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The photoluminescence of amorphous 2As2Te~ As2Ses films has been measured from
2 to 150 K with niobium-doped yttrium aluminum garnet laser excitation. The external
quantum efficiency is estimated to be 20%. A typical spectrum consists of a broad
band peaked at 0.61 eV with a half-width of 0.15 eV. The energy value for the lumines-
cence peak supports the concept of a recombination gap in amorphous semiconductors.

On first thought luminescence seems to be
highly unlikely in amorphous semiconductors:
Though the existence of optical' ' and mobility"
gaps is well established, at least for chalcogen-
ides, the theory favors a continuum of states
throughout the gap. ' ' Thus, an electron excited
into the conduction band is expected to give up
its energy not by radiative recombination but
rather by jumping down the continuum of states,
by emitting phonons. In spite of that, photolu-
minescence has been found from bulk samples of
amorphous As,Se, As,Te» As,Se» and As,S,."
These luminescence spectra had maxima well
below the forbidden gap and were attributed'
to transitions to impurity-like levels within the
quasiforbidden gap.

In this paper we present measurements of the
photoluminescence from. amorphous films of
2As, Te, As2Ses and interpret the spectrum in
terms of simultaneous radiative recombination
and phonon emission in a continuum of states.
We also give the first results for amorphous
films and the first results on the temperature
and excitation intensity dependence of the spec-
trum. We chose 2As, Tee As,Ses since measure-
ments of its photoconductivity" had led to the
introduction of a new kind of gap for an amor-
phous semiconductor. The photoconductivity,
though yielding two well-defined activation ener-
gies, could be explained on the basis of a. con-
tinuous density of states throughout the forbidden

gap by introducing recombination edges about
0.2 eV below the mobility edges. ' " Above the
recombination edges, relaxation of excited car-
riers is more probable than recombination, and
vice versa below the edges. " In consequence,
the states below the recombination edges are not
expected to be strongly populated with carriers
created by incident light.

Fgperiment and results. The fi—lms used were
0.5 to 1.0 p,m thick and were obtained by elec-
tron beam heating of bulk material and condens-
ing the vapor on sapphire substrates cooled to
77'K. The 1.06- p,m radiation of the niobium-
doped yttrium aluminum garnet (Nd: YAG) laser
was chosen for excitation. Light of this wave-
length penetrates about 0.4 pm into the sample, "
far enough to keep surface effects low, but allow-
ing a good fraction of the incident light to be
absorbed. The area of the illuminated spot on
the sample was about 4 mm', and laser inten-
sities up to 400 mW were used. The lumines-
cence was analyzed through a LiF prism mono-
chromator with an effective slit width of about
0.04 eV at 0.6 eV, and detected by a PbS cell
at ambient temperature. The laser was typically
chopped at 80 Hz. No difference in the signal
was found when the chopping frequency was re-
duced to 13 Hz, which indicates that all detect-
able recombinations occur in a time much less
than 10 msec. The excitation intensity was varied
by calibrated metal-film filters. For measure-
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FIG. 1. Luminescence spectrum of amorphous
2As2Te& As28e3 films for two different excitation in-
tensities. The noise level is indicated by the vertical
error bar.
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FIG. 2. Dependence of luminescence intensity on
temperature. The data are plotted as log(1/a-1) vs
10 /T to show activation energies of competing pro-
cesses.

ments below 4.2'K the samples were immersed
in liquid helium. A cold-finger Dewar was used
for higher temperatures. The samples were
attached to the copper block with gallium and ad-
ditionally held with clamps.

The luminescence spectrum at 77'K is shown
in Fig. 1 for two different levels of excitation.
The measurements were restricted at high en-
ergy by filters which cut off the laser line and
at low energy by the low sensitivity of the PbS
cell. For both excitation IeveIs the low-energy
tails of the normalized spectra look the same,
but the high-energy tail is enhanced at high ex-
citation intensities. The energy of the maximum
remains fixed within experimental error. At
excitation levels lower than about 50 mW the
shape of the spectrum does not change with inten-
sity. The shape of the spectrum was also inde-
pendent of temperature in the range in which it
could be investigated (2 to 110'K), and was found
to be reproducible from sample to sample.

The int;egrated luminescence intensity was
found within experimental error to rise linearly
with excitation intensity as the excitation inten-
sity was varied by a factor of 50.

Preliminary measurements of the external
quantum efficiency, uncertain by a factor of
about 2, yielded a value of 20% at 4'K. The in-
tegrated intensity 1(T) of the luminescence is
constant up to 40'K and then gradually decreases
until it reaches about 2%%uo of the initial value at
150'K. This dependence is shown in Fig. 2 and
plotted as log(1/a-1) vs 10S/T, where a(T) = l(T)/

I(0) and T is the absolute temperature. A plot
of this kind is suggested if we assume that the
internal quantum efficiency is unity at O'K and
that there is a competing nonradiative process
with activation energy e. If the competing nor-
malized rate is b, then

a+b =1,

y -afs -&/k2'
(2)

and thus

]/a-] =fe (3)

f is a proportionality factor related to the transi-
tion probability for the competing process. Fig-
ure 2 shows that Eq. (3) describes our results
below 100'K with an s of 30 meV. The whole
curve including the rise at higher temperatures
can be fitted very well by an expression with a
second competing process with an activation en-
ergy of 100 meV. The physical nature of these
competing processes is still subject to specula-
tion. One such process might be the diffusion of
carriers to the surface with subsequent nonradia-
tive recombination. '4 From the linear dependence
of the luminescence on excitation intensity at
77'K one can conclude that the luminescence and
the competing process with 30-meV activation
energy must obey recombination kinetics of the
same order.

Model. —We now consider a model, ' illustrated
in Fig. 3, which can account for a peak in the
luminescence spectrum at an energy weII beIow
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FIG. 3. Qualitative plot of the relaxation- and re-
combination-rate coefficients versus energy from mid-
gap. The recombination edge Ez lies near the cross-
over.

where n, i:s the carrier concentration of level i,
n (~P) is the total carrier concentration, t,n,is.
the rate at which carriers in level i emit phonons
to drop to level i-l, g,. is the excitation rate per

the energy of the optical and conductivity gaps.
%e suppose that carxiers are injected optically
at enexgies near or above the mobility edges,
and that they subsequently relax to lower ener-
gies by phonon emission at a rate x„&while at
the same time electrons and holes are recombin-
ing at a rate r„,. Both the relaxation-rake co-
efficient and the recombination-rate coefficient
are expected to decrease as the density of states
decreases and the states become more localized,
but the latter is expected to vary more slowly
because localized carriers can recombine with

carriers in extended states in the other band.
The peak of the resulting carx'ier distribution is
expected to lie near the crossover of these two

rates.
%e now solve the x'ate equations for a simple

version of this model: %e assume that the en-
ergy relaxation takes place only by phonon emis-
sion (i.e., at absolute zero) and that only a single
phonon enex'gy E p& is involved. Furthermore we

ignore the energy dependence of the recombina-
tioIl coefflc1ent in Fig. 3 and take the rad1at1ve
recombination rate to be independent of the enex-

gy of the ini. tial and final states. %'e also assume
that the conduction and valence bands have iden-
tical properties, and i.gnore the equilibrium cax-
rier concentration.

Undex' these slnlpllfying assumptions the rate
equations ax e

Oa a,S Oe Oa 0,6 O.e
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FIG. 4. (a) Steady-state electron (or hole) distribu-
tion versus energy from midgap, and (b) emission
spectrum versus photon energy, calculated from the
simple model leading tc Eq. (5).

n,.= G/(t, +Bn), .

n, =n,. „t,. „/(t, +Bn),

(5a)

(5b)

where G is the total excitation rate. The total
steady-state carrier concentration n is (G/B)"'.

The carrier distribution mill peak near the en-
ergy for which t,. „-t,. +&n. If the thermaliza-
tion rate increases as exp(E/E, ) in the energy
range of interest, then the peak lies near the en-
ergy for which the thexmalization-rate coefficient
is

t -Bn/2 sinh(E zh/2E, ).

The half-width of the distribution is approximate-
ly 4E,.

Figure 4 shows the carrier distribution and
the resulting emission spectrum obtained from
(5) with E, =30 meV, E P„=25 meV, t(0.3 meV)
=10'sec a 8=5&10 xx cm' sec, and G=10'~
cm ' sec '. The spectrum is independent of the
ratio t/(GB)'", and its shape is not strongly
dependent oa E p&.

Discussion. —The measured luminescence peak
is at 0.6 eV, just where it wouM be predicted
on the basis of the recombination edge model
proposed to explain the photoconductivity mea-
surements in these films. " The more quantita-
tive, although highly simplified, model presented
here can explain the observed peak, but is in dis-
agreement with experiment in one important re-

unit volume into level i, and Bn is the radiative
recombination-rate coefficient. The energies
of successive levels differ by the phonon energy
Epb. The steady-state solution of these equations
can be written down by inspection if we assume
that all the carriers are injected into level j,
which lies well above the recombination edge.
Then
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spect. The relation (6) for the peak of the carrier
distribution, together with the square-root rela-
tion between carrier concentration and excitation
rate given above, implies that the carrier dis-
tribution peak shifts by 1.15E, when the excita-
tion rate G changes by a factor of 10. The emis-
sion spectrum shifts approximately twice as
fast. Thus the predicted shift of the peak for a
tenfold increase in intensity is about 70 meV,
while the observed shift is at most 15 meV,
which is half of the shift of the high-energy tail
in Fig. 1. Vfe have considered more general
rate equations, but have not yet resolved the in-
consistency with the experimental results.

The discrepancy between the large observed
linewidth and the small peak shift could be due
to line-broadening mechanisms not considered
in our model. Sample inhomogeneity on a small
scale compared to the light-spot size may be a
factor. Coulomb interaction between the local-
ized electrons and holes" may also contribute
to the width of the observed spectrum. Peaks in
the density-of-states tails'" about 0.2 eV from
each mobility edge could help to account for the
absence of a peak shift.

Vfe conclude that the luminescence peak is con-
sistent with the notion of a recombination edge
as proposed in connection with photoconductivity
measurements, "although complete quantitative
agreement has not yet been achieved. Experi-
ments on other materials and on the time depen-
dence of the luminescence should provide further
information on the thermalization and recombina-
tion processes in amorphous semiconductors.
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