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Efficient (~1%) second harmonic generation, resonantly enhanced \ve&:.6 um, has been
observed in asymmetric double multi-quantum well structures. We ugedtdge-emitting
waveguide geometry where the phase matching was achieved by incorporating a separate multiple
quantum well region which modifiesia the Kramers—Kronig relatigrthe dispersion of light and

(i) 45° wedge multi-bounce geometry where the phases of second harmonic waves generated at
sequential bounces were synchronized by changing the angle of incidenc&99® American
Institute of Physicg.S0003-695(98)03321-X

As shown recently;® quantum well structures can be were chosen midway between the fundamental and SHG
tailored to have giant second and third order intersubbanérequencies. The additional dispersion they produgzalcu-
optical nonlinearities, which may be useful for optical fre- lated from the Kramers—Kronig transform of the intersub-
quency conversion, phase conjugation, optical bistabilitypand absorption line compensates the normal material
etc? Greatly enhanced nonlinearities in semiconductor multi-dispersion,’ yet they contribute minimal additional absorp-
quantum wells(MQWs) look very attractive for efficient tion of either beam. Detailed simulations predict that this
generation of new frequencies via frequency mixing and secapproach can be used to maintain phase-matching over a
ond harmonic generatiofSHG). Nonetheless, SHG and dif- long propagation path, much larger than the coherence
ference frequency conversion efficiencies reported so far arength?
rather small (<1%).5‘8 To improve on this, longer interac- “ACTIVE REGION"
tion lengths are needed, requiring that the phase velocities of 1004 18A
the fundamental and second harmonic beams are matched in U TiHE

imi thh 2
order to maximize the energy transfer between them. 22um _ == C
We report here on the efficient SHG of mid-infrared ;;sim%mﬁm 30A 54A A

light, where two different schemes were used to “phase-  ***" P o e MATCHING REGION"

match” the fundamental and second harmonic beams, i.e., to o 100A

compensate for the natural dispersion of the waveguide ma- o S ke

terial which otherwise leads to dephasing with#0 um. H InGas
The structure studied, which is shown schematically in (@) 58A

Fig. 1(a), was grown by molecular beam epitaxy and consists
of an active SHG region placed between two phase-matching

(PM) regions. The active region incorporates 178 periods of Photon energy (meV)

100 150 200 250 300
repeated asymmetric InGaAs/InAlAs double quantum wells ' ' 2 ;DM ' ;
(27 A Ing 5Gay 4As well-18 A Iny 5 Al 46AS barrier—49 A ~ 0.4] i
INo 545 4AS Well—100 A InysAlo 46As barried with sub- = o 20
band resonances close but detuned somewhat from\ the E 0.3] l ! i
=8-9um pump wavelength and its second harmonic. The ®
PM region consists of 139 periods of multiple Q&8 A % 0.2) 13 active |
INg.5dGa 4AS well-100 A Iny 5 Al 46As barriey. Thus, the 2 1-2 active I
net epilayer thicknes€PM+active layey was~8 um. The § 0.1
wider (49 A InGaAg wells of the active region and the < 00 |
InGaAs wells in the PM region wene doped with Si to a )
sheet carrier concentration &30 cm 2. The frequencies 2016 12 10 8 6 4
of the intersubband transitions in the phase-matching QWs (b) Wavelength (um)

FIG. 1. (a) Design of the ADQW sample for the SH@) Intersubband

¥Electronic mail: k.vodopyanov@ic.ac.uk absorption peaks, corresponding to “active” and phase-matching regions.
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gion was still present in the SHG MQW structure, it did not
play a significant role in this case because the path length
was short

A calibrated InSK77 K) photodiode with a 5.um cut-
off was employed for SH detection. The SH signal versus
pump wavelengtliL = 185 um samplg is shown in Fig. 2b)

lens 185 pm

@ o for two different pump intensities. Small variations of the

pump intensity, due to linear absorption by the Zn&efys-

tal between 8 and 1@m, were taken into account by nor-
malizing the signal to the input power. The maximum SHG
. conversion efficiency is peaked at a fundamental wavelength
. of 8.6 um—very close to the designed peak value of gtb.

The far zone SH distribution, obtained By¥ scanning
in the plane perpendicular to the beam, is shown in Fig. 2
The large divergence in the vertical direction is a definite
J/ \ indication of the confinement of the light to the waveguide
/! Y ) core and corresponds to the diffraction limit\/d, wherex
is the SH wavelengtt4.3 um) andd is the waveguide thick-
ness(8 wm). The non-uniformity in this profile is thought to
be caused by poor optical quality in the cleaved facet.

The SHG conversion efficiency for the same sanfgi
fined as the ratio of the SH pulse energy to the incoming
pump beam energy within the aperture of the waveguide
against pump intensity dependence is shown in Fid).. 2Ve
used both attenuating filters and the-Scan” method to

As a pump source we used a novel traveling-wave optivary the intensity of the pump. It is evident that the SHG
cal parametric generat¢©PG) based on a nonlinear ZnGgP  efficiency is linearly dependent on the pump intensity below
crystal;* which was tunable within the range\  15Mwi/cn? and remains constant at0.9% for intensities
=4-10um. The OPG was pumped by single 100 ps pulsegpove that value. While theoretical simulations of the MQW
(A=2.8um) from an actively mode-locked, Q-switched and sirycture predict the loss of phase coherence and reduction in
cavity-dumped Cr:Er:'YSGG laser—amplifier systempeti- e SHG efficiency at high pump intensities, this effect is
tion rate 3 Hz. Single OPG pulses with energies of afed 1 rred under real experimental conditions by the Gaussian
and 90= 15 ps pulse duration were focused onto the samplegpatial and temporal profile of the pump pulses. The maxi-
(Gaussian profile;-100 um beam sizewith peak radiation 1 theoretical conversion efficiency 6f1.5% is in good
intensity up to 18 W/cn?. Spectral linewidths were typi- agreement with the experimental results. The maximum
cally 10-20 cm?, depending on output wavelength. SHG peak power generated at 4B is 5 W.

A linear FTIR absorption spectrum of the ADQW Figure 3 compares SHG conversion efficiencies, ,

Samp|$[FI3. 1(br)1]’ tal;eq a.}[ the Bre?/vstgrhang?2°) dandW for different sample lengths. At<200 um there is a super-
gﬁg\?vz Itzhereet(i)ntterastulc))b;r;rglibrsz?mp e with undoped Q S’Ii£1ear increase of,,, with L, which is a strong argument in
ption peaks—due to the 124, -t o phase-matched interaction. Near 208 the
and 1-3 transitions in the active layer and the 1-2 transition . - : L .
in the PM layer—uwith typical widths of 15-20 meV. conversion efficiency reaches its maximuinis quite re-

Two particular sample geometries were us@d“true” markable that our samples were de_S|gned to have maximum
waveguide[Fig. 2@)], where the sample was cleaved to 72 near 200um) and there is a relatively strong decrease of

make three different lengtHs (along the beam propagatipn 72« at larger length(440 um), in full accord with the

of 105, 185 and 44Qum, and where polarized infrardtR) calculations’ This is primarily because _mltenglt_y varlatlon_s
pump radiation was coupled onto the edge of the wafer wit2!0nd the beam become too large and it is difficult to main-
the electric field vector parallel to the growth direction and!@n coherence along the whole path. _

(i) a 45° waveguide geometi¥Fig. 4@)], where the edges Our analysis pf experimental data shows tja‘aﬁ?_ in our
were polished at 45° to the growth direction at each end, an@DQW structure is~50x(® of bulk GaAs(the confinement
the p-polarized light passed into the sample normal to thesdactor of about 0.65 was includgdwhile the highesty(®
edges but at 45° to the epitaxial layers. At normal incidencevalues reported in the literature for intersubband SHG are
to the polished edge the light reflected five times internally at- 1900x&sas® those works assumed double resonance. We
the epitaxial MQW layer before leaving the sample. In theintentionally detuned the structure in order to féigy. 1(b)]
former geometry, the phase-matching condition wagnuch lower linear absorptiofa few % of that of the peak
achieved via “band structure engineering” of the PM region  In the 45° waveguide geometry, the SH is generated
to modify the dispersioR,while in the latter case it was only while the light passes through the MQW epilayere
achieved by adjusting the free path length within the InPneglect bulk SHG in the InP substrat&fo get maximum
substrate to make the second harmoiif8id) from consecu- conversion efficiency the SH generated at each reflection

tive bounces interfere constructiveliAlthough the PM re- must interfere constructively with the SH generated at previ-
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FIG. 2. (a) Schematic of SHG using waveguide mode geometfoy;Far
zone SH beam profileic) SHG resonance curvegd) SHG conversion
efficiency (L=185um) as a function of input intensity.
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FIG. 3. SHG conversion efficiency vs sample length. Pump intensity ~5 ;\?0'2 "
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wherek,,, andk, are the magnitudes of the wave vectors of
the SH and fundamental beams, respectivebtlL,+L, IS  FIG. 4. (a) Schematic of SHG using 45° wedge geometry with five double
the distance traveled by the light beam in the substrate bepasses(b) Far zone profiles of the fundamental and SH beafos;SH
tween reflections at the epitaxial Iay[é?ig. 4(a)]’ andm is ir_ltensity plotted e_lgainst_ the a_mgle Qf the samyth; SHG conversion effi-

. . . . ciency as a function of input intensity.
an integer. The main idea of the phase matching here is that
by tilting the sample we can changige +L, and thus maxi-
mize the SH output. In fact, the angular tuning curve in Fig.  In conclusion, we have demonstrated phase-matched
4(b) shows PM periodic resonances spaced by 29.9°. Thitersubband-based SHG in quantum well waveguides with
agrees perfectly with the calculated value of 30°, where wdelatively long interaction lengths. Resonant enhancement
assumed an average sample thickness of243InP refrac-  near the fundamental=8.6 um was obtained, very close to
tive index? n,=3.1, and @,,—n,)=3.7X 1072, the designed\=8.5 um, with a maximum conversion effi-

The width of the peaksdp~5.5°) is close to what one ciency of 0.2% for the 45° wedge geometry and 0.€46
would expect from a simple interferometer “finesse” con- 15 MW/cnr) for the true waveguide geometry. This value
sideration: the ratio of the separation between the fringes tér SHG conversion efficiency is, to our knowledge, the
their width is of the order of the number of interfering beamshighest ever obtained for intersubband-based nonlinearities.
(5 in our casp However 8¢ may also be affected by the
finite beam divergence.

Figure 4c) compares the far zone distributions of light
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