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ABSTRACT 

Th, purpose of thl, .tudy ua. t„ »e.aur. the Urge ,ig„.l equivalent circuit 

parameters and transient r.dl.tlon response selected semiconductor component. 

These measurement, are to be used by the personnel of the Instrumentation Labora¬ 

tories. Massachusetts Institute of Technology, to select components in the 

development of the SABRE guidance system. Ihe device, measured include three 

types: bipolar, field effect, and unijunction translsiors. Ihe difficulties 

experienced in the atudy were due to the lack of acceptable equivalent circuit 

models and »ea.ure.ent techniques. These difficulties „.re overcome by the 

development both acceptable models and measurement techniques. The «.dels 

erlved and parameter measurements are presented in this report. The data pre¬ 

sented are only to be con.ldered as representative because of the small sample 

of component, measured. The study 1. being continued as an In-house research 

effort in an attempt to verify the validity of the model, derived and to improve 

the model parameter measureo-ents. 
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SECTION I 

INTRODUCTION 

This report presents the techniques and methods involved in the 

characterization of semiconductor electronic components for large 

signal circuit analysis. Included are equivalent circuit models, 

model parameter evaluations, and a tabulation of these parameters. 

These models are necessary to the transient analysis of electronic 

circuits. The components characterized include selected Bipolar, 

Field Effect and Unijunction transistors. These components were 

selected as being typical of the types of devices presently being 

manufactured for use in aero-space systems. 

The study was accomplished through the selection or development 

of an acceptable large signal equivalent model, theoretical evaluation 

of the model parameters, laboratory measurement of available component 

parameters, and utilization of these component parameters to evaluate 

the model parameters. Following these measurements , the response 

of the components to transient gamma radiation up to 10^ rads silicon/ 

sec were measured at the AFWL Flash X-ray and the White Sands LII1AC 

Facilities. Transient neutron radiation responses were not measured 

due to nonavailability of a suitable source during this period. 
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SECTION II 

BASIC MODEL DEVELOPMENT 

To develop a large signal equivalent circuit model, one must 

begin with the basic geometry of the device being considered. The 

geomstry caíl b,e obtiained either from the manufacturer or by disassem¬ 

bling the unit and determining the construction through the use of 

stereo microscopes and lapping or grinding techniques. Cnee the 

construction has been determined, a tnorough knowledge of the 

physics of the electrical operating characteristics must be 

obtained. Discussions of the ûevice's operation can be found in 

text books, manufacturers data sheets and application notes, and in 

technical Journals. It is desirable to physically observe these 

characteristics in a laboratory after a well founded knowledge of 

the device's operation has been obtained through a study of the 

aforementioned literature. 

Understanding both the geometry and the device operation, one 

can determine all the equivalent circuit parameters, including • bulk 

resistances; stray, depletion, and diffusion capacitances; leakage 

resistances; conductivity modulated resistances; transconductances; 

and current and voltage gains. Having determined these parameters, 

one must then recognize the nodes within the geometry that he desires 

to describe with his equivalent model. For measurement purposes the 

only existent nodes are those which are external to the device being 

characterized. All other nodes introduced complicate the evaluation 



of the model parameters and in some cases make it impossible. 

Once the component nodes have been established, the equivalent 

model components and the equivalent current and voltage generators 

which have been determined to exist must be placed between proper 

nodes of the model. The tasks remaining are the verification of 

the model and the evaluation of the model parameters through 

laboratory measurements. 

The verification of the model normally requires considerable 

laboratory effort. However, if one has access to an automatic 

circuit analysis computer program such as the IBM PREDTCT I, the 

problem is reduced to observing the response in a laboratory of 

some circuit utilizing the component in a large signal mode of 

operation and then verifying this operation with the computer 

using the model derived. The remainder of this report will be 

devoted to model derivation and description of the model parameter 

evaluations. 



SECTION III 

BIPOLAR TRANSISTOR 

lhe discussion of the Bipolar Transistor vill primarily 

be limited to a presentation of the Modified Ebers-Moll 

equivalent circuit of an NPN transistor (Fig. l). A discussion 

of the theoretical derivation of this model can be found in 

Reference 1. 

COLLECTOR 

FIGURE 1: Modified Ebers-Moll Equivalent Circuit for an NPN Translator 

The following equations describe the modified Ebers-Moll 

equivalent circuit shown in figure 1: 

U 

i 



I 

Ic * Ico fexPÍ0cvcbí -1] - %lEolexp(%VEb) -Ij 

lE " la> («»PiSEVEb) -U - oiIco[eip(ecVcb) .1] 

CC • Csc + coc/(*c - Vcb)nc ♦ KcDleQexptecVçh) 

C£ Cs® * Coe/Ue - v£b)nC ♦ ^EdPe^PÍQe^J 

This »odel 1. veil accepted It. cthctlcal baale l.„d, .eU 

to analysis, Severn other model, exl.t, Hovevor, they all 

result from . Co»oo mathematical bul., the parameters for one 

mw be calculated from parameter, of another. The choice of the 

Ebers-Moll la buea upon It. accuracy at high frequencies 

(approaching amenability to computer solution and validité In 

the region, of cutbff, normal «tive, saturation, and inverted 

operation, 

Examining the current equation., one find. 1„ the collector 

current <IC) ud emitter current (IE) « equation of the form: 

I - l0(exp(ev) . 1] where I0 . junction saturation current 

This equation come, from a theoretical dea.rlptlon of the movement 

of carrier. In a PS junction. Separating variable, and taking the 

log 

V - Jn(l/10 -i)/e 

since we are considering forward bias conditions where 

greater than 10-5 amps and Io i8 always less than 1CT6 

I is 

amps 

tion can be reduced to 
V « ln(I/Io)/0 

always 

this equa- 

With no loss in «curacy In the model. Plotting the log of the 
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Junction current against the Junction voltage with the other 

Junction reverse biased, the paraaeters in the equation can 

readily be evaluated. (See figure 2.) 

FIGURE 2: Plot of Junction Voltage Equation 

In addition to the voltage equation parameters, this plot 

may also be utilized to evaluate the base resistance (Rg). The 

difference between the straight line theoretical curve and the 

experimental data curv-- io due to the potential dropped across 

the base resistor. This potential is given by: \ 

V * IbRB 
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and since 

^ * Ic/ß 

S * Mc 

Th« Junction capacitance equation: 

c ■ C8 ♦ C0/(^ - V)n ♦ KjjIqCxpÍSV) 

where 

Cs ■ stray capacitance between Junction leada 

C0/(* - V)n * depletion capacitcnce 

Kl)íoexP^®^^ * diffusion capacitances 

gives the total capacitance of any PN Junction depending upon how , 

the Junction is operatéd. lhe depletion capacitance equation 

Cdep * VU _ V)n 

can be rearranged algebrlcally to the fora 

log U - V) « 1/n (log C0 - log Cdep) 

Plotting log (V) against log Cdep as shown in Figure 3. leads to 

the evaluation of n, ¢, and C0. The values of Cdep are obtained 

by measuring capacitance of the reverse biased Junction with a 

suitable capacitance bridge. 

Ihe diffusion capacitance equation 

Cdiff * KDIoexp(0V) »Kpl 

shows the ease of evaluating KDif the diffusion capacitance can be 

measured as a function of the Junction current. In reference 2, 

Dr. Joan tflrth describes a technique that uses recovery time uave forms 

to evaluate the total Junction capacitance with forward bias conditions 

* 
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FIGURE 3: Depletion Capacitance Characteristic 

leading to an evaluation of Cdiff at a value of Junction current. 

During recovery, the total Junction capacitance : 

CT + ^diff ♦ Cdcp ■ I(v) dv/dt 

where dv/dt is the slope of the recovery voltage wave for 

(Fig. 1»), Evaluating dv/dt and I(V) at some point in time where 

the voltage wave fora is linear KD can be obtained by: 

K,, “ [I(V)/dv/dt - C^p]/! 

where I ■ magnitude of I(V) and Cdep is value at V taken from Junction 

voltage characteristic at I * |l(V)|. 
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FIGURE U: Recovery Wave Shapes 

The parameters that remain to be evaluated aie the normal 

and inverted current transfer ratios 0¾ and and the collector 

resistance R . The current transfer ratios are evaluated by 
c 

measuring the pu .sed current gain (ß) for normal and inverted 

operation and utilizing the relationship 

a * ß/ß+1 

The collector resistance is evaluated from the slope of the 

collector saturation characteristic where 

vCsat “ IcRc 

Table 1 contains a tabulation of parameters for four types of 

bipolar transistors, the data from which these parameters were 

evaluated may be found in the appendix. 

For transient radiation analysis, the circuit model is 

modified to include a primary photocurrent generator as shown in 

Figure 5. This photocurrent is produced in the reverse-biased 

9 
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FIGURE 

collector Juoctloo wo.r. the minorité carier deceit, at the edge 

of the depletion l„er 1. tero. He primer, photocurrent for . 

rectangular radiation pulse defined by 

» * ♦ [u(t) - u(t-tp)] 

where « - peak radiation dose rate 

is given by 

IPP(t) * A<lg<,t + - erf[t - tp/ajl/2, U) 

'or o < t < tp 

Ipp(t) « Aqg[Ln(erf(t/Tn)1/2 . erf(t-tp/lta)1/2 ♦ 

Lp(erf(t/Tp)1/2 - erf(t..tp/Tp)1/2] (2) 

for t > tp 

Exemining the.e «huetione fro. . „.»point of their repre.ectlcg 

• physicel rether then theoretic^ PB Junction 1.^ ti) me follo^g 

10 



equation: 

Ipp(t) - A,e le Iu(t) «rf(t/Tc)1/2 . u(t-tp) «rf(t-tp/Tc)1/2] (3) 

for «11 t > 0 

ifbere Lc and T, are aasociated irith the minority carriers of the 

collecting region. 

This simplification is based upon the fact that for most 

transistor (Ft < 500) junctions the diffusion length is much greeter 

In the collecting region than in the base region. In addition, the 

depletion contribution to the photocurrent is much less than the 

diffurion contribution and can generally be neglected. Typical 

primary photocurrent is shown in figure 6. 

11 
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SECTION IV 

FIELD EFFECT TRANSISTOR 

The field effect transistor (FET) is a semiconductor device 

whose operation is based upon the conductivity modulation of a P 

or N-type bar of silicon called the channel, by depletion regions 

which reach into the channel. A cross-section of such a device 

GATE DRAIN 

sou— 

7; Cross Section of N-channel FET 

In making such a device, one begins with a slice of P-type 

silicon. Into this is diffused a strip of N-type material, then • 

» P-type material is dlffuaed into the N-type, creating the N channel 

between two P-type materials. The original substrate of P-type 

mater..«1 is connected to the diffused strip of P-type material and 

forms what is known as the gate, one end of the »-channel is called 

the drain and the other the source. 

13 

tmaÊÊIÊmimamÊmm 



The operation of field effect translator can best be explained 

by using the characteristics shown in Figure 8. Froai the drain

Drain Voltage Gace -0- Voltage

FIGURE 8: ^ical (a) drain characteristic and (b) transfer characteristic
of FET.

characteristic, it can be seen that the drain current is dependent upon

the drain to source (V„) and the gate to source (V ) roltages. B»e
iJb s *

dependence upon gate to source voltage is better denonstrated by the
I

transfer characteristic. It can be seen that for a give Vj^ t^ere 

is a negative gate to source voltage at which drain current ceases to 

flow. This voltage is known as the "pinch off" voltage. This voltage 

corresponds to a fully depleted channel, that is when the depletion regions 

fron both sides of the gate aeet and "plnch-dff" the drain current.

As the gate to source voltage is increased above this voltage, the 

depletion regions retract, returning nore and acre of the channel to 

conduction. This process continues until the depletion regions becoae 

nonexistent, approximately 0.8 volts forward bias. At this point the 

drain current saturates due to the extremely hi^ gate resistance irtilch 

prevents any conductivity modulation due to injected carriers.



From this discussion, an important consideration cnn be deduced 

for a depletion type device. In normal FET operation the two 

PN junctions are always operated in the depletion region, at no time 

are the junctions allowed to be forward biased. Should this occur, 

the device ceases to be a FET and the model fails. 

Returning to Figure 7, ve first establish the nodes we wish to 

recognize in the model. We begin with the three nodes defined by 

the external leads, namely drain, gate, and source. We now attempt 

to recognize the parameters between these nodes. Stray capacitances 

(C3) exist between the gate and drain, gate, and source, and drain 

and source, see Figure 9. In addition, there are leakage resistances 

(V betWeen 411 three ter“inais. From the preceding discussion of 

operation, we recognize depletion capacitances between the gate to drain 

(C^ ana gate to source (C^). In series with these capacitances are 

oulk resistances due to the channel that exists between the drain and 

source contacts. In addition there exists a very high input resistance 

Rd in the gate and a channel resistance R^ between the drain and source. 

Finally there is a current generator that exists between the drain 

and source that is due to the depletion conductivity modulation of the 

channel by the gate voltage. This current, in addition to the current due 

to the channel resistance flows in the drain and is defined by g^ 

where g^ is the transconductance defined by the transfer characteristic. 

Analyzing the equivalent circuit, it is recognized that certain 

parameters are of questionable value. The stray capacitances are 

typically of 0.5 to 1.5 pf in magnitude; however when the device is 



FIGURE 9; Equivalent Circuit of FET 

® circuit, these capacitances are much less than the 

inte*'-wiring capacitance and hence can be neglected in the model. 

The leakage resistances are much greater than the channel resistance 

and can also be neglected. Our next step is to consider the bulk 

resistance in series with the Junction capacitances. At this point, 

we are faced with attempting to eliminate two internal unapproachable 

nodes. Since these resistances allow no d-c to flow and are only active 

when there is charge transfer through the depletion capacitances, we 

16 



assume that they will be effective in the value obtained in the 

measurement of these capacitances. Hence, upon eliminating these 

resistances, it is felt that no significant error will be introduced. 

The equivalent model that results is shown in Figure 10. TL.i 

greatly simplified model can easily be characterized. 

FIGURE 10: Simplified Equivalent Circuit for FET 

The characterization begins with measuring C and C in 
§5® ßd 

identically the same manner as that previously discussed for the 

depletion capacitance of bipolar transistor Junctions. R is 
ds 

considered to be the slope of the Vg - 0 drain characteristic curve 

beyond drain voltage saturation. Rg is so large that in most cases 

it is neglected and the input impedance considered to be determined 

by the Junction capacitances as a function of frequency. This 

transconductance, gn is defined by the transfer characteristic. 

17 



For transient radiation analysis, a primary photocurrent 

generator is added to the model as shown by the dotted lines in 

Figure 10. This photocurrent is produced in the reverse biased 

drain Junction. The photocurrent produced in the source Junction 

xs neglected due to its inability to produce a change in the drain 

potential. A typical photocurrent wave form for a FET is shown 

in Figure 11. 

FIGURE 11: Primary Photocurrent of FET 

Table 2 contains a tabulation of parameters for three types of 

FET's. The data from which these parameters were evaluated may be 

found in the appendix. 
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SECTION V 

UNIJUNCTION 

The unijunction transistor (sometimes referred to as a double- 

based diode) is a semiconductor device whose operation is based upon 

the conductivity modulation of a bar of N-type silicon by a Junction 

formed by diffusing a P-type layer into the bar. A cross-section of 

such a device is shown in Figure 12. The end of the bar closest to 

the Junction is sailed base two (bg) and the other is base one (b ). 

The P-type layer is called the einitter since it emits carriers into 

the bar. 

FIGURE 12. Cross Section of Unijunction Transistor 

The operation of the device is best illustrated by the characteristics 

rhowti in Figure 13. With positive voltage applied across the N-type 

region from b2 to b.^ a current flows through the device causing the 

potential to be distributed across the resistance of the silicon. 

It is this distributed potential that produces the internal voltage 

(Vp) at the emitter Junction which must be overcome by the external 

emitter voltage. As long as the emitter voltage is less than Vp the 

input and interbase resistances are high as shown in Figure 13. Increasing 

20 
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figura 1.3: JVpical (a) Interbase Characteristic and 
(b) Input Characteristic of Unijunction Transistor 

^ emitter potential heyond the pea* volta«e which is deterged fron 

Vp - NY ♦ y 
b2b1 D (M 

allows current to flow into the emitter Junction, ai. durrent 
w wiua. nus durrent corresponds 

to U. injection or noie, into tne » region, ^.e noie. m ..ept to.„0 

^ kr the interbue potentiel c.n,ing the conducting of the b, region to 

increue „nil, the -ductlnt, of the b2 region reuln. connut. 

^ in reaietuce niou oore enitter rurrent to n» ud the prone., 

reguerete, cuing the negetire re.i.tuce cbuut.rl.tlc. Once the derice 

““ *WitCh'd fr0" th' t0 •f*. the unijunction act, u en 

ordinär) tru.i.tor vith . rer, poor coUector efficlencr ud the Interbue 

eurent ij controlled by tb, egnltude of the enitter curent. On. .hould 

note thet the gain i. 1... thu one in tbi. pro«,, ud hue. the eoitter 

curent 1. ueb luger tbu tbe interbu. curent. A, tb. tter curent 

inceu... tb, interbue curent ince«., ln core.pondlng .tep.. 
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Beginning vith the three externei leads as nodes and noting 

that an additional node exists at the interface of the emitter Junction 

and the silicon slab, see Figure lh we define the model. Ifce total 

interbase resistance at IE - 0 is divided into tvo parts by the 

node at the emitter Junction. This resistance is divided according 

to the intrinsic stand off ratio as shovn below: 

“ h ■ vp 

'p ' "Vi + VD 
since VE ■ Vp, VD » 0 

under these conditions. 

Vi\ Vi Vi L) 

and 

Vi ■ ^ 1 
Having established the values for R. ana ÍL at V - 0, ve continue 

. 2 °1 ^ 
by assuming that is a constant since all injected canders are 

immediately swept ia thh by the interbase potential making R, 

1 

a varing resistance. Next ve include the current generator 81. 
u £ 

We now recognize the usual stray capacitancen (Cg) and leakage 

resistances (R^ between the external leads. In addition, we recognize 

the diode parameters of the emitter Junction, Rp, and the current 

generator Ig completing the model. 

Examining the complete model, we can simplify it considerably by 

again recognizing that the leakage resistances are ve¿'y high and hence 

can be neglected and that the stray lead capacitances are much less than 

22 



FIGURE lit: Equivalent Circuit of Unijunction Tranaistor 

the circuit, intenrlring capacitances and can also be neglected. The 

emitter current generator Ij. and Rj, are combined into one and are 

defined by the input characteristic. These combine to result in the 

simplified model shown in Figure 15. 

The value of R^ is determine as previously discussed. The emitter 

capacitance is determined by measuring the Junction capacitance with 

forward and reverse voltages applied. This capacitance varies as 

shown in Figure l6. The variation of R and ß a« detemined from the 

1 
interbase I ^ vb k ch*r“cteristic. 

2 1 Vl 



FIGURE 1$: Simplified Equivalent Circuit of Unijunction Transistor 

Transient radiation analysis is accomplished by adding a primary 

photocurrent generator to the model as shown by the dotted lines in Figure 15. 

FIGURE l6: Typica] Junction Capacitance of Unijunction Transistor 

2k 



Ttia photocurrent la r.efined as dlscuaaed for the bipolar tranalator 

and is produced In the reverae biased ? .W'ct which acta as a 

collector. A typical photocurrent ware fora due to a short burst of 

ionizing radiation is shown in Figure 17. 

FIGURE 17; Primary Photocurrent of Unijunction Transistor 

A tabulation of model parameters for two types of unijunction may be 

found in Table 3 and the data from which they were evaluated can be found 

in the appendix. 
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SECTION VI 

CONCLUSION 

This paper presents the method followed by the author in developing 

large signal equivalent circuit models for transient analysis. The 

method consists of (l) possessing a knowledge of the construction of the 

device being modeled, (2) a knowledge of the physics of the electrical 

operating characteristics of the device, (3) a knowledge of the existing 

equivalent lumped circuit parameters within the device, (k) recognizing 

the electrical nodes that must exist to accommodate the above, (5) 

assembling these into a model that properly describes the device, and 

(6) simplifying this model by removing all negligible or inoperative 

parameters. Having accomplished these tasks, the remaining parsuneters 

must be evaluated by recognizing their relationship to operating 

characteristics that may be measured at the external approachable nodes. 

The measurement of these operating characteristics often requires 

special instrumentation, however, no appreciable difficulty should be 

anticipated in attampting these measurements. This effort is continuing 

through computer model verification development of an automatic 

computer component parameter evaluation system. 
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TITLEVc - If characteristic of BM 709 shoving ^ linearity

HORIZOHTAL

Quantity

Sensitivity_ _ 0.5 v_ _ /cm

VERTICAL 
Upper Trace

Quantity Ip_ _ _ _ _ _ _ _

Senaitivity 0.1 m /cm 

Lover Trace

Quantity = .001 ma/step

Sensitivity - /cm

TITLE V„ - I., characteristic of FM 709 shoving V.^ sat

HORIZONTAL 

Quantity Vr_ _ _

Senaitivity 0.2 v 

VERTICAL 

Upper Trace 

Quantity I/._ _ _

Sensitivity O.S ma /cm 

Lover Trace

Quantity_ _ _ ;_ _ _ _ _ _ _

lSensitivity_



TITLE
- VgE characteristic of fM 709 showing base conduction

H0R1Z09TAL

Quantity

Sensitivity
0.1 V

Quantity.

VERTICAL 
Upper Trace

Ic

Sensitivity 0.1 ma 

Lower Trace 

Quantity_ _ _ _ -

Sensitivity_

TTTT.w Switching characteristic of EM 709 showing rise and fall 

_ _ _ time

H0RIZCK7TAL

Quantity _ _ _ _ _

Sensitivity50 nsec /ea 

VERTICAL 

Upper Trace 

Quantity

Sensitivity 50 gnr_ _ _ fen

Lower Trace 

Quantity

Sensitivity_ 20 mv



TITLg SyltchlDg characteristic of B4 709 showing storage time

HORIZOITAL 

QuiPtlty tjjBB

SensitiTlty 100 n»»c_ fcm

VERTICAL 
Upper Trace

V.Quantity. 

SeneltiTlty 100

Lower Trace

Quantity

/cm

SensitiTity 100 mw /cm

TITLE Switching characteristic of FM 709 ehowlng base emitter

recovery___________________________________________________________

H(»IZ0RTAL

Quantity tiae_ _ _ _ _

SensitiTity 3 /cm

VERTICAL 

Upper Trace

Quantity

Sen8ltiTlty_W_5^__/cm 

Lower Trace

Quantity _ _ _ _ _ _ _

SensitiTity /cm



TiTLg aLHt.rhing ehT«etMri«tic of IM 709 shtwrlnn be»e collector 

recovery time________________ -
HORIZOITAL

OuMtltv time_________

Sensitivity_ 5 nsec_ _ /csi

VERTICAL 
Upper Trace

Qusntlty_

Sensitivity,
150 BV

Lower Trace 

Quantity _ _ _

Sensitivity Jctk

TITLE

HORIZOITAL

Qosntity_

Sensitivlty_

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _ _

Sensitivity

Lower Trace 

Quantity

Sensitivity

Jem

Jem



TITLE Primm-v -Dhotocurrent of HI 709 w»h3»etad to 5 x 10 r/»ec 

vlth V„ = 10 volts

BOiaanzAL

Quantity tlae_ _ _ _ _

SenaitlTlty 100 naec /e«

VERTICAL 
l^per Trace

Quantity X-ray pulse

SenaitlTlty 0.5 v_ _ _ /oa

Lower Tracu

Quantity Im_ _ _ _ _ _ _

SenaitlTlty O.OOQgy /c«

TITLE PrlaBry photocurrent of FM 709 aubjected to 2 x 10^° r/aec 

vlth = 30 volts

HORIZOVTAL

Quantity tlae_ _ _ _ _ _

Sen8ltiTlty_100_naec_yc* 

VERTICAL 

Upper Trace 

Quantity Llnac pulae

SenaitlTlty 0-1 ▼ 

Lower Trace 

Quantity_ _ _ Ipp

/oa

SenaitlTlty 0-2 v /oa
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(Volta) 
10 

1.0 

(pf) 

0.1 

(Volts) 
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no 

100 

90 
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*i»TTr.» characteristic of IM 913 »howlng ^ lln—rlty

HORIZORAL 

Quantity Vc

Sen^itlTity Iv 7 cm

VIRTICAL 
Upper Trace

Quant1 tv _ _ _

Senaltlvlty 0.3 me /cm 

Lower Trace

Quantitate, - 0.00? ma/atep 

Senaltlvlty _ _ _ /cm

TITUS - I- characteristic of ?M 915 shoving Ve eat

HORIZONTAL

Quantity Vc

Sensitivity 0.1 V /cm

VERTICAL

Upper Trace

Quantity Ic

Sensitivity 0.02 ms /cm

Lover Trace

Quantity -

Senaltlvlty - /cm



TITLE le - Vuj. characteristic of FM 915 showing base conduction

HORIZOSTAL 

Quantity _YbE_

Sensitivity 0-1 v _

VERTICAL 
Upi>er Trace

Quantity_ _ Ig_ _ _

Sensitivity 0.1 ns 

Lover Trace 

Quantity_ _ _ _ -

Sensitivity_

ycm

_/ca

TITI^ Svltching characteristic of IM 915 showing rise and fall 

time

HORIZONTAL 
time

Quantity_

Sensitivity /cm

VERTICAL 

Upi>er Ti‘ace

Qtiantity ^e_ _ _ _ _ _ _

Sensitivity

Lover Trace

Quantity

Sensitivity



r

TITLE 9y1trh1ng ffhflrflct.erlfltl.g of FM 91S iM mtarmn tit

HORIZOITAL 

Quutl ty time

Sensitivity 200 nsec__ /cm

VERTICAL 
Upper Trmec

Quentitv V„

Sensitivity 100 mv 

Lover Trace

Quantity

/cm

Sens1tivlty 100 mv /cm

TITLE Switching characteristic of fM 915 shoving base emitter 

_ _ _ recovery time

HORIZONTAL

Quantity time_ _ _ _ _

Sensitivity 25 nsec /cm

VERTICAL 

Upper Trace 

Quantity Vug 

Sensitivity 190 mv /cm

Lover Trace

Quantity _ _ _ _ _ _ _ _

Sensitivity - Jem



TITLE Sirltchlng charactarlstlc of JH 913 ahonflng base collector 

__«covery time

TITLE

UORIZOITAL 

Quantlty tine

S«nsltlvlty 25 nsec___

VERTICAL 
Upper Trace

Quantity ^cB_ _ _ _ _ _

Senaltlvlty /g.

Lower Trace

Quantity _ _ _ _ _ _ _ _

SeneltlYlty -

HORIZONTAL

Quantlty_

Senaltlvlty

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _ _

Senaltlvlty

Lower Trace 

Quantity_ _ _ _ _ _ _

Senaltlvlty_

_/c«

Jem

Jem

1



TTTr.R Primm-Y nhotocuTreot of 915 subjected to 6.$ x 10^ r/sec

with V„ = 10 volts_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

HORIZOHTAL

Quantity time_ _ _ _ _ _ _

Sensitivity 100 nsec /cn

VERTICAL 
Upper Trace

Quantity X-ray pulse

Senaitivity 0-^ ^ /cm

Lower Trace

Quantity _ _

Sensitivity /cm

10 ,

Primary photocurrent of FM 91? subjected to 2 x 10 r/sec 

with - 10 volts _ _ _ _ _ _ _

HORIZONTAL 

Quantity time

Sensitivity 200 nsec /cm 

VERTICAL 

Upper Trace 

Qu»"tltv Llnac pulse

Senaitivity 0.1 v /cm 

Lower Trace 

Quantity lytp

Sensitivity 1.0 v /cm
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TITLE Vc - I„ characteristic of 2S2222A shoving linearity

HORIZOSTAL 

Quantity Ve

Sensitivity 5 v

VERTICAL 
Upper Trace

Quantity Ir»

_/ca

Sensitivity 20 ma_ _ _ /cm

Lower Trace

Quantity_ _ _ ;;_ _ _ _ _ _ _

Sensitivity _ _ _ _ _ /cm

TITLE - I^ characteristic of 2N2222A showing V,. sat

HORIZONTAL 

Quantity V„_ _ _

Sensitivity 0.0$ v /cm

VERTICAL 

Upper Trace

Quantity I,^_ _ _ _ _ _ _

Sensitivity 20 me_ _ _ /cm

Lower Trace 

Quantity

Sensitivity _ _ _ _ /cm



TITLE Iq - Vrp characteristic of gHg222A showing base conduction

HORIZOHTAL

Quanti ty

Sensitivity 0-1 v /o 

VERTICAL

mmmmmmmmm
Quantity.

Sensitivity 2 ma

Lower Trace 

Quant ity_ _ _ -_ _ _

Sensitivity

/cm

/cm

TITLE Switching characteristics of 2N2222A showing rise end fall 

tlge

HORIZCaiTAL

Quant tty

Sensitivity 100 nsec /cm 

VERTICAL 

Upper Trace

Quantity Vp_ _ _ _ _ _ _

Sensitivity 100 wv /cm 

L"«wer Trace 

Quantity *Vb

Sensitivity lOOmv^/ca



TITLE Switching characterlBtlc of 2W2222A ahovlng collector base 

recovery time_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

TITLE

HORIZOHTAL 

Quhntity time

Seneltlvity 25 nsec_ _ (cm

VERTICAL 
Upper Trace

Quantity_

SeneltlYlty 150 mv 

Lover Trace 

Quant i ty _ _ _ _ _

Sensltivity-

HORIZOHTAL

Quantity_

Sensitivity

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _ _

Sensitivity_

Lover Trace 

Quantity

Sensitivity Jem

"1
i



TITLE Prinwry Photocurrent of 2N2222A Bubjected to 6,0 x 10 r/aec 

with Ve = 10 volts

HORIZOHTAL

Quantity time_ _ _ _ _ _

Sena 1 tivlty 100 nsec_ /cm

VERTICAL 
Upper Trace

Quantity X-rey pulse

Sen8itivity_0;_5jL____/®“

Lover Trace

Quantity Ipy_ _

Sensitivity 00^ v /cm

TITLE Prlgiary photocurrent of 2M2222A bubjected to 6 x 10^ r/sec 

with Vp - 10 volts

HORIZONTAL

Quantity ___tiii»_ _ _ _ _ _

Sensitivity 100 nsec 

VERTICAL 

Upper Trace 

Quantity Llnac pulse

Sensitivity 0-^ ^ /cm

Lower Trace 

Quant i ty_ _ _

Sensitivity 0-^ v_ _ /cm
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100 

10 
(pf) 

1.0 

(Volts) 

(Volts) 
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TITLE - I„ charact«rlBtlc of 2M3303 shtwlng ^ linearity

HORIZOHTAL 

Quantity V„

Sanalttvity 1 v

VERTICAL 
Upper Trace

Quantity le

'iensltivlty 2ma

Jem

Jem

Lover Trace 

Qiiantlty 0.2 ma/step 

Sensitivity - /cm

TITLE V_ - I,. chareeterlBtlc of 2K3303 shoving sat

HORIZONTAL 

QuantIty Vg

Sensitivity 0.1 v /cm

VERTICAL 

Upper Trace

Quantity I^_ _ _ _ _ _ _

Sensitivity 0.2 ms /em

Lover Trace

Quantity _ _ _ _ _ _ _

Sensitivity -



TITLE U - Vbf: chsrecterletlc of 2W3303 shoving baee conduction

H0RI20BTAL

Quantity

Sensitivity 0-1 ^ /ca

VERTICAL 
Upper Trace

Quantity I^_ _ _ _ _ _

Sensitivity 2 me

Lower Trace 

Quantity

Sensitivity

titleSwitching characteristic of 2W3303 showing rise tlnw

HORIZOMTAL 

Quantity time

Sensitivity 2-^ nsec /cm 

VERTICAL 

Upper Trace

Quantity

Sensitivity_J£^JJ]2L__/c“

Lower Trace

Quantity_

Sensitivity 200jnv



title Svitehlng cherecterletie of 2M3303 shovlns storege end 

fell time

HOftlZOHTAL

Quantity

SeneitivltyJl^®^_ _ (m

VERTICAL 
Upper Trace

Ouantity C

Sensitivity ^0° /an

Lower Trace

Quantity _ _ _ _ _ _ _

Sensitivity
200 mv

I

TITLE Switching characteristic of 2N3303 showing base emitter 

recovery time _ _ _ _ _ _ _ _ _

HORIZONTAL

Quantity time_ _ _ _

Sensitivity 5 nsec 

VERTICAL 

Upper Trace 

Quantity Vpv

Sensitivity 150 mv 

Lower Trace 

Quii-atity______ -

Sensitivity



TITLE Sirltchlng characterlEtlc of 2H3303 ehovlng base collector 

recovery tlg»___________________________________

TITLK

H0RIZ05TAL 

Quantity tiae

SenBltlvlty ? neec

vmiCAL 
Upper Trace

Quantity ^ Be

Sensitivity 1^0 av 

Itover Trace 

Quantity______ -

Sensitivity

H0RIZ(»tTAL

Quantity_

Sensitivity_

VE.rnCAL 

Upper Trace 

Quantity___________

Sensitivity_

Lower Trace 

Quantity_ _ _ _ _ _

Sensitivity_

/ca

/cm



TltLE
Prinary photocurrent of 2M3303 subjected to 7 « 10 r/sec

with Vj, = 10 volts

Quantity

HORIZOHTAL

time

Sensitivity 100 nsec_ /cm

VEtTICAL 
Upper Trace

Quantity X-ray pulse

Renaltlvity 0-^ /cm

Lover Trace

Quantity _ _ _ _ _ _ _

Sensitivity 0-^ /cm

/

/

10 ,
Prlmaiy photocurrent of 2K3303 subjected to 7 x 10 r/sec

with Vg ■= 10 volte_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

HORIZONTAL

Quantity Xiiae_________

Sensitivity 100 nsec /cm 

VERTICAL 

Upper Trace 

Qyent.itv Llnec pulse 

Sensitivity 0-1 v /cm 

Lower Trace 

Quantity

Sensitivity 0.2 V
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TITLE ■ ''ps characteristic of U I323 FET showing linearity

of 6m_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

HORIZOHTAL

Quantity V„._ _ _ _ _

Sensitivity 2 v

VERTICAL 
Upper Trace

Quantity_

Sensitivity 0-^ /cm

Lower Trace 

Quantity V =0-2 

Sensitivity _ _ _ _ /cm

TITLE Transfer characteristic of U 1323 showing variation of ^ 

and V pinch-off

HORIZONTAL

Quantity ^GS_ _ _ _ _

Sensitivity ^_ _ _ /<

VERTICAL 

Upper Trace

Quantity _ _ _ _ _ _

Sensitivity /cm

Lower Trace

Quantity ^ ^ ^000 mhos at V, 

Sensitivity _ _ _ _ /cm

gs



TTTT.g PrlMry photocurrut of drain to gate Junction of U 1323

■uM acted to 2 x 10^° r/see, - 20 _ _ _ _ _ _ _ _ _ _ _ _

MORIZOSTAL 

Quantity tine

SensitiTity 100 ««c /eat

VERTICAL 
Upper Trace

Quantity Llnac pulse

Sensitivity 0-1 vol't /em

Lover Trace

Quantity Ipp_ _ _ _ _

Sensitivity 0-? v /cm

TITLE

HORIZONTAL

Quantity

Sensitivity_

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _

Sensitivity

Jem

Lover Trace 

Quantity_ _ _ _ _ _

Sensltlvlty_

Jem



100 

1.0 

(Volt«) 

(Volts) 



TITLE Ip - chornetertstlc of 'J 132^> FET ghovflrig llnenrtty of

HORIZONTAL

Quantlty_ J!ba.
Sensitivity 2 v _ _ fca

VERTICAL 
Upper Trace

Quan 11tv Ip

Sensitivity 0.2 mn /cm 

Lover Trace

Quantity =0.1 v/step

Sensitivity_ _ _ ;_ _ _ /era

TITLE Trnnsfer chnrocterlstlc of U l'j2U FET showing vsrlction 

of yn and V pinch-off

HORIZONTAL

Quantity

SenaUlvlty 0.2 V 

VERTICAL 

Upper Trace 

Quant 1 ty_ _ _ Ip

Sensitivity 0.2 rna /cm 

Lower Trace

Quantity gn = 2000 mhos at Vgg 

Sensitivity _ _ _ _ /cm



title Pr<T""ry photocurrent of drain to gate jUBCtlon of U 132^. 

Bub.lected to 2 x 10^° r/eec, - 30 volt_ _ _ _ _ _ _ _ _ _

H0RIZ(»TAL 

Quantity time

Senaltlvlty 100 nsec_ /cm

VERTICAL 
Upper Trace

Quantity_ _ T.<tMie TMilee

SenaltlvltY 0.1 v 

Lover Trace 

Quant Ity

Sensitivity 0.5 v

TITLE

H0RIZC»TAL

Quantlt]r_

8en8ltivlty_

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _ _

SenBitlvlty_

Jem

Lower Trace 

Quantity _ _ _ _ _ _

8en8itlvlty_



(Volts) 
100 

10 
(pf) 

1.0 

(Volts) 



TITLE Ip - Vpn characteristic of SU 2tt02 FET unit A

ehowinr linenrlty of gm

HORIZ(»TAL

Quantity

Sensltlrlty 2 v

VERTICAL 
Upper Trace

Quantity I_

yc

SenaltlYlty 0.5 ma /cn 

Lower Trace 

QuantityV^^ =0.2 v/step 

Sensitivity -_ _ _ _ _ _ /cm

TITLE I - V„ characterlGtlc of SU 2002 Dual FET Unit A 
__p P®

showing linearity of gn

HOTIZOUTAL

Quantity VtJB

Sensitivity 2 V /cm

VERTICAL

Upper Truce

Quantity
Ip

Sensitivity 0.5 ma /cm

Lower Trace

Quantity V = 0.2 v/step

Sensitivity /cm

68
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TITLE Transfer chcracterlstlc of SU 2002 dual FZT, Unit A showine 

VBrintion of gm end V pinch-off _ _ _ _

HORIZONTAL 

ejuanti ty____^na

Sensitivity 0.2 v Jem

VERTICAL 
l^)per Trace

Quant 1 ty h?

Sensitivity 0.? ma /gn 

Lower Trace

Quantity wa = 3^00 nfcos et Vgg = 0 

Sensitivity_ _ _ -_ _ _ _ /cm

TITLE Transfer characteristic of SU 2002 Dual FETJnit B showing 

variation of gm and V pinch-off_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

HORIZONTAL 

Quantity ^GS

T

Sensitivity 0.2 V

VERTICAL 

Upper Trace 

Quantity_ _ _ ^

Sensitivity 0.5 nia /gm 

Lower Trace

Quantity g° = 3500 iidios at VgB = 0 

Sensitivity ~_________ /cm



Pritnarv photocurrent of drain to gate Junction of SU 2002_DaBl 

Unit A Bub^lecbed to 2 x 10^° r/sec -----

HORIZOSTAL

Quantity

Sensitivity 100 nsec /cm

VERTICAL 
Upper Trace

QuantityLlnac pulse

Senaltivlty 0-1 v 

Lower Trace 

Quantity Ipp

/cm

SenBltivlty 2-0 V _Jcm

Primary photocurrent of drain to sate junction of SU 2002 

Dual FET Unit B subjected to 2.3 x ixf r/sec = 20 ypit- - - -

HQRIZC»TAL



100 o 
(Volts) 

100 

10 
(pf) 

1.0 

(Volts) 
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100 o 
(Volts) 

(Volts) 
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TITLE ly^gKi - 2N2U17 unijunction transistor

shoving gain variation

HORIZOHTAL

Quantity Vb2bl_ _ _ _ _

100 Sensitivity_ 2 v

VERTICAL 
Upper Trace

Quantity. ■hSbi^

Sensitivity 2 ma

Jem

Lower Trace

QuantityRhOK-i =6.3 Kbhms
Ig-O

ma Sensitivity = 0.58 /WM
Rjjl = 3.67K Rb2 = 2.63K

TITLE PriTtiHT-Y photocurrent of B^-E Junction of 2H2U17 unijunction

sub.lected to 2.5 x 10 r/sec

HORIZONTAL 

Quantity_ _ _ time

Sensitivity100 nsec /cm 

VERTICAL 

Upper Trace

Quantity Linac pulse

Sensitivity 0.1 v /cm 

Lover Trace

Quantity Ipp_ _ _ _ _ _ _

Sensitivity 0-5 v



title PrUnary photocurrent of Bj-E Junction oi 2H2U1T unijunction 

subjected to 3 x 10^° r/eec

HORIZOITAL

Quantity

SenaitiTity_100 nsec__ye

VERTICAL 
Upper Trace

Quant

Senaitlvlty 0.1 v 

Lover Trace 

Quantity _ _ _ _

Jem

Sensitivity 0.5 v

TITLE

HORIZOHTAL

Quantity_

Sensltlvity_

VERTICAL 

Upper Traice 

Quantity_ _ _ _ _ _ _

Senaitlvlty_

Lower Trace 

Quantity_ _ _ _ _ _ _

Sensitlvlty_

Jem

Jem
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TITLE Iu^i-VK?hi characteristic of 2M2420 unijunction transistor 

shoving gain vailetlon

HORIZONTAL

Quantity Vkoki_ _ _ _ _

j^QQ Sensitivity_ _ _ _ _ _ _ /cm

VERTICAL 
Upper Trace

Quantity- - -

20 Sensitivity 2 ma

Lover Trace 

QuantitVB^^^j^ = d Knyima
Ip-0

Sensitivity = 0.63
= 3.78k, R^2 = 2^

TITLE Pr^mn-rv photocuiTent of .iunctlon of 2N2L20 unijunction 

subjected to 2 x 10^^ r/sec

HORIZONTAL

Quantity time_ _ _ _ _ _

Sensitivity 100 nsec /cm 

VERTICAL 

Upper Trace

Quantity Linac pulse 

Sensitivity 0.1 v_ _ _ /cm

Lover Trace

;

Quantity “ Ipp_ _ _ _ _ _

Sensitivity 0.$ v



TITLE Pr^nwrv photocurrent of B^^-E Jimctlon of 2H2U20 unljunctlcm 

6ubJ ected to 2 x 10^° r/eee_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

HORIZOHTAL 

Quantity time

Sensitivity100 nsec /cm

VERTICAL 
Upper Trace

Quant1ty Linac pulse

Sensitivity 0.1 v 

Lower Trace 

Quantity_
T

Sensitivity 0.? v

Jem

TITLE

HORIZONTAL

Quantity

Sensitivity

VERTICAL 

Upper Trace 

Quantity_ _ _ _ _ _

Sensitivity

Lower Trace 

Quantity_ _ _ _ _ _

Sensitivity_
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