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Quantum-Dot Cascade Laser: Proposal for an
Ultralow-Threshold Semiconductor Laser

Ned S. Wingreen and Charles A. Stafford

Abstract—We propose a quantum-dot version of the quantum-

well cascade laser of Faiset al. The elimination of single phonon \

decays by the three-dimensional confinement implies a several

order-of-magnitude reduction in the threshold current. The re- \

quirements on dot size (10-20 nm) and on dot density and

uniformity [one coupled pair of dots per (200 nn?) with 5%

nonuniformity] are close to current technology. /\
W

Index Terms— CW lasers, proposals, quantum-well lasers,

semiconductor lasers, submillimeter wave lasers. ~——
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HE RECENT demonstration by Faiet al. [1] of a laser

based on a cascade of coupled quantum wells (QW’s) has
opened up new possibilities in semiconductor lasers. Here we
explore one possibility aimed at reducing the threshold current:
a version of the Faigtt al. laser based on quantum dots rather @
than QW's. While there have been various proposals for low-

threshold quantum—dot lasers [2]_[4] all have been based Ia'gr 1. Schematic conduction-band energy diagram of active region of
’ posed quantum-dot cascade laser. For low-threshold-current operation, the

electron-hole recombination. Recent work offers promise Erﬁergy difference between the first excited state and the ground state of the
realizing a quantum-dot laser of the electron-hole type [5]—-[pupled dotse1 — eo. must be larger than all phonon energies.
but problems remain, including the slow energy relaxation
of electrons in the dots which leads to poor recombinaticffective loss in semiconductor injection lasers. Finally, the
efficiency [8]. threshold current for lasing is estimated from the total rate of
The quantum-dot cascade laser we propose here offers $h@ntaneous emission.
advantages of an intrinsically strong and narrow gain spectrum]t is profitable to compare and contrast the proposed
with a minimal rate of nonradiative decays. As in the quanturguantum-dot laser and the QW laser of Fasal. [1] using
well (QW) cascade laser, the current directly pumps the upgBe simplified conduction-band energy diagram in Fig. 1,
lasing level so there is no problem of slow relaxation [8Which suffices for both. The diagram shows two electronically
However, unlike the QW cascade laser, nonradiative decegupled dots or wells [12].Photons are generated by the
by phonon emission can be eliminated. Since the nonradiativansition of an electron from the first excited state to the
rate of decay due to phonon emission in QW’s is 3000 tim@sound state of the coupled dots or coupled wells. In both
the radiative decay rate [1], elimination of phonon decaygases, electrons are injected directly into the excited state
is a priority. To eliminate phonon emission in the proposddy a current tunneling through the upstream barrier. Once
quantum-dot scheme requires dots smaller than 10-20 afm electron is de-excited, it escapes quickly through the
in all three dimensions. This is the primary technologicglownstream barrier, so that photon absorption is negligible.
difficulty, but there is reason to believe that such dimensionsThe essential difference between the quantum-dot and QW
can be achieved [9]-[11]. lasers is that in the former the excited and ground-state
In what follows, we will describe the proposed quanturrglectronic levels, shown in Fig. 1, represent truly discrete
dot laser in more detail and compare it to the QW cascagites, while in the latter each represents the bottom of a
laser [1]. The dot size requirements will be estimated as wepntinuous band of states. Specifically, in the QW case,
as the dot density and uniformity requirements. The lattétectrons form bands due to their free movement in the
follow from a comparison of the gain coefficient to the typicawo dimensions transverse to the direction of conduction-
band energy variation shown in Fig. 1 (i.e., the direction of
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the electron-photon coupling, such nonradiative transitions wili the dipole approximation, the oscillator strength is given

always dominate the radiative ones. by [15]
In contrast, in the quantum-dot laser, the rate of radiative Ar2ow
decay may dominate the nonradiative rate. Since the excited S =L\ flr - eli)?
and ground states of the coupled dots are discrete levels, 2” 9
nonradiative decays will involve emission of a phonon at 24” W fi <ﬂ> (5)
the difference energy. In general, phonon energies form a n hwyi

continuous band so that such one-phonon decays are allomwﬂerea —

However, if the difference energy is larger than the Iargeﬁ{e index of refraction, andy; is the transition frequency
phonon energy (€.9., the optic phonon energyiaio = 36 etween initial and final states. The dipole matrix element

mheV Iin GaAs), then nl\?l sli.ngg]le phogon can carry away !ﬁtween initial and final stategf|r - &i) projects the po-
the electronic energy. Multiphonon decay processes are 515 ization directione on the dipole moment. In the coupled

allowed but thebratde oflthe%(]a 'Sd ”69"9'*3'3 (except 'rr‘] Ce,rtaﬁbts, the transition dipole moment lies purely along the current
narrow energy bands [13] The dominant decay mec aniSNyjirection so the radiation will be polarized in that direction. In

n EOtS can ther];efore ?Ie [?rhqton emission with a CoNsequU@ second line of (5), we have approximated the dipole matrix
enhancement of overall efficiency. Eldement by the product of the distance between the fiatisd

2 /he ~ 1/137 is the fine structure constant, is

The size of each of the coupled dots is strongly constrain erdot hybridizatiort/fiw;, wheret is the tunnel coupling

by the requirement that the energy difference between t &tween dotd.The remaining factor in the cross section is the

excited and ground states exceeds the optic-phonon englgy.a;eq lineshape functiog(w). It is realistic to assume

hwio. Specifically, the energy d!fference between the Wihat inhomogeneous broadening due to disorder will determine
lowest states of one of the dots in isolation must exdeed,.

h i . dot si b . 4 h the lineshape. Assuming the transition frequency is Gaussian
The resulting maximum dot sizk can be estimated from t € distributed, with standard deviatioAw due to defects and

energy spacing in a square well of size geometrical variations in the quantum dots, one finds a peak

3mw2h? gain coefficient of [16]

———— > AwLo. (1)

2m* L2 _ JNS )
For GaAs, with an effective mass* = 0.067m, this im- Tpeak = V2rAw’

plies dots smaller thad. ~ 20 nm in all three d|men5|0ns.B equating the peak gain in (6) to the total loss, and

Fig. 2(a) shows a schematic array of pairs of such couplg ploying a constraint on the interdot hybridizatigffiw ;,

dots sandwiched between conducting sheets. The NecesyiVean state the joint requirement on density and uniformity

size scales are close to current technology: dot arrays involv'%g a functional quantum-dot laser. The distributed loss for a

s_ingle quantu_m dots _have been fabricated by eIeCtron'b_egghiconductor injection laser is at least 10 @nf14]. The
gthtodg_raph%/ W'thf ggt d|ark:1eter;, of 57 Em [93’ a_lnd ah[rays W't’ilggrdot hybridizationt/fw;; must be sufficiently small that
ot diameters o nm have been achieved via se -assemq spontaneous emission ratg, dominates the leakage rate

griﬂwth [.101’ [1'1].d than iust Il dots. h . | from the excited state through the downstream barrier. In turn,
ore 1S required than Just smaif dots, NOWEVEr, SINCe a laggl, spontaneous emission rate must be smaller than the escape
Pate from the ground state. Assuming a fixed escape Irate

through the downstream barrier, these inequalities ifply

also requires gain. Laser action will only occur if the gai
coefficienty(w) exceeds the distributed loss

Y(w) > ar + an, (2) (t/hwi) T <wep < (7)

where o is the bulk loss andvy, = (1/0)log(1/R) is the +which clearly limits the hybridization tdt/hw;;)? < 1/10.

loss through the mirrors. Equation (2) jointly constrains t ﬁ-lowever this condition can be relaxed by additional band-
minimum density of dot pairs and the uniformity of dot sizesSt '

The gain is proportional to the three-dimensional (3-D) densi
of coupled dotsNV [14],

ructure engineering [12]. Further, assuming a transition en-
gf'gy of 100 meV, interdot spacing @ = 10 nm, and index
of refractionn = 3, we find an excited coupled-dot density to

y(w) = fNo(w) (3) broadening energy ratio of
where f is the fraction of coupled dots with an electron in SN ~ 9.4 % 10 cm—3 evV—1. (8)
the excited state (we neglect the small fraction of dots with hAw

an electron in the ground state) an(lv) is the cross section. Hence, a 10% disorder broadening of the transition energy,
It is convenient to writes(w) as the product of an oscillator2Aw = 0.1wy;, corresponding to 5% nonuniformity, and an

strengthS and a normalized lineshape functig(w): 3The interdot hybridization/hw r; gives the ratio of amplitudes in the dots,

- (4) i.e., a hybridization of,/1/10 implies a probability of(,/1/10)> = 1/10
o(w) = Sg(w). of finding the first excited state electron in the downstream dot.
2The multiphonon rate can be significant in a narrow band around the optic’An equivalent expression is employed to analyze the performance of the
phonon energy. The rate can also be significant at low multiples of the optféW cascade laser.
phonon energy, with the total rate falling off 63.04)" for N-optic-photon 51t is worth noting that sincews, ~ t2, the first inequality in (7)
emission in GaAs. However, these resonances can be avoided by proper tupiogides a condition on the escape rate through the downstream barrier,
of the energy difference between the excited and ground states. I'< 4anw3;.i(12/(3cz).
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Fig. 2. (a) Schematic representation of coupled-quantum-dot array. For laser operation, the space between pairs of dots (shown as pillars) must be
insulating so that a vertically directed current is constrained to flow through the dots. The conducting regions immediately above and belowokach pair

dots may be connected to form a continuous sheet as shown. (b) Stacked layers of coupled-quantum-dot arrays, in the cascade configuration developed
for the QW laser by Faiset al. [1].

excited fraction nearf = 1, implies a minimum density of eliminated, the current flowing through each pair of dots
one coupled dot pair per (200 nfnyolume. need only be adequate to replenish losses due to spontaneous
To achieve this average density of coupled dots throughamission, multiphonon decays, and leakage. The leakage cur-
the region occupied by the lasing mode requires a true 3fBnt can be controlled via suitable band structure engineering
structure. One can envision a layered structure, each layE2] and should be smaller than the spontaneous emission
consisting of a dense array of coupled guantum dots, e (7). Multiphonon-assisted recombination is exponentially
sketched in Fig. 2(b), with an overall density satisfying theuppressed [13], so the ideal threshold current should be
conditions for gain. The stacking of arrays of quantum dots @etermined by the total spontaneous emission rate [15]

analogous to the cascade of coupled QW’s employed by Faist daenw?.
et al. [1], so the resulting device should properly be called a Wsp = Tﬁ|(f|r|i>|2
“guantum-dot cascade laser.” ¢ 5
Finally, we can estimate the threshold current for such 2%(@) . 9)
a device. Since single-phonon decay processes have been 3 he
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Using the same parameters as above, one finds a thresh@ N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M.

current of J, = ew ~ 1.6 pA per coupled dot pair. Ustinov, S. S. Ruvimov, M. V. Maximov, P. S. Kop'ev, Z. I. Alferov, U.
F it Spf dots in th di . this ai Richter, P. Werner, U. Gsele, and J. Heydenreich, “Low threshold large
or a uniform array of dots In thre€ dimensions, tis gIVeS 7" injection laser emission from (InGa)As quantum dot&Jectron.

a current density of 4.9 mA/ctn While it is not fair to Lett, vol. 30, pp. 1416-1417, 1994.

; D. Bimberg, N. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. G.
compare the calculated performance. of a _proposec_i _dewce @© Schmidt, M. H. Mao, V. M. Ustinov, A. Y. Egorov, A. E. Zhukov, P.
the actual performance of a real device, it is still striking that ¢ Kopev, Z. I. Alferov, S. S. Rummov, U.d3éle, and J. Heydenreich,

this threshold current density is some six-and-a-half orders “InAs-GaAs quantum dots: From growth to laserBhys. Stat. Sol. B
; vol. 194, pp. 159-173, 1996.
of magnltude lower than the QW cascade laser value of 1[%] H. Benistry, C. M. Sotomayor-Toés, and C. Weisbuch, “Intrinsic mech-
kA/cm [1] anism for the poor luminescence properties of quantum-box systems,”
In addition to the low threshold current, the quantum-dot  Phys. Rev. Bvol. 44, pp. 10945-10948, 1991.

T. D. Bestwick, M. D. Dawson, A. H. Kean, and G. Duggan, “Uniform
cascade laser offers several other advantages. The operat[gln and efficient GaAs/AIGaAs quantum dotsbpl. Phys. Lett.vol. 66,

should be essentially temperature-independent provided pp. 1382-1384, 1995.
smaller than the level spacing in the dots. Since the leveéld] D. Leonard, M. Krishnamurthy, C. M. Reaves, S. P. Denbaars, and P. M.

. . . . Petroff, “Direct formation of quantum-sized dots from uniform coherent
are discrete, there is no thermal broadening, and since phonon jq.nq< of InGaas on GaAs surfacesippl. Phys. Lett. vol. 63, pp.

decay processes are eliminated there is no increase in the decay3203-3205, 1993.
rate with increasing phonon occupation. Finally, the operati¢ht! K. Nishi, R. Mirin, D. Leonard, G. Medeiros-Ribeiro, P. M. Petroff, and

f . inciol ble by th lied bi in th A. C. Gossard, “Structural and optical characterization of InAs/InGaAs
reguency Is in principle tunable by the applie 1as, as in the self-assembled quantum dots grown on (311)B GaAsAppl. Phys.

QW structure [17]. vol. 80, pp. 3466-70.

It is important to note that the r irement of ir 2] J. Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson, and A.
S porta 0 note tha € requirement ot a pa O[f Y. Cho, “Vertical transition quantum cascade laser with Bragg confined

quantum dots in this proposal is solely to prevent leakage eaycited state,Appl. Phys. Lett.vol. 66, pp. 538-540, 1995.
via tunneling from the excited state. If this tunneling can b@3] T. Inoshita and H. Sakaki, “Multi-phonon relaxation of electrons in

; ; a semiconductor quantum dotSolid-State Electron.vol. 37, pp.
prevented by bandstructure engineering, e.g., by placement 1175-1178, 1994,

of a superlattice with a forbidden band at the excited-statey B. E. A. Saleh and M. C. TeichFundamentals of Photonics New

energy, then the lasing transition can take place within a York: Wiley, 1991.

single dot. Such “vertical-transition” schemes have been us a% E g?;fbéﬂ*}zg‘sas’;t“g“_ “L"_egf‘virc‘,wf_”[‘_ i’utcmﬁgl"gkf gY;'g, 159,9,&.' G.

successfully in the QW cascade laser [18]. Chu, and A. Y. Cho, “Quantum cascade laser: Temperature dependence

In Conclu5|on, we have proposed and analyzed a Vers|on of of the perfOI’mance characteristics and h@hopel’atlon,"Appl Phys
h de | b d d Lett, vol. 65, pp. 2901-2903, 1994.
the quantum cascade laser [1] ased on quantum dots ra‘{*ﬂﬂr J. Faist, F. Capasso, C. Sirtori, D. Sivco, A. L. Hutchinson, S. N. G.

than QW's. The quantum dot version offers the possibility of a  Chu, and A. Y. Cho, “Mid-infrared field-tunable intersubband elec-

several-order-of-maanitude reduction in the threshold current troluminescence at room temperature by photon-assisted tunneling in
9 coupled-quantum wells,’/Appl. Phys. Lett. vol. 64, pp. 1144-1146,

by eliminating single phonon decays. The constraints on dot 1994
size (10-20 nm), and dot density and uniformity [one coupldtB] J. Faist, F. Capasso, C. Sirtori, D. Sivco, J. N. Baillargon, A. L. Hutchin-

dot pair per (200 nnf) with 5% nonuniformity] are close o™ S N. G. Chu, and A. Y. Cho, "High power mid-infraredl ~
5 um) quantum cascade lasers operating above room temperature,

to current technology. We hope to have stimulated interest appi. phys. Lett.vol. 68, pp. 3680-3682, 1996.
in constructing a low-threshold semiconductor laser based on
electronic transitions in quantum dots.
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