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Birefringence in optical waveguides made by silicon
nanocrystal superlattices
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We investigate the optical properties of planar waveguides where the core layer is formed by a
silicon nanocrystalgSi-ng)/SiO, superlattice. M-line measurements of the different waveguides
yield the mode indices, which can be modeled by assuming anisotropic optical properties of the core
layer. This anisotropy is related to the superlattice, i.e., it is a form birefringence. By modeling the
m-line measurements with the structural data obtained by transmission electron microscopy
analysis, we determine for each waveguide the value of the form birefringence, an upper limit of the
nanocrystals size and their refractive index. Values of the form birefringence as high as 1% have
been found. €2004 American Institute of PhysidDOI: 10.1063/1.1779969

Low-dimensional silicon, as silicon nanocrysté®-no), substrate. Rotation of the substrate enables high deposition
is a material with extremely interesting optoelectronichomogeneity over the whole wafer. More details on the
properties: Efficient room-temperature emission which can growth method and apparatus are reported in Ref. 5. Briefly,
be also electrically excitefinonlinear optical properties with the SL structure is formed by repetitive depositions of na-
increased third-order nonlinear susceptibifitand stimu-  nometer thick SiQ (y=1) and SiQ layers. The SiQlayers
lated emissiohare just some examples. The usual process tavere deposited by reactive evaporation of SiO powders in a
form Si-nc is by a thermally induced phase separation of Svacuum, while for Si@ an additional oxygen pressure of 1
and SiQ. An undesired result of this process is the large size< 10 mbar was used. The substrate temperature was
dispersion of the Si-nc. Recently, an approach to reduce th&00 °C. The stoichiometry was measured by Rutherford
size dispersion has been propodethis is based on the backscattering method using equally deposited thick SiO and
deposition of nanometer-thick multilayers of Sicand  SIiO; films. After deposition, annealing at 1100 °C in g N
SiO, (y=2). After thermal annealing at a high temperature,atmosphere for 1 h induces the formation of Si-nc. Four pla-
a phase separation occurs only in the Si@yers where Si-nc  "ar waveguidegnamed A, B, C, D have been investigated,
form with a typical size constrained to the Sifickness. In ~ S€€ Table I. They differ mainly for the thickness of the SiO
this way, a very narrow dispersion of Si-nc sizes islayers in the SL. TEM(transmission electron microscopy

achieved. The final result is a stack of layers of Si@nd studies show that during the annealing, oxidation takes place
Si-nc rich SiQ, called a superlatticéSL) in the following. at the interfaces between the SL and the quartz substrate or

Si-nc rich samples have homogeneous optical propertie e air because the quartz substra.te was hot preannealed to
because the Si-nc sizes are much smaller than the wav&five out residual water. Such oxidation consumes a few

length of light. Their refractive index depends on the Si-nc I-nc/SiQ, periods replacing them with an amorphous SiO
sizes and concentration. Si-nc-based waveguides where the

cladding Iayers are formed by Sj@nd the core |ayer is rich TAB_LE l. Nomiqal growth parameterg and param_eters e‘xtracted from Cross-
in Si-nc can be formed. Usually Si-nc are randomly arrange(%f_d'o”a' TEM images for the studied waveguiddgq, is the nominal
thickness of the silicon oxide deposited Iayea@oz is the nominal thickness

!n the vyavegwde core and ,the resu_ltmg OPt'Cal ConSt.antS Al the silica layers, anbllg; andNg;o, are the number of SiO and Sj@ayers
isotropic. On the contrary, in the Si-nc/SIGL, there is a i, the active SL. 2

stack of alternate low and high refractive index nanometer
thick layers, which forms an homogeneous medium with a Waveguide name A B o D
high form birefringenceln this system, the optical constants
are uniaxial with ordinann, and extraordinary, refractive

(@) Nominal parameters

L . h . . . dsig (Nm 2 3 4 5
indices. A negative material birefringengs=(n.—n,)/n, is ds'ov Enm; 5 5 5 5
. . 7 . . . SiOo,

prqd|cted theqretlcall§/. In this letter, we .conf|rm this theo—. Nus/Nsio, 45/46  45/46  45/46  45/46

retical prediction and report on the optical characterization

and modeling of the form birefringence of Si-nc/SiSLs. (b) TEM data

Waveguides were produced in a conventional evaporation Bottom SiG thu;kness(nm) 25 25 71 11

system by deposition of the layered structure on a quartz Superlattice thicknesgim) 152 186 2145 2952

Top SiQ, thickness(nm) 69.5 68 14 25

Total measured thicknegam) 247 270 291 331
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FIG. 1. TEM image of waveguide Bight) and schematization of the struc- LI Nas e L B S S B S

ture used in the simulatior(geft). k is the propagation vector of the guided TE
wave. TE and TM define the two polarizations of the light. It is also showed 1.0
the indexes ellipse. )
—— experiment
0.8 - model
layer (x=2) whose thickness is sample dependent. Hence, 148 150

the final structure of the waveguides is a sequence of four n

layers: A quartz cladding, a bottom SiOayer, a Si

-nc/SiO, SL core layer, and a top SjQayer (see Fig. 1 FIG. 2. M-line measurements for the TE and TM polarization on waveguide

Their thickness is determined by TEM and reported in TableP (solid) together _With a simulatiotidash made using the extracted ordi-

|. By dividing the measured thickness of the SL core by the"@Y and extraordinary indexes.

counted number of SL periods, the SL period thickness can

be estimated. i.e., birefringence, we have to use two indices in the simula-
To characterize the optical properties of the waveguidestion: An ordinary (n,) and an extraordinaryn,) refractive

standard m-line measurements have been performed wittne. An estimation of these indices can be done by uing:

two wavelengthsh =633 and 543 nm. Representative m-line

measurements on waveguide D are shown in Fig. 2 and a Nnshiisdis + Nsio,NSi0,dsio,

summary of the results on all the waveguides is reported in  ng= Tt de : (1a)
Table II. Each data point is an average of repeated measure- NS © HSIO,
ments on various points on the waveguide. The waveguides
were single-mode waveguides. 1 dys + dsio

As expected, the effective modal indicagz and nyy, —= - , (1b)
and the modal birefringencéB=nsg-n7y) depend on both Ne  NnsOns + Nsio,dsio,

the wavelengti{due to index dispersigrand the Si-nc size
(due to a variation in the overall Si content of the SL lgyer
Usually,ng andnyy, can be simulated by using a waveguide where the average is performed on the SL layer assuming a
simulation code, where the Si-nc rich layer is described by #eriodic structure oNys layers with refractive inderys and
single refractive index. In our data, because of the multilayethicknessdys (the Si-nc rich layers andNs;o, with a refrac-
structure which causes anisotropy in the optical constantgive index Nsio, and thicknesgdsio2 (the SiG layers. This

2 2
Nns Nsio,

TABLE II. Summary of the different waveguide parameters extracted from the m-line measurements, simula-
tions and TEM imagesirg(nyy) is the modal index for TETM) mode, B is the modal birefringencBe(I'ry)

is the optical filling factor in the waveguide core for TEM) mode, andn, and n, are the ordinary and
extraordinary effective indices of the core laygr100*(n.—n,)/n, is the material birefringence.

Waveguide B Waveguide C Waveguide D
633 nm 543 nm 633 nm 543 nm 633 nm 543 nm
Nre 1.462+0.001 1.473+0.001 1.476+0.001 1.497+0.001 1.519+0.001 1.553+0.001
Ny 1.456+0.002 1.463+0.001 1.458+0.001 1.471+0.001 1.486+0.001 1.518+0.001
B=ni-ngy 0.006+0.003 0.010+0.002 0.018+0.002 0.026+0.002 0.033+0.002 0.035+0.002
I'e(%) 27 42 44 59 72 81
I'ru(%) 3 23 10 35 56 73
Nsiox 1.4755 1.4790 1.4755 1.4790 1.4755 1.4790
Ny 1.564+0.003 1.568+0.002 1.600+0.002 1.611+0.002 1.621+0.001 1.643+0.001
Ne 1.567+0.005 1.581+0.004 1.596+0.002 1.603+0.001 1.624+0.001
B(%) -0.5+0.5 -1.1+0.3 -1.0+£0.3 -1.1+0.1 -1.1+0.1
dns 2.2£0.3 nm 3.1£0.2 nm 3.3t0.1nm 44+01nm 4.4x0.1nm
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model fixes the condition,<n,, i.e., negative birefringence. dia, we can estimate refractive index value of the Si-nc-rich
As sample D has a negligible thickness of the Si€y-  layer® Let us assume that all the excess Si in the deposited
ers(see Table), we modeled it as a three-layer waveguide:SiO, layer is consumed in the formation of the Si-nc. If a
Air, quartz, and the SL core layer. It was assumed thaperfect phase separation in Si-nc and Si©assumed, this
Nsio,=1.458 or 1.457 at 543 or 633 nm. Simulation of the corresponds to a Si volumetric fraction of 30%. By using the
m-line data yield:, andn.. Fromn,, n,, and Eq.(1), dys, Bruggemann approximation, we found=1.97 at 633 nm
dSioz, and nyg are found with the only constraint thelgio2 and 2.01 at 543 nm, where we have taken the refractive in-
+dys should be equal to the SL period measured by TEMdex of bulk silicon for the Si-nc. It is possible to refine this
The procedure is different for the other waveguides becausestimation by taking into account that the refractive index of
of the thickness of the SiQlayers(Table ). The refractive  the Si-nc can be lower than that of Si bdfk'*In any case,
index Nsio, of such layers is not known. As in the TEM the obtained values are higher thags leading us to think
imagesl no contrast between the SIQ/ers and the quartz that either the Composition of the matrix is not pure §IO
substrate is observed, we make the conservative assumptié®d., contamination with N or other species is presennhot
of takingx=<2, i-e-.nSioX*nSioz-lo Moreover, if we consider all excess Si_is spent'in the formation of nanocrysta!s. Evi-
that the composition of the deposited Silayers in the SL ~ dence of an intermediate region of amorphous,Sitating
and the annealing temperature are the same for all the Si-nc surface has been reported in literattirEnergy-
waveguides, we can assume the very samg for all filtered TEM measurements show that the quantity of Si in

waveguides, that found for waveguide D. In this way, a pairth€ Si-nc is lower than the quantity of excess Si in the de-
of n, and n, which models the m-line measurements andPosited SiQ.™ Both observations support our results.

solves Eq.(1) can be obtained by using as free parameters In conclusion, we have found a negative form birefrin-
dys anddsjo,, only. In Table II, the results of this procedure gence of about 1% in a set of planar waveguides whose

are reported. The material birefringence values we found ar@Ctive core was a periodic repetition of a Si-nc-rich SO
robust with respect to variation ing;g, . layer and a SiQ layer. This form birefringence could be

Waveguide D supports both the transverse ele¢¥e) exploited in optical devices, such as wavelength filters, co-
and transverse magneti€M) modes with the highest filling N€rence modulators, and polarization convertéigs mod-

factors. The modeling of the complete waveguide structure‘?"”g allows the determination of different structural and op-

with the two thin SiQ layers, yields a value for the birefrin- tical parameters of the SLs. As in other reports, we found a

gence parameteB~-1.1%. The estimated refractive index Iowe_r Si-nc concentration than expected from pure stoichio-
Nus is 1.705 at 633 nm and 1.735 at 543 nm. Waveguide ¢Netric arguments.
has smaller filling factors but similgB~-1.1% as wave- L ) ) » - )
guide D. Waveguide B at 633 nm shows a weak optical con- tsdnizs(lscglih ';'e fr;\?&f(';?kL'z';%‘fﬂ'ght'Em'mng Silicon for Micropho-
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