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We employ time-dependent photocurrent measurements to study resonant tunneling in a mag-
netic field parallel to the layers in two differently coupled superlattices. The shift of the resonance
between the first and the second electronic subbands is proportional to the square of the magnetic
field. The shift is quantitatively in agreement with theoretical calculations, taking into account the
polarization of the wave functions due to the electric field. A decrease in the tunneling times at
resonance with increasing magnetic field is found in the sample with stronger coupling while the
weakly coupled sample shows an increase. For the weakly coupled sample, stationary photocurrent
and photoluminescence measurements are alternative but less precise methods of studying resonant

tunneling in a parallel magnetic field.

I. INTRODUCTION

In the past few years there has been great interest in
the effect of a magnetic field applied parallel to the tun-
neling barrier on the tunneling characteristics of semi-
conductor heterostructures. While some of the work was
devoted to the study of single-barrier structures!™® most
experiments were performed on double-barrier resonant
tunneling structures (DBRTS).*® The transition from
electric to magnetic confinement in DBRTS’s with wide
wells was studied in Refs. 6 and 7. In Refs. 4, 5, and 8
resonant tunneling between electronic subbands was in-
vestigated and a shift of the resonances to higher electric
fields was found. However, in this case a quantitative
agreement with theoretical calculations, if attempted,®
was difficult to obtain due to the complicated electric
field distribution in DBRTS’s. A theoretical treatment of
magnetotunneling in wide-well DBRTS’s was presented
in Ref. 9.

In contrast to a DBRTS, where the carriers tunnel from
a contact layer into a quantum well, a superlattice (SL)
represents a structure where tunneling takes place be-
tween identical quantum wells. The energy levels of ad-
jacent wells can be shifted with respect to each other by
means of an external voltage applied perpendicular to
the layers. In a SL embedded in p-i-n diode biased in the
reverse direction the voltage drop is linear in space, re-
sulting in a linear energy-voltage relationship. Therefore
such a SL is an ideal structure to evaluate energy spac-
ings and energy shifts. Furthermore, we can study the
dynamics of the tunneling process in the SL as a function

0163-1829/93/48(15)/11176(8)/$06.00 48

of the applied electric field F4 by employing time-of-flight
(TOF) measurements.*?

In a SL without a magnetic field the tunneling proba-
bility is resonantly enhanced when subbands of adjacent
wells are aligned.'®712 In the presence of a parallel mag-
netic field (B L F4) the resonance condition is modified.
If the subband spacing is much larger than the cyclotron
energy hw. (w. = eB/m*) the confinement is still pre-
dominantly electric and the magnetic field mainly leads
to an additional parabolic potential superimposed onto
the energy levels of each quantum well. Classically this
corresponds to the coupling of the transverse momentum
to the motion parallel to the growth direction due to the
Lorentz force. This results in a shift of the tunneling res-
onances to higher electric fields. Experimental results on
resonant tunneling in crossed electric and magnetic fields
in a GaAs-AlAs SL obtained using stationary photocur-
rent measurements were reported in Ref. 11.

The aim of this paper is to present a comprehensive
study on resonant tunneling in crossed electric and mag-
netic fields in differently coupled GaAs-AlAs SL’s. In
our experiments we investigate two SL’s with almost the
same SL period. However, the barrier thickness is varied,
resulting in a different coupling between adjacent wells
in the two samples. The SL’s are embedded in a p-i-n
structure. We employ a TOF technique!® which allows
us to study the effect of the magnetic field on the dy-
namics of the tunneling process. For both samples the
resonance between the first and second subbands is found
to shift with the square of the applied magnetic field. We
compare our results with theoretical calculations taking
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into account the polarization of the wave functions due to
the electric field and conduction band nonparabolicities.
The tunneling times at resonance are strongly modified
by the magnetic field in opposite ways for different bar-
rier thicknesses. For one sample we compare the TOF
results with stationary photocurrent and photolumines-
cence (PL) measurements.

The paper is organized as follows. In Sec. II we give the
sample parameters and review the TOF technique. Fur-
thermore, the other experimental techniques are briefly
described. A theoretical model for resonant tunneling
in crossed electric and magnetic fields will be given in
Sec. III. In Sec. IV the results of the TOF measurements
are presented and compared with the theoretical calcu-
lations of Sec. III. The dynamical aspects are also dis-
cussed. In Sec. V we present the results of the photocur-
rent and PL experiments. A brief summary will be given
in Sec. VL.

II. EXPERIMENT

Two SL’s were investigated in this study, sample 1 con-
taining 50 periods of 12.3 nm GaAs and 2.1 nm AlAs, and
sample 2 with 40 periods of 9.0 nm GaAs and 4.0 nm
AlAs. The SL and two significantly larger GaAs wells on
each side of the SL are forming the intrinsic region of a
p-i-n diode. The total structure of sample 2 is shown in
Table I. The structure of sample 1 is identical except for
the embedded SL. The samples were grown by molecu-
lar beam epitaxy on a (100)-oriented n*-GaAs substrate
and processed into mesas with Ohmic contacts of Cr/Au
on the top and AuGe/Ni on the substrate side. The mesa
diameter varied between 120 and 230 pm, corresponding
to an area of 1.1 x 10™% and 4.0 x 10~ cm?. Under a re-
verse bias voltage V4 the applied electric field F4 in the
SL is given by Fi4a = (Vg1 — Va)/W, where Vg1 = 1.52 V
is the built-in voltage and W the width of the intrinsic
region. In reverse bias no carriers are injected via the
contacts.

We employ time-dependent photocurrent measure-
ments to study the vertical transport in these SL’s in

TABLE I. Total structure of sample 2.

nt-GaAs substrate
100 nm GaAs:Si n=1x10"® cm™3
170 nm Al.Ga;_,As:Si z=0.0— 0.5
300 nm Alg 5Gag.sAs:Si n=1x10"® cm™3
70 nm Al.Ga;_.As:Si nl|l z=05—0.0
25 nm GaAs
4.0 nm AlAs
9.0 nm GaAs } X 40
4.0 nm AlAs
25 nm GaAs
70 nm Al.Ga;_.As:Be pT =0.0-—05
700 nm Alg.5sGag.sAs:Be p=2X 10*® ¢cm™3
60 nm GaAs:Be

Be ¢ doped
10 nm GaAs:Be
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a magnetic field applied parallel to the layers. The basic
principles of the TOF technique are briefly reviewed. A
thin sheet of carriers is excited near the p contact of the
p-i-n diode by means of a short laser pulse. Due to the
electric field applied in reverse bias the generated elec-
trons drift across the whole intrinsic region giving rise to
a photocurrent that decays when the electrons reach the
n contact. Hole transport occurs on a much longer time
scale than electron transport and will be neglected.!? In
our experiments we use a laser diode (Hamamatsu PLP-
01) with a pulse width of 59 ps at a repetition rate of
10 MHz. The wavelength of the laser diode is fixed at
659 nm, leading to a penetration depth of 301 nm in
bulk GaAs.!® At this wavelength no light is absorbed
in Alg 5Gag.sAs (Ref. 13) so that no additional current
components are created in the contact layers.

The samples are mounted in the bore of an optical
split-coil magnet on 50 € transmission lines which are
connected to a 20 GHz sampling oscilloscope (Hewlett-
Packard 54102B mainframe and 54121A test set) through
wide bandwidth coaxial connectors and cables. The bias
voltage is applied through a bias tee with a rise time of
28 ps (Picosecond Pulse Lab Model 5535). The overall
rise time of our setup is about 300 ps which is mainly
determined by the capacitance of the samples. For the
measurements of sample 2 a broadband amplifier is used
which increases the rise time to 700 ps.

In the experiments the maximum of the photocurrent
transient Iy.x is recorded as a function of the applied
voltage for various magnetic fields. Assuming a constant
drift velocity for a given electric field the photocurrent
amplitude I,.x is related in the simplest model to the
transport time 7 through the SL by

1 1
= o Cmex 1
- 0, (1)

where Qg is the charge of the generated electrons. Equa-
tion (1) is also obtained within the framework of a Gaus-
sian transport model.}1>!2 In order to be able to apply
Eq. (1) the total rise time has to be much smaller than
any characteristic times of processes causing a reduction
of the number of drifting carriers and thus a reduction of
the photocurrent amplitude I,,.x. Since the recombina-
tion lifetime is = 1 ns (Ref. 14) and the transport times
are of the order of several ns this condition is fulfilled
for both samples. For sample 1 we note that the inte-
grated photocurrent (integrated over the first 45 ns after
the laser pulse) starts to saturate for applied voltages
< —3 V and shows a well defined plateau between —11 V
and —14 V, followed by an increase due to avalanche
multiplication at higher fields. We therefore identify the
value of this plateau as the generated photocharge Q.
In order to avoid any space charge effects and screening
of the applied electric field Qg is kept at a low value of
0.6 pC, corresponding to a surface charge density of less
than 3 x 10'° cm~2. Due to the thicker barriers the pho-
tocurrent transients of sample 2 are much longer than
for sample 1 and therefore even at higher fields they are
strongly affected by recombination losses. This inhibits
an accurate determination of the generated charge Q.
However, for constant illumination intensities Ii,ayx is still
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a measure of the inverse transport time 1/7.

In addition to the TOF measurements we study the
electric field dependence of the photocurrent and the in-
tegrated photoluminescence intensity under stationary
conditions as a function of the applied magnetic field.
These experiments are performed in a conventional su-
perconducting magnet. An optical fiber is used to illumi-
nate the sample in the bore of the magnet and to collect
the PL. The static photocurrent measurements are per-
formed at an intensity of 40 mW /cm? with a Ti-sapphire
laser which is pumped by an Ar™ laser. The wavelength
is chosen to be 750 nm, corresponding to a penetration
depth of 546 nm in bulk GaAs.!3 This results in a rather
homogeneous carrier distribution over the whole SL. The
photocurrent-voltage (I-V) characteristics are recorded
with a Hewlett Packard 4140B pA meter or a Keithley
236 Source Measure Unit. The photoluminescence spec-
tra are obtained with a HeNe laser (633 nm) at a sim-
iliar intensity using a standard experimental setup. All
measurements were performed at temperatures between
1.5 K and 2.4 K.

III. THEORY

Without an applied magnetic field resonant tunnel-
ing in a SL occurs when subbands of adjacent wells are
aligned by means of an electric field applied perpendic-
ular to the layers. Thus an electron in the ground state
(first subband) can resonantly tunnel into the second sub-
band of the neighboring well at an electric field strength
F = (Ec2 — Ec1)/ed where d denotes the SL period.
After a subsequent intersubband relaxation process res-
onant tunneling into the next well is possible (sequential
resonant tunneling!®).

In crossed electric and magnetic fields the tunneling
resonances are shifted to higher electric field strengths.
This can be qualitatively explained using semiclassical
arguments. We take z as the direction perpendicular to
the layers and choose the magnetic field to be parallel
to the = axis. A carrier that travels the tunneling dis-
tance d from one well to the other picks up a momentum
hk, = eBd due to the Lorentz force. In the effective
mass approximation (EMA) this corresponds to an en-
ergy AE = e2B2?d?/2m* that is transferred from the z
to the y direction. Therefore in order to maintain the
resonance condition this energy transfer has to be com-
pensated by an additional electric field AF = AE/ed.
In this paper we will not follow these rather crude argu-
ments but will employ a more rigorous treatment.

We first focus on the energy levels in the quantum
well in a moderate magnetic field applied parallel to the
layers. Due to the high barriers in a GaAs-AlAs SL the
quantization is predominantly electrical and we therefore
can describe the effect of the magnetic field on the energy
levels using a perturbation approach. In the EMA and
Landau gauge (B = e, B) the energies are given in first-
order perturbation theory by'®

h?k2  e*B? 2
2m? + am ((z%); = (2)7)

(hky + eB(z)i)z, (2)

FE=F;,+
1
2m?}

7

+
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where E; denotes the subband energy and m} the parallel
effective mass of the ith subband. The third term on the
right hand side of Eq. (2) is the diamagnetic shift while
the last term reflects the coupling of momentum hk, to
the motion in the z direction due to the Lorentz force.
Thus the parallel magnetic field leads to a parabolic en-
ergy dispersion perpendicular to the layers with a mini-
mum for each well and subband being characterized by
the constraint

ky | min = _%<Z>i‘ (3)

The resonant tunneling process between the first and sec-
ond electronic subbands of adjacent wells in crossed elec-
tric and magnetic fields is illustrated in Fig. 1. A carrier
that has relaxed to the minimum of the first electronic
subband in the right well can resonantly tunnel into the
left well when the parabolic dispersion of the second sub-
band intersects this minimum. This occurs when an ad-
ditional electric field AF' is applied with respect to the
zero magnetic field case. The corresponding energy shift
AE = AFed is easily obtained making use of Egs. (2)
and (3):

AE = ;f; ({zr)y = (=2)5)”
+ G (e80) = (03)
~SB )~ e, (@

BLlF r

FIG. 1.

Energy levels of a SL in crossed electric and mag-
netic fields. The first subband of the right well (7) is at reso-
nance with the second subband of the left well (I). The shift
of the resonance AFE with respect to B = 0 T is not shown
to scale.
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where r and [ denote the left and right wells in Fig. 1, re-
spectively. The first term in Eq. (4) originates from the
momentum transfer due to the Lorentz force, whereas
the last two terms reflect the difference in the diamag-
netic shifts of the involved subbands. We note that
the expectation values in Eq. (4) depend on the electric
field strength due to the quantum-confined stark effect
(QCSE).'" The subsequent relaxation process now takes
place not only between subbands but also involves a mo-
mentum relaxation in order to fulfill Eq. (3) in the left
well.

IV. TIME-OF-FLIGHT MEASUREMENTS

We employ the TOF technique to study the resonance
between the first and second electronic subbands in both
samples in a parallel magnetic field. In this experiment
the transport at resonance is governed by sequential res-
onant tunneling.'9712 We can therefore investigate how
the dynamics of the resonant tunneling process is affected
by the magnetic field.

In Fig. 2 we plot the normalized photocurrent am-
plitude I.x/Qo as a function of the applied voltage
V4 = —F4W + Vgj for sample 1. In the magnetic field
the resonance is clearly shifted to larger reverse bias, thus
higher electric fields. In Fig. 3 the absolute shift of the
resonance is plotted as a function of the square of the
magnetic field strength. We observe the expected linear
relationship and obtain a slope of (1.55+0.05) x 1072 V
T~2. To convert this value into an energy shift we use
the following calibration procedure.

At 0 T we observe the resonance at —3.60 V. From
photocurrent spectroscopy measurements we determine
the subband spacing Ec2 — E¢; at this applied voltage
to be 86(+1) meV. The electric field at resonance is then
given by Fres = 86 meV/d = 59.7 kV/cm. To check the
consistency we employ a double quantum well model and
numerically evaluate the subband spacing at this electric
field strength. We obtain 85.5 meV in good agreement

4.0 T — T
3.0
w
(D\
o
Z 20
QO
]
£
— 1.0
0.0 . . .
-8.0 -6.0 -4.0 -2.0
Applied Voltage (V)
FIG. 2. Normalized photocurrent amplitude Imax/Qo

vs applied voltage in sample 1 for several magnetic field
strengths.
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FIG. 3. Absolute shift AV of the resonance position vs

the square of the magnetic field in sample 1.

with the experimentally determined value. Therefore we
are confident about our voltage-energy calibration. The
voltage shift for sample 1 then corresponds to AE/B? =
(2.60 £ 0.09) x 10™% eV T2,

In Fig. 4 we plot the normalized photocurrent ampli-
tude of sample 2 versus the applied voltage for various
magnetic fields. The 0 T resonance occurs at an ap-
plied voltage of —4.65 V. The subband spacing deter-
mined from photocurrent spectroscopy measurements at
this voltage is 139(%1) meV. Therefore the electric field
strength at resonance is given by Fres = 139 meV/d =
106.9 kV/cm. The double quantum well model yields a
value of 140 meV for the subband spacing at this field
strength which again is in good agreement with the ex-
perimental result. The absolute shift of the resonance
position for sample 2 is plotted in Fig. 5 as a function
of B2. The shift is again quadratic in B and we obtain
a slope of (9.2 £ 0.4) x 1073 V T~2 corresponding to
AE/B? = (2.07+0.09) x 107% eV T2,

‘We now compare the experimental results with theo-
retical models. In the simplest approach the small dif-
ference in the diamagnetic shift of the two subbands and

20.0
<
R=
<]
-£10.0
0.0 : L
-6.5 -5.5 -4.5 -3.5
Applied Voltage (V)
FIG. 4. Photocurrent amplitude Imax vs applied voltage

in sample 2 for several magnetic field strengths.
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FIG. 5. Absolute shift AV of the resonance position vs
the square of the magnetic field in sample 2.

the polarization of the wave functions due to the QCSE
may be neglected. We may also ignore the difference in
the parallel masses of the two subbands by setting mj
and m} equal to m*. Equation (4) then reduces to the
semiclassical result AE = e2B2d?/2m*. Taking m* to
be the bulk GaAs effective mass (0.0665my) we obtain
AE/B? = 2.74 x 107* eV T2 for sample 1 and AE/B?
= 2.23 x 107* eV T~2 which are already in close agree-
ment with the experimental values, but in both cases
are larger than the experimental ones. To take into ac-
count the QCSE we numerically calculate the wave func-
tions and compute the expectation values (z) and (%)
in Eq. (4) for the respective electric field values at reso-
nance. This leads to AE/B? = 2.38 x 10™* eV T2 for
sample 1 and AE/B? = 2.03 x10~* eV T2 for sample 2
and results in very good agreement with the experimen-
tally determined values. However, in particular in sample
2 conduction band nonparabolicities should also be con-
sidered. To evaluate the parallel subband masses m} in
Eq. (4) we use the expression derived from k - p pertur-
bation theory!®

1 1 E;
= 1+ Ky,
: ( * 2E9>’ (5)

*
m; m

where m* is again the bulk GaAs effective mass
(0.0665mg), E; the subband energy, and E, the energy
gap in GaAs. The nonparabolicity parameter K, de-
scribes the fourth-order contribution to the band curva-
ture and has been determined to be —1.2 from magneto-
optic studies in GaAs quantum wells.!® We then obtain
AE/B? = 2.18 x 107* ¢V T~2 for sample 1 and AE/B?
= 1.73 x 1074 eV T2 for sample 2. These values agree
within 16% with the experimental values. The fact that
both values are considerably smaller than the experimen-
tal results may be attributed to an overestimate of the
parallel mass of the second subband by Eq. (5). However,
we note that the energy shift is very sensitive to the SL
period d, which enters quadratically into Eq. (4). The
experimental error arising from the electric field calibra-
tion is estimated to be less than 5% and consequently
cannot account for the deviation.

We now discuss how the dynamics of the resonant tun-
neling process is affected by the parallel magnetic field.
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In sample 1 we can immediately deduce from the normal-
ized photocurrent amplitude the transport time through
the SL by applying Eq. (1). It is apparent from Fig. 2
that the peak value of the photocurrent amplitude in-
creases with magnetic field. This is consistent with the
observation that the corresponding transients become
shorter. This decrease of the transport times with mag-
netic field is followed by a subsequent saturation for B >
5 T. This is shown in Fig. 6 where the transport times at
resonance are plotted as a function of B2 for another set
of measurements performed on a different mesa structure
of sample 1 than in Fig. 2. How can this dependence of
the transport times on the magnetic field be understood?
The tunneling time 7pt for coherent resonant tunneling
between adjacent wells can be deduced from the level
splitting € of the aligned subbands: 7pr = h/2e. From a
numerical solution of Schrodinger’s equation for a sym-
metric double well in an electric field we obtain TpT =
3.4 ps for zero magnetic field. This is equivalent to a
transport time through the whole SL of ~ 0.17 ns, which
is about a factor 20 smaller than the observed one. Since
the subband spacing is above the optical phonon energy
the intersubband relaxation should be faster than 1 ps
(Refs. 20 and 21) and therefore cannot account for the
discrepancy. In fact Grahn et al.22 determined the inter-
subband scattering time to be 0.4 ps in sample 1. While
there are strong arguments that the destruction of coher-
ence due to collision and relaxation prolongs the tunnel-
ing time?® other authors argue that thickness fluctuations
are the major reason for the observed discrepancy be-
tween theory and experiment.? In our case these thick-
ness fluctuations result in an inhomogeneous linewidth
observed in PL spectroscopy which is about three times
larger than the calculated energy splitting e at resonance.
Even though we are not able to determine which one of
the above stated effects accounts most for the prolonga-
tion in our experiment, we, however, note the following.
In both cases the tunneling rate 'rt = 2¢/h at resonance
is convoluted by a Lorentzian or a Gaussian, leading to
a broadening of the resonance and reduction in the peak
tunneling rate. The measured peak resonant tunneling
time is then given by Tgpr = vh/2e with v > 1. In the

- B TOF
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T0 20 40 60

B2 (T?)

FIG. 6. Transport time through the SL vs the square of
the magnetic field in sample 1.
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parallel magnetic field the resonance is shifted to higher
electric fields and therefore the effective barrier height at
resonance is lowered. This results in an increase of the
energy splitting €. Thus a decrease of the resonant tun-
neling time is expected which is in agreement with the
experiment. The observed saturation above 5 T is not
fully understood at this point but may be related to the
breakdown of the discussed resonant tunneling models in
this sample at higher magnetic fields.

In sample 2 it is not possible to determine the abso-
lute value of the transport times for the reasons stated
in Sec. II. Nevertheless we can still deduce from the pho-
tocurrent amplitude I,,,x how the transport at resonance
is affected by the applied parallel magnetic field. From
Fig. 7 it is evident that the peak value of the photocurrent
amplitude decreases. This reduction of I,,,x at resonance
is almost linear with B2. This means that the resonant
tunneling times in sample 2 increase with magnetic field,
which seems to contradict the observation in sample 1.
However, in sample 2 due to the thicker barriers the cal-
culated energy splitting € is negligible compared to any
realistic value for the collision broadening of the energy
levels. Therefore we cannot apply the resonant tunneling
picture discussed above. From theoretical calculations on
DBRTS’s with thick barriers25:26 it is well known that the
transmission probability for sequential resonant tunnel-
ing is significantly changed in a parallel magnetic field
leading to a decrease of the current at resonance in these
structures. We believe that the resonant tunneling time
in sample 2 is prolonged for similiar reasons.

V. I-V CHARACTERISTICS AND
PL SPECTROSCOPY UNDER STATIONARY
CONDITIONS

In contrast to the TOF measurements, where we mon-
itor the transport of electrons through the whole SL, the
structures in the I-V characteristics under stationary il-
lumination arise from two competing processes: trans-
port and recombination. This can be understood from
Fig. 8 where for sample 2 the I-V trace and the inte-

< T TOF
g 9.0/4.0

® 241 °

© | .

S o

(]
c 22r .

s

> T=24K .
_E

20 1 1 1 1 1 1

0 20 40
B2 (T2

FIG. 7. Photocurrent amplitude Imax at resonance vs the
square of the magnetic field in sample 2.
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FIG. 8. Photocurrent and integrated PL intensity under
stationary conditions vs applied voltage for 0 T (dashed lines)
and 6 T (solid lines) in sample 2.

grated PL intensity are plotted as a function of the ap-
plied voltage at 0 T (dashed lines) and 6 T (solid lines).
The peak in the I-V characteristics due to the Ecy — Ec2
resonance coincides with a minimum in the PL intensity
since electrons and holes are more efficiently separated by
the electric field at resonance than outside the resonance.
For the zero magnetic field case this was already observed
by Tarucha, Ploog, and von Klitzing?? in weakly coupled
GaAs-AlAs SL’s. In sample 2 we can therefore use both
the I-V characteristics and the PL intensity to study the
effect of the magnetic field on the resonance position.
However, in a more strongly coupled SL the transport
times at higher fields become so short that recombination
is negligible and almost all carriers are collected in the
contact regions. The current then coincides with the gen-
eration rate and the I-V characteristics are structureless.
For sample 1 this is the case for applied voltages below
—3 V. Thus we cannot study resonant tunneling between
Ec1 and Ec, using stationary techniques in this sample
at low excitation densities.

First we focus on the I-V trace and the PL intensity

06
L I-V  A=750nm
9.0/4.0
04
Z L
3 02}
[ ]
[ ]
°® T=15K
of
1 1 1 I 1 1
0 10 20 30 40 50
B2 (T?)
FIG. 9. Absolute shift AV of the resonance position vs

the square of the magnetic field obtained from stationary pho-
tocurrent measurements in sample 2.
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FIG. 10. Absolute shift AV of the resonance position vs

the square of the magnetic field obtained from stationary PL
measurements in sample 2.

plotted at 0 T in Fig. 8. We note that the resonances
are broader and slightly shifted to higher electric fields
in comparison to the TOF experiments of Fig. 4. This
can be attributed to field inhomogeneities and screening
due to the relatively large carrier concentration in the SL
under cw excitation. In the case of the PL measurements
excitonic effects may also be of importance.?® Since the
resonances are relatively broad an accurate determina-
tion of the resonance peak is rather difficult. However,
in the magnetic field the expected shift of the resonance
position to higher electric fields is observed. In Figs. 9
and 10 we plot the absolute shift of the resonance with
respect to the 0 T case as a function of B2. For the I-V
characteristics (Fig. 9) we obtain a steep increase at low
magnetic fields and find a linear relationship with a slope
of (8.8 £0.4) x 1073 VT~! thereafter. The anomaly on
the low magnetic field side arises mainly from the fact
that the shape of the resonance changes as it is shifted to
larger reverse bias. For the PL intensity measurements
(Fig. 10) we obtain a linear dependence on the square
of the magnetic field and a slope of (7.5 £0.4) x 1073V
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T~'. Both values deviate from the TOF results by 4%
and 18%, respectively. The deviation can be attributed
to field inhomogeneities and screening and to the inac-
curacy in determining the resonance positions. We also
note the decrease in the resonance peak amplitude with
magnetic field (Fig. 8) which is consistent with the time-
dependent measurements.

VI. SUMMARY

In this paper we have presented a comprehensive study
on resonant tunneling in crossed electric and magnetic
fields in two differently coupled GaAs-AlAs SL’s. We
have employed time-dependent photocurrent measure-
ments to study how the dynamics of the tunneling process
at resonance is affected by the magnetic field. Depending
on the coupling of the SL the tunneling times at reso-
nance are either decreased (strong coupling) or increased
(weak coupling) with magnetic field which can be quali-
tatively explained. The shift of the resonance position is
found to be proportional to the square of the magnetic
field. Since we have a well defined energy-voltage relation
in our samples we find good quantitative agreement with
theoretical calculations taking into account the polariza-
tion of the wave functions due to the electric field. In the
last section we have shown that in the weaker coupled
sample stationary photocurrent and photoluminescence
measurements can also be employed to study resonant
tunneling in a parallel magnetic field. However, they are
less precise methods in comparison to the time-dependent
photocurrent experiment.
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