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We present a model for calculating the optical gain in a midinfrared GaAs/AlGaAs quantum
cascade laser in a magnetic field, based on solving the set of rate equations that describe the carrier
density in each level, accounting for the optical- and acoustic-phonon scattering processes. The
confinement caused by the magnetic field strongly modifies the lifetimes of electrons in the excited
state and results in pronounced oscillations of the optical gain as a function of the field. Numerical
results are presented for the structure designed to emit&t1.4 um, with the magnetic field
varying in the range of 10—-60 T. The effects of band nonparabolicity are also includ26oso
American Institute of Physics. [DOI: 10.1063/1.1904706

I. INTRODUCTION In particular, the electron relaxation from the upper laser
state into various states below it can be efficiently controlled
The last decade has witnessed fast progress in the fieldl such a manner. This translates into a field-induced modu-
of unipolar semiconductor quantum cascade la$@GLs), lation of the population inversion and optical gain.
which are very promising candidates for practical sources of  In this work we set a theoretical model for the calcula-
radiation, particularly in the midinfrared spectral rarjtffe. tion of electronic relaxation rates in the QCL active region in
Considerable output power, room-temperature operation, asstrong magnetic field, due to optical- and acoustic-phonon-
well as the ability to get a range of lasing wavelengths usingnduced transitions between Landau levels, which enables
the same material system, opens up a number of potentiahe to find the electron distribution over the states of the
applications for these devices, such as trace gas detectiosystem by solving the full set of rate equations describing the
polution control, medical diagnostics, optical communica-transitions between levels, and eventually determine the op-
tions in high-transparency atmospheric windows,“etc. tical gain. Calculations are performed for a GaAs/
QCL operation is based on intersubband optical transiAl,Ga,_As QCL structure designed to emit in the mid-IR
tions, between size-quantized states within the conductiorange>® for which the calculation of the upper laser state
band of multiple quantum well type structures. The excitedifetime has previously been performed, and the experimen-
state lifetimes in such systems are very shortl p9 be-  tal data are also availabté.
cause they are dominated by electron-longitudinal-optical
(LO)-phonon scattering process. Consequently, the typical
threshold currents in QCLs are much larger than is commoff- THEORETICAL CONSIDERATIONS
for conventional interband lasers, with their much longer car-  The active region of the QCL structure under consider-
rier lifetimes! However, it has been recently pointed 68t ation comprises three coupled quantum wé@Ws) biased
that considerable improvements in this respéct., in-  py an external electric fiel, as displayed in Fig. 1. In the
creased lifetimes of carriers in the excited statéght be  apsence of the magnetic field this system has three energy
achieved by effectively reducing the system dimensionalitygiates, i.e., subbands=1,2,3, and the laser transition oc-
e.g., by applying a strong magnetic field perpendicular to the,rs between subbands3 andn=2. This active region is
layers. The magnetic field induces additional quantization o§yrrounded by suitable emitter/collector regions in the form
the in-plane electron motion, and the continuous two-of syperlattices, designed as Bragg reflectors, which inject
dimensional(2D) subbands are split into a series of discreteg|ectrons into state=3 on one side, and allow for rapid
Landau levels(LL). Their energies depend on the field, extraction of carriers from the lowest subbamd1, on the
which, together with the fact that scattering rates betweegher side. The energy difference betweé®nand E; should
states are sensitive to their energy spacing, enables one fgatch the LO-phonon energy in order to ensure fast depopu-
selectively enhance or inhibit different relaxation channels ingtion of the lower state of the laser transition via resonant
a multilevel system by varying the magnetic-field strength.gptical-phonon emission. These two mechanisms are respon-
sible for achieving population inversion between subbands
dElectronic mail: eenzi@leeds.ac.uk E; andE,.
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i ™ To determine the population inversioi;—Ng, on which
o S B e T the gain depends, one has to find the electron distribution
% 015+ | over all the states in the active region. This is obtained by
solving the system of rate equations, which describe the
01r B 11— 1] — 1 change in level population as the difference between the rate
005t o e at which the carriers arrive and the rate at which they leave.
‘ El ............. fo——) . . . - . -
~ We assume that electrons arrive in the active region in Fig. 1
or T 1 by a constant current with the areal densityand are in-
005 . . s \ . jected into only a limited number of LLs of the excited laser
-150 100 -50 [?&] 50 100 150 state, i.e., into level$3,0); ... ;(3 Imay,). The valuel g, is
z

determined so that all the levels abd\BaIma)%) may be con-

FIG. 1. The conduction-band diagram of the active region of Sidered as almost empty at a given temperature, if the carrier
GaAs/AbsGasAs QCL decribed in Ref. 5, in an electric field of distribution among them was equilibriumlike. Neglecting the
44 kV/cm. The subband positions at zero magnetic field, together with theyh g0 absorption processes, which is justified at lower
corresponding wave functions squared, are also displayed. The horizontal éo ; .
arrows indicate the flow of electrons, which are injected into the siate emperatures, the system of rate equations takes the form

=3 and extracted from the stabe=1.

MNgy gy et T
In the direction parallel to the QW planes, the electronic — == = - N3 > —
states have free particlelike energy dispersEthIq‘z/ 2m’, A € SL oo T8 a3
wherem’ is the effective mass, ark] is the in-plane wave Inay, — Imay, —
vector. The nonradiative lifetime for the staBek) is limited S f(Ezi) D fEy) |y
by electron-LO-phonon scattering into the two lower sub- =0 T3ligi2i 120 Bl il
bands of the active region, and can therefore reach only pi-
cosecond values, which results in a considerable threshold
current necessary to achieve the optical gain necessary for
lasing. When the structure is subjected to a strong magnetic
field B in the direction of the growth axis, continuous sub-
bandsE, (k) transform into series of individudktrictly dis- mavg Ima,
cretg states at energie§, ~E,+(1+1/2hw, where | MNa = J3k +f_(E3 N Nap + > Noj
=0,1,2,... is the.andau index and.=eB/m" is the cyclo- ot e | peker T3pi3k =iming,, 203K
tron frequency. Variation of the magnetic fieRlinfluences | . '
the configuration of the discrete states, and hence the rates of N —f(E
electron-phonon relaxation processes. The valu&wlhich + > _1' =Nz > 1Esp)
give rise to resonant LO-phonon emission are found by solv- Fiming,, THI3K p=0 T3k3p
ing the equationE; o—E, | =fiw o, With n=1,2,wherefiw o ming L — Iming g1 —
is the LO-phonon energy. S f(Es)) | D f(Ey ) —0
Optical transitions in this system are allowed only be- =0 T3k2i =0 T3k,
tween states with the same value of the Landau ifldes,
(i,1)—(f,1). The fractional absorptiofor, if it comes out to
be negative, the gainon transitions corresponding to the
lasing energy, i.e(2,l)—(3,l), reads:
_ 2837TB dg'gb‘(EgJ - E2’| - ﬁw)F2,|;3’| Ima)g Imax2
it P=Pming,,, "3P2k i=kel T2i2k
where g, is the vacuum dielectric permittivityy is the ma- | Brnin 1
terial refractive indexc the velocity of light,F; is the dif- ot Ng &0 f(Esy)
ference of Fermi—Dirac functions for the initial and the final + 2 ; B = Noy E . ’
state, and;=(7|z|7) is the transition matrix elemeffwvith FEiming,y L2k p=0  T2k3p
n; and z; denoting thez-dependent parts of the wavefunc- k-1— Imingyy ™1 —
tions). Using the expression for the electron areal density in +> @ + f(ﬂﬁ -0
the state(n,l), i.e., N, =eB/(mh)Fep(Ey ), and summing i=0 T2k2, =0 T2k,

over all LLs, we get the total gain on all transitions between
LLs belonging to subbands=3 andn=2 of the QCL active
region:

Downloaded 02 Nov 2006 to 129.11.76.129. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



103109-3 Radovanovic¢ et al. J. Appl. Phys. 97, 103109 (2005)

New — Imax, N Ima, N When this structure is subjected to a strong external mag-
“HofE Y e Y A netic field in thez direction, the 2D subbandg,(k=0)
at P=Pming, T3PLK  i=imin, 201k +#72k2/2m’" split into series of discrete LLs, the energies of
| o -1 which (with band nonparabolicity includecare given by
max ming =t _ _ - _ 2 ’
N f(Es,) En = Enk=0) + (1+1/2%eB/m, (E) -1/8(8l“+ 8l + 5)a;
1 | 3, : . .
+‘—%1 _— lek{ 20 ks +(12+1+1)B;](heB/m")2 The averaged in-plane electron
= I P P effective  mass is calculated here asrﬁ[nl(E)
‘mi"u.kflf—E 1 3 =[73(2m;%(z,E)dz (this provides the best agreement with
> (&) +> &) -k_p the experimental resul§, where m(z,E)=m'{1+(2«}
=0 Tik2i j=0 Tik1,j e +BPIE-U(2]}, and U(2) is the conduction-band profile
from Fig. 1, while «;=0.642 eV'! and 8;=0.679 eV are
the nonparabolicity parameters. The LO-phonon emission
| | rate on the transitions between the initial stfeE, ; and
- . . 3 1"
N, . — mayg m% N, the final stateE;=E,, , is given by
MofEy)| X o Y o
P=Pmin,, , 73,p:1,1 =imin, 72011
| Pmin, ,~t— e2
maxgy (1,1 (O]
+ S Nij | _ N1,1|: D f(Esp) Wio(E;,Ef) = ﬂ_ELO AEn )~ En, ~foo]
j=2 T1j1,1 p=0  71,1;3p P | |2
” “ Rl )
imin, =1 — — X Pz(qz)dqu qH—
(1,1 2 2
f(E;;) f(E J f +
S (Ezp) | f( 1,0)]_&:0, 3 0 0 a4 +qj
i=0  T1,12] 71,110 e X do[no(hw o) + 1], (4)
where 7, | .. 1. IS the electron relaxation rate corresponding
117272

to nonradiative transitions from the stdte,l;) to (n,,l,),
due to emission of both LO and acoustic phonons, an

f(En)=1~(7#)/(eB)N,;. The injection and extraction ¢ the phonon wave vectorg=(q,,q). The quantity
currents — are calculated  as Js=J exp(—Eg/ kBlT)/ IF(qy,l;,1¢)| is the lateral overlap integral, the analytic ex-
2o exp—Esp/kgT) and  Jyy=Jexp-Ey/ksT)/Z 1% pression for which, in the cadgs<l;, reads

xexp(—Ey p/kgT). Under steady-state conditions, the rate of

change of subband populations in the active region equals

zero. The radiative transition rates are several orders of mag- 2\ 11 [ g2 \Ir

nitude smaller than the nonradiative transition rates and are IF(ql. 192 = ex;{— q_),_(q_) [L:f—li(qﬁlzﬂ)]zy
therefore neglected in the systé®). The quantities;,, and 2B/ 14\ 28 i

Imaxz are the maximal values of Landau indices of levels (5)
originating from the two lower subbands, for which the fol-

lowing inequalities still hold trueEg,,maXs—Ely|maX1>0 and

E?"lma>(3_E2'|max2>O' Upon solving the above system lgf,, Whereﬁ‘l:(eB/h_)‘l’2 is the magnetic Iength, and(x) de-
+|max2+|max3+2 nonlinear equations, supplemented with thehotes the associated Laguerre polynomial. For the ¢ase

particle conservation lawg, Ny, =Ns (WhereNs is the total ~ ~ | On€ simply swap _"’_}”dl_fl'” Eq. (5). The constang, in
electron sheet density, set by dopinge calculate the inver- Ed:(4) IS calculated ag,"= €’ ¢;", wheree,, ande; are the
sion and the optical gain in the QCL active region. high frequency and static p_)er_mlttlvny, r§§pgct|vely, while
N(hw o) =[exphw o/ kgT)—1]1 is the equilibrium popula-
tion of optical phonons. The Dirac function in E() ex-
presses the energy conservation in transitions between dis-
The active region of a QCL based on the crete stategn;,l;) and(ng,l¢), but in a practical calculation
GaAs/ Al ;Ga, ¢/As heterostructure, described in Refs. 5one has to consider all states as broadened, with a Gaussian-
and 6, designed to emit radiation at 1ju#, is displayed in like energy distributiorf. The widths of these Gaussians are
Fig. 1. The layer widths are 56, 19, 11, 58, 11, 49, and 28 Ataken_to depend om in the following manner:(1) o(B)
going from the emitter towards the collector barrier, and the=(V0.58, with =1 meV/T2, for transitions between
electric field is 44 kV/cm. The material parameters used irstates belonging to the same subb'énthi:nf); 2 o
the calculation aran"=0.066%n, (m, is the free electron =va/2I if n,# n;, but matching Landau indicd§=I;); and
mas$, Nn=3.3, and the conduction-band discontinuity be-finally (3) oet=[0.505B+(w/2)I'?]¥2[meV], if m#n;, |,
tween GaAs and AlAs idE.=0.8355 eV. In the absence of #I;. Similarly, the Dirac function in the expression for opti-
a magnetic field, the three subbands are at eneigjélg  cal gain(2) is replaced by a Lorentzian, with the linewidth
=0)=76.5 meV, E,(k=0)=113.5meV, and E3k=0) parameted’. In addition to the LO phonons, we have also
=224.5 meV, with the lasing transition energy B§—E,  included the acoustic-phonon emission in the model, and the
=111 meV in full agreement with the measured vdue. corresponding relaxation rate is givenl%3

(yvhereP:fgni* sin(q,2) 7;dz. Hered denotes the length of the
confining region in the direction, andg, is the z projection

Ill. NUMERICAL RESULTS
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FIG. 2. The total electron relaxation rate due to emission of optical and
acoustic phonons as a function of magnetic field, for transitions from the
state(3,0) into LLs belonging to the two lower subbands.

BI[T]

FIG. 4. The optical gairiper unit of injection currentas a function of the
applied magnetic field, a&k=77 K.

anc
Wic(Ej, Ef) = —=
AC( i f) h (

E—Eﬁz 1

h Ty e - B2 Ef)> rangement of LLs is such that there is no level situated at
kgT ~hw o below the stat€3,0), this type of scattering is inhib-
q ited, and therefore the lifetime of the upper laser state is
xf P(ap)da]F(q,li.11)|*da,, (6)  increased. Results given in Fig. 2 compare very well with
0 those in Ref. 5, except that the peaks here are broader, prob-
ably because of differences in modeling the state widths
One can also see from Fig. 2 that the relaxation rate via
- s 1/ - acoustic phonons is almost an order of magnitude smaller
_[(Ei_Ef)/th]i qHO_[qzmax_qz] ’ and vL IS the than via LO phonons_
longitudinal-phonon velocity. Numerical parameters used in Assuming a constant current injection, the modulation of
the calculations aree,=10.67, £=12.51, £=6.7 eV, ¢ Jifetimes of all the states in the system results in either a
=1.2x 10" N/m?, v =4.7X10° m/s, I'=2.125 meV, and supression or an enhancement of population inversion be-
T=77K. tween stateg3,0) and (2,0), Fig. 3, and therefore also in
The total relaxation rate for transitions from the groundy,gdulation of the optical gaig~gs,/J, Fig. 4. The most
LL of the third subbandinto which the majority of carriers  rominent maximum of the gain is achieved at the magnetic
are injectedlinto the two sets of LLs of the two lower sub- fie|q of B=20.5 T, and the positions of relevant states in this
bands is shown in Fig. 2, for the magnetic fields in the ranggase are displayed in Fig. 5. Electron relaxation from state
of 10-60 T. Oscillations of the re_laxatlon rate wikhare (3,0 is clearly supressed, because there is no lower state
very pronounced, and very prominent peaks are found aj;tn energy aroundt; ,—%w o, and the lifetime for this state
values of the magnetic field which satisfy the resonance cong 55 large asr, 0:43_5 ps in this case. Quite a different
ditions for LO-phonon emission. Conversely, when the ar-jyyation occurs at a field @=24.5 T. The configuration of

whereapc=22%/c,, E is the deformation potentiat, is the
elastic constant associated with acoustic vibrations,

300 , , . : . : : . :
0.35 : . r . . :
250 1 03} T— B=20.5T |
025} P B .
200} . i
02F Es,o 1
5 ; E - 23
(] 2 Ey o
Em 150} - ;0.15 Eyy- 7 Earhong
Zm Bl El,z" E2.l
100+ . : Ey,-- E,,
005} Epo---c- B i i T E
50+ . —~
T \ \} |
0 . . A . . -0.05 . : . . . :
10 15 20 25 30 35 40 45 50 55 60 -150 -100 -50 0 50 100 150
B[T] z[A]

FIG. 3. The ratio of the total electron areal densities, in all LLs of the third FIG. 5. Positions of relevant discrete states in the structure for the magnetic
and second subband, as a function of the magnetic field. field of B=20.5T.
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035 T T T T T phonon emission. These nonradiative relaxation processes
o, —— B=245T may limit the output power of the QCL or even prevent
[ lasing action at some values of the magnetic field, or, on the
0.25} other hand, enhance the optical gain for other values of the
[ field. The model presented for the calculation of electron-
_, 02r B Elf? phonon scattering rates between Landau levels accounts for
E 0.15 N I o e i T ~ 'Ejfw"*% both the LO and acoustic-phonon emissions. It was applied
S) R B e I B E,, to a GaAs/AlGaAs-based QCL structure, designed to emit
(8| N -AETTPRRNOUIULS R 3 PUUUUUIFIYY 15 PR ST By, radiation at 11.4um, for which the potential of the magnetic
XS B B IS Y S field as a tool for controlling the phonon-assisted transfer has
ost o been studied experimentally, and for which the calculation of
of ~—~— the upper state lifetime has been performed. The results of
—~—— the more elaborate, rate equations model presented here
i P r—— '0 = 7 e show good agreement with the previous experimental and
2[A] theoretical works, indicating the potential of extending this

model towards including magnetic-field effects in the
FIG. 6. Positions of relevant discrete states in the structure for the magnetitjector/collector regiongwhere electron—electron scattering
field of B=24.5T. is very important, and should be included order to get a
more complete picture of processes in the whole structure.
relevant electronic states, shown in Fig. 6, leads to maxi-
mally enhanced relaxation rate from tt®&0) state, because ACKNOWLEDGMENTS
there are now two statestz2 and (1,39—which are
~fiw o below the upper laser state, and its lifetime is dras- 1 his work was funded by the Ministry of Scien¢@ep.
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