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The evolution of the electronic structure of disordered Te and Qe films upon thermal
annealing and/or laser irradiation has been traced with use of the newly developed double-
beam photoemission technique, In particular, it is shown that, contrary to what occurs
in Te films, the onset of short-range crystalline ordering appears abruptly and uniformily
within the Ge films, but over a much too short range to avoid R randomization before
emission of the electrons.

The field of disordered solids is generally rec-
ognized as a puzzling one. However, among the
positive information collected so far, atomic dis-
tribution studies have shown that crystalline
short-range order is more or less present in dis-
ordered films. In parallel, photoemission has in-
dicated that the structure of the crystalline va-
lence-band density of states (DOS) would seem
generally to be much less affected by the absence
of long-range order in the disordered films than
the conduction-band DOS.

Upon thermal annealing, as the atomic configu-
ration evolves towards the crystal with increas-
ing temperature, the electronic structure of the
films, as seen by photoemission, resembles
more and more that of the crystal. However, be-
cause of the 1.imited resolution of photoemission,
it was never possible to identify clearly any inter-I

mediate phase in that evolution. It was the pur-
pose of the present work to investigate such order-
ing mechanisms developing in disordered semi-
conducting films (namely Ge and Te) upon ther-
mal annealing and/or laser irradiation. It has
been shown recently' that the possibility exists to
modulate the photoemission current of a solid by
using a flash-excited dye-laser (secondary) beam
focused onto the sample together with the con-
tinuous uv (primary) beam. This double-beam
photoemission technique (DBP) has proved to pro-
vide extremely precise information on the elec-
tronic structure of crystals.

Following arguments developed earlier, ' DBP
may be regarded as a two-step optical process
via real intermediate conduction states. In the
case of a crystal, the resulting DBP electron dis-
tributions can be expressed by

&(E, hv„„hv~) =QtP(E, k) ~(M„o (k)) ~'5(E„(k)+hv~-Eo (k))

X[~(M«(k)) ~'5tEc (k)+hv„, -Eo (k))5(E-Eo (k))

+ ~(Myo (k)) j'6(Ey(k)+hv„„-Eo (k))6(E-Eo (k))],

where V and C label electron-state energy levels in the valence and conduction bands, respectively,
P(E, k) is the usual escape function of excited electrons, and M denotes the various matrix elements
involved, arith the summation running over the vrhole BriQouin zone.

The first term on the right-hand side of Eq. (1) describes the pulsed laser excitation of valence elec-
trons into conduction states, followed by the uv excitation of these once-excited electrons into higher
conduction states (process 1, in Ref. 1); the second term represents the uv excitation of valence elec-
trons the density of which has been modulated through laser excitation (process 2, in Ref. 1). In the
absence of periodicity, k conservation does not hold and Eq. (1) may be reduced to two distributions
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given by

N, *(E,h v», hv~) = P(E) k M«, (hv~)) I
'

l(Mc, c (»„„))( 'n(E —hv„, —h v~)n(E —hv„„')n(E)

for E + hv»y (2a)

N, *(E,hv»hv~) =P(E) ((M«(hv~)) )')(M«, (hv»)) ('n(E —hv„, )n(E —hv„, + hv~)n(E)

for E ~hv„„ (2b)

where the (M)'s are k-averaged matrix elements
coupling level E with lower-energy levels E' such
that E-E'=hv~ or hv„„; the n's are DOS values
at particular energy levels; and P(E) is a k-aver-
aged escape function.

Films were prepared in 2 &&10 "-Torr vacuum,
by thermal evaporation and subsequent condensa-
tion on glass substrates maintained at —40'C or
+ 20 C for Te, and 20 C for Ge. Annealing was
performed by heating or laser irradiation. ' Only
some of the most characteristic DBP spectra are
presented in this Letter. Details of the DBP set-
up have been given elsewhere. '

Spectra obtained from Te films at uv energy
kv„„=7.71 eV and laser energy @v~=4.16 eV are
shown in Fig. 1. They are compared to a Te
(10TO) spectrum (dashed line) measured under the
same irradiation conditions. Curve g, refers to
a Te film deposited and maintained at —40 C dur-
ing measurement; curve b„ to a film deposited
at 20 C; curve c„ to a film deposited at 20'C,
annealed at 110 C, and cooled at 20'C; curve d„
as in c, but, in addition, laser irradiated for sev-
eral hours at hv~= 2.08 eV. Attention is focused
essentially on the forbidden gap existing in the
conduction-band DOS of trigonal Te, ' between 2.5

and 4. 7 eV above valence-band edge (VBE) as seen
in curve d, . The absence of states in that energy
range is demonstrated experimentally by the lo-
cation of both the upper limits of the high- and
low-energy parts of the spectrum d„at E = 10.2
eV (=2.5+7.7 eV) and 6.0 eV (=2.5 —4. 16+7.7 eV),
respectively. The lower limit of d, delineates the
bottom of the second (d-like) conduction band in
trigonal Te.

In the film spectra a, and b„ the low-energy on-
set of the spectra at E = 4.2 eV (photoelectric
threshold of these Te films) indicates that energy
levels do exist at E&4.2 eV. In addition, the up-
per limits of the low- and high-energy parts of
these spectra, at E=7.7 and 7.7+4. 16 =11.9 eV
demonstrate the presence of conduction states up
to -4.2 eV above VBE, i.e., there exists no for-

bidden gap at all within the conduction band of Te
films deposited and maintained at temperatures
below or equal to 20 C. This behavior is in good
agreement with a previous model calculation of
the electronic structure of disordered Te, 4 which
predicted the disappearance of the p8-d gap in
disordered Te. Furthermore, the profile of the
corresponding DBP spectra at below E = 7.7 eV
corresponds almost exactly to the ca1.culated va-
lence-band DOS of trigonal Te, ' d„except for a
minor difference between a, and b, around E =6
eV (initial-states energy level at 1.7 eV below
VBE). The low-energy part of a, or b, at E&7.7
eV is nearly identical to classical photoemission
(PE) spectra obtained at hv» = 7.71 eV from iden-
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FIG. 1. DBP spectra (left-hand side) and correspond-
ing densities of states (right-hand side) of Te films
(solid lines) and (1010) Te (dashed line). Energy zero
is at valence-band edge. Crystalline DOS is shown in
dq (Ref. 5). Spectrum d~ is well reproduced from
Eq. (1) with use of this DOS. Curve && is a broadened
version of d2, where the respective limits of the p 3
and d bands have been adjusted to fit spectrum «(see
text). The DOS shown in a2 and g2 were deconvoluted
from spectra a& and p„respectively, with use of Eqs.
(2) and (3).
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tically prepared Te films. ' These PE spectra
have been shown to be very similar to the one ob-
tained from Te (1010). DBP decisively allows a
clear distinction to be drawn between these ma-
terials.

The following procedure has been adopted to
describe the measured disordered Te spectra:

(a,) Without k conservation, the imaginary part
of the dielectric constant, ~„reduces to

&,(») = l«M(»)))('n„(& -hv)n, (E), (3)

where ((M(hv))) are energy- and k-averaged ma-
trix elements; n„(E -he) and n, (E), the valence-
and conduction-band DOS, respectively. This
model is applied to the crystal case and yields
((M(bv))). It is then extended to the disordered
case by energy broadening identically n,(E) and

((M(b v))) to fit e„which has been independently
measured from similarly prepared Te disordered
films. This gives n, (E) which is used in Eq. (2).

(b) A comparison of processes 1 and 2 within
the same DBP spectrum measured at a given hv„,
value provides the energy profile of (Mvc ) rela-
tive to (Mc c ) which may be taken to be constant.

(c) Finally, a fit of Eg. (2) to the DBP spectrum
measured at hv» is achieved by adjusting (M«).
All other DBP spectra are then calculated and
checked to duplicate experimental data. Results
of this deconvolution procedure are given in Fig.
1, curves a, and b, . Upon annealing it is remark-
able to note that the evolution towards the trigo-
nal electronic structure is a progressive one. In
Fig. 1, curve c„ the p-d gap opens up from 8
= 2.8 to 4. 5 eV and the upper limit of the d band
is at E=9.5 eV. After extended laser irradiation,
the film duplicates the crystalline spectrum, Fig.
1, curve d, . It is obvious that spectrum c, is not
an approximate average of spectra b, and d].
Note that the film annealed at 110 C (c,) would ap-
pear to be very roughly crystallized by x-ray-dif-
fraction means. '

DBP spectra obtained at h v = 5.75 eV and hv~
= 4, 16 eV from Ge films deposited at 20 C are
shown in Fig, 2. After laser irradiation over 7 h

at hvar =2.08 eV, spectra evolve from a, (mea-
sured right after deposition), through b, and c„
into d, which corresponds fairly well to the crys-
tal spectrum (dashed line). In b„' the low-energy
peak of a, is still present" but the two broad
peaks centered at E = 7.9 and 9,0 eV in a, give
room to an asymmetric profile having a sharp
leading edge above E = 6.5 eV followed by a monot-
onous decrease up to E =9.9 eV. In c„ the low-
energy peak is absent and two structures seem
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FIG. 2. Experimental (left-hand side) and theoretical
(right-hand side) DBP spectra of Qe films. Energy
zero is at the valence-band edge. Theoretical spectra
were obtained according to models described in text.
Curve c2 is averaged between b2 and dq and compares
well with c&.

to be superimposed onto the preceding profile, b,.
The last step of the evolution in d, leads to a typi-
cally crystalline spectrum (dashed line).

Model calculations of DBP spectra have been
carried out for Ge using constant matrix elements
and (a) a broadened version of the crystal DOS of
Ge' assuming only energy conservation [Eq. (2)];
(b) the true crystal DOS, "again' assuming no k
conservation [Eq. (2)]; (c) the crystal DOS, "with
both energy and k conservations [Eq. (1)]. Re-
sults are shown in Fig. 2, curves a„b„and d„
respectively. The first model, a„ fails to re-
cover the measured spectrum, a„although the
same model was able to describe well spectra of
Fig. 1, curves a, and b„measured from disor-
dered Te films. The second model (the so-called
non-direct-transition model" ) is shown to re-
produce almost perfectly the intermediate spec-
trum b,. The third model yields the two peaks of
d„ the difference in intensities being ascribed to
matrix elements effects" [Eq. (1)]. The notice-
able feature in this evolution is the occurrence
of spectrum by which, by comparison with b„
may be regarded as the very first indication of
ordering in the Ge films. In contrast with the Te
films, crystalline ordering appears abraPtly and
uniformily in the Ge films: In Fig. 2, curve b,
has absolutely nothing in common with curve a,
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at E)6.5 eV. At this stage, however, ordering
is strongly shadowed by (a) elastic scattering re-
sulting in k relaxation (see process 1, Fig. 2,
curve b,), and (b) possibly inelastic scattering
which would explain the relatively higher inten-
sity or process-2 contribution in b, compared to
the same energy range in b,." On the other hand,
curve c, can be easily reconstructed from an
average between curves 6, and d „just like curve
c, which is the average of. curves b, and d, ,

From this comparison between experimental
DBP spectra (Fig. 2, left-hand side) and spectra
calculated from Eqs. (I) and (2) (Fig. 2, right-
hand side), one might conclude that, although the
emergence of diamondlike ordering in Ge films
is uniform and abrupt, it appears first over a
much too short range to avoid k randomization
before emission of the electrons, This ordering
develops further in a nonuniform manner within
the Ge films until full crystallization is achieved.

In this work, a rather precise picture of the
DOS profile both in the valence and conduction
bands of disordered semiconducting films is re-
vealed with use of the DBP technique. Further-
more, it is shown that laser irradiation might
prove to be an extremely powerful method of in-
ducing precise ordering in semiconductors, while
at room temperature, This would appear poten-
tially valuable, particularly for high-vapor-
pressure materials. In addition, this laser-in-
duced ordering, developing progressively over
extended periods of time, offers the possibility
to explore the kinematics of ordering processes
in the technology of semiconductors. A detailed
presentation of this work will be published else-
where.
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