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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 Si3N4/SiO2 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. ©1999 American Institute of Physics.
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Frequency-doubling devices are presently attractin
great amount of interest because they allow generation
coherent emission at wavelengths not directly accessibl
available laser diodes. Such devices have been success
implemented using nonlinear crystals such as MgO-do
LiNbO3.

1 High parallel integration and the need for compa
micron-sized devices, however, may require the use of se
conductor heterostructures as nonlinear crystals. Ind
semiconductors with a zinc-blende structure exhibit stro
second-order susceptibilities. In addition, the possibility
control their structures down to the atomic scale make
possible to taylor their nonlinear response with gr
accuracy.2,3 In particular, for coherent blue-green light ge
eration, the semiconductor-based second-harmonic gen
tion ~SHG! stage can be integrated with available lasers
erating in the infrared spectral region.4 To this end, various
techniques have been applied, mostly in GaAs-based ma
als, in order to increase the efficiency of the second-or
process. Most of them rely on the design of specific asy
metric quantum well sequences5 to achieve a quasi-phase
matched condition or on the insertion of bulk semicond
tors in an optical cavity.4,6,7

Wide-gap II–VI semiconductors with zinc-blende stru
tures display large second-order susceptibilities8 and can be
grown epitaxially on III–V substrates. Such materials m
make possible further improvements in the SHG proce
They yield frequency doubling in the blue-green spectral
gion without absorption of the fundamental wave in the n
infrared. This excitation scheme was recently exploited
some of the authors in Zn12xCdxSe/ZnSe asymmetric
coupled quantum wells9 where interband SHG at 470 nm
was demonstrated. By appropriate design of the heteros
ture profile, marked low-temperature resonant excitonic c
tribution to the SHG was obtained yielding a threefold e
hancement with respect to the bulk ZnSe values.

In this letter, we take a different approach to enhance
nonlinear response. We demonstrate room-temperature~RT!

a!Present address: Institut fuer Schicht- und Ionentechnik Forschungs
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blue-green SHG from a microcavity in which the core of t
resonator is a bulk ZnSe layer and the harmonic freque
resonates with the photonic mode of the cavity. Within th
scheme, frequency doubling occurs without absorption eit
of the fundamental or of the harmonic and yields an e
hancement of one order of magnitude in the second harm
intensity relative to the bulk. Tunability of the resonant e
fect between 480 and 500 nm as a function of the incid
angle was also demonstrated.

Figure 1~a! shows a sketch of the bulk 2l microcavity
used in this study. The sample was grown by solid-sou
molecular beam epitaxy~MBE! on a Si-doped GaAs~001!
substrate, utilizing a facility with interconnected MBE cham
bers for the growth of II–VI and III–V materials. A 0.5-mm-
thick n-type GaAs~001! buffer epitaxial layer was first grown
at temperature ofT5580 °C, followed by the growth of the
ZnSe~nominal thickness 392 nm! at T5290 °C and with a
Zn/Se beam pressure ratio (BPR)'1. The good quality of
the ZnSe layer was confirmed by a photoluminesce
analysis of the low-temperature exciton-polariton emiss
peak~not shown! that showed a full-width at half-maximum
~FWHM! of '3 meV. In order to perform the SHG exper
ment in a transmission geometry@Fig. 1~a!#, the sample sub-
strate was mechanically thinned down to about 200mm and
circular areas of the GaAs substrate about 200mm in diam-
eter were selectively removed using standard photolit
graphic and wet-etching techniques. Then two cavity mirr
were deposited. They were constituted by distributed Bra
reflectors, composed of 10 pairs of Si3N4/SiO2 l/4 layers
with nominal thickness of 59.8 and 79 nm, respectively10

The deposition of the mirror layers was performed
plasma-enhanced chemical vapor deposition at a subs
temperature ofT5280 °C. Reflection and transmission spe
tra were recorded at RT using a 100 W Xenon lamp an
double spectrometer with a 0.004 nm resolution.

Second-harmonic measurements were performed at
using a frequency-doubled, mode-locked Ti:sapphire la
operating in a range variable between 880 and 1010
Repetition rate was 82 MHz with pulse duration of 2.1 p
The time-averaged excitation power for all measureme
except for those performed as a function of power, was
mW at 82 MHz. This resulted in a peak power of'34 W

n-

ll,
5 © 1999 American Institute of Physics
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and an energy per pulse of approximately 0.7 nJ. The la
spot on the sample had a diameter of'60 mm, yielding a
peak excitation intensity of'900 kW/cm2. The radiation
emitted from the microcavity was dispersed by a 0.25
spectrometer using a 150 grooves/mm grating and slit w
of 40 mm. A band-pass filter was used to prevent the la
light from entering the spectrometer. Detection was p
formed with a streak-camera operating in photon count
mode.

Figure 1~b! shows the reflectivity spectra of the micro
cavity for an angle of incidenceu50° at RT and of a Bragg
reflector deposited on a Si substrate. At the center of the
band, the mirror reflectivity is around 0.9. Atu50°, the
microcavity Fabry–Perot~FP! mode~vertical solid line and
arrow! is centered at aboutl05502 nm with FWHM'5 nm.
Assuming that the ZnSe index of refraction isn52.8211 at
this wavelength, the position of the FP mode correlates w
a thickness of the ZnSe active layer of 360 nm in go
agreement with the nominal value. Figure 1~c! shows theu
dependence of the FP mode wavelength. The FP mode s
towards lower wavelength with increasingu according to
l(u)5l0A12n22 sin2(u), @dotted line in Fig. 1~c!# and in-
creases in width~from 5 to '15 nm!. The latter effect is
related to the degradation of the optical quality of the mic
cavity when the optical path inside the core cavity layer a
mirror layers is modified from the idealu50° case. Mar-
ginal deviation from the experimental points shown in F
1~c! indicates possible effects related to the angle dep
dence of the field penetration depth in the dielectric mirr

The resonant condition with the FP mode and the res

FIG. 1. ~a! Sketch of the ZnSe microcavity and of the transmission geo
etry adopted in the experiment. The two Bragg reflectors are compose
ten pairs of Si3N4 and SiO2. ~b! Room-temperature normal-incidence refle
tivity spectra of a Bragg reflector~top solid line! and of the ZnSe microcav-
ity ~bottom solid line!. Vertical solid line and arrow indicates the cavit
mode.~c! Dependence of the Fabry–Perot mode wavelength on the inci
angle u. The dotted line through the data is a fit to the equationl(u)
5l0A12n22 sin2(u) where n52.82 is the ZnSe index of refraction an
l05502 nm.
er

th
r

r-
g

op

h
d

ifts

-
d

.
n-
.
t-

ing SHG tunability are demonstrated in Fig. 2. The RT SH
intensities normalized to the off-resonant SHG~solid circles!
as a function of second-harmonic wavelength is shown
incidence anglesu520°, 30°, and 45°, for an incident powe
of 60 mW. The observed dependence is dominated by a r
nant enhancement which occurs when the emitted sec
harmonic photon resonates with the cavity mode. This
clearly seen from the comparison with the observed posi
of the FP mode~dashed lines and vertical arrows! derived
from the analysis of the corresponding transmission or
flection spectra@see Fig. 1~c!#. Again we find that the width
of the resonance in Fig. 2 drastically increases for lar
angles as observed for the FP modes in transmission
reflection spectra.

In order to estimate the conversion efficiency of the p
cess, we first calculated the SH powerP2v

bulk emitted from a
bulk ZnSe layer having the same thickness of the active la
of the microcavity and at 60 mW of incident power. Give
that the SH susceptibility at 500 nm isx (2)'4
310211m/V,8 we found P2v

bulk540 fW. From the genera
theory12 it follows that if the phase mismatch is negligib
~i.e., the coherence lengthl c for the SHG process is muc
longer than the cavity layer thicknessLcav! the cavity con-
finement of harmonic light yields an enhancement with
spect to the bulk of the order of 1/(12R) in the SHG emit-
ted power, whereR is the mirror reflectivity at the harmonic
frequency. This condition is well verified in our case whe
l c51500 nm andLcav5360 nm. WithR'0.9, we estimate
P2v

cavity'103P2v
bulk'0.4 pW.

The ratio of the emitted power in the in-resonance c
and the off-resonance case is theoretically given by 1
2R)2; as it can be observed in Fig. 2, the experimen
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FIG. 2. Room-temperature second-harmonic~SH! enhancement factor with
respect to the off-resonance response~solid circles! as a function of the SH
wavelength at three different angles of incidence. The incident power
'60 mW. Vertical dashed lines and arrows indicate the positions of
Fabry–Perot resonance as derived from transmission spectra. Solid
represent Gaussian fit to the experimental points.
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results are smaller than the theoretical prediction of ab
100. This is attributed to the degraded optical quality of
cavity at a finiteuÞ0 incidence angle and to the difficulty o
the determination of the very weak off-resonant SH emit
power.

Finally, the analysis of the second harmonic emiss
intensity at 471 nm~incident beam at 942 nm! as a function
of incident intensity foru545° is displayed in Fig. 2 show
ing the expected quadratic dependence of the SHG proc
To verify the polarization selection rule we varied the in
dent beam polarization fromf50° ~p polarization in the
plane of incidence! to 90° ~s polarization normal to the plan
of incidence!. The results are displayed in the inset of Fig
together with the results of the best fit~dotted line! to the
theoretical curveI 2}uxxyz

(2) u2uEzu2uEyu2, where xxyz
(2) is the

second-order susceptibility involved in the SHG,x, y, andz
are the crystallographic axis~z is the growth direction!, and
Ez , Ey are thez and y components of the incident electr
field.

In order to gauge the contribution to the secon
harmonic process coming from the ZnSe cavity layer
which light is confined, we carried out a similar analysis in
reflection geometry on a single Bragg reflector deposited
a Si substrate. In this case no detectable SHG was obse
in the same experimental conditions previously adopted
obtain the results in Fig. 3 thus suggesting the predomin
role played by the cavity layer in the nonlinear process.

As we have already said, the single resonance condi
for the harmonic photon is expected to give a cavity e
hancement of the second-harmonic power of the orde
1/(12R) with respect to the bulk; an improvement of th
efficiency can thus be obtained by increasing the reflecti
of the mirrors. To further increase of the SHG power, it
possible to use a microcavity in which also the fundamen
frequency resonates with a cavity mode. In this case,
cavity enhancement is given by 1/(12R)3. With an im-
proved reflectivity of the order of 0.99 a six order of magn
tude of enhancement of the SH power with respect to bul
expected. In this double-resonant configuration, the emi
SH power would be of the order of tenths ofmW.

In conclusion, we have reported room-temperature re
nant SHG in a 2l ZnSe bulk microcavity with dielectric
mirrors. The SH light was generated in the blue-green sp
tral region after excitation below the half band-gap region
the ZnSe layer in order to avoid band-to-band absorptio
the fundamental and harmonic frequencies. The SHG p
cess is enhanced by one order of magnitude when
second-harmonic photon resonates with the Fabry–P
mode of the cavity. The tunability of the cavity mode wav
length as a function of incident angle allows resonant
emission between 480 and 500 nm. These results provi
promising framework for the implementation of frequenc
doubling devices based on wide-gap II–VI semiconducto
They also show, for the first time, the selective contribut
of the microcavity resonant condition with the SH photon
the SH conversion efficiency and demonstrate the use
novel material system for the doubling in the visible. T
magnitude of this effect is in quantitative agreement w
calculation. We have shown that several avenues are a
able to further increase the SHG conversion process. Th
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includes control of the phase of the mirror reflection coe
cient, use of different geometries for the fundamental a
harmonic wave propagation,13 and realization of double reso
nant microcavities at both the fundamental and harmo
waves.7
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FIG. 3. Second-harmonic~SH! intensity at 471 nm as a function of th
incident power at 942 nm with incident angleu545°. Solid line corre-
sponds to a quadratic fit to the experimental points. The inset shows
dependence of the SH signal on the incident polarization anglef. f50°
corresponds to the pump beam linearly polarized in the plane of incidenc~p
polarization!. Dotted line represents the best fit with the equationI 2

5auxxyz
(2) u2uEzu2uEyu2, wherexxyz

(2) is the second-order susceptibility involve
in the SH process,x, y, andz are the crystallographic axis~z is the growth
direction!, andEz , Ey are thez and y components of the incident electri
field. The fit corresponds to an azimuthal anglec580° between the plane o
incidence and they crystallographic axis.


