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S. P. Kowalczyk, L..Ley,+* F. R. McFeely, and D. A. Shirley
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‘ABSTRACT: “iheltotal valence band-density‘of stateé spectfa,for the '
sémicondqcting'layered compounds GaSe and 3113 Wefe oﬁtainéd by x%réy bhéto—
emissioh.speqtroscopy."The results for GaSe wefe'used t§ test réceﬁt.band

1 strﬁétufe'céiéulations.and are.cémpared'with éarlief'photoemission re-
sults.‘ The BiI3 data are the first experimentai determination of the t@fal ﬂ

valence band density of states for this compound. Since no calculations’

exist for BiIB, tentative assignments were made.



Léyered compouqu have been the subject of mﬁch eXperiméntal'ahd
theoretical activityvbecausé oé their intér¢sting éhisotropic properties
and possible application in switching and memdry d¢yices.1‘ Iﬁ fhis : |
communication we report -a high—regolution x—ray.bhotbémisSion sﬁéctrdséopy-
(XPSj investigétion‘of the total valencé-ﬁand density of stateé (VBDOS) |
for the semigonductingvlayered compounds GaSe and Bilsﬂ It’has bee"r
demonstrated previously that XPS can yield rather direct and défailed .
infofﬁatioh on the‘tdtal occupied density of states fdr:semiconduétors,z
.infparticular allowing ﬁarrow limits to bevplaced on the positions of |
. the Qalence bands. | |

l{‘Thg‘opficél propérties of both GaSe aﬁd BiI3 have been studied
3-10

previously, mainly near threshold. ‘These measurements yield‘transitibn'

energies between thevtop of valence band and the bottom of the conduction

11312 as well as low-resolution XPS data13 are

_band. Low-eneigy UPS data,
available fér GaSe. - To dur knowledge, Bils.has'nof been studied ékperi-.
méﬁtally by any totai valence-band probe. | |

| ' The XPS measurements were performed with a Hewiett-PackardrHP-59SOA

electrén:spectrometer, which has been modified for ultra-high vacuum

studies. Monochromatized AlKo x-rays (1486.6 eV) were employed as the

¢

.excitation'source.v The total reéplution of this}éystém has been deter-
mined.to be 0.55‘eV from the broadening of thé Fe?mi.leV¢1_of seyefal
ﬁetéls.14 fhe éamﬁlesIWere crystals, which Were:cleé?ed in a-saﬁplé*intro-'
.duCtiénﬁéhaﬁber-filled with dry nitrogen. The éamples_?efé"cleaved" By'the

.standard‘method'for layer structures: removal of adheéive tape. The sample-
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introduction‘chamber was then immediately evacuated;‘and Within several
mindtes the:freshly—cleaved surfaces were inserted into the main
spectrometer_chamber.b These measurements were done at a relatively poor
vacuum of 5 x 107 torr. The samples Qere analyzed in situ for contamina-
~tion byvscanning 20 eV regions around the oxygenfand carbon 1s peaks and
vby taking a 1280 eY overall scan; For the samples from_which the‘spectra
rreperted here were obtained, no oxygen or carbon could be detected. Tﬁe
 BiI3'ana1ysis ihdicated the presence of some reducedei After the
vvalence band and outer d-core regions were scanned: (approx1mate1y 6 hrs
accumulatlon trme) another in situ analysis was performed on each sample
to insure.thaﬁ nc.contamination had occurred.

: Figure 1 shows our XPS spectrum, tobbe interpreted in terms of the
VBDOS for GaSe. The energies of the characteristic features, a1§ﬁg with
pertinent UPS results, are given in Table I. Band—structure caicuiations
have been carried out by Kamimura and Nakao (tlght binding, bands
only) Bassan1 and Parrav1c1n11-6 (tight- b1nd1ng, two dlmen51onal), denoted
hereafter as BP and Schluterl‘ (emp1r1ca1 pseudopotent1a1 method EPM,
three- dlmen51onal) Schluter s EPM results possessed some qua11tat1ve
, 51mllar1t1esbfor the valence bands to the BP calculatlons; This is not
Surprising.becaUSe of the weak interactdon between'rhe layers; the_largely
two-dimensiohal charaCter of the charge density{ and the fact‘thatvtight-
bindiﬁg.calcdlations.do fairly well for valeace bandsr- A Very usefdl
feature of SCHlﬁter's~work is the calculation onCHarge dehsities, which
gives insighr to the origin of structure in the densrty cf states and.

~information. about the bondingvin GaSe. The EPM calculation puts the



-lowest set qf 4 bands in the 12.4-13.6 éVbregion.relatiVe to thé.top

of fhe véiénce_ﬁands. Bassani and Parfavicini‘obtainéd'é somewhat wider
distribution iﬁ the two lowest bands from 12.5:to 14.7 ev. (There are |
twice as many bands in the.three;dimensiOnal EPM»célculation és in'thé
vtwo-dimensionél.structure used bvaP.)b These'lowést bands Eorreépond to
éelenium 4s nonbcnding states. Our measurements yield a peak (G) of
width 3.8 éV, ééntered at 14.15 ev. Tﬁus_both calculétions'give bands
which are tdo>flat, provided that the expéfimentai-ﬁidth is équivalent
to the true band widfﬁ (i.ég,-ignOring relaxation bréadening).v It is
well known thaf EPM calculations must include a ndn;local potential to
19,20

obtain agreement with the lowest bands. Pure Se has a broad (v9 eV

wide) 4svp¢ak'céntered at.& 13 eV.21 This peak fallé af 11.6 eV in ZnSe,Z
°12.9 in PbSe,?? and 13.4 in ere2’.23 ' |

Next:BP féund two bands extehdiﬁg from 4.2 to 7.5 eV. The'EPM
calculation yiélded two sets. of two bands‘eaéh, at?6.1 to 6.7 aﬁd 3.4 té
5.0, reSpeétively, w}thva'distinct gap between theh. vThe XPS spectrum
“shows a'peak (E) af 7:23 which extgnds from (b') 6.0 té (F}_8.99_ev;.
‘Theré is no evidence for é.gap though peak E may'in'fact:be.two peéks,'
with‘a splittingbof appro#imately 0;5 éV. These»Bands derive'respectiVély
from Ga—Ga.bdndiﬁg states -(lower bands)'énd Ga-Ga anti-bdhding plus éome
Ga-Se'bonding.states (higher bands).

Next BP have two éets of bands at the top of the valencé band, one
T(Ebnsiéfiﬁg of 4 bands) from 2.5 to 3.8 eV and the other (consiéting of .
one baﬁd) frOmvl,O to 2.0'eV. :For this.regiOn, fhevEPM_ca}culatiqns
yieid'ten-bands from 0 to 2.3 eV, with peaks at 0.8 énd 2.1 eV. The

XPS spectra show an intense peak (B) at 2.89 eV, a' well-separated shoulder
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(C) at 4.38-aﬁd a possible. shoulder (A) at 1.56 eV. None of these
features could be resolved in the earlier low resolution mea;surements.13
Feature C is presumably due in large measure to contributions to the
VBbOS from 4 yaience electrons involved in the Ga-Ga bond, mixed‘wifhv
‘ some Se pz ofbitals‘(n bands). There are 16 remaining électrons whiéh,

17,18

according to the EPM charge densities results, form GaSe bonds

(o bands). These ppntribute to features B and A. In summary, both the
EPM and BP caléulafiéns shpw quaiitative agreement with Qur XPS results -
buf both étill'ieave much to be desired. Part of the problem maf'be that v
th¢ positionvbf-;he atoms are not known verybaccurately and bétter ﬁ
agréement may be ekpected with improvement of atomic distgnces wifhiﬁ
»thé unit cell?ﬁl Also the EPM calculation may overestimété inter-layer
coupling. - |
Table I shows Qhalitative agreemént with‘thé eaf1ier XPS_I3 resulté,
the present fesults allow étructure in the top valenCe'band'Fo be - |
resolved. ‘This ciears up some confusion which resulted ffom'thé low-
energy UPS’measyiements. Earliervlow-energy UPSllé’11b attributéd tWo
peéks at O.S.andfz;l eV and separated by'a gap to the density of statés
‘and concluded fhat-it supported tﬁe_BP calculatiéns. More fecent-UPS
rwork ét higher:(although_still low) photon energies yield a somewhat
different spéétrum. Thesé XPS results es;ablish criteria'thét.future
: calculations’ﬁili have to meet.
N Ohe'interesting result of the éharge densitiés obtained by,
Schlﬁter17’18‘is that, whiie they show CaSe'to be coQalently-bonded;;

: there.is an ionic component in the GaSe bond. An upper limit_to the
" 17,18 25

effective'charge on Se of 0.4e was derived. Infrared measurements



have led to7ah estimaﬁe of 0. 74e end x—ray ebsorptidn diseontinuitie526

to 0. Se as the effectlve charge on Se. It would be interestlng to apply the
XPS scale of ifonicity proposed by Kowalczyk et al. to derive on 1on1c1ty
for GaSe. The formulatlon of ref. 27,1s not readlly appllcable to GaSe
because of its anlsotroplc nature and the .existence of Ga—Ga bondlng states.
'Uelng a weighted.average of the nearest—neighbor distancee to deriQe the |
covalent splitfing c0ntributioﬁ,27 an ionicity‘of_%-.60 was obtained for
GeSe. This puts. GaSe between‘the‘iqnicities of CaAs and ZnSevae obtained
by kewalczyk'etval.27 This eeemsvreasenable,-épnsidefing that theAelec-
, .trppegativity of Se is greater than that of As. Hewever,vbefore_this ‘
appfoach'can'beeapplied wifh confidence to this claes of compoundé} meaf>
surements gn‘mofe layered compounds ﬁust be made.

We turn briefly to 3113; for which there e#iSte to our knqw1éqg§,
neither band-structure calculations,nbr‘ahy measufements of ;he total
VBDOS (XPS, UPS, x-ray emiesidn, etc.); Thus ‘- we ehall simply'deécribe our
results and offer a preliminary interpretation. »

vFigure'sthOWS the XPS valenCe.band spectfum,vwhich ceﬁsistévof a
three peak'stfeetufe and Table II lists the.energiee:ef tﬁe charéctefiétic
feaeures,_Fifst_there is'a bread_peak (D) eentefed et»12.1(3).eV.IAs;in

the case: of CaSe, this,ehould bevthe anion s—State;vIodine_Se stetee
were observed in Nal at 11.21 eV and in KI at 10.82 eV.28"An EPM
calcu’-lafion29 fer the-leyered eohpound PbIz.yieldedetwo Very.flat baﬂds»
correspondlng to nonbondlng 1od1ne 5s states at about 11.5 eV The XPS
spectrum next exhibits a gap (C - C') of about 3 eV The top of the:

,valence band is a broad doublet (A,B). Feature B is most'likely derived'

from states possessing some bismuth "s-like" character, while feature A

correéponds td.I 5p levels. In‘NaI and KI, this feature occurs at 1.67



and 1.48 eV, respectively.28 There is evidenceé of a slight shéulder A'.
The A - A' séparation is about 0.4 eV. It may be fhe érigin of the 0.38
eV splitting in absorption measurements that has.been attributéd to
transitions frém spiﬁ-orbit split iodine 5p valence band to an n = 1
exciton ievel;S_As discussed for the alkali hallide‘s,z.8 this uppermost
band is prdbably dominated by band-structure effects rather than spin-
orbit splittipg;' Absorption dgté for Pbiz and BiI3 are.similar,9 Which
‘indicates_that their upper most valence bandé are similar. Thus tﬁé upper

valence band we obtained for Bil. is very similar to the PbI2 results of

3
~Ishii et al,30 - The EPM calculatipns for Pb1229 have several bands»iq,the'.
region-1.8 to}Q.S eV, which yiéid peaks at appfoximately 2.5 and 3.1 éV;‘
There is alsq a gap and a narrow peak at 0.8 eV. Thg broad peak deri?es
from anion p states Qith bonding between Pb and I.'The uppermosf nartdwa
peak is a 1eéd_"s—like" state. Except for this upper most feature,:the
calculation is ih qualitative agreement with our BiI3 épec;rum. Again;b'
the>ca;cuiatéd béndé.are too flat. One special problem in the PbI2 case is
Athat the calCulatibns were dqné with no brevious knowlédge pf the iodine
form factors.zg, Using the XPS ionicity scale withlaﬁ anion-size correction:
which proved ﬁecessary for the alkali halides,27’an idnicity valﬁe of .68

is obtained, making BiI_ more ionic than GaSe and just over the ionic side

3

of the dividing line between "covalent" and "ionic" compounds. ’ As

.

mentioned above, it is not clear whether this model is valid for these
anisotropic compbunds.
In conclusion we have used XPS to obtain the total valence band

density of states spectrum for GaSe and BiI3 and to test theoretical

studies on layered materials. The calculations were shown to require

further refinements if they are to reproduce the experimental results.
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FIGURE CAPTIONS
Fig. 1. Valence-band XPS spectrum of GaSe.

Fig. 2; 'Va1ence-band XPS spectrum of BiIS.
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TABLE I. Cpmparison of energies (eV) of characteristic features in the
valence band spectra from XPS, UPS, and EPM calculation for GaSe.

Feature XPSa ——g UPS—Z—» ' XPSd Theo‘x_‘ye
A 1.56(10) -~ -- (~0.5)
B 2.89(10) 3.0 2.2 2.5 0.8
C ' 4.38(10) 4.6 4.3 - 2.1
D 5.0 (3) - -- - 23
D' 6.0 (3) - -- - v 3.0
E 7.23(10) 6.8 7.2 7 6.4
F 9.0 (2) 8.5 -- - 6.7
G 14.15(15) - - 13 ~13.0
H 116.0 (4) -- --- -- 13.6
Ca3d3/2’5/2f 19.39(10) - - 18.7 --
“Se 3d5/2f - 54.19010) - - - -
Se 3d3/2f 54.82(10) -- -- 54 --
of‘thé valenée band); .

2This work (Relative to the top

bRef. 1

CRef. 1

dRef. 1

CRef. 1

f

2,
2, Hel
3.

7.

"This peak exhibits characteristic energy losses at 7.2(3) and 16.0(2)eV;
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TABLE II. Energies (eV) of characteristic features in the XPS valence

band spectrum of BiIz

- Feature . Energy
A | 1.68( 8)
AY o 2.07( 8)
B : . 3.97(14)
C S | 5.63( 8)
c' : 8?64( 8)

D : ] 12;11(30)
E o 14.12(40)
Bi Sd5/2§ 24.99( 8)
Bi Sds/éb. | $28.09( 8)
1'4d5/2§ - 48.43( 8)
I 4d3/2b | 50.11(‘8).

8This work‘(Relative to the top ofjthé
valence band). ' T

bThiSjpeak exhibits characteristic ‘
energy losses at 6.0(2) and 15.6(2)eV._.
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