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Detailed self-consistent calculations have been performed of the electron transport and capture
aspects of the dynamics of electrically pumped quantum cascade intersubband semiconductor lasers.
Specific attention is given to the dependence of the characteristic carrier relaxation times on carrier
temperature and density at different applied biases. We have found that the capture and intersubband
relaxation times oscillate with increasing electric field. Correlative oscillations can be observed
when electron temperature and electron density is plotted as a function of the same applied bias at
each energy subband of the laser active region. The temperature and density amplitude are rather
less pronounced than those of the relaxations time. Analysis of this typical behavior suggests that
the most effective laser structure should work under 70 meV bias20@1 American Institute of
Physics. [DOI: 10.1063/1.1339859

I. INTRODUCTION indicated that unipolar lasers have the potential for achieving
THz modulation bandwidths. All that work was concerned
The present contribution reports calculations of the funwith the dynamical processes occurring in a single triple-
damental time constants which determine the dynamics afjuantum well element. In practical intersubband lasers, in
carrier transport and carrier capture in intersubband quantumrder to achieve sufficient optical gain, the active region
cascade semiconductor lasers. Intersubband ldSdrshave  must contain many copies of such elements so as to achieve
become a topic of active research particularly following thethe quantum cascade effect which underpins the successful
development by Faigtt al. of midinfrared quantum cascade operation of this class of lasers. In order to analyze the dy-
lasers' That work was the practical demonstration of a longnamical processes at play in such a quantum cascade laser
standing proposal for the utilization of intersubband transi-attention needs to be given to carrier transport and carrier
tions to obtain lasing action in semiconductor superlattices.capture processes which will affect, in particular, the achiev-
Subsequent research at AT&T, Lucéftand in a growing able direct current modulation frequency of intersubband
number of laboratories in the United States and Europe hasascade lasers. In previous witla theoretical framework
given rise to significant developments in the performance ofvas established to perform calculations of the pertinent
guantum cascade lasers. In this context it is of considerablghysical factors which govern the carrier transport. Specific
interest to examine the dynamical behavior of quantum casattention is given here to the determination of the depen-
cade lasers with a view, in particular,to evaluating thedence of the characteristic carrier relaxation times on carrier
achievable direct current modulation characteristics of sucltemperature and energy at different applied biases. These
lasers. It is noted that the picosecond carrier lifetimes whiclimes have been calculated considering electrons emitting
are characteristic of the operation of intersubband lasers magnd absorbing polar optical and acoustic phonons and also
be anticipated to offer opportunities for tetraheffzHz) effects of forward and backward transitions on final relax-
bandwidth modulation in such lasers. This aspect has beeation times have been examined. Finally, the Fermi exclu-
previously examined where use was made of a rate equatiaion principle has been taken into account in these calcula-
model described in Refs. 5 and 6 to derive expressions fations.
the modulation response of unipolar semiconductor ldsers.
Subsequent wofkhas generalized that approach to yield a, se| £ oNSISTENT ANALYSIS OF ELECTRON
self-consistent rate equation analysis where, in part'CUIarDYNAMICS
carrier lifetimes are deduced from calculations of electronic
wave functions in the structure. That work indicated that = The generic structure which is assumed to form the
modulation bandwidths of order 150 GHz would be obtain-building block of the active layer of the electrically pumped
able in the chosen structure. In a recent brief répiorivas  ISL of interest here has two main regions, an injection region
and an active region as shown in Fig. 1. The injection region
SElectronic mail: kalna@elec. gla.ac.uk is fabricated by the eight quantum well@Ws) capable of

bpresent address: Motorola GSD, Blagrove, Swindon SN5 8YQ, WalesSUPPIYINg eleCt_ronS.to the active region. The aCtiYe region of
United Kingdom. the laser(see Fig. 1is made up from a coupled triple quan-
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INJECTION ACTIVE We believe that the laser structure considered in this article
REGION | REGION can achieve the best performance within this range.

Bl The methodology used is to undertake self-consistent
calculations of the carrier times, carrier densities and tem-
peratures, energy density, and optical gain appropriate to the
ISL. Use is made of the argument principle meth@dPM)
(described in Ref. Bto perform calculations of the wave
functions and carrier lifetimes for the relevant coupled quan-
tum well structure. Those times are utilised in carrier rate
equation$ to obtain carrier densities in the appropriate en-
ergy subbands of the relevant structures. Such carrier densi-
ties can be used to calculate energy densities and carrier
temperatures which are themselves taken to obtain the cor-
responding optical gain in the structure. That gain is then

FOLLOWING re-used in the carrier rate equations to calculate relevant cap-

INJECTION ture and intersubband relaxation times and the whole process

E:| REGION ! can be repeated. Iterations proceed until convergence is ob-

! tained. For the cases studied here that convergence is, in fact,

\ £ : quite rapid and only around ten iterations are required. Sev-

w2 \ ' eral aspects of the procedure have been described in earlier

w3 works'~® and, hence, it is not appropriate to rehearse those
elements here.

FIG. 1. Schematic diagram of the triple-quantum well cascade laser as con-  Electron relaxation dynamics in the ISL are governed

sidered in the self-consistent calculations. The active r_egion consists of thr%redominantly by the electron interaction with polar optical

g‘fgum wells W1, W2, and W3 surrounded by barriers BL, B2, B3, and,,4ng Nevertheless, in order to verify its contribution we
. Energy leveE; is in the quantum well W1, leveB}"” andE}™ in W2, . . . .
and levelE, in W3. have also taken into account, via the deformation potential
interaction, electron scattering by acoustic phonons. Both
phonons are considered to be bulk-like because incorporation
tum well element with an injector weillW1), a central laser of some phonon confined model affects _the overall results to
well (W2), and an extractor welW3). In general, the carrier & degree (<5%1 comparable to other fine effects such as
transport between the wells is characterized by a captur@o_”parabOI'f'tyl' The electron-phonon rates are calculated
time, 7¢ap, Which includes transitions from all eight energy YSINY Fermi's golden rule as a transition from the initial
subbands in the injection region into all four energy sub-Subband with energyE; to the final subbangwith energy
bands in the active region. Thus, this capture time alread{i- 1hen the electron rate with an initial energycan be
incorporates the tunneling tima, describing injection from Obgel'ﬂed for the polar optical phonofPOP scattering
quantum well W1 to quantum well W2—the lasing well and as
a tunneling time;r,3, from the lasing well to quantum well

B3

ETN

o
&)
o
.~ S,

W1

2 2w
W3, the extractor well as has been considered in previous FO*(g)= m<i_ E)f dé| Ng+ Eil)
work 5~8 That work further assumed that the laser dynamics 8mh? k= k) Jo 2 2
is determined by the carrier transit time through the struc- Foo(Q)
ture, 7, and intersubband radiative relaxation time, In XLq' (1)
the present work, we consider an intersubband relaxation q
time, 7y, which mgorporates (gr)a_nsmons from tr(11e) energy, here the POP wave vector is
subbandsE, (see Fig. 1 and E}” into subband<€}™ and
E;. The essence of the present work is to perform quantum Jy2m
mechanical calculations of both the carrier relaxation times ~ d= —7—[2E—~Epo~2VE(E+Epo) cos6]"?, (2

with a view to determining the dynamical properties of
triple-quantum well cascade laséfQWCLs) under applied  with Epo=E;—E;+fiwpg. In the earlier formulagl) and
bias. Thus, the tunneling times are not treated as free parani2) and in each formula which follows, the upper sign stands
eters. for the phonon emission while the lower one for the phonon
Our analysis is based on a structure which is designedbsorption,wpg is the POP frequencym is the electron ef-
for operation frequencies around 30 THz. These frequenciefective mass,«,, and x are the high-frequency and static
require a lasing wavelength of, nominally, fm, so we permittivities, respectively. The phonon distribution function
shall apply a suitable bias voltage to the structure, such thadl, is the Bose distribution. The phonon frequengyin the
the separation between the two energy levels involved in thease of polar optical phonons is dispersionless=(pg).
transition is of this value. We have chosen a range of the biashe form factor,F;;; ,1%s calculated using the wave func-
from 60 to 80 meV. The lasing transition should have antions obtained using the APM meth8dhe screening of the
energy from 117 meV under the lower applied bias of 60electron-phonon interaction can be neglected for electron
meV up to 124 meV under the upper bias limit of 80 meV. densities less than ¥ m~2 at room temperatur€.
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The relaxation rate of an electron with initial energy
scattered by an acoustic phon@kP) reads

. D?m (o
FﬁC*=—ZJ de
8mhpvglo

1 1 )
Nq+§i§ qFiij (@), (3

where the AP wave vector is

V2m

m
q= T[2E— Eac—2VE(E+Eac) cosd]*?, (4)

with the elastic equipartition approximation given B¢
=E;—E;."® Because the lattice temperaturgsin our ISL

are sufficiently high and any electron with a very high ki-
netic energy is quickly thermalized by the intrasubband

electron—electron(e—e interaction, the equipartition ap-
proximation works very well.

In formulas (3) and (4) for the electron rateD is the
acoustic deformation potentiagl,is the mass density, and;
is velocity of sound in the material. The phonon frequeacy

in the case of APs can be approximated by the linear dispe

sion relation asv=vg0q.:

The capture and intersubband relaxation times are su
of the averaged electron intersubband rates

1 1 o N
;:Z n_&g J;) dE{f;i(E)[1—f;(E")][T; (E)
+T(B)]-[1-f(ENIF(E)T; (E)+ T (E)]},
5
where
Ij=rpo +10, (6)

ng; represents the sheet electron density inithesubband,
and the electron final enerdy’ =E+Epp or E' =E+Exc,
respectively. The electron distribution functiohsandf; are
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band relaxation times. With the exception of oscillation reso-
nances, the e—e capture time is two to three orders of mag-
nitude larger than the electron-phonon capture titéhe
effect of the e—e interaction on the overall capture time is
even further suppressed when the exchange effect is taken in
to account® Note that inclusion of the degeneracy has no
impact on the e—e capture time for actual electron densities
in the laser €10" m~2).1% Similarly, the e—e interaction
can be omitted when the intersubband relaxation time is cal-
culated at room temperature. The intersubband e—e scatter-
ing rate in the GaAs QW is slower by several orders of
magnitude than the intrasubband e—e scattering'fate.

lll. STATE LIFETIMES

The time during which electrons remain trapped inside
the active region of the TQWCL at a given subband energy
is known as the state lifetime. This lifetime determines the
fastest possible time response of a device and may be used to
ensure that tunneling between the QWs is sufficiently fast so

ri’g is not affected by the inelastic scattering phenomena. Nev-

ertheless, we do not rely upon any eventual limit set by the

rrlgetimes because our calculations of the capture and inter-

subband relaxation times already include the tunneling phe-
nomena through the form facté;;; .

The electron state lifetime is defined as #/I", where
I' is the full width at half maximum of the Lorentzian reso-
nance. It is obtained from the imaginary part of the complex
energy eigenvalues from the numerical solution of the Schro
dinger equation in the complex energy plane. The real part of
the complex solution corresponds to the eigenenergy and the
imaginary part isl'/2. A direct relation can be observed in
most cases, the higher the energy level, the shorter the cor-
responding state lifetime. The state lifetimes of bound states
are infinite, while those of quasibound states are usually of
the order of picoseconds or femtoseconds. However, in QW
structures an inversion of lifetimes corresponding to their

taken as Fermi distributions whose quasi-Fermi energy is nergy subbands can happeras is the case with the
function of the electron temperature and the sheet electrOﬁQWCL_s

density which are obtained from rate equatiéns.

Since typical electron densities in the TQWCL are les
then 16* m 2 we can safely neglect any contribution of

Figure 2 shows electron state lifetimes at each energy

Ssubband which appears in the active region of TQWCL un-

der chosen applied biases. The state lifetime of an electron at

intersubband e—e interactions to the capture and intersuby, subbandE; (belonging to the last QWis dropping

1rue

Lifetime [ps]

Applied bias [meV]

sharply. This means that electron can be more rapidly de-
pleted from the active region when the bias increases. Fortu-
nately, the lifetime in subban&$" (the lower one in the
middle QW increases relatively slowly compared with all
other lifetimes. On the other hand, the lifetime in subband
E{? (the upper one in the middle QWs increasing much
more and therefore conditions for the creation of an inver-
sion population become less favorable with increasing bias.
The lifetime of the energy subbarkti becomes still shorter
under higher bias which should help to supply electrons for
the creation of population inversion. Overall insight into the
behavior of the lifetimes at all four subbands indicates that
the best performance could be achieved under the lower bias.
We will see in the following section that this rather straight-

FIG. 2. State lifetimes vs applied bias at each energy subband of the actvi@rward conclusion have to be balanced with other TQWCL

region.

parameters.
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FIG. 3. Capture time and intersubband relaxation time vs applied bias in thE!G- 4. Electron density vs applied bias at each energy subband of the active
TQWCL as obtained after the self-consistent calculations. region.
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IV. ELECTRON DYNAMICS UNDER APPLIED BIASES levels is comparable to or greater t.h.an the POP enferlyy.
that case, an electron from the initial energy subband can

Relaxation times of interest, the capture time and theundergo a very effective transition into the final subband
intersubband relaxation time, are plotted as a function of theven an interaction with acoustic phonons can work against
applied bias in Fig. 3. These relaxation times have been calt. We can see that the shortest capture and intersubband
culated as sums over initial stateand over final stategin relaxation times occur at the bias of 70 meV. We can con-
Eqg. (5). In a case of the capture time,,, the sum ovei clude that the efficiency of the TQWCL is optimized at this
involves all subbands in the injection region. The sum gver bias.
involves all four subbands in the active region. In the case of The same oscillations can be seen in Fig. 4 where the
the intersubband relaxation time,,, the first sum goes electron density, again as a function of applied bias, is shown
over all upper subbands and the second one over all loweat each energy subband in the active region. All four electron
subbands in the active region only. We have found that thelensities line up according to the energy level, the highest
forward and backward processes are finely balanced whetensity is always at the lowest energy subb&nd the den-
summing up contributions for a particular transition for thesity at the subban&S" is always below the density at the
capture time. Even the backward processes are very effectigibbandeE;, and so on. The rapid increase of the electron
for transitions from the lowest initial subband in the injection densities at 70 meV bias causes both relaxation times to be
region(they are stronger by several order of magnijutee  short(see Fig. 3.
importance of the forward process quickly increases and, in  Finally, electron temperatures at each subband in the ac-
the final result, the contributions of these processes ovetive region are plotted in Fig. 5 as a function of electric field.
come the backward ones. Therefore, the whole electron cafemperatures at the subbarfdg’ andE, are always about
ture process from the injection region into the active region10° higher than temperatures at the two lower subb&rjtis
is very effective. andE;. The electrons at the two higher subbands lose suf-

On the other hand, the behavior of individual transitionsficient energy by emitting photons when they fall down into
for the intersubband relaxation time is much more forthrightthe subband&S" andE; in the active region. The interest-
Both the forward processe@mission and absorptiprare  ing fact is that while the electron temperature at the subband
two to three order of magnitude larger than the backward={?) is practically constant under applied bias the electron
processes for each initial subband in the active region. Botfemperature at the subbarg, oscillates with quite large
times oscillate with increasing electric field due to actualamplitude. This indicates that the most electrons emitting a
difference between the energy subbands of initial and finaphoton come from the subbarﬁij) as expected.
states involved in the electron transitions. This can be under-
stood in the same way as oscillations of the capture time

versus QW width predicted in Ref. 18. The actual position of 130 . . .
the energy subbands in the injection and active regions is e Eam A-A
changed in the TQWCL under increasing bias. An electron — 120 e Ezm g )
interaction with POPs is the main scattering process for each % —A-E, A
relaxation time. We have evaluated the particular importance 5 A\_\,_,____--.x;';;:_'_z;::’vi _____________ Y
of the electron interaction with both POP and AP. We have g 110y Sa M F
found that in the TQWCL the electron-POP rate is always e
about two orders of magnitude larger than the electron-AP 2 100L @ """\:___.__ . e
rate for both capture and intersubband relaxation times B R S
which is a well-known electron transport characteristic in 90 - A o

60 65 70 75 80

two-dimensional semiconductor heterostructdfeghe effi-
ciency of a particular electron transition depends on whether
the energy difference between the initial and final energyIG. 5. Electron temperature vs applied bias at the same energy subbands.

Applied bias [meV]

Downloaded 13 Feb 2001 to 130.209.6.43. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html



J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Kalna, Cheung, and Shore 2005

V. CONCLUSION 1J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
) ) Cho, Science64, 553 (1994).
We have performed self-consistent calculations of the?R. F. Kazarinov and R. A. Suris, Sov. Phys. SemicdhdZ97 (1971).
Capture and intersubband relaxation times in a |00p With3‘]' Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson, and A. Y.

. ho, Appl. Phys. Lett67, 3057(1995.
electron densny and temperature at each energy subband q . Sirtoprs J. ngst, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A. Y.

the_ proposed TQW_CL s_tructure. The whole process takes cho, IEEE Photonics Technol. Le, 294 (1997.

typically about ten iterations so convergence is quite fast.>w. M. Yee, K. A. Shore, and E. SEhpAppl. Phys. Lett.63, 1089(1993.
.. . 6 . .

We have found that all calculated quantitig®th relaxation ~ _W- M. Yee and K. A. Shore, Semicond. Sci. Techrl1190(1994.

. o . 7C. Y. L. Cheung, P. S. Spencer, and K. A. Shore, IEE Proc.-J: Optoelec-
times, electron densities, and temperaturescillate as a tron. 144, 44 (1997,

function of the applied bias. On the contrary, the state life-8c v, L. cheung and K. A. Shore, J. Mod. Og5, 1219(1998.
times at each subband of the active region incre@s®-  °N. Mustafa, L. Pesquera, C. Y. L. Cheung, and K. A. Shore, IEEE Pho-

bandsES" and E$?) or decreasgsubbandsE; and E5) ,tonics Technol. Lettll, 527(1999.
thly under the bias and a crossover of the curves can b . Kalna, C. ¥. L. Cheung, ). Plerce, and K. A. Shore, IEEE Trans.
smoothly &licrowave Theory Tech48, 639 (2000.

observed. When comparing a behavior of the both relaxatioftp. F. Nelson, R. C. Miller, and D. A. Kleinman, Phys. Rev.3B, 7770
times, electron densities, and temperatures at each subband}1987.

; ; 12p_ 3. Price, Ann. Phy$N.Y.) 133 217 (1981).
the most effectively working TQWCL structure has beenl3B_ K. Ridley, J. Phys. G5, 5399(1982.

identified to be around 70 meV bias. 14s. M. Goodnick and P. Lugli, ifHot Carriers in Semiconductor Nano-
structures edited by J. ShakAcademic, New York, 1992 p. 191.
15K, Kalna, M. Moo, and F. M. Peeters, Appl. Phys. LB, 117(1996.
16 X
ACKNOWLEDGMENTS 17K. Kalna and M. Mog&o, PhyS Rev. B4, 17730(1996. )
G. N. Henderson, L. C. West, T. K. Gaylord, C. W. Roberts, E. N. Glytis,
; ; i« and M. T. Asom, Appl. Phys. Let62, 1432(1993.
N K.K. apprec!ates a support from Royal Society for h!slsJ. A. Brum and G. Bastard, Phys. Rev38, 1420(1986.
visit to University of Wales, Bangor. EPSRC support isog pgastardwave Mechanics Applied to Semiconductor Heterostructures

gratefully acknowledged by K.A.S. (Les Editions de Physique, Les Ulis, France, 1998

Downloaded 13 Feb 2001 to 130.209.6.43. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html



