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Interface photoluminescence in type Il broken-gap
P—Gag galng 16AS 9 22Sbg 75/ p-INAS single heterostructures
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Mid-infrared photoluminescence has been observed from interface transitions in high quality, abrupt
P—Ga gdNng 16AS0.255h 78/P-INAS heterojunctions grown by liquid phase epitaxy from an In-rich
melt. The Gagdng 16ASp 225k 7g quaternary epitaxial layer was unintentionally doped and grown
lattice matched on to g100 oriented p-type InAs substrate, resulting in a P-isotype
heterojunction. The photoluminescence emission spectra were investigated and exhibited three
pronounced emission bands in the spectral region from 0.30 to 0.6 e\ 0.317 eV, hv,
=0.380 eV, anchy =0.622 eV. The emission barty; was identified with radiative transitions
between electron and hole quantum well subbands in the semimetal channel at the
P—-Galn gASy 105bh-InAs interface, while thehv, band originates from radiative transitions
involving deep acceptor states in the InAs substrate. The high-energy recombihaiois
characteristic of the Ga4ng 16ASy 225k 75 bulk quaternary layer. €001 American Institute of
Physics. [DOI: 10.1063/1.1402968

INTRODUCTION temperature characteristics, while the combination of wide
. . . . ..gap alloy and narrow gap InAs means that intervalence band

There is a growing interest in semiconductor lasers emit: . R .
resonances are also avoideBecently, tunnel-injection di-

ting in the m|d-|nfrargd speciral reg'c“5/”‘f‘) since the;e O{je lasers based on type Il recombination across the broken-
lasers can be used in the trace gas detection of a variety Q . . o
ap Ga_,In,As,Sb;_,/InAs heterojunction exhibited a

species which have characteristic absorption fingerprints i o
. ; o . good performance at low temperatures but laser emission
this range, leading to applications such as remote sensma) O . i
molecular spectroscopy, and ecological monitoring. Other as limited to 196 K in the pulsed regine.
' ) In order to fabricate an effective heterointerface diode

free space optical communications within 85 xm) at- Idaser it is necessary to obtain information about the associ-

. e . o ated radiative transitions and their quantum efficiency. So
mospheric transmission window. However, it is necessar

not only to achieve the target wavelength, but also to obtai)rﬁar’. only the phptolumlnescenpg of bulk Gain,As,Sh,
. ! solid solutions in the composition range 0<08<0.22 has
operation at room temperature before these devices can b

. . . ) " DBeen studied over the temperature rafige4—80 K7 and
come widely used in practice. The quaternary solid SOIUt.'On?tunnel—assisted interface electroluminescence in type |l
Gai‘xlnxAsYSbl.‘.y and thg|r heterojunctions formgd W'th tsingle p-G&y gdNg.16ASy 225k 78/P- INAS heterostructures has
InAs are promising materials systems for the fabrication o lso been observed at 77°Kin this article we report the
eff|C|eln ; optoelgctromc devices op_eratlng in this Spectraobservation of interface-induced photoluminescence in type
range.’“ The unique type-Il band alignment of the broken- Il broken-gapp- G sy 1678 2,5ty 75/p-INAS heterostruc-
gap Ga_,In,As,Sb;_,/InAs heterojunction offers the pos- 84770.16120.22270.78

sibility of a substantial reduction in Auger recombination tres.
which is thought to be the main loss mechanism in narrow-
gap llI-V lasers designed for room temperature operationEXPERIMENTAL PROCEDURES

Adjusting the In content in the quaternary layer enables con- > .
trol of both the energy gap of the solid solution and the band Iu-triz:'a\ VC;ZSSb rrcl)(\:/t/]n%t?lgg'lfiafgé%ggaéiigﬁg q Szorlf
offsets at the interface. Due to the nature of the crossed bané? 9

X . _ oped InAs (P-type substrates by liquid phase epitaxy
!lne up the W'd?. gap Ga,InAs,Sby _y alloy—InAs system (LPE). The growth was performed in a conventional horizon-
in the composition range<0.22, electrons and holes are

spatially separated and localized in self-consistent quantur%al graphite slider boat under purified hydrogen atmosphere
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erointerface, respectivefyThis separation should result in P P ry y
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PhotoluminescencéL) measurements were carried out R I R LI AR AR RN
on the resulting epitaxial heterointerfaces with the sample in  s| .
an Oxford Instruments continuous-flow liquid helium cry-
ostat, which enabled temperature selection between 4 anc
300 K. The photoluminescence was excited using the 488 nm_ 6 T
line from an Ar ion laser. After passing through the sapphire
window of the cryostat, the PL emission was focused into a
Bentham 0.3 m monochromator using Gdénses and de-
tected using a liquid Ncooled InSb photodiode and Stanford
Research(SR85( digital phase-sensitive detector. A com- oL x20 4
puter was used to control the monochromator and record the
final signal using.ABVIEW operating software.
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RESULTS AND DISCUSSION

FIG. 1. A typical PL spectrum from the type Il broken-gap single

The Gagdn S layers obtained here had
B.84No.1e O.ZZSb).78 y P—Ga gdng 16ASo 2,5k 78/p-INAs heterostructures measured at 5 K.

mirror-like surfaces and were of uniform thickness of about
0.8 um as observed by cross-sectional SEM. The layers were
also examined using double crystal x-ray diffraction and
found to be slightly lattice mismatched to the InAs substrateveaker emission band could also be deconvoluted from the
(280 ppm at room temperature. The structures under invesspectrum, with a maximum dtvp,=0.600 eV. This emis-
tigation here were isotype single heterostructures since thgion band can be ascribed to radiative recombination involv-
Ga) gdng 16ASy 225k, 7glayers were unintentionally doped and ing a deep acceptor level with an activation energyEgh
were p type with a residual hole concentration of5 =44 meV/
X 10' cm™3, whereas th@-type InAs substrate was deliber- The temperature dependence of the principle emission
ately compensated with Zn to a hole concentrationpof band v =0.622 eV} associated with the bulk
~10Y cm™3. This was primarily to achieve high resistivity Ga, gdNg 16AS. 2.5k 75 quaternary was also investigated and
at 77 K and prevent parallel leakage as required for associs shown in Fig. 3. However, the PL intensity rapidly
ated magnetotransport measurements. Hall measurememfsenched as the temperature increased from 20 to 35 K and
performed on standard “Hall cross” samples made from thisonly a small change in the spectral position of the PL peak
material revealed the presence of a two-dimensid@8)  with temperature was observed. The spectral position of the
electron channel at the interface with a carrier concentratioemission band maximurhv, =0.621 eV atT=35 K is in
Ne=3x10" cm™? in single p-Gagdno1ASp2.Sh7s/  good accordance with the temperature shift of the forbidden
p-InAs heterostructures at 4.2 K in low magnetic fieldsl0O  gap of the quaternary solid solution, since the energy gap
T). The electron Hall mobility was found to be as high asbecomes narrower by 3 meV with increasing temperature
1y =50000 cnd/V's at 77 K. More recently, Quantum Hall from 5 to 35 K1!
effect plateaus in a semimetal channel at the type Il broken- The low-energy part {r=0.30-0.45 eV of the PL
gap p-Gay gdng.16ASy 225k 78/P-INAS  heterointerface were spectrum of Fig. 1 can be ascribed to radiative recombination
observed. originating from radiative transitions involving self-
PL was observed from the samples at low temperature igonsistent quantum wells localized at the interface. The PL
the rangeT=5-35 K. The 5 K PLspectra for the samples spectra in this spectral range exhibit two pronounced emis-
under investigation contained three pronounced emissiosion bands with peak photon energiehat=0.317 eV and
bands, one in the spectral ranige=0.56—-0.68 eV and two h»,=0.38 eV, and with full width at half maximum
further ones in the randger=0.30-0.45 eV as shown in Fig. (FWHM) of 5 and 12 meV, respectivelgee Figs. 4 and)5
1. The high-energy part of the PL spectrum corresponds tés shown in Fig. 4, the emission baha, dominates the PL
luminescence from the wide-gap £ang 16AS 2.Sky 7gs0lid  spectra afT=5 K. Another emission bantiv, appears at
solution, which has an energy gap of 0.644’eéMore pre-  powers above 0.4 W. Then, further increasing the excitation
cisely, the emission band has a pealkhat =0.622 eV and results in a monotonous increase of the PL intensity for both
can be associated with radiative transitions involving an acemission bands until they both saturate at high pumping lev-
ceptor level with an activation enerdy,, =22 meV arising els (P>4 W) as shown in Fig. 6. In addition, a third high-
from a native lattice defect. This PL peak was observed te@nergy emission band with peak enefgy;=0.416 eV and
shift toward higher energies with increasing laser excitatiorFWHM=10 meV was also observed at the highest excitation
as shown in Fig. 2. The “blueshift” of 6 meV and the asym- levels. This latter peak can be associated with band-to-band
metric shape of the emission band with a high-energy tail isecombination in the bulk InAs substrate. The value of 0.416
characteristic of Moss—Burstein filling at the bottom of theeV is characteristic of interband transitions in InAs at low
conduction band. The dependence of the emission ban@mperature and is in good agreement with observations ob-
maximum and PL peak intensity on the excitation level wastained elsewher The excitation dependence of the PL in-
observed to be almost linear as shown in the inset of Fig. Zensity atT=20 K is slightly different in comparison to its
In addition to the main PL emission band, a second muchbehavior at 5 K(see Figs. 5 and)6A redistribution of total
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intensity betweenhwv,; and hv, emission bands was ob- gether in self-consistent quantum wells and determines the
served. Furthermore, the excitation dependence of the Ptarrier population density in the semimetal channel main-
intensity for theh»; emission band is linear, while thev, tained by the common bulk Fermi levie} of the heterojunc-
emission band achieves a maximum and then decreasésn at thermodynamic equilibrium.
above 2 W. Under optical excitation, the photogenerated carriers fill
A schematic energy diagram of band bending at the hetthe quantum wells at both sides of the interface, such results
erointerface and the possible radiative transitions is prein increased band bending in the vicinity of the heterointer-
sented in Fig. 7. As shown in Fig(aj, when the heterojunc- face[Fig. 7(b)]. We assume thev; emission band observed
tion is formed, electrons from the Galng1ASy2Shh7g  in the experiment can be ascribed directly to radiative tran-
valence band flow into the empty InAs conduction band due
to the crossing of the valence and conduction bands at the
interface. A 2D electron gas is formed in the

° ; o 0.35 T T
Ga gdng 16ASo 2251 78/INAS heterojunction within the quan-
tum well on the InAs side, and an equivalent number of r SK
holes that are left behind reside near the heterointerface on 030 L
the Ga gdng 16ASy 2.5k 75 Side, resulting in the formation of
a triangular potential well. The strong intrinsic electric field r
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FIG. 3. PL spectra for undoped galng 1¢ASy 2.Shy 7 Solid solution at the  FIG. 4. The low-energy part of the PL spectra for the type Il broken-gap
same pumping level at different temperaturgsse) The magnification of  P—Ga gdng 16ASp 255k 78/p-INAs heterostructure at different pumping lev-
the PL spectrum at 35 K. els measured at 5 K.
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£ possible radiative transitions.
2w
= 004 i
Tz o
L WNMM strate, radiative recombination involving the deep acceptor
states becomes possible, and thereforéntiyeemission band
0.02 ] 7 can be observed.
1w Further raising the pumping level increases the concen-
X tration of electrons and holes constrained by the intrinsic
0.00 ' electric field of the heterojunction. The increasing carrier ac-
R cumulation in the semimetal channel results in the quantum
030 032 034 036 038 040 042 wells becoming deeper, and therefore electron and hole sub-

bands in the quantum wells can be easily formed. Thus, ra-
diative recombination can arise from transitions between

FIG. 5. The low-energy part of the PL spectra for the type Il broken-gapsubbands localized on opposite sides of the heterointerface.

P—G3 sdNo1eS0.25k 78/p-INAS heterostructure at different pumping lev- e smga|| blueshift of thévy; emission band maximum, of

els measured at 20 K. oL 1 L Lo
about 3 meV, with increasing excitation power is in good
accordance with the increasing energy separation between

B these subbands, while tle, peak remains at constant en-
sitions between electron and hole quantum well subbands Brgy.

the semimetal channel at the P-@#No16AS0 225076/ At high excitation, the width of the potential barrier for

p-InAs interface. At low pumping levels, the potential bar- 565 hecomes sufficiently thin, so that hole tunneling from
rier for.holles @EV~.O.48 e\j formed by thg valence.ban.d the quantum well on the Gadng 162 255, 75 Side through
discontinuity at the interface prevents their penetration intQne parrier into the valence band of the InAs takes place.
the InAs valence band, whereas there is no limit to the moverpege holes accumulate at the top of the valence band in the
ment of electrons into the InAs conduction band. In the casgp 0w potential well adjacent to the electron channel. Con-
of the hv, emission band, electrons from the conductiongeqy ently, conduction band—valence band recombination in
band of the InAs recombine with holes localized in the deefa |nAs [hvs—transition 3 in Fig. #)] becomes possible

acceptor states of the InAs. Due to the heavy compensaliQich in turn leads to quenching of the PL intensity of both
of donor levels by shallow Zn acceptors in the InAs SUb'thehvl andhv, emission bandgsee Fig. 6
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CONCLUSIONS

Low temperature photoluminescence has been observed
from Ga gdNng16ASo.255h 78/INAS  single  heterojunctions
grown by LPE. The spectra exhibit three pronounced emis-
sion bands in the spectral region from 0.30 to 0.68 eV. The
low-energy part of the PL spectrum can be associated with
interface-induced radiative transitions involving a semimetal
channel produced at the P-isotype heterointerface. The
emission band with a peak photon energphai=0.317 eV
and FWHM=5 meV can be ascribed to radiative transitions
between electron and hole quantum well subbands localized
on opposite sides of the interface. The emission band with a
maximum athv,=0.380 eV results from radiative transi-
tions involving the deep acceptor states in the bulk of the
InAs substrate. The remaining features in the spectra are as-
sociated with recombination in the quaternary laybw(
=0.622 eV} and in the InAs substrateh¢;=0.416 e\}.
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