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Nonequilibrium electron heating in inter-subband terahertz lasers
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University of Leeds, LS2 9JT, United Kingdom

(Received 25 July 2001; accepted for publication 23 October )2001

Inter-subband laser performance can be critically dependent on the nature of the electron
distributions in each subband. In these first Monte Carlo device simulations of optically pumped
inter-subband THz lasers, we can see that there are two main causes of electron heating:
intersubband decay processes, and inter-subband energy transfer from the “hot” nonequilibrium
tails of lower subbands. These processes mean that devices relying on low electron temperatures are
disrupted by electron heating, to the extent that slightly populated subbands can have average
energies far in excess of the that of either the lattice or other subbands. However, although these
heating effects invalidate designs relying on low temperature electron distributions, we see that
population inversion is still possible in the high-THz range at 77 K in both stepped and triple-well
structures, and that our 11.7 THz triple-well structure even promises inversion at 300 RO0Z
American Institute of Physics. [DOI: 10.1063/1.1428101

I. INTRODUCTION particularly those intended as THz emitters with closely

. spaced subbands.
The development of a compact solid-state source of tera- Int bband d h th |
hertz radiation is motivated by potential applications in both nter-subband decay processes change the average elec-

imaging and wireless communications. Consequently it idron energies in the subbands; for example, CO_Id ele(_:trorls in
important to be able to design and model such devices in affe bottom of a high energy subband might emit longitudinal
efficient and accurate way. Although Monte Carlo simulationoPtic (LO) phonons and scatter into a low energy subband
is the most accurate available technique, it is not usually avhere they will have a significant amount of in-plane kinetic
practical method of testing a large number of possible deenergy. This not only changes the average energy of the elec-
signs quickly; simpler methods such as comparing scatteringons, but also their energy distribution, resulting in a non-
rates or developing approximate rate equations are ofteRermi—Dirac form unless other scattering processes are fast
used. Here we have used a Monte Carlo procedure to evalignough to rethermalize the distribution. Self-consistent solu-
ate a small number of prototype designs based on the asyMipns to a rate equation modetan be used, but these have
metric quantum wellAQW) concept proposed by Berder “not accounted for any possible differences in electron tem-
for producing terahertz radiation from inter-subband trans"perature and heating, nén their present forfdo they al-

tions. These evaluations have highlighted the role of twqow deviation from a Fermi—Dirac energy distribution, both

electron heating mechanisms in such schemes, meChanisnc}Pwhich are shown to be important influences in the results
which were not covered by earlier estimates. Those estimates P

of the population ratio of optically pumped AQW prototype presented here. o
designé showed low temperature lasing for some three- and e solve for the electron dynamics in our prototype
four-subband AQW designs, and room temperature lasing foftructures using a Monte Carlo technidu& our knowl-
some “resonant” four-subband desigh€. They were based €edge, this is the first Monte Carlo device simulation of its
on assumed electron temperatures and distributions: eadfind for these inter-subband emitters, although Monte Carlo
subband was assumed to contain a Fermi—Dirac distributiosimulation has been used to model inter-band pump-probe
of electrons, with all electron temperatures equal to the latspectroscopy of quantum wells and inter-band quantum well
tice temperature. laser diodes®!! While the results presented here are for
Of course, in a system that is not in equilibrium there isasymmetric and triple-quantum-well designs, the general
no guarantee that electron temperatures in the subbands Wilhncjusions regarding subband heating and its effects, and
be similar, and there is not necessarily any easy way 10 d&pe non-Fermi—Dirac nature of the electron distributions,
termine the different temperatures from first principllesw- should also hold for alternative designs.

ever, see Ref.)7 Further, even small departures from ther- The paper is organized as follows: Sec. Il describes the

malized distributions can have striking effects. The result . . :
g fgasm model; Sec. Il describes the inter-subband “decay-

we present here clearly illustrate that these two points shou S )
not be ignored when designing or evaluating laser schemeQ,ea“ng_ process and presents _IQBD K) lattice tempgrature )
simulations; and Sec. IV describes the nonthermalized *“tail-

) ) ) heating” process and presents middf& K) and room(300
dNew address: Department of Physics, Imperial College, Prince Consorlt< latti t t . lati Finally in S v
Road, London SW7 2BW, United Kingdom; electronic mail: Dr. ) lattice emperature simulations. Finally, In Sec. we

Paul.Kinsler@physics.org present our conclusions.
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FIG. 1. Diagrams indicating the energy levels and wave functiorig)dhe tWO quantum Well SUbb&ﬂdé.NOt? that even, if the, effi-
three-level asymmetric quantum we8.2 THz emission the (b) the four-  Ciency of coupling pump photons into the active region was
level asymmetric quantum well1.7 THz emissioyy and(c) the four-level 10_6, this means that=10° could be achieved with an in-

triple quantum well(11.7 THz emission In these designs, the energy spac- coming flux of 182 photons/second, which equates to a
ing between the upper and lower subbans< E; or E,—E,) is tuned for
pump power of about 1 nW.

CO, pumping at 117 meV, and terahertz emission is sought from the uppe . .
to next lower subbands transitiof@—2 or 4—-3). The methods we use for calculating scattering rates are

described in detail in an earlier pagewe label electron—
phonon scattering processes with two indicasdf, wherei

Il. THE MODEL is the initial subband of the electron, afds its final sub-

This paper describes the results of modeling three- anfiand. Emission of a bulk LO phonon is denoted “Li®g
four-subband asymmetric quantum well structures; whictand emission of a bulk acousAC) phonon “ACe f”. Ab-
have designs optimized around the important electron—LOsorption is indicated by using “a” instead of “e”. Electron—
phonon scattering processedhese structures consist of electron(i.e. carrier—carrigrscattering events are denoted *
thick Al »/Ga, 76As barriers surrounding GaAs/&ba,_,As  CCijfg”, where the first electron scatters from subbartd
well regions, and are shown in Fig. 1. All simulations are forsubband, while its partner scatters frojrto g. As usual, we
a total electron density of 2010*°cm™2. We label the zone denote a process in which all the electrons are in the same
center energy of a subbamn@sE; . subband(e.g., CC2222 as intra-subband scattering; and a

The prototype devices we consider here rely on opticaprocess involving electrons scattering to different subbands
pumping to maintain a population inversion. Inter-subbandas inter-subband scattering. However, there are also
optical pumping has been demonstrated by Julien aneélectron—electron processes in which no electrons change
co-workerst?*3 For commercial applications, optical pump- subbands, but involve electrons from different subbands
ing is less convenient than electrical injection, but comparede.g., CC313}; these we will call mixed intra-subband scat-
to quantum cascade lasers it allows great simplifications itering processes to distinguish them from ordinary intra-
device design and fabrication. Note that there is an ineffisubband scattering.
ciency in these optically pumped structures which cannot be  One of the most accurate ways to solve for electron dis-
avoided: the competition between the pumping process frortributions in systems with many scattering processes is to use
the ground subband to the upper subband, and the LO phe Monte Carlo method, in which a large ensemble of elec-
non emission from the upper subband down to the groundrons is tracked through time as they are scattered by
subband. We would like to maximize the pumping while phonons and other electrons. This numerical procedure relies
minimizing this LO emission; but unfortunately both dependon pregeneration of total scattering rates in order to achieve
principally on the wavefunction overlap, which is the samesufficient computational speed. Our Monte Carlo algorithm
for both processes. has a number of important features. As it proceeds to simu-

In optical pumping, the wavevector of photons is negli-late a large ensemble of electrons, it calculates electron dis-
gible compared to that of the electrons, so electron—phototributions at short intervals, so that variations in carrier den-
absorption processes involve equally negligible change isity and Pauli exclusion can be accounted for using the
electron in-plane momentuin Since the subbands will have standard rejection technique. In order to relate our calculated
differing dispersions, and a real pumping field tuned to theslectron distributions to a fully thermalized Fermi—Dirac dis-
subband center separation has some linewidth, the puntpibution, we express the average electron kinetic energy in a
field will become detuned from the transition for larger subband in Kelvin rather than in meV\using kgT
and the effective pumping rate will decrease: lbwlectrons  =#2(k?)/(2m*)]. This enables easier comparisons with the
will be pumped up to the higher subband much more tharenergy available from the phonons in the lattice. The Monte
high k ones. In our simulations we include this effect for a Carlo simulation also relies on more detailed precalculation
pump field with a Gaussian broadening, interacting with subof the electron—electron scattering rates for each process
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FIG. 2. The 5.2 THz three-subband AQW prototyjsee Fig. 18)] at a . . ) . .
lattice temperature of 30 K: Transient behavior with no optical pumping as™/G- 3. Diagram showingA) inter-subband LO phonon emission causing
modeled by Monte Carlo simulation usingK8096 ensemblega) subband  electron heating in the lower subbapdB) optical pumping from subband
populations, where initially 60% or the electrons were in the ground subd 0 i, and(C) intra-subband LO phonon emission causing electron cooling.

band (1), and the rest in the upper laser subbd8y using a logarithmic
scale;(b) average kinetic energy in each subband. The double curves indi-
ﬁﬁitsatrn(_e range of statistical err@tone standard deviatiprwhen it is sig- (1). If this simulation were extended, we would see that after
30 ps, almost all the electrons would have dropped to the
ground subband. More interesting, though, is Figb)2
CGijfg, evaluated on a 2D grid with fixed in-plane which plots theaveragg kinetic_: energy of the electrons in
wavevectork,, k, spacing. The electron—electron processe$ach subband scaled into units of temperature. What we see
are then chosen on the basis of maximum possible rate givefi @ heating effect which results in different average kinetic
the initial k of the electrons. Once the partner electron in theNergies in each subband, energies which are also different
scattering process has been chosen, a rejection techniquefigm that of the initial 30 K Fermi-Dirac distributions.
used to ensure that the real rdgad not the maximupre- ~ When we describe electrons in a subband as “hot” or
sults. In addition, because of the need to synchronise the'€ated,” we are referring to electron distributions with an
electrons undergoing electron—electron scattering, a “slow@verage kinetic energy that is greater than that of a distribu-
est trajectory” technique was us&dwhich involves working ~ tion thermalized to the lattice temperature.
out only the free flight time of the slowest electron in the  ThiS decay-heating is caused by inter-subband processes
ensemble, which reduced the number of synchronisatioMVh'Ch leave at least one electron in a lower subband than it
cases to consider to two. started in, such as the LO phonon emission shown in Fig. 3
Finally, we work out statistical errors by using a multi- (Process A and also by electron—electron processes such as
ensemble technique. This also has the advantage of enablifg=2211 and CC3121. For simplicity we only discuss the
extra accuracy to be achieved by simply running more simu€ffect of LO phonon emission in any detail, but similar ar-

lations, and also allows us to calculate statistical errors eagluments and calculations can be made for other decay-type
ily. processege.g., CC2211, etg. When an electron from the

bottom of one subbanidemits an LO phonon and decays to
a lower subbang (for E;>E;+E o), it finishes with Ex

=E;—E;—E_o of extra kinetic energy. This energy is then
redistributed inside subbanidby intra-subband electron—

In earlier papers*®we suggested the possibility of THz electron scattering processésg., CGjjj); and also trans-
laser devices operating at low temperatures. These relied derred between the subbands by other mixed-subband pro-
low electron temperatures to maintain the cutoff in LO pho-cesses, e.g., J&jk (also see Ref.)7 Although the overall
non emission between subbands with separations less thatectron population has a smaller total energy, it has now
the LO phonon energy. For those calculations, we definedained kinetic energy: it has been heated.
independent electron distributions for each subband, fixed For example, assume that the LO phonon scattering rates
their electron populations in accordance with operation at @ a three-level system are such that 70% of electrons drop
minimal inversion(i.e., equal populations in the upper and from from subband 3E;=130 meV) directly to the ground
lower laser subbangsafter which the distributions were set subband E;=13 meV), while the rest fall to subband 2 and
to be in thermal equilibrium with the lattice. then to the ground subband. If all the electrons start kear

Figure 2 shows Monte Carlo simulation results for a 5.2=0 in subband 3i.e., T~0 K Fermi—Dirac distributioh
THz three-subband laser prototypsee Fig. 1a)] with an  then we can easily see that the average kinetic energy of the
initial (transient population of electrons in the upper laser whole population due to the LOe31 phonon emissigpg
subband, but no optical pumping. We can clearly see how the- 36 meV) will be 70%x (E;—E;—E o)~61meV. By it-
population in the upper laser subbait® decays down self, this would give subband 1 a final average electron ki-
through the subbands over a timescale of picoseconds, withetic energy equivalent to that of a Fermi—Dirac distribution
some electrons dropping at first to the lower laser subbandt a temperature of over 600 K. Some of this added kinetic
(2), and the rest going directly down to the ground subbandnergy could then be transferred to subband 3 by mixed

IIl. DECAY HEATING: SUBBAND HEATING DUE TO
THE INTER-SUBBAND DECAY OF ELECTRONS
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FIG. 4. The 5.2 THz three-subband AQW prototyjsee Fig. 18)] at a FIG. 5. The 7.2 THz four-subband AQW prototypsee Fig. 1b)] at a

lattice temperature of 30 K: Subband populations for a range of opticalattice temperature of 30 K: Subband populations for a range of optical

pumping strengthél) with a 2 meV pumginewidth, as modeled by Monte  pumping strengthél), as modeled by Monte Carlo simulation using4096

Carlo simulation using %4096 ensembles dna 2 meV pumginewidth. ensembles and a 0.4 meV pump linewidth. The average energies of the

The average energies of the subbands=a8.00x 1¢° are indicated. subbands alt=5.00x 10° are indicated; the values in brackets are those for
a 2 meV pump linewidth.

intra-subband processes such as CC3131. In a situation ifxef. 4. Previous comments concerning the three-subband
cluding optical pumping, we could estimate the rate of heatsircture also hold here, with subband heating destroying
ing by multiplying the pumping ratén electrons per secoind population inversion, and with increasing pumping causing
by the average kinetic energy gained by a pumped electrojhcreased average subband energies. One point of difference
as it falls back to the ground state. is that the ground subband is slightly hotter for the narrower
Of course, this simple explanation omits many other de‘pumping linewidth(0.4 meV), as this is less likely to pro-
cay paths and scattering processes, but it does demonstrayte the more energetic electrons from the ground subband.
the potential for electron heating in nonequilibrium Systémsathough the pumping strengths are not directly comparable
such as those under discussion here. A more developed forfgy gifferent linewidths, the trends for the different types of
of this argument could also be used to increase the accuragymping are similar. For example, although not shown here,
of the self-consistent rate equation approach described bye n, andn, subband populations as a function rof are
Donovanet al.? Finally, in the long time limit, and without very similar for different pumping linewidths, something
further energy input to the system, this extra kinetic energyyhich is also true for thd, and T, subband electron ener-
will slowly leak away until thermal equilibrium with the lat- gies (temperatures
tice is restored. In summary, it is clear that despite earlier indications,
this electron decay-heating process means that neither of

these low temperature prototypes have potential as lasers;

This decay-heating process has significant implicationgy;s js a strong indication that any similar designs would also
for the performance of designs that rely on low electron temy;;

peratures. Our low temperature THz laser prototypes rely on
the two laser subbands being closer than an LO phonon en- _
ergy, which inhibits LO emission for electrons with insuffi- IV. TAIL HEATING: SUBBAND HEATING DUE TO

. L . . INTERACTION WITH THE NONEQUILIBRIUM
cient I_<|net|c energy. Hoyvever, the heating means that kineti LECTRON DISTRIBUTIONS OFQOTHER SUBBANDS
energies of electrons in the upper laser subband are fre-
guently high enough so that LO phonon emiss®possible, Tail heating is a consequence of decay heating, which
so that all chance of maintaining a population inversion dischanges the kinetic energy distribution of electrons in sub-
appears. This makes it difficult to design a practical lowbands, and arises despite strong intra-subband electron—
temperature device, since, as described above, the amountalectron scattering. As an example, consider an LOe31 pho-
heating has little to do with the lattice temperature. non emission process: electrons from lkwn subband 3 will
Figure 4 shows Monte Carlo simulation results for thedecay to cause a peak in the ground subband distribution at
three-subband laser prototyj€igs. Xa) and 2, but in the  kinetic energies of abol;—E;—E, . This peak might be
steady state. As expected from the above discussion of elecapidly smeared out by intra-subband electron—electron scat-
tron heating, there is no population inversiore., ny<<n,),  tering, but there is nothing guaranteeing that most of the
despite predictions from simpler models that inversion coulcenergy will be equally quickly redistributed toward electrons
occur in these structures at low temperatures. The groundf lower k to give a Fermi—Dirac distribution.
subband?) is the hottest, because of decay heating e.qg., To approximate a nonthermal distribution in subband
LOe31 and LOe21 processewhile subbands 2 and 3 have we split it into two parts: a “core” for lowk values(e.g.,
similar average energies. The average kinetic energy of eadielow kr; such that fk;)%/2m;=80meV); and a “tail”
of the subbands increases as the pumping increases. (aboveks ;). The core is assumed to be similar to a Fermi—
Figure 5 shows results for a four-subband resonant strudirac distribution with a temperatur€.,,;, and contains
ture[see Fig. 1b)], predicted to work at low temperature in most of the kinetic energy of the subband; and the tall is

Low temperature devices
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FIG. 6. The electron distributions in subbands 2—4 for the 11.7 THz four- 001 b b 10w 1)
subband resonant AQW prototypeee Fig. 1b)] at a lattice temperature of 0 10 2% 30
300 K plotted as the log of their ratio with the distributions in the ground I (x10%)

subband(1). The horizontal axis is the total energy of the electrons. These ]
distributions were calculated &t=0.5x 10F, without including the pump  FIG. 7. The 11.7 THz four-subband AQW prototyfeee Fig. 1b)] at a

linewidth effects, which would tend to reduce the electron kinetic energies!attice temperature of 77 K: Subband populations for a range of optical
pumping strengthd), as modeled by Monte Carlo simulation using4096

ensembles aha 2 meV pumgdinewidth. The average energies of the sub-
bands atl =10.00< 1C° are indicated; the values in brackets are those for
1 =25.00< 1. The double curves indicate the range of the most significant
assumed to have an exponential-like decay similar to &wtistical errorg=one standard deviation
Fermi—Dirac distribution with a temperatufgy; ; which can
be much greater thaf,.;. In practice, of course, the two
parts above and below our chosen threshgldwould most
likely smoothly blend into one another, with no sudden  The effect is also less significant for lower lattice tem-
change in character. Also, since a different choickgfcan  peratures as the cooling effect iotra-subband LO phonon
lead to a different estimate OF; ;, it should be chosen emission is more significant, resulting in electron distribu-
according to the inter-suband interaction of interest. tions which are more localized near the subband centers. It
For example, consider the tail heating caused by subalso affects the lower laser subband significantly less than
band 1 on subband 4 in some particular quantum well. Wehe upper, because the overlap occurs for an energy f@nge
therefore take the core/tail threshold of subband 1 atail) where the ground subband looks less hot. In general,
(fiky;)?/2m;=E,—E;: since the electrons in the tail of sub- though, this effect competes with other processes, and also
band 1 have the same total energy as those in the center gépends on the relative populations of the two subbands in-
subband 4, they will interact strongly by electron—electronvolved. This tail heating could be reduced by a larger energy
scattering processes, and hence will tend to come into ageparation between the upper and ground subbands, so as to
equilibrium with each other. [Ty 1> Ty 4. @nd the popu-  minimize the overlap. However, this would pay a penalty
lation in the tail of subband 1 is larger than that in subband 4poth in terms of increased inefficiency: the larger pump en-
then the tail of subband 1 will tend to heat up subband 4 sergy would still be producing only THz output; and there
that Teore 47— Trail 1 - would be increased heating as LO emission processes from
Figure 6 shows the electron distributions for subbandshe upper subbands would add more kinetic energy than be-
2—4, as compared to the ground subband 1, for our 11.7 THipre.
AQW design[see Fig. 1b)]. The electron distribution in the
ground subband does not have a Fermi—Dirac form, and
slope reduces at higher kinetic energies: its tail, as defined Previous work(see Ref. 4 that used a population-ratio
above, is hot compared to its core. Although the higher enapproach suggested that some of our four-subband AQW
ergy ranges on the graph suffer from increasing statisticgbrototypes had potential for mid- and room-temperature op-
noise, the electron distribution in subband 4 is clearly similareration. These did not rely on cold electron populations, but
to the tail of the subband 1 which it is compared to. Moreused the temperature sensitive difference in the scattering
specifically, this means that subband 4 and the tail of subrates for the LOe43 and LOe32 processes: as the average
band 1 have a comparable total energy, population, and slogénetic energies of the electrons increases, the inversion-
(i.e., temperatune This is because mixed subband electron—assisting LOe32 rate gets larger more quickly than the
electron scatterindge.g., the CC4141 procesbas brought inversion-destroying LOe43 rate, thus assisting laser opera-
the hot tail of subband 1 and the fourth subband imeay tion. Thus these designs should be immune to the effect of
equilibrium. decay heating as long as the two laser subbé&ddsd 4 do
This tail-heating effect is not marked for the other sub-not have significantly different temperatures.
bands(2 and 3, whose comparisons to subband 1 on Fig. 6  Figure 7 shows some Monte Carlo simulation results for
clearly show a greater zone center population density, with aur promising 11.7 THz four-subband AQW laser prototype
strong downward trend.e., low core temperatureThus at  [Fig. 1(b)]. As with the low temperature results in Sec. Il
these zone centers, the smaller population of the appropriwe see that the nonequilibrium nature of the optically
ately defined taileither (fik{i)Z/Zml:Ez—El or E;—E;) pumped laser combines with the inter- and intra-subband
is unable to heat them effectively: in fact, the reverse willscattering processes to give different and elevated tempera-
tend to occur. tures in each subband. However, it is clear that the tempera-

ité' Mid-Temperature Devices (77 K)
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FIG. 9. The 11.7 THz four-subband AQW prototyfeee Fig. 1b)] at a
attice temperature of 300 K: Subband populations for a range of optical
pumping strengthd), as modeled by Monte Carlo simulation using4096
ensembles aha 2 meV pumgdinewidth. The range of average energies of
the subbands over the rangelashown is indicated.

FIG. 8. The 11.7 THz four-subband TQW prototyfeee Fig. {c)] at a
lattice temperature of 77 K: Subband populations for a range of optica
pumping strengthd), as modeled by Monte Carlo simulation using4096
ensembles aha 2 meV pumgdinewidth. The average energies of the sub-
bands atl =10.00< 1¢f are indicated; the values in brackets are those for
| =25.00< 10F. The double curves indicate the range of the most significant
statistical error{*one standard deviatignthe errors inT; and T, are of

the order of=10 K and=5 K respectively. greater than the inversion-helping LOe32 and LOe31 rates.
Note thatTs is also raised, although by a much smaller

amount. The reason an earlier population-ratio apprbaat

. T . argredicted the possibility of laser operation at 300 K in this

enough for the survival of the population inversion. structure was that it was a simpler model which did not ac-

Reference 4 predicted population ratlps of 2:1 betwe_er&oum for the possibility of elevated subband temperatures.
the upper and lower laser subbands for this prototype, which In contrast, the 11.7 THz TQW prototyd&ig. 1(c)]

V(\:'Z:E) ﬁ;suﬁgt?g:]ys C\';;iht © dt:()esr? d%btigedugo?; thrﬁizel}ﬂgg(fres better, as shown on Fig. 10. Unlike its AQW counter-
intensity, vary fro;n 1 5—’1 8 pIt is clgear trll)at tﬁe ?nversion is art, theres population inversion at 300 K, although s_ignifi-
rather in,sensitive to t.he obti.cal pumping intensity. Also theCantly redgced from.the 77 K case anq only for sufficiently
largest average kinetic energies are attained in tk;e twc; lasstrong_ optlca_ll pumping. The TQW design suiffers less from
o . e tail heating that reduces the performance of the AQW
subbandf‘(_S and ILI) “”"k‘? n the "I’W. Iatt|%e temp(;,\rar\]ture .Ibecause the upper laser level population is larger and thus
cases. This Initially surprising result is evidence of the tai more resistant to heating, and also because the TQW device

heating discussed above. . .
Figure 8 shows results for a 11.7 THz triple-quantum-has smaller CC4141 intra-subband scattering rates.

well (TQW) prototype[Fig. 1(c)]. This has the same subband
energy separations as the 11.7 THz AQW structure, but ityY. CONCLUSIONS

different design means the electron wavefunctions and hence o
the scattering rates are changed. It also makes use of reso- e have demonstrated that nonequilibrium effects need

nant LO phonon scattering to depopulate the lower laser suldo be considered when predicting inter-subband laser perfor-
band, but has the additional advantage of a better wavefun&tances, and that the simple scattering rate and self-
tion overlap between subbands 2 and 3, caused by the negensistent rate equation methods may not suffice when esti-
anti-crossing of those two levels. The much reduced propor-
tion of energetic electrons in the ground subband in this de-

tures in the upper and lower laser subbands remain simil

sign reduces the tail heating, which means the average ki- E
netic energies in the different subbands are more comparable, . 1
resulting in a larger and more easily achieved population B g ]
inversion. The relationship between the inversion ratio and og 3 S
the ground subband population has been reported - ! Pl E
6 - 1
E|SeWhel'é \>_</ :4 T1=44OK (56OK) :
g T,=420K (490K)
. ‘ T,=400K (470K)
B. Room Temperature Devices (300 K) 01 £ Ti=380K (450K) ;
Figure 9 shows results for the 11.7 THz AQW prototype L. S T

[Fig. 1(b)] at a lattice temperature of 300 K. These show 0 10

clearly that there is no population inversion, with each higher
subband having decreasingly many carriers. The reason f®G. 10. The 11.7 THz four-subband TQW prototyfze Fig. 10)] at a
the lack of population inversion is that the average kinetidattice temperature of 300 K: Subband populations for a range of optical

. - . pumping strengthd), as modeled by Monte Carlo simulation using4096
energy in the upper laser SUbbanﬂ‘X is much hlgher than ensembles aha 2 meV pumgdinewidth. The average energies of the sub-

any of the others. This leads the temperature-sensitiVeands at =3.00x 10f are indicated; the values in brackets are those for
LOe43 scattering rate to increase to a point at which it is=9.00x 1¢°.

o 6
I (x10°)
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