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Evidence of the Miniband Formation in InGaAs/InP Superlattices
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The formation of the miniband electron energy structure was explored in doped InGaAs/InP superlattices
with different periods. The analysis of the Raman data allowed us to conclude that in spite of the defect structure
of the layers constituting the superlattices, their super-periodicity was well defined. The quantitative proof
of the conditions for break-down of the Raman selection rules is presented: the emergence of the selection
rules of the coupled plasmon-LO phonon vibrations was demonstrated to occur due to the increase of their
coherence lengths. In addition, the expected anisotropy of the effective electron masses was found by high-field

magnetoresistance.
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InGaAs/InP heterostructures present an important class of
semiconductor materials with possible applications in infrared
optoelectronics. Moreover, a large g-factor found in these ma-
terials [1] makes them promising in the field of spintronics
and quantum information processing. A manipulation of the
electronic properties (including g-factor engineering) impor-
tant in device applications is possible in superlattices (SLs) -
structures consisting of periodic sequences of the layers made
of two different semiconductor materials. In such structures
the dynamic electron properties can be tuned in the direction
perpendicular to the layers by a variation of their thicknesses
or compositions. However, to the best of our knowledge until
now an evidence of the formation of the superlattice band-
structure in the InGaAs/InP SLs was only recently obtained
by high-field magnetotransport in Ref.[2]. The photolumines-
cence data presented in this reference also indicated the exis-
tence of the minibands.

In this work we explored the Raman scattering of the cou-
pled plasmon-LO phonon modes propagating perpendicular
to the layers of the short-period doped InGaAs/InP SLs. The
manifestation of the coupled modes in the short-period SLs
was assigned to the formation of the miniband energy struc-
ture caused by the SL periodicity. We also found an additional
indication of the miniband formation by high-magnetic field
magnetoresistance measurements. Moreover, a considerable
effect of the super-periodicity on the Raman selection rules of
the coupled modes was observed.

A total number of 30 periods of the
(In0,53Ga0,47As)m(InP)m SLs with m = 6,8,10,15,and 68
ML (excepting the SL with m = 68 which has 20 periods),
where n is the thickness of the layers expressed in monolayers

(IML =29 ;1), were grown on semi-insulating (001) InP
substrates by molecular beam epitaxy. The high-resolution
x-ray diffraction showed the variation in the period of our
SLs of about 0.3%. The barriers of the SLs were doped by Si
in order to form a gas of degenerate electrons with the density
determined by the Hall measurements 5.0x10!7 ¢m™3. The
doping was kept the same for all the SLs reported here.

The magnetoresistance measurements were performed on
samples patterned into an active area of 4x4 mm. The Ohmic
contacts were fabricated by depositing indium. The transport
measurements parallel to the surface of the samples were car-
ried out at T = 4.2K in the Van der Pauw geometry using a
standard low-frequency (5 Hz) lock-in technique in a liquid
He cryostat with the magnetic fields directed perpendicular
to the current. The Raman scattering was collected from the
surface of the samples at 7 = 10K in the back-scattering con-
figuration with a “Instruments S.A. T64000  triple grating
spectrometer supplied with a CCD detector cooled by liquid

o
nitrogen; the 5145 A line of an Ar™ laser was used for non-
resonant excitation.

The Raman spectra of the optical vibrational modes propa-
gating along the growth direction measured in z(x'y)Z cross-
and z(x'x’)z parallel-polarized configurations of the back-
scattering, where x’, ', z are the crystallographic directions
[110], [110] and [001] respectively, are shown in Fig. 1. In
such a case, according to the Raman selection rules [3], the
longitudinal optical lattice vibrations (LO) are active in the
cross-polarized configuration, while no optical modes con-
tribute to the parallel-polarized Raman scattering. In the long-
period InGaAs/InP SL with the thicknesses of both layers
equal to 68 ML the following vibrational modes were ob-
served: the allowed LO and the forbidden transversal opti-
cal (T O) vibration modes of the InGaAs wells (the InAs-like
modes with the indices 1 and the GaAs-like modes with the
indices 2, respectively) and the InP barriers (the modes with
the indices 3). Moreover, the mode at 274 cm! may be iden-
tified as the GaAs-like interface (IF) disorder activated mode.
No selection rules were found in this SL. The absence of the
Raman selection rules and the evidence of the forbidden 70O
and /F modes are manifestation of the significant violation of
the translational symmetry in the bulk materials constituting
the SL. At the same time, the expected Raman selection rules
emerge when decreasing the period of the SLs and they are
clearly determined in the SLs with the shortest periods (m = 6
ML and 8 ML) for the longitudinal modes denoted as Ly, L,
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FIG. 1: Raman scattering measured at 7 =10K in the
(InGaAs)m(InP)y, superlattices with different periods. Thick and
thin lines correspond to z(x'y")z and z(x'x’)Z scattering configurations
respectively.

and L3. Besides, considerable blue shifts of these longitudi-
nal modes were found with decreasing SL period. The InP-
like interface modes (/F>) detected in the short-period SLs at
350 ¢m~'also reveal a similar blue shift, which indicates their
mostly longitudinal character.

The observed effects can be caused by a formation of the
miniband structure in the electron energy spectrum of the SLs
due to the super-periodicity. The dynamic properties of the
electrons propagating in the growth direction of a SL are de-
termined by the miniband dispersion E(k;), where k;, is the
wave number along the growth z direction. With decreas-
ing period the miniband dispersion increases and as a con-
sequence, the effective mass of the electrons propagating in
the z direction (m;) decreases resulting in the increase of the
frequency of the plasmon oscillations polarized in the same
direction according to ®,, = (4me’n/e.m;)'/?, where n is the
electron concentration and €. is the dielectric constant of the
superlattice. The coupling between the plasmons and the op-
tical phonons with the same polarization causes the blue shift
of the longitudinal coupled plasmon-LO phonon modes L1,
L, and L3 observed in Fig. 1 and this shift increases with the
increasing plasmon frequency. The variation of the effective
mass is responsible for the observed blue shift when the elec-
tron concentration is fixed. In such a case, the blue shift of the
coupled modes can serve as a manifestation of the formation
of the miniband energy structure.

In order to prove the effect of the miniband dispersion on
the shift of the coupled modes we calculated the miniband ef-
fective mass in all the SLs. The calculations were performed
using the envelope function approximation [4] with the band
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FIG. 2: Calculated (full line) and measured (open circles) frequency
shifts of the /InP coupled mode (L3) relative to the frequency of the
InP phonon (LO3) measured in the (InGaAs),(InP),, superlattice
with different layer thicknesses (m) and the same doping.

parameters taken from Ref.[5]. The frequencies of the cou-
pled plasmon-LO phonon modes were calculated as zeros of
the corresponding diagonal component of the dielectric func-
tion tensor of a SL in the long wavelength approximation ac-
cording to Ref.[6]. The calculated frequency shifts of the InP-
like coupled mode (L3) together with the experimental data are
shown in Fig. 2. A good agreement between the experimen-
tal and calculated results confirms that the blue shifts of the
longitudinal modes were observed due to the miniband effect.

In addition, the miniband effect explains the emergence of
the Raman selection rules observed for the coupled modes in
the short-period SLs. As seen in Fig. 1, no selection rules
expected for the longitudinal lattice modes were found in the
long-period SLs due to the defect structure of the constituent
bulk materials. Whereas, according to our data the longitu-
dinal lattice vibrations transform to the coupled plasmon -
LO phonon vibrations in the short-period SLs. The coupled
modes usually reveal the Raman selection rules of the LO
phonons [3] indeed observed in the short-period SLs studied
here. Raman scattering of the lattice vibrations exhibits corre-
sponding selection rules when their spatial coherence length
is much higher than the size of the crystal unit cell. We sup-
pose that the coherence lengths of the optical phonons relevant
to the SLs reported here are short enough to cause the break-
down of the Raman selection rules. Our data show that in the
short-period SLs the electrons propagate over several periods
and their collective excitations (plasmons) being coupled to
the LO phonons result in the increase of the correlation length
of the coupled vibrations. As a consequence of the enhance-
ment of the correlation length the Raman selection rules may
appear.

In order to confirm the effect of the increase of the co-
herence length of the coupled plasmon-like vibrations on
their Raman selection rules we determined and compared the
coherence lengths of the optical phonons and of the cou-
pled plasmon-LO phonon modes. As it was demonstrated in
Ref.[7], in the presence of disorder a finite coherence length of
the excitations involved in Raman scattering causes the asym-
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FIG. 3: Oscillatory parts of the high-field magnetoresistances mea-
sured with different orientations of the magnetic field at 7 =4.2 K in
the (InGaAs),,(InP),, superlattices with different periods: (a) m =6
ML, (b) m=15 ML.

metry of the Raman lines different in the cases of the opti-
cal phonons and the coupled plasmon-like modes. Then, the
shape of the Raman lines reproduces the density of states of
the excitations that contribute to Raman scattering. In such
a case, the coherence length of the relevant excitations may
be obtained. We found the well pronounced asymmetries of
the Raman lines of the LO phonon of InP in the long-period
SL (m = 68 ML) and of the L3 coupled mode in the short-
period SL (m = 6 ML). The fitting of the Raman intensities
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calculated as in Ref.[7] to the expermental spectra shown in
Fig. 1 allowed us to determine the corresponding coherence
lengths (L.): 0.5 nm and 12 nm for the InP longitudinal optical
phonon and for the coupled L3 mode respectively. Obviously,
the obtained phonon coherence length is of the order of the
size of the crystal unit cell and therefore, the phonon Raman
lines did not reveal the selection rules. The much stronger
coherence of the plasmon-LO phonon modes resulted in their
symmetrical properties determined by the crystal lattice and,
as a consequence, in the corresponding selection rules.

Finally, an additional confirmation of the formation of the
miniband energy structure was obtained by the high-field
magnetoresistance measurements. The Shubnikov - de Haas
oscillations measured with different orientations of the mag-
netic field (Fig. 3) demonstrate a formation of the quantized
Landau levels and well pronounced anisotropy of the magne-
toresistance expected in SLs. The fitting of the magnetore-
sistances calculated according to Ref.[8] to the experimen-
tal magnetoresistance traces allowed us to obtain the Fermi
energies, the vertical effective masses (m) and the ratios
of the parallel to vertical relaxation times (t,/T,) shown in
Figs.3(a,b). The calculations were performed with the paral-
lel effective mass of 0.05mq corresponding to Ing 53Gagp.47As
[5]. The difference found between the parallel and vertical ef-
fective masses once again reveals the effect of the formation
of the superlattice miniband.

Thus, clear evidences of the formation of the miniband
structure in the electron energy spectrum of the InGaAs/InP
SLs were observed by both the Raman scattering of the cou-
pled plasmon - LO phonon modes propagating in the growth
direction of the short-period SLs and by the high-field magne-
toresistance measurements.
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