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: ABSTRACT

Q-

I-ray photoelsctros and electrom energy loss spectroscopies have been
employed to iavestigate the valence- and conduction-band deasities-
of-states of the sapphire (1102) surface. The photoemissios spectrwm of
the valence-band region has been adjusted to ramove cross-section effects
and campared to the receat theorstical demsity—of-states calculated by
Cireci and Batra. The ensrgy loss data have been used to determine the

bulk plasmon energy of sapphire, 24-0\-{ .3 eV, as well a8 the locations of

eight regions of high conduction-band state density within 20 eV above the

conduction-band minimwm. Onme of these regions is am empty surface state
4.0 oV below the conduction-band sisimwm. Several high binding energy

satellites ia the XPS core level spectra are reported and interpreted in ﬁ
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1. INTRODUCT ION

Almiam oxide, Al,o,. in its various phases is importest is a awmber
of techunological applications that isclude heterogemeons catalysts and
microelectronic devices. Ia order to better appreciate the role of A1203

in these areas, a detailed understanding of the surface e¢lectronic

structure of the different forms of A1203 is required. Previoss

experimental studies of 41203 used techmiques such as optical absorptios
and reflection spoctrosoopiu.l" electron energy loss spectroscopy
(!LS).‘—‘ and plotocouuuvity’ to detemine the bulk electromic structsre
of “203’ These slectromic structuzre studies were performed os samples
ranging from single and polycrystslline a- and rAlzo, to amorphous films.
The main objective of the optical experiments was the detemimation of the ;
baud gap in the variosus forss of Alzo « This determination was complicated
by the possibility that am excitonic state existed mear the conduction-bdand
siniawm (CII).". In addition to the band gap information, the absorption ;
dats of Arskaws and 'ﬂll-o’ contained some istriguiag features which
could mot be attributed either to plasmons or to excitoaic tramsitions.
Earlier ELS data by anno-s contsined similar features, which are
apparently the result of interband tramsitionms ina nzo .

Several theoretical deteminations of the electronie structure of
varions Alzo’ snslogues have bees performed. These calculations were dased

on semiquantitative lodclo.g'lo or molecular units of the types Alos-

4 »

(Ret. 11) A10.%, (Refs. 12 and 21) and ALO, (Ref. 13). MNore
sophisticated calculations used semiempirical techaiques, such as the

Nulliken-Rudenberg method, 4 or the estended tight Binding
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npptoxhouol.l’ The most recent calculation, which employed a modified

extended Hucks]l Theory, is that of Ciraci and Bnn.“

who presented
camparisons with good agrement between their theory and existing
experimental data. They also presented the results of a calculation for a
thia 51203 slad, which emphasized the surface coatributions to the
electroaic structure.

The first attempt to establish the experimental A1203 band structure
in the cosduction, valemce, and core regions was made by Balzarotti and
Biasacosni (Bl)." They used X-ray photoelectroa spectroscopy (XPS) oa
varioss forms of Alzos, ia comjumction with existing opth:.l3 and ELS
d-u.’ ia order to establish the band structures of a-, y-, snd amorphous
Al,0,. BB comcluded that all thres forms of A1,0, had similar electromic
structures. Bspecially motevorthy features were am excitomic state just
below and & high density of states just sdove the (BM. IXPS data for
-Alzo » which differed slightly fram that of BB, were also reported dy
Kowalexyk, et .l.“ The electroaic structure of Alzo3 was also studied by
X-zay sbsorptios spectroscopy (m).”‘“ I-ray emission spectroscopy
(xu).”““ and reflection ELS.4'27:28 pogiection ELS can be performed
with low esergy electroa beams to eshance the sensitivity to surface

losses. The HLS experiments of Olivier and Poirier (OP)“

contained
features which were not observed in previous optical messuraments.
Extensive studies of oxygen chamisorbed on well defined Al surfaces have
also been ulotuk«u.” The I-gay shsorption results from same of these
studies have been extrapolated to Alzo’ uﬂun.”'” However, these

expecinents wvere performed on samples growa from the jia 3ity oxidatios of




slminium metal, the pyrolitic decomposition of MCl’, or smorphous Alzo3
samples which were sintered in air. Comsequently, the phase composition of
the samples in these studies was uncertain. In order to detemine the bulk
and surface electronic structure of the various phases of Alzo,,
experiments should be performed on well characterized surfaces of single
crystsls.

The most well defined A1203 surfaces currently available are prepared
fram industrial sepphire (corundwm), which is uandoped, single crystal
"“203-31 Bigh quality sapphire samples are commercially available, since
several different crystal faces are oftes used as substrates for epitaxial
growth of silicomomsapphire (SOS) structures. The sapphire (1102)
surface has been studied extensively by low emergy electron diffraction

(LEED), Auger electrom spectroscopy (ABS).”-35

ssd Rutherford
backscattering spectroscopy ia conjuaction with SOS applications.

In order to imitiste more careful studies of the electromic structure
of the variows forms of Al,o,. this study employed a combinmation of XPS and
reflection ELS techaniques to gather information from a simgle crystal of
sapphire oriested to expose s (1102) plame. The details of the
ezperimental procedure used are discussed in Section II, and the results of
the ezperiments are presented in Sectioa 11I. The data are compared to the

band structure calculations of Ciraci and lltn"

ia Section IV, alomg with
s discussion of how the isterpretation of the present results compares and
costrests with the work of other iavestigators. The primary comclusions of

this study are listed in Section V.,




11. EXPERIMENTAL PROCEDURE

Single crystals of sapphire oriented and polished on the (1102) plane
were obtained from the Union Carbide Campany, Crystal Products Division.
Using a dimmond tipped scribe samples were cut to approximately 5z15 mm for

the ELS studies and 5x5 mm for the XPS experiments.

A. 2P§ Measurements

The XPS messurements were performed with a UHV modified Hewlett
Packard BPS950A electron spectrameter equipped with & monochramatized Al Ka
(hv = 1486.6 e¢V) X-ray source. The Alzo3 crystal used for the XPS
experiments was etched in HF for 2 minutes, rinsed in Ilzo. blowa dry with
Nz. and mouated on s molybdenum plate with indium. The sample was then '
immediately loaded into the spectrometer vacuum system. The ssmple was
heated in UEV (5:10-9 Torr) for several mimwtes at 7350 'c. This procedure
produced & cleasn Alzo3 surface os detemmined by an XPS survey scas (0 -
1000 oV binding esergy region). The omly observed contsmimation was F
(spproximately 1/100 monolsyer) residus fram the chamical etch treatment.
No LEED pattern was observed fram this surface. High resolution spectra of
the Al 2s, Al 2p, and O 1s core levels, as well as the O KVV Auger
transition and the valence-band region were obtainmed. Al and O appeared to
be in oaly ose chamics]l state. No growth of O or C deriag the course of
the messurements was observed by monitorisg the O 1s and C 1s regions

before and after the measurments.
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B. ELS and AES Measurements

Prior to the ELS and AES experiments, the samples were ultrasonically
cleaned im acetone and methanol and then dipped in s concentrated solution
of HF for 30 seconds. Sample heating was acoomplished by & method similar

to that of Chll|.33

In this study, s sandwich was made by placing a
0.02-mm Te sheet between two sapphire crystals and the set was securely
tied together with two Ta wires. The sandwich was mouated by clamping
excess Ta sheet, which extended fram bdoth ends of the sandwich, to the
ssmple manipulator (Varian model 981-2523). The sample was heated by
passing a current of up to 10 A through the Ta sheet. Approxzimate sample
temperatures were measured by means of a Pt-Pt/100RA themocouple that was
spot welded to the Ta beater near the sapphire orystals. Aa optical
pyrometer was used for the highest temperature range. Once under vacam,
the samples were cleaned by sucoessive At ion bombazdment (typically 1. 5kV
st 20mA) and hesating to approximately 1500 C. After the imitial cleaning
cycle, the samples were recleaned every day by heatimg oaly.

The ELS experiments vere conducted in an ion pwmped WV chmmber with
typical base pressure of 2:10-10 Torr. The chamber was equipped with a
standard Varian LEED system which was used to detemmine the twvo dimenmsional
order of the sample surface. AES and ELS were perfommed with a BRI single
.pass cylindricasl mirror amalyzer (CMA) and coaxial electrom gua (FHI model
10-234G). The sample was always oriented perpendicular to the incident
- electzon beam. For AES the instrwment was rua ia dN(E)/d4E mode while
-a2N(E)/dB? mode was used for BL8.3773% , pec LsI 11/23 ainioampster
coatrolled the pass ensrgy of the CMA. This oomputer coatrol allowed

scourate dats collection over lomg counting times, precise assigment of




loss energies with respect to the incident electron energy, and the ability
to numerically integrate the differentiated spectra that resuit from phase
sensitive detection. An ELS sweep over 25 eV required fram § to 30 minutes
depending on the proximity of the sweep to the incident beam energy and the
kinetic emergy of the collected electrons. For a 150 eV incident electron
beam, an effective modulation voltage of 1 V peak-to—peak resulted in an

elastic peak with a 1 eV FWHN,

III. RESULTS

A. XPS: The Valence and Core States

The XPS valence-band spectrum of (1102) sapphire is shown as the top
curve in Fig. 1. Becssse of chsrging problems inhereat in imsulators, XPS
dats are commouly referenced to the valence-band mazimwm (VBN) or, if
accurate optical dats are availsble, to the (BM. In this paper, all XPS
dats sre referenced to the (BM. The band gap is taken to be 8.5 eV, as
suggested by 0?.2. The valence-band region is sepaerated iato two distiact
bands, which will be called the upper valence-band (UVB) and the lower
valemce-band (LVB) after Ciraci snd Bltn.“ The energy of the UVB maziam
is detemined from the XPS dats by joinimg am extrapolation to the region
of steepest desceat inm the valence-band ¢lectron distridbution curve with a
linear extrapolation of the baseline. The same procedurs is used for the
UVB misnimswm, escept that the region of steepest desoent is replaced by the
region of steepest ascent. In this way, the width of the UVB is detemined
to be 9.7 eV. This method has been uwsed previowsly for llulcton“ and
gives 3ood sgremment with other -nhods." The LVB region contains two

intensity mezims, s major peak at 28.8 ¢V and & minor pesk at 35.35 oV with
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respect to the CBM. Because of the high sloping background, it is not
possible to detemine the positions of the energy minimum or maximum of the
LVB very precisely, but the width of the LVB must be samevhat larger than
the separation between the two peaks, 6.7 eV.

All of the accessible core lines, the Al 2p, Al 2s, and O 13 that are
seen in Figs. 2 and 3, apperently consist of single lines and are assigned
energies which correspond to the peak mazxima, The energies for all of the
observed occupied states are contained in Table I, along with values

extracted from the XPS data of BB”

with the present definition of the VBM,
Ezamination of the XPS data in the regions behind the LVB, Al 2p, Al 2s,
snd O 1s core lines reveals s large nwmber of satellites on the high

binding energy side of the core lines. These satellites are labeled A

through N in Figs. 2 and 3.

B. LEED spd AES

Prior to the ELS experiments, the order and composition of the (1102)
sapphire surface were examined by LEED and AES., The AES data, showa in
Fig. 4, were taken bdefore any in-vacuwmm sample processing and after the
sample was cleaned by Ar? bombardment and annealing. The Al LVV regiom of
the AES data consists of threo features at 35, 53, and 67 eV, while the
signal due to O KVV Auger electrons is observed around 512 eV. Two
features near 280 oV dus to carbon, and perhaps also to caleciwm,
contemisation are also seen in the spectrum taken before cleaming. The
spectrum taken after the sample was cleaned is representative of the sample

surfasce both before and after ELS data were colleoted. The AES spectrwm of




clean sapphire is very similar to that of sapphire before cleaning with the
exception of the impurity peaks, which are absent from the clean surface.
The observation that the Al LVV portion of the spectra does not chasge
during the course of the ELS experiments indicates that the surface is not
sigaificantly damaged by the electron bemm.

The LEED pattern of the clean and annealed sapphire surface revealed a
8 2z1 recomstructios of the nearly four-fold symmetric (1102) plame, which
was previously observed by Chan..“ The LEED pattern comsisted of fairly
sharp spots at beam energies down to sbout 90 eV. Below 90 eV, however,
the LEED gpots started to became diffuse and often faded away entirely
after several minutes. The LEED and AES investigations showed that the
surface was extremely clean, chamically stabile, and well ordered

throughout the ELS data collection.

10
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C. ELS: The Conduction-Band States and the Bulk Plasmon

ELS dats vere collected for (1102) sapphire in five sigaificant
esergy loss regioms, which should correspoad to the excitation of
transitions from the various initial states to the comductionbdand. Losses
in the ELS spectra may also arise fram the excitation of plamons in the
sample. The ELS spectra displayed in Figs. 5 through 9 correspond to
possible interband tremsitions originating fram the UVE, LVB, Al 2p, Al 23,
and O 1s states, respectively. There are 31 characteristic emergy losses
in these spectra that have been labeled a through e¢e. Although same of the
energy loss features in the spsctra appsar to be wesk, they were all very
reproducible fram day to day and fram semple to sample. ELS spectrs were
collected at seversl differeat incident electroa beam emergies for each
loss region, and spectra were also collected after varying amouats of
electzron beam dose to s partioslar spot on & sample. No varistions
occurred im the ELS spectra that could be attributed to electron bemm
damage to the samples, and the ELS spectra appeared to be manaffected by
sample charging for imcident beam emergies of 150 eV or higher.

After the ELS experiments on clean sspphire vere completed, mnickel was
evaporated oato the sapphire in amousts resging from .5 to 5 equivaleat
mosolayers, as momitored by s guarts crystal microbalamce. Is all cases,
the addition of aickel resulted im severe surface chargiag, which did aot
sllow s LEED pattern to be observed below incident beam emergies of
spprozimately 200 oV. The AES dats also showed significant distortion fram
0 to 200 eV. Asalysis of the AES signal intemsities versus the amouat of

sicke]l deposited indicated that the nicks] formed islands on the surface

11
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snd did mot cover the entire surface even when present ins smounts

equivalest to S mowolayers. This experiment showed that metal impurities
on the sapphire surface may act as charge traps, and that the surface must
be extremely clean before meaningful] resulits may be obtained with slectros

spesctroscopic techaiques.

D. XPS Satellites

A close exmmination of the XPS data displayed inm Figs. 2 and 3 revesals
several high binding emezgy satellites associated with each core level. It
is very likely that these satellites are related to the energy losses
observed in the BELS spectra. Figs. 11 and 12 have bees coastructed to show
the relationship between the XPS satellites and ELS data. The HLS dats is '
displayed as s fusetion of N(E) rather than —dzNI‘EZ. This americal
double integration is possidle becauss the data were collected digitally.
Because of the oomplexity of Figs. 11 and 12, sll features are referenced
to the labels in Figs. 2 and 3. Is Fig. 11, the O 15 XPS data are plotted
with the O 13 core line as the sere of esergy. From this poist of view,
all of the features in the elestron distribution curve are & consequence of
O 13 photoelectzons vhich love energy. Fig. 12 is similar to Fig, 11
except that the satellites fram both Al 2p and Al 2s photoslectroms are
seen together. The upper energy soale and ELS data use Al 25 as the energy

sero, while the lower energy scale and ELS are refered to Al 2p,

12
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IV. DISCUSSION
A. 1P3: Yalence-Band Demsity of States

The IPS date were collected to obtainm sa accurate picture of the
valence and core demsity of states im sapphire. The raw XPS valence-bend
dats of Fig. 1a and the theoreticsl DOS showa ia Fig. 1o, which was tekes

from the work of Ciresci sad Iun.“

are in qualitative agrement in that
both have sigaificast intemsity in the same emergy regioss. The
calculation has mot been adjusted to agree with the experiment. HNowever,
there is a large difference between experimental and theoretical imteasity
ratios of the UVB to the LVB,

This discrepancy may be partly resolved if photoiosization
cross—section differences for the initial states of differest orbdbital
symmetry are considered. Ia order to obtain same gquantitative correction
to the ratio of the experimental WB to LVB DDOS, the cross-sectionms for the
sapphire valence-band were approzimated by the cross—sections for free 02-

16 .aow that the VB and LVB are

subshells. The band structure calcslations
primarily O 2p and 23 in character, respectively. The Hartree—Slater
calculations of Scofield?? yield s ratio of 7.3 for the photoionization
cgose-sections of O 28 to O 2p for Al Ka excitation. The curve showa in
Fig. 10 is the valence~band IPS spectrum after e arbitrary Sackgronad has
been subtracted and the integrated istessity of the LVD has been lowered by
s factor of 7.3 with respect to the VB, The resulting agrement betveen
the satio of the intensity uader the UVB to that uader the LVB between the
modified experimental DOS and the theoretical band strusture demonstrated

is Fig. 1 is quite good. Further exmmination of the modified IPS data

19




reveal that the ratio of the UVB to LVB DOS is approximstely 2.5 to 1. If
02- was 8 perfect model for the sapphire valence-band, this ratio would be
exactly 3 to 1., This level of agremment demonstrates that the corrected
IPS data sre reasomably self comsistent. The major discrepancy between
Figs. 1b and 1¢ is the relative intenmsity of the differeat features within
the UVB, where the IPS data show two main features of nearly equal
intensity, but the calculation coatains one domimant peak with several
mmaller ones. This difference may be caused ia part by the resolution
fuaction of the photoelectron spectrameter and by variations of the
photommission cross-section withis the valence-bands, which do contain same
Al character accordiag to Ciraci and Batra's oululauou.“

The XPS data presented ia Figs. 1-3 and that of IB” are in gemeral
agreament, as demoastrated by Table I, but there are s few discrepancies
betweeu the two sets of data. Fig. 1 of BB shows three distinct features
is the UVB region, while Fig. 1a provides no evidence of their highest

18,41 oa ag At

biading enmergy feature. Older dets by Kowalczyk, et al.,
bombarded surface are also missing this thigd feature, which is most likely
the result of residual cearbom costemimstion. Ia additioa, BB attridute the
asymmetry of the LVB feature to am unresolved plamon satellite about 23 eV
below the VBN, HNowever, Fig. la shows two clearly resolved peaks ia the
LVB region. The theoretical DOS fram Ref. 16 iam Fig. 1lc shows s broad LVB
and s reasomsbly high DOS at & binding energy which corresponds to the
minor pesk is the experimental LVB. Thus., the mimor peak inm the LVB region

of the IPS spectrmm is cessed by a tranmsition fram the appropriate imitial

state, rather tham by am enmecgy loss.

14
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B. Smeple Quality and Electron Besm Damane

Is their ELS study of polycrystsllise thia film Q-Alzo’. “3‘
suggested that exposure to the primary eleotroam beam dissociated A1203 to
produce either metallic Al or reduced oxides of the form AlO' on the sample
serface. As evidence for this process, they mote the presesce of s peak at
67 eV ia the Al LVV Auger spectrwm, which was attributed to metallic Al.
However, the Al LVV region of the AES data of this study (Fig. 4) is
exactly the same before and after the electron beam exposures reguired to
collect ELS spectra. Additiomsl evidemce for the possidility of Mzos
surface modification as & result of exteasive exposure to anm slectroa bemm
is provided by the ELS spectra of Balsarotti, et al.n Initinlly, the
spectrmm for clean l-A1203 (Fig. 2 of Ref. 21) is very similar to those
shown in Fig. 5 of this study. However, after 90 mis. of exposure to s 300 \
eV electron beam of waspecified current, the ALS spectrm evolved uatil it 7
‘:u-blcd that of Al metal more than ‘-“203' Ia the curremt study the ELS |
spectra do ot chamge over a period of days or fram sample to sample.
Therefore, the electron beam is not demaging the sample in these
eszperiments ualess the demage is done during the firet AES scan. The 67 eV
AES festure in Fig. 4 could be the result of chamically different Al ot or
sear the surface which is intrimsic to a elean sapphire (1102) surface.
Although the XP8S dats do sot provide evidenes for more than ose chamically
distinct Al species, electron mesn-free-paths in sapphire indicate that the

IPS sampling depth ranges from spprozimately 25 to 30 l for O 1s and Al

(2s, 2p) photoelectrons, wheress Auger electrons of sbost 50 oV sample oaly

sbout 5 } iato the cryoul.“ Therefore, & distinct Al gurface species

18




chamiocally shifted with respsct to bulk Al may be seen by AES and sot XPS,
This may be seen clearly in the XPS spectra of Al metal with o thin oxide

coating reported by VWilliams, et .l.“ Ia

the usm] sample goametry of the
HPS950A spectrameter, the chamically shifted Al 2p peak was sot observable,
but was clearly evidest when the sample gecmetry was chamged to graziag
electros collection amgles to eshance the surface semsitivity. It is slso
possidble that the surface species identified by the Auger spectra was aot

pressat at all om the surfaces analyzed by XPS, sisce the samples were

prepared by slightly different methods.

C. Sapphize Plamon

Usiag the simplest model for the volme plasma of an tlnhtot.“ the
sapphire bulk plammon energy may be calculated to be 25.5 oV asswming that
only electroms in the UVB coatribute to the plamma. The uawmber density of
electrons is estimated to be six times the density of oxyges atams
(ie. each o ion containms 6 2p electronms), and the band gap of sapphire is
8.5 oV. Previous studies of sapphire and ancdized slmiam by optical
seflectence and nbootptlonz" and H.S""z. place the volume plamon emergy
anyvhere fram 22 to 26 eV. Inm this study, peaks g, k, and @ in the IS
spectrs occur at 24.0, 48.6, end 71.6 eV loss energy, respectively, and
have been assigned to one, tvo, and three gquante losses to the bulk
plamoa. A least squares fit to these loss energies as & function of the
amber of quaata excited ressits in 8 volme ploasmon emesgy of 24.0 ¢+ .3

oV, inm fair sgremment with the adove estimate. The presemt detemminmatios
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should represent a reasonably accurate value for the q-averaged plasmon

energy, simce it 13 based on essentially three independent observationas.

D. JIaterband Iramsitioms sapd Suszface Jtates

The energy loss features that are mot sssigned to plamos losses cas
be amalyzed in tesmss of imterband tramsitions. For a simple ome electron
model, ia which amy relazations effects in photoemission tremsitions or
excitonic effects in interband transitions are neglected, the interband
transitions can be described ss electromic excitastions fram bouad states,
either valence or core, to anm wsoccupied state in the comductionbdand. The
XPS dasta presented previously provide the energy positiom of the imitieal
states. Comsequently, the energy of fimal states cam be determinmed in this
ose electron approzimation by addiang the energy of a loss feature dus to an
interband tramsition to the appropriate ipitial stete emezgy. A set of ome
eloctron fisal states for sapphire was detemmined by using the method
descridbed above with the XPS and ELS data for the LVB, Al 2p, Al 25, and O
1s. Ounly ELS pesks which may be sssigned to final states that were
acoessed fram at least throe different initial states are comsidered here.
The fins] state dats, in conjumction with the emergy loss data of Fig. S,
was thea used to detemine the initial states of the tramsitions which
originate in the WWB. This procedure was used becanse the XIPS dats in
Fig. 1a show that the WWB is very broad asd does mot have o single
identifisble pesk. The ome-electron energy level diagram, which is
consistent with both the core level and valence band dats, is shows in
Fig. 10. The 28 labeled intorband transitions teminate at 8 well-defined

finsl-state regions, which are listed ia Table II. Assiganing the WWB
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mazimwm eand sininwm as the two possible initial states for the lowest
energy loss festures gives the best agremment with the final states
determined fram the core initial state ensrgy loss features. The spectra
are collected aot as N(E) versus E but as -dledl!z. so that the sharp step
functions present at the LVB mininwm and meximm cen yield peaks ia the ELS
spectrs if the fimal state of the tramsition is marrow.

Balzarotti, et ll..21 have made soft I-ray asbsorptioa measurements onm

thin Mzo3 samples which were made by sintering emorphous films im air.
These samples were identified as u—Alzo’ with a background of the y phase.
Features in the X-ray sbsorption spectrum were sssigned to electronmic

transitions between an Al 2p initial state snd regions of the

conductionband. Esergies of high state denmsity ia the cosductios—band,

which are consisteat with the absorptiom spectrwm (Fig. 3 of Ref. 21), are
listed in the second colwmn of Table II. In order to compare the ELS
results fram the curreat study with the I-ray ebsorption data e bindinag
ensrgy of 80.9 eV was assigned to the Al 1p level (Balzarotti, et al., used
s valuwe of 79.98 eV). Also, the energy of the excitonic peak, as messured
from Fig. 3 of Ref. 21, was taken to be 79.5 rather than 78.9 eV, as listed
in Table 1 of that peper, and feature A, was located at 91.0 rather thas
90.0 oV. The agremment Detweesn the absorption and HLS data, which cas be
sees in Table 11, is fairly good at energies of less thas 10 oV above the
CBN. Over 10 oV, the X-ray sbsorption data has & broad and intease
absorption band, which is sot sees in the HLS,

The most iatrigeuing part of the emergy level diagram (Fig. 10) is the

state which ococurs 4.0 eV below the (BN, Feature s at 4.7 eV loss energy
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in Fig. 5 provides the best evidence for this energy level. Because the
sinimum energy of the dand gap in sapphire is 8.5 oV, the interdand
transition correspoading to this feature must have an initial state in the
valence-band and a fimal state at least 3.8 eV below the (BX. EHLS
transitions to this band gap state were slso clearly seen for Al 2p
(feature n) and O 13 (feature x) imitial states (see Figs. 7 and 9). The
spsctra ia Fig. 5 show that the relative intemsity of feature a decreases
with respect to the other features as & function of imcressimg electroa
kinetic esergy. This behavior is ezactly what would be expected if sither
the initial or fimal state of the interband tremsition were a surface
state. Mecamse core state ELS transitioms to the same fimal state slso
show this dependence, the band gap state appears to be a surface state.

The ELS spectra for Alzo, by Balzarotti, et n..n have been discussed
previously ia regard to the surface modification by electron bemm
irradiation, It is importamt to reiterate that the spectrmm of the
uadanaged surface of polycrystellinme .—nzo, is virtually {dentical to
those shown im Fig, S end & feature at approzimately 5 eV loss emergy is
observed by Balzsrotti et al,, which is similar to feature a. This feature
doss not sppesr in the clean Al spectrwm and does not chamge sppreciably as
the surface is reduced by electron beam exposure. If the feature at S oV
loss energy is asssociated with s surface state, thes the existemce of this
feature is the ELS of s polycrystalline semple and its iasvarissce during
the reductive ramoval of O frzam the surface indicate that the surface state

is likely to be derived fram Al dangling bond orbitals.
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OP28 used the results of their ELS experiments in conjunction with the
XPS data of BB, XAS and XES data of Brytov and Ramashchenko, and the
optical data of Arakawa and 'nu-.’ ina & manner similar to that described
above to detemmine a high density of conduction-band states at -1.0, 1.0,
5.1, 9.8, and 19.5 eV with respsct to the CBM. These states are in
reasonable agroment with the present results, but several poiuts should be
noted in compering the results of the two experiments. First, OP looked at
thin polycrystalline films imstead of s simgle crystal surface. Viswml
isspection of the ELS acats presented in Figs. 2 throwgh 4 of OP and that in
Figs. S throwgh 9 in this paper shows that the present spectra have
sigaificantly better resolution, and there is no reliable way to estimate
the sigsal-to-noise ratio in the OP spectra becawse their figures appear to
be hand drown representations of their data. Also, OF reported three
features at 10ss energies of 3.8, 4.2, and 5 eV, which they isterpreted as
indicating the presence of reduced Al produoed by electrom beam irrediation
os their samples (they also observed features at 3.6, 4, and 5.2 oV o2
metallic slmisim). No evidemos for slectron beam reductios of the
sapphire surface during ELS or AES measuraments has been fouad ia this
study, but s great deal of care must be takea ism assigaing the low emeczgy
ELS festures that have been observed.

The ultraviolet absorption spectre and spectrochemical asalysis of
sapphire orystals obtained fram Union Casbide Corporatios, similar to those
used in our XPS and ELS experiments, have bees reported dy several
.rotps.""’ These sapphire samples were found to contain less than 3 pm
esch of cammon tressition mets]l impurities imcludiag Fe, Ni, Cz, Co, Ma, V,

and Ti, esck of which has been found to produce adsorption bands detween 3
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and 8 eV in upphlro.“ In addition, the absorption spectra fram
as-received samples were essentially flat between 3 and 8 oV, However,
exposure of such samples to high emergy particle beams of neutroms or

45-47,49,50

electrons, or heating to 2000 C in s reducing atmosphere for

2.46.31 resulted in the appearence of severa]l absorptiom bansds between 4.8
and 6.5 eV and one emission band at 3.8 eV. These bands are cassed by the
formation of F' and F centers, oxygea vacancies im the crystal which are
filled by owe or two electroms. An altermative explamation for the low
energy ELS 1eatures observed by OP is that in generating their Alzo3 sample
fram the pyrolitic decamposition of Al(313 in a 0 and l2 stmosphere, a
lazrge smber of defects were also formed in the crystallites. A set of
experiments oa Mzo3 samples grown wader similar conditions to those
employed by OP have found a series of trap states between 2.7 and 3.9 eV
below the GI.” which could accouat for the ELS features observed by UP.
The studies im which color cemters were induced ia sapphire by
reduction heating or high energy particle bombardeent isdicate that the
sapphire crystals used 1a this study vere free of defects induced by sample
preparation, The Asger and KLS data inmdicate that the sapphire was mot
dameged by electrom irradiation unless extremely low beam doses pemit the
reduction snd ramoval of 0. Also, the temperature used to anmesl the
sample was not high emough, mor was it sustasimed loag emough to create many
O vacancies, simoe temperatures near 1800 C for 2 h is s reducing
atmosphere did aot create absorption bhands ia uniin.” Consesquently,
the energy level 4 eV below the (BN is almost certainly am imtrimesie surface

state of sapphire (1102). The relative intensity of both the shoulder
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labeled b 1in Fig. 5 and the -4 eV surface state decreases with respect to
the remaining spectral features upon oxygen exposure. Since feature b 1s
associated with a transition that has an energy level 1 eV below the CBM as
a final state, this level may also be a surface state, although this energy
region is also where the bulk exciton is found.

The results of a band structure calculstion by Ciraci and Blttl16

for
s slad of sapphire oriented salong am Al temminated, umreconstructed (0001)
face are showan in Fig. 10b. This calculation yields twvo empty band gap
states, labeled Sp and sd. which are approximately 1 and 5.3 eV below the
CBN, respectively. Both of these states are derived mainly fram surface
layer Al brokembond ordbitals. Although the calculations were performed
for a (0001) plame of sapphire and the experiments were performed on a
(1102) surface, the correspondence between theory and experiment suucits
that doth the experimentslly observed band gap states are surface states
due to an Al temminated (1102) sapphire surface. The presence of Al with
broken bonds at the surface was also suggested by the Auger spectra of
Fig. 4, which indicate that the sample has two chamically different Al
species near the surface. Soft A-ray absorption experiments of oxygen
chamisorbed onm Al single crystals suggest that the chemisorbed systams have
tvo surface states approximately 2.5 and 3.5 eV below the excitonic
Iutuc.so'sl Rowever, because potemtially large differences exist between
the chamisorbed system and bulk c—Alzos. as seen mear the absorptios
threshold in Fig. 1 of Ref. 31, it is mot possible to relate these features
to the ~4.0 eV swrface state detemined in the current study.

The surface state 4 oV below the CBM may be isvoked to expisis the

relatively mall amount of charging observed on clean sapphire surfaces.
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Because the surface state is delocalized over the crystal surface, it may
ensble electrons impingent on the sample to flow rapidly away fram the
point of beam impact. However, impurities om the surface, such as mickel,
may fom localized trap states on the surface which could cause the large
charging effects reported in the previous section.

All of the one electronm transitions in the ELS spectra of sapphire
have been interpreted in temms of excitations to regions of high state
density in the conduction-band or in the band gap for the surface states.
Reinrich, et al..” reported ELS data on Ng0 (100) surfaces and interpreted
the loss features in tems of transitions from the 2p and 2s states of -'2#
to empty atamic oroitals of the dipositive ion., One set of transitions was
primarily surface semsitive, and the remsining transitions were bdulk
derived, The surface states were interpreted as arising fram atamic

transitions of the surface l.z+

ions which were energy shifted by a Stark
field that was present at the surface of the iomic crystal. The energies
of the bulk ELS transitions were in reasonable agremment with optical

2+ reported in Moore’s 'l'lblu.“ However, the energy

trsnsitions for Mg
level disgram of Fig. 10 shows that transitions to all but ome of the
various fimal states observed for sapphire occur fram both O and Al initial
states. This indicates that chamical bonding is importast in the
description of the fimal states of sapphire, 1n that they have both O and
Al charecter, as shown by Ciraci and Batra is their bdand structure
cnlcnnuon.“ Nowever, the regioms of high state demsity iam the sapphire

bend uadoubtediy arise from atamic-1ike states of the iomic species in the

erystal, modified by chamical bonding. The data of Henrich, et al., may be
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used to comstruct 4 ome electron energy level diagrem similar to Fig. 10

using the XPS cata by Kowslcayk, et ll..ls"l along with a 7.5 eV band gap

derived from optical dnu.” The XPS dats from Hef. 36 are swmamarized in
Table 1, and the conductiomband energy levels for NgO (100), which were
derived by an smslysis similar to that for sapphire, are shows ia iable II,
The most significant result is the surface state which lies 3.2 eV below

the BN of MgO. A sladb calculation of the band structure of MNg0 (100)

wosld be very sseful im further smalyzing the existinmg dats sets for MNgO.

E. XPS Satellites

The most prominent XPS satellites, 1aveled B, E, and L in Figs. 2 and

3, ococur sbout 25 eV below the O 23, Al 2p, Al 25, snd O 1s liges,
respectively, and are sndoubtedly dwe to emergy loss fram s photoslectron

to a volme plamon. Other strong features, isbeled G and N, ocour 50 oV

below the Al 23 and O 1s 1ines and are due to double losses to the volme

plamon. The O 1s XPS dats, Fig. 3, also contain s slight rise, labeled N,

which may be caused by a triple volmme plasmon loss. An additiomal stromg

satellite of the O 12 photopeak, lsbeled K in Fig. 3, is seen at

spproximately 13 eV below the core lime. Fig. 11 shows that this 2PS

satellite has a corresponding ELS feature which has been identified as an

interband tzamsition.
The XPS date for the Al 2p and AL 2 energy levels also have

satellites 13 eV below the core lines, ladeled A and D 1a Fig. 2, which are

due to the interband transition mentioned adove. However., there are

additionsl satellites lsbeled ¥ and M throwgh J im Fig. 2. A comparisonm of
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ELS and XPS dats in Fig. 12 leads to the assigmment of feature F as an Al
2s photoelectron which loses energy to an jinterband transition detween the
LVB and conductiomband. A similar comperison for satellite H suggests
that it may de due to losses fram either am Al 2s photoelectron to an
interband transition with am Al 2p imitisl state, or sm Al 2p photoslectron
exciting a transition with an Al 2s initial state. XPS satellites I and J
could be due to similar processes, but the two XPS satellites correspond to
only ome ELS feature located at an emergy intemediste to the two
satellites. The absemce of two features in this region of the ELS spectra
mey be due to the poor resolution of the CMA. The only campletely
usassigned satellite is that labeled C im Fig. 2, which may bde due to s
shake-up process.

XPS date for many other metal oxides can be fouad throughout the
lit.tltlt..‘l The spectrs of MgO and Tloh contain satellite peaks behind
several of the core lines. These satellites are very similar to those
observed in sapphire, which indicates that the loss peaks observed in these

metal oxides are also camnsed by plamon losses and interband tramsitions

e et

excited by the photoelectrouns.

V. Conclusions
These investigations have demonstrated that the (1102) surface of

sapphire can be prepared so that it is extramely clean and well ordered.

iy, Linons DS o2 il B 3% 6 SRS 9m 24

The surface has s 2x1 LEED pattern and does mot trap sppreciable smomats of
charge during eslectroa bombardment by either LEED or ARS electrom guas.

However, whea even sulmonolayer amouats of uickel are deposited on the
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surface, the sample charges up to as high as ~350 V during electron
bambardment.

Aa experimental, one electros energy level disgrem has been
constructed for sapphire from the dats collected in this investigation and
for NgO fram literature data. The valence-band demsity of states of
sapphire obtained from the XPS data, which has beea corrected for
cross-section effects, is in reasonsble agroment with a band structure
calculstion by Cireci end ll!tl.l‘ The regions of high electronic state

density in the conduction-bdand apparently arose from tramsitioas to ampty

St ety e e i e st

atamic-like orbitals of the comstituwenmt ioms in the crystal. Im addition,

there is one empty surface state approxzimately 4 eV below the (BN of

R —y

sapphire (1102). This surface state reduces the effective band gap of the ;
(1102) sapphire surface fram 8.5 to 4.5 eV. The state 1 eV below the CBM .
may be amother surface state or am excitomic state. Finally, a series of
satellites in the sapphire XPS data bave been identified as energy losses
to plamoas and interbaad transitions. IXPS dats for sapphire and other

metal oxides have been in the litersture for 10 years and the satellites

have lacked a detailed explanation watil now,
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Table 1. XPS binding emergies in sapphire and NgO.

Sapphire NgO
IPS This Ref. 17 Refs. 18 ond 41
Feature Vork (oV)* (eV)*
(eV)®
Upper Valence-Band
Emergy Maziaswm 8.5+ .3 8.5+ .3 7.5 +.3
Peak 1 11.8 11.8 10.0
Peask 2 16.5 15.8 12.7
Energy Maziaswm 18.2 14.0
Lover Valence-Band
Major Peak 28.8 29.3 26.3
Minor Peak 38.5 30.0
Mg 2p $4.5
Mg 2s 92.9
Al 2p 80.9 79.9
Al 2s 126.0 124.9
0 1s $38.6 $37.0

*All encrgies are referenced to the respective coaduction-band misnima.
Band gaps of 8.528 and 7.5%% oV are assmed for sepphire and NgO

respectively.
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Table II. Cosductios-band energy levels for sapphire and NgO.

Sapphire MgO
eLs* I-ray ns®
(eV) Aluo:ption" (eV)®

(eV)
-4.0 + .3 -3.2
1.0+ .2 -1.4 -.8
1.1 1.5
2.3 +.3 2.1 3.3
5.0+ .4 4.3 3.5
6.9 + .1 7.3 6.4
8.7+ .3 11.4
10.0 14.1
11,6 + .§ 15.7
15.0 18.7
17.1 20.0
20.6 + 1.0 20.1 23.0

a1 energies are referemced to the coanduction-band minimwm. For sapphire
and NgO band gaps of 8.5 and 7.5 eV respectively were chosen.
bConductiorluul energy levels calculated fram the X-ray sbsorption datas of
Balzarotti, et ul.u To facilitate comparison of ELS and absorption data,
s value of -80.9 eV was used for Al 2p binding energy rather tham -79.98.
All energies for festures ia the absorptios spectrum were taskeas fram Tadle
1 of Ref. 21 except for excitoamic and AS features (assigned valuwes of 79.5

and 91.0 oV, respectively), as measured fram Fig. 3 of Ref. 21. i

°Conduction-band valses for MgO calculated fram ELS data in Ref. 52 and XPS

data in Refs. 18 end 41. No error estimates for the ELS dats provided.
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FIGURE CAPTIONS

FIG. 1. (a) Valence-band XPS data for (1102) sapphire obtsined with
mosochramatized Al Ka x-radiation. All XPS spectra presenmted ia this paper
are referenced to the conduction-band misimim. (b) XPS data showa is (a)
after backgrouand subtractios and scaliag in order to redsce the area uander
the LVB by & factor of 7.3 with respect to the area uuder the UVB, is
sccordance with the calculated photoionization cross sections for 0 2s and

40

O 2p subshells. (c) The theoretical total demsity-of-states for

sapphire fram a band structure calculetios by Cirsci and Bltrn.“

FIG. 2, XPS data for sapphire im the emergy region mear the Al 2p and 23
core levels, The lower curve shows the Al 2p and 25 core limes and the
background on the same scale. The upper curve is am enlargmment of the

background and clearly shows IPS satellites which are labeled A throuwgh J.

FIG., 3. XPS dats for sspphire including the O 1s and F 1s core lises.
Fleorine is the oaly impurity detected by XPS8, The upper trace is an
ealszgement of the emergy range behind the O 1s line and costains

satellites labeled Kk through N,

FIG. 4. Representative AES for (1102) sapphire. The upper curve was
teker before the sample was cleaned and contains s pesk duwe to carbon
costamination. The lower curve is typicsl for a cleam sample. The

spectral festures of mote sre the minima betwessn 35 and 70 oV due to Al LVV
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processes snd those near 512 eV fram O KVV processes. Excopt for the
carbon costaminmation, the spectra are identical before and after cleaning,
snd 20 changes were observed fram the clean spectrs vith electron

bambarduent during these experiments.

F1G. 5. Negative second-derivative energy loss spectra, —dzN/die as &
function of loss energy for (1102) sapphire. Peaks in this enmergy range
sust be dus to plammon losses or interband tremsitions between the valence-
and conductiombands. Spectra are shown for three different incident bemm
energies (B’) to demonstrate the loss feature intensity dependence on
electron kinetic energy. Features are labeled a throuwgh g. Note that

feature a occurs at less than 5 eV; well below the sapphire band gsp.

FIG. 6. Enmergy loss spectra for imterband tramsitions with O 25 or lower
valence-band initial states in sapphire. Features are labeled b through 1

and the energy position near feature k is the expected location of a doudle

plasmon loss.

FIG. 7. Emergy loss spectra for isterband traasitions with Al 2p initial
states in sapphire. Incident besm enmergies of 250 and 300 oV show sharp
features (» through t), while the features are moothed out in the 1250 oV
spectrwm becauss of the poor resolutionm of the CHA at high electroa kinetic
energies. Feature m is the emergy Jlocation expected for a triple bulk

plasmon loss.
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FIG. 8. Energy loss spectra for interband transitions with Al 2s initisl
states. The incident electron besm energies shown are 400 and 1250 eV.
Although the feastures isbeled u and w are weak, they appeared reproducibly

in several differeat spectra at 1250 oV,

FIG. 9. Emergy loss spectra for isterband trensitions with O 1s initial
states. Low intessities at low imcident beam energies forced the use of »
1250 eV incident beam emergy spectrwm where the (NA resolution is low.

However, all the ladbeled festures were reproducidle.

FIG. 10. (a) The ampirical ome electron emergy level diagrmm for (1102)
sapphire. Occupied state emergies wore extracted fxam the XPS dats while
the conduction-band enmergies were obtained by adding the loss energies from
the ELS data to the initial state emergies. Coaductiombdand states are
shown as horizontal limes. ELS tramsitionas are represesnted by arrows fram
the imitinl to final states with the srxow heads (triangles) ceamtered on
the fimal state enmergy. (b) A theoretical demsity-of-states fram & bend

structure calculation by Ciraci and Iltn“

for & 16 layer slsd of sapphire
terminated at a (0001) surface. The percentage of Al character ia the two

band gap states is represented by the black shading.

FIG. 11. Comperisos of the XPS satellites to the ELS data. (IPS) The XPS
data for the O 1s core line plotted with the maximwm of the O 1s 1lime as
the z0r0 of energy. This empaheizes the assigment of IPS satellites as

esergy losses fram O 1s photoslectrons., (ELS) N(E) electron emergy loss
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pectra, versus loss energy, for sspphire. Selected doubly differentiated
oss spectrs fram Figs. 5 through 9 were nwmerically integrated and plotted

s N(E) versus energy loss.

FIG. 12. The three parts of this figure allow the Al 2p and 2s satellites
o be compared with ELS data. (XP3S) The XPS data in the Al 2p snd 2s
sgions axe enlarged and plotted with the mazimum of the Al 2p line as the
ero of emergy om the bottam scale snd the Al 2s line as the zero of enmergy
a the top soale. (ELS a) These curves asre iategrated energy loss spectre,
imilar to Fig. 11, plotted with the Al 25 line as the zero of energy loss.
ELS ») Integrated energy loas spectrs plotted with the Al 2p lime as the

ero of enexgy loss.
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