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Vertical transport through a short-period superlattice in the presence of a parallel magnetic field
has been measured with an all-optical technique by use of an enlarged well imbedded in a superlattice.
Magnetic-field and power dependence of the transport have been found and interpreted by computing
the quasi-Fermi-level of the photoexcited electron gas via the calculation of the density of states of
a superlattice in a parallel magnetic field. The vertical transport is reduced by the formation of

disorder-broadened Landau levels.

By measuring photoluminescence excitation spectra, we have

been able to demonstrate the energy dependence of transport through Landau levels.

I. INTRODUCTION

An external magnetic field B transforms the steplike
density of states (DOS) of a two-dimensional electron
gas in a series of Landau levels.! This influences the elec-
tron conduction in semiconductor heterostructures at low
temperature. If the Fermi energy Er coincides with a
Landau level the electron gas conducts as in a metal. If
Er is between two Landau levels the system behaves like
an insulator. In real systems, the disorder induced by
impurities, interface defects, etc., broadens the Landau
levels. A computer simulation was performed by Ando
in Ref. 2 in order to calculate the broadening of Lan-
dau levels and the localization length (i.e., the distance
over which the wave function of localized states decays)
of the states. It was shown there that localized states
which do not contribute to the transport are formed in
the tails of each broadened Landau level. Therefore, a
two-dimensional electron gas in a magnetic field has an
energy spectrum consisting of a succession of extended
and localized states. This explains oscillatory effects in
the resistivity of two-dimensional systems, like the quan-
tum Hall effect.?

Magneto-optical measurements in heterostructures are
usually performed to obtain the binding energy of the
excitons,? or to check the assignment of the optical struc-
tures in photoluminescence excitation spectra.’® Some
measurements concerning the vertical transport through
superlattice minibands in the presence of a magnetic field
have been performed.®”

In this paper, using an all-optical method, we study
the formation of Landau levels in short-period superlat-
tices, and the effect of the disorder-induced localization
in the tails of Landau levels on vertical transport. The
higher-energy resolution of optical techniques with re-
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spect to electrical techniques allows the measurement of
the energy dependence of the transport. The samples we
used consist of two GaAs/Al,Gaj_xAs (z = 0.3) super-
lattices (SL) which include an enlarged well (EW). The
EW acts as a marker of the carrier motion.? In Sec. II
we present the photoluminescence result and in Sec. III
we report the calculation of the DOS of a SL under a
magnetic field parallel to the growth direction and dis-
cuss the formation of Landau levels in order to interpret
our experimental results.

II. EXPERIMENTAL DATA

The sample structure is as follows: 1-um thick buffer
layer, 50 nm of an Al,Gaj_xAs layer, a superlattice, an
enlarged well, a superlattice identical to the previous one,
50 nm of an Al,Gaj_xAs layer, and a 5-nm thick GaAs
caplayer in order to prevent oxidation of Al,Gaj_,As.
The two 50-nm thick Al,Ga;_xAs layers were grown to
minimize diffusion of the photogenerated carriers into the
buffer layer and to the surface. The active region of
the sample consists of two symmetric superlattices which
sandwich an EW. The different samples have a 18/18 su-
perlattice (18-A wide wells and barriers, x=0.3) with a
40-A wide EW (sample 1), and a 30/30 superlattice with
a 60-A wide EW (sample 2). The number of periods for
each SL is 49. These are typical structures used in ver-
tical transport measurements by optical techniques.® In
fact, the low-temperature photoluminescence spectrum
of such samples is characterized by two distinct emission
lines due to excitonic recombinations in the SL or in the
EW spatial regions. Due to the small thickness of the
EW, its photoluminescence is mainly due to the recom-
bination of electron-hole pairs that have been previously
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photoexcited in the SL region and have then moved into
the EW itself.

The experiments have been performed in a backscat-
tering geometry using a Pyridhine 2 dye laser pumped
by an argon laser. The samples were placed in a cryo-
stat equipped with a superconductor magnet and were
immersed in liquid helium (sample temperature is equal
to 4.2 K). The photoluminescence spectra were analyzed
with a double monochromator and recorded by photon
counting techniques using a cooled GaAs photomulti-
plier.

On samples 1 and 2 we have measured the lumines-
cence spectra varying the magnetic field from 0 to 4.4 T.
The energy positions of the SL and EW emission lines
and their widths did not depend on the strength of the
magnetic field. This means that the PL transitions are
of excitonic origin because the excitons show a weak dia-
magnetic shift in magnetic field while e-h pairs show a
large shift. In Fig. 1, we show the magnetic-field de-
pendence of the quantity R = Igw/(IsL + Igw), where
Igw and Igp, are the integrated luminescence intensities
from the EW and the SL, respectively. R is proportional
to the number of carriers which reach the EW starting
from the SL. Two different excitation intensities (J = 2
or 80 W/cm?) were used. One can see that the R values
decrease with increasing the magnetic field. Both sam-
ples 1 and 2 present the same power dependence: for
high J the R curve is convex [see Figs. 1(a) and 1(c)]
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while for low J the R curve is concave [see Figs. 1(b) and
1(d)]. The relative variations of R in Figs. 1(b) (sample
1 low J) and 1(c) (sample 2 high J) are much stronger
than the R variations in Figs. 1(a) (sample 1 high J) and
1(d) (sample 2 low J). As already discussed and demon-
strated in our previous works,® the influence of variations
in the superlattice absorption coefficients on R is negli-
gible. a ~ 2 x 10* cm~! in superlattices, which corre-
sponds to a great penetration depth of the laser light (~
500 nm) and, hence, to a quite homogeneous excitation
of the superlattice.

A series of excitation spectra for different magnetic
fields from O to 4 T is presented for sample 1 in Fig. 2
and for sample 2 in Fig. 5. Each excitation spectrum
was performed by collecting the luminescence from the
SL emission peak and from the EW emission peak. The
sum of the two excitation spectra is indicative of the joint
density of states. The excitation spectrum of SL provides
information on the states which do not permit an efficient
transport through the SL. On the contrary, the excitation
spectrum of the EW provides information on the states
which allow an efficient transport.

For B=0 T, the excitation spectra of sample 1 do not
show any excitonic resonance (see Fig. 2). We think that
this is so because in a 3.6-nm period superlattice the
interface disorder broadens the excitonic states so that
these merge into the continuum of e-h pairs.!® Thus the
joint density of states is dominated by free e-h pair tran-
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R=Igw/(lew + IsL) as a function of the magnetic field for samples 1 [panels (a) and (b)] and 2 [panels (c) and

(d)]; Iew is the integrated photoluminescence emission from the enlarged well and IsL from the superlattice. Panels (a) and

(c) are measured with an excitation power of 80 W/cm? and panels (b) and (d) with 2 W/cm?. Continuous lines are used to

demonstrate the concavity or convexity of the plots.
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sitions. By increasing the magnetic field two peaks grow
up at 1.735 €V in the SL excitation spectrum, and at
1.738 €V in the EW excitation spectrum, respectively.

In Fig. 3 we show the magnetic-field dependence of
the ratio

IEw(hw)

R(hw) = Igw (hw) + Isy (hw) ’ @

where Igw and Igp, are the intensity of the luminescence
from the EW and from the SL for an excitation energy
hw, respectively. The quantity R’ is connected with the
transport efficiency, as discussed above. By increasing B
a well-defined peak, 4 meV wide, with two deep minima
on its sides develops in R’ at hw =~1.74 eV. In Fig. 4,
the energy position of the R’ peak is shown for different
values of B. The dependence of the R’ peak on B is
linear with a slope of 0.940.1 meV/T. The constant term,
which gives the position of the R’ peak for zero magnetic
field, is 1.736 £ 0.001 eV. A similar structure in R’ is
observed at higher energies (=~ 1.75 eV). Its dependence
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FIG. 2. Series of excitation spectra for sample 1 for mag-

netic fields of 0 , 1.5, 2.0, and 4.0 T. The luminescence from
the enlarged well and the luminescence from the superlattice
are indicated with EW and SL, respectively. Each spectrum
is normalized to its maximum. The relative intensity can be
deduced from Fig. 1. An excitation power of 1 W/cm? was
used.
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FIG. 3. Magnetic-field (B) dependence of R'(hw) =

Isw (hw)/[Iew (hw) + IsL(Aw)] (continuous line), where
Isw(hw) is the excitation spectrum from the enlarged well
and Is.(hw) from the superlattice. Each R’ curve has been
shifted by 0.1. e-hh and e-lh réfer to electron heavy-hole or
electron light-hole band edge, respectively. The data refer to
sample 1.

on B is linear with a slope of 1.4 £+ 0.3 meV/T. The
constant term is 1.742 &+ 0.001 eV.

The excitation spectra of sample 2 are shown in Fig.
5. The SL excitation spectra present two resonances
at 1.704 eV and 1.720 eV for B=0 T. They correspond
to the absorption of the heavy-hole (HH) and light-hole
(LH) excitons. The spectral position of these features
does not change as we increase B. In the EW excita-
tion spectra the HH resonance is missing due to the ab-
sence of transport associated with HH excitons in these
superlattices.!11% The steplike shoulder at 1.71 eV is as-
sociated with the HH excitons continuum (resonant exci-
tation of free-electron—heavy-hole pairs). The difference
between this shoulder and the HH resonance in the SL
excitation spectra correlates well with the 5 meV bind-
ing energy of HH excitons in 60-A period superlattices.!2
By increasing B the shoulder smears out, but there is no
evidence of the formation of the first Landau level for e-h
pairs as shown in Fig. 2 for sample 1. At higher energies
the LH resonance is observed. LH excitons, due to the
smaller mass with respect to HH excitons, could move
through the superlattice miniband and hence contribute
to the EW luminescence as well. The LH resonance does
not shift as a function of B. Such a difference in the
behavior of excitons and of e-h pairs in a magnetic field
has been deeply discussed in Ref. 5.

III. DISCUSSION

Because in Landau levels the transport depends on the
position of the quasi-Fermi-level, Egr, we have calcu-
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FIG. 4. Spectral position of the two
peaks in R’ (defined in the caption of Fig.
3) as a function of the magnetic field. The
continuous lines are linear fits. The result-
ing equations are (1736 + 0.9B) meV (upper
curve) and (1742 + 1.4B) meV (lower curve),
where B is measured in units of Tesla. The
data refer to sample 1.
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lated E{p for electrons. For simplicity we neglect the
formation of the excitons in our calculation. Egp is the
solution of the integral equation!3

oo
1
ot = (E dE, 2
Tttot /Econd exp(E—EéF)+1p( ) (2)

where nyot is the total number of photoexcited electrons
in the miniband, E¢onq is the bottom of the SL conduc-
tion miniband, and p.(E) is the electron density of states.

We have computed p.(F) using disorder-broadened
Landau level centered at the energy Ej:

El = Em + hwc (n + 11,‘) + gemzubB ) (3)

where FE,, is the energy level for the motion along
the growth direction, w. is the cyclotronic frequency,
eB/m*, calculated using the GaAs effective mass, n is
the Landau-level index, g, is the g value for the electron,
m, is the component along the growth axis of the intrin-
sic angular momentum of the electron, and uy is the Bohr
magneton. The energy levels E,, of a superlattice in a
magnetic field B applied parallel to the growth direction
have been computed by the transfer-matrix method4
which is based on the independent particle approxima-
tion and on the effective mass and envelope function
approximations.! As shown in Ref. 15, the magnetic en-
ergy due to the electron spin is negligible in GaAs. Ne-
glecting this term, the electron density of states becomes

eB 2
pc(F) = Dy \/;T;Lexp{—[ En + hwe(n +1/2)

—EJ?/o%}, (4)

where the index m runs over the superlattice miniband
levels, and 0 < n < oo is the Landau-level index. o takes
into account the broadening due to the disorder. The
value of ¢ is almost independent on the quantum number
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FIG. 5. Series of excitation spectra for sample 2 for mag-
netic fields of 0, 1.0, 2.0, and 4.0 T. The luminescence from
the enlarged well and the luminescence from the superlattice
are indicated with EW and SL, respectively. Each spectrum
is normalized to its maximum. The relative intensity can be
deduced from Fig. 2. An excitation power of 1 W/cm? was
used.
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n.2 p.(E) has the two-dimensional density of states as
limit for B — 0.

The condition for a zero-dimensional DOS (appearance
of well-defined Landau levels) is that fiw, > o. This con-
dition is easier to reach for electrons than for heavy holes,
which have a ten time heavier mass. Consequently, in the
magnetic-field intensity range from 0 to 5 T at which the
measurements were performed the magnetic confinement
effects are dominated by the electrons. This assump-
tion is supported by the findings of Ref. 4 where a linear
dependence on B of the Landau energy levels has been
measured by photoluminescence excitation spectroscopy.
The slope of the linear relation is fitted using the electron
cyclotron energy only, although the measure involves op-
tical transitions between electron and heavy holes.

According to the model of Ref. 2, a disorder-broadened
Landau level is formed by extended states for energies in
the center of the level and by localized states for energies
in the tails. The extended states have localization length
comparable with the sample size, while the localization
length for localized states markedly decreases for energies
far from the center of the Landau level. Moving from the
center of the Landau level to the tails the localization
length of the states decreases, at the beginning slowly
and then sharply when a critical energy that marks the
border between the localized and the extended states is
reached (see, e.g., Fig. 3 of Ref. 2). Carriers occupy these
states following a Fermi-Dirac distribution. Only those
carriers which occupy partially filled states contribute to
the transport. These states differ from E&p less than
kT where k is Boltzmann’s constant and 7' the carrier
temperature. At 4 K, kT =~ 0.34 meV.

In Figure 6(a), we show the Landau-level energy E;
and the quasi-Fermi-level E§p as a function of B for two
different values of J: 2 and 80 W/cm?. In the calcu-
lation, 0=2.5 meV. This value of ¢ has been computed
from the broadening of the R’ resonance (see Fig. 3).
The degeneracy of each Landau level depends on B and
it is about 4.2x101° ecm~2 T—!. The sheet density of
photoexcited electrons for J=80 W /cm? is about 2x10°
cm~2. For B > 1.5 T and 0=2.5 meV, these conditions
yield Aw, > o, no Landau levels overlap, and only the
first Landau level is occupied [Fig. 6(a)].

Let us now discuss how the evolution of E§p with B ex-
plains our experimental results of Fig. 1. We have found
in Sec. II that (i) the transport, as measured by R, de-
creases as B increases, (ii) for high J the transport is
larger than for low J, (iii) the R dependence on B is
convex for high J while it is concave for low J, and (iv)
the relative change in R is larger for low J than for high
J for the sample with high R and the relative change is
larger for low J than for high J for the sample with a
low R.

Item (i) is explained by the fact that by increasing
B, the energy difference between the center of Landau
level E; and Edp increases due to a larger degeneracy of
the single state moving away from FE;. Consequently, a
smaller number of extended states is occupied and the
transport decreases. Regarding item (ii), when J is in-
creased, E§p approaches Ej, more extended states are
occupied, and R increases. To explain item (iii) we have
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to compare the value of kT with the broadening of the
Landau level. We observe that, for high J, a shift of

&F due to a variation in B changes weakly the ratio be-
tween the extended and localized states involved in the
transport and, hence, R. In fact the states involved in
the transport are in a small energy interval around Egp
and E§p shifts near the center of the Landau level where
the states are extended. By decreasing J, E§p is in the
tails of the Landau level and an increase in B makes
R decrease appreciably because E§p moves from a re-
gion of extended states to a region of localized states [see
Fig. 6(a)].

This explanation is further supported by a simple cal-
culation of the number n’ of electrons which occupy
extended states and participate in the transport [see
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FIG. 6. Panel (a): Computed quasi-Fermi energy E&p
(full lines) for two excitation powers Jexc = 2 mW/cm2 and
J = 80 mW/cm?, respectively. The n=0 and n=1 Landau
levels are indicated by the dashed-dotted lines. The critical
energy that separates the extended states from the localized
states in the first Landau level is indicated by the dotted
line. A disorder broadening of o= 2.5 meV is used in the
calculations. The relation between Jexc, measured before the
cryostat windows, and the total photoexcited carrier density
Ntot 1S Ngot = RJexcS/(Aw) [1 — exp (—aL)] T, where R=0.4
takes into account the reflection of the cryostat windows and
the sample surface, S=1.0x10~% cm? is the excitation surface,
a=2x10* cm™!, and 7 = 5 x 1071° 5. Panel (b): Computed
ratio between the number n’ of carriers that occupy extended
states that differ for less than kT from E&r and niot. The
calculation was performed for excitation powers Jexc = 2 and
80 mW /cm? as indicated.
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Fig. 6(b)]. The ratio n'/ney is a rough approximation to
R. We assume that n’ is given by the electrons which are
in a small energy interval [E&p + kT, E§p — kT'] around
Egp- The critical energy which separates the extended
and localized states has been assumed to be E; &+ 1.50.
The model assumes an infinite localization length for ex-
tended states and a zero localization length for localized
states. As one can see in Fig. 6(b) this model repro-
duces qualitatively the measured R curves. In particu-
lar, n//n4o, has a concave shape for J=2 W/cm? and a
convex shape for J=80 W/cm?. For B < 1.5 T, n//nyot
has oscillations due to the fact that several Landau lev-
els are occupied, they merge into a continuum of states,
and p.(E) tends to the two-dimensional limit. The large
value of the critical energy used (E; — 1.50) is a conse-
quence of the drastic approximation used for the energy
dependence of the localization length. Lower values for
the critical energy cannot reproduce the convex shape at
high J. More sophisticated models are necessary in order
to infer from these experimental data a reliable value for
the critical energy of Landau levels.

Item (iv) is explained by the different values of the crit-
ical energy for the two samples. Sample 1 has a larger
transport efficiency than sample 2 at B=0 T which in-
dicates a lower disorder extent. In sample 1, which has
a large energy difference between the critical energy and
the Landau-level energy, and for high J, the Egy moves
in an energy region of mainly extended states when B
increases. Consequently, R changes weakly. On the
other hand, in sample 2, which has a small energy dif-
ference between the critical energy and the Landau-level
energy, and for high J, the E§p shifts from about E;
through the critical energy when B increases. Hence,
R changes strongly. By varying B when J is low, E§p
moves through the critical energy for sample 1 and in
an energy region of mainly localized states for sample
2. Thus R varies strongly for sample 1 and weakly for
sample 2, although the absolute value is much lower for
sample 2 than for sample 1.

The interpretation of the excitation spectra of sample
1 is possible considering only free carrier recombinations,
and neglecting excitonic effects. There is no experimen-
tal evidence of the formation of excitons in the excitation
spectra (Fig. 2). It is already known in the literature that
for short-period superlattices the transport is due to the
ambipolar motion of electron-hole pairs through the su-
perlattice minibands.'® We think that the peaks, which
develop in R’ with increasing B, are due to the formation
of the first Landau level in the joint density of states both

TABLE L
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for electron heavy-hole (e-hh) pair (peak at 1.736 eV) and
for electron light-hole (e-lh) pair (peak at 1.742 eV). As
discussed above, a disorder-broadened Landau level has
extended states at the center and localized states in the
tails. Hence in this energy region, R'(fw) has minima
(no transport because the excitation is resonant with lo-
calized states) at the sides of a pronounced maximum
(efficient transport because excitation is resonant with
extended states) (Fig. 3). This interpretation is con-
firmed by the energy dependence of the R'(Aw) peaks
on B. By using the simple model discussed above the
energy shift of the first Landau level is found to have a
slope equal to (1/2 fiw./B)=(khe/m*), where m* is the re-
duced mass of the moving particle and e the unit charge.
Table I reports a comparison of the experimental and
computed values for moving e-hh and e-lh pairs. The
agreement is good considering the error bar in the ex-
perimental data and the very simple model used. If this
picture is correct (e-hh and e-lh related Landau levels)
the constant term in the R’ peak dependence on B gives
the energy Ee-hh/!h:‘Eg +E. +Ehh/lhy where E, and Ehh/lh
are the miniband edge of the electronic and heavy-hole
or light-hole minibands, respectively, and E, is the GaAs
band gap. Consequently, the light-heavy-hole miniband
splitting is Ee-nh-Ee-1n=(1.742—1.736) eV ~ 6 meV. For
a single 18-A thick quantum well the light-heavy-hole
splitting is 30 meV,! while for a 18/20 short-period su-
perlattice calculations and experimental data indicate a
lower value (=~ 8meV).}2

No similar effects are observed on the excitation spec-
tra of sample 2. We think that the main reason for this
is the appearance of well resolved excitonic resonances.
In sample 1 the transport is mainly affected by the dis-
order while in sample 2 the transport is limited by the
formation of excitons.!® In a 30/30 superlattice (sample
2) the first heavy-hole miniband is very thin (about 2
meV), a weak coupling exists among different wells, and
the heavy holes are confined in the well regions. The
HH exciton motion is strongly limited by the heavy-hole
confinement. Increasing the magnetic field no preferen-
tial energy regions for the transport develops in the HH
exciton resonance. In addition, excitons have a weak dia-
magnetic behavior in a magnetic field. Thus their spec-
tral positions depend on B very slightly and higher mag-
netic fields are needed to measure the weak diamagnetic
shift.4®

We note that the interpretation of the experimental
data for R discussed previously is valid for both the
18/18 and the 30/30 superlattices although excitons form

Computed magnetic-field shift (1/2 fuw./B) of the first Landau level. The following

particles have been considered: e, free electrons; e-hh, coupled electron heavy-hole pairs (the effec-
tive mass of the pair is equal to the reduced e-hh effective mass); e-lh, coupled electron light-hole
pair. The effective mass is given in units of the electron mass in vacuum, mo. The experimental
column refers to the data shown in Fig. 4 for sample 1.

Particle Effective mass (mo) 1/2 hw./B (meV/T) Experimental (meV/T)
e 0.065 0.81
e-hh 0.059 0.89 0.9£0.1
e-lh 0.037 1.42 1.4 £0.3




4650

clearly in the 30/30 superlattice. The fact is that the
transport is mainly due to free e-h pairs as evidenced
by the difference between the SL and the EW excitation
spectra shown in Fig. 5.

IV. CONCLUSIONS

We have measured the transport properties of e-h
pairs through superlattice miniband states in a paral-
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lel magnetic field. The e-h pair current decreases by
increasing the magnetic field due to the formation of
disorder-broadened Landau levels. The position of the
quasi-Fermi-level in the broadened Landau level drives
the transport. Energy sensitive measurements directly
demonstrate the formation of extended states in the cen-
ter and of localized states in the tails of the Landau levels
in very short-period superlattices. The formation of ex-
citons complicates this simple picture.
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