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InAs/GaSh-based lateral current injection laser
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We propose a contact structure for InAs/GaSbh multilayers, such that electrons and holes are
selectively injected in alternating layers. This enables the implementation of a far-infrared lateral
current injection laser based on the InAs/GaSb superlattice. Preliminary calculation of the gain
shows that both surface- and edge-emitting designs are possibl200® American Institute of
Physics. [DOI: 10.1063/1.1410888

I. INTRODUCTION ating this problem in VCSELs has been to use lateral elec-
_ trode contacts to the top cladding lay@iThis approach al-

_ Type-ll heterostructures using the INAs/GaSb/AISb fam-j,\ys one to avoid passing current through the Bragg mirrors;

ily of materials are attractive for the implementation of mid- however, it does not envision contacts to the active layer

infrared semiconductor lasers because of their wide tunabill—tself_ One of the advantages, perhaps the major advantage of

ity and good carrier confinement. The type-Il band StrL.JCtu.rqateral injection for VCSEL, is that the mirror stack can be

suppresses a troublesome channel for Auger recomblnatlomade of dielectric layers of vastly disparate refractive index,

namely, that involving one conduchpn band electron_and tWchus dramatically reducing the required thickness of the mir-
holes in the heavy-hole and the split-off valence bandsn . .

. ror stack. E.g., one can use just a few periods of,58Q3N,
contrast to the more common type-| heterostructures, carrier

bands of the constituent semiconductors in type-Il hetero®" SI/SIO, (Ref. 30 instegd of semiconductor superlattices
structures overlap, so that the top of the valence band iwhere th.e mdgx contrast is very small. i ) )
GaSb is 150 meV above the bottom of the conduction band Dealing with the InAs/GaSb/AISb family of materials, it
in InAs. This overlap is removed when both materials are in' Very attractive to implement lateral current injection in the
the form of layers sufficiently narrow that the electron and@Ctive layer itself, which would make it possible to fully
hole quantum-confinement energies together exceed tHglllze_ the material advantag_es of type-ll supe_rlattlces in
overlap of bulk bands. Such confined structures offer a |asin§Iect_r|cally pumped laser designs. However, unlike the ear-
transition from the first electron levétd) in the InAs quan-  ller cited case of a VCSEL, the lateral injection in the active
tum well to the first heavy hole lev¢hhl) in the GaSb well.  fegion has to be performed selectively, i.e., electrons and
To increase the transition matrix element, pure InAs andloles must be injected in different layers, so that the radia-
GaSb can be replaced by compour(ésy., GalnSh thus  tive recombination could take place at all interfaces of the
increasing the wave-function overlap between the two wellssuperlattice. Moreover, since a significant fraction of injected
To reduce the strain induced by a lattice mismatch, one cagarriers may flow without recombination across the entire
use structures more complicated than a simple double quastructure, a viable selective injection scheme must also block
tum well>*°The unit structures can be periodically repeatedcarriers from entering the opposite contact. Because of the
to form a superlattice with an extended optically active re-absence of contacts providing selective injection, no combi-
gion. Such superlattices have sufficient gain to be used fonation of type-1l heterostructure lasers with lateral injection
vertical cavity surface emitting lasef(gCSELS9, that can be has been contemplated.
pumped either opticalff'® or electrically®!**® Edge- In this article, we propose a method for implementing
emitting lasers based on InAs/GaSb superlattices have alsibpedn- and p-type contacts to type-Il superlattices, which
been demonstrated by a number of autl8ré® Similar  provides selective injection of carriers into the interdigitated
structures have also been used for cascade 14561€ layers of the superlattice. The method makes use of the band
An essential part of the active region in the type-Il su-offset between InAs and GaSb to block electrons from enter-
perlattice lasers is a highly resistive superlattice, whiching GaSb layers and holes from entering InAs layers of the
makes it difficult to design an electrically pumped structuresuperlattice. Thus, neither the hole nor the electron current
without too much heat dissipation. In a sense, the problem igan flow across the whole structure from one lateral contact
similar to that facing the designer of VCSELs, which com-tg another and all injected carriers recombine in the multi-
monly contain superlattices as Bragg-reflecting mirrors in theayers. This offers a significant improvement in the perfor-
cladding _regi_on. The electrical impeglance of such mirrors_ iSmance of type-Il semiconductor lasers. The use of a thick
a factor limiting the freedom of design. One way of allevi- gperlattice in the active region allows one to increase the
lasing power proportionally to the superlattice thickness.
dElectronic mail: boris@cc.huiji.ac.il The guantum-confinement energy can be used to tune the
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FIG. 1. InAs/GaSb superlattice. The shaded areas show doped regions of the b Vb
superlattice for then and thep contacts. v
a b
Iasmg Wavelength in the range between approxmately 1 anQIG. 2. Band structure oh (a) and p (b) contacts. The bottom of the
40 pum. conduction band and the top of the valence band are indicated by cb and vb,

For other material systems, semiconductor lasers withespectively, the ground-state electron and hole levels in InAs and GaSb

lateral injection have been discussed by a number of authote!ls by el and hhl, the levels of charged donors and acceptors by
L ++ and— — —, respectively, and the level of neutral impurities is shown

(see, e.g., Refs. 31—)15Effo_rts to deveIOp_la_teral injection by *** _ The shaded area above the el level in the InAs well shows the
lasers have been mostly aimed at monolithic optoelectronigjectron filling, and that below the hhi level in the GaSb well shows the
integratiorf®~*®since both contacts in these lasers can be puttole filling.
on the top surface. Other researchers have been motivated by
design possibilities, such as adding functional features in thevells. The ratio of the minority-carrier concentration in
vertical direction, e.g., adding a third terminal for the pur-the contact to the majority-carrier concentrationis given
poses of gain switching, capacitive modulation, and gairby
tuning*°~3Lateral injection of carriers should be of particu-

. R . . . n, mszT 2
lar importance for the implementation of vertical-cavity _=_2_|n[1+e—A12/ksT(ewﬁ ny/mikgT_1)-17,
surface-emitting lasers, where it allows one to avoid passing N1 "M
the current through the Bragg mirrds. 2.3
wherem; and m, are masses of the majority and minority
carriers, respectively. The barrier for minority carriers equals
the threshold energyd,=Eg. In the numerical estimates
below, we takemj*=0.023 for the electron effective mass.

The structure shown in Fig. 1 comprises an InAs/GaShrhe in-plane hole masses are substantially affected by the
superlattice with quantum wells so narrow that the quantumsize quantization and are smaller than the bulk ma¥sés.
confinement effect replaces the band overlap with a narroin the “pocket” where the hhl dispersion law applies, they
gap. Two contact regions are arranged laterally, one dopearem|}"S=0.04 andnS3%=0.08. We can use these values so
with impurities of p type for both InAs and GaSKZn, long as the characteristic hole wave vector is inside the
Mn, Cd), the other with impurities ofh type for both mate- pocket, i.e., is not large compared 402/L, wherelL is the
rials (Sn, Te. Both contacts can be fabricated, e.g., by ionwidth of the well. This condition is satisfied for the sheet
implantation and subsequent annealing, a well-developedoncentration 1 cm™2 and well widths less than 10 nm.
technology for both InAs and GaSh:>8 The p contact in-  For the calculation of the quantization energy in the GaSb
jects holes into GaSb layers, while theontact injects elec- well we use the bulk heavy-hole masaﬁﬁsn: 0.27. The
trons into InAs layers. Radiative recombination takes placéarriers confining electrons in InAs wells between GaSb lay-
at all interfaces between these layers. The threshold photoers are 0.85 eV and the barriers confining holes in GaSb
energyE, is given byEy=E.;+ Epp— 150 meV. wells between InAs layers are 0.51 eV. For a structure with 6

Both energie€,; and Eyy,; are limited by the confining nm InAs wells and 3 nm GaSb wells we obtain the quanti-
barriers for electrons in InAs quantum wells and holes inzation energieE.;=174 meV andE;,,;=79 meV. Using
GaSb quantum wells, respectively. This limitation makes theahese values in Eq2.1) for an exemplary majority concen-
selective injection effective only in the mid- and far-infrared tration n,=10>cm 2 we find that the ratia1,/n, is small

II. STRUCTURE

region. even at relatively high temperatures, e.g,/n;~0.05 at
The band structures of the- and p-type contacts are 350 K.
shown in Figs. 2a) and 2b), respectively. In the-type con- The contacts are selective with respect to the injection of

tact, all donors in GaSb wells are ionized, producing eleccarriers into wrong wells. This means that both the concen-
trons in InAs wells. Similarly, in the-type contact, all ac- tration of electrons in GaSb wells at tmecontact and the
ceptors in InAs wells are ionized with holes residing in GaSbconcentration of holes in InAs wells at the contact are
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P TABLE I. The lasing wavelength and gain for a surface-emitting laser in a
/ few heterostructures.
-

—
_n.i/_. ________ 7//4[”‘ p L gasp (NM) L nas (NM) A (um) go (cm™}
/. —————— - 1.8 6.6 8.4 2300

7 a 1.8 8.4 12. 1720
- 2.4 6.6 11.6 2560
2.4 7.8 16.5 2300
_ 3.0 7.2 19. 2620
- . . -
TILTNTTLTLIIT2/E
W/ 27
/ 75
R TITT 7/ P ;
LTI TITUTI T2 L The smearing of the energy spectrum of electrons and
- holes due to scattering is neglected in E3}1) (cf. Ref. 4.
b In addition to the spectrum smearing, scattering processes

FIG. 3. Band bending and the carrier distribution along the layers of thefals0 Change the entire expression for the transition probabll-

superlattice. Lettera andp show the contacts, solid lines are the bottom of Ity @nd a consistent inC!USion of these corrections requires
the conduction band and the top of the valence band, the dashed lines are tw0-particle Green functions.

el and hhl levels, dashed area shows energy regions filled with caf@jers. The maximum value of the gain is

Equilibrium, no voltage is applied. Dot-dashed line is the Fermi le®l.

Operating regime. Dot-dashed lines show the quasi-Fermi levels of electrons e2 1 zwmgnAsmﬁr‘;"Sb ,

and holes. 90~ 2 —TnAs; —~cask M|, 3.2
M3w NegCL A2(MIMAS+ mSash

o o . wherem, is the free electron mast,=L a5t LgaspiS the
small. Quantitatively, the selectivity can be defined as theyeriod of the InAs/GaSb superlattice, angk=[(N2 acL inas

ratio of the majority-carrier concentration in a wrong wejl n2.sl-casd/L12 is the effective refraction index.

to the total concentration; . It can be found from the ex- There are three channels for radiative transition at the
pression InAs/GaSh interface(i) electrons from InAs can virtually
n,  myT I g tu.nnel to thg conduction band of GaS_b and then recombine
n—l— mln[lﬂe 1Mt —1)e 2w/, (2.2 with holes;(ii) holes from GaSb can virtually tunnel to the

valence band of InAs and then recombine with electrons; and
wheremy; is the effective mass of the majority carriers in the (iii) electrons and holes can recombine directly due to the
wrong well. The barrier confining electrons in an InAs well mixing of the conduction band of InAs with the valence band
is A’l‘l,=0.85 eVE.;, and the barrier confining holes in a of GaSb at the interface. The latter mechanism can be ne-
GaSb well iSAE]_r =0.51eVE,,,. For our exemplary struc- glected compared to the former tfiand the transition ma-
ture with 6 nm InAs wells and 3 nm GaSb wells £§.2)  trix element reduces to
gives a better than 18 selectivity atT_=350 K. _ M=M Ienrﬁlsp!:r\llAs + Mgﬁf chaSb, (3.3
Figure 3a) shows the band bending and the Fermi level
across the whole structure without an applied voltage an#vhereMgn® andM g’ are the matrix elements of the enve-
Fig. 3(b) shows the band bending and the quasi-Fermi leveléope wave functions in the InAs and GaSb well, respectively,
of electrons and holes for the operating regime. An appliedvhile pgy*® andpg " and the momentum matrix elements of
voltage reduces the contact barriers, and hence, diminishéde Bloch functions between the valence and conduction
the selectivity of injection. To avoid a substantial degradatiorPands. The latter are usually expressed in the fam
of the laser efficiency, the doping of both contacts must be= VEp,mo/2.%° Experimental values for the enerds,, are
quite heavy. If the areal concentration in the active region isELnAs: 21.11eV anCESaSb: 22.88eV.
102cm™2, the height of the contact barrier must be at least ~ Table | presents the calculated values of the lasing wave-
30 meV. This requires a minimum sheet concentration in théength and the gaig, for a surface-emitting laser in several
contacts of about #8cm™2, which corresponds to a volume €xemplary heterostructures. For the case of edge-emitting la-
carrier concentration of about tm~2. These high doping sers the gain is reduced by the confinement factor. A typical
levels are achievable in both InAs and GaSk*—67 temperature dependence of the gain is shown in Fig. 4.
The most important contribution to the loss due to free-
carrier absorption comes from the lh1-hhl transition. This
transition, however, is suppressed because the Bloch func-
We calculate the gain with the help of the expression tions in both levels have the same total angular momentum
and the dipole matrix element between them vanishes. A
9=Jol fe( €e0) + fnl€no) ~1]0(hw—Eo), 3.1 nonzero contribution to this transition results from the dipole
where fo(e) and f,(€) are, respectively, the electron and matrix element between the envelope functions, which is
hole Fermi functionsee, = (% w—Eg)mEaS7(mMs+mS2Sy  very small. According to our calculation, this rate of absorp-
and e, = (fio— Eq)mMS/(miMs+ mﬁﬁsg are the electron tion is at least one or two orders of magnitude lower thgn
and hole energies of the recombining pair, a{d) is the The relevant Auger recombination, el—hh1 accompanied
step function. by the hh1l-lhl transition, is also strongly suppressed. The

I1l. GAIN
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