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Interband second-harmonic generation in Zn, _,Cd, Se/ZnSe strained quantum wells
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We report continuous-wave interband second-harmonic generation (SHG) at 460—-480 nm in strained
Zn, _,Cd,Se/ZnSe asymmetric quantum wells grown by molecular-beam epitaxy. The dependence of the SHG
intensity on the fundamental frequency allowed us to identify the individual quantum-well exciton resonances
in the second-harmonic signal. The strongest SHG was found to be associated with light-hole exciton transi-
tions. Numerical calculations of the SHG intensity that take into account exciton and continuum states yielded

predictions in remarkable agreement with experiment.

The nonlinear optical properties of semiconductor quan-
tum wells have a number of possible applications in the field
of information technology. The study of excitonic third-order
optical nonlinearities,’ = for example, is leading to the imple-
mentation of pratical devices.*® Several theoretical and ex-
perimental reports on second-order nonlinear effects in semi-
conductor heterostructures have also been published.’~
Among the many interesting and potentially useful effects,
second-harmonic generation (SHG) has been the subject of
intense experimental investigation especially in relation to
intravalence band'®!! and intraconduction band®!? transi-
tions. Symmetry considerations indicate that SHG and, in
general, second-order nonlinear effects should be enhanced
in noncentrosymmetric structures, and intersubband SHG has
been demostrated in several asymmetric quantum-well
(AQW) heterostructures.

Interband SHG include excitonic effects and can therefore
be considered as a potentially important probe of the funda-
mental optical properties in the near-band-gap region. The
comparatively small amount of information available on in-
terband SHG (Refs. 13 and 14) reflects primarily the fact that
interband SHG intensity in AQW’s is expected to be compa-
rable with that observed in bulk materials, owing to the dif-
ficulty of achieving a double resonance enhancement.'®> Ap-
preciable SH conversion efficiency, however, has been
recently achieved exploiting resonant cavities’® and qua-
siphase matching (QPM) conditions. In this paper we dem-
onstrate a different approach and report SHG from multiple
asymmetric Zn;_,Cd,Se/ZnSe coupled quantum wells
(ACQW’s) with intensity well above that achieved in bulk
ZnSe.

We conducted studies of SHG in reflection geometry from
strained Zn;_,Cd,Se/ZnSe ACQW’s and from reference
ZnSe samples with the twofold purpose of investigating the
contribution of different exciton states to the second-order
process, and estimating the effect of the ACQW potential
relative to that of the surface and bulk material in determin-
ing SHG. Our results show that a threefold enhancement of
SHG can be achieved in the presence of the ACQW potential
even without a resonant cavity or QPM conditions, and em-
phasize the role of the light-hole (lh) exciton states in SHG.
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These lh exciton states are confined mainly by the electron-
hole Coulomb interaction as opposed to the valence band
discontinuity,!”!® and the set of consistent exciton param-
eters that we have recently obtained from the optical
and electrical properties of Zn;_,Cd,Se/ZnSe quantum
wells!”!® were found to be essential to model the ACQW
heterostructures and optimize their nonlinear response.

The samples studied in this work were grown by solid
source molecular-beam epitaxy (MBE) on GaAs(001) n*
substrates, utilizing a facility with interconnected MBE
chambers for the growth of II-VI and III-V materials. A 0.5
pm thick n-type GaAs(001)2X4 epitaxial layer was first
grown at 580 °C on GaAs(001) wafers in the III-V MBE
growth chamber. On such substrates, a 0.5 um thick un-
doped ZnSe buffer layer was grown at 290 °C in the II-VI
MBE chamber. The ACQW sample was composed of ten
asymmetric coupled quantum wells separated by 10 nm
ZnSe barriers. Each ACQW consisted of a 3.5 nm thick
Zng 7,Cdg 26Se well separated from a thinner (2 nm) well of
the same composition by a 1.5 nm ZnSe barrier. With such
layer thicknesses, the ZnSe buffer was completely relaxed
relative to the GaAs substrate, the ACQW’s grew pseudo-
morphically on the ZnSe buffer, and the Zng4Cdg,sSe wells
were under a substantial compressive strain because of the
lattice mismatch (~ 2%) with ZnSe. Wells and barriers were
grown at 250 °C with 30 s growth interruption at each inter-
face. For comparison, SHG studies were also performed on a
0.5 pm thick undoped ZnSe buffer layer grown in identical
conditions as the ACQW sample.

A schematic illustration of the electronic structure of the
asymmetric quantum well is depicted in the leftmost inset of
Fig. 1, where electron and heavy-hole confining potentials
are shown using the experimental band offsets." The
el, e2 electron and hh1, hh2 heavy-hole levels, and the cor-
responding envelope functions are also shown, as calculated
using a two-band model in the envelope-function
approximation.'’

The samples were attached to the cold finger of a helium-
gas cryocooler. Lattice temperature was monitored with a
calibrated Si-diode thermometer mounted next to the sample.
In order to detect local heating effects we systematically ana-
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FIG. 1. Photoluminescence spectra of the sample at several tem-
peratures between 10 K and 100 K. The spectra were excited by the
458 nm line of an Ar* laser with 1 mW incident power. In the right
inset the observed hhl-el 1S-exciton peak energy is plotted as a
function of the temperature. Electron and heavy-hole confining po-
tentials are sketched in the left inset together with the el, e2 elec-
tron and hh1, hh2 heavy-hole levels and the corresponding envelope
functions.

lyzed the energy of the photoluminescence (PL) exciton
peak. PL spectra of the sample were recorded at several tem-
peratures between 10 K and 100 K, using the 458 nm line of
an Ar?t laser with 1 mW incident power for the excitation.
Representative PL spectra are shown in Fig. 1. The rightmost
inset of Fig. 1 displays the resulting temperature dependence
of the hhl-el 1S exciton peak energy.

The SH light was excited by a cw argon-laser pumped
Ti:sapphire ring laser tunable in the 1270—-1350 meV range.
The exciting radiation was incident at 45° onto the sample,
with an intensity of a few tens of kW/cm? (total incident
power =300 mW). The SH signal radiated along the re-
flected beam was spectrally resolved by a 1 m Jobin-Yvon
double monochromator and detected by conventional
photon-counting techniques.

In the upper panel of Fig. 2 we plot the SH emission
intensity at 2Aw from the ACQW’s, as a function of the
fundamental photon energy #w, with fiw in the 1280-1360
meV range. The data were obtained for p-polarized (in the
plane of incidence) incident light and a cold-finger tempera-
ture of 10 K. The signal was normalized to that of a bulk
standard in order to emphasize the ACQW’s spectral contri-
bution and correct for the spectral response of the laser. The
marked variations in SHG efficiency as a function of the
fundamental frequency depicted in the upper panel of Fig. 2
are a clear manifestation of the contributions of the indi-
vidual excitonic resonances to the SHG signal. The PL spec-
tra of Fig. 1 allow us to identify the first structure in the
upper panel of Fig. 2 with the hhl-el resonance and sug-
gests a local heating of the sample at lattice temperatures up
to 80-90 K (see rightmost inset of Fig. 1). Local heating can
be linked to free-carrier and two-photon absorption in the
n-doped GaAs substrate. This is supported by the observa-
tion of a corresponding redshift of the PL peak when the
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FIG. 2. (Upper panel) Experimental second-harmonic (SH) in-
tensity (7 g;) as a function of the incident photon energy. The spec-
trum is obtained after normalization with respect to the SH emission
of a reference ZnSe bulk sample. In the inset the observed depen-
dence of the lh1-el 1s exciton peak on the local temperature of the
sample is also shown. (Lower panel) Calculated SH intensity
(I®). The lattice temperature was set to 90 K. All material param-
eters are taken from Refs. 17 and 19.

emitting sample area is also irradiated by the focused Ti:sap-
phire. The dominant structure in the upper panel of Fig. 2
corresponds to the light-hole exciton resonance (see lower
panel). Its temperature dependence is reported in the inset.
The effect of the presence of the ACQW’s is to enhance the
SH emission intensity Ig%ow and therefore the SHG effi-
ciency at the light-hole exciton resonance by a factor of
about 3 relative to the emission intensity 7{*) from a similar
sample without ACQW’s, including therefore only the sum
of the surface and bulk contributions.

To the best of our knowledge the surface and bulk relative
contributions have not been experimentally determined in
this system. The second-order susceptibility of the bulk in
this spectral range, however, can be estimated from Ref. 20
to be )(f‘b)ZS X107 m/V. By measuring the dependence of
the surface plus bulk contribution on the polarization of the
incident radiation, we can identify a lower limit of about 5
for the surface/bulk relative contribution. This estimate is
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FIG. 3. Dependence of the second-harmonic signal at 2617 meV
(incident photon energy 1308.5 meV) on the polarization of the
fundamental light at a sample holder temperature 7=10 K. The
maxima correspond to incident light polarized in the plane of inci-
dence (p polarization). Dashed lines are given by a best-fit proce-
dure with the expected cos?(4) dependence.

consistent with the known results in III-V zinc blende
systems.14 If we use this value and the results for the bulk,
we can write x‘2ow=10"1 m/V.

The polarization dependence of the SH signal was inves-
tigated by rotating the polarization of the fundamental beam
and analyzing the polarization of the SH signal. In Fig. 3 we
plot the total SH emission intensity at the light-hole exciton
resonance (SH at 2617 meV and fundamental at 1308.5
meV) as a function of the exciting beam polarization, for a
cold-finger temperature of 10 K. The minimum signal was
obtained for s-polarized incident radiation. In these condi-
tions, the residual SHG can be associated to the bulk and to
the x{2) contribution of the surface (the x{2) contribution of
the ACQW’s is nonresonant in the half-gap region and there-
fore is negligible). Maximum SHG was observed for p po-
larization of the incident radiation. The overall polarization
dependence of the SH intensity displays the expected
cos?(@) dependence (see dashed line in Fig. 3, as derived
from a least squares fitting procedure).

To unambiguously identify the contribution of the indi-
vidual excitonic resonances to the SH spectrum, we calcu-
lated the nonzero components of the second-order suscepti-
bility x(® for SHG using the density matrix approach in the
electric-dipole approximation.® In the mean-field approxima-
tion the second-order polarization P is given by

PP (20)= X RE (@) Ex(w), @

where E is the average QW electric field. Neglecting the
small linear terms in the Luttinger Hamiltonian describing
the heterostructure, O, and C,, are the point groups of the
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bulk and of the ACQW, respectively. In this approximation
there are only three independent nonzero x(?) elements and
(1) takes the form?

P,(tZ)z X(2) E.:

XX, X2z

P)(;Z):X,(ti) yEz;
@) _ 11,2 (g2 52 2)52 @
Pz “_Z_[szx(Ex+Ey)+Xzz z]'

We have used a two-band model in the envelope-function
approximation in order to calculate the electron and hole
continuum states.?! The same approach yielded the exciton
eigenstates and the dipole matrix elements entering the
evaluation of the second-order susceptibility. We took into
account four different types of transitions: (1) ground-state—
continuum, (2) ground-state—exciton, (3) continuum-
continuum, and (4) exciton-exciton. Following the same
theoretical approach we evaluated also the linear dielectric
constant €,cqw that has to be included in the calculation of
the reflected intensity.

In the case of a nonlinear slab (i.e., the ACQW’s) with
thickness d small compared to the fundamental wavelength,
embedded between two linear dielectrics (air and the ZnSe
buffer layer), the reflected SH electric field generated by a p-
polarized fundamental beam is p polarized, and its amplitude
is given by?

E}y=—i4mP®wdc™ [ (€zse/ €acaw) *sin( bacow)
X cos( 6+ a)+ cos( 8 zqse)sin( 6+ )]
X [ € gnzSecos( 6air) + COS( 0 ZnSe)] -1 > (3)

where 6 cow and 6 are the angles between the z axis and
the second-harmonic and fundamental propagation direc-
tions, in the ACQW?’s region, respectively, 8,;, and 6,g. are
the angle between the z axis and the fundamental propaga-
tion direction in air and in the ZnSe buffer layer, « is the
angle between the nonlinear polarization and the fundamen-
tal wave, and €z,5.=8.7. In particular, €,cqw can be calcu-
lated using the relation

cos*(Oacow)
e,2w) °

sin®( Oacow)
€ Il ( 2 w)

€acQw= )
where ¢, , are the components of the linear dielectric costant
of the ACQW in the plane of the wells and along the growth
direction.”

The SH reflected intensity is then computed using (2)—(4)
by IPQw)xc|EF|.

In the lower panel of Fig. 2 we plot the spectral depen-
dence of the SH intensity calculated by means of Egs. (2)
and (3) at a lattice temperature of 90 K. There is remarkable
agreement between the calculated and the experimental spec-
trum in Fig. 2, both exhibiting three main resonances, with a
dominant feature corresponding to the light-hole resonance.
The different attributions based on the calculations are
marked in the lower panel of Fig. 2 near each spectral fea-
ture.

One of the most impressive features of both the experi-
mental and the theoretical spectrum is the strongly enhanced
lhl-e1 1S-exciton SH emission relative to that of the hhl-
el 1S exciton. Our calculations show that this primarily
reflects the strain-induced delocalization of the light hole. We
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found that the lh-e bonding decreases with increased light-
hole delocalization, leading to an enhancement of anharmo-
nicity and nonlinearities. The light-hole exciton dipole mo-
menta entering the evaluation of the x(® components are
correspondingly enhanced, and more than compensate for
the lower light-hole exciton oscillator strength.?

In conclusion, by utilizing Zn,_,Cd,Se/ZnSe multiple
asymmetric quantum wells we were able to obtain enhanced
interband SHG, and probe in detail the contribution of the
individual excitonic resonances to the spectral dependence of
SHG. We found that the lhl-el 1S-exciton SH emission is
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strongly enhanced relative to that of the hhl-el 1S exciton
as a result of the strain-induced delocalization of the light
hole. Interband SHG has been shown to be a sensitive probe
of semiconductor optical properties in the near-band-gap re-
gion.
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