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Resonant Raman scattering has been used to study the confined LO modes and interface modes
near the lowest direct band gap of a GaAs/AlAs superlattice. We have studied the polarization
dependence of the resonance profiles in detail. The peak positions of the polarized and depolarized
resonance profiles are not the same. When the laser is polarized along (110) or (110), we see an in-
terference effect for some of these modes similar to that seen by Menéndez and Cardona in bulk
GaAs. In bulk GaAs, this interference is an intrinsic effect. In superlattices, this effect is a viola-
tion of the selection rules for confined LO modes; we attribute this “forbidden” scattering by
confined LO modes to an impurity-induced Frohlich mechanism.

I. INTRODUCTION

Recently there has been much work on small-period
GaAs/AlAs superlattices in which the lowest conduction
band is derived from the X point of AlAs. Finkman and
Sturge! were the first to identify these states on the basis
of photoluminescence and excitation spectra. The transi-
tion from direct to indirect has been investigated experi-
mentally? and theoretically.>* From the point of view of
resonant Raman scattering, these samples are an interest-
ing system because one can do resonant Raman at the
lowest direct band gap without having to worry about a
large luminescence background obscuring the Raman sig-
nal.

Small-period superlattices exhibit interesting resonance
Raman effects due to the complicated electronic structure
and the well-separated confined LO modes. Phonons in
superlattices which propagate normal to the layers are
well understood.’ The motivation in resonant Raman
scattering is to study the electron-phonon interaction and
the electronic structure. Resonance Raman studies of
confined LO modes® and interface modes’ have been re-
ported by Sood et al. Meynadier et al.® reported the ob-
servation of higher-order Raman scattering by combina-
tions and overtones of interface modes. In the present
work we report a more detailed study of the polarization
dependence of the resonance profile than has been report-
ed before. For some of these modes, we see an interfer-
ence effect in the z(x'x’)Z and z(y'y’')Z polarizations,
similar to the work of Menéndez and Cardona® !° in bulk
GaAs. This effect violates the usual selection rules for
Raman scattering by confined LO modes in a superlat-
tice.

II. EXPERIMENTAL DETAILS

The sample used for these measurements was a super-
lattice (21 A GaAs)/(51 A AlAs). The layer thicknesses

39

were determined by x-ray diffraction. The optical mea-
surements were performed at a temperature of 8 K. A
pseudo-Brewster-angle backscattering geometry was
used. Outside the sample, the laser beam makes an angle
of approximately 70° with the normal to the surface. In-
side the sample, this angle is reduced to 14° due to refrac-
tion. The wave vector q of the phonon is then 7° off of
the [001] direction. This angle is small enough so that we
can use the selection rules associated with exact back-
scattering. We have confirmed this by comparing spectra
taken in the pseudo-Brewster angle and exact back-
scattering configurations. We have taken data in the
z(xx)Z, z(xy)Z, z(x'x')Z, and z(p'y’')Z configurations,!!
where x||[ 100], y||[010], z||[001], x'||[110], and y’||[110].
The excitation source was a cw dye laser; both 4-(di-
cyanomethylene)-2-methyl-6-(p-dimethyl-amino-styryl)-
4H-pyran (DCM) and Rhodamine-6G dyes were used. A
Spex 1400 double monochromator was used to analyze
the scattered light. The signal was detected by a pho-
tomultiplier tube in the photon counting mode. The res-
onance profiles are not corrected for absorption.

III. RESULTS AND DISCUSSION

A. PL and PLE

Figure 1 shows photoluminescence (PL) and photo-
luminescence excitation (PLE) spectra. The PL peak at
1.99 eV in Fig. 1 is at the lowest direct band gap. This is
a weak luminescence peak; the luminescence at the in-
direct band gap (1.801 eV) is 2000 times stronger. The
sharp structures on the high-energy side of the PL peak
are higher-order Raman lines associated with the laser
line exciting the luminescence. For the PLE spectrum,
the monochromator was set at the peak of the indirect
band-gap luminescence (1.801 eV) and the dye laser wave-
length was stepped automatically, keeping the power con-
stant. The PLE spectrum shows an absorption edge at
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FIG. 1. Photoluminescence (dotted line) and PLE (solid line).
For the PLE, the monochromator was set at the peak of the in-
direct band-gap luminescence at 1.801 eV. The sharp peaks in
the high-energy tail of the PL are Raman lines associated with
the exciting laser.

the position of the direct band-gap PL, and two peaks
due to the n=1 heavy-hole (H) and light-hole (L) excitons
at 2.02 and 2.09 eV, respectively. There is a shift between
the PL peak and the H1 peak in the PLE spectrum. The
PL occurs from the lowest energy state (an exciton bound
to an impurity, or to monolayer fluctuations in well
width), while the PLE peak is at the peak of the density
of states (a band-to-band transition). Finkman et al.!
also see such a shift. If we take a PLE spectrum with the
monochromator set on the direct band-gap luminescence
peak, the spectrum is dominated by Raman lines, as in
Meynadier et al.®

B. Identifying the Raman peaks

Figure 2 shows Raman spectra taken at the peak of the
resonance with the lowest direct band gap (bottom) and
at 5145 A (top). We see scattering from confined LO
modes which we denote by LO,,. In the top curve [Fig.
2(a)], the confined LO modes (LO,-LO, and LOy) are
seen in their allowed configurations: z(xy)Z (depolarized)
for the odd-order confined modes (B, symmetry) and
z(xx)Z (polarized) for the even-order confined modes ( 4,
symmetry). In the bottom curve [Fig. 2(b)], the even-
order confined LO modes (LO,, LO,, and LOg) are ob-
served in both the polarized and depolarized spectra. In-
terface optical phonons are also observed at 278 cm ™! in
Fig. 2(a) (between the LO, and LOg) and at 390 cm ™! in

Figs. 2(a) and 2(c). The frequencies of the peaks in Fig. 2 |

are compared with calculated peak positions in Table I.
The confined LO modes were calculated with the model
of Levi et al.,'? which takes into account the composi-
tion profile of the superlattice as determined by x-ray
diffraction. This model assumes a parabolic dispersion
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FIG. 2. Raman spectra at three different laser wavelengths:
(a) laser, 2.41 eV; (b) laser, 2.039 eV; (c) laser, 2.074 eV. The
spectra in (b) and (c) are near the peak of the resonance. For all
three spectra: solid lines, z(xy)Z polarization; dashed lines,
z(xx)Z polarization.

for the LO mode of bulk GaAs, and thus overestimates
the dispersion for the higher-order confined LO modes.
This may provide the explanation for the large discrepan-
cy (4 cm™!) between the calculated and observed frequen-
cies for LO4. The interface optical-phonon frequencies
were calculated using the q=0 limit of the expression
given in Sood et al.” These modes are wave vector for-
bidden, but are made Raman active by disorder (either
impurities or interface roughness). The wave-vector al-
lowed interface modes in backscattering are very close to
the LO, and TO, frequencies, and cannot be resolved sep-
arately. Only the IF; and IF, interface modes are ob-
served; these modes are of even parity and thus can be
seen via an intraband-Frohlich mechanism.’” These inter-
face modes are very similar to those observed by Sood
et al.®” in a sample similar to ours. If we take spectra at
shorter wavelengths (i.e., the other Ar* lines) the LO,
peak disappears and the 288-cm~ ! peak broadens
asymmetrically on the high-energy side. This probably
represents scattering by interface modes when in reso-
nance with electronic levels that are not confined.

The bottom curve in Fig. 2 shows four peaks—the
390-cm ™! interface mode (IF,), and three peaks in the
GaAs region at 290 cm ™! (LO,), 281 cm ™! (LO,), and
275 cm ™! (LOg). This is a very strong resonance: the
peaks in the bottom curve are roughly 10* times stronger
than the same peaks in the top curve. All of these peaks
are seen in both the polarized and depolarized spectra, in
spite of the fact that the allowed scattering from even-
order LO modes is polarized only, a phenomenon also ob-
served by Sood.® This “forbidden” (xy) scattering is also
seen in exact backscattering, and thus is not ‘“leakage”
due to the nonexact backscattering used here. Note the
shift in the frequency of the LO, mode between Figs. 2(a)
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TABLE 1. Calculated frequencies for confined LO modes (LO,,) and ¢=0 interface modes (IF,-IF,)

compared with the frequencies of the peaks in Fig. 2.

Mode Label o calculated 2.41 eV (xx) 2.41 eV (xy) 2.039 eV 2.074 eV
LO, a 294.7 294.3

LO, b 291.1 288.0 290.0

LO; c 286.2 284.0

LO, d 281.0 280.0 281.0

LO; 274.5

LOg f 271.5 275.5 276.0

IF, g 278.3 278.0

IF, 288.0

IF, 372.3

IF, h 390.3 393.0 392.0

(288 cm™!) and 2(b) (290 cm™!). The resonant spectra
[Fig. 2(b)] may be due to impurity-induced Frohlich
scattering, which would result in scattering by phonons
with a high in-plane wave vector. The shift is due to the
dispersion of this mode versus an in-plane wave vector.
On the high-energy side of the resonance, the 275- and
281-cm ! peaks gradually blur together due to the ap-
pearance of the IF, interface mode, resembling the struc-
ture in the top dashed curve.

C. Resonance profiles

Resonance profiles of these four peaks are plotted in
Figs. 3 and 4, for both the polarized and depolarized
scattering. We want to compare the peak positions with
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FIG. 3. Resonance profiles for the polarized [z(xx)zZ]

scattering from the LO, mode (solid line), the LO, mode
(dashed line), the LOg mode (chain-dotted line), and the IF,
mode (dotted line). The symbols show the actual data points;
the lines are a guide for the eye. Here and in Fig. 4 the LO,,
LO,, and LOg have been plotted on the same scale; the IF, mode
has been multiplied by a factor of 2.5 for clarity.

the energies of the H1 and L1 transitions indicated in
Fig. 1 to see if any of these peaks can be attributed to in
or out resonances with these transitions. First we exam-
ine the polarized resonance profiles. For the three GaAs
modes the resonance profiles are very similar; there is a
peak at 2.035 eV and a weak shoulder at 2.00 eV for all
three curves. For the AlAs interface mode (Fig. 6), the
peak is at 2.05 eV. All four of these peaks are shifted by
their respective phonon energies from ~2.00 eV, suggest-
ing an out resonance. It is interesting to note that the
resonance is not associated with the 2.02-eV peak in the
PLE spectrum, which represents the peak of the density
of states, but is closer to the 1.99-eV PL peak. Turning
to the depolarized resonance profiles (Fig. 4), we see that
the profiles for the LO,, LO,, and LO¢ modes are again
similar; they all have a peak at 2.04 eV and a shoulder at
2.065 eV. The depolarized resonance profile for the IF,
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FIG. 4. Resonance profiles for the depolarized [z(xy)z]
scattering, from the LO, mode (solid line), the LO, mode
(dashed line), the LO¢ mode (chain-dotted line), and the IF,
mode (dotted line). The symbols show the actual data points;
the lines are a guide for the eye.



interface mode has a peak at 2.07 eV and a shoulder at
2.04 eV.
In resonance, the dominant part of the Raman cross
section is proportional to'3
(0|P-2%la)(alm,, |B)(BIPE,l0) |
oy (Es—E NE;—Ep) ’

(1)

where €, and € are the polarizations of the incident and
scattered photons, H,; is the electron-phonon interaction
(Frohlich plus deformation potential), Eg is the scattered
photon energy, E; is the incident photon energy, |a) and
|B) are intermediate states consisting of an electron-hole
pair, and E, and Eg are the energies of the intermediate
states. The usual mechanism for resonance Raman
scattering by LO phonons in bulk GaAs is intraband
Frohlich scattering. In that case, a=f3 and the expres-
sion above is symmetric in wg and w;. This would lead
to in and out resonances of equal strength, something
which is not the case here. Stronger out resonances have
been observed before in quantum-well structures, and a
variety of explanations have been put forth to explain this
asymmetry. Zucker et al.'* have explained asymmetric
resonance profiles by including interband terms in Eq. (1),
with intersubband-Frohlich coupling. Sood et al.,® and
more recently Kauschke et al.,!” explain asymmetric res-
onance profiles as being due to impurity-induced
intraband-Frohlich coupling. Returning to Fig. 4, we no-
tice that the depolarized resonance profiles tend to have
two peaks, or one peak and a shoulder, which implies
that the Raman tensor for these modes is dominated by
interband terms. This is not the case for the polarized
resonance profiles (Fig. 3), which display only one peak,
consistent with intraband-Frohlich coupling.

D. Interference effect

We have also looked at these resonance profiles in the
z(x'x")Z and z(y'y’)Z geometries. Menéndez et al.®'°
have shown that in bulk GaAs the allowed and forbidden
LO phonon scattering interfere when the laser is polar-
ized along x’ or y’. The allowed (deformation-potential)
scattering is in the z(xy)z configuration; the forbidden
(intraband Frohlich) scattering is in the z(xx)z
configuration. When the laser is polarized along x’ or y’,
the allowed and forbidden scattering are both polarized.
The two mechanisms will interfere. This interference ex-
hibits itself as different scattering intensities for the
z(x'x')Z and z(y'y’')zZ spectra. If the forbidden scattering
from bulk GaAs is a combination of intrinsic and
impurity-induced mechanisms, the intrinsic part of the
forbidden scattering will interfere with the allowed
scattering.’

In a superlattice the allowed scattering from A4, sym-
metry confined LO phonons is polarized. In resonance,
we see both polarized and depolarized scattering from
these modes, as described above. This led us to look for
this “interference” effect in a superlattice. In Fig. 5 we
plot the resonance profiles of the LO,, LO,, and LOg¢
modes for the z(x'x’)Z and z(y'y’)z configurations.
There is a weak interference for all three of these modes.
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FIG. 5. Resonance profiles for the LO, mode (top), the LO,
mode (center), and the LOgy mode (bottom). Solid lines,
z(x'x")z; dashed lines, z(y'y’)z. The lines are a guide to the eye;
the dots show the actual data points. The LO, and LOg have
been plotted on the same scale; the LO, has been multiplied by a
factor of 1.5 for clarity.

The interference acts to shift the peak position, rather
than to change the intensity at the peak. This is quite
different from the analogous effect in bulk GaAs.>! In
Fig. 6 we see that this interference effect is not present for
the 390-cm™! interface mode, as is expected for a
disorder-activated mode.’
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FIG. 6. Resonance profiles for the IF, mode in the z(x'x')Z
(solid line) and the z(y'y’)z (dashed line) polarizations. The
symbols show the actual data points; the lines are a guide to the
eye.
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IV. THEORY

The explanation of the interference effect is closely .

connected with the explanation of the forbidden depolar-
ized scattering by A, symmetry modes. Since the depo-
larized scattering is forbidden, it is probably not an in-
trinsic process. We believe that it is due to impurity-
induced Frohlich scattering.'® The allowed [i.e., z (xx)Z ]
scattering has both intrinsic and extrinsic contributions.
We must show that the extrinsic part of the allowed

|
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scattering can interfere with the forbidden scattering.
Gogolin and Rashba'” have shown how impurities can
enhance the intraband-Frohlich mechanism when in reso-
nance in bulk semiconductors. In superlattices there is
mixing between the heavy-hole and light-hole valence
bands (for in-plane wave vectors)'® which is not the case
for bulk semiconductors. When we apply the Gogolin
and Rashba mechanism to a superlattice, we must consid-
er two-band terms. This is illustrated in Fig. 7. The con-
tribution to the Raman cross section is proportional to

(0|P'/€\§ |‘1’H1,o>g (q)( \IjHl,q!Himplq’Hl,O) ( ‘I’Hl,olp’?L l0)

(Es—Eqm NEL —Ey (@ +inl(E, —Ey,)

A A 2
(Olp-€§Wr1,078 (@) Wiy g Himp [ W11 02 { Wy 0lp€ [0)

(Es—EgEL —Ey (Q)+in)(E, —Ey;)

where g(q) is the Frohlich matrix element and H,p,, is
the Hamiltonian for exciton-impurity scattering. In a su-
perlattice interface roughness may also play an important
role; H,,,, must include these effects as well. The sub-
scripts H1 and L1 on E and Y refer to the energies and
wave functions of the excitons derived from the H1 and
L1 subbands. This is an important point; the Gogolin
and Rashba mechanism depends on the intermediate
states being excitons, and not uncorrelated electron-hole
pairs. We have omitted the spin index; the bands H1 and
L1 are each doubly degenerate; so there are actually four
terms in Eq. (2). The first term in Eq. (2) is a one-band
term and gives polarized scattering. The second term in
Eq. (2) is a two-band term and gives depolarized scatter-
ing. This is most easily seen if we assume circularly po-
larized light. If €, =1/V2(X+i¥) then the one-band

J

A |g(CI0)|2

<0ip'€§|wm,o><‘PH1,()|P'/€\L l0)

, (2)

term gives €g=1/V2(X+i§) and the two-band term
gives €g=1/V'2(¥—i¥). In reaching this result we are
assuming that the impurity potential couples the initial
light-hole state with the light-hole part of the “heavy-
hole” state at finite g. The light-hole to heavy-hole tran-
sition is due to the valence-band mixing.

In evaluating Eq. (2) we follow the method used by
Gogolin and Rashba. The sum over q is converted to an
integral (q is in the xy plane). We assume an isotropic ex-
citon dispersion (in the plane): Ey,(q)=Ey, +#°q>/2M
where M is the mass of the heavy-hole exciton. The ener-
gy denominator |1/[E; —Eg;(q)+in]|*> becomes a
Lorentzian divided by 7, and this can be approximated
by a 6 function multiplied by (7/n). We are left with an
integral over 6 (the angle of q in the xy plane). The re-
sulting expression is

(0*1)'@§|‘PH1)0>(WL],O!p'é\L|0> 2

M 27
'Z{T%—z—fo dO |Fy,(qp)

where Fy;(q) and Fy;(q) represent the matrix elements
of H;y,, in Eq. (2), 4 is the area of the sample in the xy
plane, and qo=[2M (E, —Ey,)]1"/>/#. We are approxi-
mating the sum over g by taking only the most resonant
contribution, g =q,. In Eq. (3), there are actually four
terms inside the absolute value signs because the H1 and
L1 bands are doubly degenerate. The first term
represents two terms with HI1(*+3)—HI1(x2). The
second term represents terms with L1(+1)—HI1(F3).
If the matrix element Fy; depends on band mixing, as we
discussed, then it will depend on 6. We expect that Fy,

does not depend on 6, but only on ¢. Zhu and Huang!'®

(Es_Em NE;, —Ey;)

(3)

Lo (Es—Eg NEL—Eyp;) '

give the angular dependence of the mixing between the
subbands. The admixture of a +1 light-hole subband
into a —3 heavy-hole subband is proportional to e ~*Y;
the admixture of a —1 light-hole subband into a +3
heavy-hole subband is proportional to e??. The angular
dependence of the impurity matrix elements is then given
by Fy1(qg)=Fy;(q¢) and Fy(qo)=Fy(qg)e 20, where
the sign of the exponent depends on the spin state of the
hole.

By summing over the intermediate states and evaluat-
ing the momentum matrix elements, Eq. (3) can be re-
duced to the expression
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FIG. 7. An illustration of the impurity-induced intraband
Frohlich mechanism in a superlattice: (1) an incident photon is
absorbed, creating an exciton which is an admixture of the
heavy-hole and light-hole excitons; (2) this exciton scatters off of
an impurity to a heavy-hole state at some in-plane wave vector
g; (3) the exciton emits an LO phonon via the Frohlich interac-
tion and scatters back to g=0 in the same band; (4) the exciton
recombines, emitting a scattered photon. The curves represent
the dispersion of the heavy-hole and light-hole excitons vs an
in-plane wave vector g.

A |g(110)|2 M 2w A% A 12
PR—— J.Tdeles-Ro)2, 1, @)

where R(6) is a 6 dependent Raman tensor which is
given by

a—bcosd 2V3bsind 0

R(0)= [2V3bsin a +bcosd 0 (5)
0 0 0
and a and b are given by
o= 151> Fri(q0)
(Es—Eg NEL—Ey) ’
152 (©6)
b= LIB1*FL1(q)

(Es—Ey (EL —Ey,) '

In Eq. 4.7), 5=(S|p,|X ). S and X are the basis states in
the Kane model.!” If we transform R to the basis
(x',y',z) we get

a +2V3b sin6 —bcosd O
R(8)= —b cosf a—2V3bsing 0] . 7
0 0 0
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If we average |€%-R(6)-€,|? over 6, we get for z(xx)Z or
z(yy)z, a’+b?/2; for z(xy)Z or z(yx)zZ, 6b% and for
z(x'x")Zor z(y'y")zZ, a’+6b2 We do not get different in-
tensities for the z(x'x')Zand z (y'y')Z as were observed.

The theory we have just outlined explains the depolar-
ized scattering, but not the interference. This is probably
due to the simplifying assumptions we made: the isotro-
pic exciton dispersion and the angular dependence of the
matrix elements F(q). The actual form of the impurity
potential is not known, but defects such as dislocations
and interface roughness will have a much more compli-
cated angular dependence for the impurity potential, and
will probably lead to an interference.

V. CONCLUSION

We have studied the resonance profiles of the 4, sym-
metry confined LO modes and an interface mode near the
lowest direct band gap in four different configurations:
z(xx)z, z(xy)z, z(x'x")Z, and z(y'y')z. In the z(xx)Z
configuration all four phonons exhibit an out resonance
with the H1 exciton. In the z(xy)Z configuration the res-
onance profiles have a two peaked structure with peaks at
the out resonance with H1 and the in resonance with L1.
This implies interband transitions between the L1 and H1
subbands (more precisely, the excitons derived from these
subbands). The three 4, symmetry confined LO modes
show an interference in the z(x'x')z and z (y'y’)Z spectra.
Calculations of this effect are difficult because we don’t
know the explicit form of the impurity potential. We
have given a mechanism which accounts for the forbid-
den z (xy)Z scattering by A4, symmetry confined LO pho-
nons. With some simplifying assumptions, this mecha-
nism did not give an interference. We believe that a more
realistic form for the impurity potential will give an in-
terference.
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