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Simulation of ellipsometric spectra from nanocrystalline silicon floating gate structures
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We simulated ellipsometric spectra from a nanocrystalline Si~nc-Si! floating gate structure: nc-Si grains
embedded in a SiO2 slab on crystalline Si substrate. An eigenmode analysis was carried out to incorporate light
scattering effects in nc-Si. Geometric parameters were estimated by atomic force microscopy and transmission
electron microscopy~TEM!. Ellipsometry interpreted by the rigorous electromagnetic analysis removes the
ambiguity in estimating the average size and the volume fraction of nanocrystals from TEM images. This work
reveals that the scattering effect significantly modifies optical responses in a nanostructured semiconductor,
whereas the effective medium theory cannot account for such an effect.
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I. INTRODUCTION

Recently a great deal of attention has been given to o
cal characterization of nanocrystalline materials1,2 and the
potentials of spectroscopic ellipsometry~SE! to the charac-
terization of such materials are being increasin
explored.3–6 SE is an attractive technique since it can no
destructively characterize the internal structure5 and/or the
dielectric function («1 ,«2).6,7 The application of SE is mov
ing from the well-established analysis of ideal layers to m
complicated systems with nonideal effects.8–11 In fact, light
scattering effects in nanostructured semiconductors12,13 have
not been well studied for SE~Ref. 14! ~or the reflection-and-
transmission spectroscopy! in spite of the fact that such ef
fects can play as artifacts for some sizes of morphologies
order to address the problem and suggest a way to clarif
we examined SE spectra of a nanocrystalline Si~nc-Si! float-
ing gate structure:15 nc-Si grains imbedded in a SiO2 slab on
crystalline Si (c-Si). For a rigorous interpretation, we simu
lated the spectra by the three-dimensional eigenmode for
lation, in which the scattering process arising from the int
nal nanostructure can be incorporated. Due to the comple
of the electromagnetic problem in the SE analysis of n
ideal structures, mathematical approaches have preced
build correct physical interpretations.8,16 The objective of
this paper is to show the importance of scattering contri
tion in optical characterizations of nanostructured semic
ductors. Up to date, the dielectric function of nanocryst
containing layers have been taken as a mixture of id
composites within the effective medium theory~EMT!.3–5

The EMT is valid when the length of the internal morpho
ogy is much smaller than the wavelength of the light int
nally propagating through the medium. Hujiwaraet al. dem-
onstrate a way to carefully treat the EMT in the va
wavelength range for SE study.17 This paper will show that
the EMT is not justifiable for the nanostructure since t
scattering effect significantly modifies the ellipsometric
sponse in a wide spectral range.
0163-1829/2003/67~15!/155326~7!/$20.00 67 1553
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The nc-Si floating gate structure for memory devices
ceives a lot of attention due to the potentially high perfo
mance as well as the compatibility with general
processes.15,18,19To manifest the scattering effect in nano
rystals, we have chosen rather a large grain size, in whic
pronounced memory effect is still observed.15,18 The struc-
ture considered in this paper can provide insights into
issue of light scattering effects in nanocrystals for seve
reasons.~i! The size distribution of nanocrystals in the nc-
floating gate is relatively more uniform than in other bulklik
nc-Si materials~e.g., porous silicon and silicon rich oxide!
owing to the fact that the nc-Si floating gate possesses on
single nc-Si layer and the size becomes more uniform
self-limiting properties of oxidation process20 adopted in this
study. ~ii ! The nc-Si floating gate made by the depositi
system used in this work has a fairly flat surface21 otherwise,
different scattering process can occur at the rou
surface.22–24~iii ! The thinness of the nc-Si layer allows us
obtain a relatively clear structural information near the int
face with the substrate, otherwise the light carrying such
formation will be strongly absorbed by the nanocrystals.~iv!
The thinness of the nc-Si layer also allows us to preclude
depolarization effect of light, which is the multiple scatterin
effect by randomly distributed scatterers.14,25,26~v! An incor-
poration of undesirable SiO2 , which changes the electroni
structure of porous Si critically,27,28 is not a problem here
since SiO2 is the isolator of nanocrystals.

II. EXPERIMENTS

We deposited nc-Si~nominally microcrystalline Si! film29

by photochemical vapor deposition~photo-CVD!.30 Photo-
CVD has advantages for ultrathin film application due to
low deposition rate and fine thickness controllability.31 Air-
oxidized p-type c-Si was used as substrate. Substrate te
perature was 250 °C. The processing gas was a mixtur
1.3 sccm of SiH4 and 19.6 sccm of H2 . Chamber pressure
was kept at 0.55 Torr. Deposition time was 5 min. The
©2003 The American Physical Society26-1
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deposited film was dehydrogenated in N2 atmosphere a
430 °C for 1 h. Oxidation was performed at 900 °C for
min. Oxidation induces competing processes in a thin nc
film initially with amorphous Si matrix;20 Si crystal growth
and consumption of Si by oxidation. As oxidation procee
silicon film becomes thinner and eventually grains beco
split by SiO2 . At this situation, relatively large grains oxidiz
faster than smaller ones. We determined the root-me
square~r.m.s.! roughness of the surfaces by atomic for
microscopy~AFM!. The AFM measurements were provide
by the Autoprobe CP~PSIA corporation! in contact mode
with scan window size of 131 mm2. The internal structure
was observed by cross-section transmission electron mic
copy ~XTEM!. The XTEM specimens were prepared by m
chanical polishing followed by argon ion milling at liqui
nitrogen temperature. A JEOL JEM 200EX microscope o
erating at 200 KV provided the XTEM micrographs. For t
optical characterizations in the spectral range between
and 4.0 eV, we used a variable angle spectroscopic ellips
eter VUV-VASE ~Woollam Co., Inc.!.

III. MODELING OF nc-Si FLOATING GATE STRUCTURE

A precise optical description of the internal structure
needed not only to establish SE as a probe of nanostruct
but also to discuss light scattering effects in nanocrystals
eventually to deduce their true optical properties. In orde
analyze SE spectra, we carefully estimated geometric par
eters of the nc-Si floating gate from a number of XTE
images. Figure 1 displays a XTEM image of the nc-Si flo
ing gate. The r.m.s. surface roughness is 1.25 nm by AF
The thickness of the upper SiO2 layer is around 11.6 nm
61.2 nm and that of the nc-Si layer is 12.5 nm61.2 nm. The
definition of average thickness values of the upper SiO2 layer
and the nc-Si layer faces an uncertainty due to an ambigu
brightness contrast in the XTEM image near the bound
between the two layers and due to the irregularity of
grain size. We will examine the effect of the thickne
change in those two layers. The average distance betwee
grains seems to be the most difficult geometric paramete
define. The reason may be the nature of deposited nc-Si.
average distance between the grains will be discussed du
the fitting procedure of geometric parameters. The thickn
of the lower SiO2 layer is 2.4 nm60.2 nm.

We modeled the nc-Si floating gate as a two-dimensio

FIG. 1. XTEM image of the nc-Si floating gate.
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multilayer grating. Figure 2 depicts the modeled structu
Region 1 represents surface roughness (0,z,t1). We mod-
eled region 1 as a layer having optical properties given
the Bruggeman type EMT as a 50%/50% mixture of Si2
and voids. Considering the small r.m.s. roughness of the
face measured by AFM, such an approximation is valid
the entire spectral range studied in this paper. Region 2t1
,z,t11t2) represents the upper SiO2 layer. Region 3 (t1
1t2,z,t11t21d) represents the grating layer with nc-S
cubes of widthd and the SiO2 separator with thicknesst3 .
The period of the grating ish (5d1t3) isotropically in x
and y directions. Region 4 (t11t21d,z,t11t21d1t4)
represents the lower SiO2 layer. Region 5 (t11t21d1t4
,z) is thec-Si substrate.

IV. COMPUTATIONAL METHOD

We applied the eigenmode theory32,33 to simulate~C, D!
spectra from the nc-Si floating gate structure. Evaluation
eigenmode is widely used in the research fields of photo
crystals.34,35 We used the geometric configuration shown
Fig. 2. Linearly polarized light~s andp polarization! of the
wave vectork0 impinges on region 0 (z,0) with an incident
angle ofu0 . The angle betweenk0 and thez axis isu0 . For
simplicity, the plane of incidence~defined byk0 and thez
axis! is considered to contain thex axis, i.e., azimuthal angle
f0 is 0°. The time dependence exp(2ivt) is assumed
throughout this paper. Therefore the incident plane wa
may be expressed in the form

Ei~r !5~cosu0x̂1 ŷ2sinu0ẑ!exp~ ik0•r !, ~1!

where the incident wave vector can be expressed as

k05a0x̂1g0ẑ5k0 sinu0x̂1k0 cosu0ẑ, ~2!

wherek0 denotes the wave number in free space. They com-
ponent in Eq.~1! represents thes-polarized light and the
other components representp-polarized light. For simplicity,
the magnitude of each polarization was normalized to un
The reflected electric field in region 0 may be expressed

FIG. 2. The nc-Si floating gate structure modeled as a tw
dimensional multilayer grating.
6-2
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SIMULATION OF ELLIPSOMETRIC SPECTRA FROM . . . PHYSICAL REVIEW B67, 155326 ~2003!
Er~r !5(
m,n

Rm,n exp~ ik0mn•r ! ~3!

and the transmitted electric field in region 5 may be e
pressed as

Et~r !5(
m,n

Tm,n exp@ ik5mn•~r2t totẑ!#, ~4!

wheret tot5t11t21d1t4 andRmn andTmn represent the vec
tor amplitudes of the reflected and the transmitted diffract
orders, respectively. The wave vectors of the diffraction
ders in region 0 are

k0mn5amx̂1bnŷ2g0mnẑ ~5!

and in regions 1, 2, 4, and 5 are

k jmn5amx̂1bnŷ1g jmnẑ, ~6!

wheream5a012pm/h, bn52pn/h, and

g jmn5Akj
22am

2 2bn
2, ~7!

wherekj is the wave number in thej th region for all j Þ3.
The sign for region 0 and 5 are chosen so that the diffrac
waves either propagate or decay away from the grating
gion.

Thex component of the electric field in the regions 1, 2
may be expressed as

Ejx~x,y,z!5(
mn

$Ajmnx exp@ ig jmn~z2t jup!#1Bjmnx

3exp@2 ig jmn~z2t j lo !#%exp@ i ~amx1bny!#,

~8!

where the subscriptj defines the region,t jup and t j lo denote
the upper and lower boundaries of thej th region, respec-
tively. The coefficientsAjmnx andBjmnx represent the ampli
tudes of the downward-going and the upward-going fields
the j th region, respectively. They component of the electric
field can be expressed in a similar way. The magnetic fie
are obtained from the Maxwell’s curl equation¹3E
5 iÃm0H, where m0 is the magnetic permeability in fre
space~the media are assumed nonmagnetic!.

The electric and magnetic fields in the modulated regio
can be expressed in a pseudoperiodic Floquet form. Su
tuting the Floquet expressions of the electric and magn
fields into the Maxwell’s curl equations and writing the pe
mittivity ~i.e., dielectric function! distribution and its inverse
as spatial Fourier expressions give the form of eigenva
equations. If we takeL orders both in thex andy directions,
a numerical solution of the eigenvalue problem gives 2L2

eigenmodes that are identified by the propagation const
k l and the corresponding amplitudesExmnl , Eymnl , Hxmnl ,
andHymnl ( l 51,...,2L2). The field in region 3 may be writ-
ten as a superposition of the eigenmodes
15532
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E3x~x,y,z!5(
l 51

2L2

$A3l exp@ ik l~z2t3up!#

1B3l exp@2 ik l~z2t3lo!#%

3(
m,n

Exmnl exp@ i ~amx1bny!#, ~9!

wheret3up andt3lo denote the upper and lower boundaries
region 3, respectively, and them andn summations extended
overL2 orders retained in the truncated Rayleigh series. T
coefficients A3l and B3l represent the amplitudes of th
downward-going and the upward-going fields in region
respectively.E3y(x,y,z), H3x(x,y,z), and H3y(x,y,z) can
be expressed in a similar way.

The field coefficients can be determined by imposing
boundary conditions—tangential components of the elec
and the magnetic fields should be continuous across
boundaries—accompanied by Maxwell’s divergence eq
tion ¹•«E(r )50. The coefficients of the reflected field i
the specular direction (m50 andn50) in Eq.~3! yields the
ellipsometric angles~C,D!.

r5
Rp

Rs
5tanCeiD, ~10!

where,r is the complex amplitude reflection ratio,Rp is the
reflection coefficient of thep-polarized light~x and z com-
ponents!, and Rs is the reflection coefficient of the
s-polarized light~y component!.

V. RESULTS AND DISCUSSION

In this section, we test the stability of our computatio
choose geometric parameters to fit the simulated~C,D! to the
measured spectra, and compare the result from the ei
mode analysis with that from the EMT. During these proc
dures, we employed the dielectric function of therma
grown SiO2 for the isolator and of polycrystalline Si~pc-Si!
~Ref. 36! for the nanocrystals. These assumptions are ba
on the fact that a change of the electronic structure in
material induced by the quantum size effect can be igno
in this structure.37

To show the necessity of rigorous electromagnetic form
lations, we considers5u(2p/l)A«ncdu, where l is the
wavelength in free space and«nc is the dielectric function of
the nanocrystals. If we set«nc to the values of pc-Si andd
513.7 nm,s varies from 0.39 for 1.5 eV to 1.67 for 4.0 eV
The s values are beyond the Raleigh scattering regimes
!1), which implies the scattering can affect the SE spec
significantly for the structure studied in this paper.38 The
nonzero extinction coefficient values of TiO2 nanocrystals at
a lower energy than the bandgap energy in Ref. 3 was at
uted to the presence of a scattering effect in the meas
ment, and the anomalous behavior of the dielectric funct
pointed out in Ref. 4 might be partly attributed to the ina
equacy of the EMT approach.

Among a number of sets of the geometric paramet
tested in the fitting procedure, we will exhibit some se
6-3
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showing the most distinguished tendencies. After determ
ing the geometric parameters, we attempt to extract the
electric function of the nc-Si, which may be different fro
the employed pc-Si values, by an inversion of the~C,D!
spectra.

Figure 3 shows convergence ofD with respect to the num
ber of ordersL retained along each direction. Data was c
lected atE51.65 eV andu0570°. The geometric param
eters were t151.25 nm, t2510.4 nm, d513.7 nm, t3

55.5 nm, andt452.4 nm. For comparison,D simulated by
the Bruggeman type EMT is demonstrated in Fig. 3. T
displayed crystalline volume fraction,f c ~525.1%! was de-
termined byd3/h2t tot . For the EMT calculation, we used
four-layer stack~air/mixture of voids and SiO2/mixture of
pc-Si and SiO2 /c-Si substrate! model. The thickness for the
surface wast1 and for the bulk layer was set tot21d1t4

(5t tot2t1). The presence of many evanescent modes

FIG. 3. Convergence ofD as a function of the number of order
L. Data was collected atE51.65 eV andu0570°. t151.25 nm,
t2510.4 nm, d513.7 nm, t355.5 nm, andt452.4 nm. D simu-
lated by the EMT withf c525.1% is also demonstrated.

FIG. 4. ~C,D! at different geometric parameters associated w
the samef c(525.1%). Data was collected atu0570°. t1 and t4

were fixed at 1.25 and 2.4 nm, respectively.~C,D! simulated by the
EMT with f c525.1% are also displayed.
15532
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creases the computational complexity. The high«2 at the
nc-Si layer restricts the convergence of the numerical imp
mentation by enhancing the evanescent modes. With the
metric parameters for the result in Fig. 3, the calculat
becomes unstable forL.9. Fortunately, as one can see fro
Fig. 3, the convergence is quite satisfactory when we tr
cated the number of orders atL57. We should note that the
converged value by a moderate truncation in the eigenm
analysis is evidently different from the result calculated
the EMT.

Figure 4 displays~C,D! at different geometric parameter
associated with the samef c ~525.1%!. Data was collected a
u0570°. t1 and t4 were fixed at 1.25 and 2.4 nm, respe
tively. We truncated the number of ordersL to satisfy both
the convergence and the numerical stability. For the struc
of t151.25 nm, t2510.4 nm,d513.7 nm, t355.5 nm, and
t452.4 nm, we tookL57, and for the other structureL
55. The ~C,D! simulated by the EMT withf c525.1% is
displayed for comparison. The procedure for EMT calcu
tion is the same as with Fig. 3. Generally, it is difficult
estimate the average value of all the geometric parame
accurately from the difference of diffraction contrasts
XTEM images. Figure 4 considers two extremities for t
average size of nanocrystalsd that can be deduced from
XTEM images of the same nc-Si floating gate sampl
When the structure has the samef c , the discrepancy in the

h

FIG. 5. ~C,D! at different t3 . Data was collected atu0570°.
t151.25 nm, t2510.4 nm,d513.7 nm, andt452.4 nm. The cor-
responding f c are 25.1% for t355.5 nm and 31.7% fort3

51.5 nm. Measured~C,D! are also displayed.

FIG. 6. Schematic layer profiles of nc-Si floating gate fitted
the six-layer stack model employing the EMT for the surface rou
ness and the nc-Si layer.
6-4
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FIG. 7. Extracted («1 ,«2) of the nc-Si. For
the fitting procedure, the simulation was carrie
out with the geometric parameters oft1

51.25 nm, t2512.8 nm, d511.3 nm, t3

51.5 nm, andt452.4 nm, and the data was co
lected atu0570°. («1 ,«2) of the c-Si and the
pc-Si are also displayed.
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simulated ~C,D! between the eigenmode analysis and
EMT is larger for smallerd. The measured spectra will prov
that the eigenmode simulation with the smallerd is closer to
the reality.

Figure 5 depicts~C,D! at differentt3 . Data was collected
at u0570°. The other geometric parameters were fixed
t151.25 nm,t2510.4 nm,d513.7 nm, andt452.4 nm. We
took L57. As t3 decreases from 5.5 to 1.5 nm, the corr
sponding f c increases from 25.1 to 31.7 %. The simulat
~C,D! spectra from the structure witht351.5 nm fit moder-
ately with the measured values. This geometric paramete
gives the best fit so far. The rest of the difference between
measured and the simulated values will be attributed to
difference of the («1 ,«2) between the pc-Si and the nc-Si.
will be discussed further below.

We have noticed from Figs. 3 and 4 that the~C,D! spectra
simulated by the EMT deviates much from the values
tained by the rigorous electromagnetic analysis. To exp

FIG. 8. Measured and simulated~C,D! collected atu0560°.
The deduced («1 ,«2) of the nc-Si in Fig. 7 and the geometric pa
rameters for the determination of the («1 ,«2) were used for the
simulation.
15532
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the possibility of finding the true geometric parameters
ignoring the scattering contribution from nanocrystals,
determined them by an extensive fitting procedure usin
six-layer stack ~air/mixture of voids and SiO2/upper
SiO2/mixture of pc-Si and SiO2/lower SiO2 /c-Si substrate!
model adopting the Bruggeman type EMT for the mixtu
layers. We fixed the volume fraction as 50%/50% for voi
and SiO2 in the surface layer. We varied the thickness for
layers and thef c for the nc-Si layer freely to yield the best fi
of the simulated~C,D! to the measured spectra. Figure
illustrates the determined geometric parameters. The th
ness values from this approach are far from even a ro
estimation by the XTEM image shown in Fig. 1. This implie
that the optical simulation ignoring scattering effects
nanocrystals is apt to render an unrealistic interpretation

As the size of nc-Si decreases significantly, its dielec
function starts to differ from the bulk state according to t
change of electronic structure. Spatial confinement in lo
dimensional nanostructures causes the relaxation of the w
vector k-selection rule, widens the bandgap, and enhan
the oscillator strength in the lowest optical transition regim
Whereas there are a number of theoretical studies of the
tical properties of the nanostructured silicon,1,37 little experi-
mental work has been done to demonstrate its dielec
function in a wide spectral range. We deduced the («1 ,«2)
by mathematical inversion of the~C,D! spectra in view of
the possibility to provide («1 ,«2) spectra of such a nano
structured semiconductor by SE. Figure 7 shows the dedu
(«1 ,«2) of the nc-Si with the geometric parameters oft1
51.25 nm, t2512.8 nm, d511.3 nm, t351.5 nm, andt4
52.4 nm. Both the measured and simulated data were
lected atu0570°. For comparison, («1 ,«2) of the c-Si and
the pc-Si are displayed. A major hindrance toward establ
ing such an interpretation is the lack of comparable da
which relate the size of nc-Si to («1 ,«2) spectra. As a second
method to check the reliability of the deduced values,
demonstrate in Fig. 8, a comparison of the measured
simulated ~C,D! spectra collected atu0560°, using the
6-5
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(«1 ,«2) deduced by the previous procedure. If the set
determined geometric parameters and («1 ,«2) from the fit-
ting procedure collected atu0570° is far from reality, it will
lead to the discrepancy between the simulated and meas
values collected atu0560°. As Fig. 8 exhibits, the simula
tion fits moderately with the measured spectra in the en
displayed range. The simulation atu0560° shows a certain
disagreement with the measured values near 3.3 eV. We
lieve that this behavior originates from a numerical instab
ity due to the high («1 ,«2) values near that point.

The («1 ,«2) spectra of the nc-Si in Fig. 7 generally fo
low the tendency of the pc-Si, where critical poi
broadening40 and light absorption enhancement in the ene
range of indirect transition26 are observed. These effects a
known to be irrelevant with quantum confinement effects a
the reasons are treated elsewhere.41,42On the other hand, two
mentionable features in Fig. 7 are~i! «1 of the nc-Si is even
higher than pc-Si in the indirect transition range and~ii ! the
critical point of the nc-Si, in which the first direct transitio
occurs, shows less broadened peaks than pc-Si. In our o
ion, the first feature can be attributed to the slightly eleva
oscillator strength even if a distinctive elevation must oc
in smaller sizes of nanocrystals.37,39The critical point broad-
ening effect in the second feature is generally attributed
reduction in the excited-state lifetime of electrons due
scattering from grain boundaries or defects. The second
ture suggests a lower defect density of the nc-Si than
compared pc-Si, based on the fact that a smaller nc-Si
the pc-Si would show the opposite tendency since the n
has more grain boundaries in a unit volume. The pecu
memory effect of its device shown in Ref. 15 also sugge
the low defect density in the nc-Si. It is possible that t
defect density in the nc-Si is reduced when the sample
fabricated through the annealing and the oxidation pro
dure. Apart from the mentioned features, a change of
bandgap in the nc-Si seems difficult to discuss in this w
since«2 becomes slightly lower than 0 towards lower ener
in E,2.15 eV and reaches20.788 atE51.5 eV. We have
observed that the optical absorption coefficient~not shown in
this paper! of the nc-Si shows rather sharp transition co
a

isu

ns

ys

,

15532
f

red

e

e-
-

y

d

in-
d
r

a
o
a-
e

an
Si
r

ts

as
-
e
k

-

pared to pc-Si near the onset of indirect transition. An e
traction of the true dielectric function of the embedded nc
from a pseudodielectric function by this approach require
highly accurate description of the structure. The eigenm
approach employed in this paper does not consider irre
larities of the size, position, and shape of nanocrystals.
rors might have occurred in investigating into the geome
parameters together with the limitation in the ideal mod
Cogent discussions on («1 ,«2) spectra of nc-Si are left unti
a more precise estimation of the accuracy in the simulatio
available.

VI. CONCLUSIONS

We have simulated SE spectra of the nc-Si floating g
structure by the eigenmode analysis. Geometric parame
were estimated by AFM and XTEM and the SE study cla
fied the ambiguity in those estimations. In contrast to
EMT approach, the eigenmode analysis is proven to acco
for light scattering effects in the nanostructure.

One who aims to discuss the electronic structure of na
crystalline semiconductors by optical measurements ha
be careful in discriminating the scattering contribution a
the intrinsic property of the material in the measured spec
We believe that our interpretation of SE spectra of the nc
floating gate structure gives a meaningful implication in u
derstanding of the light scattering effects in nanocrysta
None of the previous optical characterizations seems to h
quantitatively discussed such effects. This approach may
successfully applied to explore the optical properties of va
ous nanocrystal assemblies.
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