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Terahertz quantum cascade lasers in a magnetic field
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We have investigated the behavior of a terahertz quantum cascade laser in an external magnetic
field. A reduction of the threshold current density and a simultaneous enhancement of the laser
emission intensity are observed. Although several mechanisms can induce this effect, the
suppression of nonradiative Auger-intersubband transitions through Landau quantization of the
in-plane electron motion is the most probable candidate. In addition, the injectioviaatsonant
inter-Landau-level transfer and the waveguide properties are modulated by the field. We also
observed clear shifts of the emission spectra when the external magnetic field is applied, while
operating the device at constant voltage or current2@3 American Institute of Physics.
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A quantum cascade lasé@QCL) operating in the tera- tact layer. Metallic contact§Ge/Au/Ni/Au, 15/30/14/200
hertz (THz) range of the electromagnetic spectrum was renm) were evaporated onto the bottom contact layer, and as
cently demonstrated by Kier et al! Continuous wave op- two 10 pm wide contact stripes on top of the ridge. The
eration was reported as wélhut the further improvement of sample was then annealed for 1 min at a temperature of
the THz QCLs is a challenge for several reasons related ta30 °C, and a surface-plasmon carrying Ti/Au lay&0/400
the intersubband population dynamics and to the waveguidgm) was sputtered on top of the ridge to complete the top
properties. Electron—electron and interface roughness scagontact and to provide waveguiding.
tering represent the main scattering mechanisms at low tem-  The magnetic field measurements were performed with
peratures in this range of intersubband energies. They lead Eﬁe device mounted in a Cryostat equipped with two super-
fa_\st carrier relaxation and they counteract population inVerconducting magnets. Several different detectors can be used
sion. _ _ in conjunction with this system, namely a magnetic field tun-

Blank and Fengproposed to increase the intersubbandape nsh cyclotron resonance detector, a broadband Ga
lifetime by applying a magnetic field normal to the epitaxial 4oped Ge detector, or a Si bolometer. The last detector was
layers. The additional quantizatiémduced by the magnetic \,saq with an external Fourier-transform infrared spectrom-
field) of the in-plane electronic motion dramatically modifies eter (FTIR): it has therefore been possible to record high-
the electron—electron scattering in the Landau-quantized enaqq tion spectra of the THz QCL under the application of
ergy spectrum. As a matter of fact, the recently observeqhe magnetic field.
enhancement of the Iluminescence intensity of The response of the InSb detector to our THz—QCL
GaAs/AlGaA$ and InGaAs/InAlAS THz quantum cascade emission is shown in Fig. (&) (insed and it displays two

structures originates from this modification. Landau quanti- Ks: - f . itv bound and the oth
zation was also exploited to control electron-LO phononpea S: one originates from impurity bound and the other one

R from free carrier transitions in the detector. The spectral re-
scattering in midinfrared lasefs. sponse of the detector was tuned by scanning the detector
In this work, we studied the behavior of a 4.5 THz QCL P tic field Each of the t K {1 full g'dth t half

in an external magnetic field. The structure consists of 1o¢nagnetic field. =ach ot the two peaks has a Iull width at ha

periods of a layer system of GaAs wells andy AlBa, sAS maximum of approximately 0.6 me\/. Although individual
barriers(as proposed in Ref.)lsandwiched between two laser lines cannot be 'resolved wnh the InSb detector, the
+-doped contact layers, and it was grown on a semi insulat2Verage frequency shift of the entire laser spectra can be

ing GaAs substrate using molecular beam epitaxy. The bogdetected. . _ _
tom layer is 500 nm thick and it is doped to=4 A 100 um wide device was selected for the magnetic

% 10* cm™3, while the top layer is 100 nm thick and doped field measurements because it exhibited lasing for a very
ton=7x10 cm3. broad current range. A broadband Ge detector was used to
The laser devices were processed into ridges by reactiv@easure the light versus current characteristic of the device

ion etching through the active zone down to the bottom confor several values of the magnetic field applied to the sample
[see Fig. 1a)]. We observed a clear reduction of the thresh-

a o . . old current density with increasing applied fields. For ex-
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bpresent address: Institut d’Electronique Fondamentale, Universite Pari@MPle, the threshold is 1-4_ A?'t O.T, Wh'_le 'F decreases to 0.52
Sud, 91405 Orsay, France. A at 4.2 T. The laser emission intensity increases substan-
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. . (a) We will now discuss in detail how the magnetic field
= —- : affects the laser emission. The laser output power is propor-

tional to the population inversion which, in turn, is directly
proportional to the injection rate and inversely proportional

to the nonradiative relaxation rate. If we assume that the
injection rate is not influenced by the magnetic field, we can
expect an oscillatory increase of the laser emission. The

= J—/_\\: minima of the laser output power should correspond to mag-
=19 = netic field values that meet the following resonance condi-
ZTE% = tion:
= 22 24 = 2 T
OT-E Deltectorln1agr1let|cﬁtleld m.—/. . . . JI‘—I

600 800 1000 1200 1400 1600 Here E,—E; is the energy difference between the lowest

Injected current [mA] Landau levels of the upper and lower laser transitiois, the
Planck constant is the elementary charg8,, is magnetic
] B=0 L, (b) flux density,m* is effective mass, antll is an integer. The
] 3 resonant tunneling between Landau levels opens up an addi-

tional nonradiative relaxation channgh the Landau ladder
(J1,N), |1,N-1), ..]1,0). The consequent reduction of popula-
tion inversion induces a decrease of the laser emission inten-
sity. It should be pointed out that a theoretical model pro-
posed by Raikh and Shahbazyamwell describes the
i , - momentum transfer caused by interface roughness or impu-
1l rities, a mechanism which is necessary for resonant transfer
. ; - | 1 between Landau levels of different subbands. Figu@ 1
- amy JEclor | active learly shows that the laser stops working at these magneto-
B Clearly p g g
Ky 0 z ' intersubband resonances. We observe Nhre4, 3, and 2

FIG. 1. (a) Laser emission intensity as a function of the injected current atresqnances at 2j6’ 3.5, _and 5.4 T. As expected, the laser in-
different magnetic fields applied to the sample. The pulse width was 150 nf€nsity reaches its maximum between fe-3 and N=2

at 90 kHz repetition raté(a) insefl Response of the InSb detector vs applied resonance.

detector magnetic field when illuminated by the THz QCL. The solid cali- So far we have assumed that the injection rate is not
bration line corresponds to the free electron cyclotron resonance, the dasheq_f ted bv th tic field. Thi ti . t )
line to the impurity bound resonand@) Energy levels in the injector and in a ec e y e_ magne I_C_ 1€ld. IS assumption IS n(_) en
the active region without and with strong applied magnetic field. The paralirely justified since additional features are observed in the
bolic in-plane dispersion of the subbands allows electron—electron scatterinpiagnetic field dependence of the laser intensity. An efficient
and nonradiative recombination both in the injector and in the active regionmj(:‘.ctor requires high scattering rates in order to achieve
A magnetic field breaks the subbands into ladders of Landau levels. For L .

certain values of the magnetic field it is possible to achieve favorable congooq injection into the upper laser state as We”_ as fast ex-
ditions for fast energy relaxation in the inject@indicated by straight ar- ~ traction out of the lower laser state. Therefore, it would be
rows), and to suppress nonradiative relaxation in the active regimssed  advantageous to have magneto-intersubband resonances be-
arrow. tween all the injector states, between the last injector state

and the upper laser state, and between the lower laser state

tially for certain values of the magnetic field when compared@nd the first extractor state. The energy separation between
to B=0T. Furthermore, we observe oscillations of the inten-the injector states is smal~(3.1-3.8 meVj and the condi-

sity as a function of the current, and with increasing mag-ion for complete magnetic quantization

netic fields we observe oscillations with a larger period.

Let us first discuss the dependence of the laser output
power as a function of the magnetic field. The application of
a magnetic field leads to an increase of the laser intensity dg reached at relatively low magnetic fields. The optimum
a factor of four aB=4.2 T [see Fig. 1@)], an effect that is performance of the laser should be achieved for
induced by the discretization of the energy spectrum. In thgzeB/m*) M= AEjnjecior and simultaneously 7(eB/m*) N
absence of a magnetic field, the energy conservation condi= AE, .., WwhereN andM are integer§Fig. 1(b)]. The in-
tion for intersubband Auger scattering processes is satisfiegrplay between increased injector efficiency and reduced
by a continuum of energy changa$. However, under the nonradiative relaxation rates determines the detailed depen-
application of a magnetic field the only allowed energydence of the laser intensity on the magnetic field. Due to the
changesAE are multiples of the cyclotron resonance energycomplex structure of the injector a quantitative model is dif-
hoe. Since the Auger scattering rate is inversely propor-ficult to obtain. However, it is obvious that at 4.2 T optimum
tional to the exchanged energy and momentum, the Landagerformance is achieved. This correspond®te2.5. If we
level splitting induced by the magnetic field reduces the nonassumevi =1 (i.e., the first magneto-intersubband resonance
radiative relaxation rate, thereby increasing the lasefor the injectoj we obtain an injector spacing of 7.4 meV.

efficiency. This is about two times larger than the spacing between ad-
Downloaded 21 May 2008 to 128.103.60.225. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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FIG. 2. (a) Frequency of the emission line vs magnetic field applied to the
sample, measured by the InSb detedtdots, and high-resolution spectra FIG. 3. (a) Constant bias voltage measurement: The measured voltage was
measured by the external FTIR for several different magnetic figiluss). set to 9.5 V for all measurements at a pulse length of 200 ns and at a
The pulser settings were held constant in both measurements to allow repetition rate of 94 kHz. An additional emission line appears consistently
direct comparison. However, currents or voltages were not exactly constargbove 18.7 meV at 3.2 and 4.2(ihdicated by an arroyv The 18.65 meV
due to the impedance change of the THz QQ). High-resolution spectra  emission line is not recorded due to a water absorption (ineLong pulse
for different injected currents at a fixed magnetic field of 4.2 T. Multimode (400 ng measurements at 6.2 L A and 8.46 V, as measured on the
emission with a spacing of about 0.05 meV and a Stark shift are observecdiamplg, and for 4.2 T at constant voltage and current. A voltage change of
0.7 V had a much smaller effect than the magnetic field change. A back-
ground spectrum with water vapor absorption lines is also pres¢B@R).

jacent injector states without a magnetic field. However, the ) » )
oscillations of the emission intensity with injector current While @ redshift of the transition energy should instead be

[dashed line in Fig. ()] suggest that in the injector there is observed when the population inversion incredSés.addi-

an energy spacing comparable to the cyclotron resonandi®on, a Iarger. populatiqn inversion should lead to an jncrea;e
energy. These intensity oscillations occur only for magneti©f the emission intensity. We observed a very clear intensity
fields higher than 3 T, where the cyclotron resonance energyfl@Ximum at 4.2 T together with an emission wavelength
exceeds the design injector energy spacing. At 4.2 T we 0t{_edshlft._An even_lar_ger_redsh_ﬁt was observed at 6.2 T put
serve two oscillations when the current is increased from 0.§'€ maximum emission intensity was reduced. The emission
to 1.5 A, while the emission wavelength tunes less than 0.8§1tensity decrease can be explained by a reduction of the
meV only. confinement factor at high magnetic fields, due to a substan-

In addition to the increased intensity we observe a shiffi@l change of the refractive index of the bottami layer.

of the laser wavelength in the magnetic field. A clear blugQUr numerical simulation of the waveguide properties in a

shift of 0.15 meV is observed for magnetic fields between gnagnetic field confirms the possibility of such reduction.
and 3.2 T[Fig. 2@)], while for higher magnetic fields we However, more detailed theoretical and experimental studies

observe a redshift of the emission. To rule out simple band2'® needed to quantitatively calculate the contribution of the
structure effects due to changes of the electric field in thd3!0ch gain and of the many body effects to the spectral prop-

active region, we have performed additional measurementaties of THz QCLs. Since the population inversion in these
at constant bias and currefsee Fig. 3. This has been pos- devices is still severely limited at higher temperatures, a
sible due to the very wide operating range of the laser. Afnore detailed understanding of the collective nature of the
additional higher energy emission line was consistently obintérsubband or Bloch gain is needed. This has to be done
served at 3.2 and 4.2 T at constant voltage condit[gis. not only theoretically, but also by studying the line shifts as

3(a)]. Constant current and constant voltage spectra at 4.2 & function of carrierdoping concentration. , ,
display the strongest emission line at 18.6 meV. This same '€ authors acknowledge support by the Austrian Sci-
emission line is instead absent at 6.2Fig. 3b)], and the €N FoundatioSTART, ADLIS, SFB and the European
redshift exceeds the mode spacing of the resonator by af=0mmunity IST prograniTeravision, Supersmile
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ination of Bloch gain, conventional intersubband gain, andz gjank and s. Feng, J. Appl. Phyg4, 4795(1993.
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