculate the D field
on the silicon side of the interface with ths assumed
surface potential using the one-dimensional fdrmulas in 
Chapter. 2, |

3. If Dga - DSi'>Q551 at r = rj on the interface, assume
that at this point the surface is depleted of free carriers

17




and use (2-17)- for boundary condition at this point for a
new SOR solution. Test each point before starting a new
solution.

4. Repeat (1) through (3) until no additional points on the

interface satisfy the inequality of (3).

5. Increment the boundary value, Vgs and repeat.

Additional criteria are included in the algorithm to account for
inversion. For example, when applying (2-17), the surface potential,
Yxos tested to deﬁermine 1f Yoo < VI - 0.55 - (kT/q) ¢alNg(1)/ny)
whare Ng(l) 1s the doping of the silicon film at x = t,, ~ If the
inequality is satisfied, then Yoo 1s set equal to the right hand side

and the B. €. given by (2-17) is expressed iIn terms of Ueo®

3.1 The Simplified Analysis Program
The program listing is given 4n Appendix A, It comnsists of a
main program for implementing the algorithm and three subroutines. One
subroutine establishes the lifetime and doping distributions to be used
in the caleulation. A second subroutize explicitly specifies the steps
used in the SOR calculation and tests the residual to determine the
maximum value during one sweep through the field., The third subroutine
outputs the field data for the sapphire region. The main program pro-
ceeds with, first, a calculatlon of the capacitances and junction current
vs. the gate voltage before the through-depletion occurs, The results
from these calculations allow the establishment of the validity of *
assumed 1ife£1ﬁe and doping distributiéns for the model as well as the
value fqr_thg Si-SiO2 interface charge Qgg?,
| After tﬁe oﬁe—dimensional calculations, the gaté vcltage'is in-

cremented to a value sufficient for the gate field to penetrate the




sapphire. Then the two-dimensional problem in the sapphire is solved
repetitively for a sequence of gate veltages in order to determine the
gate electrode charge and the incremental capacitance. The SOR solution
is based on the Gauss' law principle applied at each grid point within
a cylindrical region. This formulation is set forth in a general form
in Chapter 4 where the dielectric discontinuitieés and variable grid

spacing are considered.

3.2 Calculated Results for Capacitance and Junction Currents.

Figures 3.1 and 3.2 show the calculated results for ﬁhe case vhere
through-depletion is not acheived. Circles represent Kranser's data.b
Such errors as exist result from manipulating the data since the pro-
gram for conditions before through-depletion is based upon a self-
consistent 1 - D model. The calculated capacitance included parasitics
from the stray capacitance of the probe which is incompletely guarded
and an overlap capacitance between gate and the P+ reglon. The probe
stray was measured and is approximately 1 pF. The gate - pt  overlap
at the §i-510, interface can be estimated from the intentional overlap
(6;75 mils) designed into the structure, but the overlap at the gate
pt edge on the SST must be estimated. This overlap was adjusted to
givé thé correct minimum capacitance. Scott etail have discussed this
overlap which is troublesome for fabricating S0S integrated circuits,
since sufficient overlap produces a drain-to-source short circulit.

Figure 3,3 shows the caldulated capacitance vs. gate bias for an

entire range of v, and t@o values of Vi The dotted curve shows the

8
results for a low, uniform value stilq = 7.5 % 109 en~? and the

dashed curve shows the result for a larger uniform value Nes1/q = 1.25% 1011.
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The solid curve is for an exponentially distributed Qgge with 0Qggi/q =
7.5 X 109 on the inner radius and Qssi/q = 1.25 X 10ll on the outer
radius of the annular depletion capacitance. Obviously, a low uniform
Qggq gives a sharp drop in C when through-depletion occurs while a

large value of Qggq may give a noticeable offset (threshold for Vg)

or may even preclude through-~depletion before the inversion at the
51«8i02 iInterface occurs. The gradual reduction of C due to the grédual
removal of the accumulation charge on the SSI due to Qg 4 can be
explained by a non-uniform distrtbuﬁion of Qgg4 on the 55I.

Figures 3.4 and 3.5 show the influence of the charge Q (at the

582
8i~8109 interface) and the oxide thickness on the €-V curves, Figure
3.6 shows the increase in the junction current caused by generation on
the S8I as the accumulation layer is reduced. The depletion model
augmented by a surface generation model on the 5SI can account for
Increases in current up to the point where the accumulation layer on
the SSI is fully depleted. The surface recombination velocity used

for the results in Figure 3.6 corresponds to an average lifetime of

2 n sec for a 0.1 micron layer. Experimentally, it is observed that -

the current continues to increase until inversion sets in, at which

point the current falls off. The calculated field patterns discussed =

in the next section give some imsight into what may be happening in

the inversion region.

3.3 Calculated Field Patterns
Figure 3.7 shows equipotential surfaces in the sapphire for a
through depleted condition while Figure 3.8 shows the normal electric

flux density for a through-depleted and an inverted conditivom., In
20
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¥Figure 3.7 Equipotential Contours for Field in

Sapphire

Figure 3.8 Normal Electric Flux Density on

Silicon-Sapphire Interface
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Figure 3.9 the radial field profiles along the silicon-sapphire interface

are shown for three values of gate voltage. Note that the minimum field
location shifts toward the pt region with increasing gate voltage. Collected
hole current flows aleong the 5i-Si09 interface while electron current flows
on the S58I. At the center of the field, the electron current is approxi-
mately 1044, and if this current were confined in a layer 0.1 micron thick
and the field value were 500V/Cm, the required electron density would be
1012 cm™3. fThis value would result in a ctannel resistance of approxi-
mately 100 Megohm; however, even this low a carrier density is significant

3 would

in terms of recombination, since hole densities greater than 108ca™
result in net recombination. Apparently, all of the thermally generated
carriers are not collected, and these 1@y very well be those generated

near the SSI. After the SSI ig fairly well depleted, further increase in

the gate voltage increases the radial field and results in an increase

in the collection of the thermally generated carriers, However, when inver-
sion sets in, the radial field dr&ps substantially, This must be accompanied
by an increase in the electron concentration on the SSI: Furthermore, the
buildup of the hole concentration on fhe S1-5102 interface will result in
holes back diffusing toward the SSI. Therefore, it is quite plausible that
this effect results in a decrease in the collected current with the onset.

of inversion. Figure 3.10 shows_the integrated transit time from the Pt to
Nt region along the 58I. Note the increase in thls transit time as inver-
sion sets in. Elementary arguments show that the total electron charge on
the SSI must therefore increase accordingly or that the current must droep.
The experimental results indicate a small drop in the current; therefore,

the electron denéity muét increase. The increase in the hole density due

to back diffusion could then accognt for a reduction'in the net thermal

generation in the SSI region which results in a lower current.
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3.4 Conclusions

The follewing conclusions were drawn from the results presented in

this chapter.

1,

The falling part of the C - V curve can be described with a 1-D
depletion medel before through-depletion and 2-D model afterward.
Adjusting the intensity and distribution of the fixed charge
Qsst allows the observation of three types of behavior:

(a) a sharp drop in C at through-depletion if Qgg4 is small

(b) An offset, or threshold for |V;|, at through-depletion

if Qggq is large. The offset may be large enough to prevent
removal of the electron accumulation layer before inversion at
the §i~510y interface occurs.

{c) A continuous reduction of C, as ovserved by Kranser,.may

be obtained from a non-uniform distribution of Qggq4. This type
of distribution is plausibly the result of impurities diffusing
laterally in the SSI from the P¥ and N* regionms. | ”
The minimum capacitance is dominated by the capacitances of the
sapphire substrate, the gate - Pt overlap, and the parasitic
fields of the incompletely guarded probe and lead wire. All

of these contributions are approximately equal.

The silicon f;lm thickness has a small effect on the minimum

capacitance observed., €mall variations (+20%) in producing the

~ the thin film would be difficult to detect.

The effect of the oxide thickness on the minimum capacitance is

not large but is more significant than that of the silicon film.

e ——— g . e
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5. The concept of a surface generation current on the depleted silicon-
sapphire interface is useful in conjunction with the 1-D depletion
model for calculating the T-V characteristic. The depletion model
predicts too rapid a reduction of carrier density with increasing
gate voltage near the S5I; hence the generation component increases
too rapidly unless the lifetime i§ made artifically high. (See
the level-off in Figure 2.3). Treatment of the reduction of the
electron accumulation in terms of a surface layer for the final
stage of depletion leads logically to the use of a surface
generation velocity on the SSI.

6. When inversion occurs, the radial field component along the silicon-
sapphire interface is substantially reduced. The radial transit
time increases substantially; consequently there is an increase
in the electron density on the SSI and a reduction in current. The
reduction in current is probably due to the decrease in net thermal
generation near the S5I because of the increase in the electron
density and of the hole density due to holes diffusing back from
the high concentration region on the inverted Si-5i0, surface.

Otherwise it was found that the modified progfam was efficlent for

economical generation of data and could easily be checked for convergence.
It was found that for sapphire thicknesses in excess of 3 mils, the thick-
ness or the boundary conditions, l.e. either zero normal field or zero

potential, had little effect on the field in the film or 6n the calculated

capacitance, cutrrent, ete.
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CHAFTTFR 4

COMPLETE TWO~DIMENSIONAL ELECTROSTATIC

ANALYSIS OF THE S0S-GCD

A more accurate cross-section diagram of Kranzer's®s® devices is
shown in Figure 4.1 which shows that the gate electrode does not com-
pletely cover the annular M-region between the P+ and N+ diffusions.

One would anticipate fringing effects because of the lack of overlap

on the N+ edge, and that the fringing will be more significant as the
silicon £ilm is depleted to the sapphire substrate. A two-dimensional
model within the film itself is necessary to account for the fringing and
to investigate the tramsit time for the movement of thermally generated
carriers from generation to sink sites.

Significant two-dimensional effects fall into two categories.

(1) The effect of electrostatic field upon the determination of the gate
capacitance is essentially é one-dimensional phenomena until the film is
depleted through te the sapphire substrate. After through-depletion,
the field has a strong two-dimensional character. (2) The small two-
dimensional effect; as noted by a small radial field component in the
depletion region, before the through depletion will have a signifiéant
effect upon the reverse current-gate hias relationship. Analvsis of the
problem must be done using numerical téchniques. First, the éppropriate
equations must be formulated in a finite differgnce scheme, and then a
suitable grid must be chosen to span the field of interest allowing tﬁe

necessary resolution in critical regions,

28
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Figure 4.1 Cross-section of Gate=Controlled-Diode
in 50S used by Kranzer.®

4,1 Electric Equations

It was assumed that the carrier velocity depended linearly upon the

electric field, an assumption of dubious validity near the P+ N edge but

reasonable otherwise. The current densities, Jp for holes and 35 for

electrons are:

T = -qp vp - v 4.1 1
> 9D 9p = i _pYY _
.Jn = gD _Vn - qu n% 4,2

The Shockley-Read recombination model was assumed so that the net

recombination rate U is given by:
= - n. 2y .
U (pn - ny )[rp(n +ny) + 1 (p+ )] 4.3
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with v =1 =1 , a function of z. Defining normalized fluxes fﬁ and F

p n
and generation rates Gp and Gn by:

Foo4 vp o+ (W) bk
?; L 9n - (Vw/VT)n 4.5
where Vo = kT/q ,
Gp 4 - G/Dp 4.6
6 4 - c/nn‘ | 4.7

We then write the continulty equations as!

v . (vp+ (V¢/VT)p) = Gp 4.8

v‘- (Vn - (vw/vT)n} ==G_ 4.9

These equations must be solved simultaneously with Poisson's equation:
Voo (V) = = q(Nd +p - n) 4.10
The algorithm for a solutien is based upon Gauss' theorem:

} F+onds = J v « Fdv 4.11°
8 v
Equation 4.11 is applied to each volume element in the grid. The.
appropriate volume element is a cylindrical ring of radius ri, thickness
Ar; and height hj . Normal fluxes, Fp, bottom, Fp, right, Fq, top,

and FL’ left, at the elemental surfaces are expressed in finite

differénce form for holes as:

P B, .+ P,
¢ i,3. 1,j—1) 4,12

iaj - -P_isj'?]— X Ipisi - wi’j"l
hy g 2
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P, ., - P oo - (P, .+ P .)
- FL = i, i"'l:j + i,j i-1.3 1,9 i"'ls.]_ 4.13
Ari-1 | VTAri-J. 2
P P . - P, .+ .
NPT S Halk-=- . D B Il T 0 Pyt Pia1,5) 414
Ar, VpAr, 2
N IR R A AL
- Fp = + 2l , 4.15
Ry Vihy1 2
Applying Gauss' theorem:
(r -1, . (¢ +2r, +r, .) r, +r
S o N o i+l S S P T 10 . F
2 2 B 2 i L
b oon Fit Ty) e T T Fip) (g b 2r 4 ) -
2 iR 2 2 T
{r -r, .} (r +2r, + 1, )
S . S T 1+1 S A 4.16
2 2 ip
Defining:
i -
ACR(I) 2 (ri+1 ri-l)(ri+1 + Zri + ri_l)/é 4,17
, A ' _ '
BCR(I) & (a:i + ri—l)/(ri ri.1) 4,18
. A -
DCR(I) 2 (ry,, + r )/ (rpy ~ 1)) 4,19
DCR(I) & ACR(I) A 4,20
and,
- ¥ il
AP = ACR(I)*H ‘(1 - ~ded. 1371 4,21
2v
T
Ve o = 0, 5 . :
BP = BCR(I)*Hx(1 - —sedo 1713 4.22
2V
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(] -\
DP = DCRCT)*N*(1 - ~fadtElad 4.23

by o5 = Yy og4a)
2V,

EP = ECR(I)*H '#(1 - 4.24

where H=h and H ! = 1/h, Similar expressions are found for
electron concentrations except that the drift term containing ¢ has

the opposite sign. These coefficients are A0, BO, Do and EQ. Then:

CP = A0+ BO + DO 4+ EO 4.25
CO = AP + BP + DP + EP 4.26
Finally,
- APXP. . . ~ BP#P + CP*P,
1,j~1 1-1,5 ¥ Py
— DP%E - EP# - KH%C .
DPHP y 4 - EPER, L ACR(T)#HAG, 4.27

A similar expression is found for the electron concenfration n.
In further work, a concession could he made to the nonlinearity
of the drift velocity by testing the term 4y/2V; in calculating AP, BP,
ete. If this quantity is greater than a saturation value, vsat*ﬁrIZVTu,
etc. it could set equal to the saturation value with Voo taken as
8.5 x 10% em/sec and 4.4 x 10% cm/sec for holes and electrons
respectively. Values of 5.2 and 13 cm?/sec for the diffusion constants
were bulk wvalues, thus too high, and should be modified for further work.
Boundary conditions used were zero normal current at the S§1-Si0,
and Si—Saph interfaces and J,.. =0 and p =0 at the left edge and
=0 and n =Ny at the right edge.

Jpr
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For the space charge equation 4.10, we proceed in a similar manner
with additional defined terms which allow handling the discontinuity in =,

the permittivity:

AZ(I) = cj_l/(zj - zj-l) 4,28

Bz(J) = (Ej(zj+1 - zj_l) +—ej_1(zj - Zj_l)}/2 4.29

DZ(J) = BZ(J) 4.30

EZ(J) = 5j+1/(2j+1 - zj) 4,31
and,

Qi-j = ACR(I)*H x q(Nd +p=n)+ ACR(I)*OSi i 4.32

where Qs is a surface churle distribution such as stl and stZ on

the interfaces. Then,

Ai i = ACR(I)* AZ(I) etc. 4.32
’

So that we have

~Apgbi,g-1 T B, t G,

Q 4.34

"Dy i%ita,s T BagYa, et 1,4

where ' c = A, ,+B, . +D, ,+E

1.3 i,] i,} 1,3 i,3

The boundary conditions applied are best 1llustrated in the

drawving of the grid system shown in Figure 4.2,
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__Figure. 4.2 Diagram of Interlinking Fields
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4,2 The Grid System

Choice of a reasonable grid system is the most challenging task in
the analysis. One needs a fine grid within the silicon £ilm to determine
the small fields which exist before through depletion. However, if this
is extended into the sapphire, an unreasonably large number of grid points
is required to span a sufficiently larze region iq the sapphire. The
accuracy of the field determination in the sapphire influences greatly
that of the field in the film, particularly after through depletion.
Figure 4.2 illustrates how the problem was approached. A 92 % 56 point
+ 8 x 10 point mesh was established to cover the films and air spate over
the naked oxide and a thin region within the sapphire. Then a 10 x 40
points mesh was selected to cover the sapphire. A linking mesh of 10 x 40
points was chosen for interpolation between interior points of the meshes
and their boundaries. The respective fileld are U + UA, V, and W.

The radial spacing in the U field is non-uniform to allow a finer
mesh near the P + N junction. ' The Z spacings in the V and ¥ fields are
non-uniform with a finer mesh near the upper boundaries. An exponential

type spacing is used.

4.3 The .:lgorithm

The system of equations is solved using the Gauss-8Seidel method with
a relakation parameter w. At the end of the nth iteration, the field
and carrier concentrations have been estimated at all field points.

The (n + 1)th estimate for  , for example, 1s obtained as!

iy . ntl n+l n
: = s + . + e a s
q’l’j (Al ajlpi!j-l Bi,_]lpi-—l,j Di,qul“l'l,_]
n n .
+ E + C,. 4,35
1,391,141 Qi,j)/ 1j
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where 0 < w < 2 and typically w = 1.7.
The equations for Pi,j and ni,j may be solved in a similar manner.
The indicated sweep is from the left bottom corner, across and up through
the field to the top right hand corner. After a sweep is completed, the
order for the next sweep can be chosen to be different. The sweep order
simply depends upon the start and end indices on two pested DO loops, and
changing these corresponds to switching the superseripts n and ntl in
(4.35). |

After a'sweep through the field, all of the coefficients, A

1,37

AP, _, AO, ., etc., and O are calculated in terms of present
1,3 1,3 i

G

1.3 »]
estimates. Then the next sweep of the relaxation procedure is carried
out. The iterative process is terminated when the selected residuals

4y, Op or An are within the bounds prescribed.,

4.4 Discussion of Program Operation
It was realized that the computational problem was very large.

Initially the program was developed so that Qi was calculated using

2]
a depletion model, i.e. f1,1 " qN; for $i.j < kT Zn(Ndfni)/q and

Pi,y = 0. Otherwvise the potential was limited at KT ﬁn(Nc/ni)/q. For
the depletion model, approximately 8 minutes of CPU time (UNIVAC 1106)
was required for satisfactory convergence without through-depletion. The
procedure required 800 iterations and resulted in a potential résiddal.on
the order of ImV. When through depletion occurred, the residual was on

the order of 15 mV and decreasing slowly after this numher of iterations.

This convergence was poor for calculation of the incremental capacitance
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since the differences in two field distributions were involved, For
obtaining semiquantitative descriptions of the field, the results were
adequate.

It was easy to include the continuity equations into the program.
The relaxation procedure for p and n was carried out prior to calculating
Qi,j which utilized these values. The program listing in Appendix B
includes this feature. After computation of Qi,j , the relaxation of the
potential ¢ was carried out. The results from this procedure were neither
surprising nor encouraging. After 20 minutes of computation time, the
convergence was poor., Qualitative features of the fields were reasonable;
however, from a quantitative standpoint it was obvious that perhaps 1 hour
of computational time would be needed to establish an accurate solution
for one set of boundarv conditions. Therefore, use of the program for
modeling to calculate C-V and I-V enrves for different doping and lifetime
distributions was out of the question,

Subsequently the program was modified leaving out the continuity
equation. The space charge was calculated as discussed above, after an
alternative scheme was tried and ruled ocut. 1In the alternative scheme
the space charge was calculated using an exponential formula involving
the potential. This scheme was discussed in a preceding report.” This
method increased the computing time too much for a dubious contribution
to the accuracy.

After the fields are calculated using the depletion approximation
for the space charge, the charge on the gate electrode, QEL’ in the

substrate, QSIL’ and the current, T

g71,» e computed from sums approxi-~

mating the approprlate integrals:
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Qg = | T 437
5

O, = J € dv 4.38
v

Igp = L} qGdv | 4.39

where S, 1is the surface of the §1-8i0, interface and V 1s the volume
of the n-region.

Note that in using the depletion approxisation € = ngy/2t and no
recombination in the space charge region is allowed. This causes some

difficulties as we si:all see later.

4.5 Discugsion of computed Resultsg

In Figure 4.3 the concentration and potential profiles along a
cylindrical surface approximately midway between the P + N and NN+
junctions are presented. The convergence of the calculation was poor,
showing inconsistencies in the radial field distribution for the concen-—
trations given by the solution. Nevertheless, the qualitative results
are interesting. The gate voltage is -10V which corresponds experimentally
to the condition for through depletion, although throughedepletion is not
shown here. The solution shows a significant pile-up of carriers near
each interface, with the pile-up of electrons at the Si-sapph. interface
being of particular interest. 1In this region the lifetime is very low in
the model used, and while the hole concentration is low, the pn product 1s
high enough for significant recombination to occur. The calculated
current for this condition is approximately 14nA in falr agreement with

the 18nA measured by Kranzer, and certainly dramatically better than
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succeeding results using the depletion model. The location of the zero
space charge surface is in fair agreement with the depletion edge found
later using the depletion approximation.

After the program was modified deleting the continuity equations,
it was run for a series of gate voltage values and for different values

of surface charge, Q Figures 4.4 and 4.5 show the depletion edges

ssl’

for two different walues of stl’ the si-sapph. interface. Figure 4.4

shows that, with stl = 0, the field from the sapphire due to the P+ N

junction penetrates the film. Qualitatively this is what one expects, with

a significant penetration into the lightly doped silicon near the inter-
face (2.6 x 10!'%cm ° doping at the interface). One should keep in mind
that the horizontal scale is over 150 times the vertical scale when
interpreting the graph. Figure 4.5 shows that for st/q = 2,67 x 10!
the depletion edge remains paraliel to the Si—SiOz interface advancing
into the film.

The calculated capacitances for the results in Figures 4.4 and 4.5
did not agree with the qualitative pictures of the depletion edge given.
The convergence of the potential calculation was suspect and the number
of 1terations was increased to 800 per point where the starting solution
taken was the solution for the last gate blas value. In Figure 4.6 the
left hand curves were obtained in this way. The agreement of curve B
with Kranzer's data was encouraging. Circles indicating his data were

® using the maximum

obtained from his normalized capacitance curve
calculated value of 13.9 pF. Curve A, with the larger value of stl’

shows the same offset that was observed in the simplified two-dimensional

analysis. The disagreement at the left knee was attributed to the crude

description of the doping profile and the QSSZ value chosen to compensate
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Figure 4.5 Depletion Edge Contours.
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See text for discussion of curve C.
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this. Convergence problems were suspected because the calculated
curve leveled off above the data, since this was observed before. A

determination of the capacitance for -~ 15 < V_ < ~ 14 V then indicated

G
a value of less than 3 pF with the capacitance falling with the number
of iterations. This fell well below the data. Then the solution was
started again at V, == 17V where the capacitance curve should rise
again., The calculation was run for 1B00 iterations bhefore a change was
made in VG to determine the capacitance. Then VG was incremented
in one volt steps and 800 iterations were madg per point. The results
were perplexing since tﬁe beginning capacitance value was 1.5 pF, far
below the ohserved data., Otherwise the curve was shifted to the ripht
of the data which could be accounted for because of improper values

for Qugos Qa1 NB(x), t,y» ete. Curve C in Figure 4.6 shows these

results, At this point it had not been discovered that the capacitance

calculation had not allowed for a significant overlap capacltance between

the gate and p+ junction. The low value, 1.5 pF, agrees well with the

value obtained with the simplified model without overlap.

There was a gross discrepancy between the calculated current, shown

in Figure 4,7, and the current measured by Kranzer.® A major part of
the difficulty was the lifetime model which was an exponential extrapo-
lation of Kranzer's curve® which should be a reasonable description near
the Si-8i0, interface. The "effective lifetime" fitting the I-V data to
full depletion which was used in Chapter 3 had not been employed here.

However, the results for the low qul value also show the current at low

gate bias is larger than the saturation value with a high ngl' The field

pattern showed that the Si-sapph interface was depleted at low gate bias.

This points out another difficultv with the depletion model which was
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show thé followingi.

antiéipated in the pteﬁious sectiﬁn. 'ﬁamely,'thig-modei assumes all-
current in the depletion replon is cnllected;-hnwever,‘even if the
gi—séﬁph iﬁterface is depleted, at ibw'gate bias tﬁé.radial'field
component is so low that the generated carriers could noﬁ be collected_
before thev recbmbine. Furthetﬁofe, most of thé inééb#sed gene£at36ﬁ
current for the smaller Q 51 value,repreaents holas which would be
generated far removed from the P+ N junction thus making collection even
more unlikely Otherwise, the current vs. gate bias curves show that
the current increase after thraugh depletion (~ 7nA) observed by Kranzer
is too large to be_acpounted for by extension of the depletion tegion.
further inte ﬁhe silicon neot under the.gate.

Finally, Figures 4.8 and 4.9 show the flield distributiens inm ;he:

silicen after through depletion oceurs. Values for the potenti&% aloﬁg

the interface agree well enough with those obtained with the simplified

model considering the differences in the parameters used. The results
in Figure 4.8 are fer -VG = = 18V whieh is before Inversion sets in

according to this model, while in Figure 4.9 VG = ~ 24V and almest

- all of the S;—Sioz_inberface-under_the electrode is inverted. The

results in Figure 4.9 agree qualitatively with what one expects to

happen wheén invetrsion sets in. . The radial compenent of the field in the

top layer of the silicon film is reduced and the collection efficiency

. drops. This result can of course explain. the fall off in tnerpnction _'

current after,inversion begins.
4.6 Conclusions

The results obtained with the medels ﬁiscussed in this chapter
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The actual charge distribution is probably significantly
different from the depletion model. Consequently the
depletion of carriers from the silicon-sapphire interface
proceeds more slowly than predicted by the depletion model.
There is a pile-up of holes at the 5i-5i0, interface and of
electrons at the Si-Sapph interface for an N-type film,

The depletion model predicts the advancement of a parallel
depletion edge from the 5i-510, interface; however, uiless a
fixed positively charged layer is assumed to exist at the
Si-Sapph interface, a depletion occurs also from the bottom
interface. The field strength in the bottom depletion region
is low. Thus if such a region did in fact exist, thermally
generated carriers in the region would not be collected. If
ong assumes that all the carriers are collected, the juncticn
current caleulated using an extrapolated lifetime profile is
much in excess of the measured values. This latter difficulty
is to some extent avoided by using a lifetime profile such

as used in Chapter 3.

The field pattern obtained after through-depletion and hefore

inversion shows that the collection efficiency of the structure

should be significantly enhanced over that obtained before
through depletion occurs.

The field pattern obtained after inversion at the $i-5i0,

interface has begun shows that the collection efficiency should

drop significantly with inversion.
The simulations gave current VS gate bias results grossiy

different from the measurements; however, they indicated that
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the increase in the current with gate bias after through
depletion is not simply the result of extension of the
depletion layer into the region not under the gate
electrode, although this phenomena is also involved (see

Figure (4.8)).

Experience with the program operation led to the following

conclusions:

6.

The extended two-dimensional depletion model converges

very slowly even though an attempt was made to minimize

the number of points required to span the field of

interest by using coarse, fine, and interpolating fields.
Such a simulation model is expensive to implement for
studying the effects of parameters on the C-V and 1-V

curves. It is estimated that a simulation with adequate
convergence would cost approximately $1 K at external computer
time rates at MSU ($360/hr). Application of further pro-
gramming and numerical analysis expertise could possibly
reduce the cost.

The two-dimensional model including the continuity equations
is even more expensive to implement. However, this model
may very well be more useful in gaining insight into the
physical phenomena. A disadvantage, other than the extensive
amount of computing time, is that mobility parameters are
needed, and the scattering phenomena itself is complex in the
thin film. Perhapgyfgf the reverse bias condition the

scattering phenomena though important is still secondary.




The few results obtained here show that the very small
lifetime near the Si-Sapph interface need not necessarily
manifest itself in as large a current value as predicted
- by a depletion model. Very possibly, a region of net
recombination may occur thus reducing the actual number

of carriers collected.
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CHAPTER 5

CONCLUSIONS

Concerning the capacitance vs., gate bias curves measured by

Kranzer,6

1.

the follcwing conclusions are made:

The initial decrease of the capacitance can be described well

by a one-dimensional de?letion model.

As the depletion extends to the silicon-sapphire interface,

the majority carrier concentration there is expelled by

increasing the gate bias. Three types of behavior are
possible:

(a) Abrupt expulsion and an sbrupt drop in the C=V curve.

(b) A gradusl expulsion and gradual reduction of the C-V
curve as observed by Kranzer.

(e) A threshold may be observed, in some cases resulting
in inversion at the Si-5102 interface before depletion
occurs.

The behavior may be explained by the presence of a non-

uniform fixed charge distribution on the silicon-sapphire

interface and by the fact that the depletion occurs as =
distributed field effect in which carrier diffusion,
scattering, generation and recombination of carriers are
involved.

The flat part of the C-V curve exhibits a minimum capaci-

tance which is determined mainly by the capacitance of the

sapphire, by the overlap capacitance, and by the parasitic

in the measurement which cannot be made zero even with

s TP



5 careful guarding. The overlap and parasitic are dominant
with 1 - 1.5 pF due to the sapphire.
k., The rise in the C-V curve with further increase in bias is due
to inversion of the Si-SiO2 interface region.
Concerning the junction current vs, gate bias curves measured by

Kranzer,6 the following conclusions are made:

5. The beginning part of the curve rises because of colliection
of carriers generated in a region which is continually
expanded as the gate bias increases. This portion of the
I-V curve is useful for obtaining an effective lifetime
using a one-dimensional analysis.

6. Depletion through to the silicon-sapphire interface precedes
more slowly than predicted by a one-dimensional model.
However, it appears reasonable to treat the depletion as
a surface phenomena with an increase in collected current
due to a surface generation current as the depleted ares
grows. After depletion of the interface there is a small
(12%) increase in current which may be attributed in part
to the decrease of the radial transit time and the lateral
increase (6%) of the denleted volume as the gate bias is
increased further.

T. When inversion of the Si—SidE interface occurs there is a
substantial decrease in the radiasl field and an increase in

% . the radial transit time, which should be accompanied by an

increase in the electron concentration on the silicon-

sapphire interface and in the hole concentration on the

Si-SiO2 interface. These increases in carrier densities
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should result in a reduction in net generation; hence, the
collected current drops as observed experimentally.
Concerning the utility of the Gate-Controlled-Diode for lifetime measure-
ments, the following conclusions are made:

8. An "effective-lifetime" profile can be constructed from the
C-V and I-V curves using the depletion model. This profile
will be meaningful for data obtained for, probably, 50 - 75%
of through-depletion and can be extrapolated to through-
depletion.

9. The actual generation lifetime will be less than the "effective-
lifetime." By obtaining the current at through-depletion and at
saturation for a large junction bias voltage, the ratio of the
former to the latter is ob%iained. The "effective lifetime" may
by multiplied by this ratio to obtain a better estimate of the
generation lifetime.

Concerning the utility of the simulation programs, the following

conclusions are made:

10, The two-dimensional programs are too expensive to use for routine
interpretation of data. The simplified two-dimensional program
is useful for estimating the minimum canacitance and is economical.

11. The two-dimensional program including the continuity eouations
appears to be the most useful for obtaining insight into charge
distributions and carrier flow, but it is very expensive to
operate. Further refinements and operation of this program
should be carried out.

12. A more extensive one-dimensional model may very well be useful in

studying the falling part of the C-V curve. It would not be
52




predictive of current flow but would probably require input data
from the current measurements. Nevertheless, more accurate
modeling of charge distributions may be obtained using a model

including the continuity equation. Such a model whould be

inexpensive to implement.

53



54

2,

10.

11,

REFERENCES

D. R. Collins, et. al., "Charge~Coupled Devices Fabricated
Using Aluminum-Anodized Aluminum=Aluminum Double-Level Metal-—
lization," J. ELECTROCHEM: SOC.: SOLID STATE, Vol. 120,

No. 4, pp. 521-526, April, 1973,

R. J. Krambeck, et. al., '"Conductively Connected Charge-
Coupled Device," IEEE TRANS. ELECT. DEVICES, Vol. ED -21,
NO. 1, ?P. 70-72, Jan-, 19?4.

W, F. Kosonocky and J. E. Carnes., '"Two-Phase Charge-Coupled
Devices with Overlapping Polysilicon and Aluminum Gates,"
RCA Review, Vol,, 34, pp., 164-203, Mar., 1973,

J. D. Gassaway, “"Electrostatic Analysis of Charge-Coupled
Structures,' Interim Report, EIRS-~EE-74-1, NAS 8-26749,
Janvary, 1974,

D. Kranzer, ''Spatial Dependencies of the Carrier Lifetime in
Trin Films of Silicon on Sapphire," APPL. PHYS. LETTERS, Vol.
25, No. 2, pp. 103-105, July 15, 1974.

D. Kranzer, Private Communication.

Jdn E. Meyer, Jr,, An Experimental Investigation of Low Level
Phenomena_ in Silicon-on-Sapphire Devices, PhD Thesis,
Rutgers University, May, 1972, '

F.P. Heiman, "Thin Film Silicon-on-Sapphire Deep Depletion
MOS Transistors'', IEEE Trans. on Elect. Devices, Vol, ED-13,
Ne.12, pp885-862, Dec. 1966.

F.P. Heiman,"Donor Surface States and Bulk Acceptor Traps in
Silicon-on-Sapphire Films'', Applied Phys. Lett.,Vol.ll,No.4,
ppl32-134 ,Aug.1967.

J.F. Allison,b.J. Dumin,F.P. Heiman,C.W. Mueller, and P.H.
Robinson, 'Thin-Film Silicon:Preparation,Properties, and
Device Applications', Proc. of IEEE, Vol.57,No.9,ppld90-1498,
Sept.19€9.

J.H. Scott and J.R. Burms,'Low Temperature Processing of (MOS In
Integrated Circuits on Insulating Substrates', Electrochem., Soc.

Meeting at Los Angeles, Abstract., No. 138, Mayl0-15,1970.




e A...e....mk - 02

¥

S

mu‘m 2

 APPENDIX A

SIMPLIFIED TWO DIMENSIONAL ANALYSIS
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APPENDIX C

TWO DIMENSIONAL ANALYSIS WITH
DEPLETION APPROXIMATION
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