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Far-infrared emission and Stark-cyclotron resonances in a quantum-cascade structure based
on photon-assisted tunneling transition
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Intersubband electroluminescence has been investigated in a quantum cascade structure based on a photon-
assisted tunneling transition designed for far-infrared emission. Transport measurements in the presence of a
strong magnetic field perpendicular to the layers have been performed showing a strong increase of the lifetime
increasing the magnetic field. In addition, Stark-cyclotron resonances were observed when then50 Landau
level of an excited state is resonant with a Landau level of higher index of the lower state. Finally, good
agreement was found between the electronic spectrum derived by the spectral characterization of the lumines-
cence and the location of the Stark-cyclotron resonances in the transport data.
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I. INTRODUCTION

Intersubband emission in superlattices has been sugge
by the pioneering proposal by Kazarinov and Suris1 more
than two decades ago for both mid-~MIR! and far-infrared
~FIR! wavelengths. Quantum cascade lasers based on
intersubband transitions have been successfully dem
strated in the midinfrared.2 In contrast, the same quantu
cascade technology in the far-infrared~FIR! have not yet
been realized. Intersubband electroluminescence has
demonstrated at low temperature in the FIR in a perio
superlattice3 and in a GaAs quantum cascade structure ba
on vertical transitions.4,5 Broadband FIR emission has als
been observed in a three-well quantum cascade struc
based on diagonal transition.6 Narrower electroluminescenc
has been reported recently by the same group.7

We show here intersubband electroluminescence i
quantum cascade structure based on a photon-assisted
neling transition. Compared to the structure of Xuet al.,6

which was based on depopulation of the middle-well-st
through longitudinal optical phonon scattering, the emiss
occurs here between the ground state of one period and
excited state of the next period of our structure. The popu
tion inversion is maintained by the photon-assisted tunne
nature of the transition.8 This diagonal transition allows th
measure of the lifetime of the ground state by measuring
current flowing in the structure.

It is well known that a magnetic field~B! applied perpen-
dicularly to the layers localizes the in-plane states into L
dau levels.9 This added localization offers the possibility o
simulating a quantum box structure: the intersubband em
sion should occur between Landau levels instead of s
bands. This in general will reduce the phase space for n
radiative scattering, increasing the lifetime of the state
quantum cascade laser based on quantum boxes has al
been the subject of numereous proposals.10,11 Magnetic field
enhanced terahertz intersubband emission has been obs
experimentally by Ulrichet al.12

Indeed, at a fixed voltage, transport measurements in
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structure in a perpendicular magnetic field show a stro
current decrease with increasing field. We attribute this
crease of the current to an increase in intersubband lifet
as the transition occurs now between the well-defined L
dau levels. In addition, maxima in the current vs magne
field ~I-B! characteristic are observed and attributed to Sta
cyclotron resonances~SCR!. We are then able to identify the
electronic spectrum with these magneto-transport meas
ments. Transport in superlattices in perpendicular elec
and magnetic field have been the subject of ma
investigations13–15 and these resonances have been first
served by Beltram et al.16,17 in an undoped
GaAs/AlxGa12xAs superlattice structure. Then Liuet al.18

obtained similar results in sequential resonant tunne
through Landau levels measurements.

II. SAMPLE STRUCTURE

Our structure was grown by molecular beam epitaxy
an n1-doped GaAs substrate and consists of 50 periods.
shown in Fig. 1, one period of our three-well structure co
sists of three GaAs quantum wells of decreasing width se
rated by Al0.15Ga0.75As tunnel barriers. The radiative trans
tion is diagonal in real space and occurs via a 3.0 nm w
AlGaAs injection barrier between staten518 belonging to
the third, narrower, GaAs quantum well of one period~width
513.5 nm! and staten53 belonging to the first, broader
GaAs well of the following period~width518.5 nm!.

Because of the photon-assisted tunneling nature of thn
518 to n53 transition, the lifetime of the ground state o
one period is much longer than the intersubband lifetimes
the other states.8 So, in the bias voltage range studied, t
ground state contains the majority of the electron populati
The electron density in this state is therefore quasicons
and the population inversion is then also maintained in
wide range of electric fields. Moreover, a measurement
the current flowing in the structure allows then to derive t
lifetime of the upper state (n518) of the transition. Com-
pared to vertical transitions, like reported in a previo
8369 ©2000 The American Physical Society
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8370 PRB 61BLASER, ROCHAT, BECK, FAIST, AND OESTERLE
paper,4 the diagonal transition has a smaller oscilla
strength and a broader linewidth due to the interface rou
ness; however it has the potential of a better lifetime ratio
population inversion.

The center quantum well of each period is doped with
to minimize space-charge effects. The electronic sheet ca
density per periodns induced by the doping was measur
by capacitive measurements. The sample was etched t
move the n-doped GaAs layers above the active region
contacts were evaporated on it. The dependence of the
pacity C on bias allows to determine the sheet density.
deed the differential capacity can be written19 as C(V)
5dQ/dV5(««0eNd/2)1/2

•V21/2. So the average densityNd
as a function of the space charge distanceW is Nd(W)
5@2/««0e#•@dV/d(1/C2)#, where « is the dielectric con-
stant and«0 the vacuum permittivity. We found for ou
sample ~numbered as S1443! a value of Nd52.95
31015 cm23 leading to an electronic sheet carrier density
ns51.6731010 cm22. This is about twice as large as th
expected valuens50.8731010 cm22 from the design.

III. OPTICAL MEASUREMENTS

A. Spectra

For optical characterization, the sample was proces
into 420 mm3420 mm mesas with Au/Ge ohmic contac
on top. The light was coupled out of the structure through
evaporated Ti/Au metal grating of 15mm periodicity. The
sample was mounted on the cold finger of a He flow cryos
Bursts of 1.7 ms long current pulses at 2.1ms intervals
were injected into the device, providing an overall duty-cy
of 40% at 413 Hz, in order to match the frequency respo
of the bolometer detector while minimizing heating effec
The light was then collected by a wide numerical apert
gold coated parabolic off-axis mirror and sent through a F
rier transform infrared~FTIR! spectrometer on a helium
cooled Si bolometer detector. An optical calibration of the
bolometer has been performed using a blackbody radia
source. A large difference between the electric and opt
responsivity has been observed. Indeed the optical respo
ity was found to be only 13% of the claimed electrical r

FIG. 1. Self-consistent computation of the energy band diag
of two periods of the structure under an average applied ele
field of 5.3 kV/cm. Shown are the moduli squared of the relev
wave functions. The diagonal arrow corresponds to the radia
transition 1’-3 and the vertical one to the vertical transition 4
identified in the luminescence spectra~see text!. The layer sequence
of one period of the structure left to right and finishing with t
injection barrier is 18.5/3.5/14.5/3.5/13.5/3.0. The thickness is in
nanometers, and the thickness of the Al0.15Ga0.75As layers is indi-
cated in boldface.
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sponsivity specified by the manufacturer.20 A schematic
drawing of the experimental set up is shown in Ref. 4.

Luminescence spectra at various bias voltages were
tained using the FTIR in step-scan mode, the signal be
detected with a lock-in amplifier. A few representative spe
tra taken for increasing injected currents atT55 K are dis-
played in Fig. 2. They show that the luminescence spect
consists at mainly three peaks. The first peak centered
wavelength ofl587 mm is identified as the desiredn
518 to n53 diagonal transition as its measured photon
ergy of 14.3 meV corresponds to the calculated value of
designed transition energy of 14.2 meV. The second pea
identified as the vertical transition between then54 andn53
state in the 18.5 nm well; its measured photon energy of 2
meV corresponds exactly to the calculated value of this tr
sition energy. The oscillator strength of the diagonal a
vertical transitions are calculated as 1.2 and 14.8, resp
tively. The origin of the peak athn;37 meV, which was
also observed in our previous structure, is attributed t
grating artifact. The ratio of the intensities of the peaks d
to the n518 to n53 diagonal transition andn54 to n53
vertical transition gives an electron temperature ofT
540 K.

The position of the 1’-3 transition as a function of applie
bias is displayed in Fig. 3 along with the calculated valu
The magnitude of the Stark tuning is significantly lower th

m
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t
e

FIG. 2. Luminescence spectra of the emitted radiation for th
different injected currents atT55 K.

FIG. 3. Luminescence peaks energy vs voltage, which co
sponds to the observed Stark-shift and transition energy obtaine
SCR measurements~see further in the text! with E1835dn•\vc for
dn52 ~squares! and 3~triangles!. The dashed curve represents t
calculated Stark-shift.
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the calculated values. The origin of this discrepancy is
clear especially since the Stark-cyclotron resonances m
surements~see further in the text! do not show such a stron
discrepancy.

B. Lifetime with BÄ0

Figure 4 displays transport measurements such as vo
vs current~V-I ! and light intensity vs current~L-I ! curves,
which were performed on the same device atT55 K. In the
V-I curve, one observes a region where negative differen
resistance~NDR! occurs. This region was avoided in th
electroluminescence spectra, because NDR is an indica
for electrical instability of the device. As mentioned, o
can, from these V-I curves, easily deduce the ground s
lifetime tnr as a function of the voltage using the relatio
tnr5nsq/ j , wherens is the sheet density,q is the electronic
charge, andj the current density. With the value for the she
density measured by capacitive measurements, one obta
lifetime which decreases betweentnr5100 ps at 0.8 V and
tnr520 ps at 2 V, as shown in the inset of Fig. 4.

In such structures based on photon-assisted tunnelin
necessary condition for electrical stability is that the ove
scattering rate of the staten53 should increase with increas
ing electric field. But, due to the Stark effect, the transiti
energyE183 increases with the applied electric field and th
the electron-electronwee and elasticwelastic scattering tend
to decrease with increasing momentum exchangeDk, i.e.,
with increasing subband separation (wee,welastic;1/E183

andDk;AE183). To compensate the latter effect, the tunn
ing matrix element between the statesn518 and n53
should increase. In contrast to the work of Ref. 8, this tu
neling matrix element is basically constant with applied el
tric field and therefore the structure is not electrically sta
in the range of voltage 0.3 - 0.8 V. As we will see, the ND
can disappear with the application of a magnetic field on
structure.

From an518 to n53 optical matrix element of about 1.
nm ~for an injected current of 100 mA!, we derive a radiative

FIG. 4. Luminescence intensity and bias vs injected curren
T55 K. Inset: lifetime of the upper state of the transition vs vo
age. The dashed vertical arrows indicate the position of the lu
nescence spectra of Fig. 2.
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lifetime of 63 ms and a radiative efficiencyh rad5tnr /t rad
;8.731027. The optical powerPopt is related to the in-
jected current I byPopt5hcollh radNperI /q0hn, wherehcoll
is the collection efficiency,Nper the number of periods and
hn the photon energy. If we take a collection efficiency
;1.331024 like in our previous paper~a value confirmed
by new measurements on structures with vertical transi
in GaAs and InxGa12xAs wells21!, we calculate an expecte
optical power of 9.6 pW. This is between 4 and 5 tim
larger than the optical power obtained in luminescence m
surements.

This discrepancy could have several reasons. Becaus
the small energy difference with then518 state, the popu-
lation of the n528 (E1828;3.7 meV) andn538 (E1838
;7.1 meV) could be increased if the electron temperatur
high. So the lifetime of then518 state should decrease
Moreover, the grating efficiency that involves in the colle
tion efficiency could strongly depend on the processing. T
matrix element of the transition could also be smaller th
the calculated one.

IV. TRANSPORT MEASUREMENTS

A. Lifetime vs magnetic field

We investigated the behavior of the structures in a stro
magnetic field. This field cannot be considered only a
perturbation. Indeed the magnitude of the cyclotron ene
\vc , wherevc5eB/m!, is about of the same or even larg
magnitude as the transition energyhn (\vc;17 meV at 10
T!. We measured V-I and I-B curves in a magnetic fie
perpendicular to the layers.

For these transport measurements, the sample was
cessed into 120mm3120 mm mesas with Au/Ge ohmic
contacts on top. The samples were mounted on a spe
holder that allowed us to characterize them in a field perp
dicular to the layers. The magnetic field with a maximu
strength of 14 Tesla was produced by a superconduc
magnet. V-I and I-B measurements were performed usin
Keithley 2400. The sample temperature could be varied
tween 2 and 300 K using a needle flow control valve b
tween helium bath and sample tube.

The scaling of the V-I curves with different mesa area h
been verified. In particular, the V-I curves of the 12
3120 mm2 mesas without magnetic field are the same
the V-I curves on the 4203420 mm2 mesas made during th
spectral measurements.

V-I curves are plotted at 2 K for zero, 7, and 12 Tesla
Fig. 5. They show clearly that, at a fixed voltage, the curr
decreases strongly with increasing magnetic field. This ov
all decrease is in good agreement with the picture in wh
the intersubband transitions occur between dispersion
Landau levels instead of subbands, efficiently quenching
non-radiative transitions.

In addition, the current range where NDR occurs shifts
current density and even disappears in the range of 2–4
5.5–10 Tesla. Figure 8 shows in gray areas the regi
where NDR occurs for sample S1443 as a function of
magnetic field and voltage. The magnetic field seems to s
press the NDR in this particular range and then to stabi
the structure. In order to study the behavior of the curr
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8372 PRB 61BLASER, ROCHAT, BECK, FAIST, AND OESTERLE
~and lifetime! in the structure as a function of the magne
field, I-B curves were performed by setting the external vo
age to a fixed value while ramping B between zero and m
mum. It is now possible to plot the lifetime as a function
the magnetic field as shown in Fig. 6. As already mention
the lifetime is about 40–100 ps at zero field depending on
voltage. Depending on the applied voltage, one observ
substantial lifetime increase with the magnetic field up
about 400 ps, which is a factor of 4 compared to the va
without magnetic field. This increase became important o
above 6 T, where\vc;10.5 meV, which is comparable t
the transition energy of;14 meV. It corresponds to th
strong decrease of the current as a function of the magn
field observed in the V-I curves. A lifetime increase or inte
subband relaxation rate slowdown has already b
observed12 in quasi quantum dots22 created also by magneti
confinement, and in a three-barrier, two-we
heterostructure.23 This effect holds promises for a FIR qua
tum cascade~QC! laser working by applying a magneti
field.

FIG. 6. Lifetime of the upper state of the transition vs appli
magnetic field for different voltages atT52 K. Inset: I-B curves
with substracted background current~exponential fit used to bette
identify the resonance maxima! for the same voltages. The curve
are vertically displaced for clarity. The dashed lines show the re
nance maxima.

FIG. 5. Voltage vs injected current curves at zero, 7 and
Tesla atT52 K. A NDR region occurs at zero and 12 Tesla, b
not at 7 Tesla.
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The I-B curves show also maxima which we attribute
the Stark-cyclotron resonances. These resonances have
viously been observed in superlattices.16,17

B. Stark-cyclotron resonances

When a strong external electric fieldF is applied perpen-
dicularly to the layers of a superlattice, it destroys its mi
bands and localizes the electronic states along the gro
axis forming a Wannier-Stark ladder separated in energy
eFd, wheree is the electron charge andd is the superlattice
period. As already mentioned, a magnetic field applied p
pendicularly to the layers localizes the in-plane states i
the well-known Landau levels.9 In such systems, a resonanc
occurs due to elastic tunneling between Wannier-Sta
Landau ~WSL! levels with nonequal quantum numbers o
neighboring wells. There are so-called Stark-cyclotron re
nances~SCR!, which occur if the energies of the initial an
final states coincide.24

One observes here that this phenomenon also arise
far-infrared~FIR! quantum cascade~QC! structures based on
photon assisted tunneling8 where the carrier transport is con
trolled by a diagonal transition between the ground state
one period of the structure and an excited state of the n
one. In more general terms, it is expected to occur whene
transport across the structure is limited or controlled by
lifetime of a single excited state,25 i.e. when the transpor
time across one period is much shorter than the electron
time of the upper transition state.8 In such a case, the curren
will show maxima at magnetic fields corresponding to t

o-

FIG. 7. Schematic representation of the Stark-cyclotron re
nance~SCR! for a Landau-level index changedn52.

FIG. 8. Experimental (Bp ,Vp) points at Stark-cyclotron reso
nance with the fits resumed in Table I for sample S1443. The g
areas correspond to the regions where NDR occur.
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PRB 61 8373FAR-INFRARED EMISSION AND STARK-CYCLOTRON . . .
SCR conditionE1835dn\vc , wherevc5eB/m! is the cy-
clotron frequency anddn is the Landau-level index change
Figure 7 sketches the SCR condition for a Landau-level
dex changedn52. It is important to specify that coheren
tunneling between WSL levels with different Landau indic
is forbidden. Then the only tunneling allowed is elastic sc
tering.

The resonances are clearly resolved in the I-B curves~see
Fig. 6!. They are superimposed on a slowly varying bac
ground. The origin of this background is probably related
a slowly varying change in the nonradiative scattering due
the localization coming from the magnetic field. For a bet
identification of the resonance maxima, we fitted these
data with an exponential fit, which was subsequently s
tracted. The inset of Fig. 6 diplays such curves with s
tracted background current showing the resonances in
characteristics for four bias voltagesVbias50.8, 1.0, 1.15,
and 1.3 V.

To confirm SCR with our experimental resonances,
extracted the positions of magnetic field peaks (Bp) for sev-
eral different external voltages (Vp) from I-B curves. In Fig.
8, one can see the (Bp , Vp) points plotted for the sample
measured. According to the above equation, a plot of
magnetic field values for which a SCR occurred as a func
of applied voltage should align on straight lines. Experime
tal points clearly align along lines for the interval betwe
0.6 and about 1.6 V. The slopes of these lines are inver
proportional to the Landau-level index changedn, since
BpaVp /dn. Table I summarizes the values of the fitte
slopes. Looking at the ratios of the slopes to the first one~at
higher field!, the SCR conditions for transitions withdn
51, 2, 3, and 4 are perfectly identified. In contrast to e
lier papers of Beltramet al.,16,17we observed more easily th
transitions with Landau-level index changedn 51, but ex-
perienced more difficulty in measuring those withdn54. As
Fig. 9 and the two last columns of the Table I show,
obtained similar results on an other, heavily doped, sam
~S1351:ns57.0631010 cm22 measured by capacitive mea
surements!, except fordn54.
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V. CONCLUSION
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