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Effective masses in In;_,Ga,As superlattices derived from Franz-Keldysh oscillations
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In; _.Ga;As superlattices with InP or In;_.GazAsyP;_, barriers show in small fields, below
the onset of Stark localization, Franz-Keldysh oscillations that give direct access to the miniband
mass. The mass at the bottom of the first miniband is similar to that of the wells. A second set of
oscillations is observed at the saddle-point edge, which points to a smaller mass on top of the first
miniband. A very small mass, 0.014my, is obtained for the minimum of the second miniband. Stark
localization in this band is not observed, most likely due to efficient tunneling into higher bands.

Quantum-well superlattices provide a class of semi-
conductors whose bandwidth A varies with height and
thickness of the barrier. Kronig-Penney models in tight
binding approximation predict different masses for mini-
bands emerging from different sublevels of the quantum
well, which depend only on bandwidth and period a of

the superlattice:!
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The Franz-Keldysh effect measured with electric fields
in growth direction provides direct access to the mini-
band mass. The field alters the density of states, result-
ing above the energy gap E, in characteristic oscillations
of the field induced change Aa of the absorption con-
stant. The line shape of the Aa spectrum scales with
field strength F' and the reduced mass m* in field direc-
tion leading to a simple relation of index number n and
energy E, of its peaks:2
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The method has been applied to bulk semiconductors
with large Brillouin zones and wide bands to determine
the mass? or the field in heterostructures.® In a super-
lattice, however, electrons can be accelerated to the edge
of the much smaller Brillouin zone before scattering oc-
curs. Bragg reflection leads to new boundary conditions
that perturb the simple sequence of Franz-Keldysh oscil-
lations, resulting finally in Stark localization.? Observa-
tion of unperturbed Franz-Keldysh oscillations in a mini-
band therefore requires small fields to prevent carriers
from reaching the edge of the Brillouin zone and the top
of the miniband. If L is the mean free path, the upper
limit of the field is estimated to

Finax = AJeL, (3)
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which for a typical bandwidth of 60 meV and a mean free
path of 100 nm restricts the field to less than 10 kV /cm.
The useful range of fields is small because the field should
be large enough to overcome Coulombic effects that dis-
tort the line shape near the absorption edge.® Previ-
ous studies on GaAs superlattices used relatively large
fields®? and evaluated only the width of the features at
the absorption edge.?

Results from two superlattices grown lattice matched
on n—InP will be presented. Sample A consists of 36
In;_.Ga,As wells, 4.5 nm thick with 2.7-nm-thin InP
barriers, embedded between 120-nm-thick undoped InP
layers, resulting in a thickness of undoped material of
0.5 pm. Kronig-Penney calculations yield 63-meV-wide
miniband. The light hole bandwidth was calculated to
22 meV, while that of the heavy hole band was negli-
gible (0.1 meV). Sample B had 100 In;_,Ga,As quan-
tum wells, 8.2 nm wide with 3.2-nm-thin barriers of
In; _.Ga,As,P,_, of a low-temperature gap at 1.13 eV.
The wide wells accommodate two electron sublevels re-
sulting in 34- and 125-meV-wide minibands. Heavy hole
bands again were negligibly small. Superlattice B was
placed between 150-nm-thick quaternary layers increas-
ing the total thickness of the undoped regions to 1.44 ym.
Both stacks were capped with a p -type InP cap layer and
coated with a 5-nm-thin transparent Pt electrode. The
substrate served as a counter electrode. The internal field
arising from the diffusion potential is changed by dc bias
while a small modulating voltage alters the transmitted
intensity AI/I = —dAa, where d is the thickness of the
superlattice. All measurements were performed at 15 K
in a setup described before.3

Figure 1 compares absorption and electroabsorption
spectra of sample A for different fields. Absorption peaks
reveal Stark localization even under zero bias. The peaks
belong to intrawell (v = 0) and first-order Stark ladder
transitions (v = =+1). Their separation corresponds to
a built-in field of 26 kV/cm in accordance with a diffu-
sion potential of 1.3 V. The electroabsorption spectrum

9003 ©1995 The American Physical Society



U=0.3V

IVANEN

v vV

J

Ao (102cm'1)
[}

[
1
4

(9]
|

mQ)
S 5]
~ T=15K
8 AU=50mV
O T T T T T T T T T T T T T T T
0.88 0.92 0.96 1.00

Energy (eV)

FIG. 1. Sample A, comparison of absorption and electroab-
sorption spectra for different bias voltage. Small spectral fea-
tures are enlarged by the indicated factors.

shows a complicated structure and resolves weak transi-
tions over three barriers (v = —3). The absorption spec-
trum under reverse bias (—1 V) is dominated by strong
intrawell transitions, which acquired strength at the ex-
pense of the Stark ladder transitions. This increasing
strength leads to a positive peak in the center of the Aa
spectrum while the line shape of Stark ladder transitions
is determined by their field induced shift.® Under for-
ward bias, the Aa spectrum changes to a manifold of
peaks, occurring mainly on the edges of the miniband,
and weak higher-order Stark ladder transitions split off
at low energy. The shift of the Stark ladder transitions
shows that increasing the reverse bias by 1 V increases
the field by 18.5 kV/cm, indicating little screening by
space charge at the interfaces to doped regions. Above
0.5 V, forward bias carriers diffusing into the intrinsic
region cause partial screening of the applied voltage ap-
parent in a smaller signal height. It also slows down the
reduction of the field by forward bias to about half the
rate observed for reverse bias.

Reduction of the field is limited to 1.3 V forward bias
to avoid electroluminescence in phase with the modu-
lating voltage. A smooth absorption spectrum indicates
that excitons of the miniband are still ionized by the
field. This field, estimated to 7 1 kV/cm, is suffi-
ciently small to observe Franz-Keldysh oscillations over
the whole range of the electron miniband (Fig. 2). Oscil-
lations starting from the M, singularity at the bottom of
the band extend, slowly decreasing in strength, to the top
where they overlap with a second set of broader oscilla-
tions starting at the M; saddle point in perfect agreement
with the anticipated line shape.!® In a field of 7 kV /cm,
carriers reach the upper band edge after traveling 90 nm,
which is less than the size of coherent states derived from
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FIG. 2. Sample A, electroabsorption spectrum at low field.
The inset proves that peak positions obey the relation for
Franz-Keldysh oscillations.

the Franz-Keldysh effect in bulk In; _,Ga,As (160 nm).!
The overlap suggests indeed the onset of Stark localiza-
tion as Bragg reflection reduces coherent states to a size
smaller than given by scattering processes. However, for
most of the spectrum the overlap is small and the first six
peaks obey Eq. (2) identifying them as Franz-Keldysh os-
cillations (inset Fig. 2). For the estimated field a reduced
mass of 0.045+0.012 my is obtained, which is the electron
mass due to negligible dispersion of the heavy hole band.
The mass agrees with the value 0.046m¢ predicted from
the bandwidth in a Kronig-Penney model and is close
to the mass of the well material (0.041m¢). Although
the accuracy is limited by the uncertainty of the field,
the result confirms a small anisotropy of the first elec-
tron miniband as suggested from luminescence data in
magnetic fields.!? The larger separation of the remaining
peaks evolving from the saddle point M; points to a sig-
nificantly smaller mass on top of the first miniband but
more oscillations must be resolved to confirm the value
0.025m evaluated from the width of the leading features.

A small built-in field was expected in the thicker su-
perlattice B. However, the field turned out to be inhomo-
geneous due to carriers diffusing into the superlattice,!3
which caused also partial screening of the external volt-
age up to a reverse bias voltage of 2 V. Above this thresh-
old the field increased by 6.5 kV/cm for 1-V bias, which
is close to the value 7 kV/cm, the ratio of external volt-
age and thickness of undoped material. This rate is the
same in the superlattice, obtained from the shift of third-
order Stark ladder transitions, and in the quaternary
cladding layers, derived from Franz-Keldysh oscillations
above their gap at 1.13 eV. Figure 3 compares absorption
and electroabsorption spectra at a field of about 12-14
kV /cm, large enough to localize the electrons in the first
miniband to a few unit cells in accordance with the weak
response of the third-order Stark ladder transitions at 817
meV in the Aa spectrum. The first steep edge of the ab-
sorption spectrum, which again shows no excitonic fine



52 EFFECTIVE MASSES IN In,_,Ga,As SUPERLATTICES . ..

100 7] T=15K U=3.75V
[m AU=0.1V
= oA AW Y
£ v=-3 AV
5 Vi T
o} |
<—|00
6 -
—~ 47
g
Q
S 24
3 2 peaﬁ number n
0 L e e e LI B e N N BN o o o e e e e

0.8 0.9 1.0 1.1
Energy (eV)

FIG. 3. Sample B, comparison of absorption and electroab-
sorption spectra under small reverse bias. The inset displays
the Franz-Keldysh fan of oscillations of the second miniband.

structure, is due to transitions from heavy hole states,
followed about 25 meV later by the weaker excitations
of light holes. All strong features of the Aa spectrum
are attributed to heavy hole states because light hole
transitions in similar quantum wells have been found to
respond only weakly to the field.® My and M; give the
calculated transition energies from the heavy hole state
to the singularities of the electron miniband. The os-
cillations of A« at the absorption edge extend far be-
yond this bandwidth. They cannot be attributed to the
Franz-Keldysh effect of the first miniband but reflect the
redistribution of oscillator strength among Stark ladder
transitions similar as observed in photocurrent spectra in
a GaAs superlattice.l*

The minimum M, of the second, 125-meV-wide elec-

tron miniband is almost degenerate with the bottom of

the conduction band of the barrier material. The ab-
sorption spectrum shows at the expected position (0.975
eV) a second smaller edge attributed to transitions into
this band from the narrow second heavy hole band (0.6
meV). The Aa spectrum shows there a set of oscillations
which, as shown in Fig. 4, broaden rapidly with increas-
ing reverse bias in perfect agreement with Eq. (2) for
Franz-Keldysh oscillations (inset in Fig. 3). The evalua-
tion yields for a field of 12 kV /cm a mass of only 0.012m.

Because of some uncertainty of the field strength, we
control the field by evaluating also the linear relation
of field in the superlattice determined from the Franz-
Keldysh oscillations and external bias. (Shown as in-
set in Fig. 4.) Franz-Keldysh oscillations yield the
ratio F/y/m. For the fields in the inset, we used a
mass 0.041my, the electron mass in In;_,Ga,As. Fields
based on this mass correspond to an increase of the
field by 12 kV /cm for 1 V increase of the bias voltage.
This rate is almost twice as large as that obtained from
Stark ladder transitions of the first miniband and from
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FIG. 4. Variation of Franz-Keldysh oscillations of the sec-
ond miniband with reverse bias. The inset shows the linear
relation of bias voltage and field derived from the oscillations
assuming a mass of 0.041mg.

the Franz-Keldysh oscillations of the quaternary layers,
which proves that the mass of the second miniband must
be smaller than 0.041mg. Adjusting the change of the
field to its maximum rate 7 kV /cm, the ratio of external
voltage change and thickness of undoped material, yields
the value 0.014m¢ confirming the very small mass of the
second miniband.

A similar reduction of the mass in a second miniband
has been reported from luminescence excitation spectra
in magnetic fields for a GaAs/Al,Ga;_.As superlattice!2
and to a smaller degree from interband magnetoab-
sorption of a In;_,GayAs/In;_.Ga,As,P;_, superlat-
tice with wider barriers.!®> These experiments involve
also in-plane motion and extract the superlattice mass
by evaluating the transition energies in a magnetic field,
which introduces also some uncertainty while electroab-
sorption involves only the mass along the field and give
therefore direct access to the miniband mass. A differ-
ent mass at the minimum of the second miniband is also
anticipated from its location in the Brillouin zone. The
minimum of the second and the saddle point of the first
miniband form a gap at the edge of the superlattice Bril-
louin zone. The gap and the curvature of the bands are
related to the corresponding component of the superlat-
tice potential. The small mass of the second miniband
therefore is consistent with the smaller mass at the saddle
point of the first miniband conjectured from the width of
its Franz-Keldysh oscillations.

The small mass has led us to propose faster devices
that employ transport in the second miniband.'® The ad-
vantage of a small mass could be compensated by rapid
scattering into the lower lying first miniband. In strik-
ing contrast to Stark localization in the first miniband,
which is observed already under forward bias conditions,
the Franz-Keldysh oscillations of the second miniband are
well defined under reverse bias and show no distortion by
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Stark localization and Bragg reflection even for fields of
20 kV/cm, where electrons have to travel less than 7 nm
to reach the top of the second miniband. This may point
to fast electron scattering in the second miniband. Alter-
natively, electrons may tunnel into higher bands, which
reduces the probability for Bragg reflection. Because the
Franz-Keldysh oscillations are well defined and stretch
over most of the miniband width, we consider tunneling
as the likely reason for the absence of Stark localization
in the second miniband.

In summary, we have demonstrated that Franz-
Keldysh oscillations provide direct access to the effective
mass of electron minibands in superlattices with an accu-
racy limited only by the knowledge of the field. The range
of useful fields is quite limited because the field must be
small enough to avoid Stark localization but large enough
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to overcome excitonic effects and broadening by scatter-
ing processes. Wide neutral bulk layers should separate
the superlattice from contact regions to reduce carrier
diffusion into the superlattice and to establish small ho-
mogeneous fields. Under those conditions more Franz-
Keldysh oscillations from the saddle-point edge, which
in bulk material have never been observed, should be re-
solvable and the evaluation of the saddle-point mass will
be improved. The small masses observed at the edge of
the Brillouin zone are expected to depend strongly on
the superlattice potential. Stark localization in the sec-
ond miniband has not been observed, which is attributed
to tunneling into higher bands.
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