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Abstract

Large refractive index changes have been measured at the band edge frequency of 1D
photonic crystals. Results concerning both thin and thick samples of high and low refractive
index contrast respectively are presented. The very large value of the refractive index changes
obtained at moderate pump powers thanks to the strong enhancement of the local intensity
inside the photonic crystal open the way to very small volume devices for optical signal
processing. However, time-resolved experiments demonstrate the photo-generation of high
free carrier densities through two- or even three-photon absorptions which are shown to be
also strongly enhanced at the band edge of the photonic crystal. This drawback may the most
probably be circumvented by using lower pump intensities in photonic crystals showing

narrower resonances.



Introduction

Due to their original light propagation properties, photonic crystal (PC) structures allow to
realize high quality and small dimension devices, such as waveguides, delay lines, couplers or
mirrors, opening the way to the realization of the future compact optical microcircuits [1, 2]
for all optical classical and quantum signal processing. These properties are also very
beneficial to favour nonlinear interactions. For instance, the large dispersion observed at the
band edge can be used to control phase matching in second and third order wavelength
conversion mechanisms [3-7]. Even the photonic band gap that prevents light to propagate
inside the structure can be used to realize new waveguide propagation mechanisms that can
favour nonlinearities [8,9]. Finally, photonic crystals are mainly used to enhance the
efficiency of nonlinear interactions. Although such enhancements were already observed in
2D PC [10], for the sake of simplicity concerning the comparison with theory, the paper deals
with simple 1D devices. For example slow waves and light localization at the band edge or on
a defect of the photonic crystal increases the optical field amplitude in the structures inducing
thus an enhancement of the effective nonlinear susceptibilities of the structure [11-17]. All
these studies open the way to the realization of compact and rapid optimized nonlinear
devices, once the interaction between the nonlinear mechanisms of different origins and the
photonic crystal structure will be well characterized and understood.

Here, we present a study concerning the enhancement of optical third order nonlinear
susceptibilities in 1D photonic crystals. The results were obtained through the measurement of
the refractive index changes photo-induced at the wavelength of the band edge of the 1D
photonic crystal. The two cases of low refractive index contrast large period number photonic
crystals and high contrast photonic crystals composed of only ten periods are considered and
the potential interest of such structures for the purpose of nonlinear optical signal processing

is demonstrated.



Section I is devoted to the description of the principle used for the measurement of the
refractive index changes and the experimental setup used for this purpose. Section II shows
and discusses nonlinear reflexion spectra recorded around the band edge of both
CdMnTe/CdMgTe and GaAlAs/AlOx photonic crystals. Section III presents time resolved
experiments allowing the description of the physical origin of the photo-induced refractive
index changes in both photonic crystals considered in section II. Finally, section IV compares
results obtained for the two photonic crystals and gives some insights for the future realization

of nonlinear devices for compact optical signal processing.

. Principle and Experimental Setup
1. Theory
The determination of the refractive index change is performed through the careful
experimental analysis of the wavelength shift of the intensity dependent reflectivity spectrum
of the photonic crystal that occurs at a band edge of the photonic crystal. In the case of 1D
photonic crystal this is made very simply. Indeed, as verified using the numerical formalism
reported in reference 12, the band edge wavelength does not depend on losses present in the
semiconductor materials of the 1D-PC, and an analytical analysis in a lossless photonic
crystal is possible. In such a case, for a stack of N pairs composed of two layers of thicknesses

e; and e, with refractive indices n; and n; respectively, the transmission 7y is given by [17]
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Where f is the Bloch phase given by
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withtand T = |t|2 the amplitude and intensity transmission coefficients of a pair respectively.

For A/4 optical path layers (e, = nre» = 19/ 4) the Bloch phase is related to the wavelength 4

through the relation

COS(IB)=M (L3)
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Where 1 = lo/ A 1s the normalized wavelength with 4y the central wavelength of the

forbidden band. In equation 1.3 7, = 4r11112/(n1 + 112)2 and R, =(n, - nz)z/(nl + 112)2 stand for

the transmission and reflexion coefficients of interfaces respectively (R,, + 7,, =1). The band

. . . . : N-1
edge which corresponds to the first maximum of transmission 7} is obtained for f= Tn

[18]. The wavelength A5 of the band edge is then given by
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At high intensities, due to the modification of the refractive indices (7, = n, + An,, with An;
the index changes (i=1,2)), the transmission and reflexion coefficients of the interfaces

become T}, =T}, + 4T, and R, =R, + 4R,, with
4n, —n
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The central and band edge wavelength changes 44, and 44, are then related through the

relation
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For normal incidence the central wavelength of the forbidden band is given

by 1o/2 = n,e, + n,e, , so that
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Equations 1.6 and 7 entirely relate the band edge shift to the refractive index changes.

2. Experimental setup

The band edge shift at high intensities was measured by recording around the band
edge wavelength the reflectivity spectra of both pump and probe beams at various pump
intensities. Such experiments allow both the determination of the very high refractive index
changes occurring at the band edge of the photonic crystal and the physical origin of the
nonlinearity. Figure 1 shows the schematic experimental setup. Pump and probe beams
originate from the same optical parametric generator pumped by a frequency doubled mode-
locked Nd-YAG laser [19]. They are both focused onto the sample, the pump beam
orthogonally to the sample, the probe beam with an incidence angle of few degrees. Pump and
probe reflectivity are determined thanks to the four photodiodes PD1 to PD4 connected to a
boxcar and computer acquisition system. Finally, the delay line allows the variation of the
pump-probe delay for time resolved experiments.

In order to clarify the role played by the index contrast and the number of periods in
the enhancement of the local field factor and evaluate the ability of these devices for optical
signal processing, two different photonic crystals were tested: a 30 pair thick
Cdy.7sMng25Te/Cdy40MgosoTe photonic crystal exhibiting a low refractive index contrast

(m—n>=0.50) and a high index contrast (p;—n,=1.71) Aly30Gag70As/AlOx photonic

crystal with 10 pairs of layers. As the wafer was absorbing experiments were performed in
reflexion on a Bragg mirror deposited on this wafer before the growth of the photonic crystal
of interest [13]. The device is shown in Figure 2.a in the case of the III-V photonic crystal.

The thicknesses of the layers of the Bragg mirror were fixed in order to have the central



wavelength of this Bragg mirror equal to the band edge wavelength Az of the photonic crystal.
Figures 2.b, ¢, and d present the calculated reflectivity spectra of the photonic crystal alone,
that of the Bragg mirror and that of the total device respectively in the case of scattering
losses of 0.07% at each interface. These spectra obtained for a band edge located around 1500
nm were calculated to illustrate the general behaviour of the device. The dip of reflectivity of
the device present at the band edge is a result of light localization which strongly enhances the
scattering losses of the total device [11, 12]. In particular, only a very small dip due to the
finite thickness of the Bragg mirror would appear without scattering, which indicates that this
kind of structures could also be very useful for measuring losses in photonic crystals. Table 1
which summarizes the parameters of the two samples shows the major differences between
the two photonic crystals: the II-VI semiconductor PC (Cdy7sMng25Te/Cdy40MgosoTe) is
thick with 30 pairs of layers of low refractive index contrast while a thinner III-V
semiconductor PC (Alp30Gag70As/AlOx) of high refractive index contrast is also considered

in our experiments.

1. Nonlinear Reflexion Spectroscopy
Nonlinear reflectivity spectra of the pump beam and probe reflectivity modifications

induced by the pump beam for synchronized pump and probe pulses were recorded in the two
cases of II-VI and III-V semiconductor photonic crystals.

1. Nonlinear Reflexion Spectroscopy in Cdo7sMng 25 Te/Cdg40MgosoTe
Spectra were recorded for the pump beam set at normal incidence and for a probe beam
having an incidence angle of 6 degrees. Figure 3 shows the reflectivity spectra of the pump
beam of intensity 0.64 GW/cm?® (full triangle) and that of the probe beam in the absence (open
circle) and in the presence (full circle) of the pump beam. A large blue shift of 1.5 nm is

observed for the probe reflectivity at this high pump intensity. Although smaller this shift also



exists for the pump beam. In fact several spectra were recorded at different pump intensities.
The corresponding blue shifts 44 are plotted in figure 4 using squares and circles for pump
and probe beams respectively. An almost perfect linear dependence of 44 with respect to the
pump intensity is observed in both cases. The scale is given in nm for the observed blue shifts
(left part of the figure). The vertical axis also represents the induced refractive index changes
(right part of the figure) deduced from equations 1.6 and 7. The correspondence was
determined by assuming that the index changes are significant only in Cdy75sMng,sTe (due to
the proximity of the electronic band gap resonance for the wavelengths considered (around
692 nm) and negligible (4n,=0) for the large band gap CdypsMgosoTe semiconductor.
Moreover, the slope for the probe beam is twice that corresponding to the pump beam within
a precision of only 3%. This remarkable result is very well explained if we remember that,
due to different degeneracy factors, the nonlinear susceptibility is twice larger for crossed
Kerr effect than for self Kerr interaction [21].
2. Nonlinear Reflexion Spectroscopy in Aly30Gag 70As/AIOX

Spectra were recorded for the pump beam set at normal incidence and for a probe beam
having an incidence angle of 4 degrees. Figure 5 shows the reflectivity spectra of the probe
beam in the presence of a 1.3 GW/cm? intensity pump beam (full circles) and in the linear
regime with no pump beam(full squares). A very large blue shift of 7.5 nm is observed at this
high pump intensity. Assuming that the index changes are significant only in Aly30Gag 70As
and negligible (4n,=0) for AlIOx which is a very bad nonlinear medium, a refractive index
change 4n;=-0.019 was deduced from the blue shift of the band gap. Note that this value is
three times larger than that measured in II-VI semiconductor PC although the laser

wavelength was much less resonant.



As discussed in section IV, the very strong refractive index changes measured in both
experiments demonstrate the major role played by the nano-structuration of the semiconductor
material in increasing the nonlinear susceptibilities.

I11.  Time Resolved Experiments : Physical Origin of the Nonlinearities
Time resolved experiments were also undertaken in both II-VI and III-V samples in order to
identify the physical origin of the optical nonlinearities, a peculiarity of major importance in
applications since it governs the response time of a device.
1. Time resolved experiments in Cdg75sMng25Te/Cdg40MgosoTe

The nonlinear probe reflectivity in the presence of the pump pulse was measured at the edge
of the minimum of reflectivity (4=693.5 nm) and compared to the linear reflectivity for
various pump-probe delays. The zero delay was determined by measuring the conjugate
intensity due to the four-wave mixing process occurring in the sample due to the counter-
propagating pump beams and the probe beam [13]. Figure 6 shows this conjugate intensity
normalized to that of the pump and probe beams (closed squares) together with the ratio of the
nonlinear and linear reflectivity (closed circles), both plotted as a function of the pump-probe
delay.

Assuming the same Gaussian shape for the pump and probe pulses which are issued
from the same laser (/p oc [goc exp(—t2 / Atz)), the delay dependant conjugate energy

measured by PD4 writes

2
T

Eo(2)e | 712 ()t + t)dt oc exp| ——— IIL.1
3
(1/ A .Atj
The use of equation III.1 and figure 6 gives the value 2./Ln(2)4t =13.3 ps for the full width

at half maximum (FWHM) laser pulse duration in good agreement with second harmonic

generation autocorrelation measurements. The centre of this four-wave mixing autocorrelation



pulse provides the zero delay. As shown in figure 6 this zero delay corresponds to half the
maximum of the reflectivity change Rni /Ry with Ry and Ry the probe reflectivities with the
pump beam present and in the linear regime respectively. This demonstrates that no
significant instantaneous process occurs in this sample and that the refractive index changes
responsible for the blue shift of the PC band edge can be safely attributed to free carriers
generated in Cdy7sMng,sTe by two-photon absorption. Figure 6 showing the time evolution
of the ratio of the nonlinear (Rxr) and linear (Ry) probe reflectivity also demonstrates that the
free carrier relaxation is long (probably more than 1 ns) since the band edge blue shift remains
almost unchanged during the first 100 ps following the pump excitation. This point could be
detrimental to such PCs for the purpose of fast optical signal processing.
2. Time resolved experiments in Alg 30Gag 70AS/AIOX

As in the case of the II-VI sample, the nonlinear probe reflectivity in the presence of the pump
pulse was measured at the edge of the minimum of reflectivity (1=1480.4 nm) and compared
to the linear reflectivity for various pump-probe delays. However, due to a strong scattering
of the pump beam, the zero delay could not be determined using the four-mixing process. We
use interferences between the reflected probe beam and the pump beam scattering to
determine this zero delay. A mini-shaker applied to one of the mirrors inserted in the optical
path of the pump beam allowed the measurement of the contrast of the interferences between
the reflected probe beam and the pump scattering. This measurement is directly related to the
cross-correlation function of the pump and probe beam. This cross-correlation function is
plotted in figure 7 using closed circles. The continuous line is a fit obtained using a Gaussian
shape for the initial laser pulses. The corresponding FWHM pulse duration is 14 ps, in good
agreement with measurements performed at 694 nm. The centre of this cross-correlation pulse
provides the zero delay (the maximum of this pulse is less than unity probably due to residual

speckle). Figure 7 also shows the ratio of the nonlinear and linear reflectivities plotted on the



same scale (using closed squares). It appears from this figure that an instantaneous Kerr
induced contribution is superimposed to the long-lived free carrier contribution. The
refractive index changes Ang = -0.013 and Anpc = -0.012 were deduced from figure 7 for Kerr
and free carriers contributions respectively. It is important to note that even for a laser
frequency below the half band gap free carriers were photo-generated through multi-photon
absorption (three-photon absorption in this case). In view of very fast devices, this means that
the PCs must be optimized for an operation at lower pump intensities in order to avoid the

long lived free carrier contribution.

V. Discussion
1. The local field factor

At the band edge of the PC, if the linear and nonlinear polarizations are written as a function

of the fields outside of the PC, the effective linear and n™ order nonlinear susceptibilities Xilfj)‘

and X(eZ‘) respectively can be given by [11,12]

1 1

x=1x IV.la
n n (n)

2= 1" Al IV.1b

Where Xf)l)

and ){gn) are the linear and fully degenerate n™ order nonlinear susceptibilities of
the bulk material. In equations IV.l.a and b, 47 =n!/p! is the degeneracy factor for p

identical waves in the nonlinear interaction [20] and f = | Ein/ Eom| is the local field factor

which relates the enhancement of the field E;, inside the PC when compared to the same
field outside the PC ( E,,, ). The enhancement occurs at the band edge of the PC thanks to

multiple interferences as it is the case in Fabry-Perot cavities. Evidently, Eq. IV.1.b shows
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that high order nonlinear processes are more efficient in PCs than in bulk materials and that
the effect of light localization is stronger for higher order nonlinear interactions.

In the CdMnTe/CdMgTe photonic crystal, the value f = 4.2 was derived from the
result of the experiments for the local field factor [13]. In the case of GaAlAs/AlOx, the
instantaneous crossed-Kerr refractive index change was related to the effective third order

nonlinear susceptibility through the relation [20]

6 _ S mAnk

Ry V.2

with o =+/mn, the mean refractive index of the photonic crystal. Combining equations

IV.1.b and IV.2 and using Ang = -0.013 for 7 = 1.3 GW/cm® and 6y =-8.0x10™"" esu

(measured in bulk GaAlAs through totally non degenerate four wave mixing [21]), one gets f
= 3.7. Note that this value is in close agreement with that /=4 calculated using ref. 12.

Comparing the values of the local field factors in both PCs shows that about the same
value of 4 is obtained in both cases although the number of pairs is three times smaller in the
large index contrast GaAlAs/AlOx PC. This result indicates that, although they are more
difficult to grow, large index contrast PC’s (GaAlAs/AlOx or even better semiconductor/air)
are preferable for small volume optical processing.

2. Free carrier generation

At low intensities the semiconductor materials are transparent at the wavelengths used in the
experiments. However, at the high pump intensities needed for large shifts of the optical band
edge of the 1D-PC, multi-photon absorption processes occur. Moreover, at the photonic band
edge wavelength the effective nonlinear susceptibilities responsible for multi-photon
absorption are enhanced by factors f' and f° for two- and three-photon absorption
respectively. This gives rise to generation of free carriers in the semiconductor medium, with

consequences for the value of the refractive index (see section III).
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In the case of the CdMnTe/CdMgTe photonic crystal the optical band edge frequency
(0 = 1.79 eV) is smaller than the electronic band gap (og = 2.00 eV) of CdMnTe, which
makes the semiconductor medium transparent in the linear regime. On the other hand,

® > wg/2 and two-photon absorption occurs. Free carriers are then generated with a

density

Ne 144w V.3

“2he SL
Where the factor 2 has been introduced since two photons are needed for creating one

electron-hole pair. In equation IV.3 AW is the absorbed energy, L =304/4/p,= 1.6um the
total thickness of the CdMnTe layers, and S = 0.031 mm?” the laser beam cross-section. For
small absorption of the pump pulse of energy W= 2.7y, AW = f 4 ar IWL with a; = 1.7GW"
'em the bulk two-photon absorption coefficient of CdMnTe [22] and [ = W /(SAf) the pump

beam intensity, so that the carrier density amounts up to Ne = 5.3x10'® cm™ for a small
absorption AW/W of only 5%. This high carrier density obtained at relatively low pump
fluence (8.7 mJ/cm?) is evidently due to the strong enhancement of the two-photon absorption
process by the photonic crystal.

In the case of the GaAlAs/AlOx photonic crystal the optical band edge frequency (® =
0.848 eV) is smaller than half the electronic band gap of GaAlAs (wg = 1.96 eV), so that two-
photon absorption does not occur. Following the same approach as in the case of the II-VI PC,
free carriers are found to be photo-generated by three-photon absorption with a density

Ne¢ =lif6a313zlt IV 4
3 hc

Where a3 = 0.03 GW~cm’ is the nonlinear coefficient for three-photon absorption in GaAlAs
[23]. For the pump pulse of peak intensity 7 = 1.3 GW/cm? and FWHM duration 47 = 14 ps,
the carrier density amounts up to Ne= 5.9x10'® cm™. Note that this value is about the same as

that measured in the case of two-photon absorption. This means that because of the

12



enhancement of three-photon absorption (by a factor /°) free carriers are efficiently produced
even for a pump frequency smaller than wg/2, when two-photon absorption cannot occur.
3. Towards devices for optical signal processing?

In order to discuss the potentiality of 1D photonic crystals to dense optical signal
processing the main results obtained for both PCs are summarized in Table 2 together with the
structural characteristics of these samples (refractive index contrast and number of pairs of
layers). For the purpose of clear comparison, the quantities listed in the three last columns
correspond to the same pump intensity of | GW/cm® for both PCs.

It should be first noticed that the local field factors are about the same (~ 4) although
the III-V sample is thinner than the II-VI one (three times less pairs of layers). This
demonstrates that high contrast PCs have a high potentiality for low volume devices for
optical signal processing.

From table 2 it also appears that, at the same pump intensity of 1 GW/cm?, the blue
shift of the band edge is larger in III-V than in II-VI photonics crystals. This large blue shift is
mainly due to pure Kerr effect, the contribution of which is twice larger than that due to free
carriers. These two examples also show that free carriers are photo-generated in PCs at large
pump intensities whatever two- or three-photon absorption is concerned, with densities only
five times smaller for the later. For low speed optical processing, two-photon absorption is
favourable for large refractive index changes (4n =0.016) and II-VI PCs may be used. On
the contrary, for the purpose of applications to fast optical information processing where high
repetition rate devices are necessary, free carriers must be avoided because they limit their
response time and, probably more important, because they are responsible for undesirable
thermal heating. In view of these properties, two-photon absorption must be strictly avoided.
This is the case in the III-V sample which exhibits a Kerr induced index change twice larger

than that due to free carriers, whereas only the free carrier contribution appears in the II-VI

13



PC. However, the free carrier density measured at 1 GW/cm? in the III-V PC is still too large
for potential applications. Working at a lower intensity (0.2 GW/cm” for instance) would limit

the carrier density down to 2x10'°cm”

and the corresponding refractive index change to
1.7x10°®, a value which is much lower than that due Kerr effect (2.0 x10™ at the same pump
intensity). Due to the large bandwidth of the band edge in our sample such an intensity is
currently too small for high contrast reflectivity changes in presence of the pump beam.
However, models predict narrower resonances for the band edge [12]. Therefore, if a well

controlled fabrication of the PC is realized, very small devices driven by low power pump

pulses are possible with fast response times and almost no heating of the device.

Conclusion

Time resolved nonlinear spectroscopy recorded at the band edge of 1D photonic
crystals showed that very large refractive index changes were possible both in very thin high
index contrast and in thicker low index contrast photonic crystals. These very large values
obtained at moderate pump power have been shown to occur for laser wavelengths close to
the edge of the photonic band gap of the 1D-PC due the strong optical nonlinearities induced
by the high local intensity existing inside the PC at these wavelengths. Such a property makes
these very small devices very attractive for the purpose of optical signal processing. The study
has also demonstrated photo-generation of high free carrier densities through two- or even
three-photon absorption processes which are also strongly enhanced by the local field factor at
the band edge of the photonic crystal. As the free carrier lifetime can intrinsically limit the
response time of the device, this drawback must be circumvented for future application of the
technique. This could be made possible by using lower pump intensities in photonic crystals

showing narrower resonances.
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Table captions

Table 1. Characteristics of the II-VI and III-V photonic crystals.

Table 2. Performances of the II-VI and III-V photonic crystals
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Figure Captions

Figure 1. Schematic diagram of the experimental setup. PDi are photodiodes for
energy measurements of the incident (i = 1 and 3) and reflected (i = 2 and 4) pump and probe
beams.

Figure 2. Scheme and photograph of the III-V Sample (a) and, reflectivity spectra of
the studied photonic crystal alone (b), the Bragg mirror alone (c) and the total device (d).

Figure 3. II-VI PC reflectivity spectrum for the pump beam (closed triangle) and for
the probe beam with and without the pump beam present (closed and open circles
respectively).

Figure 4. II-VI PC band edge wavelength shift and associated refractive index change
plotted as a function of the pump intensity for the pump and probe beams (closed squares and
circles respectively).

Figure 5. II1-V PC reflectivity spectrum for the probe beam with and without the pump
beam present (closed circles and squares respectively).

Figure 6. II-VI four-wave mixing autocorrelation intensity and ratio of the nonlinear
and linear reflectivity of the probe beam plotted as a function of the pump-probe delay.

Figure 7. III-V interferometric autocorrelation intensity and ratio of the nonlinear and

linear reflectivity of the probe beam plotted as a function of the pump-probe delay.
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Tables

type Layer 1 e; (nm) n; Layer 2 e; (nm) n Pair
Material Material Number
II-VI | Cdg75sMngsTe 54 3.088 | Cdy.4oMgpsoTe 64.6 2.585 30
-V | Alp30Gag70As 87.9 3.323 AlOx 180.9 1.6 10
Table 1
type Index Pair Ap (nm) Physical Origin Free carrier
Constrast | Number @ An density
1GW/cm? (cm™)
11-VI 0.50 30 4.2 3.7 Free Carrier 13x10™®
-0.016
1-V 1.71 10 3.7 5.9 Free Carrier | Kerr 2.7x10"
-0.005 -0.010
Table 11
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