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Quantum two-dimensional calculation of time constants of random telegraph signals
in metal-oxide–semiconductor structures

A. Palma,* A. Godoy, J. A. Jime´nez-Tejada, J. E. Carceller, and J. A. Lo´pez-Villanueva
Departamento de Electro´nica y Tecnologı´a de Computadores, Facultad de Ciencias, Universidad de Granada, 18071 Granada, S

~Received 21 April 1997!

The thermal and gate-voltage dependencies for the capture and emission times of random telegraph signals
have been theoretically analyzed in a Si-SiO2 interface. A quasi-two-dimensional treatment of the interaction
between a neutral near-interface oxide trap and an electron in the subband of the inversion layer has been
developed to obtain expressions for the capture and emission times where the influence of the trap parameters
~energy depth, distance to the interface, and electron-phonon coupling factor! is clearly shown. This analysis
combines multiphonon-emission theory, tunnel transition probability and the electrostatic Coulomb barrier
effect, allowing us to reproduce experimental data for traps in different devices, temperatures, and bias con-
ditions. As a result, trap distances to the interface, trap energy levels, and electron-phonon couplings have been
calculated. The character of single electron transitions in this process let us show that the ground and first
excited subbands, with similar capture and emission times, are the most important contributors to the phenom-
enon.@S0163-1829~97!07039-2#
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I. INTRODUCTION

Random telegraph signals~RTS’s! generated through th
fluctuating occupancy of individual traps have been ext
sively studied in small area metal-oxide–semiconductor tr
sistors~MOST’s! for a great variety of gate bias and tem
perature conditions.1–5 The importance of explaining thi
phenomenon is twofold. First, it provides a unique probe i
the trapping dynamics of single defects. Second, 1/f noise in
MOST’s is supposed to arise from the RT
superposition.1–3,6 In spite of being amply studied, the tw
main aspects of RTS analysis are not yet fully understood
amplitude and the capture and emission times of the sig
In this paper, we have theoretically analyzed the second
pect: the capture and emission times and their depen
cies on gate bias, temperature, and trap properties for a
tral oxide trap.

Experimental results about the thermal behavior of th
times1,6–9 clearly show that the trapping and release o
conduction electron at a near-interface oxide trap canno
treated as a simple elastic tunnel process. This conclu
has also been suggested by capacitance-voltage da
metal-oxide–semiconductor~MOS! structures where evi
dence of trap relaxation processes has been observed10 In
fact, the thermally activated behavior of the capture a
emission times has been attributed to the multiphonon em
sion process.6,9

In previous reports, the main results include the use o
asymptotic expression of the multiphonon capture cross
tion, sc5s0exp(2EB /kT), which is only valid at high
temperatures.11,12 In this expression,EB is the capture acti-
vation energy~see Fig. 1!, k the Boltzmann constant, andT
the absolute temperature.s0 includes information about the
tunnel interaction between the channel and the trap and g
voltage dependence of the transition. In another report, a
limit of zero temperature, the multiphonon emission mo
has been applied to this process, showing the high degre
560163-1829/97/56~15!/9565~10!/$10.00
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trap coupling near the Si-SiO2 interface.13 However, al-
though advances made in this field have been quite sig
cant, until now no clear relationship between the mac
scopic measured time constants and the microsco
magnitudes associated to this transition has been establis
In our opinion, a complete calculation of the transition tim
based on the relationship between trap properties~energy
level, electron-phonon coupling factor, and distance to
interface! and environment conditions~temperature, gate
bias, and bulk doping! is lacking. In that respect, a metho
taking quantum principles into account would be the m
appropriate.

We therefore present a detailed quantum calculation
the transition probabilities between a neutral trap level ins
the gate oxide and a channel state in the multiphonon em

FIG. 1. Diagrams of the energy perturbation produced by a t
in the band diagram of a semiconductor. The upper diagram p
the usual vision of a trap with a single levelET inside the semicon-
ductor band gap. This represents only the electronic energy of
perturbation. The bottom diagram is the complete energy repre
tation of the perturbation~electronic1vibrational energy! as a func-
tion of the configuration coordinate.EB and S\v are the capture
activation energy and semi-Franck-Condon energy shift, resp
tively.
9565 © 1997 The American Physical Society
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9566 56A. PALMA et al.
sion approach. The contribution of the Coulomb energy14,15

has also been included. This calculation has been mad
assuming wave-function models for the trap and chan
states in order to calculate the transition matrix element s
larly as for trapping in bulk. However, given the two
dimensional behavior of electrons in the inversion laye16

capture has been taken into account from subbands in
semiconductor conduction band. With a numerical simu
tion of the MOS structure, the envelope wave function a
energy minimum for each subband, Coulomb energy,
surface potential are available for different gate voltag
temperatures, and technological parameters~i.e., oxide thick-
ness and bulk profile!. All this information will be used to
explain the capture and emission times observed in RT
We will clearly show that thermal behavior is mainly caus
by the multiphonon process, and gate-voltage dependen
of these time constants are perfectly reproduced conside
the microscopic parameters associated to the system. Th
fore, both a quasi-two-dimensional treatment of the proc
and a complete calculation of the capture and emission ti
are the main contributions of this paper. In addition, comp
ing these results with experimental data provides informa
about the traps. Although the result obtained in this work
general, we focus on gate dependence and therefore,
assume very low drain voltages. A uniform channel has a
been considered throughout this work.

The paper is organized as follows. The multiphon
theory basis for the calculation of the capture rate is in S
II. In Sec. III the transition matrix element is calculated a
cording to the initial and final states, pointing out the diffe
ences with the traditional bulk capture calculation. In Sec.
the Coulomb energy calculation is indicated from a qua
two-dimensional point of view. Once the capture rate fro
one subband is obtained, the total capture and emission
are calculated, the latter according to the balance princi
The next step, in Sec. VI, resides in comparing and discu
ing our results with experimental data, showing a very go
fitting. Finally, the main conclusions are detailed in Sec. V

II. APPLICATION OF MULTIPHONON-EMISSION
MODEL

In the capture and emission processes between a n
interface oxide trap and the inversion layer, we assume
following mechanisms: a tunnel transition assisted by
multiphonon emission or absorption given by the energy
ference between the initial and final states, and the elec
static Coulomb barrier effect, all resulting in an inelastic tu
neling transition.

Therefore, total capture probabilityWc can be expresse
by the product of the multiphonon rateWmp and the Cou-
lomb barrier effect,

Wc5Wmpe
2DE/kT, ~1!

whereDE is the Coulomb energy.
The first step is to apply the multiphonon emission mo

to the electron transition between a trap site and a cha
state, in order to calculateWmp. Basically, this type of cap-
ture is assisted by the simultaneous emission of sev
phonons, in contrast with the single-phonon intraband s
tering. In Fig. 1 the energy representation of an impur
by
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level in the band gap of a semiconductor is shown. In
upper part of the figure the usual electronic energy diagr
is represented,EC2ET being the energy depth measured
emission transients. Moreover, including the vibrational e
ergy caused by the electron-lattice interaction the to
energy representation is also plotted~bottom of Fig. 1!. In
this figure both the capture activation energyEB and the
relaxation energy~S phonons of energy\v! involved in cap-
ture process12 are clearly shown. Thus, more energy thanET
is involved in this phenomenon, and this fact plays an i
portant role in the thermal dependence of the capture pro
according to the multiphonon model.

The main quantum-mechanic multiphonon-ra
expressions11,12,17,18have the same thermal dependence~each
within its valid temperature range! and almost the same
quantitative results. In addition, it has been shown that a
batic and static approaches for the problem give the sa
final result.19 We have taken the approximate multiphon
probability calculated by Zheng, Tan, and Ng.18 That expres-
sion, until now used only for the capture process by b
traps, has been extended to this situation in which the in
action between a trap state and electrons in different s
bands of the inversion layer is being analyzed. That is w
we have separated the electron energy into its potential
kinetic ~parallel to the interface! components to calculate th
number of phonons involved in the transition. Multiphono
probabilities for each subband have also been considere
consistency with the single-electron character of the tra
tion. Therefore, in the single-energy phonon approximati
the nonradiative multiphonon transition rate between a s
in the i th subband and a trap stateWmp

i can be approximately
calculated from

Wmp
i .

p

\
SuVu2S 12

pi

SD 2

G~ET
i !,

G~ET
i !.

1

~2p!1/2\v
x21/4S j

pi1x1/2D pi

3expS x1/22~2n11!S1
pi\v

2kT D ,

pi5
ET

i 1Ei

\v
, n5

1

e\v/kT21
, j52S@n~n11!#1/2,

x5~pi !21j2, ~2!

wherepi is the number of emitted phonons of energy\v in
the transition from thei th subband,n is the phonon occupa
tion factor,ET

i 5Ei2ET is the energy difference between th
i th subband minimumEi and the trap levelET . Here we
have only added the parallel energy corresponding to
thermal energy of a two-dimensional gas,Ei5kT, without
including any contribution caused by the longitudinal elect
field. uVu2 and S are the transition matrix element and th
Huang-Rhys factor which characterize the interaction,

S.
1

2~\v!2 z^buUub& z2,

uVu25 z^ f uUub& z2, ~3!
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56 9567QUANTUM TWO-DIMENSIONAL CALCULATION OF TIM E . . .
whereb and f refer to the bound~trap! and free~channel!
states, respectively, andU is the potential for the electron
phonon coupling.

Equation~2! has to be evaluated for each subband; ho
ever, as we will show later, in most practical cases only
ground and the first excited subbands contribute significa
to the total capture rate. Only the energyET

i and the free-
state wave function are different in each subband, so
number of emitted phononspi and the transition matrix ele
mentuVu2 will both vary. In Fig. 2 a schematic representatio
of the band diagram near the Si-SiO2 interface is plotted
showing the important magnitudes for this study: subba
minimaE0 andE1 , Fermi levelEF , and the trap level in the
oxide ET . The differences of the energies defined above
also shown.

Once the general equations for the calculation of the c
ture rate have been established, models to approximate
bound and free wave functions are required as well as
potential for the electron-phonon coupling. As we are co
sidering a neutral trap before capturing an electron from
inversion layer, the trap model will represent a neutral bou
state.

III. CAPTURE RATE MATRIX ELEMENTS
AND PARAMETERS

Let x, y, andz be the rectangular coordinates, wherez is
the direction normal to the Si-SiO2 interface. For our calcu-
lations, we have takenz50 just at the interface and positiv
values forz in the oxide, as indicated in Fig. 3. Let us als
considerd as the trap distance to the interface. Thus,z is the
direction where the overlapping between the bound and
states is important. We have assumed the following mod
for the implied states.

A. Neutral trap wave-function model

Traditionally, two models are combined to approximate
trap wave function. One is defined by a solid sphere or b
that very simply simulates the trap core effects. This mo
is considered valid for very short distances to the trap.20 The
other model, called thed-function model,21 is an approxima-

FIG. 2. Schematic representation of the energy levels invol
in the interaction between a near-interface oxide trap and
inversion-layer electrons in the Si-SiO2 interface.E0 andE1 are the
ground and first excited subband minima, respectively,EF is the
Fermi level,Ec the conduction-band minimum at the interface. T
trap level in the oxide is also shown.
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tion for distances far from the trap site. The latter model h
usually been used to represent the trap wave function in b
capture since, when trap atoms are far enough away f
each other, most of the electrons are far from the trap s
and the core effects in the interaction can be neglected.

In the capture by a near-interface oxide trap, a differ
situation from bulk capture occurs. Taking into account t
short distanced between the interface and the defect state
the oxide~typically less than 2 nm!, the core effects in the
interaction can become dominant in the interaction. Con
quently, we have considered a solid-cube wave function a
Ref. 12 for the defect of a side lengthzT , and with a volume
VT , calculated from thed-function model radius,aT .

Due to the lack of information on the trap properties, su
as the trap potential, the estimation of this radius becom
very difficult task. If the radius is calculated as trap is in t
oxide bulk, experimental capture and emission times can
be reproduced. In fact, it is reasonable to assume that
does happen, since Si can influence the effective trap volu
due to its position. Moreover, it is also possible that the t
potential locally modifies the Si-SiO2 barrier. For these rea
sons, we have introduced an empirical expression for
radius: the arithmetic mean between the radii obtained
trap in bulk oxide and in bulk silicon,

aT5
\/@2mox* ~ECox2ET!#1/21\/@2mSi* ET

0#1/2

2
, ~4!

wheremox* andmSi* are the carrier effective mass in the oxid
and in Si, respectively,ECox is the SiO2 conduction-band
minimum, andET

0 the energy difference between the grou
subband edge and the trap level. Thus, the wave-func
model is

ub~x,y,z!&5F 1

zT
3G1/2

5F 1

4p~aT!3/3G1/2

5VT
21/2,

2
zT

2
.241/3

aT

2
<x,y<

zT

2
.41/3

aT

2
,

d141/3
aT

2
<z<d241/3

aT

2
. ~5!

d
e

FIG. 3. Schematic representation of the trap solid-cube w
function inside the oxide, showing the distance to the interfaced,
and the side of the cube,zT . The overlap between trap wave func
tion and envelope function is also shown as a shaded area.
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B. Channel wave-function model

The free state in thei th subband can be represented by
normalized function:

u f i~r !&5
1

A1/2 z i~z!, ~6!

wherez i(z) is the normalized envelope function in the dire
tion normal to the interface of thei th subband andA is the
channel area.

C. Electron-phonon coupling potential

For the electron-phonon coupling, the potential form~po-
lar or nonpolar! does not need to be detailed for this calc
lation since it will be included in the Huang-Rhys factor,S.
However, in order to show the relationship of the mat
element with this factor, the simplest form of the potent
has been used. Within the approximation given by Eq.~2!
the S dependence in the final probability expression is
same whatever the potential.12

With these assumptions and the previous models, the
trix elements can be evaluated according to Eq.~3!.

1. Huang-Rhys factor S

^buUub&5D0

1

VT
E dr eiqt

5KS E
2zT/2

zT/2

dx eiqxx E
2zT/2

zT/2

dy eiqyyE
d2zT/2

d1zT/2

dz eiqzz

5KSI xI yI z , ~7!

where we have separated the calculation in the direct
parallel and normal to the interface.D0 is the electron-
phonon coupling constant andKS5D0 /VT . Taking into ac-
count thatI x5I y and that the maximum phonon module
61/2/aT , to perform the sums over the phonon modes
approximate by means of11

S'
V

~2p!3

KS
2

2~\v!2 F E
2qxm

qxm
dqxuI xu2G2E

2qzm

qzm
dqzuI zu2,

qxm5qzm5
&

2aT
. ~8!

The evaluation of Eq.~8! relies on the factorKS , which
contains the unknown constantD0 . The value of the Huang
Rhys factorS will be fixed when comparing our results wit
experimental data. Very few theoretical estimations
found in the literature on theS factor for this type of transi-
tions and those reported give high values.13

2. Transition matrix elementzVz2

Analogously, to the calculation of theS factor, we have
for each subband:

^ f uUub&5D0 F 1

AVT
G1/2

I xI yE
d2zT/2

d1zT/2

dz z i~z!eiqzz

5KVI xI yI z8 . ~9!
e

-

l

e

a-
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e

e

Therefore, according to Eq.~3!,

uVu2'
V

~2p!3 KV
2 F E

2qxm

qxm
dqxuI xu2G2E

2qzm

qzm
dqzuI z8u

2,

~10!

whereKV5D0 /(AVT)1/2. To eliminate some of the integral
in Eq. ~10!, the transition matrix element has to be express
as a function of theS factor:

uVu2'2S~\v!2
KV

2E 2qzm

qzm dqzuI z8u
2

KS
2E 2qzm

qzm dqzuI zu2

52S~\v!2
VTE 2qzm

qzm dqzuI z8u
2

AE 2qzm

qzm dqzuI zu2

. ~11!

To study the contribution of the trap properties in t
capture probability, a transformation of Eq.~11! is needed.
To that end, an expression as a function of the real-sp
coordinates would be very useful. As a consequence,
have tried to relate the integrals of Eq.~11! with real-space
functions. For usual values ofd and zT , the results of this
analysis gave us the following approximations, where it
important to highlight that the overlap integral between t
initial and the final states has been recovered:

E
2qzm

qzm
dqzuI z8u

2.pE
d2zT/2

d1zT/2

dzuz i~z!u2,

E
2qzm

qzm
dqzuI zu2.zT . ~12!

Therefore, Eq.~11! can be expressed for thei th subband by

uVu2'2pS~\v!2
zT

2

A E
d2zT/2

d1zT/2

dzuz i~z!u2. ~13!

As a result, the multiphonon emission probability of
carrier in the i th subband by the oxide trap,Wmp

i can be
calculated from Eq.~2!, using Eqs.~5! and ~13!:

Wmp
i .5p2\~Sv!2

aT
2

A F E
d2zT/2

d1zT/2

dzuz i~z!u2G
3S 12

pi

SD 2

G~ET
i !. ~14!

As can be observed in Eq.~14!, the Huang-Rhys factorS
and the energy of phonons involved in the transition\v are
the parameters that arise due to the use of the multipho
emission model. In order to quantify the influence of t
values of these parameters on the multiphonon probab
versus temperature, we have carried out calculations for
eral values of the phonon energy centered on a typical va
of 20 meV.13 In Fig. 4, temperature-dependent factors in E
~14! are represented for a typical situation of high-relaxat
energy, S\v51 eV, and an oxide-trap level near the
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56 9569QUANTUM TWO-DIMENSIONAL CALCULATION OF TIM E . . .
conduction-band minimum,EC2ET50.1 eV. Keeping these
conditions fixed, the phonon energy has been varied from
to 30 meV~with the proper value ofS in each case!. From
this figure, it can be observed that the thermal behavior
mains almost the same for the three cases, so within
interval it seems clear that this parameter is not critical in
multiphonon probability expression. Therefore, as in Ref.
we have hereafter taken the value of\v520 meV in all our
calculations, obtainingS in the comparison with experimen
tal data.

IV. COULOMB BARRIER

Once an expression for the multiphonon capture rate
been obtained, the Coulomb barrier effect must be inclu
for a complete calculation of the capture rate.14,15 Briefly,
when an electron is trapped at the Si-SiO2 interface, electro-
static charges in the substrate, channel and gate are mod
This charge variation expends an energy called Coulomb
ergy DE, which must be provided and which reduces t
capture probability according to Eq.~1!.

In this work, we have calculated the Coulomb energy c
sidering the ground subband minimum in the inversion la
instead of the conduction-band edge. Thus,

DE5QG~EFS2EFM !1QS~EFS2Ev0!1Qch~EFS2E0!

2~EFS2E0!, ~15!

whereE0 is the ground subband minimum,EFS andEFM are
the Fermi levels in the semiconductor and in the gate me
respectively,EV0 is the energy of the valence-band edge
the semiconductor substrate, andQG , QS , andQch the nor-
malized image charges on the gate, substrate, and cha
respectively. These charges have been numerically ca
lated in the quantum resolution of the MOS structure.22 Nu-
merical results coincide with those given in Ref. 14, althou
we have here considered thatQch must be raised to an energ
of E0 instead of the minimum of the conduction band
account for the subbands.

FIG. 4. Thermal dependence of multiphonon probability~in ar-
bitrary units! for a trap withET50.1 eV and high electron-phono
coupling, S\v51 eV, varying the Huang-Rhys factorS and the
phonon energy\v. Curves were calculated with~1! S533 and
\v530 meV, ~2! S550 and\v520 meV, and~3! S5100 and
\v510 meV.
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V. CALCULATION OF THE CAPTURE
AND EMISSION TIMES

The next step in this calculation is to obtain the captu
and emission times from the capture probability. Given
two-dimensional character of electrons in the inversion lay
we have defined~similarly as for the three-dimensional cas!
the capture coefficient per unit area or a surface capture
for the i th subband,c8, as

c8 i5Wc
i A. ~16!

In the three-dimensional calculation, the capture time c
be calculated as the inverse of the capture coefficient tim
the carrier concentration. Therefore, in this case each s
band contributes with its carrier concentration per unit a
Ni :

Ni5
kTnv im*

p\2 ln~11e~EFS2Ei !/kT!, ~17!

wherenv i is the subband degeneration. Therefore, the m
capture time from thei th subbandtc

i is given by

1

tc
i 5c8 iNi.5p2\~Sv!2

aT
2

A F E
d2zT/2

d1zT/2

dzuz i~z!u2G
3S 12

pi

SD 2

G~ET
i !e2DE/kTNi . ~18!

For the calculation of the emission timete
i , accounting

for the Coulomb energy, the detailed balance principle
been used with the degeneration ratiog51, giving us

1

te
i 5

1

tc
i e~ETF1DE!/kT, ~19!

whereETF is the difference between the trap level and t
Fermi level at the interface shown in Fig. 2.

Therefore, to calculate the capture and emission times
system such as the one shown in Figs. 1 and 2, it is neces
to evaluate Eqs.~18! and~19!. To do so, a complete quantum
resolution of the MOS structure has to be carried out in or
to obtain the subband minima, the electron concentration
unit area, the envelope wave function for each subband,
the surface potential. Image charges must also be calcula
Such numerical calculations have been carried out by
self-consistent solution of the Poisson and Schro¨dinger equa-
tions in an n-channel MOS with the substrate orientatio
according to the experimental data availability. More deta
of the numerical simulation are available in Refs. 22 and

From Eq.~18! the different aspects involved in this pro
cess can readily be identified:~i! The multiphonon contribu-
tion is clear in factorS and in theG(ET

i ) function; ~ii ! the
integral between brackets that determines the overlapp
between the subband and the trap state involving the tu
transition contribution;~iii ! the Coulomb barrier effect in the
negative exponential; and~iv! the electron surface concentra
tion, Ni .

The G(ET
i ) function includes the main thermal depe

dence of the capture and emission times apart from the
contained in the Coulomb energy exponential. With regard
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9570 56A. PALMA et al.
the gate-voltage dependence, this can be observed in the
that, as the gate voltage increases, the envelope wave
tion penetrates deeper into the oxide, making the ove
with the trap wave function greater. Furthermore, the el
tron concentration in the inversion layer also increases
addition, the Coulomb energy decreases at different rates
pending on whether the device is in the operation region
weak or strong inversion. In consequence, when the g
voltage increases, the capture process is favored, and t
fore, the capture time decreases. On the other hand,
important to note that the numerical capture time does
obey the Shockley-Read-Hall statistics, since we have v
fied that this time is not simply inversely proportional to t
subband population, but clearly shows a steeper slope.
fact has been observed experimentally as well.14 Below we
will show the relative contribution of each factor of Eqs.~18!
and ~19! to the total time.

As mentioned, the numerical solution of the MOS stru
ture for different temperatures and gate voltages provi
different values forNi , DE, ETF , andET

i needed in these
calculations. In the variation of the two latter magnitudes,
trap distance to the interface,d ~Fig. 3!, must be considered
since the change of the potential in the oxide at a distancd
induces a variation in the energy levels. These variations
be expressed as

DETF~T,Vg!5DET2DEFS52q
d

Tox
@DVg2DfS~T,Vg!#

2DEFS~T,Vg!,

DET
i ~T,Vg!5DEi~T,Vg!1q

d

Tox
@DVg2DfS~T,Vg!#,

~20!

whereTox is the oxide thickness,Vg the gate-substrate volt
age,EFS the Fermi energy at the interface, andfS the sur-
face potential. The first expression in Eq.~20! shows that the
increase of the emission time with the gate voltage occur
a consequence of the greater difference between the
level and the surface Fermi level.

As a consequence of this thorough study, it can be
served that the thermal and gate-bias dependencies o
times are distributed among the multiphonon emiss
mechanism, Coulomb energy, subband electron conce
tion, wave-function overlapping, and the variations in t
energy differences in Eq.~20!.

VI. COMPARISON WITH EXPERIMENTAL DATA
AND DISCUSSION

In our numerical procedure, we introduce the trap lev
ECox2ET , and the trap distance to the interface,d, with the
S factor remaining as the only free parameter. In the us
case of none of these three magnitudes being known,
double comparison with experimental capture and emiss
times versus temperature and gate voltage would pro
enough information to fix the three parameters. The met
of obtaining these parameters is the following: once
Coulomb energy values as a function of temperature and
bias have been calculated, the distance to the interfac
obtained from the comparison of the numerical and exp
act
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mental slopes in the representation of the ratio time const
versus gate voltage. Then, the energy trap depth is der
by matching the experimental and numerical cross-points
the representations of capture and emission times aga
gate bias. Finally, the comparison of the numerical and
perimental thermal dependencies fixes the Huang-Rhys
tor. Therefore, when experimental thermal and gate-volt
dependencies are available, there is only one solution in
obtaining of the values of these parameters.

The results from our calculations have been compa
with experimental data available in the literature for differe
samples and for different temperature and gate-bias co
tions. Prior to the analysis of experimental data by our p
cedure, a detailed knowledge of the technological parame
of the MOS structure is necessary in order to introduce th
in our simulator. That is why only cases where these para
eters are available have been studied. Comparisons show
the first part of this section only account for transition fro
and towards one subband in the inversion layer. At the
of this section, we will discuss the comparable contributi
of the ground and first subband to the capture and emis
times extracted from our numerical results and justify w
only one subband is considered.

First, in Fig. 5, our numerical calculations~lines! have
been compared with experimental time constant ratiostc /te
at different gate voltages,24 for two traps~symbols! in the
oxide at room temperature. For the calculation, oxide thi
ness and substrate concentration were included in the s
lator to obtain the necessary magnitudes to evaluate E
~18! and~19! as a function of gate voltage. We have obtain
the following trap parameters: RTS labeled as 1,d
50.6 nm, ECox2ET53.15 eV, S\v52.2 eV; RTS labeled
as 2,d50.4 nm,ECox2ET53.23 eV,S\v52.0 eV.

In both cases, the thermal activation energy for the c
ture obtained by our results was approximately 0.52 eV
value which is in good agreement with previously report
data.6 The Coulomb energy calculated was between 1
meV at 1.4 V and 100 meV at 2 V in thegate. The introduc-
tion of the Coulomb energy and its dependence on gate v
age makes the distanced obtained different from other re

FIG. 5. Comparison between experimental ratiotc /te ~squares
for trap 1 and triangles for trap 2! ~Ref. 24! and our numerical
results~lines! vs gate voltage for two observed traps at room te
perature. In the numerical simulation, an oxide thickness of 8.6
and channel doping ofNA5531017 cm23 were considered.
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sults where this energy was not considered. As we will sh
throughout this work, the inclusion of the Coulomb energy
necessary to reproduce experimental data. Thus, dista
can now be better estimated.

A more complete comparison has been made with R
data from Shi, Mie´ville, and Dutoit.9 In contrast with the
above data, in this case, sample fabrication process de
provided very useful information for including an accura
substrate profile in the simulations. Capture and emiss
time data from trap 2 in Ref. 9 were analyzed. In Fig.
comparisons for thermal dependencies are shown for b
times, experimental with symbols~asterisks for capture time
and squares for emission times! and our result with solid
lines. Gate-voltage trends are reproduced in Fig. 7, giv
the following parameter values as a result of the two co
parisons: d50.7 nm, ECox2ET53.11 eV, S\v50.72 eV,
and Coulomb energy from 57 to 54 meV decreasing w
gate voltage. It is important to highlight that both goo

FIG. 6. Experimental thermal dependence of time constants
trap 2 in Ref. 9~squares for emission times and asterisk for capt
times! compared with our numerical results~lines! at a gate voltage
of Vg50.34 V. An oxide thickness of 5.5 nm and an implant
channel doping with a concentration peak of 331017 cm23 located
at 0.1mm to the interface were included in the simulation.

FIG. 7. Comparison between experimental time consta
~squares for emission times and asterisk for capture times! and the
numerical results~lines! as a function of gate voltage atT590 K.
The trap analyzed is the same as in Fig. 6.
w
s
es

S

ils

n
,
th

g
-

h

agreements have been obtained with the same trap pa
eters, which shows suitable modeling of the process.
high values of the relaxation energy,S\v, obtained with
these kind of traps are coherent with results for neutral tr
in the oxide bulk.25

In addition, in Fig. 8, a comparison between experimen
data from Shulz14 and our calculations are shown as a fun
tion of drain current at 293 K. Now, trap parameters obtain
from this fitting are d50.9 nm, ECox2ET53.26 eV, and
S\v51.2 eV, resulting in an activation energy of 0.29 e
according to experimental data. The Coulomb energy va
from 0.23 to 0.12 eV within the current drain interval from
to 80 nA. In this case, we have related gate voltages to d
current through the same simulator adapted to calcu
current-voltage characteristics for short-channel MO
transistors.23

After comparisons with experimental data, our numeri
procedure allows us to analyze in depth some interes
aspects of this process. First, we have studied the influe
of the trap distance to the interface,d, in the time constants
at different gate voltages. Obviously, the largerd is the
lesser the overlap between trap state and channel enve
wave function. Thus, the integral of Eq.~18! is reduced and
the capture and emission times increase. Moreover, this
rameter influences the slopes of these times with gate vol
through the relations given in Eq.~20!. Accordingly, if d
increases these slopes also increase since the variation o
energy difference between states with gate voltages is m
pronounced. Both considerations can be observed in Fig
where we have represented the results of our calculation
different values of thed parameter, including the one plotte
in Fig. 7. It is clear that for the highest values ofd, 1.4 nm,
the slopes are more pronounced than in the other cases
change of time values withd agrees with this explanation. I
is also important to point out how the Coulomb energy a
transition matrix elementuVu2 dependencies on gate voltag
decisively contribute to the reproduction of experimen

or
e

ts

FIG. 8. Drain current dependence of time constants for t
analyzed in Ref. 14~squares for emission times and asterisk
capture times! compared with our numerical results~lines! at T
5293 K. An oxide thickness of 17 nm and a channel doping
331017 cm23 were included in the simulation. Drain current calc
lation was performed with a short-channel metal-oxid
semiconductor field-effect transistor simulator developed by our
search group~Refs. 22 and 23!.
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data. This fact can be clearly observed in Figs. 10 and
where the behavior of the overlap integral~OI! times the
ground subband populationN0 , and the exponential term
including the Coulomb energy, both normalized, have b
plotted as a function of gate voltage. In Fig. 10 the simu
tion data used correspond to trap 1 in Fig. 5. In this case,
increase of the capture rate is more pronounced for the C
lomb contribution because, as we have verified by simu
tion, the sample is in weak inversion, where the Coulo
energy varies quickly with gate voltage. On the other ha
in Fig. 11, where the data from Fig. 7 have been used,
contribution of the overlap integral andN0 dominates due to
the slow change ofDE with gate voltage in this region o
operation. Therefore, all these contributions influence
capture time behavior with gate voltage and explain the
ferentd values obtained in our fitting and other works.

We will now treat the subject of the contribution of th
different subbands to the process. In previous sections of

FIG. 9. Dependence of the capture and emission times on
trap distance to the interface,d. Numerical simulations have bee
done ford51.4 nm~dotted lines!, 0.7 nm~solid lines!, and 0.35 nm
~dashed lines! with the other parameters having the same values
in Fig. 7. Experimental data are also shown with symbols. Chan
in slopes and actual values are quite evident.

FIG. 10. Numerical normalized contributions of the overlap
tegral ~OI! times ground subband population~solid line! and the
exponential containing the Coulomb energy~dashed line! for trap 1
in Fig. 5. Gate voltages make the MOS transistor operate in
weak inversion region whereDE undergoes considerable change
1,

n
-
e
u-
-

b
,
e

e
f-

is

work, our procedure has allowed us to calculate capture
emission times for each channel subband. It is generally
cepted that the experimentally observed RTS is a transi
of a single electron between a specific channel subband a
trap site. Thus, it would be wrong to average the transit
rates from each subband as if a multiple particle proc
occurred. We have, therefore, dealt with individual tran
tions from each subband. The contributions of the grou
and first subband to the RTS times are plotted in Figs. 12
13. The samples studied correspond to those represent
Figs. 7 and 8, respectively, but now the capture and emis
times obtained for each subband are represented with
experimental data. Moreover, it is important to note th
these calculations are quite general because the two sam
are in different thermal and operational conditions. It can
observed that for the range of gate voltages considered h
transitions are more likely from the first excited subba
since the envelope wave function of this subbandz1(z) ex-
tends deeper into the oxide than the ground subband. A
consequence, the product of the overlap integral andN1 is

he

s
es

e

FIG. 11. Numerical normalized contributions of the overlap
tegral ~OI! times ground subband population~solid line! and the
exponential containing the Coulomb energy~dashed line! for the
trap shown in Fig. 7. In this case MOSFET operation mainta
almost the same state of inversion.

FIG. 12. Numerical capture and emission time for the grou
subband~tc

0 andte
0, respectively, in solid lines! and the first excited

subband~tc
1 andte

1, respectively, in dashed lines! and experimental
data~symbols! corresponding to Fig. 7.
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more important than the same magnitude calculated for
ground subband. As can be observed in Figs. 12 and 13,
time constants are quite similar, being separated by a fa
of less than 2. It has been verified that time constants
higher subbands are much greater than those shown.

At this point, an interesting question can be raised. A
cording to the calculation presented in this paper, each s
band contributes with its own time constant, so if more th
one subband participated, more than one time cons
should be assigned to the up and down times of a RTS o
least, and what is more likely to occur, a nonexponen
distribution of times should appear. However, Figs. 12 a
13 show that these time constants are very close to e
other. Thus, if both time constants were looked for, it wou
have been very difficult to separate them in the time cons
histogram. Therefore, it would be quite possible for an
most perfect exponential distribution of times to be obtain
and it would appear no different from a process with on
one averaged characteristic time, as has happened until
We can also justify why the first comparisons were do
considering only one subband. First, it is clear from Figs.
and 13 that the change in the trap parameters obtained
fitting from numerical results for ground and first excite
subbands is unimportant. Of course, the two numerical
sults could be averaged, but that would not have given a
tional information, above all since there are not enough d
about the experimental exponential distributions used to
culate the time constant. Moreover, depending on the a

FIG. 13. Numerical capture and emission times for the grou
subband~tc

0 andte
0, respectively, in solid lines! and the first excited

subband~tc
1 andte

1, respectively, in dashed lines! and experimental
data~symbols! corresponding to Fig. 8.
the
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age interval during the RTS measurements, the experime
results could eventually change.

VII. CONCLUSIONS

In this paper, a two-dimensional treatment of the capt
and emission processes by neutral near-interface traps is
sented. Multiphonon emission, tunnel transition, and Co
lomb barrier effects have been combined to obtain expr
sions for the RTS time constants, where the contribution
each parameter can be easily explained. Numerically, solv
Poisson and Schro¨dinger equations in a MOS structure ha
allowed us to obtain the information necessary to explain
different aspects involved in this phenomenon, which h
not been done until now. The proposed numerical proced
has let us identify the contribution of the characteristics
each trap~energy depth, distance to the interface, and co
pling factor! in the thermal and gate-voltage dependencies
the capture and emission times of RTS.

Our theoretical results have been successfully compa
with different experimental data, showing good agreem
for thermal and gate-voltage dependencies. When both
perimental dependencies are available, comparisons with
results provide information about the trap, such as ene
level and distance to the interface. In this case, the Hua
Rhys factor, which accounts for the electron-phonon co
pling strength, is also fixed in the calculation. We have be
able to determine that the trap distance to the interface
reduced from previous estimations since surface poten
and Coulomb energy gate-voltage dependencies have b
included. Therefore, it seems clear that trap distance esti
tions made with data in the weak and moderate invers
regimen are considerably overestimated.

Given the single transition character of this process,
have calculated time constants for each subband in the M
inversion channel. According to our calculations, the grou
and first excited subbands are the most important contri
tors to the RTS, with similar up and down times. This fac
apart from the similar values of the two time constants co
explain why they have not been found.

To sum up, the quasi-two-dimensional behavior of ele
trons in the inversion layer lead us to believe that the tre
ment that has been developed in this paper could be a m
realistic approach to explain this phenomenon.
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