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Abstract

In this work, we present the waveguiding properties of a set of mono-dispersed silicon nanocrystal Si-nc superlattices. The meas-

ured modal refractive indices (obtained by the m-line technique) of different samples can only be explained by assuming a negative

‘‘form birefringence’’ of about 1% originating from the particular structure of the active core, i.e., a periodical set of parallel planes

of two different materials. By means of a simple model for the ordinary and extraordinary refractive indices in this kind of struc-

tures, by using the information from TEM images and the nominal growth parameters, and by considering as free parameters the

upper size of the diameter of Si-nc, we are able to fit the m-line measurements in a unique way. We also report gain measurements on

this set of samples, showing that, under high power pulsed excitation, positive optical gain is observed in samples that provide both

good light confinement inside the waveguide and the right Si-nc dimension.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Low dimensional silicon, as silicon nanocrystals

(Si-nc), is a material with extremely interesting optoelec-

tronic properties [1]. Efficient room temperature emis-

sion which can also be electrically excited [2] and

non-linear optical properties with increased third order
non-linear susceptibility [3] had been reported. The use

of Si-nc is also one of the possible approaches to have

a silicon laser operating at around 750nm [4]. The exper-

imental work in this field has raised up very rapidly with

the aim to confirm or, independently, to demonstrate

that stimulated emission from silicon is possible [5–9].

The lowering of the dimensionality of silicon in Si-nc,
0925-3467/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.optmat.2004.08.011

* Corresponding author. Tel.: +39 46 1882030; fax: +39 48 1881696.

E-mail address: navarro@science.unitn.it (D. Navarro-Urrios).
together with their interaction with the embedding ma-

trix (usually SiO2) are invoked to explain the high emis-

sion efficiency and the observation of net optical gain.

The usual process to form Si-nc is by a thermally in-

duced phase separation of Si and SiO2. With this

method an undesired result is the large size dispersion

of the Si-nc, which causes an inhomogeneous broaden-
ing of the emission band and reduces stimulated emis-

sion efficiency. Recently an approach to reduce the size

dispersion of Si-nc has been proposed [10] by using amor-

phous SiO2/SiOy (y < 2) superlattices. After thermal

annealing at high temperature, a phase separation oc-

curs only in the deposited SiOy layers where Si-nc form

with a typical size constrained to the SiOy layer thick-

ness. This leads to a stack of layers of SiO2 and Si-nc
rich SiO2, named superlattice (SL) in the following, that

shows narrow Si-nc size dispersion [10].
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Because the Si-nc are much smaller than the wave-

length of the light, this kind of samples has homogene-

ous optical properties. As we have already mentioned,

in samples grown by the usual method, Si-nc are ran-

domly arranged over the waveguide core, making the

material refractive index to be isotropic. On the con-
trary, in a Si-nc SL which is made by two alternative

materials with different refractive indices, the optical

behaviour is no more isotropic. The light polarized par-

allel to the layers (TE-polarization) experiments the

ordinary refractive index (no), which is higher than the

extraordinary refractive index (ne) experimented by

the light polarized perpendicularly to the layers (TM-

polarization). Therefore a negative material birefrin-
gence b = (ne � no)/no [11,12] is typical of Si-nc SL. In

this work we confirm this theoretical prediction and re-

port on the optical characterization and modelling of

the form birefringence of Si-nc/SiO2 superlattices. In

addition we have measured that Si-nc SL show positive

optical gain under high fluency pumping conditions.
2. Experimental

Waveguides were produced in a conventional evapo-

ration system by deposition of the layered structure on a

quartz substrate. Rotation of the substrate enables high

deposition homogeneity over the whole wafer. More de-

tails on the growth method and apparatus are reported

in Ref. [10]. Briefly, the SL structure is formed by repet-
itive depositions of nanometer thick SiOy (y � 1) and

SiO2 layers. After deposition, annealing at 1100 �C in

N2 atmosphere for 1h induces the formation of Si-nc.

Table 1 reports the characteristics of the four planar

waveguides (named A, B, C, D) that have been investi-

gated. They differ mainly for the thickness of the SiOy

layers in the SL. From the transmission electron micros-

copy (TEM) studies it is shown that the number of peri-
ods of the SL is less than the nominal values. In fact, the

annealing effect is not very efficient at the interfaces be-

tween the SL and the quartz substrate or the air when
Table 1

Nominal growth parameters and parameters extracted from cross sectional

Waveguide name A

Nominal parameters

dNS (nm) 2

dSiO2
(nm) 5

NNS/NSiO2
45/46

TEM data

Bottom SiOx thickness (nm) 25

Superlattice thickness (nm) 152

Top SiOx thickness (nm) 69.5

Total measured thickness (nm) 247

dNS is the nominal thickness of the silicon oxide deposited layers, dSiO2
is the

SiO and SiO2 layers in the active superlattice.
the quartz substrate is not pre-annealed to drive out

residual water. Such oxidation consumes a few Si-nc/

SiO2 periods replacing them with an amorphous SiOx

layer (x � 2) where it is not possible to distinguish

Si-nc and whose thickness is varying from sample to

sample. Hence, the final structure of the waveguides is
a sequence of four layers: a quartz cladding, a bottom

SiOx layer, a Si-nc/SiO2 SL core layer, and a top SiOx

layer (see Fig. 1). Their thickness is determined by

TEM, as reported in Table 1. By dividing the measured

thickness of the SL core by the counted number of SL

periods, the SL period thickness can be estimated.

To characterize the optical properties of the wave-

guides, standard m-line measurements have been per-
formed with two wavelengths: k = 633 and 543nm.

The m-line technique is a highly sensitive and accurate

method to know the effective indices of the different

allowed modes that can propagate in a certain planar

waveguide. The position measurement of dark lines

(m-lines) that appear in a laser beam reflected on the

base of a prism coupled to a guide provides those values.

If the core thickness and the refractive index of the sub-
strate are known, it is in general possible to fit the effec-

tive indices having the refractive material index of the

core as the only free parameter. In Fig. 2 it is possible

to observe a typical m-line curve, relating to sample D.

The gain measurements were made by pumping the

samples with a pulsed excitation of the third harmonic

output (355nm) of a Nd:YAG laser, operating at

10Hz, with a pulse duration of 6ns and a maximum
average energy of 300mJ. In addition we have measured

that Si-nc SL show positive optical gain under high flu-

ency pumping conditions [13].
3. Results and discussion

The results for each waveguide are reported in Table
2. Each point is an average of the measurements made

over the whole surface of the sample. The waveguides

were all single-mode waveguides.
TEM images for the studied waveguides

B C D

3 4 5

5 5 5

45/46 45/46 45/46

25 71 11

186 214.5 295.2

68 14 25

270 291 331

nominal thickness of the silica layers, NSi and NSiO2
are the number of
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Fig. 2. M-line measurements for the TE and TM polarization on

waveguide C (solid).

Fig. 1. TEM image of waveguide B (right) and schematization of the

structure used in the simulations (left). ~k is the propagation vector of

the guided wave. TE and TM define the two polarizations of the light.

It is also shown the indices-ellipse.
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As expected, the effective modal indices nTE and nTM
and the modal birefringence (B = nTE � nTM) depend on

both the wavelength (due to index dispersion) and the

Si-nc size (due to a variation of the overall Si content

of the SL layer). Usually nTE and nTM can be simulated

by using a waveguide simulation code, where the Si-nc

rich layer is described by a single refractive index. On
our data, it is impossible to fit the extracted effective

indices unless we assume a different refractive index

for each polarization (no for the ordinary and ne for

the extraordinary), therefore the structure shows a

‘‘form birefringence’’.

An estimation of these indices can be done by using
[14,15]:

n2o ¼
NNSn2NSdNS þ N SiO2

n2SiO2
dSiO2

dNS þ dSiO2

ð1aÞ

1

n2e
¼ dNS þ dSiO2

NNSdNS

n2
NS

þ NSiO2
dSiO2

n2
SiO2

ð1bÞ

where the average is performed on the SL layer assum-

ing a periodic structure of NNS layers with refractive

index nNS and thickness dNS (the Si-nc rich layers),

and NSiO2
layers with a refractive index nSiO2

and thick-

ness dSiO2
(the SiO2 layers). This model fixes the condi-

tion ne < no, i.e., negative birefringence.

One could also think that, because of the growth

technique, the nanocrystals could have a preference ob-
late shape giving rise to a form birefringence with a dif-

ferent origin. However, as it can clearly be seen in the

high resolution TEM micrograph of Ref. [9], statistically

there is a similar number of oblong and oblate

nanocrystals.

The simplest case is sample D, where we can assume

a simplified waveguide structure: an air top cladding, a

SiO2 bottom cladding and a SL layer, because the num-
ber of periods in the formed SL is almost the same as its

nominal value so that in the schematization of the sample

we can neglect uncrystallized layers. It was assumed nSiO2

to be 1.459 or 1.457 at 543 or 633nm, respectively. Once

found the ordinary (no) and extraordinary (ne) refractive

indices of the SL layer by simulating the m-line measure-

ments, it is sufficient to insert their values in formulas

(1a) and (1b), to obtain dNS, dSiO2
and nNS with the only

constrain that dSiO2
+ dNS should be equal to the SL per-

iod measured by TEM. In Fig. 3 we graphically show the

procedure for sample D. By changing nNS, and the thick-

ness ratio (dNS/(dSiO2
+ dNS)) only one set of parameters

is compatible with the no and ne deduced from the m-line

measurements. This set thus fixes nNS. It is interesting to

note that the birefringence is maximum when the two

layers have the same thickness.
In order to characterize the properties of the other

waveguides the procedure has been changed slightly be-

cause of the SiOx layers (Table 1). The refractive index

of such layers is not known. But, as seen in the TEM

images, no contrast between the SiOx layers and the

quartz substrate is observed, we make the conservative

assumption of taking x � 2, i.e., nSiOx
� nSiO2

[16]. More-

over, we will assume that the refractive index of
the nanocrystal layers is independent of the sample,

and we will use in the following nNS as estimated for



Table 2

Summary of the different waveguide parameters extracted from the m-line measurements, simulations and TEM images

Sample A Waveguide B Waveguide C Waveguide D

633nm 543nm 633nm 543nm 633nm 543nm

nTE – 1.462 ± 0.001 1.473 ± 0.001 1.476 ± 0.001 1.497 ± 0.001 1.519 ± 0.001 1.553 ± 0.001

nTM – 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 – 0.006 ± 0.003 0.010 ± 0.002 0.018 ± 0.002 0.026 ± 0.002 0.033 ± 0.002 0.035 ± 0.002

CTE (%) – 27 42 44 59 72 81

CTM (%) – 3 23 10 35 56 73

nSiOx – 1.4755 1.4790 1.4755 1.4790 1.4755 1.4790

no – 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 ± 0.3nm 3.1 ± 0.2nm 3.3 ± 0.1nm 4.4 ± 0.1nm 4.4 ± 0.1nm

g (cm�1) �26 ± 3 27 ± 0.2 22 ± 3 �2 ± 0.5

nTE (nTM) is the modal index for TE (TM) mode, B = nTE � nTM the modal birefringence, CTE (CTM) the optical confinement factor in the waveguide

core for TE (TM) mode, no and ne the ordinary and extraordinary effective index of the core layer. b = 100*(ne � no)/no is the material birefringence.

g is the gain coefficient at 750nm.
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Fig. 3. Dependence of the ordinary (solid), extraordinary (dash)

refractive indices with the relative thickness of the Si-nc layer that is

defined as dNS/(dSiO2
+ dNS), for different nNS refractive indices. Also

shown the material birefringence (lines-dots) for nNS = 1.705. The

intersection of these curves with the vertical line is the solution of this

sample, i.e., the only one that is compatible with the m-line

measurement.

766 D. Navarro-Urrios et al. / Optical Materials 27 (2005) 763–768
sample D. This is justified because the initial composi-

tion of the sub-stoichiometric layers is the same as well

as the annealing temperature and procedure. In this

way, a pair of no and ne which fit the m-line measure-

ments and solves Eq. (1) can be obtained with only

dNS and dSiO2
as free parameters. In Table 2, the results

of this procedure are reported. The material birefrin-
gence values we found are robust with respect to varia-

tion in nSiOx.

Waveguide D has the best waveguides properties in

terms of filling factors. Modelling of the structure leads

to a birefringence parameter b � �1.1%. nNS is 1.705 at

633nm and 1.735 at 543nm. Waveguide C has smaller

filling factors but similar b � �1.1% as waveguide D.

The m-line measurement for waveguide B at 633nm
shows a weak optical confinement of the TE mode and

an extremely weak one for the TM mode because of
the small thickness of the SL core. No reliable birefrin-

gence value can be extracted for this wavelength. In-

stead, at 543nm both TE and TM modes are confined

in waveguide B. The obtained birefringence b � �0.5%

is quite low comparable with the other waveguides and

with the theoretical estimation. Better agreement with

m-line measurements can be achieved by decreasing

nNS by 4% which leads to a slightly higher value of the
diameter of the Si-nc than the one reported in Table 2.

Sample A does not support any modes due to the signif-

icant large oxidation of the SL layers. This fact might be

the main reason why this sample does not show optical

gain while pumping it with high laser power.

In order to make another check of the model, we

measured other Si-nc rich waveguides obtained by ion

implantation and annealing [17]. By fitting the m-line
measurements we found no = ne, i.e., the core layer of

the waveguides behaves as an isotropic media with

refractive index in the range 1.55–1.65.

Form birefringence has been observed in many other

material systems, e.g., GaAs/AlGaAs multi quantum

well waveguides [15]. Due to the high refractive index

contrast in the Si/SiO2 system, the b values found in

our waveguides are higher than the ones reported in
the GaAs/AlGaAs system. Another silicon based mate-

rial which shows a natural form birefringence is porous

silicon [18,19]. Here the birefringence is due to the nat-

ure of the formation process which causes a preferential

direction in the pore formation and, hence, an aniso-

tropy in its optical properties. b values of about 10%

are found for porous silicon.

It is worth noting that modelling the waveguide data
yields a dNS i.e., dNS = 4.4, 3.3 and 2.2nm for the D, C

and B waveguide, respectively. These values are the only

ones that are not depending on the used wavelength so it

is a good confirmation of our procedure to reach the

same values of dNS with two different sets of data. These
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numbers are consistent with the peak shifting of the

photoluminescence spectra reported in Fig. 4 and the

nominal growth parameters (Table 1).

The extracted nNS value needs some comments. Its

magnitude could be also evaluated by making use of

the Bruggeman formula [14] for isotropic media by sup-
posing the ideal situation in which all the Si in excess

within the sub-stoichiometric layers has been consumed

in the formation of silicon nanocrystals. When we do

that, a Si volume fraction of 30% is obtained, which im-

plies a nNS = 1.97 for the red and 2.01 for the green.

Taking these values of nNS and using Eq. (1) we cannot

reproduce the no and ne values deduced by the m-line

measurements. As a possible explanation we suggest
that, either the composition of the matrix is not pure,

or, similarly to what occurred to the top and bottom

uncrystallized layers of the superlattice, not all silicon

in excess is spent in the nanocrystals formation but there

is the presence of amorphous SiOx between the nano-

crystals. In fact, evidences of an intermediate region of

amorphous SiOx coating the Si-nc surface have been al-

ready reported in the literature [20]. Moreover, energy
filtered TEM measurements show that the quantity of

Si in the Si-nc is lower than the quantity of excess Si

in the deposited SiOx [21].

We also made a study of the light emission coming

from the Si-nc under the pulsed excitation of the

355nm line of a Nd:YAG laser. The presence of high pos-

itive optical gain under high pumping energy is observed

in two waveguides, which are samples B and C. This is
demonstrated with a superlinear behaviour on a time re-

solved variable strip length measurement (TR-VSL) [23].

In Fig. 5 we show these measurements for samples A and

B both at high and low pumping power, detecting at

750nm. A very fast component lifetime (in the order of

nanoseconds), that appears with rising the power, to-

gether with a threshold in the intensity of the signal, after
600 700 800 900 1000 1100
-0.2

0.0

0.2

0.4

0.6

0.8

1.0  sample D
 sample C
 sample B
 sample A

N
or

m
al

iz
ed

 P
L

Wavelength(nm)

Fig. 4. Photoluminescence spectra of samples A, B, C, D while

exciting the samples with the 365nm line of an Ar laser. The spectra

are normalized.
what the signal grows more than linearly, are also evi-

dences of the stimulated emission presence. These last ef-

fects become much more clear when pumping with a long

stripe, because stimulated emitted light can grow up. In

Table 2 the gain coefficients measured at 750nm are re-

ported. A more detailed analysis of the optical amplifica-

tion in these samples is reported elsewhere [22]. Sample A

does not show any gain because it is not acting as a wave-
guide. In the case of waveguide D, where the optical con-

finement is high, the lack of optical gain might be due to

the large size of the emitting nanocrystals. There is no

appreciable correlation between the presence of high

material birefringence and the optical gain, but it is clear

that a birefringent structure is not detrimental for the

observation of optical gain. However, also because

the material refractive index is lower for the TM mode,
the confinement is clearly worse for this mode, therefore

also the modal gain will be lower than for the TE polar-

ized light. Measurements to check the expected result,

that is higher values for the TE mode gain coefficients

than the reported ones, are under way.
4. Conclusions

In conclusion, we have found a negative form biref-

ringence of about 1% in a set of planar waveguides

whose active core was a periodic repetition of a Si-nc
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rich SiO2 layer and a SiO2 layer. This form birefringence

could be exploited in optical devices such as wavelength

filters, coherence modulators, polarization converter [24]

and polarizing beam splitters [25]. Its modelling allows

the determination of different structural and optical

parameters of the superlattices. As in other reports, we
found a lower Si-nc concentration than expected from

pure stoichiometric arguments. We have also measured

the presence of positive optical gain under pulsed excita-

tion in two of the samples under study.
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