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Infrared second-order optical susceptibility in InAs/GaAs self-assembled quantum dots
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We have investigated the second-order nonlinear susceptibility in self-assembled quantum dots. The non-
linear susceptibility associated with intraband transitions in the conduction band and in the valence band is
theoretically estimated for lens-shaped InAs/GaAs self-assembled quantum dots. The confined energy levels in
the dots are calculated in the effective-mass approximation by solving the three-dimensionairgenro
equation. Giant values of nonlinear susceptibility, about six orders of magnitude larger than the bull GaAs
susceptibility, are predicted. We show that this enhancement results from three key feaktihesachieve-
ment of the double resonance conditiin), the specific polarization selection rules of intraband transitions that
allow both in-plane and-polarized transitions with large dipole matrix elements to be optically active(iind
the small homogeneous linewidth of the intraband transitions. The conclusions of the calculations are sup-
ported by the measurement of the midinfrared nonlinear susceptibility in the valence band. The measurements
have been performed using a picosecond free-electron Iaser.)dﬁ»@zthnd)(g()X components of the suscepti-
bility tensor are observed. A satisfying agreement is found between theoretical and experimental values.

[. INTRODUCTION tibility was only slightly enhanced as compared to the bulk
GaAs nonlinear susceptibility. Midinfrared second-harmonic
Midinfrared second-order nonlinear susceptibilities ingeneration has also been demonstrated in the valence band of
semiconductor heterostructures have attracted a strong inte8iGe/Si quantum well§ put the involved intersubband tran-
est in the recent years. Most of the work has been devoted itions werez-polarized, as is the case for conduction-band
the nonlinearities associated with intersubband transitions imtersubband transitions.
guantum wells. Two factors can explain the enhancement of Semiconductor quantum dots appear as promising candi-
the nonlinear susceptibility in two-dimensional heterostruc-dates to achieve large nonlinear susceptibilities. The quan-
tures by comparison with bulk semiconductd(i$:the large  tum dots grown by the self-assembled growth technique have
dipole matrix elements associated with intersubbanda naturally asymmetrical shape that provides the required
transitionst (i) the tailoring of the intersubband energies symmetry breaking to observe second-order nonlinear sus-
allowed by adjusting the quantum-well thicknesses. This feaeeptibility. By analogy with intersubband transitions, the di-
ture allows the achievement of double resonance conditiongole matrix elements associated with quantum-dot intraband
(i.e., resonance between the energy of the pump and hatransitions(also called intersublevel transitions in the litera-
monic beams and the energy of the intersubband transjtionsure) can be large, with typical dipole matrix element ranging
in asymmetric structures. The first demonstration of nonlinfrom a fraction of a nanometer to a few nanometerbow-
earity associated with intersubband transition was reportedver, the polarization selection rules for the quantum-dot in-
by Fejer et al? with the observation of second-harmonic traband transitions differ from the polarization selection rules
generation at a wavelength close to /. Many other non- associated with intersubband transitions as a consequence of
linearities have been later demonstrated, including thirdthe three-dimensional potential confinement. Both in-plane
harmonic generatichand optical rectificatiof.Most of the  polarized andz-polarized intraband transitions can be opti-
experimental demonstrations were obtained using intersulzally active in the conduction band and in the valence band
band transitions in the conduction band of GaAs- or InP-of the quantum dots. This feature provides additional flex-
based quantum wells. One drawback of using thdbility for realizing the resonance conditions, including the
conduction-band intersubband transition is related to the padouble resonance, between the pump and harmonic fields
larization selection rule, which implies that only transitionsand the intraband transitions, which in turn leads to very
polarized along the growth axis are optically active. Shaw large nonlinear susceptibilities in the midinfrared region.
et al> have considered the case of valence-band intersubMoreover, it implies in turn that second-harmonic generation
band transitions where the polarization selection rule is reean be observed in quantum dots for a normal incidence light
laxed because of valence-band mixing between heavy- anekcitation. Another specific feature associated with the quan-
light-hole states. Although experimental evidence of secondium dot is related to the optical coherence. In isolated three-
harmonic generation has been reported, the nonlinear suscegimensionally confined nanostructures withsdike density
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of states, one expects the dephasing mechanisms to be dordbminant components of the susceptibility tensor are calcu-
nated by the dephasing associated with energy relaxtionlated as a function of the energy for various dot size distri-

The dephasing rate of the optical coherence is thereforbutions. The experimental measurement of the nonlinear sus-
given by 1T,=T/2, wherel  is the recombination rate asso- ceptibility associated with valence-band intraband transitions
ciated with energy relaxation processése., phonon- IS described in Sec. IV. The spectral dependence of the non-

of the slowing of the relaxation in quantum ddtshe field polarizations. A comparison between the theoretical and

lifetime-broadened intraband transitions are therefore ex€XPerimental nonlinear susceptibilities is finally presented in
pected to exhibit very narrow linewidths. Since, at doubleS€C: V-
resonance, the second-order susceptibility is inversely pro-
portional to the square of the homogeneous broadening, this Il. THEORY
feature can lead to very large values of the susceptibility.
Note that this lifetime broadening mechanism is under de-
bate. Li and Arakawa have suggested that in small quantum The calculation of confined energy levels in semiconduc-
dots, the homogeneous linewidth is given by the lattice retor quantum dots has been reported by several authors. Dif-
laxation, i.e., the change of the lattice configuration inducederent methods have been applied to describe the energy
by the different electronic staté®. states of self-assembled quantum dots, including single-band
The purpose of this paper is to show that record values oéffective-mass calculatioh;*° k-p calculations including
second-order nonlinear susceptibilities can be achieved usingultiple bands®~'°and pseudopotential theofy The com-
guantum-dot intraband transitions. To demonstrate this efparison between the energies predicted by these calculations
fect, the chosen model system corresponds to the standaasd the experimental data is, however, limited by the exact
Stranski-Krastanow InAs/GaAs self-assembled quantunknowledge of the quantum-dot shape, size, distribution, and
dots!! Although the presented results are directly connected¢omposition. Although several methods, including cross-
to the shape and composition of the quantum dots, similasection transmission electronic microscopy or scanning tun-
features are expected to occur for other types or shapes akling microscop$* on cleaved edge, have been used to
guantum dots. The quantum-dot energy levels are first calctackle these issues, some uncertainty remains on the exact
lated in the effective-mass approximation by solving thequantum-dot shape, size, composition, and strain relaxation.
three-dimensional Schdinger equatiort? Then, the second- Besides, the inhomogeneous broadening associated with the
order nonlinear susceptibility is computed both in the con-dot size distribution along with the dispersion observed from
duction and in the valence band from the calculated energlayer to layer in stacked structures usually limits the com-
dependence of the confined levels versus the quantum-dparison accuracy between theoretical and experimental data.
size. A microscopic description, based on the allowed optical In order to investigate the second-order nonlinear suscep-
transitions, is given for the nonlinear optical processes. Théibility associated with the intraband transitions, we have
angular dependence of the susceptibility is investigated. Giused a single-band effective-mass calculation to evaluate the
ant nonlinear susceptibilities are predicted in the conductiomnergy of the confined levels as a function of the quantum-
band and in the valence band. This enhancement over thiot size. Though the effective-mass approach exhibits some
bulk response results from the achievement of resonancegnificant deviation from more sophisticated calculations,
conditions with the intraband transitions polarized along dif-previous studies have shown that this single-band model pro-
ferent directions. The calculated susceptibility values are fivides a coherent interpretation of the experimentally ob-
nally compared to the experimental values measured in theerved intraband transitior(polarization selection rule, di-
valence band of InAs/GaAs self-assembled quantum dotgole matrix elemenis? We underline that the purpose of
The amplitude and the spectral dependence of the nonlinedhnis article is to provide a guideline to predict the magnitude
susceptibility were measured with a free-electron laser. Thand polarization dependence of the second-order nonlinear
angular dependence of the susceptibility was also investisusceptibilities in the quantum dots. An accurate description
gated. A satisfying agreement with regard to amplitudeof the quantum-dot states and in particular of their energy,
spectral dependence, and polarization is obtained betweewhich would require a multibandk-p calculation or a
the theoretical and the experimental nonlinear susceptibilipseudopotential calculation, is beyond the scope of this pa-
ties. Experimentally, it is found that the amplitude of the per. Meanwhile, the accuracy of these calculations is intrin-
nonlinear susceptibility of a single quantum-dot layer is en-=sically limited by the exact knowledge of the quantum-dot
hanced by three orders of magnitude over the bulk GaAshape and composition. As will be shown below, a satisfying
nonlinear susceptibility. Although we could not observe theagreement is found between the experimental data and the
highest values of nonlinear susceptibilities that are predictedheoretical predictions based on the single-band effective-
the experimental observation of the second-order susceptibitnass approximation. This feature does not rule out a contri-
ity for different polarizations gives strong support to our pre-bution of valence-band mixing effects to the nonlinear sus-
dictions. ceptibilities. Though beyond the scope of this paper, a
The paper is organized as follows: Section Il presents theomparison of the nonlinear susceptibilities predicted by the
energy-level calculation in the lens-shaped self-assemblesingle-band model ankl- p models would be interesting.
quantum dots. The numerical simulations for the second- The average strain in the quantum-dot layer has been
order nonlinear susceptibility are presented in Sec. Ill. Theaken into account through band-offset and effective-mass
midinfrared nonlinear susceptibilities are evaluated formodifications. In the conduction band, the band offset be-
conduction- and valence-band intraband transitions. Théween InAs and GaAs is taken equal to 600 meV. In the

A. Energy-level calculation
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FIG. 1. Energy of the confined states in the conduction band as
a function of the quantum-dot height. The aspect ratieight/ FIG. 2. Energy of the confined states in the valence band as a
diametey is kept constant and equal to 0.1. Above 560 meV, thefunction of the quantum-dot height. The aspect ratiwight/
confined states are hybridized with the wetting layer states. Theliametey is 0.2. The two-dimensional continuum wetting layer

two-dimensional wetting layer energy is found 40 meV below thestates are above 350 meV. Some states are not shown on the graph
GaAs conduction-band edge. The inset shows the quantum-dot gegr quantum-dot heights larger than 5 nm.

ometry. Only the first six states are represented and some states are

omitted for quantum-dot height larger than 3 nm. length whereas the intraband transition involving #eand
e States isz polarized(0.15 nm dipole length This polar-

valence band, the band offset is taken equal to 450 meV. Thiation selection rule is a consequence of the coupling be-
effective mass is considered as isotropic in the conductiofween thez direction and the in-plane direction because of
band[m,=0.04m,*® wherem, is the bare electron malss the lens-shaped geometry of the quantum dots. The same
whereas it is decoupled between thgrowth axis and the transition is forbidden in a cubic quantum box with infinite
layer plane in the valence bandm,=0.59m,, m,,  barrier potentials. The dipole matrix element betwegand
=0.07m,)."*?*Only the heavy-hole states are considered ine, or e is zero. The first excited sta has an in-plane
the valence band, the light-hole states lying close thejipole matrix element with the,, es, and eg states. It is
valence-band edge. The strain inhomogeneity has been igyorth noticing that for a 2.2-nm quantum-dot height, the
nored. The dipole matrix elemedy; for an intraband transi- intraband transition between the ground state to the wetting
tion between stat&; (wave functiony;) and stateE; (wave  |ayer state is predicted at an energy close to 150 meV in
function ;) is defined asdj;=(¥;|r|¥;). All the dipole  agreement with the experimental transition energy.
matrix elements between the different transitions are calcu-
lated numerically. 2. Valence band

The calculation is performed for a lens-shaped quantum- _ . .
dot geometry that is close to the experimental geometry of The energies of the conf|ned states In the valencg band are
the studied quantum dots as observed by transmission eletn©Wn in Fig. 2 as a function of the quantum-dot height. The

tron microscopy> The quantum dot is defined as atruncatednumber.Of confined states is much I'arger thgn that in the
sphere cut by an horizontal plane. The quantum dot lies on onduction band because of the heavier effective mass along

0.5-nm two-dimensiona(2D) layer, which corresponds to the z direction. As for conduction-band intraband transitions,

the InAs wetting layer. The quantum-dot parameters aréhe largest dipole matrix element is associated withhthé,

given by the quantum-dot heiglt (distance between the f[ransition(3.45 nm and is oriented in the layer plane. Start-

bottom of the wetting layer and the top of the truncated"9 from thg_ground state, the next allowegl transition is the
spherg and the quantum-dot diametBr We have assumed hi-hy transition with a 0.75-nm dllpole.matrlx e.Iemen't along
a direct correlation between the quantum-dot height and thi18 Z growth axis. Then,-hy transition isz polarized with a
quantum-dot diameter. The single-particle energy levels ard-36-1m dipole matrix element. Experimentally, this transi-

calculated as a function of the quantum-dot height for a fixed!©n 1S found to dominate the midinfrared absorption spec-
aspect ratiqheight/diameter trum at energies larger than 90 meV. T hg transition is

in-plane polarized with a 0.15 nm dipole length.

1. Conduction band

Figure 1 shows the confined energy states in the conduc- lll. SECOND-ORDER NONLINEAR SUSCEPTIBILITY

tion band as a function of the quantum-dot height. For a |n order to calculate the second-order nonlinear suscepti-
typical quantum-dot height of 2.5 nm, only six levels arepjlity, we have assumed a Gaussian size distribution for the
bound in the conduction band. Above 560 meV, the confineduantum dots. The width of this Gaussiatis an adjustable

states are hybrldlZEd with the continuum associated with thgarameter and can be fitted to the experimenta| data to re-
two-dimensional wetting layer states. The ground state is agroduce the intraband absorption linewidth. The normalized

slike state. The first excited stats is doubly degenerate quantum-dot distribution is given as a function of the
(p-like state and results from the in-plane confinement. Thequantum-dot height by

e,,€es5,6eq States, which are very close in energy, also corre-
spond to excited states associated with in-plane
confinement* The intraband transition between the ground D,(h)=
and the first excited state is in-plane polariz8® nm dipole 7 270

ex — (h—hg)%202], 1)
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where h; is the average quantum-dot height. The second-
order nonlinear susceptibility is calculated under the assump-
tion that the intraband transitions are in close resonance with
the incident pump excitation at an enerfyy. This situation
corresponds to a condition where the double resonéree
resonance of the pump and of the harmonic field with intra-
band transitionscan be achieved. Note that when the double
resonance is not achievede., only a single resonance is
satisfied, the susceptibility involves components that are 0 L L
proportional to the mean charge displacenféit. These 60 70 80 90 100 110
components were not considered in the following. Close to Energy (meV)

the double resonance, the dominant susceptibjd[@} asso-
ciated with theE;-E; andE;-E, intraband transitions can be
written for a given quantum-dot height®®
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FIG. 3. Spectral dependence of the second-order nonlinear sus-
ceptibility |x{2] calculated in the conduction band. Two distinct
inhomogeneous broadenings are represented and correspond respec-
2 tively to a 20%(dashed lingand a 10%full line) dot size homo-

Xkiji (h) geneity. The average quantum-dot height is 2.5 nm.

_ eNgp <dij(h)><djk(h)><dik(h)> A. Conduction-band susceptibility
€ [ho—Ej(h)—il][2hw—Ejk(h)—ily]’

2 The spectral dependence of the second-order nonlinear
susceptibility associated with conduction-band intraband
wheree is the electronic charge ang) the vacuum permit- transitions is shown in Fig. 3. The average quantum-dot
tivity. N3p is the three-dimensional carrier density in the height is 2.5 nm. The susceptibility has been calculated for
quantum dots. The three-dimensional carrier density is obtwo different inhomogeneous broadenings, which correspond
tained by dividing the equivalent 2D population of the dotsto a 20% and a 10% dot size fluctuati¢ill width at half
by the thickness of the deposited Inftsvo monolayers®®  maximum). These broadenings correspond to a 12- and a
d;; are the intraband dipole matrix elements corresponding tg-meV linewidth for thee;-e, intraband transition. Only the
the E;-E; transition. These matrix elements can be orientece;-e, and e;-eg transitions can be involved in the second-
either in the layer plane or along tlzadirection. The dipole harmonic generation process since the dipole matrix element
matrix elements, which exhibit a slight variation as a func-is zero betweer, ande, or es. As mentioned above, the
tion of the quantum-dot height, are assumed to be constang,-e, and thee,-e; intraband transitions are in-plane polar-
In the absence of experimental data, the homogeneous lingzed (3.2 nm dipole length The e;-eg4 transition isz polar-
width (half width at half maximumTj; of the different in- ized (0.15 nm dipole length The corresponding susceptibil-
traband transitions is taken constant in the following andty involving these transitions is therefore of the tyfé'g)x'

equal to 0.2 meV? S As shown in Fig. 3, the nonlinear susceptibility is highly
The quantum-dot susceptibility is integrated over theresonant with a sharp peak around 83 meV. The amplitude of
quantum-dot size distribution: the susceptibility increases as the inhomogeneous broaden-
ing is reduced because of a better homogeneity of the

@2 _ | 2 quantum-dot size distribution. The full width at half maxi-

X J'th“(h)D"(h)dh' @ mum of the susceptibility is similar in both cases. This

broadening is determined by the energy dependence of the
The global susceptibility is summed over the different intra-quantum-dot levels as a function of the quantum-dot size.
band transitions: The key feature, which is shown in Fig. 3, is the record value
of the susceptibility that can be achieved for a reasonable
X(zz): E ij.) @) inhomoge.r?eo'us brogdening of the guantumjﬂj}ﬂ%). The
“ kel susceptibility is predicted to be as high ag 10" *m/V, i.e.,
almost six orders of magnitude larger than the bulk GaAs
In the calculation, only the transitions starting from thevalue (1.9< 10 1°m/V).3! We underline that this calculated
ground state are considered, since, as experimentally olusceptibility is much larger than the highest susceptibilities
served, only this level is intentionally populated. reported so far for intersubband transitions in quantum wells.
The components of the susceptibility tensor can be estiTwo factors explain this enhancement over the bulk nonlin-
mated for the different polarizations associated with the inear susceptibility:(i) The double-resonance condition be-
traband transitions. In the following, we will restrict our- tweene;-e, ande,-e; transitions is achieved for a quantum-
selves to the components that are experimentally observegbt height around 2.5 nm. This situation is the most
and that are dominant, namely(?, x2,, and x{2,. The  favorable to achieve large nonlinear susceptibilities since the
parameters chosen for the calculation were deduced from theonlinear coefficient is in this case inversely proportional to
experimental data: the dot density wag 20'°cm 2 and the  the square of the homogeneous broadeniingThe specific
doping density was 810°cm™2, either in the conduction polarization selection rules of the quantum-dot intraband
or in the valence band. The susceptibility components iniransitions are the second key parameter that explains the
volving the delocalized states in the continuum are not ingiant value of the susceptibility. For example, it is well
cluded in the calculation. known that in parabolic quantum wells, the double-
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FIG. 5. Spectral dependence of the second-order nonlinear sus-
ceptibility | {2 calculated in the valence band. Two distinct inho-
mogeneous broadenings are represented and correspond respec-
tively to a 20% (dashed ling and a 10%(full line) dot size

F.IC%'. 4. S(;z))ectral dependence of the second-order pophne:ar SLIﬁ_omogeneity. The high-energy part of the graph has been multiplied
ceptibility | x;5) calculated in the valence band. Two distinct inho- a factor of 1000

. b
mogeneous broadenings are represented and correspond, respe)(/:-

tively, to a 20% (dashed ling and a 10%(full line) dot size . . . .
homogeneity. and theh-h,g intraband transition. All the dominant micro-

scopic mechanisms involve thepolarizedh;-h; intraband

resonance condition is achieved; however, the nonlinear suf@nsition. Since the double-resonance condition is not
ceptibility vanishes since the dipole matrix element betweerfchieved for this polarization, the broadening of the suscep-
the ground and the second excited state is strictly zero. §Pility remains similar to the broadening of the absorption.

quantum dots, the situation is different: it is possible toAlthough the susceptibility remains higher than the bulk

achieve double-resonance conditions while keeping nonvarf2@As susceptibility, the magnitude of the nonlinear coeffi-

ishing dipole matrix elements between the intraband transicient is much lower than that predicted in the conduction
tions (dipole length in the nanometer rang&his feature isa  Pand.

direct consequence of the three-dimensional potential con-

finement in the lens-shaped quantum dots. We emphasize 2. x5

that the highest value of the susceptibility can only be The spectral dependence of t ) component of the

reached if the double-resonance condition is satisfied. Exygnlinear susceptibility is shown in Fig. 5 for two different
perimentally, this condition requires one to choose properlyy anium-dot distributions. This susceptibility component

the average guantum-dot size that can satisfy this ConditiOEorresponds to an in-plane excitation while the second-
(2.5 nm height for the present lens-shaped quantum-dot g¢;armonic polarization is oriented along tzegrowth axis.

ometry). For these polarizations, the susceptibility is similar to that
calculated in the conduction band. As expected, the suscep-
B. Valence-band susceptibility tibility is dominated at low energy37 me\) by the compo-

In the valence band, the susceptibility has been calculate@ent that involves the transitions between e h,, andh,
for quantum dots with an average height of 4.62 nm. ThisStates. Thé,-h, andh,-h, transitions have the largest in-
value is larger than that observed experimentally or than thé?'_ane dipole matrix elemer(8.4_5_ anc_i 2 nm, respectively
used in the conduction band. However, a comparison be>ince theh;-h, intraband transition ig-polarized, the sus-
tween calculation and experimental data shows that the er¢eptibility component is of the typg(?) as for the case of
ergy of the intraband transitions is overestimated in thighe conduction band. However, the double-resonance condi-
single-band effective-mass model. In order to account fotion is not achieved for these transitions, which explains that
this effect, the quantum-dot average height has been adjustéae susceptibility remains significantly lower than that calcu-
to 4.62 nm in order to fit thé;-h- intraband transition en- lated in the conduction band. It is worth noticing that this
ergy peak to the 110-meV value as experimentallysusceptibility remains much larger than that reported in the
observed® In the following, only the main components of valence band of quantum wefisA narrow resonance is ob-

7 ™ 1
0 50 100 150 200 250
Energy (meV)

the susceptibility tensor are shown. served at higher enerdyt37 me\j. This resonance involves
the transitions between thg, hg, andh,g states. The sus-
1.x2, ceptibility value is enhanced in this case because of the

The spectral dependence of the nonlinear susce tibilitdoUble resonance between the pump, the harmonic field, and
@) h'ph P ds t larized itati cep Yhe intraband transitions. As will be shown below, this reso-
Xzzz WNICN cOITesponds ta-polarized excitations, IS pré- ,,,.e has peen observed experimentally. Smaller resonances

sented in Fig. 4. Two different broadenings of the dot size | 12 v :
distribution are considere20% and 10% dot size fluctua- can also be observed around 120 meV and are attributed to

. - ; . the resonance between the pump andithdg transition and
tion at full width at half maximum These broadenings cor- pump e

respond to a 36- and a 20-meV linewidth for tg h; tran- :?aensrﬁisoonnance between the harmonic field and t;
sition. For a weak broadening, three resonances can be '

observed in the midinfrared region. The first peak at 87 meV 3 4@

is associated with the resonance of the harmonic pump with - Xxxz

the h,-h,, transitions; the second peak at 107 meV involves The x{2), component of the susceptibility is reported in
the hy-h; intraband transitions. The third peak at 130 meVFig. 6 for two quantum-dot size distributions. This compo-

corresponds to the resonance between the second harmomient involves thez-polarizedh,-h; intraband transition, the
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FIG. 6. Spectral dependence of the second-order nonlinear sus- Fl .
. ) . o G. 7. Experimental spectral dependence of the second-order
ceptibility | x5 calculated in the valence band. Two distinct inho-

XXz ) susceptibility measured for a TM-polarizédbts and TE-polarized
{R/Z?enfgus gég/??j;;%%% alliﬁ; r:ﬁéezeqtggo (?SI? li?q%r)rejg?ns?éer%pﬁﬁfnp(triangles). The quantum dots anetype doped. The suscep-
hom)ggeneity tibility has been calibrated by reference to the bulk GaAs nonlinear

) susceptibility. The full curves are guides to the eyes. The inset
shows a comparison of the spectral dependence of the second-
in-plane polarizech;-h3 transition and the in-plane polar- harmonic power for the undopegiiamond$ and p-type doped
izedh;-hy3 transition as the final transition. The susceptibil- (doty quantum-dot sampléTM polarization).
ity exhibits two resonances at 91 and 110 meV. Since the
double resonance is not achieved between these transitions,
the two maxima reflect the resonance between the pump angbming polarization was set either in TM polarizatigyo-
theh,-h; intraband transition and the resonance between thgyrization along the growth axis of the quantum dotsr in
harmonic field and thé;-h, 3 transition. TE polarization (polarization along the quantum-dot layer
plane, or it could be freely rotated. The measurement of the
susceptibility amplitude was obtained by comparison with
the second-harmonic signal generated by a reference sample
The experiments were performed using the free-electrowvith undoped quantum dots. In this case, only bulk GaAs
laser CLIO. The free-electron laser delivers picosecond opfi.e., the nonzer()(g,)X susceptibility componehtgenerates
tical pulses that are widely tunable in the midinfrared specsecond-harmonic light. This comparison procedure is de-
tral range. The output optical peak powers can be as high astribed in Ref. 32. The measured susceptibility corresponds
10 MW, which makes the free-electron laser a very conveto the susceptibility of the 40-dot layer planes averaged by
nient tool to study optical nonlinearities where both highthe overlap factor of the dot planes with the optical mode. In
intensities and tunabilities are required. order to extract the susceptibility of one layer plane, the glo-
The investigated quantum-dot sample consists of 40 InAdal susceptibility is normalized by the 0.6% overlap factor
quantum-dot layers grown by molecular beam epitaxy orbetween the quantum dots and the guided optical mode. This
GaAs. Details of the quantum-dot structure can be found iroverlap factor is an important parameter, which limits the
Ref. 30. Briefly, the quantum dots are separated by a 35-nneonversion efficiency. Although the quantum-dot susceptibil-
thick GaAs layer. The quantum dots were grown in the coraty is very large, the global conversion efficiency associated
of a midinfrared waveguide grown on ardoped GaAs sub- with the quantum dots is only one order of magnitude larger
strate. Thep-type quantum dots were modulation doped withthan the one associated with bulk Ga&s.

IV. EXPERIMENT

boron. Since the dot densities is arouns #0'°cm™2 and The spectral dependence of the nonlinear susceptibility
the nominal doping density>610'°cm 2 one expects an av- associated with intraband transitions is presented in Fig. 7.
erage concentration of 1.5 carriers per dot. The vertical axis corresponds to the susceptibility of one

In the midinfrared regioribelow 14 um wavelength, the  quantum-dot layer. The susceptibility has been measured for
absorption spectrum of this sample is dominated by théwo incident polarizations, TMdoty and TE (triangles.
h;-h; intraband transition, which is polarized along the Significant differences are observed between both curves.
growth axis of the quantum dots. The assignment of thisThis feature is a direct consequence of the intraband transi-
absorption is made on the basis of a systematic study of thi&on polarization selection rules. The susceptibility is charac-
intraband transitions as a function of the quantum-dot ize. terized by a resonant enhancement in TE polarization with a
A weakh;-hy, intraband transition is also observed at highermaximum at 168 meV. Such a narrow resonance is not ob-
energy (160 me\j. This transition is polarized in the served in TM polarization. At peak maximum, the experi-
guantum-dot layer plane. Third- and second-harmonic genmental susceptibility for one quantum-dot layer is as high as
erations associated with intraband transitions have been su2x 10"’ m/V, which is three orders of magnitude larger than
cessfully observed in this sampfe®? In the following, we  the bulk GaAs susceptibility. The full width at half maxi-
focus on the second-harmonic generation with special attemmum of this resonance is 7 meV. Two broader resonances
tion devoted to the angular dependence of the nonlinear suare also observed in TE polarization at lower enetgg5
ceptibility. and 136 meV. At these energies, the peak susceptibility is

The measurement was performed at room temperaturelecreased by a factor of 5 as compared to the 168-meV peak
The infrared light was injected through the cleaved edgesusceptibility. Below 90 meV, the susceptibility could not be
along the(110) direction of a 3-mm-long sample. The in- measured since the transmission of the sample vanishes be-



5568 T. BRUNHESE t al. PRB 61

[\

cause of the free-carrier absorption in the doped GaAs layers — T
and the cutoff associated with the waveguide. It was there- Experiment
fore not possible to investigate the susceptibility at low en-
ergy.

In TM polarization, the susceptibility exhibits two
maxima at 115 and 135 meV. It is worth noticing that the i
TM-polarized susceptibility, which corresponds to a
z-polarized excitation, is much weaker than the TE-polarized
susceptibility. We emphasize that no resonances are ob-
served in this energy range for the reference sample with
undoped quantum dots. This feature is shown in the inset of
Fig. 7, which shows the spectral dependence of the second-
harmonic power for the undoped apedoped quantum-dot
sample. The polarization of the harmonic signal was checked
by inserting a polarizer behind the sample. The second har- L L
monic was TM-polarized as evidenced by the cosine square 40 80 120 160 200
dependence of the signal as a function of the polarizer angle. Energy (meV)

We did not observe any saturation of the harmonic con-
version in the investigated intensity range. The harmonic FIG. 8. Comparison between the susceptibility measured in TM
power exhibits a quadratic dependence with the pump interpolarization forp-type doped quantum dots and the second-order
sity up to 200 MW cm®. It is worth noting that some of the nonlinear susceptibilityx{2} calculated in the valence bari#0%
dipole matrix elements involved in the harmonic-generationdot size homogeneily Note the two different vertical scales.
process are weaf0.1 nm or lesg An accurate study of the
second-harmonic generation saturation in quantum dots
would require a nonperturbative approach, which accountsions that involve théh;-h,g intraband transition.
for the population saturation, the ac Stark splitting of the The comparison between the experimental susceptibility
levels, and the detuning of the transitions from themeasured for a TE excitation and thé) calculated value is
resonancé’ shown in Fig. 9. Againy{2), features the largest component

of the susceptibility tensor for an in-plane excitation. The
calculated susceptibility does not account for the susceptibil-
V. COMPARISON BETWEEN THEORY ity associa_ted with th@l, h,, ano_lh4 states, WhiCh exhibits
AND EXPERIMENT a broad tail tov_vards hlgh_energylg. 5. Expenmentfally, no
signature of this broad tail has been observed. This feature is

The amplitude and the spectral dependence of thexplained by the fact that the,-h, transition is resonant at
quantum-dot susceptibility in TE and TM polarizations canan energy that is lower than the calculated &h&he reso-
be compared to the calculated values. The purpose of thisant peak at 168 meV is attributed to the resonant process
comparison is not to find a perfect agreement between thvolving the h;-hg and h;-h,q intraband transitions. This
energy maxima. In the valence band, this feature is ruled outesonance is also observed in the theoretical susceptibility at
by the simplicity of the energy-level calculation. Nonethe-

T
£ @1 (10° m/V)

Theory

| (10° m/V)
(V%)
<

ZZZ

I X(Z)

less, as shown below, a qualitative agreement can be found e 3
on the absolute magnitude of the susceptibility along with an Experiment
agreement on the ratio between the polarized components of B a2

the susceptibility.

The comparison between the TM component of the sus-
ceptibility and they!%, value is shown in Fig. 8y!%, repre-
sents the largest component of the susceptibility for a
z-polarized incident excitation. For the calculation, the

1
—
—

1% @] (107 m/v)

(=)

guantum-dot size is considered to fluctuate by 10% around %\

the 4.6 nm height. A satisfying agreement is obtained for the B LSE |
spectral shape between both curves. The experimental ampli- =

tude of the susceptibility is found larger by one order of = 1r

magnitude as compared to the theoretical susceptibility. We kK 05k 1
emphasize that the calculated value is strongly dependent on ‘\“«X )

the values of the dipole matrix elements, on homogeneous — o L=t A A .
broadening, and on the exact numbers of carriers that are 0 50 100 150 200

involved in the second-harmonic generation process. A dis-
crepancy by a factor of 10 remains therefore reasonable in
view of the uncertainty on these parameters. The narrow FIG. 9. Comparison between the quantum-dot susceptibility
resonance at 115 meV is related to nonlinear processes thakasured in TE polarization and the second-order nonlinear suscep-
involve theh;-h; intraband transition. The broader compo- tibility |x!{2] calculated in the valence baril0% dot size homo-
nent, which has a peak at 135 meV, is attributed to transigeneity. Note the two different vertical scales.

Energy (meV)
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a lower energy(137 me\j. The discrepancy between these VI. CONCLUSION
two values is explained by the fact that for the present set of

parametergquantum-dot diameter, geometry, in-plane effec-q¢ o socond-order nonlinear susceptibility associated with

tive mass,. etg, theh,-hg transition is predicted to occur at jwanand transitions in self-assembled quantum dots. The

140 meV, whereas it is experimentally observed at 160 mevquantum-dot energy levels have been calculated by solving

Nonetheless, th_e _c_om_parisqn between theor_etical and expefhe three-dimensional Schiimger equation for a quantum-
mental susceptibility is a direct demonstration that doublegt lens-shaped geometry. Both conduction- and valence-
resonant second-harmonic generation has been achieved gand susceptibilities have been investigated. Giant values of
the quantum dots. As for the case of TM polarization, athe susceptibility were predicted in the midinfrared spectral
discrepancyfactor of 10 between the experimental and the range. This enhancement over the bulk susceptibility results
theoretical amplitudes is observed. This discrepancy origifrom the nanometer-scale dipole matrix elements of the in-
nates mainly from an underestimation of the dipole matrixtraband transitions and the achievement of double resonance
elements, which is more pronounced for the levels lyingcondition between the pump, the harmonic, and the intraband
close to the wetting layer and from an overestimation of theransitions. Since in-plane polarized amgbolarized intra-
homogeneous broadening. band transitions are allowed in quantum dots, the second-
We can also observe that the calculated susceptibility thegrder susceptibility is not only restricted tepolarized com-
corresponds to the TE excitation remains higher thar)(ﬁﬁ)g. ponents, as is the case for intersubband transitions in the
susceptibility. A comparison between the susceptibilitiesconduction band of quantum wells. The calculations are sup-
measured in TM and TE polarizations shows a similar pelorted by the experimental measurement of the susceptibility

havi in the midinfrared region for TM- and TE-polarized excita-
avior tions. A satisfying agreement is observed between the ex-
At this stage, it is worth noting that nonlinear optics are_~ .™" g agree .
. ) . . erimental and theoretical values. This work shows that
being used to investigate the electronic structure of quanturﬁ

dots. Althouah th ber of fined states is | I uantum dots and in particular self-assembled quantum dots
101S. ough the number of confined states IS 1arge, only 4o good candidates to obtain record values of nonlinear sus-
limited number of intraband transitions contribute signifi-

X o : =" 7 ceptibilities.
cantly to the nonlinear susceptibility. It is also worth noticing
that a single-band effective-mass model that accounts for the
guantum-dot geometry gives a satisfying description of the
confined energy states for interpreting the nonlinear experi- This work has been partly supported by DGA under Con-
mental data. tract No. 97062/DSP.

In conclusion, we have presented a theoretical calculation
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