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Modeling tunneling and generation mechanisms governing
the nonequilibrium transient in pulsed metal—-oxide—semiconductor diodes
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The transient behavior of tunnel metal-oxide—semiconductor structures, pulsed into inversion, is
quantitatively described. A simple model for the measured transient currents is proposed, based on
the integral form of the continuity equation, leading to an uncoupled solution of the Continuity and
Poisson equations. Experimental results for structuresvisipe orn-type substrates and different
oxide thicknesses are fitted. A map showing the different behavior patterns in terms of surface
generation velocity and oxide thickness is given. 2000 American Institute of Physics.
[S0021-897€00)09522-7

INTRODUCTION (ii ) Thicker oxides om substrates, for which the impact
ionization mechanism removes the limit imposed to the cur-
Tunneling and related phenomena in metal—oxide—ent by supplying minority carriefs.
semiconducto(MOS) dewcgs are of renewed interest, be-  The model was tested reproducing experimental results
cause of reduced gate oxide thickneséed0 nm due to  jn the three regimes, and was used to analyze the dependence

increased integration density. Tunneling in reverse biasedf each type of behavior on the thickness and generation
MOS has been investigated with regard to the controversigharameters.

issue of tunneling carrier type, to establish criteria for strong

surface inversion, and in connection with possible simple

bistable devices:® Transients in MOS structure relaxing THEORY AND MODEL

from deep depletion towards equilibrium were previously in-

vestigated in connection with the characterization of minor-  The current flowing through the external circuit, after
ity carrier generation mechanisms, and most recently associ'iving the MOS tunnel diode into deep depletion by a volt-
ated to a technological application, namely charge couple@d€ pulse, is obtained from considerations on charge conser-
devices*® In both cases, it is assumed that the transient lead¥ation within each of the closed surfaces shown in Fig. 1, for

to the state of thermal equilibrium. The presence of tunnelingaﬁ n-type MOSl stLucture. The r:llte of cEangeh Orf] the fgate
currents alters this behavior, modifying the transient to yieloc argeQy equals the net current flowing through the surface

a steady state distinct from thermal equilibriim. !
An exact formulation of the addressed problem requires 4
coupling the Poisson equation, continuity equations for holes  —5==Jtp* Jin = I, 1)
and electrons, and complete expressions for the pair genera-
tion process, tunneling, and impact ionization. An integralwhere J,, is an inward hole current tunneling from the in-
treatment for the continuity equations, as used in this workyersion layer,J;, is an inward electron current tunneling to
leads to a single differential equation describing the evoluthe semiconductor, and, is the outward measured current.
tion towards equilibrium. In a similar way, it is obtained for the inversion chaiQg,
The method was implemented and used to analyze thregnclosed by>,,
qualitatively different behavior patterns exhibited by:

dQ
(i) p-type substrate samples and very thin oxidgpe d,'[nv=Jg—Jtp, 2
substrate samples, for which minority carriers seem to domi-
nate the tunneling current. where J4 is an inward current of holes, generated in the

(i) Intermediate oxide thicknes8—6 nm on n sub-  semiconductor space charge region, which are swept into the
strates, for which majority carriers dominate the tunnelinginversion layer by the electric field. The diffusion current can
current, but the whole current is limited by the generation ofbe neglected as will be shown latesiee Discussion
minority carriers. For the last surfac& ; enclosing the depletion region,

charge conservation yields
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where the first term is the semiconductor charge and the
second is the depletion region charge. The depletion width,

2q mm as a function oV, is
2e
J Y
din | tp W=\ gn Vel ®
/z Inv From Eqgs.(7) and (8), the variation ofQ;,, with time in
2 J terms of variations o¥/q results in
g9
> De innv: €ox €s %
______ P - dt | TWvg) dt ©
Semiconduaamr‘ """"""""""""""""""""" - In the case of samples with oxide layers thinner than 10
Jm nm, as is our case, which are much smaller than typical

depletion widthg1 wm, approximately, the second term in

FIG. 1. Schematic representation of the surfaces enclosing the metahe bracket of Eq(9) could be neglected. Replacing in Eq.

(Metal), the inversion layetinv) and the depletion regiofDep), considered (2), we obtain the differential equation fof

for continuity Egs.(1)—(3). ’ S
dVS: Jg—Iip

(10
where J,, accounts for the electrons leaving the depletion dt {COXJF s
region towards the substrate which, in turn, equals the mea- w

sured current. Equationd)—(3) satisfy overall charge neu-
trality, i.., Qu+ Qiny+ Que=0- THE GENERATION CURRENT

The time dependence of all the terms appearing in EQS.  The thermal generation current can be divided into two
(1)—(3), in particular the measured curredi,, will be cal-  contributions: one due to bulk generation, characterized by a

culated as expressions W, the voltage drop in the semi- generation lifetimer,, proportional to the depletion width,

conductor. The evolution d¥ itself V¢(t) will be obtained 519 another one, due to the surface generation, characterized
by numerical solution of the differential EQ). by a velocityS®

W
THE DIFFERENTIAL EQUATION FOR Vi Jg:qniﬁ"'qnis (11

An easy way to uncouple the Poisson and continuity
equations was proposed by Green and Shewéfiana non- wheren; is the intrinsic carrier density. The parametegs
degenerate semiconductor and diode currents less thé&fldSare those obtained using the Zerbst method. Actually,
10° A/m2. The electric field at the semiconductor surféce ~ SiS not a constant velocity; it starts at a valig when the

is surface is depleted immediately after the pulse, falls to an
almost constant valus§;, when the surface is inverted, and
2| 2KT ~ 2qN kT goes to zero at equilibrium.
Fs_ pst | s| ~ | (4) . . .
€s s q The total generation current is thus written as
wherek is the Boltzmann constariL,is the temperatures is wW S qVp
the semiconductor dielectric permittivity\ is the dopant Jg=dni 27, > TSt . X|1-exg 55 (12)
concentrationg is the electron chargg, is the hole density 1+ o
I

(cm™3) at the semiconductor surface, even in a nonequilib-
rium condition, andV, is the semiconductor voltage drop. The first square bracket has three terms: the first for bulk
The conservation of the electric displacement vector yieldgeneration, proportional to depletion width, the second is a

for Fg as modification of the known expressions to include the genera-
tion at the inverted surface, and the last term accounts for the
IFel=|Vg—Vs— ¢md 6_"3 (5)  depleted region generation as described in Ref. 9. The sec-

ond bracket models the approach to equilibrium as in a re-
whereV, is the applied voltage is the oxide thickness and Verse b|ased junction, according the Shockley—Hall-Read
¢ms is the work-function difference between the metal andmOde| VD is the difference between the metal Fermi level
the semiconductor ang, can be expressed as a function of and the minority carrier quasi-Fermi levedee Fig. 2 As

V as will be seen subsequently, with this simple model of thermal
’ KT generation, very good fitting of experimental curves is ob-

D :(Vg_vs_ Pmd G_OX) qN (| | __)_ (6) tained, avoiding the use of more complicated

: 2kTes d kT q expressiond!? which were intended for experiments with
The inversion layer charge takes the form excess carriers, rather than a minority carrier population be-

low the equilibrium value, as in our case.
Considering that, in equilibrium, the product pn equal

€ox
Qinv= |Vg_Vs_ ¢msl ? —gNW, (7) niz’VD is written as
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3 THE TUNNELING CURRENTS
For majority carrier tunneling, the following expressions
for metal to semiconductor electron tunneling were t3ed
O Ps Direct tunneling,ms<|Vox < ém.
1
7 Jin=C, exq—anqss)exq—Zkod)X?
n
Vg 777777777777 X {eXF{ anq( |Vox| —bme 1~ 1} (16)
\4 Fowler—Nordheim tunnelinV ;. > ¢,
| Al Vol |2 bu
=C X{|=—] X — —
Jin=C, {( 2kyd ex 2kqd Vol
q¢m|® 1
exp( 2k0d)[ 2k0d) 2|[ (17)

FIG. 2. Nonequilibrium band diagram of the metal—oxide—semiconductor .
structure. whereC,,,a,yK, are numerical constantg,, and ¢, are the

potential barriers from the metal and the semiconductor, re-
spectively.

The extraction of minority carriers by tunneling was
modeled with the following expression

Jip=(CpVEQin+Jg) X exp( — 2kod) X explapq| Vo), (18)

From Egs.(12) and(13), the effective generation starts at a whereC,,a, are numerical constants for the hole tunneling,
value qnm(W/273+ S5+ S), levels atqn(W/274+S;), and  retaining the exponential dependence of the current on the
finally goes to zero, when the diode reaches equilibrium. oxide voltage dropV,,=V4— V) reported in the direct tun-
neling regime’®>~'® The preexponential factor represents the
total supply of carriers with velocity normal to the barrier.
This current is composed of carriers in the inversion layer,
accounted by the first term proportional@,,,*° and carri-

Impact ionization occurs, if the electrons reach the semi€rs generated and driven to the surfadg) ( which must be
conductor with an energy greater than the threshold valu#éitroduced, if one expects to analyze the case of ultrathin
Eimp Which is approximatel;%Eg ,13’14whereEg is the semi- oxides. Such structures behave, in the limit, like a Schottky
conductor energy band gap. Electrons tunneling from thdliode, in which no inversion layer form®;,,~0. The main
metal Fermi level in the semiconductor will have an energysupply of tunneling carriers is, thus, the generation current
Jg. For p-type substrates, Eq18) applies to electron tun-
neling, with the sole change of subindpby n.

Replacing Egs.(12—(18) in Eg. (10), a differential
equation forVg, as a function of time is obtained. This is an

where g is the bulk electrostatic potential defined in Fig. 2. ordinary first order nonlinear equation, which must be solved
Thus, the threshold oxide voltage for impact ionization is  pnymerically.

kT n
-~ (ps Bl4v.

IMPACT IONIZATION

Eg
E=qVoxtdés _?v

E
Vimp=—"— $5- (14)
q FITTING EXPERIMENTAL TRANSIENTS CURRENTS
Impact ionization is characterized by a parametewhich The transient currents of an MOS diode, pulsed into
expresses the number of ionized pairs per unit distance. Hepletion, can be classified, as was shown rec&ritlythree
Jin/q is the number of electrons reaching the semiconductogifferent behavior patterns, namely:
per unit time and area, the number of pairs generated in thfa)

space charge region is Dominated by minority carrier tunneling current.

(b) Presence of both types of carriers tunneling, with the
Jgi=aWg,. (15 current limited by the generation of minority carriers.
(c) Presence of both types of carriers tunneling, without

This is the contribution of impact ionization to the whole
generation current, and must be introduced in the first term
of Eq. (12), when the oxide voltage drop is greater than the
threshold voltage obtained from E@.4). It is worth noting

limitation by the minority carrier generation, which is
enhanced by impact ionization.

Case a is observed in thetype substrate capacitors or

that, in case of absence of impact ionization, electron tunnelin n-type, with very thin insulatorgup to about 3 nri In
ing will affect the measured current but not the evolution ofn-type substrate samples, with oxide thickness between 3 and

the inversion layer charge towards equilibrium.

6 nm, impact ionization may occur but it is insufficient for
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TABLE |. Summary of values used in the calculations. Constants in the

-
o]

table refer to accepted values in the literature. Values of the fitting param-
eters were chosen to reproduce the experimental results. - 14
£
Sample p5 n3 G1l1 s
<10
Measured d (nm) 4.5 3.7 6.3 -
device S
parameters A(10™“ cn) 3.24 3.24 5 ; 6
N (cm?) 2.5<10"°  2.5x10% 2.5x 10 O
Tunneling ¢, (V) 3.2 3.2 3.2 2 } }
constants ¢ (V) 3.06 3.06 3.06 0 200 400 600
ko (cm™Y) 3.76x10° 3.76x10 3.76x 10
Time (s
Cp(s V) 2.88x10° 3.2x10% 3.2x 101 ()
Tunneling  «, v 3 33 33 FIG. 4. Experimentaldotted and modeledsolid) current vs time curves
fitting for a n-type sample with 3.7 nm oxide thickness3(), for several gate
parameters C,(AV 2cm ?) 2.42x10° 7.1x10° voltage pulse amplitudes. The measured increasing current is a mixture of
a, (V7Y 4 3 majority and minority carrier contributions.
Generation 74 (us) 10 60 1.7
fitting . .
parameters S, (cm/s 50 1 200 the depleted surfgce, the curve has a very slight negative
S (cm/9 150 0.9 10 slope corresponding to both bulk and inverted surface con-
tribution, which disappear at equilibrium. Curves fetype
Impact a (1/cm) e 0 10 000 . . . . .
ionization samples with very thin oxide thicknesses would look like
fitting Vip (V) 18 18 those shown in this figure for 3 and 8 V, provided the sta-
parameters tionary state is achieved immediately after the pulse is ap-

plied. This case is modeled with thermal generation and di-
rect tunneling of only minority carriers.
) ) o Case b is represented by a 3.7 nm oxide onrsaibstrate
removing the generation limitatioftase b. Case ¢ occurs  gigde with transient currents as shown in Fig. 4. In the first
for q-type substrate samples, with oxides thicker than ap»qq s, the diode exhibits a similar pattern to thatpef/pe
proximately 6 nm. , , substrate; after that, the increasing oxide voltage is sufficient
~ Figures 3-5 show a family of experimental curves, per,r the majority carrie(electrons tunneling current to domi-
taining to each one of the described cases, fitted with th@ e the measured current. Even if the composition of the
proposed model above. Details of the experimental work argpserved current is a mixture of majority and minority car-

given in Ref. 6. All the parameters used in the calculationjers the evolution and the final state are controlled by the

are given in Table I. _ balance between thermal generation and extraction of holes
Figure 3 shows the current versus time curves for gom the inversion layer by tunnelifgi.e., the current is

p-type diode with a 4.5 nm oxide thickness, for several gat§yeneration limited. This behavior pattern was modeled ne-

voltage pu!se amplitudes. The curves are representative %flecting impact ionization ¢=0). Minority and majority

the behavior ofp-type samples in general, andtype  carier tunneling are in the direct tunnel regime. For the cur-

samples driven with low voltage pulses. Curves for voltagesen tg be in the Fowler—Nordheim regime, the oxide voltage
lower than 2 V are typical of structures for which tunneling ¢nould be greater than the barrier heig8t2 V, approxi-

can be neglected. After the initial decaying contribution Ofmately), which is a voltage higher than the threshold for
impact ionization. Thus, the beginning of impact ionization
would be expected before the change of tunneling regime.

500 ; Figure 5 is for a 6.3 nm oxide onrasubstrate structure.
sample: p5 (p - Si), d=45nm . . S . . .
&~ 400 | A=324x10%cm? \ =gV In this sample, |mpact ionization begins du_nng the reIaxatlon_
E -t process. The wider spread of the curves is due to the addi-
E 300 4 \ 25 3 tional generation by impact ionization, which supplies
£ 200 . ) enough carriers to keep the population of the inversion layer
2 \ \ 225 close to the equilibrium value, thus preventing the current to
S 100 - ---------------- be generation limited. Hence, almost all the applied voltage
e will drop in the insulator allowing Fowler—Nordheim tunnel-
0 T ¥ - ¥ ing to occur.
0 2 4 6 8 10
Time (s) BEHAVIOR PATTERN MAP
FIG. 3. Experimentaldotted and modeledsolid) current vs time curves In contrast top-type substrate samples, in which a

for a p-type diode with 4.5 nm oxide thicknespg), for several gate volt- ; ; ; ; ~ _
age pulse amplitudes. These curves are representative of the behavior lcj)plque Kind of transient response 1S observed) type sub

p-type samples in general, andtype samples driven with low voltage Strate samples, '_(he _behaVi_Or pattern i_S determined by oxide
pulses. thickness and minority carrier generation parameters. An ef-
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10000

The boundary curves in the planar coordinags,andd, are
obtained from Eq(20), by replacingV, with the appropriate
values at the corresponding boundaries as follows:
Boundary I-II: The difference between behavior type |
and type Il is due to the existence of the inversion layer in
the latter, whereas no inversion layer forms in the Schottky
diode-like behavior of the former. Thus, the value foy
delimiting both regions ips=N, which, once replaced in

Eq. (6), yields
2|Vg| EOX)Z
1= \/1+ gNe, (F '

Using this value in Eqs(7) and (20), the limit between re-
FIG. 5. Experimentaldotted and modeledsolid) current vs time curves  gjons | and Il is obtained.

for a n-type sample with 6.3 nm oxide thickne¢S11), for several gate Boundary II-1Il: If increasing currents along the relax-

voltage pulse amplitudes. Impact ionization begins during the relaxation i .

process. ation transient(region Ill) are observed, the measured cur-
rent has a minimum for an oxide voltage lower than the
stationary value. This minimum occursf. Eq. (3)] neglect-

ing the contribution of the depletion region reduction when

sample: G11
n-Si, d=6.2 nm

-—
o
o
o

100

Current (nAIcm2 )

(21)

2
0 10 20 30 40 V' = qNés<E—)
Time (s) o

fective velocityS.¢ equal to the main component of the gen-
eration current density,, divided byqn;, will be used to dJq . dJn
characterize this generatio8, takes the value§,, S;, or AV [dVey

W,,/27,, the last when the bulk dominates the generatio . .
inv/£7g g "hecause the thermal generation current, as a function of ox-

rate. W, is the depletion width fops=N obtained from . : L
Egs.(6) and(8). A map for the different behaviors can there- ide voltage always has a negative slope and the majority
' ' carrier tunneling current is a monotonic increasing function

fore be constructed on a plane with coordinates of effectiv% f
velocity and oxide thickneséFig. 6). This plot is divided ox . . . .
into four regions corresponding to the Schottky diode-likemc Thaigmde_;/ﬁ;ta%(? Zzt?é?egoftrhom;ﬁngéfsaafrléngg?;ne d
behavior, and the three patterns shown in Figs. 3-5, i.eﬂ g h fSIiI. he vaiu o P :
minority carrier dominated tunneling, majority carrier domi- om the following two equations:

nated tunneling, and impact ionization assisted tunneling.  Jg=Jy,, (22b
The boundaries between those regions, can be determined as
follows: in the stationary state, the generation current muspg
be equal to the hole tunnel curredt, . Thus, for the steady
state the generation current is

(229

ich is the limiting case od;,<<J4. A second condition for
e observation of the minimum to be observed, i.e., its oc-
currence before the stationary sthi. (22b)] attained is

3g=Jtn, (220

Jg:qniseff:Jtp(Vomd)- (19 hich i ) g b he )
. . . . wnicn IS necessary In order to observe the Increasing current.
Substituting Eq(18) into Eq. (19) results in Substituting Eqs(12) and (16)—(18) into (228—(220 we
CpVEQin( Voxd) obtain

[exp(2kod)exp( — apq|Ved) — 1171
(20 Jin(Vo) =

eff —

ani va'%'QinV(VOXid)

qNWa,,
——o— T 1|lexp(2kod) X explarpq Vo) — 1]
S

100 (23

which yields the stationary oxide voltage for which the mini-
mum occurs. This value, replaced in Eg0), yields the limit
between regions 1l and lIl.

Finally, substituting the threshold for impact ionization
(Vimp= 1.8V approx) for the stationary,, in Eqg. (20), the
limit between regions Ill and 1V is obtained.

10 A

0.1 4

Surface generation velocity
(cmis)

0.01

DISCUSSION
2 25 3 35 4 45 5

Oxide thickness (nm) A thorough treatment of the MOS structure to simulate

its relaxation towards thermal equilibrium should include the
FIG. 6. Behavior pattern map. Region I: Schottky diode-like behavior, re-numerical solution of the coupled Poisson and Boltzmann
gion Il: minority carrier dominated tunneling, region Ill: majority carrier transport equations. The present model uses known phenom-
inated tunneli ion IV: i t ionizati isted tunneling. . : . . .
dominated tunneling, region IV: impact ionization assisted wnneling. - o 10 4ica| expressions with slight modifications, to describe
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400 1 104
. model
"E 300 J sampl_e.G11 = O  experimental
§ n-Si, d-i-z mz'ﬂ Vg =62V NE 10T ------- without light
£ 200 A=Sx10 em 3 n-Si d=41nm
- o 4
£ S 17T a=s2ext0%en? 3.
£ 100 2 LAl
o & 10 - |
0 : : : (4] 1 1 1 | | 1
0 10 20 30 40 10 : ' Tt
O 200 400 600 800 1000

Time (s)
Time (s)
FIG. 7. Experimenta{symbo) and modeledsolid) current vs time curves
for the 6.3 nm oxide thicknesstype samplgG11), with 6.2 V applied to ~ FIG. 8. Bistable MOS tunnel diode behavior. This behavior can be inter-
the gate. preted as a shift of the structure from region Ill to region 1V, caused by the
illumination related generatiod1), and locked there by impact ionization.

uantitatively the physical mechanisms giving rise to differ- . .
a y Phy gving n-type substrate sample corresponds to region Il for times

ent observed behavior patterns, which had been already an‘s'j\ﬁorter than 700 s. The diode would remain in this stationary

lyz litatively” . . :
yzed qualitatively: ﬁtate if no perturbation were applied. At 700 s, the structure

Despite the phenomenological approach, the model Careceives a pulse of light, which produces an additional sup-
reproduce features with great detail. See, for instance, the P gnt, P P

. R ply of minority carriers to the inversion layer. The oxide
singular case in Fig. 7: a curve for the 6.3 nrype sample, . S S
voltage grows, triggering impact ionization, and the structure

with 6.2 V applied to the gate, for which a peak in Current'u_mps to a higher current state. After the light is switched

appears at approximately 30 s, closed matched by the the})ff, impact ionization maintains the structure in this high

retical curve and can be associated to the onset of impac?t )
urrent state. In terms of the proposed behavior pattern map,

lonization. Probably the greatest inaccuracies of the mOde[iis rocess can be interpreted as a shift of the structure from
are encountered in the time evolution of the surface genera- P P

tion. The usual characterization of the phenomenon througnig;grq :glg?e:jegsr?elr\z;t’igsl::i?rﬂ tztg:ien a?:gl\?;l?;a? ;!llj_m"
parameters such as generation lifetime and generation veloqi- g ! 9 <Al

ties apparently leads to an oversimplification, which resultsoweOI by the locking of the structure in region IV, due to

in slight deviations from the experimental curves in the ap_lmpact ionization triggered in this new condition, which sus-

o - . tains the high value db., after the illumination is removed.
proach to equilibrium, as can be observed in Fig. 3, or in th?Nhereas the first step occurs for anv thin oxide. the sample
beginning of impact ionization in Fig. 5. ! P ! y thin oxice, P

Equation(2) neglects the diffusion current, i.e., all the must be near the border of regions IlI-1V, for the process to

minority carriers generated in the depletion region are driver?e completed and the bistable behavior to be observed.

towards the surface, so the hole current in the semiconduct%rhovmeinaf;?"eg \;glrt?/%?uggese?oc\)ﬁ Z%%Sen;'\?lm arllteerr;he”rg;lp
bulk is zero. This assumption is valid for Si at room 9. o, ’ g pp

temperaturé® voltages, impact ionization can start immediately after the
The map. in Fig. 6 may help in dealing with a number of structure is biased, which is the typical behavior of diodes

different issues:(i) Previous contributions’??> have ad- with oxides thicker than those used here.

dressed the question of how thin MOS structures should be

to behave as Schottky diodes. Calculations by Wanhgl? ~ CONCLUSION
e;stat;hshed a 3t Em.cnn(;a:j QfX'd? th_ltcknes.s, for Wh'cp the The transient behavior of a metal—-oxide—semiconductor
structure cannot be inverted It minority carriers are not supy,,, diode, pulsed into inversion, was simulated with a
plied externally. Figure 6 provides an explicit answer to this

simple model, based on the integral form of the Continuity

problem, in ter.ms of OX|de'th|ckness and generation Param; g poisson equations. The model takes into account several
eters. For typical generation parameter values, the oxid

) . ! . ﬁwinority carrier generation mechanisms, such as thermal
th_|t<;1k?r(]ass for S_cho':tky d|0?eo-|llke behavior compares We"generation, impact ionization, and illumination, as well as
Wi 0S€ previously reported. tunneling effects; and fairly reproduces the experimental re-

(if) The issue of the dominant tunneling carrier type. Thesults. A map, with planar coordinates of oxide thickness and

map shows that whereas for usual generation velocities, '"Bffective generation velocity, determines the kind of tran-

the thlnngst structures, the measured C“Tre”t IS 'T"”O”t_y CaGient observed. The map seems to be a useful tool for the
rier dominated(behaviors | and )t for thicker oxides, in

. . . ; . analysis of tunneling induced out of equilibrium phenomena.
region lll, the dominant type of carrier switches from minor-

ity to majority with increasing reverse bias voltage, as has
been previously reported in the literatdr& 23 LF. L. Hsueh and J. G. Simmons, Solid-State Elect&.499 (1984.
e . . . 2
(i) Finally, a brief comment about the bistable MOS /begl' \.’:Vﬁ‘;sggf'lgggﬁ”g%@F' C. Tzeng, C. T. Chen, and C. Y. Chang, J.
. . . . 24 . . . A .
tun_ne_l diode, a dewce_des_crlbed by ledial, _ with charac- ~ ®H. Kroger and H. A. R. Wegener, Solid-State Electra, 643 (1977.
teristic curves shown in Fig. 8. The behavior pattern of this“M. Zerbst, Z. Angew. Phy22, 30 (1966.
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