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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 whenOtheandau
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.

[. INTRODUCTION structure in a perpendicular magnetic field show a strong
current decrease with increasing field. We attribute this de-

Intersubband emission in superlattices has been suggestetease of the current to an increase in intersubband lifetime
by the pioneering proposal by Kazarinov and Surisore  as the transition occurs now between the well-defined Lan-
than two decades ago for both midMIR) and far-infrared dau levels. In addition, maxima in the current vs magnetic
(FIR) wavelengths. Quantum cascade lasers based on suékld (I-B) characteristic are observed and attributed to Stark-
intersubband transitions have been successfully demormsyclotron resonancgSCR. We are then able to identify the
strated in the midinfrarefl.In contrast, the same quantum electronic spectrum with these magneto-transport measure-
cascade technology in the far-infrar¢dlR) have not yet ments. Transport in superlattices in perpendicular electric
been realized. Intersubband electroluminescence has beand magnetic field have been the subject of many
demonstrated at low temperature in the FIR in a periodidnvestigations*~'°and these resonances have been first ob-
superlatticd and in a GaAs quantum cascade structure baseserved by Beltram etal!®!” in an undoped
on vertical transition&® Broadband FIR emission has also GaAs/ALGa _,As superlattice structure. Then Liet al'®
been observed in a three-well quantum cascade structumbtained similar results in sequential resonant tunneling
based on diagonal transitimlarrower electroluminescence through Landau levels measurements.
has been reported recently by the same group.

We show here intersubband electroluminescence in a Il. SAMPLE STRUCTURE
guantum cascade structure based on a photon-assisted tun-
neling transition. Compared to the structure of Xual.® Our structure was grown by molecular beam epitaxy on

which was based on depopulation of the middle-well-statéan n*-doped GaAs substrate and consists of 50 periods. As
through longitudinal optical phonon scattering, the emissiorshown in Fig. 1, one period of our three-well structure con-
occurs here between the ground state of one period and tisésts of three GaAs quantum wells of decreasing width sepa-
excited state of the next period of our structure. The popularated by A} 15Ga 75As tunnel barriers. The radiative transi-
tion inversion is maintained by the photon-assisted tunnelingion is diagonal in real space and occurs via a 3.0 nm wide
nature of the transitiof.This diagonal transition allows the AlGaAs injection barrier between state=1" belonging to
measure of the lifetime of the ground state by measuring théhe third, narrower, GaAs quantum well of one periaddth
current flowing in the structure. =13.5 nm) and staten=3 belonging to the first, broader,

It is well known that a magnetic fiel(B) applied perpen- GaAs well of the following periodwidth=18.5 nm).
dicularly to the layers localizes the in-plane states into Lan- Because of the photon-assisted tunneling nature ofithe
dau levels This added localization offers the possibility of =1’ to n=3 transition, the lifetime of the ground state of
simulating a quantum box structure: the intersubband emissne period is much longer than the intersubband lifetimes of
sion should occur between Landau levels instead of sulthe other state$.So, in the bias voltage range studied, the
bands. This in general will reduce the phase space for norground state contains the majority of the electron population.
radiative scattering, increasing the lifetime of the state. AThe electron density in this state is therefore quasiconstant
guantum cascade laser based on quantum boxes has alreahd the population inversion is then also maintained in a
been the subject of numereous propos&fé Magnetic field  wide range of electric fields. Moreover, a measurement of
enhanced terahertz intersubband emission has been obsentbd current flowing in the structure allows then to derive the
experimentally by Ulrichet al? lifetime of the upper staten=1") of the transition. Com-

Indeed, at a fixed voltage, transport measurements in oysared to vertical transitions, like reported in a previous
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FIG. 1. Self-consistent computation of the energy band diagram
of two periods of the structure under an average applied electric
field of 5.3 kV/cm. Shown are the moduli squared of the relevant
wave functions. The diagonal arrow corresponds to the radiative
transition 1’-3 and the vertical one to the vertical transition 4-3
identified in the luminescence spectsee text. The layer sequence FIG. 2. Luminescence spectra of the emitted radiation for three
of one period of the structure left to right and finishing with the yifferent injected currents &=5 K.
injection barrier is 18.8.914.58.513.58.0. The thickness is in
nanometers, and the thickness of thg AGa, ;5As layers is indi-
cated in boldface.
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sponsivity specified by the manufactuf@rA schematic
drawing of the experimental set up is shown in Ref. 4.

Luminescence spectra at various bias voltages were ob-
paper, the diagonal transition has a smaller oscillatortained using the FTIR in step-scan mode, the signal being
strength and a broader linewidth due to the interface roughdetected with a lock-in amplifier. A few representative spec-
ness; however it has the potential of a better lifetime ratio fokyg taken for increasing injected currentsTat5 K are dis-
population inversion. o __played in Fig. 2. They show that the luminescence spectrum

The center quantum well of each period is doped with Siconsists at mainly three peaks. The first peak centered at a
to minimize space-charge effects. The electronic sheet Ca”i%avelength ofA=87 um is identified as the desired
density per periodhs induced by the doping was measured =1’ to n=3 diagonal transition as its measured photon en-
by capacitive measurements. The sample was etched to rgrgy of 14.3 meV corresponds to the calculated value of the
move the n-doped GaAs layers above the active region angesigned transition energy of 14.2 meV. The second peak is
contacts were evaporated on it. The dependence of the Catentified as the vertical transition between the4 andn=3
pacity C on bias allows to determine the sheet density. In-state in the 18.5 nm well; its measured photon energy of 28.7
deed the differential capacity can be writttras C(V)  meV corresponds exactly to the calculated value of this tran-
=dQ/dV=(se0eNyg/2)">- V"2 So the average densilyy  sition energy. The oscillator strength of the diagonal and
as a function of the space charge distaWeis Ny(W)  vertical transitions are calculated as 1.2 and 14.8, respec-
=[2/es0e]-[dV/d(1/C?)], wheree is the dielectric con- tively. The origin of the peak atr~37 meV, which was
stant ande, the vacuum permittivity. We found for our also observed in our previous structure, is attributed to a
sample (numbered as Sl1443a value of Ny=2.95 grating artifact. The ratio of the intensities of the peaks due
X 10" cm™ 3 leading to an electronic sheet carrier density ofto then=1' to n=3 diagonal transition and=4 to n=3

ns=1.67<10'" cm 2. This is about twice as large as the vertical transition gives an electron temperature Bf
expected value,=0.87x 10'° cm™~2 from the design. —40 K.
The position of the 1’-3 transition as a function of applied
bias is displayed in Fig. 3 along with the calculated values.

IIl. OPTICAL MEASUREMENTS The magnitude of the Stark tuning is significantly lower than

A. Spectra

For optical characterization, the sample was processed _ 20, . Lurl,mesc;nces'pec"; ' /"
into 420 umx420 um mesas with Au/Ge ohmic contacts > 18 4 SCRmeasurements L7 .
on top. The light was coupled out of the structure through an £ - gg’;i;'g;:u?;ﬁems /’ a ]
evaporated Ti/Au metal grating of 1om periodicity. The 3  win E1.3w:__/'
sample was mounted on the cold finger of a He flow cryostat. 2 14 _ z E
Bursts of 1.7 us long current pulses at 2.L4s intervals e N ,=’ an"
were injected into the device, providing an overall duty-cycle % L SN E
of 40% at 413 Hz, in order to match the frequency response & 10k " 3
of the bolometer detector while minimizing heating effects. .

1 1

The light was then collected by a wide numerical aperture 8 014 o!e o!s 1f0 1{2 1f4 TR
gold coated parabolic off-axis mirror and sent through a Fou- Voltage [V]

rier transform infrared(FTIR) spectrometer on a helium- g

cooled Si bolometer detector. An Optical calibration of the Si FIG. 3. Luminescence peaks energy vs V0|tage’ which corre-
bolometer has been performed using a blackbody radiatiogponds to the observed Stark-shift and transition energy obtained by
source. A large difference between the electric and opticabCR measurementsee further in the texwith E; 3= dn-fw, for
responsivity has been observed. Indeed the optical responsign=2 (squaresand 3(triangles. The dashed curve represents the
ity was found to be only 13% of the claimed electrical re- calculated Stark-shift.
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J [A/cm?2] lifetime of 63 us and a radiative efficiency,,q= Tn/ Trag
0 50 100 150 ~8.7x10°’. The optical powerP,, is related to the in-
' ' — 6 jected current | byPo o= 7coli 7radNper /doh v, where ny
is the collection efficiencyN,., the number of periods and
hv the photon energy. If we take a collection efficiency of
~1.3x10 * like in our previous papeta value confirmed
by new measurements on structures with vertical transition
in GaAs and InGa, _,As wells’}), we calculate an expected
optical power of 9.6 pW. This is between 4 and 5 times
larger than the optical power obtained in luminescence mea-
surements.
; This discrepancy could have several reasons. Because of
WO e % the small energy difference with the=1' state, the popu-
: : : : : 0 lation of then=2" (E;/»,~3.7 meV) andn=3" (E;/3
0 50 100 150 200 250 300 ~7.1 meV) could be increased if the electron temperature is
Current [mA] high. So the lifetime of then=1" state should decrease.
) ] ] ) o Moreover, the grating efficiency that involves in the collec-
FIG. 4. Luminescence intensity and bias vs injected current ation efficiency could strongly depend on the processing. The

TZSTﬁ' Ir(ljsetr:] ";et'mi Ofl the uppc_erds_tatte otLthe tr"’.‘tr.'s:'c(’)? t\:;"lﬁlrtr'ﬂmatrix element of the transition could also be smaller than
age. e dashed vertical arrows Indicate € positio ihe Calculated one.

nescence spectra of Fig. 2.
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the calculated values. The origin of this discrepancy is not IV. TRANSPORT MEASUREMENTS

clear especially since the Stark-cyclotron resonances mea- o o

surementgsee further in the textdo not show such a strong A. Lifetime vs magnetic field

discrepancy. We investigated the behavior of the structures in a strong

magnetic field. This field cannot be considered only as a
perturbation. Indeed the magnitude of the cyclotron energy
fho., wherew.=eB/m*, is about of the same or even larger
Figure 4 displays transport measurements such as voltagfagnitude as the transition energy (hwe~17 meV at 10
vs current(V-1) and light intensity vs currenL-1) curves,  T). we measured V-1 and I-B curves in a magnetic field
which were performed on the same devicdat5 K. Inthe  perpendicular to the layers.
V-I curve, one observes a region where negative differential For these transport measurements, the sample was pro-
resistance(NDR) occurs. This region was avoided in the cessed into 120umx 120 um mesas with Au/Ge ohmic
electroluminescence spectra, because NDR is an indicatiofbntacts on top. The samples were mounted on a special
for electrical |nStab|I|ty of the device. As mentioned, one holder that allowed us to characterize them in a field perpen-
can, from these V-I curves, easily deduce the ground statgicular to the layers. The magnetic field with a maximum
lifetime 7,, as a function of the voltage using the relation strength of 14 Tesla was produced by a superconducting
Tnr=Ns0/], wherens is the sheet density is the electronic  magnet. V-1 and I-B measurements were performed using a
charge, ang the current density. With the value for the sheetKeithley 2400. The sample temperature could be varied be-
density measured by capacitive measurements, one obtainggeen 2 and 300 K using a needle flow control valve be-
lifetime which decreases betweep =100 ps at 0.8 V and tween helium bath and sample tube.
=20 ps at 2V, as shown in the inset of Fig. 4. The scaling of the V-1 curves with different mesa area has
In such structures based on photon-assisted tunneling, ifeen verified. In particular, the V-1 curves of the 120
necessary condition for electrical stability is that the overallx 120 xm? mesas without magnetic field are the same as
scattering rate of the state=3 should increase with increas- the V- curves on the 420420 um? mesas made during the
ing electric field. But, due to the Stark effect, the transitionspectral measurements.
energyE, 5 increases with the applied electric field and thus  v-| curves are plotted at 2 K for zero, 7, and 12 Tesla in
the electron-electrom,. and elastione,siic Scattering tend  Fig. 5. They show clearly that, at a fixed voltage, the current
to decrease with increasing momentum exchadge i.e.,  decreases strongly with increasing magnetic field. This over-
with increasing subband separatiow,Wejastic~1/E1/3  all decrease is in good agreement with the picture in which
andAk~ JE;,3). To compensate the latter effect, the tunnel-the intersubband transitions occur between dispersionless
ing matrix element between the statass1’ and n=3 Landau levels instead of subbands, efficiently quenching the
should increase. In contrast to the work of Ref. 8, this tunnon-radiative transitions.
neling matrix element is basically constant with applied elec- In addition, the current range where NDR occurs shifts in
tric field and therefore the structure is not electrically stablecurrent density and even disappears in the range of 2—4 and
in the range of voltage 0.3 - 0.8 V. As we will see, the NDR5.5-10 Tesla. Figure 8 shows in gray areas the regions
can disappear with the application of a magnetic field on theavhere NDR occurs for sample S1443 as a function of the
structure. magnetic field and voltage. The magnetic field seems to sup-
From an=1’ to n= 3 optical matrix element of about 1.8 press the NDR in this particular range and then to stabilize
nm (for an injected current of 100 mAwe derive a radiative the structure. In order to study the behavior of the current

B. Lifetime with B=0
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Current density [A/om?] FIG. 7. Schematic representation of the Stark-cyclotron reso-

FIG. 5. Voltage vs injected current curves at zero, 7 and 12nance(SCI% for a Landau-level index changin=2.

Tesla atT=2 K. A NDR region occurs at zero and 12 Tesla, but

not at 7 Tesla. The I-B curves show also maxima which we attribute to

the Stark-cyclotron resonances. These resonances have pre-

o _ ~ viously been observed in superlattic@s’
(and lifetime in the structure as a function of the magnetic

field, 1-B curves were performed by setting the external volt-
age to a fixed value while ramping B between zero and maxi- o ]
mum. It is now possible to plot the lifetime as a function of _ When a strong external electric fiefdis applied perpen-
the magnetic field as shown in Fig. 6. As already mentioned‘,j'CUIa”y to the layers of a superlattice, it destroys its mini-

the lifetime is about 40—100 ps at zero field depending on thg’a_ndS an_d Iocalizes_the electronic states along the growth
voltage. Depending on the applied voltage, one observes is forming a Wannier-Stark ladder separated in energy by

substantial lifetime increase with the magnetic field up to° d, wheree is the electron charge antiis the superlattice

about 400 ps, which is a factor of 4 compared to the Va|u§erlod. As already mentioned, a magnetic field applied per-

ithout tic field. This i b . tant onl endicularly to the layers localizes the in-plane states into
without magnetic Tield. 1his Increase became Important oniyy, o \ye|i-known Landau levefsin such systems, a resonance

above 6 T, wheréiw.~10.5 meV, which is comparable 0 ,.0\,rs” due to elastic tunneling between Wannier-Stark-
the transition energy of~14 meV. It cor_responds to the Landau (WSL) levels with nonequal quantum numbers on
strong decrease of the current as a function of the magnetigejghporing wells. There are so-called Stark-cyclotron reso-
field observed in the V-1 curves. A lifetime increase or inter- nancesSCR), which occur if the energies of the initial and
subband relaxation rate slowdown has already beefnal states coincid&

observed in quasi quantum dofcreated also by magnetic ~ One observes here that this phenomenon also arises in
confinement, and in a three-barrier, two-well far-infrared(FIR) quantum cascad&C) structures based on
heterostructuré® This effect holds promises for a FIR quan- photon assisted tunnelifig/shere the carrier transport is con-
tum cascadgQC) laser working by applying a magnetic trolled by a diagonal transition between the ground state of
field. one period of the structure and an excited state of the next
one. In more general terms, it is expected to occur whenever
transport across the structure is limited or controlled by the

B. Stark-cyclotron resonances

500 F— : : s : ) .
£ ! z ! ! ! ] lifetime of a single excited staf&,i.e. when the transport
400 § E time across one period is much shorter than the electron life-
300 £ 3 E time of the upper transition stadn such a case, the current
) [ ¢ ] will show maxima at magnetic fields corresponding to the
o 3 1.15V;
2 200 - : . or
T 8 .
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FIG. 6. Lifetime of the upper state of the transition vs applied 03 05 07 09 11 13 15 1.7 19
magnetic field for different voltages 8t=2 K. Inset: I-B curves Voltage at peak [V]

with substracted background currdeikponential fit used to better

identify the resonance maximé#or the same voltages. The curves FIG. 8. Experimental B,,V) points at Stark-cyclotron reso-
are vertically displaced for clarity. The dashed lines show the resonance with the fits resumed in Table | for sample S1443. The gray
nance maxima. areas correspond to the regions where NDR occur.
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TABLE I. Results of linear fit for the data of Figs. 8 and 9. The 8 —
SCR resonances are identified by computing the ratios of r 1
a(1)/a(én). _ 7 S1351 =
=

S1443 S1351 3 °T ]
an aATIV]  a(l)a(en) a [T/V]  a(1)/a(sn) = °r 3
1 28703 [1] 3.2:0.4 [1] D 4l M
2 1.5+0.2 1.9-0.2 1.6-0.3 2.07:0.3 Lo T
3 0.9+0.2 3.1:0.3 1.1+0.2 3.0:0.3 8r W ]
4 0.7+0.3 4.0:0.5 3 P S I N B

0.8 1.0 1.2 1.4 1.6 1.8 2.0
Voltage at peak [V]

SCR conditionE, /5= dnf w,, Wherew=eB/m" is the cy- FIG. 9. Experimental B,,V,) points at Stark-cyclotron reso
. ] . 0. YA - i
clotron frequency anan is the Landau-level index change. nance with the fits resumed in Table | for sample S1351.

Figure 7 sketches the SCR condition for a Landau-level in-
dex changedn=2. It is important to specify that coherent C. Comparison spectra-transport measurements
tunneling between WSL levels with different Landau indices
is f_orbidden. Then the only tunneling allowed is elastic scaty, ;o using the fact th& ;= on-fiw,. Figure 3 shows
tering. , the comparison between the transition energy vs voltage cor-
_The resonances are clearly resolved in the I-B cufse8  egponding to the spectra and that obtained by SCR with
Fig. 6). They are superimposed on a slowly varying back-s,—2 and 3, which corresponds to the resonances occuring
ground. The origin of this background is probably related toat 5 relatively small magnetic field. The measurements of
a slowly varying change in the nonradiative scattering due t&SCR show good agreement with the calculated Stark-shift
the localization coming from the magnetic field. For a better(dashed curve in Fig.)3given the uncertainty in the calcu-
identification of the resonance maxima, we fitted these ravation. Finally, this figure shows the reasonable agreement of
data with an exponential fit, which was subsequently subthe electronic spectrum and the location of the SCR in the
tracted. The inset of Fig. 6 diplays such curves with subtransport measurements.
tracted background current showing the resonances in I-B
characteristics for four bias voltagag,,<=0.8, 1.0, 1.15, V. CONCLUSION

and 1.3 V. _ _ In summary, we have shown far-infrared intersubband
To confirm SCR with our experimental resonances, Weg|ectroluminescence in a photon-assisted tunneling transi-

extracted the positions of magnetic field peaBg)(for sev-  tjon. Transport measurements have allowed to determine the
eral different external voltaged/() from I-B curves. In Fig.  relaxation lifetime of the upper state of the transition. A
8, one can see theB(, V) points plotted for the sample strong magnetic field was applied on the structure to study
measured. According to the above equation, a plot of thehe behavior of the V-I characteristic. We observed a strong
magnetic field values for which a SCR occurred as a functiorincrease of the lifetime up to 400 ps corresponding to a fac-
of applied voltage should align on straight lines. Experimentor of 4 compared to the value without applied magnetic
tal points clearly align along lines for the interval betweenfield. The I-B curves showed maxima corresponding to the
0.6 and about 1.6 V. The slopes of these lines are inverselihe Stark-cyclotron resonances. Computing the ratios of the
proportional to the Landau-level index change, since  Slopes obtained in theB(,, V) plot, very good agreement is
BpaV,/dn. Table | summarizes the values of the fitted found with the SCR condition and the transitions involving
slopes. Looking at the ratios of the slopes to the first @te Landau-level index changén=1, 2, 3, and 4 are clearly
higher field, the SCR conditions for transitions within |dent|f|e_d. The eIectromc spectrum is in reasonable agree-
=1, 2, 3, and 4 are perfectly identified. In contrast to ear-ment with the location of the SCR in transport measure-
lier papers of Beltranet al. 17 we observed more easily the MeNts:
transitions with Landau-level index change =1, but ex-
perienced more difficulty in measuring those with=4. As

Fig. 9 and the two last columns of the Table | show, we We would like to thank Laurent Diehl for his help with
obtained similar results on an other, heavily doped, sampléansport measurements and Daniel Hofstetter for his careful
(S1351:n,=7.06x 10'° cm~2 measured by capacitive mea- reading of the manuscript. This work was supported by the

We can derive the transition energy with the SCR reso-
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