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Interface photoluminescence in type II broken-gap
P–Ga0.84In0.16As0.22Sb0.78 Õp -InAs single heterostructures

K. D. Moiseev,a) A. Krier,b) and Yu. P. Yakovlevc)

Department of Physics, Lancaster University, Lancaster LA1 4YB, United Kingdom

~Received 19 June 2001; accepted for publication 18 July 2001!

Mid-infrared photoluminescence has been observed from interface transitions in high quality, abrupt
P–Ga0.84In0.16As0.22Sb0.78/p-InAs heterojunctions grown by liquid phase epitaxy from an In-rich
melt. The Ga0.84In0.16As0.22Sb0.78 quaternary epitaxial layer was unintentionally doped and grown
lattice matched on to a~100! oriented p-type InAs substrate, resulting in a P–p isotype
heterojunction. The photoluminescence emission spectra were investigated and exhibited three
pronounced emission bands in the spectral region from 0.30 to 0.68 eV;hn150.317 eV,hn2

50.380 eV, andhnL50.622 eV. The emission bandhn1 was identified with radiative transitions
between electron and hole quantum well subbands in the semimetal channel at the
P–GaIn0.03As0.10Sb/p-InAs interface, while thehn2 band originates from radiative transitions
involving deep acceptor states in the InAs substrate. The high-energy recombinationhnL is
characteristic of the Ga0.84In0.16As0.22Sb0.78 bulk quaternary layer. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1402968#
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INTRODUCTION

There is a growing interest in semiconductor lasers em
ting in the mid-infrared spectral region~3–5mm! since these
lasers can be used in the trace gas detection of a varie
species which have characteristic absorption fingerprint
this range, leading to applications such as remote sens
molecular spectroscopy, and ecological monitoring. Ot
potential applications include, infrared countermeasures
free space optical communications within the~3–5 mm! at-
mospheric transmission window. However, it is necess
not only to achieve the target wavelength, but also to ob
operation at room temperature before these devices can
come widely used in practice. The quaternary solid soluti
Ga12xInxAsySb12y and their heterojunctions formed wit
InAs are promising materials systems for the fabrication
efficient optoelectronic devices operating in this spec
range.1,2 The unique type-II band alignment of the broke
gap Ga12xInxAsySb12y /InAs heterojunction offers the pos
sibility of a substantial reduction in Auger recombinatio
which is thought to be the main loss mechanism in narro
gap III–V lasers designed for room temperature operat
Adjusting the In content in the quaternary layer enables c
trol of both the energy gap of the solid solution and the ba
offsets at the interface. Due to the nature of the crossed b
line up the wide-gap Ga12xInxAsySb12y alloy–InAs system
in the composition rangex,0.22, electrons and holes a
spatially separated and localized in self-consistent quan
wells on the InAs and Ga12xInxAsySb12y sides of the het-
erointerface, respectively.3 This separation should result i
Auger suppression, which can lead to improvement of la
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temperature characteristics, while the combination of w
gap alloy and narrow gap InAs means that intervalence b
resonances are also avoided.4 Recently, tunnel-injection di-
ode lasers based on type II recombination across the bro
gap Ga12xInxAsySb12y /InAs heterojunction exhibited a
good performance at low temperatures but laser emis
was limited to 196 K in the pulsed regime.5

In order to fabricate an effective heterointerface dio
laser it is necessary to obtain information about the ass
ated radiative transitions and their quantum efficiency.
far, only the photoluminescence of bulk Ga12xInxAsySb12y

solid solutions in the composition range 0.08,x,0.22 has
been studied over the temperature rangeT54 – 80 K6,7 and
~tunnel-assisted! interface electroluminescence in type
single p-Ga0.84In0.16As0.22Sb0.78/p-InAs heterostructures ha
also been observed at 77 K.8 In this article we report the
observation of interface-induced photoluminescence in t
II broken-gapp-Ga0.84In0.16As0.22Sb0.78/p-InAs heterostruc-
tures.

EXPERIMENTAL PROCEDURES

The GaSb-rich Ga0.84In0.16As0.22Sb0.78 quaternary solid
solution was grown lattice matched on~100! oriented Zn-
doped InAs ~P-type! substrates by liquid phase epitax
~LPE!. The growth was performed in a conventional horizo
tal graphite slider boat under purified hydrogen atmosph
at a temperature ofTgr5600 °C. An In-rich melt was pre-
pared from undoped InAs and GaSb monocrystalline bin
compounds with residual carrier concentrationsn5231016

cm23 andp5131017 cm23, respectively. These constituen
were dissolved into 7 N of In to make up the growth solu
tion. The melt compositions and growth conditions~liquidus
and supercooling temperatures! were obtained from thermo
dynamic calculation of the phase diagram for t
Ga0.84In0.16As0.22Sb0.78 quaternary solid solution.
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Photoluminescence~PL! measurements were carried o
on the resulting epitaxial heterointerfaces with the sample
an Oxford Instruments continuous-flow liquid helium cr
ostat, which enabled temperature selection between 4
300 K. The photoluminescence was excited using the 488
line from an Ar ion laser. After passing through the sapph
window of the cryostat, the PL emission was focused int
Bentham 0.3 m monochromator using CaF2 lenses and de
tected using a liquid N2 cooled InSb photodiode and Stanfo
Research~SR850! digital phase-sensitive detector. A com
puter was used to control the monochromator and record
final signal usingLABVIEW operating software.

RESULTS AND DISCUSSION

The Ga0.84In0.16As0.22Sb0.78 layers obtained here ha
mirror-like surfaces and were of uniform thickness of abo
0.8mm as observed by cross-sectional SEM. The layers w
also examined using double crystal x-ray diffraction a
found to be slightly lattice mismatched to the InAs substr
~280 ppm! at room temperature. The structures under inv
tigation here were isotype single heterostructures since
Ga0.84In0.16As0.22Sb0.78 layers were unintentionally doped an
were p type with a residual hole concentration of;5
31016 cm23, whereas thep-type InAs substrate was delibe
ately compensated with Zn to a hole concentration op
;1017 cm23. This was primarily to achieve high resistivit
at 77 K and prevent parallel leakage as required for ass
ated magnetotransport measurements. Hall measurem
performed on standard ‘‘Hall cross’’ samples made from t
material revealed the presence of a two-dimensional~2D!
electron channel at the interface with a carrier concentra
ne5331011 cm22 in single p-Ga0.84In0.16As0.22Sb0.78/
p-InAs heterostructures at 4.2 K in low magnetic fields~,10
T!. The electron Hall mobility was found to be as high
mH550 000 cm2/V s at 77 K. More recently, Quantum Ha
effect plateaus in a semimetal channel at the type II brok
gap p-Ga0.84In0.16As0.22Sb0.78/p-InAs heterointerface were
observed.9

PL was observed from the samples at low temperatur
the rangeT55 – 35 K. The 5 K PLspectra for the sample
under investigation contained three pronounced emis
bands, one in the spectral rangehn50.56– 0.68 eV and two
further ones in the rangehn50.30– 0.45 eV as shown in Fig
1. The high-energy part of the PL spectrum correspond
luminescence from the wide-gap Ga0.84In0.16As0.22Sb0.78solid
solution, which has an energy gap of 0.644 eV.7 More pre-
cisely, the emission band has a peak athnL50.622 eV and
can be associated with radiative transitions involving an
ceptor level with an activation energyEA1522 meV arising
from a native lattice defect. This PL peak was observed
shift toward higher energies with increasing laser excitat
as shown in Fig. 2. The ‘‘blueshift’’ of 6 meV and the asym
metric shape of the emission band with a high-energy ta
characteristic of Moss–Burstein filling at the bottom of t
conduction band. The dependence of the emission b
maximum and PL peak intensity on the excitation level w
observed to be almost linear as shown in the inset of Fig
In addition to the main PL emission band, a second m
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weaker emission band could also be deconvoluted from
spectrum, with a maximum athnDA50.600 eV. This emis-
sion band can be ascribed to radiative recombination invo
ing a deep acceptor level with an activation energy ofEDA

544 meV.7

The temperature dependence of the principle emiss
band (hnL50.622 eV! associated with the bulk
Ga0.84In0.16As0.22Sb0.78 quaternary was also investigated a
is shown in Fig. 3. However, the PL intensity rapid
quenched as the temperature increased from 20 to 35 K
only a small change in the spectral position of the PL pe
with temperature was observed. The spectral position of
emission band maximumhnL50.621 eV atT535 K is in
good accordance with the temperature shift of the forbidd
gap of the quaternary solid solution, since the energy
becomes narrower by 3 meV with increasing temperat
from 5 to 35 K.10,11

The low-energy part (hn50.30– 0.45 eV! of the PL
spectrum of Fig. 1 can be ascribed to radiative recombina
originating from radiative transitions involving self
consistent quantum wells localized at the interface. The
spectra in this spectral range exhibit two pronounced em
sion bands with peak photon energies athn150.317 eV and
hn250.38 eV, and with full width at half maximum
~FWHM! of 5 and 12 meV, respectively~see Figs. 4 and 5!.
As shown in Fig. 4, the emission bandhn2 dominates the PL
spectra atT55 K. Another emission bandhn1 appears at
powers above 0.4 W. Then, further increasing the excitat
results in a monotonous increase of the PL intensity for b
emission bands until they both saturate at high pumping
els (P.4 W! as shown in Fig. 6. In addition, a third high
energy emission band with peak energyhn350.416 eV and
FWHM510 meV was also observed at the highest excitat
levels. This latter peak can be associated with band-to-b
recombination in the bulk InAs substrate. The value of 0.4
eV is characteristic of interband transitions in InAs at lo
temperature and is in good agreement with observations
tained elsewhere.12 The excitation dependence of the PL i
tensity atT520 K is slightly different in comparison to its
behavior at 5 K~see Figs. 5 and 6!. A redistribution of total

FIG. 1. A typical PL spectrum from the type II broken-gap sing
P–Ga0.84In0.16As0.22Sb0.78/p-InAs heterostructures measured at 5 K.
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FIG. 2. PL spectra for undoped Ga0.84In0.16As0.22Sb0.78

solid solution at different pumping levels at 5 K.~Inset!
The dependence of PL intensity and peak spectral po
tion on laser excitation power.
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intensity betweenhn1 and hn2 emission bands was ob
served. Furthermore, the excitation dependence of the
intensity for thehn1 emission band is linear, while thehn2

emission band achieves a maximum and then decre
above 2 W.

A schematic energy diagram of band bending at the h
erointerface and the possible radiative transitions is p
sented in Fig. 7. As shown in Fig. 7~a!, when the heterojunc
tion is formed, electrons from the Ga0.84In0.16As0.22Sb0.78

valence band flow into the empty InAs conduction band d
to the crossing of the valence and conduction bands at
interface. A 2D electron gas is formed in th
Ga0.84In0.16As0.22Sb0.78/InAs heterojunction within the quan
tum well on the InAs side, and an equivalent number
holes that are left behind reside near the heterointerface
the Ga0.84In0.16As0.22Sb0.78 side, resulting in the formation o
a triangular potential well. The strong intrinsic electric fie
produced at the interface holds the electrons and holes

FIG. 3. PL spectra for undoped Ga0.84In0.16As0.22Sb0.78 solid solution at the
same pumping level at different temperatures.~Inset! The magnification of
the PL spectrum at 35 K.
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gether in self-consistent quantum wells and determines
carrier population density in the semimetal channel ma
tained by the common bulk Fermi levelEF of the heterojunc-
tion at thermodynamic equilibrium.

Under optical excitation, the photogenerated carriers
the quantum wells at both sides of the interface, such res
in increased band bending in the vicinity of the heteroint
face@Fig. 7~b!#. We assume thehn1 emission band observe
in the experiment can be ascribed directly to radiative tr

FIG. 4. The low-energy part of the PL spectra for the type II broken-g
P–Ga0.84In0.16As0.22Sb0.78/p-InAs heterostructure at different pumping lev
els measured at 5 K.
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sitions between electron and hole quantum well subband
the semimetal channel at the P–Ga0.84In0.16As0.22Sb0.78/
p-InAs interface. At low pumping levels, the potential ba
rier for holes (DEV;0.48 eV! formed by the valence ban
discontinuity at the interface prevents their penetration i
the InAs valence band, whereas there is no limit to the mo
ment of electrons into the InAs conduction band. In the c
of the hn2 emission band, electrons from the conducti
band of the InAs recombine with holes localized in the de
acceptor states of the InAs. Due to the heavy compensa
of donor levels by shallow Zn acceptors in the InAs su

FIG. 5. The low-energy part of the PL spectra for the type II broken-g
P–Ga0.84In0.16As0.22Sb0.78/p-InAs heterostructure at different pumping lev
els measured at 20 K.

FIG. 6. Dependence of the PL intensity on the excitation power forhn1

~317 meV!, hn2 ~380 meV!, andhn3 ~416 meV! emission bands at 5 and
20 K.
in
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strate, radiative recombination involving the deep accep
states becomes possible, and therefore thehn2 emission band
can be observed.

Further raising the pumping level increases the conc
tration of electrons and holes constrained by the intrin
electric field of the heterojunction. The increasing carrier
cumulation in the semimetal channel results in the quan
wells becoming deeper, and therefore electron and hole
bands in the quantum wells can be easily formed. Thus,
diative recombination can arise from transitions betwe
subbands localized on opposite sides of the heterointerf
The small blueshift of thehn1 emission band maximum, o
about 3 meV, with increasing excitation power is in go
accordance with the increasing energy separation betw
these subbands, while thehn2 peak remains at constant en
ergy.

At high excitation, the width of the potential barrier fo
holes becomes sufficiently thin, so that hole tunneling fro
the quantum well on the Ga0.84In0.16As0.22Sb0.78 side through
the barrier into the valence band of the InAs takes pla
These holes accumulate at the top of the valence band in
shallow potential well adjacent to the electron channel. C
sequently, conduction band–valence band recombinatio
the InAs @hn3–transition 3 in Fig. 7~b!# becomes possible
which in turn leads to quenching of the PL intensity of bo
the hn1 andhn2 emission bands~see Fig. 6!.

CONCLUSIONS

Low temperature photoluminescence has been obse
from Ga0.84In0.16As0.22Sb0.78/InAs single heterojunctions
grown by LPE. The spectra exhibit three pronounced em
sion bands in the spectral region from 0.30 to 0.68 eV. T
low-energy part of the PL spectrum can be associated w
interface-induced radiative transitions involving a semime
channel produced at the P–p isotype heterointerface. Th
emission band with a peak photon energy athn150.317 eV
and FWHM55 meV can be ascribed to radiative transitio
between electron and hole quantum well subbands local
on opposite sides of the interface. The emission band wi
maximum athn250.380 eV results from radiative trans
tions involving the deep acceptor states in the bulk of
InAs substrate. The remaining features in the spectra are
sociated with recombination in the quaternary layer (hnL

50.622 eV! and in the InAs substrate (hn350.416 eV!.

p

FIG. 7. A schematic energy diagram of the type II broken-g
P–Ga0.84In0.16As0.22Sb0.78/p-InAs heterostructure:~a! at thermodynamic
equilibrium and~b! under optical excitation conditions. The arrows indica
possible radiative transitions.
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