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Simulation of ellipsometric spectra from nanocrystalline silicon floating gate structures
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We simulated ellipsometric spectra from a nanocrystallingngiSj floating gate structure: nc-Si grains
embedded in a Sigslab 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 microscopyYTEM). 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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[. INTRODUCTION The nc-Si floating gate structure for memory devices re-
ceives a lot of attention due to the potentially high perfor-
Recently a great deal of attention has been given to optimance as well as the compatibility with general Si
cal characterization of nanocrystalline matefidland the processe$>!#19To manifest the scattering effect in nanoc-
potentia|s of Spectroscopic e||ipsome(@E) to the charac- rystals, we have chosen rather a Iarge grain size, in which a
terization of such materials are being increasinglyPronounced memory effect is still observed® The struc-
explored®=® SE is an attractive technique since it can non-ture considered in this paper can provide insights into the
destructively characterize the internal structuamd/or the issue of light scattering effects in nanocrystals for several
dielectric function €, ,¢,).%” The application of SE is mov- reaspns(l) The S|ze_d|str|but|on of nanocrys.tals in the I’IC.-SI
ing from the well-established analysis of ideal layers to morefloating gate is relatively more uniform than in other bulklike
complicated systems with nonideal effe®t! In fact, light ~ NC-Si materialge.g., porous silicon and silicon rich oxide
scattering effects in nanostructured semiconduttdréiave ~ OWing to the fact that the nc-Si floating gate possesses only a
not been well studied for SERef. 14 (or the reflection-and-  Single nc-Si layer and the size becomes more uniform by
transmission spectroscopin spite of the fact that such ef- Self-limiting properties of oxidation procéSsadopted in this
fects can play as artifacts for some sizes of morphologies. 1§tudy. (i) The nc-Si floating gate made by the deposition
order to address the problem and suggest a way to clarify iEyStem used in this work has a fairly flat surféoatherwise,
we examined SE spectra of a nanocrystallinén8iSj float- ~ different _scattering process can occur at the rough
ing gate structuré® nc-Si grains imbedded in a SiGlab on  surface??~2(iii) The thinness of the nc-Si layer allows us to
crystalline Si €-Si). For a rigorous interpretation, we simu- obtain a relatively clear structur.al mformatlon near the inter-
lated the spectra by the three-dimensional eigenmode formd@ce With the substrate, otherwise the light carrying such in-
lation, in which the scattering process arising from the interformation will be strongly absorbed by the nanocrystés.
nal nanostructure can be incorporated. Due to the complexityne thinness of the nc-Si layer also allows us to preclude the
of the electromagnetic problem in the SE analysis of nonfépolarization effect of light, which is the multiple scattering
ideal structures, mathematical approaches have preceded gffect by randomly distributed scatterefs™*%(v) An incor-
build correct physical interpretatiofis® The objective of ~Poration of undesirable SiO which changes the electronic
this paper is to show the importance of scattering contribuStructure of porous Si critical/*® is not a problem here
tion in optical characterizations of nanostructured semiconSince SiQ is the isolator of nanocrystals.
ductors. Up to date, the dielectric function of nanocrystal-
containi_ng Iay_er_s have beer_1 taken as a mixture gf_sideal Il. EXPERIMENTS
composites within the effective medium theofgMT).
The EMT is valid when the length of the internal morphol- ~ We deposited nc-Snominally microcrystalline Sifilm?2°
ogy is much smaller than the wavelength of the light inter-by photochemical vapor depositigphoto-CVD.*® Photo-
nally propagating through the medium. Hujiwatal. dem-  CVD has advantages for ultrathin film application due to its
onstrate a way to carefully treat the EMT in the valid low deposition rate and fine thickness controllabifityAir-
wavelength range for SE stud$This paper will show that oxidized p-type c-Si was used as substrate. Substrate tem-
the EMT is not justifiable for the nanostructure since theperature was 250 °C. The processing gas was a mixture of
scattering effect significantly modifies the ellipsometric re-1.3 sccm of Sij and 19.6 sccm of kIl Chamber pressure
sponse in a wide spectral range. was kept at 0.55 Torr. Deposition time was 5 min. The as-
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FIG. 1. XTEM image of the nc-Si floating gate. / M
X

deposited film was dehydrogenated in, dtmosphere at
430°C for 1 h. Oxidation was performed at 900 °C for 30 FIG. 2. The nc-Si floating gate structure modeled as a two-
min. Oxidation induces competing processes in a thin nc-Sfimensional multilayer grating.
film initially with amorphous Si matriX® Si crystal growth
and consumption of Si by oxidation. As oxidation proceedsmultilayer grating. Figure 2 depicts the modeled structure.
silicon film becomes thinner and eventually grains becoméiegion 1 represents surface roughness¢6t;). We mod-
split by SiO,. At this situation, relatively large grains oxidize €led region 1 as a layer having optical properties given by
faster than smaller ones. We determined the root-mearthe Bruggeman type EMT as a 50%/50% mixture of SiO
square(r.m.s) roughness of the surfaces by atomic forceand voids. Considering the small r.m.s. roughness of the sur-
microscopy(AFM). The AFM measurements were provided face measured by AFM, such an approximation is valid in
by the Autoprobe CRPSIA corporatioh in contact mode the entire spectral range studied in this paper. Regioty 2 (
with scan window size of X1 um?. The internal structure <2z<t;+t,) represents the upper Siayer. Region 3 {;
was observed by cross-section transmission electron microsFt,<z<t;+t,+d) represents the grating layer with nc-Si
copy (XTEM). The XTEM specimens were prepared by me-cubes of widthd and the SiQ@ separator with thicknests.
chanical polishing followed by argon ion milling at liquid The period of the grating i (=d+ts) isotropically in x
nitrogen temperature. A JEOL JEM 200EX microscope op-and y directions. Region 4tg+t,+d<z<t;+t,+d+t,)
erating at 200 KV provided the XTEM micrographs. For the represents the lower SjOayer. Region 5 {j+t,+d+t,
optical characterizations in the spectral range between 1.5:z) is thec-Si substrate.
and 4.0 eV, we used a variable angle spectroscopic ellipsom-
eter VUV-VASE (Woollam Co., Inc). IV. COMPUTATIONAL METHOD

lll. MODELING OF nc-Si FLOATING GATE STRUCTURE We applied the eigenmode thedfy” to simulate(¥, A)
spectra from the nc-Si floating gate structure. Evaluation of

A precise optical description of the internal structure iseigenmode is widely used in the research fields of photonic
needed not only to establish SE as a probe of nanostructurasystals>*3® We used the geometric configuration shown in
but also to discuss light scattering effects in nanocrystals anBig. 2. Linearly polarized lights and p polarization of the
eventually to deduce their true optical properties. In order tavave vectok, impinges on region 02<<0) with an incident
analyze SE spectra, we carefully estimated geometric paranangle ofd,. The angle betweek, and thez axis is 6,. For
eters of the nc-Si floating gate from a number of XTEM simplicity, the plane of incidencédefined byk, and thez
images. Figure 1 displays a XTEM image of the nc-Si float-axis) is considered to contain theaxis, i.e., azimuthal angle
ing gate. The r.m.s. surface roughness is 1.25 nm by AFM¢, is 0°. The time dependence exfiwt) is assumed
The thickness of the upper SjQayer is around 11.6 nm throughout this paper. Therefore the incident plane waves
*+1.2 nm and that of the nc-Si layer is 12.5 mrh.2 nm. The  may be expressed in the form
definition of average thickness values of the upper,3&@er
and the nc-Si layer faces an uncertainty due to an ambiguous Ei(r)=(cosf,%+§—sinb2)exp(ikoy-r), (1)
brightness contrast in the XTEM image near the boundary
between the two layers and due to the irregularity of thewhere the incident wave vector can be expressed as
grain size. We will examine the effect of the thickness
change in those two layers. The average distance between the Ko= aoX+ yoz=Kg Sin X+ ko C0SHy2Z, (2
grains seems to be the most difficult geometric parameter to
define. The reason may be the nature of deposited nc-Si. Theherek, denotes the wave number in free space. fhem-
average distance between the grains will be discussed durimmnent in Eq.(1) represents the-polarized light and the
the fitting procedure of geometric parameters. The thicknessther components represgnpolarized light. For simplicity,
of the lower SiQ layer is 2.4 nm:0.2 nm. the magnitude of each polarization was normalized to unity.

We modeled the nc-Si floating gate as a two-dimensionaTlhe reflected electric field in region 0 may be expressed as
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Er(1)= 24 Ron €XHliKomy 1) ® Eg(x.y.2)= 3, {Ay exiixi(z—tayp)]
and the transmitted electric field in region 5 may be ex- +Bg exf —ik(z—tyo) ]}
pressed as
X 2, Eqmniexii(amxt Bay)l, (9
By(1)= 2 T exfiKsmn (F~ )], @) |

wheretg,, andts, denote the upper and lower boundaries of
region 3, respectively, and tme andn summations extended

wheret,,=t;+t,+d+t, andR,,, and T, represent the vec- P ; ) . :
tor amplitudes of the reflected and the transmitted diffractionove”_‘ . orders retained in the truncated Rayle_lgh series. The
coefficients A;; and By, represent the amplitudes of the

orders, respectively. The wave vectors of the diffraction or-d d-qoi q th d-going fields i .
ders in region O are ownward-going and the upward-going fields in region 3,

respectively.Esy(X,Y,2), Hax(X,y,z), and Hgy(X,y,z) can
Komn= &+ Brg— 5 5) be expressed in a similar way.

Omn™ =m nY™ Yomn The field coefficients can be determined by imposing the
and in regions 1, 2, 4, and 5 are boundary conditipns.—tangential components of the electric
and the magnetic fields should be continuous across the
s N 5 boundaries—accompanied by Maxwell's divergence equa-

mn= + By + v : L o

Kimn=amX+ Bnd ¥ ¥imn?, ® tion V-gE(r)=0. The coefficients of the reflected field in

wherea,,= ag+2mmih, B,=2mn/h, and the specular directiomnf=0 andn=0) in Eq.(3) yields the

ellipsometric anglesV,A).
Yimn= VK[ — an— 87, )

wherek; is the wave number in thith region for allj # 3.

The sign. for region 0 and 5 are chosen so that the diﬁr,aCtio'\”}vhere,p is the complex amplitude reflection rati, is the
waves either propagate or decay away from the grating Ieflection coefficient of the-polarized light(x andz com-

gion. . . .
P . ponenty, and R, is the reflection coefficient of the
Thex component of the electric field in the regions 1, 2, 4s-polarized light(y component

may be expressed as

R )
p= Epztanllfe'A, (10)
S

V. RESULTS AND DISCUSSION

Ei(X,y,2)= Ak XA Yimn(Z—t; +B; . . . .
(X:y:2) %‘H {Ajmnx €XELT Yimn(Z = tjup) 1+ Bjmnx In this section, we test the stability of our computation,

) ] choose geometric parameters to fit the simuléted) to the
X exH —1¥jmn(Z—tjio) I} XHi (amX+ BnY) ], measured spectra, and compare the result from the eigen-
(8) mode analysis with that from the EMT. During these proce-
dures, we employed the dielectric function of thermally
where the subscrigtdefines the regiort;,, andt;,, denote  grown SiQ, for the isolator and of polycrystalline $pc-S)
the upper and lower boundaries of thih region, respec- (Ref. 39 for the nanocrystals. These assumptions are based
tively. The coefficientsAjynx andBjmny represent the ampli- - on the fact that a change of the electronic structure in the
tudes of the downward-going and the upward-going fields irmaterial induced by the quantum size effect can be ignored
the jth region, respectively. Thg component of the electric in this structure”’
field can be expressed in a similar way. The magnetic fields To show the necessity of rigorous electromagnetic formu-
are obtained from the Maxwell's curl equatioRi XE lations, we considefo=|(27/\)\end|, where \ is the
=iwugH, where uq is the magnetic permeability in free wavelength in free space agg, is the dielectric function of
space(the media are assumed nonmagnetic the nanocrystals. If we set,. to the values of pc-Si and
The electric and magnetic fields in the modulated region 3=13.7 nm, o varies from 0.39 for 1.5 eV to 1.67 for 4.0 eV.
can be expressed in a pseudoperiodic Floquet form. Substi-he o values are beyond the Raleigh scattering regime (
tuting the Floquet expressions of the electric and magnetie<1), which implies the scattering can affect the SE spectra
fields into the Maxwell’s curl equations and writing the per- significantly for the structure studied in this papefThe
mittivity (i.e., dielectric functiohdistribution and its inverse nonzero extinction coefficient values of Ti@anocrystals at
as spatial Fourier expressions give the form of eigenvalua lower energy than the bandgap energy in Ref. 3 was attrib-
equations. If we také orders both in thex andy directions, uted to the presence of a scattering effect in the measure-
a numerical solution of the eigenvalue problem givés 2 ment, and the anomalous behavior of the dielectric function
eigenmodes that are identified by the propagation constantminted out in Ref. 4 might be partly attributed to the inad-
x| and the corresponding amplitudBg i, Eymnis Hymni equacy of the EMT approach.
andHymn (I=1,...,2.2). The field in region 3 may be writ- Among a number of sets of the geometric parameters
ten as a superposition of the eigenmodes tested in the fitting procedure, we will exhibit some sets
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Number of orders L FIG. 5. (¥,A) at differentt;. Data was collected afi,=70°.

FIG. 3. Convergence of as a function of the number of orders t1=1.25 nm,t;=10.4 nm,d=13.7 nm, and,;=2.4 nm. The cor-
L. Data was collected @ =1.65eV andf,=70°. t,;=1.25nm, responding f; are 25.1% fort;=5.5nm and 31.7% forts

t,=10.4 nm, d=13.7 nm, t;=5.5 nm, andt,=2.4nm. A simu-  —1-5NM. Measured¥,A) are also displayed.

lated by the EMT withf,=25.1% is also demonstrated. ) . .
creases the computational complexity. The highat the

, L ] _ nc-Si layer restricts the convergence of the numerical imple-
showing the most distinguished tendencies. After determingentation by enhancing the evanescent modes. With the geo-
ing the geometric parameters, we attempt to extract the dimetric parameters for the result in Fig. 3, the calculation
electric function of the nc-Si, which may be different from pecomes unstable far>9. Fortunately, as one can see from
the employed pc-Si values, by an inversion of 1A)  Fig. 3, the convergence is quite satisfactory when we trun-
spectra. cated the number of orders lat=7. We should note that the

Figure 3 shows convergence dfwith respect to the num- converged value by a moderate truncation in the eigenmode
ber of orderd. retained along each direction. Data was col-analysis is evidently different from the result calculated by
lected atE=1.65eV andf,=70°. The geometric param- the EMT.
eters were t;=1.25nm, t,=10.4nm, d=13.7 nm, t; Figure 4 displaysV,A) at different geometric parameters
=5.5nm, and,=2.4 nm. For comparison simulated by associated with the sanfig (=25.1%. Data was collected at
the Bruggeman type EMT is demonstrated in Fig. 3. Thefo=70°. t; andt, were fixed at 1.25 and 2.4 nm, respec-

displayed crystalline volume fractiofi, (=25.1% was de- tively. We truncated the number of ordersto satisfy both
termined byd®/h2t,,. For the EMT calculation, we used a the convergence and the numerical stability. For the structure

four-layer stack(air/mixture of voids and Sigmixture of ~ Of t1=1.25nm,t,=10.4 nm,d=13.7 nm, {3=5.5 nm, and
pc-Si and SiQ/c-Si substratemodel. The thickness for the [4=2:4nM, we tookL=7, and for the qther_struc(t)urlt_:
surface wad, and for the bulk layer was set t+d +t, (;Sbllyeed(%?z:;rlnrglgg;i bTYhteh%rE(';/leLuv;lg Tocr_EZl\S/II'I% éoallsula
(=t~ The presence of many evanescent modes iny %o came as with Fig. 3. Generally, it is difficult to

estimate the average value of all the geometric parameters

36 — T T ] accurately from the difference of diffraction contrasts in
o e, ~EMT, £=25.1% 50000000000] 120 XTEM images. Figure 4 considers two extremities for the
32 average size of nanocrystatsthat can be deduced from
28 [ - o 105 XTEM images of the same nc-Si floating gate samples.
_ £=12.8 nm f ._:|“..|:_____; o When the structure has the samg the discrepancy in the
o 24 = o =)
é’, = t=31nm ° . é air
> 20 < surface roughness 0 nm
16 I 60 upper Si0Os 13.7 nm
|5 © t=55nm o 45 Si 83.6 %
665ca d=13.7 nm mixture by EMT ~ PET21990% g
[ T - S0, 16.4 % nm
1.5 20 25 3.0 35 40
Energy (eV) lower SiOz 0.6 nm
. . . . ¢-Si substrate
FIG. 4. (¥,A) at different geometric parameters associated with
the samef.(=25.1%). Data was collected &,=70°. t; andt, FIG. 6. Schematic layer profiles of nc-Si floating gate fitted by
were fixed at 1.25 and 2.4 nm, respectivélyy,A) simulated by the the six-layer stack model employing the EMT for the surface rough-

EMT with f,=25.1% are also displayed. ness and the nc-Si layer.
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25 the fitting procedure, the simulation was carried
- 1 o out with the geometric parameters of;
w 20 e =1.25nm, t,=12.8nm, d=11.3nm, t;
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15 lected atf,=70°. (¢1,e,) of the c-Si and the
10 [ pc-Si are also displayed.
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simulated (W,A) between the eigenmode analysis and thethe possibility of finding the true geometric parameters by
EMT is larger for smalled. The measured spectra will prove ignoring the scattering contribution from nanocrystals, we
that the eigenmode simulation with the smallies closer to  determined them by an extensive fitting procedure using a
the reality. six-layer stack (air/mixture of voids and Sigupper
Figure 5 depictsW,A) at differentt;. Data was collected SiO,/mixture of pc-Si and Si@lower SiO,/c-Si substrate
at 6,=70°. The other geometric parameters were fixed atnodel adopting the Bruggeman type EMT for the mixture
t;=1.25 nm,t,=10.4 nm,d=13.7 nm, and,=2.4 nm. We layers. We fixed the volume fraction as 50%/50% for voids
took L=7. As t; decreases from 5.5 to 1.5 nm, the corre-and SiQ in the surface layer. We varied the thickness for all
spondingf. increases from 25.1 to 31.7 %. The simulatedlayers and thé for the nc-Si layer freely to yield the best fit
(W,A) spectra from the structure withi=1.5 nm fit moder-  of the simulated(¥,A) to the measured spectra. Figure 6
ately with the measured values. This geometric parameter sélustrates the determined geometric parameters. The thick-
gives the best fit so far. The rest of the difference between theess values from this approach are far from even a rough
measured and the simulated values will be attributed to thestimation by the XTEM image shown in Fig. 1. This implies
difference of the §,,s,) between the pc-Si and the nc-Si. It that the optical simulation ignoring scattering effects in
will be discussed further below. nanocrystals is apt to render an unrealistic interpretation.
We have noticed from Figs. 3 and 4 that (g A) spectra As the size of nc-Si decreases significantly, its dielectric
simulated by the EMT deviates much from the values obfunction starts to differ from the bulk state according to the
tained by the rigorous electromagnetic analysis. To explorehange of electronic structure. Spatial confinement in low-
dimensional nanostructures causes the relaxation of the wave

16 165 vector k-selection rule, widens the bandgap, and enhances
i ] the oscillator strength in the lowest optical transition regime.
34 o] 160 Whereas there are a number of theoretical studies of the op-

tical properties of the nanostructured silicot little experi-

] mental work has been done to demonstrate its dielectric
4150 function in a wide spectral range. We deduced the, £>)

. @ by mathematical inversion of th@l,A) spectra in view of
11452 the possibility to provide £, ,e,) spectra of such a nano-

32
30
28

¥ (Deg)

26

y : 140 N structured semiconductor by SE. Figure 7 shows the deduced
24 > Measured Os. | (e1,e2) of the nc-Si with the geometric parameters tof
21 O Simulated 5] 135 =1.25nm, t,=12.8 nm, d=11.3 nm, t;=1.5nm, andt,
] =2.4 nm. Both the measured and simulated data were col-
25 20 25 3.0 35 200 lected atf=70°. For comparison,s(; ;) of the c-Si and

the pc-Si are displayed. A major hindrance toward establish-
ing such an interpretation is the lack of comparable data,
FIG. 8. Measured and simulaté?,A) collected atd,=60°.  Which relate the size of nc-Site () spectra. As a second
The deducedd; ,¢,) of the nc-Si in Fig. 7 and the geometric pa- Mmethod to check the reliability of the deduced values, we
rameters for the determination of the,(s,) were used for the demonstrate in Fig. 8, a comparison of the measured and
simulation. simulated (W,A) spectra collected at,=60°, using the

Energy (eV)
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(e1,e,) deduced by the previous procedure. If the set ofpared to pc-Si near the onset of indirect transition. An ex-
determined geometric parameters amd,E,) from the fit-  traction of the true dielectric function of the embedded nc-Si
ting procedure collected @,=70° is far from reality, it will ~ from a pseudodielectric function by this approach requires a
lead to the discrepancy between the simulated and measurbihly accurate description of the structure. The eigenmode
values collected afl,=60°. As Fig. 8 exhibits, the simula- approach employed in this paper does not consider irregu-
tion fits moderately with the measured spectra in the entirdarities of the size, position, and shape of nanocrystals. Er-
displayed range. The simulation 8§=60° shows a certain rors might have occurred in investigating into the geometric
disagreement with the measured values near 3.3 eV. We bparameters together with the limitation in the ideal model.
lieve that this behavior originates from a numerical instabil-Cogent discussions o {,e,) spectra of nc-Si are left until
ity due to the high £€,,e,) values near that point. a more precise estimation of the accuracy in the simulation is
The (g,,&,) spectra of the nc-Si in Fig. 7 generally fol- available.
low the tendency of the pc-Si, where critical point
broadenirjﬁ]0 _and light a}t')sorption enhancement in the energy VI. CONCLUSIONS
range of indirect transitidi are observed. These effects are
known to be irrelevant with quantum confinement effects and We have simulated SE spectra of the nc-Si floating gate
the reasons are treated elsewH&&.0n the other hand, two structure by the eigenmode analysis. Geometric parameters
mentionable features in Fig. 7 afi¢ e, of the nc-Si is even were estimated by AFM and XTEM and the SE study clari-
higher than pc-Si in the indirect transition range dinithe  fied the ambiguity in those estimations. In contrast to the
critical point of the nc-Si, in which the first direct transition EMT approach, the eigenmode analysis is proven to account
occurs, shows less broadened peaks than pc-Si. In our opifer light scattering effects in the nanostructure.
ion, the first feature can be attributed to the slightly elevated One who aims to discuss the electronic structure of nano-
oscillator strength even if a distinctive elevation must occurcrystalline semiconductors by optical measurements has to
in smaller sizes of nanocrystals® The critical point broad- be careful in discriminating the scattering contribution and
ening effect in the second feature is generally attributed to &he intrinsic property of the material in the measured spectra.
reduction in the excited-state lifetime of electrons due toWe believe that our interpretation of SE spectra of the nc-Si
scattering from grain boundaries or defects. The second fedloating gate structure gives a meaningful implication in un-
ture suggests a lower defect density of the nc-Si than théderstanding of the light scattering effects in nanocrystals.
compared pc-Si, based on the fact that a smaller nc-Si thaNone of the previous optical characterizations seems to have
the pc-Si would show the opposite tendency since the nc-Sjuantitatively discussed such effects. This approach may be
has more grain boundaries in a unit volume. The peculiasuccessfully applied to explore the optical properties of vari-
memory effect of its device shown in Ref. 15 also suggest®us nanocrystal assemblies.
the low defect density in the nc-Si. It is possible that the
defect density in the nc-Si is reduced when the sample was
fabricated through the annealing and the oxidation proce-
dure. Apart from the mentioned features, a change of the The authors are grateful to Y. J. Cho and S. H. Kim in
bandgap in the nc-Si seems difficult to discuss in this workKorea Research Institute of Standards and Science for the
sincee, becomes slightly lower than O towards lower energysupport of SE measurements, to J. Y. Ahn and T. H. Kim for
in E<2.15eV and reaches0.788 atE=1.5eV. We have the sample preparation, and to O. Chevaleevski, O. P. Agni-
observed that the optical absorption coefficigrit shown in  hotri, and H. J. Eom for the helpful discussions. This work
this paper of the nc-Si shows rather sharp transition com-was supported by the Brain Korea 21 project in 2002.
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