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Carrier heating of a semiconductor optical amplifi®OA) using half-cycle terahertz pulses is investigated.
For reasonable parameters, the electron-hole plasma temperature can be increased substantially. The subse-
guent change in the refractive index and gain profile of the SOA is predicted to be large enough to form the
basis of a very efficient ultrahigh-speed optical swit$0163-182808)50248-3

It is well known that the interaction of an intense optical ery). This procedure implies very impressive, THz and sub-
pulse with a semiconductor optical amplifi@0A) can lead THz switching and recovery rates, respectively.
to a significant heating of the electron-hdle-h) plasmat The dynamics of charged carrigf@ectrons and holgsn
Recently it has been experimentally demonstrated that th@ semiconductor under the action of an external field has
optical perturbation of a semiconductor laser may turn thdeen of fascinating interest for many years. One classic ex-
laser off on ultrafast timescalésUltrafast changes in the ample that was predicted more than four decades ago is the
refractive index around the band edge have also been showpanz-Keldysh effect,.e., the application of a static electric
using semiconductor laser amplifiérhis heating approach field in a penqdlc solid mdu_ces absorption be_Iow the band
shows considerable promise for ultrahigh-speed modulatiofd9€ and oscillatory behavior of the absorption above. In
of SOA’s since it may be possible to have large fast opticaFUperlatt'Ces' various eé‘fects 'r!C'“d'”g Z?”{gef tunnéling,
nonlinearities with gain rather than loss, and the switchin ollapse of the minibanddynamic localizatiorY, and more

figures-of-merit can be enormous. Additionally, semiconduc- ecently, reflection of THz radiatiohhave been investi-

tor devices are particularly attractive for switching because ated. With the advent of free-electron lasers as well as
. > part y 9k olid-state THz sourcé$,the interplay between various el-
reliable materials industry has already been built aroun

. ) . mentary and collective intrabari@iHz) excitations and the
them.  Unfortunately, for large-intensity optical control jyierhand optical properties has been receiving renewed at-
p_ulses, difficulties arise due to a net change in carrier deNgntion from both the theoretidaland experimentit view-
sity. ) o ) points. Moreover, two-color radiation method$Hz and
Turning now to practicalities, the next generation of NIR) applied to mesoscopic semiconductdisave been de-
broad-bandwidth optical communication networks with datayeloped. Being relevant in the operation of high-speed elec-
rates of 100 Gbit/s and more will probably require ultrafasttronic and optoelectronic devices such as photodetectors,
switching in simple pipeline processing architectufes.,  modulators, and switches, the investigation of interplaying
not multiplexed for some applicationgfor a review, see THz and optical fields is also of industrial and military inter-
Ref. 4. Two of the most successful approaches so far—byest.
exploiting an intensity-dependent refractive index—are Experimentally it is well established that under the influ-
based on fibers and semiconductor waveguides. Howeveence of intense THz fields, the effects of electron and hole
both these methods have their problems. In fiber devicedransport can be considerable. In the high density regime,
where longer interaction lengths are required, linear propanonlinear transport experiments reported in Ref. 14 were
gation of ultrashort pulses is difficult due to dispersion. Andsuccessfully explained by carrying out an effective tempera-
for the current optimum semiconductor device, namelyture theory that characterized the plasma temperature as a
Al,Ga,_,As operating at near half the band edge, the largdunction of the THz field parametet3.In the present paper
pulse intensity required to produce the required index changere investigate carrier heating in a SOA by injecting an in-
induces two-photon absorption that leads to additional carritense half-cycle THz pulse. Even for carrier densities as high
ers and, inevitably, unwanted attenuation of the propagatings those in SOA’s we will show that a THz pulse can heat
pulse. the carriers substantially such that the dynamical modifica-
In this paper we introduce plasma heating results based dion of both the gain and refractive index can form the basis
the two-dimensiona(2D), anisotropic semiconductor-Bloch of a very efficient switch. In addition these effects are of
equationgSBE’s) for the SOA in the presence of an intense fundamental interest since they provide a window on the
half-cycle 1 THz pulse. The heated carrier distributions aranteraction of dense semiconductor plasmas with strong non-
then utilized to calculate the THz-pulse-induced change irstationary electric fields, and provide a link between trans-
refractive index and gain profile. Since the e-h plasma igort and optical phenomena.
heated using intraband transitions, we circumvent the usual We begin by calculating the time-dependent plasma tem-
complications due to an overall change in density, and th@erature of the carriers due to the application of a THz field.
nonlinear recovery is governed mainly by the carrier-LO-In the following theoretical treatment, we assume a two-band
phonon interactiongtypically 5—10 ps for a complete recov- gquantum welllQW) where each e-h state with relative wave
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number k contributes to the total carrier densiti SOA
=2A13,n¥". Here,n" is the electron or hole carrier dis- (electrons) (holes)
tribution and the factor of 2 accounts for the spin summation; Xp Active Region Xp
A is the normalization area. Since there is no optical field y €
yet, we only have to solve for the carriers, and the appropri- T—»X (In-plane)
ate dynamical charge-carrier distributions—derived from the
SBE’'s—are simply 0 P,
250
J . Nk m 1 '
E+FTHz(t)'Vk = (1) K
cc 0 P2
h "1 )
d LIy
= HFm0) - Vi ne=—=1 2
cc 10 pm

which is solved with the condition thani(t=—=) (a
=e,h) are the initial isotropic Fermi-Dirac carrier distribu- THz pulse
tions at room temperaturel & 300 K). We assume that the
initial incoherent carrier density is>X10' cm 2. Because
the high density regime in amplifiers is considered, Coulomb
correlations(cc) between the carriers must be taken into ac-

count [y, contribution in Eq.{l)]. IF has be_en repor_ted to the maximum distance that the electrons and holes can be driven
that,_ for Iarge plasma_denSItles In rapidly varying _THZ flelds’apart by the THz field. The labeled point; andP,, are chosen
carrier-carrier scattering thermalizes the distributions so rapg,. o simple screening analysis.

idly that the modified distribution functions can be charac-

terized by an effective carrier temperatuguasiequilibrium — that for our studies, for all our intents and purposes, the
temperaturg™™™ Hence, for the following calculations we screening field is small. The magnitude of the screening field
employ a relaxation-time approximati¢RTA) for the Cou-  ¢an pe calculated using a simple model in which the positive
lomb correlations. The RTA can be derived assuming &nd negative line charges lie at the extremes of the SOA
simple exponential decay of a small deviation from a quasistrycture. In Fig1 a schematic of our proposed experiment
equilibrium carrier distribution—with the conditions that the j5 shown. The length of the SOA is taken to be 25,
total momentum and carrier density are conserved quantitiegyhile the width is 10um. Our SOA structure is chosen to be
Subsequently, the intraband scattering for the carrier distrip|gse to that on which experiments have been undertaken.
bution functions is given byig|c.=—valnk—Fi(#®Tp)],  We assume light propagation in the plane of the QW. Since
whereF denotes the Fermi functions with chemical poten-realistic laser geometries employ several QW's, we assume
tials u® and plasma temperaturg, (a=e,h). The relax-  that different QW's can be treated as independent of each
ation rateyg” is k-independent as a consequence of carriebther. X,, is the maximum distance that the electrons and
conservation. We assumg’=70 fs for both the electrons holes can bgulledapart. We calculate that in the absence of
and holes. By employing the intraband RTA, the plasmascatteringX,=13.5 nm but in reality it will be substantially
temperature has to be computed dynamically because carridess. In the spirit of Gauss’ theorem, we proceed by estimat-
carrier scattering leaves the total kinetic energy of the carrieing the screening field at typical poini;, and P, from Eg
system unchanged. =J"2 d@e¢lkey[r1+T1,]cos@), wherek, €, and{ are the
The influence of the THz pulse is described by the partialielectric constant, permittivity of free space, and the line-
derivatives with respect to the carrier quasimomentum thagharge density, respectively; andr, are the perpendicular
appears on the left-hand side of E¢%) and(2). This term  distances from the SOA extreméslectron and hole line
leads to a shift of the distribution functions knspace ac- charges A constraint for the above analysis is that the num-
cording to the acceleration theore#tfk=eF,. Thus our  ber of quantum wells should not be too many and/or that the
theoretical model arrives at the level of the anisotropic 2D-barrier lengthgbetween QW's should be sufficiently large,
SBE's for the carriers that fully incorporate the accelerationsince forN closely separated QW's this may increase the
of the electrons and holes due to an applied field. For th@creening field by a factor dfl. In practice, this is not a
QW we choose material parameters close tgGH_,As  serious burden as usually only about 2—4 QW's are used
QW's: electron/hole mass ratio, 4/6;s Jexcitonic binding  which are adequately separated. Employing the above value
energy, E,=12 meV; three-dimensional Bohr radius,  of X, and x=13.7, the screening fields &; and P, are
=15 nm; and interband dipole momet,=0.4enm (e is  respectively calculated to be 0.4 kv/cm and 0.7 kv/cm.
the electron charge For the applied THz field we employ Given that these are significantly smaller tiagnas well as
Frut) = AgFosin(2mury,t), with Fo=10 kV/cm the magni-  conservative upper bounds for the screening fields, we push
tude of the field,A, a unit vector in thex direction (in the  on with our investigation neglecting space-charge screening.
QW plang, andvry,= 1 THz (A wty,~4 meV). For the THz In Fig. 2(a) we depict the generalized plasma temperature
field, we only consider a half cycle. (solid curve extracted from the kinetic energy of the non-
As the electrons and holes are driven apart by the THzquilibrium distribution functions. As can be recognized, the
field a space-charge field is created. However, we estimaiglasma temperature heats substantially as the THz field pulls

FIG. 1. Schematic of the proposed experimefy.corresponds
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FIG. 2. (a) Generalized plasma temperature, extracted numeri- FIG. 3. (a) Material gain spectrum of the initial and heated
cally from the kinetic energy of the nonequilibrium distribution carrier distributiongcf. Fig. 2a)]. The energy is labeled in units of
functions(induced by the applicationf@a 1 THz half-cycle pulsg the QW 1s excitonic binding energytb) Change in modal refrac-
The carrier density is X 10*? cm 2. (b) Plasma temperatugame tive index of the initial and heated carrier distributions. A wave-
for the electrons and holesf the relaxing carrier distribution@f- guide confinement factor df =0.2 has been assumed.
ter the THz pulse has gohelue to e-h interactions with the LO

phonons. Next we calculate the interbar{dptica) gain and refrac-

) .tive index profiles before and after the application of the THz
the electrons and holes apart. After the THz field reaches ';Bulse. In our quantitative analysis we include correlation ef-

maximum, any carriers tha_t are not in quasiequilibrium ar ects beyond the Hartree-Fock level that describe dephasing
pulled back together again and the temperature reduceasnd intraband Coulomb correlations in second Born approxi-
slightly. The fact that this reduction is slight demonstrates bp

the validity of our RTA assumption, since the nonequilib- mation. We include both diagonal and nondiagonal dephas-

. A . ) ing and employ the full SBE'E including a renormalized
rium distribution functions are not too far from circularly energy dispersion for a parabolic two-band semiconductor

symmetric Fermi functions due to fast e-h carrier—carrierb N : .
i . L . ) . and-gap renormalizatiofBGR)] and the generalized Rabi
scattering. Since kinetic energy is continually being added t(grequency(Coulombic enhancementThe Coulomb poten-

e system e carers et upagain, evenaly reachng 1\, C2icq ' Guagsia sceening modsh The carir
O carrier scattering is calculated from the e-h Boltzmann equa-
pulse. Moreover, the plasma heating is much faster than Cat?on 18lo=T2 (k,M[1— N3]~ T2 (k,n)n2, wherel'® , and
be achieved via current switching, which is typically 10 GHz _ " kicc™ = int™ K out ™ 7k in,k
at best. Note that if the carrier-carrier intraband lifetimes! outk (2=€,h) are the usual expressions farandout scat-
were much longer, then the carrier temperature would osciltering.  Similarly, the polarization scatteritly Py|.=
late from a minimum to a maximum twice during a full —T'B(k,n)Py+=IRp(k,q,n) P q . Where the total diago-
cycle!® By applying the classical equations of motion for anal dephasing raté'? is one-half times the sum over all
free electron subject to the appropriate initial conditions,distribution scattering rates and hence accounts for loss of
&(t) = — &o[ coslwrpt) — 1] describes the motion of an elec- polarization. The additional scattering rate describes the rate
tron in the absence of scattering. Thus, afte;,t becomes of polarization transfenondiagonal dephasindgetween the
greater thanr/4 (a quarter periodthe motion of the electron statesk and g. The macroscopic polarization is obtained
will be draggedback to its original position and forced in the from P=2A"13,P,, which is used to obtain the SOA op-
opposite direction after a THz half cycle. For the low-densitytical susceptibility. The prediction of gain spectra using the
regime, in the presence of an optical pulse, this is manifestethicroscopic theory employed here is very accurate and ac-
in interfering and beating, e-h relative motion wavepack®ts. counts self-consistently for highly non-Lorentzian line
In Fig. 2(b), we show the generalized plasma temperatureshapes; for a comparison with the experiments compare, for
after the THz pulse, whereby the heated distribution relaxesistance, Refs. 19.
back to the lattice temperature. A carrier-LO-phonon lifetime  In Fig. 3(@) we plot the material gain spectrum versus the
of 1 ps is chosen in agreement with experime(sse, for  detuning of the electromagnetic enerfjy with respect to
example, Ref. 2 A complete recovery of the nonlinearity the band edge for the initidbolid curve and heateddashed
occurs within 5-10 ps. Our theory does not account for poseurve) carrier distributions. As usual, the density-dependent
sible hot phonon effects that may be important on muctpart of the BGR generates gain below the band edge. After
longer timescales for the SOA. Nevertheless, we expect thethe THz field has interacted with the SOA, the peak gain is
mal effects to be suppressed in our case because the specifedluced dramatically without any net carrier-density change.
heat of the phonon bath is very small. The actual amount oThe transparency poitT P) has also shifted accordingly. As
lattice heating is strongly dependent on device deSign. the plasma heats, carriers move from lower momentum states
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to higher ones and less carriers are available for stimulatedasy to satisfy here both above and below the band edge
emission. We have verified numerically that one can controkince the recovery times are sufficiently fast and the change
the position of the heated TP simply by changing the magin refractive index is huge in comparison to those that can be
nitude of the THz puls¢assuming that it is not too large as generated via excitation near half the band edge. Conse-
to completely saturate the gairOn longer time scalesee  quently, from the point of view of ultrafast optical switching,

Fig. 2(b)], the plasma cools and gain regeneration will occUrihe figures-of-merit suggest that our proposed scheme is very
as the carriers once again become available for stimulategiractive indeed.

emission.
How does the THz pulse affect the SOA refractive index?
Figure 3b) demonstrates that modal refractive index change
of the order of 0.002 can easily be created; this calculatio
employs a typical wave-guide confinement factbr0.2.
Assuming then that one wishes to inducerghase shift: a
propagation length of onlyAz"™=215um (m/kAn) is
required®® In real laser structures this propagation length
will scale inversely withl" and is highly material-dependent

In conclusion, we have theoretically investigated e-h
lasma temperature changes in a SOA using an intense half-
ycle THz pulse. A significant ultrafast heating of the plasma
"Was demonstrated without any additional carrier generation.
The subsequent changes of the SOA gain and refractive in-
dex were calculated using a self-consistent microscopic
theory. We have specialized our analysis to the lower density
gain regime, where the differences are more dramatic and the
(Az7=1/d2 T'). With regards to optical switching it is some- isrg;@etﬁgﬁ rTgsZs;lrﬁSe;;nr%af;elt;je Cuasldb?n Z%ﬂ;(ﬁs&noxirthr?ﬁ:lts
times convenien_t to define spgcific deviqe figl_Jresl-of-meritSOA to form the basis of a very efficient ultrahigh-speed
for example in a Fabry-Ret configuratiort” F optical switch using either gain modulation or index modu-
=5[|An[k/ma>1, wherea is the absorption coefficient. In 3400 Future studies to investigate laser switch-off behavior
our case, by operating near the heated transparency point, py, soving the full dynamical laser equations and Boltzmann

can be extremely large becauses close to zero. For very - 3oy ations of anisotropic carrier-carrier scattering are under
short pulses though, one must be careful with propagatlng\,ay_

exactly at the e-h chemical potential as polariton-type disper-

sive beating may occ’f. Another commonly quoted figure- We thank T. B. Norris and C. Z. Ning for stimulating
of-merit for switching via resonant optical nonlinearities discussions. This work was supported by the National Sci-
(which usually have the problem of a slow, ns decia§ F ence Foundation under Grant No. DMR9705403 and by the
=|An|/a7>1, wherer is the recovery time. Again, this is Office of Naval Research.
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