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between different memory cells.  Using the circuit design a simple 2x2 
integrated array was designed.  The integrated circuit made use of buried layer 
emitter, junction isolation and amorphous germanium load resistors which were 
deposited directly on top of device collector contacts.  The basic ICS structure 
chosen for this circuit were 'nolybdenum-SiC^-n-p'1', devices.  The circuit fabrica- 

tion required seven masking steps including the one required to define the 
buried emitters.  Fabrication studies revealed that most difficulties encountere< 
were due to steps which were not connected with the active ICS device itself. 
Six wafers were processed.  The final wafer had 100% yield except for damages 
incurred in probing.  The array worked as expected as a static memory with non- 
destructive read out.  Read, write and erase functions could be accomplished 
with only small incremental power requirements above that needed for holding 
Information.v The integrated circuit was designed with large areas to avoid 
fabrication Öifficulties.  The power d3nsity required to hold information in the 
array devices was 1^ watts per square centimeter of collector area. Projected 
performance of smaller area devices in larger arrays predicts that the holding 
total power could he as low as 5 mW for a 16K bit memory.  Capacitance as a 
function of voltage was studied to help define band surface structure and to 
elucidate theory.  It was noted that discrete devices could react nonllnearly 
to microwave frequency power and thus be used as microwave detectors or alarms. 
A variety of ICS structures were subjected to radiation hardness testing at 
RADC's Hanscom Field facilities using a IMeV electron beam.  Most devices could 
not hold information in a memory cell circuit when the transient dose rate was 
in the range of 3 x 108-109 rads (Si)/s.  However, one structural variation, a 
nolybdenum-sillcon oxynitride -p-n+ structure could withstand transient radia- 
tion in the range of 1010 rads (Si)/s. Tests on other structural variations of 
this basic device type confirmed these results.  The beh?vior under radiation 
and the effects of radiation hardening on memory cell circuit parameters can be 
predicted semi-quantltatively from the dc behavior of the device under full 
three-terminal biasing. 
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lECTION 1 

[NTRQOUCTIQN 

A.    GOAL!   OF  PROQWW 

fh« goalt of thi« profra» •«•• to: 

(a) Complete  tMltle  theory of   ICS operation; 

(b) Study nonlitv-tr,   thin   insulator  conductors» 
i 

(c) Invtttigat«   tCS memory arrays; 

(d) [nve»tig«t«  ICS loqic circuit»! 

v )  [nvestigitt pioblems of complete integration; 

(f)  Perform fta»lbillty demonstration of complete 
integrated circuit; 

( |)  Inveetl^t« discrote device applications of ICS. 

U    OUTLINE OF REPORT 

The "inversion controlled switch" (ICS) is a novel semiconductor 

{»Vice which Can exist In two stable conduction states, even though it tias 

only one p-n |unetlon< The type of structure investigated are shown in out- 

line In Tig. 1. At the time of the award of this contract, ttie device was 

called a "controlled inversion device" but the obvious acronym (CID) could 

cause confusion «ritH "charge injection device," to which the ICS bears no 

fun«ticral relat ionship. 

The goals of this program have been met.  Basic device properties 

ind a theory sufficient for understanding applications nave been completed 

and wil] be published.  Appendices A and B arc preprints of this basic mate- 

i; i! which also Includes the most important properties of insulator mate- 

rials which have been used in ECS devices. 
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U',S mimory   iriays  FlCVC  been  investigated and  are described  in 

Sec.   .   and   3  Oi   tuis roport.     The   Fabrication  of   small   integrated  arrays  is 

desiiibed   in Se<,.3,  and the projections on their potential   future performance 

is presented  in  Sec,  4.     Logic   (nonlatching)  circuits are described  in  Sec.  b. 

Saction 6 describes  the  capacitance voltage  characteristics  of  the devices 

and  the   relation   of   these m-asurements  to basic device  phenomena.     An 

example  of  a   potential  discrete device  application as a microwave detector 

or alarm is givffl   in Sec.  7. 

DurinM   the  first  contract  on  this device,  an unexpected  phenomenon 

«as discovered  in  polycrystalline  silicon.    This was a nonvolatile memory 

switching  characteristic.     This  phenomenon was  not  investigated  to  any  sub- 

stantial  extent   in  the  current  contract  because  it  proved  to  be  a  nonrugged 

device which wa^p   not  radiation hard.     Appendix C  summarizes the  previous 

work  and   the  coi elusions  formed  during  the  current  contract. 

Beyond  the  planned  contract work  the  conventional   ICS devices were 

■ ■xinined  for   radiation hardness using RADC's  LINAC accelerator at Hanscom 

Field.     One version of  the ICS device which had a  silicon oxynitride 

insulator was exceptional with respect   to  its  radiation hardness  being able 

to withstand  radiation doses  of  the  order  of   10       rads(Si)/s without   loosing 

information   in  a  memory circuit.     A  report  of  these measurements with a   pro- 

liminary  interpretation is given in Appendix D. 



SECTION 2 

RAM MEMORY ARRAYS WITH RESISTIVE ISOLATION 

\.     iMiriAI. OPERATION OF HAM CIRCUITS 

I'he  first RAM circuits which were operated using small numbers of 

discrete ICS devices were simple ground-emitter and grounded-base circuits 

shown in Figs. '.':  and 3.  Fabrication of 2 x 2 and 3x3 element arrays using 

discrote device- was accomplished and the arrays operated using several types 

of ICS devices.  Study of these circuits indicated that they were less than 

Ideal because unless specially selected devices were used, the obvious exten- 

sion of the circuit to N x N arrays would not be possible for N ^  10-20.  The 

problem was interaction among devices in the same row.  The threshold voltage 

of a device would depend slightly upon the number of other devices in the 

same row which were already in their low impedance state.  As the number of 

devices in tneii low impedance state increased, the threshold voltage of the 

remaining devices would decrease and eventually fall below the voltage which 

must, be supplied to the devices to hold information in the array.  If a suf- 

ficient number of devices of one row were in their low impedance state the 

circuit would require all remaining devices of that row to be in their low 

Impedance state, a situation clearly disastrous for memory applications.  An 

improved circull, which offers increased isolation along rows of the array, 

has been operated and permits more convenient readout of information without 

requiring the devices to be in a grounded-base configuration which increases 

the power dissipation. 

B,  IMPROVE!) MEMORY ARRAY 

1.  basic Principles 

-4- 



FIG. 2 Grounded emitter RAM circuit. 
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FIQ.   3    Grounded  base  HAM  circuit. ?8-5i 
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1-4 
(•)     Helcvant   two-tcnniiM 1  device  propi-r t i (■■>.     iiiatable ind   tri- 

lt«bl«     Lmpt»damt>  states  have  prevlun-.ly been described   in metal/conductive 

"iii'.ulatot'V'p-n   junction devices when vültage  is applied   in   the   sense which 

tends   to   forward  biil   the  p-n   junction  and deplete   tlie   semiconductor   surf ice 

idjaCtftt    tO   the   insulatot.     PifUtt   1   illustrates   the   bas'u:  devic.^   strmtme 

v\ihi(h   Ll   drawn   tor   the  more   intelestiiu)   case   of   three-termi na 1   devices.      Hie 

multiple   impedance   state',  an   explained  by  a  model   of   Inversion-controlled 

Conduction which  associates   the  exlsteiuo  of   I  hiqh   impedance   state with 

i  d«tp depletion  of   the   semiconductor   surface  and  a   low   impedance   state with 

an .xisLaiv e   ot   an   invei'.ion   layer  and   consequent  nanower   surface   depletion 

layn .      Ihe   pie-eiuf   ot   an   inversion   layer   permits   I   hiqhrr  electric   field   to 

bf   impressed  acioss   tin-   insulator   than  could be  obtained  at  even  a  hiotwi 

voltaqe   across   the  entire  device   if   no   inversion   layer were  present.'      Since 

runent   inlection   into  or   throuqh   the   insubitor   is  I   nonlinear   function  of 

aalaie   .lectrii    field,   e.g.,   tunnelinq,     Sctiottky   or   I'oole-lvrenkel   injection,' 

•he   current   carried when  an   inversion   layer   is  present  can be many  orders  ot 

maimtude  ore.it n   when  an   inversion   layer   is  present.' 

The   leviuired   properties  of   the   insulator  are:     (l)     It,  must  be  con- 

dm'vr  enouqli   lo ptMmit   deep depletion  of   the   semiconductor   if   larqe   concen- 

liations  of  minority  carriers  of  the  semiconductor  surface  layer  art  not 

inlrcted   into  that   reqion,   and   U)     Kesistive  enouqht   to permit  at   b-ast  a 

partial  build  up of  an   inversion  layer   if   the adjacent   p-n  junction   is  stronqly 

fotward  biased. 

(b)     [tuau'-terminal  device  properties.     Ihe  KAM circuit,  which  is 

tl,,.  lubjacl   ot   Ihi'.  section,  depends upon  the more   interestino properties of 

three-terminal   devices which have  been diagrammed  In Fig.   1,   in which electrical 

correction  is made   to both  the metal  and  to  the both  sides of  the p-n  junction. 

-7- 
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itu' "ein', t tvr," "basi'" .uui "col lector" reyions of the  device htW bttn pii-- 

VioUlly dt'tiiU'il; tfiftt terms lUQQCtt the similar functloni ■•On Of ttiesr 

3 
region! ptriOWl CWnp4r»d tO tStOM ot • conventional bipolar transiistor. 

It is isi-t'ul to define certain current and voltage lt>vels ot two- 

terminal device'.   Itiese critical currents and voltaqes will he seen to b* 

function! Of tht bitting ot tlnee-t.erminal devices and of impedances which 

ne placed hetwe'ii the emitter and base terminals ot transistor structure',, 

ine tiiif.bold voltaqe V' . Is the highest voltage which may be placed on tht 

devices in its high impedance state; the sustainim.) current [. is the lowest 

LUiient for which the low impedance is stable; the sustainino voltage Ve is 

die voltage across the device when the current through the device is equal to 

[_,  m«!* critical currents and voltages are defined graphically in Pig, ■) 

whlchi oy implication, assumes that only .1 tiigh and low impedance state of the 

device is obtained.  Many devices do not evidence a third, intermediate 

impedance state, and even for those devices which do aot have an intermediate 

state, the appropriate choice of a low value of collector load resistance will 

suppress its appear nice,  a situation which is also beneficial for minimum power 

consumption fot memory applications as will be described below. 

Fhe Valuta of V,..,, I_ and V,, can change if electrical connection is 
ill  o     s 

made to all three terminals of the device.  Diese changes are;  (l) the 

decrease of V  if the emitter junction forward biased} ' {?)  an Increase in 

[- |] a conductance is added in shunt to the emitter and the terminals;" and 

(3) .in increase in V,, for certain device structures if a shunt conductance is 

add(d to shunt the emitter and base terminals.'  The observed variation in 

V ,. L and V are all consistent with the inversion-controlled conduction 
In  ,->    s 

2 b 
model of device behavior. '   fhese properties of o".e of the specific devce 

'.t nutnres whicti have b"en used in the RAM array are illustrated in Pigs. & and 6« 

8 
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FIG. 5 Grounded emitter I-V characteristics of Mo-Si02-n-p ICS witn 

base current increased in 5 p,A steps. 

r~^ 

X—. 

vc 

7«-M 

FIG. 6 Circuit used to obtain three-terminal I-V data.  Switch S is open 
for data of Fig. 5; switch S is clo? -d for data of Fig. 7. 
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Ptgura 5 prtMltta coll<?ctor-eniitter current-voltage (I-V) characteristics 

tor >i M/SloVn/p device when the base current was raised in increments of 

5 UA, from 0 to 10 ^.A. Note that the threshold voltage is suppressed from 

n/. V to 4 V.  i-iqure 6 presents, in an expanded sca1^, the qrounded-emi tier 

output, characteristics of t\\e  same device as a function of the resistance 

ipplied between the- base ana emitter terminals.  The grounded emitter output 

cnaracteri stic-. )f the same device as a function of the resistance applied 

between the base and emitter terminals. The circuit used to obtain these data 

is «-.hown in Fig. 7.  Note that I is increased by more than a factor of ten 

from less than 0.2 mA to 3.^ mA and that V is increased from 2.2 V to 4.4 V. 

?.  RAM Clicult Layout 

The circuit of Fig. 8 is one arrangement drawn for a M/l/n/p struc- 

tural variant which can be used as I static random-access memory (HAM) with 

NDRO.  Phe particular circuit-device combination described is not optimized 

with respect to power consumption nor convenience of decoding, but does per- 

mit d simplified explanation of the operation.  The devices operate essen- 

tially in a grounded-emitter configuration since the resistance H placed 

between emitter rows and ground is the lowest impedance level of the circuit. 

Note, however, that the emitter rows are mutually isolated from each other. 

Information is stored as a binary 1 if the device is in its low 

impedance state >nd as a binary 0 if the device is in its high impedance state. 

A bi'idboard .^ x 3 array has been fabricated and tested using both M/SiÜ0/n/p 

and M/3iü N /p/n discrete devices which had only two stable impedance states. 

An arbitrary pattern of 1's and O's could be written into the array and the 

information stored at a selected site of the array could be read out correctly. 
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3.  Operation of the RAM ulrcuit 

The  operations of writing (changing I selected device from its riigti 

to ]ow impedance state), erasing (cnan.üng a selected device from its low to 

hiqh impedance f.t.ito) and reading (determining in which state a selected loci- 

tion trsides) can be carried out by orocedures vvhich follow directly from the 

discuttlont of i;ec. ?B1.  Throughout the discussion of how these operations 

can be performed, it will be assumed that the quiescent voltage V applied to 

ill columns of the array is sufficiently large to hold all devices in their 

low impedance st ites regardless if any of the switches S , S or S are closed. 

Ihis assumption ioes rot result in the minimum holding power for the array 

but greatly simplifies the description of the required procedures. 

(i) v ri te operation.  A selected device, say, the one in the i 

row and j  column, can be transferred from its high to its low impedance state 

without disturbing the rest of the array by the following operation: 

(1) A current I is applied to the i  base row, resulting in 
0 

a current 1, to each device. 

(2) Ihe voltage applied to the j  column is raised above 

V,,,(ln ■ '); all other column voltages V, for k = j are left at 
tH Ü k 

V, = V . 
k   q 

Fho array is restored to its holding state with the (i-j)  device now in the 

low impedance st.ite, by undoing the above operations: 

(.3) \ . is reduced back to V , and 

(4) The current I is withdrawn from the i  row. 

It is convenient, and would consume less energy to write either an 

entire row or an entire column simultaneously rather than writing each bit 

sequentially.  Ihe natural word organization is by column rather than by row 

for the array of Fig. 8, since the erase and read operations to be described 
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.re more conveniently performed by column than by row. 

. th 
(bj  1 rar,«' op» rJtion.  A selected device, say UK ono in i   row 

.tn iiul ;  column, can be transferred from its low to its high impedance state 

without disturbiu} the rest of the array by the following procedure: 

(1) Closä switch 3., leaving all other switches open. 

(2) Reduce the supply voltage in the j  column from V 

to i value V, such that 
J 

VS(K,B w •) <  Vj < VS(REB - RB) 

The array is restored to its quiescent state (but now with the 

(i-i)  device in its high impedance state) by undoing the above operations: 

(3) V. is raised to V , and 

(4) S, is reopened. 

lo era^e an entire column, it is only necessary to drop the voltage 

to below V„.  A Hord  erase is attractive since actually less energy is 

dissipated on th ■ array during the word erase than required to hold informa- 

tion in the array. 

(c) Read operation.  It is possible to determine the impedance 

state of a selected (say the i-j  ) device by the following procedure: 

(1) Increase the voltage on the j  row, and 

(2) Measure variation of current in the i  ammeter. 

lYie current variation in the ammeter will be substantially larger (by a 

2  4 \ th 
factor of 10 -10 , depending upon voltage pulse duration) if the i-j  device 

is in its low impedance state. The delay encountered at the device itself 

should be substantially less than 100 ps, since microwave network analyzer 

measurements show that the impedance level of the high impedance state 1| 

14- 
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« 10' time>-. th«t of the low impedancp state up to at least 10 GHz. 

It is ilso convenient to read out the information in an entire 

column simultaneously by examining tue output of all ammeters rather than just 

one. No more po/vor need be dissipated within the array to accomplish an 

entire word reading than is required to read a single bit.  Neither the word 

nor bit readout will destroy information in the array. 

4.  Impedance Levels of KAM Circuit 

An important impedance level of the circuit is Z^  ■ ^gAg*  For tne 

particular M/Sit'0/n/p devices studied in this circuit Vs = 2 V and Ig = 500 ^A, 

thus. 2 = 4 y 10 Q.  (TTiese devices were examined because their 1^ is pro- 
0 0 

portioned to area; the particular devices had an active collector area of 

1.3 x lO-4 cm".  fhus, significantly higher valuer of Z would result for 

smaller area devices.)  rhe circuit is operated with resistances RL and Rg 

such that RL/Z  -: 1 W«l HB/
Z
0 << 

l'     ^ operation of the circuit is 

described in det.iil below for the particular choices of Rg = 103 Q, 

R. ■ 120 a, and Rg < 3 «, 

Infornation is stored on the array by applying a holding current 

[, ■ fl  to the collector of every device which is in its binary I state. For 

f ■ 5, V, « V0. The power P dissipated in each memory site in which a 1 is 

stored is therefore 

P = ^S^ + RL(fIS)2 + \l* ' 
(1) 

where 1  is the base current.  The three terms of Eq. (l) represent the power 

dissipated in the active device, in the collector load resistance RL and the 

base resistance R. , respectively.  The ratio of the second term to the first 
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Is fR /z .  Since reliable operation can be obtained with f as 2, the power 

dissipated in the load need only be 6^ of that dissipated in the active 

devico.  Ihc powor consumption in tho base resistance is completely negligible 

since IR/lf. "^ l/lO. For the devices used P s» 2 mW; for similar devices which 

-7 
have a collectoi area of 1.6 X 10 , an easily obtainable size with conven- 

tionU technology, one would expect a holding power requirement of only 

2*5 u,W per memoiy site.  For other devices with smaller sustaining current 

densities and sustaining voltages, small area devices can be expected to require 

I pnwer input of less than 1 pW Per bit. 

5. Static Isolation of Memory Elements 

The presence of the base resistance Rn is, by itself, not generally 

sufficient to et sure adequate isolation of the memory elements in the array 

In order to guarantee proper operation. While increasing the value of R will 

improve isolation among the individual devices, such a procedure has limited 

utility since (without a major revision of the circuit) this will impose a 

lower limit on the emitter-oase resistnace if the switches S. are closed. 
i 

This will be seen to be a hindrance to performing the "ERASE" operation as 

described above.  The addition of the diode D, connected between the base 

rows an ground, together with the base resistance Rn, provide adequate iso- 
D 

lati on. 

The inclusion of the diodes has sevex-al consequences. The major 

effect on an individual device is to raise its threshold voltage which would 

be expected for any finite conductance between emitter and base, as described 

In .r;ec. 2D1.  To ensure good performance for the array, an emperical rule has 

been evolved which approximately relates tl.e threshold voltage with diode 

present Vn, to the "infinite impedance" threshold voltage V^L,, and the "zero 
ü In 

impedance" threshold voltage V_: 
U 
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V*/VTHV0    ' (2) 

Without the diodes in tne circuit, the threshold voltage of a given device 

would be reduced additively for every other device in the same row which is 

alreidy in its low impedance state. 

On the other hand, the inclusions of the diodes significantly 

reduce the effect of low impedance devices on the threshold voltages of other 

devices in the same row. The presence of the diode prohibits the potential 

of the base row from being lowered more than approximately 0.5 V with respect, 

to ground, no matter how many other devices are conducting.  The addition of 

the emitter resistance R causes the emitter potential to be brought even 

closer to that of the bases and further reduces the change in V „ of devices 

which are not In their low impedance state. By proper choice of the area of 

the diode and K, the value of V..,. can be made essentially independent of the 
t in 

number of other devices in the row which are already in their low impedance 

state. Figure 9 shows the I-V characteristics of one device in a row of five 

devices, of the same type used in the 3x3 array.  The circuit shown in 

Fig. 10 was used to obtain these data with no applied base current. Note 

that the threshold voltage of the devices changes less than 10^, independent 

of th number of other devices (0, 1, 2, 3, 4) wnich are already in their low 

impedance state, and that after at least one other device in the row is con- 

ducting, further changes in the selected device's threshold voltage are 

very small. 

6. Dynamic Isolation of Devices Within a Row 

The presence of the diodes D is important for this operation. Figure 11 

shows the threshold voltage of the device in a five-element row of devices 

-17- 
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FIG. 9  I-V characteristic of device in row with four other devices with 
zero base current applied.  Offset curves are for 0, 1, 2, 3 and 
4 other devices in low Impedance state.  (Top trace is for no 
device in low impedance state.) 
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FIG. 10 Circuit used to determine I-V characteristics of a single device 
in a five-element row. 
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SECTION 3 

HAM CIRCUITS WITH ÜIÜDH ISOLATION 

A.  FUR1WER ANALYSIS OF UNWANITD INTHRACIION 

Y)yv  interaction betweon devices in the same row in eauted by cur- 

rents 1, . wnich enter the base terminals of low impedance state devices, 

i . shown in Fiq. 1?.  Hiese curronls are in the opposite direction to those 

used to perform the WRITF operation, and in the opposite sense to conven- 

tion i 1 bipolar transistor base current.  if these cui rents are lu-gely sup- 

plied by currents 1,,,, which flow through base terminals of other devices 

in the SAJJie row which are in their high impedance state, then these high- 

impcdance-state ievices receive a forward bias to their emitter-base iunc- 

tions.  Note that the base current 1,., imposed on devices in their high 

Impedance state Ls in the conventional sense for reducing threshold.  Hie 

tendency for devices in their low impedance state to lower the threshold 

voltage of devices in the same row which are in their high impedance state 

Ls therefore explained. 

Hie utility of the row shunt diode of Fig. 8 is also explained by 

these COnsidtrationSi  The forward conductance of the diode is so low that 

no significant current is drawn from the base terminals of any high- 

Lmpedance-State devices.  This situation, according to the terminology of 

lTi g. 12| requi iv i 

I w vl   :  1   »I 

Several experimental relationships between the various currents 

in;i voltage drops across an ICS device are presented to quantify the above 
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FIG. 12 Circuit diagram of 3-element row of memory array. Note different 
directions of base current for devices in high and low impedance 
states. 
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explanation.  First, the  criticdl voltaqe (V,.,,)  ,. across the emitter-base r ■   l-.U cnt 

termirvala oi an [CS »t threshold is essentially independent of external 

emittci-base shunt conouctance.  This fact enables the calculation of total 

curirnt, which must be supplied to the parallel combination of emitter-base 

terminal1-, and t-xternal shunt conductance in order to initiate a transition 

from the huih to low impedance states.  The data of Fiq. 13 were obtained 

from a molybdenum-Slü9-n-p discrete device of the type planned to be used 

in the inteqrated circuit. 

Figur«! 14 and lb present the threshold voltage V .. as a function 

Of ttie current drawn from the base terminal of the device when it Is 

shunted by an external impedance.  l"he data of these figures is not explicitly 

derivable from tne data of Fig. 13 because the threshold voltaqe at zero 

ipplied base current is raised because of any external shunt conductance as 

described in detail In Appendix B.  It Is clear, as expected, that any 

finite shunt conductance will force a larger supply current to suppress the 

device's threshold voltage to a given value.  It is also clear that a shunt 

diode will raise V (U = 0), a smaller amount than for any "interesting" 

valii" of R_» since the desired values of R« for these devices are in the range 

from 50-250 Q.  Ihls observation is the first reason for preferring a diode 

shunt to a resistance in order to achieve isolation of individual base 

terminals in the memory array. 

The behavior of base current when the device is its low impedance 

slate La shown In Fig. 16.  Note that in this figure a negative value of I_ 

implien that the base current enters the device and thus tends to increase 

the magnitude of the collector current,  it is this phenomenon which is 

responsible for the interaction between low-impedance-state and high- 

Impedance-state devices within the same row in the memory array. Larger 

-22- 

mtmmmmr.mimm*' 



600 

475 

O    Z -   «o 

• Z - 1 ktt 

• Z - 6 kn 

v Z - DIODE (SAME AS EB JUNCTION) 

• Z - 3 DIODES PARALLELED 

■ Z • 3 I DIODES AND 100 U SERIES R 

10 

VTH (VOLTS) 
TMt 

FIG. 13 Critical emitter-base potential when device is biased to Vg- = V-u 
in high impedance state as a function of V-,, for various emitter- 
base shunt impedances, 
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FIG.   14     lYire.nold voltage  V-j, as a  function of current drawn from base 
terminal when emitter-base terminals are  snunted by various 
external  impedances. 
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FIG.  15    Tnresnold voltage VTH as a function of current drawn from base 
terminal wnen emitter-base terminals are shunted by various 
external impedances. 
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FIG. 16 Base current a function of emitter-collector potential for device 
in its low impedance stato for various values of collector current 
and emitter-base shunt impedances. Note tnat base current can 
enter device at low values of V,^. 
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values of collector current will cause a larger value of base current to be 

drawn into the uevice when the emitter-base voltage is low.  At higher values 

of emitter-base voltage, the base current which is drawn out of the device 

becomes relativ'ly independent of circuit configuration and collector current. 

Ü.  ANALYSIS ÜF ARRAY WITH DIODE ISOLATION 

The above discussion has pointed out the reasons for the interaction 

between devices within a single base row of the memory airay and indicated, 

so far, one lliqht advantage for the use of diode isolation.  There is a more 

fundamental reason for preferring the diode isolation rather than the 

resistance isolation of bases with a memory array row.  The array circuit 

whii.h is the sul ject of this section is shown in Fig. 17 for a 2 x 2 grounded 

emitter array. 

The most important advantage of this array circuit is readily 

apparent from examining Fig. 17.  No device in its low impedance state can 

draw current into its base region because this would reverse bias the diode. 

The fundamental reason for interaction between high-impeda.ice-state devices 

and low-impedance-state devices with a single row is therefore absolutely 

prohibited for sach a circuit.  Experimental operation of such an array cir- 

cuit confirms that the :nteraction is absolutely prohibited without requir- 

ing a low internal impedance of the base current supply or, equivalently, a 

shunt diode across each emitter-base row. Another advantage of the array 

circuit of Fig. 17 compared to the circuit of Fig. 8 is related specifically 

to the fabrication of integrated circuits. Junction diodes are more easily 

fabricated than resistors in integrated circuits. 

There are two minor disadvantages to the array of Fig. 17 compared 

to the array of Fig. 8. One is a requirement for higher power to perform 
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FIG.   17    Memory array with diode isolation between base  line and individual 
base  terminals within a row. 
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the  WRITE Operation.  In order to bring a device into the low impedance state 

by l double half-select collector column voltage increment and base row cur- 

rprit increment, .ibout twice the power must be applied to the basp row.  This 

is becautfl the diode D must be brought to a bias of the order of O.'J V, 

wheiv.is the voltage drop across the RFB of the circuit of Fig. 8 is only the 

ordrr of 10  V.  In both cases, of course, the emitter junction must be 

raised of the order of 0.3 - 0.5 V. 

Fhe other disadvantage involves the ERASE operation.  The minimum 

resistance between a base terminal and emitter row cannot be brought to a 

very low value in order to perform a single element transfer to the high 

impedance state.  The ERASE operation can be performed by other means, how- 

ever.  One possible operation is the erasure of an entire column and the sub- 

sequent rewriting of all devices originally in their low impedance state 

except for the single row in which that device residue which one desires 

to ERASE.  Such operations are conveniently performed in standard memory 

chips and would permit the circuit to appear functionally identical to the 

circuit of Fig. 8. Another method of performing the ERASE operation is by 

applying base current to all but the selected row which has devices in the 

selected column in their low impedance state and simultaneously lowering the 

column's collector supply voltage.  Although this latter operation does per- 

mit a single bit ERASURE, it requires that the information on the 

Selected column be read out and stored so that its advantage over the pre- 

vioiis column ERASE and reWRITE is not significant. The circuit of Fig. 17 

doe •■ permit convenient, word (column) operation and for many applications, 

is, in fact, desirable. 
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C. DESIGN OF INTEGRATED MB4ÜRY ARRAY 

An int(?grateci memory drray was designed according to the circuit 

diagram of Fiq. 17. The circuit was designed with the following general 

conr.i dor.i t ions : 

(1) Sine« the time and funds available would permit only 

about six wafers to bf processed, no process steps could be included 

which did not seem simple. 

(2) For similar reasons, no fine line design rules would be 

considered, and 

(3) No on-chip decoding and address circuitry would be 

included since there was no time available to troubleshoot an 

integrated circuit which could perform these functions. 

For these reasons, no attempt was made to use dielectric isolation of devices 

rve;i though preliminary experiments showed that lower sustaining currents 

could be obtained if the processing was precisely performed.  Thus junction 

isolation was used throughout. The general circuit design considerations 

whi h were followed included: 

(1) Buried layer emitter rows.  This avoided uncertainties 

in design of crossover insulators which, however, should ultimately 

of"er much improved performance. 

(2) Base row underpassings (under metal collector columns) 

were produced by n diffusions or implantations. 

(3) Collector load resistors were produced over the exact 

active area of the collector by deposition of amorphous germanium 

of the required resistivity. While this conserved area on the cir- 

cuit it did force us to use the least studied of the procedures 

required for the fabrication. 
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(4) Molybdenum-qold metal li z;)tion was exclusively chosen. 

This permitted a direct transition of the collector metallization 

used most extensively in discrete devices. 

D. FABRICATION OF INTEGRATED ARRAY 

The maior fabrication problem encountered in the fabrication studies 

wer«' not related to the 1CS device per se, but arose from the lack of avail- 

ability of clean room?.  Fxcept for photoresist application, all operations 

including diffusions, evaporations or sputterinqs, and etchings were not per- 

formed in a clean environment. 

Die second major problem encountered was probably material related 

but could also have been aggravated by the Jack of clean facilities to ppr- 

form diffusions.  This problem was the "spiking" of the nested n diffusion 

throuuh previously performed p diffusions.  The p diffusions were much 

deeper (— 4 a) than the depth (-- 1 u) of the n  diffusions performed in 

other starting materials.  Both diffusions performed separately on different 

materials produced junctions with excellent reverse bias characteristics. 

Ch.e "spiking" of the n diffusions ruined isolation of the devices.  This 

was circumvented only by producing the n regions by ion implantation and 

inn. iling at temperatures below 830 C.  Higher annealing temperatures again 

caused shorts.  This was a major complication to the process, since we 

did not have time to reorder masks.  Only a thin isolation oxide was grown 

over the n regions, whereas the masks we designed under the assumption 

that more than 2000 K  of thermal oxide would be grown during the phosphorus 

drive-in diffusion.  Deposited Si0o layers were therefore sometimes used in 

addition to the oxide grown at 830 C. 
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All yield problems were tracf.>d to this spiking or the use of a 

doposited 340- liyer. No failure of the 1CS structures themselves were 

ohscived in tlttte fabrications. 

fhe ma lor problem anticipated in the fabrication of integrated 

Versions of the ICS  was a perimeter dependent current which could greatly 

Incrsase the sustaining current.  The perimeter-dependent current had been 

Observed to be greatly increased if collector metallization covered the edge 

of the active collector area which was surrounded by a thick insulating oxide. 

fhe only reasonable way to prepare the thin (> 30 '.) active o-lde wat; to etch 

away the thicker oxide window and regro-. ^at bbO-700 C) the conducting oxide. 

fhe structure produced b • conventional processing and shown in 

Fiq. 18(a) often resulted in high sustaining currents. Removal of the 

metil1izations at the edges of the active collector area produced the struc- 

ture shown in Fiq. 18(b) which had a small sustaining current and which only 

rarely had a perimeter sensitivity.  The structure of Fig. 18(b) is, how- 

ever, not. suitable for integrated circuits. 

A ievice whos cross section is essentially the same as that of 

Fiq. 18(a) was successfully produced by special processing.  The important 

step is to remove the photoresist which patterns the window used to define 

the active collector by dry oxygen plasma stripping. While this should 

obviously permit a more uniform removal of the photoresist and therefore 

a more uniform growth of the thin oxide, the effect of plasma-stripping is 

more subtle. 

Silicon wafers which have only 6-8 K  of nascent oxide on their sur- 

face after removal from a buffered HF solution, will emerge from the 

oxygen plasma with 15-30 I  of oxide.  This oxide hat been used as the active 
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FIG. 18 Cross sectional views of discrete ICS device, 

(a) 

(b) 

Collector metallization covering window etcn. Perimeter- 
dependent current is commonly observed. 

Collector metallization removed from edge of active collector. 
Perimeter-dependent current not usually observed. 
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conducting insulator of ICS devices which tiave vory dttractivo 1-V charac- 

tori sties, includinq the property of not having peririicter-deptHidcnl currents. 

Unfoitunatoly, the oxide produced by the plasma is not the same from run to 

run with iviiard to surface states so that the magnitude of the sustaining 

current is not predictable. 

Fhe plasma-produced oxide is not completely removable in buffered 

111-'.  15-20 \   remain even after prolonged etching.  It was found that if this 

1'.)-'0 A of plasma-produced SiO» was annealed and grown to 30-35 H thickness 

in dry 0« at 700 C, then an excellent thin insulator structure was produced. 

low sustaining current densities and perimeter-independent current were con- 

sistently produced. 

This procedure was used in the fabrication of all the integrated 

CltCUllSa  lite procedure, while not unusual or unrelated to other integrated 

Circuit processes, mu'.t be followed to avoid difficulties in proceeding with 

the ICS portions of the integrated array. 

E,  LAYOUT OF rilH 1NTHGRATED ARRAY 

Fhe seven photoresist masks used to produce the integrated array 

are shown in Fig. 19a-g.  Figure 19a is a diagram of the buried emitter rows. 

The buried layers were grown on an n-typ' (ill) silicon wafer and an B uffl 

15  -2 
Chick n-type epitaxial layer with doping density equal to 5 x 10 ' cm  was 

grown on top of the p diffusions produced by masking, using the pattern of 

Fig. 19a, 

Figure 19b is the mask used to pattern a deep boron diffusion which 

is driven deep enough to contact the buried layer (if the buried layers are 

underneath this pattern).  fhe function of this diffusion is threefold: 

(1) Ohmic contact to the buried layers; (2)  Isolation of base regions of 
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FIG.   19    Photoresist mask patterns used  for  fabricating 2x2 integrated 
memory array. 

(a)    Buried p layer;   (b)    Boron diffusion;   (c)     Phosphorus 
diffusion;   (d)    Active collector definition;   (e)    Collector 
metallization and  load resistor definition;   (f)    Contact window 
definition;   (g)    Final metallization. 
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tno Individual d*vi«»t<i and (3) Provision for the p-typc region of the base 

isolation dioder.. 

lYie ti.iid pattern is used to dpfine a phosphorus diffusion or 

liiipr.iit.it ion md i'. shown In Fig. l^c.  The function of this diffusion is 

to provid« a IDA resistance underpass to the collector lines, to provide a 

low resistancf contact to each ICS device's base region, and to provide the 

n-typr ragion Of the base isolation diodes. 

the fourth mask shown in Fig. 19d is used to define the active 

coll ctor region using the HF etch-plasma strip (oxidation)-HF etch and 

thoinil oxidation procedure described in the previous section.  The fifth 

mask shown in Pig, 19c is used to pattern the germanium collector resistor 

and covering met illization which are applied immediately after comolet.ing the 

production of th. active conducting collector insulator.  The sixth mask 

shown in Fig. 19f opens windows in the thick SiCL insulator grown in pre- 

vious diffusion steps to permit the final metallization mask patterned by 

Fig. I9g to contact the emitter regions, and base row interconnections. 

Hie times alloted for diffusion devices and, in some cases, cross 

diffusion of the buried layer before the first boron predepositions are 

chos.'n so that the distance from surface to the buried emitter junction is 

2-3 um.  Ciocs sectional views of several parts of the structure are shown 

in Fig. 20, 

F.  FABRICATION AND PERFORMANCE OF THE INTEGRATED CRICU1TS 

Six wafers were processed:  the results of these tests are listed 

in Table 2« A photomicrograph of a complete circuit is shown in Fig. 21« 

fhe circuits of wafer 6 worked as expected.  Note that the problems 

encountered were not due to ICS structure per se, but involved only those 
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FIG. 20 Cross sectional views of various portions of integrated array. 
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step1', wnich, if performed in J clean environment with bettei' quality materidl, 

could be expected to be performed with extremely high reproducibility. 

Table 2. 

Wafer Number Yield Problem 

i 

1 
) 

Phosphorus diffusion 

0 spiking. 

i ~ 10% First n implantation: 
isolation oxide breakdown. 

c\ ~ 25% Mistake in photoresist 
removal of etched metal 
lines. 

5a ~ 10% Rework of 5; contact 
resistance increased V . 

6 -  100% - 

Typical output characteristics of a single isolated device on the 

are shown in Fiq. 22.  The voltage represents the sum of the voltage drop 

across the emitter-collector terminals and the germanium collector load 

res', stance.  The applied base current is, of course, divided between two 

devices of the array along a row.  The sustaining current density is less 

than 100 )j,A.  If the integrated devices had the same sustaining current 

density as the discrete devices on which they were modeled, then the sus- 

taining current should have been 25-30 iiA. As noted above, complete trouble- 

shooting of the processing of small area collectors was not worked out 

before integration fabrication had begun. The higher holding power density 

requirement was the only way in which the integrated devices fell short 

of performance expectation. 
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FIG. 21 Photomicrograph oi  compieted !x 2 nemory array circui 

> 
5 

Ui 
K 
oc 
u 

VOLTAGE (2 V/DIV) 

FIG. Output  characteristics of Integrated device.    Voltage is sum of 
voltaqo across emitter-collector terminals of the device and 
germanium  collector   load   resistor.     Base   current  drive (to 
entire  row)   Is 0,   10,   20,   30,  40  and  hO aA with  V^  suppressed 
to  8  V   from   1 V) V. 
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SECTION 4 

PROJECTED PERFORMANCE OF ICS MEMORY ARRAYS 

A,  LAYOUT OF PKOPOSEP INTEGRATED CIRCUIT 

Altnoiujn it is not possible to definitively project yields and per- 

formance of chips which have never been fabricated, modest extrapolations are 

possible from the work which has already been accomplished.  The projection 

will be based as completely as possible on experimental results.  Thus, for 

example, a proposed array will be integrated using junction isolation rather 

than the ultimately more promising dielectric isolation since junction iso- 

lation has been used to fabricate the only arrays built to date.  The pro- 

jection will assume that the best performance obtained from discrete devices 

with reqard to sustaining current density and voltage, etc. will also be 

obtained from int.egrated devices if time is available to develop the proper 

processing steps. 

The proposed layout of a single memory cell is shown in Fig. 23. For 

the sake of clarity, the buried p layer which runs below most of the upper p dif- 

fusion (including, of course, underneath the active device area) is not shown. 

Ihis circuit is substantially the same as the already fabricated integ-ited 

cells with two ;iiajor differences. Smaller size is assumed and a two-layer 

metallization is chosen to reduce resistances of emitter lines and base line 

underpasses. The layout was derived according to the following rules: 

(1) Minimum metal line width: 4 ^m. 

(2) Minimum spacing on a single mask: 3 ^m. 

(3) Minimum window dimensions: 4 i^m x 4 ^m. 

(4) Minimum distance between edges of sequentially per- 

formed diffusions:  4 |j,m. 

^^^   ^-„^   .^^^ .^.. _ -:       -- 
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FIG. 23 Layout of proposed small area 1CS memory cell, 
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(5) Alignment error in sequential maskingss + 2 ^m. 

rno collector load resistance for eacn device is assumed to be 

piirrd directly over the active collector as was done in the 2x2 arrays 

which have been described earlier.  This resistor material is placed under 

the broadened area of the collector line which covers the active collector. 

It is not specitically shown in Fig. 23 in order not to cause unnecessary 

complications In a single color diagram. 

The insulator material which might be placed between the two 

metallization layers could be deposited glass or sputtered SiCL.  Properly 

sputtered Siü of 0.1 - 0.2 ^m thickness has yielded no shorts on two 

waf.rs of 2 x 2 integrated arrays.  (The sputtered Si02 was used in these 

wafers as an insulator between metal and silicon, necessitated only because 

of i phosphorus implantation and low temperature anneal, which prohibitt'd 

growth of a thick thermal oxide.) 

A 16K bit memory array will be assumed.  The repeat distance between 

memory cells is 36 ^.m according to Fig. 23. Taking the resistivity p of the 

metal line to 3 x lo"0 w-cm, the thickness t of the line equal to 0.5 ^.m 

it is possible to calculate the resitance R. of the line as 

R£ = p ^t ' (1) 

wnero I   is the required line length which is equal to 128 (3.6 x 10  )cm 

and w is the line width = 4 ym.  Therefore, 

0.461 cm., 

R . (3* 10" )(0.46 )   = 70 a 

(4 X 10"4)(5 X 10"b) 
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m« Cdpdcltancp C of these lines may be approximated as 

(«e.n ) & 3iü 
Cx =  »f     ' (2) 

wli ere h is the I eight of line above the silicon (equal to the thickness 

of 'he SIO- insulator).  Taking h = b x 10  cm as an average value along 

the 1 i ne 

= (.3 x 10"12 F/cm) (4 x 10"4 cm) (.461 cm) 

(5 x 10"5 cm) 

or C- * 1 pF. 

B.  ARRAY DELAY TIMES 

1.  Delay heguired to Dring Word Line up in Voltage 

The resistance and capacitance of the line R£ and C, are, of 

course distributed. We assume for simplicity the circuit shown in Fig. 24 

is ipplicable.  This circuit requires tho full line to be charged before 

any of the devir.es are raised in voltage, and therefore represents the 

worst case for ;he time interval required to charge any single device. 

The time required to charge an individual device after the word line has been 

brought up in voltage will be approximately RL
C
D» where RL is the load 

resistance and CL is the device capacitance.  The capacitance of an individual 

device is determined by collector area for both high and low impedance states. 
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FIG.   24    Appcroximate equivalent circuit diagram of word-line address, 
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For discrete devices whose area  is  1.25 x   10      cm  ,  the measured  capacitances 

are C     -  1.0 pl:  and C      is  less  than 5 pF at currents required  for holding 

information  in   •ne array and increased to about  10 pF during  the read opera- 

tion.     The area  of  the active  collector of the devices of Fig.   23 is 

1.6 y   10      cm  .     Therefore, we expect 

C     M 6.4 x   10"    pF 
H 

C     <  1.3 y   10"3 pF 
L 

The time requir.d to charge an individual device after the line has been 

charaed is therefore R.C- = (120 flHlO pF) = ^'2    ns for discrete-array ... uH 
devices.  The s.me product will hold for smaller area devices.' This assumes 

the worst case of C ■ CD and, furthermore, that we do not choose to take 

advantage of "reading" the initially high transient current of a low impedance 

state device (C, /C  « 10, so that the "instantaneous" current which flows 
DL  H 

after the line has been charged could serve to "read" the device). The time 

required for the response of the device to represent conduction current as 

distinguished from displacement current will be given by RDCD M (10 n)(lO pF) 

^0.1 ns. 

The time required to charge an individual device will be less than 

R.C,+ R C , which is 0.17 ns, if the voltage driving source has no internal 
x i  D D 

impedance.  If, however, the addressing circuitry is not a perfect voltage 

source (it has some internal impedance) then the time required to bring an 

individual device to its final cprrent carrying state can be longer. Let us 

assume the opposite case, that the address circuit output is a bipolar 

transistor which acts as a current source. 
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The  current output capability of such ■ word .iddress amplifier 

will bo cho!,»'ii to be equal to a bipolar transistor whose collector area is 

-•I  y 
M 10  »ni , whhh is a much larger area than the individual devices but not 

as i woi ■,( case.  We assume that the nddress circuit must charge the total 

capacitance of the line which is denoted by (•... We also define the follow- 

i in) symbols as 

N. ■ numbt'i of devices in line in low impedance state 

N.. " number of devices in line in high impedance state 

N * N. t Nu ■ 128 

it follows that 

Cr - C, i   ^(L  I N.C^ (4) 

l-'or tin« worst caso (N ■ N), 

-3, 
Cr * I 1 t (128)(1.3 x 10 *)1 pF 

01 

CT •* 2.6 pF 

The address driver with the assumed area can easily deliver 1 mA 

of current.  I'h.- time required At to raise the potential of a device by 0.1 V 

(a typical value used in the discrete array and in the 2x2 integrated 

arrays) will be therefore given by 

at 
0^0.5) 

(a) 

wheif 1 is the maximum current which can be supplied by the address driver. 
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Taking I ■ 1 mA, a« ihown previouüly, 

At. 
in"3 

whicn La I comfortably r.mall tilM intorval. 

2.  Tot il l^vid Access 1'inio 

I'hf total road access time T  is giv«n by 

A   decoder   drive       o 

where tit ■ time required to raise an individual device's voltage as cal- 

culated above and i , is the time required to turn on a sense amplifier. 

We eslimate r- by assuming that the sense amplifier is a bipolar 

transistor formed along with the ICS devices in the same processing.  The 

major contribution to ^ is expected to be the base capacitance Cg which 

B|ust be charqed throuqh the output line R£.  We estimate that C^ •    10 pl:, 

therefore we take T < (7Üu)(lO pF) ■ 0.7 ns. 

Viv   thereof ore have 

A   decoder   drivt 
i   1  ns  +  0.7  ns 

We  expect,   'drCod(M,   '    'driVll 

Circuits and,   therefore, 

to be  comparable  to  that obtained  in bipolar 

T, w 20-50 ns 
A 
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C.    POWER REC8JIREMENTS OP  lllli AKRAY 

1.     Holding  i'owpr 

fn« poww  V required  to pttl ■  currpnt  I(.  throuqli a devici^  in  tno 

array of Pig,  23 Lt qivcn by 

P =   l(,Vr +   Ir
2 R, (6) 

Wh»r« V, is the .Mnittor-collpctor voltage.  For values of 1, s 5 lc (where 

I, ir tne sust.iininq current)• V , J; V (where Vi; is the sustaininq voltage). 

In practieti 1 . has been chosen to be approximately 3Ig for convenient opera- 

tion.  Therefore, the minimum power we chose to supply to the device is 

P * ICVC + 9IC R,   . (7) 

The minimum current density observed for discrete devices with the SiCL 

insulator is 1,6 A/cm', with 2 A/cm being more reproducible. For a device 

4 . 
as In the array of Fig. ?3, I = 0.32 ^A, with Vg = 2 V and RI =10 w, 

P ■ (0.32) 10"D(2) + 9 (0.32)" (lo"6)' 104 (8) 

OT 

-7        -Q 
P •• 6.4 X 10  + 9 X 10  ■* 0.64 UW  . 

ihe power required to hold 16K bits in the "1" state is therefore of the 

order of 10 mW. 

2.  Power Kequired to Perform Operations on Array 

(a)  Read operation.  In order to read a word, a current density 

of about twice the holding current is required to unambiguously perform 
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the operation in discrete array. Tne extra power PR required to perform a 

read operation on a single device is, from Eqs. (6) and (7) 

PR^CV VV tVs + IIS
2R

L
) 

(9) 

. 2IS(VS + Vg/4) 4 9(2IS)
2RL- (ISVS + 9IS

2RL) 

(1.5)ISVS4 27 IS^L 

(1.5)(0.32 ^A) 2 V ^ 2(0.32 ^A)2 104 U 

■ 9.6 x 10"7 W + 2 < 10"9 * 0.96 ^W 

Fhe maximum extra power for an entire "word" of 128 bits is therefore 

»a 125 p,W. Tnis is much less than the power required to hold information in 

the array (10 mW). 

(b) Write operation. The extra power required to write a single 

bit consists of the power required to supply current to a single base row 

plus the power required to raise a collector column's voltage P , 

P   ■ 2InVrn row    B EB 

where V R is the emitter-base voltage of a single device and 1 is the applied 

base current. The factor of two obtains because this current must also be 

applied to each base isolation diode which we assume has approximately the same 

emitter arpa as the active devices. Useful values of I- for the small area 

devices of the array of Fig. 23 wm be of the order of 
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(SO x   IQ"6)     UU   IS =  6.4 K   10"BA 
1.25 t   10 

■-.uuc  the applied bate  current  roquired  for  the proposed drray dtVices  should 

bo  afflftlltr   tlitn  that  required  for  the discrete devices by  the ratio of  their 

areas.     With  V,.   * 0.b5  V 

P    •" 0.67 nW 

On   Uii>  other  hand,   from  Eq.   (7) 

P    «. V  1     -  JVeIe  +   lr\   - 91C
2R. c cc SS LL SL 

if the device is in its low impedance state. Therefore, for the worst case 

when the device is already in its low impedance state 

P  = 1 LlW 
c    p 

followinq similar considerations which lead to Eq. (9). 

The total power required to write a word must be less than (128) 

(P t p  ) tm  128 iiW which is again small compared to the total array holding 
c   row      ^ r /      a 

power of 10 mW. 

(c) Erase operation. The power required to erase an entire word 

is actually less than that required to hold information, since the voltage 

and current, supplied to that column is lowered. 
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\).     SUMMARY OF EXPECTED PERFORMANCE 

The following table eummarizes the expected performance of an ICS 

array with an approximate comparison with the performance and characteristics 

of conventional MOS and bipolar random-access memories. 

ICS MOS       Bipolar 

No. bits 

Static 

NDHO 

16K 16K 256 

Yes        No Yes 

Yes No Yes 

Active devices/bit 1 1     9      4"6  2 
2 mil2    ~ 1 mil      75 mil 

.4 .,2  . . ,Ä4 ...,2  , u 1n4 .,2 
Area/bit 
Capsize 4x 10 mil  4x 10  ül 4X 10 mil 

Average power/bit (holding) 1 UW        2 WW 1 - 10 mW 

Standby power on array 10 mW       35 mW 400 mW 

Peak power on array 20 mW       35-50 mW S 400 mW 

Total power conrumed by chip 210 m       600 mW 400-800 mW 

Access time 20 ns       200 ns 20-50 ns 

We therefore conclude that the ICS could have lower power consump- 

tion an MOS memory chip, and faster access time than a bipolar chip (for 

the same number of bits). 
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SECTION 5 

NONLATCHING CIRCUITS 

1CS drvicrs can be used in nonlatching circuits (circuits which 

will not remain in the low impedance state when a base or emitter current pulse 

is removed) by making use of the effect of an emitter-base shunt resistance 

upon the value of sustaining current and sustaining voltage. The circuit of 

Fiq. 6 is the simplest circuit which contains all the essential features of 

nonlatchinq operation.  (The switch S must be closed and a base current pulse 

supplied.)  For nonlatching switching it is essential that R,-, f ■ and that 

the pulsed supply current which is drawn from the parallel combination of R„ 

and the base-emitter terminals of the device result in a collector current 

Which is less than Ir(R ).  The common emitter collector output character- 

istics of Fig. 2b illustrate the desired relationships. 

A device originally residing in the high impedance state at point B 

on the collector characteristics of Fig. 25 can be transferred to a pseudo low 

impeuance state near point A on the low impedance state characteristic that 

would exist if R- were much larger than the value actually chosen.  It is 

important for nonlatching operation that point A corresponds to a current less 

than l^R ). Removal of the base current supply pulse will cause the device 

to revert to its low impedance state at point B because point A does not lie 

on a stable impedance state of the device with the particular value of Rs 

chosen. Clearly, Rc, RT and V must be chosen together correctly in order to 

obtain the desired behavior. 

fhe nonlatching nature of certain ICS circuits suggests their use 

in logic applications.  An inverter circuit, as diagrammed in Fig. 26 has 

been operated.  The two ICS transistors T. and T0 are essentially identical. 
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FIG. 25 I-V characteristics of ICS transistor illustrating requirements 
for nonlatching operation. 
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FIG. 26 Diagram of ICS inverter circuit. 
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In the quiescent state of the circuit T. is not conducting and T« is conduct- 

ing, drawing essentially all the collector supply current I.  (I is chosen 

to be slightly greater than IS(R ^
a)). The shunt conductance consisting of 

eith r R or the diode D between the emitter and base of T, is chosen large 

enough so that both the sustaining current and threshold voltage of 'L are 

significantly greater than that of T-. 

The diode D, consisting of a p-n junction identical to the emitter 

junctions of both T, and T^, but of 3-5 times their area, was found to give 

better performance than a resistor by itself as the emitter-base shunt element. 

T can be turned on by a sufficiently large current pulse supplied to the 

input terminal.  In order to obtain logic current gain it is important that 

the shunt conductance between the emitter and base terminals of T^. not be too 

large or else an extremely large value of input current will be required to 

turn T. on. The current drawn through the base terminal of T can show up as 

an increased current through the collector terminal of T. because of the 

same considerations which permit current gain in conventional bipolar tran- 

sistors. For the circuit to work correctly it is essential that the current 

I leaving the collector terminal of T1 be sufficient to reduce the current 

3L through T (where 1=1-1^   in steady state) below Ig.  Then a complete 

transfer of current from the right-hand side of the loop to the left-hand 

side of the loop will take place. 

When T, is nonconducting, the output terminal drops to essentially 

zero voltage and cuts off an output current.  The inverter function is thus 

accomplished: an input current cuts off an output current. Removal of the 

input current will cause T.. to revert to its high impedance state and T- will 

again conduct. 

Performance of the circuit demands a stiff current source I, or 

else only incomplete transfer of the current from one side of the loop to 
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the  otner will take place.  Tne speed of transition for the actual operated 

circuits was about 10 ns. Tne time internal t required to make tne transi- 

tion was apparently cjreatly Increased by parasitic capacitances in tfie bread- 

board circuit used witn discrete devices. A major contribution to T was tne 

time t required to cnarge D and the emitter junction of T .  The transistors 
c i 

T and T had emitter areas ten times tne area of tneir collectors so most of 

the emitter capacitance tnat was present in tne actual circuits could be 

eliminated.  Tne swing in base voltage required to turn on T^ is of tne order 

of 0.1 V (cnange from 0.4 to 0.5 V) and tne emitter capacitance was of the 

order of 100 pF when the device was turned on. Thus, if a current of about 

1 mA is drawn from the base of T.» we expect 

as observed. 

T ~ C/l(/W) ■ 
(10"10 FUlO"1 V) 

(10"3 A) 
= 10"8 s 
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of tno device would limit accuracy over most of the range of applied voltages. 

A second important point to note is that the experimental data were 

aff.cted by ill .nination of the device.  Thir, observation is not unexpected. 

It his been notf 1 that drvice threshold voltage depends upon illumination. 

Tno data suggest that a tendency to invert is obtained at higher biases when 

the device is illuminated. At low biases the light obviously causes the sur- 

face to be accumulated.  This interpretation is confirmed by the current- 

voltage charactiristics shown in Fig. 28 for the same device under the 

Identic«! condi;ions of illumination.  The interpretation of these is com- 

plicated by the fact that the apparatus measures the series combination of 

the capacitance of the emitter junction and the surface. 

2.  Collec or-Base Capacitance 

Measurement of the collector-base capacitance of the device avoids 

the complication of the emitter-junction capacitance. Use of this technique 

allows the direct confirmation of the fact that there is essentially no 

inversion obtained in the high impedance state. Figure 29 displays the 

o 
easured values of l/C   as a function of the applied voltage for two related m 

+ + 
structures; a Mo-SiCL-n-p ICS device and a Cr-n-p Schottky-barrier device 

mtde on a wafer from the same lot as the ICS structure. Contact to the n 

regions of both devices was made by an n phosphorus diffusion; the 

geometry and heat treatments of both wafers was identical. A chromium 

Schottky barrier was chosen because chromium is especially active in consum- 

ing any oxide layer on silicon. 

2 
The  linear slope of  l/C    vs applied voltage obtained for both 

devices implies that there was uniform doping in the epitaxial  layer with 

essentially no inversion.     The difference in slopes  (which are inversely pro- 

portioned  to ionized donor density)  are within the expected variation  for the 

starting material, 
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COLLECTOR-BASE VOLTAGE (V) 

[CS device and a  companion 
Cr-n-p'   Schottky-barrier device.     Terminal connections are made to 
collector and base with emitter terminal  open. 

l/C    vs applied voltage  for Mo-SiCL-n-p    IC 
Cr-n-p    Schottky-barrier device.     Terminal 
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It is important to note that the data for the ICS was obtained with 

no illumination.  Hven though the surface of the wafer was largely covered by 

2 
opaque metal,  weak  room  light  illumination was  sufficient   to  cause  the  l/C 

vs V  curvp of   tlve   tCi5  bo  radically depart  from  linearity,   thus confi nninq 

the  interpretation given to the collector-emitter capacitance data  that 

partial or weak inversion is caused by illumination even in the high 

impedance   state. 

2 
The straight-line curve for l/C vs V is generally obtained for all 

ICS devices in their high impedance state. Figure 30 shows a curve obtained 

on a M-polysilicon-p-n device which had a much more lightly doped and thicker 

epitaxial layer. 

The data of Fig. 29 on the ICS device together enable a determination 

of the energy band structure of the device.  The flat band capacitance of the 

device is given by 

i 

^FB €.  kT € 
. , i  s 

s 

■ 18.8 pF 

Ndq 

where A is the device area, d is the thickness of the SiCL, € and £. are 

the dielectric constants of the silicon and SiCL, respectively; k is 

Boltzmann's constant, T is the temperature in degrees Kelvin, N, is the 

ionized donor density and q is the electronic charge. From the data on 

which the curve of Fig. 29 was based, the flat band voltage is - 0.16 V. 

Figure 31 presents the surface energy band structure under one assumption 

that the band structure of the thin SiO? layer is the same as that for thick 

Siü layers. As shown in Fig. 30, the conduction band of the silicon is 
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aligned witn the Fermi level of the metal at an applied bias of 15.5 V.  it 

ll at nearly this bias that the threshold of the device is reached, suggesting 

that electron tunnel current must be present to cause a transition to the low 

i'npedance state. 

3.  Uullector-Uase Capacitance With Applied limitter Current 

Measurement of the collector-base capacitance of ICS devices is pos- 

sible when emitter current is applied,  (it is not possible to reliably 

measure the emitter-collector capacitance when terminal is connected to the 

base because it is not possible to consistently null out the capacitance intro- 

duced by the additional circuit.) The results of such measurements are shown 

in Fig. 32.  Note that the capacitance increases with emitter current but 

that the rate of increase at higher emitter currents is lower. 

Phis behavior suggests that an inversion layer is formed by the 

action of the emitter current but a detailed quantitative explanation is not 

immediately obtained. For example, when 1., ■ 0, C-. ■ 1.7 pF at V^g ■ 3.3 V, 

whereas when I  ■ 100 |iA, C-« = 1.7 pF when V = 9.0 V.  It is clear that 

interpreting equal capacitances as equal depletion widths results in contra- 

diction.  Such an assumption would require that (for the above example) 4.7 V 

be dropped across the insulator and the inversion layer.  fhe voltage drop 

across the inversion layer can be a significant fraction of the voltage drop 

across the insulator simply because the insulator is so thin (30-35 \)  and 

the inversion layer could even be thicker (80-100 K).     if the assumption is 

made that l/2 of this extra voltage appears across the insulator, then this 

would require an electric field of the order of 10 V/cm across the SiO,,. 

While the best 5i0„ layers may have dielectric breakdown strengths even 

greater than this, we have not observed dielectric breakdown strengths 

above 2«5 X 10 V/cm for these materials which were not grown in a clean 

environment.  It. should be especially noted that all devices tested would 
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FIG. 32 Capacitance as a function of voltage for collector-base terminals 
of Mo-SiCL-n-p ICS device.  Emitter current is varied in dif- 
ferent traces. 
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withstand such collector-ba-ie voltages and emitter currents and therefore the 

data of Fig. 32 do not represent an extraordinary case. 

The cause of the increased capacitance when emitter current is 

applied can therefore not be due to decreased depletion layer width because 

this would imply that the electric field across the insulator would be 

unreasonably large. Another possible explanation for the increased capaci- 

tance which could be considered is conventional diffusion capacitance 

associated witn bipolar transistors.  Such an explanation can also be shown 

to bo insufficient. 

The diffusion capacitance for grounded base is given by 

r  - _N T  1 B 
df "' D  EC IdV J 

p      LB1 

where D is the diffusion constant of holes in the base region, W.. is the 
p 9 H 

width of the neutral base region as defined in Fig. 1 and 1  is the applied 

emitter current which crosses the collector depletion zone.  If N is the ionized 

donor concentration in the base, then 

dVCB    
l2qND' 

VCB 

5 1 c.    _ o 
Faking D    =  12 cm /s,  and Nn = 5.3 x   10      cm      the value  of Cjr at  1, , 

p D df fcü 
-4 

=  10      A and V      = 5 V is 0.04 pF  if W   «> 2 u,m.     This value  of C      is  small 
B df 
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compared to any value of C (ip) - C (O), observed in Fig. 31. llie small 

value of C,. is not unexpected since the total width between collector 
df 

in-uilator and the emitter junction is small (« 4 um) compared to the total 

base widths of transistor structures which have larger diffusion capacitances. 

It should also be noted that the assumed emitter current received by the col- 

lector of 100 ^A is much larger than that collected ir the actual capacitance 

experiment because of the small ratio of collector-to-emitter area.  The 

current assumed in calculating the diffusion capacitance is therefore much 

larger than actually present in the experiments of Fig. 32. 

The change in capacitance brought about by the introduction of 

emitter current must therefore be explained by some other mechanism. A 

mechanism which can explain this behavior is the capacitance associated with 

the annihilation of incipient inversion layer change due to the finite con- 

ductivity of the insulator and will be described in the next section. 

B.  FHliORY OF COLLECTOR-BASE CAPACITANCE OF THE ICS WITH VARIATION OF 
HMITTER CURRENT BIAS 

The collector-base capacitance C,,n of the ICS will be calculated 

for the device when it resides in its high impedance state under the assump- 

tion that the hole tunnel current density J  is given by 

4nm.e(kT) p 
Jpt = —^-3  exp(-l1)^ (1) 

where m    is the  transverse hole mass, e is the electronic  charge, h is 

Planck's constant,  p    is  the hole concentration at the semiconductor surface, 

N    is the density of  states in the valence band and T] «« - X"  d, where x  is 
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the tunneling barrier height for holes, and d is the thickness of the insulator. 

1 2 
Equation (l) has been derived by Card and Rhoderick and by Green and Shewchun, 

and used to discuss the conduction of holes through thin Si02 layers grown 

on silicon. Based on a two-band model of the band structure of SiO,,, Habib 

and Simmons3 evaluate T| as equal to 0.936 d, where d is the insulator thick- 

ness measured in angstrom units. An implicit assumption involving the use 

of Eq. (1) is that the localization of carriers in an inversion layer will 

not substantially affect the tunnel current, which situation has been dis- 

cussed by Weinberg4 for tunneling into the Si02 conduction band under the 

action of stronger electric fields than considered here. 

In the high impedance state any inversion layer which exists at 

the semiconductor surface cannot screen the interior of the semiconductor 

from additional charge which may appear on the collector electrode by the 

same electrostatic mechanism which applies to a perfect insulating Si02 

when a low frequency test signal is applied. The unscreening inversion 

layer of an 1CS can, nevertheless, profoundly affect the collector-base 

capacitance C ,n under certain circumstances. The mechanism of this inter- 

action can be explained by referring to Fig. 33, which displays charge density 

as a function of position near the surface of the device.  If only a dc 

voltage is applied to the collector, then a steady-state inversion charge 

density Q  at the semiconductor surface and a steady-state width of the 
7  10 

surface depletion zone W will exist.  Increasing the charge on the collector 

from - Q to -{Q + Aq ) will not result in an increase of the width of the 
m     mm 

depletion layer from W to Wo + ^mM^  however (here Nd is the density of 

ionized donors near the semiconductor surface).  This smaller increase in 

depletion width results from an increase in hole tunnel current caused, 

according to Eq. (l), by an increase in ps. Thus, a portion of the increment 
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üQ is annihilated by trie increased hole conduction through the insulator, 
m 

leaving a smaller net charge on the collector which must be balanced by an 

Increase in depletion layer width. 

Let E be the surface electric field in the semiconductor, ^ be s s 

the potential drop across the semiconductor surface, e the dielectric con- 

stant of the semiconductor, Q. be the charge density contained in the semi- 

conductor inversion layer and p be volume density of ionized holes at the 

semiconductor surface.  These quantities are related by the approximate relation 

-       2p  kT       2qN 
E2  = —S— +  Ä I*   I (2) 
see's1 

5 2 
independently derived by Ong and Pierret and by Green and Schewchun in 

order to describe surface electric fields in nonthermal equilibrium deple- 

tion zones in MOS structures. E is also related to these quantities by 

Gauss' law 

Q.  qN 
Es = ^ + -/W  . (3) 

s    s 

Neglecting the voltage drop across the inversion  layer so that 

IU   =i-^    W2     , (4) 8> 2     e 

S 
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, ,..,.,, ... ,, . ^ ,..,.,.-..'. 

yi ields in combination with Eqs. (2) - (9) 

1 Ql  , e QiNdW 
ps " 2kT e   kT  e 

(5) 

Equations (2) and (5) are derived implicitly from the assumption tnat the 

hole current density in the semiconductor is given by J = - eu P^PQ ' 

where y,  is a (field-independrnt) mobility, p is the hole density and cp 
P P 

is the hole imref. 

It is convenient to define 

+ ~  iujt  A 
ps  Pso  ps 

Q. = Q.  + q. e 
1    10    i 

it   !  , 77 l*t w • W + W e 
o 

ill = ilf  + i|r e ys  *so   s 
Iwt 

(6) 

J + = J + + J + e pt   pto   pt 
imt 

where the symbols with a subscript zero are steady-state (dc) values of the 

variables and the symbols with a tilda are (small) ac magnitudes of the 

variables. From Eqs. (5) and (6) it follows that 

so  2kT e 

. Q.   gN. 

kTe vio o 
(7) 

and from Eqs. (4) and (6) that 

t | - 1/2 ^ Wo
2 

u       s 
(8) 

Neglecting terms which involve products of the ac quantities, Eq. (5) can 

be written 

-70- 



eN 

-7— Q.  q. + r?*r (Q-  W + W q.) 
s s 

(9) 

We consider the situation in which a constant hole current density 

J La directed towards the semiconductor surface. Such a current can be 
5 

supplied experimentally by biasing the emitter-base junction of the ICS with 

a constant current. Neglecting recombination of holes in the inversion 

layer with electrons which tunnel from the metal into the semiconductor, it 

follows from charge conservation that 

dQ 
r-i=J -J=J - crp 
dt    s   pt   0   's 

(10) 

4-nm e(kT) 
where we write J . as J  = O'p , where « =  ^  exp(-Tl) from 

P* P1/ s n3 N 

/ 

Hq.   (1).     Now dQ./dt = iiwq.   e C0    and j       = ap    ,  so that 

Ps = ■ ~ qi 

Substituting in Eq. (9) and using the fact that 

eN 
^r = — w w 
*  e   0 

s 
(10) 

we obtain 
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Q.  + eN.W 
io    do 

iuot kT 
s 

q = - 
S 0 

(11) 

From t-q. (10) it follows that if we denote the incremental charge supplit ' 

to the collector by q   then 7  sup 

q   = q + q N uu 
^sup 

q + -^ ^ 
o 

(12) 

It is convenient to relate Eq. (11) to impedance formulas by using instead 

of q, current densities, and therefore 

dq 

h- 
sup 
dt luuq sup (13) 

where j. represents the "total" current density (conduction and displace- 

ment current).  From Eq. (11) - (13) 

1UÜ 
(U 

1 +    '  ~   iuut kT 
(Q + qmn 5— ) 

0     0    a    . 

(14) 

Equation (14) is in the form of j = Y^, where Y is an admittance so that 

Y = - juoC + l/R.  Equation (14) can be rewritten as 
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It is not immediately obvious that there should be some effect at 

1 MHz. A significant effect on the capacitance will occur only if 

-13 -Tl 
.. > LU 6 kT/qNW  . According to Eq. (l), o = 6.76 x 10   e '. Therefore, 

-Tl "7 
a cnange in capacitance can occur only if e ' = 4,64 x 10  or T| = 14.6 if 

15  -3 
W = 1 um and the doping density is 5.3 < 10  cm . According to Habib and 
o 

Simmons T) w 30, so no change in capacitance should be observed with varying 

emitter current.  Since significant changes are observed we must therefore 

prefer the smaller value of %t     Such a small required value of T| is not com- 

pletely unexpected since, as pointed out by Card ,,the effective tunneling 

barrier height of the SiO- conduction band is a function of thickness for 

thermally grown oxides on silicon, Card plots T] vs d for Si02 layers up to 

23 l.    Extrapolating his experimental curve to high values of d, we expect 

that Tj m  14.6 at 25-27 L Our experimental value was 33 L 

It is possible that the value of Tl in our experiments is lower 

than what would be expected because of perimeter currents which are larger 

because of the higher electric field which can lower the barrier height. 

Perimeter-dependent currents have sometimes been observed in these devices 

in their low impedance state as described in Appendix A, No direct proof 

of perimeter-dependent currents is available for the high impedance state. 

C.  CAPACITANCE OF ICS DEVICES IN LOW IMPEDANCE STATE 

1. Method of Measurements 

Capacitance data between 1-8 GHz were obtained on ICS devices using 

an HP network analyzer. The devices were mounted in varactor packages and 

two terminal capacitances measured (between the emitter and collector terminals). 

The method of separating the capacitance of the device from the parasitic 

mounting reactances was different from that previously used, however. Instead 

-74- 



of "dioembeddiruj" the diode from what, in detail, is a very complicated cir- 

cuit requiring the accurate knowledge of from 3 to 12 components, a simpler 

approach was used.  The impedance of the mounted diode was not compared to 

that of a standard snort circuit, rather another identical varactor package 

was prepared which had the same number of leads as did the package contain- 

ing the test device.  The leads running from the lip of the package and 

bonded to the package base or device, were of the same length and relative 

position for both packages. Thus, this comparison mounting had the same cir- 

cuits as the package containing the test diode except a short circuit was 

substituted for the device's intrinsic impedance. Assuming that the compari- 

son "shorted package" is an ideal short circuit (and thereby treating the 

entire mounting circuit as an extra length of lossless transmission line) 

enables one to directly measure the impedance of the device without requiring 

specific accurate knowledge of what the mounting circuit is.  This method 

cannot be used except at one frequency at a time since a new "short" reference 

must be obtained for each test frequency.  However, since we are mainly 

interested in variations of device capacitance with applied bias, this is not 

a serious complication to the method. 

A two-terminal capacitance was measured (the base terminal left 

open) in order not to complicate the disembedding procedure. The devices 

conveniently had an emitter area nine times their collector area. The 

emitter-base capacitance, as by direct measurement, was large compared to the 

emitter-collector capacitance if the devices were biased in their low impedance 

state. The resulting data are therefore reasonable respective to the collector 

portion of the device.  (Collector-base capacitance was not measured since a 

low impedance state is not obtainable unless the emitter is supplied with current. 

The latter requirement would probably affect the accuracy of the data to a 
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greater extent than the assumption that the emitter-base capacitance  can be 

compensated  for  in  the measurement of emitter-collector capacitance.) 

2«    Measurements 

Ihe basic observations on device capacitance made in  the   low 

impedance  state are  summarized in Fig.   34, which also shows the measured 

capacitance of  the device in its high impedance  state.    The collector-base 

voltage was determined by VCB = ^ - VBE, where these voltages were measured 

as a  function of  current on the  same  three-terminal device used to measure 

the collector-emitter capacitance.     The theoretical curves are  calculated 

on  the basis of  standard MOS theory and represent  the collector-base 

capacitance only.     For thermal equilibrium,  the  capacitance per unit area 

is qiven  if  the  semiconductor is given by 

dQ ..[- 
^s    ^s    i^ 

-^s      Pno     M. 
4 (e    s 

n no i (17) 

F Uf 
i* n      ) 

no ' 

wheie Q_  is  the charge per unit area delivered to the collector,  |     is  the 
3 ■ 

surface potential of the silicon, e is the dielectric constant of silicon, 

L is the extrinsic Deybe length, ß = l/kT, where k is Boltzmann's constant 

and f is the absolute temperature and n  and p  are respectively the p no    Kno      r 

therrrai equilibrium concentration of electrons and holes in the n layer of 

silicon adjacent to the insulator. Finally, F(0^, p /n ) is defined by 

(M.H.[(.-nM.«;^.w.u] (18) 
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FIG. 34 C-V ctiriracteristies of Mo-SiO?-n-p device. Microwave frequency 
measurements made between emitter and collector and corrected 
by emitter junction capacitance and voltage drop. 
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[he total capacitance C per unit area of the insulator layer C and silicon 

C is given by 

C. C 
c= 1 s 

ci + cs 

Iho theoretical curves were calculated on the  basis of independent measure- 

ment of tne oxide thickness of 35 \  (determined by ellipsometry) and a doping 

15  3 
density in the silicon suitace layer N. of 4 x 10 /cm (determined by dif- 

ferential capacitance measurements). 

The deep depletion (high impedance state) capacitance was calculated 

using Hq. (19), but instead of using Eq, (17) for C . C was taken as 

racJT. 
C^   (deep depletion)  ~ J~ 5   V       K      K'       *    2K 

Several  observations are  immediate: 

(1) Deep depletion adequately describes the high impedance  state 

(not a new result but already contained in our 1973 proposal).    For biases 

above 0.5 V,  the high impedance  state departs radically  from thermal equilibrium. 

(2) The  low impedance  state  is not at thermal  equilibrium  (hardly 

an earth-shaking result  since current is being conducted  through the device), 

but a  simplistic interpretation would confirm that it represents a closer 

approximation to thermal equilibrium than does the high  impedance  state. 

(3) The microwave capacitance in the low impedance state is not 

a rapidly varying function of microwave  frequency.    Data has been obtained 
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between 1 and 8 GHz but only two frequencies are shown for clarity. The 

Urffttt differences in the data at different frequencies occur at hiqh 

Capacity and this likely represents experimental error more than a real 

phv:.ir.al effect.  At C m 100 pF, the device looks so much like a short 

circuit that accurate impedance measurements arc difficult.  (An error of 

abo'.jt 0.1 degree in phase of reflection cojld produce a change in capacitance 

of 20 pF at 4 GHz, for example, if C > 100 pF.  The percentage error in 

mea-sured C is much less for low values of C.) 

There is a ncntrivial nonlinear effect produced by microwave test 

frequency measurements, as described in the next section, and the complete 

description has not been completely unraveled at the higher microwave frequencies, 

rhis nonlinear effect produces a self-biasing (rectification-detection).  It 

is felt that, it has not contributed any significant uncertainty to the data 

ol Fig. 34, however, for the following reasons: 

(1) Data were obtained at the lowest microwave powers con- 

sistent with stable operation of the network analyzer. 

(2) Ihe nonlinear effect, is judged by changes produced in 

de I-V characteristics, is much greater in the nigh impedance 

state. 

(3) The nonlinear effect appears significantly smaller at 

higher microwave frequencies where study of the effect is more 

difficult. 
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SECTION 7 

NONLINEAR EFFECTS OF MICROWAVE POWER ON ICS DEVICES 

A.  BACKGROUND 

As mentioned previously in this report, care must be taken in the 

me.isjrement of microwave impedances of ICS devices in that microwave power 

can affect the de 1-V characteristics of the devices. This section of the 

report describes these effects in detail and it is shown that microwave 

detection and threshold switch functions can be performed. 

The data were all obtained from a standard device structure used 

for ICS, essentially the same as that diagrammed in Fig. 1. As a microwave 

detector this structure is not optimized.  It had a large emitter area equal 

T  ? -4  2 
to 1.13 x 10  cm and a collector area of 1.2b X 10  cm , both areas being 

large compared to standard microwave detector diodes. Construction of a 

more elegant microwave detector structure was not attempted as it was viewed 

as being too diversionary for our main goals. The purpose of this section 

is therefore threefold: 

(1) To prescribe limits to the accuracy of microwave 

impedance measurements of these devices due to nonlinear effects. 

(2) lo report to whomever may be interested that a novel 

microwave detector and/or power threshold alarm exists and whose 

present performance may be no real indication of its potential 

sensitivity. 

(3) To again provide reinforcement from a novel experi- 

mental arrangement for the basic model of inversion-controlled 

conduction as the mechanism responsible for ICS behavior. 
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B. rHt.OHY 

In the high impedance state, when a low bias is applied to an ICS 

diode, tho emitter may have a higher differential resistance than the collectoi. 

Adding an ac signal to the dc bias can therefore result in a rectification; 

consequently, the increased injection of minority carriers Into the base can 

lower threshold voltages and change high impedance state C-V characteristics. 

These changes are observed to depend upon the rf power used to perform the 

measurements. 

In this respect, the effect of microwave power is quite similar to 

optical excitation on the device. Both optical excitation and microwave 

excitation face an increased bias on the emitter-base junction.  This results 

in:  (l) a shift of the low-voltage C-V characteristics by 0 - 0.4 V (depend- 

ing upon the intensity of light or the microwave power used); (2) a change 

in I-V characteristics which is manifest at low voltages by increased con- 

duction through the device which would normally appear at a voltage 0 - 0.4 V 

bias in the opposite direction (the extent of shift depends again on the 

optical intensity or microwave power used; and (3) a lowering of the device 

threshold voltage.  The effect of microwave power on the device is therefore 

a further confirmation of the inversion-controlled conduction model which 

predicts a lowered threshold voltage if an increased supply of minority 

carriers is available to be supplied to incipient inversion layers at the 

insulator-semiconductor interface. 

C. MEASUREMENTS 

The data of Fig. 35 show the variation of device threshold voltage 

with applied microwave power. These measurements were made with a test sig- 

nal whose frequency was 2.0 GHz using the apparatus diagrammed in Fig. 36. 
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Tne double stub tuner was used to match the device to source.  The device was 

+ -3  2 
a Mo-Si09-n-p structure with an emitter area of 1.13 X 10  cm and collector 

area of 1.25 x 10~ cm .  The given amount of microwave power shown as the 

■ ih'-cl vv-.a WJT, sufficient to cause a transition to the low impedance state if 

the ordinate voltage was supplied to the device.  Thus, a latching transition 

occurred.  (The device remained in the low impedance state after the micro- 

wave power was turned down.) Similar, optically induced transitions have 

been observed. The relationship between the change in threshold voltage 

AV,rL. and the microwave P appears to have roughly the form 
1 H 

^VTl, = a P + b Pn 

where a and b are constants and n is a number approximately equal to 2< 

Further work would be necessary to more precisely define n. 

The experimental situation for which these data were obtained repre- 

sents the operation of a microwave threshold alarm. A transition to the low 

impedance state will occur following the attainment of a certain level of 

received microwave power. 

The device can also function as a more conventional detector with- 

out a latching transition. A simple way to prohibit a latching transition 

is by increasing the load resistance of Fig. 36 device sufficiently that no 

transition to the low impedance state can take place. A sufficiently high 

value of R, is assured if 

RL > I 
s 
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where V Is the supply voltage and 1  is the low impedance state sustaining 

current.  An alternate method of preventing a transition to the low impedance 

state is to bias the device with a current source whose output current is less 

than 1 . 
s 

The change in voltage across the device which occurs when I given 

amount microwave power is applied will clearly depend upon the method of 

biasing the device (if a transition to the low impedance state is avoided). 

In order to present data which will enable the calculation of how much voltage 

swing would occur for any method of biasing the data of Fig. 37 are presented. 

Fhese show the I«V characteristics of a device in its high impedance state 

for various amounts of applied microwave power. A greater microwave power 

causes a larger current at the small applied voltage. One would not expect 

that these characteristics are essentially different from what might be 

obtained from a conventional bipolar transistor with connections made only 

to its emitter and collector terminals (base left floating). 

Fhe data of Fig. 37 were obtained at a 1 GHz test frequency from 

4- + 
a Mo-Si00-p-n device of the same area as the Mo-Si02-n-p device whose 

behavior as a threshold switch was described in Fig. 14.  The p-type base 

layer of the p-n devices was significantly thicker (•< 7-8 p,m) than the n-type 

base layer of the n-p device (^ 2 |j,m). 

The curves of Fig. 37 show that if, say, a 20 |j,A current bias is 

used, the voltage on the device would change from 8 V to 3 V, if a 7 mW of 

1 GHz power were applied to the device. Removing the microwave power would 

cause the voltage to swing back to 8 V. 
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SECTION 8 

SUMMARY OF REPORT 

A.  ILiCHNICAL PuOBLFM 

The isiversion-controlled switch (ICS) is a novel semiconductor 

device which can perform rapid switching and memory functions. This program 

addressed two majaf questions: Can the device be incorporated into an 

integrated circuit which can perform useful functions; and is a detailed 

explanation of device behavior possible? Both questions have been answered 

affinatively.  In addition, studies of possible applications of discrete 

ICS devices and studies of insulator materials used in fabricating ICS were 

conducted. 

B. GENERAL METHODOLOGY 

Devices were fabricated and tested with wide structural variations 

and their performance compared with theory. Memory arrays suitable as static 

random-access memories (RAM's) with nondestructive readout and which have 

only • single active device per memory site were constructed using discrete 

devices in order to demonstrate a functional circuit design.  The circuit 

which showed the most ideal behavior in a 3 x 3 discrete array was translated 

to an integrated format using conventional integration techniques. 

C. TECHNICAL RESULTS 

Undecoded 2 x 2 RAM circuits using 30-35 I  Si02 conducting insulator 

layers were fabricated in an integrated format. The basic fabrication process 

is compatible rrth  simple bipolar techniques and probably superior per- 

formance (in terms of area density and power consumption) could bo achieved 
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Utlng tne more advanced dielectric isolation technique used in modern bipolai 

circuit designs.  Holding powers less than 2 nW per bit are project-d to be 

obtainable with small area device designs and total power consumption for an 

ICS RAM should be less than for an MOS memory of comparable numbei of bits. 

Read access time of the ICS should be much less than MOS memories, however. 

Current-voltage and capacitance-voltage characteristics of devices 

can be explained by detailed application of the simple device model developed 

under earlier contractual support. 

Several types of ICS devices were subjected to transient radiation 

at RADC, Solid State Science Division, Hanscom Field using a 10 MeV electron 

beam. Most devices would lose information in a RAM-type circuit at radia- 

tion dose rates between 108 and 109 rads (Si)/s. However, one structure, 

a Mo-SiO N -p-n+ device, was found to hold information at radiation dose 
x y 

ra tes of the order of 10  rads (Si)/s. 

D.  DOD IMPLICATIONS 

The demonstration of an integrated ICS RAM, even on the small scale 

attempted, snows that the ICS is, in principle, integratable. The high 

speed and small power consumption of the ICS may make a full-scale memory 

circuit development profitable for special applications. 

The radiation hardness of the SiO N insulator device may permit 
x y 

the development of a new class of radiation-hard semiconductor memories. 

E.  IMPLICATION OF FURTHER. RESEARCH 

The experiments on radiation hardness were undertaken as an aside 

to further establish and test theories of device operation.  The radiation 

hrirdness of devices employing silicon oxynitride insulator layers was not 
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completely expected and is only partially explained at present. Further 

reM'^rch may be warranted on this aspect of ICS behavior to help determine 

if an ICS radiation-hard memory is worth developing.  A primary problem such 

research should address is the power consumption requirements for a radiation- 

hard memory which probably will oe greater than that for alternative 

radiation-sensitive ICS memory arrays. 
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Ste-idy-StatP ('nüracteri titles 
of 

Two   lermindl   Inversion-'Jontrolled Switches* 

Harry Kroyer and H.  A.  Richard Weg.ner 
Sperry Kesparch Center,   Sudbury,  Massachusetts    01776 

ABSTRACT 

lYie important fabrication procedures and the direct current-voltage 

charactpristies of metal/conducting "insulator"/semiconductor junction diodes 

■?« described.  These devices generally have two impedance states.  The high 

impedance state is associated with a steady-state deep depletion of the semi- 

conductor surface which permits the device to absorb a high voltage.  The low- 

impedance state is associated with a partial inversion of the semiconductor 

surface which greatly increases the electric field across the insulator, even 

though only a low voltage exists across the device.  The generality of this phe- 

nomenon is emphasized by citing results from a wide variety of combinations of 

insalator materials and semiconductor structures. Uniformity of conduction 

through the insulator and ruggedness of the device are discussed in detail. 

ütl« device's I-V characteristics can either be independent or quite sensitive 

to ambient temperature.  The temperature sensitivity is explained by the effects 

of temperature on those mechanisms which control the formation of inversion 

layers. 

*    Supported in part by the Defense Advanced Research Projects Agency and 

monitored by Rome Air Development Center, Deputy for Electronics Technology, 

under contract No. F19623-76-C-0105. 
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r'ffective Richardson constant 

Capacitance 

Diffusion constant (cm /sec) 

Curren». (A) 

irollector current 

Minimum current in intermediate impedance state 

Maximum current in intermediate impedance state 

Sustaining current in low impedance state 

Maximum current In liiqh impedance state 
2 

Current density (A/cm ) 

Üoltzmann's constant 

Ionized donor (or acceptor) density 

Flectronic charqe 

Resistance (otims) 

Collector load resistance 

Temperature  (   K) 

Potential   (volts) 

Avalanche breakdown voltaqe 

Barrier voltage 

Voltage across depletion layer 

Silicon bandqap voltage 

Hmitter-base voltage 

Umitter-collector voltage 

■ Voltage across insulator 

• V . for intermediate state 

■ Sustaining voltage (minimum V  in low impedance state) 

■ Fhresnold voltage 

• Base width  (cm) 

■ Depletion layer width (cm) 

■ Constant in Frankel-Poole law ((eV) /v) 

• Dielectric constant of silicon (F/cm) 

• Hole barrier height (V) 

• Trap depth (V) 
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FIG 2 
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Bistable current-voltage cnaracteristics, relative widths of surface and 
junction depletion zones and energy band diagram of M-I-p-n device.  lp, 
E and E denote Fermi level, conduction band edge and valance band edge, 

respectively. 
(a) High impedance state. 
(b) Low impedance state. 
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... itw  complementary semiconductor structuros [3|. üotn diffused and opitaxially 

grown junctions nave been used L^], 

rru> "emitter," "base" and "collector" regions of tne ICS btructure are 

defined in f:u). 1.  Hiese terms are used to emphasize the similar function- per- 

fumed bV these regions and the corresponding parts of I bipolar transistor [3]. 

fat "emitter" of an ECS is the semiconductor region on the side of the p-n junc- 

tion furthest away from the insulator; the "base" Is between the insulator and 

the p-n iunction, and the "collector" it  tne  metal-Insulator portion of the 

device. Note that the base electrode does not contact the surface space charge 

region.  Ihe base contact Is therefore useful In permitting the measurement 

of either the potential drop across the p-n Junction or of the surface 

capacitance.  Phe circuit symbols for the ICS devices are also Introduced 

in Fig. 1. 

All Insulator materials which have been used in these structures have 

evidenced the ICS phenomenon.  A more detailed discussion of the properties of 

some of the individual insulators will be given in subsequent sections. One 

particular surface preparation of the silicon wafer has been found to give good 

rooroduclbility for all Insulator materials used. After cleaning the wafer, l 

thermal oxide is grown at U500C for dn hour.  This SiOU Ll removed In I buf- 

fered HF solution and washed for five minutes In flowing delonlzed water. After 

being blown dry the wafer Is quickly transferred to the vessel which Is used to 

produce the insulator layer.  Fhls procedure usually leaves I surface with only 

6-8 k  ot nascent oxide. On the other hand, sputter etching the surface (even 

Immediately preceding the deposition of I sputtered layer) li found to produce 

an exceptionally poor surface for all Insulator materials used. 

It is Important that the Insulator layer should present neither too 

high nor too low an Impedance to current flow.  Ihe resistance of the Insulator 
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, • not be 50 9r«at th«t in inversion layer can form in I conventional motal- 

Ln»uUtor-W«lCOnduCtOr (MIS) structure, fabricated from the same insulator, but 

with no junction present in the semiconductor.  Thus, fur example, if SiO,, is 

used M th« insulator material, a 20-60 i   thickness is useful for trie fabrication 

Oi ICS .i-'Vlce'i, Whtreas ino {  ot thermally grown SIO« would produce loo perfect 

LntwlatOX to permit '.igni f icant conduction. Similarly, the insulator must not. 

;-.' tOO conductive. For example, a 20 J thick layer of high conductivity silicon- 

tich, silicon nitride would not be able to support, an inversion layer at the 

.1 .tor"-r,pmiconiiuctor surface, even under the influence of an adjacent 

forward-biased junction. However, thicker silicon-rich, silicon-nitride layers 

(from 60 A to 400 i   thick) are quite useful as ICS "insulators." 

Table 1 lists tnt properties of some of the insulator materials which 

ti>.. been extensively used to fabricate [OS'S« ttm  comments include the 

Important fabrication procedures and performance properties of devices made 

with the particular insulators.  (Fhe symbols "Ig" and "Vg" are defined in 

SttC« [IJ - and Hg. 4«) 

Satisfactory collector metallizations have been achieved with a 

variety of metals including chromium, aluminum and molybdenum.  1'hese metals 

are no- .tseful for ill insulator layers, however, with the exception of molybdenum. 

Electron-beam evaporated or rf-Sputtered (using less than 2 W/cm power density) 

layers of molybdenum have produced excellent devices in all structural variations. 

For many insulator materials it is desirable to apply the collector metalliza- 

tion immediately after the insulator layer has been formed. 

Hi.  l-V CHARACTERISTICS 

A.  [Wo and ITu-ee Stable Impedance States 

IhS l-V characteristics which are observed when electrical connections 

ars made to thi emitter and collector terminals (the base contact is left open) 
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f.■..•.! Important properties of ICS devices.  At least two and at IROSt three 

»Ublt ImptdanCi slates are observed [3].  tat detailed description of IV 

Cl it tct«rl«tlei showiii.] three stabU impedances has not been previously repot ted. 

Flqur« 3 preaont« the dc l-V characteristics of two dlfftrtnt ICS'^t 

>.  Itvi •• wtiose char.icteristics are shown in Fiq. 3(a) has only two impedance 

states; the device of Fig« 3(b) has three stable impedance states with the 

tnird Intanwdiatt state occurring at approximately 11V.  Both the devices of 

Fig. 3(a) and Fig. 3(b) were fabricated usinj the same insulator material 

(30 \  of silicon oxynitride whose index of refraction at 'J640 A is 1.7 [2]). 

Fhe semiconductor structures of these devices were quite different, however. 

iYie device of Fig. 3(a) was ■ H/l/p /tt/n    device whose junction was formed by 

+ 
the dlffuaton of boron into an n-type epitaxial layer grown on an n substrate. 

.'.. device of Fig. 3(b) was a M/l/p/n structure wtiose junction was formed by 

epitaxial growth of I 10 ohm-cn p-Lype epitaxial layer on an n substrate. 

;"he term "stable impedance state" as used here comprises three con- 

dltlOMi  (1) A region of positive differential resistance exists on a l-V 

plot; (2)  Fhis region of positive differential resistance must be observable 

i»ltn direct current; and (3)  The l-V characteristics must be recyclable. 

No universal rule has been discovered which allows the prediction of 

whether or not the intermediate impedance state will be present for all vari- 

ations of device parameters. However, several rules which have limited 

validity for certain semiconductor structures or particular insulators have 

been inferred from extensive experimentation with the fabrication of many ICS 

Structural variations.  fhese include the absence of the intermediate impedance 

Statt in ..11 devices which either have polycrystalline silicon as the insulator 

01 in most devices which have either diffused bases or low threshold voltages. 

'"he origin of the intermediate level impedance state is not clear. 

Careful study of the C-V characteristics of devices in their high impedance 
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device. . 
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device. 

-100- 



State has shown that there is no anomaly near the voltage it which the intermediate 

impedance state appears.  Thus, it is not possible to associate the intermediate 

impedance state with some intrinsic property of the insulator to partially invert 

at some particular applied voltage when the surface is in a "deep" (nonthermal 

equilibrium) depletion [8]. 

1 \.     Critical Currents and Voltages 

1.  Itue'.hold voltage and current.  The maximum voltage which can be 

applied to the collector when the device it  in its highest impedance state is 

called the threshold voltage Sfl.. Threshold voltages as low as 1,5 V and as 

high as 70 V hive b«§n observed in different device structures. The most important 

factors which determine V  are the doping level and thickness of the base [2], 

and the conduction properties of the insulator layers. 

l-igure 4 displays 1-V characteristics of an 1CS diode. This diagram 

provides a graphical definition of V-, as well as the maximum current 1^ which 

the device can carry in its high impedance state, which occurs at V.^.  The 

total voltage VBr applied across the device may be divided up into the poten- 

till differences across the insulator V., across the surface depletion zone V^i 

and across the junction Vca* 

VEC = Vi + Vd + VEB  ' 

where  the voltage drop across any inversion  layer which might be present is 

neglected.    For a uniformly doped base-region 

V    =   1/2 ^ W  2 

d 

where N  is the assumed uniform  ionized donor   (or acceptor)  density of the base, 

q   is  the electronic charge,  6- is the dielectric constant of  silicon and Wd is 
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l(j. A    Mefinition of critical currents and voltages of ICS diode havinq three 
stable impedance states. Load lines show possible transitions between 
states for unilluminated diode. Note that with a low value of collector 
load resistance, the intermediate state may nol be accessible. 
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t|u'  wMlh  ot   ttx-  .leplt'tion  /one.   .is   shown   in l-'ivj.   \.      IT.f  voltaqo  drop across 

tn«   s.Mn'uoiuiiK toi   dtpUtlon  /üIU>,  when   ine  surfan-  dt'plrtion  ?otu>  "punchf. 

ihion.ih" to th« emHtti   |unctlon (toplttion /onp,  Lt glvtn by 

P ,■,.   B 

wluir. W     is   the width  of   the  bar,o   r.siion m.Msurtni   from  t tie   senii conductor  vurfaci- 
B 

to   tl\..  tdgi  ot   the  »mltttJ    lunCtlon  depletion   layer,   as   shown   in  Rq.   1.     Pniu li 

♦hroiK)h   is  possible   only   for  base   regions  sufficiently   thin  and/or   lightly  doped 

that   aval nblic  breakdown  of   the   spini coiuiuc tor  does  not   occur  at.   a   lowel   voltaoe 

than v . 
P 

| hsu ly.   If   V     is  f^nal   tO V   ,   stroiui   inloctlon  of  ininority  vanieis 

from,   the  emitter will   occur.     thus,   an upper   limit  of V ^  exists  for  liqhtly 

dop«d and thin bit« rtgloni .»nd Li given by 

V,,, •■ v.   t V    t v,,.. (I) 
111       1       p       lb 

since such 0 bias would ensure development of an Inversion layer lor all 

insulitors useti in U"S devices.  For all devices studied !t was found that at 

room ttmptritUM V   is below the limit of Ivi. (l) and is observed to be 

»W«V w 

and   lot   "lost   insulalors     it    is  often  observed   that   V n|       ~ 
Vp'      l^    may  be 

Oetrrmined  by measurino  the  col 1 eelor-base  capacitance  as  a   function  ol   applied 

collector-base  voltage   il    the  emitter   terminal   is   left   open.      M  will   be   dis- 

cuawd   in   11.   invetsion does  not   occur with   such  a   bias  arrangement  with 

insulator   layers   conductive  enough   to be used   In   [CS devices.) 
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For more IKMVI ly  doped  b.co  i»<nion'.,   the  upper   limit   of  V^ will  IT 

ijlvon by 

V,l,       Vi   ,   VA   '   Vffl       ' 

wh.M»'  VA   Lt   tlu>  tvilanrho  Iwe.ikdowu voltam»  of   the   •■uitu«'   depletion   Uypr. 
A 

Povico', wdosp  V    •    \     ts.ivt'  a  nuirkedly   si'uller  dtBtndtnCt   Oi   V       upon «mbltnt 
A p I" 

tf-mpei.ituri'  uui thi'. will bf diteuttid i>> Sic«  UC» 

Ihr   iiKHii-'lity  of   li).   (2)   It   ro.idlly  imdptslood.     With   t.ornin.il   ron- 

nectlona   to only   the  •BllttM  iltd  collector   tht>  hase will   acquire  a  potontial 

i uttrint'dia tc  b»tvy«"-Mi   that   of   the  emitter and  collector,   UlUI  sluihtly  foiw>inl 

blating   the emitter.      it   Is  observed   that  V—   U  • mouot onU a 1 ly   Incrttilng 

function  of  V     .     NftgltOtlng  recomhluatlou  In  the  neutral   region  of   the  bane, 

tiu> currtnt ätrltity of minbritv carrlari J   ^lijtottd Into the base win vary 

apptoximately  as 

^L 
1    PoPXp m ■ (3) 

b     \   Nq 

Who;«  D   La   the  diffusion  coefficient   of  minority   carriers   in   the  base,   p     is 

thill   Iherrnal   eq\il 1 i bt ium  concentration it   the   edoe  of   ttie emitter   lunction 

depiction  /one,   k   La   hoi t i-mann's   const-ant,   and   i   is   tl\e  absolute   tempei a t ui ,■, 

Ihr   qu.iut i ty 

A" 

(W   - WJ   ■ wN    , 

■"IM 

■ V s 
n      l   Nq 

which appears   in  th«  denominator  of  Cq.   (3),   Is  thewidlli  ot   the  neutral 
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rtgiWI btfe»»«in   the  iurftct'i iWl  thf  emitter  Junction's dtplttlon  /one.  R| 

dtfintd   in  Flflt   1.     Urcanso  raising  V-Q wiil  result  In an  increase  in both ^ 

md  v     ,   it   Is  cleai   truit    l    will   increase with V^..      i'lu-  Üirtthold  voltage  Is 

,11 ill»«! when J    lncf«att8 to tt» point where the iate ol ai rival of minority 
p 

carriers at the surfac- exceeds the capability of the surface to remove them by 

either direct transport across the inr.uldtor or by recombination.  Hils can 

occur at applied voltages well below V [21. 

Ihe increased injection caused by a wider surface depletion zone U 

similar to an Karly conductance in conventional bipolar transistors [91. 

Equation (3) also serves to explain why devices fabricated with thinner epi- 

taxial layers (smaller W ) and lighter doping of their base regions (smaller N) 

will have a reduced V  even though punch ttuaugh is never actually achieved [21. 

Several runs of devices including M/SityVp and M/a - Si/p/n struc- 

tures have been fabricated for which Vm is nearly equal to V ,  Some of these 

devices were distinguished by their insulator layers' extremely low conductivity. 

ComptXtd to devices wUh higher conductivity insulator layers, the floating base 

potenti »1 therefore tends to remain much closer to the emitter potential as 

V  is Increased.  Thus, the iniection of minority carriers is greatly limited 
EC 

until punch through is nearly obtained.  An exact prediction on the effect of 

varying insulator h.yer composition and thickness upon V^ is difficult to make 

because little is known regarding the ratio of electron-to-hole conduction cur- 

rents across most insulators, especially under conditions of depletion of the 

semi conductor surface. 

V  is also affected by surface state density, trapped charge near 

the s.miconductor-insulator interface, and changing the collector metalliza- 

tion.  These factors appear to influence V-«, by as much as 20% when room tem- 

perature measurements are made. 
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Vinjin  st>ito.     WHfti   swit.clied   for  the   first  time many  tlfvices  sliow 

d   threshold  VOltagt  higher  th«n   that  observed on all   subsequent   switchinq events. 

IVvices which  evidence   this virqin  state  nevertheless  have well  defined  V .., 

with  all   devices on a  wafer havinq   their  V... within a   \0% ranqe,  both before and 
Hi 

aftef th« first switchinq event.  No further change in V ..is usually observed 

after the first switchinq event, which typically reduces V .. by about 20%. 

Certain device structures do not have a virqin state.  Among these 

are devices fabricated using polysllicon as the insulator layer and most, devices 

fabricated by a procedure in which a phosphorus glass is formed on the thin 

insulator side of the wafer as the last high temperature (> 1000 C) step, 

before formation of the conducting insulator. Using such procedures the virgin 

state w.is not observed with either thermally grown SIO« or CVD silicon oxynitride 

devices, although companion structures, fabricated identically except for the 

piio-phot us glass anneal, evidenced the virgin state, thus suggesting that the 

phosphorus glass acted as a getter for active impurities. 

Hie erasuie of the virgin state is believed to be caused by a per- 

manent filling of deep traps within the insulator or at the semiconductor sur- 

face.  Similar initial cycle events have been observed previously:  for 

example, in capacitance measurements of silicon nitride memory devices [101 an^ 

in conductivity studies of silicon nitrides used in MNÜS transistors [ll]i The 

origin.i] virgin state threshold voltage has not been observed to be restored by 

temperature-bias stressing for most structures, thus these devices do not appear 

useful as nonvolatile memory devices. 

Uvidence for charge storage as the mechani m of erasure of the virgin 

state for at least some 1CS structures can be obtained from a comparison of the 

Ü-V characteristics of devices in their virgin and nonvirgin states.  The run of 

device-, which showea the largest change in their C-V characteristics after the 

initial switching event were M/Si0o/n/p structures and their collector-base C-V 
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ChtmtMUtlM IM 'ihown In Fiq. b.     The thickness of th« thermal SlOj Uy«r W«! 

d^l.-mu,,..^ tO be 30 | by M UpbOim'tric measuremen',-o, and U-e calculated OXldl 

capacitance for those devices, which had an area of 1.2/ X 10  cm', was l."> pi. 

me voltaqe offset of approximately 0.3 V represents an increase in stored 

positive charqe in the insulator.  Storage of positive charge near the Si-SiO? 

LnUrftO« has also been observed in conducting Si02 films by Weinoerq [12] nsinq 

nuM a1/SiO,/silicon devices which have no junction. 

|,  Lower impedance states^ Figure 4 a Iso illustratos the definitIon 

of Iho suslaininq current 1,..which It the minimum dc current which can exist In 

the dovur's lowest impedance state.  The sustaining voltage Vs is the voltage 

drop across the device in its lowest impedance state when 1 ' lg.  Current 

(fentltUl corresponding to I.., of 1.0 A/cm2 have previously been reported tor ICS 

devices *ith polysilicon insulators L3].  ft» ^«est value of current density of 

I , observed was 0.4 A/cm"' for a M/amorphous germanium/p/n  structure.  Typical 

values of V,, are between 1,2 and 3 V.  Diffused base devices with silicon oxy- 

nittldp and amorphous germanium insulators have been observed with V^  1.1 V; 

epilaxially grown junction structures with polysilicon insulators have been 

observed to have V- ■ lt2 V [3]. 

1-he lowest Impedance state has no upper limit of current which My be 

passed through the device other than that which may damaqe the device.  Typical 

devices can pass in excess of 103 A/cm2 without damage; one run of devices 

fahricatod using silicon-rich, silicon nitride passed direct currents for 

several hours without, damage with current densities In excess of 8.3 v 10 A/cm' 

wl-u the bO um thick chips were soldered to copper heat sinks which were kept at 

P'-.": ambient temperature. 

In the intermediate impedance level state, however, there is both an 

upper and a lower limit to the current which is possible.  Attempts to increase 
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th« current dtntity ahovo the upper limit (above about 12 mA for the device of 

l-if). 3(h)) result In a trtntltiofl tO the lowest impeJance stite.  The upper limit 

Of rurrrnl deiii.i ty for ttu; intermediate impedance 'jtate has been observed to be as 

9 2 
low a>, 5 A/cm* ..nd at larqe as 50 A/cm for devices studied to date.  Chia maxi- 

mum curnnit which c-n exist in the intermediate state is called I  1 the minimum 

current is called 1 , .  I .  is usually found to be less than I. for the same 
nin        mm a 

device.      llie  approximate  voltaqe  at which   the  intermediate  impedance   level  occurs 

will   be  denoted by  V.   .     lypical  devices  in which  an  intermediate  level   impedance 
'in 

■-.late  Is  observable  have 6 V < V.     <   12 V. in 

Ct     Load  Lint-   . ffects and Optically   Frigqered  Switching 

Hie   switching  of  an   £CS diode   from  one   imped.mce  state   to another  is 

partially determined by  the  load  resistance R.  which is placed   in  series with 

the  device  and  a  voltage  source.     Consider a   specific value of  R,   ■  K^,  where 

Rt1 * Vm  ' Vin       . (4) 

max 

If the aourc« voltage V shown in the insert to Fig. 4 is increased from ^ero, 

the device will remain in the high impedance state until the collector voltage 

V  reaches V,,,,.  Any further increase in V will cause a transition to the inter- 
\ \' 1H 

mediate state at point A on Fig. 4.  If V is then decreased the device will 

remain in the low impedance state till I .  is reached.  Any further decrease r mm 

in V will cause a transition back to the high impedance state at point C of 

Fig. 4, where V,,,, > V. .  On the other hand, if the source voltage is increased 
fcL   i n 

when trie device is in the intermediate impedance state, the current will 

Lncreas« until I   is obtained at point D in Fig. 4. Any further increase 
ma x 

in V will result in a transition to the low impedance state at point I- of Fig. 4, 
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wh.'ie V  ■ V  .  To bring the diode out of the low impedance state the source 

voltaqe V mutt be lowered until the current flowinq through the device is just 

btlow 1...  rhe dovite will then make a transition to the high impedance state at 

point, Q of Fig. 4. 

I ven tho.j(|h a device does have an intermediate impedance state, its 

existence may not be apparent in all experiments. Consider the choice of a 

lL ' Ri..: 

V  - v 

max 

11 

load resistance R,   R,9, where 

For such a value of RL„ the load line which crosses the device's 1-V curve at 

1 ■ [_. and V ■ VTH will not intersect the I-V characteristics of the intermediate 

impedance state.  A' shown in Fig. 4, any increase in V beycad the point where 

Vrr * V|H' w5i^ result in I direct transition to the low impedance state at point 

H of Fig. 4. 

In  the above discussion it was tacitly assumed that the device was not 

illuminated.  Three changes occur in the device's 1-V characteristics when 

intrinsic radiation is applied to the device» A reduction in V_.,., an increase 
in 

in current carried in the high impedance state, and for many devices, a decrease 

in I«*  With proper adjustment of bias supply voltage and load resistance, these 

latter devices can be made to undergo a nonlatching transition to the low 

impedance state if the transition is triggered by low light levels.  Fxcept for 

this special situation, however, if the threshold voltage V „ is changed fnm 

Vm ' VJJC to Vni' < Vrc by optical excitation, then the transition to a lower 

impedance is generally a latching transition for diodes. 

If the load resistance of a particular diode is low enough to satisfy 

the inequality of Eq. (b), the device may nevertheless be brought to the 

intermediate impedance state through optical excitation, even though this state 
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is not dccessible in the dark.  This is possible because the lo;d line which 

int.ersects the optically reduced V-,  can also intersect the intermediate 

impedance state. 

Two experiments were performed which supply some quantitative informa- 

tion on the opticil suppression of V.-,. The devices chosen for this experiment 

had 300 {   of highly conductive silicon-rich silicon nitride as the insulator and 

the 6iin deep junctions were formed by epitaxial growth. The devices were 

_2 
scribed into square chips 5 x 10  cm on a side which defined their emitter ]unc- 

-2 
tion areas, and their opaque circular collector contacts had a 2.5 x 10  cm 

diameter. Under intense tungsten lamp illumination (about 1500 ft. candles) the 

dark threshold voltage was reduced from 15 V to 7.5 V. With weaker fluorescent 

lic^t illumination (M 35 ft. candles) the threshold voltage was reduced by 0.5 V. 

The sensitivity of V-, to light supports the basic model of device 

operation. Clearly, the creation of electron-hole pairs by optical excitation 

will aid the development of an inversion layer at lower collector-emitter 

voltages. 

D. Negative Resistance and Uniformity of Conduction 

The curves of Figs. 3 and 4 do not explicitly show that a well-defined 

and continuous characteristic exists between VTH and the low (or intermediate) 

impedance state. This differential negative resistance (DNR) portion of the I-V 

characteristic can be traced with direct current if a sufficiently high value of 

load resistance RT 

V  - V 
RL > rW1 (6) 

is used. Depending upon the reactance in the external circuit, oscillation from 

several kHz to several tens of MHz has been observed if the load line crosses 

only the DNR portion of the I-V characteristics as is required by the inequality 
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of Bq« (6)t RW l>^ therr :ure ii ■ "neq.>tive resistance device without memory" 

rather than • "twitching device without memory" according to the classification 

ot  Fri tische and Ovshinsky [13"!. 

Uifferent   runs  of   ICS's have   shown both uniform and  nonuniform  con- 

duction across  tho  collector region when biased  in  their   low  impedance   state, 

ine uniformity  of   conduction  can  be   inferred  from experiments  in which  the  sus- 

taining  CUrWlt   rs   is measured after  consecutive  reduction  of   the  same  collector 

ar.a  bv  etchinq.     Dwle«9 which  show  an   1. which  is  reduced  in proportion  to area 

..re otten structure-   which have I high  sheet  resistance   (>  10    0 per  square)   of 

their base  reqion  and whose V^  is  not  greatly  sensitive  to  temperature  (Sec.   IV). 

Devices which have  the   lowest  observed values  of   Ig  nearly always have  uniform 

or  nearly  uniform  conduction.     In order  to observe  an   Eg  that  is  proportional   to 

area,   careful  otchinq   (r-mooth new  perimeter  and  complete  removal   of  unwanted 

collector metal)  must  be  performed  in defining  the  collector metallisation 

because   the most  commonly  observed  nonunif^rm  current  distribution  is  a  qreater 

current density which   flows near  the perimeter of t  collector metallization. 

Certain  runs  of  devices clearly evidence  an  extremely nonuniform con- 

djction  in  their  low   impedance  state.     This can be demonstrated if  the collector 

of  such a  device  is divided in half by etching.     If,   as is sometimes observed, 

one half  of   the de   i ce has  the  same  lg and V^ as the  oriqinal device,   the 

other  half will   inv.-riably  snow a  higher  V.^ with  generally a  different  value  of 

1 ..    Monuniform conduction in  the   low impedance  state  is not completely 

unexpected   for  thes<-   structures  since  they have  a  current  controlled ONR.      Fhe 

region with   the   lowest  value  of  V-^ will   conduct  first.     Furthermore,   the 

temperature  of   this  region will  be  raised with respect  to that  of  the  rest  of 

the device,   and   therefore   the  lower  VrH region will   tend  to remain  conducting 

since  the V.    will  be   lowered  further as described  in Sec.   IV.    Note  that  this 

argument   falls short   of demanding  filamentary conduction  since the  insulator does 
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not possess a bulk 1'NR [14],  Lateral voltage drops produced by internal base 

rvtlstane« <ind collector sheet resistance will tend to provide for more uniform 

hn-.ikdown, ,)s will tlie presumably uniform injection of minority carriers from the 

emitter. 

Even the most nonuniformly conducting devices could be cycled between 

their low and high impedance states more than 10  times (the highest number 

attempted) without ciamage.  Examining devices for nonuniform temperature 

distribution by coating the surface of the wafer with a temperature-sensitive 

liquid crystal film1" revealed that all devices conduct extremely uniformly at 

higher current densities (> 50 A/cm ), even if their conduction at low current 

was localized.  The liquid crystal experiments also confirmed that a uniform 

temperature distribution existed across the collectors of devices even at low 

currents if the devices were of the type whose I- was proportional to area. 

IV.  TEMPEfiATURE DEPENDENCE OF VTH 

All ICS devices show a decrease in VTH if the ambient temperature T is 

raised sufficiently. Certain ICS devices have an extremely sensitive depen- 

dence of V-u upon T (dV.-./dT m  - 1 V/^C) over certain temperature ranges [21, 
in In 

[lb1 ; other  ICS devices have a  threshold voltage nearly independent of tempera- 

ture below 2000C [41, [161.     The  structural variations responsible for this 

divergent behavior will  be described. 

A.     Effect  of Conducting  "Insulator" Material 

The choice of  insulator material  can affect dV^/dT.    Figure 6 dis- 

plays V    (T)   for three different device structures.     Two of  these devices had 

Identical   semiconductor  structures but differed only in the composition of 

their  insulator  layer.     A marked temperature dependence  of V.^ is observed  for 

*    Cholesteric  liquid crystal  kit obtained from Visual  Products Division 3M 

Company,  Cincinnati,  Ohio. 
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FIG. 6 lUode threshold voltage V H as a function of ambient, temperature for 
three different 1CS structures, all fabricated from the same silicon 
material which had a relatively lightly doped base region. 
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both of the devices which have the same semiconductor structure (n/p )%  wi,h th* 

density of the ionised donors equal to 1 K 10 /OW . 

A partial ..xplanation ot this behavior involves the ditleirnt lempeia- 

ture depc-ndences of conduction across the p-n Junction and the metal-insul.itor- 

semi conduct or interfrce.  fhe minority carrier current injected by the Junction 

will nave a temperature dependence of the form exp[-q(V - V)/kT], where V is 

tno silicon bamkiap voltaqe and V is the forward voltage.  All of the silicon 

nitrides investigated as 1CS insulators have been found to have a relationship 

between current 1 and voltage V of the form 

1 ■ 1  explq/krir-«  ♦ n  ,'7]} 
O % 

(7) 

for current densities which include I-, and Ig [2].  Here 1^ and a are material 

constants and +'  Is a trap or barrier height.  For the 30 {   silicon oxynitrlde 

cp M  0.65 eV and foi the 300 I   silicon-rich nitride y    « 0.48 eV. 
t l- 

ihe effect of this different temperature dependence of conductivity 

upon ICS device properties can be pictured in the following manner.  Suppose an 

ICS device is biased just below V ...  In such a situation the minority carriers 

injected into the base region arrive at the silicon-insulator interface at a 

rate which Is Just insufficient to permit a strong inversion layer to form.  11 

the temperature is increased, an inversion layer can form even though the voltage 

Is not. increased because the Junction's temperature dependence of conductivity 

Is greater than that of the insulator (V > <P+).  l"hus, even though the 

insulator can pass more current at a higher temperature, an inversion layer will 

form (cautlng the creation of the low impedance state) because the Junction 

will Inject minority carriers toward the insulator at an even higher rate. 

This explanation of the temperature dependence of V-j is, however, 

incomplete because the relations expressed by Eq. (7) were measured under 
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ComllUoni el accumulation rather than depletion and inversion, and, therefor.-, 

do not necPssarily express the conduction across the insulator of the nvjörity 

afvd minority carrier-, of tne base region individually.  The explanation therefore 

uimits neither the possibility of a generalized multiplication at Uu« insulator- 

semi conductor interface (a specific example of which was discussed by Green and 

Shwchun [17] tor thin SiOg layers which conduct by tunneling) nor a rapid change 

in the ratio of electron-to-hole currents as an incipient inversion layer develops. 

rm latter possibility could occur because of a change in the population of inter- 

face states with inversion.  Fhe importance of interface states in conduction 

through motll-lntul«tOt-ttmlconductor structures has been discussed by Card and 

UnoderUk [1H1, for example.  The data of Fig. 6 do, however, indicate a more 

sensitive dependence of tf^ upon T for the insulator with the smaller ^ and 

additional experiments on different silicon nitrides confirm this simple explana- 

t ion | iin. 

H.  devices With barrier Limitters 

me inversion-controlled conduction phenomenon has been observed in 

M/l/n/M structures which have a Schottky-barrier contact to the n-type base as a 

tal emitter [16"|. A f.chottky-barrier contact can inject minority carriers 

into silicon, especially at high current biases [20]. Specific use of this 

injection mechanism is made in MSM and BARI IT diodes [21% [221. 

me temperature dependence of the threshold voltage of an ICS device 

ith a PtSi Schottky-barrier emitter is shown in Fig. 6.  The metal-conductln , 

LnsulatOI region Of this device and the doping of its n-type base were identical 

to that of the meta'/silicon oxynitride/n/p+ device whose temperature depen- 

dence of v  is also shown in Fia. 6. Following the deposition of the 

silicon oxynitride and the collector metallization, the wafer was divided in 

half. One half had its p+ substrate removed by chemical polishing; the final 
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fchiCkntM  Of   tht  part,   of   the wat.r »«I  B ,*»,  «ftlU   the  original   thickness  of   the 

n-epitaxial   layer tmt   10 ^m.     After   the  half  of   the wafer h,.d  .een   thinned  and 

sput.er  etched,   Vt  was deposited  on   Ltl back  surface.     Thl  Pt was  reacted at 
l 

.1001V  lo  form  PtSi.     UM  other half  of   the wafer, which  still  h.d   Its  p    snh- 

.tr.te,  was  suhiect.'d  to   the  same  heat,  cycle  in order  to ensure   that, both   the 

p'   and  PtSi   emitter  devices had  the  same  annealing  of  their  silicon  oxynitride 

insulator   layers   in  contact   with  the molybdenum collector metallisation.      Hie 

observed   temperatun.   variation  of  V^  of   the  PtSi   emitter device   is  siuni f 1 cant ly 

smaller  than   that  ol   the  p*   emitter.     Hü s behavior  is  generally  observed  for 

Schottky-bairier  emitters,   although   the  data  of  Hg.   6  represent      the  only  case 

in which  great,  care was  taken to ensure  that   the   collector's metal   and 

insulator   layers and   the  base doping were  identical   to a  comparison M/l/n/p 

devi ce. 

The ratio of electron and hole currents crossing the Schottky harrier 

«ill differ from that of i p^-n junction [-01, [21] and therefore a different 

distribution of voltage between the collector depletion region and the emitter 

junction or barrier will be obtained it the threshold voltage condition of the 

two silicon oxynitride devices of Fig. b. Furthermore, • component of hole cur- 

rent I crossing the device may be expected to have a dependence on temperature 
V 

and voltage across the barrier expressed by 

I    - k*  r  exp[(-qAT) K + V  - V)l 
p   p v        iJ 

wher8   A   *   is  the effective Richardson constant  for holes, «p    U  the barrier 
P p 

htiqhl   fot   holt« emitted   from  the metal   into  the  silicon and Vg   I«  th« bar- 

er'l  built-in  voltage | 221.     Since «    * 0.2 V   for a   PtSi-Si  barrier  and 
i i P 
V   0.8 V, It may be expected that the temperature dependence of the PtSi 

emitter will be less than that of junction emitter where V^  1.15 V, in agree- 

ment with the data of Fig. 6. 
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' •     I'cviceri With Hr.ivily Poped  tiase-"- 

If  conntMtions  are made  only  to  the  collector and base   teiminah,,   it 

[t  pot»ibif   to detriniine   the  dvalai^cho  breakdown voltaqe  VA of  ttie  collector   from 

1-V  i.harut.Titties  and  the  punch-throuqh  voltage V     of   the  collector dopU'lion 

Uyei    to   the  •mitt«   fro,,, r-V  characteristics   (if  Vp •    V^,     (Inversion wi 11  not 

o^.u,   H   ti,o  ..,„itt.>)   lorminal   is  loft  open TbT.)     All   the  devices described  pre- 

vlonslv had V    <  VA.     A quite different   behavior of V     U)   is observed  if 
p A lM 

VA       V^  i 41,   I l'o]. 

IVvicos with V. <   V    can be  fabricated by either usino more heavily 
A p 

Joprd  opit^xial   lay.as   (or  thukor epitaxial   layers)   or alternately by producing 

ti,o IMS.'   layoi   by diffusion.     Fiqure 7  presents the variation of Vr() as I  func- 

tion  of  temperature  for  three different  semiconductor  structures.     The  curve 

whi.h  stums  tht  smallest  variation   in V^with   1   is  I  device  produced by dif- 

Fution  of  boron  Into a  n-epit.axlal   layer grown  on an  n     substrate.     The   sheet 

rosistance  of   the  diffused  p-type   layer was approximately  100 ohms  per  square 

(Us   Junction depth was 2,5 ^m).   The  insulator  layer of  this device was produced 

in a munntr novel   for   |C8 devices?     a  silicon-rich nitride was deposited after 

the diffusion and  then  it  was converted to a  silicon oxynltride   layer by anneal- 

UH   Ln dry  oxyqen  for  an hour  at   1150 C [231,  r241. 

fhe diffused device with the greater dependence of V^ upon   1 had an 

insilatof  layer of   W l  of  silicon oxynltride  formed by a procedure which   is 

identioal   to  that  used   to  form the  silicon oxynltride devices whoso V1H(r) 

CUTVOl woro dlsplayod  In Fig,  b.     The diffused p region ot   this device had a 

shoot   resistance ot     10    ohms per  square. 

Hio   third device, whose V^U)   Is displayed as a  curve  In Fig.  7, 

wa.,-   fahiicated   fron   an epitaxially grown junction rather than a diffused 

iunction.     iho doping density of  the epitaxial base region,  as determined  from 
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FIG. 7 Diode threshold voltage V-,,. as a function of ambient temperature for three 
different ICS structures which had relatively heavily doped base regions. 
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1 ^ -»^ 
i -V "ei-,>irements, w>is 3 x  10      cm    , which  is significantly higher  th.m  tlie 

15       -3 
1   x   10      cm      used  i ,i  the devices of Fig.  6.     fhe avalanche breakdown voltage of 

ihr l>.i':.('   l.iyer  ol   Lhin device was determined  to be  ?4  V  from mp.isnremeiits  on   l.lio 

bl'sakrtwn  voltage of   the  collector-base  terminals.     At  this voltage  a   surface 

depletion   layer width  of w 1 y,m was  obtained, which was  significantly  less   th'n 

the  läse   layer v/idth of  4 uin»     The  insulator used  to  fabricate  this device was 

again  the  30 |  of CVD silicon oxynitride used in many of  the previously discussed 

devices«     the  temperature dependence of  V—, upon T is  significantly reduced for 

this device with the more heavily doped base  compared to the devices of Fig.  6. 

ihf   lower  sensitivity of V.,-.  to T for devices which have V.  <  V    can 7 TH A p 

be qialitatively explained  hy considering  the  triggering mechanisms which 

Lnitiallv  produce  the  inversion  layer.     Recalling  that Vrl,<  V   ,   it  is  clear 
' ^      TH   p 

that there can be only a small amount of multiplication in the collector deplf- 

lion layer for devices which have V < V..  The supply of minority carriers 

which prod ice the inversion is therefore controlled exclusively by an extremely 

temporature-sensitive mechansim: injection by a forward-biased junction. 

For devices which have V. < V , the supply of minority carriers which 

can trigger the inversion is at least partially controlled by avalanche multi- 

plication,  fhe ioni;:ation coefficients will decrease with increasing temperature 

[PM, thereby tending to increase VT1. with increasing temperature. An increase of 

V  with 1' is not usually observed, however, since the triggering of the low 

impedance is also partially determined by injection of minority carriers into the 

surface depletion zone from the emitter junction, and this latter process will 

Increase with temperature.  fhe lower temperature sensitivity of the change In V 

with r for devices with heavily doped base regions is readily explained by t^e above 

ronsiderations, however. Finally, it should be emphasized that even though aval i.iChe 

multiplication helps to initiate the low impedance state for devices with heavily 

doped bases, the low impedance state is maintained solely W   emitter injection 

sinco V^ is Loo low to permit significant multiplication, 
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I.  INlUOiHIU ION 

MH ..IJI icni-vui I.IMC (J-V) chriracl.nrlßtlc« of .1 wide vüxlcty ot struc- 

tural variations of two teiminal inversion-controlled switches (ICS) have been 

described in the preceding paper [1] (hereafter called I).  This paper contains 

a description of the steady-state properties of the more interesting and important 

three-tarminaj versions of these devices. Like the two terminal devices of I, the 

three terminal devices are a layered sequence of metal/conducting "insulator"/ 

n-t.ype si 11 con/p-typ" silicon cr metal/conducting "insulator"/p-type silicon/ 

rv-type silicon. While the two terminal devices had electrical contact made only 

to the i.ietal and the far side of the p-n junction, the three terminal devices 

which are the subject of this paper also have electrical contact to the semicon- 

djctor region between the insulator and the junction [2]-[41. 

Two typical device structures which have been studied are diagrammed 

in Fig. 1 for the M/l/p/n type of structure. The "emitter," "base" and 

"collector" regions 3re defined by analogy with the functions performed by the 

corresponding parts of a conventional bipolar transistor [2].  The "emitter" of 

.in U:S iniects minority carriers into the "base" region. Like the collector of 

a bipolar transistor, the "collector" of an ICS has a depletion region which 

sweeps up minority carriers from the base.  It is important to note that the base 

electrode does not make contact with the collector's depletion zone.  The base 

terminal, therefore, functions largely as an independent control of the emitter- 

base potential.  Prooosed circuit symbols for the ICS transistor have been 

introduced in I. 

This paper is descriptive and emphasizes the evidence provided by the 

behavior of the three terminal devices for the inversion-controlled conduction 

model of device behavior [5].  This model associates tne low and high impedance 

states with the presence or absence, respectively, of an inversion layer at the 

semiconductor surface [1]» [21, [b]. 
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PIG.   1     Cross  soctional views of  two typical   three terminal  ICS structures 
illustrited  for M/l/p/n device. 
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me full range of behavior of three terminal 1CS 1-V characteristics 

Is presentedi  I'he grounded emitter characteristics are described in Sec. II, 

Including for th« first time a description of the capability of the third Inter- 

mediate (base) terminal to switch a device out of its low impedance state. The 

grounded-base characteristics of the ICS, which have not previously been dis- 

cussed, are presented in Sec. III.  The switching characteristics of ICS devices 

are mentioned in Sec. IV.  Section V summarizes the paper and includes a dis- 

cussion of possible applications. 

II.  ÜHOUNDLD 'i.MITTüR i-V CHARACTERISTICS 

A.  Reduction of V.^ bv Base Current 

The three terminal I-V characteristics of devices which have electrical 

connection to each of the emitter, base, and collector regions ;iave already been 

described for one particular device structure [2].  The basic observation is that 

the collector threshold voltage VTH measured with respect to the emitter is 

lowered when the emitter-base junction is forward biased by means of the base 

contact.  (The threshold voltage VTH, which is the highest voltage which can be 

applied to an ICS device, '.as been previously defined [1]-[31, [51.) This is in 

agreement with the inversion controlled conduction model of device behavior: 

Increasing the forward bias of the junction will increase the minority-carrier 

concentration in the base, thereby limiting the capability of the insulator to 

discharge the incipient inversion layer.  Independently increasing the junction's 

rate of minority-carrier injection into the base by using three terminal devices 

should therefore lower the emitter-collector threshold voltage VTH for transi- 

tion into the low impedance state. 

Ihe lowering of the threshold voltage by a forward emitter junction 

current is found in ill three terminal structures. The device structure described 

in Kef. [2], which was a M/polysilicon/p/n structure, was exceptional with 
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. . •    • j.       r   •4...  w       -t-o  +VIQ h,Mc.p  rurrpnt  I   .     These  devices respect  to the extreme  sensitivity of its VTU  to the bdse   - ^ • ^B TH 

nad vm(iü) given by 

W8*9' (3-6x 10 n)IB' for H* 20^A   ' 
(1) 

old voltage of the equivalent diode struc- 

ture with the base terminal left unconnected [2]. Other structures, including 

where Vn,u(lD ■ 0) » 9 V was the thresh 
In  u 

M/Si0o/n/p devices, have shown a s 
imilar sensitive linear suppression of V IH 

, V    (I   )  obtained with a  35 A SiO    layer device 

wnose  C-V  characteristics were  displayed  in Fig.   5  of   I,   is 

with  increasing  Ig.    For  example,   »jj^-g 

V^dJ   =   13.4  -   (3.7 X   10° 0)   I   ,     for   I    ^  25 ^A    . 
In     D 

(2) 

A more  typical relationship between V^ and  1B is  shown in Fig.  2. 

n-.ese data were obtained  from a M/silicon-rich, silicon nitride/p/n    device. 

Besides having a  significantly smaller value  of  | dV^/dlgl.   these data also show 

that  IdV.VdlJ   decreases with increasing  I   , unlike the  linear relationship of 

liqs.   (1)  and   (2).     The devices  from which these  data were  obtained had  the  same 

area   (1.27 X   10"4 cm2)  as the devices whose behavior is described by Eqs.   (l) 

and   (2). 

The application of a base current to the device usually has no effect 

upon the characteristics of the low impedance state other than a slight increase 

in Vg, which is usually much less than 0.1 V.  (The sustaining voltage Vs is the 

minimum voltage of the low impedance state and has been described in I.) The 

introduction of a circuit connection between emitter and base can have an 

important effect upon the low impedance state, however, and this effect will be 

described in the next section. 
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12 3 4 5 

BASE CURRENT lB (mA) 

FIG.  2    Variation of grounded emitter threshold voltage V^ as a  function of 
applied base current  IB for a metal-silicon-rich,   silicon nitride- 
p-n    device. 
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W,     itt'ects  of   'mitt 01-Base   Shunt Kesistancp 

riir.M- chan<j«s In i-v ea»tract«rlitlc« occur irtiar« a shunt tttittanct Rg 

■,.   pin,.,! Urtw i  Mi.'  (Miiitlrr .tmi bAM  torniinals of .m   [CS daviott     thl 

Mi.,l,,imiui  unit-lit    I      (the inininium  luni.-nt  of   tho   low   imppd.uu o   »tatt as dl9CUftt«d 

in d«t«U   in  1.),   the  sustaining voltage Vin of the  intermediate  state,  as 

d.-tinod   in   1.,    and   the   threshold voltage V^ of   the high  impedance  state,  are 

Increased by a  shunt   conductance.      Fhe  changes  in V| are  small,  usually not 

exceeding  10% and often being  less   than 0.1  V with the  single  exception of  cer- 

tain M/JUVVp'  devices, where Vg was increased  from 2.0 to 4,5 V.    Figures 3 and 

•\   illustrate  the variation   in   tg and  V rH as I  function  of  the  emitter-base  shunt 

re'-i stance R. for devices which have M/SiCyVp    and Nl/polysilicon/p/n    struc- 

tures,   respectively.     The   insert   to Fig.   3  shows  the  circuit used  to obtain  the 

datfl. 

Uifferent   ICS  structures  show different changes in   lg and V^ with Rg. 

fh« maxinnim ratio of   [JR.  .  Oj/lglRg #• "»j  = 30 has been observed  for M/SKl/n/p 

devices;   the minimum ratio of   iglRg Ä. 0)/lsR5 ^'B)   ■  1.3 has been observed for 

M/SiO N /pVr./n1  devices.     In most device  structures  U changes by a  factor of 
x  y 

three   to  six when I   low value of  R-  is used to  shunt  the emitter and base. 

The inversion-co ti     led  conduction model  of device behavior  is in 

agreement  with the qualitative variation of both V^ and  Ig with Rg.  Shunting of 

the emitter junction requires  that a   smaller fraction of  the current drawn across 

the  collector results  from injection of majority carriers of  the emitter into  the 

baa««     If a device   Lt  In   the high  impedance state a higher voltage  is required  to 

develop an  incipient   inversion  layer at the semiconductor-insulator interface. 

It   a  device  is  in the  low  impedance  state, a higher current must be used to main- 

tain   the   inversion  layer. 

mere are  also practical applications  for the variations of  Ig with Rg 

In (ontrast with  the  behavior of diodes,   the dependence of   I« upon Rg provides I 
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FIG.   3    Variation of  sustaining current I„ and threshold voltage  VT,. of a 
metal-SiO^-n-p    device as a  function of amitter-base  shunt resistance 
Rs. 

-133- 



30  J 1 1   I    Mill 

Ws-W 

T 1—r 

10* 
I   i   I i i > 

T   I   I I I | I 1 1    1    1 

THRESHOLD VOLTAGE 

SUSTAINING CURRENT 

24 

20 

-4t6      K 

12 

- 8 

- 4 

J- J I   I   I   I II I 
10» 10* 

EMITTER-BASE SHUNT RESISTANCE R8 (OHMS» 

J I I I I I l Mp 

5 
o 

10» 

Fid 4 Variation of sustaining current Is and threshold voltaqe V.,.,. of a 
metal-Siü N -p-n device as a function of emitter-base shunt resistance 

Rr • 
x y 

•134- 

fsn"-__  ■ --■■■"  ,-        — 



I 

for switching a device out of its low impedance state without lowering the col- 

lector voltage. The only requirement is that the collector current ^ (determined 

by R and V, shown in the insert to Fig. b)  be not greater than 1S(
R
S ^ 0) in the 

low impedance state. As shewn in Fig. 5, a transition from point A in the low 

impedance state to point B in the high impedance state is possible without reduc- 

ing I to I-(R- ~tu). The variable shunt resistance fU nas been provided by 3  C     S  b "" ■ 

variable resistors, FET's or other  ICS devices. 

C.     Latching vs Nlonlatchinq transitions 

If  a dc voltage  is applied to  the series combination of the device and 

a   load resistor and \/xu is reduced by application of base current,   then the 
In 

device will generally remain in its low impedance state even after the base cur- 

rent is removed. Such a transition to the low impedance state is called a latch- 

ing transition.  The inclusion of an emitter-base shunt resistance, as shown in 

the insert to Fig. b, permits the possibility of nonlatching transitions in 

which the device returns to the low impedance state following the removal of the 

base current pulse. 

In order to observe nonlatching transitions, the collector supply 

voltage V and the collector load resistance R, must be chosen so that the inter- 

action of the load line with the low impedance characteristic occurs at a current 

less than I„(R„). The application of base current will permit the device to 

trace out a low impedance state characteristic to lower values of current and 

this characteristic is essentially identical to that which could be obtained 

with a higher value of Rq but without the base current. A possible nonlatching 

transition could therefore be from B - A -. B of Fig. 5, with the device residing 

at point B only fo: the duration of (a large enough) base current. 

The distinction between latching and nonlatching transitions has 

important practical applications. Circuits which exclusively permit latching 

transitions  to occur are useful as memory elements; circuits which exclusively 
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FIG. S 1-V characteristics of grounded-emitter ICS device for laxje and small 
values of base shunt resistance Rg. Transition from poirt A to point 
B is possible by only lowering Rg  (without changing V or RL). 
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peimit nonlatching transitions to occur can be used to perform logic functions. 

111. QHüUNDbD BASü l-V CHARACTERISTICS 

A.  Hffect of iinitter-Base Snunt Resistance 

If an ICS is connected in a grounded base configuration, then no transi- 

tion to the low impedance state can take place unless provision is also made in 

the circuit to supply current to the emitter terminal. Although collector break- 

down can be observed with an open emitter, switch-back to a lower voltage state 

cannot be observed.  Similarly, a device fabricated with no p-n junction and with 

contact to the semiconductor by means of a noninjecting contact will not show a 

low voltage state, even if the insulitor and collector contact are identical to 

a fully functional ICS device.  The necessity of having a nonzero emitter cur- 

rent in order to produce the low voltage state is in obvious agreement with the 

inversion-controlled conduction model of the device behavior. 

One method of providing a finite emitter current is to provide a shunt- 

ing resistance R- between emitter and base terminal, as shown in Fig. ö(a). 

fhe open-base grounded emitter 1-V characteristics of a molybdenjm/SiOxNy/p /n/n 

structure are shown in Fig. 6(b).  The grounded base I-V chardcteristics of the 

same device are presented in Fig. 6(c).  These latter characteristics are shown 

for four different values of emitter-base shunt resistance: Rg « 0, 100, 200 

and 400 n.  For small currents tne differential resistance in the low impedance 

state is slightly less than the value of R used to generate the particular 

curve.  The variation of the slope of the I-V characteristic with Rg implies 

that mo«t of the collector current is drawn through the emitter terminal even in 

the ground««! base configuration, and this is confirmed by direct measurement. 

The fact that the slope is measurably less than Rg results from a nonzero base 

current which provides a parallel path to the emitter circuit.  For this particular 

device the base current is between 15 and 25 percent of the collector current. 
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FIG.  b    Grounded base biasing of I metal-SiO N -p -n-n    ICS device. 
x y 

(a) Grounded base circuit. 

(b) Grounded-emitter I-V cnaracteristics snown for comparison. 

(c) Grounded-base characteristics with Rg *» 0, 100, 200 and 400 ohms, 
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v,u-yln>) according to COUtCtor bias and the values of Rg and R^  (Thlt particular 

device hat I low emitter efficiency compared to conventional bipolar transistors 

b«cau«6 the n-lype tmittar is less heavily doped than the diffused p-type base.) 

For values of R- > 1000 Q, no transition to the low impedance state 
S — 

occuired for this device. The effect of an emitter-base shunt for grounded base 

biasino is therefore opposite to that of a shunt resistance applied to a qrounded 

emitter confiquration.  l.owerinq the values of Rs always tends to cause I device 

with qrounded emitter to switch out of the low impedance state, whereas raising 

the level of R« tend;, to cause I device with grounded base to switch out of the 
s 

low Impedance state. 

Alt characteristic for the grounded base configuration with Rg « 0 is 

identical to that for the qrounded emitter configuration with Hs *  0. Compared 

to the qrounded emitter characteristics shown in Fig. b(b), VrH has increased 

to 10 V tor R, M 0, from V_. = 4.5 V.  The grounded base threshold voltage is 

not as sensitive to R- as the grounded emitter configuration. 

When operated in the grounded emitter mode this particular run of 

devices shows only a slight change in lg w>,en Rs is varied between infinity 

(Hq. o(b)) and zero (Fig. 6(c)).  in order to switch the device out of the low 

impedance state by varyinq R-, • fairly precise adjustment of the collector 

supply voltage would therefore be necessary.  On the other hand, the grounded 

base configuration removes all requirements for precise control of the collector 

supply voltage. 

Figure 7 illustrates how this same device can be removed from the low 

Lmpedanc« state by variation of Rg.  The data of Fig. 7 were obtained by the 

following procedure.  For each particular value of collector supply voltage 

cnosen, R was increased continuously until the device had switched out of the 

low impedance state.  Itie straight lines traced by this procedure are collector- 

load lines for a 150 0  collector load resistance.  IY»ese load lines terminate 
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FIG. 7 Giounded base characteristics of same device used in obtaining data 
of Fig. 6.  Straight-line characteristics were produced by a continuous 
increase of R from 10 Q until device switched out of low impedance 
state. Dotted line shows low impedance state characteristic when 
R = 10 Qs the curve C marks the lower limit of the low impedance state. 
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at the upppr loft on the i-V characteristic corresponding to Hb ■ 10 Q, the 

smallest value of Rg used in this experiment; they terminate at the lower right 

at the limit of the low impedance state.  The high impedance state's I-V charac- 

teristics are also shown in Fig. 7 to emphasize that there is a gap between the 

lowor limit to the current which can be carried in the low impedance state and 

the current carried in the high impedance state. Collector supply voltages as 

low as 2.b  V and as high as 12 can be used while still maintaining the capability 

of switching this device out of the low impedance state without changing any cir- 

cuit component except Rr. 

The curve C shown in Fig. 7 marks the boundary of the low impedance 

state.  The boundary curve is concave up with |dl/dVl at low voltages exceeding 

dl/dV at higher voltages.  In this respect it is typical of most devices.  Ihe 

small sharp maximum M in curve C is peculiar to this run of devices and the 

particular load -esistance used. This feature is a manifestation of an inter- 

mediate conductivity state for collector currents just below M. 

B.  Effect of Emitter Current on I-V Characteristics 

If current. I- is supplied to the emitter by the circuit of Fig. 8(a), 
E 

the device can switch to a low voltage state.  If Rs = •, then this switching 

is always a nonlatctung transition with the device returning to the high 

impedance state after the switch S is opened. With Rg = f, the collector cur- 

rent tends to saturate at I- for low collector voltages. Thi-, particular cir- 

cult configuration, which involves the application of an emitter current with 

essentially no external conductance across the emitter-base terminals, is the 

only one discovered which often results in damage to many types of devices if a 

large supply voltage is used in the collector circuit. The damage is caused by 

large current and voltage swings in the collector circuit, since the device 

often tends to oscillate rather than establish itself in a well-defined low 
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FIG.  8    Effect of emitter current on grounded base  threshold voltage of a 
metal-Si0o-p -n-n    device. 

(a) Circuit used to obtain data. 

(b) Variation of base-collector threshold voltage as a   function of 
current   I        supplied to parallel combination of Rc and emitter- 

SUP,        ri r- ^ 
base   terminals. 
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vnli.uic  stttf«    llowfvei ,   if R* / ",   then  itftt  repeatable  operation OCCUrt« 

rn.>  c.ollpctor   tiir.'sHüld with grounded base biasing  is rodmrd   if any 

oinlttcr  tuiicnl   1 •.  ■.upplird.     V. .  an |   function  of   1 Ll  prof;a»nti>d   in Fig,   B 

tot   \\\i,r .lilfcront   vahirs  of  Hr  for  a  M/SiO./p/n/n    device.      [nCXtlting RR 

can--.", a  oreater   fraction  of   1 to enter  the device  as emitter  current,  which 
cup 

accountl   fOX   the iiioi''   ItnsitlVf   suppression  of   V .. when   larger H,..   is  used.     At 

high Vtluei  of   1 the  observed   threshold voltaqe approaches   that   for grounded 

emittaM   conl i oura tlon,  whict\ was   2.4  V   for   this  device. 

iv.    swi MilNG BETWEEN STATES 

Allhoucih a  full  discussion of   the  transient   behavior of   IQi devlc»«  is 

beyond   t tie   '.cope   of   this  paper,   several   observations  are  appropriate.     l;irst, 

like  conventional  bipolar  swit.chlnq   transistors,  narrow  base widths  provide   foi 

tlie  possibility  of more  rapid   transition between  states.     Second,   the   transi- 

tion   time  between  states  is determined  for many devices by   the R.CL  time  coiedant 

where  K     is   the  collector   load   resistance  and l,: .  Is   the   total   capacitance  between 

the  collector  terminal  and qround.     lixporlments  in which  the   time constant  is 

purposefully varied have  resulted in transition  time equaling R.C-, for both 

t r iii'.i t ions   into and  out  of   the   low  Impedance  state. 

Iransltlons  from high  to  low   Impedance  states as  short   as   1  ns 

[R 10'   »],  C »  1  pF)  liave been observed when  the device  Is  switched by a   last 

risiiui  collector voltaqe.     The  hlgh-to-low   Impedance  state   transition   is   found 

to al'.o depend upon dV/dt and  the extent of any overvoltaqe beyond  the dc 

threshold voltaqe which  can be  applied  In   transient   conditions.     A mode  of 

iraiisition   in which  the  collector  current, peaks before  it   attains   its  stead- 

state value  has  been  previously  described fb].     Fhis mode  of   transition  has  not 

been  observed   in most  devices  fabricated  since  the early experiments described 

in  Kef.   '>. 
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Transitions from the low impedance state to the high impedance state 

havn been studied using a mercury-wetted reed switch to complete a circuit con- 

nection which places a bO w resistance between base and grounded emitter.  (The 

capalnlity of an emitter-base shunt resistance to remove a device from the low 

imp^dancp state ha« been described in Sec. II. B.)  Transition times as low as 

3 ns (R,  200 Q; C- « lb pF) have been observed. 

V.  SUMMARY AND CONCLUSIONS 

A descr ition of the important steady-state characteristics of three- 

terminal inversion-controlled switches has been presented. The behavior of the 

three terminal devices serves to corroborate the basic model of the device 

mechanism; the high Impedance state is described by deep depletion and the low 

impedance states by at least the partial development of inversion. The explana- 

tion of device behavior therefore involves the language necessary to describe 

MIS capacitors. However, the total range of device behavior can be usefully 

modeled by exploiting the analogous structural and functional relationships 

which the device shares with a conventional bipolar transistor. The third inter- 

mediate terminal which provides a connection to the base region of the device is 

useful for controlling transitions both into and out of the low impedance state. 

The discussion of three terminal characteristics of the 1CS devices 

was confined to the case where the device is biased in its "active" region. The 

active region of ICS devices is defined by analogy with the active bias region of 

conventional bipolar transistors:  the emitter junction is forward biased and the 

collector is reverse biased. Both the high and low impedance states of the ICS 

exist within the active bias region. Furthermore, transitions between the high 

and low impedance states can be obtained without departing from the active 

region. Of special importance is the fact that the low impedance state does not 

require saturation (forward bias of the collector) nor does turning off the low 

impedance state require either reverse bias (cut off of the emitter junction) or 
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oven low.'tinq of the collector supply voltage.  These considerations imply that 

the device is capable of rapid transition out of the low impedance state since 

the collector ir. always biased, as it were, in a sense which tends to destroy 

trie low Impedance state. 

Devices with temperature-insensitive threshold voltages suggest numerous 

digital applications because of the binary impedance states. Among these are 

cross-bar switching matrices, controlled rectifiers, as well as memory and logic 

applications. The presence of the base terminal connection greatly extends the 

utility of tho device since it provides an independent means of turning the 

device both on and off. 

Loqic and memory applications have been studied extensively. Logic 

circuits are possible with simple 1CS circuits because, as described in Sec. II 

of this paper, inclusion of a finite external conductance between emitter and 

base terminals makes it possible to construct nonlatching circuits, even for 

the grounded emitter configuration. 

The binary states of an individual device suggest that simple memory 

circuits are possible, and, in fact, small radom-access memory arrays using 

discrete devices have been operated.  These circuits function as static memories 

with only a single active element per memory site and will be described in sub- 

sequent publications. Single bit write, erase, and nondestructive read operat- 

tions are possible in these circuits, and the devices can be addressed with ICS 

or more conventional bipolar logic. 
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APPENDIX C 

Memory Switching in Polycrystalllne Silicon Films 

Harry Kroger and 11. A. Richard Wegener 
Sperry Research Center, Sudbury, MA 01776 

and 

Walter M. Shedd 
Solid State Sciences Division, Rome Air Development Center, 

Hanscom Air Force Base, MA 01731 

SUMMARY 

Nonvolatile memory switching has been observed in polycrystalllne silicon 

layers produced by Chemical vapor deposition.  Evidence for filamentary conduction 

is found for devices which are in their low impedance state.  Devices have been 

4 
cycled through high and low impedance states a maximum of 2 x 10 times.  Ixposure 

to transient ionizing electron radiation caused the devices to switch to their 

low impedance state. 
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tract No. F19628-/o-C-0105. 
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INTRODUCTION 

Memory switching, as defined by Fritzshe and Ovsninsky, requires the 

oxi toncc of two impeddnce states which are stable at zero applied bias. Memory 

2 
switching has been observed in a wide variety of amorphous materials including 

evapor»t«d amorphous silicon.  It has also been observed in crystalline 

mat«rial8»  in GaAs Schottky diodes, and in a variety of heterojunction diodes.' 

The pn-smt paper reports observation of memory switching in polycrystalline 

silicon layers which were prepared by conventional chemical vapor deposition (CVD). 

DEVICE STRUCTURES AND PREPARATION 

The primary structures investigated are shown in Fig. 1.  Thermally 

oxidized silicon wafers could be substituted for the fused quartz substrate of 

Fig. 1(a) without affecting device performance. 

The polycrystalline silicon layers (0.3 - 2 ^m thick) were deposited in 

a cold-wall horizontal reactor by the thermal decomposition of silane using argon 

or argon-hydrogen mixtures as the carrier gas. The deposition temperatures were 

700-800OC, with the temperature held below 720 C for depositions onto molybdenum 

in order to prevent reactions between the molybdenum and silicon. No i_n situ 

etching of the silicon substrates was performed prior to deposition in order to 

form the structure of Fig. 1(b).  Thus the polysilicon was deposited over 8-15 Ä 

of nascent SiCL formed on the silicon substrate during transfer to the reactor and 

initial heating of the substrate. For depositing doped silicon layers, phosphine 

or diborane was introduced into the reactor using a carrier gas that was at 

ItvisL 7.0%  hydrogen. Undoped polysilicon layers were deposited using both pure 

argon and argon-hydrogen mixtures as the carrier gas. 

SWITCHING CHARACTERISTICS 

All devices tested showed memory switching and their initial state was 

one of high resistance. Most devices had a virgin state whose upper limit of 
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voll iqo wi-, iüqr\or thin that obtained in all subsequent transitions to the high 

impeiianrc state after the device had been cycled into its low impedance state. 

Rio curipnt-voltage (l-V) characteristics of a Mo - undoped polysilicon (2 um 

thick) -Mo device of the structural type of Fig. 1(a) are presented in Fig. 2. 

Th« high and low impedance states are shown in Figs. 2(b) and (c), respectively. 

4 b 
rhe high impedance state has a resistance of 10 -10 ohms for applied voltages 

less than 0.5 V; the ohmic low impedance state's resistance is 50 ohms.  The 

device is 8 "negative resistance with memory" according to the classification 

scheme of Hef. 1. 

Although thpse I-V characteristics appear quite symmetric about the 

mi jln iheif is some polarity dependence.  (The positive sense of voltage 

correspondG to the upper electrode being biased positively.) For the majority 

of dpvicps on most wafers the switching from the low to high impedance state 

could be accomplished at lower current if a positive bias were used (about 10 mA 

for the device of Fig. 2).  Conversely, switching from the high to low impedance 

State usually could be accomplished with lower power if a negative bias were 

used.  The "easy" sense of switching is not the same for all devices. However, 

once switching between states has been cycled with either polarity, an attempt 

to accomplish the switching with a reversal in polarity always requires larger 

currents oi voltages (typically twice as much) and often will result in permanent 

damage to the device. Stored at room temperature, the impedance level of a 

device in either state with no applied bias will change less than 5% over a six- 

month period. 

The I-V characteristics of a Mo - p type polysilicon (2 ^m thick) - 

Mo device are shown in Fig. 3.  The virgin state's characteristics, presented 

In Fig. 3(a), show that this device also evidences threshold switching whore the 

low resistance state does not exist at zero bias, unlike the requirement for memory 
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TJW UchtRQ.  Howtytti thr<shold switching is usually not observed in these poly- 

silicon devices.  Phe behavior of the polysilicon devices therefore differs from 

3 
that of amorphous silicon layers described by Feldman and Moorjani.  The presence 

or absence of threshold switching is not correlated with doped or undoped poly- 

silicon layers, or, indeed, with any purposefully controlled property of the 

layers.  It is sometimes observed that not all devices on a single wafer will 

show threshold switching in their virgin state, even though they may all have 

Similar nigh and low impedance state characteristics. 

me virgin state's characteristics of Fig. 3(a) and the high impedance state's 

cnaracterlsties of Fig. 3(b) do evidence a generally observed property of doped poly- 

silicon devices:  the resistances of both the virgin and high impedance states are 

lower than those obtained with undoped layers.  (Both the devices of Figs. 2 and 3 

have the same area (1.25 x 10" cm ).)  Since the low impedance state's resistance 

is not greatly affected by doping, the ratio of the resistances in the high and 

low impedance states is generally smaller for doped layers. 

Thicker layers of polysilicon produced by the same procedures but 

deposited on insulating substrates had resistivities of 100 ohm-cm.  If the 

device had ideal ohmic contacts, then its resistance would be 160 ohms (area = 

1.2b x lo"4 cm2; thickness = 2 x 10* cm). The resistance of the device in the 

higft impedance state at low voltage is %- 600 ohms, suggesting that the contacts 

are not ohmic.  This particular polysilicon layer was deposited at 700 C, and at 

this temperature the first 0.1-0.2 ^m of material deposited may be in an amorphous 

rather than a crystalline form, perhaps accounting for the higher observed 

resistance.  The lower differential resistance observed for p-type doped layers 

in both their virgin and high impedance states suggests that Schottky-barrier 

contacts are not reqi.ired for the observation of the memory switching phenomenon 

In polysilicon. 
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Furtner experiments witn doping variations confirm this hypotnesis. The 

memory switching is observed in both n -n-n and  p -p-p layers. For such layei"., 

lower resistances in both the virgin and high impedance s-ites are observed than 

if an Intrinsic layer is used. The principal change brought about by the use of 

heavily doped layers adjacent to the metal contacts is an increase in the number 

of times which a device may be cycled between the low and high impedance states 

before catastrophic damage occurs. 

The I-V characteristics of a single crystal n silicon - undoped poly- 

silicon layer — molybdenum device (structure of Fig. 1(b)) are presented in 

Fiq. 4.  Note that both the low and the high impedance states nave a lower 

resistance if the n single crystal substrate is biased negativeiy. 

The upper electrode need not be molybdenum in order to observe memory 

switching.  Chromium, aluminum and gold electrodes have been used as top con- 

tacts in place of molybdenum.  In addition, tungsten, platinum and graphite 

probes have been used as point contacts instead of broad area electrodes.  In all 

these variations of device structure memory switching was observed. However, the 

njmber of times the devices could be cycled between high and low impedance 

states before permanent damage occurred was dependent upon the top electrode 

material.  Molybdenum and graphite contacts permitted the largest number of 

cycles, aluminum, chromium and gold, the fewest. 

The I-V characteristics shown in Figs. 2-4 were obtained using tri- 

angular voltage pulses from a 120 Hz curve tracer. The devices may be transferred 

between states using shorter duration square pulses.  Single-shot pulsing of a 

device to bring it from its high to its low impedance state transition required 

pulse lengths of 25-!0 ns in order to accomplish the transition with certainty 

if the same voltage level was used as for the  curve tracer induced switching. The 

actual transition time was much shorter (1-5 ns), but a random delay time between 
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of voltage corresponds to molybdenum biased positive and n''' silicon 

substrate biased negative. 
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the 8t«lt of tne pul'.e to ttlt actual time of transition was observed which was 

shorter for hiqh pul • voltages, reminiscent of the behavior of amorphous memory 

diode-..   To ensure Hie dccompli shment of the reverse vitching from low to hiqh 

impedance stale, much lonqei pulses, from 10-25 |j,5, were required if the current 

level was the same • for the curve tracer induced switching. 

[f either HIP set or reset operation was accomplished by pulsing, then 

the device was more completely locked into its final state than it would have 

been usinq a curve tiacer power supply at the same peak current and voltage. 

This result was somewhat surprising, since clearly less total power is dissipated 

in the device in single-shot pulsing than in multiple cycles of the curve tracer. 

The current and volt iqe levels of both the pulsed power supply and the sawtooth 

waveforms of the curve tracer were carefully calibrated to be certain that the 

peak curient or voltage of the single-shot pulse was always less than the curve- 

tracer peaks.  Fhe "completeness" of the set or reset process was measured 

quantitatively by determining the minimum current (or voltage) which must be sup- 

plied by the curve tracer in order to "undo" the previous process. 

Raising the device's temperature to 90-120 C caused a partial erasure 

of the low impedance state in 12-24 hours.  Storage for 1-2 hours at 250 C 

resulted in complete erasure of the low impedance state.  No change in state was 

observed if the devices were stored at 77 K.  The turn-over voltage to negative 

resistance in the high impedance state increased about 10-20%, however, at 77 K. 

A higher input power is therefore required to bring the devices into their low 

impedance state. On the other hand, devices cooled to liquid nitrigen temperature 

required less power to reset back into their high impedance state than if the 

process was attempted at room temperature. 

RADIATION HARDNESS 

me device structure used to obtain the data of Fig. 2 was subjected to 

radiation tolerance tests by exposing the devices to 450 ns pulses of 10 MeV 
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oltctrons. When subj(<cti'd Lo ionizing radiation at • Mt« of 10 rad (Si}/| 

(0.'. rad (SI) total dose), »11 devices which were not in their virgin state 

h-ndod to revert to their low impedance state. Only two to three pulses were 

leqnlied tO bring a device completely into its low impedance state reqardiess of 

whether a bias was or was not applied to the device during exposure.  Applying 

5-10 radiation pulses left all devices permanently locked in their low impedance 

state.  ihp lack of radiation hardness is a major difference between these devices 

and at least some amorphou, memory switches.   Hie radiation appeared to have no 

.'tlVct upon devices which were in their virgin state. 

l:lLAMi:NiAHY COHDUCTION AND UHGHADAllUN 

Devices Which have been brought to their low impedance state show clear 

evidenre of filamentary conduction.  If a sufficient number of set-reset cycles 

arc accomplished (between 1-10', depending upon device structure), a locallwd 

breakdown icoion may be observed which is very similar in behavior and appearance 

3 
to that described iy Feldman and Moorjani in amorphous silicon layers.   Increas- 

ing the number of set-reset cycles increases the diameter of the spots.  Limiting 

the power dissipated in each set or reset operation will delay, but not prevent, 

the cessation of memory switching. High values of series load resistance in the 

high-t.o-low impedance transition and low values of load resistance in the low-to- 

4 
high impedance transition are useful for this purpose. At most 2 x 10 cycles 

have beer, observed using the structure of Fig. l(a).  Near the end of its useful 

lift, hhinei voltages and current are required to cause switching, and the 

device Is finally left permanently and unalterably in one of its impedance states 

(usually the low impedance state). 

Even if localized breakdown cannot be observed microscopically after 

the first few switchings, it is still believed that localized breakdown is 

involved.  lUviding the upper electrode In half by etching will always leave one 
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h.ilt   oi   Ihr (irvicc with a   low   imppdancc  state  resistancp  identicdl   to  tlu 1   of   tlu 

COfflpltt« orloiiv»!  glfVletf   ÖW  other h.ilf of  the device will  h.wt> I virqin itttt 

i h-u .u t ct'i si i r . 

I'll M STRUCIURI 

Ph«   ]-: i^m  thick   'ulicon films deposited at  700 C on both molybdenum ind 

BingU-erytttl   llUc«n WIM  polyoryttlUlnt with  I  <110)   preferred orientation as 

d.'tcMinui.Hi by  x-ray diffraction.     Fhis  is  in agreement with   the  results  of 

NaqaMma  and  Kuhota'   for  films deposited  on  SiOn.     However,   these  same  authors 

tvpoi t   that,  filmt 0.1 )j,m  thick  luid an amorphous  structure  as determined  by 

»Uctron dlt f tact ion,  and   it   is  possible  to hypothesir.e  that   sucl\ an amorphous 

l.iyei   (whleft was  not   detectable by  x-ray diffraction)  was  present   in our   films 

and was  lesponsible  for  their  switchlnq behavior.     Several experiments were 

carried out  which  suqqest  that an amorphous  layer  is not necessary for  the 

memory  swltchinq. 

Hie  first  experiment  used 2 ^m thick silicon  films deposited on  sinqle- 

cryslal   silicon at   700OC.     The wafer was divided  in half  for  subsequent   processlnq. 

One  half was  annealed  at   UbO  C for 30 min.   in  nitrogen before  the  top metal   con- 

tact  was applied!   the other half of the wafer was treated as usual with  no anneal. 

Naqa' im,i  and  Kubota  r"port   that   10 mln.  heating  at   1100 C of  completely amorphous 

film«  Is sufficient for crystallization.      Devices taken from both halves of the 

wafer showed essentially the   same  switching characteristics.    However,   the voltage 

required  to erase   the virqin   state   (a  one-time  event) was  usually  lowered by   such 

an   annea1. 

In other   experiments,  0.3 ^m thick  silicon layers were deposited on 

•inole-CJystal  silicon wafers  at 700ÜC and 800ÜC.     No evidence  of  a  crystalline 

state was  obtainable by  x-ray diffraction,  although  this does  not  imply  that   the 

film« wen-  amorphous.     However,   following anneals at 900 C  for  two hours  the   films 
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deposited at B00OC did produce a diffraction pattern with A  preferred (ill) 

oritntation«     (Any  tendency  to also  show • (100)   orientation may have been masked 

by  the  (100?   substrat.».)     Fhe   thin films deposited at   WO C which were not  annealed 

could be recycled  the  fewest  number of times  (10-100)  and had a   low ratio between 

that   resistance of  the hiqh  impedance state and  the  lov impedance  state,     fhe 

>o,. 
filmt deposited at 800 C (at which temperature Nagasima and Kubuto report poly- 

7 
crystalline films by examination using electron diffraction) were more rugged 

and had • higher ratio between the impedance levels of the two states,  fhe 

annealed films showed improved memory switching both for the 700 C and 800 C 

depositions.  The 600OC deposited film, which was annealed at 900 C (which did 

show evidence of crystallizing by x-ray diffraction), could be cycled 500-1000 

times and yielded the best memory switches.  Thus, these experiments show a cor- 

relation between improved switching characteristics and a probable greater extent 

of crystal Unity. 

CONCLUSIONS 

CVD deposited polycrystalline silicon films show a memory switching 

4       A 
phenomenon when subjected  to electric fields of   the order of  10    V/cm, with 

filamentary conduction occurring  in the low impedance  state.     The appearance  of 

the  phenomenon does not depend on a  particular electrode material, although dif- 

ferent electrode materials can cause variations  in device ruggedness.    We have 

found no evidence that memory  switching requires  the existence of an amorphous 

silicon sublayer within the active device. 

Hie establishment of  a   filamentary conduction path  occurs when  the 

devhes are removed  from their  initial high impedance  stat^.     Phis erasure of  the 

virgin  state  is a  one-time event and almost certainly involves a  structural 

Chang«  In  the  layer.     Subsequent  switchings of  the  filamentary  path between high 
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uui   low   imprd.i u..>  statt! 'nay well  not require any further  structural  chanqo, 

Sin«   it   can he brouqht about   by the dissipation of  energy of only 5 x   10      J/gm 

t0»5   iaj)  of  irradiat.Mi  silicon.     However,  repeated electrically   Induced  switch- 

iiuis do  In  fact ouse  further  structural damage which ultimately degrades the 

drvicc.      Fhe maximum  number of   cycles  observed  U, 2 x   10  )  may  not represent   the 

upper   limit   to what might be obtainable with  the use  of either different 

electi nie materials oi   more complex voltage pulse   shapes for  setting and resetting 

Uie device's  states. 
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APPENDIX D 

RADIATION RESISTANCE OF ICS DEVICES 

163- 



1.      LNPRÜDUCTION 

The inversion controlled  switch  (ICS)  has been demonstrated as a 

1 2 3 
memory device    since  it can exist  in either of two stable  impedance  states. 

Illumination of  the device with  silicon band gap radiation has been shown 

to  reduce  the  threshold voltage  V.™.,   the hiqhest  voltage which may be 
In 

3 
impressed upon the device in its high impedance state.  One therefore 

expects that irradiation of the device by any means which creates electron- 

hole pairs will lower the threshold voltage. This paper presents the first 

experimental data on the suppression of V^ by high energy electron radiation. 

fh« sensitivity of suppresion of V«., is found to depend upon which of various 

3 
alternate device structures is used, with one particular structure, a 

molybdenum-silicon oxynitride-p-n device, showing rather interesting 

insensitivity to transient 1 meV electron irradiation. 

II.  CIRCUIT CONSIDERATIONS 

fhe basic ICS circuit which can be used as a memory element is 

shown in Fig» 1, along with circuit symbols.  The circuit symbols and 

motivation for the naming of the "emitter," "base," and "collector" regions 

34 5 
of the device have been introduced previously. ' '  Figure 2 illustrates 

typical current-voltage (l-V) characteristics. Binary logic states may be 

defined as "0," corresponding to the high impedance state and "1," 

corresponding to the low impedance state.  In order to hold information in a 
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memory o>ll, the circuit parameters of Fig. 1 must be properly cnosen.  The 

.ipplii'd voltage V must be less than V „ or the device could not exist in its 

high Impedance Statt.  Similarly, the applied voltaqe must bo greater than 

a  critical value V , as defined in Fig. 2, or the device could not exist in 
c 

2 
ts low impedance state.  V is obviously also a function of the load 

resistance R .  (V will also depend on the emitter-base shunt resistance 

K   but we assume for the moment that Rcn = ro).  It is clear from Fig. 2 
IB BO 

that the sustaining current I and V , the minimum current and voltage, 
s s 

respectively, which can exist  in the  low impedance  state are related  to RL 

and  V    by 
c 

V    =  V    +  1  Rr (1) c s s  L 

under the assumption that the current in the high impedance state may be 

neglected. The above discussion may be summarized by noting that memory 

operation is possible only if the applied voltage V is such that 

VC(REB)<V< Vm(REB) (2) 

Since both I and V-, can depend quite sensitively, in some ICS devices, 
s    in 

1=, 

upon Rca,     the explicit functional relationship is retained in the 
EB 

inequality of Eq. (2). 

ill.  DEVICE STRUCTURES 

The basic structures investigated are diagrammed in cross section 

In Fig. 3.  The devices had circular symmetry with an annular base contact 

for three terminal devices.  Insulator layers were formed using silicon- 
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rich,   silicon nitride  (index of  refraction =   1.8 at 5460 Ui   silicon oxy- 

nltrlde  (indox  Of  rofraction ■   1.68 at 5460 Ä),  Si02 and  polysilicon.     Met^l- 

insulator-n-p  ,  metal-insulator-p-n    and metal-insulator-p -n-n    devices 

v^ro  studied both for Si02 and  silicon-rich  silicon nitride  insulators. 

For the insulating polysilicon and  silicon oxynitride insulators,  only the 

metal-insulator-pV  variation was examined.     Only the structure with  the 

oxynitride  insulator snowed substantial radiation resistance.    For this 

reason  slight variation in this  structure were  fabricated with only  two 

terminal  contacts  (the base contact diffusion and base contacts of Fig.   3a 

werr omitted). 

The oxynitride layers were deposited at 700 C in a cold wall 

reactor using 15 i/min  of argon as the carrier gas with 250 cm /min of 1% 

si lane in argon, 250 cm3/min of NH^ and 35 cm3/min of N20. Wafer preparation 

2 
followed the procedure previously described. 

IV.  RADIATION TESTING 

Devices were iiradicated with a 1 meV electron beam from a LINAC 

accelerator, using 100-450 ns pulses. Radiation dose rate was monitored 

using a calibrated p-i-n diode placed in the same location as the test 

device. 

The devices were mounted on a circuit box which permitted adjustment 

of the circuit resistances without moving the device relative to the electron 

beam. Most tests were performed with the device 10 cm from the exit port 

2 
of the accelerator where the beam area is of the order of 4 cm so that 

accurate relative posioning of the test device and calibrated p-n diode is 

not critical. For obtaining the highest dose rate of the order of 10  rads 

tSi)/s, a closer placement of 3 cm was necessary where the beam diameter is 
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much smaller.  Tne position of both the test device and p-i-n diode was chosen 

by placing them just behind a plastic sheet whose previous exposure to the 

beam had developed a visible spot. 

Tests wore performed to determine the maximum dc voltage V^(R) 

that could be applied to a device and a series-connected load resistor RL 

which would still prevent the device from switching from its high to low 

imoedance state when irradiated with a radiation dose rate R expressed in 

units of rads (Si)/s.  These tests were usually repeated for a variety of 

circuit configurations. 

V.  EXPERIMENTAL RESULTS AND DISCUSSION 

Typically observed results of the radiation tests are illustrated 

in Fig. 4 which presents the variation in the maximum voltage VM(R) which 

can be applied to two different ICS structures as a function of the logarithm 

of the radiation dose rate without having the radiation initiating a transi- 

tion from the high to the low impedance state of device.  It is obvious that 

the two different types of devices have a quite different dependence of 

V (R) upon R. The molybdenum-silicon oxynitride-n-p clearly has a less 

sensitive dependence upon the radiation dose rate than does the molybdenum- 

polysilicon-p-n4 device.  It is presumed that the differences in VA for 

the 3 cm and 10 cm window-to-device separation of the M/SiOxNy/p-n device 

is Hue to errors in normalizing the radiation dose rate (alignment error or 

saturation of the p-i-n diode); the device's I-V characteristics did not ch^nne 

as a result of the radiation tests.  Two other features of the curves 

of Fig. 4 are the more rapid decrease of VjjR) at lower values of R and the 

relative saturation of VjjR) at higher values of R. 

169- 



10 - 

> 

1—TTT INI 1—riT 

107 

10-cm WINDOW-DEVICE 
DISTANCE, RL = 12012 

M-POLY Sl-p-n* M-SiOxN¥ -p-n+ 

Vc FOR . 
M-POLY Si-p-n+      * 

ALL VA > Vc 
RESULT IN SWITCHING 
FOR R > 109/S 

I       I    I   I ± ± I    1    I 

3-cm WINDOW-DEVICE 
DISTANCE; RL-120 » 

I 

VcFOR 
»«^»„Ny -p-n* 

iO» 109 1010      2X1010 

RADIATION DOSE RATE (RADS |Si)/S| 
78-4J 

FIG. 4 Maximum voltage V wnich can be applied to devices and load resistor 
which permits device to remain in high impedance state as+a func- 
tion of applied radiation dose rate for M-polysilicon-p-n device 
and type "A" M-Siü N -p-n Jevice. 

-170- 





T—f   I I IHI| 1—I   M lll| 1—r-TTTTTf 

I 

i 
2 VCRIT<«L 

-600il)     - 

T 
VCRIT •«L " I» "'   _ 

l''i ujjj i—i i \ nil 1—i I t ml 
10-2 

BASE CURRENT (A) 
;n 48 

F1Q,  'J    Voltiff 'ipplied   to device and series  load resistance at switching as 
a  function of applied base current. 

172- 

■ ——- 



Ihi s ittumoo   tn.i;   pairs cu'tMtod   in  tho emitter art>>i will   n-comlnnc befOT« 

croitlng bhf •wltUr  junction md tntt iROit pairs producod outsldo th« col- 

lector ariM will   recomhino before diffuslm] to  the eoUtCtOI dtplttlon  lone. 

Fhi primary cut tent produced by the radiation will therefore be 

I   q R V(4.43 \ lo *) . 

[hi« current should be compared to a base current which Is smaller than Ihe 

applied base current by a factor of l/3o, since, assuminu uniform emit lei 

oirrent iiensity. only this fraction will reach the collector because the 

latio of collector to emitter area is l:1'.  fhe observed base current ua i n 

of these devices imeasured approximately at V-^) is *, -l. so for an "mteal" 

devi'.e iwith equal collector and emitter areas), the radiation produced at 

R rtdt(Sl)/« therefor.^ should be comparable to the effect of a base current 

in the rea1 dev'ce equa I to 

or 

tB ■ 36 QRV (4.43 ' 10 3} 

L - uai x 10     R 

(6) 

If, for example, K  10 rads (Si)/s, the equivalent base current Is 1.28 mA. 

1-iom Pig, 4, an applied radiation dose rale of 10 rads,AU)/s suppress V^, 

to «bout 4-6 Vs from Flo. b, a base current of  .' mA suppress VM to about 

ft V.  Ih« approximate correlation between equivalent base current and K Is 

Iheietoiv not completely »mreasonable. 

Most other structurU variations invest loafed behaved under 

irradiation In a manner at. least qualitatively predictable from knowledoe of 

173- 

—-——-— ■. ■HH 



Uu'ir V.. (I ).  l-'or ox.imple, M-Si02-n-p
f devices which have an extremely 

5 
sensitive suppression of their threshold voltage by base current could not 

he k,-pl, in their hiqh Impo ance state for radiation dose rates above 

5 x 10 rads/s for any applied bias above V^ 

Another structure, a M-Si02 p
+-n-n device, whose base region was 

produced by diffusion, behaved under irradiation in a manner which is under- 

standable on the basis of the above considerations. Even though this 

device had only a weak suppression of its threshold voltage when base current 

was applied, the device was fairly sensitive to electron irradiation with 

dose rates above 109 rads/s causing the device to switch to its low impedance 

state at any applied voltage above V^     The base p region of this device 

was dopod almost as heavily as the emitter, however. Thus, the small 

doprossion of V^, with base current probably reflects a low efficiency of 
TH 

injection of minority carriers into the base rather than some inherent 

insensitivity of the device's threshold voltage to increased minority carrier 

density in the collector region. 

VI.  EFFECT OF CIRCUIT AND DEVICE VARIATIONS ON RADIATION HARDNESS 

The SiO N insulator devices which were the most radiation 
x y 

resistant structures were further examined to include the effects of different 

circuits and variation in device structure upon radiation hardness.  Die first 

of these experiments involved nothing more than the change of load resistance 

in a simple two-terminal connection. The data of Fig. 6 were obtained using 

another variant of the M-SiO N -p-n structure which was fabricated for the 
x y 

sole purpose of checking that the radiation hardness was a reproducibly 

obtainable behavior of this basic structure. The tested devices were made 

within a simple two-terminal format in order that device fabrication be 

expedited. 
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FIG. 6 Maximum voltage VM for type "B" SiO N -p-n device as a function of 

radiation dose rate. 
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Table i lists the various dimensional parameters of the devices 

used to obtain tho data of Figs, 4 and 6. All these structures were fabricated 

from similar starting p/n silicon wafers.  The emitter and collector 

diametors d,, and d,,, and the inner and outer diameters d and d0 of the base 

contact diffusion are defined in Fig. 3. 

Table 1. Comparison of dimensional parameters of 
three different M-SiO N -p-n devices. 

x y 

Two- or Three- 
Device Terminal 

A 

B 

C 

3 

2 

2 

(10"2 cm)  (10"2 cm) iio'^  cm)  (10"Z cm) 

3.81 

1.78 

3.81 

1.27 

1.27 

1.27 

Li 
1.78 

•2 

2.54 

The relationship between V., and R of Fig. 6 for structure B is 

seen to be qualitatively similar to that obtained for the three-terminal 

structure A shown in Fig. 4. The relative minimum value of V^ at 

Q 

R = 4 x 10 rads(Si)/s is not observed in Fig. 4, however, and occured 

for all structures tested on the date these d.-'ta were obtained. No 

explanation is available for this. 

The two different devices "1" and "2" represent the widest vari- 

ation in threshold voltages available from this run. Device "1" with a 

threshold voltage of 10 V was typical of the run» device "2" with a 

threshold voltage of 8 V was selected as the device with the lowest threshold 

voltage of the run. Note that VM, the maximum voltage which can be applied 

to the device, and the load resistor with the radiation causing the device 
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tu swltcn to the low impedance state track eacn otner through the range of 

applied radiation dose rates. The data obtained at the highest dose rates 

(marktd by square symbols) were obtained on different days.  Hie slight dif- 

terences between this data and that obtained at lower R may be caused only by 

orror in calibrition of the LINAC's output radiation.  Ihe change in VM upon 

changing R. from 500 to 120 .1 is believed to represent a real effect/ The 

efcVlCt was not moved in changing Rj and one set of data was obtained 

immediately after the other. 

Fhe effect of varying RL on VM can be explained by an examination 

of three terminal device characteristics of the related three terminal 

devices.  Note that the voltage required to cause switchings as a function 

of applied base current shown in Fig. 5 explicitly depends upon the load 

resistance. The difference between VA(500 n) and VA (120 3) at high values 

of 1  Is about 1.5 V; the difference in V (500 Q) and VM (120 n) is about 
B 

2.5 V at high values of R. This approximate argument is probably all that 

can be expected considering the fact that the two devices ("A" and "B" of 

Table l) do not have identical two-terminal I-V characteristics. 

The reason that V  required for switching differs so much for 

H • 500 Q and R, - 120 Ü, as illustrated in Fig. 4, involves the details 
i-. *■' 

of conduction mechanism through the silicon oxynitride and such a discussion 

is beyond the scope of this paper.  But it is useful to more explicitly dis- 

cuss this difference with reference to the actual 1-V characteristics of the 

device which are shown in Fig. 7a and 7b for RL = 120 O and R^ ■ 500 R* 

respectively.  The 1-V characteristics, strictly within the high impedance 

state, are identical for both values of load resistance.  The value of 

V (1 , R ) for R - 120 n exceeds that of V  (lB) because of the finite 

current carried in the high impedance state. Referring to Fig. 8, it can be 
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' LOW IMPEDANCE 
STATE 

HIGH IMPEDANCE 
STATE SLOPE «-1/RL 

VTH    VA 

VEC 78-46 

FIG.  8    I-V characteristics of nign impedance state illustrating relation 
' applied voltage VA at switcninq between threshold voltage V_j. 

for device with I-V characteristics as in Fig.  7b. 
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Gem that 

VA =  VTH +  ^ RL (7) 

where   1 ,,  is the maximum cuivent carried in the high  impedance  state.    Note 
TH 

that V      is  independent of RT   and is defined as the maximum voltage across 
rH L 

the device itself which can exist in the high impedance state. 

Now at high values of Ig, ITH « 1 mA.  Thus, one would expect 

that if this were the only consideration that 

V. (500 Q) - Vn (120 Q) M (380 H) (l mA) = 0.38 V (8) 
A A 

whereas AV is observed, as noted above,to be as large as 2 V. The larger 

value of iW. arises from the differences in the I-V characteristics of the 

devices beyond the low impedance state, as shown in Fig. 7b, where there are 

differential negative resistance (DNR) characteristics of the device between 

the low and the high impedance states which are only apparent when RL = 500 Q. 

The DNR characteristics are quite different from the "intermediate 

impedance state" previously defined in several respects:  The true inter- 

mediate state has a positive differential resistance whose differential 

resistance is independent of the load resistance and whose voltage is inde- 

pendent of I .  The differential resistance of the peculiar state of Fig. 7b 

is equal to -R. for 400 < Rj < 3000 Q and its voltage shifts with changes 

in I as shown. More importantly, transitions to the true intermediate 
B 

state are latching transitions in that unless the collector voltage 

is lowered, the device will remain in the intermediate state even if 

an applied base current which initiated the transition is removed. 

Transition to the DNR states of Fig. 7, on the other hand, are nonlatching 
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trcmsitions unless tne collector current exceeds the upper limit sown, i.e.. 

]_ > 9 mA for Ig ^ 0 and 0.1 mA. 

Those DNR states therefore act as a block for transitions into the 

low impedance state. Much greater collector current must therefore be 

generated to cause the device to make a transition to the low impedance 

state. Use of such a high value of RL so as to cause these DNR states to 

appear will slow down transitions to the low impedance state even more than 

would be expected by an increase in collector time constants, but one could 

design a memory circuit which has a different effective load resistance for 

holding information than it does during writing operations,  "me blocking 

action of these DNR states may therefore be of great practical utility. 

Furtner changes in sensitivity to radiation are observed when 

electrical connections are made to all three terminals of the device. 

Klectrical connection to the base terminal is desirable for memory circuit 

applications and in such circuits there is often an effective resistance or 

p-n junction diode connected between the base and emitter terminals.  The 

basic effect of adding a shunt conductance between the emitter and base 

terminals is shown in Fig. 9 for two other devices with a M-SiCyyp-n 

structure similar to that used to obtain the data of Fig. 4. Note that 

adding a shunt conductance, as shown in the insert to Fig. 9, increases VM 

for either value of RT. Also shown is VM for a similar device which had bonded 

to it mount a shunt diode, according to the second circuit shown in the 

insert. This shunt diode was irradiated, of course, along with the device 

itself. 

The effect on radiation resistance of adding a shunt conductance 

between emitter and base can be qualitatively explained by considering the 

effect on the quiescent current-voltage characteristics of the device. The 

-181- 



REB 

10 - 

>l 

1 1—i—r 

RL«120n 
REB = 20 U 

4 - 
vc (soo n) 

vc(i2on) 

1X10» 

RL-500n 
REB - 20 a 

RL-600n 
REB- loon RL -120 n 

SHUNT DIODE 

Vc(RL-500n) 

VC(RL»120S7) 

J l—L 
6       8     1010 

RADIATION DOSE RATE (RADS (S.)/S1 m-44 
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devices for several three terminal circuit arrangements. 
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5 
major effect is to increase tne devices' threshold voltage by tending to 

lower the emitter-base junction bias.  This causes decreased injection and, 

porn.ips, more Importantly, a decrease in the regenerative processes cmphsizod 

by Simmo.is and coworkers6 in which the number of base majority carriers which 

cross the junction is multiplied to further increase the number of base 

minority carriers which reach the collector.  The external connection to the 

base terminal also permits a new avenue of escape of minority carriers that 

might otherwise diffuse to the collector depletion zone. For these particular 

devices, the critical voltage Vc, the minimum voltage which must be applied 

to hold the device in its low impedance state, was not affected much by 

nmitter-base shunt conductance,5 and therefore the increase in VM shown in 

Fig. 9 represents a real net gain in the allowable range of applied V. 

Finally, a third variation of a two-terminal structure was tested, 

fhis was the device structure "C" of Table 1. As shown in Fig. 10, this 

device was scarcely affected by radiation up to the maximum radiation dose 

rate available with the exception of the anomalous reduction in VM at 

4 x 108 rads(Si)/s.  This insensitivity to-radiation cannot be explained 

because structural variations of this type of device have not been studied 

except in this experiment.  (Except for the radiation immunity, these par- 

ticular types of devices have not been the best performing memory devices, 

largely because of the insensitivity of their threshold voltage as a function 

of base current.) However, one may be suspicious that the enlarged 

SiCL p-type Si interface near the collector region acts as an efficient 

recombination surface for minority carriers, thus reducing the total flux 

of minority carriers which reach the collector.  In support of this 

hypothesis is the observation that the threshold voltage is higher for this 

structure than either of the "A" or "B" variations. 
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VII.  SUMMARY AND CONCLUSIONS 

Ihr sensitivity of ICS devices to nigh energy electron radiation 

nas been measured for the first time. The general behavior of the device 

under radiation can be explained by considering how the device behaves under 

three-terminal biasing without radiation.  The less sensitive the reduction 

in device threshold is to applied base current, the less sensitive the device 

is to radiation. Both the application of base current and the irradiation 

of the device will increase the minority carrier flux which reaches the col- 

lector depletion zone which accounts for the commonality of their effects. 

The reduction in sensitivity to radiation caused by a shunt conductance 

across the emitter-base terminals is similarly explained by a reduced total 

collector of minority carriers. 

The particular structural variation of ICS devices which was 

found to have the greatest resistance to radiation was a Mo-SiOxNy-p-n 

structure. All variations in this structure which used the same insulator 

material showed high radiation immunity. 

The use of silicon oxynitride as the insulator material does impose 

a performance penalty because of the higher power requirements. Use of Si02 

or polysilicon insulator materials, for example, would permit a collector 

2 
sustaining current density of the order of 1.6 A/cm . For the silicon oxy- 

nitride insulator, however, the sustaining current density is of th« order 

of 10-20 A/cm"2. The minimum power required to hold a device in the 1( 

impedance state is given by 

PMIN = ^ RL + VS lQ      * (9) 

For a polysilicon or Si02 device with Vg = 1.5 V and RL = 120 Q and a 
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collector area of 1.25 x 10"' cm , this minimum power is 0.3 mW. For the 

oxynitride device of tne same dimension the minimum power is 3.5 mW, The 

Lncreaspd power required to hold information in a silicon oxynitride insulator 

device is the primary penalty which must be paid for radiation hardness in 

an ICS memory circuit. 

The fact that higher base current densities must be used to suppress 

the threshold voltage in order to select a given device within a memory array 

for transition to the low impedance state is another penalty which is 

incurred by use of the silicon oxynitride insulator. Base current densities 

approximately ten times as large must be used to suppress the silicon oxy- 

nitride device's threshold voltage to the same level as that of an SiO 

polysilicon device. The fabrication and operation of a silicon oxynitride 

memory array is conceivable, however, with the circuit being immune to radia- 

tion dose rates in excess of 10  rads/s. 

> 
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