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High-Power Infrared (8-Micrometer Wavelength)
Superlattice Lasers
Gaetano Scamarcio,” Federico Capasso,f Carlo Sirtori,+

Jerome Faist, Albert L. Hutchinson, Deborah L. Sivco,
Alfred Y. Cho

A quantum-cascade long-wavelength infrared laser based on superlattice active regions
has been demonstrated. In this source, electrons injected by tunneling emit photons
corresponding to the energy gap (minigap) between two superlattice conduction bands
(minibands). A distinctive design feature is the high oscillator strength of the optical
transition. Pulsed operation at a wavelength of about 8 micrometers with peak powers
ranging from ~0.80 watt at 80 kelvin to 0.2 watt at 200 kelvin has been demonstrated
in a superlattice with 1-nanometer-thick AllnAs barriers and 4.3-nanometer-thick GalnAs
quantum wells grown by molecular beam epitaxy. These results demonstrate the po-
tential of strongly coupled superlattices as infrared laser materials for high-power sourc-
es in which the wavelength can be tailored by design.

Semiconductor superlattices consist of a
periodic stack of nanometer-thick layers of
two materials (quantum wells and barriers)
(1). The period d of this artificial crystal is
typically much larger (~5 nm) than the
lattice constant of the bulk crystalline con-
stituents (~0.5 nm). This superimposed po-
tential splits the conduction and valence
bands in a series of much narrower bands
(typically tens to a few hundred millielec-
tron volts wide in the strong tunnel-cou-
pling regime) called minibands, which are
separated by energy gaps (“minigaps”) along
the direction normal to the layers (1). For a
given choice of materials, miniband and
minigap widths can be engineered by suit-
able choice of the layer’s thickness, which
can be atomically controlled with the use of
thin-film crystal growth techniques such as
molecular beam epitaxy (MBE) (2).
Although quantum wells, characterized
by discrete energy levels caused by quantum
confinement, have found wide use in semi-
conductor lasers for optical communica-
tions and optical recording and in other
optoelectronic applications (3), the use of
superlattices in optical devices has been
limited. In their pioneering paper (1), Esaki
and Tsu proposed their use as sources of
submillimeter-wavelength coherent radia-
tion emitted by electrons oscillating in
phase in a high electric field normal to the
layers (Bloch oscillations). This emission
was recently observed (4) but is intrinsically
of low power, and the goal of realizing an
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electrically pumped Bloch oscillator re-
mains elusive.

We report a coherent infrared (IR)
source based on strongly coupled superlat-
tices that demonstrates the potential of
these materials for lasers in the technolog-
ically important mid-IR spectrum. Laser ac-
tion has been achieved between minibands
through unipolar (electron) injection by
interminiband tunneling. In our structure
(Fig. 1), the laser transition is between
states at the bottom of the second conduc-
tion miniband and empty states near the
top of the first miniband at a photon energy
well below the energy band gap of the bar-
rier and well materials. The wavelength is
thus determined by the minigap and can be
selected in a large region of the IR spectrum
by changing the barrier and well thickness.
In the present structure, the wavelength A
was selected at =8 wm, with the use of an
eight-period superlattice with 1-nm-thick
Al 4glng 5,As barriers and  4.3-nm-thick
Gag 4710 53As quantum wells (5).

A distinctive design feature of this laser
is the high oscillator strength of the direct
optical transition at the mini-Brillouin
zone boundary of the superlattice (Fig. 1B).
The oscillator strength of radiative transi-
tions between the first two minibands of a
superlattice strongly increases with wave
vector k, as the barrier thickness is de-
creased and is maximum at the zone bound-
ary (k, = mw/d) (6). For example, in our
superlattice the ratio of oscillator strengths
at k, = m/d and k, = 0 is ~60, largely
because of the variation of the transition
matrix element z,, across the mini—Bril-
louin zone. By appropriately tailoring the
barrier and well thickness, we optimized the
structure for maximum oscillator strength
6) fo; = Qmy/hH)hws, = 554 at k, =

w/d—where my is the free electron mass and
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#i is Planck’s constant divided by 2m—cor-
responding to a matrix element z,; = 3.6
nm at the designed photon energy (160
meV). This large value is an important
factor in achieving the threshold gain at
reasonable current densities. We have stud-
ied interminiband transitions in detail by
performing electroluminescence (EL) ex-
periments below threshold in a structure
(sample D2173) with identical superlattice
active regions and in two other AllnAs/
GalnAs samples (D2135 and D2145) with
different values of the minigap (251 and

Active EL
region

Injector

Energy (meV)

0 0.5 1.0
Wave vector (r/d)

Fig. 1. (A) Calculated conduction band diagram of
two stages of the 25-period (active regions and
injector) superlattice laser. Electrons are injected
by tunneling into the second miniband of n-type—
doped superlattice active regions. These have
1-nm-thick Aly ,glng s,AS barriers and 4.3-nm-
thick Ga, 4,Iny s5AS wells. Laser action (wavy ar-
row) occurs at the energy gap (minigap) between
filled electronic states at the bottom of the second
miniband and empty states at the top of the first
miniband. The digitally graded AllnGaAs injectors
consist of short-period n-type—doped AllnAs/
GalnAs superlattices with varying duty cycle. (B)
Calculated dispersion of the first two minibands of
the superlattice active regions in the reduced Bril-
louin zone scheme. The wave vector k, along the
direction perpendicular to the layers is in units of
the value at the mini-zone boundary (k, = w/d),
where d is the superlattice period (5.3 nm). The
calculated widths of minibands 1 and 2 are A, =
146 meV and A, = 300 meV, respectively. The
high-oscillator strength direct optical transition
(wavy arrow) at the mini-zone boundary corre-
sponds to a laser photon energy equal to the
minigap (Emg = 159 meV). The shaded area rep-
resents the range of occupied electronic states
(Fermi energy) in the first miniband.
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162 meV, respectively), using the same in-
jection scheme (7). The EL spectrum is
dominated by optical transitions at the
zone boundary even for injection well
above the bottom of the upper miniband.
This predominance is attributed to the
ultrafast intraminiband relaxation (<1 ps)
by emission of optical phonons (8) and
the high matrix element of the zone-
boundary optical transition.

Population inversion is automatically
ensured because the lifetime 7, =~ 0.1 ps of
an electron at the top of the first miniband
(8) is negligible with respect to the electron
scattering time T,; =~ 10 ps by optical pho-
non emission from the bottom of the sec-
ond miniband to the first miniband (9).
This large difference is explained by the
much greater momentum transfer for inter-
miniband optical emission processes com-
pared to intraminiband ones.

The present cascade configuration is
similar to that previously used in intersub-
band quantum cascade (QC) lasers (10,
11). Both lasers are unipolar, rather than
relying on the bipolar injection and recom-
bination of electrons and valence-band
holes. However, the present laser differs in a

Thickness
n (cm-3) (nm)
GalnAs Contact
Sn doped 1.0 x 1020 200 layer
GalnAs 8.0x 1018 600.0 ®
AlGalnAs 3
eraded 5.0x 1017 40.0 3
AllnAs 5.0x 1017 200 )
AllnAs 3.0x 1017 1200.0 A
AllnAs 1.2 x 1017 1200.0 H
AllnAs 1.0x 1018 100 Ed
AlGalnAs
AlCs) 10x 1017 400 }
GalnAs 1.0x 1017 40.0 g
AlGalnAs 1 o
digitally graded 1.0x 1017 42.5 )55 3
GalnAs/AllnAs &
superlattice Lox 1017 424 i z
GalnAs 6.0x 1016 400.0 B
AlGalnAs -
digitally graded 10x 1017 250 i
Doped n* InP substrate Waveguide
cladding

Fig. 2. Schematic cross section of the complete
Alg 45INg 52A8/Gag 47N, s5AS  laser  structure
grown by MBE (wafer D2180). Indicated are the
layers’ thicknesses in nanometers and the n-type
doping levels. Silicon was used as a dopant in all
but the contact layer. The waveguide core com-
prises the superlattice active regions and injectors
described in the caption of Fig. 1. The composi-
tion of the two 40-nm-thick AlGalnAs alloy regions
is continuously varied from Aly gl s,As to
Gay 4,Ing s5AS to smooth out heterojunction bar-
riers under applied bias. The digitally graded Alln-
GaAs region adjacent to the substrate has a sim-
ilar function and consists of a AllnAs/GalnAs su-
perlattice with a 5-nm period and a varying duty
factor. The laser radiation propagates parallel to
the layers in the direction normal to the cleaved
laser facets.

fundamental way in the design of the active
region. In the subband QC lasers, the opti-
cal transition is between discrete levels
(subbands) of double (10) or single (I1)
quantum wells rather than between broad
minibands of strongly coupled superlattices.
This difference has important implications
for the nature of the optical transition and
for population inversion and injection. In
intersubband QC lasers, population inver-
sion is obtained by careful design of elec-
tronic states and scattering rates; in partic-
ular, resonant optical phonon emission be-
tween two closely spaced energy levels is
used to minimize the lifetime of the lower
state of the laser transition (9). In the
present superlattice lasers, this lifetime is
controlled by intraminiband phonon emis-
sion and is inherently ultrafast. For emission
wavelengths in the mid-IR range (4 to 13
pwm), it is always much shorter than the
interminiband scattering time. Thus, the
population-inversion condition is much less
sensitive to the wavelength, simplifying the
design of the laser. Finally, in QC lasers,
injection is by resonant tunneling into an
excited subband of a double well, whereas
in the present device, injection is by inter-
miniband tunneling (Fig. 1A). The high
current carrying capability of wide mini-
bands (>100 meV) combined with high
injection efficiency are advantageous for
achieving high peak power levels, a fact
confirmed by our initial experiments. On
the other hand, the peak of the intermini-
band EL spectrum is considerably broader
(~30 meV at N = 8 pm) than the inter-
subband EL spectrum of QC laser structures
(~10 meV at A = 8 pm), which results in
higher threshold current densities, despite
the larger transition matrix element.

The laser structure (Fig. 2) was grown by
MBE with the Al 4gIn, 5,As/Gag 47Ing 5,As
heterojunction material system lattice-
matched to InP. Electrons are injected by
tunneling into the second miniband of n-
type—doped superlattice active regions al-
ternated with doped injectors. This cascade
configuration allows us to re-inject elec-
trons into the adjacent active region after
they have exited the preceding period. The
many periods (N, = 25) enhance the over-
lap factor between the fundamental mode
of the optical waveguide and its core (su-
pertlattice active regions plus the injectors),
increasing the modal gain of the laser. The
slope efficiency (ratio of the laser output
power to the difference between the laser
and threshold currents) of the laser is also
enhanced by the cascade configuration be-
cause it is proportional to N, (10).

The choice of carrier concentration in
the uniformly doped superlattice active re-
gions (n = 1 X 10'7 ¢cm™3) is important and
is determined by several trade-offs. The
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electron density must be large enough to
minimize electric field penetration (deple-
tion width) into the superlattice and space
charge buildup under high current injection
that would break up the minibands by
means of field-induced localization (12). At
the same time, the carrier concentration is
kept low enough so that the quasi-Fermi
level (Ep = 20 meV) is well below the top
of the first miniband to minimize thermal
occupation of these states and thus main-
tain a large population inversion at higher
temperature. The 42.5-nm-thick injectors
consist of a uniformly doped (n = 1 X 107
cm ) Al dng 5,As/Gag pIng 53As graded
band gap superlattice alloy with constant
period (5.3 nm) and varying AllnAs:
GalnAs thickness ratio. When a voltage of
the appropriate polarity is applied, the con-
duction band in the injector acquires a flat
profile, and electrons are tunnel-injected
into the superlattice. The onset of strong
injection into the upper miniband occurs
when the bottom of the miniband is ap-
proximately lined up with that of the con-
duction band in the injector (Fig. 1A). This
onset corresponds to an applied voltage per
period =(A; + E,.)/g = 03 V and to a
total voltage U = 7.5 V, where A, is the
width of miniband 1, E,, is the energy of
the minigap, and ¢ is the electron charge.
The latter value is in good agreement with
the measured turn-on voltage of the cur-
rent-voltage characteristic of the device at
cryogenic temperatures (=80 K).

The differences in waveguide refractive
index between the core and claddings pro-
vide the optical confinement necessary for
propagation of the radiation parallel to the
layers. Calculation of the waveguide con-
finement factor I' as the fraction of the
optical mode in the superlattice active re-
gions and of the effective refractive index
N of the fundamental longitudinal mode
of the waveguide give I' = 0.32 and n; =
3.21. The mode is polarized normal to the
layers (TM mode), as required by the selec-
tion rule for interminiband transitions (6).
The top cladding comprises a 2.4-pm-thick
region of AllnAs. This large thickness is
necessary because of the long wavelength
(Mn = 2.4 pm) in the material. The heavi-
ly doped 600-nm-thick GalnAs layer below
the contact region achieves a high I' and
reduces waveguide losses by reducing the
coupling to the plasmon mode propagating
along the semiconductor-metal contact in-
terface without requiring an AllnAs clad-
ding layer that is too thick (13). The lower
cladding, the InP substrate, strongly reduces
the thermal impedance, compared to the
use of AllnAs (10).

The samples were lithographically pro-
cessed into mesa-etched (10 to 20 pm
wide) ridge waveguides. The length of the
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optical cavity (L, = 1.9 mm) was defined
by cleavage of the samples. The cleaved,
uncoated facets provide optical feedback.
The samples, soldered to a ceramic holder,
were mounted in a Helitran flow dewar.
Current pulses of 70 ns at a 100 kHz were
injected into the device, and the emission
spectra (Fig. 3) were recorded with a Nico-
let Fourier-transform IR spectrometer using
a HgCdTe cooled detector. The intermini-
band spectra below the threshold current
density J,,, = 8.5 X 10* Afcm? are broad, as
expected. The dramatic narrowing and or-
ders of magnitude increase of the optical
power above ], clearly demonstrates laser
action. The measured longitudinal mode
separation (A ) is in good agreement with
the theoretical value [A, = 1/(2nL )] (Fig.
3, inset). Six devices were tested and exhib-
ited laser action with similar spectra.

The device exhibits high optical power,
which ranges from a maximum value of
=850 mW at 5 K to =750 mW at 80 K
(Fig. 4). The maximum operating tempera-
ture is 240 K, with an optical power as high
as 30 mW. At 5 K, J,, = 85 kA/cm?,
whereas at 210 K, J,, = 20 kA/cm? (Fig. 4,
inset). In the 80 to 210 K range, J;, can be
fit with an exponential function that scales
as exp(T/T,) with Ty = 160 K.

The threshold current density is deter-
mined by the condition

Rexp(I'G, — o)L, =1 (1)

Wavelength (pm)
7

T T T T T T T

Intensity

1295 1300 1305 1310 1315
Wave number (cm™)

Power (arbitrary units)

150 160 170 180 190 200 210
Energy (meV)

Fig. 3. Measured spectra of a laser from sample
D2180. The broad spectra of the device at various
bias conditions (from bottom to top, 1.48 A and
7.5V,158Aand 7.6V, 1.69 Aand 7.67 V, and
1.71 Aand 7.7 V) represent the emission below
threshold. The strong line narrowing and large in-
crease of optical power observed at 1.75 A and
7.73 V (narrow curve) demonstrates laser action
(the peak of this curve has been scaled down by a
factor of 10%). The laser photon energy 161 meV is
in excellent agreement with the calculated value of
the superlattice minigap. The radiation is polarized
normal to the layers. (Inset) High-resolution
(0.125 cm™ ") spectrum of the same device; the
measured and calculated longitudinal mode sep-
arations A, and A, are 0.786 and 0.822 cm™ ",
respectively. The devices are ridge waveguides
measuring 1.9 mm long and 10 um wide.

where G, is the peak material gain at
threshold, «, is the waveguide loss, and
R = 0.29 is the reflectivity of the laser
facets. Our calculations show that the gain
spectrum peaks at the minigap energy and
that G, is given by

\/Z'f_}ngl

= ———]v] =g
! EoneffLSLAmg(z’y) " >

Jo  (2)

where 7, = 0.9 ps is the lifetime at the
bottom of the second miniband (9), Ly, =
42.4 nm is the superlattice thickness, €, is
the vacuum permittivity, and Npg 18 the
wavelength corresponding to the minigap.
The full width at half maximum (2y = 30
meV) of the peak of the luminescence
curve was measured at 10 K at comparable
current densities in a mesa device from
sample D2173 to avoid gain narrowing ef-
fects. Monolayer fluctuations in the barri-
ers’ thicknesses and donor impurity disor-
ders determine this relatively large broad-
ening, which we have treated as Gaussian
(7, 14). In deriving Eq. 2, we assumed that
the electron injection efficiency into the
second miniband is unity and that the in-
jected electron distribution is thermalized
at the bottom of the second miniband. The
latter approximation is justified by the fact
that the electrons at threshold are injected
within a few tens of millielectron volts from
the bottom of the second miniband and by
the small intraminiband:interminiband
scattering time ratio. From the threshold
current density at 5 K and 7,, we estimate a
population inversion n, ~ 5 X 10'® cm™2.

1.0 ——————— —
I T(K)=5 |
£ 20 1
08 .
3 / 80 |
S ool Fool ]
20617, 00" 140
a; L 0 60 120 180 240 ,
H T(K) 170
So4l .
02t 210 -|
I 240
0 L - 1
0 4 8 12

Current (A)

Fig. 4. Peak collected optical power from a single
facet of a laser from sample D2180 as a function
of bias current for various heat sink temperatures.
The collection efficiency of the apparatus is
=50%. The device is 1.9 mm long and 18 um
wide. The light from the laser was focused on an
uncooled HgCdTe detector with f /1.5 optics. The
pulse length is 50 ns, and the repetition rate, 4.7
kHz. (Inset) Measured temperature dependence
of the threshold current density J,,. The solid line is
an exponential fit, proportional to exp(T/T,) with T,
= 160 K. At the lowest temperature (5 K), J, =
8.5 X 10° A/em?,
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This density corresponds to a quasi-Fermi
energy of ~2 meV from the bottom of the
second miniband. Thus, the width of the
electron distribution is much smaller than
27y at cryogenic temperatures.

With the aid of Eq. 2, Eq. 1 can be
rewritten as
al“ + a\\'

]th = gr (3)

where o, = —(In R)/L_ = 6.5 cm™! is the
mirror loss. We have estimated that the
waveguide losses o, = 30 ecm™! from sub-
threshold spectra in continuous-wave QC
lasers operating at a similar wavelength
(13). Equation 2 then gives J,, = 3.5 kA/
cm?, in reasonable agreement with the ex-
perimental value, considering the uncer-
tainty in the value of the waveguide losses.

Our superlattice QC laser—along with in-
tersubband QC lasers (10), cascade type-II
heterostructure lasers (I5), and InAsSh/
InAlAs strained quantum-well diode lasers
(16)—are promising mid-IR sources, alter-
natives to lead-salt diode lasers (17). We
believe that the key features exploited by
the present superlattice scheme—including
interminiband transitions of high-oscillator
strength, intrinsic population inversion,
and high current capability—are particular-
ly favorable for high optical power and
long-wavelength operation (8 to 12 pm
and beyond).

Note added in proof. We have recently
demonstrated laser action at a wavelength
of 11 pm.
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Spectroscopic Observation of the Formyl Cation
in a Condensed Phase

Peter J. F. de Rege, John A. Gladysz,* Istvan T. Horvath*

The formyl cation, HCO™, has long been believed to be an important intermediate in the
chemistry of carbon monoxide (CO) in acidic environments, but its spectroscopic ob-
servation in solution has been elusive. This species was generated by the reaction of CO
with the liquid superacid hydrofluoric acid-antimony pentafluoride (HF-SbFg) under
pressure and was observed by nuclear magnetic resonance and infrared spectroscopy.
Equilibria between CO in the gas phase, CO dissolved in HF-SbF, the SbF adduct of
formyl fluoride, and HCO™ associated with several equilibrating anions of the type
[Sb,Fs, . ]~ are proposed to describe the system.

Experimenral observation of chemical in-
termediates plays a crucial role in under-
standing reaction mechanisms. In addition
to verifying the existence of species pro-
posed to explain known reactivity, the dis-
covery of previously unknown intermedi-
ates can lead to dramatically different
mechanistic explanations for “well-known”
reactions. The isolation and identification
of positively charged organic species, in-
cluding carbocations, has provided a solid
foundation for current understanding of or-
ganic reactions involving electrophilic spe-
cies (1).

Protonation of weakly basic substrates to
yield an activated species is central to or-
ganic transformations (2), enzyme catalysis
(3), and catalysis of industrial importance
(4). The strongest known liquid acids, such
as HF-SbF; and HSO,F-SbF;, called su-
peracids because their acidity is higher than
that of 100% anhydrous H,SO, (5), can
protonate extremely weak bases (6), even
alkanes (7-9). Protonation of carbonyl
compounds, aromatic systems, alkenes, and
many other key classes of organic species
has been observed in superacidic environ-
ments (6, 10). Although the chemistry of
CO in acidic media is well established (11),
the formyl cation, HCO™, has not been
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observed in a condensed phase. The exis-
tence of HCO™ has been surmised on the
basis of reactions that indicate electrophilic
activation of CO in superacidic media.
Gatterman-Koch formylation (11, 12), in
which an aromatic compound reacts with
CO in an acidic solution to yield an aro-
matic aldehyde, occurs very readily in the
presence of superacids (13—15). The formyl-
ating agent is believed to be HCO™ (6,
13-15). The existence of HCO™ in the gas
phase has been well established by micro-
wave, infrared (IR) (16), and mass (I7)
spectroscopy, and it is now recognized as
one of the most abundant positive ions in
deep space (18).

The observation of HCO™ in su-
peracidic solutions has been the goal of
many experiments, including (i) direct pro-
tonation of CO in a variety of superacidic
solutions  such as HSO,F-SbF,-SO,CIF
(19), HSO,CF;-SbFs-SO,CIF (13), and
HSO,F-Au(SO;F); (20); (ii) abstraction of
F~ from H(F)C=0O with SbF (19); and (iii)
dehydration of formic acid (13, 19). In all
of these cases, CO was observed in a non-
protonated state, even when the reactions
were performed at low temperatures under
low CO pressure (<10 atm) to shift the
protonation equilibrium (Eq. 1) to the right

(19)
CO + H* = HCO* (1)

We expected that, by increasing the par-
tial pressure of CO (Pog) above what had
been used for in situ spectroscopic studies,
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