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Abstract

7 The high resolutlon X-ray photoelectron spectra
‘of the total valence bands of crystalline and gmorphous
silicqn_aﬁd germanium are rebofted; .For the crystals,
the XPS spectra yield results that are strikiﬁglyfsimilar_
to current theoretical célculations of the electron
densityldf states, p(E).. Amorphous Si and Ge exhibit
definite 5énd étructures,that are similar ﬁo 6ﬁe another*
Bﬁt markedly different from the crystailine results. They
agree fefy well with the théorétical model of Joannopoulos

and Cohen.

Although several density»of states calculations:have.been carried out

on siliconl'and germanium,2 relatively little experimental information is as

“yet available concerning the densities of states, p(E), of the more tightly-

boﬁnd valence electrons of these semiconductors. The valence—band den51t1es
of states of the crystalline modifications of Si and Ge are of current and

continuing interest. 1In additibn, a considerable amount of recent activity
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has been directed toward elucidating the electronic étructure in the amorphous
forms. 'For examplg, Thorpe and WéaireBIhave discuééed thfee alternative models
for the denéities-of states of amorphoﬁs Si and Ge, aﬁd joaﬁnopOulos and Coﬁenh
have'fecentiy givén quantitative predictions for p(E). In fhis‘Letter we present
the_first high-resolution XPS spectra for the densitieé'éfistateé of_érystailine
and amorphous Si and Ge and compare these spectra with theory.

The érysfalline samples were cleaved in a‘dry inért atmosphere'from
20 Q-cm n-type silicon and intrinsic germanium'single‘cryétals. The spectra
were taken with a Hewlett Packard HP5950A photoelectrdn:spectrometer with
monochromatic,AlKa x—rays,. After cléaving, the,éampleé_were introduced into

the analyzer vacuum of 8 x 10_9

torr within 30 seconds. HThe intensity ratios

of the Si(2p) to'ﬁhe contaminant 0(1ls) ande(ls) lines were 5:1 and 12:1,
respecti&ely; "No bxygén céntémination was detected on the Ge samplé; wheréas
 £he intensity ratio of Ge(3p) to C(1ls) was 10:1. ‘To prepare amQrphoué specimens,

Si and Ge films were evaporated onto clean gold surfabés”at room temperature

in the spectrometer sample preparation chamber, The background pressure was

7

initially 4 x 10" ' torr; it rose to 3 X lO-6 torr for 4 minutes during the

; evaporationé. The films were then directly transferred_ﬁo the analyzer vacuum

9

of 8 x 107 torr. The only contaminaﬁt detected was oxygén-on the Si film

(Si(2b):0(ls) = T:1).. The raw data for the valence band regions of all four

specimens are shown in Fig. 1. The‘épectra are referencéd to the Fermi level EF

of a thin layer of Au evaporated after the valence band heasurement onto the
semiconductor surfaces. The Au 4f lines are used as a secondary standard, by

assuming that their binding energies are the same relative to EF in the

evaporated film and in bulk gold. The densities of states'of the semiconductors

éxtend n15 éV'below_EF in both Si and Ge. Thé structure at the foot of the



v_experiment we have plotted for Si and Ge in Fig. 3 both p(E) as calculated
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uhfesoived Ge 3&_doublet can be entirely assigned to the first characteristic
energ& loés structure of thé:yaience§b§nd‘photoeiectroﬁs, as can

most of the éétellite‘structure that,ié found‘at 17 ev bélow the valence bénd
peaks in Si.. The-eﬁergy;loss'spectra from typical core levels are shown in
Fig.‘2. To éofféét for energy.losses, the inelastic lOés spectrum was approxi-
mated by the sﬁm of a continuous tail with magnitude at each point proportional
to tﬁe spectrﬁm arearat lower~binding_energy‘plusba discrete loss structure
cgnstructed by folding'a fesponse funcfion determiﬁed from the discrete
inelaéfic strﬁcture of a sharp.corevpeak and the valencé’band structure. This
correction accouﬁtéd for‘the structure at 19 eV in Ge aﬁd for 95% of the
structure at‘23'eV iﬁ Si. The remainiﬁg 5% is accountéd for by the contaminant

oxygen 2s peak. A correéspondingly small portion of the peak at 6.6 eV can be

attributed to the 0(2p) line. The corrected valence-band spectra are shown

in Fig. 3.

‘SeVeral band structure calculations have predicted p(E) for crystalline

'Si and Ge. These calculations show very good agreement among themselves. They

yield three éharacterisfic peaks in p(E). We shall label these peaks according

to the symmetry points Xh; L, and L2', in order of increasing binding energy.
Of course the‘peaks do not arise éntirely from bands at these symmetry points.
This notation is used_only for identification. To facilitate comparison with

lc,2b

and a broadéned-version‘that is consistent with the experimental resolution.
The agreement between theoretical and experimental peak positions and

shapes is strikihg for crystalline Si and Ge. Table 1 lists the energies of

~ the characteristic features, the theoretical densities of states p(E), and the

corrected XPS spectra, which we denote ‘as I'(E). The‘marginal ability to locate

the feature W2 giies an indication of the resolving powéf'éf our spectrometer.
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_ As Table 1 shéws; I'(E) provides very strong,confirmétioﬁ of ail three_theoretical
methéds fpr;éaldﬁlating p(E). ‘The relative intensities bf thevp—like X), |
and the s-like Ll + L2' peaks in Ii(E)‘varyimarkedly bet%eeh 5i and Ge and
ih neither cése\égree with p(E). This is not.unexﬁeéted; since I'(ﬁ) resembles
o(E) ﬁeighted wifﬁvthe photoemission créssfséction O.f.Extfﬁppla£ing.measured. ’ .  )
35/3p and ﬁs/ﬁp cbre—level'inﬁensity-ratioss"to thé valénde'electrons of 8i

and Ge yields
[0(38)/0(39) 1, ¢ lo(he)/ohp)],, = 2.3:1 .

The observed change in the intensity ratio of the corresponding valence band
structures is.2.2:1. Our Si intensities agree well with earlier XPS5 and

Si Ly 4 (sxs)'résults.6

s o .
The excellent agreement observedvfor crystalliné:Si and Ge provideé
a firm.basis for further XPS and theoretical bgnd-strﬁéture'work on semiconductors.
It also suggéstsvﬁhat these two gpproaches may profitéblj be uSed_togefher.’
.The results for amofphous Si and Ge are signifiééntly_diffe;ent from
the reséectivé cr&stalline modifications. From the I'(E) épeétra (Eig. 3)

we note the following observations:

1. The gross variation of intensity with reépectlto energy is similar
for the amorphous and crystalline materials in both elements.

2., The "Xh" peak remains essentially intact from crystalline to

amorphous material. — ) ‘ | ' » "

3, The L, and L,' peaks merge intb a single broad peak of intermediate
-1 2 : '

energy.

4, I'(E) shows a distinct minimum between the "X " peak and the broader

‘peak in the amorphous materials.
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\é.' The_centroid of the:ﬁxh" peak shifts toward Ef in.each case, by
0.4 eV in Si and 0.5 eV in Ge. |

6. The;émorphous Ge speetre were in good agreemeht for samples
prepared hy eveporation end hy Ar+ ion bombardment (lOOO'eV, 10 uA for i hour) .

Observatlons 1—3 are in agreement w1th the Si L (SXS) results of

_W1ech and Zopf.6'10bservation 2 is expected because tharises from.localized )

p-like bonding‘orhitals,T which are relatively-ihﬁensitiVe to long—rehge order. "

Obserration-6 indioates-that'If(E) for amorphous Ge wésireproducihle even though
the meihod'of semple preparation was veried. | | | ‘-
ObserVations 3-5 areithe ones that allow a distincfion ro be made
among dlfferent theoretlcal models for amorphous semlconduotors.hA h
Thorpe and Wealre3 have recentiy discussed three theorehlcal models for

amorphous si and'Ge. The Brust mode19

yields a p(E) that resembles»& somewhat
broadened»version'of the crystalline p(E). Thorpe ahd Weaire indicated that

the Penn'modello_might apply to amorphous semiconductors. The o(E) curve

' for the Penn model shows no minimum, but rather a (broedehed)hlogarithmic

divergence near E:

. and & free-electron p(E) below. Our data exclude both of

‘these shapes for p(E), thereby ruling out these two models as being appliceble

to amorphous Si and Ge. Our spectra definitely requireva model that predicts

large changes in the s—like L and L2' peaks but not in the pelikeixh peak on

g01ng from the crystalllne to the amorphous state. Thorpe‘and Weaire

_descrlbed a model that dlstlngulshed between the effects of local and long-

range interactions. They sketched a curve for p(E) that- is in good agreement
with our amorphous Sl and Ge spectra, espec1ally Observatlons 2=k,
Ajmore quantltatlve comparison with theory is provlded by the recent

EPM calculations of Joannopoulos and Cohenh on several forms of Ge. Their
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p(E) results for Ge (ST—l2), after smoothing to eliminate sharp feetures
‘associated with long—range order, show very good agreement with our I (E)
curve. They have also calculated Si (ST-12) with 31m11ar results. Their
.ep(E) curves are‘shown in Fig. 3. As they'p01nted out, Ge'(ST-lQ) shows short-
range dlsorder, but the peak neaf EF sﬁill arises from.p-like:bonding orbitels.
Their model predlcts the shlft of this. peak toward Eq (Obeervation 5). _The
crucial feature of the‘ST—l2 structure,vaccordlng to Jeennopoﬁles and bohen,
is the ﬁresence of five- and seven;membered rings. This feature causes the
twovlower-energy:péaksiin I'(E) to merge.

In summeary, our I'(E) results strOngly support,t#e.Joaﬁnopoulos-Cohen'

model for amorphous Si and Ge., It appears that futﬁre.theoretical developments

on the band structure of amorphous Si and Ge should be constrained to reproduce.

the first five observations listed above. 
It is-e'pleasure'to_acknowledge the generous contributions of
Professor Marvin Cohen and Mr. John Joannopoulos to this research. One of

us (L.L.) greatly appreciates a grant from the Max-Kade Foundation,
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Table 1. Energles of - characterlstlc features in the valence band spectra of

'Si and Ge. The theoretical entries are. taken from den31ty of states calcula-

tions after approprlate broadening.

v a) Crystalllne Silicon . e

' gzgerlment R _ Theon[
o v . EPM | SCOPW
IYE) M. L. Cohen - Stukel,
: o et al. lc et al. *
x, T 2.2ev 2.6 eV 2.5
Wy, 3.6 k.o 3.1
v .V'h}h o 5.1 ks
Ll ) . . 6.6 : 7.1 ' 669
W 1.8 8. 8.2
L, .92 100 9.6
r, T 13,0 11.8
| b) Crystalline Germanium o
| Exgeriment*' o - Theofyf. .
o | ~ EPM OPW - " SCOPW
S IN(E) : M. L. Cohen Herman Stukel
o o : "_el'g._l_.eb _ 9.1".-5.];"28" E‘E_ﬁ%-la
X, 2. b ev 2.3 2,7gev}.' 2.6
W, 3.6 3.4 3.8 3.6
v R ST b9 k.9
L, T2 69 7.3 6.8
W 8.6 8.5 8.6 7.8
Le' 1043 9T E 10.2 9.k
r, 13.0 2.4 12T 1.7

*Positions relatlve to gold Fermi level. o v
+P051t10ns relatlve to the top of the valence bands. lj*

*The valley between W2 and Ll is arbltrarlly called V.
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FIGURE CAPTIONS |
,fig. 1. XPS valence-band spectra of crystalline and amofphdus Si -and Ge.
Fig. 2. Si 2p anékce 3d core levels exhibiting the chafactéristig'energy loss
| struéture,(plésmons) used in the valence band correction procedure,

Fig. 3. Cprrécted”spectra,I'(E) (point_plots) and caiculéted densities of
' lc,2b,k :

states p(E) (lower curves) for the valence-bands of crystalline
and amorphous (ST-12) Si and Ge. A broadened p(E) is also shown for

crystalline Si and Ge (middle curves).
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