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Abstract—The injection of holes from silicon through silicon oxide (SiO,) in a tantalum nitride—aluminum
oxide—silicon nitride—silicon oxide—silicon (TANOS) structure has been studied experimentally. Using the
high-permittivity Al,O5 insulator as a blocking one suppresses the parasitic injection of electrons from the
conducting TaN contact. This allows the injection of holes from the substrate into nitride to be studied up to
comparatively high electric fields. The experimental data are not described by the standard Fowler—Nord-
heim law with reasonable physical parameters. At the same time, these data are in good agreement with the
model of trap-assisted tunneling hole injection in SiO,. The developed theory shows that the traps in a narrow
energy band make a major contribution to this process, i.e., this injection is resonant in nature.
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1. INTRODUCTION

Amorphous silicon oxide (SiO,) and nitride
(Si;N,) are the two key insulators in silicon devices.
The electronic structure and charge transport in these
materials are difficult to study theoretically, because
band calculations are inapplicable to these (amor-
phous) materials. This leads to problems with the
determination of the band gap, the energies of the
electron and hole barriers at the Si/SiO, interface, and
the electron and hole effective masses. Moreover,
there are fundamental contradictions between the the-
oretical predictions of SiO, properties and experimen-
tal data. Thus, for example, band calculations (for the
crystalline phase of SiO,) show that the top of the
valence band is formed by the narrow band of non-
bonding oxygen O2p, orbitals. “Heavy” holes with an
effective mass m* = (3—10)m,, where m, is the mass of
a free electron, correspond to this narrow band [1—4].
At the same time, experiments on X-ray spectroscopy
[5] indicate that there are not only nonbonding O2p,
orbitals but also bonding Si3s, p—O2p orbitals near the
top of the valence band. Theoretical quantum-chemi-
cal calculations of the electronic structure, both
semiempirical [6] and nonempirical [7] ones, also sug-
gest the presence of bonding Si3s, p—O2p orbitals
forming a fairly wide band. “Light” holes with an
effective mass m* = m, must correspond to the wide
band of bonding orbitals.

The height of the barrier for the injection of elec-
trons at the Si/SiO, interface has been determined
reliably, 3.1 eV [8]. According to various experimental

data, the band gap E, for SiO, lies within the range
5.0-10.6 eV. E, = 10.6 eV is given, for example, in
Mott’s well-known book [9]. Thus, at a silicon band
gap of 1.12 eV, the height of the barrier for holes at the
Si/SiO, interface is 0.8—6.4 eV. The holes at the
Si/SiO, interface are injected by the tunneling mech-
anism. The injection current depends exponentially
on the barrier height and effective mass of the holes in
SiO,. The above uncertainty in the height of the hole
barrier at the Si/SiO, interface gives a great uncer-
tainty in the estimate of the hole injection current.
Thus, for example, for this uncertainty in the barrier
height at an effective hole mass m* = 0.5m,, the injec-
tion current density in an electric field of 107 Vcm™!
lies within the range 1073°—10° A cm~2. Clearly, the
height of the hole barrier at the Si/SiO, interface and
the hole effective mass in SiO, require a refinement.

The electrons and holes are believed to be injected
from silicon into SiO, by the Fowler—Nordheim tun-
neling mechanism [10, 11]. Recently, however, the
injection of electrons from silicon into SiO, has been
shown to be described more accurately by the trap-
assisted tunneling (TAT) mechanism [12—17]. As
regards the injection of holes, there is no understand-
ing of the injection mechanism here.

Amorphous silicon nitride has the property of
localizing (trapping) the electrons and holes injected
into it with a great confinement time (about 10 years)
in a localized state at 85°C [18]. This localization
(memory) effect is used in developing flash memory.
Thus, for example, the development of 32-Gbyte flash

786



TRAP-ASSISTED TUNNELING HOLE INJECTION IN SiO,: EXPERIMENT AND THEORY

memory based on the localization effect in silicon
nitride has been reported [19]. Information is written
in such a memory element (a storing field-effect tran-
sistor) by the injection of electrons from silicon into
silicon nitride through an insulating SiO, layer fol-
lowed by the trapping of electrons and is erased by the
injection of holes from silicon through SiO, followed
by the trapping of holes in silicon nitride. Thus, refin-
ing the mechanism of hole injection from silicon into
SiO, and refining the barrier heights and the hole
effective mass are of considerable interest not only in
studying the electronic structure of the Si/SiO, inter-
face and charge transport but also in developing mod-
ern devices with flash memory.

The goal of this paper is to experimentally and the-
oretically study the mechanism of hole injection from
silicon through silicon oxide. We have found for the
first time that the holes in strong eclectric fields are
injected through trap-assisted tunneling in SiO,. Pre-
viously, this hole injection mechanism has not been
observed experimentally and has not been described
theoretically. We derive relations between the height of
the hole barrier at the Si/SiO, interface and the hole
effective mass m*. The hole trap energy and the trap
density in SiO, are estimated.

2. THE EXPERIMENT

We experimentally studied metal—insulator—semi-
conductor (MIS) structures with a three-layer insula-
tor: TaN—Al,0;—Si;N,—SiO,—Si (TANOS). The sub-
strate was (100)-oriented p-type silicon with a resistiv-
ity of 20 Ohm cm. After standard purification, 3.5-
nm-thick nitrided thermal oxide was grown on silicon.
A 7.0-nm-thick layer of amorphous silicon nitride
(SizN,) was deposited on silicon oxide in a low-pres-
sure reactor from a mixture of dichlorosilane
(SiH,Cl,) and ammonia (NH;) at a temperature of
750°C. A 16-nm-thick layer of aluminum oxide was
deposited on the layer of silicon nitride from a mixture
of trimethylaluminum ((AICH;);) and water vapors
(H,O) by the atomic layer deposition method. A
25-nm-thick TaN layer was used as the conducting
electrode. The thicknesses of the dielectric layers were
measured on control silicon wafers by a single-wave-
length ellipsometer at the helium—neon laser wave-
length A = 6328 A.

In the experiment, the flat-band potential V;, for
the MIS structure was measured as a function of the
amplitude and duration of the applied voltage pulse.
The flat-band potential is the voltage that must be
applied to the MIS structure for the bands in silicon to
become flat. To a first approximation, the flat-band
potential is proportional to the charge accumulated in
the insulator. In our numerical model, V, was calcu-
lated exactly. The flat-band potential was experimen-
tally determined by measuring the capacitance—volt-
age (C—V) characteristic at a frequency of 100 kHz.
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Fig. 1. TANOS energy diagram: (a) without any applied
voltage, (b) for a positive potential at the gate (electron
injection into silicon nitride), and (c) for a negative poten-
tial at the gate (hole injection into silicon nitride); the
arrows correspond to the directions of motion of the
charges.

The energy diagram for the TANOS structure is
shown in Fig. 1a. Figure 1 presents the silicon oxide
band gap £, = 8.0 eV as the most reliable value, in our
view, for thermal silicon oxide [8]. For a positive
potential at the (TaN) gate, the electrons are injected
from silicon through silicon oxide and are trapped in
silicon nitride (information writing), Fig. 1b. For a
negative potential at TaN, the holes are injected from
silicon through silicon oxide and are trapped in silicon
nitride (information erasing), Fig. 1c. Here, we stud-
ied the injection of holes from silicon into SiO, at a
negative potential of various amplitudes and recorded
the time dependence of the flat-band potential V;, for
the structure. A fresh specimen was chosen for each
voltage without any preinjected electrons. Thus, we
eliminated the change in V4 due to the ionization of
electrons from silicon nitride and recorded only the
injection of holes from the semiconductor substrate
into silicon nitride through the layer of silicon oxide.

We compared the experimental results with the
results of our simulations using a model in which we
calculated the injection of holes from silicon followed
by their trapping in silicon nitride based on the Shock-
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Fig. 2. Family of curves V,(?) for various potentials at the
top contact (indicated near the curves) and numerical fits
to the experimental curves based on the Fowler—Nord-
heim law (dashed lines).

ley—Ride—Hall statistics just as was done in [20]. The
experimental results are presented in Fig. 2. The
height of the hole barrier at the Si/SiO, interface equal
to 3.8 eV is considered to be the most reliable one [21,
22]. Based on this barrier height and the known dielec-
tric constants for the materials used, we may conclude
that for voltages of —12 and —14 V the holes are tun-
neled directly, while for voltages from —16 to —24 V
the holes are tunneled by the Fowler—Nordheim (FN)
mechanism through a triangular barrier. However, the
numerical fitting of these results runs into difficulties.
For example, assuming that the entire injected charge
is trapped in silicon nitride, we can achieve good
agreement of the numerical calculation with the
experimental curve Vy(f) at U = —14 V by properly
choosing the hole effective tunneling mass. However,
at the same parameters, the calculation deviates
greatly from the experimental data for higher voltages
(=20 and —24 V in Fig. 2). Thus, neither the direct
tunneling nor the FN mechanism can describe the
entire set of experimental data.

A possible explanation of this discrepancy can be
the assumption that the hole injection current at high
voltages is actually large, as is predicted by the theory,
but the fraction of the trapped charge in silicon nitride
(and it is this charge that is measured from the shift in
V) decreases due to a decrease in the cross section for
hole trapping in silicon nitride as the electric field
grows. In this case, the bulk of the charge must pass
through TANOS at high voltages. To test this assump-
tion, we serially added an ordinary capacitor to
TANOS with approximately the same capacitance as
that of TANOS, 45 pE

Ifthe injected charge passed through TANOS, then
it would have charged the second capacitor and this
charge would have manifested itself when measuring
Vi in such a combined system. The voltage applied to
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the TANOS + capacitor system was chosen in such a
way that the same voltage as that in the preceding
experiment was applied to TANOS. In accordance
with the assumption made, the experimental curves
V() were expected to be shifted leftward, toward
shorter times. However, the positions of the onset of
Vi growth virtually coincided in the two experiments.
This indicates that the entire charge injected into
TANOS is trapped here and there is no through cur-
rent.

3. ANALYSIS OF THE EXPERIMENTAL DATA

The subsequent analysis of the experimental data is
based on the following. Assuming that in the initial
period of charge injection into TANOS, at least until
Vi has shifted greatly from its initial value, the current
is constant and is described by an FN-like law

40 2m*)"”
Jpn = J, (—-— . 1
FN 0 €Xp 3 oFh (1)

Here, @ is the height of the hole barrier at the Si/SiO,
interface, m* is the hole effective tunneling mass in
Si0O,, Fis the electric field strength in SiO,, and J; is

the pre-exponential factor that for a metal—insulator
contact is given by the expression [10]

Jy = € F/8nh®m*. ()

The typical value of this factor for FN injection from a
metal and a semiconductor is

Jo~ 10" Acm™. (3)

Let us specify some shift in V4, (in Fig. 2, this shift

is shown in the form of a horizontal dashed line, V, =
—1 V). Some charge accumulated in silicon nitride
corresponds to this shift. Using Eq. (1), we will find

that the time 7t in which this charge is injected satisfies
the equation

_49"Cm*) Pdy | CVy
"3 eUt J,

Here, Uis the amplitude of the applied voltage, d.4 is
the TANOS effective thickness recalculated to the
dielectric constant g, for SiO,,

Int “4)

- €9
dy/ex +dao/Eno
is the capacitance of the TANOS layer that consists of

silicon nitride of thickness dy with permittivity €5 and
aluminum oxide of thickness d,, with permittivity

&)

gAlO-

The experimentally measured values of T are pre-
sented in Fig. 3. We see that these data points fall
nicely on a straight line in (Int, 1/U) coordinates. By
fitting based on Eq. (4), we can determine the param-
eters

Jy= 5 x 10° Acm™ (6)
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Fig. 3. Experimental times t (dots) and linear fit (solid
line).

O(m*/my)'” = 2.26 eV. (7)
Thus, ® and m* cannot be determined independently.

If we take the universally accepted value of 3.8 eV
as @, then we will obtain m* = 0.2m,, for the hole effec-
tive mass, which is considerably lower than that
reported in other works on determining the hole effec-
tive mass in SiO, [23]. If, however, we choose a typical
hole effective mass m* = 0.5m,, then we will obtain
® = 2.85 eV for the barrier, which is lower than the
universally accepted value of 3.8 eV by 1 eV. The
derived pre-exponential factor J,, which turned out to
be lower than its typical value for FN injection by three
orders of magnitude, causes even greater bewilder-
ment.

Thus, we see that, on the one hand, the FN-like
dependence (1) describes well the experimental data,
but, on the other hand, the physical parameters turn
out to be far from the expected ones. This contradic-
tion can be resolved if the holes are assumed to be
injected not by the FN mechanism (hole tunneling
from the silicon valence band through the silicon oxide
band gap into the silicon nitride valence band) but by
trap-assisted tunneling in the bulk of SiO,. In other
words, the holes are injected stepwise: the holes are
tunneled from the silicon valence band into traps in
the bulk of SiO, and from there into the valence band
(Fig. 4).

4. THE THEORY OF TAT HOLES
THROUGH SiO,

To derive the equation for the current of TAT holes,
let us write the equation for the filling of traps in SiO,:

£p(2) = Iig([P(2) -] "

— [long(z) + Tony(2)]pA2)-
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Fig. 4. Diagram illustrating the three-step tunneling of
holes from the silicon enrichment band into a trap in SiO,
and from the trap into the SiO, valence band.

Here, P/(z) is the volume distribution of the hole trap
density in SiO,, p(z) is the density of the filled traps,
Injgis the rate of filling of the traps with holes from the
substrate, lon, and lony are the trap ionization rates
into the substrate and the silicon nitride valence band,
respectively. A general expression for the ionization of
a trap in an insulator into the free volume of a semi-
conductor was derived in [24]. For a wide range of
cases, the trap ionization rate can be represented as

Vv

Tonj = > s, )

where V_, is the hole velocity in the substrate valence
band for an energy equal to the energy of the trapped
hole, z is the distance from the trap in SiO, to the sub-
strate, and T is the tunneling factor. The latter is cal-
culated in the WKB approximation and for a trapezoi-
dal barrier is

/2
, a@m) (W er)
= expy—= .
s = AT oFhi

However, not all of the states in the substrate are free

and, hence, the following expression should be used
for the ionization rate:

Voul TS

2z

-1
- [ren( 28],
kT
where E} is the Fermi energy for the substrate and E, is
the position of the trap energy level. The energy here is
counted as for electrons: it increases from the valence
band to the conduction band.

The injection coefficient Injgcan be found from the
following considerations. Assume that the holes from

Ionsg =

(11)
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traps in SiO, can be ionized only back into the sub-

strate. At thermodynamic equilibrium, it then follows
from Eq. (8) that

Injg

= — 12

Pr Iong + Injg ! (12)

On the other hand, the equilibrium filling of traps

must correspond to Fermi statistics with the substrate

Fermi energy:

E.— ENT!
i EE)
D t|: €Xp T

Comparing Egs. (12) and (13), given (11), we obtain

EF—E,)
kT

(13)

Inj; = Iongexp (—
(14)

For the trap ionization rate into the silicon nitride
valence band, we will use the expression
lony = 22Ty, (15)

i

where W is the depth of the level in the trap (see
Fig. 4), Ty is the tunneling factor for the hole release
from the trap into the silicon nitride valence band. For
a trapezoidal barrier, we have

Ty() = exp{—g‘
(16)

_CmH W (W—eF(D-2))""]
efFh ’

where D is the SiO, thickness. For a triangular barrier,
Eq. (16) should be used without the last term in square
brackets.
The trap-assisted injection current is
D

Juar = e flony(2)p(2)dz. (17)
0
From the stationary equation (8), we will obtain
D
_ eJ’ VsV Ts(2) Th(z)
TAT —
: VsTs(z) + VyTy(2)
E.—E()\7T" (18)
P(o)|1+ (—F ’ H dz,
% ()| 1+ exp( L= :
_ VoutTS _ W
VST T YT

Here, E(z) is the local position of the trap energy level,
E(z) = E,+A-D+ W+efz, (19)

E isthe energy of the top of the substrate valence band
and A is the shift of the flat bands at the Si/SiO, inter-
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face (see Fig. 4). The hole velocity in the substrate is
V..« = 0 if the trap energy is projected onto the semi-
conductor band gap (£,> E, + A) and
Voo [Z(EV +A- E,)T/2

out —

e (20)
in the opposite case. Here, mg is the hole effective
mass in the silicon valence band.

Expression (18) for the injection current can be
generalized for the distribution of traps in energy W.
For this purpose, we will introduce the density of traps

in space and energy, I1,(z, W). Instead of Eq. (18), we
should then use

D
Jrxr = e [dz [G(E, W)
0

21
< T,(z, W)[l + exp(gifk—?@ﬂ_ldw,
where
G(E,, W) — VSVNTS(Eﬂ W)TN(ED W) (22)

VTs(E, W)+ VvyT\(E, W)
isthe TAT rate per trap. For an arbitrary distribution of
hole traps in SiO, volume and in energy, the current
can be calculated using Eq. (21) only numerically.
However, in some cases, this expression can be simpli-
fied. The point is that the function G(E,, W) has a
sharp maximum at

VsTs(E, W) = vyT\(E, W), (23)
when the tunneling rates from the substrate into the
trap and from the trap into the silicon nitride valence
band are equal. If we assume, for simplicity, that the
field in oxide or its thickness are so large that the trap
is ionized into silicon nitride through a triangular bar-
rier, then the maximum of the function G(E,, W) is
reached at the trap energy

W, =20, ®=®0+E—E, A  (24)

Near this maximum, the dependence of function (22)
on the trap energy can be approximated by the expres-

sion
W-WwW\T"
GE, W)= v5[2cosh( SW ﬂ
~ (25)
( 2(2m*)1/2®3/2)
X [ Nl A S
3T e )
where
SW = efFh

2.2m* W,
The quantity ©d W characterizes the width of this max-
imum. For example, for m* = 0.5m,, W,, =2 eV, and

F=10"Vcm™!, we have ndW = 0.3 eV, i.e., the maxi-
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Fig. 5. Velocity of a TAT hole as it moves through a trap in
SiO, versus trap depth for two heights of the hole barrier at
the Si/SiO, interface; F'= 1.3 x 107 Vem™! and m* =
O.Smo.

mum is fairly narrow. Examples of our calculation of
the TAT rate as a function of the trap energy for two
barrier heights ®@ are shown in Fig. 5.

For uniform trap filling over the SiO, thickness and
assuming that the energy distribution of the trap den-
sity is smoother than the peak of G(E,, W), Eq. (21)
can be simplified:

_ ned W
TAT 2eF

E +A

X I VSH,(Wm)|:1 +exp(EFk;TE’ﬂ_1

—00

(26)

~ 32
202m*)°® )
_sem) 2 V4E,.
XeXp( 3 oFh ’

In addition, we will consider the case where

E,+A> Eq. Q27)

In the low-temperature limit, the energies near Ep
then make a major contribution to (26). Taking into
account this circumstance, we will ultimately obtain

nehvgdWIT(W,,)
JTAT = Y Om* D 12
( z(zm*)'”(cmEF—Ev—A)”)
x exp| —= .
3 elh

For a highly doped p-type semiconductor, the Fermi
energy is close to the energy of the top of the substrate
semiconductor valence band and the bending of the
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Fig. 6. Comparison of the experimental data (dots) and
theoretical curves (dashed lines) Vg, (7) calculated on the
basis of Eq. (29) for a pre-exponential factor of 5 x
10° Acm™2 and a barrier for the holes @(m*/mo)l/ 3=
3.6¢eV.

bands in enrichment is insignificant. Under these con-
ditions, instead of Eq. (28), we can use

nefiv S WIL(2 D)

Jorr =
TAT 2(2m*CD)l/2 29)
202m*) @Y
TP e

Thus, the TAT injection is also similar to the FN injec-
tion, but with a factor of 2 smaller exponent, while the
pre-exponential factor is proportional to the density of
traps in SiO, and their ionization rate. In Fig. 6, the
experimental curves V;(7) are compared with our cal-
culation based on Eq. (29).

Equation (29) was derived by assuming a triangular
barrier for the tunneling of holes from the substrate
into the silicon nitride valence band. However, it can
be easily generalized to the case of a trapezoidal bar-
rier:

nehv WIT(W,)

2/2m*®

(_2(2m*>‘”[<1>3”—(@—eFD)”])
3 b

Jrar =

X €Xp oFh
(30)
SW = eFh ’
2.2m* W,
W, = 210" + (®-eFD)"1”.

Equation (30) shows that for a trapezoidal barrier,
traps with a larger depth than that for a triangular bar-
rier are involved in TAT.
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5. DISCUSSION

Note once again that the exponent in Egs. (29) and
(30) is smaller than that for FN injection (1) by a fac-
tor of 2. If the assumption about a fairly smooth energy
distribution of traps in SiO, is valid, then it follows
from Eq. (29) that traps with an energy near

W=~0.6D (31)
make a major contribution to TAT for a triangular bar-
rier. If we interpret the experimental results presented
in Figs. 2 and 3 based on Eq. (29) (see Fig. 6), then we
will obtain

O(m*/my)"” = 3.6 eV, (32)

nefiv S WIL,(2 D)

2.2m*d
It follows from Eq. (32) that the hole effective mass in
SiO, is m* = 0.85m, if we take the universally accepted
hole barrier ® = 3.8 eV. If we assume that m* = 0.5m,,,
then the barrier height for this hole mass will be ® =
4.5¢eV.
The volume density of the traps in SiO, that are res-

onantly involved in TAT can be estimated from Eq.
(33):

P, = adWIL(2 @) = 5x10°cm™.  (34)

As we see, a moderately large number of traps is
required to ensure effective TAT, with these traps
actively involved in TAT being located in a narrow spa-
tial layer,

=5%x10°Acm .

(33)

0z = mOW/eF. (35)
The center of this layer lies at a distance
z2=(D-W,)/eF = 0.37®/eF, (36)

i.e., this layer narrows and approaches the Si/SiO,
interface as the electric field grows. For example, for
the TANOS geometry used in our experiment and at
U= —-20 V, we have the field in oxide F' = 1.4 x
107 Vem'and 8z =2.2 x 108 cm, z= 107 cm. If the
traps are assumed to be distributed in energy uni-
formly, then the total trap density in SiO, with a band

gap of 8 eV will be 1.3 x 108 cm—3.

6. CONCLUSIONS

Analysis of our experiments on the accumulation
of holes in a TANOS structure has shown that the
holes are injected into silicon nitride through trap-
assisted tunneling in SiO,. The hole effective tunnel-
ing mass in SiO, and the height of the hole barrier at
the Si/SiO, interface cannot be determined indepen-
dently from analysis of the experimental data. Only
the factor ®(m*)'/3 combining both parameters can be
found. If we take the barrier height ® = 3.8 eV as the
most reliably measured one, then the hole tunneling
mass in SiO, is m* = 0.85m,. Assuming that the distri-
bution of traps in SiO, layer volume and in energy
within the SiO, band gap is uniform, the density of the
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traps that provide the observed injection current is
1.3x 10" cm~3.

Note that the detected TAT effect through hole
traps in tunneling silicon oxide speeds up the injection
of holes in the TANOS elements of flash memory; i.e.,
the trap-assisted hole injection in tunneling oxide
increases the speed of such memory elements in eras-
ing mode. On the other hand, traps in tunneling oxide
can lead to the undesirable draining of a positive
charge (holes) through the same TAT mechanism.
Studying this phenomenon is beyond the scope of this
paper. The hole effective tunneling mass in SiO, deter-
mined here from our experimental data lies within the
range m* = (0.5—0.85)m,. These values agree with
m* = 0.45m, [20] and are an order of magnitude lower
than the hole masses obtained in SiO, band calcula-
tions [1—4]. It seems possible that the detected light
holes in SiO, correspond to the bonding Si3p, p—O2p
orbitals. Quantum-mechanical SiO, band calculations
must be performed to confirm this conclusion.
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