
PHYSICAL REVIEW B VOLUME 51, NUMBER 8 15 FEBRUARY 1995-II

Hot-phonon generation in GaAs/Al„Gat „As superlattices: Observations and implications
on the coherence length of LO phonons
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Using picosecond Raman scattering, hot-phonon occupation numbers (N) of GaAs and GaAs-like LO
phonons have been studied over a wide range of structural parameters in more than 30
GaAs/Al Gal As superlattices. In addition, simultaneous measurements of these LO phonon modes
in bulk GaAs and Al Gal „As alloys are made for comparison. N values of both GaAs and GaAs-like
modes of the superlattices are comparable to or larger than those of bulk GaAs or Al Gal As alloys
for x &0.2. On the other hand, N values of GaAs or GaAs-like LO phonons are much smaller for

0
x &0.35, unless the barrier widths are very thin (&15 A). The implications of our results on spatial
properties of LO phonons are discussed and compared with relevant theoretical and experimental stud-
ies.

Spatial properties (or coherence lengths) of LO pho-
nons in GaAs/Al„Gai As superlattices (SL's) as a func-
tion of x or layer thicknesses have attracted some atten-
tion over the last decade. ' ' There is now general
agreement that an infinite-barrier picture can be used for
LO phonons in GaAs/A1As superlattices because of the
relatively large energy separation (=100 cm ') between
the optical phonons in GaAs and A1As.

While phonon properties of GaAs/A1As SL's have
been extensively studied using Raman scattering, '

those of GaAs/Al Ga, ,As SL's are more complicated
because of the two-moded behavior of optical phonons in
Al Ga, As alloys. In GaAs/Al„Ga, „As SL's, GaAs
and GaAs-like LO phonons are much more likely to be
bulklike and propagating compared with LO phonons in
GaAs/A1As SL's. This is because GaAs-like LO pho-
nons of Al Ga, As lie very close in energy to GaAs LO
phonons, so that the barrier height in
GaAs/Al Ga, „As SL's for x & 0.3 is much smaller (for
instance, = 10 cm ' or less for x & 0.3).

In this paper, we have measured N for GaAs LO pho-
nons by picosecond Raman scattering in over 30
molecular-beam-epitaxy grown SL's with various x
(0.10&x & 1), well width L (70&Lb &150 A), and bar-
rier width Lt, (5 &Lb & 150 A) at 20 K. The laser mainly
used was the second harmonic of a mode-locked
Nd:YAG (yttrium aluminum garnet) laser (2.33 eV, 1.5
ps), as well as a synchronously pumped dye laser (1.9—2.1

eV, 1.5 ps). With these exciting photon energies, hot-
electron relaxation that generates hot phonons occurs

mostly above the alloy barrier in most of the samples in-
vestigated. N was found to be sensitive to both x and Lb.
when x (0.2, bulklike occupation numbers for both
GaAs and the GaAs-like LO phonons are observed in all
ranges of Lb and L„while when x )0.35, N values of
GaAs LO phonons are much smaller when Lb ) 15 A,
typically at 10—20%%uo that of bulk GaAs. These small
values are comparable to those of a GaAs/A1As SL
(L, =Lb =100 A), where LO phonons are believed to be
lierfectly confined. When the barriers are very thin ( & 15
A), a bulklike N is again recovered even for x &0.35.
These results can be summarized in a two-dimensional
phase diagram (Fig. 3) where regions of bulklike N and
the (GaAs/AIAs SL)-like N are well separated in the
two-dimensional phase diagram of x and Lb. Our results
can be explained qualitatively (and also somewhat quanti-
tatively, see Fig. 4) if we assume that the confined
Raman-active LO phonons in the well eventually become
propagating and Bloch wave functionlike, with their
coherence length g much larger than the well widths.
This interpretation is in good agreement with some of the
recent theoretical studies.

In Fig. 1(a), the Stokes and anti-Stokes Raman spectra
of GaAs and GaAs-like LO phono ns of a
GaAs/Ala 2Ga0 8As SL (L„=Lt,=70 A, 20 periods) at 20
K are plotted. GaAs and GaAs-like modes of the
GaAs/A10 2Ga0 8As superlattice are reasonably well
resolved with a separation of =7 cm '. By comparing
the Raman intensities around +295 and +288 cm ', or
by deconvoluting the spectra, 1V values of both GaAs and
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FIG. 1. The Stokes and anti-Stokes Raman spectra of GaAs
and GaAs-like LO phonons (a) in a GaAs/Alp 2Gap 8AS SL
(L, =Lb =70 A, 20 periods) sample, and (b) in a
GaAs/Alp 4Gap 6As (L, =100 A, Lb =50 A, 30 periods) SL.
Both samples are measured under identical conditions, together
with bulk GaAs.

GaAs-like modes are obtained. Resonant Raman correc-
tions in obtaining X are relatively small in our samples
due to the ofF-resonance excitation conditions used. Both
of these modes have values of N that are only slightly
smaller than that of bulk GaAs also in the same cryostat
and larger than that of Alo 2Gao 8As. Therefore, from the
point of view of hot-phonon generation, both GaAs and
GaAs-like LO phonons in this SL are essentially bulklike
when x =0.2.

In Fig. 1(b), the Stokes and anti-Stokes Raman spectra
of GaAs and GaAs-like LO phonons of a
GaAs/Alo 4Gao 6As SL (l. = 100 A, Lb =50 A, 30
periods) at 20 K are plotted. In this sample, the barrier
height is =15 cm ', as can be readily seen from the
Stokes Raman spectrum. N values of both GaAs and
GaAs-like LO phonons are much smaller than those of
bulk GaAs or the GaAs/Alo 2Gao 8As SL, but is compa-
rable to that of a GaAs/A1As SL with L, =Lb =100 A.
Thus, X values of both GaAs and GaAs-like LO phonons
in this SL are confined phononlike.

Because of the relatively low power densities ( & 10'
cm ) we used, N is much less than 1 and linear with the
laser power P. Therefore, experimental errors are re-
duced by comparing the normalized hot-phonon genera-
tion efficiency dN/dP between SL's and bulk GaAs in-
stead of comparing N. In Fig. 2, the normalized (to bulk
GaAs) hot-phonon generation efficiency dN/dP for
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FIG. 2. Hot-phonon generation efficiency normalized to
GaAs, plotted as a function of Lb for x = 1 (empty circle),
x =0.4 (filled inverted triangle), x =0.2 (filled circle), and
x =0.12 (empty inverted triangle). Broken lines are a guide to
the eye.

GaAs LO phonons of SL's are plotted against Lb for four
series of SL's (x =1, 0.4, 0.2, and 0.12) with fixed
L, =100 A. There is a clear Lb-dependent transition
from bulklike efficiencies to much smaller efficiencies in
the two series with x =0.4 or 1. Only bulklike
efficiencies, however, are observed for all Lb's in the two
series with x=0.2 and 0.12. GaAs and GaAs-like peaks
are well resolved in Raman spectra up to x =0.2 [Fig.
1(a)], whereas it is difficult to separate them when
x =0.12 due to the finite-band width (6 cm ') of our pi-
cosecond pulses. Therefore, dN/dP for the x =0.12
series should be regarded as the averaged generation
efficiency of GaAs and GaAs-like modes.

For most sample parameters in Fig. 2, the normalized
generation efficiency is either bulklike (dN/dP )0.6) or
comparable to those of GaAs/AlAs SL's (dN/dP &0.2).
This holds true for other series not shown here as well.
Therefore, we can easily visualize our results in a parame-
ter space of x and Lb as a phase diagram (Fig. 3), where
the line is a guide to the eye, around which N (or dN/dP)
changes from bulklike values to confined phononlike
values, or vice versa. For comparison, the di6'erences be-
tween the energies of GaAs LO phonons (295 cm ') and
the GaAs-like LO phonons, which act as barrier heights,
are indicated for several x values in the upper part of Fig.
3. It is clear that when the barrier height is smaller than
=10 cm ' (x =0.3), LO phonons become bulklike, at
least from the point of view of hot-phonon generation.
This critical barrier height (or critical x) of =10 cm
(or x =0.3) is in good agreement with the theoretical re-
sults of Refs. 8 and 10. Furthermore, these results are in
qualitative agreement with Ref. 13, where it was found
that 1 ML of A1As can stop the propagation of GaAs LO
phonons into the adjacent GaAs layer, while they propa-
gate through Al Ga& „As monolayers with small x's.
From these discussions, it is clear that the confined-to-
propagation (or small-to-large g) transition of LO pho-
nons as an explanation of our results warrants some fur-
ther consideration.
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From Eq. (2) denoted by thin lines in Fig. 4(b) and the re-
sults of Fig. 4(a), we obtain the normalized K of 0.11 for
the confined phonon of Eq. (1) [Fig. 4(c)]. Such a small X
is a combined result of the relatively wide ~F(q)~ of Eq.
(2) resulting from small coherence length g of confined
phonons, and the sharp decrease of X with increasing q.
When phonons become propagating and thus can be
represented by Bloch wave functions, the dominant
Raman-active wave function o6' resonance can be
represented by

Vo =exp( iqoz) U (z) . (3)

U(z) is an even, periodic function with period of L, +L&.
The Fourier transform F(q) of this wave function would
show a dominant peak at qo and weaker ones at
~qo+2~/(L, +Lb ) ~, ~qo+4~/(L, +Lb ), . . . , as shown
with thick lines in Fig. 4(b) for L, =L& = 100 A. For sim-
plicity, we assume that ~F(q)~ are 1 and 0.3 for qo and
~qo+2vr/(L, +Lb ) ~, respectively, and zero for the rest of
the Fourier components. The resulting X is much larger
than that of the confined phonon, at 65% of the bulk
value X (q =qo). This results directly from the fact that
~F(q)

~
peaks sharply at qo for the Bloch wave function of

Eq. (3), so that bulklike X results [Fig. 4(c)]. It should be
stressed that this bulklike X is not a result of choosing
specific values for ~F(q) ~

. Rather, any Bloch wave func-
tion of Eq. (3) with an even U(z) is dominated by the
bulk Raman-active Fourier component q =qo and, there-
fore, would result in bulklike iY.

The calculations shown in Fig. 4, although simplistic,
illustrate that the confined-to-propagating transition of
LO phonons is certainly a feasible explanation for the
bulklike X observed for small x and I.b. It should be not-
ed that to observe bulklike, large X, it is not necessary to
have such a well-defined Bloch wave function of Eq. (3).
Rather, any U(z) whose spatial extent is larger than
m/qo=330 A would result in bulklike &, which is self-
evident from our Fourier-transform arguments. Thus
bulklike or propagating in the context of hot-phonon
generation is somewhat relaxed (i.e., g) 330 A) from the
perfect Bloch wave function. Our hot-phonon technique

and interpretation, compared with the theoretical and ex-
perimental cw Raman studies performed on thin SL sam-
ples, " ' provide a complementary approach to the prob-
lem of spatial properties of LO phonons. With its large
dynamic range, which essentially stems from the rapidly
changing hot-phonon distribution curve near the zone
center, this technique can be particularly useful for most
widely used quantum wells of =100 A, where observa-
tion of multiple peaks is extremely difficult due to Hat
dispersion at the zone center.

Our phase diagram shown in Fig. 3, when interpreted
as separating regions of confined or propagating LO pho-
nons, is in good agreement with recent theoretical calcu-
lations of Colombo, Molteni, and Miglio, where a strong
increase in theoretical Raman intensity for x (0.3 in in-
terpreted as the onset of propagating LO phonons. ' Di-
agrammatic perturbative studies of Fertig and Reinecke
are also in general agreement with our results and inter-
pretation, although a change of LO-phonon properties
with x is less abrupt in their studies. Furthermore, the
existence of the critical alloy concentration x (=0.3)
might suggest that GaAs LO phonons in these SL's prop-
agate via percolation.

In conclusion, we have performed an extensive pi-
cosecond Raman-scattering study of LO phonons in
GaAs/Al„Ga& As superlattices. Large, bulklike pho-
non occupation numbers are observed when x ~0.2 for
all sample parameters, while much smaller values of X
comparable to those of GaAs/AlAs SL's are observed for
x ~0.3. These results can be qualitatively explained by
assuming that LO phonons undergo confined-to-
propagation (or small-to-large g) transition around
x =0.2—0.3. Our results are in good agreement with re-
cent theoretical investigations.
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