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Midinfrared second-harmonic generation in p-type InAs/GaAs
self-assembled quantum dots
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Resonant second-harmonic generation is reported in InAs/GaAs self-assembled quantum dots.
Frequency doubling is observed between confined states in the valence band of the quantum dots.
The second-order nonlinear susceptibility is maximum at 168 ¥ um wavelength and is
observed for an in-plane polarized excitation. A valuexf), as large as 1077 (m/V) is
measured for one dot plane. A three-dimensional numerical calculation of the valence band states
shows that the second-harmonic generation involves a resonant excitation betwiegyg ainelh o,

states and a state close to the continuum wetting layer statesl99® American Institute of
Physics[S0003-695099)03932-7

The linear and nonlinear response associated with optiserted into the middle of a midinfrared waveguide grown on
cal transitions between confined states of self-assembleah n*-doped GaAs substrate. The midinfrared waveguide
guantum dots has recently attracted wide interest. Midinfraconsists of a 5.5um thick GaAs core grown above a/m
red absorption between confined states in the conduction artbick Al (Ga, ;As cladding layer. The dot density is around
in the valence band of InAs/GaAs self-assembled quanturdx 10'°cm™2 The quantum dots ane doped with a beryl-
dots has been reportéd® This intraband absorption which lium s-doping layer located 2 nm above each InAs layer. The
occurs in the midinfrared spectral range is particularly appronominal bidimensional carrier density isx@0'%cm 2 A
priate for quantum dot infrared photodetectfbApart from  reference sample with undoped quantum dots was separately
the linear optical response, self-assembled quantum dots aused to calibrate the nonlinear susceptibility with the nonlin-
also expected to exhibit strong nonlinear effects. Indeed, it i€ar susceptibility of bulk GaAs.
well known that the nonlinear susceptibility can be substan-  Nonlinear optical experiments were performed with the
tially enhanced if resonance conditions can be achieved. Thiee-electron laser CLIG? The second-harmonic signal was
resonant enhancement applied to the case of intersubbafi@tected with a photovoltaic liquid-nitrogen-cooled InSb
transitions in quantum wells, has led to the observation ophotodetector. The experiments were performed at room
giant second- and third-order nonlinear susceptibilities in théemperature. The free-electron laser pump beam was injected
midinfrared®™® Recently, we have demonstrated that athrough the cleaved facet along 0 direction d a 3 mm
record third-order nonlinear susceptibility can be obtained ifong sample. Two polarizers were set in front of the sample.
p-type InAs/GaAs self-assembled guantum datgt has The first polarizer was set at 45° while the second polarizer
been shown that the enhancement of the nonlinear suscep@ould be rotated providing a method to adjust the incoming
bility, as compared to the bulk material, results from thepolarization. A 6.7um-long wave-pass interference filter
values of the intraband dipole matrix elemeffimction of ~ Was set at the output of the free-electron laser beam, in order
nanometey; the achievement of a double resonance condif0 remove any harmonic signal coming from the free-
tion and from the intrinsic narrow homogeneous linewidth ofélectron laser.
the intraband transitions. The question arises as to whether According to cross-section transmission electronic mi-
resonant midinfrared second-order nonlinearities can also B&¥0SCOpy measurements, the quantum dots have a lens-shape
observed in self-assembled quantum dots. One prerequisi%ometryl-1 The energy level energies and the dipole matrix
for second-order nonlinear processes is the lack of inversiofiléments of the intraband transitions have been calculated by
symmetry. This condition ia priori satisfied for lens-shaped Solving the three-dimensional Schifoger equation for the
self-assembled quantum dots. present quantum dot geomefrythe energy Ievelslnnx’ny’nZ

The quantum dot samples used for the experiments havae indexed by reference to a parallelepipedal quantum dot
been grown by molecular beam epitaxy. Thg/pe quantum with infinite potential barriers where confined states can be
dot sample consists of 40 InAs quantum dot layers separategprted according to the number of nodgsn, ,n, along the
by 35 nm GaAs barrier® The quantum dot layers are in- X, ¥, andz directions. In the midinfrared, the linear absorp-

tion spectrum of the waveguide sample, as reported in Ref.
dpresent address: Department of Physics, Quantum Institute, University o]fo_’ is dominated by an absorption polarized along the growth

California, Santa Barbara, CA93106-9530; electronic mail: 2XiS Of the quantum dot& axis). This absorption, which is
boucaud@gqi.ucsb.edu attributed to thehggg—hggq transition is maximum at 110
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FIG. 1. Schematic diagram showing the quantum dot valence band statgsG, 2. Energy dependence of the second-harmonic power. The diamonds
involved in the second-harmonic generation process. The energies of thglots feature the power measured for theloped quantum doundoped
confined states are given as a function of the quantum dot height. The ratigample. The full curves are guides to the eyes. The pump excitation is
height diameter is 0.2. The arrows indicate the second-harmonic generatiqn-plane polarized(TE polarization. The pump intensity is around 200
process. The wetting layer states are above 350 meV. MW cm™2.

meV with a full width at half maximum(FWHM) of 36  resonance is=5 meV. The resonance of the susceptibility is
meV. A weakz-polarized absorption is also observed from clearly not attributed to the achievement of phase matching
the ground state to the continuum states with a maximum &or bulk second-harmonic generation at this particular wave-
350 meV. A careful look at the absorption spectrum showsength since a similar effect would be observed for the un-
that an in-plane polarized absorption is also observed at 16oped quantum dot reference samiflé& small resonance is
meV. This absorption is attributed to thgyo—hyo; transi-  also observed at 125 meV for the doped quantum dot sample.
tion. The experimental dipole length of this transition is 0.11For the 168 meV resonance, the small broadening of the
nm, in close agreement with the calculated 0.15 nm dipol&econd-harmonic signal, as compared to the broadening of
length. A schematic diagram of the quantum dot valencehe absorption(~35 me\), is a clear signature of the reso-
band states is depicted in Fig. 1. The energies of some comant enhancement of the nonlinear susceptibility. It indicates
fined states are given as a function of the dot height. Thehat only a fraction of quantum dots satisfy the double reso-
intraband energies deduced from the calculation do not exaance condition. The first transition involved in the second-
actly match the experimental energi@slowever, the dipole  harmonic generation process is the in-plane polarized
matrix elements are correctly predicted by the simulationhy,—h,,, transition. In order to observe resonant second-
According to the three-dimensional calculation, the averag&armonic generation, a transition from the first excited state
quantum dot height, which corresponds totags—hoos ab-  to a second excited state along with a transition from the
sorption maximum at 110 meV, is 4.7 nthThe transitions  ground state to the second excited state must have nonvan-
involved in the most efficient second-harmonic generatiorishing dipole matrix elements. The three-dimensional calcu-
process are indicated on the graph. We note that an infrargdtion of the energy levels shows that such a stringent con-
excitation pump can be both in resonance withigg—hi0;  dition is achieved for the quantum dots. A large number of
intraband transitions and a transition fromg,; to a state states with an energy close to the wetting layer energy are
close to the wetting layer hybridized states. This situatiorconfined in the dots. Among these states, the 29th confined
corresponds to the double resonance condition. state and to a lower extent the 28th, which is very close in
Under high pump intensity regime, second-harmonicenergy satisfy both the condition on nonvanishing dipole and
generation associated with the quantum dots was observete resonance condition for second-harmonic generétion.
for pump wavelength below 1@m. The collected signal was The h,q,—h,g transition has an in-plane dipole matrix ele-
analyzed by a grating spectrometer providing an unambigument of 0.21 nm. For the large dots, thg,—h,qg transition
ous signature of frequency doubling. We have separateljtas a theoreticat-dipole matrix element of 0.06 nm. The
checked that the second harmonic exhibits, as expected, experimental absorption spectrum shows thatpolarized
quadratic dependence with the incident pump poWWdfte-  transition is effectively allowed from the ground state to the
quency doubling could be obtained for a pump beam polarstates close to the continuum. Therefore, the nonlinear sus-
ized either along the growth axis of the quantum daisl ceptibility experimentally measured is of the typ&)..
polarization or in the layer plandTE polarization. In the The second-harmonic power as a function of the polar-
following, we will focus on the in-plane polarized second- izer angle is presented in Fig. 3. For this experiment, the
harmonic generation which turns out to be the most efficientpump energy was set at 168 meV. The second-harmonic
The spectral dependence of the second-harmonic powgowers of both doped quantum dot and undoped quantum
is reported in Fig. 2. The second-harmonic power is comdot reference samples are plotted in Fig. 3. The two curves
pared with the one measured with the undoped quantum dalo not exhibit a maximum at the same angles which indi-
reference sample, i.e., bulk GaAs, in the same experimentaiates that the nonlinear susceptibility are not of the same
conditions. As seen, a strong enhancement of the frequenayigin. In the case of the reference sample, the second-
doubling is observed around 168 meV. The FWHM of thisharmonic generation stems from the bulk GaAs lafyem-
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where X45,X23,213 are the dipole matrix elements of the
40 60 80 100 hooo—thl,hlol—hzg,hooo—hzg transitions,w12 and w13 the
Angle (deg) pulsations of thehggg—h10; and hogg—hsg transitions, andy
the half width at half maximuntHWHM) of the broadening.
FIG. 3. Second-harmonic powéa.u) as a function of the polarizer angle. N, is the three-dimensional dot carrier denéﬁyeo the
Diamonds:p-doped quantum ddgiQD) sample. Dots: undoped quantum dot vacuum permittivity, ana the electronic charge. We assume
reference sample. Full curves correspond to Efjsand(2). . .. e
that the intraband transitions are lifetime broadened and that
the homogeneous broadening is similar to the broadening of
vanishingy$7) componentwhich constitutes the core of the  the hyyg—hgo, transition (200 eV, HWHM).® The number
waveguide. The quantum dot nonlinear susceptibility is estipf quantum dots which are optically excited by the free-
mated in the same coordinates as the GaAs. Due to the quagrectron laser is approximately given by the ratio between
tum dot in-plane symmetry, both susceptibilitie§,=x$3,  the laser linewidth and the absorption linewid3p6). At
contribute to the harmonic signal. According to the experi-double resonance, the theoretical value is therefore estimated
mental setup, the second-harmonic power is proportional taas 4x 10~ m/V, if we take into account the weak contribu-
P, alx 22 sirf g cod (69— 45)P2, 1) tion (39%) of the 28th level to the .nonlinear suscgptibility.
The discrepancy between theoretical and experimental re-
Pooa|x\2)|2(1+3 cog §)sir? g cod(9—45P2,  (2)  sults is likely attributed to an underestimation of the dipole
matrix elements and of the number of optically excited quan-
for the doped quantum_ dot and undoped quantum dot refec{hm dots and/or an overestimation (ff they homoge%eous
ence samples, respectively. broadening
For thep-doped quantum dot sample, the contribution to '
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GaAs substrate has been neglected. These curves are plotteghys. Rev. Lett73, 2252(1994.
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nonlinear susceptibilities have been observed rfatoped 10N, corresponds to the bidimensional carrier density normalized by the

qguantum wells, i.e., for an incident polarization along the 0.5 nm thickness of the InAs deposited layer.
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