
VOLUME 76, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JANUARY 1996

n,

igated.
make
ds,
cal

mance
Quantum Cascade Lasers without Intersubband Population Inversion

Jerôme Faist, Federico Capasso, Carlo Sirtori, Deborah L. Sivco, Albert L. Hutchinso
Mark S. Hybertsen, and Alfred Y. Cho

AT&T Bell Laboratories, Murray Hill, New Jersey 07974-0636
(Received 20 June 1995)

The fundamental limits of the operation of quantum cascade intersubband lasers are invest
Band nonparabolicities combined with the nonthermal electron distribution in the active region
laser action possible even in the absence of globalk-space population inversion between subban
i.e., when the lifetime of the lower subband exceeds that of the upper one. A laser based on lok-
space population inversion with single-quantum-well active regions is demonstrated and its perfor
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
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Recently, a semiconductor laser [quantum cascade (Q
laser] based on unipolar injection and intersubband em
sion was demonstrated [1–3]. In the original report [1], w
stressed that when band nonparabolicities are negligib
intersubband optical transitions are characterized by
“atomiclike” joint density of states and that as a result Q
lasers bear strong similarities with the so-called four-lev
lasers typical of many gaseous and solid-state media.
this Letter, we probe the important role of energy dispe
sion in the plane of the layers and of intrasubband elect
relaxation kinetics in the operation of QC lasers.

In the QC laser [Fig. 1(a)] the anticrossing between t
two low energy states (n ­ 0 andn ­ 1) of the double-
well active region is engineered so that their energy diffe
ence under the bias conditions required for injection in
then ­ 2 state is resonant with the optical phonon ener
[1]. This ensures an ultrashort intersubband scattering ti
st10 # 0.6 psd between then ­ 0 andn ­ 1 states due to
the zero momentum transfer [1–3]. On the other han
the intersubband scattering time between excited state
and 1 is significantly longer (> 1.8 ps) owing to the much
greater momentum transfer associated with the large
ergy separation between the two subbands (,300 meV).
This favorable ratio of times ensures global (i.e., int
grated over the electron wave number) population inv
sion but, as we show below, is not a necessary condit
for lasing in intersubband lasers. To clarify this importa
point we shall consider a simpler structure [Fig. 1(b)] wit
single-wellactive regions replacing the double-well one
of Fig. 1(a). Here electrons are tunnel injected into t
first excited state of a GaInAs quantum well. The supe
lattice of the injector-relaxation region in both structure
is designed as a Bragg reflector to suppress the escap
electrons from then ­ 2 excited state of the quantum wel
into the continuum while allowing their extraction from th
lower state (n ­ 1) of the well [3]. Since the single quan-
tum well and our double quantum well have by design ve
similar upper state lifetimes and oscillator strengths, a
the electron injectors and optical waveguides have iden
cal designs,differences in the gain coefficient between th
0031-9007y96y76(3)y411(4)$06.00
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two structures can solely arise from a different distrib
tion of the electron population in the lower state of th
lasing transition.

Figure 2 shows the dispersion of then ­ 1 andn ­ 2
subbands of the 4.8 nm quantum well of the QC la
of Fig. 1(b), as calculated from an eight-bandkpp model
[4]. Note the large energy differencessDE ­ 70 meVd
between photons emitted at or neark ­ 0 and the ones
absorbed by electrons at largek after having undergone
optical phonon scattering from the upper subband. T
is due to the bulk band nonparabolicity. The measu
spontaneous emission spectrum peaks at an energy c
sponding to the intersubband separation atk ­ 0, and its
full width at half maximum (> 13 meV) is significantly
smaller thanDE. As such it does not overlap in energ
with the absorption spectrum of electrons that have em
ted up to six optical phonons after scattering from t
n ­ 2 to then ­ 1 subband. It follows that for laser ac
tion to take place it is sufficient to obtainlocal population
inversion in a small region ofk space neark ­ 0 cor-
responding to electron energies within an optical phon
(,34 meV) from the bottom of the lower subband. Th
is easier to achieve than in the absence of nonpara
icities (effective four-level system) since only a fractio
of the lower subband population contributes to abso
tion. In our undoped active regions, energy relaxati
of the electron distribution in the lower subband (n ­ 1)
is dominated by the emission of optical phonons at
low temperatures of our experiments. This gives r
to a characteristic nonthermal electron distribution w
phonon replica [5] observed experimentally [6]. Ener
loss through electron-electron interaction between the
tive region and the doped graded gap injector is negligi
due to the spatial separation (30 nm) of the two regio
and the large energy difference (,0.3 eV) between the
n ­ 2 state and the conduction band edge in the rel
ation region. Note that electron-electron scattering with
the distribution in the lower subband is estimated to oc
in a time scale (.200 fs, Ref. [7]) greater than the intra
subband scattering time by emission of optical phono
© 1996 The American Physical Society 411
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and will merely induce a broadening of the electron di
tribution significantly smaller than the optical phonon en
ergy. We assume that the emission of the latter is co
trolled by quasimonochromatic longitudinal phonons wit
an energy equal to that of the GaAs-like mode in InGaA
(h̄vLO ­ 34 meV) [8]. This is a reasonable approxima
tion in light of the weak electron-phonon coupling with
the InAs-like mode [8]. For the upper subbandsn ­ 2d

FIG. 1. Schematic conduction band diagram of a portion
the double-quantum-well (a) and single-quantum-well (b) stru
tures under positive bias condition (70 kVycm). The dashed
lines are the effective conduction band edges of the super
tice graded gap electron injector-relaxation regions. The a
denoted as “miniband” represents the energy range and s
tial extension of bandlike states. As shown, this superlattice
also designed to create a “minigap” that blocks electron esca
from level 2. The wavy lines indicate the transitions respons
ble for laser action. The moduli squared of the relevant wa
functions are shown. The Al0.48In0.52AsyGa0.47In 0.53As layer
sequence, in nanometers, from left to right and starting fro
the injection barrier is (6.8y4.8), s2.8y3.9d, s2.7y2.2d, s2.2y2.1d,
s2.1y2.0d, s2.0y1.8d, s1.8y1.7d, s2.0y1.6d, s2.2y1.6d, (2.4y1.4)
for the structure of (a) and (6.8y4.8), s3.5y2.3d, s1.9y2.2d,
(2.2y2.1), (2.1y2.0), (2.0y1.8), (1.8y1.7), (2.0y1.6), (2.2y1.6),
(2.4y1.4) for that of (b). The structure is left undoped, with
the exception of layers number twelve through eighteen whi
aren-type doped to> 3 3 1017 cm23.
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instead, electrons are in a thermal distribution near t
lattice temperature since they are resonantly injected n
k ­ 0, and the intersubband Auger scattering rate is ne
ligible (t21 , 0.2 ns21, Ref. [9])

We divide all electrons that have scattered dow
from the n ­ 2 into the n ­ 1 subband into an energy
ladder with N s­ 7d steps of width equal tōhvLO [5].
We can then write rate equations for the number
electrons in each stepi and for the number of electrons
injected by resonant tunneling into the higher subba
neark ­ 0. The resultingN 1 1 equations contain the
tunneling escape ratesttud21 from the n ­ 1 subband,
the lifetime t2 of the n ­ 2 state which is determined,
to a good approximation by the intersubband optic
phonon scattering rate [10], i.e.,t2 > t21 ­ 1.4 ps, and
the intrasubband scattering ratesstint,id21 [10]. For
i ­ 7, corresponding to an electron with large kineti
energy parallel to the layers, the calculated intrasubba
scattering timetint,7 is 0.20 ps; it decreases with the
electron energy and is 0.12 ps fori ­ 1, i.e., for an
electron with an in-plane energy just aboveh̄vLO in the
lower subband. In steady state one finds that in ord
to have population inversion between electronic states
the two subbands within̄hvLO from k ­ 0, the following
condition must be satisfied:

t21 . ttu

7Y
i­1

ttu

tint,i 1 ttu
. (1)

The product in Eq. (1) represents the probability th
an electron scattering from the upper subband relaxes
the bottom of the lower subband. Figure 2 illustrate
pictorially one of such cascade processes. Thus eve
the lifetime of the lower excited statesttud is longer than
that of the upper onest21d, one can obtain population
inversion. Because of the finite coherence lengthlcoh in
the graded superlattice region [2] (lcoh , 2–3 periods),
the tunneling escape time out of then ­ 1 state across the
effective barrier created by the 3.5 nm AlInAs layer an
the first two periods of the superlattice isttu , 2–3 ps.

Two laser structures were grown with single-we
and double-well active regions, respectively. The wav
length core of the first structure comprisesNp ­ 25 ac-
tive regions alternated with digitally graded superlattic
injection-relaxation regions according to the design (thic
ness and doping levels) discussed in the caption of Fig.
The second structure hasNp ­ 25 double-well active re-
gions [Fig. 1(a)] separated by superlattice Bragg reflec
injection-relaxation sections identical to the ones of th
single-well active region structure. The waveguides
the two structures are identical and incorporate an A
nAs layer and the InP substrate for the upper and low
claddings, respectively [3,11].

The samples were measured in pulsed mode (50
width with a repetition rate of 20 kHz) at low tempera
ture [1–3]. Figure 3 displays the peak optical powerP
versus drive currentI at 10 K for two devices processed
with identical length (2.25 mm) and width (11 mm). The
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FIG. 2. Calculated dispersion of the two subbands in t
4.8 nm quantum well of the quantum cascade laser of Fig. 1(
(only positive wave-number states are shown). The wa
number parallel to the layerskk is expressed in units of
reciprocal Bohr radiusa21

0 . Because of the nonparabolicity
electrons scattered by an optical phonon to the lower subb
reabsorb at an energy (vertical dashed arrow) very differe
(70 meV) from the centersk ­ 0d of the gain curve. One of
the many possible electron relaxation routes, by emission
optical phonons, to the bottom of the lower subband is show

single-well active layer structure has a threshold cu
rent density of 4.5 kAycm2 and a slope efficiencydPydI
above threshold (which is proportional to the differen
tial efficiency) of 36 mWyA, whereas for the double-
well active region deviceJth ­ 2 kAycm2 anddPydI ­
100 mWyA. These differences are related to the effectiv
removal of electrons from the final state of the laser tra
sition in the case of the double-well active region devi
due to resonant optical phonon emission, as opposed
the single-well active region laser. Great care was tak
to ensure that the results presented in Fig. 3 were g
uine characteristics of the design and not by-products
fluctuations in the growth or in the processing. Man
devices (,5–10) of each single-quantum-well structur
and double-quantum-well structure were tested. Mo
over, each growth was duplicated and the results ag
checked. Fluctuations are within610% for the threshold
densities and615% for the slope efficiencies.

By solving the rate equations and equating the gain
the sum of the waveguide and mirror lossessaw 1 amd,
one obtains

(2)
Jth ­

8<:
A

hit2

aw1am

12httuyt2
fsingle wellsSWdg,

A
hit2

aw 1am

12h0t10yt21
fdouble wellsDWdg , (3)

wherehi is the injection efficiency and

A ­ ´0neffLpls2gdy4pqjz21j
2G . (4)

In Eq. (4),l s,4.5 mmd is the laser wavelength,2g s­
13 meVd is the full width at half maximum of the lu-
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minescence,z12 s­ 1.4 nmd is the dipole matrix element,
G s­ 0.52d is the confinement factor,neff s­ 3.2d is the
mode refractive index,Lp s­ 50 nmd is the length of the
period,´0 is the vacuum permittivity, andq is the electron
charge. These parameters have all nearly the same va
in the two structures so thatA > A0 (within 10%).

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

(5)
hd ­

8<:
Nphin

2
am

am1aw

12httuyt2

11s12hdttuyt2
sSWd,

Nphin

2
am

am1aw

12h0t10yt21

11t10yt22h0t10yt21
sDWd . (6)

The factor h is equal to the product of branchin
ratios in Eq. (1); the expression forh0 is identical with
t10 replacing ttu. It represents the probability that a
electron, after scattering from then ­ 2 to the n ­ 1
subband, relaxes to the bottom of the latter, witho
scattering to then ­ 0 subband. Its small value (0.15
ensures that in the double-well structure the populat
of the n ­ 1 subband withinh̄vLO from k ­ 0 can be
neglected with good approximation so that the thresh
is inversely proportional to the lifetime of then ­
2 state,t2 ­ st21

21 1 t
21
20 d21 ­ 1.25 ps. Note that the

denominator of Eqs. (2) and (3) gives the populati
inversion condition. The tunneling escape time out of t
n ­ 0 state does not appear in Eqs. (3) and (6) since
value is of the order oft10 due to the thin (27 nm) exit
barrier; furthermore, only a small fractions,10%d of the
electrons that have scattered from then ­ 1 to then ­ 0
state relax to the bottom of this subband before tunnel
our of the active region.

The mirror losssam > 6 cm21d and the waveguide loss
saw > 12 cm21d, obtained from a standard analysis o
the measured subthreshold gain spectrum [11], are a
essentially the same by design; the injection efficien
hi , although not known and difficult to calculate, i
assumed the same in the two structures since the injec
barriers and the bias conditions for injection are the sa
by design. The internal quantum efficiencyhin is also
assumed the same in the two lasers since it depe
primarily on the injection efficiency. We can therefor
extract useful physical information from the ratios o
thresholds and of slope efficiencies for the two lasers.

Taking the ratio of Eqs. (2) and (3) and equating
to the measured threshold ratio of 2 one obtains for
tunneling escape timettu ­ 1.7 ps. Inserting this value
into the ratio of Eqs. (5) and (6) allows us to predi
that the coupled well structure should have a slope e
ciency a factor of 2.9 higher than the single-well activ
region structure. This value is in good agreement w
the measured ratio of slope efficienciess­ 2.8d thus giv-
ing strong evidence that we have realized a quantum c
cade laser with an upper state lifetimest2d shorter than
that of the lower statesttud. From the above value of
sttud one findsh ­ 0.5. This value, which is signifi-
cantly larger thanh0, implies that the population of the
413
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FIG. 3. Peak optical output power from a single facet vers
injection current at a heat sink temperature 10 K for the doub
quantum-well (solid line) and the single-quantum-well activ
region laser (dotted line). Inset: high-resolution spectra of t
single-quantum-well active laser above threshold.

lower state of the laser transition cannot be neglected
the structure with a single-well active layer. At thresh
old, we estimate [13] the excited state population to
n2 ­ 2 3 1010 cm22 and the total ground state popula
tion n1 ­ 2.3 3 1010 cm22, from which the fraction at
k ­ 0 is n1sk ­ 0d ­ 1.15 3 1010 cm22. This is re-
sponsible for the higher threshold and smaller different
efficiency compared to the double-well structure. We a
tribute the difference between the experimental (1.7 p
and theoretical (2–3 ps) values of the escape tunnel
time to additional scattering such as interface roughne
scattering. The value derived forttu is fixed by the com-
puted intersubbandti and intrasubbandtint,j phonon scat-
tering times. The claim of lack of global population in
version does not depend critically on the choice of the
parameters. For example, substitutingtint,j for an exper-
imental [14] value of 200 fs yields a slightly longer tun
neling timettu ­ 1.85 ps.

The inset of Fig. 3 shows the spectrum of the singl
well active region laser at 10 K. Multimode emission i
observed, and the modes are separated by the calcul
amounts2neffLd21 ­ 0.62 cm21. This laser operated up
to 160 K heat sink temperature with a weak temperatu
dependence of threshold as expected for an intersubb
laser [2,3]. The spectrum of the double-well active regio
laser is instead nearly single mode, similar to that report
previously [3], due to the significantly lower operatin
current. This device also operated pulsed up to 220
and continuous wave up to 50 K with 2 mW of powe
[11]. This better temperature performance than the sing
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well active region device is largely due to the fact tha
the n ­ 1 state remains essentially empty in a wid
temperature range.
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