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Electronic Density of States of Amorphous III-V 'Sen'li”cond.uctors

-J. D. Joannopoulos and Marvin L. C_ohen*
Department of Physics, University of Celi.fOrnia
| and |
Inorganic Me.terials Research Division, Lawrence B.erkeley Laboratory'

Rerkeley, California 94720

Abstract
» . A short-range disorder model is useci to predict- -
the prominent features of the density of states of. amor;-
phous III-V semiconductors. Confirmation of this model
would establish the existence of III-1II and V-V bonds in
these materials.
| Upto new there has been a considerable amount. of experimentall'

14

and theoretieal6' " research on the optical properties and density of states

spectra of amorphous group IV elements (i.e. Ge and Si). A natural exten-
sion of this ‘Work would be similar studies of III-V compounds such as GaAs.

15

The optical spectra of the amorphous III-V's™ "~ are similar to those of amor-

phous group IV elements as one might expect and.can_be imderstoodM in the
same way as the optical properties of amorphous Ge and Si. However, the
-bdensity of stat'es‘ of amorphous III-V compounds is as yet unknown. Ultra-
violet and x--fay photoemission spectra could be used to obtain the density of

: these
states spectra for/semiconductors - and our calculations indicate that a

great deal of infdrmation about the chemical bonding and electronic structure



of these materialé c-ould be obtained.'from studies of this, type. For example,
it rﬁay be possible to establish the existence of Gé-l-'Ga'arid.fAs-As_ bonds in
amofphous GaAs using photoemissiqn spec'tra.‘r o

I.n this work we use a short-range disorder (S_RD) }r_n.odel to predict
the density of states of amorphous III-V compounds. The SRD approach
has been used successfully]] 14 to interpx.'et' the structuré‘in both the density
of states and reflectivity in amorpho'us Ge and Si (usihg calculated spectra
for complex crystalhne polytypes of these materlals) "The only theoretical
for amorphous III-V's 16 -

’ pred.lctlons/until now have been due to Kramer et al. who use a long-range
disorder model in the sense of a comﬁlex b‘a.nd.vstructure (CBS) calculation.
The CBS method, however, leaves the filled valence band d,ensity ‘of states
almo.st completely unaltered in the amorphous case. This ié invalid in the
case of amorphous Ge arid Si and we believe it is also invalid in the case of
amorphous III-V compounds. | | |

| Us‘mg GaAs as a prototype of the III-V's wé will analyze the charge
distribution fér the electronic states assolciated with specific bands or parts
of bands which are responsible for the prominent featufes of the density of
states spectra. We canthen use the SRD model to predict the changes in the
density of states arisincj frorh changes in the charge distribution or bqnding
conﬁqurations. |

In Fig. 1 the theoretical density of states for crystalline GaAs is

given. This spectrum wé.s calculated using the empirical pseudopotential
method] 7(EPM) and we show only the filied. valence band. | The crystalline

~structure of GaAs dictates that every Ga atom be surrounded by four As
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atoms and vice versa. Thus there is only one type of bond in the érystall‘me
case, i.e, a GaAs bond which we shall call ang_n_l:ll(_gbond.

Now some information about the average distribgtion of the electrons
in each band can be obtained from charge d.ensity calrculations]8 and this
is shown sche"mat’ically.at the bottom of Fig. 1. In the lowest energy band
tﬁe éléctrons see the stronger As potential and are concentrated around the
As atoms. They are essentially the As s-like states and are vd.etached in
energy from the rest of the valence band. The electrons in the next band
at higher enercjies are now more con'centx;ated. aroun.d, the Ga atoms and in
the bond... .Finally the electrohs in the two bands at the top of the valence
band are essentially concentrated in the bond with a slight shift tqward. the
As ions.

f‘rom the structural point of view, an important and distinct feature
of the amorphous III-V structure ié the possibility of having like nearest
neighbors, or like bonds, in addition to the normal;ug;l_il_gg bonds. This
would be a nec"essary consequence if the amorphous GaAs structure could
have any odd-numbered rings of bonds. The presence of_' odd-numbered rings

10,13 to be an essential property of the amorphous

of bonds has been shown
Ge and Si structure in explaining the shape of the amorphas density of
states near the bottom of the valence band.

Added prbminence to the feasibility of héving like bonds in an
amorphous III;V structure has been given by Shevchikvand Paul19 who
| calculated radial distribution functions (RDF's) for amorphous Ge and

indicate that the RDF's of the amorphous III-V compounds
some amorphous III-IV compounds. Their results/ are very similar to the RDF of
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amorphous Ge and in particular the RDF of a'morphoxu}s} GaAs is almost
i\dent‘ical to that of amorphous Ge. Although an RDF is not a sufficient con-
dition for a particular st.ructure it is at least a nece'sséry condition and this
is very suggesti\}e of the structure. Furthermore, Shé_vchik and, Paul found
that the contribution of about 10% of like bonds (being a réasonable estimate
using the Polk20 model which also gives the same RDF-as amorphous Ge)
to the heat of crystallization of amorphous Ge, using 13>a1,111r1g's21 energy
bond model,‘ was lvery small and thus not sufficient to pr_ohibit their forma-
tion. |

We also believe that a large number ( ~ 10%) of_l_i}g_ebonds in the
amorphéus [II-V structures is plau-sible and this must also have direct
consequences on the amdrphous density of states. Using the fact that we
canhave é significant number of likebonds in addition to unlikebonds in the
amorphous strﬁctu_re and using calculatvions‘ for the distributions of electrons
. in the bvan.ds we are led £o predict é.n amorphous GaAs density of statevs.that
‘would have the _sh'ape shown in Fig. Za. Superi;riposed on our suggested
amorpﬁous GaAs curve is a plot of thve density of sta.Ltves of ‘crystalline
GaAs as obtained from an EPM calculation. We notice that every.peak
| should be broadened and this is quite different from the amorphous density
of states of Ge (shown in Fig. 2b). The experimenta.lly measured amorphoﬁs
density of Stétes for Ge obtained by Léy _et__@l.5, uSing xéray photoemission
spectroscopy, shows essentially no broadening at all but rather a filling
up of the va lie'y between the first two bands (caused by ovdd- numbered rings

10,13)

of bonds and a steepening of the band edge (caused by deviations in



the bond angles]?').‘
in contrast to Ge, the bro‘a‘.d‘ening' in the density of states of amorphous
G:iAs .is produced by the increase in the overlap integré.ls between like neigh;
bor atoms and the different types of boridihg states that one can now have,.
Let us examiné the amorphous GaAs density of states 'fnore carefully.
Concentrating first on vthe lower energy band, 4wé can estimate the

broadening of this band using a simple model. Since the states in this band

- are localized s-like states centered at As atoms only, we assume that the

width of the s-like band is determined in all cases by an overlap integral I
between nearest neighbor As atoms. The assumption that only nearest
neighbors are important is not too bad for our purposes since from the

RDF'S]Q

we know that the number of second nearest neighbors in amorphous
GaAs is essentially the same as that of crystalline GaAs. The width would

then be given by the following approximate formula: '

W o= 2Ic (1)

where c is the coordination number of riéarest like neighbors. We now take
I to be of the form:
S -KR _ . 9
I = Ioe _ (2).
where IO and K are parameters and R is the nearest neighbor distance

between like} atoms. The parameters IO and K can now be obtained by

- fitting W to the theoretica.lz2 s-band width of the As-metal structure and tothe theo-

retical s-band width of GaAs once the Ga atoms have been removed.; With these
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estimates for IO and K, we now use (1) with ¢ = 1 and (2 with R equalto
twice the covalent radAius:21 of an As atom to estimate the increase in width

~that will be observed in amorphous GaAs. This gives

AW ~ 1eV

so that thev»lower: band in amorphous GaAs should be at least 1 eV wider
at half maximum than the Width for crystalline GaAs. |

We' expect that the next. peak at higher energy in the ar:iorphous GaAs
density of stéte_s should be less broadened than the lowér peak. Since part
of the electrons in this band are spread out in the bond with some charge
density localized on the Ga atoms, the difference in ovefi_ap between Ga-Ga
atoms and As-As atoms in this band with those of Ga-As in this band will be
small. Furthermore, this difference in the overlap integral will be smaller
than the differeri‘ce in overlap between As s-like states i‘n’ zincblende and in
ﬁ_lg_e_ bond configurations. |

_ Finally,' we only expect a simple broadening of;the' bonding states at
the top of thé valence band. ‘Actlually this broad.eningv should be iarger than _
in the midd,le peak since we have a highér density of electrons which are
more localiied in the bonds. In fact it may be possible to discern one peak
and two shoulders here aris’mg from the three types of bond.ing states that
are possible, with ‘Avs-As bonding states at lower energ.y and Ga-Ga bond-
ing states at higher energy than the Ga-As bonding stétes.

We hope this work will entice expérimental inv‘:evstigations.v Con-

firmation of our model will be definite evidence of the presence of a
)



significant number of like bonds in the amorphous 'structure.' A detailed
study of the amorphous' d‘ensity of .statesfrnay even yield an estimate of the
' ,number of _1_;1_@_ _bondS present and the pa-rt'icul_ar clustermj configurations
that they fa;vor’. - |

Prelirninary results on amorphous InP by Ley,23 seem to confirm -
sorne of these expectations but a more carefnl vstud.y of szimple _preparation
is under .wvay. | |

'In order' to explore these id.eas further, weare now studying the

density of States"of amorphous I-V's using complex crys-tvalline‘ models similar
to those used in ourk calculations on amorphous G_e and S:it: We hope to deter—
mine the inﬂuences of d.if_ferent types of structures on the propertiee of the

density of states. ' '
- .—_This work was done under the auspices of the U. S. Atomic Energy Commission.
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Figure 1

Figure 2
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Figure Captions

A plot of the density of states '(top) for Gé.As using an EPM
éalculation and the typical average 'distri.b_ution of electrons
(bottom) corresponding to the three rangés in energy shown.
(.a) A ’sketch -of the density of stéte's fér amorphous GaAs
(solid line) predictéd in this paper a.nd a plot of the density

of states for GaAs (dashed line) in the zincblende structure.

~(b) A sketch of the density of states for amorphous Ge (solid

line) obtained by experiment (ref. 5) and a plot of the density

- of states for Ge in the diamorid structure.



DENSITY OF STATES

—

_10_; .

‘GoAs'

v

-\

" ENERGY °*




DENSITY OF STATES

-11-

(a) GaAs .
o i~ CRYSTAL
: * ¢ AMORPHOUS

ENERGY

Fig. 2




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



