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Quantum Cascade Lasers without Intersubband Population Inversion
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The fundamental limits of the operation of quantum cascade intersubband lasers are investigated.
Band nonparabolicities combined with the nonthermal electron distribution in the active region make
laser action possible even in the absence of glabapace population inversion between subbands,
i.e., when the lifetime of the lower subband exceeds that of the upper one. A laser based dn local
space population inversion with single-quantum-well active regions is demonstrated and its performance
compared to that of quantum cascade lasers with double-quantum-well active regions.

PACS numbers: 42.55.Px, 73.40.Gk, 78.60.—b, 78.66.—w

Recently, a semiconductor laser [quantum cascade (Q@yo structures can solely arise from a different distribu-
laser] based on unipolar injection and intersubband emigion of the electron population in the lower state of the
sion was demonstrated [1—-3]. Inthe original report [1], welasing transition.
stressed that when band nonparabolicities are negligible- Figure 2 shows the dispersion of the= 1 andn = 2
intersubband optical transitions are characterized by asubbands of the 4.8 nm quantum well of the QC laser
“atomiclike” joint density of states and that as a result QCof Fig. 1(b), as calculated from an eight-bakith model
lasers bear strong similarities with the so-called four-leve[4]. Note the large energy differencéAE = 70 meV)
lasers typical of many gaseous and solid-state media. Ibetween photons emitted at or ndar= 0 and the ones
this Letter, we probe the important role of energy disper-absorbed by electrons at largeafter having undergone
sion in the plane of the layers and of intrasubband electrooptical phonon scattering from the upper subband. This
relaxation kinetics in the operation of QC lasers. is due to the bulk band nonparabolicity. The measured

In the QC laser [Fig. 1(a)] the anticrossing between thespontaneous emission spectrum peaks at an energy corre-
two low energy statesi(= 0 andr = 1) of the double- sponding to the intersubband separatiok at 0, and its
well active region is engineered so that their energy differfull width at half maximum & 13 meV) is significantly
ence under the bias conditions required for injection intcsmaller thanAE. As such it does not overlap in energy
then = 2 state is resonant with the optical phonon energywith the absorption spectrum of electrons that have emit-
[1]. Thisensures an ultrashortintersubband scattering timeed up to six optical phonons after scattering from the
(710 = 0.6 p9 between the = 0 andn = 1 statesdueto n = 2tothen = 1 subband. It follows that for laser ac-
the zero momentum transfer [1-3]. On the other handtion to take place it is sufficient to obtalacal population
the intersubband scattering time between excited statesi@version in a small region ot space neak = 0 cor-
and 1 is significantly longer=f 1.8 ps) owing to the much responding to electron energies within an optical phonon
greater momentum transfer associated with the large erf—34 meV) from the bottom of the lower subband. This
ergy separation between the two subband300 meV). is easier to achieve than in the absence of nonparabol-
This favorable ratio of times ensures global (i.e., inte-icities (effective four-level system) since only a fraction
grated over the electron wave number) population inveref the lower subband population contributes to absorp-
sion but, as we show below, is not a hecessary conditiotion. In our undoped active regions, energy relaxation
for lasing in intersubband lasers. To clarify this importantof the electron distribution in the lower subband=€ 1)
point we shall consider a simpler structure [Fig. 1(b)] withis dominated by the emission of optical phonons at the
single-wellactive regions replacing the double-well oneslow temperatures of our experiments. This gives rise
of Fig. 1(a). Here electrons are tunnel injected into theo a characteristic nonthermal electron distribution with
first excited state of a GalnAs quantum well. The superphonon replica [5] observed experimentally [6]. Energy
lattice of the injector-relaxation region in both structuresloss through electron-electron interaction between the ac-
is designed as a Bragg reflector to suppress the escapetofe region and the doped graded gap injector is negligible
electrons from the = 2 excited state of the quantum well due to the spatial separation (30 nm) of the two regions
into the continuum while allowing their extraction from the and the large energy difference-@.3 eV) between the
lower state g = 1) of the well [3]. Since the single quan- n = 2 state and the conduction band edge in the relax-
tum well and our double quantum well have by design veryation region. Note that electron-electron scattering within
similar upper state lifetimes and oscillator strengths, andhe distribution in the lower subband is estimated to occur
the electron injectors and optical waveguides have identiin a time scale $200fs, Ref. [7]) greater than the intra-
cal designsdifferences in the gain coefficient between thesubband scattering time by emission of optical phonons
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and will merely induce a broadening of the electron dis-instead, electrons are in a thermal distribution near the
tribution significantly smaller than the optical phonon en-lattice temperature since they are resonantly injected near
ergy. We assume that the emission of the latter is conk = 0, and the intersubband Auger scattering rate is neg-
trolled by quasimonochromatic longitudinal phonons withligible (=~! ~ 0.2 ns™!, Ref. [9])
an energy equal to that of the GaAs-like mode in InGaAs We divide all electrons that have scattered down
(horLo = 34 meV) [8]. This is a reasonable approxima- from then = 2 into then = 1 subband into an energy
tion in light of the weak electron-phonon coupling with ladder withN (= 7) steps of width equal tdiwi o [5].
the InAs-like mode [8]. For the upper subbagd= 2) We can then write rate equations for the number of
electrons in each stepand for the number of electrons
~ injected by resonant tunneling into the higher subband
M neark = 0. The resultingV + 1 equations contain the
M tunneling escape ratér,)”! from the n = 1 subband,
[ E— the lifetime 7, of the n = 2 state which is determined,
U: N - “Minigap” to a good approximation b_y the intersubband optical
Sam s inaal == phonon scattering rate [10], i.er; = 7, = 1.4 ps, and
the intrasubband scattering ratés;, ;) ' [10]. For
1 J3UA Wl bsnipans® i =7, corresponding to an electron with large kinetic
Ul K energy parallel to the layers, the calculated intrasubband
scattering timer;,; is 0.20 ps; it decreases with the
~ electron energy and is 0.12 ps fer= 1, i.e., for an
electron with an in-plane energy just aboke o in the
lower subband. In steady state one finds that in order
to have population inversion between electronic states in

Active Bragg )
(a) Region Reflector the two subbands withifiw; o from k = 0, the following
- condition must be satisfied:
M 7
N > Ttu .
M H T21 Ttu ,l:! Tini ¥ (1)
) h The product in Eq. (1) represents the probability that
| i JUT e an electron scattering from the upper subband relaxes to
It o the bottom of the lower subband. Figure 2 illustrates
" pictorially one of such cascade processes. Thus even if
~ U 11 | the lifetime of the lower excited state,,) is longer than
U - that of the upper ondr,;), one can obtain population
h inversion. Because of the finite coherence lengif, in
| I the graded superlattice region [2).n ~ 2—3 periods),

‘ the tunneling escape time out of the= 1 state across the
effective barrier created by the 3.5 nm AllnAs layer and
the first two periods of the superlatticeig ~ 2-3 ps.

Active Bragg | Two laser structures were grown with single-well
(b) Reglon Reflactar |

and double-well active regions, respectively. The wave-
FIG. 1. Schematic conduction band diagram of a portion oflength core of the first structure compris&s = 25 ac-

the double-quantum-well (a) and single-quantum-well (b) structive regions alternated with digitally graded superlattice

tures under positive bias condition (70 kdm). The dashed inianticn. ; ; ; ; iAo
lines are the effective conduction band edges of the superla{-nJeCtlon relaxation regions according to the design (thick

tice graded gap electron injector-relaxation regions. The areq3€SS and doping levels) discussed in the Caption of Fig. 1.
denoted as “miniband” represents the energy range and spahe second structure ha§, = 25 double-well active re-
tial extension of bandlike states. As shown, this superlattice igions [Fig. 1(a)] separated by superlattice Bragg reflector

also designed to create a “minigap” that blocks electron escapgjection-relaxation sections identical to the ones of the

from level 2. The wavy lines indicate the transitions reSponS"singIe—WeII active region structure. The waveguides in
ble for laser action. The moduli squared of the relevant wav

functions are shown. The AkdnosAS/GaoudnoesAs layer Ghe two structures are identical and incorporate an All-

sequence, in nanometers, from left to right and starting fronlAs layer and the InP substrate for the upper and lower
the injection barrier is (6,8:.8), (2.8/3.9), (2.7/2.2), (2.2/2.1),  claddings, respectively [3,11].

(2.1/2.0), (2.0/1.8), (1.8/1.7), (2.0/1.6), (2.2/1.6), (2.4/1.4) The samples were measured in pulsed mode (50 ns

for the structure of (@) and (6/8.8), (3.5/2.3), (19/2.2),  \idth with a repetition rate of 20 kHz) at low tempera-

(2.2/2.1), (2.72.0), (2.01.8), (1.g1.7), (2.01.6), (2.21.6), . ; .
(2.4/1.4) for that of (b). The structure is left undoped, with ture [1-3]. Figure 3 displays the peak optical powrer

the exception of layers number twelve through eighteen whictyersus drive current at 10 K for two devices processed
aren-type doped to= 3 X 107 cm™3. with identical length (2.25 mm) and width { xm). The
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4 minescencez;; (= 1.4 nm) is the dipole matrix element,
I' (= 0.52) is the confinement facton.;; (= 3.2) is the
mode refractive index., (= 50 nm) is the length of the
period, gy is the vacuum permittivity, ang is the electron
charge. These parameters have all nearly the same values
in the two structures so that = A’ (within 10%).

Similarly for the differential efficiencies (per facet)
above threshold one finds [12]

o
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SN SR T M S SN N N Y The factor  is equal to the product of branching
0 0.02 0.04 ratios in Eq. (1); the expression foy’ is identical with
k” (30-1) T10 replacing r,. It represents the probability that an
electron, after scattering from the = 2 to then =1

FIG. 2. Calculated dispersion of the two subbands in thesubband, relaxes to the bottom of the latter, without
4.8 nm quantum well of the quantum cascade laser of Fig. 1(b),

(only positive wave-number states are shown). The Wavécatterlng to t.he" = 0 subband. Its small value (0'15.)
number parallel to the layerg, is expressed in units of €nsures that in the double-well structure the population

reciprocal Bohr radius;, . Because of the nonparabolicity, Of the n = 1 subband withiniwro from & = 0 can be

electrons scattered by an optical phonon to the lower subbandeglected with good approximation so that the threshold

reabsorb at an energy (vertical dashed arrow) very differenjs inversely proportional to the lifetime of the =

(70 meV) from the centetk = 0) of the gain curve. One of state. 7r — (7_1 T T—1)71 — 125 ps. Note that the

the many possible electron relaxation routes, by emission of 212 21 20 =3 PS- .

optical phonons, to the bottom of the lower subband is shown.,denon'_‘Inator Qf, Egs. (2) and _(3) gives th_e population
inversion condition. The tunneling escape time out of the

single-well active layer structure has a threshold cur - 0 state does not appear in Egs. (3) and (6) since its

. . value is of the order ofy due to the thin (27 nm) exit
rent density of 4.5 k&cn? and a slope efficiencyP /dI o ;
above threshold (which is proportional to the differen-bamer' furthermore, only a small fractidr10%) of the

tial efficiency) of 36 mMWA, whereas for the double- electronls that ?]avs scatter]?dhfrom;ig@ (ljtk()):the” =0 i
well active region devicdy, — 2 kA /e anddP /dl — state relax to the bottom of this subband before tunneling

100 mW/A. These differences are related to the effective’ " of th(_e active regloE. 1 .
The mirror losg«,, = 6 cm™') and the waveguide loss

removal of electrons from the final state of the laser tran-aw = 12 cm™!), obtained from a standard analysis of

sition in the case of the double-well active region device,

. S {he measured subthreshold gain spectrum [11], are also
due to resonant optical phonon emission, as opposed 10 X - L -
essentially the same by design; the injection efficiency

the single-well active region laser. Great care was taken ithouah K d difficul lcul .
to ensure that the results presented in Fig. 3 were genTZi’ although not known and difficult to calculate, is
Uine characteristics of the desian and not bv-products :f\ssumed the same in the two structures since the injection

) ) 9 y-p %arriers and the bias conditions for injection are the same
fluctuations in the growth or in the processing. Manyb

devices 5-10) of each single-quantum-well structure y design. The mter_nal quantum efﬁuen_e;yn 1S also
assumed the same in the two lasers since it depends
and double-quantum-well structure were tested. More- """ . L s
over, each growth was duplicated and the results agaiR”ma”ly on the injection efficiency. We can therefore
chec,ked Fluctuations are within10% for the threshold extract useful physical information from the ratios of
densitieé and- 15% for the slope effic?encies thresholds and of slope efficiencies for the two lasers.

By solving the rate equations and equating the gain t? Taking the ratio of Egs. (2). and (3) and equating It
the sum of the waveguide and mirror losses, + a,.) 0 the measured threshold ratio of 2 one obtains for the
one obtains 9 & "7 tunneling escape time,, = 1.7 ps. Inserting this value
into the ratio of Eqgs. (5) and (6) allows us to predict

A a,ta . that the coupled well structure should have a slope effi-
Jy = 4 m T/ [single well(SW)], ~ (2) ciency a factor of 2.9 higher than the single-well active
o T=nme/ Ldouble well(DW)], (3)  region structure. This value is in good agreement with
the measured ratio of slope efficiencies 2.8) thus giv-

wheren; is the injection efficiency and ing strong evidence that we have realized a quantum cas-
5 cade laser with an upper state lifetintg) shorter than
A = gonetrLp A(2y)/4mqlza T . (4)  that of the lower statér,). From the above value of

In EqQ. (4),A(~4.5 um) is the laser wavelengtRy (=  (7) one findsn = 0.5. This value, which is signifi-
13 meV) is the full width at half maximum of the lu- cantly larger thany’, implies that the population of the
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sE T T well active region device is largely due to the fact that
the n = 1 state remains essentially empty in a wide
temperature range.
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