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Abstract. High Energy solid state electron momentum spectroscopyJEIcapable of directly
measuring spectral functions of ordered and disorderad swdtter. In this paper we investigate
the spectral functions for the group IV semiconductors Geé 8n We attempt to resolve the
electronic structure differences in amorphous, polyetlise and crystalline atomic arrangements
of the semiconductors. We examine the experimental diffege in polycrystalline and amorphous
Ge, and draw conclusions as to the similarities/differermtween the two states of matter.
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1. INTRODUCTION

Semiconductor samples can be prepared in an amorphougrysiblline or single-
crystal form. Each form is expected to have a different ebeit structure resulting
from differences in the degree of short and long range ohd#nis paper we will present
experimental spectral functions for these three statesdardor semiconductors. Sin-
gle crystals have both short and long range order. Polyallyst samples consists of
many small randomly oriented single crystals separatedédiyn ¢poundaries. Except for
the small number on atoms that are located at the grain boesdsach atom is in a
very similar environment as in a single crystal. The measw@lectronic structure of
polycrystalline samples is thus expected to resemble therggally-averaged electronic
structure of a single crystal. Amorphous semiconductonsbeadescribed by a continu-
ous random network (CRN) [1]: each atom still has a co-ordamatiumber of four but
is positioned in a distorted tetrahedron with a distriboitd bond lengths and bond an-
gles. CRN structures are more ordered than a classic amorpblidis/Vith limited short
range order in the CRN samples the question arises, how differéhe polycrystalline
and amorphous electronic structures of semiconductors?

From a theoretical point of view the amorphous phase presemhallenge as the
electronic structure can not be described by Bloch functoiunes to the absence of a
periodicity in the potential. One approach is to approxanidte amorphous phase as
a crystal with an extremely large, disordered, unit cell gfjother approach is based
on Green'’s function techniques [3]. We will present expemtally measured spectral
functions to try to resolve the validity of some of the theima assumptions.

In EMS a high energy electron impinges upon a solid targettedng from a bound
electron which is ejected. These two electrons are thenumeg coincidence and via
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FIGURE 1. The spectral functions for a single crystal silicon sampéasured for momenta along the
a)< 100>, b)< 110>, c)< 111> crystallographic direction. Experimental results arevahn the left
half, theoretical calculations in the right half of each @lan

conservation laws we can directly determine the bindinggnand the momentum of

the bound electron an instant before the collision tooke[d¢. The EMS cross-section
can be shown to be directly proportional to the target spefinction, ie the modulus

squared of the momentum space one electron wavefunctiom[blr spectrometer the
detectors are positioned in such a way that only targetrelestwith momentum along

the vertical direction contribute to the coincidence comaté. Thus for single crystal

targets the anisotropy in the electronic structure can a@ved by rotating the sample.
In EMS real momentum of the bound electron is measured, mottystal momentum

and thus polycrystalline and amorphous solids are alsdeviabgets. By using EMS to

measure the the spectral functions of ordered and disafderaiconductors we attempt
to establish experimentally to what extent their elect@tiuctures differ.

2. CRYSTALLINE SILICON

The experimental spectral function of crystalline Si hasrbeneasured by the solid
state EMS group at the Australian National University fopesmental information
see Vos et al. [6, 7]. In Fig. 1 we show the experimental spedtmctions for the
three high symmetry directions of single crystal Si and carag them to calculations
based on full potential linear muffin tin orbital (FP-LMTOgmsity functional theory.
Anisotropy in the electronic structures of the Si crystaulein large variations of the
EMS results for different crystal directions (Fig. 1). ThB-EMTO theory matches
the measured band dispersion amazingly well. Theory failaccurately predict the
relative band intensities, with, for example, theory peéidg the bottom of the band to
be most intense, whereas in the experiment the top of the linthe largest intensity.
The clear differences between the measured and calculagettal functions for the Si
<100> direction can be attributed to finite experiment motmenresolution [8]. These
results have been analysed in more detail by Kheifets €B]and Bowles et. al. [10].
With the validity of the method established by the good agwes between experiment
and theory for single crystal samples, we are now in a goodipogo study the less
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FIGURE 2. The experimental spectra of amorphous Germanium (squaagrystalline Germanium
(full line) at momentum intervals as indicated. Also showa ealculated spectra based on the spherically
averaged theory of single crystal. Intensity of theory ia taft panel is divided by 2. The diffraction
patterns shown at the right is measuirditu for the polycrystalline and amorphous film. The lower right
panel shows the influence of the thickness on the 3d inteasiterived from Monte Carlo simulations.

understood amorphous form, and compare its electronictstel with the results for
polycrystalline films.

3. POLYCRYSTALLINE VERSUSAMORPHOUS GERMANIUM

Amorphous semiconductor films, suitable for EMS can be madeMaporation on

thin (30 A) carbon films. Polycrystalline films can be made byealing these films.
However in the case of silicon a reaction at the Si/C interfa@duced silicon carbide
[11]. This problem does not occur for germanium. The measspectral function for

amorphous and polycrystalline germanium as well as theotedn diffraction patterns
are shown in Fig. 2. The polycrystalline diffraction pattes a 360 smearing of the

single crystal diffraction pattern, resulting in sharp centric circles. Amorphous Ge
samples however with their large distribution of bond Id&sgand angles give much
broader diffraction rings.
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FIGURE 3. a) The measured spectral functions for disordered Ge, drmoagxleft) and polycrystalline
(right). (b) The measured spectral functions of amorphoeigl&€t) and amorphous Si (right).

It is thus surprising that, in spite of the large differencethe electron diffraction pat-
terns, the measured spectral function of polycrystallimg @amorphous germanium are
very similar indeed. The two sets of spectra were normalisaty a single factor. Within
the statistical limits the spectra near zero momentum aetichl, with the exception
that the plasmon loss peak (16 eV below the main peak) istbligiore pronounced
in the polycrystalline case. This is in agreement with theifigs of Zeppenfeld and
Raether that the plasmon energy loss peak is more intenseciinal energy loss spectra
of polycrystalline samples compared to amorphous samp®sThe second difference
is in the spectrum for the 0.6-0.7 a.u. momentum range whene tis a minimum in
intensity near 5 eV for the polycrystalline case. In the gghous case this minimum is
less pronounced. This momentum range coincides for marsyadlipe orientations with
the first Brillouin zone boundary, and hence we are sensitivehie splitting between
the inner and outer valence band in these momentum ranggiténo$ the spherical av-
eraging this splitting is still evident in the polycrystal data. The fact that this is less
evident for the amorphous case is expected, as the conct bfst Brillouin zone is
not so well defined for amorphous semiconductors where thraiatbonds and angles
vary by about 10% [13] relative to the crystalline case. Baaplsgbetween the conduc-
tion band and valence band are found experimentally anddualegions for amorphous
semiconductors [14, 15].

Most surprisingly the most pronounced differences areddarthe high momentum
spectra (above 1.2 a.u.) of Fig. 2. In the polycrystallingecilne 3d electron appear sys-
tematically more intense compared to the amorphous casendimalisation constant
of the two measurements was chosen such that the valencddznces had equal in-
tensity. Normalisation of the 3d features to equal heighildbanake the amorphous Ge
valence band more intense than the polycrystalline one.nid&t likely cause of this
phenomenon is that the variation in intensity is due to dffé elastic multiple scatter-
ing contributions due to different sample thicknessess Paissibility was investigated
in Monte Carlo calculations, using the result of the FP-LMTdlcalation as input [16],
but assuming different sample thicknesses. These reseltshawn in Fig. 2 as well.
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FIGURE 4. Left: Momentum profiles at different binding energies. Thespersion’ appears weaker
for the amorphous sample compared to the polycrystalliree Bight: a closer look at the differences in
the slope of the sp-hybridised band of the amorphous anadpalalline spectral functions.

Consider first the intensity at the bottom of the valence b&taktic scattering will re-
move intensity away from zero momentum, and will cause sitgrio be shifted from
the peak at zero momentum to the background at the same ebetégrger momentum
values. For the non-dispersing 3d feature elastic scagfevill cause intensity still to
contribute to the 3d peak, but now at the ‘wrong’ momenturmdéeit appears that the
3d intensity increases with thickness relative to the waddmnd intensity.

In Fig. 2 we show the results of the FP-LMTO calculations al.Wethis calculation
we treated the 3d electrons as valence electrons. In thisweagbtain intensities for
valence electrons and the 3d electrons in a uniform way. almilated Ge 3d position
Is at somewhat smaller binding energy as the measured 3tgoo$due to life time
broadening (not included in the calculation) the maximurakgeeight near the bottom
of the band is larger in the theory than in the experiment. dasy comparison we
re-scaled theoretical intensity in the left panel of Fig.The measured 3d intensity
Is significantly larger than the calculated one, anotheicattbn that elastic multiple
scattering reduces the valence band intensity more tha3dtiensity.

We compare the measured spectral function of amorphousagéum as a grey-scale
plot with that of polycrystalline germanium Fig.3(a) andmamorphous silicon in Fig.
3(b). Again the differences are minor. For Ge the 3d leveljaanhbe distinguished near
29.5 eV binding energy, and this feature is of course abse8t.iThe silicon features
are somewhat broader. The amorphous silicon spectra résémliheoretical results of
Hickey and Morgan calculations at least semi-quantititiya]

Upon examining the spectral function of amorphous and pgstalline Ge one more
difference is noticeable. The slope at the top of the bands tiee Fermi level is
slightly different. This point is emphasised in Fig. 4. Trend gap is due to a periodic
potential that interacts strongly with electron stateshwitvectors near the Brillouin
zone boundary. In the amorphous case this periodic potesitiess well defined due



to the lack of long range order and the dispersion for a maerdered sample would
deviate less from a free electron behaviour. The polychystsslope near the top of the
band (13.3:3.6 eV/a.u.) is much smaller then the amorphous slope (28.4 eV/a.u.).
This electronic structure effect could be an experimemtdication of the crystalline
order differences of the two samples.

4. CONCLUSION

Single crystal Si spectral functions were shown in compari® full potential linear
muffin tin orbital calculations. Agreement was in generait@good. The anisotropy
of the band structure is well resolved and the observed bamedision was very well
reproduced by theory. Based on this understanding of singkgat silicon result we
want to compare the electronic structure of amorphousaosiliand amorphous and
polycrystalline germanium. For momenta near the edge ofitsieBrillouin zone the
spectra are split in a lower and upper band contribution faygystalline Ge but
somewhat less for amorphous Ge and Si. This can be attritatédae lack of long
range order in the latter cases. A noticeable differencéénGe 3d level to valence
band intensity ratio between amorphous and polycrysea{le and amorphous Ge was
found but is not understood. The position of the maxima inGegemomentum profiles
near the top of the band are more dependent on their bindierggthan the amorphous
ones. Besides these minor differences we find a surprisiagigIsimilarity between the
amorphous and polycrystalline Ge spectra.
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