
PHYSICAL REVIEW 8 VOLUME 51, NUMBER 15 15 APRIL 1995-I

Phonon satellite strengths in the photoluminescence spectra
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We present results from a photoluminescence study of a GaAs/Alo 3Ga07As superlattice between 0
and 37 kbar. At 29 kbar, a type-I to type-II transition is observed, and this transition pressure is in good
agreement with the predictions of the Kronig-Penney model. In the type-II regime, we detect direct
X-I recombination and have observed three distinct phonon satellites from structures having alloy lay-

ers. By studying the laser-power dependence of the photoluminescence spectra, we demonstrate that the

X, and X ~ level separation is just 8 meV, again in close agreement with theoretical predictions. Con-
sideration of the relative intensity of the satellites shows that the strongest satellite at high laser powers
is associated with the X „states and overlaps three further satellites coupled to X,. These spectra pro-
vide experimental evidence that the X ~ states can have a significant effect on the optical emission from
GaAs/(A1Ga)As superlattices in the type-II regime, even when the conduction-band edge has X, charac-
ter.

I. INTRODUCTION

Due to the magnitude of the band offset that exists at
interfaces between GaAs and AlAs and the fact that
A1As has an indirect band gap, the possibility of creating
a type-II superlattice arises, in which electrons and holes
are separated in both real and reciprocal space. This
occurs if the GaAs layers are less than 12 monolayers
(ML, 1 ML = 2.83 A) thick, such that quantum
confinement effects push the zone center, I electron
states in the GaAs layers to a higher energy than
the zone edge, X electron states in the A1As layers. '

Such I -X crossovers can also be arranged in more
general (AlGa)As-based material systems. For A1As/
Al Ga, As structures, an essentially arbitrary superlat-
tice can be designed to be type II through suitable choice
of the alloy composition. For GaAs/Al Ga, „As sys-
tems, however, I -X investigations are limited, at ambient
pressure, to alloy layers which are themselves indirect.
This limits the fractional composition of the alloy to
x &0.4.

With the application of hydrostatic pressure, however,
these limitations can be circumvented. Due to the
different orbital character of the electronic states, the
direct I -I band gap in (A1Ga)As materials increases in
energy with applied pressure, by around 11 meV/kbar,
whereas the indirect X-I gap decreases at around 1

meV/kbar. Thus the properties of the X states in
(AlGa)As-based superlattices become accessible even

when the sample is type I in the absence of pressure. The
information that can be obtained from the many permu-
tations of corn.position and pressure in this class of super-
lattice is important and complementary to the ambient
pressure investigations which predominate.

The photoluminescence (PL) spectrum obtained from
type-II crystals is strongly dependent on the nature of the
lowest-energy X state. " Due to the anisotropy present at
the X point, a much higher effective mass exists in the
longitudinal growth direction than in the transverse
directions. Although quantum confinement effects would
therefore dictate that the longitudinal states (X,) would
always be lower in energy than the degenerate transverse
states (X„y), these superlattices are almost exclusively
grown on GaAs(001) substrates, which produces a biaxial
strain in layers of (A1Ga)As due to the finite lattice con-
stant mismatch between these two materials. The efFect
of this strain is to reduce the energy separation of the
transverse and longitudinal X states, and the magnitude
of this reduction has been estimated at 23 meV for the
case of binary A1As layers. It is therefore possible to ar-
range for either X, or X states to be lower in energy, de-
pending on the exact material composition and layer
widths.

For the most widely studied GaAs/A1As systems, the
PL spectrum, from samples having X, as their lowest
states, shows a strong direct transition between electrons
at X in the A1As and holes at I in the GaAs. This pro-
cess, which would usually be forbidden by momentum
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considerations, is enabled by mixing of the I and X,
conduction-band wave functions. In addition to this
strong transition, several weaker peaks are observed at
lower energy, which correspond to momentum conserv-
ing processes involving the emission of certain phonons.
In contrast, for structures having X as their lowest
state, it is these phonon satellites which dominate the PL
spectrum, with virtually no direct X -I recombination
being observed.

In this paper, we extend this analysis to account for the
discrepancies which are observed between the PL spectra
from GaAs/AlAs and GaAs/(A1Ga)As structures having
X, as the lowest state. Published results on the former
are numerous and indicate phonon satellites of around
1% of the direct transition intensity. ' The generality of
this conclusion is well established in the work of Skolnick
et al. , in which a saturation value of 1.5%%uo was observed
for a 12 ML/8 ML GaAs/A1As sample at hydrostatic
pressures well above the type-I —type-II transition.
Though GaAs/(A1Ga)As structures have not been so ex-
tensively studied, the phonon satellites are generally
much more intense relative to the direct transition, ' ris-
ing to a saturation level of around 40% in the present
work.

We have detected three phonon satellites, with the
lowest-energy mode displaying a rapid increase in relative
strength with increasing laser power. This we attribute
to the near degeneracy of the X, and X states, which is
predicted by calculations for our sample, but does not
occur in thin-layer GaAs/A1As samples due to the higher
degree of quantum confinement. Such effects have been
observed before, in the work of Feldmann et al. ,

' in
which the PL from a wider-layer GaAs/A1As superlat-
tice was observed to display very intense phonon satel-
lites. This was attributed to the near degeneracy of the
X and X, states on the basis of their calculated energies.
Unlike our work, however, their sample had X states
which were at a lower energy than X, and no conclusive
experimental evidence was presented to support the cal-
culations. In addition, the results presented by these au-
thors indicated that only the X y states were involved
with the phonon-assisted processes.

In this work, we present experimental evidence to show
that, even when at a slightly higher energy than the X,
states, the X states can significantly affect the PL spec-
trum obtained from GaAs/(A1Ga)As superlattices. This
conclusion is achieved by studying the laser power depen-
dence of the PL spectrum between 0 and 37 kbar. We
demonstrate that at high laser powers, the anomalously
intense phonon satellite is associated with the X states.
We also demonstrate that the other two satellites appear
to be associated with the X, states, displaying a much
weaker dependence on the incident laser power. It is
presently unclear why the intensity of these X, related
modes should be so strong.

II. EXPERIMENT

The structure studied was grown by metal-organic
chemical-vapor deposition on a semi-insulating GaAs
substrate aligned along the (001) direction. 500 A of

A1As was grown as a buffer layer, onto which was depos-
ited 50 repeats of a nominally 65 A/60 A,
GaAs/Alo 3Gao 7As intrinsic structure. The material was
characterized by ambient pressure photoluminesc ence
and Raman-scattering experiments. Although the folded
acoustic modes detected in the Raman spectrum attested
to the high material quality, a comparison of these results
with the predictions of the Rytov model" indicated a
slightly longer period than that nominally intended. By
assuming that the alloy composition would be unlikely to
vary significantly from its intended value, a careful fit to
this model, coupled with the PL data, led us to conclude
that the actual structure was closer to 75 A/70 A
GaAs/Alo 3Gao 7As.

The sample was thinned to approximately 40 pm by
mechanical polishing with 6-pm grit paper and cleaved
into sections measuring approximately 100 pm for use
with a diamond anvil cell. ' The cell was pressurized us-
ing a helium gas bellows arrangement, permitting pres-
sure variation at low temperatures.

' In practice, howev-
er, the cell was warmed to around 20 K, from its experi-
mental temperature of 7 K, before changing the bellows
pressure, in order to preserve the hydrostatic properties
of the pressure transmitting medium. The pressure was
calibrated using the PL from a small chip of ruby within
the sample space, allowing pressure variation to within 1

kbar. No significant broadening of the ruby linewidth
was observed, as would have been expected had the pres-
sure application become nonhydrostatic.

The PL was excited using the 5145-A line of an Ar+
laser, focused to a spot around 10 pm in diameter at the
sample surface and detected in a backscattering
configuration. The collected light was spatially filtered to
limit the background signal often encountered with pres-
sure cells and although the magnitude of this effect and of
the accompanying reduction in the desired signal is
dificult to quantify, we do believe that this approach
leads to a significant improvement in the spectral resolu-
tion. The light was dispersed using a Spex 14018 double
monochromator having 0.85-m stages, with the signal
detected using standard photon-counting electronics.
Optical aIignment was performed with use of a charge
coupled device imaging system, situated behind the en-
trance slit of the spectrometer, enabling the acquisition of
very high-quality, reproducible, PL spectra.

III. RESULTS

The effect of hydrostatic pressure on the qualitative as-
pects of the PL spectra is shown in Fig. 1 for several
selected pressures. In Fig. 2 we summarize all the col-
lected data by plotting the energy of the detected peaks
as a function of the applied pressure. The identification
scheme for the peaks in this figure is given in the caption.
As can be seen from Figs. 1 and 2, the sample is type I at
pressures below 29 kbar, showing very intense recom-
bination between electrons and holes at the I point in the
GaAs layers (I, ' '-I „' '). Several weaker peaks are
detected in the spectra, originating from the bulk band
gap of the GaAs buffer layer and from various acceptor
levels.
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In excess of 29 kbar the features of the spectra change
dramatically, with the sample clearly exhibiting type-II
behavior. Although recombination within the GaAs lay-
ers is still observed, a further direct process is detected
between electrons at X in the (A1Ga)As layer and holes at
I in the GaAs layer (X, ' ' '-I „' '). Accompanying this
direct process is a series of phonon satellites at shifts
from the direct transition of approximately 22, 32, and 46
meV. By assuming that the same phonon modes appear
in our system as in the binary GaAs/A1As case and fol-
lowing the recent resonant Raman measurements of
Tribe et al. ,

' ' we assign the 22- and 46-meV satellites
to superlattice LA(X) and A1As-like LO(X) phonons, re-
spectively. In this notation, we use the term in
parentheses to specify the point in the bulk Brillouin zone
from which the phonon modes are thought to originate
and retain the binary optical-phonon character because
(A1Ga)As is well established as exhibiting two-mode
mixed crystal behavior. ' As pointed out in Ref. 14, how-
ever, the intermediate phonon assignment, at 32 meV in
our system, is not so well established and may involve ei-
ther confined GaAs-like optical modes or interface pho-
nons. Nonetheless, we emphasize that to our knowledge
this is the first observation of three distinct satellites in a

type-II GaAs/(A1Ga)As system at high pressures. Previ-
ous high-pressure investigations of structures with alloy
layers have generally only resolved two satellites, at ap-
proximately 22 and 46 meV.

The lines shown in Fig. 2 correspond to theoretical
predictions of the type-I and type-II transition energies,
as calculated using the standard Kronig-Penney model. '

This model is expected to be accurate for wide-layer sam-
ples, which have little or no coupling between adjacent
wells; for our sample the lowest I miniband dispersion is
predicted to be less than 0.5 meV. We assume a fraction-
al valence band offset of 0.326,Eg (where b,Es= [E"]~,o,~, [E —]o,„,), which does not vary with
pressure, and use the parameter values given in Table I,
with the alloy data being linearly interpolated from that
of the bulk materials. Incorporation of the weak pressure
dependence of the band offset reported by Lambkin
et al. was found to have a negligible effect on our re-
sults. For the conduction-band X states and heavy-hole
I states, it was assumed that the effective masses were in-
dependent of pressure. For the GaAs I" conduction-band
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FIG. 1. Photoluminescence spectra as a function of pressure.
The peaks marked 8 correspond to bulk levels, A to acceptors,
and PS to phonon satellites. These assignments were made from
analysis of the data displayed in Fig. 2, which established that
the phonon satellites could not be attributed to shifts in accep-
tor or bulk levels.

FIG. 2. Photoluminescence peak energies as a function of
pressure. The solid line is the shift of the type-I energy gap and
the dotted line that of the type-II gap, as predicted by the
Kronig-Penney model. The peak assignments are as follows: 0,
type-I direct I -I transitions; 0, type-II direct X-I transitions;
4, bulk transitions from the CraAs buffer layer; 0, bulk acceptor
levels; E, type-II transitions involving superlattice LA(X) pho-
nons; Q', type-II transitions involving phonons from the CxaAs-
like optical region; V, type-II transitions involving AlAs-like
LQ(X) phonons.
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TABLE I. Data used in the Kronig-Penney calculations. When not referenced, the data have been

taken from Ref. 18.

Parameter GaAs A1As

E~"" (0 kbar, 4.2 K)
E" (0 kbar, 4.2 K)

dEr r/dP
dEr-x /dP

m," (0 kbar)
X

m, '
Xm"
e

mhh

1 ~ 519 eV'

2.01

10.7 meV/kbar
—1.35 meV/kbar

0.067m o

1.3mo

0.23m o

0.62m o

3.13 eV'

2.229 eV'

10.7 meV/kbar'
—1.66 meV/kbar'

0.15mo

1.1m o

0.19m o

0.76m o

'Reference 19.
Reference 20.

'Reference 21.

states, however, a pressure-dependent mass was calculat-
ed following the method of Nunnenkamp et al. ,

b "(P)+[E "(P)—E (0)]
m, (P)=m, (0) 1+

E r'-r
( () )

in which the effective mass m, (P) and confinement ener-

gy b, , (P) were calculated self-consistently using the stan-
dard Kronig-Penney expressions. The confinement ener-
gies from these calculations, along with the pressure
dependence of the bulk band gaps, yielded predictions of
a type-I pressure dependence dE, /dP of 10.57
meV/kbar, a type-II dependence dEn /dP of —1.44
meV/kbar, and consequently a transition pressure P, of
29.1 kbar. This is in close agreement with the experimen-
tal values, which indicate a transition pressure very close
to this point. However, although a least-squares fit for
the X-I transitions produced a measured shift of —1.95
meV/kbar, in reasonable agreement with the prediction,
a fit to the I -I values was much less satisfactory. This is
clearly due to the large sublinearity observed beyond the
type-I —type-II transition, as can be seen in Fig. 2. We
believe this is a genuine efFect as opposed to an experi-
mental artifact, due to the close agreement between
theory and experiment for the X-I transitions at these
pressures and that the results presented in Fig. 2 were
measured over a considerable time period and found to be
easily repeatable. Considering just the low-pressure re-
sults, the I -I peaks also display good agreement with
theory, though it is hard to comment on the observed
sublinearity beyond P, .

A further prediction of the model is that, in the ab-
sence of strain, the X states should lie 13 meV above
the X, states. Linearly interpolating the 23-meV down-
shift estimated for A1As, for Al Ga, As layers with
x =0.3, leads to the prediction from the Kronig-Penney
calculation of Xzy levels which are only 6 meV higher in
energy than the X, levels. This is an important result for
understanding the efFect of the incident laser power on

the PL spectra. The results of these calculations are sum-
marized in Fig. 3, which shows the qualitative features of
the predicted band alignment, at pressures beyond the
type-I —type-II transition.

Results taken at 35.4 kbar, i.e., well beyond P„are
shown in Fig. 4 for incident laser powers of 5 and 25
mW. Although with a laser spot around 10 pm in diame-
ter this would appear to represent an extremely high
power density, we point out that these are nominal laser
powers, measured before refIkection from an aluminum
mirror and passage through several cryostat windows and
a diamond. We would therefore expect a significant
reduction in the actual laser power reaching the sample.
Additionally, we can eliminate the possible inhuence of
sample heating efFects through temperature-dependent
PL measurements. These indicated that at temperatures
in excess of 10 K, the type-II direct transitions broadened
dramatically, possible due to thermally activated delocali-
zation of the spatially indirect excitons. As no similar

=6 meV

FIG. 3. The relative alignment of the confined electronic
states at a pressure above the type-I —type-II crossover. Note
the small energy difference between the X, and X ~ states in the
(AlGa)As layers (not to scale).
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broadening was observed on increasing the laser power,
we believe that the inhuence of sample heating can there-
fore be neglected. Considering first the 5-mW results, we
detect the r~'"'-r„'"' transition at 1920 meV, the
X~'O' '-I 0' ' direct transition at 1870 meV, and the
three clearly resolved phonon satellites at the appropriate
energy shifts from the X-I transition energy. The ratio
of the intensity of these peaks to that of the direct X-I
transition is around 40%, typical of these structures and
much greater than in the GaAs/A1As case.

With higher excitation intensity, the change in the
type-II spectrum is quite apparent. The line shape of the
direct X+'+' '-I +' ' transition changes dramatically,
with an asymmetric shoulder appearing towards higher
energy. In addition to this, the appearance of the phonon
satellites is altered, with the peak at 1848 meV enhanced
to more than half the direct transition intensity, while the
other two satellites are now visible only as shoulders on
this dominant peak.

The explanation for this power dependence can be un-
derstood from the contrasting nature of the recombina-
tion from type-II GaAs/A1As superlattices in which X,
or X constitutes the ground state of the conduction
band. In the former case, three phonon satellites are ob-
served, having energy shifts of 28,35, and 49 meV from
the much stronger no-phonon line associated with the X,
state. ' The assignment of these modes has already been
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FIG. 4. Power dependence of the photoluminescence spectra
at 35.4 kbar.

discussed. In the latter case, the no-phonon transition
from the X ~ states is observed only weakly because in a
perfect crystal there is no mixing between these states
and those at the I point in the CzaAs layers. That this
transition is observed at all is attributed to interface dis-
order. The PL spectrum is therefore dominated by the
phonon satellites at energies of 12, 30, and 47 meV below
the X peak. The approximate intensity ratio of these
satellites is, respectively, 1.0:0.7:1.4 and, again, following
a recent work, ' we assign these peaks to superlattice
TA(X), GaAs-like LO(X), and A1As-like interface pho-
nons, respectively.

If we make the assumption that the total scattering
rate due to all phonon modes of a particular symmetry in
an alloy is similar to the scattering rate from the identical
mode in a binary, we can examine the relative intensities
of the phonon satellites associated with the X„„states in
GaAs/(A1Ga)As structures. While the TA(X) modes will
be largely unaffected, due to the similarity of the acoustic
bands in bulk GaAs and A1As, the contribution from the
A1As interface modes and GaAs LO(X) modes will be
substantially affected. In the former case, the magnitude
of this change is very difficult to estimate. Although
A1As-like interface phonons are still observed in
GaAs/(AlGa)As superlattices, resonant Raman-
scattering measurements have demonstrated that their
coupling to the electronic system is a strong function of
the interface quality. In any case, the small aluminum
concentration in the alloy will ensure that the contribu-
tion of these modes is relatively small. Regarding the
GaAs LO(X) inodes, we note that in the binary
GaAs/A1As case, this satellite is observed with compara-
ble intensity to the other two phonon-assisted peaks
despite the fact that the vibrational amplitude is mainly
confined in the GaAs layers, while the electronic popula-
tion is mainly located in the A1As layers. Due to the
two-inode mixed crystal behavior of (A1Ga)As, ' howev-
er, vibrations of GaAs-like LO(X) character can be sup-
ported in the alloy layers of a GaAs/A1Q 3Gao 7As super-
lattice and so this mode ceases to be strongly confined.
With a large vibrational amplitude present in the same
layers as the X electron population we may therefore
expect a sizable increase in the magnitude of the GaAs-
like LO(X) satellite. A further modification due to the al-
loy layers, which we believe may contribute to the pho-
non satellite structure, is the formation of a new interface
mode branch of CxaAs-like character not present in a
GaAs/A1As superlattice. This branch is associated
with a negative dielectric function in the alloy, similar to
the branch of A1As-like interface modes, so it is conceiv-
able that these phonons may also couple to the electronic
system in a similar way, producing a further spectral con-
tribution at an energy around 3 meV higher than the
GaAs-like LO(X) mode. Although it is difficult to
confirm this contribution, as it would be unlikely that the
spectral peak would be resolved from that of the LO(X)
phonons, we believe that this may provide additional
strength to the combined satellite. Finally, we still expect
to observe a no-phonon transition and point out that the
strict symmetry properties, which are the source of the
momentum conservation rules which make it forbidden,
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are partially removed by the natural chemical disorder of
the alloy. This would enable direct transitions between
X and I, though the expected relative intensity of this
peak is again difficult to estimate.

If we now consider the high-power result of Fig. 4, we
note that the asymmetry observed in the X, no-phonon
line occurs at approximately 8 meV above the main peak.
This is in good agreement with the theoretical prediction,
from the Kronig-Penney model, that the X, and Xzy
states should be separated by 6 meV and is consistent
with the discussion above, which suggests that Xxy I no-
phonon transitions should be observed. Further evidence
that this is indeed the case arises from the discussion of
the phonon satellite intensities associated with the X„
states. The peak at 1848 meV, whose relative intensity
increases significantly from low to high power, has a
measured shift of approximately 30 meV from the X
transition, close to the energies of the GaAs LO(X) or
interface phonons. [The exact phonon positions for
GaAs/(A1Ga)As structures at high pressure will be dis-
cussed later. ] While we would also expect a strong satel-
lite from the TA(X) modes, this would lie close to the
X,-I line and so would be difficult to resolve. The A1As
interface peak should be resolved, however, and, though
of uncertain intensity, can be used to explain another
significant difFerence between the low- and high-power re-
sults. In raising the power density there is a dramatic
loss of resolution between the satellites at 1823 and 1838
meV, consistent with the predicted position of the A1As
interface phonon peak, which should lie between these
two.

From this experimental evidence, we conclude that be-
tween 5 and 25 mW, the population of the X „states is

greatly increased, probably due to the long radiative life-
time of carriers in the X, states. As this efFect becomes
significant, the PL signal derived from the X„states is
observed along with that from the X, states, producing
the power-dependent effects we have discussed. There-
fore, due to their relative insensitivity to the incident
laser power, we can establish that the modes at 1823 and
1838 meV are solely derived from the X, state. We note
that, although the satellite at 1848 meV displays a power
dependence, this does not preclude the possibility that in
the 5-mW spectrum this satellite is X, related, with a
quite separate satellite appearing at the same position, at
high powers, but derived from the X„states. Indeed, we
believe this is the case because there is no other evidence
to suggest that there are any X „effects in the low-power
result. Increasing the excitation power produces a com-
bined contribution to the PL signal at this energy, creat-
ing the very intense satellite observed.

We emphasize that the preceding analysis is not based
on the exact peak positions, but rather on approximate
positions, coupled with an analysis of the relative intensi-
ties. This is an important point because, although we can
make precise measurements of phonon energies in
CxaAs/A1As structures at ambient pressure, the effects of
both alloying and pressure will alter these energies. For
example, for the GaAs LO(I ) mode in the alloy, an up-
shift of 2 meV due to pressure' is almost exactly bal-

anced by a similar sized downshift of 1.5 meV due to al-
loying. ' A similar pressure-induced upshift balanced by
an alloying-induced downshift of -3 meV (Ref. 24) is ex-
pected for the A1As interface mode. However, the situa-
tion for the superlattice LA(X) modes is less clear, al-
though it is again likely that the effects of pressure and
alloying are approximately balanced. Nevertheless, since
all the X, satellite energies in the alloy system are ob-
served to be between 4 and 6 meV lower compared with
their values in GaAs/A1As structures at ambient pres-
sure, it would appear that some mechanism other than
the alloying effect alone is responsible for this downshift.
At present the origin of this mechanism is unclear. Not-
withstanding this effect, we consider that allowing for a
decrease in the phonon energies of a few meV, due to
whatever cause, taken together with the relative intensi-
ties provides sufficient information to accurately identify
the peaks.

Our results are a little surprising because the intensity
of the X, related satellites are approximately 40%%uo of the
no-phonon transition, in stark contrast to the 1 —2%%uo in-
tensity of the same satellites observed from type-II
CxaAs/A1As superlattices. In addition, it seems that this
ratio has an unexpected dependence on the separation of
the X' and X, states, rising to a maximum value at around
35.4 kbar before undergoing a marked decrease at higher
pressures. Such behavior should be compared with mea-
surements performed on GaAs/A1As short-period super-
lattices by Skolnick et al. , who observed no similar
effect. We are confident that this effect is genuine and
that the spectral features do indeed arise from phonon-
assisted recombination, as opposed to impurity related
processes, because the evolution of the peaks with in-
creasing laser power is quite unlike the expected satura-
tion behavior usually associated with impurities. In addi-
tion, no hysteresis is observed as the pressure is cycled, as
has been reported for pressure-activated deep levels in
(AlGa)As-based materials. We also believe that this
unexpected ratio enhancement may be the key to explain-
ing why this work represents the first identification of
three phonon satellites in alloy systems because it is only
very close to 35 kbar that sufficient resolution exists. A
more detailed investigation of this resonant effect will be
the subject of a future work.

IV. CONCLUSIONS

In summary, we have demonstrated that the intensity
of the phonon satellites observed from type-II
GaAs/(A1Ga)As structures is very strong when com-
pared with that observed from type-II GaAs/AlAs struc-
tures. From these measurements, we have observed three
phonon satellites, derived from the X, states, in such
structures and obtained very strong evidence that the ex-
istence of nearly degenerate X states can have a very
significant efFect on the optical emission, even when these
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states lie at higher energies. This conclusion was reached
by saturating the X, states at high incident laser powers
such that the e6ect of the X „states on the PL spectra
could be identified. The observed power dependence of
the various spectral features was used to identify their
electronic origins.
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