PHYSICAL REVIEW B VOLUME 56, NUMBER 15 15 OCTOBER 1997-1

Quantum two-dimensional calculation of time constants of random telegraph signals
in metal-oxide—semiconductor structures
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The thermal and gate-voltage dependencies for the capture and emission times of random telegraph signals
have been theoretically analyzed in a Si-gifiterface. 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) factdearly 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.[S0163-18207)07039-2

. INTRODUCTION trap coupling near the Si-SiQinterface’® However, al-
though advances made in this field have been quite signifi-
Random telegraph signalRTS’s) generated through the cant, until now no clear relationship between the macro-
fluctuating occupancy of individual traps have been extenscopic measured time constants and the microscopic
sively studied in small area metal-oxide—semiconductor tranmagnitudes associated to this transition has been established.
sistors(MOST's) for a great variety of gate bias and tem- In our opinion, a complete calculation of the transition times
perature conditions:® The importance of explaining this based on the relationship between trap properté@srgy
phenomenon is twofold. First, it provides a unique probe intd€vel, electron-phonon coupling factor, and distance to the
the trapping dynamics of single defects. Seconfinbise in  interface and environment conditionstemperature, gate
MOST's is supposed to arise from the RTS Pias, and bulk dopingis lacking. In that respect, a method
superpositiort3® In spite of being amply studied, the two taking quantum principles into account would be the most
main aspects of RTS analysis are not yet fully understood: itgPPropriate. _ ,
amplitude and the capture and emission times of the signalh We th_e_refore present a detailed quantum calculatl_on_ of
In this paper, we have theoretically analyzed the second aiﬁe tran3|t|0_r(1j prObgb'“t'ﬁs betlween a nehutral t:a_lphlevel |n5|d_e_
pect: the capture and emission times and their depende 1€ gate oxide and a channel state in the multiphonon emis
cies on gate bias, temperature, and trap properties for a neu-
tral oxide trap.
Experimental results about the thermal behavior of these g
times"%% clearly show that the trapping and release of a E

N E.

conduction electron at a near-interface oxide trap cannot be

treated as a simple elastic tunnel process. This conclusion

has also been suggested by capacitance-voltage data in Iy

metal-oxide—semiconductofMOS) structures where evi- 4+ N\ /

dence of trap relaxation processes has been obs&htad. ? | Bs
g

fact, the thermally activated behavior of the capture and
emission times has been attributed to the multiphonon emis-
sion proces§?

In previous reports, the main results include the use of an
a}symptOtiC expression of the multi.phonon capture crqss S€C kG, 1. Diagrams of the energy perturbation produced by a trap
tion, UC:‘TOexlg(_EB/_kD’ which is only valid at high ;4,6 hang diagram of a semiconductor. The upper diagram plots
temperatureél.' In this expressionEg is the capture acti-  yhe ysyal vision of a trap with a single levéf inside the semicon-
vation energy(see Fig. ], k the Boltzmann constant, ald  qgyctor band gap. This represents only the electronic energy of the
the absolute temperaturey includes information about the perturbation. The bottom diagram is the complete energy represen-
tunnel interaction between the channel and the trap and gatextion of the perturbatiofelectronicvibrational energyas a func-
voltage dependence of the transition. In another report, at thgon of the configuration coordinat&g and Skw are the capture
limit of zero temperature, the multiphonon emission modelactivation energy and semi-Franck-Condon energy shift, respec-
has been applied to this process, showing the high degree oiely.
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sion approach. The contribution of the Coulomb en&hdy level in the band gap of a semiconductor is shown. In the
has also been included. This calculation has been made lpper part of the figure the usual electronic energy diagram
assuming wave-function models for the trap and channek representeds-— E; being the energy depth measured by
states in order to calculate the transition matrix element simiemission transients. Moreover, including the vibrational en-
larly as for trapping in bulk. However, given the two- ergy caused by the electron-lattice interaction the total-
dimensional behavior of electrons in the inversion layer, energy representation is also plottémbttom of Fig. . In
capture has been taken into account from subbands in thais figure both the capture activation energy and the
semiconductor conduction band. With a numerical simulatelaxation energyS phonons of energfw) involved in cap-
tion of the MOS structure, the envelope wave function andure proces¥ are clearly shown. Thus, more energy ttan
energy minimum for each subband, Coulomb energy, ands involved in this phenomenon, and this fact plays an im-
surface potential are available for different gate voltagesportant role in the thermal dependence of the capture process
temperatures, and technological paramefiees oxide thick-  according to the multiphonon model.
ness and bulk profile All this information will be used to The main  quantum-mechanic  multiphonon-rate
explain the capture and emission times observed in RTS'sxpressions'#1"¥have the same thermal dependefesch
We will clearly show that thermal behavior is mainly causedwithin its valid temperature rangeand almost the same
by the multiphonon process, and gate-voltage dependenciggiantitative results. In addition, it has been shown that adia-
of these time constants are perfectly reproduced consideringatic and static approaches for the problem give the same
the microscopic parameters associated to the system. Therfinal result’® We have taken the approximate multiphonon
fore, both a quasi-two-dimensional treatment of the procesprobability calculated by Zheng, Tan, and MigThat expres-
and a complete calculation of the capture and emission timesion, until now used only for the capture process by bulk
are the main contributions of this paper. In addition, compartraps, has been extended to this situation in which the inter-
ing these results with experimental data provides informatioraction between a trap state and electrons in different sub-
about the traps. Although the result obtained in this work isbands of the inversion layer is being analyzed. That is why,
general, we focus on gate dependence and therefore, wille have separated the electron energy into its potential and
assume very low drain voltages. A uniform channel has alsdinetic (parallel to the interfagecomponents to calculate the
been considered throughout this work. number of phonons involved in the transition. Multiphonon
The paper is organized as follows. The multiphononprobabilities for each subband have also been considered for
theory basis for the calculation of the capture rate is in Secconsistency with the single-electron character of the transi-
IIl. In Sec. lll the transition matrix element is calculated ac-tion. Therefore, in the single-energy phonon approximation,
cording to the initial and final states, pointing out the differ- the nonradiative multiphonon transition rate between a state
ences with the traditional bulk capture calculation. In Sec. IVin theith subband and a trap staménp can be approximately
the Coulomb energy calculation is indicated from a quasicalculated from
two-dimensional point of view. Once the capture rate from
one subband is obtained, the total capture and emission rates
are calculated, the latter according to the balance principle.
The next step, in Sec. VI, resides in comparing and discuss-
ing our results with experimental data, showing a very good

. 1
fitting. Finally, the main conclusions are detailed in Sec. VII. G(E})= e x4
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II. APPLICATION OF MULTIPHONON-EMISSION 12 piﬁw
MODEL xXexp x _(2n+ 1)34‘% ,

In the capture and emission processes between a near-
interface oxide trap and the inversion layer, we assume the
following mechanisms: a tunnel transition assisted by a
multiphonon emission or absorption given by the energy dif- _
ference between the initial and final states, and the electro- x=(p")*+&, ()
static Coulomb barrier effect, all resulting in an inelastic tun-
neling transition.

Therefore, total capture probabilit/, can be expressed
by the product of the multiphonon rai®,,, and the Cou-
lomb barrier effect,

EE L g=29n(n+1)]"2
o "I '

wherep' is the number of emitted phonons of enefgy in

the transition from théth subbandn is the phonon occupa-
tion factor,EL=E; — E is the energy difference between the
ith subband minimunE; and the trap leveE;. Here we
have only added the parallel energy corresponding to the

W.=W. e AEKT (1) thermal energy of a two-dimensional g&s,=KkT, without
¢ mp ’ including any contribution caused by the longitudinal electric
whereAE is the Coulomb energy. field. |V|2 and S are the transition matrix element and the

The first step is to apply the multiphonon emission modelHuang-Rhys factor which characterize the interaction,
to the electron transition between a trap site and a channel
state, in order to calculaté/,,. Basically, this type of cap- S~
ture is assisted by the simultaneous emission of several 2(hw)?
phonons, in contrast with the single-phonon intraband scat-
tering. In Fig. 1 the energy representation of an impurity [V|2=[(f|U|b)[%, (3)

KblUlb)P?,
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FIG. 3. Schematic representation of the trap solid-cube wave
Junction inside the oxide, showing the distance to the interfdce,
and the side of the cube;. The overlap between trap wave func-
%ion and envelope function is also shown as a shaded area.

FIG. 2. Schematic representation of the energy levels involve
in the interaction between a near-interface oxide trap and th
inversion-layer electrons in the Si-Si@terface E, andE, are the

ground and first excited subband minima, respectively,is the ) . )
Fermi level,E, the conduction-band minimum at the interface. The tion for distances far from the trap site. The latter model has

trap level in the oxide is also shown. usually been used to represent the trap wave function in bulk

capture since, when trap atoms are far enough away from

whereb and f refer to the boundtrap and free(channel ~ €ach other, most of the electrons are far from the trap site,
states, respectively, arld is the potential for the electron- and the core effects in the interaction can be neglected.

phonon coupling. In the capture by a near-interface oxide trap, a different

Equation(2) has to be evaluated for each subband; howsSituation from bulk capture occurs. Taking into account the

ever, as we will show later, in most practical cases only theshort distancel between the interface and the defect state in

ground and the first excited subbands contribute significantijhe oxide(typically less than 2 nip the core effects in the

to the total Capture rate. On'y the enerﬁy and the free- interaction can become dominant in the interaction. Conse-
state wave function are different in each subband, so thguéntly, we have considered a solid-cube wave function as in
number of emitted phonons and the transition matrix ele- Ref. 12 for the defect of a side length, and with a volume
ment|V|2 will both vary. In Fig 2 a schematic representation V. calculated from the-function model radiusar.

of the band diagram near the Si-Siterface is plotted ~ Due to the lack of information on the trap properties, such
showing the important magnitudes for this study: subbandS the trap potential, the estimation of this radius becomes a
minimaE, andE,, Fermi levelEg, and the trap level in the V€Y difficult task. If the radius is calculated as trap is in the

oxide E. The differences of the energies defined above ar@Xide bulk, experimental capture and emission times cannot
also shown. be reproduced. In fact, it is reasonable to assume that this

Once the general equations for the calculation of the capdoes happen, since Si can influence the effective trap volume
ture rate have been established, models to approximate tiolie to. its position. M'o'reover, |t' is lalso possmle that the trap
bound and free wave functions are required as well as thBotential locally modifies the Si-Sicbarrier. For these rea- -
potential for the electron-phonon coupling. As we are con-SONS, We have introduced an empirical expression for this
sidering a neutral trap before capturing an electron from théadius: the arithmetic mean between the radii obtained for
inversion layer, the trap model will represent a neutral boundrap in bulk oxide and in bulk silicon,
state.

fil[2mE Eco Er) 1>+ Al 2mgET]™
IIl. CAPTURE RATE MATRIX ELEMENTS ar= 2 ' @
AND PARAMETERS

) _ wheremy, andmyg; are the carrier effective mass in the oxide
Letx, y, andz be the rectangular coordinates, whems  anq in Si, respectivelyEc,, is the SiQ conduction-band
the direction normal to the Si-Sinterface. For our calcu- minimum., andE$ the energy difference between the ground

lations, we have taker=0 just at the interface and positive ¢,,ppand edge and the trap level. Thus, the wave-function
values forz in the oxide, as indicated in Fig. 3. Let us also yqdel is

considerd as the trap distance to the interface. Thuis the
direction where the overlapping between the bound and free

1/2 1/2
states is important. We have assumed the following models Ib(x,y,2))= 1 _ 1 —yo 12
for the implied states. " 2 4A7(ar)’3 T
A. Neutral trap wave-function model
N ° | | T g T e
Traditionally, two models are combined to approximate a 2 2 ’ 2 2

trap wave function. One is defined by a solid sphere or box

that very simply simulates the trap core effects. This model

is considered valid for very short distances to the &&phe d4 a3 ar ET: ar ®)
other model, called thé-function modeF! is an approxima- hal 2"
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B. Channel wave-function model Therefore, according to Eg3),
The free state in thigh subband can be represented by the v A ym
normalized function: V|2~ ——5 K2 f dayll|? 2f day|11]?,
(277) ~Oxm ~Uzm
. 1 (10)
(1) =21 £'(2), (6)

whereK, =Dy /(AV7)Y2 To eliminate some of the integrals
where!(2) is the normalized envelope function in the direc- iN Eq. (10),- the transition matrix element has to be expressed
tion normal to the interface of thith subband and is the @S @ function of thes factor:

channel area.
2 q 12
va _Z(T dQZ|IZ|
zm

C. Electron-phonon coupling potential |V|?~2S(hw)?
For the electron-phonon coupling, the potential fdpo- K%f ‘lzc;" dayl,/?
lar or nonpolar does not need to be detailed for this calcu- zm
lation since it will be included in the Huang-Rhys fact6r,
However, in order to show the relationship of the matrix VTJ (iZ(szsz“Hz
element with this factor, the simplest form of the potential =2S(hw)? . (11
has been used. Within the approximation given by &. Af ciz(;n dg,|1,/?

the S dependence in the final probability expression is the
same whatever the potential.
With these assumptions and the previous models, the ma;
. . al
trix elements can be evaluated according to €.

To study the contribution of the trap properties in the
pture probability, a transformation of EQ.1) is needed.

To that end, an expression as a function of the real-space
coordinates would be very useful. As a consequence, we

1. Huang-Rhys factor S . . -
o=y have tried to relate the integrals of Ed.1) with real-space

1 _ functions. For usual values af and z;, the results of this
(b|U|b)=Dg Vo f dr €97 analysis gave us the following approximations, where it is
T important to highlight that the overlap integral between the
2712 , 2712 , d+z/2 ) initial and the final states has been recovered:
=Kg f dx 9 f dy équJ dz d9#
—z7/2 —z7/2 d—z7/2 Azm ) d+z/2 ) )
_ [*" dadu== " "adea)?
=Kglulyl,, (7) —Oym d—z7/2
where we have separated the calculation in the directions arm
parallel and normal to the interfac®, is the electron- f dg,|l,|?=z;. (12
phonon coupling constant akk=D,/Vy. Taking into ac- ~0zm

C%‘é‘”t thatl,=1, and that the maximum phonon module is Therefore, Eq(11) can be expressed for thith subband by
6““9ar, to perform the sums over the phonon modes we
approximate by means f

) ) z% d+z/2 o
|V[*~27S(hw) N d7{'(2)|°. (13
d—zq/2

S%(2)32—ﬁ)2 f da,ll,| f da,ll,|?, _ o N
7)°2(ho ~Oxm ~Gzm As a result, the multiphonon emission probability of a
) carrier in theith subband by the oxide traj;,, can be
_ :_2 8 calculated from Eq(2), using Eqs(5) and (13):
qu qu 2aT ( )
. aZ [ (d+zl2 ,
The evaluation of Eq(8) relies on the factoKg, which Wip=572%(Sw)? X fd / dZ{'(2)]?
—z7/2

contains the unknown constat,. The value of the Huang-

Rhys factorS will be fixed when comparing our results with p'\2 '

experimental data. Very few theoretical estimations are x| 1-— §) G(ED). (14
found in the literature on th8 factor for this type of transi-

tions and those reported give high valdes. As can be observed in EqL4), the Huang-Rhys factd®

and the energy of phonons involved in the transittan are
the parameters that arise due to the use of the multiphonon
Analogously, to the calculation of the factor, we have emission model. In order to quantify the influence of the

2. Transition matrix elemen{V|?

for each subband: values of these parameters on the multiphonon probability

1 2 Gt el versus temperature, we have carried out calculations for sev-

(flulby=Dg | —| Iyl j T dz \(z)ei9z eral values of th(_e phonon energy centered on a typ|cgl value
ClAVR] Y ]asa of 20 meV® In Fig. 4, temperature-dependent factors in Eq.

, (14) are represented for a typical situation of high-relaxation
=Kylulyl; . (9 energy, Shwo=1¢€V, and an oxide-trap level near the Si
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10 P V. CALCULATION OF THE CAPTURE
F Shw=1 eV AND EMISSION TIMES
e Er=0.1 eV 1 L o .
10 <k 3 The next step in this calculation is to obtain the capture
- and emission times from the capture probability. Given the
= ] two-dimensional character of electrons in the inversion layer,
o 10 -sf we have definedsimilarly as for the three-dimensional case
& b the capture coefficient per unit area or a surface capture rate
= L for theith subband¢’, as
10 ™MF {//1: =33, hw=30 meV 1 i
E 2: S=50, hw=20 meV ] c''=WA. (16)
f 2,/ 3: S=100,hw=10 meV }
10 S S S i e In the three-dimensional calculation, the capture time can
50 150 250 350 be calculated as the inverse of the capture coefficient times

T (K) the carrier concentration. Therefore, in this case each sub-
band contributes with its carrier concentration per unit area
FIG. 4. Thermal dependence of multiphonon probabilityar- N;:
bitrary unit9 for a trap withE;=0.1 eV and high electron-phonon

coupling, Shw=1 eV, varying the Huang-Rhys fact® and the kTn,;m* e

phonon energyiw. Curves were calculated with(1) S=33 and Ni=—73=2— In(1+e(Ers™BVKT), (17)
hw=30meV, (2) S=50 andZzw=20 meV, and(3) S=100 and

fiw=10 meV. wheren,; is the subband degeneration. Therefore, the mean

capture time from théth subbandric is given by
conduction-band minimung-—E;=0.1 eV. Keeping these
d+z1/2 .
| e
d-zp/2

conditions fixed, the phonon energy has been varied from 10 1 ' a3
o v S =c/IN=57%(Sw)? o
u

to 30 meV (with the proper value of in each case From A A -
this figure, it can be observed that the thermal behavior re- _
mains almost the same for the three cases, so within this P\ _ AEIKT
interval it seems clear that this parameter is not critical in the x| 1= s G(Ey)e N;. (18
multiphonon probability expression. Therefore, as in Ref. 13
we have hereafter taken the valuefab=20 meV in all our For the calculation of the emission timé&, accounting
calculations, obtaining in the comparison with experimen- for the Coulomb energy, the detailed balance principle has
tal data. been used with the degeneration ragie 1, giving us

IV. COULOMB BARRIER L1 e (19

| I ’
Te TC

Once an expression for the multiphonon capture rate has
been obtained, the Coulomb barrier effect must be includedhere E1¢ is the difference between the trap level and the
for a complete calculation of the capture r&té> Briefly, Fermi level at the interface shown in Fig. 2.
when an electron is trapped at the Si-Sifiterface, electro- Therefore, to calculate the capture and emission times of a
static charges in the substrate, channel and gate are modifieglistem such as the one shown in Figs. 1 and 2, it is necessary
This charge variation expends an energy called Coulomb ene evaluate Eqg18) and(19). To do so, a complete quantum
ergy AE, which must be provided and which reduces theresolution of the MOS structure has to be carried out in order
capture probability according to E¢). to obtain the subband minima, the electron concentration per

In this work, we have calculated the Coulomb energy conunit area, the envelope wave function for each subband, and
sidering the ground subband minimum in the inversion layethe surface potential. Image charges must also be calculated.

instead of the conduction-band edge. Thus, Such numerical calculations have been carried out by the
self-consistent solution of the Poisson and Sdinger equa-
AE=Qc(Ers—Erm) + Qs(Ers—Ey0) + Qcn(Ers—Eop) tions in ann-channel MOS with the substrate orientation
(Ers—Ey) (15) according to the experimental data availability. More details
Fs =ob of the numerical simulation are available in Refs. 22 and 23.
whereE, is the ground subband minimurgg andEgy, are From Eq.(18) the different aspects involved in this pro-

the Fermi levels in the semiconductor and in the gate metakess can readily be identifiel) The multiphonon contribu-
respectively Ey, is the energy of the valence-band edge intion is clear in factorS and in theG(E}) function; (ii) the

the semiconductor substrate, a@d , Qg, andQ, the nor-  integral between brackets that determines the overlapping
malized image charges on the gate, substrate, and channbgtween the subband and the trap state involving the tunnel
respectively. These charges have been numerically calctiransition contribution(iii ) the Coulomb barrier effect in the
lated in the quantum resolution of the MOS structtfrtlu-  negative exponential; ar(@) the electron surface concentra-
merical results coincide with those given in Ref. 14, althougttion, N;.

we have here considered tf@g, must be raised to an energy ~ The G(E}) function includes the main thermal depen-
of E, instead of the minimum of the conduction band to dence of the capture and emission times apart from the one
account for the subbands. contained in the Coulomb energy exponential. With regard to
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the gate-voltage dependence, this can be observed in the fact
that, as the gate voltage increases, the envelope wave func-
tion penetrates deeper into the oxide, making the overlap
with the trap wave function greater. Furthermore, the elec-
tron concentration in the inversion layer also increases. In
addition, the Coulomb energy decreases at different rates de-
pending on whether the device is in the operation region of
weak or strong inversion. In consequence, when the gate
voltage increases, the capture process is favored, and there- I 1
fore, the capture time decreases. On the other hand, it is 10 'k 4
important to note that the numerical capture time does not g ]
obey the Shockley-Read-Hall statistics, since we have veri-

To/ Te

fied that this time is not simply inversely proportional to the 10 “2loon L Lo L Lo

subband population, but clearly shows a steeper slope. This L2 14 16 18 20 22

fact has been observed experimentally as WeBelow we Ve (V)

will show the relative contribution of each factor of E($8)

and (19) to the total time. FIG. 5. Comparison between experimental ratjid 7. (squares

As mentioned, the numerical solution of the MOS struc-for trap.l and triangles for trap) ARef. 24 and our numerical
ture for different temperatures and gate voltages provide&sults(liines vs gate voltage for two observed traps at room tem-
different values folN,, AE, Eq¢, and El needed in these Perature. In the numerical simulation, an oxide thickness of 8.6 nm

| y ] T

, - 79 X
calculations. In the variation of the two latter magnitudes, theancl channel doping dl,=5x 10" cm™ were considered.

trap distance to the interfacd, (Fig. 3, must be considered mental slopes in the representation of the ratio time constants
since the change of the potential in the oxide at a distance yersys gate voltage. Then, the energy trap depth is derived
induces a variation in the energy levels. These variations CaBy matching the experimental and numerical cross-points of
be expressed as the representations of capture and emission times against
d gate bias. Finally, the comparison of the numerical and ex-
AETe(T,Vg)=AEr—AEps=—q — [AVy— Ads(T,V,)] perimental thermal dependencies fixes the Huang-Rhys fac-
Tox tor. Therefore, when experimental thermal and gate-voltage
dependencies are available, there is only one solution in the
obtaining of the values of these parameters.
' d The results from our calculations have been compared
AEIT(T!VQ) =AE{(T,Vy) +q T [AVy—A¢s(T,Vy)]1, with experimental data available in the literature for different
ox samples and for different temperature and gate-bias condi-
(20 tions. Prior to the analysis of experimental data by our pro-
whereT,, is the oxide thickness/, the gate-substrate volt- cedure, a detailed kno_wledge of thg technolog.ical parameters
age,Ers the Fermi energy at the interface, agg the sur-  Of the MOS structure is necessary in order to introduce them
face potential. The first expression in E80) shows that the in our simulator. That is why only cases where these param-
increase of the emission time with the gate voltage occurs a&ters are available have been studied. Comparisons shown in
a consequence of the greater difference between the trdpe first part of this section only account for transition from
level and the surface Fermi level. and towards one subband in the inversion layer. At the end
As a consequence of this thorough study, it can be ObOf this section, we will discuss the comparable contribution
served that the thermal and gate-bias dependencies of tigé the ground and first subband to the capture and emission
times are distributed among the multiphonon emissiorfimes extracted from our numerical results and justify why
mechanism, Coulomb energy, subband electron concentr@ly one subband is considered.

tion, wave-function overlapping, and the variations in the ~First, in Fig. 5, our numerical calculatioriéines) have
energy differences in Eq20). been compared with experimental time constant ratjds,

at different gate voltage®, for two traps(symbol$ in the
VI. COMPARISON WITH EXPERIMENTAL DATA oxide at room temperature. For the calculation, oxide thick-
AND DISCUSSION ness and substrate concentration were included in the simu-
lator to obtain the necessary magnitudes to evaluate Egs.
In our numerical procedure, we introduce the trap level,(18) and(19) as a function of gate voltage. We have obtained
Ecox— E7, and the trap distance to the interfade with the  the following trap parameters: RTS labeled as d,
S factor remaining as the only free parameter. In the usua=0.6 nm, Ec,,— E;=3.15eV, Shw=2.2 eV; RTS labeled
case of none of these three magnitudes being known, thes 2,d=0.4 nm,Ec,—E;=3.23eV,Shw=2.0eV.
double comparison with experimental capture and emission In both cases, the thermal activation energy for the cap-
times versus temperature and gate voltage would provideure obtained by our results was approximately 0.52 eV, a
enough information to fix the three parameters. The metho#alue which is in good agreement with previously reported
of obtaining these parameters is the following: once thedata® The Coulomb energy calculated was between 168
Coulomb energy values as a function of temperature and gateeV at 1.4 V and 100 meV at 2 V in thgate. The introduc-
bias have been calculated, the distance to the interface t®n of the Coulomb energy and its dependence on gate volt-
obtained from the comparison of the numerical and experiage makes the distanckobtained different from other re-

—AEgg(T,Vy),
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FIG. 8. Drain current dependence of time constants for trap

FIG.‘ 6. Experimental therm_al glepgndence of t|m¢_e constants fOElnalyzed in Ref. 14squares for emission times and asterisk for
trap 2 in Ref. Ysquares for emission times and asterisk for capture

. d with ical i | capture times compared with our numerical resulfines) at T
timeg compared with our numerical resuliines) at a gate voltage =293 K. An oxide thickness of 17 nm and a channel doping of

of Vy=0.34 V. An oxide thiCkne‘.c‘S of 5.5 nm 3nd ?2 implanted 3. 1517 cm~2 were included in the simulation. Drain current calcu-

channel doping V.V'th aconcentrgtlon pea_ko{]SOl_ cm _Iocated lation was performed with a short-channel metal-oxide-

at 0.1pm to the interface were included in the simulation. semiconductor field-effect transistor simulator developed by our re-
search grougRefs. 22 and 23

sults where this energy was not considered. As we will show

throughout this work, the |nclu5|_on of the Coulomb energy iSyoreements have been obtained with the same trap param-

necessary to reproduce experimental data. Thus, distanCggy g which shows suitable modeling of the process. The

can now be hetter estimated. igh values of the relaxation energ$w, obtained with

A more Co'f”p'?te. comparison .hgas been made.W|th RT ese kind of traps are coherent with results for neutral traps
data from Shi, Migille, and Dutoit” In contrast with the in the oxide bullé®

above data, in this case, sample fabrication process details | addition, in Fig. 8, a comparison between experimental

provided very useful information for including an accurate y.i- from Shul’ and our calculations are shown as a func-

;ubstrate profile in the_ simulations. Capiure and emiSSioﬂon of drain current at 293 K. Now, trap parameters obtained
time data from trap 2 in Ref. 9 were analyzed. In Fig. 6, rom this fitting ared=0.9 nm, Eco— Ey=3.26 eV, and

comparisons for thermal dependencies are shown for bot fiw=1.2 eV, resulting in an activation energy of 0.29 eV
times, experimental with symbolasterisks for capture times according to experimental data. The Coulomb energy varies

a_md squares for emission timeand our res”“ W'th SO“.d. from 0.23 to 0.12 eV within the current drain interval from 2
lines. Gatg-voltage trends are reproduced in Fig. 7, 9VING, 80 nA. In this case, we have related gate voltages to drain
the.follov.vmg parameter values as a result of the two COMLurrent through the same simulator adapted to calculate
parisons: d=0.7 nm, Ecox—Er=3.116V,Shw=0.728V, current-voltage characteristics for short-channel MOS
and Coulomb energy from 57 to 54 meV decreasing W'thtransistor§.3
gate voltage. It is important to highlight that both good After comparisons with experimental data, our numerical
procedure allows us to analyze in depth some interesting
aspects of this process. First, we have studied the influence
of the trap distance to the interfaa#, in the time constants
at different gate voltages. Obviously, the largéris the
lesser the overlap between trap state and channel envelope
wave function. Thus, the integral of E(L8) is reduced and
the capture and emission times increase. Moreover, this pa-
rameter influences the slopes of these times with gate voltage
through the relations given in Eq20). Accordingly, if d
increases these slopes also increase since the variation of the
energy difference between states with gate voltages is more
pronounced. Both considerations can be observed in Fig. 9,
el L L L where we have represented the results of our calculation for
10530 03 0.40 0.45  0.50 different values of thel parameter, including the one plotted

v, (V) in Fig. 7. It is clear that for the highest valuesdf 1.4 nm,

¢ the slopes are more pronounced than in the other cases. The
FIG. 7. Comparison between experimental time constant$hange of time values witti agrees with this explanation. It

(squares for emission times and asterisk for capture jimes the IS also important to point out how the Coulomb energy and
numerical resultglines) as a function of gate voltage &t=90 K. transition matrix elemedﬁ/|2 dependencies on gate voltage
The trap analyzed is the same as in Fig. 6. decisively contribute to the reproduction of experimental

10

TesTe (s)




9572 A. PALMA et al. 56

10 45 .............. T 10 prr ]
3 E [ T=90 K ]
10 3L - d= 1.4 nm /5 d=0.7 nm ('DI
? &
2 .

10 °¢ \c_v; E
E 10% T=90 K E ° =
© i Z o1t e
=~ 1€ E == °
s : » <« 5
& 10tk Zj>«{f'*\/ d= 0.7 nm { - ®

: ] © 5
10°f =-<I]_ d= 0.35 nm] L -

10 e L L 3 10 0.3 0.4 0.4 0.5 0.5

0.30 0.40 0.50 0.60 v, (V)

FIG. 11. Numerical normalized contributions of the overlap in-
FIG. 9. Dependence of the capture and emission times on thtegral (Ol) times ground subband populatigsolid line) and the
trap distance to the interfacd, Numerical simulations have been exponential containing the Coulomb ener@ashed ling for the
done ford=1.4 nm(dotted line$, 0.7 nm(solid lineg, and 0.35 nm  trap shown in Fig. 7. In this case MOSFET operation maintains
(dashed lingswith the other parameters having the same values aglmost the same state of inversion.
in Fig. 7. Experimental data are also shown with symbols. Changes
in slopes and actual values are quite evident. work, our procedure has allowed us to calculate capture and
emission times for each channel subband. It is generally ac-
data. This fact can be clearly observed in Figs. 10 and llcepted that the experimentally observed RTS is a transition
where the behavior of the overlap integf@l) times the of a single electron between a specific channel subband and a
ground subband populatioNy, and the exponential term trap site. Thus, it would be wrong to average the transition
including the Coulomb energy, both normalized, have beemates from each subband as if a multiple particle process
plotted as a function of gate voltage. In Fig. 10 the simula-occurred. We have, therefore, dealt with individual transi-
tion data used correspond to trap 1 in Fig. 5. In this case, théons from each subband. The contributions of the ground
increase of the capture rate is more pronounced for the Cowand first subband to the RTS times are plotted in Figs. 12 and
lomb contribution because, as we have verified by simulai3. The samples studied correspond to those represented in
tion, the sample is in weak inversion, where the CoulombFigs. 7 and 8, respectively, but now the capture and emission
energy varies quickly with gate voltage. On the other handtimes obtained for each subband are represented with the
in Fig. 11, where the data from Fig. 7 have been used, thexperimental data. Moreover, it is important to note that
contribution of the overlap integral ard, dominates due to these calculations are quite general because the two samples
the slow change oAE with gate voltage in this region of are in different thermal and operational conditions. It can be
operation. Therefore, all these contributions influence thebserved that for the range of gate voltages considered here,
capture time behavior with gate voltage and explain the diftransitions are more likely from the first excited subband
ferentd values obtained in our fitting and other works. since the envelope wave function of this subbd@hk) ex-
We will now treat the subject of the contribution of the tends deeper into the oxide than the ground subband. As a
different subbands to the process. In previous sections of thisonsequence, the product of the overlap integral ldnds
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FIG. 10. Numerical normalized contributions of the overlap in- ¢ V)
tegral (Ol) times ground subband populatigsolid line) and the FIG. 12. Numerical capture and emission time for the ground
exponential containing the Coulomb enexgiashed lingfor trap 1 subband 72 and 72, respectively, in solid lingsand the first excited
in Fig. 5. Gate voltages make the MOS transistor operate in thsubbandré andfé, respectively, in dashed lineand experimental
weak inversion region wher&E undergoes considerable changes. data(symbolg corresponding to Fig. 7.
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10 g age interval during the RTS measurements, the experimental
: 3 results could eventually change.

VII. CONCLUSIONS

In this paper, a two-dimensional treatment of the capture
and emission processes by neutral near-interface traps is pre-
sented. Multiphonon emission, tunnel transition, and Cou-
lomb barrier effects have been combined to obtain expres-
sions for the RTS time constants, where the contribution of
each parameter can be easily explained. Numerically, solving
Poisson and Schdinger equations in a MOS structure has
allowed us to obtain the information necessary to explain the
10 ’31 —— EE— different aspects involved in this phenomenon, which had

10 100 ; ;
not been done until now. The proposed numerical procedure
I (nA) has let us identify the contribution of the characteristics for
Geach trap(energy depth, distance to the interface, and cou-
subband 72 and 72, respectively, in solid lingsand the first excited pling factod in the thermal and gate-voltage dependencies of

subbandré and ré, respectively, in dashed lineand experimental the capture an,d emission times of RTS.
data(symbol3 corresponding to Fig. 8. Our theoretical results have been successfully compared

with different experimental data, showing good agreement

more important than the same magnitude calculated for thfeor _thermal and gate-yoltage dep_endenues. When bofch ex-
ground subband. As can be observed in Figs. 12 and 13, bo rimental dependencies are available, comparisons with our
‘ ) y Fsults provide information about the trap, such as energy

time constants are quite similar, being separated by a fact . : :
of less than 2. It has been verified that time constants fo vel and dlstange to the interface. In this case, the Huang-
higher subbands are much greater than those shown. hys factor, W.h'Ch accounts for the ele_ctron-phonon cou-
At this point, an interesting question can be raised. AcPllng strength, IS also fixed in the galculatlon. We _have bee_n
cording to the calculation presented in this paper, each sub"‘-ble to determine t.hat the trap d'Staﬂce to the mterface_ls
r{educed from previous estimations since surface potential

band contributes with its own time constant, so if more thal d Coulomb i it d q ies h b
one subband participated, more than one time constar, oulomb energy gate-vollage dependencies have been

should be assigned to the up and down times of a RTS or, cluded. Ther_efore, it Seems clear that trap distanc_e esti_ma-
least, and what is more likely to occur, a nonexponentiaf'on.S made with (_Jlata in the wea_k and moderate inversion
distribution of times should appear. However, Figs. 12 and®9'men aLe cqns:derably Qvereﬁnmated. hi

13 show that these time constants are very close to eaﬁp Given the single transition character of this process, we
other. Thus, if both time constants were looked for, it would. ave calculated time constants for each subband in the MOS

have been very difficult to separate them in the time constarff'V&rston chgnnel. According to our calcul.anons, the grognd
histogram. Therefore, it would be quite possible for an g1-and first excited subbands are the most important contribu-

most perfect exponential distribution of times to be obtained!©'s f© the RTS'. W'th similar up and dov_vn times. This fact,
and it would appear no different from a process with or”yélpart.from the similar values of the two time constants could
one averaged characteristic time, as has happened until no\w_(plam why they have not bee_n foun.d. .

We can also justify why the first comparisons were done To sum up, the' quaS|—two—d|menS|onaI. behavior of elec-
considering only one subband. First, it is clear from Figs. 14rons in the inversion layer Iead_ us to believe that the treat-
and 13 that the change in the trap parameters obtained ent t_hat has been develo_ped_m this paper could be a more
fitting from numerical results for ground and first excited alistic approach to explain this phenomenon.

subbands is unimportant. Of course, the two numerical re-
sults could be averaged, but that would not have given addi-
tional information, above all since there are not enough data This work has been carried out within the framework of
about the experimental exponential distributions used to calresearch Project No. TIC95-0511, supported by the Spanish
culate the time constant. Moreover, depending on the aveiGovernment{CICYT).
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FIG. 13. Numerical capture and emission times for the groun
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