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We have carried out a systematic temperature-dependent study of intersubband absorption in InAs/
AISb quantum wells from 5 to 10 nm well width. The resonance energy redshifts with increasing
temperature from 10 to 300 K, and the amount of redshift increases with decreasing well width. We
have modeled the transitions using eight-bdngd theory combined with semiconductor Bloch
equations, including the main many-body effects. Temperature is incorporated via band filling and
nonparabolicity, and good agreement with experiment is achieved for the temperature dependence
of the resonance. @003 American Institute of Physic§DOI: 10.1063/1.1626264

The family of semiconductors with a lattice constanting well width, from 6.2 meV for the 10 nm sample to 12.0
around 6.1 A—InAs, GaSb, and AlSb—are a promising sysmeV for the 5 nm sample. Similar, but much smaller, red-
tem for applications in heterostructure devices such as longshifts have been reported for ISBTs in GaAs/AlGaAs
wavelength detectofsand laserg. Interband infrared appli- QWSs!® A simple theory, taking into account only the tem-
cations rely on the small bandgap of InAs and the possibilityperature dependence of the effective mass and band offset,
of broken-gap type-Il band alignment between InAs andwould predict a blueshift of the ISBT energy with increasing
GaSbh. On the other hand, intraband applications can tak&mperature. To explain these results correctly, we have de-
advantage of the enormous conduction band offset in InAs/eloped a theoretical model based on the density matrix for-
AISb heterostructures—as large as 2 eV. The resulting deemalism. It incorporates all the major many-body effects via
well allows intersubband transitior$§SBTs) ranging in en- the semiconductor Bloch equations and nonparabolic sub-
ergy from the near-infraredNIR) to the far-infrared. One band dispersions via eight-bakep calculations. Our model
application of deep wells that was recently proposed is amjives good agreement with the observed temperature depen-
intersubband terahertz laser pumped by a compact NIR diodgence of the ISBT energy.
laser® In order to realize such a source, it is necessary firstto  The samples were grown by molecular-beam epitaxy on
understand thoroughly intersubband absorption in this matea semi-insulating GaAs substrate. The buffer structure con-
rial system. sisted of GaA$300 nm/AlAs (10 nm/AISb (100 nm/GaSb

Previous experimental studies of ISBTs in InAs/AISb (300 nm/AISb (1000 nm/[AISb/GaSh(6 nm/6 nm]x15/
quantum well{¥QWs) have focused on a variety of aspects. AlGaSh(200 nn). The active region consisted of 20 periods
For example, Warburtort al. have observed the ISBT in of InAs/AISb (x/10 nm), wherex=5 to 10 nm, and it was
doped InAs/AISb QWSs from 6 to 18 nm well width, and capped by 10 nm of GaSh. The QW interfaces were grown
concluded that interface roughness scattering dominates thaSb-like? and the wells were under tensile strain. The
linewidth of the resonanctThey have also studied the tem- samples were not intentionally doped, but had a total elec-
perature dependence of an 18 nm QW with two populatedron density of 1.& 10'? to 6.9x10'* cm 2 at 77 K. The
subbands, in which case Landau damping becomes an impanost likely sources of electrons in these wells are Hldkd
tant scattering mechanism. Pre\aital. have studied 6.5 to interfacé! donors and Fermi level pinning at the surface of
8.6 nm undoped QWs at low temperature, both with andhe GaSb cap layéf We attribute the large variation in total
without interband optical pumpirmgRecently, Ohtanet al.  electron density to variation in the density of bulk donors. In
have observed ISBTs at room temperature in doped QWthis work, we compare samples with roughly the same total
from 5.4 nm to as narrow as 2.7 rim. electron density, aroundx10"® cm™? (see Table)l, and a

In this letter, we present detailed temperature-dependemter-well density of about % 102 cm™ 2. For this per-well
measurements of the ISBT in 5 to 10 nm undoped InAs/AlSkdensity, only the lowest subband is populated.

QWs. We observe a redshift of the ISBT with increasing  The ISBT was measured with a Fourier-transform infra-
temperature. The amount of redshift increases with decreased spectrometer in a multibounce geometry. The QW sur-
face was coated with 100 nm of gold and the sample edges

dAuthor to whom correspondence should be addressed; electronic maiWvere pO“Shed to 45°. A_W're g”d pOIanze.r was place(_j b.efore
kono@rice.edu the sample and the ratio @ ands-polarized transmission
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TABLE |. Samples considered in this letter. The density given is the total 400 = T T —]
density. All samples contain 20 periods of InAs/AISb QWs. L (a) 4
Well width 300 K density 77 K density %)
Sample (nm) (cm™?) (cm™2?) 5 i
A 10 5.47x 1012 2.56x 102 . 350 [ F - -
B 8.4 1.46< 10" 1.20x 10" > 1>
3 3 o H_H\HW [}
c 7.5 1.8% 10 1.68x 10" £ - = =
D 7 2.63x 1013 2.46x 10 - M =
E 6.5 1.94<10"3 1.75x 10" 2 30°<;0D,.M T
F 6 1.62¢108 1.58x 10" 2 . L=
G 5 1.61x 10" 1.36x 10 L - C q L
m Ptaaad
m h OO -
@ B 12 -
. . : 250 = B - i
(ISBT active and inactivewas taken. The background was E‘EEEEE-EEB.E] —
the p/s ratio with no sample. The absorption coefficient of B 7 .
the samplex was calculated aa=[ —In(T)+R]/L, whereT M ]
is thep/s transmission ratio of the sample divided by fhs 00— s | | -
L T . i 10
transmission ratio with no samplIR, is a sample-dependent 0 100 200 300 o 100 200 300

constant chosen to makeequal zero away from the absorp-
tion, andL is the total length of well material that the infra-
red beam passes through. FIG. 2. Temperature dependence of intersubband absoffalipeak energy
Intersubband absorption spectra for samples A—G aind(b) width at half-maximum for seven InAs/AlSb QW samples with well
various temperatures between 10 and 300 K are shown iffidths from 10 to 5 nnicorresponding to samples A-G in Fig. 1
Fig. 1. The absorption coefficient of the samplés plotted
versus energy. The ISBT energy increases with decreasirgnce of many-body effects: the self-energy or exchange
well width from 212 meV(5.84 um) for 10 nm wells to 385 correction, the depolarization shift, and the vertex or exci-
meV (3.22 um) for 5 nm wells at 10 K. For a given well tonic correction. InAs/AlSh systems are particularly interest-
width, the ISBT peak position redshifts with increasing tem-ing due to the interplay between these many-body effects and
perature. The amount of redshift increases with decreasintihe strong nonparabolicity of the InAs conduction baht?
well width from 6.2 meV for 10 nm to 12.0 meV for 5 nm, as For example, our calculations show that, for a 10 nm well,
shown in Fig. 2a). The ISBT linewidth has a weak tempera- the self-energy and depolarization correction both cause a
ture dependence, increasing from 10 to 300 K by a factor o$ignificant blueshift and broadening of the single-particle
less than 2, as shown in Fig(. The low-temperature line- spectrum. However, the vertex correction causes the absorp-
widths are relatively small, ranging from 11 to 23 me&/8  tion to redshift, narrow, and increase in intensity, which
to 5.8 TH2, indicating that the interface type and smooth- nearly cancels out the other effects.
ness are well controlled. The ISBT linewidth does not vary = Our model is based on an eight-bakg theory, and the
systematically with well width. many-body effects on the absorption are incorporated
Modeling of ISBTs is complicated by the strong influ- through the semiconductor Bloch equations. A detailed de-
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FIG. 1. Intersubband absorption spectra of INAs/AISb QWSs. The absorption coefficient is plotted as a function of energy from 10 to 300 K with a¢emperatu
interval of ~30 K.
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T T T T ' I dence of the intersubband absorption in undoped InAs/AISb
QWs. The absorption shows a strong redshift with increasing
. temperature. In addition, we have modeled the intersubband
& absorption using an eight-barkdp band structure and the
semiconductor Bloch equations, which include the major
many-body effects on an equal footing. The redshift is incor-
porated via band filling and nonparabolicity. These results
~ are promising for the development of optically pumped in-
tersubband far-infrared emitters.
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