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Capture, photoionization, and impact-ionization cross sections for a 2.4-eV-deep electron trapping
center in the silicon-dioxide layer of a metal-oxide-semiconductor structure have been determined using
the photoinjection-photodepopulation technique. The electric field dependence of both capture and
impact-ionization cross sections have been determined for accelerating fields in the range 0.1-1.0
MV/cm. Capture cross sections are of order 10~'* cm? and uv photoionization cross sections greater
than 10~'® cm? High-field impact-ionization rates are 1-10 cm~! for filled trap densities of order

5% 108 cm™3.

1. INTRODUCTION

Electron-capture and ionization phenomena
associated with a 2.4-eV-deep trapping level in
SiO, films produced by thermal oxidation of Si
have been studied in detail. The energy and spa-
tial distribution of this trapping level have been
reported previously,! ™ and the trapping level has
been tentatively associated with sodium impurities
incorporated into the SiO, during growth.* The
results of the present investigé.tion have been
analyzed in terms of first-order trapping and
ionization processes. The most interesting of
these is hot-electron impact ionization of the
filled trapping states at high applied fields. The
field dependence of the impact-ionization rate has
been determined from data on several samples.
A preliminary report of these results has been
published.?

II. EXPERIMENTAL DETAILS

All measurements reported herein were made
on MOS (metal-silicon-dioxide-insulator—silicon-
semiconductor) capacitors produced by deposition
of metal electrodes onto thermally oxidized single-
crystal silicon wafers. The steam-grown oxide
films were 1-4 pm thick. The basic experiments
executed to determine trap populations and trap-
ping kinetics were photoinjection® (interfacial
photoemission®™) and trap photodepopulation.t™3:6
Preparation of the MOS specimens?'* and instru-
mentation and experimental procedures for the
photocurrent measurements'~3'° have been de-
scribed in detail elsewhere. Sample character-
istics are summarized in Table I.

All measurements reported below were made on
MOS specimens which had been “aged” under bias
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by illumination with the full output of a 50-W
deuterium lamp for several hours. The applied
field during aging were of the order of 10° V/cm
(metal positive with respect to silicon). The ef-
fect of aging is the introduction of negative charge
in the oxide (electrons trapped at impurities and/
or structural defects).'®

The important characteristic of aged specimens
was that the photoemission characteristic curve
[curve (b) of Fig. 1] was stable against further
aging. This indicated that a steady-state trap
population had been attained. The negative charge
associated with the 2.4-eV-deep electron trapping
state is typically only 1% of the total negative
space charge produced in the insulator by the
aging process. The charge in the 2.4-eV-deep
trapping-state distribution could be removed by
illumination of the sample with visible light (450-
nm central wavelength, 20-nm bandpass) under
bias.

The transport sequence examined in the present
investigation was® (i) uv-excited electron trans-
port and proportionate electron capture into a
2.4-eV-deep electron trapping level (photoinjec-
tion), and (ii) subsequent visible photon-stimu-
lated emptying of these traps and counting of the
released charge (photopopulation). The primary
object of these measurements was systematic
determination of the population of the 2.4-eV-deep
trapping level as a function of the experimental
variables in the photoinjection process (applied
voltage, uv light intensity, and time cf photoinjec-
tion). This trap population is expressed as ¢(t),
the trapped charge density after uv photoinjection
for time ¢.

In order to determine ¢(¢), photodepopulation
measurements were made at a depopulating light
wavelength of 450 nm and at both high positive
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TABLE I. MOS samples used in present investigation.

Silicon Oxide
Sample resistivity 2 thickness Electrode
No. (@ cm) (um) metal ©
BTL1 0.001 3.6 Au
BTL2 0.001 2.4 Ni
LU11 5 1.1 Al

2All substrates were (100)z -type silicon wafers.

bOxide thickness was determined by high-frequency
capacitance and optical interference measurements.

CElectrode thickness was of order 10 nm.

and high negative applied fields (i.e., in both the
negative-bias and positive-bias saturated col-
lected-charge regions of the photodepopulation
Q-V characteristic curve®). From these data,

both the total trapped charge and its centroid after
photoinjection for time ¢ could be determined.®

The centroid of the spatial distribution of charge
trapped in the 2.4-eV state distribution was ap-
proximately 0.5 in all samples investigated, and
did not change through the execution of the experi-
ments described herein. Analytical expressions
for determining ¢(¢) and its spatial centroid from
photodepopulation measurements are found in
DiMaria and Feigl.® As noted previously,® periodic
checks of the complete wavelength and voltage
dependence of the photodepopulated charge were
made. These data indicated that neither the energy
distribution nor the spatial distribution of trapping
states emptied by visible radiation varied through-
out the measurement program.

III. EXPERIMENTAL RESULTS

As mentioned above, stimulation of internal
photoemission by uv illumination of as-grown MOS
specimens caused a buildup of negative charge
within the insulating layer. The influence of this
charge on MOS photoemission characteristics is
exhibited in Fig. 1. The response of the as-de-
posited sample [curve (a)] was as reported by
Powell and Berglund: an emission-limited char-
acteristic curve determined by scattering of photo-
excited electrons in the image force potential well
near the emitting Si-SiO, interface.”'! The ef-
fective scattering length determined by fitting
data for several samples was approximately 30 A,
in excellent agreement with previous results J
These data indicated that in the as-deposited oxide
films, any significant insulator charge was lo-
cated in the immediate vicinity of either the Si-
Si0, or the SiO,-metal interface.!! The photo-
emission response in the specimen after aging
[curve (b)] was that characteristic of a large neg-

ative space charge in the oxide film. For high
fields, resulting in normalized currents greater
than 5x107° A/mW cm~2 for the data of Fig. 1,
curve (b), the photoemission characteristic curve
is laterally translated from that of the as-deposit-
ed film. The curvature at low fields [normalized
currents less than 5X 10" A/mW e¢m™2, curve

(b)] can be related at least in part to the detailed
spatial variation of trapped negative charge near
the emitting interface.” The low-field photoemis-
sion characteristic may also be determined by
lateral charge or emission inhomogeneities.? 3
These phenomena were not systematically ad-
dressed during the present investigation, since
only the high-field region was of interest. This
will be discussed further in Sec. IV. At any given
applied field, the photoinjection current measured
on an aged specimen was proportional to the uv
light intensity during photoinjection. Selected
data is exhibited in Fig. 2.

Figure 3 exhibits the results of photoinjection-
photodepopulation measurements on an aged MOS
specimen. The solid lines represent weighted
statistical best fits of the data to a first-order
kinetic function:

q(t)=q(=)(1 -et'm), (1)
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FIG. 1. Photoemission characteristic curves (current
vs applied field) for electron emission from the silicon—
silicon-dioxide interface of an MOS capacitor. The two
curves were obtained on a single capacitor (a) as fabri-
cated (1.1-pm-thick steam-grown oxide with Al electrode)
and (b) after uv illumination for several hours with metal
electrode positive (applied field approximately 10° V/cm).
The photocurrent is normalized to the incident light in-
tensity during measurement. The incident light intensity
during measurement of photoemission characteristics
of the unaged capacitor was approximately 1% of that
during aging.
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where g(~) is the steady-state trapped charge den-
sity, and 7 is the trap-filling time constant.

At any given applied field, the photoinjection
current (cf. Fig. 2) and consequently the trap-
filling rate were proportional to S, the uv light
intensity during photoinjection. Selected data on
g () and T are exhibited in Table II. Both the
steady -state trapped charge density and the nor-
malized trapping rate k/S are independent of S
to within the accuracy of the measurements.
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FIG. 3. Insulator bulk averaged trapped charge density
(total charge/insulator volume) as a function of photo-
injection time, for different applied fields during photo-
injection. The ordinate refers to charge injected into
the 2.4-eV-deep trapping-state distribution in the insula-
tor.

k=771 is the trap-filling rate.

The variation of steady-state trapped charge
density g(~) with applied field during photoinjec -
tion is exhibited for three aged samples in Fig. 4.
As noted previously,® the most interesting feature
of these data was the decrease of steady-state
trapped charge density with increasing fields in
the region of high applied fields (around 10°
V/cm). This decrease was attributed to field-
accelerated electron impact ionization of filled
traps.®

IV. ANALYSIS

The kinetics of electron population of the 2.4-
eV-deep trapping state in thermal SiO, films were
analyzed in terms of a first-order kinetic rate
equation:

d%t—)- =Yl‘UTO'e[eN— q(t)] - S(qu(t) - anaq(t) .

2)

TABLE II. Variation of trapped charge with light in-
tensity during photoinjection. (Data obtained on sample
BTL2 with an applied field of 6.2x 10° V/em during pho-
toinjection.)

S T k/S q(»)/e
(mW/cm?) (sec) (cm?/mW -sec) (103 em™3)
0.03 462 0.072 3.1
0.10 140 0.074 3.3
0.31 49 0.069 3.4
1.03 15 0.063 3.6
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— FIG. 4. Steady-state bulk
averaged trapped charge
density [g(<9/el as a func-
tion of applied field during
photoinjection for three
specimens: BTL1 (open
circles), BTL2 (solid
circles), LU11l (crossed
circles). The lines in the
drawing are for purposes
of visualization only.
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N is the average density of trapping centers in the
oxide film (number of traps per cm?3), % is the
conduction-electron density, and v, is the thermal
velocity of a conduction electron. o, is the elec-
tron capture cross section of the trapping centers,
op is the ultraviolet photoionization cross section,
and « is a high-field electron-impact-ionization
cross section. Because of the depth of the trap
relative to T at room temperature, thermal-
ionization effects have been neglected.*

If it is assumed that applied fields during photo-
injection are large enough so that the drift velocity
of the conduction electrons is saturated at its
thermal value, or, equivalently, that the conduc-
tion electrons travel in approximately straight
lines across the insulator; then the current den-
sity during photoinjection is J =I/A=env,. I is
the external-circuit current during photoinjection,
A is the active electrode area, and e is the elec-
tronic charge. This assumption has been verified
by previous investigators.®''® For aged specimens,
the photoinjection currents were demonstrated
to be constant in time (see Sec, III). The 2.4-eV-
deep oxide traps were emptied of charge by
photodepopulation prior to each photoinjection
sequence in Fig. 3. Under these conditions, Eq.
(1) is a solution of the differential equation (2),
with

q(°°)=eN<1+§§%‘—°-+g—> - 3)

and

1.0 1.2

q(

T=Mnvp0,+S0p +nvpa) = —N(i) (4a)

e
Jo,

Several mechanisms could be responsible for
the observed high-field decrease in g(«) (see
Figs. 3 and 4). Field-assisted Poole-Frenkel or
tunneling emission of charge from the trapping
states was ruled out by direct experimental test.
Without current flow, trapped-charge removal
by applied-field stressing was negligible within
experimental error. Powell has demonstrated
that hole currents are negligible under photoinjec-
tion conditions.’® Electron-hole recombination
effects were therefore presumed negligible.’
Since the energy of the photoexciting light was far
above the 2.4-eV trap threshold, 0, was assumed
to be independent of applied field.’®*''®* The data
of Fig. 4 were reproducible, and reversible.
Thus, the total density of trapping states N
was presumed constant for a given aged MOS
specimen. The final mechanisms appropriate to
the observed results are electron impact ioniza-
tion of the occupied traps®®~# and variation of
the electron capture cross section o, with applied
field.?* 23

Photoemission characteristics are plotted for
the three different aged MCS specimens used in
this study in Fig. 5. The vertical scale is arbi-
trary,?* and the horizontal axis is normalized by
subtracting an effective retarding field associated
with the space-charge buildup during aging of
each sample. The effective retarding field was
obtained by a graphical fit of data for each aged
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FIG. 5. Normalized photoemission characteristic
curves (current vs effective accelerating electric field)
for three aged MIS specimens: BTL1 (open circles),
BTL2 (solid circles), LU11 (solid line). The dash line
represents direct photoemission characteristics for an
unaged specimen [LUll—see Fig. 1, curve (a)l. The
ordinate scaling factors relative to LUl are 0.75 for
BTL1 and 1.80 for BTL2. These are multiplicative fac-
tors for current which can be interpreted as a relative
photoemission efficiency (see Ref. 24). The abscissa
corrections relative to unaged LULL are —0.62 MV/cm
for LU11, —0.32 MV/cm for BTL1, and —0.25 MV/cm
for BTL2. These last are additive factors which can be
interpreted as effective space-charge retarding fields
(see text).

sample to the uncorrected high-field photoemis-
sion characteristic of a charge-free unaged MCS
specimen [the broken curve in Fig. 5 and the data
of Fig. 1(a)]. In effect, Fig. 5 displays the photo-
emission current variation with net accelerating
field in the oxide film.

Numerical values for o, and o were obtained by
a two-step fit of the data of Figs. 3-5 and Table
II. First, the product No, was obtained using
Eq. (4a) in the form

o0
No,=e } (i(?—) . (4b)
g(»), T, and J are experimentally determined
quantities (Fig. 3 and Table II, and Fig. 5).

Second, using these values of No,, the data
of Fig. 4 were fit by the method of least squares
to Eq. (3) and a conventional phenomenological
form?°+2 25 of the impact-ionization cross section
a:

a=a.e E!>0. (5)

In Eq. (5), @, and b are empirical parameters
and E, is the effective accelerating field in the
insulator, as previously defined (see Fig. 5). The
results of the fitting procedure are displayead in
Figs. 6-8 and Table III. In Fig. 6, the trap oc-
cupancy fraction g(«)/N is displayed for three
aged MOS specimens as a function of accelerating
field E]. In Fig. 7, the variation of electron cap-
ture cross section ¢, with accelerating field E;

is displayed for the three MOS specimens.
Weighted average values from the fit to data dis-
played in Fig. 6 for photoionization cross section
0p and impact-ionization parameters a., and b
are listed in Table III. Figure 8 shows the vari-
ation of the impact-ionization cross section o
with accelerating field E;.

V. DISCUSSION

In summary, Figs. 6-8 display the variation of
fractional trap occupancy, electron capture cross
section, and impact-ionization cross section with
effective accelerating field in thermal SiO, films.
We conclude that hot-electron impact ionization®®
is the cause of the reduction of the fractional trap
occupancy with increasing positive accelerating
field. The photon-flux spectrum of the uv photo-
excitation source used in these experiments was
a relatively broad distribution with maximum
output well above the silicon-valence-band -
silicon-dioxide -conduction-band internal photo-
emission threshold (peak at 5.5 eV, half-width
at half-maximum 0.75 eV). The energy distribu-
tion of mobile electrons admitted into the biased
insulator volume thus includes a significant frac-
tional component with kinetic energy well above
thermal values and momentum normal to the
emitting interfact (of order 10% between 1 and 2
eV for the step or ramp distributions cited by
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FIG. 6. Fractional trap occupancy ¢ («<)/N vs effective
field E; for three different aged samples. The best-fit
bulk averaged trapping-state density N for each sample
was 5.42 X103 em™ for BTL1, 4.24 x10!3 cm™3 for
BTLZ2, and 5.82 x10'% ecm™ for LU11.
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FIG. 7. Best-fit capture cross section g, vs effective
field E; for three different aged samples.

Powell?’). The results and conclusion just cited,
and the trap ionization parameters listed in
Table III, apply to this entering-electron distri-
bution.

From Egs. (3) and (4), the trap population pro-
cess can be characterized by the following expres-
sion for the trap-filling rate:

-12
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FIG. 8. Variation of impact-ionization cross section
with effective field £ for three different aged samples.
For effective fields greater than 1.2 X10° V/cm (1/E,
less than 0.8), the error in data was significant due to
prebreakdown effects indicated by significant changes in
dark-current characteristics.

J J
k= goe+Sop+ 'é'

a. (6)
Within the framework of this first-order kinetic
relation, we have reached the following specific
conclusions from the data of Figs. 6-8 and Table
III regarding electron capture and ionization of
the 2.4-eV-deep trap in thermal SiO, films.

(i) At low effective applied fields (0<E. <0.1
MV/cm), the second term in Eq. (6) is dominant,
and trapping kinetics are limited by uv photoion-
ization. The value of 0,, the uv photoionization
cross section determined from the data-fitting
procedure described in Sec. IV, is the same order
of magnitude as visible photoionization cross
sections for the 2.4-eV-deep trapping-state dis-
tribution. The latter cross sections were de-
termined®® from the time dependence of photode-
population currents produced by narrow-band
visible light (0.1-eV bandpass at several photon
energies between 2 and 3 eV).

(ii) At intermediate effective fields (E. between
0.1 and 0.3 MV/cm), the first term of Eq. (6) is
dominant. This means that Jo, is large compared
to eSo, and Ja, and thus that most of the traps
are filled [cf. Eq. (3) and Fig. 6]. The largest
capture cross section determined was 0,=4x1071
cm?® (Fig. 7). This is a factor of 10 less than that
anticipated for a singly charged unscreened
Coulomb-attractive center in SiO,.**'?*® The de-
pendence. of g, on E (see Fig. 7) is similar to
that determined by Sah and co-workers for ionized
sulfur centers in silicon.?*'?3 The high-field value
of 0,#1x1071 e¢m? appears too high by two orders
of magnitude for a neutral point defect, and too
high for an aggregate center (the diameter is 10
Si-O bond lengths). We conclude that the data of
Fig. 7, within the context of our assumptions re-
garding internal fields and mobile-electron energy
distribution in the insulator (discussed below),
indicate that the 2.4-eV trap level is associated
with a Coulomb-attractive defect.?® The capture
rate at high fields is 0,N=5 ecm™. For a 2-pum-
thick oxide, 5 in 10* conduction electrons photo-
injected into the oxide would be captured into a
half-filled trap distribution. The capture cross
sections agree with recent results of Ning, Yu,
and Osburn.?°

(iii) At high effective fields (E, greater than

TABLE III. Best-fit values of ionization parameters
for 2.4-eV-deep electron trap in thermal SiO, films.

gp 4.2x 107! cm?
a, 4.9x 1071 cm?
b 1.5% 10 V/em
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0.4 MV/cm), the last term in Eq. (6) becomes
important. As noted previously,® the infinite-
field ionization rate a.,N=25 cm™, when scaled
for electron-density differences, is several orders
of magnitude greater than that determined for
band-to-band excitations in semiconductors.?®

The impact-ionization parameter 5=1.5 MV/cm
is half that determined for a 2-eV-deep trapping
level associated with Mn impurities in ZnSe.??
The data of Fig. 6 indicate that the impact-ioni-
zation rate must equal the electron capture rate
at an applied field of 1 MV/cm. At this field in a
2-um oxide, 5 in 10* conduction electrons must be
involved in an Auger ionization of a 2.4-eV trap
(assuming a half-filled trap distribution).

The electron capture process and the impact-
ionization or Auger-ionization process must in-
volve different components of the conduction-elec-
tron distribution in the oxide film, as discussed
below.

It is reasonable to assume that the major frac-
tion of photoinjected electrons are rapidly ther-
malized within the oxide,3! and that the capture
process involves these electrons. The ionization
process, however, must involve electrons with
kinetic energy exceeding the trap depth. Examina-
tion of the internal photoemission spectrum?? 732
indicates that the number of electrons admitted
into the oxide with such energies is not sufficient
to account for the high-field data in Fig. 6. Thus,
high-field acceleration of electrons to sufficient
energy to participate in Auger ionization of the
2.4-eV traps must be assumed. The assumption
that this involves initially theymalized electrons
is problematic. The statistical fraction of such
electrons which can be accelerated to energies
well above ‘the trap depth is insignificant, if rea-
sonable!!'15+29 geattering lengths are used (1-3 nm,
or less).

It is thus probable that impact ionization of the
2.4-eV-deep traps involves the significant frac-
tion of photoexcited electrons which enter the
oxide with kinetic energies well above thermal
values. This would mean that such electrons
are unstable against thermalization (optical-
phonon processes) at fields of order 1 MV/cm.

Since this is a runaway process, it could lead to
interband Auger processes, and current runaway,
at least in thicker oxides (10-100 pum).

It is clear that further detailed studies of the
impact-ionization process as a function of tem-
perature and of the energy distribution of the
photoinjected electrons (i.e., of the energy spec-
trum of the uv photoemission source) could pro-
vide important information on electron dynamics
in amorphous silica. In particular, the existence
of a threshold for trap ionization at electron ener-
gies less than the trap depth, implicit in the above
discussion, should be investigated. Such studies,
building on the analytical procedure developed in
this study, would be greatly simplified by use of
the ac experimental techniques developed by
Thomas for measuring photodepopulation cur-
rents.3

The experimental and analytical procedure de-
veloped in this study should be a powerful tool
for studying trapping processes in other metal-
insulator-metal or metal-insulator-semiconductor
structures. The over-all logic is similar to that
developed by Sah for study of trapping phenomena
in semiconductor junctions, using current and
capacitance data.** The basic techniques have
been applied to Al,0,,% '3 and Ta,0,.* It should
be emphasized that careful measurement and de-
tailed analysis of the current-injection character-
istic of the insulator under investigation is es-
sential to any such study. In the present case,
the extensive and systematic research program
of Powell and co-workers”®'11'¥” was such a
basis.
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