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 ABSTRACT

Effects of V-groove isolation Onlphe two-terminal D.C.
characteristics of the ﬁetal/funnel—oxide/n/b+ silicon switching
devices have been Studied.

Experimental results‘show‘that the switching characteristics
of non—isolated devices are strongly dependent on area and the
area—to—perimetéf ratio of the deviée. To carry out a systematic
investigation of this phenomenon, devices in this stud? were
iso}ated using V—grooveé of various areas. For a given tuﬁnel—
oxide thickness and area, it was found that.the switching voltage,

v

0 and holding current, I is essentially independent of iso-

H?
lation area. Based on this expﬁrimental observation (IS ~ con-
stant), a qﬁalitative'physical argpmént is presented which deter-
mines the switching criterion for.the device, and concludés that
the transition from the OFF to the ON state, and vice véréa, is
solel§ dependent on the prppérties of the MIS_diode; in parti-
cular, the minority carrier concentration at the Si—SiO2 inter-
face. In agreement with experimental results, a decrease iq
switching cprrent'and holdiﬁg current is-predictea for an
increase in tunnel-oxide thickness.v

~Finally a simple two-dimensional model has been derived

which eff%ctiﬁ@&y explains the variation of switching voltage




INTRODUCTION

1,1 THE METAL INSUL.ATOR SEMICONDUCTOR SWITCH (MISS)

Recently, the Hptal—lpsulatqr—ggmicoﬁductor-§yitch (MISS) has
been the focus of considerqblé attention., This .device has been
received with increasing enthusiasm because of three priﬁary reasons:
(1) Ease of fabrication
(ii) . Compatibility with existing technologies.and, most importantly,
(iii) Performance of a function.not hitherto obtained by an easily

integrable device (a biétabie'switch).

o . A P B o
_The baéic»structure_of the MISS is shown schematically in

Fig. 1.1. It consisés primarily of a semi-insulating film of silicon
dioxide grown on the surface of an n-epitaxial léyer formed on a:p+
substréte wafe; of <100> orientation, sandwiched between twb
eiectrbdes. Neither the choice of the semi-insﬁlating layer, nor
of the metal electrodes is limited to those just mentioned, and a
wide:range-of materials has. been investigated. Yamamoto et al (1-1,
1-2), who first.demonstrated the switching behaviour of the MISS,
used a 20—30 R tquel—oxide (sioz) for the semi-insulating film)
Later Kroger and Wegener demonstratgdlgﬁe viability df‘§i3N4>(l—3)'
and polycrystalline silicon (l—ﬁ). wResuléé of an in-depth in-
: vestigation-;arried out by them, on‘gh% effect of various4othér
sémi—insulating‘films on device characteristicé is prcsented
in Ref. (1-5). - Various metals can be used aé clectrodes for the
device, Aluminum (1~1), piatinum (l¥l>, gold (1-2), molybdenum

) _



metal '
contact (A1) l

- semi- : : )
‘ i 4 lnsm;tor(s‘o ) ‘ : ‘} 15-404A
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layer(n)
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contact(Al

Flg 1 1 Schematic of basic MISS structure under study
(not drawn to scale).



(1—3) and chromfum (1-4) are a few examples of metals that have
been researched thus far. Howe§er; most of the work done to date
‘has b;en‘on devices using a tunnel-oxide (ZOAAO.X SiOZ) as the
semi—insulaﬁing film and aluminum as the metal electrode;

TﬁérMISS performs the function of an electronic switch,.iﬁ that
it exhibits two stable states, the ON and OFF states (sée Fig. 1.2).
The ratio of the resistance of the two states is %106. As the
applied voltage, vy

exists in the high impedance or OFF state. The switching voltage,

, 1s increased negatively from zero, the device

Vs is the.ﬁaximum voltage that can exist across the Qevice Before
the MISS switches from the OFF to the ON.state; The switching
current, I, is the cﬁrrent-at.the switching point. The holding
current, I;> is the minimum current necessary tJVSustain the device
_ in,thé 1ow'impedance ON staﬁe. The holding voltage, VH,'is tﬁe
voltage across the MISS at the holding point. Fig. 1.2 shows a
schematic of the I-V charactefisticé of a MISS. The basic circﬁit
cénfiguration in which the device is operatéd is presented in tﬁe

. inset, It will be noted that the I-V qbaracteristic of the MISS is
similar to that of a 'pnpn' (Shockley) diode,'AHowever, there are
important diﬁgéf?nces betﬁeen the two:

S

speed, measured as less

(i) The MISS possesses a higher. switching
than two nanosséonds (142). | |
(ii).Unlike the 'popn’ diode, the fabrication of the MISS involves
very few high téépgrature processes, making it a simpler device-

)

to fabricate,

(iii) The most important advantage of the MISS over the 'pnpn' diode

4



Fig. 1.2

— +
; Lo\
o 'ON’
| G
-
3 _—
a =
A -
> i
()
a) {
b
T e
| OFF” !
,_../; ‘ |
VL \g. y

- Device Voltoge , VY

Schematic of the I-V curve of a MISS device defining .

the parameters I , V , I and V _ that characterize
[y s’ s H H

the device. :

INSET: Basic MISS structure.
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is the case with which it can be integrated i,e. it is amenable to

fabrication with standard IC technology.

1.2 THE MISS: HTSTORICAL REVIEW ..

| In the firsg report of the switching phenomenon (1-1), it was
speculated that the formation of an inversion iayer under the oxide’,
caused by hole injectibn from the substrate, resulted in a very high
voltage'acréss'therdeviée, causing two electron currents to flow:
(a) a hot electron tunnel current from the conduction band of the
nSi to the metal (note that the electrons flow from the metal to the
conduction band), and
(b) a current caused by the tunneling of electrons from the metal
to the Si—SiO2 interface states and their ;ubsequent recombination
with the holes present 'in the inversion layer.

Kroger and Wegener (1-3) recognised the OFF state to be a
deeply-depleted state in the semiconductor. This was believed to
be caused by fhe leaky insulator allowing a finite tunneling current
to drain off excess minority carfiers.from ghe $i-8i0, iﬁterface.'
Thiszminority carrier'tunneling-through.the semi-insuiator'preﬁented.
the formation of an inversion 1éyer, forcing the MISS to remain inv
the high—-impedance state. | |
Yamamoto et al in a later publication (1-2) postulated a éurface

feedhéck méchanism based on curréht‘mulgiplication atlthe insulator—
‘semiconductor interface (1-6) as being responsible: for the negative
resistaqce behaviour éf the MISS. Simmons and El-Badry (1-7)

6



presented a semi-quantitative theory establishing two types of
switching in the MISS:A(a) the punch-through mode and tb) the
avalanche mode. Those deviceé in which the surface depletion region -
extended through the lightly-doped (Nd < 101§cm—3) epitaxial>1aycr

to the underlying p+—nk_junction, were recognised‘to:be operating

in the punch-through mode. On the other hand, the_avalanchekmode

- ~.

identified those devices in which avalanche breakdown in the higher

doped epitaxial layer (Nd > 1016cm-3) occurred before punch~thrdugh

and was»responsiblg for switching.
Most recently, Habib (1-8) has shown that the avalanche and

punch—thrpugh modes are ‘two subclassés of a more-general switching
mechanism, the Regenerative-Feedback Mechanism (RFM). He identifi;d
the feedback loop in terms of the various current combonents in the
system and eventﬁally :igoroﬁsly derived the I~V characteristics of
the device. Both types of switching, avalanche and punch-through,
depend on the RFM for switching. The key difference betweeh the two
modes of switching is the manner in whiqh'each is initiated.

In the avalanche;device, avalanche multiplication of the electron
tuﬁnel current, J~V (éééffig. 1.3), and/or thé generation curréﬁt 5 Jgo
‘1n the hlgh field depletlon region, xd, increases the electron current

‘passing across the p -n Junctlon J nj* ThlS injected electron

current is given by

- Jnj = M, * Jg), ,
. ' . Va -1
where the multiplication factor M = 1 - (v* ), and
: bd

7
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v,o= voltage applied to the device,

(%

Vbd= the avalanche'breakdown'voltnge.

-~

The electron current biases the p+-n junction, and once the
junction is sufficiently biased, the feedback mechanism is initiated,
Thé mechanism is described in detail in Section 2.2.1. The voltage
at which switching occurs in the avalanche deyice is dependent on

the avalanche breakdown voltage of the epitaxial layer, given by

(1-9)
E N ,
_ g  3/2 ,d -3/4
Voa = 00 79 ('1““01 5 ’

where Eg is the bandgap energy and N4 is the epitaxial layer doping
concentration.

In the PT device of El1-Badry and Simmons (1-7) however; beacause
of the relatively low doping of the epitaxial laygr; the surface
dépletion region actually extends (i.e. punqhes throuéh) to the p+-ﬁ
junction before the avalanche voltage, Vpgq» can be attained. Any
" jncrease in the applied voltage wili théreafter cause g decrease in
the barrier pégéﬁtial of the p+-n junctién arid the same feedback
mechanism (of Section 2.2.1) as.in the avalénche ﬁode of switching
is initiated.} | |

Figure 1.4 illustrateé~the energy diagram for a punch-through -
device close to switching. The feedback locp is éstablished wﬁen
the p+—n junction is biased sufficiently such that a critical value‘

' ' -+ . A . L
of hole current is injected from the p substrate into the epitaxial



. gVox arrows indicate direction

‘_‘1_ ’ of carrier flow

Fig. 1.4 The punch-through mode MISS close to the switching
~ voltage. o )

B ) ' 10 -



layer., This augmented hole diffusion current, Jpj’ will be ac-
companied by an incremental increase in the free hole density

é(o) at the Si—Sio2

voltage, Vor" This increase in VOx will enhance the flow of

Y

interface, causing an increase in the oxide

electron tunnel current, Jnt’ from the semicdn@uctor conduction

-~

band to the metal. This;in turn causes a further increase in the

+ ' .
" P -n junction bias, Vj’ which is accompanied by a further ihcrease

in the hole current, Jpj’ injécted into the epitéxial ;ayer. In
this manner, é positive feedback loop is established. When the
gain of the feedback loop is equal to unity,  the device'switchgg.
Two meqhanisms, PT and RFM, are of special importance‘sinée the
devices studied during the course of this work behaved as predicted

by these two mechanisms., Hence these two mechanisms deserve more

attention and will be treated in detail in the next chapter.

1.3 THE METAL INSULATOR SEMICONDUCTOR THYRISTOR

Any mechanism that will reinforce the feedback action will
facilitate the device switching. Converseiy, ahy mechanism that"
weakens the positiQe feedback action will'tend to inhibit switching.
Thus, electronic carrier injection (or extraction) or the |

. - B . . » 7. '\" ' ' . P
appropriate p -1 junction biasing will strengthen (or weaken) the

- feedback mechanism i.e. reduce (or increase) the voltage required

to switch the device, Desired junction biasing cad be achieved

through a third terminal or gate which is in ohmic contact with the

. + .. . . . . .
n layer via ann diffusion (see Fig. 1.5). Since this device has

11
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Fig. 1.5 The basic three terminal MIST structure.
"~ (not drawn to scale)
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characteristics resembling those of a’thyristor, it is designated the
Metal~lpsulator-§pmiConductor—zhyristor (MIST) .

The MIST was first~s;udied\by Kroger and Wegener (1-4), who
fougd”that increasing the negative biaé on the gate (or increasiung
the forward Bias.across the junction) decreased the switchiné volpage'
whereas decreasing the forwa?d bias caused the switching voltage to
increase. Yamamoto ét al, (1-2) di;covered'that_the switching voltage
.could be decreased with a proportionate increase in the gate terminal
bias current, Chik and Simmons (1-10) carried out an extensive
investigation ofithe dependence ,of .the MIST I-V characteristicg on
gate bias (bth current and voltage biés). Figure 1,6a shows the
I-V characteristics of the MIST for vérious values of gate current,
Ig' It is seen from the figure that the switching voltage, Vg
decreases monotonically with increasing Ig' The variation of Vg

with Ig that they observed is presented in Figuré 1.6b. Habib and
Simmons (1-11) have carried out a detailed theoretical analysis of -
the MIST, and the calculated I-V curves they obtained with gate
current as parameter are presented in Figure l.6c. This study is

of particular interest because vagiation of the-junction'isolation

area (see Chapter 4) manifests itself in a change in junction bias,

which is what one achieves via the gate terminal of the MIST,

~

1.4 THE OPTICAL MIST (OMIST)
Just as electronic minority carrier injection enhances the
switching action, so does optically gencrated carrier.injection.

. 13 R )
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Nassibian, Calligaro and Simmdns (1-12) developed theorctical
expressions for the light induced hole cu%rent and correlated the
experimentally observed change in the MIST switching voltage as a
- function of incident photon flux. They used a 150 X thick, semi-
transparent aluminium film as the‘caéhode so that the incident-
- light could penetrate through'the metal and generate electron-hole
pairs. in’ the n epi-layer. ‘The tranémittaﬂce of the film was measured
to berO.IS. |

The main drawback in the structure was the poor transmittance
of the Al film, which reduced the quantum efficiency of the device.
Adan and Dobos (1-13) recentiy investigated the optical dependence
of the MISS characteristics using a 1000-2000 2 thick RF sputtered
film of Sn0, as the cathode. The advantage of using Sn0, over Al
»is that it is a highly conductive (p = 10-25bn0 n-type .semiconductor
which is virtually t;ansparent to visible liéht (tfangmittance = 90%).

90%) .

1.5 TWO DIMENSIONAL EFTECTS

All the theories preseﬁted to‘date'to eiplain the observed I-V
characteristics have been based on a onefdimensional analysis of the
device. Other than the punch-through aﬁd'évalanche models proposed
by Hébis and Simmons, thére is a third model fifst prOposea by Ya;
mamo;o et al. (1-2) and treated in_greéter detail by Sarrbay¥ouse
et al.\(l-lés. In this model the switchingvis related to. the for-
mation of an inversion layer at the Si—SiO2 interface. However er-

roncous interpretation of their experimental. results led the authors

. 17



to conclusions different from those~reached by Habib and Simmouns.
These anomalies have recently been explained by an inveétigatiou
carried out by Duncan et al. (1-15).

‘ In an extensive experimental study these aughors have estab-
lished that fabficat;on éonditions, thickness of the field oxide
employed and device geometry have a very strong efféct on the
sﬁitching characters£tics of the MISS. The experimental results
oBtained have been explained in a qualitative manner based on the

strengthening and weakening of the regenerative feedback mechanism

of Habib and Simmons (1-16).

1.6 THE OBJECTIVE AND OUTLINE OF THIS THESIS

The main objective of this thesis is to provide a two-dimen-
sional model to explain the two-terminal DC characteristics of the
MISS. To adequately médel the.device, it is essential to know as
aécurately as possible the area of the p+—n junction active in the
functioning of the device. To effectively control the junction ares,
.the.devices were iéolated by means of self-terminating V-grooves.
.Anothér motivation for isolating the‘devices is the khebretical
analysis of the MIST By Habib and Simmons (l—li). Tﬁe variation of = .

a

the MISS characteristics with gaﬁe bias (or junction bias) that

they calculated is what is effectively éimuiated by changing
the V-groove area.
An important outcome of the study of the variation of the I-V

characteristics with changes in junction area was the experimental

‘determination of the switching criterion of the MISS. The effect.

e - | | i (\\\_;,//;’



of the tunnel oxide thickness, dox on the DC behaviour has also

been investigated.

To make the prescntation lucid, the thesis is organised in the

following fashion:

Chapter 2 presents the punch-through and regenerative feedback

théories which are essential to>undérsﬁand the DC behaviour of the
devices under study. Observed perimeter-to—area ratio‘effect§ on
the I-V characteristics of the MISS are pfesented and the trends
explained on the baéis of the RFM.

Chaptér 3 presents the procedure employed to fabricate.thé
devices and the experimeﬁtal technique used to measure the DC I-V
charactéristics of the MISS,

Chapter 4 presents physical arguments to explain the observed
two~terminal DC behaviour of the isolated MISS and establishes.the
switching criterion for the device.

Chapter 5 details the twq—dimensional model used in predicting
the variation of device parameters with changes in oxide thickness
and junction area, |
| Chapter 6 pfesents the conclusibﬁs that may be drawn from the

discussions in the preceding chapters and design criteria for the

device are developed, based on these discussions.
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CHAPTER 2

In this chapter the DC theory essential to understanding the
MISS is presented. The class of devices this theory models is
those that do not depend on carrier multiplication in the surface
depletion region to initiate the positive feedback mechanism (see
section 1.2 for’a simplé'treatment of avalanche devices). From
now on we will refer to all such devices (i.e. other than avalanche
devices) as punch-fhrough devices. However, there are two SUB—
classes of the punéh—through device:
(1) the "ideal" punch-through device in which the surface deple-
tion region extends through the epilayer to the junction depletion
region before the positive feedback mechanism is initiated, and
(ii) the "non-ideal" punch—through device in which the regene-
rative feedback is high enoug% to initiate switching before the
surface aepletion region puncheé through té the junction depletion
edge.

Both these classes of devices will be ‘dealt with separately
and the arguments presented and used to explain,Aqualitatively,

the area dependence of the MISS current-voltage characteristics.
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2.1 THE IDFAL PUNCH-THROUGH MISS

2.1.1 High Impedance Characteristics

The'switching mode of the metal—inSUIator—n—p+ Structure is
with the<metalibiased ;egatively with respect to the p+ substrate,
This effectively reverse-biases the MIS diode into éeep—depletion
and forward-biases the p+—n junction. As the bias on the metal
electrode is increased negatively,‘the depletion region under the
oxide grows toward the p+—n junction. Eléctron—hole pairs are
generated in the depletion region, the electrons being swepﬁ towards
the p+4ﬁ junction and holes towards the Si—SiO2 interface. The.
electron-hole pair generation current Ig is depicted in Figure Z.ia.
It is worthwhile to note that if the oxide were impervious to holes
(i.e. a thick-oxide (v1000 X)MOS_capacitor), the generate& holes
would accumulate at the Si—SiO2 interface, causing the n-Si to invert
This would limit the depletion width, Xq to a maximum corresponding
to a surface potential ¢S = 2¢n.' However, as the insulator 1is leaky,
holes pass through the oxide at the rate that they are supplied‘to
the interface; hence,.the n-Si goes into deep-depletion (Figw'z-la)-

For fhe typical values of generation lifetime encoﬁnteredlff
in bulk epitaxial silicon (%lOiésec), the generation curreét is
'negligible compared‘tq'thé'magniﬁude of thé OFF state current
normally obsefyedi The primary electron cﬁrrent fiowing in the
system isﬁghe electron tunnel cufreht,<Int, cdmposed of el?qFrQnS
flowing from the metal go the conductioﬁ band of the n-Si. This
current dominatesIg and will be.shqwn in Section,2;2.1 to be the
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Figs 2.la The MISS in’'the OFF state with component currents.
INSET: Basic circuit configuratiocn for the MISS..



triggefing current component which inftiatcs the RFM leading to
switching,

However, the "idea}" punch—through'device, by definition, is
one in which.the surface depletion region necessarily has to pggéﬁ—
through before the switching process is initiated and so more insight
into device operation is gained through the voltage rather than the

current equations. -

The voltage, V,.across the device is given by

- = + + + :
v dys * Vop T Vs TV , (2.1)
The MISS is normally in the configuration shown in the inset of
‘Figure 2.la, where R is the load resistor used to limit the
current through the device.

The applied voltage, Vyo is given by

VA = V + VR 2.2)

where VR'lS the voltage across RL‘

In the OFF state, the .current through the device is limited
by the reverse biased MIS diode, The device exhibits a very high
dynamic impedancé in the OFF state (v10°Q); hence the increase in Vox

and Vj needed to accommodate the small increase in current is

negligible compared to the gate voltage, V. These arguments apply

~—only after flat-band (see Chapter 4 for details), when any increase
in the gate voltage, V, is absorbed in the surface depletion region.

Hence, eqn. 2.1 may be rewritten as
» €9 Yy DE




Vo= Koy | ‘ | (2.3)
L7 .

where K is a constant, of the order of 1-2V, which incorporates the

effects of ¢MS’ V_, and Vj (see Chapter 4). The surface potential,

o

ws; is related to the depletion width, Xy given by (2-1)
2¢ ¢

_ s's\i

Hence V can increase to a maximum value corresponding to the case

, .
when the depletion region extends up to the depletion edge of the

+ . . .
p —n junctiom, or equivalently,

xd' = X . -W. (2.5)
max

where Xepi is the epilayer thickness and Wj is the junction depletion

width,
Using equns. 2.3 and 2.4 the following relation for the maximum

voltage V. than can be sustained across the MISS can be derived as,

VPT = K + ws . .

2
_'qu(Xepi—'wj)

= K 2e
s

Any extra voltage, AV, above‘VPT, applied to the gate will cause a
. + '
Schottky lowering of the p —n junction barrier potential, Vi (2-2),

and an attendant increase in current. This sudden increase in the

(2.6)

current across the device is what triggers the switching mechanism,
leading to the observed negative resistance in the MISS I-V charac-
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teristic. The physical processes responsible for the negative

resistance behaviour are explained in the following section.

2.1.2 The Negative Resistance Region

As stated in the previous section, at sufficiently high bias

(V=VPT), the depleted section of the epilayer reaches through to the

+ . ' " . .
p —n junction. Any further increase in the gate voltage will appear

+ .. .
across RL’ Fhe p —n junction and Vox‘ - N
Consider a small incremental voltage increase, AV, beyond V-
Assume also that all the voltage increase appears across RL; Hence,

the current flowing through the MISS is given by

V- Vmax
I —— 2% - \ (2.7)

AL

In the OFF state, the current Ioff’ was typically around 10—6—
10—7 A (depending on device area). Now, however, for V - Viax~ ©-1V
and R = 1KQ,
I = 94% = 107
10°

which is very much greatetr than Loege This current flows into the
deviice, across the oxide and p ~-n junction. However, the voltage

p across the resistor is a linear. function of I, whereas the

+ . .
voltage drop across both the oxide and the p —n junction depend
logarithmically on I. Hencé the initial assumption of most of the

voltage increase being absorbed across RL»after punch-through is

27
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~justified. The above empirical argument further strengthens the

statement that Vorp @s defined by eqn. 2.6 is truly the maximum

voltage that can be sustained across the device. ,

After punch-through, any incremental voltage AV causes a

Schottky lowering of V

bi causing a sudden iwcrease in the injected

hole current ij from the p+ substrate towards the Si—SiO2 inter-
face‘(see Figure 2.1b). Just prior to punch-through the voltage
across the tunnel-oxide was just enough to supply the small'OFF
state’current. Hence the sudden increase in the rate of holes
reaching the interface (or equivalently, the sudden rise in .l .)
cannot be accommodated by the oxide, i.e. the holes reach the
Si—Siq2 interface faster than the existing oxide voltage can
drain them. This causes an increase in the hole concentration at
the intérface p(o), and an attendant increase in Vox' This in
turn increases the electron tunnel current, which fufther biases

+
the p -n junction, causing a larger ij to flow. The build-up

of holes causes a redistribution of voltage across the device. The
o r N

depletion region starts collapsing the decrease
in surface potential being taken up by the oxide, the p -n junction
and RL' However, because of the exponential dependence of current
on V and V., very small changes in V and V, can accommodate

: 0x h ox i

large changes in current. Hence, most of the voltage drop across

-~

the device caused by the shrinking depletion region is absorbed

in the series resistance. This voltage decrease across the device
accompanied by an increase in current leads to the negative resis-

28
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Fig. 2.1b The MISS at punch-through with component voltages
and currents. . ' :
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tance characteristic observed and the device switches. The voltage

at which switching occurs is hence the PT voltage,

2
QN L (X .= W.)
V =V, = K- d _ept ]

s PT 2€e
[

(2.6a)

2.1.3 Low Impedance ON State

During switching, the depletion region keeps collapsing-and
Y, continuously decreases.” This contraction stops when ¥, reaches

the equilibrium strong inversion value (2-3),

by = 26 =2{ — - (B, - E.)} : (2.8)

Figure 2.1lc shows the energy band aiagram of thg MISS in the ON state

i.e. with ws = 2¢n. During switching, the current was limited by

the rate at which holes could be'tran5ported through the oxide. 1In
\\]:Lhe ON state however, the field across the oxide is large (>IO6V5mf1)

and the oxide can be considered essentially transparent to electrqns
and holes. Hence invthis regime of operation the current through the
device 1is 1imited by the p+-n junction and R .

~ The holding voltége, VH,.which is the minimum voltage required

go keep the deviée in the ON state, is given by | |

[

Vi T fus t Vox T 2n TV (2.9)

) . R + R . R .
In the low-impedance state, the p -n junction is fully turned on,

i.e, Yj: 0.5V (see Chapter 5). Also q¥, = 26, = 0.47 eV for a doping
. \ ..
concentration Nd = 1014cm-3. Assuming that the tunnel-oxide thickness.

dox,vls 30 X and the oxide fleld,'eox,‘ls 10 Vcm 1, then the oxide

voltage, Vé*; is given by, . 30



Fig. 2.1lc The MISS at the holdlng p01nt with component currents

and voltages
~
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.; . ] g 6
Vox = eox'dox = 30 x10 x 10 = 0.3V

Hence V, is of the order of

H

Vy = 0.3 +0.5+0.47 +0.34 = 1,8V
It is also important to note that in the ON state, the I-V charac-
. e s . + . . . .
teristic is determined by the p =-n junction. In other words, it 1is
almost identical to the familiar forward bias characteristic of a

+

p —n junction with a voltage displacement due to y, and Vox'

2.1.4 The Switch-0ff Made

When the voltage across the device in the ON state is reduced,
the current flowing through the device .decreases, The decrease in
the device current necessarily implies a decrease in the injected

+
hole current, ij, from the p substrate to the $i-510, interface,

When the rate of hole supply to the silicon surface drops below a

critical value, i.e. I<I,, then the existing voltage across the tunnel

H,

oxide drains the holes from the'Si—SiO2 interface faster than they are
) + . .

supplied by the p -n junction. The reduction of hole charge at the

interface reduces the oxide voltage, which in turn reduces the

electron tunnel current, I__.. The reduction in L

et

+ . . . . .
across the p -n junction which causes a decrease in ij. This

o lowers "the bias
nt t A

negative feedback mechanism drains all the inversion charge from the

Si—SiO2 interface, causing the depletion 'region to expand and the
)
device reverts to the OFF state. Alternatively, the voltage drop

g
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across RL’ Vj~and VOx decrease now appéafing across ws‘ Fgrthermore,
the current is again limited by the reverse-biased MIS diode and not.
the p+-n junction or the load resistor.

El-Badry and Simmons (2-4) have shown that there is excellent
correspondence between the predictions of the 'ideal" PT the;ry and
the observed behaviour of MISS devices fabricated on n eplilayers of

relatively low doping ('\»1014—1015 cm_3).

2.2 THE '"NON-IDEAL" PUNCH-THROUGH MODE

As stated earlier the class of devices that switch before the
. [ + N »
surface depletion region actually extends up to the p -n depletion

edge, are said to be operating in the "non-ideal" punch—through

mode, i.e. VS.< Vpr-

2.2.1 The Regenerative Feedback Mechanism (RFM)

Consider a MISS biased in the same manner as shown in the
inset of Figure 2.ia, i.e. the metal biased negatively'with re—
spect to the p+ substrate, effectively reverse‘biasing the MIS
diode and forward biasing the pf;n junctibn;# The'feedback;}oop
‘inherent in the system is established as follows: Let the - o
voltage drop across the p+;n junction, Vj,<be incremented by a
small amount. Extré holes ére thus injected from the p+ fegion

to the Si-Si0O interféce. If the hole current is tunnel-

2

'limited, a build-up of the inversion charge takes place with
a concomitant incréase in the voltage drop across the in-
. . : '

sulator,lvox, and, hence, in the electrdn—tunnel current,

.33



‘Int' The augmented Int flows across the p+-n juﬁction turning it
still further on. The feedback loop is- thus a regenera;ive one.

Whecﬁer the process carries on until the device s&it;hes from the
OFF to the ON state, Jr a steady state is reached in the OFF state

itself is dependent on the streﬁgth of the RFM.. In particular, Habib

and Simmons (2-4) have identified the critgxidn for switching to be

Qe

when the open loop gain (G) of the device equals unity where G is

defined as follows,

A
c = Int
AT .
rJ
= 1 at switching.
where AInt = incremental change in electron tunnel current, and
AIrj = resultant change in-junction recombination current.

The negative resistance region as explained by the RFM is the subject

of discussion in the next section.

2.2,2 The Negative Resistance Region

Consider the feedback loop AInt

AN

> AT.. > AV, » AT, (=AT_ )»
1 rj 3 TTpi o Tptl)

Ap (o) - AVOX -+ Al ,;where AInt

ntz

"is the increase in I
“n

2 o

increase in the oxide voltage.If AL,

is the initial increment in-
B 1 . ' ‘
I_ . and AInt subsequently caused by the

nt t

is less than AI , then the
2 nty

system tends to achieve a steady state in the OFF state -itself, with

t

-

the increments in In caused by the regenerative feedback loop swiftly

t

. ‘\ - L3 L4 .
decaying to zero. However, if the increase in electron tunnel current,
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AInt , caused by the RFM is larger than the initial increment AIn
2

then a"run—away" increase in current fuelled by the RFM occurs,

51

incréasing the voltage drops across R (VR), the tunnelfoxide (Vox)
and the p+~n junction (Vj)' Since this voltage redistribution occurs
at a fixed applied voltage (VA); the voltage across the device, V,
has to decrease to s;tisfy the voltage relationship across the de-
vice. This decrease in V accompanied by an increase in current
gives rise to the negative resistance behaviour observed. The de-
crease in the voltage, V, across the device is manifested in é

. decrease in the surface potential, ws’ the electrons necessary to
s

fill the donor states being supplied by Int’

Summarising, switching occurs when AIn is greater than

sy

AInt . Neglecting recombination in the neutral epilayer one can
1 *

write the following series of equations to derive the open loop gain

of the system

AT = vAT .
nt, rj
AT = AL,
- pt PJ
» AIntz
AT = Gox’ the gain of the oxide
pt
AT . . |
ETEJ' = Gj’ the gain of the junction
Tloar . Arx |
.. nt nt
G = 2 = 2
Y AT_. .
nt, rj :

. = 1 at switching.
The switch~off mode is identical to the mechanism explained in
Section 2.1.4,
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2.3 TWO-DIMENSIONAL EFFECTS

The punch-through theory and the more rigorous régenerative
feedback theory of Habib and Simmons (2-4) adequately explain the
observed I-V characgeristics of large area MISS deyices (>100 x
100pm2). However, as the tunnel-oxide areas get progressivély
smaller thé MILSS chafaé&eristics cannot be explained by either
of the ébove models. The primary reason for the strong area
dependence'of thevMISS characteri;tics is that as the device
dimensions become comparable to the epilayer thickness current
ﬁringing piays a dominant role in determining device béhaviouf.
Neither 6f the above-mentioned models take such two—dimensional
effects into account.and thus cannot account for the strong area
dependence of the MESSAI—V characteristics,

The following section Willﬁdeal éxclusively with eXplainihg

the variation of device characteristics with area.

2.3.1 The Effect of Device Area

To study the two-dimensional nature of the MISS, devices

were fabricated on materials with the following specifications:

: : +
Material: : n epitaxial on p substrate
Cryétal Orientation: <100>

| [ . - . P 14 _3
Epilayer resistivity: 10.8 Qcm (Nd = 42x10 cm )
e ' S .19 -3
Substrate resistivity: ~0.005Qcm (Na = 10 cm )
- 36



The field oxide employed was a v5000 & $i0, film, thermally
grown in wet oxygen at 1100°C. The tunnel-oxide was grown at 700°¢C
in dry oxygen for 6 minutes. The tunnel oxide areas were 160 x
2 ' 2 2 2 2
160uym , 100 x 100 ym , 80 x 80 pm , 40 x 40 ym and 20 x 20 um .,
Aluminium was the metal used for both the gate electrode and the back -

contact. Details of the fabrication techniques employed are presented

in Chapter 3.3.

The DC characteristics of the devices differed substantially
from one device area to the next, Whereas the 1argest‘afea device
Al, (l60.x 16Oum2) switchea at the low voltage of 3.5V (see Figure
2.2 ), the smalleét area device, A5 (20 x ZOpmz) did not show any
switching behaviour at all (Figure 2.2); It is also apparent from
Figures 2.2 that the switching voltage oE<Ehe devices monotoni-
qally increased as the~tunne1_ox{de érea decreased. This, we postu-
late, is due to the increased current friﬁging which occurs in
smaller dimension devices. '

In Figufe_2.3 a small tunnel oxide area device is shown

schematically just prior to switching. The fringing effects are

‘ - ) » + . .
‘included as current lines intercepting an effective p —n junction

area Aj‘ This effective junction area is larger than the tunnel
oxide area,.on, by the additienal fringing aréa, Aco Or, equi-
valently,

A.. .= A +A ' : | (2.10)
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Fig. 2.2 1I-V characteristics of the MISS illustrating the
: effect of device area on device behaviour. The
tunnel-oxide areas are

’ Al 160 x 160 um

A2 100 x 100 pm
/ A3 80 x 80 ym
Ad 40 x 40 ym
A5 20 x 20 um
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It is important to note that the extent of fringing is dependent
mainly on the doping concentration, Ny in the epilayer and the

diffusion coefficient, D » of electrons, which are both constant |

for all the devices. Hence the fringing length is essentially
constant from one device to the next.

The electron tunnel current, I is dependent on the

nt?

-

tunnel oxide area, A Hence. as the device area decreases, the

tunnel current I
_ nt

also decreases. Neglecting recombination in the
neutral epilayer .and the electron diffusion current across the

junction (see Chapter 4 for details), I _ is essentially absorbed

nt

. + . . . 0 e . .
in the p -n junction as a recombination~ ¢irrent. Equivalently,

at = Irj (2.11)

Hence the reduction in I, is equivalent to a decrease in-Ir..

J

Furthermore, Irj is related to the bias, Vj’ across the junction by

t

(2-1)
| qA.n.W, v,
I A exp(q j
T] 2Ty 2KkT:
where A, = A _+ A
] oxX £
+ : '
Wj = the p —n junction depletion width
. . . T +
and T, = the recombination lifetime in the p -n junction,

For small area devices (on<< Af), Aj remains essentially
‘unchanged from one device to the next. Hence the decrease in Irj

cannot be accounted for by the insignificant change in.Aj. It
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therefore has to manifest itself in a reduced bias across the
junction. This decreased bias will weaken the RFM. Since the RFM
is weakened, the gate has to be biased more strongly negative for
the open loop gain to become unity, i.e. for the device to switqﬁ.
In other wofds,‘the smaller the device area, the weaker is the RFM
.and hence higher the switching voltage, Vg, to a maximum of V.= Vpr.
However, if the devices are éufficieﬁﬁly small, the ﬁFM will

be weakened to the point when the gain of the feedback loop can never
reach.unity which is necessary for switching (éee.section 2,2.,2).
Hence even after punch-through the MISS will rémain in a deeply
depleted state with the increase in current being mainly due to
recombination, preventing the gain from ever reaching unity and thus
not allowing the device ;b switch (device A4, Figure 2.2 ).

| The above arguments adequately explain .the area dependence of
the device swyitching characteristics which are presented in Figures

2.2,

2.3.2 Perimefgf to Area Ratio (PAR) Effects

| Even though'not‘éxplicitly S%ated, intrinsic in the argqments
presented in the previous sectioen is the fact that as the area of
the deVices‘deéreased, the PAR of the devicés inc;eased,'as is

apparent from.the following relation,

: 1
2
A )
ox (AOX)
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of a device with a particular

Hence the switching voltage, Ve,

tunnel-oxide thickness, d_«? increases as the PAR increases.
To identify that this indeed was the case, a set of devices
(B1-B5) was fabricated on the same material as devices A in the same

run, with the same tunnel oxide thickness. The area of these devices

was kept constant (160 x 16Oum2) but the PAR was varied as 1isted

below

Device Device , PAR ; .
No. Dimensions (um ) (um ) .
B1 160 x 160 0.025
B2 320 x 80 0.032
B3 : 510 x 50 . 0.044
34 850 x 30 0.069
BS . 1280 x 20 . O.iOZ

The I-V characteristics of these devices are presented in Figure 2.4.
It can be seen that for devicés with constant area and identical
tunnel oxide thickness, the switching voltage does'indeed'iﬁcrease
with increasing PAR (indicative of a wehkening-RFM)vuntil device

-B5 which does not exhibit any switching behaviour. This trend is .
what was predicted from the preceding arguments and demonstrates the
need for a comprehensive two-dimensional model to édequately.predict

g

the behaviour of small area devices.
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Fig. 2.4 1I-V characteristics illustrating the effects of
increasing tuhnel-oxide perimeter for the 25,600 -um
area device: (Bl) -640 um, (B2) 800 pym, (B3) 1120 um,
(B4) 1760 um and (B5) 2600 um. v
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

In this chapter the processes used to fébricate‘the MISS devices
characterised during the course of this work are described in detail!
The device structure. fabricated is shown in cross-section in Figure
3.1a and the plan view in Figure 3.1b. o
The deviées were fabricated on two batches of silicon epitaxial
wafers with the following specifications:
(1) n-epitaxial material of starting thickness 7.4um and resistivity
10.8%cm grown on a p+<100> substrate of resistivity 0.005-0.01Qcm
(Batch 'X').
~(11) n-epitaxial matériai of starting tgickness 9.7um and resistivity
18.0{xm grown on a p+<100>>5ubstrate of resistivity 0.06-0.120cm
(Batch 'L'").
Besides fabrication, also described in this chapter is the

experimental set-up used to make the DC current-voltage measurements

of the MISS.

3.1 FABRICATION PROCEDURE

3.1.1 Masking Oxide Growth
‘The wafers were given a standard RCA pre—furnacé clean (3-1).
~ The details of this process are listed in Appendix A. The masking
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Fig. 3.1b Plan view of the isolated MISS structure.
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oxides were thermally grown in a resistance-heated single-walled

quartz tube in an ambient of wet oxygen under the following con-

di;ioﬁs:
Furnace temperature: 11O00C
Wa£8r temperature (bubbler): 95°¢
Oxygen flow rate: . 1 2/min

" Oxidation time: 10 mins.

These conditions provided an oxide thickness of approximately
2500 X, which was sufficient to mask against any ph&sphorous

diffusion during deposition and drive-in (3-2).

3.1.2 Phosphorous Deposition

The regions for phosphorous deposition were defined using the
photolithographic techniques listed in Appendix B. The oxide was
etched from tﬁese.regions in a solution of buffered HF, éomprising
a mixture of HF reagent (497%) and NH,F reagent (40%), supplied by
Ashland Chemicalé. The photoresist was removed by boiling in acetone.

The wafers were then cleaned by\process A.‘ Next, phosphorous
pre—deposition was carried out under tﬁe fbllowing furnace conditions:

Furnace temperature: 950°C

-Furnace ambient: NZ-

N, flow rate: 1 &/min.

Phosphorous source: Grade PH-1000 Planar Diffuéion Source
(Carborundum)

Deposition time: 20 mins.
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Four—point—prdbg measurements made on a test wafer diffused at the
same time gave.a sheet resistivity value of approximately 208/0 .
This agreed very well with the data sheets supplied by the Car~
borundum Company. Immediately after the deposition, the drive-
in was done at 1100°C in O, (flow rate 1 %/min) for 10 ﬁins. All

2

the oxide was then stripped off in a 30% HF solution.

3.1.3 V-Groove Etching

After etching the masking oxide, the wafers were rinsed in DI
water and a masking oxide for the V—grbove~etchiné was grown under
the same conditions as described in -Section 3.1.l1. The V-groove areas
were defined.photolithographically (Hpendix B) and the oxide was
etched from these regions in buffered HF.

Four V-groove geometries were used: 0.64 x 10.-4":111-2 (80 x 80um2),

-4 - : -
10 cmz (100 x 100um2), 1.96 x 10 4cm2 (140 x 14Oum2) and 4.8 x 10 4

cm? (220 x 220um2), designated as dévices A, B, C and D respectively.
A control epitaxial device was also'prepared on the same slice (which
Qas not isolated), labelled the N déyice.

fhe V-grooves were fabricated using an anisotroéic etching
solution composed of 40 gms. of KOH, 60 ml of DI HZO and 100 mi’of'
propanol. The temperature of ;hé eﬁqh was maintained at_65°C; Etéhf

ing occurs along the <100> planes of silicon, resulting in the

formation of an effectively self-terminating V-groove with the

gldes oriented at an angle of 54.7 with the surface. Since

amorphous S$i0, is etched by the solution at a much lower rate than

2
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<100> silicon, a relatively thin (500-1000 X) layer of oxide can
act as a mask for the etching procedure. The direction of the
V—groové must be aligned parallel or perpendicular to the <110>
direction, on the surface of the slice. The deptﬁ to which the
groove extends is determined by the width of the oxide window.
The depth, d, is approximately 0.71 times the width, w, of the

silicon 'surface exposed to the etchant, i.e.
d = (D tan 54.7°

A schematic of a V-groove in cross—section, defining the parameters
. -~
d and w is shown in Figure 3.2.

After the V-grooves were etched, the masking oxide was removed

in a solution of 307 HF.

Note: The V-groove etch also etches ~7u from the back of the silicon
wafer, effectively removing the junction formed by phosphorous
diffusing into the back. Hence the need for a separate process to

remove the junction is eliminated.

. 3.1.4 Pattern Definition for Tunnel-Oxide Areas
Foiiowing,the etching of the masking oxide, the wafers-weré
given a pre-furnace clean (AppendixA). A field oxide of thickness

n5000 R was then thermally grown on the wafers under the same fur-

nace conditions as detailed in Section 3.1.1 except for an increase

in the oxidation time to 40 mins. It is essential that the field
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Fig. 3.2 Schematic of a V=groove defining the depth d, and
width w of the groove.
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greater than the punch-through voltage of the device. This is to

oxide be thick enough to give flat-band voltages (VFB =

prevent premature switching of the device triggered by inversion
under the field oxide, before the onset of positive feedback of
holes from the p+ substrate. A detailedhstudy of the effect of
field oxide fabrication conditions on device switching has been
carried out by Duncan et al. (3-3). Test MOS capacitors fabricated
during the same run yielded flat—bandrvoltages of N18V, much larger
than ﬁhe punch-through Vol£gges of both the X(VPT) = 6 V) and theL

devices (VPT =10.5V).

While photoresisting the V-grooved surfaces, it was noticed that
spinning the photoresist at the conventional 4000 rpm caused the
resist to thin at the edges of the V-groove and even completely
break in some cases. To impréve the adhesion the photoresisting
procedure (B) was al£ered in three ways:

(1) After field oxide growth the wafers were baked in a siﬁgle—
walled quartz tube furnace at 700°C in dry 0, (1 #/min) for 15 mins.
This treatment rempved most of the water from the oxidé surface

that may ﬁave remained after the Wet’field oxide growth. It is

well established that even traces of water (in particulaf OH ions)
on the.wéferAsurface causes a arastic‘degra&atiOn in the .adhesion
properties of the resist. The post—oxidation "drying"bjust
described improved the adhesion of the photoresist dramatically.
(ii) The photoresist spinning speed was reduced to 2000 rpm. This
resulted in a thicker film of photoresist over the wafer.. Conse-
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quently2 the thinning of the film that results at the V-groove edge
did not lead to a break in the resist as seen before with films spun
at 4000 rpm. .
(iii) Because of tﬁe incréase in resist film thickness, the exposure
time was increased to 45 secs to ensure that the full depth of the
resist film was exposed.

Finally, the oxide was etched awayﬁfrﬁm the desired areas in

buffered HF and the photoresist removed by boiling in acetone.

3.1.5 Tunnel~-Oxide Growth

After etching the oxide, tBE'wéfers were given a standard pre-
furnace clean (Aﬁﬁendix‘A) with the following variation. After boiling
in the peroxide-HCl solution (step IV), the wafers were rinsed in DI
water and then -blown dry in Nza prior to the final HF etch.

Secondly, before growing the tunnel-oxide, the wafers were baked in
dry N2 (1 2/min.) at 700°C for 10'minsjvin a single-walled resistance
heated quartz tube fﬁrnace. These two processes were found to be
essential in the fabrication of satisfactory switching devices with
reproducible Eharacteristics.

The first process ensures that_the thin oxide grown during fhe
peroxide cleans, over thé.regions>4efined for tunnel oxide gtowth
was completely removed by the final HF etch. Hence, a fresh siliéon
\ sﬁrface (save native oxide) was exposed for tunnel-oxide growth. .

The main purpose of the N, bake—out was to remove residual

water from the wafer surface after the DI water rinse. Traces of
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water can critically affect the oxidation rate of the silicon surface
especially when tﬁe oxide thickness is of the order of éO X. Hence,
to have any control on the oxidation rate the silicon surface must be
absolutely dry, and the N, bake-out seemed to accomplish the purpose
satisfactorily. However, there were no detailed studies carried out
during the course of this work to determine the exact effect the N2
treatment had on the silicon surface.

The tunnel-oxide growth was done in a singleﬂwélled resistance
heated furnace in dry 0,. The furnace conditions employed for the

tunnel-oxide growth are listed below.

Furnace temperature: 700°C

Ambient: dry 62 |

Flow rate: : 1 2/min.

Oxidation times: : 6.mins. X3; L3 ”

8 mins. X4; L4
12 mins. X4; LS

3.1.6 First Metallization»

In order to obtain rebroduciblebswitching.characteristics,
immediately after the tunnel-oxide growth, the wéfers were loaded
in a vacuum deposition system for aluminium deposition‘of the cathodé
electrode of the MiSé device. Héwever, as the ﬁeﬁallization was,

done immediately after the tunnel-oxide growth, a thin oxide also

r

. + . . . 1
covers the-contact-hole—regions—of—the n —diffusion. Hence, the
oxide has to be removed and another layer of aluminium deposited

to obtain good ohmic contact. Thus, two metallizations are necessary
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for the final fabrication of the device.

The aluminum used for evaporation was of 99.9997 purity.
Prior to loading into the filament the aluminum was cleaned using
process C. Filament evaporation was the technique employed and
the metallization was performed at a pressure of ’\410_6 torr.

The resultant Al film thickness was V5000 X.

3.1.7 Removal of the Thin Oxide over Contact Holes

Immediately after metallization, the wafers were photofesisted
in a manner similar to that described in Section 3.1.4. Aluminium
Qas etched away from the contact hole areas by dipping the wafers
in PAN etch, which was maintained at a temperature of 45°C. The
composition of the etch is presented below. The percentages by
volume are

Phosphoric acid: 807

Acetic écid: .SZ
Nitric acid: - 5% -
DI water: 107

The phosphorous pre-deposition mask was®used for exposing the n
areas to the PAN etch. After the Al etch the wafers were rinsed in
DI water and then etched in 10% HF for 10 secs to remove the tunnel-

oxide grown over the contact areas. This etching was monitored

and is complete when the back surface becomes hydrophobic.

-~
* .
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3.1.8  Second Metallization and Electrode Definition

After the HF etch, the wafers were rinsed in DI water, then
boiled in acetone to remove the photo-resist and a second layer
of aluminium evaporated in identical fashion to the pfocess
described in Section 3.1.7; Photoresist was applied to the wafers
immediately after the evaporation, and the electrodes defined
using thélmask for the final electrode patterns. The aluminium
etching cqnditions were the same as in the previous sectipn.

After removal of the photoresist by boiling in acetone, Al
was evaporated (Section 3.1.7) onto theiback of the wafers to
provide a good ohmic contact.

The complete fabrication procedure is presented as a flow-

chart in Figure 3. 3.

3.2. MEASUREMENT TECHNIQUE

The D.C. ﬁwo—terminal I-V characteristics of the MISS were
abtained by applying a vety slow voltage ramp (0.005 V S_l) to the
device via a HP 3310B function‘generator. A loéd resistor RL=9OKQ
was kept in series with the device to limit the current iﬁ.the ON
state. The meésurement cbhfiguration used is shown in Fig. 3.4.

The voltage across the device was meaéured using a Keithley

14

616 digital electrometer with an input impedance Rin = 10 2. The

high input impedance ensured that the electrometer would not

6 o
off ° 10”7 @) and hence lead to

shunt the MISS in the OFF state (R
erroneous measurements. The current through the device was measured
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via a Keithley 177 microvolt digital multimeter. A graphical plot
of the I-V characteristics was obtained by feeding the analog

outputs from the multimeter and electrometer to the input terminals

of a HP 7044A X-Y recorder.
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Maskihg oxide
1100°C wet O, (10 min)

Phosph.. depsn.
950 °C dry N,(20 min)

clean

L0,220.n. /00
- 3
Drive-in
Standard RCA 100 °C dry O,(10 min)
pre-furnace f—3 | |

Masking oxide

1100°C wet O, (10 min)
V-groove etch =7um deep

’ I D [

Field oxide .
1100 C wet 0,(40 min), =5000 A

S l

Tunnel-oxide
700 C dry O,(6-12 min)
‘ |

Al depsn.(10°torr)
remove Al+tunnel-oxide from n*
Al depsn. (10°torr)

define final pattern

1

Fig. 3.3 Flow chart of the fabrication procedure emplgyed for
the isolated 3-terminal MISS, i.e. with an n

diffusion.
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CHAPTER 4

In this chapter the experimentally observed DC two-terminal
characteristics of the isolated MISS is presented. The I-V
characteristics of non-isolated devices, 1ébeled '""N," are also
discussed to bring out their sub§tantially different behaviour
from the isolated MISS devices fabricated under exactly the same
conditions (see Chapter 3 for fabrication details).

Figure 4.1 shows a schematic of the isolated MISS in cross-
section defining the various parameters useful in qualitatively
understandiﬁg the observed 1I-V characteristits. It is important to
note that the device current is considered positive flowing away
from the cathode as shown in Fig. 4.1. ' The reason for this con-
vention is because the natural direction of current flow in the
device is in this direction and adoption of the above convention
helps eliminate a preponderance of negative signs in the writing of

current-voltage equations.
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4.1 EXPERIMENTAL CURRENT-VOLTAGE CHARACTERISTICSM_

The experimental I-V curves for each set of devices are
illustrated in Fig. 4.2. For ease of comparison, the character-
istics are divided into ON state and OFF state.

4.1.1 Effect of Junction Area

From the OFF state characterisﬁics shown in Fig. 4.2 it can be
seen that the switching voltage, VS, increases with increasing junc-
tion area Aj' This trend is consistently observed independent of
tunnel-oxide thicknessé dox’ or the material parameﬁers of the sub-
strate. It is also important to note that the.non—isolated devices
(designated as '"'N" in‘Fig. 4.2) from the "X" batch of wafers all
switch at 6+0.25 V. This value is in good agreement with that ob-
tained via the "ideal" punch-through model proposed by Simmons et
al. (4-1 to4 -3) (see Section 2:1) which, from the device parameters,
is calculatéa using eqn. 2.6 to be 6.5 V. A further observation
to be made from Fig. 4.2 is that the non-isolated device from set L%
‘does not switch to the ON state even though punch-through is
reached. A physical explanation of this behavipur has been pro-
vided in Section 2.3.1 in terms of thé weakening of.the regenera-
tive feedback mechanism wh£ch is ¥esponsible for the switching
txansition,ffom the OFF to the ON state.-

In cbntrast to the switching voltage, the switching current,

IS, was found to be practically insensitive to ghanges in either
the isoléted p+;n junction area or material parameters. From the

results presented in Fig. 4.2 it can be seen that, for a given dox"
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IS is essentially constant for all the isolated devices| Of par-
ticular interest are the device sets L3 and X3, which were fabri-
cated on totally different substrates.

The device parameters are listed below.

Device No. Material Parameters

X3 n-epitaxial material of starting thickness 7.4 um and
resistivity‘Ib.8 Qcm grown on a pT<100> substrate
of resistivity 0.005-0.01 Qcm.

L3 ‘ n-epitaxial material of starting thickness 9.7 um

and resistivity 18.0 Qcm grown on a p'<100> substrate
of resistivity 0.06-0.12 Qcm.

To ensure identieal tunnel-oxide characteristics, the two wafers

were oxidized simultaneously in dry O, at 7OOOC\for 6 mins. The

2
important result to note is that IS is constant for all the iso-

lated devices in sets X3 and I3 even though the OFF state currents

and switching voltages differ substantially. This result suggests

that the switching current is determined solely by the character-

istics of the tunnel-oxide.

Another very important point to note from the results in
Fig. 4.2 is that all the non-isolated devices (designated "N")
switch at %_much higher current than the correspondiﬁg isolated
devices. This can be attributed to enhanced minority carrier recom-
bination in the junction depletion regionfand in- the neuﬁralrepi——
layer dﬁe to the current fringing effects deécribed.in Séction

2.3.1L. Essentially, this means that a larger device current is

required to supply the critical value of injected hole current under

the tunnel-oxide necessary to switch the device. The observation
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that a critical vaiue of hole current, ij,: is necessafy to switch
a device with a certain oxide thickness, dox’ independeﬁt of
junctionlarea (or equivalently, constant IS), is of paramount
importance in the determination of the switching criterion of
the device. A more detailed consideration of this gbservation is
presented in Section 5.1. |

From the eharacteristies shown in Fig. 4.2, it is seen that for
-a given applied voltage the current through the device in the OFF
state, Ioff’ scalee to lower levels with increasing Aj' In con-

trast to this, the holding current in the ON state, I, ‘increases

H>
with increasing junction area. Furthermore, for a given tunnel-

oxide thickness, the devices. share the same ON state characteristic

regardless of Aj'

4.1.2 Effect of Tunnel-oxide Thickness

A comparison of both the ON and OFF state I-V characteristics

shown in Fig. 4.2 reveals that all the device currents IOFF’ IS and

IH scale to lower magnitudes with increasing dox’ i.e., increasing

oxidation time. The variation of Is and I

with d _ are presented
H ox .

in Figs. 4.3 and 4.4, resPecéively.
The experimentally observed dependence of the device para-
meters IS, Vs’ I \ 'and'Id on tunnel-oxide thickness and p+—n

H> 'H ff

junction - -area are summarized in Table 4.1.

4.2 DISCUSSION OF THE OFF STATE CHARACTERISTIC : e

4.2.,1 Effect of Junction Area Aj

As discussed briefly in the previous section, for a given

-~
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applied voltage the OFF state current is seen to scale to lower
‘ . . . + . .

levels for a corresponding increase in p -n junction area. For

the MISS device in the OFF state, electron current continuity

requires that
I ~=1 + I, , ‘ (4.1)

where the recombination current in the neutral epi-layer, Irn’

has been neglected since it is not significant for isolated devices

in the OFF state (see Chapter 5), and

Int = Electron tunnel current from metal to semiconductor
conduction band,
] . . + . .
Irj = Recombination current in p -n junction,
. . . + ,
and Inj = Electron diffusion current in p substrate.

The generation current in the déeﬁ—depletion region under the tun-
nel-oxide has been omitted from eqn (4.1) since it is not éignifi—
cant for»values of generation lifetime normally encountered in
"device-grade" silicon. All the current components flowing in
the system are shown in the enérgy bénd diagram of the MISS pre-
. sented in Fig. 4.5.‘

For the polarity of bias we are qonsidering, the silicon epi-
layer of the MIS diode is dépleted (reverseébiased),‘so the applied
voltage is primarily absorbed in the surface deep-depletion region.

Thus, for the MISS device in the OFF state, we can write

Ve +K, | - (4.2)
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where K/is a constant of magnitude }—2 volts depending on oxide
thickness, and WS is the surface potential at the Si—SiO2 inter-
face. The above equation is valid only when the magnitude of the
applied voltage is greater than approximately 1.5 V, which corres-
ponds to the characteristic "knee' seen in all OFF state curves
(see Fig. 4.2). In actual fact, this point represents the applied
voltage at which the semiconductor under.the tunnel-oxide is at flaf—
band (4-4). In other words, for applied voltage magnitudes less
than 1.5 V the semiconductor surface is accumulated and all the

- voltage is dropped across the oxide and the p+—n junction (i.e.

vV = ¢ms +'Vox + Vj’ where ¢ms is the metal-semiconductor work
function difference). Beyond this point, the semiconductor surface
is~depleted and, consequently, any_additional applied voltage is
almost completely absorbed by the surface deep-depletion region.

Under these conditions, eqn 4.2 is a good approximation with K =

+ V. + V., stayi ssentiall tant relative to .
¢ms ox 3 ying essentially constant relative ws

N,

For the materials used in this study, the electron diffusion
current is not significant since Na >> Nd;' Thus, we can rewrite

eqn 4.1 as

I =1, (= Aij ). , (4.3)

In other words, the electron tunnel current supplies the junction
. . » . + . . ‘ .
recombination current that biases the p -n junction. The expression

for Irj is given by

oony qV,
I .=A.q—=W. exp( " 4.4)
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\where Ty is the recombination lifetime in the p+—n junction deple-
tion region, and Wj is'the junction depletion width.
For fhe following discussion, consider a MISS device (with

a relatively small p+—n junction area Aj) biased in thé OFF state
at a particulér value‘of applied voltage. Under these conditions,
an electron tunnei current, Int’ will flow in the device and bias
the p+Jh junction according to the relations in eqns 4.3 and 4.4.
If Aj is now increased, then Vg will remain essentially constant
(from eqn 4.2). However, according to eqn 4.4, this same In will

t
induce a lower Vj as Aj is increased which, in turn, reduces the
hole diffusion c;;;ént across the p+—n junction. As a result, the
hole concentration at the Si—SiO2 interface decreases. Thus, the
field in the oxide is lowered, resulting in a‘reduced Int which fur-
ther decreases the junction bias. The above process confinues &ntil
steady-state is reached. From the above discussion it can be
concluded that, for a particular applied voltage, the induced

. . . + . . .
junction bias decreases as p -n junction area increases.

: ~ +
The total current flowing across the p -n junction is given by

rj pi  nj

12
H
+
=~

, - . (4.5)

" since N >> N..
a d

the MIS is deep-depleted (OFF state), the neutral region between

It is important to note that when the surface of

the edge of the surface depletion region and the junction depletion
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edge is very much smaller than the diffusion length for holes in
the epi-layer. Hence, the hole diffusion current across the p+—n
junction is dominated by.the component ijl flowing across region
Wl (see Fig. 4.1). Using the short-base diode approximation,

I .. can be written as (4-5),
pjl . (

quD ni qV,
ijl - N W exp (7)) (4'§)

\ .

where Al = Wi, and Wn is the width of the neutral region (see Fig.

4,1).
The results of eqns 4.2, 4.4, and 4.6 suggest that for a
particular value of applied voitage we have:
(1) ws (and hence Xd and Wn) is essentially constant and inde-
pendent of Aj (from eqn 4.2).
(ii) the induced junction bias decreases as A, is increasedﬂ
(iii) ijl (and hence the fotal device current), decreases with

increasing Aj.

The above conclusions are consistent with the experimentally ob-
. , . . . + .
served reduction in OFF state current with increasing p -n junc-

tion area (see Fig. 4.2).

4.2.2 Effect of Tunnel-oxide Thickness dox

The experimental results shown in Fig. 4.2 indicate that the
OFF state current decreases monotonically with increasing tunnel-
oxide thickness for any given junction area. For the MISS deéevice, =~ 7

an increase in oxide thickness has a two-fold effect: (i) for a
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given applied bias it causes a decrease in the electron tunnel

current, and (ii) this, in turn, induces a lower junction bias and,
.. . + .

consequently, a smaller hole injection current across the p -n junc-

tion. Both these effects contribute to the lower currents seen

for ‘thicker-oxide devices. A more rigorous treatment involving

the tunnel-oxide I-V equations is considered in the following

chapter.

4.3 THE SWITCHING POINT

4.3.1 Effect of Junction Area on the Switching Current

In Section 4.2.1 it was shown that, in the OFF state, changes
in the applied voltage are absorbed primarily in the surface deple-
tion region (see eqn 4.2). Hence, the higher the switching voltage
the larger will be the depletion width at the switching point.

This larger depletion volume would result in a higher generation

- current. If the generation current was a sigﬁificant component

of the switching current, theﬁ one would expect a higher IS for
devices with higher switching voltages. This, however, was not
observed. The results preseﬁ?éd in Fig. 4.2 give the switching
curfent as being approximately constant (to within 0.2 HA) for de-
viées wi;h a ﬁarticulaf oxide thickness, independent of junction
“area.

If the switching current is related in any way to the area of

+ . L ‘ s .
the p -n junction then again one would see a variation in Ismfor

the various junction areas, which range from 0.64 x 10_4cm2 to

4.84 x 10—4cm2. From the above afguments it can thus be concluded
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that the MISS switching current is dependent only on the tunnel-
oxide characteristics. ' |

Further proof of the total oxide-controlled nature of the
switching mechanism lies in the fact that'deviceé made on com-
pletely different materials but haVing the same oxide thickness (X3

and L3), have essentially the same switching current.

4.3.2 Effect of Oxide Thickness on_the Switching Current

From purely theoretical.afguments, Habib and Simmons (4-3)
have shown that at the switching point the hole concentration at the_&g
Si—SiO2 interface, p(0), is much greater than the equilibrium

strong inversion concentration; i.e. p(0)>>N This implies that

a

E the metal Fermi level, approaches EC(O), the conduction band

Fm’
edge at the silicon surface. Alternatively, the following equation

can be written

Eon = B (0) . ‘ 4.7)

Using the above condition, and recognizing that the hole diffusion
current, ij, is the dominant current in the system at switching
(borne out by calculations based on the model presented in Chapter

5), the following equation can be derived:

* . ! .
I ., =I =A_A T2 E-gg—)—-exp(—)(/2 d ); v=v_, (4.8).
pj pt ox N, U 7p ox’? s

where Ipt = hole tunnel current from silicon valence band to
metal,

. , e ) _
A = Richardson constant,
Nv = density of states at the valence band edge,
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This equation is valid at the switching point.

tunnel-oxide thickness,

tunnel-oxide barrier height for holes.

It can be shown (see Section 5.2 ) that the p(0) required
for switching decreases linearly with dox' However, for the range
of tunnel-oxide thicknesses studies (18-25 X), p(0) remains fairly

constant and its weak dependence on dOX is not sufficient to ex-

-

plain the strong dependence of IS on dox' However, the observed

decrease in IS with increasing dox can be attributed to the factor
5
P

switching current on doX is consistent with the experimental re-

exp (-x dox) appearing in eqn 4.8 . This stronger dependence of

sults shown in Fig. 4.3.

4.3.3. The Switching Voltage

As discussed in Section 4.2.1, the junction current flowing
under the surface depletion region can be described by the short-
base diode equation. This is especially valid close to switching,
since the neutr;l region, Wn’ is typically less than 2 uym. In addi-
tion, since Wn is very much Smaller‘than theAlateral dimensions of
the device structure, it would be expected that the injected holg
current'from this region would be the dominant component of the

current reaching'the 8i-Si0, interface (confirmed by calculations

2

based on the model presented in Chapter 5).

tunnel-oxide is given by eqn 4.6. Furthermore, in Section 4.2.1 it

was determined that a larger junction area will lead to a lower bias
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+ . . . . .
across the p -n junction, for a given surface potential. Since
ijl is the dominant current flowing in the device at switching,

to a good approximation we can write

I =1 . - (6.9)

Equations 4.6 and 4.9 suggest that, in order to reach the critical
value of switching current, a device wi;h a larger junction area
requires a narrower neutral region. This condition necessarily
means that Xd (or equivalently the voltage Vé) is larger for devices
with larger Aj. The above conclusion is consistent with the ex-
perimentally observed incrggse in switching voltage with increasing

V
-

isolation area.

4.3.4 The Holding Point

When the MISS device is in tﬁe ON state, it is characterized
by a small device voltage due to a greatly reduced depletion region
under the tunnel-oxide. In point of fact, the depletion Width is

at its strong-inversion value (4-1,4-3,4-6) given by (4-5),

~ The device will remain in the ON staﬁe if the injected hole
current reaching tﬁe interface;.Ipi; is high enough to maintaiﬁ the
collapsed depletion region. If Ipi falls below a critical vglue,‘
then holes at tﬁe interface are drained through the oxide faster

than the junction can supply them. This lowering of hole concentra-
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tion at the interféce reduces the field in the oxide, causing a
decrease in the electron tunnel current which consequently re-
duces the induced bias across the p+—n junction. This, in turn,
decreases ij and thus a negative feedback mechanism is initiated
which causes the device to switch to the OFF state. The total
device current at which this transition occurs is defined as the
holding current,‘IH{

At the holding point, in contrast to-the‘situation'at thg
switching point, the recombination currenﬁ in the neutral epilayer
is comparable to the iﬁjected hole current under the oxide. This
is a consequence of several factors (consider tunnel-oxide thick-
ness and area as being constant).

(i) Since the .holding currents are much greater than the
switching current (see Fié. 4.2), the induced»junction bias
is substantially higher to supply the requirea device current.
This is also‘verified experimentally By monitoring the
junction voltage via the d+.contact (see Fig. 4.1).

(ii) The depletion width is at X , which decreases the injected

d,inv
hole current contribution of the region directly under
theboxidé due to an increase in Wn (see eqn 4.65.

(iii) As a result of (i) and (ii), the contributipn of hole
diffusion current from theiéreas surrounding the tunnel-oxide
is greatly enhanced.

The importance of recombination in the neutral epi-layer when

the device is in the ON state is clearly brought out by the fact



‘that non-isolated devices have much higher holding currents (see
Fig.‘4.2).. Since the hole diffusion length in the‘epi—layer is of
the order of the lateral dimensions of the isolation areas (~50 pm),
we can expect.the minority carrier recombination to be much

greater in the non-isolated devices where current fringing occurs
(4~7). Thus the hole current that actually reaches the tunnel-
oxide is much less fhan the»hole diffusion current across the p+—n
junction; i.e., Ipi << ¥pj' Under these conditions, the critical
leVel of hole current required to maintain the surface inverted
requires a larger current flowing through the device. This addi-
tional current is due to the enhanced recombinafion in the epi-
layer at the higher junction biases typical for the ON state.

From the above discussion the following can be concluded:

as isolated junction area is inéreased, the total device current

at the holding point will be greater as a result of increasing re-
combination current within the neutral epi-layer surrounding the
tunnel-oxide. This is in direct agreement with the experimental
results presented in Fig. 4.4. Furthermore, similar arguments to
those in Section 4.32 can be used to adequately explain the decrease

in holding current for am increase in tunnel-oxide thickness (see

Fig. 4.4).
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CHAPTER 5

In this chapter the qualitative discussion of the D.C. two-
terminal behaviour of the MISS presented in the preceding chapter
is put on a more rigorous theoretical footing.

The observation of é constant current IS necessary to switch
the MISS is used to determine the switching criterion. Further-
more, on the basis of currenﬁ—&oltage relations for the tunnel-

oxide the dependence of IS and I . on the tunnel-oxide thickness,

H
dox’ has been adequately explained. Finally, a two-dimensional
model has been formulated to effectively predict the variation

- of the MISS parameters Ié, I  and VS with changes in the p+—n

H
junction area, Aj.
It is worthwhile emphasizing again the sign convention for

the current flowing through the MISS is chosen to be positiVe, flow-

ing away from the cathode.
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5.1 DETERMINATION OF THE SWITCHING CRITERION

Figure 5.1 illustrates the energy band diagram of the MISS.
in the OFF state with the various current components flowiﬁg
in the system. As seen from the diagram, the MISS can essenti-
ally be considered as a reverse-biased MIS tunnel diode in series
with a forward-biased p+—n junction. Hence, the currents flowing
in the system can be analyzed either by using the tunneling equa-
_tions for the oxide or the current-voltage equa;ioﬁs for the p+—n
junction. In the following discussion, we will éonsider'the
tunnel currents fldwing in fhe MIS structure with a negative
voltage applied to the metal electrode. (Note: The generation
current occurring as é result of thermal generétion within the
depletion region under the oxide is not considered since it is
négligible compared to other current components measured in MISS
devices.)

Using standard notation (see list of symbols), the electron
_tunnel current density flowing from tﬁe conduction band of the
n-silicon to the metal in this Al/SiOZ/nfSi structure is given

by Card (5-1),

| (0)
s = AT (T ) - (2

1/2
exp(—xn/

o (O-E_(0)
)

dox)'_’

(5.1)
where dOx is in Angstroms. The hole current density flowing from
the valence band of the n-silicon to the metal is given by
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Fig. 5.1

Energy band diagram of the MISS device close -to

switching with the electron and hole current
components.
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*

kol E(0)-E._(0) E_(0)-E | ,
J A*T {%xp p ) - exp(—z——if—gg)g exp(—x;/zdox).

From purely theoretical arguments, Habib and Simmons (5-2)
have shown that at switching thé hole concentration at the inter-
face is much greater than the equilibrium strong inversion con-
centration; i.e., p(Q) >> Nd' ‘This condition is anaiogous to

EFP(O) (the quasi-Fermi level for holes at the Si-SiO. interface),

2

being much closer to EV(O) than to (the metal Fermi level),

EFm

as illustrated in Fig. 5.1. Therefore

E_(0)-E_ (0) (0)-
exo (g T2 )5 e )

V=V . : (5.3)
s N

Using this inequality, egn 5.2 can be written as

X E (0)- EFP(O) 1/2

th A T exp KT ) eXP(—Xp

dox); V=VS (5.4)

The hole concentration at the-Si—SiO2 interface is related to

the hole quasi-Fermi level at the surface by the equation

E_(0)-E_ (0) ‘
’p(Q) = Nv exp( v kTFp ) . : (5.5)

Hence, eqns 5.4 and 5.5 yield the following relation between th

and p(0):

d x); V= : (5.6)
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~ Since all I-V measurements were obtained by using a slow
voltage ramp (essentially”D.C.j, the device remained in steady-
state. Hence the hdle‘cerrent reaehing the interface, Ipi’ is
always equal to the hole current tunneling through the oxide,
that is,

i~ L (= AOXJPt). | (5.7)

%ﬁg;ge;ge;e;kéoe the MISS de&ice in the OFF state, recombination
in the)neutral epi-layer is negligible, hence»Ipi is approximately
equal to the hole diffusion current across the p+—n junction.
Thus, from eqn 5.7:
Ip£(= Adept) =I5 - ' | (5.8)

From a detailed analysis of the experimental results pre-
sented in Chapter 4, it was copcluded that for a given tunnel-
oxide thickness and area, an essentially constant value of ij is
required to switch the device. This critical value was determined
to be independent of ieolated<junction area and material para-
meters, provided that NA >> Nd_and junction recombination dominates

over recombination in the neutral epi-layer. From the above dis-

cussion, and the expression for J at switching given by eqn

pt
5.6, to a first approximation it can be concluded that for a given

d . an essentially constant p(0) is present under the tunnel-oxide

at the switching point.
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5.2 SWITCHING CURRENT AND HOLDING CURRENT AS A FUNCTION OF OXIDE

THICKNESS

The experimgntal results presented in Chapter 4 indicate that
the switching current decreases for increaéing dox' In the pre-
ceding section, itiwas stated that p(0) >> Nd at the switching

point. This implies that E approaches EC(O). In Fig. 5.1, the

Fm

separation between E_ and EC(O) is represented by §, where

Fm

§ << Eg' Hence, in writing the switching voltage relationship

for the MISS, to a good apprbximation EFm can be considered to be

at EC(O) (i.e., 8§ = 0). Referring to the band diagram of Fig.
5.1, the following voltage relationship can be written for the MIS

diode at the switching point:

Q
= - . =
cbms + —g—cox + ¥ Eroy EFn sV v, (5.9)

where EFn is related to the Fermi level in the p+ substrate by

the equation

Ep = Beo + Y
As a consequence of p(O)’>> ng‘thevinversion charge Qi is much
greater than the dépletioﬁ charge Qd; thus Qg = - (QSS + Qi) and
egn 5.9 becomes
sty . " | '
ds " _c;—" + = EFm - (EFPT + vj); =v_ . (5.10)

‘By considering the energy band diagram of Fig. S'l’-EFm is related

‘to Ev(Xd) by
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Epp = By (X)) = By + 0, 5 V=V, | " (5.11)

since § << Eg' Using the above relation in eqn (5.10) gives

st+Qi ' -
b -6 *® (Ev(xd)_E +) + Eg - Vj 3 V=V, (5.12)
ox Fp

Measurement of the junction voltage at switching via the

n+ contact showed that Vj varied between 0.35 + 0.02 V from de-

vices with one oxide thickness to another. Hence (EV(Xd)—E +)—Vj
. _ ; Fp
is essentially constant. Furthermore, ¢ms and E_ are both
constant; thus eqn (5.12) leads to the important result that
Q..+ Q.
_jﬁ%f__;& constant; V=VS (5.13)
ox , -
that is,
Q__+Q,
(—j%?—4£> d ‘constant ; V=V . . (5.14)
ox 0Xx s

If QSS is independent of dox’ then Qi must decrease as dox in-
creaseé‘to satisfy the above equality. For the devices discussed
in this paper,ltuﬁnel—oxide thickness varied from 18 & to 25 A
which‘results in a relativelyvsmall variation bf Qi (and hence

p(Q)) as given by edn (5.14). 1In oﬁher words, the chénge in oxide
capacitance with d , 1s mot éufficient to account for thé‘Variagiq?f
of switching current with oxide thickness observed in.Chapter 4.

The factor that strongly affects the dependence of Ipt (and hence
IS) on dOx is the exponential term in eqn (5.6). Assuming Xp-

1/2

independent of d__, the factor exp(- dox) rapidly decreases with
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increasing oxide thickness. Hence, from eqn (5.7), this suggests
that the hole current required to switch the device also dgcreéses
rapidly with increasing dox’ as observed expefimentally (see
Chapter 4). Similar arguments may be used to explain the experi-
mentally observed decrease in holding current with increasing

oxide thickness.

5.3 DERIVATION OF RELEVANT EQUATIONS FOR TWO-DIMENSIONAL MODEL

Figure 5.2 shows the current components in the MISS device.
According to the switching mechanism discﬁssed in Section 5.1, for
a given dOX and AOX switching from OFF to ONloccurs when the in-
jected hole currént under the oxide reaches a certain critical
value. Similarly, the device switches from ON to OFF when the
injected hole current falls below that value required to sustain
the inversion layer under the tunnel-oxide. Thus, the important
parameter to determiﬁe in any quantitative model for the device is
the injected hole current reaching the Si—SiO2 interface, desig-
nated as Ipl |

In deriving the model, several assumptions are made;

(i) The p+,sﬁbstrate is much moré heavily doped than the n.epi-
layer, and consequently electronidiffusion currents can

bé héglé&téd.’ In'tHé’exPerimentalyresulted pfééented in

Chapter 4, the Na/Nd ratio varied from 3 x 103 for "L"

devicg§¥§9uijiggfifor "X" devices.

(ii) At low junﬁtion bias (which occurs in.the OFF state) recombi-
nation in the neutral epi-layer is negligible compéred to
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Fig.75.2 The current components present in the MISS device
close to switching.
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and

junction recombination (this is not necessarily true when
the device is in the ON state (see Chapter 4). As a conse-’
. , +
quence of using n epi-layer on p substrates, a degrada-
tion of recombination lifetime within the junction region
will occur as a result of lattice mismatch between the heavily
+

doped p substrate and lightly doped n epi-layer. This
typically leads to an order of magnitude variation between
recombination lifetime close to the junction and in the "bulk"

. . . * :
of the epi-layer ( 5-3 ), resulting in junction recombination
being dominant over recombination in the neutral epi-layer.
To get an approximate value for the generation lifetime in
the junction, the reverse bias I-V characteristics of the
+ . . : . . .
p —n junction was measured and the lifetime determined by the

relation (5-4),

ni qVv.,
To5 = a8y 50 Wy exp 5

where Igj is the generation current in p+fn junction depletion
region, and

T is the generétion lifetime in the junction,

W is the p+—n~junction1dépletion Width given by
eqn (5.20).

The value of Tg obtained was 0.1 us as cdmpared to the typi-

cal value of 1 us normally encountered in "bulk' epitaxial Si.

The recombination lifetime, Ty» was assumed to be equal to Tg for

computational purposes using the model presented later in this

chapter.
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(iii) For mathematical convenience, a circular geometry is
assumed in thch tunnel-oxide area and junction area are
considered as two concentric circles of areas which are .
equi§alent to the actual areas used in fabrication.

(iv) The junction voltage Vj is assumed constant across the
ﬁhole area of the isolated region (modifications of this
assumption are considered in Appen&ix E).'

The particular geometry used in the following analysis is
schematicallf shown in Fig.5,3. The current-voltage equations
for the p+—n junction are derived using the short-base diode
approximation for areas within one diffusion length of the tunnel-
oxide (Regions I and II). Elsewhere a long-base diode is assumed.

(i) Region I:

This is the region directiy under the tunnel-oxide. For the
device in the OFF state, the silicon under the oxide is deep-
depleted and hence the depletion region extends intb the n epi-
layer. Under these conditions, the effective area of‘the device‘
is increased due to the lateral spread of the depletion region.

Thus the effective area A, is taken to bé (L + 2Xd)2, where L is -

1

the side dimension of the tunnel—oxide area and Xd is the surface

depletion width. The equivalent radius of this region is defined
as r = (L+2Xd)//F. Since the epi-layer thickness Xe << Lp,_ the
diffusion length for holes, a short-base diode approximation is

appropriate. Hence the junction hole current contributed by aisi’
R .

Al is given by-
92



;-

*3poTIp 95seq-8uoT B Se JII UOT321 pue SSPOTIP 9SBQG-3IOYS SEB paieall 21k I pue T suoidaa
‘Topow TPUOTSUSWIP-OM] 9U] IO0J "UOTIIDIS-SS0ID UT 9OTAP SSIW °2y3d jo wea8eTp oFiewsdyds ¢°¢ *S1d

muomeMm RCEET _ | H
d * A L_ >> A
L,m\Ac_ N\ | .._.. ..l_n..l..ﬂ_\m, - ..MVM..n
) Ihﬂm U _ —lll-l.l_.l.l.ll._ .
_ Y | +
| _ +U _ | I

7 - — py _
ATV ez T,

_ | _ | I\ | apixo-piajd
pucpcm_uu WU ! A [DISN . ﬁ
IT uoibay | I uoibay ' I uoibay | I uoiBay . [T uoibay
€ P L.A Ptk >

93



1 ' ‘
I'..=qD p  —— (e -1 , : (5.15)
le‘ p no wnl
where A, = (L + 2X )2
h l : “d }4
Wnl = width of neutral section in Region I,

Xe - Wj - Xd ,

whereAWj is the p+—n junction depletion width.

(ii) Region II

This region covers the area in which the distance from the
junction to the tunnel-oxide region is within one diffusion
length, and extends from radius r, to ro where

L , if rj >L

_ p p
Ts r., , if r, <L_, (5.16)
J | P

. . . . + . .
where rj is the equivalent radius of the isolated p -n junction

l/2). Since all of this region is within one

i.e., r, = (A./w
( 3 5 )
diffusion length of the tunnel-oxide area, it can be approximated
by a short-base diode, with the added condition that the neutral
distance between the tunnel-oxide area and the junction is a

function of radius. Hence the junction hole current contributed

by Region II is given by
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qV,/kT S 4A
Ioj2 = 4D, pyole Po-n w_(r)
PJ ) ro“ n
r
—_ D ( qvj/kT_l) R 2rrdr
- 1Y, Ppot® 2, 2.1/2

% [(Xe_wj) +r°]

qV./kT 2
2nq D p (e ] ~DAL - (X W)

2, J1/2 .
+ (L+2Xd) /m] }, if rj > Lp

(5.17)
qV./kT _
219 D b (e —l){[Aj/n+(Xe—Wj)2]l/2
2 2, J1/2y ,
- [(Xe-wj) + (L+2Xd) /7] } |
ifr. <L .
i P

(iii) Region III

This region exists only for very large isolated junction

~ areas, in which the distance between tunﬁel—oxide and the junction
edge is g;eater tﬁan'one»difquion length; i.e., rj > Lp._ Within.
this éfea a long-base diode is assumed, and cq?sequently ij3
represents the hole recombination current wifhin the néutfal

epi-layer which is expected to be significant for very large

junction area devices. Hence the junction hole current contri-

buted by Region III is given by
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qu/kT
I ..=1(qD L ~1)[A.-7L°]; r.> L . 5.18
(q b Pno/ p)(e ) 57T p] ry> Ly (5.18)

pj3
This current domponent does not “contribute to the hole current which

reaches the $i-$10, interface.

Unlike the hole injection current discussed above, junction
recombination current is uniform over the whole area of the isolated
junction and is given by (5-4),

qV./2kT

Irj = (q n, A Wj/Z'rl) (e -1, (5.19)

where 1 is the recombination lifetime within the junction depletion

region, and (assuming a one-sided abrupt junction)

2€S
— (¢vaj) R (5.20)

B i~ q
Np

=
|

where ¢Biis the built-in barrier potential of the p+-n diode,
calculated from
¢Bi= (ZkT/q)ln(Nd/ni) . - (5.21)

¢

The total junction current is hence given by (see Fig. 5.3),

I=T1.+I .+T1I.
pj nj rj

=1 .,+ 1 . , since Na >> N

PJ] rJ d

i

+ I > (5.22)

I .. +T . +T . .
( PJ3) rj

pil = "pj2
and the total hole current reaching the Si—SiO2 interface is

I.=1I1..+1.,. 5.23
pi  "pil = "pj2 (5.23)
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P

From the previously derived equations for I .. and I .
P Y duat pil pi2

(eqns (5.15) and (5.17)), the total hole current reaching the

Si—SiO2 interface is a function of Xd and Vj. In the following

‘ . + . . . .
sections, the effect of p -n junction area on X, and Vj in rela-

d

tion to the switching and holding points will be considered.

5.4 RESULTS AND DISCUSSION

5.4.1 The Switching Point

From the detailed discussion presented in Section 4.1 i£ was
concluded that the switching mechanism from OFF té ON state is
completely determined by the properties of the MIS diode. For a
given dOX and on’ the experimentally measured switching current
IS is constant regardless of isolated p+—n junction area (see
Chapter 4). From this result, three important conditions were
concludéd at the switching point for a given tunnel-oxide thick-
ness and area:

(i) the hole current reaching the Si-SiO

9 interface, Ipi’

is essentially constant.

(ii) the hole concentration at the Si—SiOz~interface, p(0),

-~

is essentially constant.
(iii) the metal Fermi level, EFm’ approaches the conduction

band edgé at theASi—SiO interfade,>EC(0).

2.

The above conditions suggest that for a givén dox and Ao

the electron tunnel current from metal to silicon conduction

band is of the same order independent of the surface potential

at switching. Since recombination current in the neutral epi-layer

. <97,



is negligible compared to junction'reéombination current (see
Section 5.3), and electron diffusion current can be ignored

(si’nce'Na >> Nd), current continuity requires

Int :.Irj . (5.24)

This leads us to the conclusion that, at the switching point,
devices with a different p+—n junction area will have comparable
junction recombination current. From eqn (5.19), this suggests a
logarithmic relationship 5etween junction area and juﬁction

- voltages of the form

Uiy = Vgp *oavpRnCag,/a) (5.25)

where we define VT = kT/q and n is a parameter used to generate

the calculated curves in Fig. 5.4.

5.4.1.1 Comparison between calculated and experimental results.

Table 5.1 shows the switching voltage for each tunnel-oxide thick-
ness for various p+—n junction areas. The tunnel-oxide growth times
were 6 min, 8 min, and 12 min at 700°C in dry oxygen.

In order to verify the validity of our simplified model,

~

an expresSion for the depletion width at switching must be formu-
lated. The voltage equation for the MISS is given by

Q Q. :

_ _.ss _ 1

V=06 _ -3 T T, t Vj' L (5.26)
oxX oxX :

For a given d__, Q. is approximately constant at V=Vb (see Section

ok td
T o

5.2), hence the switching voltage is given By.
VS =P, + K, N (5.27)
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Fig. 5.4 Comparison between experimental (full circles) and
' calculated curves of switching voltages as a function
of isolated junction area. The calculated curves
have n as a parameter, which determines the logarith-
.mic variation of V, with area (see eqn (5.25)). The
best fit to experi%ental data is shown by the full
lines. ' | 100 . ' S



where K is a constant for. a parficular dOx and is typicall& of

the order of 1 to 2 volts. For increasing dox’ K will increasé
due to a decrease in COX and an increase in.Qi at switching (see
Section 5.2). A reasonable estimate for K can be obtained from
the ON characteristics, since in this case ws does not change

and is, in fact, the value for strong inversion (5-4) . Usipg tﬁel

depletion approximation, the value for X, at switching is hence

d

given by _
. 2€S _ _
Xd = E\Iz |VS - Kl ; =VS (5.28)

and the particular values of K used are showﬁ in Fig. 5.4.
The experimental and calculated values of Vs as .a function of
isolated junction area are shown in Fig. 5.4. The only parameter
that is varied in the calculated curves is the value of n in
eqn (5.25), which determinesvthe logarithmic.variation of Vj with
Aj' Essentially, the calculated curves were obtained by matching
the VS for the large junction area devices and hence determining
Xd from eqn (5.28). This ié-then used in eqns (5.15) and (5.17)—
(5}19), from which Vj at switching is determined by itera;ing
until tﬁe total current equals the experimentally measured switch-
ing Eurregt. This particular value of Vj for the lérge»area
deviEe is then used in.eqns (5.15) and (5.#5) to determine tﬁe X

d

required for any other particular area device to achieve the same

switching current. Finaliy, VS as a function of Aj can then be

calculated via eqn (5.28). The particular physical and experi-
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mental parameters used in the calculations are listed in Appendix
D. As can be seen in Fig. 5.4, the calculated functional relation-
‘ship between VS and Aj is in good agreement with experimental

results.

5.4.2 The Holding Point

At the holding point, all devices have the same surface poten-
tial, whicﬁ is simply that for strong inversion (5-5). 'As ais—
cussed in‘Section 5.1, for a givgn dox and on’ a constant hole
current reaching the interface, Ipi’ is required to keep the
device in the ON state (see Chapter 4). In addition, as oxide
thickness increases, a lower value of Ipi is required to keep
the device ON.

The experimental'and calculated results are shown in Fig.
5.5, for holding current as a function of junction area. The
c%}culated curves were generated by using Ipi as a parameter and
hence calculating Vj at the holding point via eqn (5.23), and
eqns (5.15) and (5.17). This particular value of Vj is‘then used
in the éxpression for the total current (eqn 5.22)) to‘caiculate
the holding cUrreﬁtf The physical and experimental parameters .
used in calculations-are given in Appendix D.

As can be seen from Fig. 5.5, the calculated IH as>a function
of‘junction area is in good agreement with experimental data for
all device oxide thicknesses and junction areas except for the

largest junction area. In this case, the simple model that has

been used predicts a larger IH than measured experimentally.‘"This
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Fig. 5.5 Comparison between experimental (fqll circles) and
calculated curves of holding current as a function of
isolated junction area.
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discrepancy arises because of the assumption of constant junction
voltage over the whole isolated junction area. This does not
“affect the calculated results for the switching point (see Sec-
tion 5.4.1) since the hole current immédiately.under the tunnel-
oxide (ijl’ eqn (5.15)) completely dominates all other components
P

due to the small value of Wn However, in the ON state, X, is

d

small and equal to the strong inversion value. Under these con-

1"

ditions, the other current components become significant. A
simple derivation of Vj variation with distance from the tunnel-
oxide is presented in Appendix E fér.an idealized case.

Since Vj is expected to change significantly only for large
distances from the tunnel-oxide, its effect need only be con-
:sidered within Région III. As a first approximation, Vj is made
to decrease linearly with distagce (see Appendix E), and the
calculated results for Heﬁices with 8 min tunnel-oxides. are pre-
sehtediin Fig. E.2. The curves in this diagram suggest better
agreement with the experimental results than those depicted in
Fig. 5.5. V_ Although the linear variation of junction voltage
with distance is a gross ovéf—simplification,(see Fig. E.l),bthe
curves.shown.in Fig. E.2 illustra;e,the fact that a qonétant Vj
cannot be assumed for very lafge isolation areas. However, for

.

. ' + . . .
practical device structures (A.ox =~ p -n junction area) this effect

is not expected to be significant.

— | -
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The isolated Metal-Insulator-Semiconductor-Switch (MISS)
has been studied in detail. The p+—n junction area was limited
using V-groove isolatjon. It was observed that restricting the
junctionAareé caused the I-V characteristics of the MISS to

. :
chénge substantially. The experimentally observed D.C. behaviour
of the MISS and qualitative arguments explaining the I-V character-
istics were presented in.Chapter 4. It was also seen that with
increasing Ajf for the same tuqnelloxide thickness. and area,
(i) the switching current; Is’ remained essentially constant,

an observation which helped determine the switching cri-

terion. | | |

(ii) The holding current, increased, and

IH’

(iii) The switching voltage, Vs’ also increased.

Furthermore, devices with various tunnel-oxide thicknesses
.
were fabricated and their D.C. I-V characteristics studigd. It.
was obsgrved_(éee Chapter‘4 for details) fhat with increasing
tunnel—oxiae thickness, do#’
(i) the switching current Ié, decreased,
(ii) the holding cufrént; I, decreased, and

(iii) both device currents in general, Io and Ion’ decreased. .

ff
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The holding vo%}age, V.., however, increased slightly be-

H,
cause of the higher voltage that is dropped across a thicker
oxide. A two-dimensional model has been derived which adequately

explains the variation of IS and I, with changes in junction

H
area,‘Aj.

In Chapter 2 it was explained that decreasing the on/Aj
racio woufd weaken the regenerative feedback mechanism to the
extent that the MISS would nct exhibit ény switching behaviour.
This makes it difficult to go down to tunnel-oxide dimensions of
the order of 1 ym and still fabricate satisfactory switchiﬁg'
devices. A high packing density is, however, necessary if the
MISS is to be commercially employed iﬁ memory applications.

"Isolating the p+-n junction overcomes this problem and has other
important advantages which are iisted below.

(1) Junction isolation. helps reduce the junction area, Aj’ and
hence allows us to go down to smaller values of tunnel-oxide area
on and still maintain an on/Aj ratio large encugh to allow
switching.

(ii)- Reducing A.j strengthens the RFM and hcnce the device
needs a cmaller electron tunnel current, int,‘to triggec switch~-
ing. This implies that devices with thicker tunnel-oxides would
exhibit satisfactory switching characteristics. Employing a
‘thicker tunnel-oxide is extremely desirablevbecause of its two-fold

advantage. \
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a) A larger, dox’ lowers the device currents and thus
reduces the power consumpfion in the device. A low
power dissipation is essential for successful fabri-
cation of LSI memories ﬁsing the MISS.

b) As the thickness of the tunnel-oxide is increased, a
higher reproducibility can be achieved in its fabri-
cation.

The isolation technique employed for 6ﬁr study haé V-grooving.
Tﬂis ob§iously is not a very feasible method for commercial appli-
cations as the V-groove itself.cénsumes a large silicon surface
area. We propose a more acceptable way of lim;ting tﬁe junétion
area and making the device essentially one-dimensional. The en-
visaged device structure is shown in Fig. 6.1.

A field oxide is either th;rmally gown or chemically de-
posited on a p+—substrate. A window is then etched thréugh the
field oxide equal to the desired tunnel-oxide area and an n
epitaxial silicon layer grown over the p+—substraﬁe. Hence the
field oxide helps isolate the n-epitaxial layer and therefore
can also appropriately be célled an isolatidn oxide. The inver-
sion voltage of this’oxide should be well known in ofder to
assure the switching voltage of the MISS will be compatible with .
the needs of the cir;uit design. However, minimizing the area
of the electrode overlap reduces the influence of the isolation
oxide, as well as the parasitic capacitanpces. Furthermore, growing
- the epitaxial layer after the deposition of the field/isolation
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tunnel-oxide

epitaxial isolation
layer oxide
substrate

metal

Fig. 6.1 Proposed structure for the isolated MISS device.
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oxide and employment of low—éemperature processes thereafter wiil_
eliminate problems caused by the up-diffusion of p+—substrate
into the n—épilayer, improving the reproducibility of device
behaviour.

The MISS may be even further enhanced by using the comple-
ment strucﬁure to the one studied.in this thesis, the p/n+ epi-
taxial-substrate combination,'which.will inhefently‘possess all

_of the advantages characteristic of electron minority carriers,
(i.e. highér mobilities, longer diffusion lengths, etc.). How-
ever, the major disadvantage of a MISS built on P-on-n+ silicon
is that the area under the field oxide surrounding thé device is
normaily inverted, which will cause much larger OFF state currents
to flow through the device. This problem, however, may be over-
come by using technology empioyed for fabfication of ENHANCEMENT-
MODE n~-channel MOSFETs. Also, other semi-insulators such as
silicon nitride and polycrystalline ailicon‘may also exhibit

~advantages over and above that of silicon dioxide MISS devices
and the tunnel-oxide technology. Alternative isolation methods
such as ion—bombardmént to define current flow in desired direc-
tions may élso play an important part in the evolutipn'of the

MISS. as a viable device.

In conclusion, this thesis establishes beyond doubt the need

for the fabrication of one-dimensional MISS devices to achieve lower

power dissipation and higher reliability if the MISS is to be
viewed as a\sﬁperi@r alternative to present-day memory circuit
elements.
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APPENDIX A

PRE-FURNACE CLEANING PROCEDURE

Note: (di)

(ii)

(1ii)

(iv)

(v)

(vi)

(vii)

Throughout all pfocessing, silicon wafers were
supported in Teflon wafer carriers.

All processes that involve boiling on the hot plate
were carried out in pyrex or quartz containers.

All processes that involve HF acid were‘carried out
in Teflon or polypropylene containers.

DI water used was > 10 Megohm-cm resistivity, and for
final rinses > 14 Megohm-cm.

All chemicals used (except for initial organic
solvent boils) were "Electronic' grade.

All DI water rinses_ were repeated 6 times, and for
final rinses at least 8 times.

Before trichloroethylene boils, care was taken to
ensure that silicon wafers, wafer carrier and con-

tainer were dry.

I. Organic Solvent Boils (hot plate set at 500)

1. boil in trichloroethylene (5-10 mins.) ;

2. boil in acetone (S—loimins.)'

3. Boil in methanol (5—10 mins.)

II. HF Etch

1. Dip in 10% HF to remove any oxide. (Note: 10 ‘'secs. is

usually sufficient; however, care must be taken not to
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ITI.

Iv.

(2)

over—-etch when oxide patterns are present on the wafer.
The etching process can be monitored from the back of
the wafers and is complete when the surface becomes
hydrophobic).

Rinse in DI (X6)

Organic Clean (hot plate set at 500)

(L)
(2)

Boil in 4:1:1 solution of DiENH4OH:H202 (10-15 mins).

Rinse in DI (X6).:

s

Ionic Clean (hot plate set at 500)

(1)
(2)

HF

(1)

(2)

(3)

Boil in 4:1:1 solution of DI:HCl:HZO2 (10-15 mins.)

Rinse in DI (X6).

Etch

Dip in 107% HF for 10 secs. to remove any oxide grown
during organic and ionic cleans. (Note: See previous

comments on HF etch.)

‘Rinse in DI (X8).

Blow dry in N2 gas ‘as soon as possible after»the final

DI rinse.

112



Cdaanl

APPENDIX B

SHIPLEY PHOTORESIST (PR) PROCEDURE

Note:

I.

(1)

(2)

(3)

II1.

(1)

(2)

(3)
(4)

(i) Shipley PR was applied to the wafers as soon as
possible after oxidation or metaliization.
(ii) For etching of oxides, buffered HF etch was kept
in po}ypropylene or Teflon container and wafers.

were supported in Teflon carriers.

PR Application

Place wafer front-face-up on PR spinner, switch on vacuum
and apply several drops of Shipley PR'(AZ'1350J) evenly
over the whole wafer. |

Spin at 4000 rpm for 20 secs.

Place front-face-up onto filter paper and pre-bake at

80-85°C for 20 mins.

PR Exposure and Development

Align wafer under appropriate mask and expose under UV
lamp‘for 30 secs. (Note: UV lamp should be allowed to
warm up for at least 10 ﬁiné’before'using.)

Place wafersrin_Teflon wafer carrier and develop for-45
secs..in Shipley developer (1:5 mixture of AZ 351 and DI
water) under conditions of continual stirring.

Rinse in DI (X4).

Rinse each wafer individually under DI water tap and blow

dry in N2 gas.
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(5) Place wafers front-face-up onto filter paper and post-bake

at 100-105°C for 20 mins.
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APPENDIX C

CLEANING PROCEDURE FOR ALUMINIUM
The Aluminium to be used for evaporation was cut into sticks
of length (V3 cms) and cleaned by the following procedure before

being loaded into the vacuum system.

I. ORGANIC SOLVENT BOILS

(1) Boil in trichloroethylene (5-10 mins).
(ii) Boil in acetone (5-10 mins).
(iii) Boil in methanol. (5~10 mins).

(iv) Rinse in DI water (X10).

ITI. IONIC CLEAN

Note: This cleaning prqggdure is used to remove native
A1203 from the surface and also etchva very thin layer ;f
aluminium from the surface so that a clean fresh aluminium
surface is obtained.
(i) Place the aluminium sticks in a very dilute solution of
| HCl:HZOZ:DI water for about 2 minutes.

(ii) Rinse:in DI water (X10).

(iii) Blow dry in N

20
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APPENDIX D

PHYSICAL AND EXPERIMENTAL PARAMETERS USED IN CALCULATIONS

N, o= 4.2x10™, en”?
10 -3
n, = 1.45x1077, cm .
D = 15.5 cmz sec—1
p
T = 3 usec
Tl = 0.1 usee—(measuxedﬁﬁxemféeverse—m~rv~w——“—~ﬂ———-~~—
' bias junction characteristics)

Xe = 4.4 ym

= 20 pum
e, = 1.036x10" 12F cm

KT/q = VT = 0.0259 Vv
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APPENDIX E

JUNCTION VOLTAGE AS A FUNCTION OF RADIUS

Referring to Fig. 5.4, for the region far from the centre
of the device (r>rs); the carrier flow will be essentially hori-
zontal. The incremental current dI flowing out from the area
‘2ﬂr dr (see inset of Fig. E-1), is given by

Vj(r)/VT

— LT 1\
dI J—e 2mr—dr—, (E=1)

o
where Jb =q Dp pno/Lp'_ gy integrating over the’reglon from r,

-
to r, the current at radius r is given by

r r \ (r)/VT
I(r) = f di={f omr g e dr . (E-2)

r r
S S

The voltage increment due to current I(r) is

_ - _b dr -
dvj = I(x)dR = I(r) 5 X (E-3)

" where p is the resistivity of the material and Xe is the epi-

layer thickness. From eqns (E-2) and (E-3):

dv r Yj(r)/VT

j_I(p _p 1
T " orr X T f Jo e r dr. (E-4)
e ) .

<

e r
s

Differentiating eqn (E-=4):

2 - | .
da"v, dv, V. (x)/V o -
__l+_]:,_.]_=p_'_]' eJ ' T.A (E"S)
drz - rdr Xe o

Equation (E-5)can be solved numerically and a typical set of
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computed results is shown in Fig. E-1 for differsnt boundary
conditions.

For the situation we are considering, the boundary conditions
are not known, thus a simple approximation is used; for the region
r < rs the junction voltage is assumed constant, and for r > rs

the junction voltage is assumed linearly decreasing with radius.

"Hence we can express Vj(r) as

Vj(r) =_Vjo - Vjo(r—rS)M : r>r_ , (E-6)

where M is the slope of Vj(r) and Vjo is the junction voltage

within the region r < r_ . The expressions for I .., and
s’ pjl pJZ

Irj do not change and are given by eqns (5.15), (5.17),

(5.19), respectively; however, the expression for ij3 needs to

be modified. Using eqn (E-6), we have

r,

J -
ij3 = (q Dp Pno/Lp) fr 2Tr exp (:Vjo(l—M(r_rs))/VTl dr
: s

. r,
J -
(2m q Dp pno/Lp) eXprjo(l+Mrs)/Vi:Xfr rexp(—VjOMr/VT)dr

S

-V. M

| 2ﬂq D P JO |
< ) exp(V (1+Mr )/V ) [;V M ~K; exp )
S(sxp V ‘> (

Y [exp<—1~ >-exp(—l— )|

(E-7)
Using the above expression for ij3, the dotted curves in Fig.

E-2 were csldulated for various values of M.
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Fig. E-1 Junction voltage variation as a function of distance
for the circular geometry shown in the inset. These
curves were calculated by numerically integrating
eqn (B-5) with the following boundary conditions
at ' r = 250 m: v
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Fig. E-2 Comparison between experimental (full circles) and
calculated curves of holding current as a function
of isolated junction area with M as a parameter.

120



VITA

Uﬁesh Mishra was born in Pune, India, on September 25,
1958, to S. Mishra and S. Devi. He obtained a Bachelor of
Technology‘degree in Electrical Eﬁgineering from the Indian
Institute of Technology, Kanpﬁr, India, in May 1979."He has

been registered in the M.S. program offered by the Department

of Electrical Engineering, Lehigh University, Bethlehem, PA,

since September 1979.

121



	Lehigh University
	Lehigh Preserve
	1-1-1980

	A study of two-dimensional effects in metal/tunnel-oxide/ N/P+ silicon switching devices.
	Umesh K. Mishra
	Recommended Citation


	tmp.1451580486.pdf.Za3Ck

