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We have investigated a SiGe/Si quantum-well laser based on transitions between the light-hole and
heavy-hole subbands. The lasing occurs in the regiork adpace where the dispersion of
ground-state light-hole subband is so nonparabolic that its effective mass is inverted. This kind of
lasing mechanism makes total population inversion between the two subbands unnecessary. The
laser structure can be electrically pumped through tunneling in a quantum cascade scheme. Optical
gain as high as 172/cm at the wavelength of/66 can be achieved at the temperature of liquid
nitrogen, even when the population of the upper laser subband is 15% less than that of the lower
subband. ©2001 American Institute of Physic§DOI: 10.1063/1.134121

The rapid advance of epitaxial growth techniques hasSi, ,Gg/Si SL on a relaxed $i,Gg, buffer layer is more
made possible the investigation of many Si-based hetergromising for this type of laser. Si-based, SjGeg, buffers
structures appealing for optoelectronic applications, includwith a wide range of composition Qy<<1.0) have been
ing Ge-Si, SiGeC/Si, Si/ZnS, Si/BeSeTe, 18#l,0;, developed by the MIT grouf. We have examined several
Si/CeQ, and Si/SiQ.'~* We have previously studied some cases of symmetrically strained ;SiGe /Si SLs on a
of these structures mainly for mid-to-near IR laserSi,_,Geg, buffer, in which the in-plane tensile strain of the Si
applications® The focus of this investigation is on the fea- barriers was chosen equal and opposite to the in-plane com-
sibility of Si-based laser structures capable of THz emissiompressive strain of the i, Ge, QWSs. We further determined
for applications such as space-based communications. While buffer compositiory so that the lattice parameter of the
there has been a previous attempt in achieving THz emissiopuffer was equal to the average in-plane lattice constant of
in the conduction band of 1ll-V devicespur approach is the free standing $i,Ge,/Si SL, thus ensuring coherent SL
based on an earlier design of valence intersubband lasegsrain. Several such constructed SLs showed inverted mass in
with inverted light-hole effective mass proposed for thethe LH1 subband, among which we have chosen the SL con-
GaAs/AlGaAs quantum wellQW) systent We have used sisting of 90 A Sj-Gey; QWs and 50 A Si barriers on a
an anti crossing between the heavy-holéH2) and light- (100 Sis:Gey 1o buffer for investigating the feasibility of
hole 1(LH1) subbands in the SiGe/Si system to engineer dasing because this heterostructure produces not only the in-
LH1 subband that is electron-like over a regionkoBpace verted mass in the LH1 subband, but also an energy separa-
where LH1 and HH1 subbands have opposite curvatur&jon between subbands HH1 and LH1 in the THz frequency
These subbands, at their closest approach, have energy sepgnge. The in-plane dispersion in thEL0) direction of this
ration in the THz frequency range, and their diverging curvessymmetrically strained 90 A/50 A §iGe, 5/Si SL is shown
prevent self-absorption of photons emitted at khealley. in Fig. 1 of Ref. 11. The band offsets &t=0 are Vy,

We have calculated the in-plane dispersion of=216.5meV,V,,=108.4meV, and the in-plane lattice con-
Si;—«Ge/Si valence subband structures using the Kanetanta,=5.474 A. The LH1 subband has an energy valley 2
model? Because of the indirect nature of the Si and Ge bangney deep akx=ky=0.014A‘1, which extends from O to
gaps, the conduction ban(CB) is effectively decoupled (.025A L. The presence of bound subbands lying higher in
from the valence band, so that the8 Hamiltonian matrix  pole energy than LH1 does not have much influence on laser
in the k-p theory reduces to a6 valence band matrix gperation, as discussed below. Figure 1 presents a detailed
taking into account the coupling between HH, LH, and spin-yiew of the in-plane dispersions of three lowest-lying sub-
orbit (SO bands, as well as strain in the QWSs. Severalhangs. The numericals 1, 2, 3, 4, indicate how this inverted
Si-xGe&/Si superlatticedSLs) have been investigated. In mass intersubband laser mimics the operation of a conven-
asymmetrically strained 5i,Ge,/Si SLs grown on a Si sub- tjona| band-to-band lasét. The upper-state lifetime is long
strate, flattening of the dispersion of the ground-state LHyecause the intersubband transition energy is below that of
subband(LH1) was seen, but no inverted mass was foundgpical phonons, allowing only much weaker acoustic pho-
However, we have found the symmetrically strainedngn scattering between the two different bands. Recéhtly,
we have calculated the upper-state lifetimg, due to the
3Electronic mail: gsun@cs.umb.edu acoustic phonon scattering and find thgt 2.0 ns, which is
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relaxation N, N, N N,
1 _/process - = 2)
\\O 2 ot Tt Ta Ts
002 | N I . .
p HR1 taking into account contributions from carrier tunneling,
laser i i icci
< 003 | radiation; /acoustic acoustic phonon scattering, and spontaneous emissions. The
o N 6 THz ,/ phonon carrier-carrier scattering is not expected to be strong in this
2 0.04 | octed /. scattering type of laser and is therefore neglected because there is little
o P — LH1 overlap between the two different LH and HH Bloch wave
W o05 | 3 functions. Their subbands are quite nonparabolic to each
other, which does not allow both energy and momentum to
-0.06 HEH2 be conserved in the carrier-carrier scattering event. The life-
007 time 7,=2.0 ns at 77K according to our calculation. The
e 1 . . tunneling timer, largely determined by the Si-barrier width
0.000 0.005 0.010 0.015 0.020 0.025 0.030 is not calculated in this study, but rather used as a tuning
In-Plane Wave Vector along k, = k, (2n/a,, A™") parameter to demonstrate the advantage of lasing without the

total population inversion between the two subbands. The
spontaneous emission rate is given as the inverse of the ra-
diative lifetime

FIG. 1. A detailed view of the in-plane dispersions of three lowest-lying
subbands showing the laser operating process.

much longer than the typical lifetime of 1 ps when it is iz fie’E IM (E)[? 3)
between the subbands of the same type, say, HH to HH or 7 3wzeom§c3h2 P '
CB to CB.

where 7 is the Planck constantn, and e are the free-

The proposed laser structure is a highly simplified ver- e
sion of the quantum cascade that resembles the scheme GfCtron mass and charge, andc are the permittivity and

Kazarinov and Suri& As shown in Fig. 2, holes from the light velocity in vacu.u_m,ﬁ is the index of refractioni ar_1d
lower subband HH1 in the previous lasing period tunnelMp(E) are the transition energy and momentum matrix ele-
through the Si barrier to the upper subband LH1 in the nexfM€nt between subbands LH1 and HH1, respectively. The
period. The tunneling timez, , between subbands HH1 and induced trgn5|t|on rate |s_not included in E(q)_because the
LH1 can be controlled by tuning the width of the Si barrier rate equation was established below the lasing threshold.
separating the $iGe,s QWs. A competing process of A steady-state distribution can be obtained by setting Eq.

acoustic phonon scatterir(ig. 2) leaks a small fraction of (2) t0 be zero, then solved simultaneously with EY. Solv-
holes directly to the lower subband HH1 in the next lasef"d Poth equations self-consistently, we are able to obtain
period without contributing to the lasing process. quasi-Fermi levels fpr subbands L.Hl gnd HH1 with given
Since the intrasubband process is significantly fastefotal hole concentratioh and tunneling timer; . The result-
than the intersubband process, it is reasonable to assume tHfa@ duasi-Fermi levels are then used in the following expres-

the hole distribution within each of the involved subbandsSion for optical gain:

has reached quasiequilibrium during the lasing operation and ey

therefore can be described by the quasi-Fermi lelEls, v(E)= T|Mp(E)|2p,(E)[f|(E|)

Ery for LH and HH subbands respectively. The total hole moE

populationN injected by the pumping current is distributed _fh(Eh)]|E|—Eh:E! (4

between subbands HHN() and LH1 (N,) as
where n=1/e,ch=377Q/1 is the impedance of the me-
N=Np(Egp) + N, (Ep). (1) dlum,__p,(E) is the reduced density of states _for_ the L_H—I_-|H
transition, andf|(E,) andf(E,) are the Fermi-Dirac distri-
. , . bution for holes in subbands LH1 and HH1, respectively.
A rate equation can be established for the population Ohegarding the momentum matrix elemay, the radiative
subband LH1 selection rule is that the LH1-HH1 transition is strongly al-
lowed for THz light polarized in thXY growth plane. This

p-SiGe S - polarization is suitable for vertical-cavity surface-emitting
::,-zzz';,l | e PP ble e jasers.
=ull b 2 BN 7 — The optical gain of Eq(4) has been evaluated for the
B ] IR ™~ o LH1-to-HH1 transition at the local maximum of the LH1
Thz v O ] R ™ subband as shown in Fig. 1. The transition energy is 25 meV,
emission Y '] EX corresponding to a wavelength of 50m at 6 THz. The
hole eneroy SrGeos LN 1Y result is shown in Fig. 3 as a function of the tunneling time
quantum well B ] . K X 2
- N for several densities of hole population in thex 101'~1
applied voltage PG X 10"¥cm® range. Positive optical gain ranging from
© ~100/cm to over 1000/cm is obtained when the tunneling
e o e o o time is shorter than that of the upper laser states 7,
FIG. 2. A schematic of the inverted-mass intersubband laser with a quantur 2-0 NS. This is obviously e_xpe(_:ted b_ecause it corresponds
cascade scheme. to the case of total population inversion between the two
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1600 4 meV in Fig. 1. This spacing can be increased by QW
1400 |- engineering, but as the separation increases, the inverted-
1200 [ mass feature disappears. In Fig. 2, during strong pumping,
g 1000 F N=1x10"cm® some holes from HH1 will tunnel into HHZrather than
L ool LH1) of the next QW. However, this divided injection is a
E: 600 |- small effect because the downward subband curvature of
c 400 > HH2 as shown in Fig. 1 suppresses unwanted injection into
8 [ N=5x107iem HH2. In Fig. 2, most of the holes injected into LH1 make the
= oL vertical transition to HH1, but a small percentage of those
2 00f N=1x10"/cm® holes, according to Fig. 1, will leak into HH2 of the next
8‘ 400 [ well by tunneling. However, at resonance, the state in HH2
600 L . ' . . | ' has a much larger in-plarke vector than that in LH1, thus

14 16 18 20 22 24 26 28 30 sz  this tunneling rate is low and the excited state leakage is
small. A strategy for inhibiting leakage is to complicate the
Fig. 2 structure by inserting a chirped SL of SiGe/Si between
FIG. 3. Optical gain as a function of the tunneling timefor hole densities  a5ch QW and barrier. Using the same SiGe composition, it is
; 7 8 ) !
Ni+Np in the range of & 107/cm? 1 10 feasible to design the SL so that its lowest miniband faces
HH1 and its minigap faces LH1 when biased as in Fig. 2.
subbands LH1 and HHI\,>N;,, which is not the focus of Self-abs_orptlon of emitted laser photons |s_not prpblemaﬂcal.
our investigation. In order to demonstrate the advantage dfbsorption from the LH1 valley to HH2 is forbidden be--
inverted mass lasing, our attention is directed toward th€ause thek vector and photon energy are not conserved si-

feasibility of optical gain without total inversioly;<N, by ~ Multaneously in that transition. o
allowing the tunneling time to be longer than that of the N Summary, we have theoretically studied SiGe/Si inter-
upper laser state;>,. It can be seen in Fig. 3 that fairly SuPband lasers based on LH-HH transition in the region of
large optical gain on the order of a few 100/cm can bemverted. LH effective mass ik space. The.act!ve feglon_of
achieved even when > r,=2.0ns. It is also shown in Fig. th_e pallrtlcular. laser ;tructure under mvestlgathn is QeS|gned
3 that optical gain for larger density of total hole populationWith Simple single $j:Ge, s QWs separated by Si barriers on

tends to decrease faster as a function of tunneling time. Fét Si substrate with a §},Ge, 1 buffer. This buffer layer is
N=1x 10L"cn?, the optical gain remains positive;>0 un- chosen such that the wells and barriers in the laser structure

til 7,=2.73ns corresponding toN,=0.73,, for N=5 are symmetrically strained. The lasing transition is deter-
X 10/cm?, >0 until 7,=2.61ns corresponding to\ mined to be at 5um wavelength, corresponding to 6 THz,
—=0.7M,, while for N=1x10%cm?, »>0 until = and is designed to operate at the temperature of liquid nitro-
=2.51ns corresponding tN;=0.8\,,. Figure 4 shows the 9€n: The laser structure can be pumped electrically with a
optical gainy as a function of the total hole populatioN, quantum cascade scheme where the holes tunnel through Si
for r,=2.35ns, corresponding t,=0.85N, . The optical barriers from one lasing period to the next. The tunneling
gain in Fig. 4 reaches a maximum of 172/cm Mt time can be controlled by the Si-barrier thickness and is used
—10'/cn®. This gain is significantly larger than that mea- S @ parameter in determining the hole population distribu-

sured in an 8.um electron-injected GaAs/AlGaAs quantum tion between the two involved subbands LH1 and HH1. We
cascade laséf, and will be large enough for lasing if the have demonstrated that optical gain in excess of 100/cm can

free-hole absorption coefficient within the laser cavity is kept?® achieved when no total population inversion is established
below 100/cm. between LH and HH subbandy,<N, . In particular, for

At k=0, the energy separation between LH1 and HH2 ig\i =0-8Ny,, optical gain as high as 172/cm can be readily
obtained.

Tunneling time 1, [ns]
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