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Wannier-Stark localization in InAs Õ„GaIn…Sb superlattice diodes

L. Bürkle,* F. Fuchs,† E. Ahlswede,‡ W. Pletschen, and J. Schmitz
Fraunhofer-Institut fu¨r Angewandte Festko¨rperphysik (IAF), Tullastraße 72, D-79108 Freiburg, Germany

~Received 16 January 2001; published 22 June 2001!

We present experimental evidence for the formation of localized Wannier-Stark states in the depletion
region of low band-gap InAs/~GaIn!Sb superlattice~SL! infrared photodiodes. In the photocurrent spectra of
reverse-biased photodiodes, maxima are observed, that spectrally shift when the strength of the electric field in
the depletion region of the diode is changed. Taking into account the spatially indirect type-II nature of
interband transitions in InAs/~GaIn!Sb SL’s, the spectral positions of the observed maxima can be explained in
the framework of localized Wannier-Stark states. Besides photocurrent spectra, the current-voltage (I -V)
characteristics of the diodes were investigated. In the reverse-bias regime dominated by Zener tunneling the
differential resistance of the diodes reveals an oscillatory behavior. These oscillations are due to a resonant
enhancement of the Zener tunneling current by Wannier-Stark states in the depletion region of the SL diode. A
model is presented that quantitatively describes the occurrence of the oscillations in theI -V curves. In addition,
the influence of a magnetic field on the Wannier-Stark oscillations in the Zener current was investigated. While
the period of the oscillations in theI -V curves is conserved, the resonances are shifted, reflecting the energy
shift introduced in the Wannier-Stark states by the magnetic field. This voltage shift exhibits a strong depen-
dence on the magnetic-field orientation.

DOI: 10.1103/PhysRevB.64.045315 PACS number~s!: 73.40.Gk, 73.40.Kp, 73.50.Pz, 71.70.Ej
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I. INTRODUCTION

In a superlattice~SL! consisting of a periodic repetition o
quantum wells separated by narrow potential barriers, re
nant coupling between individual quantum-well states le
to the formation of three-dimensional mini bands.1 By apply-
ing an electric fieldF along the SL-growth axis the min
band breaks up into Stark states. At intermediate elec
fields the wave functions still extend over several quant
wells, giving rise to interwell Stark transitions.2 Various ex-
perimental techniques such as photocurrent and photolu
nescence spectroscopy were employed to investigate tr
tions between Wannier-Stark states. Recently, the interac
between Zener tunneling and Stark localization was stud
theoretically,3 and the formation of Wannier-Stark res
nances in the Zener current of GaAs/AlGaAs SL diodes w
experimentally confirmed.4

In recent years antimonide-based heterostructures hav
tracted significant interest, in particular, in the field of op
electronic devices operating in the mid and far infrared sp
tral range. In particular, InAs/~GaIn!Sb SL’s are well suited
for the fabrication of high-performance photodetectors
the 8–12 mm wavelength region5,6 as well as lasers opera
ing in the midinfrared.7,8 Such SL’s show a broken-ga
type-II band alignment with the conduction-band edge
InAs being lower in energy than the~GaIn!Sb valence-band
edge. For short-period SL’s with sufficiently thin individu
layers, confinement and strain effects result in an effec
band gap, which is tunable between zero and about 0.39

The thickness of the individual layers in the SL’s used for
photodiodes is typically of the order of 10 atomic monola
ers ~ML !, leading to strong electronic coupling between t
adjacent wells. The electron wave function is centered in
InAs layers, but strongly delocalized with a mini-band wid
typically exceeding 100 meV.10 However, the type-II char-
0163-1829/2001/64~4!/045315~9!/$20.00 64 0453
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acter of the system remains due to the localization of he
hole ~HH! states in the~GaIn!Sb layers.

Recent advances in the growth and processing of In
~GaIn!Sb SL’s on GaSb substrates have led to a high eno
material and device quality6,11 that Wannier-Stark localiza
tion can now be studied in this narrow band-gap type-II
system, using SL photodiodes optimized for mid-IR dete
tion. Here we report the observation of Stark transitions
the photocurrent spectra of reverse-biased photodio
which are quantitatively explained by taking into account t
type-II character of interband transitions in the SL. Besid
optical measurements, we investigated the current-volt
(I -V) characteristics of the photodiodes. The reverse-b
branch of low-gap photodiodes (Eg<0.2 eV) is dominated
by both Zener and defect-assisted tunneling currents. H
ever, with increasing material quality the contribution
defect-assisted tunneling currents reduces and Zener tun
ing currents can be observed even at small reverse bias.
I -V curves of the diodes reveal an oscillatory structure in
Zener tunneling current. These oscillations are due to
alignment of Stark states in the conduction band with the
of the valence band that leads to an enhancement of
Zener tunneling current across the depletion region. A mo
is presented that quantitatively explains the voltage dep
dence of the oscillations in theI -V curves. In addition, we
studied the modification of the Stark localization by a ma
netic field oriented parallel or perpendicular to the intern
electric field of the diodes. By applying a magnetic field t
voltage dependence of the tunneling resonances is shi
while the period of the oscillations is conserved. We find th
the change in energy of the Stark states caused by the m
netic field directly translates into a voltage shift of the osc
lations in theI -V curve. However, in contrast to the paralle
field configuration for crossed fields, a strong damping of
tunneling resonances is observed.
©2001 The American Physical Society15-1
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II. THEORY

A. Optical transitions between Wannier-Stark states

In a SL consisting of a periodic repetition of quantu
wells separated by narrow potential barriers, resonant c
pling between individual quantum-well states leads to
formation of three-dimensional mini bands. When an elec
field F is applied parallel to the growth direction of the S
adjacent quantum wells are misaligned by an energyeFdSL ,
wheree is the electron charge anddSL is the SL period, and
the coupling between the wave functions of individual qua
tum wells is reduced. As the electric field increases, the
riers in the SL become more and more localized and, th
the three-dimensional~3D! nature of the mini bands is con
tinuously reduced to quasi-2D Stark states.

At intermediate electric fields the wave functions still e
tend over several quantum wells giving rise to interw
Stark transitions between heavy- or light-~LH! hole and
electron levels whose wave functions are centered in dif
ent quantum wells. In a type-I SL the transition energies
given by2

Em5E01meFdSL , m50,61,62, . . . , ~1!

where E0 is the energy of the intrawell transition andm
denotes the Stark index. In the limit of a high electric fie
F@D/edSL , whereD is the mini-band width, the wave func
tions are completely localized in individual wells, and on
intrawell transitions can occur. In contrast to type-I SL
interband transitions in a type-II SL are spatially indire
and therefore the Stark indices assume the valuesm
561/2,63/2,65/2, . . . .

B. Wannier-Stark localization in a magnetic field

The influence of an additional magnetic fieldB upon
quantization effects in the SL strongly depends on
magnetic-field orientation. Neglecting the excitonic intera
tion and assuming parabolic bands, the Hamiltonian fo
magnetic field parallel to the growth axis (Biz) of the SL
decouples into two independent terms: one describing
motion along the growth axis due to the SL potential and
electric field, and one describing the in-plane motion in
presence of the magnetic field. Then each of the Stark t
sitions is split into a series of Landau transitions,12

En,m5E01S n1
1

2D\vc1meFdSL , ~2!

where n is the Landau-level index andvc5eB/m* is the
cyclotron frequency.

However, when the magnetic field is applied perpendi
lar to the growth axis (B'z) the situation is different, as in
this case the Hamiltonian describing the motion along
growth axis includes an additional potentialm* vc

2z2/2,
which is quadratically magnetic-field dependent.13 Since the
magnetic field tends to localize the electron motion to cyc
tron orbits in the same plane as that of the SL-confinem
potential there is a competition of electric-field-induced a
magnetic-field-induced localization. Depending on the re
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tive strengths of the electric and the magnetic field, th
different regions can be distinguished. At small magne
fields the electric-field-induced localization prevails and t
energy of the Stark states exhibits a parabolic dependenc
the magnetic field. This energy dependence is due to
diamagnetic shift and is proportional tom2dSL

2 B2, wherem is
the Stark index.14 Moreover, the energy levels show a di
persion as a function of position of the cyclotron orbit cen
in the quantum well, which increases with magne
field.12,13In a second region both effects become compara
and the description in terms of Stark states breaks down
high magnetic fields, the magnetic-field-induced localizat
dominates and the quantization energies can be describe
terms of Landau states (En}B).

C. Wannier-Stark resonances in the Zener tunneling current

When a high reverse bias is applied to ap-n junction,
electrons can tunnel from the top of the valence band of
p region through the band gap into the conduction band
the n region. This effect is known as Zener tunneling a
results in an exponential current-voltage dependence.15,16 Di
Carlo et al. theoretically studied the interaction between Z
ner tunneling and Stark localization and predicted the occ
rence of Wannier-Stark oscillations in the Zener tunnel
current of SL diodes.3 Figure 1 shows a schematic explan
tion for such Wannier-Stark oscillations in a InAs/~GaIn!Sb
SL diode. When a strong reverse bias is applied to thep-n
junction of a SL diode, localized Wannier-Stark states fo
out of the mini band due to the high electric field in th
depletion region. Each time when a Stark state becomes
ergetically aligned with the first heavy-hole (HH1) valence
band, the tunneling current originating from the valenc
band edge at the boundary of the depletion layer in thp
region into the continuum states of then region of the SL
diode is resonantly enhanced. As the reverse bias is
creased, energetically higher-lying Stark states whose w
functions are centered in adjacent quantum wells can
reached by the tunneling electrons leading to an oscillat
behavior in the Zener tunneling current.4

FIG. 1. Schematic illustration for the occurrence of Wanni
Stark oscillations in the Zener-tunneling current of an InA
~GaIn!Sb SL diode.
5-2
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TABLE I. Properties of the investigated SL diode structures.

Acceptor conc. Donor conc.
SL period Energy gap near thep-n junction Depletion widths

dSL Eg NA ND dp dn

SampleA 6.51 nm 155 meV 631016 cm23 231016 cm23 33 nm 98 nm
SampleB 4.8 nm 140 meV 2.331016 cm23 1.031016 cm23 56 nm 128 nm
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In the Appendix it is shown that the voltagesUS
( i ) , at

which Stark resonances in the tunneling current occur,
low a recursive relationship

US
( i )5US

( i 21)2UbiS dSL
2

dp
2

1
2dSL

dp
A12

US
( i 21)

Ubi
D , ~3!

where

dp5A2eUbi

e

ND /NA

NA1ND
, ~4!

is thep depletion-layer width at equilibrium, andUbi denotes
the builtin potential of thep-n junction. The oscillation pe-
riod DUS5US

( i )2US
( i 21) of the Wannier-Stark resonance

increases with applied reverse bias. SincedSL!dp , the os-
cillation periodDUS depends almost linearly on the SL p
riod, while it is reciprocally dependent on the zero-biasp
depletion-layer widthdp , which in turn is dependent on th
doping profile in the diode.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In Sec. III A we investigate the photocurrent spectra of
InAs/~GaIn!Sb SL infrared photodiode under the influence
an applied reverse bias. The results of these electro-op
studies give clear evidence that localized Wannier-St
states form in the depletion region of the SL diodes. In S
III B, measurements of the current-voltage characteristics
the photodiodes are presented. In the Zener-current reg
the differential resistance of the diodes reveals an oscilla
structure that can be explained by a resonant enhanceme
the tunneling currents by Stark states in the depletion reg
of the SL diode. In Sec. III C the influence of a magne
field oriented parallel and perpendicular to the SL-lay
plane on the Wannier-Stark resonances in the Zener cu
of the photodiodes is investigated.

The SL-photodiode structures used in our study w
grown by solid-source molecular-beam epitaxy~MBE! at
substrate temperatures of 420 °C on undoped~100! GaSb
substrates. Overall strain compensation of the SL stack
achieved by appropriate interface engineering. While
growth on GaSb substrates the smaller lattice constan
InAs is effectively compensated by the larger lattice para
eter of Ga12xInxSb (0.1<x<0.3), with the detailed strain
balance depending on the InAs to~GaIn!Sb layer-thickness
ratio, the interfaces across which both the group-III a
group-V atoms change have to be dealt with separately.
InAs/~GaIn!Sb SL’s two types of interfaces with eithe
Ga-As or In-Sb interface bonds can be realized, which di
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strongly in interface bond length and strain introduced in
the SL stack. Best strain compensation and material qua
was achieved by growing the layers with alternating GaA
like and InSb-like interfaces, terminating each individu
layer with its group-V element and starting the followin
layer with a ML of the respective group-III element.17–19

Both effects, the Stark transitions in the photocurre
spectra and the Wannier-Stark resonances in the Zener
rent were observed more or less pronounced in a large n
ber of samples. However, in this paper we will restrict o
analysis to two samples designated with the lettersA andB
~Table I!. The epitaxial-layer sequence of the investigat
photodiodes consists of 150 periods of the InAs/Ga12xInxSb
SL sandwiched between GaSb:Be and InAs:Si contact
ers. The SL in sampleA consists of 12-ML InAs alternated
with 10-ML Ga0.85In0.15Sb, whereas the SL in sampleB is
composed of 10-ML InAs and 5-ML Ga0.75In0.25Sb. The
SL’s in both samples are intentionally doped to form ap-n
homojunction diode structure. The doping profile of sam
A consists of 85 periods of a moderatelyp-doped region
(;631016 cm23), followed by 15 periods of a nominally
undoped but residualn-type region (;231016 cm23) and
50 periods of a highlyn-doped region (;131018 cm23). In
sampleB the first 60 periods of the SL are highlyp-doped
(;5.731016 cm23), followed by 30 periods of a moder
ately p-doped region (;2.331016 cm23), 40 periods of a
nominally undoped but residualn-type region (;1
31016 cm3), and 20 periods of a highlyn-doped region
(;1.831017 cm23). More details of the MBE growth and
processing of the photodiodes can be found elsewhere.20

Structural properties of the samples such as SL per
residual lattice mismatch, and overall SL thickness were
sessed by high-resolution x-ray diffraction~HRXRD!. The
SL in sampleA has a period of 6.51 nm, while the SL i
sampleB exhibits a period of 4.8 nm. The lattice mismatc
Da/a of both samples lies well below 131023. In addition,
interference oscillations from the SL stack are observed
the diffraction pattern indicating an excellent material qu
ity. The SL band gap as determined from photorespo
measurements is 155 meV for sampleA and 140 meV for
sampleB. The differential resistance at zero bias,R0A, of
both diodes exhibits diffusion-limited performance down
100 K and is limited by generation-recombination~GR! cur-
rents at lower temperatures.11 The suppression of trap
assisted tunneling is a prerequisite for the observation of
ner currents down to relatively small reverse biases
narrow-gap photodiodes.

A. Optical transitions between Wannier-Stark states

The formation of localized Wannier-Stark states in t
depletion region of InAs/~GaIn!Sb SL photodiodes was in
5-3
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vestigated by measuring photocurrent spectra of the dev
as a function of an applied dc voltage. Since the electric fi
in the diodes extends only over the relatively small deplet
region, whereas the whole SL contributes to the photo
sponse, the contribution of Stark transitions to the ove
photosignal of the diodes is quite small. Therefore, the m
sured spectra were normalized to a reference spectrum t
with an applied bias ofU'Ubi , at which the electric field in
the diodes vanishes and the diodes are in flat-band condi
During the measurement the samples were mounted on
cold finger of a cryostat and the sample temperature was
at 10 K. The photoresponse spectra were measured us
Fourier Transform IR~FTIR! spectrometer.

Figure 2 shows the normalized photocurrent spectra
sample A for different applied voltages in an energy ran
between 165 and 600 meV. The spectral response was
malized to a photocurrent spectrum measured atU
510.12 V. In the normalized spectra a series of peaks
be observed that undergo significant energy shifts with
creasing reverse bias as indicated in the figure by the da
lines. These peaks arise from interband transitions betw
Wannier-Stark states that are localized in adjacent quan
wells in the depletion region of the diode and whose ene
difference is determined by the electric field. Based on
results of a 838 envelope-function approximation~EFA!
model,10 the observed peaks can be assigned to transit
into Stark states of the first conduction band (C1) of the SL
originating from both, the first heavy-hole and the first ligh
hole (LH1) bands. The observation of such transitio
clearly indicates the formation of localized Wannier-Sta
states in the depletion region of the SL diode. Apart from
Stark transitions a spectral signature is observed at 572 m
which is not shifted in energy by the applied voltage. Th
spectral feature arises from a transition in the field-free
gion of the SL diode outside the depletion layer. The ene
of the spectral feature can be identified with a HH1-C2 inter-
band transition at the boundary of the SL Brillouin zone
qz5p/dSL .10

FIG. 2. Normalized photoresponse of a InAs/~GaIn!Sb superlat-
tice diode~sampleA) as a function of applied dc voltage.
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The maximum electric field in the depletion regionF of
the SL diode can be calculated from the applied biasU using
the relation

F5F0A12
U

Ubi
, ~5!

where the built in voltage of thep-n junction Ubi
50.148 V was determined from a simulation of the ba
alignment in the diode, and whereF0 is the maximum elec-
tric field in the depletion region at equilibrium.

In Fig. 3 the energies of the Stark transitions are plotted
a function of the maximum normalized electric fieldF/F0 in
the depletion region. Transitions originating from the fir
heavy-hole band are marked by solid squares and transit
originating from the first light-hole band by open circles, a
the labels indicate the indices of the Stark transitions.
expected, the Stark transitions exhibit a linear dependenc
the normalized electric fieldF/F0 in the depletion region of
the diode. However, in contrast to type-I SL’s, interba
transitions in a type-II SL are spatially indirect and therefo
the Stark-transition energies are given by

Em5E01meFdSL

with the Stark indices

m561/2,63/2,65/2, . . . , ~6!

where the zero-field transition energiesE0 of Stark transi-
tions originating from the HH1 and LH1 bands of the SL are
169 and 340 meV, respectively. The slopesmedSLF0 of the
observed Stark transitions are summarized in Table II. Fr
the slopes a maximum zero-bias electric field ofF05(50
610) kV/cm in the depletion region of the diode can
calculated using the SL perioddSL56.51 nm as determined
by HRXRD.

FIG. 3. Observed Wannier-Stark transitions as a function of
normalized electric field~sampleA) in the depletion region. Tran-
sitions from the first heavy-hole band are marked by solid squa
and transitions originating from the first light-hole band by op
circles. The labels indicate the Stark-transition indices.
5-4
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B. Wannier-Stark resonances in the Zener-tunneling current

Besides photocurrent spectra, theI -V characteristics of
the InAs/~GaIn!Sb SL diodes were investigated. The dio
I -V curves were measured with a HP5145B parameter a
lyzer. Since the Wannier-Stark resonances are relativ
weak, the oscillations in the tunneling current can be be
resolved in the differential resistance, which was calcula
from the I -V data by numerical differentiation. Figure
shows the measured differential resistance of SL diodes
sampleA and B as a function of applied bias at 77 K. Fo
both samples Wannier-Stark oscillations in the Zener cur
can be clearly observed. However, the oscillation period
the sampleA diode exceeds that of the diode on sampleB by
roughly a factor of 2.5. The oscillations set in at appro
mately20.6 V when localized Wannier-Stark states form
the depletion region of the diode, which is the case when
energy separation between Wannier-Stark states is gre
than their collision broadening. The oscillations in the tu
neling current exhibit a rapid increase in both period a
amplitude. The increase in spacing between oscillation pe
with increasing reverse bias reflects the fact that the ene
separation between neighboring Stark states increases
early with the electric field in the depletion layer. On th
other hand, the increasing oscillation amplitude can be
plained with the increasing localization of Stark states w
electric field.

The voltages corresponding to Wannier-Stark oscillat
peaks in the differential resistance of the diode from sam

TABLE II. Summary of the observed Stark transitions.

Zero-field transition
Transition energyE0 Stark indexm SlopemedSLF0

HH1-C1 167 meV 11/2 118.7 meV
171 meV 13/2 142.5 meV

LH1-C1 340 meV 25/2 272.9 meV
340 meV 23/2 242.9 meV
340 meV 21/2 218.7 meV
340 meV 11/2 118.7 meV

FIG. 4. Differential resistance as a function of applied voltage
an InAs/~GaIn!Sb superlattice diode measured at 77 K. Oscillatio
in the Zener current can be clearly observed.
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B are shown in Fig. 5. Since at high currents the influence
the series resistanceRS on the current-voltage characteristic
of the diode is substantial, the plotted voltages were c
rected for the voltage dropRSJ across the series resistanc
The value of the series resistanceRS55.2531024 V cm2

was determined from the forward branch of the diodeI -V
characteristic.

In Fig. 5 two voltage ranges can be distinguished.
small reverse voltages up to approximately20.8 V the
spacing between adjacent maximaDUS is relatively small
and lies in a range between 60 and 80 mV. However,
applied reverse biases above21.0 V the spacing lies be
tween 140 and 180 mV. The occurrence of these two volt
ranges can be explained by the doping profile of the dio
As stated earlier, the diodep region consists of a 30-period
wide weakly doped region near thep-n junction and a
higher-doped region towards thep contact. At small reverse
biases the depletion layer only extends into the weakly do
p region. Because of the low doping the value ofdp is high,
and the depletion layer expands rapidly into the wea
dopedp region with increasing reverse bias. According
Eq. ~3!, this corresponds to a small spacing betwe
Wannier-Stark oscillations in the tunneling current. At
voltage of approximately20.9 V the depletion layer
reaches the higher-dopedp region, and from then on expand
more slowly with increasing reverse bias. The slower exp
sion of the depletion region is described by a smaller eff
tive value ofdp . Correspondingly, the Stark states pass
top of the valence band more slowly and, therefore, the sp
ing between oscillations in the tunneling current increase

In Fig. 5 the solid curves connect the bias values cal
lated from the recursive expression of Eq.~3!. The calculated
curves were fit to the experimental data using t
p-depletion-layer width at equilibriumdp and the first volt-
age of the recursionUS

(1) as fitting parameters. The calcu
lated voltages are in excellent agreement with the exp
mental data with a maximum deviation of less than 0.5
Each of the two voltage ranges was fit with a differentdp
value, respectively. For the low-voltage range a value ofdp
555 nm, and for the high-voltage range a value ofdp

f
s

FIG. 5. Voltages at thep-n junction of the oscillation peaks in
the Zener current~sampleB). The curves connect the voltages ca
culated with Eq.~3!.
5-5
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529 nm was obtained from the fitting procedure. The va
of dp555 nm for the low-voltage regime obtained from th
fit is also in good agreement with thep-depletion-layer width
dp556 nm calculated using Eq.~4! and the values in Table
I.

According to Eq.~3! the larger oscillation period of the
diode from sampleA cannot be explained by the larger S
period alone, since this would only increase the spacing
tween the oscillations by a factor of 1.5. The increase in
oscillation period is a result of both the larger SL period a
the different doping profile of that sample. Using Eq.~4! a
value ofdp533 nm for thep-depletion-layer width at equi
librium can be calculated for sampleA. With this value one
obtains a ratiodSL /dp , which exceeds that of sampleB by a
factor of 2.3. This value is very close to the increase in
oscillation period experimentally observed in theI -V curves.

C. Wannier-Stark resonances under the influence
of a magnetic field

The Wannier-Stark resonances in the Zener current w
also investigated with an applied external magnetic fie
Figures 6~a! and 6~b! show the differential resistance vs vol
age characteristics of the InAs/~GaIn!Sb SL diode on sample

FIG. 6. Wannier-Stark oscillations in the Zener current of
InAs/~GaIn!Sb superlattice diode~sampleB) with a magnetic field
applied~a! parallel and~b! perpendicular to the electric field in th
depletion region.
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B with a magnetic field applied parallel and perpendicular
the electric field in the depletion region, respectively. In bo
cases the magnetic field was varied betweenB50 –8 T in
steps of 1 T.

When a magnetic field parallel to the diode current~i.e.,
perpendicular to the layers of the SL! is applied (BiE), the
Wannier-Stark oscillations in the tunneling current a
slightly shifted in the direction of higher reverse biases, a
the oscillation peaks become sharpened with increasing fi
However, period and amplitude of the oscillation are n
influenced by the magnetic field and remain unchanged
addition, the longitudinal magnetic field decreases the t
neling current~increase in theRA product! by increasing the
effective energy gap of thep-n junction due to Landau
quantization.16,21 In Fig. 7 the shift of the oscillation maxi-
mum in the differential resistance atUS51.07 V is plotted
as a function of the applied magnetic field. At small fields
to ;2 T a small shift of the peaks of about 2 mV in th
direction of smaller reverse biases occurs. This effect is e
more pronounced for peaks at higher reverse biases
hence, is attributed to the series resistance of the diode
magnetic fields exceeding 2 T the peaks are shifted almo
linearly with ;6 mV/T in the direction of higher revers
biases. The overall shift of the oscillation peaks amounts
30 mV at 8 T.

In the case of crossed magnetic and electric fields (B'E)
a much stronger shift of the Wannier-Stark oscillations in
direction of higher reverse biases is observed. At 4 T
overall shift of the oscillation peaks already amounts to 2
mV. Again, the oscillation period is not affected by the ma
netic field. However, the oscillation peaks broaden and
amplitude decreases so rapidly with increasing magn
field, that above 4 T the oscillations in the tunneling curre
have completely disappeared. Furthermore, the transv
magnetic field strongly decreases the tunneling current~in-
crease in theRA product!. This reduction is due to a stron
enhancement of the effective tunneling barrier by the ad
tional magnetic potentialm* vc

2z2/2.16,21In Fig. 7 the shift of
the maximum in the differential resistance atUS51.07 V is
shown as a function of the applied magnetic field. The vo

FIG. 7. Shift of the oscillation peak atU51.07 V in the Zener-
tunneling current as a function of the applied magnetic field
parallel and crossed electric and magnetic fields.
5-6
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age shiftDU of the oscillation peaks exhibits a nonline
behavior according toDU}B2.3.

For both field orientations, the observed shifts of the
cillation peaks in the direction of higher reverse biases
be explained by a shift of the Stark states to higher ener
induced by the magnetic field. If the Stark states are
creased in energy due to the magnetic field by an amo
DEm , a higher reverse biasU1DU has to be applied to the
p-n junction of the diode in order to realign the Stark sta
with the valence-band edge. Hence, a small energy s
DEm of a Stark state introduces a shift in the Wannier-St
oscillations DU, which is in good approximation propor
tional to the energy shift:DU52gDEm , whereg is a pro-
portionality constant.

In the parallel-field orientation (BiE), the increase in en
ergy of the Stark states is due to Landau quantization, an
determined by\e/2m* 52.5 meV/T, where an in-plane ef
fective electron mass ofme* 50.0235m0 was used in the
calculation.10 Thus, from the observed shift of26 mV/T in
the oscillation peaks of sampleB a value of 2.4 V/eV can be
deduced for the proportionality constantg. On the other
hand for crossed fields (B'E), the diamagnetic shift of the
Stark states alone is too small to cause a shift in the Wann
Stark oscillations as large as that observed in our meas
ments. The increase in energy of the Stark states is prima
due to the magnetic potentiale2B2z2/2m* and is, thus, de-
termined by the distancedT between the initial valence-ban
state and the Stark state involved in the tunneling proc
Both the linear magnetic-field dependence of the Stark st
due to Landau quantization for parallel fields (BiE), as well
as the quadratic magnetic-field dependence for perpendic
fields (B'E) as a result of the magnetic potential, direc
translate to a shift of the oscillation peaks in the tunnel
current. Furthermore, from Eq.~3! it is obvious that a smal
energy shiftDEm of a Stark state and the resulting small sh
of the Wannier-Stark oscillation peaks leaves the oscillat
period DUS5US

( i )2US
( i 21) nearly unaffected. This explain

why no dependence of the oscillation period on the magn
field was observed in our measurements.

As stated earlier, in the crossed-field orientation (B'E)
both the Stark states and the initial HH1 valence-band state
exhibit a dispersion, which is quadratically dependent
both the position of the cyclotron orbit center in the quant
well and magnetic field.12,13 Within this framework the dis-
appearance of the Wannier-Stark oscillations in the Ze
current under the influence of a perpendicular magnetic fi
@Fig. 6~b!# can be explained as follows. At magnetic fiel
smaller than a critical value, oscillations in the Zener tunn
ing current can be observed. As the reverse bias at thep-n
junction is increased, the dispersion curves of the Stark st
move downward in energy past the dispersion curve of
initial HH1 state. Each time the dispersion curve of a St
state overlaps in energy with the initial-state dispers
curve, the Zener current is resonantly enhanced~Fig. 1!.
However, when the initial-state dispersion curve lies b
tween two dispersion curves of Stark states from adjac
quantum wells no resonant enhancement is possible, an
tunneling current reaches a minimum~maximum in theRA
04531
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product!. Hence, the oscillations in the Zener current occ
because there is a voltage range for which there are no
lowed Stark states in the depletion region of the diode t
can resonantly enhance the tunneling current. When the m
netic field exceeds a critical value the dispersion is so la
that at any diode voltage the initial-state dispersion cu
intersects in energy with the dispersion curves of either
first or second or even both Stark states. In this case
Zener current is resonantly enhanced independent of the
plied diode voltage and no oscillations in the Zener curr
can be observed. The critical magnetic fieldBc depends on
the energy separation between Stark states from adja
quantum wellseFdSL and, thus, from the electric field in th
depletion region of the diode. This explains why the quen
ing of Wannier-Stark oscillations at smaller reverse bia
~i.e., lower electric fields! sets in for lower magnetic fields
@Fig. 6~b!#.

IV. SUMMARY AND CONCLUSIONS

We presented a comprehensive study of Wannier-S
localization effects in narrow band gap InAs/~GaIn!Sb SL’s.
We observed transitions between Wannier-Stark states in
photocurrent spectra of biased InAs/~GaIn!Sb SL photo-
diodes. The observation of such transitions clearly indica
the formation of localized Wannier-Stark states in the dep
tion region of the SL diode. Besides photocurrent spectra,
I -V characteristics of the diodes were investigated. In
reverse-bias regime dominated by Zener tunneling, the
ferential resistance of the diodes revealed an oscillat
structure. These oscillations can be explained by a reso
enhancement of the Zener tunneling current by Stark st
in the depletion region of the SL diode. A model was pr
sented that quantitatively describes the occurrence of the
cillations in theI -V curves. Finally, the influence of a mag
netic field oriented parallel and perpendicular to the SL la
plane on the Wannier-Stark resonances in the Zener cur
of the photodiodes was investigated.
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APPENDIX

A quantitative description of the Wannier-Stark oscill
tions in the Zener-tunneling current can be made in
Schottky model of the depletion region of ap-n junction. Let
us consider ap-n junction atx50 with thep region extend-
ing in the negative and then region extending in the positive
x direction. The potential in the diode is then given by
5-7
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dn5A2eUbi

e

NA /ND

NA1ND
~A2!

dp5A2eUbi

e

ND /NA

NA1ND
, ~A3!

are the widths of the depletion layers in then andp regions
at equilibrium, respectively. The electric field in the dep
tion region increases linearly towards thep-n junction,
where it reaches its maximum valueF052Ubi /(dn1dp).
When a biasU is applied to thep-n junction both the maxi-
mum electric field and the width of the depletion regi
change by the factor (12U/Ubi)

1/2. Hence, the gradient o
the electric field]F/]x is independent of the diode voltag
U.

When a high reverse bias is applied to ap-n junction the
conduction band on then side and the valence band on thep
side overlap on the energy scale and electrons from the
of the valence band of thep region can tunnel through th
band gap into the conduction band of then region. Such
tunneling currents increase exponentially with an applied
verse bias, and are also designated as Zener current. E
and momentum of the electron are conserved in the tunne
process. In the electric field of the depletion region the e
tron mini band of a SL is quantized into Stark states. T
://

t.

i

D
M

04531
-

op

-
rgy
g
-

e

energy of the Stark states is shifted with respect to the m
band edge by an energyde . Each time a Stark state become
energetically aligned with the top of the valence band, t
Zener-tunneling current is resonantly enhanced~Fig. 1!. The
position xS(U) in the depletion region, where a Stark sta
coincides in energy with the valence-band edge of thep re-
gion is given by

xS~U !5A2~Eg1de!dp

eF0
2dpA12

U

Ubi
. ~A4!

This position is separated by a constant distancedT @deter-
mined by the first term in Eq.~A4!# from the boundary of the
p depletion region and, thus, moves away from thep-n junc-
tion with increasing reverse bias. For two succeeding St
resonances in the Zener current the equation

xS~US
( i )!5xS~US

( i 21)!2dSL ~A5!

holds, whereUS
( i ) designates the voltage of thei th Stark

resonance. Together with Eq.~A4! one obtains a recursive
expression for the voltages of the Stark resonances

US
( i )5US

( i 21)2UbiS dSL
2

dp
2

1
2dSL

dp
A12

US
( i 21)

Ubi
D , ~A6!

which is independent of the energiesEg andde .
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