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Modeling tunneling and generation mechanisms governing
the nonequilibrium transient in pulsed metal–oxide–semiconductor diodes

Andrés Vercika) and Adrián Nestor Faigonb)

Laboratorio de Fı´sica de Dispositivos-Microelectro´nica, Facultad de Ingenierı´a,
Universidad de Buenos Aires, Argentina

~Received 8 December 1999; accepted for publication 21 August 2000!

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 structures withp-type 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.
@S0021-8979~00!09522-0#
e
e-

se
si
n
pl
g
in
or
o
le
a
lin
el

re
le
e
ra
rk
lu

hr

m

in
o

t
ur-

ults
ence
tion

er
lt-
ser-
for
ate
ce

-
o
t.

he
the

an

,

T

INTRODUCTION

Tunneling and related phenomena in metal–oxid
semiconductor~MOS! devices are of renewed interest, b
cause of reduced gate oxide thicknesses~,10 nm! due to
increased integration density. Tunneling in reverse bia
MOS has been investigated with regard to the controver
issue of tunneling carrier type, to establish criteria for stro
surface inversion, and in connection with possible sim
bistable devices.1–3 Transients in MOS structure relaxin
from deep depletion towards equilibrium were previously
vestigated in connection with the characterization of min
ity carrier generation mechanisms, and most recently ass
ated to a technological application, namely charge coup
devices.4,5 In both cases, it is assumed that the transient le
to the state of thermal equilibrium. The presence of tunne
currents alters this behavior, modifying the transient to yi
a steady state distinct from thermal equilibrium.6

An exact formulation of the addressed problem requi
coupling the Poisson equation, continuity equations for ho
and electrons, and complete expressions for the pair gen
tion process, tunneling, and impact ionization. An integ
treatment for the continuity equations, as used in this wo
leads to a single differential equation describing the evo
tion towards equilibrium.

The method was implemented and used to analyze t
qualitatively different behavior patterns exhibited by:

~i! p-type substrate samples and very thin oxiden-type
substrate samples, for which minority carriers seem to do
nate the tunneling current.

~ii ! Intermediate oxide thickness~3–6 nm! on n sub-
strates, for which majority carriers dominate the tunnel
current, but the whole current is limited by the generation
minority carriers.

a!Electronic mail: avercik@df.ufscar.br
b!Researcher at the Consejo Nacional de Investigaciones Cientificas y´c-

nicas, Argentina.
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~iii ! Thicker oxides onn substrates, for which the impac
ionization mechanism removes the limit imposed to the c
rent by supplying minority carriers.6

The model was tested reproducing experimental res
in the three regimes, and was used to analyze the depend
of each type of behavior on the thickness and genera
parameters.

THEORY AND MODEL

The current flowing through the external circuit, aft
driving the MOS tunnel diode into deep depletion by a vo
age pulse, is obtained from considerations on charge con
vation within each of the closed surfaces shown in Fig. 1,
an n-type MOS structure. The rate of change of the g
chargeQM equals the net current flowing through the surfa
(1

dQM

dt
5Jtp1Jtn2Jm , ~1!

whereJtp is an inward hole current tunneling from the in
version layer,Jtn is an inward electron current tunneling t
the semiconductor, andJm is the outward measured curren
In a similar way, it is obtained for the inversion chargeQinv

enclosed by(2 ,

dQinv

dt
5Jg2Jtp , ~2!

where Jg is an inward current of holes, generated in t
semiconductor space charge region, which are swept into
inversion layer by the electric field. The diffusion current c
be neglected as will be shown later~see Discussion!.

For the last surface(3 enclosing the depletion region
charge conservation yields

dQdep

dt
5Jm2Jtn2Jg , ~3!e
8 © 2000 American Institute of Physics
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where Jm accounts for the electrons leaving the deplet
region towards the substrate which, in turn, equals the m
sured current. Equations~1!–~3! satisfy overall charge neu
trality, i.e., QM1Qinv1Qdep50.

The time dependence of all the terms appearing in E
~1!–~3!, in particular the measured currentJm , will be cal-
culated as expressions ofVs , the voltage drop in the semi
conductor. The evolution ofVs itself Vs(t) will be obtained
by numerical solution of the differential Eq.~2!.

THE DIFFERENTIAL EQUATION FOR Vs

An easy way to uncouple the Poisson and continu
equations was proposed by Green and Shewchum7 for a non-
degenerate semiconductor and diode currents less
104 A/m2. The electric field at the semiconductor surfaceFs

is

Fs
25F2kT

es
ps1

2qN

es
S uVsu2

kT

q D G , ~4!

wherek is the Boltzmann constant,T is the temperature,es is
the semiconductor dielectric permittivity,N is the dopant
concentration,q is the electron charge,ps is the hole density
~cm23! at the semiconductor surface, even in a nonequi
rium condition, andVs is the semiconductor voltage drop
The conservation of the electric displacement vector yie
for Fs as

uFsu5uVg2Vs2fmsu
eox

esd
, ~5!

whereVg is the applied voltage,d is the oxide thickness an
fms is the work-function difference between the metal a
the semiconductor andps can be expressed as a function
Vs as

ps5
~Vg2Vs2fms!

2kTes
S eox

d D 2

2
qN

kT S uVsu 2
kT

q D . ~6!

The inversion layer charge takes the form

Qinv5uVg2Vs2fmsu
eox

d
2qNW, ~7!

FIG. 1. Schematic representation of the surfaces enclosing the m
~Metal!, the inversion layer~Inv! and the depletion region~Dep!, considered
for continuity Eqs.~1!–~3!.
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where the first term is the semiconductor charge and
second is the depletion region charge. The depletion wi
as a function ofVs , is

W5A2es

qN
uVsu. ~8!

From Eqs.~7! and ~8!, the variation ofQinv with time in
terms of variations ofVs results in

dQinv

dt
5Feox

d
1

es

W~Vs!
G dVs

dt
. ~9!

In the case of samples with oxide layers thinner than
nm, as is our case, which are much smaller than typ
depletion widths~1 mm, approximately!, the second term in
the bracket of Eq.~9! could be neglected. Replacing in E
~2!, we obtain the differential equation forVs

dVs

dt
5

Jg2Jtp

FCox1
es

WG . ~10!

THE GENERATION CURRENT

The thermal generation current can be divided into t
contributions: one due to bulk generation, characterized b
generation lifetimetg , proportional to the depletion width
and another one, due to the surface generation, characte
by a velocityS8

Jg5qni

W

2tg
1qniS, ~11!

whereni is the intrinsic carrier density. The parameterstg

andS are those obtained using the Zerbst method. Actua
S is not a constant velocity; it starts at a valueS0 , when the
surface is depleted immediately after the pulse, falls to
almost constant valueSi , when the surface is inverted, an
goes to zero at equilibrium.
The total generation current is thus written as

Jg5qniF W

2tg
1Si1

S0

S 11
ps

2ni
D G3F12expS qVD

2kTD G . ~12!

The first square bracket has three terms: the first for b
generation, proportional to depletion width, the second i
modification of the known expressions to include the gene
tion at the inverted surface, and the last term accounts for
depleted region generation as described in Ref. 9. The
ond bracket models the approach to equilibrium as in a
verse biased junction, according the Shockley–Hall–R
model,10 VD is the difference between the metal Fermi lev
and the minority carrier quasi-Fermi level~see Fig. 2!. As
will be seen subsequently, with this simple model of therm
generation, very good fitting of experimental curves is o
tained, avoiding the use of more complicate
expressions,11,12 which were intended for experiments wit
excess carriers, rather than a minority carrier population
low the equilibrium value, as in our case.

Considering that, in equilibrium, the product pn equ
ni

2,VD is written as

tal
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VD5
kT

q
lnS psnB

ni
2 D 1Vs . ~13!

From Eqs.~12! and ~13!, the effective generation starts at
value qni(W/2tg1Si1S0), levels atqni(W/2tg1Si), and
finally goes to zero, when the diode reaches equilibrium.

IMPACT IONIZATION

Impact ionization occurs, if the electrons reach the se
conductor with an energy greater than the threshold va
Eimp which is approximately3

2Eg ,13,14 whereEg is the semi-
conductor energy band gap. Electrons tunneling from
metal Fermi level in the semiconductor will have an ener

E5qVox1qfB 2
Eg

2
,

wherefB is the bulk electrostatic potential defined in Fig.
Thus, the threshold oxide voltage for impact ionization is

Vimp5
Eg

q
2fB . ~14!

Impact ionization is characterized by a parametera, which
expresses the number of ionized pairs per unit distance
Jtn /q is the number of electrons reaching the semicondu
per unit time and area, the number of pairs generated in
space charge region is

Jgi5aWJtn . ~15!

This is the contribution of impact ionization to the who
generation current, and must be introduced in the first te
of Eq. ~12!, when the oxide voltage drop is greater than t
threshold voltage obtained from Eq.~14!. It is worth noting
that, in case of absence of impact ionization, electron tun
ing will affect the measured current but not the evolution
the inversion layer charge towards equilibrium.

FIG. 2. Nonequilibrium band diagram of the metal–oxide–semicondu
structure.
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THE TUNNELING CURRENTS

For majority carrier tunneling, the following expression
for metal to semiconductor electron tunneling were used15

Direct tunneling,fms,uVoxu,fm ,

Jtn5Cn exp~2anfs!exp~22k0d!3
1

an
2

3$exp@anq~ uVoxu2fms!#21% ~16!

Fowler–Nordheim tunnelinguVoxu.fm ,

Jtn5Cn3H S quVoxu
2k0d D 2

3expS 22k0d
fM

uVoxu
D

2exp~22k0d!F S qfm

2k0dD 2

2
1

an
2G J , ~17!

whereCn ,anyk0 are numerical constants,fm andfs are the
potential barriers from the metal and the semiconductor,
spectively.

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

Jtp5~CpVT
2Qinv1Jg!3exp~22k0d!3exp~apquVoxu!, ~18!

whereCp ,ap are numerical constants for the hole tunnelin
retaining the exponential dependence of the current on
oxide voltage drop (Vox5Vg2Vs) reported in the direct tun-
neling regime.15–18 The preexponential factor represents t
total supply of carriers with velocity normal to the barrie
This current is composed of carriers in the inversion lay
accounted by the first term proportional toQinv ,19 and carri-
ers generated and driven to the surface (Jg), which must be
introduced, if one expects to analyze the case of ultrat
oxides. Such structures behave, in the limit, like a Schot
diode, in which no inversion layer forms,Qinv'0. The main
supply of tunneling carriers is, thus, the generation curr
Jg . For p-type substrates, Eq.~18! applies to electron tun-
neling, with the sole change of subindexp by n.

Replacing Eqs.~12!–~18! in Eq. ~10!, a differential
equation forVs , as a function of time is obtained. This is a
ordinary first order nonlinear equation, which must be solv
numerically.

FITTING EXPERIMENTAL TRANSIENTS CURRENTS

The transient currents of an MOS diode, pulsed in
depletion, can be classified, as was shown recently,6 in three
different behavior patterns, namely:

~a! Dominated by minority carrier tunneling current.
~b! Presence of both types of carriers tunneling, with t

current limited by the generation of minority carriers
~c! Presence of both types of carriers tunneling, witho

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

Case a is observed in thep-type substrate capacitors o
in n-type, with very thin insulators~up to about 3 nm!. In
n-type substrate samples, with oxide thickness between 3
6 nm, impact ionization may occur but it is insufficient fo

r
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removing the generation limitation~case b!. Case c occurs
for n-type substrate samples, with oxides thicker than
proximately 6 nm.

Figures 3–5 show a family of experimental curves, p
taining to each one of the described cases, fitted with
proposed model above. Details of the experimental work
given in Ref. 6. All the parameters used in the calculatio
are given in Table I.

Figure 3 shows the current versus time curves fo
p-type diode with a 4.5 nm oxide thickness, for several g
voltage pulse amplitudes. The curves are representativ
the behavior of p-type samples in general, andn-type
samples driven with low voltage pulses. Curves for voltag
lower than 2 V are typical of structures for which tunnelin
can be neglected. After the initial decaying contribution

TABLE I. Summary of values used in the calculations. Constants in
table refer to accepted values in the literature. Values of the fitting par
eters were chosen to reproduce the experimental results.

Sample p5 n3 G11

Measured
device

d ~nm! 4.5 3.7 6.3

parameters A(1024 cm2) 3.24 3.24 5
N ~cm23) 2.531015 2.531015 2.531015

Tunneling fm ~V! 3.2 3.2 3.2
constants fs ~V! 3.06 3.06 3.06

k0 ~cm21! 3.763107 3.763107 3.763107

Cp(s21 V22) 2.883105 3.231010 3.231010

Tunneling
fitting

ap ~V21! 3 3.3 3.3

parameters Cn(A V22 cm22) ¯ 2.423108 7.13107

an ~V21! ¯ 4 3

Generation
fitting

tg ~ms! 10 60 1.7

parameters S0 ~cm/s! 50 1 200
Si ~cm/s! 150 0.9 10

Impact
ionization

a ~1/cm! ¯ 0 10 000

fitting
parameters

Vimp ~V! ¯ 21.8 21.8

FIG. 3. Experimental~dotted! and modeled~solid! current vs time curves
for a p-type diode with 4.5 nm oxide thickness (p5), for several gate volt-
age pulse amplitudes. These curves are representative of the behav
p-type samples in general, andn-type samples driven with low voltage
pulses.
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the depleted surface, the curve has a very slight nega
slope corresponding to both bulk and inverted surface c
tribution, which disappear at equilibrium. Curves forn-type
samples with very thin oxide thicknesses would look li
those shown in this figure for 3 and 8 V, provided the s
tionary state is achieved immediately after the pulse is
plied. This case is modeled with thermal generation and
rect tunneling of only minority carriers.

Case b is represented by a 3.7 nm oxide on an-substrate
diode with transient currents as shown in Fig. 4. In the fi
200 s, the diode exhibits a similar pattern to that ofp-type
substrate; after that, the increasing oxide voltage is suffic
for the majority carrier~electrons! tunneling current to domi-
nate the measured current. Even if the composition of
observed current is a mixture of majority and minority ca
riers, the evolution and the final state are controlled by
balance between thermal generation and extraction of h
from the inversion layer by tunneling,6 i.e., the current is
generation limited. This behavior pattern was modeled
glecting impact ionization (a50). Minority and majority
carrier tunneling are in the direct tunnel regime. For the c
rent to be in the Fowler–Nordheim regime, the oxide volta
should be greater than the barrier height~3.2 V, approxi-
mately!, which is a voltage higher than the threshold f
impact ionization. Thus, the beginning of impact ionizati
would be expected before the change of tunneling regim

Figure 5 is for a 6.3 nm oxide on an-substrate structure
In this sample, impact ionization begins during the relaxat
process. The wider spread of the curves is due to the a
tional generation by impact ionization, which suppli
enough carriers to keep the population of the inversion la
close to the equilibrium value, thus preventing the curren
be generation limited. Hence, almost all the applied volta
will drop in the insulator allowing Fowler–Nordheim tunne
ing to occur.

BEHAVIOR PATTERN MAP

In contrast to p-type substrate samples, in which
unique kind of transient response is observed, inn-type sub-
strate samples, the behavior pattern is determined by o
thickness and minority carrier generation parameters. An

e
-

of

FIG. 4. Experimental~dotted! and modeled~solid! current vs time curves
for a n-type sample with 3.7 nm oxide thickness (n3), for several gate
voltage pulse amplitudes. The measured increasing current is a mixtu
majority and minority carrier contributions.
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fective velocitySeff equal to the main component of the ge
eration current densityJg , divided byqni , will be used to
characterize this generation.Seff takes the valuesS0 , Si , or
Winv/2tg , the last when the bulk dominates the generat
rate. Winv is the depletion width forps5N obtained from
Eqs.~6! and~8!. A map for the different behaviors can ther
fore be constructed on a plane with coordinates of effec
velocity and oxide thickness~Fig. 6!. This plot is divided
into four regions corresponding to the Schottky diode-l
behavior, and the three patterns shown in Figs. 3–5,
minority carrier dominated tunneling, majority carrier dom
nated tunneling, and impact ionization assisted tunnel
The boundaries between those regions, can be determin
follows: in the stationary state, the generation current m
be equal to the hole tunnel current,Jtp . Thus, for the steady
state the generation current is

Jg5qniSeff5Jtp~Vox ,d!. ~19!

Substituting Eq.~18! into Eq. ~19! results in

Seff5
CpVT

2Qinv~Vox,d!

qni
@exp~2k0d!exp~2apquVoxu!21#21.

~20!

FIG. 5. Experimental~dotted! and modeled~solid! current vs time curves
for a n-type sample with 6.3 nm oxide thickness~G11!, for several gate
voltage pulse amplitudes. Impact ionization begins during the relaxa
process.

FIG. 6. Behavior pattern map. Region I: Schottky diode-like behavior,
gion II: minority carrier dominated tunneling, region III: majority carrie
dominated tunneling, region IV: impact ionization assisted tunneling.
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The boundary curves in the planar coordinates,Seff andd, are
obtained from Eq.~20!, by replacingVox with the appropriate
values at the corresponding boundaries as follows:

Boundary I–II: The difference between behavior type
and type II is due to the existence of the inversion layer
the latter, whereas no inversion layer forms in the Schot
diode-like behavior of the former. Thus, the value forps

delimiting both regions isps5N, which, once replaced in
Eq. ~6!, yields

Vox
I – II 5qNesS d

eox
D 2F12A11

2uVgu
qNes

S eox

d D 2G . ~21!

Using this value in Eqs.~7! and ~20!, the limit between re-
gions I and II is obtained.

Boundary II–III: If increasing currents along the rela
ation transient~region III! are observed, the measured cu
rent has a minimum for an oxide voltage lower than t
stationary value. This minimum occurs@cf. Eq. ~3!# neglect-
ing the contribution of the depletion region reduction whe

U dJg

dVox
U5U dJtn

dVox
U ~22a!

because the thermal generation current, as a function of
ide voltage always has a negative slope and the majo
carrier tunneling current is a monotonic increasing funct
of Vox .

The oxide voltage obtained from Eq.~22a! is a function
of tg and Si . The values for both parameters are obtain
from the following two equations:

Jg5Jtp , ~22b!

which is the limiting case ofJtp,Jg . A second condition for
the observation of the minimum to be observed, i.e., its
currence before the stationary state@Eq. ~22b!# attained is

Jg5Jtn , ~22c!

which is necessary in order to observe the increasing curr
Substituting Eqs.~12! and ~16!–~18! into ~22a!–~22c! we
obtain

Jtn~Vox!5
CpVT

2Qinv~Vox ,d!

S qNW2an

2es
11D @exp~2k0d!3exp~apqVox!21#

,

~23!

which yields the stationary oxide voltage for which the min
mum occurs. This value, replaced in Eq.~20!, yields the limit
between regions II and III.

Finally, substituting the threshold for impact ionizatio
(Vimp51.8 V approx.! for the stationaryVox in Eq. ~20!, the
limit between regions III and IV is obtained.

DISCUSSION

A thorough treatment of the MOS structure to simula
its relaxation towards thermal equilibrium should include t
numerical solution of the coupled Poisson and Boltzma
transport equations. The present model uses known phen
enological expressions with slight modifications, to descr

n
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quantitatively the physical mechanisms giving rise to diff
ent observed behavior patterns, which had been already
lyzed qualitatively.6

Despite the phenomenological approach, the model
reproduce features with great detail. See, for instance,
singular case in Fig. 7: a curve for the 6.3 nmn-type sample,
with 6.2 V applied to the gate, for which a peak in curre
appears at approximately 30 s, closed matched by the t
retical curve and can be associated to the onset of im
ionization. Probably the greatest inaccuracies of the mo
are encountered in the time evolution of the surface gen
tion. The usual characterization of the phenomenon thro
parameters such as generation lifetime and generation ve
ties apparently leads to an oversimplification, which resu
in slight deviations from the experimental curves in the a
proach to equilibrium, as can be observed in Fig. 3, or in
beginning of impact ionization in Fig. 5.

Equation~2! neglects the diffusion current, i.e., all th
minority carriers generated in the depletion region are dri
towards the surface, so the hole current in the semicondu
bulk is zero. This assumption is valid for Si at roo
temperature.20

The map in Fig. 6 may help in dealing with a number
different issues:~i! Previous contributions5,21,22 have ad-
dressed the question of how thin MOS structures should
to behave as Schottky diodes. Calculations by Wanget al.2

established a 3 nm critical oxide thickness, for which t
structure cannot be inverted if minority carriers are not s
plied externally. Figure 6 provides an explicit answer to t
problem, in terms of oxide thickness and generation par
eters. For typical generation parameter values, the o
thickness for Schottky diode-like behavior compares w
with those previously reported.

~ii ! The issue of the dominant tunneling carrier type. T
map shows that whereas for usual generation velocities
the thinnest structures, the measured current is minority
rier dominated~behaviors I and II!; for thicker oxides, in
region III, the dominant type of carrier switches from mino
ity to majority with increasing reverse bias voltage, as h
been previously reported in the literature.1,22,23

~iii ! Finally, a brief comment about the bistable MO
tunnel diode, a device described by Laiet al.,24 with charac-
teristic curves shown in Fig. 8. The behavior pattern of t

FIG. 7. Experimental~symbol! and modeled~solid! current vs time curves
for the 6.3 nm oxide thicknessn-type sample~G11!, with 6.2 V applied to
the gate.
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n-type substrate sample corresponds to region III for tim
shorter than 700 s. The diode would remain in this station
state if no perturbation were applied. At 700 s, the struct
receives a pulse of light, which produces an additional s
ply of minority carriers to the inversion layer. The oxid
voltage grows, triggering impact ionization, and the struct
jumps to a higher current state. After the light is switch
off, impact ionization maintains the structure in this hig
current state. In terms of the proposed behavior pattern m
this process can be interpreted as a shift of the structure f
region III to region IV, caused by the addition of an illum
nation related generation term, altering the value ofSeff , fol-
lowed by the locking of the structure in region IV, due
impact ionization triggered in this new condition, which su
tains the high value ofSeff , after the illumination is removed
Whereas the first step occurs for any thin oxide, the sam
must be near the border of regions III–IV, for the process
be completed and the bistable behavior to be observed.

The applied voltage does not substantially alter the m
shown in Fig. 6, for values below 300 V. At higher applie
voltages, impact ionization can start immediately after
structure is biased, which is the typical behavior of diod
with oxides thicker than those used here.

CONCLUSION

The transient behavior of a metal–oxide–semiconduc
tunnel diode, pulsed into inversion, was simulated with
simple model, based on the integral form of the Continu
and Poisson equations. The model takes into account se
minority carrier generation mechanisms, such as ther
generation, impact ionization, and illumination, as well
tunneling effects; and fairly reproduces the experimental
sults. A map, with planar coordinates of oxide thickness a
effective generation velocity, determines the kind of tra
sient observed. The map seems to be a useful tool for
analysis of tunneling induced out of equilibrium phenome

1F. L. Hsueh and J. G. Simmons, Solid-State Electron.27, 499 ~1984!.
2S. J. Wang, B. C. Fang, F. C. Tzeng, C. T. Chen, and C. Y. Chang
Appl. Phys.60, 1080~1986!.

3H. Kroger and H. A. R. Wegener, Solid-State Electron.21, 643 ~1977!.
4M. Zerbst, Z. Angew. Phys.22, 30 ~1966!.

FIG. 8. Bistable MOS tunnel diode behavior. This behavior can be in
preted as a shift of the structure from region III to region IV, caused by
illumination related generation~J1!, and locked there by impact ionization
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