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Electron-phonon resonance in InAs /GaSb type-Il laser heterostructures
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The rate of interband electron transitions assisted by LO-phonon emission is studied in an InAs/
GaShb double quantum well heterostructure, which models the active region of a type-Il intersubband
cascade laser. The main peak of the electron-phonon resonance corresponds to electron transitions
from the lowest electron-like subband to the top of the highest light-hole-like subband that is
displaced from the center of the Brillouin zone due to the asymmetry of the InAs/GaSb double
guantum well heterostructure. ®002 American Institute of PhysicgDOI: 10.1063/1.1462873

The process of the lower lasing state depopulation iglepopulation in an InAs/GaSb double quantum wBIQW)
essential for maintaining the population inversion in the acheterostructure, which models theactive region of a type-I|
tive region of intersubband cascade lasers. For type-lintersubband laser, as depicted in Fig. 1. Initial and final
“broken-gap” laser heterostructures, direct interband tunnelelectron states for the phonon emission process are described
ing through the heterostructure “leaky windows has al-  analytically in the framework of the six-band Kane motiel.
ways been considered as a basic depopulation mechafism. The width of the quasibound electron states inside the leaky
The rate of this process,y,, is determined by a small pa- window is determined by interband tunnelifgzI"y,,, and
rametere (6—¢&)/EgaEgg [4], Wheree is the kinetic energy in the upper part of the window is less than or about 1 theV.
of the tunneling electrons inside the windo@<e<&  This level broadening can be included in thg, rate calcu-
=150 meV for InAs/GaSb interfageand Egag) are band |ations by using Lorentzian line shape function for the pho-
gaps of the constituent semiconductors, INA3 and GaSb  1on emission transition. To optimize the depopulation of the
(B); see Fig. 1. The efficiency of the interband tunneling|qyest electron-like subband, LA1, we need to provide for

depopulation, therefore, decreases significantly when the d%fnticrossing with the highest light-hole-like subband, LB1,
populated level is located in the upper part of the leaky win-

dow, which would be the most favorable configuration from
the standpoint of ensuring highest oscillator strength for the
lasing transition and preventing thermal backfilling of the LA2
lower lasing state. In this letter, we demonstrate high effi-
ciency of the interband depopulation assisted by LO-phonon
emission, which has not yet been studied in type-ll laser

heterostructures. In type-lI narrow gap heterostructures, the 90 \ ==
interband LO-phonon assisted tunneling has always been 8 5 T
considered an inefficient process due to the symmetry differ- LA1 ) da, nm

ence between the conduction and valence band basis States. |~ Kq T Ty

However, in type-Il heterostructures, band mixing and sub- 1Bl —fF———q—»

band nonparabolicity effects inside the leaky window essen- th s=0

tially remove this symmetry constraint. We also show that in
coupled InAs and GaSb quantum wel@Ws) the anticross-

ing of the lowest electron-like and the highest light-hole-like InAs InAs
levels provides for sufficiently strong overlap between elec-
tron and phonon states participating in the interband LO-
phonon assisted transition, so that the rate of the process, da ds
Fp,h’ IS qUIFe compqrable with the phonon-induced depOpu_FlG. 1. Schematic band diagram of an active region of a type-Il intersub-
lation rate in type-l intersubband laser heterostructfires.  pang faser. The lasing transition is shown by block arrow. Solid arrows

In this work, we consider LO-phonon assisted subbandxemplify two main processes of the lower lasing state depopulation: direct
interband tunneling through the heterostructure leaky windgqyy, and
interband electron transition assisted by LO-phonon emisBign Inset

¥Electronic mail: mvk@ece.sunysb.edu illustrates the anticrossing between two highest light-type energy levels in
PPreviously with U.S. Army Research Office, P.O. Box 12211, Researctthe leaky window. Electron in-plane momentun=0. The width of the
Triangle Park, NC 27709. GaSb QWdg is 6 nm(solid lines and 10 nm(dashed lines
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which also enhances the electron-phonon wave function 10
overlap in the phonon emission procésghe inset in Fig. 1

shows the position of two highest light-type zone-centered &
energy levels in the heterostructure leaky window as a func-", (@) (b)

tion of the InAs QW widthd,. The anticrossing condition I R1 R2 R3
1N

roughly corresponds to the minimal separation between thes:

levels and in our example occurs df~9 nm. Since the

uppermost position of the LA1 subband reduces the therma |

backfilling of the lower lasing states, it would be beneficial 2 gz Z

to keep LAL as high as possible in the leaky window, still : :

providing sufficient overlap with LB1 subband states. For

this reason, we shall calculate and compare the LO-phonor

emission rate for two different values of the InAs QW width, _ | 1a 1b

d,=9 nm andd,=8.5 nm, the latter allowing for the higher 2a

position of the subband LA1. = 05} 2b
The upper limit for the phonon-assisted depopulation &

rate,I',,, can be obtained assuming the final states for elec- I

tron transitions to be unoccupied. Since the LO-phonon en-

ergies are very close in both constituent materiéle, o o%

~30 meV, we neglect polar mode confinement and calculate 5 é

the phonon emission rate using 3D phonon approximation

(3D PA)® that is assuming that the confined 2D electrons

interact with dispersionless 3D bulk LO phonons. TheFIG. 2. Electron-phonon resonance in InAs/GaSb DQW heterostructure.

effective electron-phonon coupling in 3DPA],|\/| () |2 Upper subplot shows LO-phonon emission rhfg calculated for two val-

B 2 _ ) . . ues of InAs QW widthd,=9 nm(curve set aandd,= 8.5 nm(curve set
=(me“w 0/q)(1/e..—1lso),” after averaging with respect Smaller width of the InAs QW provides for the higher position of the lower

to the layer widthsd, anddg, gives the rate of the sponta- |asing states in the leaky window. Three regions of the phonon emission
neous phonon emission in the form rate, R1-R3, correspond to three different type of resonant transition in
Brillouin zone. Lower subplot shows the total effective density of the final

T'on, PSEC
[e2]

3a
3b

7 8 9 10
GaSb quantum well width dg, nm

oo/l 1 , lir(Q) electron state® (&) for the phonon emission transitions. Level broadening
h= — - 2 d q— I' is taken 0.1 meV\(thick solid lineg, 1 meV, and 5 me\(thin lines in each
P 2
€x &0/ f a curve set
« I'127 !
[ELa1(0)—E¢(q)—fw o)?+(T/2)% D the adjacent GaSb QW B and ensures sufficient electron-
phonon overlap for this indirect interwell -AB transition.
| (q):J dzy* (2) ¢ (Z)J dz' ¢ (2 ) (2 )e~ 9771, R1-related transitions are also'mdlrect in ﬂhepa_ce, since
! ' ' f ' the top of the upper light-hole-like subband LB1 is displaced

2 to the final value ofK due to the subband spin splitting

For brevity, the initial electron state in the LA1 subbauri, inherent to asymmetric DQW heterostructuteBhis split-
is taken with zero in-plane momentum, so that the electrorting is especially strong in type-Il heterostructures based on
wave vector in the final statg; is equal to the emitted pho- the narrow-gap InAs/GaSb material system. In Figu{@,3
non wave vectorK;=gq. With electron-phonon overlap;s for convenience, we show the split subbands with only one
=1, the last integral in Eq(l) characterizes the effective sign of the spin polarization. The Kramers degeneracy con-
density of the final stateB; in the subband; . dition E,(K)=E (K), imposed on any system by time-

Figure 2 shows the depopulation rdtg, calculated as a reversal symmetry, should be used here to restore the com-
function of the GaSb QW widtlg for two different values plete subband structure. Note, that the final momentum
of the InAs QW width. For a narrower InAs QW, the lower transfer is important for the high phonon emission rate in R1
lasing subband LA1 has moved higher in the leaky windowresonance, because the optimum value of the electron-
and, as a result, all the resonances occur at larger values phonon overlag (q) can be engineered close to the peak of
the GaSb QW widthdg. The increase oflg in the range the effective density of the final electron states at the top of
from 5 to 10 nm, while keeping the energy position of thethe LB1 subbanflsee Fig. 8) and corresponding peakgal
initial electron-like subband LA1 practically unchanged, and Xb) in the lower subplot of Fig. P
makes it possible to scan the final states in the hole-like  With dg increasing, phonon-assisted LA B1 transi-
subband<;, the light subband LB1 and the heavy subbandtions become less efficient, first, because of corresponding
H2, which thus move toward the upper part of the hetero-decrease of the effective final density of states away from the
structure leaky window. Figure 2 clearly demonstrates thre¢op of the LB1 subband, and second, due to the suppression
distinctive regions in the LO-phonon emission rate, R1-R3pf the electron-phonon overlaldq) both at the small and
which are related to three consecutive resonances. The firdgrge momentum transfers. This can be readily seen in Fig. 4,
most remarkable resonance, R1, corresponds to the onset stiowing the electron-phonon overlap integrals for interband
the LA1—LB1 phonon-assisted transition, as illustrated intransitions as a function of the transferrgghonon) wave
Fig. 3[@. The anticrossing between LA1 and LB1 subbandsvectorq=K;. For a “vertical” transition with zero momen-
results in resonant penetration of the LA1 subband states intmm transfer =0), the electron-phonon overlap integral
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= { H2 | LB1 | and LA1—H2 (dashed ling transitions in an InAs/GaSb DQW with layer
© 04 ! ! o widths d4,=9 nm anddg=8 nm.
& I I
2 i i cantly depressed because the most important transitions to
243 + 4 the subband top, characterized by the highest effective den-
2 i i sity of stateqpeaks P3a and P3b in the lower subplot of Fig.
’§ | | 2) correspond to inefficient vertical transitions with nearly
8 02 i -—————; —————————— zero electron/heavy-hole overlap integtéd)). Most of the
o | : R3 rate is actually determined by the transitions to the H2-
‘é A" ! subband states with(;<<—0.1 nm !, where the LA1-H2
5 0.1 == T _______ T overlap significantly increases due to the light-heavy state
p ; mixing effect in the H2 subbantee Fig. 4.
0 iz In conclusion, we compare the LO-phonon emission
100 130 rates calculated for two different values of the InAs QW

energy in leaky window €, meV width; see the upper plot in Fig. 2. For a narrower InAs QW,
represented by curve séi), the lower lasing subband LAl
FIG. 3. Energy spectrum of an InAs/GaSb DQW with layer widths  has been relocated to the extreme upper end of the leaky

=8.5 anddg=9 nm. (a) Band diagram of the electron energy subbands in . . . .
the upper part of the leaky window illustrating three basic interband transi-WmeW' Still, the overall magthde of the main peak R1

tions assisted by the LO-phonon emission. The most important resonaf€Mains practically unchanged. This means that phonon-
transition, R1, is indirect in Brillouin zonéb) Effective density of states for ~ assisted depopulation can be conveniently employed even

electron subbands participating in the phonon—emission transitions. Leveyhen the lower Iasing level is designed near the upper edge

broadening parameter i8=0.1 meV (solid lineg, 1 meV (dashed lines . . .

and 5 meV(dashed—dotted lings of the heterostructure leaky window, where direct interband
tunneling depopulation becomes inefficient.
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