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We have measured the energy-momentum density of amorphous silicon dioxide usmgearspectrom-
eter with 20.8 keV incident, 19.6 keV scattered, and 1.2-keV ejected electron energies. The amorphous SiO
sample was prepared by oxidizing a thin silicon membrane. The experimental data show a valence electronic
structure characteristic of uppprlike and lowers-like bands. The width of the upper valence band is 10 eV.
This is separated by 9 eV from the lower valence band, which exhibits 2-eV dispersion. We have calculated the
energy-momentum density ef-quartz using theb initio linear muffin-tin orbital method and the result is
spherically averaged over all crystal directions to enable comparison with the experiment. The calculated
electron momentum densities show very good agreement with experiment for both the upper and lower valence
bands. The theoretical prediction of the energy separation between the upper and lower valence bands is about
2 eV smaller than that measured and this discrepancy is discussed. The agreement between theory and experi-
ment suggests that the short-range order in silicon dioxide plays an important role in determining the electronic
structure of this materia[.S0163-182@8)04908-X]

I. INTRODUCTION an important role in the optical fiber manufacturing industry.
Despite being a common and familiar material, studies of the
(e,2e) spectroscopy is a powerful technique for measur-electronic structure of silicon dioxide have been a challenge
ing the electron energy-momentum densities in bothto both theoreticians and experimentalists. Calculations
gaseousand solid targets. In an€,2e) reaction an incident based on semiempirical models are often used to interpret
electron of well-defined momentum and energy ejects amxperimental observations. Amongst the falwinitio solid-
electron from the target and the two outgoing electr@esat-  state calculations for the electronic properties of silicon
tered and ejectedare subsequently detected in coincidence dioxide!'~1’there is little or no attention paid to the momen-
The binding-energg and momentungl of the target electron tum densities of the valence electrons. The difficulties in the
before the collision are then determined by conservation ofheoretical analysis are related to the complexity of the,SiO
energy and momentum. At sufficiently high incident energysystem. Natural silica, which is one of the principal constitu-
and large momentum transfer the,Ze) process can be ents of Earth’s mantle, exists in a multitude of allotropic
treated using the plane-wave approximatidnyhich leads  forms with more than 35 crystalline polymorphs knofin.
to an (e,2e) cross section proportional to the energy- The crystal structure of most, but not all, of these polymor-
momentum density$(e,q)|? of the target electrons. Since phs are well determineld.Recent studies og-cristobalite®
the measuredg,2e) intensity depends only on the factor have indicated that it has a rather complicated structure in-
|#(e,9)|? and the experimental conditions, one can applystead of the simple cubic structure suggested by WycRoff.
the (e,2e) technique equally well to amorphous, disordered,Because of its simplicity the cubig-cristobalite structure
or crystalline materials. This contrasts sharply with the phohas been frequently usédas a model crystal for SiCand
toemission techniqdethat is applied more successfully to discrepancies between theory and experiment are significant.
crystalline materials. In the past few years we have per- Experiments using ultraviolet-photoemission spectros-
formed a series ofg,2e) measurements on structurally dis- copy, x-ray photoemission spectrosco¥PS) and x-ray-
ordered materials including amorphous carB@morphous absorption and emission spectroscopy are able to accurately
silicon? silicon carbide’, copper® aluminum? and aluminum measure the energy levels of the valence b&nd. It is
oxide1® Recently, €,2e) studies on single crystalline mate- known that photoemission cross sections depend on the elec-
rials (graphite and siliconhave also been carried out. Thesetron state; therefore the emission spectrum cannot be com-
experiments demonstrate that electron-momentum spectropared directly with the calculated density of sta{E$S).
copy based on thee(2e) reaction can directly measure the Optical absorption measuremeft€’which probe the top of
electron-momentum distributions and visualize the disperthe valence band and the conduction band, are often compli-
sion relation between the binding energy and momentum ofated by excitorié and other experimental difficulties not
electrons in solids. directly related to the band structure. All of these experi-
The electronic structure of silicon dioxide has been amments cannot reveal information regarding electron-
interesting subject for many years. Silicon dioxide is a ma-momentum densities.e(2e) spectroscopy, however, gives
terial widely used in industries from traditional glass makingthe energy-resolved electron-momentum density that pro-
to modern semiconductor device fabrication. Pure,Qif@ys  vides more detailed information than the DOS measure-
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ments. There are no extra enhancement effects indfae)( p LA 7
measurement and the comparison with theory is straightfor- z
ward.

In this paper we present our recem,de) measurement
on the valence-band electronic structure of amorphous.SiO
We carry out amab initio linear muffin-tin orbital(LMTO)
calculation ona-quartz and use the spherically averaged re-
sult to compare and analyze the experimental data. The
LMTO calculation is described in Sec. II; in Sec. Il we give
sample preparation details and experimental setup. The mea-
sured and calculated energy-momentum densities are com-
pared and discussed in Sec. 1V, together with a brief com-
parison to our earlier €,2e) measurement on aluminum
oxide. We conclude our observations in Sec. V.

FIG. 1. The left-handed-quartz structure where the Si and O
atoms are represented by white and black circles, respectively. The
. LMTO CALCULATION relative heightz coordinatg of each atom is indicated by the num-

. . . . ber inside the circle. Two Sittetrahedrons connected by thg,O
.Dlsordered fF’”“S of Sihave peen SIUd'Ed_ ,prev'OUS|y atom are highlighted. Notice the empty space near the origin and
using computational methods making no specific use of thg | me center.

long-range crystalline ordéf.We have adopted another ap-

proach and calculate the band structure and energyunge order is lost but the short-range order, which exists in
momentum density of the oriented crystall. For this purposeg|| 4:2 coordinated SiQsystems, should have a significant
we have employed the LMTO methdtiwhich has the ad-  jnfluence on the electronic structure of the material.
vantages of sufficiently high accuracy and computational ef-  the unit cell of a-quartz is shown in Fig. 1. There are
ficiency suitable for a complex material like SIOIn our  three Si and six O atoms in the hexagonal cell. The non-

model the exchange and correlation terms of the manyaqyivalent atomic positions are chosen to have the following
electron Hamiltonian are treated in the local-density approXixgordinates:

mation of the density-functional theory. To describe the dis-

ordered form of SiQ the energy-momentum density - . 1,1 . 2

obtained from the crystalline calculation is spherically aver- Sb (U.0.0),  Sks (1=u.17U3), Skez (OU,3),

aged to remove the vector property of the momentell L

directions in the momentum space therefore become equiva- Oz (X,¥,2), Oz (1-x,1+y—x,3-2),

lent. Although this is a somewhat idealized scheme for de-

scribing a randomly oriented polycrystalline material, itturns O, (1+y—x,1—x,z+3), Oss (Y.X, 3—2),

out to be a useful approximation to the electronic structure of

disordered materiafs:'° Ose (1-y,X—Y,2+2), Ogg (x—y,1-y,1—2).
We choosea-quartz as the prototype crystal to perform

the LMTO calculation. At room temperature and ambient

pressurex-quartz is the only crystal structure thermodynami- A |eft-handed threefold screw axis exists in the sequences
cally stable. The crystal structure of-quartz is well of Sj and two groups of O atoms. The hexagonal lattice
known'*3 and many theoretical and experimental studiesconstants 4,c) and four internal parametersi&,y,z) are
have focused on this material. Although silica exists in manygiven in Table I. We use the parameters for left-handed
allotropic forms the most common ones, includirguartz, quartz(Fig. 1 with D‘3‘ symmetry given by Wyckoff_lg Le-

are built from the SiQ tetrahedral unit. In these materials vien, Prewitt and Weidné? reported the crystallographic
each silicon atom is coordinated by four oxygen atoms angi- for right-handed quartD8 symmetry with similar val-

ea;h oxygen da}tom is bounded by .tWO.S'I'CO_n itdmﬁ Cr?' ues. In natural crystals both forms often coexist. We believe
ordinated and interconnects two Siinits. Itis known that ~ e gitference in the electronic structure for different sym-
the difference in electronic structure between various;SiO yatries is negligible.

polymorphs is quite small. la-quartz the SiQ unit is very From Fig. 1 it is obvious that there are no significant

close to an ideal tetrahedron as all the O-Si-O angles argmyy regions near the origin and the center of the unit cell.
around 109° and the Si-O bond length is 1.61 A. The Si-O-Sirq treat such an open structure using the LMTO method we
angle varies according to the crystal structure ang-quartz  5ve to introduce a number of fictitious “empty” atoms.

this angle is around 144°. The SjQetrahedron is quite  giarting from the origin and applying the screw operation we
stable and similar short-range order also exists in amorpho%t a sequence of empty atoms:

SiO,. The O-Si-O angle in thermally oxidized silicon is

7 o o H H o
found?’ to vary between 100 —112° with a maximum at 109 Eo(S,e,y), Esle—8,—8,y+1%),
and the mean length of the Si-O bond is 1.68 £0%. The
dihedral Si-O-Si angle is however distributed in the 120°— Eeo—&,0—¢,y+2)

180° range with a maximum at 142°-144°. In this picture
one can view the structure of amorphous S& a network and similarly to fill the volume center we get another se-
of SiO, tetrahedrons connected at the O corners. The longquence:



57 VALENCE-BAND ENERGY-MOMENTUM DENSITIES O . .. 4351

TABLE I. Unit-cell constants and internal parameters ter 0 s uvem o
quartz with D‘31 symmetry shown in Fig. 1. The parameters for the ] L
“empty atoms” are described in the text. = |UVEm
LT uUvB,M
-5 5
Unit cell constantsa=4.913 A, c=5.405 A ~ 4‘<7§ 1] él’
. ® | i
Parameter for Si and O atoms Parameter for empty atoms 30 \ N ovam "
g 3
u 0.465 5 —0.083 &
X 0.415 € 0.095 s 1
y 0.272 Y 0.105 LVBM
SR L
z 0.120 v 0.346 = gy .
r K H AT M L 4 DOS (arb. units)
ElG(O,U'%)' Eso(v,oé)a Egy(1—v,1— v,%). FIG. 2. The valence-band structure and DOS spectrum-in

quartz. Energy positions are labeled with for maximum andm
] ) for minimum. The DOS spectrum has been convoluted with a
The parameters, 6, y, and v are given in Table I. A" Gaussian function of full width at half maximum of 0.5 eV. The
detailed procedure of finding optimal positions for thesepeaks in the DOS reflect the complex band structure-gfiartz.
empty spheres and calculating their radii is described in Ref.

34. Restricting ourselves to the atomic-sphere approximgsan he clearly seen in the spherically averaged momentum
tion, we equate the total volume of the atomic spheres to th@ensity plots presented in Sec. IV.

volume of the unit cell and discard the interstitial region. The

six empty atoms together with the Si and O atoms contribute

to ones and threep orbitals that form the LMTO basis. The . EXPERIMENTAL DETAILS
d orbitals are downfolded and do not change the size of the ,
basis A. Sample preparation

The band structure and DOS afquartz calculated using ~ The preparation of,2e) samples is a challenging task.
the LMTO method are shown in Fig. 2. The band energiedetails of the equipment and procedure used to prepare an
obtained from several self-consistent band-structure calculd€,2e) sample have been described elsewtié(e,2e) spec-
tions are compared in Table Il. Our energy bands and DO o0scopy requires ultrathin~<10 nm) free-standing mem-
are consistent with other theoretical calculations. It can béranes to minimize electron multiple scattering before and
seen that the valence-band structurexeduartz consists of after an g,2e) event. For an insulating material such as SiO
three distinct groups of bands separated in energy. The ufitis necessary to have a conducting sublayer to avoid prob-
permost 12 bands in the upper valence band (YV&e lems associated with sample charging. We have already es-
formed by O 2-like nonbinding orbitals with low dispersion tablished a successful procedure for preparing single-crystal
(3.3 eV). The next six bands (UVR are predominantly Si samples; the SiOsample is obtained by oxidizing the
composed of O p-like and Sisp bonding states. The lowest already thinned Si film. A brief description of the SiO
six bands(LVB) basically consist of O &like states with a sample preparation is given below.
dispersion of 2.7 eV. The LMTO calculation also indicates We use a commercial SIMOX waf¢200 nm Si(100)/
an indirect gap of about 6.6 eV occurring between valencé00 nm SiQ on a Si substrafeas the starting material. We
maximum atK and conduction-band minimum &t Like  deposit another 400 nm Sj®@n top of the wafer as a pro-
other recent local-density calculatiols'®this result signifi- ~ tective layer. The bulk Si substrate is removed in a chemical
cantly underestimates the experimental val8&® eV) ob-  etching process that stops at the Si@yer. A sandwich
tained from photoconductivity measureméhinother the-  structure (400 nm SiQ/200 nm Si/ 400 nm Si@ with a
oretical prediction that does not agree well with thediameter of 0.5—-1 mm is formed in middle of the sample.
experiment is the position of the LVB. These differences arelhe SiG layers are then removed in an HF dip. The remain-
discussed in Sec. IV. ing 200 nm Si membrane is further thinned by reactive

We essentially follow Singh and JarlbdPgfor the mo-  plasma etching using an 80:20 mixture of Qfd Q. Film
mentum density calculation. However, we do not include ahickness is constantly monitored by a laser beam
so-called overlap correction arising from the calculation ofinterferometet® and the etching is stopped when the film is
the Fourier transform by integrating over the Wigner-Seitzabout 10 nm thick. The sample then undergoes 30 min of Ar
spheres rather than the unit cell. This correction is computasputter cleaning400 eV, ~2 uA/mm? to remove all the
tionally expensive to implement, especially for such a com-surface contaminants. The clean surface is then exposed to
plex solid asa-quartz, and it does not produce a noticeablean O, plasma for oxidation. The depth of the oxide layer is
change to the electron-momentum density. Results of theontrolled by the exposure time and the bias volteh@0—
momentum density calculations along three high-symmetr200 V) applied to the sample. Subsequent annealing ensures
directions are shown in Fig. 3. We present the momentungood Si-O bonding. The Auger spectra shown in Fig. 4 in-
densities together with the corresponding band energies plotlicate a typical Si@surface with no observable contamina-
ted in the repeated zone scheme. In the LVB the momenturtion.
density is dominated by the-like oxygen orbitals. In the The thickness of the SiQlayer can only be estimated
UVB the momentum density ip-like and peaks away from from the experimental results. As indicated later, our spec-
the zero momentum. These features are fairly isotropic anttometer is sensitive to a layer only 2—3 nm thick beneath the
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TABLE Il. Comparison of self-consistent band calculations dequartz. Energy positions indicated in

Fig. 2 are relative to UVBM in eV and the corresponding high-symmetry points are indicated in the bracket.

Reference Ref. 15 Ref. 12 Ref. 16 Ref. 14 Present
Calculation Mixed Pseudo- Pseudo- LCAO LMTO
method basis potential potential

Crystal symmetry DS D3 D} D3 D3
Conduction-band 6.3I") 9.2 5.8 5.59T) 6.57I)
minimum

UVBM 0(A) o(M) 0(K) 0(K) 0(K)
UVB/m —3.6(H) —4.3(K) —3.4H) —3.50(L) —3.30M)
UVB,M —6.1(K) —5.7(K) —4.7(K) —5.07(K) —3.59(K)
UVBm —11.5(A) —12.8(A) —-9.4(A) —10.10Q) —9.62(A)
LVBM —21.0H) —24.8H) —-16.9(4) —17.42(Q) —16.87(QA)
LVBm -23.3(0) -26.11) —-19.3(0) —19.80(0") -19.57(")

electron exit surface. The thickness of the Si@yer must be  The uncertainty in Si@thickness is not a serious problem in
greater than this value otherwise the Si sublayer becomebe (e,2e) measurement as long as the Si sublayer signal is
detectable. We also know the Si film is not totally oxidized suppressed. However this does introduce some difficulties in
since the target does not charge up from the incident beandlata interpretation as described in Sec. IV.
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FIG. 3. The momentum densities and band energies for the, ((dB two rows, UVB,; (middle two rows, and LVB (bottom two row$
along the three main symmetry directionsaiffjuartz. The momentum density of several close bands is summed and represented by the same
line-style as on the band-energy plot. The total momentum densities are shown as the bold lines.
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FIG. 4. The Auger spectrum for the oxidized Si film. The FIG. 6. The measured and calculated energy-momentum density

chemical shift of the Si LMM peak due to the Si-O bond is shown ©f SiO.. The energy scale is relative to the vacuum level of the
in the inset where the elemental Si LMM peak is included for com-Shectrometer. The LMTO calculation has been convoluted with 1.5

parison. A typical SiQ feature with no surface contamination is €V e€nergy widthFWHM). A linear gray scale is used to represent
observed. the variation in intensities. Darker scale corresponds to higher in-

tensity.

B. The (e,2e) measurement about 2—3 nm below the exit surfagshaded layer in Fig.

The (e,2e) spectrometer has been described in detail bys(b)], most (,2e) signals come from this thin layer only.
Storeret al3” The general principle ofd,2e) spectroscopy is Although this layer is pretty thin, it has been fodfidhat
also well documented in the literatu8-'°In short, we use surface contributions can be safely neglected in the interpre-
a transmission geometry as shown in Fig. 5 for teg€) tation of the €,2e) results. If the SiQ layer is thicker than
measurement. The energies and angles of the incident arhlis, the Si sublayer feature will not be observed. The Si
scattered(fast 19.6 keV and slow 1.2 keVelectrons are sublayer which is needed as a conducting layer, however, as
indicated in the figure. These kinematics satisfy the Betheontributes to electron multiple scattering events that need to
ridge requirement, which means the momentum range wbe minimized in the ¢,2e) measurements.
measure includes the origin of momentum space. The energy
and momentum transfer in the,@e) event shown in Fig. 5 IV. RESULTS AND DISCUSSION
is large so the binary collision mechanism dominates the . )
ionization process. We use two-dimensional position- N Fig. 6 we compare the energy-momentum density plot
sensitive detectors for both the fast and slow electron and2btained from ¢,2e) measurement and LMTO calculation.
lyzers to detect a range of energies and azimuthal angldor illustration purposes the LMTO result has been convo-
[Shaded region in F|g(5)] Simultaneous|y' The energy win- Iuted with a 1.5-eV energy re-SO|Uti0n to allow for finite life-
dow and detectable azimuthal angle range are 20 eV anidme effects and the experimental energy resolution, and
+18° for the fast electron and 36 eV arnds® for the slow  aligned with the experiment at the valence-band maximum

electron. Our spectrometer therefore covers an overall enerd/VBM). The experimental data show the UVBM s
range of 56 eV with a resolution of 19 eV and an effective ~ 11 €V below the vacuum level and the width of the UVB
momentum range of 6.0 a.(~3.0 a.u. to 3.0 a.uwith a 1S 10 €V. We see very good agreement in the shape and
resolution of 0.15 a.u. This parallel detection method allowsVidth of the UVB between theory and experiment. For the
us to complete the measurement within a few days in & VB the agreement between the experiment and LMTO cal-
vacuum of 1.X 107 1% Torr, hence minimizing the chance of culation is not as good as for the UVB. The theoretical pre-
surface contamination. diction of UVB-LVB gap is a little smaller than the experi-
The asymmetric geometry shown in Figbbbrings in the ~ ment ar}d is clearly shown _in the foIIovying analysis.

surface-sensitive feature of our spectrometer. Since the es- We first present a detailed comparison between the ex-
cape depth of the slow electrdbefore it suffers an elastic or Perimentand LMTO calculation. In Fig. 7 we show the bind-

inelastic scattering, thus losing the information it cajriss INg energy spectra for a series of momentum intervala
a.u. widg. At all momenta the experimental data show extra

intensities which can be explained by multiple elastic scat-
tering. If an electron changes its direction slightly due to
elastic scattering it will end up at the wrong momentum po-
sition in the energy-momentum plot, smearing the picture.
This process can be quantitatively simulated using the Monte
Carlo method® To perform this simulation, one needs to
know the sample structure and thickness in advance. How-
FIG. 5. The experimental setup ie,2e) measurementsa) The ~ €ver due to the uncertainty of sample structure mentioned in
scattering geometry. The analyzers cover a range of azimuthapeC. lll, we have not made such attempts. Nevertheless, the
angles that select the target electron momenta irythieection.(b) ~ agreement between theory and raw data is in some respects
The beam energies of the incident and outgoing electrons and thgatisfactory. For example, in the 0.6-0.8 a.u. plot, theory
target position relative to the incident beam. predicts three peaks in the UVB, which can also be seen in
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FIG. 7. The binding-energy spectra in momentum bins from 0.0 o R .
to 2.0 a.u. with a 0.2-a.u. bin width. The error bars are the raw, FIG. 8 The momentum distributions in binding-energy bins

covering the entire UVB. The binding energies at the middle of the

experimental data and the solid lines are from the LMTO calcula- . . .
i ) o 1.2-eV-wide bins are shown in each plot. The error bars are the ra
tion. The LVB peaks in the LMTO calculation in the left panel WI ! wn ! P W

X data and the solid lines are from the LMTO calculation.
(0.0-1.0 a.y.are reduced by a factor of 2 for ease of comparison.

the experiment. This happens for most plots shown in Fig. 72: FOr two reasons we have not included the deconvoluted
The LVB peak predicted by theory is sharp and intense. wéata in the plots. One is that the deconvolution procedure
have reduced the theoretical LVB peak intensity by a factod©€S Not include elastic scattering, which combines with the
of 2 in the left panel to give a clear picture. The differencesMomentum resolution to further broaden the peaks shown in

in peak position and width is obvious. The dispersion of the

LVB can be seen in Fig. 7 as the peak position shifts towards veeey T

lower binding energies at higher momenta in both the data vt

and the calculation. *‘::7& NS
Detailed comparison between theory and experiment has P

also been made in Figs. 8 and 9 where the energy-resolved ket %

momentum distributions for UVB and LVB are shown. In 31.0ev

both figures the width of the energy bin is 1.2 eV and we use 0 &ﬁ%ﬁ

the middle energy to label the plot at the top-left corteeg., 5 oo

label 10.4 eV for 9.8—-11.0 eV binThe LMTO calculation g m

is aligned at the UVBM(11.6 eV bin in Fig. 8 with the z 1:

experiment. In Fig. 9a 2 eVshift in binding energy has been g M ‘fﬁﬂl&

added to the LMTO calculation so the theory predicts correct L b )

peak positions. In most of the plots, we see more intensity at 34,60V ﬁg%

zero and higher momenta due to multiple elastic scattering %ﬁ ]

mentioned before. This sme;ring effect also caus;s the ooy

double peaks predicted by thedig 11.6- and 12.8-eV bins e

not to be clearly observed in the experiment. In the 22.4- and W&%‘%

23.6-eV bins, we still see some intensity that could be caused 37.0ev

by inelastic scatteringsuch as plasmon excitatipriThis ef- |

fect is probably also responsible for the nonzero intensities in -2 - 0 1 2

Fig. 7 between UVB and LVB and below the LVB peak. A Momentum (a.u.)

deconvolution procedure described elsewh@ee, for ex-

ample, Ref. 1D has been carried out on the experimental F|G. 9. The momentum distributions in binding-energy bins
data to remove contributions from plasmon excitations. Thigovering the entire LVB(details as in Fig. B The theoretical
procedure reduces the intensities in the 22.4- and 23.6-eYurves are shifted towards higher binding energies by 2 eV to com-
bins in Fig. 8 and 34.6—-37.0 eV bins in Fig. 9 by a factor of pare with the experiment.
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£ ! 2 shown in Fig. 6 over the momentum range o2 to 2 a.u. A
H '-%%%n ] deconvolution procedure has been carried out to remove the contri-
é ok - & butions from plasmon excitations. The total area of the theoretical

2 -1 0 1 2 curve is kept the same as the experimental one.
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FIG. 10, (a) Th d and calculated tum distrib tailed comparison. In spite of the 2-eV shift, the dispersion
- 10. (& The measured and calculated momentum distri Yof the LVB is well predicted by the LMTO calculation. In

tions of the entire UVB(b) The dispersion in the LVB. The LMTO . . 2o .
calculation has been shifted by 2 eV to higher binding energas. Fig. 10c) the LVB peak intensity is plotted as a function of

The measured and calculated momentum distributions of LVB. Thépomentum together with the theoret'qal momentum densi-
momentum distributions of atomic Os2and O 2 orbitals are  ti€S. The momentum density of atomic G Btate differs

included for comparison. little from the LMTO calculation and experiment, indicating

a corelike feature in LVB.
Figs. 8 and 9, but whose effect is not significant to invalidate One can see that the information contained in Fig. 7 is
the momentum density conclusions. The other reason is thanore complete than the DOS. However in the literature the
we consider multiple scattering part of the experimental datd&bOS spectra are more common since it is often compared to
and the discrepancies between raw data and theory are exngle-integrated photoemission spectra. In Fig(alive
pected. The deconvolution procedure is, however, needed f@how a photoemission spectréifr(using Al Ka emission
more detailed data analydis.g., to create the DOS spectrum for amorphous SiQ We see that the LVB peak area is much
in Fig. 11). The quality of the experimental data allows a larger than the UVB peak area due to an enhanced photo-
successful deconvolution as the nonzero intensibesveen  emission cross section in the LVB. The photoemission cross
UVB and LVB and below LVB drop to zero after deconvo- section for atomic O & state is about 7.3 times larger than
lution as expected. that for O 2 state according to ScofiefdA similar en-

In Figs. 7-9 the experimental data generally follow thehancement effect obviously exists in Si@s well. The peak
LMTO results in shape and intensity, confirming a goodintensity in Fig. 11a) cannot be related to DOS intensity
agreement between the theory and experiment. In Figs. l0nless the cross section is known. However, because the
and 11 the experimental data are further analyzed to revegk,2e) cross section is a direct measure of valence-band oc-
more information contained in thee@e) data. In Fig. 3 the cupation, it leads to a DOS spectrum without such enhance-
LMTO calculation predictsp-like and s-like momentum ment. This is clearly demonstrated in Fig.(Blwhere the
densities in UVB and LVB, respectively. These densities ardDOS spectra for both thee(2e) measurement and LMTO
fairly isotropic and change little after spherically averaging.calculation are shown. These spectra are obtained by per-
In Fig. 1), the momentum density of the UV@&um of the  forming a g?-weighted integration over the-2 to 2 a.u.
plots shown in Fig. Bis plotted and g-like feature is seen. momentum range. A deconvolution process mentioned be-
The momentum distribution of atomic OpZ2orbital is also fore is carried out prior to the integration so the intensities
shown for comparison. The Qp2distribution is broader than between the UVB and LVB and below LVB are reduced to
the LMTO result and if further broadening effedidue to  zero. Sarnthein, Pasquarello, and €amlculated the DOS
elastic scatteringare introduced, the LMTO result would be for glass at 300 K, which agrees very well with our re-
a closer match to the experiment. sultSince there are 18 bands in the UVB and 6 bands in the

In Fig. 10(b) we plot the LVB peak position for different LVB, the ratio of the UVB peak area and LVB peak area
momentum values. The data clearly show a 2-eV dispersiorshould be 3. We obtain a ratio of 2.8 in Fig.(iLfor both
The LMTO result has been shifted by 2 eV to enable a detheory and experiment and the small discrepancy may be .
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caused by the limited momentum integration range. This Sio; ALO;
UVB/LVB ratio may be slightly affected if the elastic scat-
tering is taken into account. A rough estimation indicates
that if one increases the theoretical peak width by 10% to
accommodate the broadening effect caused by elastic scatter
ing the UVB/LVB ratio would be reduced by 15%.
Elastic-scattering corrections would not affect the good
agreement in the shape and width of UVB observed in Fig.
11(b). The 10-eV-wide UVB contains three distinguishable
intensity maxima at 13, 16, and 19 eV below the vacuum
level. Unlike the DOS shown in Fig. 2, which has many
peaks in UVB due to small energy widtB.5 eV) included,
the calculated DOS shown in Fig. ) with the 1.5-eV Momentum (a.u.)
energy width included, has only three peaks that fit the ex-
perimental result nicely. In the LVB however, the experi-
mental peak is 4 eV widéfull width at half maximum
(FWHM)] while the LMTO prediction for the peak width is

—

>
C)

-

FIG. 12. The measured energy momentum densities fop SiO
and ALO; (from Ref. 10 obtained from €,2e) spectroscopy. The

. . . binding energy is relative to the vacuum level of the spectrometer,
only 2 eV (including the 1.5 eV energy widthThe LVB which is properly calibrated as described in Ref. 37. The binding

peak position _is 31l eV below_th_e vacuum level. This resultenergy and gray scale used here are the same as in Fig. 6.
agrees well with the photoemission and electron energy-loss

experiment£>2*which indicate that the LVB peak is located

~20 eV below the UVB maximum. Like other theoretical 4 €V), the UVBM should be 9.0 eV below the vacuum level.
predictionst***%the LMTO calculations show that the en- Our result(~11 eV below the vacuum levels more reliable
ergy separation between the UVB maximum and the LVBas the energy scale of our spectrometer is well calibrited.
peak is smaller than the experimental value. We believdetailed analys¥ indicates that the optical d&facould un-
some physical mechanisms that are not included in the onealerestimate the band gap due to the formation of exciton.
electron band-structure calculation play a role here. It ha3his means the UVBM should be lower which agrees with
been indicatetf that in XPS the difference in the energy our result. However the discrepancy between the theoretical
position of core and valence states is several eV larger thapand gap6.6 eV in LMTO calculatioh and the optical band
the difference between the calculated one-electron energya?® (8.9 e\) is a well-known problem. It has been argued
levels, due to electron-hole interaction. The independent pathat the discrepancy would be much smaller because direct
ticle approximation may not be adequate to describe thgansitions at or nedr are symmetry forbiddeHt: A detailed

corelike O = states in SiQ . discussion on this issue is beyond the scope of this paper.
Finally we compare the energy-momentum density plots

for SiO, and ALO; (from Ref. 10 in Fig. 12. Both materials

are insulators and the valence band for each of them contains

a p-like UVB and as-like LVB. In Fig. 12 we see the dis-

persion in UVB and LVB is larger in Si©and this may be We have measured the energy-momentum density of
related to the interatomic distance in these two materialamorphous SiQusing (e,2e) spectroscopy. We found that
(1.98 A for the Al-O bond and 1.61 A for the Si-O bondn  the valence-band maximum is about 11 eV below the
increased overlap of the wave functions is generally expecteglacyum level and is not totally flat. Three peaks locatedar-
to increase the dispersion. We concentrate on the valencgynd 13, 16, and 19 eV below the vacuum level are found in
band maximum(UVBM) first. Closer inspection of Fig. 6 the 10 eV-widep-like UVB, which is separated from the
and Fig. 12 shows that the UVBM in Sj@s not completely | vB maximum by 9 eV. The LVB iss-like with a 2-eV
flat. Also in the 10.4- and 11.6-eV plots in Fig. 8, we seeqjispersion. These features are reproduced in the LMTO cal-
more intensity at higher momenta that supports this claimey|ation usinge-quartz as the model crystal. Except for the
The binding energy is slightly higher at zero momentum thanyidth and position of LVB, the measured energy-momentum
at the higher momenta~+1a.u.). This indicates an indi- density agrees very well with the LMTO calculation. Our
rect band gap and a large hole effective mass at the UVBMgesylts show that short-range order within the Sfamily

which agrees with other observatioffdn Al,05 the UVBM  actually determines the electronic structure of the material.
is relatively flat which agrees with the theoretical description

of the UVBM for a direct band gap and “huge” hole effec-
tive mass’?®

The energy position of the UVBM is about 1 eV lower in
SiO, than that in AJOs. Since €,2e) spectroscopy cannot We would like to thank Dr. O. Reinhold of DSTO for his
pinpoint the unoccupied conduction-band position, the datassistance in the Si sample preparation. We also acknowl-
shown in Fig. 12 give little hint to the size of the band gap.edge Professor O. Jepsen of Max-Planck-Institutfestka
Gritsenko, Ivanov, and Morokd¥ claimed that in amor- rperforschung for placing the latest version of the LMTO
phous SiQ the bottom of conduction band is only 1.0 eV code at our disposal. The study of the electronic structure of
below the vacuum level and from the photoemission data osolids using €,2e) spectroscopy is supported by the Austra-
the potential barrier for holes on the Si-Siflbundary(about  lian Research Council.
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