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Spontaneous hot-carrier photon emission rates in silicon: Improved modeling and applications
to metal oxide semiconductor devices
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The recent publication of controversial experimental evidence on the origin of hot-carrier currents in 4–10
nm tunnel metal oxide semiconductor capacitors renewed the interest in improving hot-carrier luminescence
models for silicon devices. This work presents several such improvements, aimed at making possible a physi-
cally based analysis of the hot-carrier luminescence effects taking place during tunneling experiments in
relatively thick SiO2 layers. To this purpose, silicon band structure and scattering rate calculations have been
extended well above 10 eV by considering eight conduction bands, instead of the usual four, so as to allow for
a detailed description of the high-energy carriers injected from silicon into silicon dioxide during tunneling
experiments. The absolute contributions of the direct and phonon-assisted, interband and intraband transitions
of electrons and holes to the total photon emission rate are analyzed, so the results can be directly compared
with the experimental data. To the best of our knowledge, it is for the first time that results for valence-to-
valence band transitions of holes are presented and compared with those of conduction-to-conduction band
transitions of electrons. Results can be directly compared with experimental data. Template results obtained
with a variety of carrier distributions~Maxwellian, Gaussian, and Dirac’s delta-like! are shown and implica-
tions for device analysis are discussed.

DOI: 10.1103/PhysRevB.65.195209 PACS number~s!: 71.15.2m, 72.10.2d, 78.20.2e
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I. INTRODUCTION

The majority carrier substrate currentI Sma j, the gate cur-
rent I G , and the hot-carrier luminescence intensityI L , ex-
perimentally observed in metal oxide semiconductor~MOS!
transistors biased in the saturation region,1,2 as well as in
MOS capacitors biased in the tunneling regime,3–5 represent
important and complementary monitors to predict dev
degradation and reliability of advanced metal oxide semic
ductor field effect transistors~MOSFET’s! and nonvolatile
memory cells.6–8 I Sma j, produced by the generation of pos
tive charge during electron injection,9,10 is also a key param
eter to monitor the reliability of tunneling MOS capacito
because, according to the widely accepted anode hole in
tion ~AHI ! model,11,12 degradation and breakdown of th
SiO2 layers are more or less tightly related to the fluen
through the oxide (Qp) of holes generated by impact ioniza
tion ~II ! of tunneling electrons and injected back into t
oxide at the anode. This fluence is assumed to be measu
asQp5* I Sma jdt ~see Fig. 1!.

An additional minority carrier substrate currentI Smin can
be measured during hot-carrier and tunneling experiment
MOS devices, if a slightly reverse biased collecting juncti
is available in the neighborhood of the device.13 Originally
attributed to the diffusion of secondary carriers generated
II from the MOS depletion layer towards the quasineut
substrate,14 I Smin is nowadays generally ascribed to the rea
sorption of near-band-gap photons emitted by the
carriers.15–17

Recent experimental evidences on the correlation betw
0163-1829/2002/65~19!/195209~8!/$20.00 65 1952
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I Sma j andI Smin in 4 to 9 nm SiO2 layers led Rasraset al.6 to
question the validity of the AHI model-based interpretati
of I Sma j, and to propose that the majority carrier substr
current measured in tunnelingn-MOS capacitors at positive
gate voltages (VG) could actually be the result of photo
emission processes as those illustrated in Fig. 1. If c
firmed, this result will have important consequences on
validity of AHI models of device degradation, hence on r
liability assessment procedures.

The interpretation of these results, however, is based
comparison with crude empirical or analytical models18

hardly applicable to the problem at hand. In order to sh
light on these complex phenomena, refined calculations
hot-carrier-induced photon emission~PE! spectra in silicon
are thus highly valuable.

Budeet al.19 performed numerical calculations of spont

FIG. 1. Schematic representation of hot-carrier phenomena
ing place in tunneling MOS capacitors.
©2002 The American Physical Society09-1
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neous PE rates in silicon. Their theoretical model, based
local silicon band structure, provides the PE spectra
conduction-to-conduction (c-c) and conduction-to-valenc
(c-v) direct and indirect@phonon assisted~PA! and impurity
assisted~IA !# radiative transitions. Villaet al.20 improved the
calculations with the introduction of a finite lifetime of th
intermediate state in the second-order transitions and by
ing a more realistic photon density of states that takes
account the photon energy dependence of the dielectric f
tion. Unfortunately, none of these models is fully suited
analyze hot-carrier effects in the relatively thick MOS c
pacitors of Ref. 6.

First, the density of states only extends up to appro
mately 6 eV, while significantly higher-energy carriers a
injected in silicon during tunneling experiments on 4–10 n
MOS capacitors. Moreover, since both hot electrons and
holes are simultaneously present in a tunneling experim
then the contribution of both carriers should be included
the model. Finally, none of these papers presents PE rat
absolute units, i.e., suited to compute the actual photon
per unit energy and volume, hence the number of car
pairs generated by the reabsorption of photons in the s
strate.

In this paper we address all these points by reporting
ther improvements in hot-carrier-induced PE modeling
silicon. In particular, we first applied the nonlocal~NL! em-
pirical pseudopotential method~EPM! to compute four addi-
tional conduction bands, thus extending the description
the silicon band structure well above 10 eV, and verified
results with those given by first-principle techniques.21 Fur-
thermore, PE rates due tov-v band transitions of holes hav
been calculated and compared to those ofc-c and c-v
mechanisms. PE rates in absolute units are given and
contributions of the different phonons are shown. The cal
lus program was first tested with Maxwellian, Gaussian, a
Dirac’s delta-like carrier distributions.

These improvements in the PE model allowed us to ca
out a detailed analysis of the experiments of Ref. 6, lead
to the conclusion that PE cannot explain the measured
strate current of moderately thick oxides.22

II. THEORETICAL PLANNING AND COMPUTATIONAL
MODEL

A. Extended-band-structure calculations

The NL-EPM employed to calculate the electronic stru
ture of silicon makes use of the empirical pseudopoten
factors given in Ref. 23. The pseudo-wave-functions are
picted as an expansion on a plane-wave set and, at evek
point, the number of plane waves is fixed by a cut-off ener
The more convenient value for the cut-off energy was fou
to be 10 Ry since higher values only lead to add negligi
terms to pseudo-wave-functions and to slight corrections~a
few meV! in the Hamiltonian eigenvalues.

The conduction band structure was extended well ab
10 eV ~zero energy was taken at the bottom of the cond
tion band! by considering 12 bands—four valence bands a
eight conduction bands—instead of the usual four. A regu
cubic mesh in thek space was employed featuring up to
19520
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divisions (ndiv520, 40, or 80! betweenG andL points in the
Brillouin zone ~BZ!; this is equivalent to 916, 6281, an
46361 points, respectively, in the irreducible wedge~IW! in a
cubic mesh arrangement. The results were verified to be
dependent of the grid size.

As shown in Fig. 2, the calculated band structure, a
then the density of states~DoS!, are in good agreement with
that derived fromab initio calculations performed in the
density-functional theory by means of the packa
FHI96MD.24 This code employs first-principles atomic pseud
potentials, generated by the packageFHI98PP,26 and a plane-
wave basis set. For the exchange and correlation terms
the local density and the generalized gradient approximat
~LDA and GGA! are used. In Fig. 2 we report only results f
the LDA. The total energy minimum was found after ele
tronic and ionic minimization and band structure was co
puted by over 64k points25 in a fcc primitive cell by keeping
the cut-off energy at 24 Ry. More details on the ban
structure calculations and features will be given in Ref. 2

B. General features of the PE model

The PE rates have been computed treating the electrom
netic field as a classic field and the force over the charge
an external force, so that the wave-packet solutions of
Schrödinger equation follow the same trajectories as a cl
sical particle obeying the equations of motion derived fro
the corresponding classical Hamiltonian. In this context,
spontaneous PE rateR, defined as the number of photons p
energy, volume, solid angle and time units, is calculated
the Fermi golden rule for direct and PA mechanisms.

Since in MOS devices IA transitions are relevant sour
of photons only at very high impurity concentrations,19,27–31

we did not consider this PE mechanism in our model.

C. Direct transitions

Direct radiative transitions lead to the generation of ph
tons with energy\v5Eu2El , i.e., the difference betwee
the initial (Eu) and final (El) carrier energies. The transitio
is almost vertical in thek space, because of the very sma
photon kinetic momentum.

The spontaneous photon emission probability per u
time Wlu

D (\v) between the initial stateu and the final statel
at thek point in the BZ is given by the Fermi golden rule

FIG. 2. Silicon band structure calculated by NL-EPM~solid
line! and FP~dashed line! methods (ndiv580).
9-2
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Wlu
D ~\v!5

2p

\
uHlu

e fu2d„Eu~k!2El~k!2\v…, ~1!

whereHlu
e f5^ l uHe fuu& is the direct matrix element calculate

as the expectation value of the Hamiltonian over the ini
~u! and final~l! state pseudo-wave-functions. TheHe f is the
electron-photon Hamiltonian given by the radiation fie
theory,19

He f52
i\e

m0
A \

2Vve0e
eiq•rel•,r ~2!

and el is the photon polarization direction,q'0 is the ki-
netic momentum of the photon,r is the silicon mass density
e5e(0,v) is the dynamic dielectric function atk50, e0 is
the static dielectric function,V is the sample volume,m0 and
e are the electron rest mass and charge, respectively.

The direct PE rate Rdir(\v) in units of
photons/(eV s m3str) is then computed multiplyingWlu

D by
the occupation functionf (E) of the initial and final states, by
the optical density of statesGopt and summing over all the
initial and final states of a suitable mesh ofk points in the
BZ. The resulting expression ofRdir per unit solid angle is

Rdir~\v!5
s

~2p!3E dk (
lu

Wlu
D Gopt f u f̄ l , ~3!

where f̄ l512 f l and the multiplicative factors/(2p)3 takes
into account the spin degeneracys, and thek-space density
of states.Gopt(\v) is the vibration mode number per un
energy for a polarization direction computed as in Ref.
i.e., accounting for the photon energy dependence of the
electric function,

Gopt5
V

~2p!3

v2e3/2

\c3 U11
v

Ae

dAe

dv U . ~4!

D. PA indirect transitions

Phonon-assisted transitions involve an additional part
~phonon! so that the spontaneous PE probability has to
treated according to the second-order perturbation the
The PE probability for absorption/emission of one phon
type becomes

Wlu
PA~\v!5

2p

\ F(
m

U Hum
e f ~Hml

ep!6

Eu2Em2\v1 iGv
U2

1(
m8

U ~Hum8
ep

!6Hm8 l
e f

Em82El2\v1 iGv
U2Gd„Eu~k6q!

2El~k!2\v6\vp…, ~5!

where Hep is the electron-phonon Hamiltonian,Hum
e f and

Hm8 l
e f are the direct matrix elements calculated as in Eq.~1!,

\vp is the phonon energy,q5k2k8 is the phonon kinetic
momentum,m is the so-called ‘‘virtual state,’’ andGv is the
self-energy.
19520
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The electron-phonon Hamiltonians for optical and aco
tic phonons are

Hep,opt5A\~nq11!

2rVvp
Dopte

iq•r, ~6!

Hep,ac5A KBT

2rVvs
2 Dace

iq•r, ~7!

whereq is the exchanged momentum,nq is the phonon oc-
cupation number,Dopt and Dac are the deformation poten
tials for optical and acoustic phonons, respectively,vs is the
sound velocity in silicon, andvq is the phonon frequency.

According to Eq.~5! the second-order transition is split i
a momentum-conserving photon-assisted vertical transi
between the initial stateu, and an intermediate statem, and a
momentum nonconserving transition between the interm
ate and the final state. Energy conservation is enforced o
over the whole transition; a symmetric process in which
electron-phonon interaction precedes the electron-photon
was also considered.

Following Ref. 20 we introduced a self-energy factorGv

5\/2t to avoid divergent terms in the summation of Eq.~3!,
wheret is the total scattering rate19 ~including II and phonon
scattering! calculated on the same full band structure us
for PE calculations. Summation over all possible initial,
nal, and intermediate states yields the total indirect pho
emission rateRPA(\v) per unit of solid angle,

RPA~\v!5VE
BZ

dk
s

~2p!3 E
BZ

dk8
1

~2p!3

3(
lu

Wlu
PAGopt f u f̄ l . ~8!

The intermediate states are chosen inside the completene
the Hamiltonian eigenvalues accounting for the occupat
probability.

E. Model implementation

Equations~3! and ~8! were numerically implemented a
follows.

Integrals over the BZ were reduced within the IW explo
ing the 48-fold symmetry of the silicon band structure a
the integration over thek space was replaced with a summ
tion overk points at the vertices of a regular grid of discre
cubes in the IW. The discretization step isDk52p/a0ndiv ,
wherea0 is the lattice constant. Replacement of thek-space
integral with the summation yields

E d~E2E0!dk5 (
k5k(E0)

~Dk!3

DE
, ~9!

where the factor 1/DE stems from the energy conservatio
law

d~E2E0!5H 1/DE, uE2E0u<DE/2

0, otherwise,
~10!
9-3



on

p

r
o
tw
n-
n

a
t

lo
ca

t

f.

te
ct
ul
te

t
a
rs

wo

n
al

e

ing

il-

be
fol-

o

ith

the
bil-
0.

PAVESI, RIGOLLI, MANFREDI, PALESTRI, AND SELMI PHYSICAL REVIEW B65 195209
DE is taken equal to the distribution function discretizati
step~typically DE50.05 eV).

k points at the edge of the IW were weighted by an a
propriate factorw accounting for BZ symmetry.

As for the indirect PE rate, the double integration ovek
space is performed with the same algorithm discussed ab
However, in order to speed up the summation process,
different grids ofk points were used: one for the electro
photon interaction and a coarser one for the electron-pho
interaction~typically ndiv540 in the former,ndiv520 in the
latter!. Indeed, since the electron-phonon interaction is ch
acterized by higher values of exchanged momentum than
electron-photon one, a coarser grid can be used without
of accuracy. Calculations performed by using two identi
grids demonstrated the validity of this approach.

The matrix elements in Eqs.~1! and ~5! are evaluated
inside each cube of the mesh and are expressed in 2p/a0

units; hence, the square operation in Eqs.~1! and ~5! intro-
duces the term (2p/a0)2. Neglecting the polarization of the
emitted light, an additional factor (1/A3)2 is included to ac-
count for the average over all photon polarizations.20

The optical density of statesGopt(\v) takes into accoun
the dependence of the dielectric functione on the photon
energy.20 The dielectric function data were taken from Re
31. The phonon model~acoustic and optical! is the same as
the full band Monte Carlo code of Ref. 22 and was calibra
by means of comparison with mobility, drift velocity, impa
ionization and gate current data. The PE model is thus f
consistent with the full band structure and scattering ra
used to analyze the device behavior.

The degeneracy factors is 4 for both direct and indirec
transitions: the spin of the initial energy level weights for
factor 2, and another factor 2 comes from the transve
polarizations of the emitted photon.

We can put together all previous factors by defining t
multiplicative constantGdir andGPA as

Gdir5S 2p

a0ndiv
D 3S 2p

a0
D 2S 1

2p D 3 s

DE
C ~11!

GPA5S 2p

a03Ndiv
D 3S 2p

a03ndiv
D 3S 2p

a0
D 2S 1

2p D 6 s

DE
C

~12!

where C5 48
3 (e2/8p2m0

2c3e0), Ndiv is the number of divi-
sions for the grid used in the electron-phonon iteration a
the term(1/2p)3 is thek-space density of states. The fin
forms for Rdir andRPA are

Rdir5Gdir (
kPIW

w(
l ,u,i

\vu^ l u, i uu&u2AeU11
v

Ae

dAe

dv
U f u f̄ l ,

~13!
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RPA~\v!548GPA (
k,k8PIW

wW(
l ,u,i

\v

3F(
m

U ^mu, i uu&
Eu2Em2\v1 iGu

U2

1(
m8

U ^ l u, i um8&
Em82El2\v1 iGu

UG2

HepAe

3U11
v

Ae

dAe

dv
U f u f̄ l , ~14!

wherei 51,2,3 are the photon polarization directions,w and
W are the weights for the summation over thek points in IW.
In the summation overu and l only the eigenstates with
uEu2Ei2\v6\vpu,DE/2 are considered.

The calculations are performed in SI units andR is then
expressed in photons/(eV s m3str). The results reported her
are always expressed in these absolute units.

III. ANALYSIS OF THE PE RATE

Both the terms contribute to the total PE rate depend
on the distribution functionf (E) and terms related to the
band structure of the material and to the interaction Ham
tonian, through the matrix elements of Eq.~1!.

The effects of the band structure on the PE rate can
studied by means of a band-coupling term defined as
lows:

L~\v!5Gdir (
kPIW

(
l ,u

wAeU11
v

Ae

dAe

dv
U . ~15!

The expression in Eq.~15! includes features related only t
the band structure: the dielectric function and the DoS~sum-
mation over the band index for eachk point!. Figure 3 re-
ports L as a function of the photon energy computed w
the standard~eight bands! and the extended~12 bands! mod-
els. The triangles refer to the extended model without
corrections to the optical density of states due to the varia
ity of the dielectric function with energy proposed in Ref. 2

FIG. 3. Band-coupling termL: extended model~12 bands! with
dielectric function correction~solid line! and without dielectric
function correction~up triangle! up to 10 eV, standard model~eight
bands! with correction.
9-4
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SPONTANEOUS HOT-CARRIER PHOTON EMISSION . . . PHYSICAL REVIEW B65 195209
The contribution of the four upper bands is weakly dep
dent on the photon energy, as expected from the almost
density of states above approximately 8 eV~Ref. 21!. The
corrections proposed by Villaet al.20 give rise to marked
structures above approximately 3 eV. The maximum ofL is
at about 4.4 eV; assuming a constant occupation probab
this fact would promote PE at this energy.

As for the matrix elementsuHlu
e fu25u^ l uHe fuu&u2, Fig. 4

reports those pertinent to the first conduction band as a fu
tion of k along the direction̂100&.

The dominant coupling terms along thisk-space direction
appear to be those related to the fifth conduction band. S
the fifth band extends from about 6.3 eV to 11.7 eV, i.e.,
an energy range definitely accessible to electrons in tun
ing experiments with MOS capacitors, these results reinfo
the need to extend the band structure to higher energie
has been done in the present work. The matrix element
otherk-space directions show a qualitatively similar beha
ior but their absolute values are strongly dependent on
absolute values ofk.

A. Phonon model

The phonon model used in this work is the same as
full band Monte Carlo~FBMC! described in Ref. 32 where i
was proved to match experimental velocity and quant
yield data.

The deformation potentials are calculated in Ref. 20 as
product of an isotropic coupling constant and an analy
overlap factor depending on the exchanged kinetic mom
tum. Tests carried out by keeping the overlap factor acco
ing to Ref. 20 differ a little from the ones reported in th
work ~the overlap factor was assumed equal to the unit! only
in the region 2–5 eV. The assumption of a constant ove
factor was kept in this work to put the phonon model
agreement with the MC terms.

Since the final state may fall outside the IW, the PE rat
multiplied for the 48-fold symmetry factor@see Eq.~14!#.
The contribution off-type andg-type phonons to the PE rat

FIG. 4. Matrix elements calculated between two different ba
with 46 361k points in the IW. The transition is from an upper ban
to the first conduction band~cb!. Upper band is third cb~star, 7-5!,
fourth ~down triangle, 8-5!, fifth ~square, 9-5!, sixth ~diamond, 10-
5!, seventh~up triangle, 11-5!, eighth ~circle, 12-5!. Even all the
other possible transitions show that the fifth cb contribution
mostly dominant over wide ranges ofk space.
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is multiplied by a factor of 1/6 and 4/6, respectively, so as
account for the band multiplicity.

The total PE rate for indirect PA transitions is obtained
simply summing the PE rates for each phonon type.

B. Model verification

The model has been tested comparing direct~D! and PA
spectra with the results in Refs. 19 and 20. Figure 5 rep
the emission spectra due to direct and PAc-c transitions
calculated for a Gaussian distribution and the results sho
in the references above for the same carrier distribution.
Gaussian distribution is represented empirically by the fu
tion f (E)5N(A,B,n)exp(2AE2BE2); fixing the termsA
and B at the values21.82 and 1.41, respectively, the no
malization factor is calculated as in Ref. 19 taking a carr
concentration of 1024 m23.

Excellent agreement with the results in Refs. 19 and 2
found for D-type transitions. As for PA ones our model lie
in between those of Ref. 19 and Ref. 20. The lower effect
temperature for curves of this work and in Ref. 20 are due
the energy dependence of the dielectric function.

Figure 6 compares thec-v phonon-assisted spectra of o
model with results in Ref. 19. Once again good mutu
agreement is observed; discrepancies near band gap
likely due to the different energy discretization step at low
energies. Since only relative emission values have been
lished in Ref. 19, for the sake of a fair comparison th
spectra have been multiplied for the same constant valu

s

s

FIG. 5. Direct and PA photon emission rate related to the Gau
ian distribution described in the text. Comparison between B
et al. ~Ref. 19! ~solid line!, Villa et al. ~Ref. 20! ~dashed-dotted
line! and this work~triangle!.

FIG. 6. Phonon-assisted PE rate forc-v transitions according to
our model~solid lines! and simulations from Ref. 19~symbols!.
9-5
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both Figs. 5 and 6. These results confirm the validity of
model and its implementation.

IV. REMARKS ON THE PE RESULTS

Absolute photon emission rates integrated over the wh
solid angle@i.e., in units of photons/(eV s m3str)# for very
different carrier distribution functionsf (E) ~Mawellian,
Gaussian, and Dirac’s deltalike! were computed with the
model and scaled to a reference carrier concentration
1024 m23. Figure 7 reports the PE spectra due to the dir
and all the total indirect~PA! c-c, v-v, andc-v transitions
corresponding to Maxwellian distributions. The indirect P
rate represents the sum over all the phonon-type contr
tions cited in Sec. III A. The effective temperatureTh of the
hole distribution inc-v spectra is 300 K.

At a lower energy~approximately 1 eV! the absolute val-
ues of PE rates forD and PAc-c and v-v transitions are
comparable, but the slope of the PA spectra is slightly low
so that the two contributions cross each other at a hig
energy~2–5 eV!. PA emission rates exhibit structures at 3
4.8, and 7.8 eV, clearly related to a corresponding sharp
crease ofL ~see Fig. 3!.

Consistently with the results of Ref. 19 for a givenTe the
direct PE rate has a higher slope than the PA one.

As for direct v-v-type transitions, a sharp reduction
observed around 5.8 eV, due to the corresponding decr
of the valence band DoS; PA curves do not show this ef
because the scattering is calculated between the initial
final states and then the DoS behavior is averaged over
couple of these states.

FIG. 7. PE rate forc-c ~a!, v-v ~b!, andc-v ~c! direct~solid line!
and PA~dotted line! transitions corresponding to Maxwellian distr
butions at several effective carrier temperatures (Te , Th!.
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As for c-v transitions, theD-type ones contribute only
above approximately 3.5 eV, in good agreement with dir
silicon band-gap values. The broad bump of the indirect
rate above 7.3 eV is due to the increase inL, which is more
evident in Fig. 3.

Figure 8 comparesc-c and v-v PA transitions for two
significantly different distribution functions normalized t
the same carrier concentration 1024 m23: a heated Maxwell-
ian and a Dirac’s delta distribution, defined as a box funct
0.5 eV wide centered around 4.5 eV. We see that over m
of the explored energy range the photon spectra are v
similar to each other. This implies that the relevant contrib
tion of these two emission mechanisms in real devices
mostly determined by the relative carrier concentrations.

V. COMPARISON BETWEEN IMPACT IONIZATION
AND PHOTON EMISSION SCATTERING RATES

In order to explain the origin of the substrate current
silicon devices under different bias conditions, the efficien
of impact ionization and photon emission in generati
electron-hole pairs have to be compared.

To this purpose, we first restrict our analysis to ho
electron-induced photon emission~hence to devices a
n-channel MOSFET’s ornpn BJT’s!; then we define a suit-
able scattering rate for hot-electron-induced photon emiss
as the probability~per unit of time! for one electron to gen-
erate a photon with energy higher than the energy gap (EG),
thus able to generate an electron-hole pair~if the photon is
reabsorbed in the substrate!. For an electron with energyE,
this scattering rate is defined as

SRph~E!5

4pE
EG

`

@Rdir~\v!1RPA~\v!#d\v

DEDE
, ~16!

whereRdir andRPA are the emission spectra correspondi
to a boxlike shaped electron distribution of widthDE cen-
tered in E. DE is the density of state for electrons in th
conduction band and the factor 4p accounts for uniform ra-
dial emission in the whole solid angle.

As for impact ionization, the scattering rates for electro
and holes were evaluated following Ref. 33 and using
same extended band structure used in the previous ph

FIG. 8. c-c andv-v PA PE rate for Maxwellian and box~delta-
like! distribution. The box is centered at 4.5 eV and is 0.5 eV wi
9-6
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emission calculations. The momentum conservation was
isfied over the carriers~primary and final electrons an
holes! that are present in the process. Ak-independent matrix
element was used as a free parameter to reproduce the
tering rates reported in Ref. 34 for energies lower than 6
As described in Ref. 35 the calculated scattering rate
reproduce quantum yield measurements in MOS capac
over a wide range of bias voltages.

The lower part of Fig. 9 shows the electron-impact io
ization scattering rate and the photon emission scattering
due toc-c transitions. Both of them exhibit an energy thres
old at the band-gap energyEG and tend to saturate at highe
energies.

To assess quantitatively the relative importance of imp
ionization and photon emission as generation mechanism
carrier pairs in the substrate we note that in saturated M
FET’s and tunneling MOS capacitors the hottest carriers~i.e.,
those responsible for the largest emission and ionization! are
found in proximity of the Si-SiO2 interface and that only
photons emitted in the half solid angle oriented towards
substrate have a chance to be reabsorbed and to gen
carrier pairs therein. Furthermore, we remind that the p
generation efficiency of photons with energy above the b
gap is essentially equal to one.36,37 Therefore, the maximum
pair generation efficiency through photon emission proces
can be quantified by half of the scattering rate of Eq.~16!.

The upper part of Fig. 9 shows the ratio between half
the photon emission rate of Eq.~16! and the impact ioniza-
tion scattering rate calculated with the extended band st
ture. This ratio has a weakly-energy-dependent value o
2331025 that provides a simple physical explanation of t
weakly-bias-dependent ratio of'231025 between majority
and minority substrate currents measured by m
authors13,16,38in saturatedn-MOSFET’s.

For tunneling MOS capacitors biased under positive g
voltage, holes generated by impact ionization in the g

FIG. 9. Scattering rate for II and PE withE.1.12 eV through
direct and PAc-c transitions.
19520
at-

cat-
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e
rate
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f
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1

y

te
te

must cross the Si-SiO2 barrier in order to be measurable
the substrate contact. If, following Ref. 6, we denoteTP the
probability of these holes to be injected back in the subst
and measured as substrate current, we can approximat
ratio between the substrate current components due to r
sorption of photons (I SUB,PH) and to anode hole injection
(I SUB,AHI) as

I SUB,PH

I SUB,AHI
'

SRPH

2SRII TP
. ~17!

Therefore the ratio between the photon emission and
pact ionization scattering rates sets a lower boundary to
probability of hot hole injection that makes anode hole inje
tion ~AHI ! the dominant hole generation mechanism in t
substrate. In other words, the substrate current is domin
by photon emission reabsorption only ifTP,331025. As
described in Ref. 22, for oxide thicknesses and gate volta
in the range measured in Ref. 6,TP is much higher than 3
31025 and depends only weakly on oxide thickness a
gate voltage. Thus we conclude that the correlation betw
I Sma j and I Smin measured in Ref. 6 can be explained by t
weak energy dependence ofTP and SRPH /SRII ~Fig. 9!,
without assuming thatI Sma j is dominated by photon
emission-absorption processes.

VI. CONCLUSIONS

Nonlocal pseudopotential silicon band structure calcu
tions have been extended up to significantly higher ener
and compared with first-principle calculations. Results ha
been used to develop an extended model of spontaneous
ton emission in silicon, fully consistent with the band stru
ture and with the established transport model of an availa
Monte Carlo simulator for electron devices and includi
contributions from valence-to-valence band transitions.

Results compare favorably with previous reports in t
literature and allow for an accurate comparison of imp
ionization and photon emission as sources of carrier pair
the substrate of silicon devices. A lower boundary of a
proximately 1025 is established for the anode hole injectio
probability, which makes impact ionization and anode h
injection the dominant sources of holes and substrate cur
in tunneling MOS capacitors.
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