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Linear and Nonlinear Optical Characteristics 
of Porous Silicon 

Thf: srrsccpti1)ilit~~. of t,lic\ iiiotl(~1 iix:tliuiri coi~sist,inf of ideiii.ical ancl para l lc l l~  orieitted columns 
(wires) rvas coiisideretl I)y tise of tali(: goncra.lizcd i~icit.Iio<l of thc iiitegra.1 rquations (MIE).  
Siich a iilotlcl rcwniblcs i i i c s o s t r i r c l . ~ ~ ~  of t,he pororls silicoii (I'S) sarnplrs. EOr a given 
i-riesostruct.rirc l.lie oplical a.nisot~iopy is closcly coiinect,erl witli tlie porosity of the medium. 
\Te predict ;i. grt3at ;iiiisot iopy of tlic PS iioiiliiicai susceptiltility t.ciisor. 

I. Iiitroduction any microstructiirc. Iiut XIIE has never breri applied 

to lwo-diriiciisioiial mt~sostriicfiiral media. Here we are 

tlc\&ping tlie gcliieral M I E  approa.ch[" for p1ana.r sys- 

teim. TIIC i n e s ~ s c ~ p i c  effect s of PS striict,ure are t,alten 

int.o account by ineans of the concept of a niesoscopic 

"eleiileiitary radiator" - dielectric cylincler. MIE to- 

gct.lier wit.11 t,liis n c n ~  coiiccpt allows us to  calculate a 

susceptihilit,y of porous silicon wit.h arbitrary p0rosit.y. 
- 3  

1 lie ba.sis for t,\iro-dinieiisioiial considerat.ion of PS filrns 

1ca.n~ o11 Lhe fa.ct t.liat t.licir properties in a vertical di- 

rcclion are iiiore oi. Icss uriiforin. For the 1imit.ing cases 

of Iiigli ancl si-i-~all porosity, our results coincide with 

t,hc formiilac (9) ,  (10) of ref. [3]: which were obtained 

by perturba.tion theory when local field effects are ne- 

gl(xt~er1. Invest&=hoii of t.hc opt,ical properties of PS 

fili-ns, in part~icular ali optical anisotropy, gives valu- 

able inforn-ration a l ~ o u t  porosit,y of t h  material a.nd 

perniitjs sonic coticliisions &out the coiinection of the 

~>liot,oluriliiicsce~~ce spcctra wit,li t,he nanostructiire of 

1,lic porous silicon. Siilce tlie optical properties of tlie 
p~o l~ le i i i  of fiiidiiig ;i. propcr approaclt for crilciila.t~ioii 

two-dimeiisioi~al systeins may strilringly differ from the 
of its optica.1 propert,ics. IYli~ii 1li( ,  tlistaiices I~ct,nwxi 

t.liree-climeiisional oiies: we cite here the result,s of tlie 
coliriliiis are of tlre i>a.ni(~ ortl(.r ~1.5 their tliíiinet.ei.sl rvt? 

MIE application to  this special case. 
i1ia.y he siirc t,lial. local licltl cfrcv-ts foi liiiear aiicl iloii- 

proacli for cxact ~illorr~aiicc~ of':ill t l i c w  c~ff(~cts an(l cíilcii- J ~ J '  nrialogy wit li tlic . 3 ~ - c a s e [ ~ ] ,  in thc 2D-case tlie 

IaLion of n.ia.croscopic s~iscc:])t.il~iliti~~s of u i~ icdi r i~n wit.li : ' t ~ ~ ~ ~ o - r l i i ~ i s i o a l  dipole" (i.e. double charge st.ring) 



TJsiiig Eqs. (1-2) n.e n1a.y construct. tlie ii-itegral 

cyuatioii i11 j -1st the sa im iiia.iincr ris in llic SU-ca.sc:: 

* 4 

wIi(:rc Ei i d i . l i e  iiici(1eiit. ficlcl. E0 iis tlie ficlcl of t,lie 

tlipolcs iiisicl(, tlle Lorcnt,z "t~v~o- dinicnsional spliere?! 

(cyliiider)! is t,he voltiii-H. dciisit,y of tlie dipole mo- 
(1) ii~eiit,! and G = r i H ;  (bR) is lhe Greeil fiiiiction of a 

two-diimnsioiial mave equ:ii,ioii. 

Ry use of t11e siibstit,ut.ion of varia.blcs["] proposed 

earlier. wliicli correspoiids lo t.lic passage froiii iuicro- -. -, 
scopicd fidd .I:' t.o tlie new vari;il,lc-fieltl E: t.lie follow 

iiig rolat.ioii 11-ay l ~ e  ivrit.t,cii: 

Leb us impose a physical const,raint on t,his new variable 

E 11p t,lie requirement tlia.t, in addit,ion to the integral 

eqiiatioii, it  must sa.tisfy tlie wave equation as well 

'Then it, inay be sliown t,l~a.t Eqs. (3) aiid (4) to- 

getlier iilipose o11 the t,ensor 3 quite a clefiiiite liinita- 

tion so  t,liat. it n1a.y depeiid on the  microstructure of 

t,lie iiiediuin oiily. For t,he given polarizahility of a sep- 

arat,e radiatoi, tlie tensor 8 t,ot.ally determines a11 opti- 

ca.1 propert,ies of the inediuin, i11 particular the dielec- 

t,ric perriiittivity i. 111 t,he case of the three-dimensional 

cliaotic or cubic lattice, this tensor has the form 

O 
,'3 = 

Ii-i t,he coilsitlcrecl 2D-case of infinitely long "dipole 

tlireads" oriented a.long tlie z-a.xis a.nd disposed i11 the 

a :  g planc clia~t~ically or in a quadratic lattice manner, 

tlie ttiisor 3 takes the forrn 

111. The choice of tlie "elementary radiator" 

Tlie peculiarity of tlie porous silicon microstruc- 

t,ure lies in t,he interiiledia.te (between the interatomic 

distnnces a and wavelengt.11 A )  characteristic size, i.e., 

cplintler's diameter D: u << D << A. Inside the cylin- 

dcrs rit,oiiis inny bc  coiisic1ert:d as a.rra.iiged in the  regu- 

lar ma.nner, biit the cylinders, a.re disposed accidentally. 

Tlicreforc, we come t.o t,hc problem of nonuniform dis- 

tribiitioii of a.t,oms inside Loreiitz spllere, i.e. a spatially 

noilurtifoi~i~ problem. For a.ny t,ype of inicromorpl~ology 

of t l x  niedium it leads t o  great mathematical difficul- 

t,ies. 111 order to  avoid these difficulties, we take ad- 

va.nt,apc of t,Iic fact that  just a.s a. sphere in a uniforni 

electric field gives rise to an cisa.ct. dipole radiation, in 

t,lie ext,ci.iial unifor111 field t,lie radiation froni a dielectric 

cyliiicler of ai1 arbitrary raclius coincides with the "plane 
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IV. Application of the iiictliod to tlie PS-typ: 

striictuic 

Lbing thc  I C ~ ~ O W  mlutio11 ror tlie C ~ I I I I ~ P I .  iii a 

unibrni  field.[" 1n.e Iiav(, for tlic políirizal~ility tcxiisoi -. 
(1 : (P = .\'&E) the following tsprt,ssious. 

Tlie cotnponents of the dielectric perinittivity tensor 

F a r e  connected with tlie tmhor tu coinpoiiei~ts by tl-ir 

relat ions 

wliere A' is t.he densit,y of the cylinders i11 'LU-case ancl 

the spheres in 3D-case, c is t,lie clielectric permit,tivity of 

t,he volume niatxxial, and c = íír;.Y is tlir hiilk material 

concentration. 

For description of t,lic> optical propertit,s of t.hr film 

if .  is convenient to  int,roducc t,he optical ai~ieot,ropy pa- 

ra.met,er 

I / \ i -  s i - c o ~ u m m  

I I -  vacuum columns 

Figiiir I : I Iic. opti<.i~l aiiihotropy clepenclence vs concent,ra- 
t,ioii of silicoii V i i i  tlie caw of silicon columns. 

For siiiall coiicciitrations ( c  << I ) .  Eq. (10) coin- 

citle.; witli tlit. residts of ltc3f. [4] 

( 6  - 
3 = c - ,  

c + l  
(1 1) 

wliicli Iioltls ~ l i c n  t hr iiifluencc~ of the dielectric columns 

o11 cacli o t l i c ~  i, not ta lwl  mto account. (\Vhen intro- 

tliiccd ni silch a ~ a y  an anisotropy parameter 3 is con- 

nrctetl with the  anisotropy parameter 3 of the R 4  [3] 

hy thp relaf ion 3 - 1 = ( 3  - i)'). 

For laige bulk material concentration ( I  - c (  << 1 

Eq. (10) t akm tl-ic fnrm 

In both of f 1 - i ~  liii~it casrs. 9 natuially turns to zero for 

I-ioi-ilogrneoiis onr-co~l~ponent media 

Tlie optical aiiibot ropy d ( y n d e i l c e  vs concentration 

c is show1 111 Fig. 1 

Tlir iimsiiiiuni valur of ar1 anisotropy is 



E'ioiii (11) it. follows tliat. c!,,,, < 0.5 for any c .  \\'it.li 

- x. c ,  acquires thci lowcr liiiiit C ,,,,, = - I 

O..11. l'liis shift and i~ssyti~(:t.ry of 1 . 1 1 ~  ~7(c)-clel1c11deiice 

is t lic iiia.iiifest.at.ioii of t.lie eloiigrit,ed coluiiiii-lilíe irior- 

pliology of t lie poroiis silicon. For a.ny "syiiiniet~riccil': 

(rclxt.ivc t.o tlie t,raiisformatioii vacuiini +- cliclr.clric) 

foriii of iiiclrisioiis, aiiisot.ropy 'I will I)(? iiiaxiiiial a t  

c = 0.5. 

Perliaps i lie quest,ioii may arise: Iiow is it possible t,o 

obtaiii la.rgc conccnti.a.tioi~s c (11-torc t.11a.11 l.he liinit con- 

ceiit.rat,ion cc = + -v 0.90 for thc close pacltiiig of tiie "'E- 
itleni.ica1 cyliiiders)? Tlic a i i swr  lies in t,lte iiiesoscopic 

&C S cylinders t,rc.i.trnent. ris elciiient.ary r;itIiat,iiig Y ~ I I Y  1-" 

wliicli in fac . ta.l;cs i1it.o nccoiiiit. tlicir possil>le "owr- 
. .. 

lappings, . I' iysically t,liesc ovcrlappiiigs iiiean t.n.of'o1d 

enliaiicctri-ieiit of tlie dielcct.ric prwilil,bivity in tlic owr-  

lappctl nrea. Therefora. t,lie foriiiiilae liold triic: up 1.0 

c =  1 .  

It .  is possi ~ l e  to calculat,e tlie dielect,ric perinit.t,ivity 

of a set of t,lie vacuum coluiilns iil t.lic cryst,a.lline silicoii. 

For t.liis it. is iecessary t.o perfoiin n sul)st.itution 1 - c 

for c and c- '  :Òr c ( t h  lnst. follo~vs froiii t . 1 ~  Ta.ct t1ia.t. in 

t,hcst: (vji~atioiis really eiit,ei.s t.lic rtit,io of tlie fra.cl.iotis' 

pcriiiit,t,ivities,). 

As a rcsult we obtaiii 

2 + c(t - 1)  
C,., = = c = c - (1 - c) (c  - 1 )  

2 t - c [ € -  l i '  

nntl for largc c >> 1 this \.alue ii: r t.iiiics less tli:tri foi. 

t,lie silicon colui~iiis-type gc~oiticl.ry. 

Figure 2: Tlie optical anisotropy depeiidence vs concentra- 
tioli of silicoii c iii tlie case of vaciiitrn colurnns. 

Tllus, tliese exainples vivicllg demonstrate tha t  the  

iiiacroscopic optica.1 properties of the composite system 

dcpeiid clramatically not only on the concentrat,ion of 

tlie material but on t,lie forni of the inclusions as well. 

V. Noiiliilear properties of PS 

Tlie foregoing consiclera.tion allows definite conclu- 

sions ahout. PS  nonlinear opt,ical cliaracteistics. Firstly, 

a11 tlie noiilinear sources i11 the right-hand part  of the 

wa.ve eciuatioii will differ from the respective nonlinear 

polariza.tioii by the factor 

in dislinc,t,ion froili t,lie three-dimension case when this 

fa.ct,or is equa.1 (c + 2)/3. 

S(:coiiclly. t,he "mr?soscopical" field acting on each 

coluil~ii will be t:nha.nced by tlie same fa.ctor in compar- 

isoii wit.11 tlie iiiacroscopic field ( the perniittivity E , ,  

n-iiist. he t,;i.líeii! iiatura.lly, a t  tlie considered frequen- 

cics). Rut. tliese considerat,ioiis do  not relate to the 

z-coii~poiient of the field since it is the  same for the 

mcsoscopic ancl niacroscopic fielcls. Thus, due to elon- 

gat,ed mcsost.ruct.urc of the  PS: a strong anisotropy of 

t.lie iioiiliiicar susceptibility teilsor appears even for the 

media. mit.11 th(-. isotropic rnicrost,ructures. 

Finally, all t,hese considerat ions iilay be generalized 

for t,lit: ca.se of nonlinear quatlrupolar medium. For this, 
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i11t.o 1 . h  eqs. ( I )  \\-c iniisl :idcl tlic ficlcl of a "l,\vo- 

diniensional" quadriipolc: 

antl int,o eq. (3)  aclcl t lic t.c?riii V x V x V . C) (lier(> (i a.iitl 

12 are tlie p l m a i  m c 1  I>rill; cloiisil ics o i  Lhe c~iiritliupolc 

inon~ciit,) . 

i\ft.cr rat.licr ciiiiil~cisonic: calcrila.lioiis. n;c coiiie t,o 

t,lie concliision t,liat, tJic local lieltl eiilia.ncciiieiit. fa.c- 

tor for tlic c~iincliiipolc nioiricnt is cmctly tlic same as 

for tlie clipolc oile. It stroiiglg clifScrs froiii thc: t,lircc:- 

diii~ensional case. 
. \ .I lierefore t,lic eiilia~iceiiicril relat,ivci (,o tlic b~illt ~ i m -  

teria1 of t.lie iiiacroscopic iioiilinear siisccptlil)ily iii tlie 

I'S-type mesostructurc <loeaii't depciicl o11 t,lic nat.iirc of 

tlie 11onlinearit.y - aiiliaiiTioiiic. dipolel cluaclrupole, et,c. 

As a resull. we ixa7 l)c s w c  t. l i ; i t :  for c?xriinplc, for 

PÇ tlie t,liird oider nonlinear siisccptibi1t.y t.uriis 1.0 I,e 

aiiisotropic va.lue iiiid t.lie siisccptIibill~y t,eiisor coinpo- 

iicrits ia.t,io for 50% 1jorosit.y will lw cqual t,o .10! 

VI. Siimmary 

Tlie rcsults obtaiiied ar(: esseiit.ia1 for iiiidcistancl- 

ing not. only tlie poroiis silicoii opt.ica1 propertics, 1)uL 

its iiit,er~ial st,ruct,tire as mell. First. of a11 it reIat,es tso 

t . 1 ~  porosity, i.c., t,he void fractioii iii crgstalliiio silicon. 

Tlie effective clielectric permit,t,ivit,y is closelg coiinectetl 

with tlie concentra.tioii c (Sorm~ilae (8). (15). (18)). But 

for tlic iuost int,ercst,ing regioii of liigli porosily (siria.11 c) 

t.liis clepeiidence is iiot so vivid, ii.iicl so t,lie tlist.inct.ion of 

tlie effective, dielect.ric pcrniit.t,ivit,y c..ir froni iiiiity \ri11 

be uiiivcrsa.1 for aily diclect.ric coiistaiit c of Ilie biillí ina- 

t.eria.1: c,rt. - 1 - c. Tliereforc: foi a Iiiglily porous sa.m- 

ple, an experimental acciirncy o€ clc:toriniiiatioii of c,r; 

11my prove to he  iiisiifliciciit for corrcct. clof,eri12i11a.t.ion 

of t h  porosity. Iii siicli a. situa.t,ioii. a proper iiiet,liod of 

tlie opt,ical a.irisot,ropy cIc:t.erriii~iatioii m a l  he  very use- 

ful. As it follo\~7s froni cq. (1 1).  tlio elcpeiideiicc of an 

anisotropy 3 o11 c! for t.hc inakr ia l  with large bulir cli- 

elcct.ric perniit.t,ivity t for Si ( c  15)) taltes the form 

3 - cc. Ti1 0 t h  words: the der i~at~ive  - c >> 1. 

r!Ais fa.ct 1nay give tlie "anisotropy measurement" tech- 

iiique ali iiiiportant advantage for exact deterrniiiation 

of t,lie 11orosit.y hy tlie optical niethods. Tlie considera- 

t,ion of t he iioiilinear susceptibility of composit,e inate- 

iials i11 t.lic tlirec-cliii1ensioiia.1 crise is giveii in Ref. 6. 
-. Ih( i  appcarance of tlie noilliilear susceptibility 

ai~isot.ropy iii a. liiglily porous sainple with elongated 

orieiit.ec1 iiiclusioiis of t.lie bulk material gives additional 

opportuiiities for t,heir pra.ctica1 applications. 

'Tlii\ work nras s u p p o r t d  by Fi1PESP and C S P q .  
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