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Infrared generation in low-dimensional semiconductor heterostructures via quantum coherence
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A scheme for infrared generation without population inversion between subbands in quantum-well and
quantum-dot lasers is presented. The scheme is based on the resonant nonlinear mixing of the optical laser
fields on the two interband transitions that are generated in the same active region and that serve as the
coherent drive for the infrared field. This mechanism for frequency down-conversion does not rely ugah any
hoc assumptions of long-lived coherences in the semiconductor active medium, and it should work efficiently
at room temperature with injection current pumping. For optimized waveguide and cavity parameters, the
intrinsic efficiency of the down-conversion process can reach the limiting quantum value corresponding to one
infrared photon per one optical photon. Due to the parametric nature of infrared generation, the proposed
inversionless scheme is especially promising for long-waveletigtkinfrared operation.
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[. INTRODUCTION The second important feature is the great enhancement of
nonlinear wave mixing near resonance with intersubband
Low-dimensional semiconductor heterostructures are altransitions. Note that the scheme of resonant terahertz gen-

most ideally suited for generation in the mid- to far-infrared €ration by nonlinear mixing of two external laser fields in
range(denoted below as IR for brevitybecause the spacing SP-based quantum wells was recently studied by dtial.
between levels of dimensional quantization can be conve-'-:

niently manipulated over the region from several to hundreds The third feature is the p055|b|l|ty of canceling the reso-
of microns, and injection pumping is possible. There is, how.hance one-photon absorption for the generated IR field due

ever, a major problem: strong nonresonant losses of the I co_herence effects provided_by self-ge_nerated driving opti-
field due to free-carrier absorption and diffraction, which be—Cal fields[8]. The processes incorporating these three fea-

come increasingly important at longer far-IR Wavelengths.tufrers1 cc_)nsltltl#e ::m |m§ortant_ f|_eId of r?se?rch V\\'/'\;h a varllgty
Due to the very short lifetime of excited states, it is difficult of physical efiects and promising applications. YWe consider

to maintain the large enough population inversion and higHUSt one example of such a process of IR generation and

gain at the intersubband transitions necessary to overconﬂaOnllnear mixing with self-generated optical fields in semi-

losses. There were many suggestions to solve this probleI%or_]rductor_geterost_ructgres.t di te that th h
by rapid depletion of the lower lasing state using, e.g., the 0 avoid any misunderstanding, we note that the mecha-

resonant tunneling to adjacent semiconductor layers or tra nsm of IR generayon <_j|scussed in this paper 1s different
sition to yet lower subbands due to phonon emis&iof], or rom the approach in which the resonant tunneling and Fano-

even stimulated interband recombinatif8i; see[4,5] for type interference are used to establish a large coherence at

recent reviews. The successful culmination of these studies Igtersubband transition$9]. These quantum interference

the realization of quantum cascade lag&¥k in which the eas usually imply_t_he presence of a long-lived coher(_ence at
lower lasing state is depopulated either by tunneling in th«;Jfhe mtrallban.d transitions. Our approach dogs not require ang
dephasing times. We here focus on a nonlinear wave-mixing

superlattice or due to transition to lower-lying levels sepa- h hich i 1 h d th
rated from the lasing state by nearly the energy of a Lgbhenomenon, which Is greatly enhanced near the resonance

phonon; see, e.gl6] and references therein. with mtersubbgnd transition. .
We here set forward another possibility, allowing us to Note that this process has some common features with the

achieve IR generation without population inversion at therecently observed generation of coherent IR emission in ru-

intraband transition. This becomes possible with the aid 0P|d|um vapor in four-wave mixing expen_menliO]. Also,
laser fields simultaneously generated atititerbandtransi- coherent microwave generation at the difference frequency

tions (called optical fields for brevity which serve as the under the action of two resonant external optical fields was

coherent drive for the frequency down-conversion to the IR_observed in cesium vappt1]. In a recent papdrl2] the use
Employing self-generated optical lasing fields provides themc the same Scheme as[ibl] was suggested for generation
possibility of injection current pumping and also removes theOf terahertz radiation.
problems associated with external drileam overlap, drive Il. GENERIC THREE-LEVEL SCHEME

absorption, spatial inhomogeneitywhich were inherent in

previous works on parametric down-conversion in semicon- As the simplest case, consider the situation when only

ductors, se¢4] for a review. three levels of dimensional quantization are involved in gen-
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strong dc field bias or in the case of a strong coupling be-
tween different subbands of heavy and light holes. A typical
example is the A)Ga, /As/GaAs/Al sGa, ;As QW in which
the second subband of heavy holes 2hh and the first subband
3 of light holes 1Ih happen to be very close to each other
(within homogeneous linewidihn the I' point for a wide
E range of thicknesses5—-8 nm, and therefore are strongly
mixed. In this case two optical fields correspond te 1
J\ 2 —1hh and E— 11lh transitions, and the IR field is generated
via the 1hh-2hh transition.

The third configuration of interest is a quantum ¢QD).

For example, in a self-assembled InAs/GaAs quantum dot
E 1 E ’ (QD) the three-level scheme can be easily realized with all
three transitions allowefll4].

When the injection current density reaches the threshold
valuejy,, optical generation starts due to recombination tran-
sitions between ground electron and hole states. Upon in-
"—" 1 creasing the pumping current, optical generation can start
also from excited states and the laser can be completely
switched to lasing from the excited state which has a higher
maximum gain due to a larger density of states. The effect of
_ _ excited-state lasing was studied both in QW and QD lasers

FIG. 1._ Generic level scheme for th_ree-color genera_tlon in ar‘[4,14_1q_ It was found that with optimized laser parameters
asymmetric quantum W'Tal.l: two strong fields and E; lasing at the region of simultaneous ground-state and excited-state las-
adjacent interband transitions-21 and 3— 1 generate coherent IR . . . .
radiationE at the beat frequency. ing can be aroung~2j, [15,16|. In grder to have the region

of two-wavelength lasing sufficiently broadlAj~ (0.1
eration: one(lowest-lying heavy-hole level, and two elec- —0.2)j], gains for the two wavelengths should be close to
tron levels; see Fig. 1. Of course, this scheme also describesch other.
the situation when there are two hole levels and one electron The presence of one or two strong optical driving fields in
level involved. the cavity gives rise to a rich variety eésonantcoupling

We will employ a simplified free-carrier model of a semi- mechanisms by which the IR field can be produced. Here we
conductor active medium in which collision integrals de- will concentrate on one such scheme in which the two co-
scribing electron-electron and electron-phonon scattering angerent optical fields having frequencies andw, excite the

replaced by terms with phenomenological relaxation angnhqyced electronic oscillations at the difference frequency
pumping rates. However, we do take full account of a semi-

: w,— w. It is important to note that the coherent IR polariza-

?L?r?cq[iuocrfgr 2ﬂ2?g§trllé?/t:|rse ‘2\’23” d?sclfgliﬁ‘gﬂéﬁsegcit;?grgﬁ on is parametrically excited independently on the sign of
O . he population difference at the IR transition.
and intersubband transitions. For this purpose, we emplo . . . -
the well-known Kane moddl13], which tgkeg into accoun? Y The resulting output intensity of IR radiation depends on
the interaction of a Conduction’ band with heavy-heie) the coupling coefficient between the IR polarization and the
light-hole (Ih), and split-off bands. The calculated values of caV|t.y gjodles. Itis cleir :(hat thel pOIaﬁzatg.)f? an(eek has a
dipole moments are used for numerical estimates of the IRPNgitudinal wave numbek, equal to the difference;,
intensity. Model equations and a more detailed discussion of Kix Of longitudinal wave numbers of the two optical fields.
the main approximations are presented in Sec. Ill. Therefore, only the mode having the above wave number is
We need all three transitions to be allowed by selectiorffficiently excited(the phase-matching conditipriThe field

rules. In a quantum wellQW) this will generally require  Intensity is ma_X|m|zed when the frequency of this que is
using asymmetric structures, e.g., a rectangular well with dif€dual to the difference frequency of optical fields. This re-
ferent barrier heights. For example, in anquires special waveguide design since the refractive indices
Al Ga, As/GaAs/Al Ga, gAs QW of width 8-nm paramet- of bulk semiconductor materials for optical and IR frequen-
ric IR generation is possible either between two electron subgies are different. For far-IR generation, there is more flex-
bands & and % separated by 100 meVA&12 um) or ibility due to the efficient manipulation of the refractive in-
between the two lowest heavy-hole subbands-70 wm).  dex by a slight doping.
Our calculations based on the Kane model show that it is
advantageous to use asymmetric double QWs with inter-

mediate semitransparent barriers. The ratio of dipole mo- lll. BASIC MODEL
ments ofel-hhl ande2-hhl transitions can be about 3 for a
wide range of parameters. To quantify the above ideas, we have calculated the ex-

Symmetric QWs can also be employed, e.g., under &ited IR polarization and field by solving the coupled elec-
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tronic density-matrix equations and electromagnetic Max- doyy/dt+T prop=ien,—ie,oi,tie* oy,

well equations for the three fields, assuming steady state. It is

convenient to expand all fields in an orthonormal set of cav-

ity modesF, and to introduce slowly varying complex am- dog/dt+Tz031=iesn3—iejo3tieos,, (5)
plitudes of fields and polarizations. For example, for the IR

field at the 3—2 transition we can write _ - o,
d0'32/dt+ F320'32: |en23_ |el 0'31+ |ezO'21,

1 .
E(r,t)=; Ea(t)Fh(r)exp(—|wt)+c.c. (1) )
whnere

We will assume that the mode has a simple exg(x) de-

pendence in the propagation directigrwith the refractive Iy1=yauti(wat d—wy),
index u=Kk,c/w and the transverse structure defined by a

specific waveguide.

After introducing the complex Rabi frequencg(t) I'31= ya1+i(wat 6~ wy), (6)
=d&(t)/2h, the field equation for a given mode can be writ-
ten as .
I'35= Y3t i(wgt 6j— wot wy).
de 277'|ood2 2 .
dt Fleti(oco)le=——7— f oL (1) Here all sigmas and gammas should have the indekich

(2)  was omitted to shorten notations. The quantifys the dif-
ference between the transition frequency for a gipbnstate
Hered is the dipole moment of the IR transitiohl is the  and the central frequenay,;, ws;, Or ws,. The population
total volume density of electron states in the active regiondifferencesn;, = p;; — pxx are defined from Eqs2)—(6) to-
w3, is the central frequency of 32 transition,w. is the  gether with the three equations fpf , i=1,2,3, with phe-
frequency of the IR cavity mode with giveky, « is the  nomenological rates of population relaxatlon and pumping,
cavity loss, and/, is the cavity volume. The variablel,is  shown below.
the slowly varying amplitude of the elemep}, of density We note that this is a greatly simplified description of the
matrix, and the index labels different electron states con- complex many-body dynamics of carriers in tkespace
tributing to the inhomogeneously broadened line. For a syssince all scattering processes are incorporated in the
tem of QDs,j is simply the dot label. In QWSs, indgxabels  k-independent phenomenological relaxation rates. Basically,
differentk; states with respect to longitudinal quasimomen-the semiconductor active medium is treated here as an effec-
tum. Onlyk-conserving transitions are considered, whegre tive three-level medium with inhomogeneous broadening
lies in the plane of the wellsxfy plane. due to the distribution of carriers in tikespace and possible
The same representation is assumed for the two opticatructure imperfectness. At the same time, energy levels,
fieldsE; ,, with the corresponding parametets d, , w., ~ wave functions, and dipole moments of the optical transi-

K, Ky, g having the index 1 or 2, tions are calculated by fully taking into account the semicon-
ductor band structure. Namely, we use a Kane motigl of
de four interacting bands in thE point. Such a simplified pic-
gt Tlkti(ea—wl)le ture usually grasps well enough the main features of the reso-

nant interaction between electromagnetic fields and electron-
hole oscillators, and reproduces reasonably well the basic
f E szlFl(r)d r ) parameters of steady-state laser generation, such as the
threshold pumping or output intensity of laser radiation; see,
e.g.,[17] for the detailed discussions. That is why the models

27T|a)1d N

ﬁ+[f<2+i(wcz—w2)]e2 of this type are so widely employed in calculations of semi-
dt conductor laser dynamics. Of course, spectral peculiarities of
the observed emission resulting from collective excitations,

27”“’2d NJ 2 o Fo(r)dPr. (4) band-gap renormalization, and other many-body effects can-

hus w2 not be described within this model. Realistic treatment of the

carrier transport is also needed in order to describe transient
Note that the optical fields can haaebitrary polarization  processes on time scales comparable to the carrier thermali-
with respect to the parametrically excited IR field. In particu-zation time scale which is of the order of 100 fs.

lar, for a QW laser the IR field is typicallg polarized, while For QW lasers the rates of spontaneous interband and
the optical fields are preferentiallypolarized. intersubband transitions and injection pumping are usually
Expressions foro;, and population differences;, = p;; much slower than the rate of intrasubband scattering which

—pkk» 1,k=1,2,3, are found from the density-matrix equa- tends to bring the subband populations to quasithermal equi-
tions with phenomenological rates of relaxation and pumpdibria. Therefore, we can represent the phenomenological
ing, rate equations for populations in the following Wly7]:
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dp12/dt+T1(p11—p1)=—2 Im[e} o] — 2 IM[€f 0], SOV | N C 1t
_ J Ty Tolals Tl5ls
dp2o/dt+15(poo— p2p) =2 Im[e] o], (7 oo
+||el| &, 11 )(%4_%)
_ T |2 * Tk oI * T ’
dpsa/dt+r3(paz—psd) =2 Ime; oz]. Tad Fals Tats)ily fa

11
Herer;, i=1,2,3 are the rates of intrasubband scattering

andp;;(8)) are the distributions of populations supported by _ The expressiont9) for the IR polarization contains two
pumping in the absence of strong laser fields. They are e)gontnbgnons of different origin. The first two terms are not
pected to be close to Fermi-Dirac distributions with quasi_propo_rtl_onal toe and descrlbg the'lnduced oscnlat.lo'ns due to
Fermi levels defined by the balance of pumping and Spontat_he mixing of two strong optical fl_elds. The remaining terms
neous transitions. Very intense laser fields burn narrovfl@t @ré proportional to the IR field look rather lengthy.
spectral holes in the smooth and broad electron distributiond0WeVver, the physical meaning of each term in Exj) is
These holes, however, tend to be quickly refilled by scatteri@nsparent. The first term is just the resonant one-photon
ing from neighboring parts of particle distribution. Note that 2PSorption proportional to the population differenug at
this “pumping” to the spectral bandwidth involved in gen- the IR transition. The second term in H@.), which origi-
eration can proceed much faster than the external injectiofates from the produet o3, in Eq. (5), is due to the mixing
pumping which supports the total electron population. of the optical fielde; and polarizationr3;, where the latter
For self-assembled quantum dot lasers, there is still a corlS €xcited by a two-photon termrg,xeopxeen,. This
troversy regarding the efficiency of interaction between carway of exciting theos, coherence corresponds to the well-
riers bound in the dots and free electrons in the two-known “ladder scheme” of inversionless lasiig,18]. The
dimensional wetting layer. In the simplest case, we carthird term in Eq.(11) comes from the produd,oy; and is
consider the quantum dot as an atomlike system and walso due to the mixing of two optical-frequency oscillations.

write for thejth dot Here the polarizationry; is excited by a Raman-type two-
photon term proportional tcec3;, where, in turn, o,
dpyi/dt=—2 Im[e¥ op1]— 2Im[ €% 031] + T p1p20+ F 31033 xe5Nn.3. The resulting contribution to the IR polarization is
proportional to|e,|?n,3 and corresponds to theA' scheme”
—Ryp11, [8]. The remaining terms in E@11) correspond to multipho-

ton processes of higher order and require the presence of two
(8) strong optical fields. For example, the term proportional to

|e1|?|e,|?n15 comes partially from the produet o3;, where

031%°€6,0%, and o3,c€e.€5 N3 is, in turn, induced by the

dpoo/dt=2 Im[e] o21]+3p33— 1P 22,

dpgs/dt=2Im[€; 03]+ R~ (r31+r35)pss, mixing of two strong optical fields. The origin of other terms
can be easily followed in the same way.
wherer;, are the relaxation rates of transitions k, Ris the The amplitude of the IR field can be written as
rate of pumping to level 3, anR; is the rate of removal of
ele_ctrons_ from level 1. _F(_)r simplicity, we will assume bipo- igZete, ( i) Nps Vj))
lar injection with equal injection rates of electrons to level 3 = = = — |, (12
and holes to level 1, so the total particle density is conserved. ktk 1 \T53 Tal's

Note that this requireR=R;p41.
The solution of Eqs(2)—(7) or Egs.(2)—(6) and(8) inthe  where
steady state is straightforward but rather cumbersome. If the

Rabi frequency of the IR field is much smaller than g|l, 2 rwd?NG
we can retain only the terms in the zeroth and first order with 9°=——
respect toe and obtain for the induced polarization at IR hu?
transition

is the coupling coefficient between the IR field and polariza-

* tion, and the term
€61 [ N1z Ny3
0'32(Vj)2~— —*+F— +eF(Vj), (9)
g \ I3 13t ~ .
k=—ig ; F(v)) (13)
where
describes the linear susceptibility with respect to the IR field.
_ ley? Jeyl? Here G is the optical confinement factor for the IR field
[3o=T5+ T .t (100  which measures the overlap of the mode field distribution
s Iy with an active region.
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In Eg. (12) an exact resonance.= w3— w, With a given  ing free carriers in semiconductors. Note, however, that in-
cavity mode having the wave numbkg=k,,—k;, is as- creasing losses are not a principal limitation in the present
sumed. Otherwisex should be replaced by w.— w) + «. parametric scheme since they do not prohibit generation it-

The population differencen;,, n;3 can be found from self, but rather they decrease the IR field intensity. This pos-
Egs.(7) or (8) after substituting the expressions fog, and  sibility of far-infrared operation is an important advantage of
o31. The general form of the resulting expressionsrigy, the proposed mechanism. Note also that in QD lasers the
ny3 as functions ofs; ande, , is the same both in the model excited-state lasing can be achieved at lower carrier densities
described by Eqg7) and in the mode(8). This is because due to the state filling effect, and the intrinsic losses in the
the terms describing stimulated transitions are the same iactive medium are lower.
both cases. Therefore, we will use for definiteness the “QW-
like” model described by Eq47). A. Homogeneous broadening

éccgrdlng to the discussion after EQLL), the quantity This case can be relevant for the high-quality QWs and
Rex with F(v) taken from Eq(11) represents resonant IR- ops. The main reasons for inhomogeneous broadening in
absorption losses modified by the presence of two strongyys are growth defects leading to interface roughness, fluc-
optical fields. Its value can be negative in the absence ofations in the well widths, and barrier heights. As for the
population inversion. This implies the possibility of “true” gajf.assembled QDs, present-day structures have a large in-
lasing without inversion: exponential amplification Ofaweakhomogeneous broadening 20 meV associated with the

IR figld from spon'taneous noise. Unlike the nonlinear Paragpread of dot sizes, which is definitely much larger than the
metric process, this can happen even when onkyof these homogeneous linewidth.

two fields is present. In this case we have an already becom- g purely homogeneous broadening in the steady steate,
ing “classical” ladder-type (\-type) scheme of inversion- 5.4 exactly at resonancg; = w,; and w,=ws,, density-

less lasind8,18], in which, however, the driving field is not a4y equations together with wave equations for the fields
imposed externally, but is self-generated in an active Meg, . vield

dium. Inversionless lasing in semiconductors with a self-

generated drive field is studied elsewhft8]. Here we will « n lel? (1 n
; ) o ) - 1 12 2 13 12
ignore this possibility and neglect the corresponding teem == 7—21+ = (7—31 y_ﬂ) ,
in Eq. (12) as compared with the nonresonant losses the 91 Ya1Y32
IR wavelength. 5
In the general case, the problem should be solved numeri- K2 _ n_13+ ey Nz N2 (14)
cally. However, significant simplification is possible for re- o2 Y31 yaryse Y31 Y2l

alistic laser parameters in some limiting cases, which will
allow us to obtain the expression for the IR intensity show-where
ing its dependence on the main parameters; see Sec. IV.

Yao= Yart+|el? yat+ el va,

IV. EFFICIENCY OF IR GENERATION X 27'rw1d%N G,
In this section we present estimates for the generated IR 91= h#i '
field intensity under the action of two strong laser fields. But
first of all, let us indicate typical values of parameters enter- 2 w-d2NG
ing the above equations. For definiteness, we will have in ggz#
mind Al,Ga, ,As/GaAs QWs and InAs self-assembled QDs h,u%

grown on GaAs or AlGa _,As layers.

The value of the dipole moment at the IR transition isAfter substituting the expressions for the population differ-
typically d~(1—3) nm, while it is(0.3-1) nm for the opti- ences into Eq(12), we obtain
cal transitiong4,14]. The relaxation rateg;, of both optical

and IR polarizations are of order 5-10 meV in QW lasers at ledles] [ 0 k3 G @ d® k G

room temperature(i.e., the relaxation time=<0.1 ps) lel= Yar | w1 d2G1 kK wyd2 Gy k| (15
[17,20,2] and can be several times lower in self-assembled

QDs(1 ps. In the IR range the cavity losses are mainly duegy, in terms of field intensities,

to free-carrier absorption. At the high-carrier densithés

=10'"® cm 2 necessary for the excited-state lasing in QWs 1512 d o x; G2

the material losses in a bulk active medium are of order |E|22|81|2—2(d——6——)

100 cm tatA=6 um, and grow as.? or A* depending on |Eols 1 G1 @1 G &

the dominant scattering mechani§®®]. Thick cladding lay- 2 2

ers have a smaller doping density of ordex #0' to 4 B |2|51| (iﬂﬂg> (16)
x 10" cm™3, but can contribute significantly to the losses 2182\ d2 @2 Gy

due to the large overlap factdd~1. Large losses are a
major problem in all proposed far-IR lasing schemes involv-Here we introduced the quantitﬂm@ defined as
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& J2=1295,d3 . (17)  pared with homogeneously broadened transitions, but, of
’ course, the threshold conditions do change, so the value of
Equation (17) represents the saturation intensity if we as-the injection current is now much larger.
sume that a”’)’ik in Eqs(ﬁ) are equa| and are of the same (Il) In this case the population distribgt.ions have .narr(.)W
order that the inverse lifetim®&; * of carriers participated in SPectral holes burned at the spectral positions of optical field
generation. It seems to be approximately correct in Qwgnodes. This can be relevant for QD lasers or powerful
where the injection of carriers to the spectral region involvedPulsed multiple QW lasers. To simplify calculations, let us
in the generation of a given mode is defined by the sam@ssume that the absolute values of the Rabi frequencies of
scattering process as the relaxation of polarization. For QD§VO optical fields are equale;|=|e,|, all y; andr; are
the relaxation mechanisms are less clda,23. equal to the same valug, and alsau;,=uz;=u. .
At a given wavelength the crucial parameter in ELp), Even with all these simplifications, the general solution
which governs the efficiency of down conversion, 45 for population differences is very cumbersome:
=(x12/G1)(G/k). The main source of the IR losses is

free-carrier absorption. For the optical fields the ratio Nt Nis=[(p1o+ p1d A+ 12yley|*6%|T|?
k1/G; 5 is equal to the material gain at the optical transi- o~

tion, which is of order 1® cm™ ! in QWs and 16 cm ! in X (p12—p19) ]IT|?T'[°/D, (20
QDs. Therefore, even for very high IR material losses of

order 1§—10* cm™?, the » parameter can still be close to Nip— n13=[(;12—;13)B+4y|e1|452|r|2

unity. As we already mentioned, IR losses can be dominated _

by absorption in doped cladding layers. Our detailed calcu- X (p1o+ p1a)1|T|2|T[8/D, (21

lations for the GaAs-based structure with a separate confine-

ment of IR A\=8 wm) and optical modesN=0.73 and where

0.8 um) yield the value ofy around 0.5-0.8. Details will

be published elsewhere. o . A=|f|2|r|6+ 2|e1|2|l~“|2|F|4+4|e1|462|F|2+ 8|e1|652,
The value ofy decreases with increasing wavelength due

to growing k and decreasing. Let us take as an example ~ o116 1T 21114 o 1412 )

2xk=150 cm !, as measured in quantum cascade lasers at B=IT1|T[°+6[ey || T[*T[*+ 12y%|e;|*(|T'*+ 2[e,|*),

17 wm wavelength. If Z2,/G;=1500 cm !, then we have

n~0.1 for G~0.01. D=AB-3(2[e,|*8|T])*,

B. Inhomogeneous broadening IT|2= 7%+ 62, |1~“|2: Y2(1+2|e,|?|T|?)%+ 82,

We will assume here that the inhomogeneous widths ) , )
of all transitions are much larger than all homogeneous bandLhe expression&20) and(21) have to be substituted into the
widths y;, and Rabi frequenciele, , of optical laser fields Tght-hand sides of Eqs3), (4), and (12). After expanding
that are at exact resonance with the centers of inhomogdbe integrands in powers of a small paramegge,|<1 and
neously broadened liness ;= w, and w,=ws,. We con-  'etaining only the leading nonvanishing terms, we are left
sider two different situations in which explicit formulas can With a large number of integrals containing the ratios of dif-
be obtained: when the optical field intensities &lemuch ferent polynomials ofé. The functional dependen_ce on all
smaller andii) much greater than the saturation values, ~ Parameters of the problem can be extracted from integrals by

(i) In this case the populations have the spectral distriputhe substitution of variables. Then the integrals are evaluated
tions as supported by pumping in the absence of generaté}ymerlcally giving just numerical factors in front of different
fields (no spectral hole burningWhenu; > v, , the precise terms. Many integrals cancel each other, and only the terms

shape of the inhomogeneous line is not important and simpl@riginated from the poles having the valuési|e,| survive
expression for the IR field can be obtained, (i’=—1). This is to be expected since the widths of the

spectral holes in the line profiles should be of ortiey.
2leqlley] Uy o d? Ky G Summing all the remaining terms and rounding the numeri-

lg|= —i2l 2 P = P (18)  cal coefficients up to one digit, we arrive at a surprisingly
+ 2 - '
(732t v21) Uz w1 df Gy & simple result,

or, in terms of intensities,

|e|:—|el||eZ|u 0.0L Ko K2 (22)
&2=|¢& |2|52|2 2y d o Uy kg G\? (19 Y32 gi K g% K
' |52\ (Y32t v21) di @1 U3 Gy & or
Here |&,|2=%2y3,/d3. Equation(18) is similar to Eq.(15) ) )
except for the ratios of inhomogeneous linewidths that are  |g|~ leafleslu) @ & k1 G PR3
expected to be of the order of unity. As we see, the ratio of YUz w1 df Gy « w; d3 Gz K
the IR to optical intensity does not change much as com- (23
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In principle, the two terms in Eq22) can cancel each V. CONCLUSIONS
other if, e.g., the losses at frequensy are much larger than
that atw,. (Of course, this would require taking into account  Our calculations demonstrate the generation of coherent
other terms in the expansion ovefle;|.) However, this can IR emission at intersubband transitions due to nonlinear
happen only if the pumping provides population inversion atwave mixing in standard multiple-QW or -QD laser diodes.
the transition 3-2. This is clear from the expression for the The prerequisite for this is simultaneous lasing at two optical
population difference at the center of the transitionr:3,  wavelengths which provide the necessary drive fields. This

supported by pumping in the absence of generation, mechanism does not require population inversion at the IR
transition, and its threshold current is determined by the
;23(6: 0)= lesfu ( 1.512_ 1.12) _ (24) minimL_Jm injectiqn currer_1t necessary fpr the _interband Ie_lsing

v? °h 95 from higher(excited carrier states of dimensional quantiza-

tion.
For the transition betWeen the ground Subband and a h|gher It is important to note that the proposed parametric
subband, the population inversion is unlikely to be achievedcheme seems to be viable in the far-IR region (
at reasonable pumping rates. , o ~10-100 um) using transitions between hole subbands in
The reqwrlemene<yr(]employed. mrtlhe derivation ?cqu' the valence band. Indeed, in conventional lasers the increase
(9) necessarily means tha|<|e,| in the asymptotic$22), of IR losses with wavelength is a significant problem for

since the latter was obtained in the linét;|> . . . . e .
; . . generation since it becomes difficult to reach the lasing
Expressions16),(19),(23) predict the rapid growth of the threshold. In our case, due to the parametric nature of IR

IR intensity, proportional to the product of optical field in- . . . .
tensities. Of course, this tendency holds only until the IR_generatlon, the increase in losses will only lead to a decrease

intensity reaches the saturation value. Above this value, thl% output |_nten5|ty, not a complete loss of IR generat_|on as1s

IR field begins to deplete the electron populations, and itd"€ €ase in the usual below-threshold laser behavior. For a

growth becomes nonlinearly saturated. In the optimal casdractical device, the goal is to maximize the factor

the maximum internal efficiency of the down conversion can(k1.2/G12(G/«). Also, in the far-IR spectral range it is

reach the limiting quantum value corresponding to one |Relatively easy to manipulate the refractive index of the IR

photon per one optical photon. mode and_provide phase matching by only a modest doping
For the mid-IR range 5—1Qum the maximum IR power Of waveguide layers.

is of order 10 mW if we take the value of 100 cfor IR

losses. Here we assumed the laser with paramete®.l;
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