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Abstract

We have measured the nonlinear refractive index near half-bandgap (Eg /2) in ZnS and ZnSe by self-phase modulation
experiments. The ratio of the nonlinear phase shift and the total optical absorption losses is critically dependent on the
detuning from E, /2. Efficient quadrature squeezing was obtained at a centre wavelength of 780 nm in ZnS and at 960 nm in
ZnSe. The scheme we employed can generally be applied to semiconductors, and opens the way for squeezed hght

generation over a wide range of wavelengths.

Squeezed states of the electromagnetic field are
characterized by the presence of correlated pairs of
photons. Hence, since the earliest days of squeezing
theory, nonlinear optical systems which display
two-photon processes have been indicated as most
appropriate to generate these states. Semiconductors
with a second-order y® nonlinear susceptibility are
then the favoured candidates for quadrature squeez-
ing [1] and for twin beam correlation [2]. The draw-
back of these materials is that it is only possible to
generate squeezed light at a frequency different from
that of the pump laser. On the other hand, third-order
x® nonlinearities allow for frequency mixing and in
particular degenerate frequency mixing so that
squeezed light can be generated in the vicinity of the
pump frequency. The drawback in this case is the
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much smaller efficiency of the process, which then
requires higher laser power.

The compromise to obtain large and fast optical
x® nonlinearities in semiconductors has always been
critical. A generic figure of merit (M) for ultrafast
non-resonant optical nonlinear applications is ex-
pressed by:

Adn

al

= >, (1)
where A¢,, is the total nonlinear phase shift pro-
portional to the nonlinear refractive index n,, « is
the optical absorption coefficient and L is the sample
length. In a semiconductor, M is expected to be a
strong function of energy relative to the bandgap E,.
Close to the bandedge », is large but the absorption
losses offset its effect to a great extent. For example,
experiments on GaAs/GaAlAs waveguides found
that two-photon absorption ultimately limited M to
~ 4 [3]. The other spectral region of interest is near
E,/2 where n, has a broad midgap resonance [4]
and « is small (well below E,/2 two-photon ab-
sorption is forbidden and higher order multi-photon
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absorption processes are negligibly small except at
the highest intensity), but n, also is considerably
smaller. The spectral region of interest is therefore
close to E,/2. We demonstrate that M can be as
large as 100 at energy below half-bandgap and that
an appropriate choice of the energy detuning from
E,/2 is necessary to obtain large nonlinear effects.

We chose to work with wide bandgap semicon-
ductors because of the half-bandgap energy lying at
~ 0.8 wm, which is of interest, for example, in short
range communication systems. We studied ZnS and
ZnSe samples in the form of 2 mm thick optical
windows. The experiments were performed at room
temperature using a Ti:sapphire laser with a tuning
range 750-960 nm. In order to produce the required
intensity, the laser was modelocked: the pulse train
consisted of transform limited 7, = 65-125 {s pulses
at 82 MHz repetition frequency, and the average
power could be varied up to 1 W,

We first measured the nonlinear absorption and
self-phase modulation as a function of the incident
power. In Fig. 1 we present the transmitted spectra
of self-phase modulated pulses for the case of ZnS.
In order to fit the experimental results (dots), the
pulse broadening has been modelled assuming a
nonlinear phase shift proportional to the pulse inten-
sity [5]

A¢(r)=(2W/A)n2I(t)Leff’ (2)

where L is an effective optical length defined by
the confocal parameter

Lye=2zgtan™ ' (L/22z),
and
Zg = TWin/ Ag-

Here w, is the radius of the focusing spot at 1/e
of the peak irradiance and A, is the central wave-
length. The intensity spectrum is then given by
I(w)a||F(w)|* where F(w) is the Fourier trans-
form of the pulse amplitude

F(w) =(1/271')fE(t)eiA¢(’)e‘i(w‘w0)’dt. (3)

The solid lines in Fig. 1 show the results of the fit
using Eq. (3) and a symmetric sech® pulse profile,
the pulse width being determined by the fit of the
input pulses (dashed lines). The values of A¢yy
obtained by this procedure are reported in Fig. 2a.
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Fig. 1. Self-phase modulated spectra (dots) of the input pulses
(dashed lines) through a 2 mm tick polycrystalline ZnS sample.
The pulse width is 125 fs. The solid lines are the fit as described
in the main text. :

The linear regression fit through the data in Fig. 2a
gives us n,=(1.1 £0.2) X 107" cm?/W at 780
nm, which is in good agreement with the value
reported in Ref. [6] of 2.1 X 107!% esu (0.7 x 107 !*
cmz/W) at the same wavelength, and also with
theoretical predictions [4].

Fig. 2b shows the transmitted power as a function
of input power. Up to ~ 300 mW (peak intensity
~ 14 GW/cm?) the output is a linear function of
input with a transmissivity close to unity, at higher
input power nonlinear absorption processes start to
cause saturation (two-photon absorption can be ruled
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out because fiw,~ O.43EgZns is far below the two-
photon absorption edge). In the linear regime (below
300 mW) we estimate an upper value of the internal
loss of the sample to be 1%, and thus obtain a value
of M > 100.

In ZnSe at 960 nm (Ao ~ 0.48 E***) we mea-
sured a comparable value for M, whereas working
close to Eg/2, at 934 nm, we obtained a larger
nonlinear refractive index (n, = (2.7 + 0.6) X 10~
cm?/W) but the absorption losses due to two-photon
absorption (=103 +£0.05) cm/GW) limited the
figure of merit to M ~ 4,

The large value of M obtained in both ZnS and
ZnSe below E, /2 allowed us to generate squeezed
light fairly efficiently with a relatively straightfor-
ward experimental setup. Fig. 3 shows a schematic
diagram of our squeezing apparatus (see Ref. [7] for
details). The squeezed light is generated in the side-
bands of the longitudinal laser modes by four-wave
mixing after a single pass through the semiconduc-
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Fig. 2. (a) Maximum phase-shift determined by the fit of the
spectra in Fig. 1. The slope of the linear fit through the data gives
the nonlinear refractive index n,. (b) Transmitted power as a
function of the input power in the ZnS sample. The saturation
above 300 mW is an indication of nonlinear multiphoton absorp-
tion processes that set in.
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Fig. 3. Schematic diagram of the apparatus used to generate the
squeezed light. BS1 is a 15:85 beam splitter; BS2 and BS3 are
50:50 beam splitters. The piezoelectric transducer (PZT) is swept
at 10 Hz and shifts the phase of the local oscillator (LO) relative
to the squeezed light by several wavelengths. D1 and D2 are a
matched pair of silicon photodiodes.

tor. In order to separate the squeezed light from the
laser modes a Sagnac interferometer is used [8,9]. In
this configuration, the pump beam is incident on the
input port of a 50:50 beamsplitter BS2, while vac-
uum noise enters through the other unused port. The
two counter-propagating pump pulses are focused
into the semiconductor sample to a spot of radius
wo =8 wm. The collimated transmitted beams re-
combine at BS2 where they interfere. The vacuum
noise co-temporal with the pump pulses is squeezed
in the semiconductor, and also recombines at BS2. In
ideal conditions (perfect balancing of the interferom-
eter) “‘bright’’ squeezed light is returned along the
pump beam direction and the squeezed *‘vacuum’’
emerges at the unused port.

In the nonlinear regime careful positioning of the
sample with respect to the focal plane of the two
focusing lenses is critical in order to avoid phase
front distortions that can decrease the contrast ratio
of the interference at BS2. This point is illustrated in
Fig. 4 where we show the intensity of the interfer-
ence pattern with the sample purposely placed off
focus for one of the lenses (Fig. 4a). The patterns
where recorded by projecting the fringes at BS2 onto
a screen and then scanning across the centre of the
fringe pattern with a camera. The Sagnac was opti-
mised at low power and the corresponding fringe
pattern is reported in Fig. 4b. Increasing the power
by a factor of 4, the nonlinear phase shift experi-
enced by the two counter propagating pulses through
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the sample is not the same and the corresponding
relative phase shift (A¢, — Ad, ~ m/2) causes the
central dark disk to be replaced by a bright fringe
(Fig. 4c). A careful alignment of the Sagnac is thus
necessary in order the detect squeezing. However,
due to the departures of the beam splitting ratio from
50:50 over the beam width and laser bandwidth,
even in optimum conditions the measured contrast
ratio of the interferometer is about 70 and some
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Fig. 4. Effect of the different phase shift experienced by the two
counter-propagating pulses in a asymmetrically configured nonlin-
ear interferometer. (a) Schematic diagram of the symmetric (lens
separation = 2 f and sample at the focussing point) and asymmet-
ric (lens separation < 2 f and the sample at the focus of only one
of the two lenses) configuration. (b) Intensity of the interference
fringe pattern at BS2 in the low power (linear) regime. (c) The
same as (b) but in the nonlinear regime. The central bright fringe
replacing the dark one in (b) arises because the two beams
experience different self-phase modulation phase shifts. In this
particular case the relative difference between A¢) ~Ad, is
~1 /2.
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Fig. 5. Dependence of the maxima (open squares) and minima
(black squares) of the phase dependent noise on the time delay Ar
at 210 mW incident power. The solid lines are autocorrelations of
a 125 fs pulse. The frequency was 35 MHz with a 3 MHz
resolution bandwidth, and 300 Hz video bandwidth. Inset: phase

dependent noise and shot noise level (SNL) measured with 245
mW in each beam of the Sagnac.

coherent ‘‘bright’’ squeezed light propagates along
with the squeezed ‘‘vacuum’’. ’

The squeezed light was measured with a balanced
homodyne detector scheme [10,11]. The local oscilla-
tor (LO) reference signal was obtained by splitting
off 15% of the transmitted ‘‘bright’’ beam at BS1
and then overlapped again with the squeezed
““vacuum’’ at a second 50:50 beam splitter BS3.
The temporal overlap between the two beams was
controlled by a delay line on the LO optical path,
while the relative phase was swept out by a piezo
transducer (PZT). The output beams from BS3 were
focused at a pair of matched photodxodes and the
photocurrent difference amplified and recorded by a
spectrum analyzer.

In Fig. 5 we present our main result. In the inset
we show noise traces at 35 MHz as a function of the
phase shift between the squeezed light and the LO.
When the LO and squeezed pulses were adjusted to
arrive simultaneously at BS3 (At =0), a phase de-

“pendent noise of period 7 is observed. Under identi-

cal conditions without the sample no such modula-
tion is found, precluding contributions from pump
laser instability or diode nonlinearity. The shot noise
level (SNL) is recorded by presénting the same
optical power to each photodiode from solely the LO
input. The minimum noise (S,;,) drops 0.9 dB (20%)
below this SNL, while the maximum noise (Sy;, ) is
enhanced by 2 dB (60%).
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In the main part of the figure we show that the
phase dependent noise is only seen when the LO
pulses arrive together with the squeezed pulses. The
experimental points are the maxima and minima of
the normalised phase dependent noise at 35 MHz
while the solid lines are the suitably normalised
autocorrelation traces of the laser pulse. If the LO
and the squeezed ‘‘vacuum’’ are not temporally
overlapped (|A#]> 7,) the shot-noise limit is recov-
ered.

Similar results have been obtained in ZnSe at 960
nm, but we failed to observe any squeezing at 890
nm (Aw~ 0.52EgZ“se), presumably due to the strong
two-photon absorption at that wavelength.

In conclusion, we have measured the real and
imaginary part of the susceptibility in ZnS and ZnSe
near half-bandgap. We found values of n, in close
agreement with recent theoretical and experimental
evaluations. Our results suggest that the use of fs
laser pulses with high peak power to produce a
strong nonlinear phase shift, and the choice of pho-
ton energy below midgap in order to reduce nonlin-
ear absorption losses are critical factors in obtaining
large values of the figure of merit. Once these condi-
tions are fulfilled, quadrature squeezed light can be
generated in semiconductors using relatively simple
experimental setups. The results indicate that our
method is quite generally applicable to semiconduc-
tors, and opens the way for squeezed light generation

at a wide range of wavelengths for possible applica-
tions in high-resolution spectroscopy, quantum non-
demolition experiments, quantum communications,
and low-light-level microscopy [12,13].
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