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We present second-harmonic generation experimens-doped asymmetrically stepped quantum wells
using the emission of a free-electron laser in the wavelength interval between 13 . Ihe wells are
designed such that the three lowest valence-subbands are about equally spaced. We measured the angular and
frequency dependence of the second-harmonic signal excited by intense laser irradiation chosen to be nearly
resonant with the transitions between the three lowest valence subbands. We see evidence of the optical
second-order susceptibility componemg,, x% and x{2,, x, in the quantum wells and determine their
enhancement with respect 443, of bulk GaAs.[S0163-182697)05440-4

[. INTRODUCTION onstrated exactly this. These studies were based on structures
with a single bound-to-bound resonant transitiddetween
It has been shown that the intersubband transitions ithe spin split-off and heavy-hole subbandsnd conse-
-V semiconductor quantum wellSQW’s) can strongly —quently exhibited a smaller enhancement over bulk than
contribute to the nonlinear optical susceptibilittdsEn- ~ Might be expected. The observation of the enhancement ef-
hancements as big as three orders of magnitude in thi&ct was limited by the quality of the available samples, re-
second-order susceptibility have been observed in doubiffected in the large linewidths observed experimentally. In
resonant second-harmoniSH) generation experiments’ he present study, the structures were designed to enable
In these experiments, the samplesdoped multiple quan- doubly resonant processes between heavy-Iielld) and
tum wells (MQW's), feature transition energies between the/lNt-hole (LH) subbands, increasing the level of expected
lowest and second, and between the second and third eleBhancement. , ,
tronic subbands that are equal. The only element of the sus- In this paper, we report SH generation experiments on

. o -doped asymmetrically stepped MQW'’s using as an excit-
F:eptlb|llty tensor that exhlblt-s(z;)strgng resonant erllhan.cemei g source the beam of a free-electron |a@eEL). We see
in thesen-doped structures ig,5, (z is the growth direction,

. ) evidence of the influence of the element$),, x\2,, x&.,
perpendicular to the layer planes, as shown in Figh®2 @) - . 22 A2Xy :
" L and in the SH emission of our structure. This paper is
Thus, the exciting and generated electric fields have to b Xzxx pap

polarized parallel to the axis. This is normally difficult to 8rgan|zed as follows. In Sec. Il we present the design of the

. o investigated sample. The third section gives a very brief
achieve and limits therefore the usefulness of #, for  gymmary of the theory and its predictions. In Sec. IV we

device applications. _ , . present the experimental results including photolumines-
We know of only a few attempts to investigate optical cence(pL) and the measured angular, polarization, and fre-

nonlinearities using intra-valence-band transitions inquency dependence of the SH signal. The results are then

p-doped structure&® In contrast to the conduction subbands, 4iscussed in Sec. V and compared to the theoretical predic-
the dispersion versus wave vectorin the layer plane is  ions.

different for each valence subband, leading to a relatively
low joint density of states for intersubband transitidns.
Therefore the enhancements which can be obtained in
p-doped structures are expected to be lower. However, the The design of the sample structure was determined by the
presence of nondiagonal elements in the susceptibility tensdollowing conditions: (1) We used the GaAs/AGa _,As

of p-doped structures, such a8y, x'2,. x\2,. andxQ,  heterostructure system because of its well-known material
provides more functionality, since the incoming fundamentalparameters and the well-established sample growing proce-
and the outgoing SH waves can have various polarizationslures. (2) The intersubband transition energies must be
Indeed the previous studies pfdoped structures have dem- higher than the phonon energies of Ga&5 me\), to avoid

Il. SAMPLES
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FIG. 1. Energy level scheme of the valence subbands, as calcu- FIG. 3. The five nonzero components of the optical second-
lated for a 4(,3aA‘,°)‘14(AI0-565‘)-9('\5)'12(AIAS,) MQW: structure o, susceptibility for a @GaA9-14(AlyGa As)-12(AlAS)
(Ref. 7. The thick lines represent the potential felt by the vaIence-MQW structure with a sheet carrier concentration of 9.2
band electrons in effective-mass approximation, the thinner horix, ;511 . —25vall calculated as described in Ref. 7. At resonance

zontal lines indicate the bottom of the different subbands, and th? )
. S ) ‘e., at about 73 meV, the strongest com onentsxéi and .
dashed horizontal line indicates the Be acceptor level in the AlAs 9 P )€ Xaxx

barrier. The arrows indicate the transitions that are approximatel o . . .
resonant with the FEL radiation used in our SH generation experi-%us(:(_:‘ptlbllltles are then obtained by applying a density-

matrix theory. The theoretical details are discussed in Ref. 7.
ment. S

The frequency dependence of the second-order susceptibility
strong absorption of the exciting beam in the substr@e. tensor y'?(—2w;w,w) has been calculated for different
Because the experiments were carried out in air, the fundastructures and doping concentrations, in order to permit the
mental and SH wavelengths were selected to b_e in spectraesign of the MQW structure described above. The energy
regions where the absorption by the atmospheric moleculegiagram plotted in Fig. 1 shows the theoretical predictions
is low. (4) For a doubly resonant experiment involving threefor the confined valence-band states in the investigated
equally spaced valence subbands, the maximum valenc@iGaAg-14(Al, Ga, sAs)-12(AlAs) asymmetrically stepped
band offset of about 0.5 eV that can be achieved in theMQW with a sheet hole density in the wells &f,=9.2
GaAs/ALGa ,As system determines the minimum gener-. 14t cy2ell. The energies for the HH1-LH1 and the
ated SH wavelength{5) Optical transitions between subband LH1-HH1 transitions are predicted to be 69 meV and 77

states of the same parifyH1-HH2) are prohibited in a sym- o\, "o shectively, including a shift of the HH1 subband due
metric quantum welf. We adopted an asymmetrically 0 exchange interaction by 20 mév

stepped quantum-well structure in order to break this parit)} . .

selection rulé. The structures satisfying all these conditions For the G.aA.S supstrate with point-group symmeligthe
involve the HH1-LH1 and the LH1-HH2 transitions absorb- only n0|t1v.e.1n|sh|ng m?ependent eIe.mel(ﬁzt) Og the second-order
ing the incident fundamental beam in the wavelength rang&usceptibility tensox)(—2w;w, ) is x3,.° For an asym-
between 14 and 22m, and the HH2-HH1 transition emit- Metrically stepped MQW structure with,, point symmetry,

ting the SH beam. there are five independent nonzero elemensg?),, x$3.
The investigated sample was grown by molecular-beam(2) (2 ~andy{2).7 The directions, y, andz are defined

epitaxy at a substrate temperature of 620 °C ¢0Cd) semi-  as shown in Fig. 2. The magnitudes of these components, as
insulating GaAs wafer. The structure consists of a 500 Aajculated for the above structure, are shown in Fig. 3. The
thick GaAs layer, a 4000 A Al:Gay sAs buffer, a 160-period componentsy(?) and x%), are predicted to be the strongest
AGaAg-14(AloGay A9)-12(AIAS) MQW structure having oo \iih 2 resonance at 73 meV, TRE), component,

a total thickness of 1.3%&m, and a 200 A-thick GaAs cap- S ) . .
ping layer. The central four monolayers of the AlAs barriersWhich is the dominant one in structures based on conduction
' subband transitions>'° is expected to be weaker in our

were Be doped to a concentration 0k&0' cm™3; thus the

nominal hole concentration in the GaAs wells should amounP-doped structures. o
to Np=9.2% 101 cm 2 per well. The second-order polarization can be expressét as

. THEORY PP(20)= 3 xR~ 20.0,0)E(@E(w) @

The band structure of the MQW'’s has been modeled us-

ing a semiempirical pseudopotential calculation. The optical The component parallel to the polarization of the incident

fundamental beam in the crystal can then be writteh as

y
o m \ P20 -110) 1101 2
eam $ _sHe P ( 01 ‘P) . ea) .
’ mé o T° o " T E%w) (2 )(fs,)z-i- )(g()y)smﬁrcos2 6,c0s2p
N\
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z [001)

(2) (2) i (2) i
FIG. 2. Sketch of the geometry of the SH generation experi- + (2X5 X0 SING,COS 0, + X SIT 0,
ments, showing on the left the plane of the transmitted FEL beam 2
through the sample, on the right the FEL polarization vector pro-
jected onto the plane of the sample. Note the definitions of the The anglesy, 6,, and¢ are defined in Fig. 2. The three
angles#, 6,, and ¢, determining the orientation of the sample. terms in Eq.(2) can be distinguished through their different
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dependencies on the anglésand ¢. The coherence length
| of a layer or structure is defined®ds

| mC
¢ Zw(nZw_ na))

=
=
=
T

: ©)

wheren, andn,,, are the refractive indices at the fundamen-
tal and second-harmonic frequencies. If the thick

of the MQW structure is much smaller than the coherence
length, the phase mismatch of the SH signal generated in the 1700 1800 1900 2000
different wells can be ignored. The SH emission intensity ENERGY (meV)

I,, of the whole MQW structure can therefore be taken to
grow linearly with the thickness. We therefore get for a
transversal magneticfM) wave

PL INTENSITY (arb. units)

FIG. 4. Photoluminescence spectrum of the investigated MQW
structure at a temperature of 2 K. The main emission line at 1872
meV is assigned to the type | transition between the lowest conduc-
2 tion miniband and the heavy-hole subband. The emission at 1825

—l gggw 2 P(Z)(a )€ meV is a phonon replicdsee text The excitation density was

«T24(0,0) Trm(6,20)A(0) Lyow| ——=7——— i i xcitati ity w.

If, ( )Tl JACO) Lvqw EX(w) 4 Wi/cn? and the spectral resolution 2.5 meV. The labeled vertical
4 lines indicate the calculated spectral positions of the three lowest

. . . L. transitions.
wherel , is the intensity of the incident beai(6,w) and

Ttm(6,20) are the transmission coefficients from air to Equation(7a) applies to the particular case of TM polar-
GaAs for the fundamental and SH beams in TM polarizationjzation of the incident and SH beanf§M/TM configura-
and A(#) = cog/coD, accounts for the dependence of thetion). For TE/TE configuration, it turns out that

refracted beam’s diameter and excitation density on the

sample orientation. I;E)/TE
The SH signal of the GaAs substrate is superimposed to iz =0 (7b)

that of the MQW. Equatiori2) applies again, with the only

2 . .
nonzero compone_n]s(S(y)z. The substrate being relatively  For crossed polarization configurations one gets
thick, the phase mismatch of the SH wave with respect to the

fundamental one has to be taken into account. This phase |;“'\f'/TE
mismatch, at a depttl below the surface, amounts to |—2“T$M(0,w)TTE(9,w)A( 6)
_m sing
For the SH intensity generated in the substrate and inte- 2).0W| , 2
grated over the substrate thicknéss,, we get! +Lmow2xxyz - | sinf.cos;sin2e , (83
|'2I'M/TM TEMM
[ 2 ©
_IwrocTTM(ﬂ,w)TTM(G,Zw)A( 0) 2|—2“T$E( 0,0) Trm(0,20)A(6)
sing i(3,(2),GaAg; 2 2 SiNG . 5 Gaa
X LSUBTe 3Xxyz inf,cos #,cos 2p| , % LSUBTGI{X;y)i o6,
(6) 2
where=¢(L o). + LMQW)((Z%());QW> sing,cos2p— x\2:Msing,| .
Finally, we obtain the component of the total SH intensity 8b)
that is polarized in the same direction as the incident laser
field (cf. Fig. 2,1
| TMITM IV. EXPERIMENTS
2w
_|2_°CT'2|'M(91‘U)TTM(0'20’)A( 0) In order to optically characterize our sample, we mea-

sured the fundamental conduction to valence-band transition

i ﬂei% (2),Gahs | energies in the MQW structure. The PL spectrum of the
SUB 4 Xxyz MQW MQW structure, measured at low temperat(2eK), is plot-
ted in Fig. 4. The sample was excited by the 482 nm line of
X(inzy)z‘QWerfy&QW))sinarco§6,00$2¢> a Kr** laser. The luminescence, dispersed with a double
spectrometer, was detected by an optical multichannel ana-
+ Lyow(2X 25 O+ x 132 sing, cog 4, lyzer. The spectrum exhibits two peaks that can be explained
2 as follows: The main peak at 1872 meV.

+ Lmowx o2y sint o, (7a  (FWHM=14 meV) is interpreted as the recombination of
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FIG. 5. Setup for the experimental SH generation experiments.

FEL, free-electron laser beaml; diaphragmsF, optical neu- FIG. 6. SH intensity measured in the TM/TM as a function of

tral density filters; LP, long-wave pass filter; BS, beam wavelength. The dots represent data points taken at the afigles

splitter; SM1-SM4, spherical and parabolic mirroké; planar  =55° ande=90 ° on a 442um-thick GaAs slab. Full line, cal-

mirrors; P, polarizer;S, sample;L, lens; Mic, microscope; culated phase matching factbfr) [Eq. (9)].

A, analyzer; SP, short-wave pass filter; Det: liquigkddoled

Hg,Cd, . Te detector; Ref, pyroelectric detector to reference theypy case the experiment was very sensitive to alignment and

FEL beam intensity. beam stability. The mean-power per macropulse impinging

electrons confined in the first conduction miniband with©" the sample was appr_oxmately 125 mW, "_’md. the beam

holes in the first heavy-hole subband. The absence of stron as focused on a spot diameter of abogt m.’ this cor-

phonon lines suggests that this transition is direct in spac sponds io a mean .macropulge |nFenS|ty of about

(type 1), in agreement with the theoretical prediction and 2 Mwi/en? and a peak micropulse intensity of SGW/%:m
The SH beam was separated from the transmitfedda-

close to the calculated transition energy of 1852 meV. The : ; )
. " a9y menta) FEL light using a filter and was focused onto a

second peak at 1825 meV is an AlAs-like LO-phonon replica, . X .
of the main peak. The relatively large PL linewidth can bsl_lqwd—Nz-coole((jj HgCd_,Te r(]jetector. TWIO v_wre.grld fpcr)]lar_— .
explained by the sensitivity of the energy of the confined'ZE"S Were used to assure the proper polarization of the inci-

states on thickness fluctuations of the 4-ML-thick GaAs Iay-dent beam and to a“"?"yze the polarization dependence of the
ers. SH beam generated in the sample.

Let us mention that we tried to measure the linear absorp-, In order to be able to separate the MQW SH signal from

tion at room temperature due to the intersubband transition@e superimposed substrate contributlf Eq. (73], the

in the mid infrared with a Fourier transform spectrometer.Conérence length. and the phase mismatchhave to be

However, the spectra were obscured by free-carrier absorg-nown to a high precisioff. To calculate the coherence

tion, and thus the intersubband absorption could not be of€N9th[EQ. (3)], accurate values of the refractive indicgs,
served. Further, also PL excitation measurements did not efiz aré needed. Unfortunately precise data for the wave-
able us to verify the energies of the higher valence subbandiEndth range between 14 and 2n could not be found for

These difficulties might also be due to a strongly nonpara®@As- The two data sets found in the literatéiré do not

bolic in-plane dispersion of the valence subbafgte, e.g. match at 15.2um. As the refractive indices in the lower part
Ref. 7) that could blur the optical transitions. ’ ' of the wavelength range have been measured with a higher

The SH generation experiments were performed at th@ccuracy, we arbitrarily corrected the data of Ref. 13 by a
free-electron laser user facility FELIX of the FOM Institute 19id shift, in order to match the two data sets at 1p/.
in Nieuwegein(Holland). The experimental setup is depicted We tested the calculated coherence length with a modified

in Fig. 5. The FEL beam was composed of macropulses wit}!aker fringes technique using a blank semi-insulating
10 us duration and a repetition rate of 5 Hz. The macro-GaAS substrate. The sample was kept at a fixed position,

pulses themselves decompose into trains of 5 ps-wide micrd_’yh”e the SH signal was acquired as a function of the exc_lt-
pulses having a repetition rate of 1 GHz. The second an{'d Wavelength. At the wavelength where the phase mis-
third harmonics of the laser beam were first filtered out. Theffn@{c¢ is a multiple ofw, the SH signal should vanish. The
the beam was split into two branches. The first branch wakesult is shown in Fig. 6. The solid line represents the factor
focused onto the sample. The other branch was focused onto )

a pyroelectric detector placed at the same distance from the f(}\)ZSW{(()\)] ol
sample to account for absorption in air. The square of its Z(N)

signal was then used as a reference to normalize the SH

signal of the sample. The sample itself was mounted on ahich describes the effect of the phase mismatch in(Eg.
micropositioning stage permitting it to move in three direc-as a function of the wavelengtk; it has been calculated
tions and to rotate around three perpendicular axes. In thigsing Eqs.(3) and (5) for a 442um-thick GaAs slab at an
way the sample could be positioned with respect to the FElincidence angle of=55°. The dots represent the measured
beam as shown in Fig. 2, with the possibility to vary theSH intensity of the GaAs slab, while scanning the FEL
inclination angled between 0° and 70°, and to chooge wavelength. The measured SH signal vanishes at Am3
freely with respect to thg001] crystallographic axes. Using while the calculated one vanishes at 1th. The corre-

a microscope, the rotation axdisand the laser beam could be sponding coherence lengths are 7682 and 762 um,
superimposed on the sample surface within aboutt0 in  respectively. This agreement justifies our choicengfand

2

: (€)
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SUPAY £ LN i a=t6um o a0 x e FIG. 8. SH intensity measured as a function of the agglethe
AT o o two configurations TM/TM(dot9 and TM/TE (crosses The fun-
0 9 180 270 360 damental wavelength was J8n and the angl@=55°. The sym-
¢ deg) metry in ¢, the relative strength of the maxima, the offset of the

FIG. 7. Measured SH intensity in TM/TM configuration and at Minima in TM/TM configuration, and the phase shift between both
different wavelength, emitted by the MQW structure described inconfigurations are in agreement with the theoretical expectations
the text,(a) as a function of the angle, and(b) as a function of the [the curves are fits to Eqé6) and (8a)].
incidence angl®. The 180° symmetry iffia) evidences the presence
of the {2, and x{2, components of the susceptibility tensor. The
angle# in (a) is equal to 55°.

much thinner than the coherence lengdnd hence that the
experiments were done at frequencies close to those of the
valence intersubband transitions.

n,, in calculating the coherence length. Furthermore, the
coherence length is large compared to the MQW thickness,

legitimatizing the approximation made in Eqg) and(8). The second-order susceptibility of the GaAs substrate can

Examples of the measured dependencer@nd 6 of the  generally be taken as constant at wavelengths far from
SH intensity are given in Fig. 7. Figurddf shows the nor-  yesonance8.We did not find any literature values in the
malized SH intensity,,, /I , as a function of the angle, for wavelength range from 14 to 1Zm. The closest measured
a fixed inclination §=55°, for the TM/TM configuration, yalue has been obtained at 1Quén.* However, we expect
and for various wavelengths. The twofold symmetry in ¢he the second-order susceptibility of GaAs to be affected when
dependence is a direct evidence for the effect of the MQWgpproaching the two-LO-phonon resonance at48 (65
the rotation axis being in tH®01] crystallographic direction, meV). By dividing Eq.(7a by 3x{2,%3%we get an expres-

- . . Xyz

and the structure having the 108, symmetry. On the other  gjon for the relative enhancement of the susceptibility com-
hand, the SH signal emitted by the cubic GaAs SUbStratBonents Further. as mentioned above ﬂé%,QW compo-
feature_s a fourfold Symmetfy i¢.' [as can be seen by the two nent is expected' to be smaller than th’e other ones, and in
terms in Eqgs(7) and(8)]. This higher symmetry has actually addition the internal anglé, of the refracted FEL beam is

been observgd.on a sample where the MQW structure Wa|§1ways smaller than 17° (t40,<0.07); therefore we can
removed, verifying the proper alignment of the experimenta

setup. At the wavelength of 158m, the phase mismatch neglect thg term co.ntainilj/ggzz)z'QW in Eq. (73). We get for
vanishes(Fig. 6) and there is a change of sign in its phase;the normalized SH intensity

V. DISCUSSION

the effect of this behavior is clearly visible in Figl¥. TM/TM
The 6 dependence of the SH signal is shown in Fig)7 2‘*’2 ocT$M(.9,w)TTM(9,2w)A( 0)
The curves have been obtained {o+0°, 45°, and 90°. For I
¢=45°, all measured § scans show clearly a sing
sirfg,cos'g,-like dependence. We can therefore neglect the X || Lgyg —— €'é+ LMQW,?XyZeioxyz) cos2p
term containingy!?, which is obviously much weaker than ¢

272z

the other components. The observable slight asymmetry in . 2

the 6 dependence is due to a slight misalignment. + Lmow 7xx2' 747 sir?,cod 6, (10
The dependence of the SH signal on the polarization con-

figuration is plotted in Fig. 8. The curve with a twofold sym- with

metry in ¢ has been measured in TM configuration, whereas

the curve with the fourfold symmetry has been obtained in - (x5 M+ xi2 %)

TM/TE configuration. The qualitative features of the ob- 7ijk€ TIN= 3y 2,0 : (1D

served ¢ dependencies, i.e., the symmetries, the relative
strength of the maxima, the minima in TM/TM configuration The real quantitiesy;;c stand for the enhancement of the
not being zero, and the relative phase of the oscillations irsecond-order susceptibility of the MQW compared to the
configurations, are in agreement with the predictions of Egssubstrate, and the phaseg, for their relative phases.

(7) and(8). Finally, let us mention that the clear evidence of ~ The values ofyyy,, oyy,, 7xx;, andoyy, Were considered

the C,, symmetry in the SH signal is an indication that the to be parameters and have been obtained through a fit of Eq.
contributions from the QW'’s is stronghe MQW structure is  (10) to the experimental values. The least-squares fit has
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zXy

FIG. 9. Measured(doty and fitted (lines) SH signal for
TM/TM, emitted by a 462 um-thick sample of a
4(GaA9-14(Aly sGay sAs)-12(AlIAs) MQW structure grown on a
GaAs substrate._ The wavelength of_ the exc_:iting FEL light was kepy(lz)] have been obtained assuming all damping constants
at 16 um. The fits have been obtained using Ef0). The lower equal to 3 meV. The maximum value for the sum of the
part shows ther dependence fo#=55°, the upper part shows the suscebtibility components 2),QW, ,(2).Q was pre-

6 dependence fop=0° (crosses ¢=45° (triangles and ¢=90" dictedpto bey2 5 10ES esu ar(:(dxtzo occ)lj?xgt g) 073 eV IoCom—

i | . N Ll . .

(circles pared to F\),°*°=4.5x107% esu (at A=10.6um) of
GaAs!* this corresponds to an enhancement fagtof 560.

b_een performed using the Levenberg-Marquardt me{ﬁod..l_ is predicted enhancement for our valence-band structure is
Figure 9 shows examples of the fitted angular dependence Q%out a factor of 48 weaker than the ones measured in

t.h‘? SH intensity ata wavelength of.;uin. Th_e errors in thg _samples using conduction intersubband transitfodifer-
fitting are essentially due_to errors in the allgnrr_lent. Again itances in the damping constants have been accounted for. The
can be seen that neglecting the,, related term in Eq(78  main reasons for this difference lie in the warping of the bulk
is justified by the 6 dependence of the SH signal fer — HH valence band and the coupling between HH and LH
=45°, since the experimental data are well modeled by Edpccurring in the QW's. These effects, which are absent in
(10). The wavelength dependence of the fitting parameters conduction subbands, result in the reduction of the intersub-
and o are summarized in Fig. 10. We think that the poorband density of states and affect the enhancement as men-
agreement between experiment and theoryifgy, ando,,,  tioned above. This disadvantage is partly compensated by the
is due to the fact that in the experiment the contribution toabsence of the small factor t#h (<0.07) for the non-
the SH signal generated by t y)Z'QWeIement of the QW'’s ngz)z-like susceptibility components, leading to a second-
is difficult to distinguish from that generated by t}ag)y’GaAS harmonic efficiency of the valence intersubband transitions
element of the substrate. that is only about 3.4 times lower than that of the conduction

In a system with three equally spaced energy levels théubbanQS. Further, larger damping constants res.ult in a
double resonance fop'® can be simplified t bgg)agenlng of the resonances and redug:ed _magnltudes of

x'“)." Our sample has considerably larger linewidths than the
above-mentioned 3 meV, as can be seen from the PL spec-
() _f1at2sti31 I trum in Fig. 4. If we correct the predicted magnitude for a
(ho—hQ—il1p)(2hw—200—iT1y) damping constant of 14 me{PL linewidth, lower limih we
12 would [according to Eq(12)] expect an enhancement of not

more than 25. The enhancement of 16 we deduce from our
SH measurements lies close to this value and is about twice
6he enhancement measured in single resonant valence-band
structures’:®

where#() is the energy difference between neighboring lev-
els involved in the transitiorl;; is the damping of the tran-
sitions, and the second-order susceptibility is proportional t
the product of the three dipole-matrix elemepis. At reso-
nance it depends “.quadratlcally” on the d_amplng consta.nts VI. CONCLUSIONS

I';; that depend mainly on the sample quality. The theoretical

predictions shown in Fig. Bwvhich have been calculated us- We demonstrated SH generation inp-doped
ing a more general model than the three-level model of EqGaAs/AlLGa _,As asymmetrically stepped MQW structures.
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The experiments were done with the light emitted by a FELsubband transitions, benefit from the possibility to work with
close to 16um, exploiting the enhancement of the second-TE polarized input fields that are easy to transmit into the
order susceptibility when the energy of the incoming photonsvMQW structure, and from the possibility to generate SH out-
is close to that of the transitions between the first heavy-holeyut having a polarization which is different fom that of the
first light-hole, and second heavy-hole subbands. We mednput wave.

sured the directional, wavelength, and polarization depen-

dence of the SH signal. The presence ofﬂﬁ@QW,Xg()y’QW
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