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The intrinsic absorption edge of Ga„Ini „P alloys has been investigated by piezomodulation spectroscopy
between helium and room temperature. The comparison of modulated reflectivity and transmission spectra

gives clear evidence of the participation of L and X conduction minima to the indirect process. At 10 K,
direct determination of the I „—L„and X„—L„crossover compositions (x, = 0.68 and x, = 0.77, respectively)

permits one to resolve the discrepancies existing in the literature on this alloy. The contribution of resonant

indirect transitions to Ae, is observed for the first time.

I. INTRODUCTION

During the last ten years a number of studies
have been made on systems of mixed crystals of
two III-7 compounds. One interest in these works
has been the synthesis of a semiconductor with a
large direct energy gap for light-emitting-diode
and laser applications, since all III-V compounds
with an energy gap greater than 1.5 eV, have an
indirect edge with the conduction-band minimum
located near the X point of the Brillouin zone. It
is well known' that a large-indirect-gap compound,
alloyed with a smallest-direct-gap material will
give a mixed crystal with a direct gap of inter-
mediate magnitude. To obtain large-direct-gap
devices with emitted radiation in the region of
maximum eye sensitivity, systems such as
GaAs, „P„, Ga, „Al„As, In, „Al„P, and Ga„ln, „P
have been suggested.

From the point of view of band structure,
In, „Al„P seems to be the optimal III-V material,
as the highest direct band gap obtained (2.33 eV at
300'K.' From considerations of crystal growth,
Ga„In, „P appears as one of the most suitable alloys
for such applications. Recently, laser oscillations
have been obtained on Qa„In, „P at energies up to
2.2 eV at 77'K, illustrating the possibility to ob-
tain light emission in the yellow-green part of the
spectrum. %'hatever the compound may be, it is
very important for such applications io know the
composition dependence of the energies of the
conduction-band states since recombination from
direct states (I'„) are more efficient than from
indirect ones (X„orI „).

In spite of the various works published on

Ga„In, „P alloys, thexe is some controversy about
the value of the composition at which the I'-X
crossover of the conduction-band minima occurs.
Using standard absorption, ' modulated spectro-

scopy (electroabsorption, ' thermoreflectance, '
and luminescence experiments)' several authors
found this I"-X crossover at x=0.64 at room
temperature, while cathodoluminescence" and

transport experiments3 give a rather higher value
(x=0.74). Until now, this large disagreement in
the determination of the crossover composition
has been attributed to material inhomogeneities
or imperfections introduced by the different crys-
tal preparations. ' In fact, all these experiments
distinguished between direct and indirect edges
without further precision about the identity of the
indirect conduction-band minimum involved.

Recently, from high-pressure Hall-effect mea-
surements on vapor epitaxial crystals of
Ga„In, „P (with composition ranging between x=0
and x= 0.59) Pitt et al."observed I'-I. and I -X
electron transfers. Extrapolating their results
for the entire system, they concluded that the
1"-I and L -X crossovers occur at compositions
of the order of 0.63 and 0.74, respectively.

Largely due to the different values of the defor-
mation potentials" of the I. and X minima of zinc-
blende compounds, it can be easily shown" that
the strain-induced displacements of the I „-I'»„,
X„-I', „, I„-I', „ transitions have well-defined
phase relation allowing the direct identification of
the conduction-band minimum involved in absorp-
tion process near indirect edge. It appears, then,
that optical experiments on strained semiconduc-
tors would constitute the more-adequate pxocedure
to obtain valuable information on long gap cross-
ing.

Vfe present here piezomodulation studies of the
conduction-band structure of Ga„In, „P alloys.
Comparing modulated ref lectivity and transmission
spectra, between 10 and 300 'K we obtained direct
evidence of the participation of the I and X minima
to the absorption process occurring near the funda-



mental edge. On a sample of selected concentra-
tion we observed accurately direct-indirect cross-
over as a function of temperature.

II. EXPERIMENTAL TECHNIQUE

%'e have studied modulated optical absorption
and reflection, in Ga„In,„„Palloys obtained from
a solution growth method. An indium bath is con-
tinuously fed by gallium from solid gallium phos-
phide and by phosphorus from vapor. The growth
temperature is kept constant. Under these condi-
tions, we obtain homogeneous polycrystalline
ingots ln the whole range of composition. Grain
size is few square millimeters. Composition is
determined by electron microprobe with a relative
uncertainty of about 1% or 2%. For modulation
spectroscopy experiments, samples are lapped
and mechanically polished on one or two sides.
The transmission and reflection spectra were
taken between helium and room temperatures, us-
ing standard optical arrangement described else-
where. " In order to obtain modulated spectra,
Ga„In, „P samples are glued onto a piezoelectric
transducer excited by a low -frequency alternating
electric field.

L&c ~ X&c
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FIG. 1. Example of band-structure diagram for
Ga„ In&„„I' iQustrating the different aOowed phonon-scat-
tering processes.

III. THEORETICAL BACKGROUND

The lowest band edge in indirect zinc-blende-
type semiconductors corresponds to transitions
from the valence-band maximum at 1" to the lowest
conduction-band minimum located at A, t 0. In all
the indirect binary compounds (A1P, AlAs, A1Sb,
GaP), this minimum is located at X point, but this
is not always the case in pseudobinary alloys like

Ga„In, „P. This phenomenon is simply related to
the sensitivity of the X point energy to the lattice
constant, which is much smaller than that of the
I' and L points energies. So, studying the indirect
edge of Ga„In,„„Palloys, we must consider both
the I g5 Xy and the I'»„-I,„transitions.

Intermediate states and phonons involved in each
of these processes are determined using the group
theory formalism. They are illustrated in Fig. 1

the irreducible representations of the electronic
wave functions, and I„ I.» X» X„and X, repre-
sent the phonons symmetries which are in the case
of GaP and InP:

x=x,(To)+x,{n)+x, (LA)+x, (Lo),

I.= I.,(TO)+ S.,(TA)+ I., (LA)+ I,,(LO) .
For each scattering process (only one phonon

involved), the absorption coefficient relative to
indirect transitions from valence states to exciton
states can be given by the general expression"

where I' and H are, respectively, the matrix ele-
ments for radiative transition and phonon scatter-
ing, 5E is the energy difference between the inter-
mediate state and the final (or initial) state, and
A(d~ is the phonon energy.

Since the energy denominator of Eq. (l) is
much smaller for the process involving the lowest
conduction band F„, structures associated to this
intermediate state will be expected to be the
strongest. Now transitions via I'„ intermediate
state involve only phonons of symmetries X, or
I,, (see Fig. 1). For I'»„-X„indirect gap, LA(x)
phonon-assisted transition is the strongest and for
I'»„-I.„indirect gap, La(L) and LO(L) phonon-
assisted transitions are the strongest.

When stress is applied to the solid, the initially
fourfold-degenerate valence band is split into two
doubly degenerate levels, and the equivalence of
the various valleys of the conduction band is
broken for certain stress directions. This gives
a twofold modulation of the direct gap and a four-
fold modulation of the indirect one, each compo-
nent being polarization dependent. %'e have cal-
culated" matrix elements and modulation ampli-
tudes of these different transitions for different
stress configurations, for all possible phonons,
for all independent polarizations of light, and
through all relevant intermediate states.

For (ill) coplanar stress, used in these experi-
ments, the different modulations of the threshold
energy E, for the optical direct transitions 1"»„
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-I'„and for the I'„„-X„and I „„-L„indirect
ones, are given, respectively, by

S„=1.05, S„=-0.34,
and'~18

S44= 1.55;

= 2 a,(S„+2S„)+ ~3 S„,

=2a,„(S„+2S„)+ ~-S«,

dE (L) = 2 a„(S„+2S„)

cf
+ s(»j &)EP«+2~3 s44~

(2b)

(2c)

a„=9.29, a&„-—-3.7, a;, = 2.48,

d= -4,
'This gives

6 [E(I')]= 5.9 x10 ' eV/bar,

A[LA(X)] = -0.8 x10 ' eV/bar,

6 [LA(L), LO(L)] = 2.42 x10 ' eV/bar.

where the parameters S,&
are the compliance co-

efficients. a~, a;„, a;» E2, and d are the defor-
mation potentials which specify the motion of the
various transitions under the stress. B(i,j, k)
= —3 for the [111]valley and 8(i,j,0) =

—,
' for the

[111], [1T1], and [111 valleys.
Thus, there is a twofold modulation of the I'15„
X1 transition and a fourf old modulation of the

I'»„-L„ transition.
The effective piezomodulation strength of an ab-

sorption edge is calculated for all the modulated
transitions, taking account for each process of the
modulation amplitude, the matrix element, the ef-
fective masses of the electronic valence states and
of the number of equivalent conduction band val-
leys. In particular, the piezomodulation param-
eter of the LA(X) phonon-assisted transition
(I'„„-X„indirect gap) and that of the LA(L) and
LO(L) phonon-assisted transitions (I'„„-L„ in-
direct gap) are given, respectively, by"

& [LA(X)] =— (2n„+ 8)+— (2o,„-5), (3a)
=11 3y

4 1+y " 41+y

4[LA(L), LO(I )] = — (2n, + 8)+ 4 1 (2ng —~) I
11 3y
4 1+y 4 1+y

(3b)
where o,„=a;„(S»+2S»), n, =a«(S»+2S»), 5=d/
(2v 3)S«, y=(m, /m, )'~' take account of the different
densities of the initial valence states, and the co-
efficients —,

' and —,
' determine the relative ampli-

tudes of the matrix elements of the vertical tran-
sitions from the split I'„„valence band to the I'„
intermediate state.

Similarly the piezomodulation parameter of the
direct transition I",5„-I „is given by

& [E(l')] =— (2o', + 6)+ — (2o'.,—5), (3c)
=11 3 y

41+y " 4 1+y
where n~ = a~(S»+ 2S»).

In the case of GaP, the elastic compliance con-
stants S,J (in units of 10 ' bar '), the deformation
potential (in eV) and the y coefficient are, respec-
tively, "

'The most-significant result here is that
&[LA(X)] is small and negative, whereas 4[E(I )]
and A[LA(L)] or [LO(L)] are larger and positive.
It is important to verify that at least the relative
sign is independent of uncertainties in the deter-
mination of various deformation potentials. 'The

largest uncertainties concern a, , which is not de-
termined experimentally. In order to compare
these signs, it is possible to simplify Eqs. (3) on
account of the order of magnitude of the different
coefficients (particularly 3y»1). We obtain

& [LA(X)] 2o.„-5

6 [LA(I.), LO(L)] 2o. , —8
(4)

Considering first the numerator, we note that,
z, and 5 being experimentally measured on GaP,
we can consider as established the negative sign
of this term.

Focusing now on the denominator, we note that
8 is negative (different measurements'"") and n
is always positive (calculated value" on Gap and
experimental value" on Ge). So that the positive
sign of this term can also be considered as estab-
lished, the z, value is not measured in GaP.

In essence, the important result is that the
L1 indi re et trans ition, involving both the

LA(I ) and the LO(I ) phonons, and the I'»„-I'„
direct transition are piezomodulated with the same
phase, while the I"»„-X„indirect transition in-
volving the LA(X) phonon is piezomodulated in
opposite phase. Consequently, it will be possible
in piezotransmission measurement to distinguish
I'»„-X„from I', 5 L1 indirect gap.

It is important to note that these results, ob-
tained on single crystal ean be extended to poly-
erystals.

In a polycrystal it is possible to define a new
medium, isotropic by compensation, character-
ized by average compliance constants S,, given in
cubic materials by"

3 2 1
11 5' 11 5 j2 5 44 y

1 4
12 5S11+ 5 12 1P 44 &

4 4 3
44 5 11 5 12 5 44 '
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IV. RESULTS AND DISCUSSION

A. I'&&, —I&, transitions
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Figures 2-4 give some representative piezo-
transmission spectra for Ga„In, „P samples, in
the temperature range 1.6-300 'K, corresponding
to the values g = 1, 0.915, and 0.84. The piezo-
transmission spectra of GaP have been discussed
in a preceding paper" and are given here for com-
parison in order to interpret the structures ob-
served on the pseudobinary system. For samples
of low-indium content it is expected that the low-
est band edge corresponds to indirect transitions
from the valence-band maximum I'»„ to the low-
est-conduction-band minimum X„. Phonons in-
volved in the scattering process are identified
from symmetry considerations. "'" The main
structures observed on" Gap [Fig. 2(a)] at helium
temperature corresponds to the excitonic indirect
process assisted by the emission of I,A phonon,
via the I'„ intermediate state. The weaker struc-
tures on the low-energy side correspond, respec-
tively, to the TA process (via X,„or I'», ) and to
impurity transition.

0.523

+TO)
TQ)

Wavelengt h (4Ivi)

FIG 2. Piezotransmission spectra near the fundament-
al edge of Ga„In& „P crystals, for values of the composi-
tionx =1, 0.915, and 0.84, respectively. Recorded
spectra are given at different temperatures between
helium and room temperatures. The temperature evolu-
tion of these spectra shows clearly the influence of the
background contribution produced by the nonresonant in-
direct processes. The different phonon processes are
indicated relative to the phonon branch involved; the
subscripts denote whether the phonon is emitted {8) or
absorbed {a).

X -0.915

e-LA

0.52
I

[10 K
1

Under arbitrary coplanar stress [(ill) for illus-
tration], n and 6 parameters are given by

0.52
I

0.54 0.52

Wavelength (pm)

X- 0.915

0.54

a =a, (S»+ 2S,2),

6 = (d/2WS)S4~ .
, (6)

(7)

d is a shear-deformation potential, so that d
= 0. On the other hand, a„which is the hydrostatic
component, gives a, =a,. The result is

@=0, and 5=0,
so that

0.53
I

LA

0.5 5
I

& [LA(X)] ~n a,„
& [LA(L), LO(I.)] n, a&,

'This ratio is negative because in all the ma-
terials a,„ is negative and a„ is positive.

(8)
0.53

I
0.5 5

I

Wavelength (pm)

0.55 057

FIG. 3. Same as Fig. 2.
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FIG. 4. Sam. e as Fig. 2.
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The piezotransmission spectra obtained on x
=0.915 and x=0.84 samples (Figs. 3 and 4) show
structures similar to those observed for the pure
GaP compound. The relative phases of these
spectra are the same. This implies the participa-
tion of X„conduction minima in the indirect pro-
cess (see discussion in Sec. III). The main struc-
ture corresponding to LA-phonon scattering is as
well resolved as that for GaP.

The structures C at 2.309, 2.325, and 2.300 eV
observed on the low-temperature spectra (for x
=1, 0.915, and 0.84, respectively) present a strong
excitonic character. Well resolved at low temper-
ature, they disappear completely above 100 K.
This zero-phonon transition can certainly be at-
tributed to an exciton bound to a residual impurity
whose definite identification cannot be obtained
without complementary luminescence studies on
specially doped samples. "

The definite identification of the different struc-
tures is obtained from their temperature evolu-
tion. The increase of phonon density at a tempera-
ture higher than nitrogen temperature permits one
to observe the complete pair-component spectra.

As the temperature increases, the phonon occupa-
tion number becomes comparable to unity and the
process involving absorption of phonons becomes
appreciable. The corresponding components are
clearly shown on the high-temperature spectra in
Figs. 2(b), 3(b), and 4(b). The identification of
the different structures is correlated to their
temperature dependence. The most important new

structures correspond to the absorption of TA and

LA phonons; note the broadening of the high-tem-
perature spectra, due to the increase of the pho-
non-absorption components. The temperature
evolution of the energy of the different structures
is shown in Figs. 5-7, with their identification.
For each structure, the small dispersion of the
experimental points permits a good determination
of the energy of the different phonons and of the
temperature coefficient of the threshold.

Let h'~„,&(LA) denote the threshold energy for
indirect transition assisted by absorption (emis-
sion) of LA phonons at X, and similarly for TO
and TA phonons. Between 80 and 300 K the quan-
tities —,

'
[k&u, (LA, TA)+ k&u, (LA, TA)j give for the

excitonic energy gap E,„ two values consistent to
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FIG. 5. Temperature dependence of the threshoMs of
the absorption components indicated in Figs. 2-4. The
solid circle, solid square, and triangle points corre-
spond to the experimental points; solid squares re-
present the only nonexcitonic process clearly resolved
(Ref. 21), and solid triangles to exciton impurity com-
plexes.

better than 0.1/p. This gives the temperature
variation of E „represented by a dashed line in
Figs. 5-7. Conserving equal spacing between this
line and the g-gA and e-I.A lines, gives extra-
polated value of 2.333, 2.321, and 2.315 eV for the
indirect exciton gap corresponding, respectively,
to x=1, 0.915, and 0.84 samples at helium tem-
peratures. Between 160 and 300 'K, E„decreases
linearly with a slope of 3.7, 10 ' eV/'K nearly
constant from x=1 to x=0.84. As already men-
tioned, this constant value of dE,„/dT reflects the
relative insensitivity of x minima to the variation of
lattice constant, and the fact that the form factors
which may be used to describe the energy gaps
have nearly constant values along the investigated
composition range. "'"

'The phonon-energy values are accurately ob-
tained from the energy difference —,'(Rw, -k&, )
corresponding to the pair components of Figs. 5-
7. The values we deduced (listed in Table 1) are
shown in Fig. 8. Extrapolating the TA and LA
energies from InP, "we verify that the energy of
the phonons belonging to the acoustical branch as-

100 200
0

Tempe r at ure & K)

FJQ. 6. Same as Fig. 5.
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- 2.2

2,00

0
Temperature & K)

FIG. 7. Same as Fig. 5.
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are important in these spectra since there is no
contribution of indirect transitions to &&,.

The reflection on the back face, adds a supple-
mentary term proportional to 47."ie to 4&,." In
this case expression (9) becomes

[a]

ha2
hw

where P'~&, - 4T may contain all structures in the
density of states like indirect edges occurring at
energies lower than that of the direct edge. %e
must note that near the E, direct edge, due to the
high values of the absorption coefficient, this term
vanishes completely. Finally, this gives

QR —hT

[c]

ARz
kw

&R d&, dz,
direct dE indirect '

The study of these structures has two aims: (i)
to observe simultaneously structures correspond-
ing to direct and indirect edges, in order to ob-
tain more accurate information about their cross-
over, and (ii) to specify the identity of the zone
boundary involved in the indirect process, from
the relative phases of the modulation amplitudes.

Figure 9 gives a clear illustration of the dif-
ferential-ref lectivity spectra [Etl. (11)] that we
have observed on Ga„In, ,P samples (x = 1, 0.915,
and 0.84). The structures corresponding to the
direct edge are excitonic and have the shape of a
two-dimensional minimum of the density of states"
[Fig. 11(a)]; those corresponding to the clearly
resolved indirect edges, are lightly modified
compared to those of Figs. 2-4, because here we
obtained nT/R and not nT/T. Note the decrease
of the energy separation with composition between
the structures as x decreases. These spectra
constitute the first clear visualization of direct-
and indirect-gap crossover.

'The relative phase of the structures is discussed
in agreement with the line shapes shown in Fig. 11,
Figures 11(a) and 11(b) represent the line shape
of the modulated dielectric constant we may ex-
pect to observe for direct and indirect excitonic
gapa. " In agreement with Eq. (11}, to reproduce
the spectra of Fig. 9 we must combine 4&, of Fig.
11(a) with ne, of Fig. 11(b). If the direct and in-
direct gaps are modulated with the same phase,
the 0 R/R spectrum must be identical to that of
Fig. 11(c). On GaP and Ga„In„„P, for x= 0.915
and 0.84 (Fig. 9), the relative phase of the struc-
tures is the opposite of this case. Qn the other
hand the line shape in Fig. 9 is similar to that
shown in Fig. 11(d). This, shows without ambigu-
ity that the direct gap E, and the indirect one, are
modulated out of phase. As argued in the piezo-
modulation calculation of 3ec. III, this demon-
strates that the indirect transition observed in
Fig. 9, involves X minima of the conduction band.

h R 5T aine [x]
~

&air
hg, M

[d]

Energy

FIG. 11. Illustration of the different line shapes ex-
pected from the mixture of reflection and transmission
spectra. Insets (a) and (b) give the theoretical line
shapes of ~~& and 4e& for direct and indirect excitonic
edges; insets (c) and (d) give the (~—DT)/R line shapes
corresponding to direct and indirect transitions ending
atL and X minima, respectively.

I. minima would produce the line shape of Fig.
11(c}.

In Fig. 10 we give identical spectra to those
precedingly observed, but obtained on x= 0.77,
0.72, and 0.69, Ga,In, „P samples. For x= 0.77,
the direct and indirect gaps are less than 100
meV from each other; the relative phase of the
structures shows, as in the preceding discussion,
that the indirect process occurs at X minima.

For x = 0.72 and x = 0.69 there is a drastic change
in the line shape. The relative phase of the indivi-
dual structures is reversed and this shows [Fig.
11(c)] that the direct and indirect gaps are modu-
lated in phase. 'This new structure is not associated
with an impurity for the following reasons. This
structure is very close to 1"and Xconduction-band
minima, so if an impurity level is involved this is as-
sociated with I' or Xminima. The structure observed
isinphase with the one due to the E, gap, and in
opposite phase with the one due to the E»d gap;
so if this is an impurity structure, the impurity
level is associated with the 1" minimum. Now Figs.
15, 16, 19, and 20 show that the temperature co-
efficient of the structure is different than that of
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(b)

QR hT
R R

0.52
l

X =072

0.54

Wavelength (p~)

10'K

0.56
l

ture observed is characteristic of E, excitonic and

Eo + +o transitions and is s imilar to the spectra we
have given in Fig. 9 (high-energy part of the
spectra). Curve (b) contains two more structures
P, and P, induced by 4T. These structures in
phase with that of E„are out of phase with respect
to the structures characteristic of the indirect gap
at X (see Fig. 9).

In agreement with the piezomodulation calcula-
tion of direct and indirect gaps (Sec. III and Fig.
11), this phase inversion permits us to assign
these structures to transitions ending at the Ly,
minimum of the conduction band. In the Fig. 13,
we compare the (n.R &T)/R-and hT/T spectra
observed at 10 'K on the sample with two optically
polished faces. In transmission spectra, the P,
and P, structures are clearly resolved. They are
attributed to the I'»„-L„transitions, assisted by
the scattering of LO(L) and LA(L) phonons, which
are the only scattering processes allowed by I'„.
The energy difference between these two struc-
tures (22 meV), obtained from Fig. 14, is in good

FIG. 12. illustration of the back-reflection contribu-
tion to the ~/R spectra, obtained on x = 0.72 sample.
Curve (a) is obtained on sample with a rough back face
and curve (b) on the same sample with the two faces
optically polished. These spectra give also clear evi-
dence of the proximity of I' —I crossover.

the E, gap. Another reason is that Fig. 14 shows
the existence of two structures whose energy dif-
ference is in agreement with the energy difference
between the two phonons LO(L) and LA(Q, which
are precisely the allowed phonon structures for an
L indirect gap.

This result constitutes the first clear evidence
for this alloy of the participation of L minima in
the indirect process. Although these spectra
which show (&R- &T)/R are very useful for com-
paring the relative phases of the structures due
to direct and indirect transitions, they do not al-
low an accurate determination of the various
structures. This limitation is due to large re-
duction of &T/R by the absorption in the sample.
Thus, for accurate determination of the various
band gape we use piezotransmission hT/T and
piezoref lection spectra hR/R. This is discussed
next.

4T
T

I

e-Lo(L)

10 K

C. I —L crossover

Figure 12 gives the comparison of the AR/R
spectra obtained on the x= 0.72 sample in the two
following cases: (a) sample with a rough back face
and (b) sample with optically polished back face.
Curve (a) corresponds to n. R/R- 4e„ the struc-

0.52
l

0.54 0.56
I I

Wavelength (pm)

FIG. 13. Comparison of (~—AT)/R and d~/T spectra.
The transmission spectrum shows clearly the two scat-
tering processes involved in the indirect transition.
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FIG. 14. Comparison of b, T/T and 4T spectra. The

screening of AT structures by the (- 2o.dj term, allows
an accurate determination of the energy difference be-
tween the LO and LA structures.

agreement with the difference S~~p&»-S~», »
= 23.5 meV deduced from the linear extrapolation
of the phonon energies of the pure compounds. "
At 10'K, we obtain for the energy of the direct
and indirect gaps the values

E, =2.303 eV [from Fig. 12(a)],

Eeg+ @gp(I. )
=

(from Fig. 14).
E, d-E,„+S(oz A(i)

——2.275 eV

faking account of the temperature coefficients
of E, and E, transitions (Itef. 34 and Table II,
where we show that dE, /dT is greater than dE, /
dT) and of the vicinity of the transitions at 10'K,
we may expect to observe at higher temperature
the crossing of the E, and Ei d E +@Lp{I )

transitions, that is the resonance of the indirect
transition assisted by emission of Lo phonon.

This resonance which corresponds to the vanish-
ing of the denominator of Eq. (1), has until now,
never been observed, and is clearly shown in
Figs. 15-1V. Figures 15 and 16 show the tempera-
ture evolution of the hR/R structures correspond-
ing to the E, gap, observed on the sample with un-
polished back face. At low temperature, we ob-
serve a structure characteristic of excitonic di-
rect gap transition. At higher temperature
(greater than 100 'K) an extra oscillation appears
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X =0.72

E
6'K,

88 K
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QJ 22 e-Lo(L)

k
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e-LA(L)

0.53

Wavelength (p~)

0.55
I

100 210

Temperature ( K)

300
l

FIG. 15. Temperature evolution of ~/R spectra ob-
tained on Gap ypInp»P sample, with rough back face.
The extra oscillation appearing at temperature greater
than 135 K gives clear evidence of the contributions to
Ac& of resonant indirect transitions.

,

135K

FIG. 17. Temperature dependence of the thresholds of
the direct and indirect edges observed on Gap 7)lnp ps P
sample. Solid circles represent the energy of direct
edge deduced from ~/R spectra f Fig. 12(a)], solid
squares correspond to the energies of the absorption
components indicated in Fig. 14, solid triangles re-
present the energy of the structures obtained on AT/T
spectra, produced by the mixing of Ep and LO(L) struc-
tures. The temperature evolution of these energies
gives direct evidence of the I'-L crossover.

0.52

,

174K

200 K

Wavelength (P~)

0.56
I

FIG. i6. Same as Fig. 15.

(Fig. 16). We have plotted in Fig. 17 the tempera-
ture evolution of the energies of the direct (Fig.
15) and indirect transitions (E,,~ E,„+k&u„«» and-

„E, ,E„5+(u„„-(~))of Figs. 13 and 14, it shows
that the crossover appears at temperatures greater
than 135 K.

These extra oscillations correspond to a reso-
nance of the indirect transition produced by the
achievement of energy conservation with the inter-
mediate state which becomes the resonant state.
fThis can be seen from expression (1) for the
imaginary part of the dielectric constant, j This
means that the contribution to &, of the indirect
transition can be come comparable to that of a
direct gap. I'his explains the modification of the
4R/R structures at temperatures above the value
at which direct and indirect edges are very close
(this is shown by the comparison of the low- and
high-temperature spectra of Figs. 15 and 16).

In a first approximation we can test this result,
comparing on the absorption curve of GaP obtained
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X =0.69

AR
R

E+ ho

0.53

10K

[Eq. (1)] is obtained from integration on the den-
sity of states, keeping the denominator constant.
So, this expression gives a poor approximation at
energies near the resonance. More careful calcu-
lation of &, „d, keeping the energy denominator
under the integral, shows" that near the reso-
nance &, „d has a square-root energy dependence
which gives a threshold comparable to the direct
one.

'This explains why, near the crossover of the I'
and I conduction minima, we observe a drastic
modification of nR/R, i.e. , of n&, . The resulting
line shape of Fig. 16 is easily understood, com-
bining two similar structures [Fig. 11(b)] at ener-
gies slightly different.

I'his resonance has also been observed at lower
temperature on a sample with lower gallium con-
tent (x=0.69). Figure 18 gives the nR/R spectra
obtained at 10'K, which shows the proximity of
the direct and indirect edges. In Figs. 19 and 20
we show from the preceding discussion, that this
time, the I'-I. crossover occurs around 70-
100 'K, in agreement with the expected evolution
of the transition energies with composition.

+gyelength ( p, m)

FIG. 18. Illustration of the proximity of the ~-L cross-
over on ref lectivity spectra obtained on x = 0.69 sample
with (aj two faces optically polished and (b) the same
sample with a rough back face. X =p.sg

1 p'K

by Dean et al. ,35 the value of &, at the energy of the
direct gap, to that we would obtain for &, at the
indirect edge if there was resonance on the inter-
mediate state. I'herefore, we compare:
=30000 cm ' to K'E2 hand

10K cm '. The correction
factor K, takes account of the fact that we must
include the resonance in the energy denominator
of e, ,„d, given by Eq. (1). We put

74 K

1QS K

The numerator is evaluated for GaP, 5E = I'„
-X„=500 meV; the denominator represents the
energy denominator we must have for the alloy
resonance, 5E' = h&„and I' = 10 meV is evaluated
from the half-width of our spectra.

'This gives K&»„„=25 000 cm " to be compared
to 30000 cm ' for &, direct. 'This elementary cal-
culation shows that, at the resonance of the in-
direct gap, the contribution to &, is of the same
order of magnitude as that of a direct gap, and so
are the discontinuities in &,.

We have to note that the expression used for z,

128 K

0.4 9

'Wavelength (P~)
FIG. 19. Temperature evolution of the ~/R spectra

obtained on Gap eglnp gtP sample. The extra oscillation
characteristic of resonant indirect transitions occurs,
here, at lower temperature than for x' =0.72 sample.
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148 K

we assign the negative peak to an indirect transi-
tion ending at the L minimum„and the positive one

to that leading to X minimum.

t

200 K
I

250 K,

T

273 K

E. Conclusion: Conduction-band structure of Ga„ In& „Palloys

All the preceding results are summarized in

Fig. 22, which represents the composition depen-
dence of the energy of the direct and indirect gaps
at 10'K. The energies of the E, gaps are obtained,
on samples with rough back faces, from the en-
ergy at which the inflexion point of structures sim-
ilar to those shown in Figs. 23-25 occurs. 'The

energies of the indirect edges, plotted in Fig. 22

correspond to E,„„E„.+ f-i&a»(X) for the X minima
and to E,„d E,„+h-u„o(L) for the L minima. We
used these energies because they are the most ac-
curate we can deduce from the main scattering
processes we have observed in differential spec-
troscopy.

Extrapolating these values to those given by
Qnton et@/."for the energy position of X minima,
and by White et al."for the direct gap value of

0.53 0.55 0.57 0 59
I I I I

Wavelength (pm)

FIG. 20. Same as Fig. 19.

B. J. —X crossover

The preceding results show that at low tempera-
ture, for composition x&0.84, the fundamental
edge is indirect and involves the X„minima of the
conduction band, while for 0.68 & x & 0.72 the edge
remains indirect but involves the L „minima.
'Thus, we may expect to observe an X-L cross-
over for Ga„In, ,P samples of intermediate compo-
sition.

This, has been observed at 10 K on a sample of
composition x= 0.77. This result is illustrated in
Fig. 21. 'Taking account of the phase inversion of
the structures, due to the different modulation of
the X and L minima, near the X-L crossover
we may observe a mixing of positive and negative
structures with an E ' ' energy dependence, cor-
responding to the different indirect absorption pro-
cesses assisted by the LA(X) and LO(L) or LA(L, )
phonons.

That is what we observed in Fig. 21. At 10'K
we obtain E„,(I)-E +N&u„o(L)=2. 329 eV and

E,„(X)d- E,„I~~+„(X)at a slightly higher energy.
The mixing of the structures does not permit us
to determine accurately the energy at which it
occurs. We must note that at higher temperature
the increase of absorbed phonons increases the
main absorption and screens the high-energy
structure. From the line shape of Figs. 10 and 11

~ ~

e-LA(j{)
l

I

37'K

I ~

e-LA(X)
I

6.53 054 9,55

g(gyele ngth (pm)

FIG. 21. DTjT spectra obtained on x =- 0.77 sample at
different temperatures. As discussed in the text, struc-
tures characteristic of L and X, indirect transitions
(dashed line for X) are superimposed out of phase. The
assignment to the conduction band minima is obtained
from the phase relation we can deduce from the struc-
tures of Fig. 10.
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FIG. 22 Composition dependence of the direct (4) and
indirect {V;I'-X and 8:I"-L) gaps. For the indirect
edges the ener~ vRlues correspond to (Eindx —E6x
++(@LA(x)) Rnd @ind L Eex +@(dLo~L)) which Rre the ener
gies of the more accurate structures ere can obtain in
differential spectroscopy. Solid stars correspond to the
values obtained from (a) Bef. 10; (b) Bef. 12; (c) Bef.
13; (d) Bef. 14; (e) Bef. 15.

wavelength

FIG. 24. Same as Fig. 23.

X

0.41
l

0.42
I

0.43

InP, me can represent the g dependence of the
direct and X indirect gaps of Ga„In,„„Pby the
equations

Egg g(») 1 418+ O, VV»+ 0 684»

E» i g(») 2 369 0 162»+ 0 14V»

'For composition values greater than x= 0.80 it
has not been possible to observe on very thin sam-
ples, sharp structures characteristic of the I.
minima. The energy position of this minima on

0.44 0.45 0.46
l I I

.4

+eveleng t h (pm)

6.$2 O.84

FIG. 23. Piemref lection spectra in the range of Eo
Rnd Eo+40 gap8 for composition vRlues: x = 1, 0.915,
0.84, 0.77, 0.72, 0.69, and 0.39.

Qfe ve Iengt h (g ln)

FIG, 25. Same as Fig. 23.
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QaP, has been the object of some controversy, '4'"
so taking account of our results and that of James
etal. 40 we just indicate in Fig. 22 the composition
dependence we must expect to observe for the en-
ergy value of L minima.

In Table II, we collected characteristic energy
values obtained in this experiment. We give also,
for completeness, some values of the energy and

temperature coefficient of E, transition we have
obtained.

The predicted band-structure variation across
the alloy, shown in Fig. 22 permits us to conclude
that at 10'K, the X„-L„crossover occurs near
x = 0.77 and that the L„minima cut I „around
x=0.68. Using a constant value of 13 meV for the
exciton binding energy at X and L,"and extrapo-
lating LA(X) and LO(i ) phonon energies from
pure compound values" we can deduce from Fig.
23 the E. d x —E d g and Eo-E „d g crossover
values. We obtain

xx ~ = 0 78 and x~ ~ = 0 65
lt", 1C

in good agreement with the values deduced by Pitt
et aE '0 from high-pressure Hall-effect measure-
ments (x=0.74 and @=0.63, respectively).

In conclusion, the possibility offered by piezo-
modulation experiments to determine without
ambiguity the phase of the structures character-
istic of direct and indirect transitions, allows us
to separate the contribution of L and X minima to
the imaginary part of the dielectric constant. For
the first time, we have obtained clear evidence of
resonant indirect transitions as would be expected
at energies where direct and indirect transitions
are superimposed. The values we give for L-X
and I"-L crossovers provide a means of reconcil-
ing the inconsistencies in interpretation of pre-
vious measurements on Qa,In, ,P alloys.
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