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Abstract—We present a detailed study of the polarization of the optical gain, brought about by stimulated electron-hole
[ 1 deta . p g g Yy
properties of four-wave mixing in multiquantum-well (MQW)  recombination, and as such takes place on a characteristic time
semiconductor optical amplifiers (SOA'S). In particular, the po- — gea16 on the order of the recombination lifetime typically
larization selection rules relevant to all processes contributing f hundreds of i ds. Stimulated binati
to the generation of the four-wave mixing signal are rigorously a tew hundreds 9 picoseconds. stimulate .recom Ination, as
derived and discussed. We then show the importance of theseWell as free-carrier and two-photon absorption, also heats the
results in applications where four-wave mixing is used as a carrier distributions above the lattice temperature, which leads
spectroscopic tool to study the optical nonlinearities of semicon- to a further compression of the gain [3], [4]. The lifetime
ductor gain media. For illustration, we demonstrate two novel associated with this mechanism is the carrier—LO phonon
applications of polarization-resolved four-wave mixing. The first scattering time. which has been measured to be approximatel
is a new technique for measuring the recombination lifetime in g v . pp . y
SOA’s, based on mixing of a pump wave with polarized amplified 650 fs [5], [11]. With both of these mechanisms, the nonlinear
spontaneous emission noise. In the second, we use the samgain reduction is accompanied by a large change in the
polarization selection rules to measure the interwell transport refractive index. Spectral hole burning refers to the reduction
lifetime in alternating-strain MQW amplifiers. Finally, we also ot the gccupation probabilities of the electronic states (hence
discuss the possibility of studying the dynamics of the optically in of th - fficient tv int i ith
induced phase coherence between spin-degenerate states. once aQa'” 9 € gain coe !C|en ) re_sonan y_|n erac |ng_W|
the optical field [1], [2]. This reduction persists on a time
scale set by carrier—carrier scattering (typically on the order
_ _ of 100 fs). In addition to the above interband and intraband
SEM'CONDUCTOR lasers and semiconductor optical anhonlinearities, multiquantum-well (MQW) active regions are
nlifiers (SOA’s) are characterized by large ultrafast optic@haracterized by an additional, structure-dependent source of
nonlinearities [1]-[7] that strongly affect their dynamic angptical nonlinearity. This is related to interwell carrier trans-
spectral properties. For instance, the large nonlinear g@Brt and phonon-mediated capture/escape processes between
compression typical of diode lasers is directly related to th§w states and the overlaying continuum of unconfined states
maximum modulation bandwidth achievable in these devicg®][18]. The relevance of this mechanism to the maximum
[8]. Furthermore, the same saturation processes are responsiigiulation bandwidth of quantum-well (QW) lasers is now
for cross-talk among different optical channels and for thge|| established.
distortion and chirping of short pulses [9] in SOA’s. These |n recent years, nondegenerate four-wave mixing (FWM)
features ObYIously .po:se serious I|m|tat|0.ns to the U-SG m SOA’s [11], [19]_[22] has emerged as a usefu| frequency_
these amplifiers as in-line repeaters in optical communicatigmain technique for the direct observation of these nonlin-
networks, for which gain linearity is highly desirable. On th@grities. In these experiments, two input waves at different
other hand, the nonlinear interaction among different chann@lsquencies, the pump and the probe, are coupled into the
in SOA’s makes them promising candidates for applicatioRgmiconductor active layer, so that the overall optical intensity
involving wavelength conversion [10] and, in general, alincludes a harmonic component at their difference frequency.
optical signal processing. . The gain and refractive index are then modulated at this
In general, three mechanisms contribute to the strong depggguency by way of all of the mechanisms just discussed.
dence of both the gain and the refractive index of a semicofhe resulting dynamic gain and index gratings partially scatter
ductor on the optical field intensity; namely: carrier depletionhe input waves into new sideband signals, whose relative
carrier heating and spectral hole burning. Carrier depletigitensities are measured as a function of the pump-probe de-
refers to the reduction of the overall carrier density, and henggping frequency. The ultrashort relaxation lifetimes governing
Manuscript received January 22, 1997; revised April 2, 1997. This wotktraband dynamics can then be accurately determined, since
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The efficiency of any nonlinear optical process such d@equencyw, traveling along the plane of the QW. The pump
FWM strongly depends on the polarization states of the assumed to be significantly stronger than the probe so that
optical waves involved. This issue is particularly importarinly the FWM signal at frequency, = 2w, — w, need be
in (Mult)QW gain media due to the large anisotropy ironsidered. The FWM susceptibility tensgf;x; is defined
their optical response, which immediately follows from theo that the harmonic component of the induced polarization
presence of a preferred direction in the active region, taensity atw, is P = Xijh E(”)E(”)(E((I)) , Where the
growth axis. In this paper, we present a detailed study widexes; andk refer to the pump components involved in the
the polarization properties of the optical nonlinearities of sugftattering process and the modulation process, respectively.
gain media, as embodied in the FWM susceptibility tensqve calculate this tensor from the microscopic expression for
[25]. The importance of this study is twofold. On the ong?,
hand, in applications such as wavelength conversion, it is
of paramount importance to minimize the dependence of the
conversion efficiency on the polarization of the input signal. ﬁ(t) - 1 Z Pes ()L, (1)

This issue has been considered elsewhere [25], [26]. Secondly, 14
as is shown in the bulk of this paper, the same polarization
properties can be exploited to extend the scope of FWM as
a spectroscopic tool. where the index:(v) runs over the two spin-degenerate states

In the first part of the paper (Section 1) the FWM suscefin the conduction (valence) subband (only one conduction and
tibility tensor is rigorously derived. The simplest theoreticabne valence subbands are considered). Strict conservation of
description of FWM processes in SOA’s [19], [21] treatshe two-dimensional (2-D) crystal wavevectérin optical
the semiconductor gain medium as a collection of inhomeansitions is assumed. Furthermopgjs the electric dipole
geneously broadened, independent two-state systems (e@@ment operator, angd the density matrix of the electronic
corresponding to a different point it space). While this system. Note that here and in the following, the explicit
approach has been successfully used to account for the depiipendence ok is omitted for notational simplicity.
dence of the FWM conversion efficiency on the pump-probe The time evolution of the polarization functign,, is cou-
detuning frequency, it is inadequate to describe polarizatipfed by the optical field to that of the occupation probabilities
effects. In order to include such effects, we consider herepa, (r = ¢,v) and of the coherence functions,,, (with
multi-state model for the case of (multi)QW SOA's, including; £ z') according to the usual two-band Bloch equations [27]
the spin-degenerate states in the lowest conduction and valence

k,v,c

subbands at a sanie The results of this analysis are given . ) 1
a simple interpretation in terms of photon transition diagrams, Pev + | ey + p Pev
and the FWM polarization selection rules are then derived .
i t ~ ~ =

and dl.SCUSSG-d. i . = ﬁ Z Hev' Pv'v — Z Pec’ He'v |+ E(t) (2)

Section Il is devoted to several applications of these results. " ”
In particular, in Section IlI-A, we first present and demonstrate . 1
a simple method of measuring the recombination lifetime, Puv Tore (Poro = fobur )
based on FWM of a single-frequency pump wave with prop- i . . . N
erly polarized amplified spontaneous emission noise. Next, = ﬁZ(uc"v’pC"U = Pery ) - E(t) ©)
in Section 111-B, polarization-resolved FWM is used to study <
intgrwell carr.ier dynamics in a SOA co.nsisting of alternating Pee + i( Pecr — fobeer)
pairs of tensile and compressively strained QW’s. The model Tee!

. ) ) : i . .

of Section Il is extended to account for interwell coupling, _ h (Pcuucw fiew o) - E(2) (4)

which then allows us to infer from the experimental data
an estimate for the interwell transport lifetime. Finally, in
Section 1lI-C, we discuss the possibility of obtaining FWMyhere fiw., = €. — ¢, is the transition energy, and several
with a TE-polarized pump and a TM-polarized probe (gshenomenological time constants have been included to ac-
vice versa), in which case the dynamic gratings arise froppunt for damping processes. In particular, is the usual
modulation of the optically induced phase coherence betwegifole dephasing lifetime, and/r,.s is the rate at which
spin-degenerate states. However, we find that in the devige, relaxes to its quasiequilibrium value (i.e., the quasi-
used in our experiments this contribution is exceedingly sm@ermi distribution f, for z = z’/, zero otherwise), due to
due to large birefringence. carrier—carrier scattering. In the following, we will take for
simplicity 7., = 7 for all z and 7., = = for z #
Z'. Notice that forward and exchange scattering processes
(i.e., carrier—carrier interactions leaving the overall distribution
o unchanged) contribute te, but not tor;, so the latter is
A. FWM Susceptibility Tensor expected to be somewhat longer.

In the following analysis, we consider the usual case of aSincef, is a function of the carrier densityy and subband
pump waveE® of frequencyw, and a probe wavé: (@) of temperatureZ,, we obtain a closed set of equations by

Il. GENERAL THEORY
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including the rate equations [21] by
. N il e o = . . o
N+ =Ry (Pevilny, — HevPry) - E(t)  (5) Xijki = Z(Nc"v’)j(ﬂ'u’c’)i Z(ch)k(ﬂ'uc)l
° Ew,e v’ ,c! v,e
Tac n T, —1T1 _ _ii €x — Mg X (xcom + XcH)
T hV 4 P - - .
ke B + Z (Ncu)j(ch)z(ﬂcu’)k(ﬂb’c)l
X (Pevllny — Hevpey) - E(t) (6) e’
) . . + Z (ﬁ'vc)i(ﬁcv)j(ﬁ'uc’)l(ﬁc"v)k XSHB(I)

where 7, and 77 are the interband recombination and car- v
rier—phonon relaxation lifetimes respectively, is the lattice
temperature, and, andh,, are the chemical potential and heat + < Z (Hzo)j (Hoe)i (Feo k(v e )t
capacity of subband = ¢,+’. Notice that these equations v,e,v

assume an active region consisting of perfectly uncoupled . . . .

QW'’s. The inclusion of interwell transport leads to additional + Z (ve)i(ficw )i (foe )i(er )t ) Xsup(2)-  (8)
contributions to x;;,; and is considered in Section IlI-B.
Finally, we point out that intraband absorption via plasm R _ ) )
heating and two-photon absorption, which may also give ﬂere’(“”c)i is theith component ofz. (i = 1,2 for TE and

. L e components){. - -} denotes averaging over all directions
nonnegligible contribution to the FWM susceptibility, are no(t)f 7 on tFr:e plan()a<of ihe QW, ang ging and
considered here. ;& XCDM: XCIHL XSHB(1):

o ) XsHB(2) are scalar susceptibilities whose explicit expressions
In the presence of two excitation frequencies, andwy,  gre not essential here and are obtained from (16)—(19) as

dynamic gratings in the gain and refractive index are formegscyssed in Appendix A. Furthermore, in the last term on the

through carrier density modulation (CDM), carrier heatingght_hand side (the term proportional §@sup 2)), the index

(CH), and spectral hole burning (SHB). These mechanismss defined so that, given,  # ¢ (for instance, ifc denotes

arise respectively from the dependence of the carrier densipyin-up,z denotes spin-down), and similarly fet®

N, the carrier temperaturds., and the occupancy distribution

and coherence functiong,,» on the optical field intensity, B. FWM Polarization Selection Rules

which involves a beat note at the pump-probe detuning fre-ne polarization dependence of the FWM susceptibility is
quencyQ? = w, —wg = ws — wp. Subsequent scattering of theaptirely contained in the summations over the indiegs in
pump from these gratings produces a harmonic component@6)—(19) [or (8)], where the dipole moment matrix elements
the polarization functiom.., at the converted signal frequencyin each product have been written in a time-ordered fashion.
ws. Based on these arguments, we assume solutions of the fdtotice the different structure in these summations for the cases
of carrier density modulation and carrier heating on the one
N = NO L (N® =9 ¢ c) hand, and spectral hole burning on the other. As shown below,
‘ this difference is easily explained in terms of the different
T, =T + (T yc.c) (7) nature of these mechanisms.
paw = pl 4 plSD =it | ) i In the case of CDM and C(:I;l the f?r)mation of the dynamic
Doy = pl) ity pua) it 4 ()it gratings (through peat|n(g|)cﬁkp andE;?) anq the g(eneratlon
v v v of the converted signak;” (through scattering oEjp) from
these gratings) are two entirely distinct processes, hence the
In order to caIcuIatepgtfs), and hence (through (1) andtwo separate summations. In particular, as illustrated schemat-
the definition of x;;x;) the FWM susceptibility tensor, weically in Fig. 1 (left diagram), grating formation involves
substitute (7) in the equations of motion (2)—(6), approximatédividual two-photon processes in which a photon is absorbed
the dependence gf, on N andZ;, with a Taylor series about from the pump and simultaneously emitted into the probe
quasiequilibrium, and retain only terms up to third-order in th&@ve. Provided that the final state of the electronic system in
input field amplitudes. After some lengthy but straightforwc';\raaCh such Process IS th_e_ same as the |n|t|§\I omrethe figure),
algebra, we find the expression fer;,; given in Appendix A, its occupz_:\tlon probability is correspondingly modulated z_it
. - o he detuning frequency, and then so are the overall carrier
(16)—(19), having general validity within the above framewor . : ,
) . . g . nsity and temperature (since they depend on the states
and for isotropic in-plane dispersion relations. A more compagi

S . . o cupancy integrated over the whole subband). Similarly, the
expression is obtained by neglecting any dependengig,oin pump is scattered by the resulting gratings into the FWM

KL, Wh'Ch is in particular ava!iq approximatiqn in the abs?ncﬁgnal through individual two-photon processes (such as the
of significant valence-band mixing [28] (e.g., in highly strained
f one neglects the difference between the relaxation lifetimend the

. . . l
QW S.trucwres’ such as the deVIC_e .L_Ised n th? eXpe”me&géhasing lifetimery (so thatxsﬂﬁ(l) = XSHB(Z))r as was explicitly done
described here); the FWM susceptibility tensor is then givem[25], (8) can be cast in the form given there.
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Fig. 1. Photon transition diagrams illustrating the generation of the FWR/ig. 2. Photon transition diagrams illustrating the generation of the FWM

signal by CDM (CH). Both the modulation of the carrier density (tempersignal by SHB. In the process shown in (a), the “dynamic gratings” result

atures) and the scattering of the pump into the FWM signal occur throufflom modulation of the occupation probability of the initial state of the

individual two-photon processes, as shown on the left and right diagrasigctronic system. In the process shown in (b), they result from modulation

respectively. It is important to point out that the electronic transitions involveaf the optically induced phase coherence between the initial and the second

in these two steps need not be the same. intermediate state. Opposite polarization selection rules apply to these two
types of processes.

one shown in the right diagram of Fig. 1), each of which also ) )
involves a single electronic transition (betweérmndy’ in the Selection rules are found to apply for processes relying on

figure). It is important to emphasize that the pump-scatterifigedulation of the occupation probabilities and for processes
transitions need not be the same as those involved in {i%YiNg on modulation of the phase coherence between distinct

grating formation. Indeed, the statesz, v, ) on the one hand States- _
and(¢/, &', ') on the other, as given in Fig. 1, may even be The former include CDM, CH, and SHB processes of the

localized in different spatial regions of the active medium. F&¥Pe _illustrated in Fig. 2(a). All such processes are found
this reason, FWM by CDM and CH is particularly suited tdo give a nonzero contrlbutlon only to tensor components
study the effect of transport processes on the nonlinear opti@Qithe fOrm Xy In words, this means that: 1) formation
properties of the given device. of the _c_;lynamlc gratings by modulation of the occupation
In the case of SHB, however, gainfindex modulation arm’obablhtles can only occur through beating of the same
pump scattering occur simultaneously through individual fou _on;pgréents bOf r:he pumpdand Erobe wavesatd i either f
photon transitions (hence the single summation). Two qua ot or Otb ™) an dzz‘ the :;E (TM) _componlenF 0
tatively distinct types of processes are possible, dependingt pump can be scattered from these gratings only into a

the intermediate states, as illustrated in the diagrams of Fig. «(TM-)polarized FWM signali = j).

In the case shown in Fig. 2(a), the second intermediate state i?r.1 the other hand, .FWM processes relying on modulation O.f
the same as the initial state, and the gain and index modulatlrﬁnat've coher_erjces fi.e., SHB processes of _the type showr! n
occurs directly through modulation of its occupancy [i.e. |g..2(b)]_ exh|b|t exactly_the opposite behawqr. The dynamic
dynamic spectral hole burning, described by the term prop(grr_atlngs in this case are induced through beating of orthogonal
tional 10 xsip(y in (8)]. As shown in Fig. 2(b), however, pump and probe components, and scatter each component of

photons at the FWM frequency, can also be generatedthe pump into a signal with orthogonal polarization. Therefore,

in four-photon processes in which the second intermediaEPeese proce.sse‘s contr|bute tensor components of theigim
nd Xijji with ¢ 75 J-

state is different from the initial one. Such processes [whic Notice that these selection rules can be given a simple

contribute to the term proportional tsppz) in (8)] can explanation for the special case of highly-strained QW's,
still be described in terms of grating formation and pum which, to a high degree of approximation, the relevant

scattering, but the gratings in this case result from modulati Dlence-band states have pure light-hole (for tensile strain)
of the optically induced relative phase coherence between eheavy—hole (for compressive strain) character. In this case
initial and the secqnd intermedig te state. The corner 'freque.rfﬂé well known that the optical transition between any pair of ’
of the corrgspgndlng cqntrlbutlon to the .FWM efﬁmency IRonduction-band and valence-band states is only allowed to be
set by the lifetime of this coherence, which, as discussed 4o TE. or TM-polarized (never both). The above selection

connection with (3) and (4), is the dephasing lifetime(and o5 then immediately follow by inspection of the diagrams of

not the relaxation lifetime which limits the “ordinary” SHB  gjoq 1 and 2. Furthermore, compressive wells have negligible

contribution). o _ _ _gain for TM waves, so that the FWM polarization selection
The FWM polarization selection rules can be immediate les further simplify 0y = X11116i16; 165 1611, and
YRt T %1%, s 5L

derived from (16)—(19) [or (8)], given knowledge of the dipolg,, processes based on modulation of relative coherences are
moment matrix elementg,,.. These are computed from theallowed.

standard expressions for the spin-degenerate conduction and

valence band states in a QW [28] (given in (21) of Appendix o ] o

A). Once substituted in the summations of (16)—(19) [or (8)?,:' Polarization Dependence of the FWM Conversion Efficiency
they result in the expressions listed in Appendix A [(22)—(24)]. Based on the results discussed in the previous Subsection,
As can be seen from there, two qualitatively different sets afe can write the FWM signal field at the SOA output in terms
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of the input fields as follows:

Gy — (E@ N2 (E@oN* g
EVL) = (E00)*(E0(0) g
* * * =
: l(pz Z MiikkPka) + Miit |,ipipidi + Miti|,2iPi 4 &
k=1 o
©) = g
2 oﬁ / N
wherep; andg; are theith components of the polarization unit 5oL Time , , |
vector of the pump and the probe respectively at the SOA input -90 -45 0 45 90
(i = 1, 2 for TE and TM components). Furthermore, we define Probe Polarization Angle (degrees)

the “transfer tensor Miji = Xijk_lRijkl’ Whe'_’e the faCth Fig. 3. Converted signal power as a function of the linear polarization angle
R accounts for wave propagation effects; its expressiondsthe probe relative to the TM direction, with linearly polarized pump at
derived in Appendix B [(30)]. —45°, and 1.5-nm detuning. The continuous line is a theoretical fit to (9),

E ti 9 R inciole b d for detailed ._wijth fitting parameters\/;; .. The insets show the formation of the dynamic
quation ( ) can In principle be usea for aetaile numerlcgnjatings through beating of TE and TM components of pump and probe. The

verifications of experimental results, provided all the relevamt-induced gratings and the TM-induced gratings are in phase with each
material and operational parameters are known. Here, W@er_ for_ parallel input polarizations and out of phase for orthogonal input
. . . . . olarizations.
simply use it to provide a qualitative explanation of th8
experimentally observed polarization dependence of the FWM
conversion efficiency [25]. This same argument is exploited Rirefringence experienced by the two input waves is small
the applications discussed in the next section. First, notice tR&d thus the angle between their polarization states remains
the last two terms in (9) are negligible in the sub-terahergssentially constant throughout the interaction length. This
detuning range (where the contribution from SHB is smafinsures that any observed variation in the FWM conversion
compared to those from CDM and CH [11]), since both; efficiency with the input polarizations is due to the interference
and Myy; (i # 1) are proportional tocspg(a)- In fact, we wil between the differ_ent types of gr{:\tings j_ust _des_cribed, as
neglect their contribution in most of the remainder. opposed to averaging effects associated with birefringence. A
With this approximation, the polarization selection rulefyPical set of data is shown in Fig. 3, where we plot FWM
appropriate to CDM and CH apply, and each component gignal power as a funption of the a_mgle of linear polarization
the FWM signal is generated through scattering of the sarfibthe probe with a linearly polarized pump a#45°. The
component of the pump from two “types” of gain and indegontinuous line is a fit to (9), with the coefficients;;;, used
gratings, i.e., those formed by beating of the TE componerft§ fitting parameters. These results are qualitatively consistent
of the input waves (“TE-induced gratings”) and those formedith the discussion of the previous paragraph; in particular,
by beating of their TM components (“TM-induced gratings”)notice the finite FWM conversion efficiency observed even in
The degree to which these two contributions &*) add the case of orthogonal input polarizations.
up depends on the relative phase between the two types of
gratings, which, in turn, varies with the angle between the
polarizations of the beating waves. In particular, as illustrated o o
in the inset of Fig. 3, if the pump and the probe have parall8t Measurement of the Recombination Lifetime
polarizations, the two types of gratings are in phase, so thatAs a first application of the FWM polarization selection
their contributions toEi(S) add constructively and the FWMrules, we show in this section how they can be used to
conversion efficiency is maximum. Vice versa, if the pump ardetermine the stimulated recombination lifetimein a very
the probe are orthogonally polarized, the two types of gratinggaightforward manner [30]. The approach we use here takes
are out of phase and tend to cancel each other. Howevadyantage of the polarization selection rules by measuring a
since the amplitudes associated with the two contributions (i.EWM signal generated along the TE direction from “TM-
M;;11 andM;;»-) are in general unequal (see the Appendixeshduced” dynamic gratings. Since the technique requires both
this cancellation is incomplete. As a result, unlike the cadd and TM transitions, the method is not suitable for SOA’s
of a perfectly isotropic gain medium, the FWM conversiowith only compressively strained QW's.
efficiency of a QW SOA can be finite even for orthogonally The experiment is schematically explained in Fig. 4. Instead
polarized pump and probe waves. of using a laser source as a probe, we use the broad amplified
This prediction was experimentally verified by measuringpontaneous emission (ASE) noise from an erbium doped
the FWM conversion efficiency for different combinations ofiber ampilifier, filtered in a 1.6-nm optical bandpass filter and
the pump and probe polarizations. The SOA used has an actremtered about the pump laser frequency. We refer to the ASE
region consisting of three pairs of tensile and compressivedg the probe, despite the fact that it is not a single-frequency
strained QW’s, and was designed to have a polarizatiossurce but rather an incoherent superposition of frequencies.
independent small signal gain [29]. We point out, howevethe previous discussion remains valid, with an additional sum
that the above discussion is quite general to any (multi)Q@er all frequencies in the right hand side of (9). The ASE
SOA, regardless of strain. The detuning frequency was chossnrce is polarized along the TM direction and coupled into
to be small enough (1.5 nm) so that the difference in tlieke SOA, along with a single-frequency pump wave polarized

[ll. A PPLICATIONS
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Fig. 4. Schematics of the FWM processes taking place with the polarizations

used in the recombination lifetime measurement. In the upper panel, we sheig. 5. Results of the recombination lifetime measurement. The
the modulation of the carrier density by beating of the input waves (TNIE-polarized FWM efficiency (normalized by the TM polarization emission)
components only). In the lower panel, we show the scattering of each puismplotted as a function of detuning frequency for SOA bias currents ranging
component into the corresponding FWM component. The probe is not a sinffem 50 to 150 mA (left to right). The roll-off associated with the stimulated
frequency source but rather a continuum of frequencies within a 100-Glfecombination lifetime is clearly seen; the corresponding 3-dB roll-off
bandwidth. The modulation occurs at all these frequencies, and the FWidquency(1/2775) is shown in the inset as a function of the bias current.
signal is therefore also a continuum of frequencies.

that the formation of the dynamic gratings and the scattering

the pump into the converted signal are entirely distinct

ocesses. As such, they do not even need to take place
the same spatial region of the SOA. For example, in a

QW SOA with interwell coupling, we may consider a FWM

at 45 with respect to the growth axis (i.e., equal TE and T
components). The TM components of these input waves w, I
modulate the carrier density at all frequencies within the haﬂ
bandwidth of the optical bandpass filter (0—100 GHz). Th|,§I

modulation will result in gain and index modulation for bot rocess in which the gratings are formed in one well and

pplarization modes in the SOA, and thu; ge_nerate aF Men transferred to a neighboring well where the pump is
signal along both the TE and the TM directions (from thﬁ1en scattered [31], [32]. The strength of this process strongly

M112; and Mpaop terms in (9), respectively). depends on the interwell transport rdtér; in particular, we

We select only the TE Po'a_”ze‘?' waves at_the OUtPUt fxpect it to become negligibly small at detuning frequencies
the SOA by way of a polarization filter. This yields a sign uch larger than this rate. As a result, FWM can be used

which, upon direct detection, contains the pump-FWM signgl ,oaqurer,, provided that the contribution to the overall

beatnote in the RF-frequency domain. On the other har]ﬂNM signal associated with the above process can somehow

since the pro_be has no compqnent along TE, the pump—prq;ée isolated from all other contributions. As we will show
beatnote (which would otherwise overpower the pump—FWI\A

the following, this can be done by taking advantage of
RF signal) is suppressed with the polarizer. Furthermore, qglé% g y g g

o . FWM polarization selection rules in an alternating-strain
use of a broad superposition of probe frequencies centeted This technique [32] provides an extremely clean way of

around the pump allows us to_ map OUt. the _detunlng Tr?quené‘t)ﬁdying interwell transport, which is an issue of considerable
dependence of the FWM efficiency (in this case giving the, ) ance given its relation to the maximum achievable
CDM response) in just one scan of the RF-spectrum. The TModulation bandwidth of MQW lasers [12], [13], [15]. Notice

cpmponents at the SOA output also con@am a pump-FWMat the use of polarization selection rules to discriminate
signal, but the pump-ASE probe beatnote is much strongen A veen the contribution from tensile and compressive wells in

the detector. In fact, we used this latter signal to normalize oyt iiar SOA has also been recently employed in pump-probe
the RF-frequency dependence of our detection system. time-domain measurements [18].

The results are shown in Fig. 5, where we have plotted theThe FWM polarization configuration required in this work

normalized FWM signal versus detuning frequency, meas“rﬁdillustrated in Fig. 6: once again, the SOA consists of

in an alternating-strain SOA. The corner frequency appea&(ﬁ’ernating pairs of tensile and compressive wells; the probe

very cle_arly, fr_om WhiCh the _stimulate(_j recombi_nation _ratps linearly polarized along the growth axis (TM polarization),
can be immediately inferred; its value is shown in the iNs@iareas both the TE and the TM components of the pump
for different bias currents to the SOA. are nonzero (and equal to each other for simplicity). We only
. consider detuning frequencies below 100 GHz, so that CDM
B. Measurement of the Interwell Carrier Transport provides the strongest FWM mechanism. Then, as shown in
Lifetime in an Alternating-Strain MQW SOA the upper panel of Fig. 6, the beating of the input waves only
As we pointed out in Section II-B, in conjunction withresults in “TM-induced gratings,” which can be generated only
Fig. 1, an important feature of FWM by CDM (and CH) idn the tensile wells. Here, each polarization component of
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Fig. 6. Schematics of the FWM processes taking place with the polarization, —
used in the interwell transport lifetime measurement. As shown in the uppe

panel, modulation of the carrier density is generated directly (through beating -2
of the TM components of the input waves) only in the tensile wells, from
which it can then be transferred to the neighboring compressive wells. Each ,
polarization component of the pump is then correspondingly scattered into the 20 40

60 80
same component of the FWM signal as shown in the lower panel. Detuning Frequency 0 (GHZ)
(b)

the pump is then scattered into the same component of the . L .
. . . . . Fig. 7. Results of the interwell transport lifetime measurement. The optical
FWM s_lgnal. Furthermore, 'f_ the carrier den5|ty mOd_L”at'OBowers in the TE (circles) and TM (squares) components of the FWM signal
underlying the dynamic gratings can be transfered into ti®, and their ratio (b) are plotted versus detuning frequency. The continuous
neighboring compressive wells, an additional contribution {ipes are fits to the model theory discussed in the text. As emphasized by the
. ashing, the fit becomes inaccurate in Fig. 7(a) at detuning frequencies above
the TE component of the converted S|gnal can be genera Hz, where carrier heating, not included in the fit, becomes important.
there. The lower panel of Fig. 6 gives a schematic represert@awever, since its contribution is approximately the same for both the TE
tion of the different processes contributing to the FWM signéf‘d the TM components, the fit remains good for their ratio in Fig. 2(b). An

. — . . . approximate transport lifetime of 16 ps is inferred from the data.
field E(*), which can accordingly be written as PP P P

5) T CeT 2 * are borne out by the data shown in Fig. 7, where we plot
By = Rum (i + X527 (B) " (B) (10) the measured optical powers in the TE and TM components
E$) = Rasaaxtnas (ED)* (E@)", of the FWM signal [Fig. 7(a)], and their ratio [Fig. 7(b)].

The experimental setup consisted of a high sensitivity optical
In these expressions, the subsciipt 1,2 denotes the TE and heterodyne detection system, and is described elsewhere [11].
TM directions respectively, and we have takef®) = é,E(@ The experimental data shown in Fig. 7 can be fitted using
and E® = (é1 4 é2)E®). Furthermore, the superscripfs the theoretical framework of the previous section, provided
andC are used to distinguish between quantities in the tenstlgs is properly generalized to include a simple model for the
and compressive wells, and the term proportionalfgz,. interwell carrier dynamics. In particular, we assume that the
describes the contribution involving interwell transport. transfer of carriers between neighboring wells mainly results

With this choice for the polarization states of the inputrom phonon-assisted capture/escape processes between 2-D

waves, information about the interwell coupling is obtained bW states and semiclassical wavepackets of three-dimensional
plotting P7 /P; (P? denoting the optical power in théh com- (3-D) states localized near the same well [14], [15]. We
ponent of the FWM signal ) versus detuning frequency. Thiescribe the dynamics of these wavepackets as dominated by
wave propagation factol;;; can be regarded as independertdlassical diffusion. Drift, on the other hand, is expected to
of € over the small detuning rangez100 GHz) considered be of minor importance, due to the nearly flat-band conditions
in this work (see Appendix B), so that we may regartypical of forward-bias SOA operation [14], [15]. Tunneling is
Pi/P5 () o< |(xFiao + X554 )/ x3202|%. Consequently, we also neglected, which is a fair assumption given the relatively
expect this curve to approach a constant value (proportionalldaoge barrier widthL, (100 A) in the SOA under study.
IxT190/x3290|%) as§) exceeds the interwell transport rate. AnyFurthermore, the dynamics of holes, which are known to
feature observed at lower detuning frequencies, on the otlaethave a shorter capture lifetime [15], is not considered
hand, can be ascribed to interwell coupling. These expectatiagplicitly.
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With these assumptions, the Bloch equations (2)—(4) remaiere 1/72 is an effective escape rate from each tensile
appropriate, except that two distinct sets of such equations arell, and 1/77¢ is the overall transport rate from each
required for the two types of wells. The interwell coupling i€ompressive well to each neighboring tensile well. Simple
then introduced in the model by replacing the rate equatiexpressions for these quantities can be obtained if: 1) we use

for the carrier density, (5), by the following: the boundary conditions oV, mentioned above; 2) we take
- 11 «  NX the diffusion lengthLp = |/ 12&-| to be much larger than
Nip + T, +x |NVp T X the barrier widthL;, (which is certainly the case at the detuning
D1 e P B frequencies of interest here); and 3) we neglect differences
=z 7% Z (pX ikt — i pst) - E(t) between the two types of wells. The result is
k,u,c
X=T,C (11 1221 - ‘QlL/L,
. Nb d2 Nb Tt Tesc 4 — 13iTcapLsp w
Ny+—=D——". (12) 11 1 1—iQ27capLy/Le (14)
Ts dz s 1

+ .

. . Te Ts 27—esc 1- iQTca)L Lw
Here, No.p denotes the number density of electrons confined pLo/
inside the QW under consideratiot{s.p is the density of Notice how both rates are complex-valued functions of the
unconfined electrons localized near the same QW so asgi@uning frequencyi2 (the frequency of the carrier density
be involved in the capture/escape processEg(z) is the moqylation being coupled between adjacent wells). This de-
density of unconfined _electrons as a function of pos't'oﬁbndence results from th@ dependence of the diffusion
z along the growth axisizesc and 7c,, are the quantum jengtn: the complex character implies that a phase shift is
escape and capture lifetimes) is the diffusion coefficient; iniroduced in the escapeltransport process. At low detuning
and again the superscripf = T, C refers to quantities of foq,encies, where diffusion is essentially instantaneous, in-
tensile and compressive wells. In principle, the rate equatiops,ye|| transport is mainly limited by quantum escape, and
for the carrier temperatures should also be generalized in.a,, , ~ 27 _ (the factor of two appears because, if the
similar fashion; however, in the experiment described hef&q types of wells have equal capture lifetime, as assumed in
the detuning frequency is kept small enough that inclusion pf4) “each escaped carrier from a well can be transferred to
CH effects is not critical. Finally, we point out that whery, adjacent well or recaptured in the same well with equal
the interwell coupling results from resonant tunneling, th robability).
description becomes inappropriate and one has to include thesjyen the rate equations (13) and the density matrix equa-
coupling directly in the density matrix equations of motiongong (2)—(4) for both types of wells, one can proceed as before
this has been done in [33], where itis shown that such couplig so|ve for the FWM susceptibility tensor components. The
introduces a resonance peak in the terahertz FWM responggnibution from each compressive well can be written as

The coupled equations (11), (12) can be solved given M ile = xS, + x$57, where (including the CDM terms
appropriate set of boundary conditions satisfied\ayz) near kL M : - -

pprop | y z only, as appropriate to the experiment under consideration)
each QW. For instance, we may requiVg(z} + L7 /2) =

NIy and D% (2T £ LT /2) = iLTZ(N%T‘D - JZZTT'D), where c <
Xijki =

dz Tcap esc

#} denotes the position of the center of ttie tensile well, of

width LT (and similarly for each compressive well). Notice
that these conditions introduce further approximations to the'—r —C ~C T T CeT
model, since they implicitly assume an infinite chain of pairsi* Z (NC"“')J(“”'C')Z‘ Z (Fiew ) g (Five), ) XD
of oppositely strained wells, and furthermore neglect any
diffusion process occurring over the finite width of the wells.

In any case, regardless of the detailed form of the boundaq% tribution f h tensil I b itten |
conditions (provided they are linear), the solution of (12) ca € contribution from each tensre well can be written in
actly the same manner with the superscrifitsand C

be used to recast (11) in the following form (in the frequencI terchanged). Again, we are neglecting here any dependence

5 <ﬁ§v,>j<ﬁ§c,>i> <z <Lﬁ>k<ﬁ§c>l>xgs§

v’ e’ v,c

v’/ v,C

(15)

domain): of fic, oOn |E|, as appropriate to highly strained QW's; full
) 1 T(Q) NQC_]()Q) expressions for the scalar susceptibilities just defined are given
—il+ — )N, - ; ;
< Tg) 2-D TE=C in Appendix A.
i1 T(ep) (#T  BNF AT B ( T\t The continuous lines in Fig. 7 are the fits to the model
= THEVT [pas ) (2, - Bq)” — fiay - Ep(pzs”)’] theory just described. The agreement with the experimental
Ev,c data is excellent, except for the points at detuning frequencies
‘ 1 o) N;()Q) ?n excess of about 50 GHz, where carrier_ heating (_not included
<—'LQ + T_C>N2'D T oeT in the model) is known [11] to cause an increase in the FWM

i1 . . conversion efficiency. Note, however, that since this increase is
=—2v¢ Z [pSr) (1S, - Ey)* — S, - Ep(pS.@)"]  approximately the same for both the TE and TM components,
- the fit remains good for their ratio in Fig. 7(b). From this fit,
(13) we obtain an estimate of 16 ps for the low-detuning interwell

k,v,c
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transport lifetimer;, as well asr..2 Furthermore, if we assume FWM with TE-polarized pump and TM-polarized probe (or
that » and 7. are related to the quantum capture/escapice versa) by almost 30 dB.

lifetimes as given by (14), we find.. ~ 8 ps, andr.,, ~ In a preliminary experiment, we found the FWM conversion
1.5 ps; we point out however that these estimates further r@fficiency under these conditions to be exceedingly small, so
on the simplifying assumptions used to derive (14), and thdéyat a lock-in amplifier had to be used in conjunction with our
should be interpreted accordingly. Anyway, we note that thesandard optical heterodyne system to even see the converted
values are consistent with previous reports [12]-[18] and witlignal. Possible ways of maximizing its strength are currently
the observed maximum modulation bandwidth of QW lasersinder investigation.

C. Investigation of the Optically Induced Phase IV. CONCLUSION

Coherence Between Spin-Degenerate States _ )
We have reported the results of an extensive theoretical

In the presence of an external optical field, a relative phaggy experimental study of the polarization properties of FWM
coherence may be established between two spin-degenejaigiow SOA's. These results, we believe, are useful for a
states in, say, the conduction band (even if the dipole momegRbrough understanding of the microscopic processes respon-
between them is obviously zero), if the field couples boWjpie for the generation of the FWM signal. Furthermore, we
states to a same state in the valence band. In particularpfye shown how they can be used in FWM spectroscopy
the optical intensity involves a beat note at some frequengy the SOAs’ optical nonlinearities. In particular, we have
{2 (as in the case of FWM), this phase coherence (describg@monsirated novel techniques for the measurement of the

in (2)~(4) by the density matrix elemens: with ¢ # ¢)  stimulated recombination lifetime and the interwell transport
will be modulated at the same frequency. As was discussgfe of alternating-strain MQW SOA's.

in Section 1I-B, this can only occur if the beating involves a

TE-polarized pump and a TM-polarized probe (or vice versa);

the TE (TM) component of the pump is then scattered into a APPENDIX A
TM-(TE-)polarized FWM signal. FWM SUSCEPTIBILITY TENSOR COMPONENTS

This contribution to the cc_mverted signal [described by |n this appendix, we give the explicit expression for the
the last two terms on the right-hand side of (9)] can bewm susceptibility tensox;x, as derived within the frame-
easily isolated by setting the polarization state of one Qfork described in Section 1I-A. The contributions associated

the input waves exactly along the TE direction, and thgjith carrier density modulation, carrier heating and spectral
of the other along the TM direction. The observation qfple burning are as follows:

a FWM signal under this condition would allow to study
the dephasing dynamics of the spin-spin phase coherenge

just described. In particular, by measuring the corresponding“kl|CD?I .1

FWM conversion efficiency versus detuning frequency (and = E Z 1V

appropriately subtracting all propagation effects), one could w=c/vf i

extrapolate the dephasing lifetims. 1 of 1
However, this FWM mechanism is strongly limited in ﬁ' |2<Z(*C,U)j(*,vc)i>a—]\’;A( s) v

the device used in our experiments, due to the high degree I%] BT v,c

of birefringence typical of most strained MQW SOA's. We
estimated the refractive index experienced by TM (TE) waves 2 - - . o
by measuring the frequency spacing between neighboring TM Z M| <Z(ucv)k(uvc)l>Af(X(wp) X (wq))>
(TE) residual modes of the SOA; the differente = |nyn — Ik
nre| was found to be quite large, approximately equas to C
102, As a result, the phase mismatch between the input waves
is in this case significant. This leads to a strong reduction in
the FWM conversion efficiency, which can be quantified usiné““'C?H. .
(30) below forR;;; (i # 1). For simplicity, we assume thatthe _— _ % Z w1
total optical intensity is uniform along the interaction length K ———; 1 -y V
(as appropriate to the high-saturation regime of operation), 5

1 = A 1
and furthermore we neglect the frequency dependence of the Z o |M|2<Z(a ); (it )Z>i (ws)

v,c

gain coefficient and refractive index (as appropriate to sub- e Hew)s
TeraHertz detuning frequencies). Then, the magnitude squared ’

of Ryi(t # 1) is found to be smaller than that o®;;xs

by almost 3 orders of magnitude. In other words, the phase - Z |M|? Z(Nc'v)k(u'vc)l
matching requirement reduces the conversion efficiency for |E| v,e

||

2Again, we neglect any difference between the relevant time constants in . Af(f((w ) _ f(* (w )) € ~ [ (17)
the two types of wells, since we believe that any such difference would be P 4
too small to be unambiguously inferred from the data of Fig. 7.
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1
Xijitlsupy = 737 > m|M|4
|K|

+ D (ool

l/CC

X AfR(ws)(X(wp) — X" (wg))
and

i
Xijkl|SHB(2) T3V Z m|M|4
%]

X AfX(ws)( (wp)

where we introduced the matrix elemevit =
the Fermi inversion facto\f = f,
lineshape function

X (wq))
(S, T |ex| X, 1),

X(w) = ;_1

W — Wey + 17w

(20)

All Fermi distribution functions are to be evaluated under
conditions of quasiequilibrium (as determined by the electrical

pumping). Also, in (19), the indexis defined so that, given

— f. and the complex

With these expressions used to compute the dipole moment

matrix elements, we find

<Z ﬁcvﬁ'uc> = <|<fk|fhh |2 |<fk|flh |2>,’f3§j

+ 3L 2 @2)

< Z ﬁ'vcﬁcvﬁcv’ﬁ'v’c>
= < Z ﬁ'vcﬁcvﬁc"vﬁ'vc’>

(Bl 2P
+ (L asis
+ (IR PIGAE + Sl
+ gl

/\/\/\/\

X (2222 + 222%)

> o o o
velav e P’ &

< Z ubcucuuc ul%c >

v,e,¢!

(23)

¢ # ¢ (for instance, ifc denotes spin-u; denotes spin-down),
and similarly forz. Furthermore, in writing these expressions,
we assumed isotropic in-plane dispersion relations, so that
the only quantities depending on the direction of the 2-
D wavevector ki are the dipole momentg,., and (---)
denotes averaging over all directionsiofAll other quantities
appearing in (16)—(20) are defined in Section II-A.

Next, we consider the summations over the indexes
which, once substituted in (16)—(19), entirely determine the
polarization properties of the FWM susceptibility. We considevhere we usei and 2 to denote the TE and TM direction

(—|<fk|fhh>|2|<fz|fzh>|2+§|<fz|f;ih>|‘*)

X (B28% + 282%)

_ <2 hh|fk><fk| lh
_ < lh|fk><fk|fhh

e
+ B 2o

\2>

(24)

the general case of a QW with arbitrary (or zero) strain, foespectively. From these equations, the FWM polarization
which the doubly-degenerate conduction- and valence-bagwlection rules discussed in Section II-B are immediately de-

states can be written as [28]

IC1(2) = |f5) @S, 1 (1)
hh 33 3 3
V1) = |7 < §§>¢“§"§>)
" 31 31
*'“@( 1) 773)
oo Lil-x) L i(-3+8)

ﬁ )

k
= d t( ]
¢ = arc mn(kx>

(21)

rived.

A more compact expression faf;;;; can be obtained from
(16)-(19), if the dependence of the dipole moment matrix
elements onk| can be neglected, which is in particular a valid
approximation when valence-band mixing is negligible [28]
(i.e., in highly strained structures). Then, the summations over
the indexes:, v can be taken out of the sums ovéf, which
results in the general form foy;;; given in (8). The scalar
susceptibilitiesycpm, xon, Xsup(1), andxsas(e) introduced
there can then be immediately obtained from (16) to (19)
respectively [by comparison with (8)]. In passing, we note that
the limiting forms of (22)—(24) appropriate to highly tensile-

where| £¢), | 1), | fi") are the envelope-function state vectorstrained (compressively strained) QW'’s are obtained by taking

for electrons, light holes and heavy holes.

|fhh> N 0(| lh> N 0)
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C—C _ 1 Z TE(l—iQTZ)
XCpM = 753 2 (1—ir8) (1 — i) — 18T [ (rF TP C)
¢ LS e e | 23D IMERAT (R () - ) (25)
Ve |\ 2«1 i aN e\ v ‘
CT @ 7_CTT/TtC(_T
XCDM = T3 Z O-C T CoT /(- CT T—C
me = (1—iQrE) (1 —iQrT) — 7E7L ) (rF T C)
e S e ey | ST M PAST T () - G )?) (26)
Ve R 1—4Qn IN vT P 1
i

Il

Finally, we give the full expressions for the scalar susceOA output(y = L) in terms of the input fields as follows

tibilities xS and xS5:% _ _ nd|
(26) found at the top of the page. Notice how, in the limit
of no interwell coupling (i.e., forrl @) — 7, and1/77<C, i
/78T = 0), x5, reduces to the expression feepw in

introduced in (15) as (25) and[(9)]

EC(L) = (EW(0)* (E@(0))"

* * 2 *x
(16), whereas&5,L vanishes. These equations (with IifetimesLZ(piMiikkkak) + Miitlyeippiqi +Minilizit qw‘] (29)

taken to be the same for both types of wells) are used in th
fit to the experimental data of Fig. 7.

APPENDIX B
PROPAGATION EFFECTS

In a realistic comparison of experimental results with the-R;;i; = =

oretical predictions, it is important to keep in mind that the
FWM conversion efficiency is strongly affected by propagation
effects. In order to include such effects in our model, we need
to solve the standard coupled-mode equations of FWM in
optical amplifiers

=1

where we defined

Mkt = Xijrilijr

i WsfloC

L L
exp < / dyTi(S)> / dyS
N 0 0

Y
wcosp | [y (2 + 10 4 (1) =117

30)

In typical MQW SOA's, the propagation factoR;,;; is

also a strong function of the fields polarization, due to both

dEi(f) D B . the anisotropy and the wavelength-dependence of the gain
dy WE (W) fipa coefficient and of the refractive index. These considerations
JE® p are important in order to make any quantitative predictions of
i 7 )EP (y) + ! Wshto€ (27) the dependence of the FWM signal intensity and polarization
dy (2) T ) w on the polarizations of the input waves.
3
X ZXijle(y)Ejp (WE () (Ezq (?J))
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