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INTRODUCTION

The circuit and systems analysis program SUPER*SCEPTRE is a powerful and
highly interdisciplinary simulation language. Among 1its various attcibutes 13
its ability to utilize user defined models as clircuit or system elements. This
report describes a procedure for automating the creation of diode and bhipolar
transistor (NPN) models used by SUPER*SCEPTRE., While the final models generated
appear in SUPER*SCEPTRE format, they can bhe easily adapted to the format of any
nonlinear circuit simulation program. The modeling procedure mentioned begins
with the acquisition of semiconductor data by means of an automated test setup,
The setup is controlled by a Hewlett Packard 9816S wicrocomputer in concert with
an H.P. 4145B semiconductor parameter analyzer. The data is then transformed hy
the 9816S into a SUPER*SCEPTRE model. A discussion of the parameters used to
describe each model will first be presented followed by a description of the test
configurations used to collect parameter data,

DIODE MODEL
: The diode model for which the following parameters will be developed i
taken from reference | and appears in figure 1. Diode model parameter defini-

tions are:

cn = The sum of the diode transition and diffusion capacitances where:

Transition capacitance = —C . cJ

N
(PHI-V CD)

! and
' Diffusion capacitance = KD (JD + Ig)

JD = Current generator representing the dfode junctlon current. This
generator is a function of the voltage Ve

! JD = IS [EXP(Theta VCD) - 1)
; Iq = Diode reverse saturation current

Theta

Constant of the dinde equation
RB = Diode bulk resistance
: Co = Constant of the transition capacitance equation

PHI = Junction contact potential

N = Junction grading constant

[}

: KD = Diffusion capacitance constant = (6?;55%7
F = Prequency parameter
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VCD = Voltage across capacitor CD, which is equal to the diode junction
voltage

Diode Equation Constant and Reverse Saturation Curreat
The diode equation constant Theta is defined as

Theta = (1)

.
(k T)
where q 1is the charge of an electron, k is Botzman's constant, and T 1is the
diode's junction temperature in Kelvins. Theta i{s obtained from the diode junc-
tion's measured forward biased characteristic and the assumption that the char-
acteristic can be closely approximated by

JD = Ig EXP (Theta Vo) (2)
where IS represents the diode's saturation current and VCD its forward junction

voltage. Diode D's forward characteristic is measured by using figure 2. The
forward Junction current and the foward junction voltage are recorded by means of
source/monitor units SMJ3 and SMJ1, respectively, for automatically varied cur-
rent values of SMUl. Source/monitor units are an integral part of the HP4145SB
and act as elither voltage sources and current monitors or current sources and
voltage monitors, In this test, SMUl consists of a current source in parallel
with a voltage monitor, while SMU3 acts as a zero voltage source in series with a
current monitor, Physical connections between the diode under test and the
HP41458B take place by means of an HP16058A test fixture. The fixture and 1its
connections for the diode case are depicted in appendix A. The typical range of
measurements taken are shown in figure 3.

Once obtained, measured data 1s submited by means of an HPIB (IEEE-488)
Interface to a computer program on the Hewlett Packard 9816s microcomputer. The
program fits a curve of the form of equation 2 to the data yielding values for
Theta and [g' The curve fitting method used 1s described in appendix B. A
comparison plot between typical measured data and its resulting fitted curve is
shown In figure 4,

Bulk Resistance

Bulk resistance (RB) i3 obtained from the horizontal difference between the
carves of figure 4 for high values of junction current, The wmigration of
measurad data to the right of the fitted diode equation i{s due to the forward
voltage deop acrnss RB and can be computed from figure 4 as,

Y
4if
RB = T 3)

The data nsed to flt the curve does not include the last few points of measure
data. This is done to separate the effects of Rb from the proper determination
of parameters Theta and Ig as well as legitimizing the calculatfon of RB by means
2f equation 3,
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Leakage Resistance

Leakage resistance (RS) 1is obtained from the inverse slope of a curve fit
(app B) of the diode's reverse leakage current versus its reverse hias voltage.
The following 1s the assumed form to which the data is fitted:

I=— )

RS

The circuit used to obtain the reverse bias data is demonstrated in figure 5,
Voltage V is measured across SMUl while current 1 is measured by SMJ3. Except
for the direction of the current generated by SMJl, figure 5 (s identical t»
figure 2. The H.P. 9816S regulates the measurement taking procedure by applying
typlcal currents on the order of a nanoampere and voltages as high as 40 volts.

Diffusion Capacitance Constant

Constant KD is obtained from storage time measurements collected using the
circuit of figure 6. A periodic positive and negative pulse is applied to the
diode's junction. Forward and reverse values of junction current (I and I,
respectively) are recorded along with the time (t;) needed for the junction to
discharge and begin to recover to its steady state reverse saturation currcent
(IS). The current seen through the scope monitored 100-ohm resistor is demon-
strated in figure 7. A value for KD is obtained using the following equation
(refs 1 and 2):

t
8

KD = Theta ( ) (5)

I
In(1 + (9]
R

Transition Capacitance Equation Constants

Transition capacitance equatfon constants Co, PHI, and N are obtained from a
curve fit of transition capacitance (CJ) measured as a function of reverse junc-
tion voltage. The H.P. 9816S driven circuit used to obtain the desired data is
shown 1in figure 8. The bias voltage deplcted 1s supplied by the 4145B as
directed by the 9816S. Voltage and capacitance values as well as measurement
taking finstructions are transfered to and from the 9816S microcomputer by means
of the HP-IB(IEEE-488) bus. The curve fitting procedure discussed in appendix B
agssumes the form of the transition capacitance to be

CJ] = ___C°___.N_ (6)
(PHI—VCD)
where V represents the diode's junction voltage. A comparison plot between

typical values of measured capacitance and a curve fit of the measured data is
shown in figure 9,
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Diode Model for the IN4S7

The procedures described in the previous sections were implemented in the
development of the following model and circuit simulation:

MODEL DNESCRIPTION
MODEL 1N457(1-3)
ELEMENTS
Ch,1-2=X1(2.3E~11/ABS(.8-VCD)**.874+1,96E-5*(JD+1.58E-10))
RB,2-3=3.45
RS,1-2=7,7E10
JD,1-2=DIODE Q(1.58E-10,22.72)
CIRCUIT DESCRIPTION
ELEMENTS
R1,2-3=100
R2,5-3=47
El,1-2=TABLFEl
E2,1-5=3
Dl,3-6=MODEL IN4S7
RV,6~1=100
OUTPUTS
El,VRV,IRV
CDD1,VCDD1
FUNCTILONS
TABLE]
0,4,1E-6,4,1E-6,-7 ,5E-6,-7
RUN CONTROLS
INTEGRATION ROUTINE=IMPLICIT
RUN INITIAL CONDITIONS
MAX INTEGRATION PASSES = 1E30
MINIMUM STEP SIZE = 1E-30
COMPUTER TIME LIMIT = |
STOP TIME = SE-6
END
*EOR
8
DBEND

The resulting output appears 1in figure 10. The results closely match the
measured data depicted by figure 7. The only discrepency is the time needed for
the dinde curvent to go to zero after its junction becomes reverse blased. The
difference occurs because the model does not include capacitances which exist
throughout other parts of the circuit.

TRANSISTOR MODEL

The SCEPTRE transistor model (NPN) to be used is based on the Ebers-Moll
model (ref 1) and appears in figure 1l. The model parameters are defined as:
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Cog
CE = W + ThetaE TE(JE + Ibs)
(PHIE - vCE) £

Emitter traunsition Emitter diffusion

capacitance capacitance
Coc
CE = + Theta, TS(JC + IC_.)
(pur, - v _)\c ¢ i
c cC
Collector transition Collector diffusion
capacitance capacitance

Cop = Constant of the emitter transition capacitance equation

Cor = Constant of the collector transition capacitance equation

PHI, = Emitter base junction contact potential

PRI, = Collector base junction contact potential

JE = Current generator representing the emitter base junction
JE = IES[EXP(ThetsE VCE) - 1]

JC = Current generator representing the collector bhase junction

Ng = Emitter junction grading constant

Neg = Collector junctlon grading constant

JN = Currect generator dependent on the emitter base junction current
JN = ay JE

J1 = Current generator dependent on the collector base junction current
JI = ay JC

[Eg = Emitter-base saturation current measured in the active region

ICg = Collector-base saturation current measured in the active region

Thetap = Constant of the emitter base junction equation

ThetaC = Constant of the collector base junction equation

TE = Time constant of the emitter diffusion capacitance equation
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TN
TS = Time constant of the collector diffusion capacitance equation
1
TS = FamE,
Fy = The average f,  normal
Fp = The average Et inverse

TCI = Charge control parameter related to storage time

ay = Forward current gain =

HIH
m 0

is entered as a function of JE in the SCEPTRE model.

I
n_ = Inverse current gain =_F
I I
C
"y is entered as a function of JC in the SCEPTRE model.
RB = Base bulk resistance
RC = Collector bulk resistance
Rl = Fmitter-base junction leakage resistance
R2 = Collector-base junction leakage resistance

Junction Constants and Saturation Currents

Constants Theta; and Theta, represent values for the base-to-emitter and
hase-to-collector ]unctton constants, respectively. Similarly, parameters Ih
and [Cg represent base-to-emitter and base-to-collector saturation currents.
These values are determined in the same way as in the diode case., The test setup
used to ohtain the forward chacteristic of the base-to-emitter junction i{s shown
in figure 12, whlile the circult used to obtain the characteristic of the base-to-
cnllector junction is deplcted in figure 113, An active region collector-to-
emitter voltage on the order of that seen by the transistor during application
shonld be applied by SMU2 ducing this test. In this test, SMU2 acts as a voltage
source in series with a current monitor, Physical connections between the
transistor under test and the HP4145B take place by means of an HP16058A test
fixture. The fixture and its connections for the transistor case are depicted in
appendix A,
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Porward and Inverse Current Gains

Forward current gain (aN) and 1inverse current ain (aI) are defined by
reference 1 as follows:

IE
a, = and a_. = -— (7 and 8)
N I c

- —
C 'n

a.. is obtained from the data measured by the circuit of figure 12 while determin~
awton of a_ is based on the results of the test setup of figure 13.

a, and a. are determined for different wvalues of I, and I., vespectively,
a¥10wing them to be described within the model in a tabular way as functions of
current,

Emitter and Collector Transition Capacitances

As with the junction constants and saturation currents previously discussed,
the emitter and collector transition capacitance parameters (NE, Cop, PHI;, N,
CoC, PHIC) are also determined as in the diode case. The test circuits for each
junction appear in figures 14 and 15.

Base and Collector Bulk Resistance

Bulk resistance (RB) is obtained from the base-to-emitter forward charactetr-
istic. Its determination is the same as in the diode case. Collector bulk
resistance will be assumed to be typically on the order of 1 ohm. A more precise
value for RC can be obtained by methods described in reference 1.

Junction Leakage Resistances

The base-to-emitter leakage resistance (R1) and collector-to-base leakage
resistance (R2) are obtained from the junction reverse hias characteristics. The
procedure is the same as In the diode case. The test setups used are described
in figures 16 and 17. 1In these cases, SMJl acts as a current source and voltage
meter while SMU3 supplies a voltage of zero and measures the junction's current.

Time Constant of the Emitter Diffusion Capacitance Equation

Parameter TE is the emitter diffusion time constant and is introduced in an
attempt to describe, in terms of a time constant, the capactive effect which is
observed in the transistor's emitter junction as a function of forward base-to-
emitter voltage. The development of such a relationship begins by expressing
junction wvoltage in terms of parameter TE. This 1s done by equating the
exponetial product of ThetaE and VC, of the equation for current generator JE to
the familiar exponential term of time divided by some time constant. In this
case, the time constant will be called TE and will produce the following expres-—
slon for junction voltage:

t
VCg = Thetaé_fg (9)
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An expression for the emitter diffusion capacitance (CED) as a function of TE can
now be developed. Since capacitance is defined as
1
C = av (10)
dt
the derivative of equation 9 with respect to time can be subsituted into equation
10 yielding the following expression for capacitance CEp:

o= L = ThetaE TE (JE + IES) (11)
ThetaE TE

The above expression describes the relationship between capacitance CEj and

parameter TE. Values for CED can now be determined once parameter TE is
defined. With this in mind, an expression for TE is next developed from the
charge voltage relationship across capacitor CED’ Starting with the charge

voltage relationship across a capacitor

% = CFp Veg, (12)

whete Q, is the charge on the junction diffusion capacitance CEp with voltage

Vg, across it.  Since a determination of TE would be most desirable in terms of
‘D

emitter current, it is necessary to rewrite equation 12 as follows:

Qp = CE, [ RE (13)

‘I D "FE

where Ig s the emitter current of the transistor and RE 1{s the equivalent
emitter junction resistance seen by current generator JE and dimensionally equal
to 1/Theta (JE + [Eg). Differentiating both sides of equation 13 with respect to
1. yields

dQE CE

D
-—— = (F = e e —————— 2= o
dt, n RE = Theta e+ 18 ~ 1" (14)
K E S

do,,

The rerm-afi has the units of a time constant and can be seen from equation 11 to
K

be equal to the emitter diffusion time constant TE. Through the use of this
definition and the equatlon of charge continuity (eq 15), an expression for TE
can bhe developed in terms of emitter current and time

dq., n
F B
= - e
Ty = dc T (15)
8
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The above equation states that the base current of the transistor is made up of

the recombination of excess carriers every A_ seconds and the time varying change
in excess carrier distribution. By separatfﬁg variables and then inverting each
side of the equation,

1 _dt

Qp Qg

(16)
dQE
By multiplying through by dI, substituting-EF— for dIp on the right side of the

equation, and then integrating, a solution for TE in terms of [; can be obtained
as follows:

73%IE dI tr e dQ tr "'
Q L dq TE ' TH
I B : E 4
Bl - ;"—‘ \ J
27%1 B J ;
E o o]

Limit t_ represents the time it takes for the emitter current to rise form 27% to
73% of its final value. Iy is assumed to go from zero to Iy in a stepwise

Q
manner. Since TE— represents the d.c. component of the base current, it can bhe
B
subsituted by the d.c. emitter current divided by 3 + 1 as follows:
73%1 tr
E d1
@+ 1) B - 4 (18)
- ® +1) I -1, i TE
o /’ /
2741E o

B 1is the average B for the 27%Z to 73% collector curreat transition experienced,
vValues of B8 for different values of collector curreat can be calculated from
the ay results obtained from equation 7 and the following expression for g .

N

R = ?T“:j;gy (19)

Integrating, the following is obtained:

; 731,1E

| 2741E

t

= -(R + 1) InfB + 1) 1, - IE] (20)

-
|~

Bl

By evaluating equation 20 over the limits indicated and then substituting I,
for (B + 1) Igy, the following expression for TE can bhe developed: ’




t t
r r
& + 1) In 0.73 —~ 3+ 1

0.27

Therefore, the value of TE for different saturation currents can be obtained by
measuring the time necessary for the collector current or collector-to-emitter
voltage of the transistor to go from 27% to 73% of its final value. Therefore,
TE is expressed within the model in a tabular manner as a function of current
generator JE and is obtained from the test setup of figure 18. An example of the
oscilloscope trace generated by the test circuit of figure 18 is shown in figure
19.

Time Constant of the Collector Diffusion Capacitance Equation

The time constant (TS) of the collector diffusion capacitance equation is
determined by observng the depletion of excess charge {in the transistor's base
region as it is brought out of saturation. By using the equation of charge con-
tinuity, reference 3 develops an expression for the transistor's storage time
constant as a function of base current and collector saturation current. The
expression is as follows:

dQB‘. t,
e}
\g = 370 = STt pTTTooEST (22)
( -
S diy ‘Tgy IBz)
T
C B2

fn the above cxpression, IBl represents the base current while the transistor is
in saturation; lg,, the base current used to bring the transistor out of satura-
tion; and TC’ the collector saturation current, Parameter t, is the storage time
neede:d to deplete the base of excess charge carriers and begin to hring the
transistor out of saturation, Values for 1., Tyo s and t, can be obtained by
asing the circuit of figure 18. The method used to obhtain a measurement for tg
is shown in figure 19, Parameter t_ i3 measured from the time when the transis-
tor's bhase {s at its mitimum to the time its collector voltage reaches 10% of its
final valne, The 10%Z point of reference is used to make it easier to obtain a
reading while [atroducing only a negligible amount of ervor into the
measnreaent,  The result of equation 22 and the inverse mode model components
iIc, cC, and JT of figure 10 are used to explain saturation region hehaviour and
develoap time constant TS in terms of current generator JC. TS is defined as:

do t Al

B ¢
R e e S S 23
B In (\ B_]_-_ ’2‘2__) [
IC/B - Iy,
Parametersy RN, Tl, Ip, and N oAare all functions of the operating point and are

obtained hy a SCEPTRE simulation (ref 1). The simulation consists primarily of a
constant capacitance steady state model of the transistor which uses all of the
narancters obtained up to this point. The model is excited in a common emitter

10
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circuit at different values of collector current. The results produce values
from which parameter TS can he expressed {n tabular faorm as a fun-tion ot th..
model current generator JC.

A Transistor Model for the 2N2222

The procedures described in the previous sections wer: implemented i1t
development of a model for the 2N2222 transistor. Tabulated test resalts ased in
the determination of parameters TE and TS appear {1 tables U and
respectively., A listing of the model and the SCEPTRE {nput sed to simalate tne
circuit of figure 18 follow:

MODEL DESCRIPTION
MODEL 2N2222(B-E-C)
FLEMENTS
CE,1-E=Q1(4.5E-11,.75,VCE,.78,28,T3(JE) ,JE,2,2K-11)
CC,1-2=Q1(2.9E-11,.75,VZC,1.03,28.4,T4(1C),IC,2.RE-1 1|
. RB,B-1=47
‘ RC,C-2=.5
\ R!,1-E=3.9E10
; R2,1-2=1.1E10
JE,1-E=DIODE Q(2.2E-11,28)
JC,1-2=DIODE Q(2.8E-11,28.4)

Y JN,2-1=TABLEI (JE)*JE
' J1,E-1=TABLE2(JC)*JC
FUNCTIONS

K Ql(A,B,C,D,E,F,G,H)=(A/ABS(B-C)**D+E*F*(G+H)

‘ TABLE1=0,.9925,4.1E-4,.9925,1.1E~3,.992R8,2.35E-3,.992A | .04k~
.9926,1.15E-2,.9913,1.37E-2,.992,2E-2,.992
TABLE2=0,5.036E-2,2.019E-6,5.0.36E-2,2.67E-5,.1028 ,5.V3E-5, .1 }”n,
R.13IOF=-5,.166,1.244F-4,.197,2.6E~4,.2615,3E-5,.2h15
TABLE3=0, ,SE-9,15E-3,.5F-9,20E-73, ,42F-9 ,30F-3,.5F~-9 ,40t- 3, R4} -,
1,.833E-9
TABLEA4=0,105,7F=9,5.Y4E~4,105,7E~9 1.1 I7E=3, 1 17E-9,2,44F= 4 15, nb-9
1,58.5E-9
CIRCUIT DESCRIP[LON

3 ELEMENTS
R1,2-3=1E}

; R2,5-4=100

El,l-2=TABLFI

E2,1-5=4

T1,3-1-4=MODEL 2N2222

J1,4-1=0

OUTPUTS

V.Il,EIL

FUNCTIONS

TABLE!

. 0,-1.6,1200E-9,-1.6,1280E=9,1.6,24B0E~9 1.6 ,2520E-9, -1,k ,2h00F=-9 |, 6

) RUN CONTROLS

" INTEGRATION ROUTINE=IMPLICIT

» RUN INTTIAL CONDITIONS

' MAX INTEGRATION PASSES = 1E30

’
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MINIMUM STEP SIZE = 1E-30
COMPUTER TIME LIMIT = |
STOP TIME =4000E-9
END
*EOR
8

DBEND

I[ts resulting output appears 1in figure 20, The results closely match the
measured data depicted by figure 19,

CONCLUS IONS

The results obhtained in this report confirm the modeling procedures used by
Bowers and Sedore and demonstrate a method for successfullv automating those
procediares using the Hewlett Packard 98168 microcomputer and 41458 semiconductor
parameter analyzer,
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Table 1. Transistor current rise time parameters for the 2N2222
I (mA) t, (ns) ! T (ns)
40 100 120 N.81313
30 60 1209 U900
20 50 120 0,420
15 60 120 0,500
Table 2., Transistor storage time parameters for the 2N222?
v v I 1., l. ¢ t rs
Csat S
l (6Sl (V (MR* (mx$ (mﬁ' (mA) (n;) {(as)
1.5 0.8 0.7 -c.3 40 0.93 2N 1o~ 7
2.0 0.8 1.2 -2.8 41) 1.17 a1 7.0
3.0 9.8 2.2 -3.8 40 R 3 SH LA
By = 124 By = 1.5

o,

. .

X S G R A T N LS L R N R S O




Figure 1. SCEPTRE diode model
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Figure 5. Reverse diode characteristic test circuit
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Figure 6. Diffusion capacitance test circuit L
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Figire 7. Diode (IN457) reverse recovery waveform from the
test setup of the diffusion capacitance test circuit
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Figure 8. Transition capacitance test circuit
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Figure 11. SCEPTRE NPN transistor model
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Figure 14. Base-to-emitter transition capacitance test circuit
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Figure 1>, pase-tu-collector transition cupacitance te t «ircuit
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Figure 17. Base-to-collector reverse characteristic test setup
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APPENDIX A

HP16058A TEST FIXTURE LAYOUTS AND EQUIPMENT LIST
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Physical connections between the devices under test and the HP4145B semicon-
ductor parameter analyzer are discussed {n this appendix, Connections are made
through the use of an HP16058A test fixture, The wiring ldyouts used {a the r
diode and transistor tests are demonstrated in figures A-1 and A-2. A general
list of the equipment used in this report is shown in table A-1.

While acting as an interface hetween the HP4145B and the device under test
(DUT), the test fixture also provides a means of easily modifying circult connec-
tions with the use of a connection switch, The switch in figures A-1 and A-?
connects the center column nodes (COMM) to the nodes of either coluans 1 ar 2, r

When performing diode related tests, the layout of figure A-l is used. The
connection switch {s moved to position | when the diode's forward chariactecistis
and leakage resistance are being determined, The switch is moved into posttion ?
when transition capacitance tesdts are being performed, but the diode muist he
removed from the teet fixture in this case and connected directly ro the 1LCR
meter.

Trang{stor tests are made using the layout of figure A-2, Once again, the
connection switch {8 used to modify test procedures without disturhing the test
fixture., The switch is placed in position | when performing the forward NORMAL
mode characteristic test and in position 2 when determining the [INVERSFE mode
charactertgtic. Transition capacitance tests are made using the layout ot tigure
A-1 while remembering that the diode depicted represents the transist)r junction
under test, Junction leakage resistance tests use the layout of ftigure A-2 with
modifications stipulated by base-to-emitter and base-to-collector reverse
character{stic test setups described earller tn this report.




Table A~1. Equipment list
Hewlett Packard 9816S microcomputer.
Hewlett Packard 41458 semicoductor parameter analyzer.
Hewlett Packard 4262A LCR meter.
Lambda LE103 PM power supply.

Tektronix 5441 storage oscilloscope.

Tektronix FG504 function generator.
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Figure A-1. Test fixture (H.P. 16058A) diode layout
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APPENDIX B8

LEAST-SQUARES CURVE FITTING
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The curve fitting method used in this report is known as the least-squares
method.* It is based upon the concept that the best line fitted to a set of data
points 1s the one for which the sum of the squares of the deviations between the
points and the line is a minimum.

The deviations are squared to eliminate the possible cancelling of positive
and negative deviations at different points which could give a false impression
of a good fit.

This report maps all of the expressions to be used for fitting purposes to
the form of the straight line, Y = A + BX. The sum of the squares of the devia-
tfons may be expressed as

2

Z(yc—yo)2 = Z (A + on - yo) (8-1)

where y. = A + Bx, is the calculated ordinate for the value of x = Xoe

The values of the constants, A and B, for which this expression is a minimum
may be determined by finding the partial differentiation of equation B-1 with
regpect to each constant and then setting it equal to zero.

For A:
3 - 2
A (A + on - yo) =0
<
2 /,(A + on - yo) =0
J(A+on—y)=0
For B:
3 L e

2
(A + on - yo) 0

2
2 , ,(Axo + on xoyo) 0

— 2
f + - =
'_‘(Axo on xoyo) 0

These two equations can be solved simultaneously for unique values of the
quantities A and B since values of x_ and Yo are available from the original
data. The two equations may be written in the form:

* Barnas, Robert E., Cuvit II - A Curve Fitting Program with Plotting Options,
Management Information Systems Directorate, Picatinny Arsenal, Dover, NJ.
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™ [l —
Yo = 2 A+ ) Bx

&

o

po——

XoYo

= Ax, + Lon
Factoring A and B from the terms gives

— D)

”yo=NA+B_} X

[¢]

. o 9
X, + B Y x
B PR o

Yo¥o = & | %

where N = number of data points and finally

.- — '—‘2
% XY™ LY0 %
A=
(" x)2-N T x
. xo vao
Ty, Tx =N T xy
B = o .o .- 0’0

— Z
( N xo) - N X

The manner in which assumed data forms were mapped into the straight line form is

described in table B~1,
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Table B-1.

Straight line equation mappings used in the
least-squares fit of semiconductor data

Equation mno. Original form Desired form Mapping
2 I=Ig Exp(Theta V¢p) Y=A+BX Y=1n(1)
A=1n(IS)
B=Theta

X=V

4 1= 1— Y=A+BX Y=1

= 5 = =

=0

-l

" RS

X=V
6 cJ= —20 Y=A+BX Y=10(CJ)

((PHI-VJ) N)
A=1n(Co)

=-N

X=1n(PHI-V])
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