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ARS1ACT

x-ray photoelectron and electron enerfy lose spectroscopie$ have been

employed to investigate the valence- and conduction-band densities-

of-states of the sapphire (1102) surface. The pbotomission spectrum of

the valece-baud region has boon adjusted to rmove croas-section effect s

and comparod to the recent theoretical denaity-of-states calculated by

Ciraci and Strs. The energy loss data have been used to detemino the

bulk plamon energy of sapphire. 24.0 -. 3 eV. as well as the locations of

eight regions of high oonduotion-band state density witbia 20 oV above the

conductiow-band minim. One of these regions is an empty surface state

4.0 eV below the cooduction-band minium. Several high binding energy

satellites in the WFS core level spectra are reported and interpreted in

tems of energy losses to plamons and interband transitions.( ' \j,
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1. INTMO~MCTON

Aluminm oxide. A1203, is its various phases is important in a amber

of technological applications that include heterogeneous catalysts and

microelectronic devices. Is order to better appreciate the role of A1203

in these areas. a detailed understanding of the surface electronic

structure of the different toes of £1203 is required. Previous

experimental studies of A1203 used techniques such as optical absorption

and reflection spectroscopies, - i electron energy loss spectroscopy

(ELS).4 -6 and photoconductivity7 to detessine the bulk electronic structure

of A1203. Theose electronic structure studies were pertoumed on samples

rening tre sisale and polyerystallino a- and y-A12 0 to morpheus films.

The main objective of the optical experiments was the deteumination of the

band gap in the various frons of A120,. This detemination was cemplicated

by the possibility that an oxcitonie state existed user the conduction-band

mininum (C33).3 °  In addition to the band gap information, the absorption

data of Arahawa snd Iilliams 3 contained am* intriguing features which

could aot be attributed either to plamons or to excitoic transitions.

Earlier mS data by Swanson5 contained similar features, which are

apparently the result of interband transitions in Al203.

Several theoretical deteminations of the electron structure of

various A1203 analoaues have bes performed. These calculations were based

on seniquantitatve models,
10 or molecular units of the types A10 5- ,

(Ref. 11) £160. (Refs. 12 and 21) and A1203 (Rot. 13). Not

sophisticated calculations used somismpirical tooaiques, such as the

i1llikom-Rudesberg method. 1 4 or the extended tight binding
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approximatiou. 15 The most recent calculation, which eployed a modified

extended Euabel Theory, is that of Ciraci sad Batts, 16 who presented

comparisons with good agrement between their theory and existing

experimental date. They also presented the results of a calculation for a

this Al1203 slab. which emphasized the surface contributions to the

electronic structure.

The first attempt to establish the experimental £1 203 band structure

in the conduction. valence, and core regions was made by Baizarotti and

Sianconi (33).l7 They used XL-ray photoelectron spectroscopy UPFS) on

various foame of £1 203, in conjunction with existing optical3 and ELS

data.5 in order to establish the bend structures of w-. y-. and amorphous

Al1203. UO concluded that all three fams of £1 203 had similar electronic

struetures. 3speeially noteworthy features were an excitonic state just

below &ad a high density of states just above the (3M. IPS data for

&-Al20.. whieh differed slightly from that of 33. were also reported by

Kowalosyk. et al.1 8 Thke electronic structure of £1 203 was also studied by

1L-ray absorption spectroscopy (I£S). 19-24 x-ray M ission spectroscopy

(33), 23-26 and reflection R.S. 4 .27 ,29 Reflection S.5 can be perfomed

with low energy electron hoes to enhance@ the sensitivity to surface

losses. The U.S experiments of Olivier and Poirier (OF) 23 onstainied

features whieh were not observed in previous optical measurmsents.

htessive studies of oxygen chowisorbed on well defined Al surfaces have

also been undertaken.2 9 The X-ray absorption results f rom sane of these

studies have beem extrapolated to £1 203 surfaces. 30,31  Nowever. theseI

exporiments were perfomed on samples grown frnm the 12 gUi ozidation of



almoiniu metal, the pyrolitic decomposition of AICI 3 - or amorphous A£1203

samples which were sistered in air. Consequently. the phse composition of

the samples in these studies was uncertain. In order to determine the bulk

and surface electronic structure of the various phases of Al 2O0j3

experiments should be performed on wall characterized surfaces ot single

crystals.

The most well defined A12 0 3 surfaces currently available are prepared

from industrial sapphire (coruadom). which is undoped, single crystal

a-l2 03* .3 Nigh quality sapphire samples are commercially available, since

several different crystal faces are often used as substrates for epitaxial

growth of silicon-on-sapphire (SOS) structures, The sapphire (1102)

surface has been studied extensively by low energy electron diffraction

(LED ). Auger electron spectroscopy (AZS),~~ an35&d Rutherford

backacattering spectroscopy3 is conjunction with SOS applications.

In order to initiate more careful studies of the electronic structure

of the various forms of £1 20 3. this study employed a combination of IPS and

ref lection ELS techniques to gather information from a single crystal of

sapphire oriented to expose a (1102) plane. The details of the

experimental procedure used are discussed is Section, 11. &ad the results of

the experiments are presested in Section 111. The data are compared to the

band structure calculations of Ciraci and Natra1 is Section IV, aIOng with

a discussion of how the interpretation of the present results compares and

contrasts with the work of other investigators. The primary conclusions of

this study are listed is Section V.



11. EXPERIITAL PROCEDURE

Single crystals of sappihire oriented and polished on the (1102) planeJ

were obtained fram the Union Carbide Capay. Crystal Products Division.

Using a diamond tipped scribe somples were out to approximately 5:15 mm for

the ELS studies and 5x5 = for the IF'S experiments.

A. Mf haurmia

The VFS measurements were performed with a UIV modified HewlettI

Packard EPS950A electron spectrometer equipped with a monochrcmatized Al [a

(by - 1486.6 *V) X-ray source. The At 203 crystal used for the 'PS

experiments was etched in OF for 2 minutes, rinsed in 120. blown dry with

N1and mounted on a solybdeam plate with indius. The ample was then

imediately loaded into the spectrameter vacum system. The ample was

heated in MV1 (Sz10~ Torr) for several minutes at 750 C. This procedure

produced a clean A1203 surface as detemised by as IFS survey sean (0-

1000 eV binding energy region). The 0317 observed oontaminatiou was F

(approximately 1/100 monolayer) residue frcm the ohamical etch treatment.

No L5E pattern was observed from this surface. High resolution spectra of

the Al 2s, Al 2p. and 0 Is core levels, as well as the 0 IVV Anger

transition and the valence-band region were obtained. Al and 0 appeared to

be in only one ohm ical state. No growth of 0 or C during the course of

the measurements was observed by monitoring the 0 Is and C Is regions

before and after the measuraments.



B. ELS and AES Measurements

Prior to the ELS and AES experiments. the samples were ultrasonically

cleased in acetone and methanol and then dipped in a concentrated solution

of BF for 30 seconds. Seple heating was acomplished by a method similar

to that of Chas&. 33In this study, a sandwich was made by placing a

0.02-inm Ta sheet between two sapphire crystals and the aet was securely

tied together with two Ta wires. The sandwich was mounted by clamping

excess Ta shoet, which extended from both ends of the sandwich. to the

sample manipulator (Varian model 951-2523). The sample was heated by

passing a current of up to 10 A through the Ta sheet. Approximate sample

temperatures were measured by means of a Pt-Pt/100h themooouple that was

spot welded to the To heater sear the sapphire crystals. An optical

pyrometer was used for the highest tmperature range. Once uder vacuum.

the samples were cleaned by successive Ar4+ ion bombardment (typically 1.5kV

at 20W) &ad heating to approximately 1300 C. After the initial cleaning

cycle, the samples were recleaned every day by heating only.

The U.S experiments were conducted in an ion pumped tK .hmabor with a

typical base pressure of 2sle-I Tort. The chamber was equipped with a

standard Varian LED system which was used to detemise the two dimensional

order of the aomple surface. ASS and ILS were perfomed with a MI single

pass cylindrical mirror analyser (CNA) and coaxial electron gun (Ml model

10-2340). The sample was always oriented perpendicular to the Incident

electron beem. For All the instruenst was run in dN(S)/d mode while

-d 2N(E)/d1 mods was used for EL.'' A USC LII 11123 miziemputer

controlled the pass energy of the OKA. This computer control allowed

accurate date collection over long counting times, precise assignment of
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loss energies with respect to the incident electron energy. and the ability

to emetically integrate the differentiated spectra that result fra phase

sensitive detection. An ELS sweep over 23 @V required from 5 to 30 minutes

depending on the proximity of the sweep to the incident been energy and the

kinetic energy of the collected electrons. For a 150 @V Incident electron

boom, an effective modulation voltage of 1 V peak-to-peak resulted in an

elastic peak with a 1 eV FUNK.

111. RESULTS

A. IFS: The Valence and Core States

The XPS valence-band spectru of (1102) sapphire is shown as the top

curve in Fig. 1. Because of charging problems inherent in Insulators. IFS

data are commonly referenced to the valence-band maximum (VUi) or. if

accurate optical data are available, to the CBN. In this paper. all XPS

data are referenced to the CBM. The band gap is taken to be 8.5 @V. as

suggested by OP. 28 The valence-band region is separated into two distinct

bands, which will be called the upper valence-band (1713) and the lower

valence-band (LV3) after Ciraci and Batra. 16 The energy of the 113 maxiam

is determined fram the IPS data by joining an extrapolation to the region

of steepest descent in the valence-band electron distribution curve with a

linear extrapolation of the baseline. The same procedure is used for the

1713 misimum, except that the region of steepest descent is replaced by the

region of steepest ascent. In this way, the width of the 1713 is deteruined

to be 9.7 eV. This method has been used previously for insulators i and

gives good agrComsat with other methods. 17  The LVB region contains two

intensity maxima. a major peak at 28.8 eV and a minor peak at 35.5 *V with



respect to the CBM. Because of the high sloping background, it is not

possible to determine the positions of the energy mininum or maximu of the

LVB very precisely, but the width of the LVB must be somewhat larger than

the separation between the two peaks, 6.7 eV.

All of the accessible core lines, the Al 2 p, Al 2s, and 0 Is that are

seen in Figs. 2 and 3, apparently consist of single lines and are assigned

energies which correspond to the peak maxima. The energies for all of the

observed occupied states are contained in Table I along with values

extracted from the XPS data of BB17 with the present definition of the VBN.

Examination of the IPS data in the regions behind the LVB0 Al 2p, Al 2s,

and 0 Is core lines reveals a large nmber 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. LMKn An MS

Prior to the ELS experiments, the order and composition of the (1102)

sapphire surface were examined by LEED and AES. The ABS data, shown in

Fig. 4, were taken before any in-vacum sample processing and after the

sample was cleaned by Ar+ bombardment and annealing. The Al LVV region of

the AES data consists of three features at 35, 53, and 67 eV, while the

signal due to 0 KVY Auger electrons is observed around 512 eV. Two

features near 280 eV due to carbon, and perhaps also to calte,

contamination are also seen in the spectrum taken before cleanins. The

spectra taken after the sample was cleaned is representative of the sample

surface both before and after LS data were collected. The AKS spectrum of



clean sapphire is very similar to that of sapphire before cleaning with the

exception of the impurity peaks, which are absent frm the clean surface.

The observation that the Al LVV portion of the spectra does not change

during the course of the ELS experiments indicates that the surface is not

significantly damaged by the electron besm.

The LIE) pattern of the clean and annealed sapphire surface revealed a

a 2xI reconstruction of the nearly four-fold symmetric (1102) plane, which

was previously observed by Chars . 3 4 The LED pattern consisted of fairly

sharp spots at bean energies down to about 90 eV. Below 90 eV. however.

the LED spots started to becone diffuse and often faded away entirely

after several minutes. The LEES and AES investigations showed that the

surface was extremely clean. chemically stabile, and well ordered

tbroughout the ILS data collection.
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C. LS: The Conduetior-DSnd States and the Whlk Plsa

3s data were collected for (1102) sapphire in five significant

energy loss regions, which should correspond to the oseitation of

transitions fram the various initial states to the conduotiom-baod. Losses

is the 3L$ spectra may also arise fran the excitation of plmoss in the

ample. The LS spectra displayed in Figs. S through 9 eorrespond to

possible interband transitions originating frao the IJB. LVI. Al 2p. Al 2s,

and 0 Is states, respectively. There are 31 characteristic energy losses

in these spectra that have bees labeled a through so. Although sam@ of the

energy loss features is the spectra appear to be weak, they were all very

reproducible fram day to day and fra ample to ample. LS spectra were

collected at several different incidnt electron ber energies for each

loss region, and spectra were also collected after varying mounts of

electron bea dose to a perticular spot on a ample. No variations

occurred in the ELS spectra that oould be attributed to electron beam

daage to the samples, snd the ILI spectra appeared to be unaffected by

ample charging for'iaidet bess energies of 150 9V or higher.

After the LI ezperiseuts on cle sapphire veto omploted, ickol was

evaporated onto the sapphire is mounts realist from .5 to 5 equivalent

Monolayers, as moitored by a quartz crystal nicrobalance. Is all eases,

the addition of nickel resulted in severe surfaes charging, which did sot

allow a L= patters to be observed below incident beam energies of

approzimately 200 V. The AM5 data also showed significant distortion frm

0 to 200 eV. Analysis of the AUl signal intensities versus the mount of

nickel deposited indicated that the nickel fomed islands on the surface

11



sad did not cover the entire surface even when present in mounts

equivalent to 5 sonolayers. This experiment shoved that metal Impurities

on the sapphire surface may act as charge traps. and that the surface mast

be extrmely clean before meaainagful results may be obtained with electron

spectrosoopic techniques.

D. W Satellte

A close exmination of the I data displayed in Figs. 2 and 3 reveals

several high binding energy satellites associated with eah core level. It

is very likely that these satellites are related to the energy losses

observed in the ULS spectra. Figs. 11 sad 12 have been constructed to show

the relationship between the WI satellites sad R.S date. The 3LS data is

displayed a a function of N(R) rather the -d 2N/dW2 . This nunerical

double integration is possible beease the data were collected digitally.

Because of the emplesity of Figs. 11 and 12. all features are referenced

to the labels in Figs. 2 snd S. Is pit. 11. the 0 Is FS data are plotted

with the 0 is core line as the sero of energy. Fre this point of view.

all of the features in the electron distribution curve are a consequence of

O Is photoeleetrone whieb lose enerly. pit. 12 is similar to Fig. 11

except that the satellites tim both Al 2p and Al 2s photoelectrous are

seen together. The upper energy seale and BLI data use Al 2s as the energy

zere, while the lower energy seale and ELS are refered to Al 2p.

12



IV. DISCUSSION

A. IMj Valeneandh Deaity gf Sate

The IPS, data were collected to obtain an accurate picture of the

valence sad core density of states in sapphire. The rew, 31 velesee-bend

data of Fit. I& and the theoretical 003 shows is Fig. 1.. which was takes

from the work of Ciraci snd Bots. 1  at* in qualitative agreement is that

both have sigaif least intensity in the saino energy region*. The

calculation has sot been adjusted to agree with the experiment. lowever.

there is a large difference between experimental and theoreticel intensity

ratio* of the VI to the MV.

This discrepency may be pertly resolved if photoionization

cross-section differences for the initial states of different orbital

symetry are considered. In order to obtain sine quantitative correction

to the ratio of the experimental VI to LVI 03. the orose-sections for the

sapphire valence-bend were appeoximated by the cross-sections for free 02-

subahlls. The band structure calculations 16 show that the WI sad LVB are

primarily 0 2p sad 2s in character. respectively. The Eartree-Slater

calculations of 5cfi@1ld0 yield a ratio of 7.3 for the pbotoionization

cross-sections of 0 2s to 0 2p for Al ft excitation. The curve shows in

Fig. lb is the valence-band WS epectrus after an arbitrary background has

been subtracted and the integrated intensity of the LWIN has been lowered by

a factor of 7.3 with respect to the VI. The resulting agressent. between

the ratio of the intensity under the VI to that under the LTD between the

modified experimental D05 snd the theoretical band structure demostrated

is Fig. I is quit* good. Further eamination of the modified 31 data



reveal that the ratio of the UVB to LVB DOS is approximately 2.5 to 1. If

02- was a perfect model for the sapphire valence-band, this ratio would be

exactly 3 to 1. This level of *&rcement demonstrates that the corrected

WI data are reasonably self consistent. The major discrepancy between

Figs. lb and le is the relative intensity of the different features within

the UVB. where the lIpS data show two main features of nearly equal

intensity, but the calculation contains one dominaut peak with several

maller ones. This difference may be caused in part by the resolution

function of the photoelectron spectrometer and by variations of the

photoemission cross-section within the valence-bands, which do contain some

Al character according to Cireci and Batra's calculations.16

The SPS data presented in Figs. 1-3 and that of BB3 7 are in general

agroment, as demonstrated by Table I. but there are a few discrepancies

between the two sots of data. Fig. I of BB shows throe distinct features

in the UVI region, while Fig. la provides no evidence of their highest

18.41 +
binding onergy feature. Older date by Kowalczyk. et al.. on an Ar

bombarded surface are also missing this third feature, which is most likely

the result of residual carbon contemiation. In addition, SI attribute the

asymmetry of the LVB feature to an unresolved plamon satellite about 23 eV

below the VBN. Nowever, Fig. Ia shows two clearly resolved peaks in the

LVB region. The theoretical DOS from Ref. 16 in Fig. Ic shows a broad LVB

and a reasonably high WS at a binding enrgy which eorresponds to the

minor peak in the ezperimental LVI. Thus, the minor peak in the LV3 region

of the IFS spectram is caused by a transition from the appropriate initial

state, rather then by an energy loss.

14



.. e Qualt Mud El.ctron hm a m-

Is their ES study of polycryetallise this film @-Al203 , of"'

suggested that exposure to the primary electron berm dissociated A1203 to

produce either metallic Al or reduced oxides of the forn AN1 on the ample

surface. As evidence for this proeas, they mote the pressee of a peak at

67 @V is the Al LVV Auger spectrum, which was attributed to metallic Al.

lowever, the Al LVV region of the AS data of this study (Fig. 4) is

exactly the me before and after the electron bean exposures required to

collect ELS spectra. Additional evidene for the possibility of A1203

surface modification as a result of extessive exposure to an electron bern

is provided by the mS spectra of Nalsarotti, et al.2 1  Initially, the

spectrum for clean &-Al20 (Fil. 2 of Ref. 21) is very similar to those

shown in Fig. 5 of this study. lowever, after 0 mis. of exposure to a 300

eV electron bean of unspecified curreat, the mLS spectrum evolved until it

resembled that of Al metal aore than Al203. In the current study the mS

spectra do aot change over a period of days or fron ample to ample.

Therefore, the electron ben is sot damaging the ample in these

experiments unless the damage is done during the first A3 sns. The 67 eV

AM feature is Fig. 4 could be the result of ehnically different Al at or

near the surface which is intrinsic to a sleas sapphire (1102) surface.

Although the WS date do sot provide evidence for more thon one chenically

distinet Al species, electron mess-free-paths in sapphire indicate that the

WS sampling depth reales frn approximately 25 to $0 1 for 0 1. nut Al

(2s. 2p) photoeleetroos. whereas Auger electrons of about 50 eV ample oly

about 5 I into the crystal. 4 2 Therefore, a distinct Al surface species

is
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chmically shifted with respect to bulk Al may be seem by AiS sad not NIP.

This may be seen clearly is the WS spectra of Al metal with a this oxide

coating reported by illims. et al. 4 3  In the usual ample geaetry of the

*PS9SOA speetraneter, the cherieally shifted Al 2p peak was not observable,

but was clearly evident when the ample gemetry wee changed to &rating

electron collection angles to enhane the surface sensitivity. It is also

possible that the surface species identified by the Auger spectra was set

present at all on the surfaces analyzed by NIP. since the amples were

prepared by slightly different methods.

C. inshre rJAmu M

Usain the simplest model for the volme plains of as iasulator. 4 4 the I
sapphire bulk plamon energy may be caleulated to be 25.5 eV assuniag that

only electrons in the UVB contribute to the plans. The umber density of

electrons is estimated to be six times the density of oxygen stans

(is. each @2- ion contains 6 2p electrons), and the bend gap of sapphire is

8.5 *V. Previous studies of sapphire and anodized alnium by optical

reflecteao and absorption2 3 and .S4-6.28 place the voltae planoe energy

anywhere fr 22 to 26 eV. In this study, peaks S. k. and m in the US

spectra oceur at 24.0. 48.6. end 71.6 oV loss energy, respectively, and

have boo assigned to one, two. and three quanta losses to the bulk

plamos. A lest squres fit to these lose energio as a fumction of the

amber of qumnta ezeited results in a volme plamou energy of 24.0 + .3

eV, in fair agreaneut with the above estimate. The present detemiation

16



should represent a reasonably accurate value for the q-averaged plasnon

energy, since it is based on essentially three independent observations.

D. Isterbaad I.Cassiiohas A"d SLurfc Sate

The eserly loss featnes& that aro not assigned to plamon losses ca

be analysed is tome of interband transitions. For a simple one electron,

model. is which any relaxation effects in photonsission transitions or

excitonic effects in interband transitions are neglected. the interband

transitions can be described as electronic excitations from bound states.

either valence or core, to &a unoccupied state in the coadnctiou-band. The

IFS data presented previously provide the energy position of the initial

states. Consequently. the energy of final states ca be detemined in this

one electron appwoaiuation by adding the energy of a loss feature due to a:

interband transition to the appropriate initial state energy. A set of one

electron, final states for sapphire was detemined by using the method

described above with the D'S and RLS data for the LVI. Al 2p. Al 2s. and 0

Is. Only ELS peaks which may be assigned to final states that were

accessed fin at least three different initial states are considered here.

The final state data, in conjncetion with the energy lose data of Fis. S.

was them used to detemise the initial states of the trasitions which

originate in the WI. This proeednre was used because the W'S data in

Fig. Ia show that the WIN is very bread and does not have a single

identifiable peak. The one-electron energy level diagre. which is

consistent with both the core level and valence bead data, is shown in

Fig. 10. The 26 labeled interband transitions teminate at I well-defined

final-state regions, which are listed in Table 11. Assigning the WI5

17
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mazinu and minimme as the two possible initial states for the lowest

energy loss features lives the beet agreement with the final states

determined from the oore initial state energy loss features. The spectra

are collected aot as N(E) versus 2 but as -d N/dg2 , so that the sharp step

functions present at the LVI minimma and maximme can yield peaks in the ELS

spectra if the final state of the transition is narrow.

alzarotti. et al, have made soft X-ray absorption measumements on

this £1203 amples which were made by sistoriag amorphoua films is air.

These samples were identified as aA120, with a background of the V phase.

Features in the X-ray absorption spectrw were assigned to electronic

transitions between as Al 2p initial state and regions of the

conduct ion-band. Energies of high state density in the coauntiow-band. I
which are consistent with the absorption spectrum (Fig. 3 of lef. 21). are

listed in the second colms of Table 11. In order to ompare the ILS

results fine the current study with the 1-ray absorption data a binding

easrgy of 60.9 eV was assigned to the Al 2p level (Dalsarotti. at al.. need

a value of 79.98 *V). Also. the energy of the excitonic peak. as measured

finm Fig. 3 of Ref. 21, was taken to be 79.5 rather than 78.9 eV. as listed

In Table I of that paper. and feature A 5 was located at 91.0 rather than

90. @V. The agreement between the absorption and ILS data. which can be

seen in Table 11, is fairly good at energies of less than 10 eV above the

CON. Over 10 oV, the X-ray absorption data has a broad and intense

absorption band, which is not sees in the I.

The most intriguing part of the energy level diagrom (Fit. 10) is the

sttewbabocur 40 Vbeowth CS.Fetuea t .7oVloe1neg



in Fig. 5 provides the beat evidence for this energy level. Because the

misnam energy of the band Sap in sapphire is 8.5 #V. the interbad

transition corresponding to this feature must have an initial state in the

valence-band and a final state at least 3.3 eV below the CBM. RLS

transitions to this band Sap state were also clearly seen for Al 2p

(feature a) and 0 Is (feature a) initial states (see Figs. 7 and 9). The

spectra is Fig. 5 show that the relative intensity of feature a decreases

with respect to the other features as a function of increasing electron

kinetic energy. This behavior is emactly what would be ezpected if either

the initial or final state of the interband transition were a surface

state. secs%** cores state ELS transitions to the asm* final state also

show this dependence. the bead gap state appears to be a surface state.

The IL spectra for Al 20 3 by Dalxarotti. at &1.. 22have been discussed

previously in regard to the surface modification by electron bern

irradiation. It is important to reiterate that the spoctrus of the

ndamaged surface of polycrystalline a-A12 03 is virtually identical to

those shown in Fig. 5 and a feature at approximately 3 eV loss energy is

observed by Nalsaretti at al., which is similar to feature a. Thi feature

does not appear is the clean Al spectrum &ad does not change appreciably as

the surface is redueed by electron beam exposure. If the feature at 5 aV

loss energy Is associated with a surface state. theu the existence of this

feature in the I of a polyarystailise ample and its invariance during

the redustive removal of 0 from the surface indicate that the surf ase state

is likely to be derived free Al dangling bond orbitalsa.



OP 28used the results of their ELS experiments in conjunction with the

IPS data of BB, JAS and IMS data of Drytov and tinashchenho. and the

optical data of Arakawa and Villirns 3 in a manner similar to that described

above to detemine a high density of conduction-band states at -1.0. 1.0.

5.1. 9.8. and 19.5 @V with respect to the CBS. These states are in

reasonable agreement with the present results. but several points should be

noted is omparing the results of the two experiments. First. OP looked at

thin polycrystalline films instead of a single crystal surface. Visual

inspection of the ELS eats presented in Figs. 2 through 4 of OFP and that in

Figs. 5 through 9 in this paper shows that the present spectra have

significantly better resolution. and there is so reliable way to estimate

the signal-to-nmoise ratio in the OP spectra because their figures appear to

be hand drovn representations of their data. Also. OF reported three

features at loss energies of 3.8. 4.2. and 5 e which they interpreted as

indicating the presence of reduced Al produced by electron boom irradiation

on their samples (they also observed features at 3.6, 4. and 5.2 eV on

metallic aluninims). No evidence for electron been reduction of the

sapphire surface during R.S or AM8 measurements bas been found in this

study, but a great deal of care must be taken in assigning the low energy

ELS features that have been observed.

The ultraviolet absorption spectra and spectroehrnical analysis of

sapphire crystals obtained f rom Union Carbides Corporation, similar to those

nsed in our NIS and Z.8 experiments, have been reported by several

454
groups. These sapphire samples were found to eotain loe them 5 Pon

each of Gammen transition metal impurities including Fee Ni. Cr. Co. n. V.

and Tie each of which has been found to produce absorption bands between 3
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&ad I eV in sapphire.4 In addition. the absorption spectra from

as-received samples were essentially flat between 3 sad I @V. Dowever,

exposure of such samples to high energy particle baes of neutrons or

electros 5-47 ,49 ,5 0 or heating to 2000 C in a resducing almosphere for

2h 46 ' 51 resulted in the appearence of several absorption bads between 4.8

sad 6.5 0Y and one mnission band at 3.3 eV. These bands are caused by the

formation of F+and F casters. oxygen vaancies in the crystal which are

filled by one or two electrons. An alternative explanation for the low

energy E.5 iectures observed by OP is that in generating their Al1203 ample

from the pyrolitic deomposition of AICl 3 in a CD and N 2 atmosphere. a

large amnber of defects were also formed in the crystallites. A set of

elperiments on Al 2 03 samples grown under similar conditions to those

employed by OP have found a series of trap states between 2.7 and 3.9 eV

below the CIBM.52 which could account for the ILS features observed by UP.

The studies in which color centers were induced in sapphire by

reduction heating or high energy particle bombardment indicate that the

sapphire crystals used in this study were free of defects induced by ample

preparation. The Anger and M.S data indicate that the sapphire was not

damaged by electron irradiation unless extresely low bass doses parmit the

reduction and removal of 0. Also, the temperature used to anneal the

sample was sot high enough, nor was it sustained long emough to create many

0 vacancis, since temperatures near 1000 C for 2 h is a reducing,

atmosphere did not create absorption beads in sapphire. 51  Consequently.

the energy level 4 *1 below the CBM is almost certainly an intrinsic surface

state of sapphire (1102). The relative Intensity of both the shoulder
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labeled b in Fig. 5 and the -4 eV surface state decreases with respect to

the remaining spectral features upon oxygen exposure. Since feature b is

associated with a transition that has an energy level I 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 calculation by Ciraci and Batrs 1 6 for

a slab of sapphire oriested along an Al teainated, unreconstructed (0001)

face are shown in Fig. lOb. This calculation yields two mpty band gap

states, labeled Sp and S d , which are approximately 1 and 5.3 eV below the

CBM. respectively. Both of these states are derived mainly from surface

layer Al broken-bond orbitals. Although the calculations were perfomed

for a (0001) plane of sapphire and the experiments were performed on a

(1102) surface, the correspondence between theory and experiment suggests

that both the ezperiuestally observed band gap states are surface states

due to an Al ts-minated (1102) sapphire surface. The presence of Al with

broken bonds at the surface was also suggested by the Asset spectra of

Fig. 4. which indicate that the sample has two chemically different Al

species sear the surface. Soft X-ray absorption experiments of oxygen

chm isorbod on Al single crystals suggest that the ohm isorbed systms have

two surface states approximately 2.5 and 3.5 eV below the excitonic

feature.30.31 lowever, because potentially late differences exist between

the ohmnisorbod system &ad bulk a-A1 2 0 3 , as seen ner the absorption

threshold in Fig. I of Wof. 31, it is mot possible to relate these features

to the -4.0 @V surface state detemined is the eurrent study.

The surface state 4 eV below the CB may be iavoko,4 to expieis the

relatively muall mount of charging observed on clean sapphir, surfaces.
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Because the surface state is delocalised over the crystal surface, it may

eanable electrons impingent on the anple to flow rapidly away from the

point of bemo impact. However, impurities on the surface, such as nickel,

may for localized trap states on the surface which could cause the large

charging effects reported in the previous section.

All of the one electron transitions in the 3LS spectra of sapphire

have been interpreted in to e of ezcitations to regions of high state

density in the conduction-band or in the band gap for the surface states.

Heinrci. et al. 53 reported ELS data on NgO (100) surfaces and interpreted

the loss features in tems of transitions frm the 2p and 29 states of U82+

to empty atueic oroitals of the dipositive ion. One set of transitions was

primarily surface sensitive, and the rmaining transitions were bulk

derived. The surface states were interpreted as arising frem atmuic

transitions of the surface US2+ ions which were energy shifted by a Stark

field that was present at the surface of the ionic crystal. The energies

of the bulk 3.S transitions were in reasonable agreement with optical

transitions for US2 + reported in Moore's Tables. 5 4 However, the energy

level diagrm of Fig. 10 shows that transitions to all but one of the

various final states observed for sapphire occur frn both 0 and Al initial

states. This indicates that chemical bonding ts important in the

description of the final states of sapphire, in that they have both 0 and

Al character, as shown by Ciraci and Satra in their band structure

calculation. 16 However, the regions of high state density in the sapphire

beand undoubteday arise frn sateio-like states of the ionic species in the

crystal, modified by chemical bonding. The data of Merich. at al.. may be
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used to construct a one electron energy level diagram similar to Fig. 10

using the IPS data by Kowalczyk. at al.184 along with a 7.5 9V bond gap

derived from optical data.5 TUs I data frow Lef. 36 are smasarized ia

Table .1, and the conduction-band energy levels for NgO (100). which were

derived by an analysis similar to that for sapphire. are shown in table 11.

The most significaut result is the surface state which lies 3.2 0V below

the LBN of KgO. A slab calculation of the band structure of EgO (100)

would be very useful In further analyzing the existiug data sets for NgO.

E. M Satlitesu

The moat prominent I satellites, Labeled 5. E. and L in Figs. 2 and

3. occur about 25 *V below the 0 2s. Al 2p. Al 2s. and 0 Is lines.

respectively, and are undoubtedly doe to energy loss from a photoolectron

to a volme plawou. Other strong features. tabeled 0 and U. occur 50 eV

below the Al 2s and 0 Is inses and are due to double losses to the Volsme

plamson. The 0 Is I data, Fig. 3, also contain a slight rise, labeled N.

which may be caused by a triple volnee plamon loss. An additional strong

satellite of the 0 Is photopeah, labeled 9 in Fig. 3. is seen at

approzimately 13 *V below the core line. Fig. 11 shows that this IFS

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

iaterbend transition.

The I data for the Al 2p and Al 2s energy Jewels also have

satellites 13 @T below the core lines, labeled A and 0 is Pig. 2. which are

de to the intorbaud transition mentioned above. Kowever. there are

additional satellites labeled F and a through J in Fig. 2. A omparison of
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ELS and IPS data in Fig. 12 leads to the assignent of feature F as an At

2s photoelectron which loses energy to an interband transition between the

LVB and conduction-band. A similar comperison for satellite 5 suggests

that it may be due to losses frm either an Al 2s photoelectrom to an

isterbead transition with an Al 2p initial state, or an Al 2p photoelectrom

eaciting a transition with an Al 2s initial state. IPS satellites I and J

could be due to similar processes, but the two IPS satellites correspond to

only one as feature located at an energy latemediate to the two

satellites. The absence of two features in this region of the ELS spectra

may be due to the poor resolution of the CNA. The only coapletely

unassigned satellite is that labeled C in Fig. 2. which may be due to a

shake-up process.

XPS data for many other metal oxides can be fond throughout the

literature.4 1 The spectra of NgO snd TiO 2 contain satellite peaks behind

several of the core limes. These satellites are very similar to those

observed in sapphire, which indicates that the loss peaks observed ia these

metal oxides are also caused by plemon losses and interbaud transitions

excited by the photoeleotros.

V. Conclusions

These iavestigatioas have demonstrated that the (1102) surface of

sapphire can be prepared so that it is extremely *loan and well ordered.

The surface has a 2:1 LBID petters and does not trap appreciable mounte of

charge during electron bombordnest by either LMM or *58 eleetron gune.

However, whom even snubosolayer mounts of niekel are deposited on the
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surface. the smaple charges up to as high as -350 V during electron

bom bardment.

An experimental. one electron energy level diagra has been

constructed for sapphire frem the data collected is this investigation and

for EgO from literature data. The valence-band density of states of

sapphire obtained from the WPS data, which has bees corrected for

cross-section effects. is in reasonable agressent with a band structure

calculation by Ciraci ad Satre. 16 The regions of high electronic state

density In the conduction-band apparently &rose from transitions to empty

atanic-lik. orbitals of the constituent ions in the crystal. In addition.

there is one empty surface state approximately 4 eV below the (3M of

sapphire (1102). This surface state reduces the effective band gap of the

(1102) sapphire surface from 8.5 to 4.5 9V. The state 1 eV below the CBM

nay be another surface state or an excitonic state. Finally, a series of

satellites in the sapphire IFS data have been identified as energy losses

to plamonas and interbanid transitions. IPS data for sapphire and other

netal oxides have been in the literature for 10 years and the satellites

have lacked a detailed explanation until amw.
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Table 1. IPS binding energies in sapphire and egO.

Sapphire eO
InS This Ref. 17 IRef.. 18 end 41

Feature Work (eV)s (eV),
(eV)e

Upper Valence-baud
Energy Maimum 8.S + .3 1.5 4 .3 7.5 + .3

Peak 1 11.8 11.8 10.0
Peak 2 16.5 15.8 12.7

Energy Maimun 18.2 14.0

Lower Valence-Band
Major Peak 23.8 29.3 26.3
minor Peak 35.5 30.0

Mg 2p 54.5

us 2. 92.9

Al 2p 30.9 79.9

Al 2s 126.0 124.9

0 Is 538.6 537.0

aAll enerlies are referenoed to the respective oonduction-band minma.

Band tape of .528 &ad 7.5a 4 eV te aseemed for sapphire and HgO

respectively.

31

.. . ... ....A . ..



Table I. Conductiou-band energy levels for sapphire and gSO.

Sapphire NO
RL5 I-ray b LSC
(OV) Absorption (O)

-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 + .5 15.7

15.0 18.7
17.1 20.0

20.6 + 1.0 20.1 23.0

aAll energies are referenced to the conduction-baud minimun. For sapphire

and NgO band gaps of 8.5 and 7.5 eV respectively were chosen.

bcondutio-bad energy levels calculated frm the X-ray absorption data of

Balzarotti, at &l.2 1 To facilitate comprison of LS and absorption data,

a value of -30.9 eV was used for Al 2p binding energy rather than -79.98.

All energies for features is the absorption spectrum were taken fron Table

I of Bef. 21 ezeept for escitonic and A5 features (assigned values of 79.5

and 91.0 9V, respectively), as measured fras Fig. 3 of Ref. 21.

Conduotion-bead values for SgO ealculated frn ELS data in Ref. 52 and IPS

date in Refs. 18 and 41. No error estimates for the LS data provided.
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FIGURE CAPTIONS

FIG. 1. (a) Valence-band IPS data for (1102) sapphire obtained with

mouochrmatised Al &a x-radiation. All VS1 spectra presented in this paper

are referenced to the conduction-basd miimm. (b) IFS data shows is (a)

after background subtraction and scaling in order to reduce the area under

the LV3 by a factor of 7.3 with respect to the area under the UVB. in

accordance with the calculated photoiomisation cross sections for 0 2s and

0 2p subskells. 4 0  (c) The theoretical total density-of-states for

sapphire from a band structure calculstion by Ciraci and Betr. 1 6

FIG. 2. IPS data for sapphire in the auorsy region near the Al 2p and 2s

core levels. The lower curve shows the Al 2p and 2s ore lines and the

background on the same seals. The upper curve is an onlargment of the

background and clearly shows IPS satellites which are labeled A through 3.

FIG. 3. IPS data for sapphire including the 0 Is and P Is core lines.

Fluorine is the only impurity detected by S. The upper trace is an

eslargnent of the esergy range behind the 0 Is line and contains

satellites labeled IL through N.

FIG. 4. Representative ASS for (1102) sapphire. The upper curve was

taken before the ample was cleaned and contains a peak due to carbon

costmination. The lower curve is typical for a clean ample. The

spectral features of mote are the minima between 35 and 70 eV duo to Al LVV
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processes &ad those near 512 eV frca 0 KVV processes. Except for the

carbon costinution. the spectra are identical before and after cleaning.

and no changes were observed frao the clean spectra with electronI

basibardsent dating these experiments.

FIG. S. Negative second-derivative energy loss spectra, --d N/dE, as a

function of loss energy for (1102) sapphire. Peaks in this energy rasge

must be Ens to plarnon losses or interband transitions between the valence-

and conaduct i on-bandsa. Spectra are shown for three different incident bern

energies (B ) to drnonstrate the loss feature intensity dependence on

electron kinetic energy. Features are labeled a through g. Note that

feature a occurs at loes than 5 eV; well below the sapphire band gap.

FIG. 6. Energy loss spectra for iaterband transitions with 0 2a or lower

valence-band initial states in sapphire. Features are labeled h through 1

ad the energy position near feature k is the expected location of a double

plasson loss.

FIG. 7. Energy loss spectra for interband transitionsawith Al 2p initial

states in sapphire. Incident bass energies of 250 and 300 eV show sharp

features (a through t0. while the features are smoothed out in the 1250 eV

spectrw because of the poor resolution of the OSM at high electron kinetic

energies. Feature a is the energy location expected for a triple bulk

plamon lose.



FIG. 8. Knergy loss spectra for interbaud transitions with Al 2s initial

states. The incident electron bein energies shown are 400 and 1250 eV.

Although the features Labeled n mnd w are weak. they appeared reproducibly

in several different spectra at 1250 *V.

FIG. 9. Energy loss spectra for interband transitions with 0 Is initial

states. Low intensities at low incident bes= enerSios forced the use of a

1250 eV incident beom energy spectrum where the C3OA resolution is low.

lowever. all the labeled features wore reproducible.

FIG. 10. (a) The empirical one electron eneray level diagrin for (1102)

sapphire. Occupied state energies were extracted from the WIP data while

the comduction-baad energies were obtained by adding the loss energies fran

the KS data to the initial state energies. Condution-band states are

shown as horizontal lines. LS transitions *e represented by arrows fra

the initial to final states with the arrow heads (triangles) centered on

the final state energy. (b) A theoretical density-of-states from a bead

structure catlnlation by Ciraci &ad Batra d for a 16 layer slab of sapphire

tominated at a (0001) surface. The percentage of Al charaeter in the two

band gap states is represented by the black shading.

FIG. 11. Canprison of the I satellites to the LS data. (IPS) The IPS

data for the 0 1s core line plotted with the manimun of the 0 Is line as

the zere of energy. This rnpahsixes the assignment of 111 satellites as

energy losses from 0 Is photoeleetrons. (KS) N(R) electron energy loss
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pectra, versus loss energy, for sapphire. Selected doubly differentiated

oss spectra fron Figs. 5 through 9 were neically integrated sad plotted

* N(E) versus energy loss.

FIG. 12. The three parts of this figure allow the Al 2p and 2s satellites

o be compared with ES data. (XIS) The IPS data in the Al 2p and 2s

egions are enljrged &ad plotted with the mazimam of the Al 2p line as the

ero of energy on the bottom scale and the Al 2s line as the zero of energy

a the top scale. (ELS a) These curves are integrated energy loss spectra,

imilar to Fig. 11, plotted with the Al 2s line as the zero of energy loss.

ILS o) Integrated energy loss spectra plotted with the Al 2p line as the

er* of energy lose.

i
36



1I. I I -

Sapphire
[ Valence Band

XPS

C (a)

S(b)
S TDOS UVB

LVB CB

(c) I_ _ L
-40 -20 0

Binding Energy (eV)

FIG.

, | i mCU



-0

1 0O

W L

CL 0 CID

CO) UI

0
- m N

x.4TSO-4N



l in

0m

0***......

0iN

" . . ._ . .~

0U,

- U)

vL

Z Iw

CL' M -

CO)
Om _ 0

I

0 LL

0,. - I

0. (I )u Cu

.. ..0 - . . . . - - -- - -'D-L,,u mmm mmmmmm



0~

ago.*. .g

4)- moil

U)
L

_ 0>
0. 000

00 0 5
0 0

0

Im>
J~b>

3P/NP



Sapphire ELS
S I I f I d

e T
z3

Ep 150eV .

E 200eV.....

FIG. 5

C.n...



Sapphire ELS

1k

E p 300eV -
z .

CY
!

I oo I

Ep 1250eV

I I
55 50 45 40 35 30 25

Energy Lose (eV)

FIG. 6



Sapphire ELS Cl
9I I I I

N p

-u

z0

~.t. * .

( ' '; • 4' :

*, , , .. "4 ".a "

E 300eV

1250eV -!

105 100 95 90 85 60 75 70

Eniergy Loss (eV)

FIG. 7



Sapphire ELS
i I I I I

w U

-oa
ee

eg . .

I _•

- Ep 1250eV •

Ep 400eV ;..

150 145 1403 1:35 130 125 120

Energy Lose (eV)



Sapphire ELS

I i

bb -.... I

Id I •

N dX
LLI cc

N ... ".

I Y

Ep 1250eV

565 560 555 550 545 540 535 530

Energy Loss (eV)

FIG. 9

I__



I N

EnDg CA
(D b- i



L

mI
%MOLM A.P

Zi

w owI

zL

12 0 5 02

4 I.1)m 

rs o e ( V



100 50 0

ww
Z :

.
LOW(AA

V~V

180 90 0
Energy Loss (eV)

FIG. 12




