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X-RAY PHOTOEMISSION SPECTRA OF CRYSTALLINE AND AMORPHOUS 

* Si AND Ge VALENCE BANDS 

t tt L. L~y, S. Kowalczyk, R. Pollak , and D. A.,.Shirley 

Abstract: 

Department of Chemistry and 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

July 1972 

The high resolution x-ray photoelectron spectra 

of the total valence bands of crystalline and amorphous 

silicon and germanium are reported. For the crystals, 

the XPS spectra yield results that are strikingly similar 

to current theoretical calculations of the electron 

density of states, p(E). Amorphous Si and Ge exhibit 

definite band structures that are similar to one another· 

but markedly different from the crystalline results. They 

agree very well with the theoretical model of Joannopoulos 

and Cohen. 

LBL-688 

bound valence electrons of these semiconductors. The valence-band densities 

of states of the crystalline modifications of Si and Ge are of current and 

continuing interest. In addition, a considerable amount of recent activity 
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has been directed toward elucidating-the electronic structure in the amorphous 

forms. For example, Thorpe and Weaire3 have discu~sed three alternative models 

4 for the densities of states of amorphous Si and Ge, and Joannopoulos and Cohen 

have recently given quantitative predictions for p(E). In this Letter we present · 

the first high-resolution XPS spectra for the densities of states of crystalline 

and amorphous Si and Ge and compare these spectra with theory. 

The crystalline samples were cleaved in a dry inert atmosphere from 

20 Q-cm n-type silicon and intrins:i,c germanium single crystals. The spectra 

were taken with a Hewlett Packard HP5950A photoelectron spectrometer with 

monochromatic AlKa x-rays. After cleaving, the samples were introduced into 

the analyzer vacuum of 8 x 10-9 torr within 30 seconds. The intensity ratios 

of the Si(2p) to the contaminant O(ls) and C(ls) lines were 5:1 and 12:1, 

respectively. No oxygen contamination was detected on the Ge sample, whereas 

the intensity' ratio of Ge(3p) to C(ls) was 10:1. To prepare amorphous specimens, 

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

in the spectrometer sample preparation chamber. The background pressure was 

initially 4 x 10~7 torr; it rose to 3 x 10-6 torr for 4 minutes during the 

evaporations. The films were then directly transferred to the analyzer vacuum 

of 8 x 10-9 torr. The only contaminant detected was oxygen on the Si film 

(Si(2p):O(ls) = 7:1)• The raw data for the valence band regions of all four 

specimens are shown in Fig. l. The spectra are referenced to the Fermi level EF 

of a thin layer of Au evaporated after the valence band measurement 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 

extend '\., 15 eV below EF in both Si and Ge. The structure at the foot of the 
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unresolved Ge 3d doublet can be entirely assigned to the first characteristic 

energy loss structure of the valence-band photoelectrons, as can 

most of the satellite structure that is found at 17 eV below the valence band 

peaks in Si. The energy-loss spectra from typical core levels are showri in 

Fig. 2. To correct for energy losses, the inelastic loss spectrum was approxi-

mated by the sum of a continuous tail with magnitude at each point proportional 

to the spectrum area at lower binding_ energy plus a discrete loss structure 

constructed by folding a response function determined from the discrete 

inelastic structure of a sharp core peak and the valence band structure. This 

correction accounted for the structure at 19 eV in Ge and for 95% of the 

structure at 23 eV in Si. The remaining 5% is accounted for by the contaminant 

oxygen 2s peak. A correspondingly 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 ~greement among themselves. They 

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

to the symmetry points x4, 11 , and 12 ', in order of increasing binding energy. 

Of course the peaks do not arise entirely from bands at these symmetry points. 

This notation is used only for identification. To facilitate comparison with 

experiment we have plotted for Si and Ge in Fig. 3 both p(E) as calculatedlc, 2b 

and a broadened version that is consistent with the experimental resolution. 

The agreement between theoretical and experimental peak positions and 

shapes is striking 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 m,arginal ability to locate 

the feature w2 gives an indication of the resolving power of our spectrometer. 
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As Table 1 shows, I'(E) provides very strong confirmation of all three theoretical 

methods for calculating p(E) •. The relative intensities of the p-like x4 
and the s-like 11 + 1 2 ' peaks in I' (E) vary markedly between Si and Ge and 

in neither case agree with p(E). This is not unexpected, since I 1 (E) resembles 

p(E) weighted with the photoemission cross section cr. Extrapolating measured 

3s/3p and 4s/4p core-level intensity-ratios8 to the valence electrons of Si 

and Ge yields 

[cr(3s)/cr(3p)] 8i [cr(4s)/cr(4p)]Ge = 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 XPS 5 and 

Si 12,
3 

(SXS) results. 
6 

The excellent agreement observed for crystalline Si and Ge provides 

a firm basis for further XPS and theoretical band-structure work on. semiconductors. 

It also suggests that these two approaches may profitably be used together. 

The results for amorphous Si and Ge are significantly different from 

th_e respective crystalline modifications. From the I 1 (.E) spectra (Fig. 3) 

we note the following observations: 

l. The gross variation of intensity with respect to energy is similar 

for the amorphous and crystalline materials in both elements. 

2. The "x4" peak remains essentially intact from crystalline to 

amorphous material. 

3. The 1
1 

and 1 2
1 peaks merge into a single broad peak of intermediate 

energy. 

4. I 1 (E) shows a distinct minimum between the "x4" peak and the broader 

peak in the a.morp~ous materials. 
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. 5. The centroid of the "x4" peak shifts toward EF in each case, by 

o.4 eV in Si and 0.5 eV in Ge. 

6. The; amorphous Ge spectra were in good agreement for samples 

prepared by evaporation and by Ar + ion bombardment ( 1000 eV, 10 ]JA for l hour) • 

Observations l-3 are in agreement with the Si L2,
3 

(SXS) results of 

Wiech and Zopf.
6 

Observation 2 is expected because x4 arises from localized 

p-like bonding orbitals, 7 which are relatively ins1ensitive to long-range order. 

ObserV-ation 6 indicates that l' (E) for amorphous Ge was reproducible even though 

the method of sample preparation was varied. 

Observations 3-5 are the ones that allow a distinction to be made 

among different theoretical models for amorphous semiconductors • 

. 'l'h~rpe a.Ild Weaire3 have recently discussed three theoretical. models for 

amorphous Si and Ge. The Brust model9 yieids a p(E) that resembles a somewhat 

broadened version of the crystalline p{E). Thorpe and Weaire indicate,d that 

the Penn model10 might apply to amorphous semiconductors. The p(E) curve 

for the Penn model shows no minimum, but rather a (broadened) logarithmic 

divergence near EF and a free-electron p(E) below. Our data exclude both of 

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

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

large changes in the s-like 11 and 12 ' peaks but not in the p-like x4 peak on 

going from the crystalline to the amorphous state. Thorpe and Weaire 

described a model that distinguished between the effects of local and long-

range interactions. They sketched a curve for p(E) that is in good agreement 

with our amorphous Si and Ge spectra, especially Observations 2-4. 

Amore quantitative comparison with theory is provided by the recent 

EPM calculations of Joannopou+os and Cohen4 on several forms of Ge. Their 
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p(E) results for Ge (ST-12), after smoothing to eliminate sharp features 

associated with long-range order, show very good agreement with our I'(E) 

curve. They have also calculated Si (ST-12) with similar results. Their 

p(E) curves are shown in Fig. 3. As they pointed out, Ge (ST-12) shows short-

range disorder, but the peak near EF still arises from p-like bonding orbitals. 

Their model predicts the shift of this peak toward EF (Observation 5). The 

crucial feature of the ST-12 structure, according to Joannopoulos and Cohen, 

is the presence of five- and seven-membered rings. This feature causes the 

two lower-energy peaks in I'(E) to merge. 

In summary, our I'(E) results strongly support the Joannopoulos-Cohen 

model for amorphous Si and Geo It appears that fUture theoretical developments 

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

the first five observations listed above. 

It is a 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. 

t 

( 
/. ,. 

: 

• 
l . 

,I 



·I 1 .. 

'• 

\ ' ..... :. 

-7- .LBL-688 

FOOTNOTES AND REFERENCES 

* Work performed under the auspices of the u. s. Atomic Energy Commission. 

tOn leave from University of Borin, Germany. 

tt!n partial fulfillment of Ph.D. 

1. See for example: (a) E.O. Karie, Phys. Rev. 146, 558 (1966); (b) D. J. 

rd · 
Stuckel,. T. C. Collins, and R. N. Euwema, Proc. 3 Int. Mater. Res. 

Symp., Electronic Densit;y of States, Nat. Bur. Stand. (u.S.), Spec. Pubi. 

323 (1971); (c) M. L. Cohen, and J. D. Joannopoulos (private communica-

. tion). 

2. See for example: (a) F. Herman, R. L. Kortum, C. D •. Kuglin, and J. L. Shay, 

in Pro·c. Inter. Conf. on II-VI Semiconducting Compounds, Providence, 1967 

(W. A. l3enja.m.in, Inc., New York, 1967); (b) M. L. Cohen and J. D. 

Joannopoulos (private communication); (c) M. Cardona and F. ·H. Pollak, 

Phys. Rev. 142, 530 (1966). 

3. M. F. Thorpe and D. Weaire, Phys. Rev. Letters 27, 1581 (1971). 

4. J. D. Joannopoulos and M. L. Cohen, to be published. 

5. D. w. Langer, z. Naturforschung. 24a, 1555 (1969). 

6. G. Wiech and E. Zopf, Proc. Inter. Conf. on Band Structure Spectroscopy of 

Metals and Alloys, Univ. of Strathclyde, · Glasgow, Scotland, September, 1971. 

7. 

8. 

9. 

J. P. Walter and M. L. Cohen, Phys. Rev. B ~' 1877 (i971). 

K. Siegbahn, c. Nordling, G. Johansson, J. Hedman, P.- F. Heden, K. Hamrin, 

U. Gelius, T. Bergmark, L. 0. Werme, R. Manne, andY. Baer, ESCA.Applied 

to Free Molecules, North-Holland Publishing Co., Amsterdam, 1969. 

D. Brust, Phys. Rev. Letters 23, 1232 (1969). 

10. D. Penn, Phys. Rev. 128, 2093 (1962). 



/ 

-8- LBL-688 

Table 1. Energies of characteristic features in the valence band spectra of 
Si and Ge. The theoretical entries are taken from density of states calcula
tions after appropriat.ebroadening. 

x4 

w2 

* v 

Ll 

wl 

L I 
2. 

rl 

x4 

w2 

. v* 

Ll 

wl 

L2 ' 

rl 

* Experiment 

I 1 (E) 

2.2 eV 

3.6 

4.4 

6.6 

7.8 

9.2 

14.7 

* Experiment 

I' (E) 

2.4 eV 

3.6 

4.9 

7.2 

8.6 

1.0.3 

13.0 

a) Crystalline Silicon . 

EPM 
M. L. Cohen 

et al.lc --
2.6 eV. 

4.0 

5.1 

7.1 

8o2 

10.0 

13.0 

. t 
Theory· 

b) Crystalline Germanium 

Theoryt 

EPM OPW 
M. L. Cohen Hennan 
et al. 2b et al. 2a -- -·-
2.3 eV 2.7 eV 

3.4 3.8 

4.4 4.9 

6.9 7.3 

8.5 8.6 

9.7 10.2 

12.4 12.7 

* Positions relative to gold Fermi level. 

tPositions relative to the top of the valence bands. 

*The valley between w2 and L1 is arbitrarily called V. 

SCOPW 
Stukella 
~&· 

2.5 

3.1 

4.5 

6.9 

8.2 

9.6 

11.8 

SCOPW 
Stukel 
~~.la 

2.6 

3.6 

4.9 

6.8 

7.8 

9.4 

11.7. 
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FIGURE CAPTIONS 

.Fig. 1. XPS valence-band spectra of crystalline and amorphous Si al'ld Ge. 

(, Fig. 2. Si 2p and Ge 3d core levels exhibiting the characteristic energy loss 

-~ \ 
I!' 

structure (plasmons) used in the valence band correction procedure. 

Fig. 3. Corrected spectra I'(E) (point plots) and calculated densities of 

)lc 2b 4 
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) • 

'.I 
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