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The operation of a 4.4 THz, GaAs-based quantum cascade laser is investigated in a 0—7.5 T magnetic field
applied parallel to the growth axis. Pronounced oscillations are found in the threshold current and output power
as the magnetic field is increased. At 4.3 T the threshold current density is drastically reduced to 160 A/cm
from the 290 A/crA measured at 0 T. We attribute these results to a modulation of the lifetime of the upper
state of the laser transition owing to the combined effects of inter-Landau level resonances and a progressive
guenching of nonradiative relaxation channels due to the additional in-plane quantization. The latter is also
responsible for a dramatic decrease in the conductivity, with a reduction in the number of carriers injected into
the upper state of the laser transition at fixed voltage. This process limits the maximum output power and
eventually prevents lasing action at high magnetic fields.
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When a magnetic field §) is applied parallel to the at 4.4 THz!* We show how the population inversion can be
growth axis of a semiconductor heterostructure, each twosubstantially modified owing to a modulation of the upper
dimensional electronic subband is split into a series of zerostate lifetime produced by inter-LL resonances. This leads to
dimensional(0-D) Landau levelgLL's). This additional in- dramatic oscillations of the threshold current density and the
plane quantization causes a progressive lowering of noremitted output power witl field. In particular we observe a
radiative inter-LL scattering with increasing magnetic field, decrease of the threshold current density by almost 50%
as a result of the reduced phase-space avaitablehis gen- from 0 Tto 4.3 T.
eral trend can be reversed when special resonance conditions The QCL active region consists of 104-repeated periods
are obtained either by adjusting the magnetic field or the biasf a GaAs/Al, 1:Ga, gsAs chirped superlattic® In Fig. 1 we
across the structufeOne such situation occurs when the show the band diagram of one period of the active region,
inter-LL spacing is equal to the optical phonon energy, yield-obtained from a self-consistent Schroedinger-Poisson calcu-
ing enhanced-optical phonon emission. This effect has bedation, under an electric field of 3.5 kV/cm. Also shown the
recently exploited to modulate the lifetime of the upper statesquared moduli of the most relevant wave functions. The
of the laser transition in a quantum cascade laser emitting anergy difference between the upper and lower state of the
11.2 um.S Increase in the scattering rate can also be obtained
when two LL's are brought into resonance, since in this case 200
electrons can scatter elastically as a result of impurity, inter-
face roughness, and carrier-carrier scattefihg.

Quantum cascade-type electroluminescent structures 150 L7 i
based on the GaAs/AlGaAs materials system and emitting in
the far-infrared spectral region, i.e., below the optical phonon
energy, have proved to be particularly suitable for observing
the effects of in-plane magnetic confinem&nht.Indeed, it 3| AVA
was demonstrated that the lifetime of the fundamental LL I NN
associated with the upper state of the radiative transition A KiniEan T -
could be efficiently modulated depending on whether in or 5004 M N L \ 1
out of resonance with a LL originating from the lower state. Injection barrier
In particular, at the condition corresponding to antiresonance L ! L
between the LLs, a substantial increase of the upper state 200 i 100
lifetime was found. These results suggested that quantization CiSEeRIm)

of in-plane electronic motion could be an efficient way to G, 1. Calculated band diagram, and squared moduli of the
control and possibly improve the population inverstén. most relevant wave functions, under an electric field of 3.5 kV/cm.

In this Rapid Communication we address this issue preThe two solid black lines relate to the upper and lower state of the
cisely by discussing the effects of a magnetic field on theaser transition, labelef2) and|1) respectively. The shaded regions
lasing properties of a copy of a recently demonstratedepresent the superlattice miniband, with the ground dtptele-
chirped-superlattice quantum cascade I4§€L) emitting  picted in gray.
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FIG. 2. (Color onling Output power in arbitrary units as a func- 5
tion of current density and magnetic field€® K). Intensity steps g
beyond saturation are a consequence of curtailing the power mea- VE
surements at different current densities. o
laser transition, labele(®) and |1) respectively, is equal to
18.2 me\* [1) is the highest-lying state of the superlattice =~ @
miniband, comprising seven subbands spanning an energy S
range of 17 meV. Electrons populating the ground state of §
the miniband)g), are injected into stat®) via resonant tun- =
neling through a 4.3 nm thick AhGa gAs barrier(see Ref. 0.0 beo TWT T M
13 for further details ) 1 2 3 4 5 6 7
Lasers were processed into @gdq wide, 2.5 mm-long L
ridge waveguide$® They were soldered to a copper holder, Magnetic Field ()

wire-bonded and mounted on the cold-head of a helium-flow FIG. 3. (a) Energy of the most relevant LL’s as a function of the

cryostat, v_vhere a mggne_tlc field was apphed para_llel to th‘?nagnetic field. Following Eq1) and neglecting the term 1/2w,,
growth axis by a split-pair superconducting coil. I__|ght WaS e setE, —0meV andE,,—18.2 meV (horizontal ling. Lines
collected from the sample and refocused on a helium-coolegith diferent slopes represent energis, of LL's with indexes
composite silicon bolometer placed outside the cryostat. =12 .. 7. Dashed lines show the typical broadening of an indi-

In Fig. 2, we show an intensity plot of the collected power vidual LL.X® (b) Threshold current density as a function of magnetic
(P) as a function of current density) for magnetic fields field. (c) Maximum output power as a function of magnetic field.
from O to 7.5 T in steps of 0.1 T. The laser was driven in(d) Normalized current Iy) as a function of magnetic field at a
pulsed mode with a 2.5% duty cycle and a S pulse- constant bias voltage of 3.7 V. This curve was obtained from the
width. Measurements were performeddak using standard —experimental data by subtracting the decaying background current.
lockin detection. The increase in current below 1.5 T is an artifact of background

Starting from 0 T, the output power oscillates with in- subtraction.
creasing magnetic field producing four distinct local
g?g;‘?ag:;fe are qssouated with minima in the th.reshOl?nergiefLn of LUs |1, ny with n=1,2,...,7. These have been

y and vice-versa. Up to 5.3 T the magnitude o . o ;
A calculated by means of Eql) with m*=0.069 m,, i.e.,

the threshold current density is found to be always lower

: using the electronic in-plane effective mass ratio. Following
than t.he 290 Alcthmeasured at O T, and at 4.3 T it reachesRef_ 17, this is a very good approximation for the magnetic
a minimum value of 160 A/cf Between 5.3 and 5.7 T and

above 7.2 T, lasing action is completely guenched. Alon fields of interest. The two dashed lines for |2, 0) illustrate

with Refs. 8—11 we interpret these effects as a direct conse-oW a single LL broadens with increasing magnetic field,

H [ H — 1/2 18
guence of inter-LL resonances. These are illustrated in Figsgcal!ng assyB, with 5= 1 meV/T™. .
3(a)—(d) Figures 3b) and (c) show the threshold current density

thh) and maximum output powerP(,,) as a function of
magnetic field plots, as obtained from Fig. 2. As indicated by
the vertical dashed lines, peaksdif (minima inP,,,) occur

1 atB=2.7, 3.7, and 5.5 T, and correspond to the condition
Ein=Eit+foc ( n+ E) : (1) Eyo=E;,with n=2, 3, and 4 respectively. 8=2.0 T, we

observe a broad minimum iR, together with a less pro-

wheren=0, 1, 2,...,.o,=€eB/m* is the cyclotron frequency, nounced maximum id,,. Considering the line broadening
andE; is the subband energy whé 0 T.1® Neglecting the  induced by the magnetic field, these features correspond to
term 1/2h w., and setting=; o=E;=0 meV, in Fig. 3a) LL intercepts betweeR, , and theE; s andE; ¢ lines.
energies are plotted as a function of magnetic fi&lglg is The excellent agreement between peak/trough positions

gws equal to 18.2 meV, whilst diagonal lines correspond to

When a magnetic field is applied, the i-th subband break
into a ladder of OD LL's|i, n) with energies:
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shows pronounced oscillations in the region 2—7 T, which
are superimposed on a monotonic decrease of the current
(positive magnetoresistancé\s discussed at the beginning
of this article, the latter effect is a consequence of the
quenching of intersubband relaxation as a result of the addi-
tional in-plane quantizatiofisee also Fig. 4b)].13"°In
particular, this process produces an increase in the upper
state lifetime and this is indeed the reason why the magni-
tude ofJ;, whenB>0 T is always reduced with respect to
1} . the B=0T case notwithstanding inter-LL resonandgse
interpretation of lasing quenching between 5.3 and 5.7 T and
100 s 0 . . . above 7.2 T is given below
01 23 45 7 0 200 400 600 To better identify the positions of the peaks in thiB
Magnetic field (T) Current density (A/cm’) curves, we subtracted the decaying background from the
FIG. 4. (a). Current density as a function of magnetic field at measured)/B characteristics. Thle result is d@splay.ed in_ Fig.
constant biases of 3.2 and 3.7 V. Oscillations results from inter-LL3(d) for the J/B curve at_ :_3'7 V. By Compa“ng with Fig.
resonances, whilst the constant decay occurs because of the red@P), we observe that minima and maximaJrand Jy, are
tion of nonradiative relaxation with increasing magnetic field. ThepPerfectly coincidentstrengthening the interpretation that os-
relative amplitude of the oscillations is reduced at high biases owcillations in the threshold current density are mainly dictated
ing to the decrease in the injection efficien@y. Voltage as a func- by 7, o (the current increase from 0 to 1.5 T is an artifact of
tion of current density characteristicsB#=0, 4, and 7 T. Horizon-  background subtraction
tal lines indicate the bias voltages at which the two curves of panel From Eq.(2), the threshold current density is also affected
(a) were measured. by changes inry o. As for 7,5, when|1, 0) is resonant with
a LL originating from states within the miniband, 5 should
and calculated intercept points shows that oscillationdin  be reduced. In this case, this process should result into
and P, result from inter-LL resonances. In fact, wh&  minima of the threshold current density. Unfortunately, con-
>0, lasing action occurs between LIZ 0) and|1, 0). Now, trary to the laser transition energy, it is impossible to directly
wheneverE, ;=E; ,, an additional path opens up for elec- probe the energy separation betwé&n0) and states in the
trons in statg2, 0) to resonantly scatter into stae ny and  miniband, therefore one has to rely on band diagram calcu-
subsequently relax into the lower lying LL{®&lote: coherent lations. Indeed, by computing self-consistently the band dia-
tunneling from|2, 0) to |1, n) is forbidden owing to the grams at the measured bias voltages, we find resonances that
change in Landau indéxThis process yields an increase of are in fair agreement with the position of the observed
the total scattering rate-z”é from state|2, 0), i.e., a lowering minima in J,,.%> However, we believe that the exact coinci-
of the population inversion below threshdft.Hence, a dence between minima ihandJy, is a strong indication that
maximum is seen in the threshold current density, since  these are predominantly determined by an increase, in
rather than by a decrease nf.%% By inspection of Eq(2),
1 1o |71 the weak influence of; o on the threshold current could be
Jth“—-(l——’> , ) !

Current density (Alcm’)

explained by a low value of the ratio; o/7,0.10. As a
consequence, even relatively large variationsri would
where 7, 4 1 is the scattering lifetime fron, 0) to |1, 0) have a small effect od;,. In the absence of magnetic field,
only, whilst 74 ¢ is the lifetime of|1, 0).2° The opposite effect and for a structure nominally identical to the present one, the
takes place whenevé, ois betweerE, , andE, .. Inthis  ratio vy /7, was estimated to be 0.2524%5|n the presence
caser, is increased compared to its value at resonancedf magnetic field, this value is likely to be further reduced
leading to minima ind,y, . owing to the increase of; .1 0.

Quantitative information from Fig. () could be ex- As for Jy,, current maxima are found wheneves,
tracted only from a complete model accounting for the cor-=E;,, showing thatrgé is modulated by inter-LL reso-
rect scattering mechanism between LL's. To date, this has natances involving statef?) and |1) only. It is nevertheless
been clearly identified, although recent experimental resultworth stressing that this conclusion is not trivial since in
seem to rule out carrier-carrier in favor of interface rough-principle one can expemgé to be influenced by resonances
ness and impurity scatteringsee Ref. 7 and references with LL's from the other subbands forming the superlattice
therein. miniband'® However, from band structure calculations we

Insight into the dependence o, can be obtained by find that subband2) mainly overlaps with subband), and
considering the variation of current density with magneticthis favors scattering between LU, 0) and |1, n).*’
field (J/B) at constant voltage. In fact, assuming that the From theJ/V characteristics at different magnetic fields a
majority of carriers is injected intf2, 0), a component of the constantbias voltageV,=3.85 V was derived wheré®
total current flow is expected to oscillate with,. This is  =P,. In principle, since the energy differences between
displayed in Fig. 4a), where we show thd/B characteris- LL's change with magnetic field, there is no reason to expect
tics at constant biases of 3.2 and 3.7 V. The current densitthe same bias voltage for the onset of power saturation.

72,0 72,0-1,0
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Therefore, our finding supports the picture of electrons beindgion of an additional in-plane confinement which, in the
resonantly injected from Llg, O) into LL |2, 0. In fact these present case, was achieved by applying a magnetic field par-
two states undergo the same energy shift with magnetic fieldallel to the growth axis. In particular, by simply changing the
i.e., their energy difference can be affected only by changingntensity of the magnetic field, one can tune the degree of
the bias. In particular, whel,,>Vsy, |9, 0y and|2, 0y start  population inversion. This gives rise to a reduction of the
to misalign, worsening the injection process and decreasinghreshold current density by almost a factor of 2 from 0 to
the emitted power. A clear signature of the decreased injecs 3 T. Comparison with magneto-transport measurements in-

tion efficiency at high biases is the pronounced reduction ijicate that this effect is predominantly due to an increase of
the relative amplitude of the current density oscillations gope upper state lifetime, although influence from the lower

state lifetime cannot be excluded. The reduction in threshold
r?:urrent density is counterbalanced by a progressive decrease
of the vertical conductivity with magnetic field, which sub-

stantially limits the current density dynamic range before the
nset of power saturation.

V=V, is progressively reduced with increasimy field.
This process causes the reductiorPif,, with respect toB
=0, despite the reduction in the threshold current densit
[Fig. 3 (c)]. Eventually, at high magnetic fields, even when
|g, 0 and|2, O) are perfectly aligned, the number of electrons  We gratefully acknowledge Carlo Sirtori and Cyrille
injected into the upper state is not sufficient to achieve théecker for helpful discussions and constant encouragement.
needed degree of population inversion and lasing is supFfhis work was supported in part by the European Commu-
pressed, as between 5.3 and 5.7 T. This gives a full explanaity through the IST Framework V FET project WANTED.
tion of the observed experimental results. We also acknowledge support from the EPSRIK), the
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