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Spatial homogeneity of optically switched semiconductor photonic crystals
and of bulk semiconductors
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In this paper we discuss free carrier generation by pulsed laser fields as a mechanism to switch the
optical properties of semiconductor photonic crystals and bulk semiconductors on an ultrafast time
scale. Requirements are set for the switching magnitude, the time-scale, the induced absorption, as
well as the spatial homogeneity, in particular for silicon Mat1550 nm. Using a nonlinear
absorption model, we calculate carrier depth profiles and define a homogeneity lgggth
Homogeneity length contours are visualized in a plane spanned by the linear and two-photon
absorption coefficients. Such a generalized homogeneity plot allows us to find optimum switching
conditions at pump frequencies neafc=5000 cmit (A=2000 nm. We discuss the effect of
scattering in photonic crystals on the homogeneity. We experimentally demonstrate a 10% refractive
index switch in bulk silicon within 230 fs with a lateral homogeneity of more tharmuB80 Our

results are relevant for switching of modulators in the absence of photonic cryst60®
American Institute of PhysicfDOI: 10.1063/1.1846949

I. INTRODUCTION switching of bulk semiconductors finds applications in high
speed optical modulatofs,waveguide$, and multilayer

There is a fast growing interest in photonic crystals; 9 .
composite materials whose refractive index varies periodi:StaCkS' Last but not least, ultrafast control of photonic crys-

cally on length scales that match the wavelength of Ifght. tals is important for controlling the propagation of light, such

The optical properties of photonic materials are determined® N SW”_Ched macroporous ,S'I'Cé?wr Z'D, crystal slabé?_
by the spatially varying refractive index, analogous to the " OPtical switching experiments, four important require-
periodic potential for an electron in a crystal. Large spatiafments have to be métFirst of all, the magnitude of the
variations of the refractive index cause a strong interactior’duced change in the real part of the refractive index
between light and the composite structure. Bragg diffractionUSt be large enough to obtain the desired effect. A relative
causes the photonic dispersion to organize into bands, mudH{ange i’ of 5% is required to induce a major change in
like the energy levels of electrons in semiconductors. A maihe density of states. Such large changes can be induced by
jor goal of the field is the realization of three-dimensionalfree carrier generatidf but are not achievable with Kerr
(3-D) structures that possess a photonic bandgagt fre-  switching. The second requirement, which is important for
quencies inside the band gap, the optical density of statedpplications, is the minimum time scalet over which the
vanishes. This should completely inhibit spontaneous emisswitch occurs. In experiments where light pulses are trapped
sion of sources inside the photonic cry§tahdeed, strong inside photonic crystals, a switching time scale on the order
modifications of the spontaneous emission lifetime of quanof a few hundred femtoseconds is necessary. The third re-
tum dots have recently been demonstrated in photoniquirement is that the absorption of probe light, gauged’hy
crystals‘.1 In the presence of weak controlled disorder, theshould be small in the switched sample. Excited carriers in a
Anderson localization of light is also predict%dh this case, semiconductor bring about inevitable absorptioglated by
a photon may be trapped at a point defect that serves asaaKramers—Kronig relation to the changerif, that should
cavity with a high quality factor. remain within limits by a limited carrier density. The fourth
In the examples above, the photonic crystals themselvesquirement concerns the spatial homogeneity of the change
do not change in time. Switching experiments, in which theAn’ in a sample. Homogeneity is particularly important in
properties of photonic crystals are modified on an ultrafasgwitching the density of states in 3-D photonic crystals. A
time scale, allow many interesting new opportunities.large gradient in\n’ in the crystal results in a highly chirped
Switching 3-D photonic crystals is particularly interesting, asswitched sample, which can no longer be considered a pho-
it provides the dynamic control over the density of statesonic crystal. All of these requirements also pertain to other
inside the crystal as well as a change in Bragg reflecfionsapplications of switched semiconductors, such as in
Ultrafast control of the density of states should allow thewaveguidingz albeit much relaxed. Therefore, we expect the
switching of the spontaneous emission of light sources insidgesults from the present study also to be relevant for appli-
a crystal, and capturing and releasing light in cavities insidgations outside photonic crystals.
the CryStal. In the absence of phOtoniC CI’yStals, ultrafast SW|tch|ng experiments in photonic Crysta|s were pio_
neered by Leonaret al*° Optical free carrier generation was
¥Electronic mail: T.G.Euser@utwente.nl used to change the refractive index of the backbone of a 2-D
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FIG. 2. Time-resolved reflectivity measurement on bulk Si, pumped at
Vpump/ €=12 500 cm?, pulse energyE, mp=2 wuJ, pulse duration7ym,

=120 fs,rpymp=70 um and peak intensity 115 GW/énupper panel The
reflectivity of a probe withwyg,d €=7692 e, I'orobe= 20 um and 7ppe
=120 fs decreases from 32% to 28%, corresponding to a calculated carrier

FIG. 1. Schematic image of a sample: Thaxis is defined to be pointing g ~ 0 3 -
into the sample; thg andy directions are the lateral directions. In the figure, densityNey=1.6x 10°° cn™® at the surface of the sampigee the right-hand

the front face of the sample displays a SEM image of a dry etched Si 2_Dscale). The time in which the relative reflectivity change increases from 10%

B . . : . to 90% is 230 fs. The lower panel shows the intensity autocorrelation func-
photonic crystal with a slightly rhomboid symmetiattice angle 85f The . - .

- . : tion (ACF) of the pump pulses. The full width at half-maximufWHM) of
lattice parametea is equal to 750 nm. SEM courtesy of L. A. Woldering. 200 fs corresponds to a Gaussian pulse width of 140 fs FWHM.

silicon photonic crystal. The carrier density generated innear vy is a=1.2um, therefore the homogeneously
their experiment was sufficiently high to induce a shift of aswitched area must extend at leasi in all three dimen-
Bragg stopgap on ultrafast time scales. Nevertheless, the egions.

periments revealed a serious limitation: the absorption of the

pump beam limits the volume of switched material and leadsl. FREE CARRIER GENERATION

to a spatial inhomogeneity in the degree of switching. Le-
onardet al. deduced that only a layer of three unit cells near
the sample surfacg was SW't,Ch]&B'm”ar mhomoggpeny IS plasma with electron—hole densit;, The generated carrier
probably al_so playing a role in recgnt studies of silicon infil- plasma changes the dielectric functig) of the sample by
trated opaline crystals, where a disappearance of the Bragg, amountAe.{w). In the case of silicon, the Drude model

peak was observed in the absorption ratijgherefore, the gives on excellent description of the resultia@v) for den-
use of two-photon absorption was proposed as a way to insjties below 18 cmi® (see Ref. 12

crease the penetration depth of pump light into the sample

In optical free carrier generation, a pump pulse is ab-
sorbed by a semiconductor sample, creating a free carrier

2
and improve the switching homogenéfty. (o) = eg(w) + Aeg(w) = €5 — <39> ;, (1)
In this paper, we investigate the spatial homogeneity of 1 +ii
optically generated free carrier plasmas in semiconductors. WTp

We discuss a nonlinear absorption model that takes into agypare es is the bulk dielectric constanty (=2v) is the
cqunt both linear apd two—_photon absqrption processes. FroWequency of the probe lighty, the electron maSSn;pt is the
this model, we derive optimum pumping conditions and wegpicq) effective mass of the carriers, the Drude damping

define a homogeneity length scale to obtain homogeneoyg,e 15 ang wp= \/(Nehez)/(fom* mo) the plasma frequency
. . ey . 1 0 .
switching conditions. In particular, we trace constant homonder the condition that IA’TD’)J< 1, which is valid for sili-

geneity lengths in a general parameter diagram that pertaing, atwee We can derive the following simplified expres-
to any semiconductor. We discuss the role of disordersjon for the refractive index from Eql):

induced diffusion of the pump beam in photonic crystals. _ —
Finally, we experimentally demonstrate that sufficient ul- N *+in"=Ve(w)
trafast refractive index changes can be obtained with suffi- w.\2 w2
cient lateral homogeneity. =\ € (f) +i < > (2
We concentrate on silicon, not only because of its wide 20m \/EB— (29>
w

technological use, but also because it allows greater homo-
geneity than GaAs that was discussed in Ref. 6. Examples For silicon with carrier densities below cm™3, the

are given for light in the telecom band ab/C  refractive index is linear with the carrier density within
=6450 cm! (\=1550 nm, but can easily be generalized to 0.2%:

other frequencies. We set a minimum volume of five unit &

cells cubed in which the changkn’ must remain within n’ =\@—ﬁNeh. (3
10% of its maximum value. This homogeneity requirement 2\ €g€oMopiMew

holds for both the lateral directionsandy, as well as for the Thus, the induced change in the refractive indéxvia

z direction defined in Fig. 1. Even in such a small crystale(w)] is completely determined by the optically induced car-
volume, the DOS already shows a significant decrease fatier density.

frequencies that lie in the band gb‘bThe typical unit cell An example of a carrier-induced change of the refractive
size of silicon inverse opal photonic crystals with a bandgapndex in bulk silicon is given in Fig. 2. In this experiment, a
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powerful ultrashort pump pulse with frequenay,m,y/c 2000 1550 “"m)moo 800

=12 500 cm’ and a pulse width of 140 fs was focused to a 'E | B 4 2000
spot with radiusr p,me=70 um, resulting in a peak intensity —_ 17%=gap ! “gap ;e

at the sample interface d§=115 GW cm?2 The reflectivity 2 5 ' l—f —
of a weaker probe pulse with frequencyyndcC o i ‘ A P g
=7692 cm?, a pulse width of 140 fs, and a smaller spot § E E 7 =
radius of rpope=20 um was measured in the center of the - ! ,:'ﬁ/ —
pumped spot at different time delays with respect to the W A B

pump pulse. The scan in the upper part of Fig. 2 shows that 0 5006' 70000 15080

the reflectivity of the sample changes from 32% to 28%. The pump frequency (cm™)

switching time is taken as the time in which the relative
reflectivity change increases from 10% to 90%, correspondFIG. 3. Absorption coefficientsr and 3 of Si versus pump frequency. The
ing to a reflectivity of 31.6% and 28.4%, respectively. Fromdashed vertical lines correspond to photon energie, f 2 andE,;, The
Fig. 2 we obtain a switching time of 230 fs, confirming an open-squares indicate I|r_1ear_ absorppon coeﬁ|C|ents_taken from Re_f. 16
. (right-hand scale The solid triangles indicate the two-photon absorption
ultrafast change im’. coefficients that we have determined kByscan measurementgeft-hand
From Fresnel's formula we find the refractive index scalg. The left-filled triangles indicate the values from Ref. 17, the right-
change to be more than 10%, corresponding to a large gerﬂued triangles are data from Ref. 18, and the open triangle data from Ref.
erated carrier density of 1:610°° cm 3. This is about twice o
the carrier density that is needed to obtain a change€ iof
5% for probe light aiwe We have shown that optical car- telecom frequencies. The remainder of this paper will discuss
rier generation can be used to chamjeby a large amount the fourth requirement: the spatial switching homogeneity.
on a subpicosecond time scale, meeting the first two of the
four main density of states switching requirements.
For_ applications such as opti_cal modulators _andm_ OPTICAL PROPERTIES OF SILICON
waveguides, much smaller changesninare already suffi-
cient, typicallyAn'=10"% see Ref. 7. This corresponds to a  To analyze the switching homogeneity in theirection,
carrier density of 18 cm™. For such low carrier densities, we briefly consider how pump light is absorbed in semicon-
the required pump pulse energy @f,,,/c=12 500 cmtis  ductors. At low pump intensitiels the absorption of light in
on the order of several nJ, allowing the use of diode lasersemiconductors scales with the intensity; where the ab-
with repetition rates exceeding 1 GHz as a pump sourcesorption coefficientr tends to zero for photon energiés
Thus, it seems that carrier-induced optical switching maybelow the electronic bandgap energy., see Fig. 3 for
have much broader applications beyond photonic crystals. silicon. At high pumping intensities, nonlinear two-photon
Next, we will discuss the induced absorption in switchedabsorption starts to play an important role. For two-photon
semiconductors, which is the third density of states switchingabsorption, the absorption is proportional &7, whereg is
requirement. The carrier absorption lengthof the excited the two-photon absorption coefficient. This coefficient is ex-

carrier plasma is equal to pected to vanish fofiw>Egy,/2. Figure 3 displays the fre-
guency dependence of the linear and two-photon absorption
| = 1 (4) coefficients of silicon. The data was obtained from our mea-
@ 2k (w)’ surements and from Refs. 16-19: With our laser system,

) ) ] ) z-scan measuremeftswere performed to obtain the two-
where ko=wn’(w)/c. After inserting the expressions for photon absorption coefficieng at two additional wave-

n'(w) andn”(w) from Eq.(2), we get lengths. For bulk silicon aty,n,/c=5000 cm?, 8 was mea-
2 sured to be 0.20+0.05 cm GW At v,/ c=6250 cnt, we

lea= <3> nC. (5) obtained8=0.80+0.1 cm GW!. The latter value is in excel-
@p lent correspondence with the valy=0.88+0.13 cm GW

We immediately see that the absorption length is in-al ¥pumy/ C=6494 cm* from Ref. 17. Our measurements con-
versely proportional to the plasma frequenaysquared and firm that B tends.to zero for photoq energies ap_proachm_g
thus inversely proportional to the carrier density. In silicon, Egag/ 2. Both the linear and the nonlinear absorption coeffi-
the carrier absorption length of probe light @ is I, €Nt can thus be controlled by varying the pump frequency.
=22 um for a carrier density of 8 cm™3. In our analysis of
3-D photonic crystals we assume the crystals to be inverse
opals with a typical filling silicon filling fraction ofd IV. HOMOGENEITY OF SWITCHED
=25%. The carrier absorption length in such crystals wilSEMICONDUCTORS
then be approximately four times larger than the bulk carrie%\ Homageneity in the  z direction
absorption length, of,;=88 um. This result shows that in "~
our analysis, where the carrier density is less thai{ €03, We now present a model that calculates the carrier den-
the carrier induced absorption faye remains very small. sity depth profileNg(2) caused by the absorption of pump
We have now shown that the first three requirements foftight. The absorbed intensity is described by the nonlinear
successful switching experiments can be met for silicon adifferential equation
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B (cmGW™)

FIG. 4. Calculated carrier density depth profiNy(z) for constantg 0 500 1000 1500
=2 cm GW and three different linear absorption coefficienis: 0 (solid o (cm'1)

curve), a=400 cm? (dashed curveand =800 cm?® (dotted curvé With

Ng, at the interface kept constant at &a0%° cm3, the necessary pump
intensityl, is calculated, assuming thaf,,m,=120 fs and p;m,=75 um. The
corresponding carrier density depth profile was obtained with(Bq.The
homogeneity length,,,, is shown fora=0. The right-hand scale shows the
resulting refractive index’ for »/c=6450 cm* light in Si.

FIG. 5. Homogeneity plot. Contours of constift, are plotted in théa, B)
plane, defining regions in which homogeneous switching can be achieved.
The generated carrier density is kept constanNgf0)=0.9x 10%° cm3,
enough for a 5% change in’. The solid curve corresponds tigyn
=2.9 um, the dashed curve tig,,=1.0 um, and the dotted curve tigy,
=0.6 um for bulk silicon. The closed squares connected by the dotted arrow

dl are linear and two-photon coefficients for Si obtained from Fig. 2. The open
(Z) —_ [al (2) + ﬁlz(z)] (6) circles a, b, and ¢ correspond to the depth profggz) plotted in Fig. 4.
dz ! Pumping parameters: 7,,,=120 fs, rpm=75um; and vy n/C
=5000 cm™.

which we have solved by implicit integration. The resulting

expression describing the intensity depth profile is o ~
three depth profiles in Fig. 4 shows that fe~0 cni?, the

(2) = lgg™** ) homogeneity length is 1.0m. As « increases to 400 cth
1+(Blya)(l-€e9’ the homogeneity length increases to L. As « increases

] ] ) ) ] _ further to 800 critt, the homogeneity length decreases again
wherely is the intensity at the interface. The resulting carriery, 1.0 um. The surprising occurrence of a maximum in the

density profileNg(2) is related to the intensity depth profile homogeneity length can be explained with the aid of @.

I(2) as For smalla (a<1,B), the absorption is dominated by two-
1(2) Toum 1 photon absorption. Ife increases, the pump intensity
Ner(2) = ﬁp—p a+ 5,3| 2|, (8)  needed to obtain the surface carrier density decreases, reduc-
pump ing the slope of the intensity profile at the interface, deter-
where 7,m, is the pump pulse duration. The factor 1/2 for mined by the exponent(w+1y8). This leads to an increase
two-photon absorption indicates that two photons must bén I, If a increases further to the regime where the absorp-
absorbed to generate one electron—hole pair. The substitutiaion is dominated by linear absorptige> 1,3), any further
of Eq. (7) into Eq.(8) allows us to calculate the carrier den- increase ina will result in a decrease of the homogeneity
sity profile for any given combination af, 8, andl,,. length. In the region between the two extremes, the homoge-
We now investigate the relation between the absorptiomeity length apparently attains a maximum value. This means
coefficients and pumping homogeneity. To quantify the hothat simply choosing two-photofor perhaps even higher-
mogeneity of a switched sample, we first define the homophoton absorption over linear absorption is not always suf-
geneity lengtHy,o,, within which the carrier density remains ficient to ensure an optimal homogeneity.

within 10% of its surface value: We make a homogeneity plot to obtain further insight in
1 dN(2) the influence oftr and B on the homogeneity. First we choose
lhom= 0.1X [—Lh] ) (9) a fixed electron density at the interfach(0)=0.9
Neh(z) dz z=0

X 10?° cmi 3. The corresponding homogeneity length con-
Because the homogeneity length is directly related to théours are then deduced from our absorption model, and visu-
maximum gradient in the carrier depth profile, it is a helpfulalized in a plane spanned by linear and two-photon absorp-
parameter in quantifying the homogeneity of switched semition coefficients; see Fig. 5. The absorption coefficients for
conductors. For applications where switching homogeneity isilicon at various frequencies taken from Fig. 3 are also plot-
important, the homogeneity length should be much largeted in the plane in Fig. 5. The three depth profiles shown in
than the size of the switched sample. To illustrate the homoFig. 4 correspond to positions a, b, and ¢ in Fig. 5. To obtain
geneity length, three carrier density depth profiles are showa certain minimum homogeneity, the absorption coefficients
in Fig. 4 for whichg is kept constant at 2 cm GW andais ~ must remain below the curve corresponding to the particular
varied from zero(dotted curve to 400 cm? (dashed curve  minimum homogeneity. This graph thus allows us to directly
to 800 cm? (solid curve. For each casd is chosen such obtain the homogeneity length that can be obtained for a
that the carrier density reaches &.90°° cmi 3 at the sample  semiconductor at a certain frequency. The homogeneity plot
interface, corresponding to a 5% changenirat v in sili- demonstrates how pumping homogeneity can be maximized
con. On the righty axis the corresponding real part of the by choosing the appropriate pump frequency. Generally,
refractive indexn’ for silicon at v is shown. The pump smaller absorption coefficients lead to an increased homoge-
frequency was assumed to be 5000 tm closer look at the  neity. This increase comes at the price of a higher necessary
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1.0, ; parameter trajectory at some point. Such an intersection de-
. APer® fpom=15 B, termines the upper limit to the carrier densityiven lyom
— H Neh=1x_ __ _’_th ----- =1.5 um) as well as the pump frequency that pertains to the
; ki relevant(a, 8) point. For silicon, this intersection is calcu-
Q0.5 g Ny lated to occur aNg,=1.9% 10?° cmi 3. From Eq.(3) we ob-
g @ Nen 2¥107CM " fhom \ tain the corresponding maximum homogeneous change in
~ : - the refractive index aty. to be 11%.
= 'n___"ie'l—fx j‘izofmj'_lilmax} The condition of a maximum intensitl,,,, can be re-
oD Ngn=1x10%cm®, 1=:n;x'j" laxed by choosing a smaller pump spot radiys,, The
. 0 1'0 2'0 3'0 as_sumed pump radius of Zom provides a Iate_ral homoge-
o (cm'1) neity that is large compared to the homogeneity requirement;

therefore we could choose a smaligy,,, while maintaining
FIG. 6. Carrier density contours for a particular bulk homogeneity chosen asufficient lateral homogeneity. A higher pump intensity
lhom="1.5 um. The contours correspond to two different values Ngg0): would allow homogeneous switching experiments at even
t:i chgts:fr:::g liTnﬁ; tuNen(eC:)z ig i?z‘;g?:, :ir;dotfhiusrsgfsi if;?rseémgrﬁ:? lower absorption coefficients, allowing larger changes of the
=1.5um. T-he Iowe‘r)pcurve of each pairpindicates the minimu'?n absg'fptionrefracuve mde)_(' However’ \_Ne must keep m_ mind that t,he
coefficients for which the giveN,(0) can be obtained without exceeding Carrier absorption length is inversely proportional to the in-
the maximum intensity,,,=1 TW cni2. The closed squares connected by duced carrier density; see E¢p). For a refractive index
t,:t]e dotted curve are th:e andf%lcz%erﬁcients f(irgi obtaineddfrom Fig. 3. change of 11%, we predict the carrier absorption length in-
CUTPINg , PATAMEIEIS: Tpun™= 1201, Tpumy™ 5w, - an “wun/®  side a photonic crystal to drop tg,=38 um, which may be
sufficient to meet our third requirement for switching experi-
ments in photonic crystals. At higher carrier densities, how-
pump intensityly. From Fig. 5 we conclude that the most ever, the carrier absorption length will become too small to
homogeneous switch for silicon can be achieved fommeet this requirement.
Vpump/ €=5000 cm?. For this pump frequency, the homoge- A similar analysis can be done for other semiconductor
neity length is 2.9um. For comparison, ify,,my/Cis equalto  materials. The carrier density needed for a 5% chang¥ in
12 500 cm?, the homogeneity length is only 0gm. The  will depend on material properties such as the optical effec-
necessary pump intensity remains below the maximum avaiftive mass of the carriers and the Drude damping timsee
able pump energy of our laser systém,. Our generalized Eq.(1)]. We briefly discuss switching of GaAs at a frequency
homogeneity plot is valid for all materials and allows us to »/c=9430 cmi* proposed in Ref. 6. For GaAs the optical
find optimum switching conditions. The choice for pumping effective massm,,=0.06 is 2.5 times smaller than for
frequencies that are low in the two-photon absorption regimeilicon”” Therefore, the carrier density in GaAs is 2.5 times
drastically increases the pumping homogeneity. lower than what is required for the same refractive index
We now make a plot that shows surface carrier densitghange in silicon. We find that the area increases in which
contours[Ne(0)] corresponding to a particular fixed homo- the homogeneity requirement can be met. However, the two-
geneity length. From such a plot the maximum homogeneoughoton absorption coefficient for GaAs mtc=9430 cm'* is
change in refractive index can be derived. We choose a fixed6 cm GW™, far above the homogeneous switching dfea.
homogeneity length of 1.5m, since inside a typical photo- This immediately shows, that GaAs at this pump frequency
nic crystal with a 25% filling fraction, the homogeneity cannot be used in homogeneous switching experiments.
length will be four times larget6 um), thus fulfilling our ~ From this brief analysis we learn that the pumping frequen-
homogeneity requirement. Figure 6 displays contours for tw&ies in GaAs should be reduced, to where the two-photon
different carrier densities Ngy=1x102°cm™ and 2  absorption coefficient is a much lower value.
X 107 cm3,
In Fig. 6, the upper curve is the homogeneity contour, ,
and the lower one of each pair of curves indicates the miniB- bateral homogeneity
mum absorption coefficients for which carrier density can be  We now consider the homogeneity in the latefaly)
generated given the maximum available intenslty,, directions. We have measured the relative change in probe
=1 TW cnm2.? For feasible switching experiments, the ab- reflectivity from a bulk silicon sample pumped in the two-
sorption coefficients must be in the area to the right of thephoton absorption regime a},n,y/c=6250 cn'; see Fig. 7.
intersection of the two curves. As the carrier density in-For this frequency,3=0.8+0.1 cm GW! and «=0. The
creases, the constah,, line moves toward lower absorp- probe delay is fixed at 10 ps to avoid transient effects. The
tion coefficients, while thd, line moves toward higher pump focus position is shifted with respect to the probe fo-
values. As an example, for a carrier density of 2cus by adjusting the pump mirror with a micrometer drive.
X 107° cm™3, homogeneous switching can only be achievedThe pump energyE, mp is 10.8uJ on a focus withrpmp,
for absorption coefficients within the shaded area in Fig. 6. 180 um. The probe frequencyp,d ¢ is 7692 cm?, with a
is seen that this area does not overlap with the trajectory dfocus size off yope=25 um. The dashed line in the graph is
silicon parameters. Therefore, this carrier density is notrawn to indicate the width of the pump intensity distribu-
achievable, givet,,,=1.5 um. With decreasing carrier den- tion. The measured relative reflectivity shows a minimum at
sity, the range between the curves will overlap the silicorthe center of the pump distribution, and decreases away from
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In the limit of weak scattering, whetg,> 1,5 EQ.(10)
reduces td,,=0.1X 4 In the limit of strong scattering,
wherel i, <la, the homogeneity length becomisg,,=0.1
X lmep- As opposed to the adverse effect of scattering on the
homogeneity in the direction, scattering will generally be
favorable for lateral homogeneity, as pump light that is re-

S
o

o
a
Ipump (normalized)

1.0 moved from the coherent pump beam is be scattered
. T . laterally.
-100 0 100 Recently, our group has developed a quantitative model
pump focus position (um) of the mean-free path inside photonic crysfdi©ne of the

_ N _ main results of the analysis is that the mean-free path for
F_IG. 7. Relative plfo_be reflectivity measurement on a bulk Si sample fo"pump light decreases with pump frequency squangﬂn
different lateral positions of the probe focus with respect to the probe focus.l_h bsolute val f the mean-fr th d nd npt nl
The probe delay1 is fixed at 10 ps. Pumping parametegs,=120 fs, ef absolute batue| 0 € mean-iree E[’_a f?ﬁe S tci 0 g/
Voumy/ 6=6250 O, Eqymy=10.8 1, Tpumg=80 M, 7= 120 f5, mrendc  ON frequency, but also on many properties of the crystal suc
=7692 cm?, rqne=25 um. The squares are the measured data points, fittedas the unit cell size, the amount of disorder, and the refrac-

with a Gaussian curve width of 68+1@6m (solid curvg. The horizontal tive index contrast. As an example we app|y the model to a
dotted line indicates the level where the change in reflectivity has decreased ! ’

by 10%. From the vertical dotted lines, which indicate the intersections ofSIIiCOn inverse opal photonic crystal with a lattice parameter
the 90% line with the Gaussian fit of the data, we obtain a lateral homogeOf a=1240 nm, corresponding to a bandgap frequency near
neity length of 32um, illustrating the excellent lateral homogeneity. The .. We assume combined size polydispersity and lattice
dashed curve indicates the measured width of the pump focus. displacements of 2%which is beyond the current state of
the ar}. From the model of Ref. 23, we obtain a mean-free
the center. The reflectivity data was fitted by a Gaussiapath of 5.3 unit cells for pump light atvpymgd €
curve (solid curve. The radius of this measured reflectivity =12 500 cm®. The corresponding homogeneity length,
minimum is 34+5um, which is considerably smaller than dominated byl would thus be 0.5 unit cells, well below
I'oump TO Obtain the lateral homogeneity length, we have deour homogeneity requirement of 5 unit cells. For a 2.5 times
termined the maximum lateral distance by the pump focusower pump frequency of 5000 ¢y the model predicts a
center for whichAR/R remains within 10% of its maximum (2.5)2 times larger mean-free path 0f,=33.3 unit cells
value (dotted lineg. This distance turns out to be k8n in  inside the crystal. Together with the earlier obtained absorp-
both directions, corresponding to a homogeneity length ofion length ofl,,=116 um (=93 unit cell3, we obtain a
32 um. This illustrates that for a sample pumped by a pumphomogeneity length of(1/93+1/3371]/10=2.4 unit cells.
beam withr,,n;=80 um, the lateral homogeneity length is This result points out that even at pump frequencies near the
much better than @gm, which we required for switching of  two-photon absorption edge of silicon, the homogeneity re-

the density of states. quirement of 5 unit cells cannot be met in silicon inverse
opals with a lattice parameter af=1240 nm.

V. SWITCHING HOMOGENEITY IN REAL PHOTONIC The scattering model predicts that decreasing the unit

CRYSTALS cell size will result in higher homogeneity, as this will reduce

_ ) the relative pump frequency. Therefore, we consider silicon
The above analysis was done for bulk semiconductof orse opals with a reduced lattice parameter af

samples. To obtain the homogeneity length in photonic crys- 900 nm, corresponding to a bandgap near 8900 cjust

tals, the bulk absorption length is divided by the semicony,g|qy the absorption edge of silicon. The scattering model
ductor filling fraction®. In case of a 5% switch of the re- predicts a larger mean-free path for pump light with a fre-
fractive index in i silicon photonicl crystal wim:ZS% at quency of 5000 ciif of |mip=63 unit cells. Using the absorp-
Vpump/ €=5000 cm”, the homogeneity length thus increasesijq, |ength of 116xm (=116 unit cell3, we obtain a homo-
from 2.9 to 11.6um, which is M|ce the homogeneity re- geneity length ofon=[(1/116+1/6371]/10=4.1 unit cells,
qwrement_lof 6,ur_n. For a hlgher_ pump frequency of close to our homogeneity requirement.
12500 cm®, we find a homogeneity length of 2/m, Major improvements in switching homogeneity can be
which is too low. This illustrates that the homogeneity re- made by studying diamond-like structuféZ® as the lattice
quired for switching of the density of states in silicon pho- parameter can be as low as 600 nm for a bandgap agar
tonic crystals can only be performed at two-photon absorpy, ch crystals. In such structures, the scattering model re-
tion frequencies. o _ mains unchanged, apart from a constant prefactor that de-
In the analysis so far, the extinction of pump light due t0 yogg on the shape of the unit cell. We predict that reduced
random scattering inside the photonic crystals was neglecteg, ;- parameters will decrease the relative pump frequency

We now discuss how to incorporate inevitable scattering irbufficiently to allow the homogeneous photonic density of
photonic samples. Scattering is quantified by the mean-freg; g switching experiments.

path |,;: the characteristic length over which a coherent
beam becomes diffuse. The homogeneity length of light in-

side a photonic crystal is related ltgy, andl,,sas VI. CONCLUSIONS
I —01x 1.1 - (10) We have discussed four important requirements for free-
hom = = labs  Imip carrier-induced optical changes in semiconductors, with an
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