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Infrared second-order optical susceptibility in InAsÕGaAs 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-dimensional Schro¨dinger
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 features:~i! the achieve-
ment of the double resonance condition,~ii ! the specific polarization selection rules of intraband transitions that
allow both in-plane andz-polarized transitions with large dipole matrix elements to be optically active, and~iii !
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 laser. Bothxzzz

(2) andxzxx
(2) components of the suscepti-

bility tensor are observed. A satisfying agreement is found between theoretical and experimental values.
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I. INTRODUCTION

Midinfrared second-order nonlinear susceptibilities
semiconductor heterostructures have attracted a strong i
est in the recent years. Most of the work has been devote
the nonlinearities associated with intersubband transition
quantum wells. Two factors can explain the enhancemen
the nonlinear susceptibility in two-dimensional heterostr
tures by comparison with bulk semiconductors:~i! the large
dipole matrix elements associated with intersubba
transitions;1 ~ii ! the tailoring of the intersubband energi
allowed by adjusting the quantum-well thicknesses. This f
ture allows the achievement of double resonance condit
~i.e., resonance between the energy of the pump and
monic beams and the energy of the intersubband transiti!
in asymmetric structures. The first demonstration of non
earity associated with intersubband transition was repo
by Fejer et al.2 with the observation of second-harmon
generation at a wavelength close to 10mm. Many other non-
linearities have been later demonstrated, including th
harmonic generation3 and optical rectification.4 Most of the
experimental demonstrations were obtained using inters
band transitions in the conduction band of GaAs- or In
based quantum wells. One drawback of using
conduction-band intersubband transition is related to the
larization selection rule, which implies that only transitio
polarized along thez growth axis are optically active. Shaw
et al.5 have considered the case of valence-band inters
band transitions where the polarization selection rule is
laxed because of valence-band mixing between heavy-
light-hole states. Although experimental evidence of seco
harmonic generation has been reported, the nonlinear sus
PRB 610163-1829/2000/61~8!/5562~9!/$15.00
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tibility was only slightly enhanced as compared to the bu
GaAs nonlinear susceptibility. Midinfrared second-harmo
generation has also been demonstrated in the valence ba
SiGe/Si quantum wells,6 but the involved intersubband tran
sitions werez-polarized, as is the case for conduction-ba
intersubband transitions.

Semiconductor quantum dots appear as promising ca
dates to achieve large nonlinear susceptibilities. The qu
tum dots grown by the self-assembled growth technique h
a naturally asymmetrical shape that provides the requ
symmetry breaking to observe second-order nonlinear
ceptibility. By analogy with intersubband transitions, the d
pole matrix elements associated with quantum-dot intrab
transitions~also called intersublevel transitions in the liter
ture! can be large, with typical dipole matrix element rangi
from a fraction of a nanometer to a few nanometers.7 How-
ever, the polarization selection rules for the quantum-dot
traband transitions differ from the polarization selection ru
associated with intersubband transitions as a consequen
the three-dimensional potential confinement. Both in-pla
polarized andz-polarized intraband transitions can be op
cally active in the conduction band and in the valence ba
of the quantum dots. This feature provides additional fle
ibility for realizing the resonance conditions, including th
double resonance, between the pump and harmonic fi
and the intraband transitions, which in turn leads to ve
large nonlinear susceptibilities in the midinfrared regio
Moreover, it implies in turn that second-harmonic generat
can be observed in quantum dots for a normal incidence l
excitation. Another specific feature associated with the qu
tum dot is related to the optical coherence. In isolated thr
dimensionally confined nanostructures with ad-like density
5562 ©2000 The American Physical Society
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of states, one expects the dephasing mechanisms to be d
nated by the dephasing associated with energy relaxat8

The dephasing rate of the optical coherence is there
given by 1/T25G/2, whereG is the recombination rate asso
ciated with energy relaxation processes~i.e., phonon-
assisted, Auger-mediated relaxation processes, etc.!. Because
of the slowing of the relaxation in quantum dots,9 the
lifetime-broadened intraband transitions are therefore
pected to exhibit very narrow linewidths. Since, at dou
resonance, the second-order susceptibility is inversely
portional to the square of the homogeneous broadening,
feature can lead to very large values of the susceptibi
Note that this lifetime broadening mechanism is under
bate. Li and Arakawa have suggested that in small quan
dots, the homogeneous linewidth is given by the lattice
laxation, i.e., the change of the lattice configuration induc
by the different electronic states.10

The purpose of this paper is to show that record value
second-order nonlinear susceptibilities can be achieved u
quantum-dot intraband transitions. To demonstrate this
fect, the chosen model system corresponds to the stan
Stranski-Krastanow InAs/GaAs self-assembled quan
dots.11 Although the presented results are directly connec
to the shape and composition of the quantum dots, sim
features are expected to occur for other types or shape
quantum dots. The quantum-dot energy levels are first ca
lated in the effective-mass approximation by solving t
three-dimensional Schro¨dinger equation.12 Then, the second
order nonlinear susceptibility is computed both in the co
duction and in the valence band from the calculated ene
dependence of the confined levels versus the quantum
size. A microscopic description, based on the allowed opt
transitions, is given for the nonlinear optical processes.
angular dependence of the susceptibility is investigated.
ant nonlinear susceptibilities are predicted in the conduc
band and in the valence band. This enhancement over
bulk response results from the achievement of resona
conditions with the intraband transitions polarized along d
ferent directions. The calculated susceptibility values are
nally compared to the experimental values measured in
valence band of InAs/GaAs self-assembled quantum d
The amplitude and the spectral dependence of the nonli
susceptibility were measured with a free-electron laser.
angular dependence of the susceptibility was also inve
gated. A satisfying agreement with regard to amplitu
spectral dependence, and polarization is obtained betw
the theoretical and the experimental nonlinear suscepti
ties. Experimentally, it is found that the amplitude of t
nonlinear susceptibility of a single quantum-dot layer is e
hanced by three orders of magnitude over the bulk Ga
nonlinear susceptibility. Although we could not observe t
highest values of nonlinear susceptibilities that are predic
the experimental observation of the second-order suscep
ity for different polarizations gives strong support to our p
dictions.

The paper is organized as follows: Section II presents
energy-level calculation in the lens-shaped self-assem
quantum dots. The numerical simulations for the seco
order nonlinear susceptibility are presented in Sec. III. T
midinfrared nonlinear susceptibilities are evaluated
conduction- and valence-band intraband transitions.
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dominant components of the susceptibility tensor are ca
lated as a function of the energy for various dot size dis
butions. The experimental measurement of the nonlinear
ceptibility associated with valence-band intraband transiti
is described in Sec. IV. The spectral dependence of the n
linear susceptibility is investigated for two incident electr
field polarizations. A comparison between the theoretical a
experimental nonlinear susceptibilities is finally presented
Sec. V.

II. THEORY

A. Energy-level calculation

The calculation of confined energy levels in semicond
tor quantum dots has been reported by several authors.
ferent methods have been applied to describe the en
states of self-assembled quantum dots, including single-b
effective-mass calculation,13–15 k•p calculations including
multiple bands,16–19 and pseudopotential theory.20 The com-
parison between the energies predicted by these calcula
and the experimental data is, however, limited by the ex
knowledge of the quantum-dot shape, size, distribution,
composition. Although several methods, including cro
section transmission electronic microscopy or scanning t
neling microscopy21 on cleaved edge, have been used
tackle these issues, some uncertainty remains on the e
quantum-dot shape, size, composition, and strain relaxa
Besides, the inhomogeneous broadening associated with
dot size distribution along with the dispersion observed fr
layer to layer in stacked structures usually limits the co
parison accuracy between theoretical and experimental d

In order to investigate the second-order nonlinear susc
tibility associated with the intraband transitions, we ha
used a single-band effective-mass calculation to evaluate
energy of the confined levels as a function of the quantu
dot size. Though the effective-mass approach exhibits so
significant deviation from more sophisticated calculatio
previous studies have shown that this single-band model
vides a coherent interpretation of the experimentally o
served intraband transitions~polarization selection rule, di-
pole matrix elements!.22 We underline that the purpose o
this article is to provide a guideline to predict the magnitu
and polarization dependence of the second-order nonlin
susceptibilities in the quantum dots. An accurate descrip
of the quantum-dot states and in particular of their ener
which would require a multibandk•p calculation or a
pseudopotential calculation, is beyond the scope of this
per. Meanwhile, the accuracy of these calculations is int
sically limited by the exact knowledge of the quantum-d
shape and composition. As will be shown below, a satisfy
agreement is found between the experimental data and
theoretical predictions based on the single-band effect
mass approximation. This feature does not rule out a con
bution of valence-band mixing effects to the nonlinear s
ceptibilities. Though beyond the scope of this paper
comparison of the nonlinear susceptibilities predicted by
single-band model andk•p models would be interesting.

The average strain in the quantum-dot layer has b
taken into account through band-offset and effective-m
modifications. In the conduction band, the band offset
tween InAs and GaAs is taken equal to 600 meV. In t
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5564 PRB 61T. BRUNHESet al.
valence band, the band offset is taken equal to 450 meV.
effective mass is considered as isotropic in the conduc
band @me50.04m0 ,16 wherem0 is the bare electron mass#,
whereas it is decoupled between thez growth axis and the
layer plane in the valence band~mz50.59m0 , mx,y
50.07m0!.12,22 Only the heavy-hole states are considered
the valence band, the light-hole states lying close
valence-band edge. The strain inhomogeneity has been
nored. The dipole matrix elementdi j for an intraband transi-
tion between stateEi ~wave functionc i! and stateEj ~wave
function c j ! is defined asdi j 5^C j ur uC i&. All the dipole
matrix elements between the different transitions are ca
lated numerically.

The calculation is performed for a lens-shaped quantu
dot geometry that is close to the experimental geometry
the studied quantum dots as observed by transmission
tron microscopy.23 The quantum dot is defined as a truncat
sphere cut by an horizontal plane. The quantum dot lies o
0.5-nm two-dimensional~2D! layer, which corresponds to
the InAs wetting layer. The quantum-dot parameters
given by the quantum-dot heighth ~distance between th
bottom of the wetting layer and the top of the truncat
sphere! and the quantum-dot diameterD. We have assumed
a direct correlation between the quantum-dot height and
quantum-dot diameter. The single-particle energy levels
calculated as a function of the quantum-dot height for a fix
aspect ratio~height/diameter!.

1. Conduction band

Figure 1 shows the confined energy states in the cond
tion band as a function of the quantum-dot height. Fo
typical quantum-dot height of 2.5 nm, only six levels a
bound in the conduction band. Above 560 meV, the confin
states are hybridized with the continuum associated with
two-dimensional wetting layer states. The ground state is
s-like state. The first excited statee2 is doubly degenerate
~p-like state! and results from the in-plane confinement. T
e4 ,e5 ,e6 states, which are very close in energy, also cor
spond to excited states associated with in-pla
confinement.24 The intraband transition between the grou
and the first excited state is in-plane polarized~3.2 nm dipole

FIG. 1. Energy of the confined states in the conduction band
a function of the quantum-dot height. The aspect ratio~height/
diameter! is kept constant and equal to 0.1. Above 560 meV,
confined states are hybridized with the wetting layer states.
two-dimensional wetting layer energy is found 40 meV below
GaAs conduction-band edge. The inset shows the quantum-do
ometry. Only the first six states are represented and some state
omitted for quantum-dot height larger than 3 nm.
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length! whereas the intraband transition involving thee1 and
e6 states isz polarized~0.15 nm dipole length!. This polar-
ization selection rule is a consequence of the coupling
tween thez direction and the in-plane direction because
the lens-shaped geometry of the quantum dots. The s
transition is forbidden in a cubic quantum box with infini
barrier potentials. The dipole matrix element betweene1 and
e4 or e5 is zero. The first excited statee2 has an in-plane
dipole matrix element with thee4 , e5, and e6 states. It is
worth noticing that for a 2.2-nm quantum-dot height, t
intraband transition between the ground state to the wet
layer state is predicted at an energy close to 150 meV
agreement with the experimental transition energy.25

2. Valence band

The energies of the confined states in the valence band
shown in Fig. 2 as a function of the quantum-dot height. T
number of confined states is much larger than that in
conduction band because of the heavier effective mass a
thez direction. As for conduction-band intraband transition
the largest dipole matrix element is associated with theh1-h2
transition~3.45 nm! and is oriented in the layer plane. Star
ing from the ground state, the next allowed transition is
h1-h4 transition with a 0.75-nm dipole matrix element alon
the z growth axis. Theh1-h7 transition isz polarized with a
0.36-nm dipole matrix element. Experimentally, this tran
tion is found to dominate the midinfrared absorption sp
trum at energies larger than 90 meV. Theh1-h8 transition is
in-plane polarized with a 0.15 nm dipole length.

III. SECOND-ORDER NONLINEAR SUSCEPTIBILITY

In order to calculate the second-order nonlinear susce
bility, we have assumed a Gaussian size distribution for
quantum dots. The width of this Gaussians is an adjustable
parameter and can be fitted to the experimental data to
produce the intraband absorption linewidth. The normaliz
quantum-dot distribution is given as a function of th
quantum-dot heighth by

Ds~h!5
1

A2ps
exp@2~h2h0!2/2s2#, ~1!

s

e
e

e-
are

FIG. 2. Energy of the confined states in the valence band a
function of the quantum-dot height. The aspect ratio~height/
diameter! is 0.2. The two-dimensional continuum wetting lay
states are above 350 meV. Some states are not shown on the
for quantum-dot heights larger than 5 nm.
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where h0 is the average quantum-dot height. The seco
order nonlinear susceptibility is calculated under the assu
tion that the intraband transitions are in close resonance
the incident pump excitation at an energy\v. This situation
corresponds to a condition where the double resonance~i.e.,
resonance of the pump and of the harmonic field with int
band transitions! can be achieved. Note that when the dou
resonance is not achieved~i.e., only a single resonance
satisfied!, the susceptibility involves components that a
proportional to the mean charge displacement.26,27 These
components were not considered in the following. Close
the double resonance, the dominant susceptibilityxk j i

(2) asso-
ciated with theEi-Ej andEj -Ek intraband transitions can b
written for a given quantum-dot heighth:28

xk j i
~2!~h!

5
e3N3D

e0

^di j ~h!&^djk~h!&^dik~h!&
@\v2Ei j ~h!2 iG i j #@2\v2Eik~h!2 iG ik#

,

~2!

wheree is the electronic charge ande0 the vacuum permit-
tivity. N3D is the three-dimensional carrier density in t
quantum dots. The three-dimensional carrier density is
tained by dividing the equivalent 2D population of the do
by the thickness of the deposited InAs~two monolayers!.29

di j are the intraband dipole matrix elements correspondin
the Ei-Ej transition. These matrix elements can be orien
either in the layer plane or along thez direction. The dipole
matrix elements, which exhibit a slight variation as a fun
tion of the quantum-dot height, are assumed to be cons
In the absence of experimental data, the homogeneous
width ~half width at half maximum! G i j of the different in-
traband transitions is taken constant in the following a
equal to 0.2 meV.30

The quantum-dot susceptibility is integrated over t
quantum-dot size distribution:

xk j i
~2!5E

h
xk j i

~2!~h!Ds~h!dh. ~3!

The global susceptibility is summed over the different int
band transitions:

x2v
~2!5 (

k, j ,i 51
xk j i

~2! . ~4!

In the calculation, only the transitions starting from t
ground state are considered, since, as experimentally
served, only this level is intentionally populated.

The components of the susceptibility tensor can be e
mated for the different polarizations associated with the
traband transitions. In the following, we will restrict ou
selves to the components that are experimentally obse
and that are dominant, namely,xzxx

(2) , xzzz
(2) , and xxxz

(2) . The
parameters chosen for the calculation were deduced from
experimental data: the dot density was 431010cm22 and the
doping density was 631010cm22, either in the conduction
or in the valence band. The susceptibility components
volving the delocalized states in the continuum are not
cluded in the calculation.
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A. Conduction-band susceptibility

The spectral dependence of the second-order nonlin
susceptibility associated with conduction-band intraba
transitions is shown in Fig. 3. The average quantum-
height is 2.5 nm. The susceptibility has been calculated
two different inhomogeneous broadenings, which corresp
to a 20% and a 10% dot size fluctuation~full width at half
maximum!. These broadenings correspond to a 12- an
7-meV linewidth for thee1-e2 intraband transition. Only the
e1-e2 and e1-e6 transitions can be involved in the secon
harmonic generation process since the dipole matrix elem
is zero betweene1 and e4 or e5 . As mentioned above, the
e1-e2 and thee2-e6 intraband transitions are in-plane pola
ized ~3.2 nm dipole length!. The e1-e6 transition isz polar-
ized ~0.15 nm dipole length!. The corresponding susceptibi
ity involving these transitions is therefore of the typexzxx

(2) .
As shown in Fig. 3, the nonlinear susceptibility is high
resonant with a sharp peak around 83 meV. The amplitud
the susceptibility increases as the inhomogeneous broa
ing is reduced because of a better homogeneity of
quantum-dot size distribution. The full width at half max
mum of the susceptibility is similar in both cases. Th
broadening is determined by the energy dependence of
quantum-dot levels as a function of the quantum-dot s
The key feature, which is shown in Fig. 3, is the record va
of the susceptibility that can be achieved for a reasona
inhomogeneous broadening of the quantum dots~10%!. The
susceptibility is predicted to be as high as 131024 m/V, i.e.,
almost six orders of magnitude larger than the bulk Ga
value (1.9310210m/V).31 We underline that this calculate
susceptibility is much larger than the highest susceptibilit
reported so far for intersubband transitions in quantum we
Two factors explain this enhancement over the bulk non
ear susceptibility:~i! The double-resonance condition b
tweene1-e2 ande2-e6 transitions is achieved for a quantum
dot height around 2.5 nm. This situation is the mo
favorable to achieve large nonlinear susceptibilities since
nonlinear coefficient is in this case inversely proportional
the square of the homogeneous broadening.~ii ! The specific
polarization selection rules of the quantum-dot intraba
transitions are the second key parameter that explains
giant value of the susceptibility. For example, it is we
known that in parabolic quantum wells, the doubl

FIG. 3. Spectral dependence of the second-order nonlinear
ceptibility uxzxx

(2) u calculated in the conduction band. Two distin
inhomogeneous broadenings are represented and correspond re
tively to a 20%~dashed line! and a 10%~full line! dot size homo-
geneity. The average quantum-dot height is 2.5 nm.
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5566 PRB 61T. BRUNHESet al.
resonance condition is achieved; however, the nonlinear
ceptibility vanishes since the dipole matrix element betwe
the ground and the second excited state is strictly zero
quantum dots, the situation is different: it is possible
achieve double-resonance conditions while keeping nonv
ishing dipole matrix elements between the intraband tra
tions~dipole length in the nanometer range!. This feature is a
direct consequence of the three-dimensional potential c
finement in the lens-shaped quantum dots. We empha
that the highest value of the susceptibility can only
reached if the double-resonance condition is satisfied.
perimentally, this condition requires one to choose prope
the average quantum-dot size that can satisfy this cond
~2.5 nm height for the present lens-shaped quantum-dot
ometry!.

B. Valence-band susceptibility

In the valence band, the susceptibility has been calcula
for quantum dots with an average height of 4.62 nm. T
value is larger than that observed experimentally or than
used in the conduction band. However, a comparison
tween calculation and experimental data shows that the
ergy of the intraband transitions is overestimated in t
single-band effective-mass model. In order to account
this effect, the quantum-dot average height has been adju
to 4.62 nm in order to fit theh1-h7 intraband transition en
ergy peak to the 110-meV value as experimenta
observed.30 In the following, only the main components o
the susceptibility tensor are shown.

1. xzzz
„2…

The spectral dependence of the nonlinear susceptib
xzzz

(2) , which corresponds toz-polarized excitations, is pre
sented in Fig. 4. Two different broadenings of the dot s
distribution are considered~20% and 10% dot size fluctua
tion at full width at half maximum!. These broadenings cor
respond to a 36- and a 20-meV linewidth for theh1-h7 tran-
sition. For a weak broadening, three resonances can
observed in the midinfrared region. The first peak at 87 m
is associated with the resonance of the harmonic pump
the h1-h12 transitions; the second peak at 107 meV involv
the h1-h7 intraband transitions. The third peak at 130 me
corresponds to the resonance between the second harm

FIG. 4. Spectral dependence of the second-order nonlinear
ceptibility uxzzz

(2)u calculated in the valence band. Two distinct inh
mogeneous broadenings are represented and correspond, re
tively, to a 20% ~dashed line! and a 10%~full line! dot size
homogeneity.
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and theh1-h28 intraband transition. All the dominant micro
scopic mechanisms involve thez-polarizedh1-h7 intraband
transition. Since the double-resonance condition is
achieved for this polarization, the broadening of the susc
tibility remains similar to the broadening of the absorptio
Although the susceptibility remains higher than the bu
GaAs susceptibility, the magnitude of the nonlinear coe
cient is much lower than that predicted in the conduct
band.

2. xzxx
„2…

The spectral dependence of thexzxx
(2) component of the

nonlinear susceptibility is shown in Fig. 5 for two differen
quantum-dot distributions. This susceptibility compone
corresponds to an in-plane excitation while the seco
harmonic polarization is oriented along thez growth axis.
For these polarizations, the susceptibility is similar to th
calculated in the conduction band. As expected, the sus
tibility is dominated at low energy~37 meV! by the compo-
nent that involves the transitions between theh1 , h2 , andh4
states. Theh1-h2 and h2-h4 transitions have the largest in
plane dipole matrix element~3.45 and 2 nm, respectively!.
Since theh1-h4 intraband transition isz-polarized, the sus-
ceptibility component is of the typexzxx

(2) as for the case of
the conduction band. However, the double-resonance co
tion is not achieved for these transitions, which explains t
the susceptibility remains significantly lower than that calc
lated in the conduction band. It is worth noticing that th
susceptibility remains much larger than that reported in
valence band of quantum wells.5 A narrow resonance is ob
served at higher energy~137 meV!. This resonance involves
the transitions between theh1 , h8 , andh29 states. The sus
ceptibility value is enhanced in this case because of
double resonance between the pump, the harmonic field,
the intraband transitions. As will be shown below, this res
nance has been observed experimentally. Smaller resona
can also be observed around 120 meV and are attribute
the resonance between the pump and theh1-h8 transition and
the resonance between the harmonic field and theh1-h12
transition.

3. xxxz
„2…

The xxxz
(2) component of the susceptibility is reported

Fig. 6 for two quantum-dot size distributions. This comp
nent involves thez-polarizedh1-h7 intraband transition, the

s-

pec-

FIG. 5. Spectral dependence of the second-order nonlinear
ceptibility uxzxx

(2) u calculated in the valence band. Two distinct inh
mogeneous broadenings are represented and correspond re
tively to a 20% ~dashed line! and a 10%~full line! dot size
homogeneity. The high-energy part of the graph has been multip
by a factor of 1000.
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in-plane polarizedh7-h13 transition and the in-plane polar
izedh1-h13 transition as the final transition. The susceptib
ity exhibits two resonances at 91 and 110 meV. Since
double resonance is not achieved between these transit
the two maxima reflect the resonance between the pump
theh1-h7 intraband transition and the resonance between
harmonic field and theh1-h13 transition.

IV. EXPERIMENT

The experiments were performed using the free-elec
laser CLIO. The free-electron laser delivers picosecond
tical pulses that are widely tunable in the midinfrared sp
tral range. The output optical peak powers can be as hig
10 MW, which makes the free-electron laser a very con
nient tool to study optical nonlinearities where both hi
intensities and tunabilities are required.

The investigated quantum-dot sample consists of 40 In
quantum-dot layers grown by molecular beam epitaxy
GaAs. Details of the quantum-dot structure can be found
Ref. 30. Briefly, the quantum dots are separated by a 35-
thick GaAs layer. The quantum dots were grown in the c
of a midinfrared waveguide grown on ann-doped GaAs sub-
strate. Thep-type quantum dots were modulation doped w
boron. Since the dot densities is around 431010cm22 and
the nominal doping density 631010cm22 one expects an av
erage concentration of 1.5 carriers per dot.

In the midinfrared region~below 14mm wavelength!, the
absorption spectrum of this sample is dominated by
h1-h7 intraband transition, which is polarized along thez
growth axis of the quantum dots. The assignment of t
absorption is made on the basis of a systematic study of
intraband transitions as a function of the quantum-dot siz22

A weakh1-h12 intraband transition is also observed at high
energy ~160 meV!. This transition is polarized in the
quantum-dot layer plane. Third- and second-harmonic g
erations associated with intraband transitions have been
cessfully observed in this sample.30,32 In the following, we
focus on the second-harmonic generation with special at
tion devoted to the angular dependence of the nonlinear
ceptibility.

The measurement was performed at room temperat
The infrared light was injected through the cleaved ed
along the~110! direction of a 3-mm-long sample. The in

FIG. 6. Spectral dependence of the second-order nonlinear
ceptibility uxxxz

(2) u calculated in the valence band. Two distinct inh
mogeneous broadenings are represented and correspond, re
tively, to a 20% ~dashed line! and a 10%~full line! dot size
homogeneity.
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coming polarization was set either in TM polarization~po-
larization along thez growth axis of the quantum dots! or in
TE polarization~polarization along the quantum-dot laye
plane!, or it could be freely rotated. The measurement of
susceptibility amplitude was obtained by comparison w
the second-harmonic signal generated by a reference sa
with undoped quantum dots. In this case, only bulk Ga
~i.e., the nonzeroxzyx

(2) susceptibility component! generates
second-harmonic light. This comparison procedure is
scribed in Ref. 32. The measured susceptibility correspo
to the susceptibility of the 40-dot layer planes averaged
the overlap factor of the dot planes with the optical mode.
order to extract the susceptibility of one layer plane, the g
bal susceptibility is normalized by the 0.6% overlap fac
between the quantum dots and the guided optical mode.
overlap factor is an important parameter, which limits t
conversion efficiency. Although the quantum-dot suscepti
ity is very large, the global conversion efficiency associa
with the quantum dots is only one order of magnitude lar
than the one associated with bulk GaAs.32

The spectral dependence of the nonlinear susceptib
associated with intraband transitions is presented in Fig
The vertical axis corresponds to the susceptibility of o
quantum-dot layer. The susceptibility has been measured
two incident polarizations, TM~dots! and TE ~triangles!.
Significant differences are observed between both cur
This feature is a direct consequence of the intraband tra
tion polarization selection rules. The susceptibility is char
terized by a resonant enhancement in TE polarization wit
maximum at 168 meV. Such a narrow resonance is not
served in TM polarization. At peak maximum, the expe
mental susceptibility for one quantum-dot layer is as high
231027 m/V, which is three orders of magnitude larger th
the bulk GaAs susceptibility. The full width at half max
mum of this resonance is 7 meV. Two broader resonan
are also observed in TE polarization at lower energy~125
and 136 meV!. At these energies, the peak susceptibility
decreased by a factor of 5 as compared to the 168-meV p
susceptibility. Below 90 meV, the susceptibility could not
measured since the transmission of the sample vanishes

s-

pec-

FIG. 7. Experimental spectral dependence of the second-o
susceptibility measured for a TM-polarized~dots! and TE-polarized
pump ~triangles!. The quantum dots arep-type doped. The suscep
tibility has been calibrated by reference to the bulk GaAs nonlin
susceptibility. The full curves are guides to the eyes. The in
shows a comparison of the spectral dependence of the sec
harmonic power for the undoped~diamonds! and p-type doped
~dots! quantum-dot sample~TM polarization!.
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cause of the free-carrier absorption in the doped GaAs la
and the cutoff associated with the waveguide. It was the
fore not possible to investigate the susceptibility at low e
ergy.

In TM polarization, the susceptibility exhibits tw
maxima at 115 and 135 meV. It is worth noticing that t
TM-polarized susceptibility, which corresponds to
z-polarized excitation, is much weaker than the TE-polariz
susceptibility. We emphasize that no resonances are
served in this energy range for the reference sample w
undoped quantum dots. This feature is shown in the inse
Fig. 7, which shows the spectral dependence of the sec
harmonic power for the undoped andp-doped quantum-do
sample. The polarization of the harmonic signal was chec
by inserting a polarizer behind the sample. The second
monic was TM-polarized as evidenced by the cosine squ
dependence of the signal as a function of the polarizer an

We did not observe any saturation of the harmonic c
version in the investigated intensity range. The harmo
power exhibits a quadratic dependence with the pump in
sity up to 200 MW cm22. It is worth noting that some of the
dipole matrix elements involved in the harmonic-generat
process are weak~0.1 nm or less!. An accurate study of the
second-harmonic generation saturation in quantum d
would require a nonperturbative approach, which accou
for the population saturation, the ac Stark splitting of t
levels, and the detuning of the transitions from t
resonance.33

V. COMPARISON BETWEEN THEORY
AND EXPERIMENT

The amplitude and the spectral dependence of
quantum-dot susceptibility in TE and TM polarizations c
be compared to the calculated values. The purpose of
comparison is not to find a perfect agreement between
energy maxima. In the valence band, this feature is ruled
by the simplicity of the energy-level calculation. Noneth
less, as shown below, a qualitative agreement can be fo
on the absolute magnitude of the susceptibility along with
agreement on the ratio between the polarized componen
the susceptibility.

The comparison between the TM component of the s
ceptibility and thexzzz

(2) value is shown in Fig. 8.xzzz
(2) repre-

sents the largest component of the susceptibility for
z-polarized incident excitation. For the calculation, t
quantum-dot size is considered to fluctuate by 10% aro
the 4.6 nm height. A satisfying agreement is obtained for
spectral shape between both curves. The experimental am
tude of the susceptibility is found larger by one order
magnitude as compared to the theoretical susceptibility.
emphasize that the calculated value is strongly dependen
the values of the dipole matrix elements, on homogene
broadening, and on the exact numbers of carriers that
involved in the second-harmonic generation process. A
crepancy by a factor of 10 remains therefore reasonabl
view of the uncertainty on these parameters. The nar
resonance at 115 meV is related to nonlinear processes
involve theh1-h7 intraband transition. The broader comp
nent, which has a peak at 135 meV, is attributed to tra
rs
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tions that involve theh1-h28 intraband transition.
The comparison between the experimental susceptib

measured for a TE excitation and thexzxx
(2) calculated value is

shown in Fig. 9. Again,xzxx
(2) features the largest compone

of the susceptibility tensor for an in-plane excitation. T
calculated susceptibility does not account for the suscept
ity associated with theh1 , h2 , andh4 states, which exhibits
a broad tail towards high energy~Fig. 5!. Experimentally, no
signature of this broad tail has been observed. This featu
explained by the fact that theh1-h2 transition is resonant a
an energy that is lower than the calculated one.34 The reso-
nant peak at 168 meV is attributed to the resonant proc
involving the h1-h8 and h1-h29 intraband transitions. This
resonance is also observed in the theoretical susceptibilit

FIG. 8. Comparison between the susceptibility measured in
polarization forp-type doped quantum dots and the second-or
nonlinear susceptibilityuxzzz

(2)u calculated in the valence band~10%
dot size homogeneity!. Note the two different vertical scales.

FIG. 9. Comparison between the quantum-dot susceptib
measured in TE polarization and the second-order nonlinear sus
tibility uxzxx

(2) u calculated in the valence band~10% dot size homo-
geneity!. Note the two different vertical scales.



se
t
c
t
eV
pe
le

ed
, a
e
ig
tri
in
th

th

ie
be

re
tu
ly
ifi-
g
t

th
er

tion
with
The
ving
-

nce-
s of
tral
ults
in-

ance
and

ond-

the
up-
ility

a-
ex-

that
dots
sus-

on-

PRB 61 5569INFRARED SECOND-ORDER OPTICAL . . .
a lower energy~137 meV!. The discrepancy between the
two values is explained by the fact that for the present se
parameters~quantum-dot diameter, geometry, in-plane effe
tive mass,. etc.!, theh1-h8 transition is predicted to occur a
140 meV, whereas it is experimentally observed at 160 m
Nonetheless, the comparison between theoretical and ex
mental susceptibility is a direct demonstration that doub
resonant second-harmonic generation has been achiev
the quantum dots. As for the case of TM polarization
discrepancy~factor of 10! between the experimental and th
theoretical amplitudes is observed. This discrepancy or
nates mainly from an underestimation of the dipole ma
elements, which is more pronounced for the levels ly
close to the wetting layer and from an overestimation of
homogeneous broadening.

We can also observe that the calculated susceptibility
corresponds to the TE excitation remains higher than thexzzz

(2)

susceptibility. A comparison between the susceptibilit
measured in TM and TE polarizations shows a similar
havior.

At this stage, it is worth noting that nonlinear optics a
being used to investigate the electronic structure of quan
dots. Although the number of confined states is large, on
limited number of intraband transitions contribute sign
cantly to the nonlinear susceptibility. It is also worth noticin
that a single-band effective-mass model that accounts for
quantum-dot geometry gives a satisfying description of
confined energy states for interpreting the nonlinear exp
mental data.
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VI. CONCLUSION

In conclusion, we have presented a theoretical calcula
of the second-order nonlinear susceptibility associated
intraband transitions in self-assembled quantum dots.
quantum-dot energy levels have been calculated by sol
the three-dimensional Schro¨dinger equation for a quantum
dot lens-shaped geometry. Both conduction- and vale
band susceptibilities have been investigated. Giant value
the susceptibility were predicted in the midinfrared spec
range. This enhancement over the bulk susceptibility res
from the nanometer-scale dipole matrix elements of the
traband transitions and the achievement of double reson
condition between the pump, the harmonic, and the intrab
transitions. Since in-plane polarized andz-polarized intra-
band transitions are allowed in quantum dots, the sec
order susceptibility is not only restricted toz-polarized com-
ponents, as is the case for intersubband transitions in
conduction band of quantum wells. The calculations are s
ported by the experimental measurement of the susceptib
in the midinfrared region for TM- and TE-polarized excit
tions. A satisfying agreement is observed between the
perimental and theoretical values. This work shows
quantum dots and in particular self-assembled quantum
are good candidates to obtain record values of nonlinear
ceptibilities.
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