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Resonant second harmonic generation in ZnSe bulk microcavity
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Room-temperature resonant second harmonic generation is demonstrated in a ZnSe bulk
microcavity with SiN,/SiO, Bragg reflectors. The resonance occurs at the second harmonic
wavelength in the blue-green spectral region and yields an enhancement of one order of magnitude
in the second harmonic process. Tunability of the resonant effect between 480 and 500 nm is
achieved by varying the angle of incidence. 1®99 American Institute of Physics.
[S0003-695(199)01514-4

Frequency-doubling devices are presently attracting &lue-green SHG from a microcavity in which the core of the
great amount of interest because they allow generation aksonator is a bulk ZnSe layer and the harmonic frequency
coherent emission at wavelengths not directly accessible tesonates with the photonic mode of the cavity. Within this
available laser diodes. Such devices have been successfuigheme, frequency doubling occurs without absorption either
implemented using nonlinear crystals such as MgO-dopedf the fundamental or of the harmonic and yields an en-
LiNbO3.! High parallel integration and the need for compacthancement of one order of magnitude in the second harmonic
micron-sized devices, however, may require the use of semintensity relative to the bulk. Tunability of the resonant ef-
conductor heterostructures as nonlinear crystals. Indeefect between 480 and 500 nm as a function of the incident
semiconductors with a zinc-blende structure exhibit strongingle was also demonstrated.
second-order susceptibilities. In addition, the possibility to  Figure Xa) shows a sketch of the bulk\2microcavity
control their structures down to the atomic scale makes itised in this study. The sample was grown by solid-source
possible to taylor their nonlinear response with greatmolecular beam epitaxyMBE) on a Si-doped GaA601)
accuracy’® In particular, for coherent blue-green light gen- substrate, utilizing a facility with interconnected MBE cham-
eration, the semiconductor-based second-harmonic generiers for the growth of II-VI and Ill-V materials. A 0.am-
tion (SHG) stage can be integrated with available lasers opthick n-type GaA$001) buffer epitaxial layer was first grown
erating in the infrared spectral regi8io this end, various at temperature of =580 °C, followed by the growth of the
techniques have been applied, mostly in GaAs-based matednSe (nominal thickness 392 njmat T=290°C and with a
als, in order to increase the efficiency of the second-ordeén/Se beam pressure ratio (BPR}. The good quality of
process. Most of them rely on the design of specific asymthe ZnSe layer was confirmed by a photoluminescence
metric quantum well sequende® achieve a quasi-phase- analysis of the low-temperature exciton-polariton emission
matched condition or on the insertion of bulk semiconducPeak(not shown that showed a full-width at half-maximum
tors in an optical cavity:®’ (FWHM) of ~3 meV. In order to perform the SHG experi-

Wide-gap 11-VI semiconductors with zinc-blende struc- ment in a transmission geomeffyig. 1(a)], the sample sub-
tures display large second-order susceptibifitisd can be strate was mechanically thinned down to about 200 and
grown epitaxially on 1l1-V substrates. Such materials maycircular areas of the GaAs substrate about 200 in diam-
make possible further improvements in the SHG processeter were selectively removed using standard photolitho-
They yield frequency doubling in the blue-green spectral regraphic and wet-etching techniques. Then two cavity mirrors
gion without absorption of the fundamental wave in the neatere deposited. They were constituted by distributed Bragg
infrared. This excitation scheme was recently exploited byeflectors, composed of 10 pairs of3Si/SiO, M4 layers
some of the authors in Zn,Cd.Se/ZnSe asymmetric With nominal thickness of 59.8 and 79 nm, respectivély.
coupled quantum weflswhere interband SHG at 470 nm The deposition of the mirror layers was performed by
was demonstrated. By appropriate design of the heterostruglasma-enhanced chemical vapor deposition at a substrate
ture profile, marked low-temperature resonant excitonic cont€mperature o =280 °C. Reflection and transmission spec-
tribution to the SHG was obtained yielding a threefold en-ra were recorded at RT using a 100 W Xenon lamp and a

hancement with respect to the bulk ZnSe values. double spectrometer with a 0.004 nm resolution.
In this letter, we take a different approach to enhance the ~ S€cond-harmonic measurements were performed at RT
nonlinear response. We demonstrate room-temperé®ife ~ USiNg @ frequency-doubled, mode-locked Ti:sapphire laser
operating in a range variable between 880 and 1010 nm.

ap " sttt fuer Sehicht. und | i Forseh Repetition rate was 82 MHz with pulse duration of 2.1 ps.
resent address: Institut fuer Schicht- und lonentechnik Forschungsze T ot
trum Juelich GmbH Postfach 1913, D-52428 Juelich, Germany. The time averaged excitation power for all measurements,

bpresent address: University of Pittsburgh, Dept. of Physics, 100 Allen Hall€Xcept for those pe_rformed as a function of power, was 60
3941 Ohara Street, Pittsburgh, PA 15260. mW at 82 MHz. This resulted in a peak power 84 W
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FIG. 1. (&) Sketch of the ZnSe microcavity and of the transmission geom-F|G, 2. Room-temperature second-harmaiStl) enhancement factor with
etry adopted in the experiment. The two Bragg reflectors are composed biespect to the off-resonance respotsmlid circles as a function of the SH
ten pairs of §N, and SiQ. (b) Room-temperature normal-incidence reflec- wavelength at three different angles of incidence. The incident power was
tivity spectra of a Bragg reflectdtop solid ling and of the ZnSe microcav- ~60 mW. Vertical dashed lines and arrows indicate the positions of the
ity (bottom solid ling. Vertical solid line and arrow indicates the cavity Fabry—Perot resonance as derived from transmission spectra. Solid lines
mode.(c) Dependence of the Fabry—Perot mode wavelength on the incidentepresent Gaussian fit to the experimental points.
angle 6. The dotted line through the data is a fit to the equatidm)
=\oV1—n"Zsirk(6) wheren=2.82 is the ZnSe index of refraction and
Ao=502 nm. ing SHG tunability are demonstrated in Fig. 2. The RT SHG
intensities normalized to the off-resonant SkKslid circleg
and an energy per pulse of approximately 0.7 nJ. The lasaas a function of second-harmonic wavelength is shown at
spot on the sample had a diameter=e60 um, yielding a incidence angleg=20°, 30°, and 45°, for an incident power
peak excitation intensity of~900 kW/cnf. The radiation of 60 mW. The observed dependence is dominated by a reso-
emitted from the microcavity was dispersed by a 0.25 mnant enhancement which occurs when the emitted second-
spectrometer using a 150 grooves/mm grating and slit widttharmonic photon resonates with the cavity mode. This is
of 40 um. A band-pass filter was used to prevent the laseclearly seen from the comparison with the observed position
light from entering the spectrometer. Detection was perof the FP modgdashed lines and vertical arromderived
formed with a streak-camera operating in photon countingrom the analysis of the corresponding transmission or re-
mode. flection spectrdsee Fig. 1c)]. Again we find that the width
Figure 1b) shows the reflectivity spectra of the micro- of the resonance in Fig. 2 drastically increases for larger
cavity for an angle of incidencé=0° at RT and of a Bragg angles as observed for the FP modes in transmission and
reflector deposited on a Si substrate. At the center of the stoggflection spectra.
band, the mirror reflectivity is around 0.9. A&=0°, the In order to estimate the conversion efficiency of the pro-
microcavity Fabry—PerofFP) mode (vertical solid line and cess, we first calculated the SH pom@%’k emitted from a
arrow) is centered at abouty=502 nm with FWHM=5nm.  bulk ZnSe layer having the same thickness of the active layer
Assuming that the ZnSe index of refractionris=2.82'* at  of the microcavity and at 60 mW of incident power. Given
this wavelength, the position of the FP mode correlates withhat the SH susceptibility at 500 nm is¢®?~4
a thickness of the ZnSe active layer of 360 nm in goodx 10~ *m/V,® we found P5“¥=40fW. From the general
agreement with the nominal value. Figur&)lshows thed  theory'? it follows that if the phase mismatch is negligible
dependence of the FP mode wavelength. The FP mode shiftse., the coherence lengily for the SHG process is much
towards lower wavelength with increasinjaccording to longer than the cavity layer thicknegs,,) the cavity con-
A (6)=X\o1—n"Zsir(6), [dotted line in Fig. {c)] and in-  finement of harmonic light yields an enhancement with re-
creases in widthifrom 5 to =15 nm). The latter effect is spect to the bulk of the order of 1/(1R) in the SHG emit-
related to the degradation of the optical quality of the micro-ted power, wherd is the mirror reflectivity at the harmonic
cavity when the optical path inside the core cavity layer andrequency. This condition is well verified in our case where
mirror layers is modified from the idea#!=0° case. Mar- |.=1500nm andL.,,~360nm. WithR~0.9, we estimate
ginal deviation from the experimental points shown in Fig. P$"¥~10x P5“~0.4 pw.
1(c) indicates possible effects related to the angle depen- The ratio of the emitted power in the in-resonance case
dence of the field penetration depth in the dielectric mirror.and the off-resonance case is theoretically given by 1/(1
The resonant condition with the FP mode and the result— R)?; as it can be observed in Fig. 2, the experimental
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SH Signal (arb.units),

results are smaller than the theoretical prediction of about Fr
100. This is attributed to the degraded optical quality of the ’ X
cavity at a finite## 0 incidence angle and to the difficulty of
the determination of the very weak off-resonant SH emitted
power.

Finally, the analysis of the second harmonic emission
intensity at 471 nn{incident beam at 942 nnas a function
of incident intensity for6=45° is displayed in Fig. 2 show-
ing the expected quadratic dependence of the SHG process.
To verify the polarization selection rule we varied the inci-
dent beam polarization frongp=0° (p polarization in the
plane of incidenckto 90° (s polarization normal to the plane
of incidencg. The results are displayed in the inset of Fig. 2
together with the results of the best fidotted ling to the
theoretical curvel ,o<|x(2J?|E,|?|E |2, where x), is the
second-order susceptibility involved in the SHG,y, andz TSP PPN
are the crystallographic axi@ is the growth direction and 0 20 40 60 80
E,, Ey are thez andy components of the incident electric Incident power (mW)
field. L FIG. 3. Second-harmoni¢SH) intensity at 471 nm as a function of the

In order to gauge the contribution to the second-incident power at 942 nm with incident angte=45°. Solid line corre-
harmonic process coming from the ZnSe cavity layer insponds to a quadratic fit to the experimental points. The inset shows the
which light is confined, we carried out a similar analysis in adependence of the SH signal on the incident polarization aggié=0°

. . . corresponds to the pump beam linearly polarized in the plane of incidpnce

reflection geometry on a smgle Bragg reflector deposned Ogolarizatior). Dotted line represents the best fit with the equatign
a Si substrate. In this case no detectable SHG was observeg,| X2U?E,?|E, |2, wherex(2) is the second-order susceptibility involved
in the same experimental conditions previously adopted tn the SH processy, y, andz are the crystallographic axig is the growth
obtain the results in Fig. 3 thus suggesting the predominarﬁjrectior?, gndEz, E, are thez anQy components of the incident electric
role played by the cavity layer in the nonlinear process. field. The fit corresponds to an azimuthal angte 80° between the plane of

- . .. incidence and thg crystallographic axis.
As we have already said, the single resonance condition

for the harmonic photon is expected to give a cavity enynciydes control of the phase of the mirror reflection coeffi-
hancement of the second-harmonic power of the order ofjent, use of different geometries for the fundamental and

1/(1—R) with respect to the bulk; an improvement of the harmonic wave propagatidiand realization of double reso-

efficiency can thus be obtained by increasing the reflectivity,gnt microcavities at both the fundamental and harmonic
of the mirrors. To further increase of the SHG power, it is,y5yes’
possible to use a microcavity in which also the fundamental
frequency resonates with a cavity mode. In this case, the The authors acknowledge Giuseppe La Rocca for fruitful
cavity enhancement is given by 14R)3. With an im-  discussions. The work at TASC-INFM was supported in part
proved reflectivity of the order of 0.99 a six order of magni- by the Consiglio Nazionale delle Ricerche of Italy under the
tude of enhancement of the SH power with respect to bulk iS¢MADESS project. The authors thank the entire staff of the
expected. In this double-resonant configuration, the emittedlicrotechnology Laboratory at the University of Minnesota
SH power would be of the order of tenths @fV. for their expert assistance.
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