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ABSTRACT

The polarizaüon effect on Raman scattuing and photolurninacarce (PL) specüa of porous

silicon(PS) layer shave ben invesügated. The Raman depolarizaüon mauranenrs in the 100 cm-1

- 1200 cm-1 spectral range have shown that the anisotropy praented by the PS layu remains that

presented by the c-SI. This effect is discussed from a aitica] point of view on both quantum

connnement and surface effut. The PL shows a shift of its peak which is atüibuted to poladzaüon

dichroism effect



INTRODUCTION

Silicon has ben the dorninant matuia1 in microelecaonics for sevual decades. The technology and

fabricadons of Si-basd electronic devica bad ben developed and reíined in thdr ways and
/

commucial appbcations. Howevu, aystalhne silicon is an indirea semiconductor with vuy low

efficiency for radiaüve recombination at rmm tempuatur& This is true for commonly available

bulk Si samples so, in the past. aystalline Silicon has aevu ben a gcxxl candidate for active

optoelcctrorüc devices.

About six years ago Caham reported the obsuvation of a strong photoluminucence (PL) in porous

Si (PS) under UV inuminaüon at 3(X)K1. lndependenüy, Inlunann and Goscle2 obsaved a

pronounced shift of the fundamental absorption edge ofself-suplx)rting porous silicon layer.

Porous Si. obtained by electrochcrnical ancxü7ntion of c-SI in elearolyta containing hydrofluoric

acid (HD, was first obtained in the 1950s during the electrolyüc smoothing of Si surfacu3, but it

was not realized until 1990 that this matadal shows nnexpeaed strong room temperature

lurninesccncc in the visible range. Even though many groups have coníirrned the uistence of

strong luminescencc in PS layus, the origin and mechanics of the luminacence remain
t

controversial'7. ,
_aia

Raman scattering studia of this material give us information about structure, bonding and

disorda. The PL intensity has diffuaü behavior to polarizaüon eHeH &om Raman spectra

because a different selection rule govans the Raman scattedng and the PL specü& Many

researchers report the polarizaüon effect in the Raman Spectrauo and in genual the results are

controversial. Howevu, except for the work of Tanino et allo, merature ignored the anisotropic

behavior of suond order Raman scattuing. Since the selection rule plays an important role an the

Raman and PL sputra, in this work the polarization effect on spectra results is analyzed



discussing the anisouopic behavior of suond order Rarnan scattuing and photoluminucence

beha\’ior concerning to polahzaüon anange.

EXPERn\iENTAL PROCEDURE
/

Porous silicon (PS) \vas prepared by the electrochemical ancxlization methcxl in a P.type Si (ICD)

oricntcd wafcr with a resistivity of 10-20 Qcm. Before ancxlization, the back side of the wafu was

doped with Boron at a temperature of 925'C in N2, O2, BBr3 environment. Ohnüc contact was

made by cvaporating an aluminum film (0.5 Fm) and subsequent annealing in N2 enviroluncnt at

45(FC. The ancxüzation was done under DC current density of 20 InA/cma and 40 rnA/cm2 with a

5 min step for 20 min. The PS was maintained at room ambient for 6 months before its structural

characterization.

The Raman and Photoluminesccnce (PL) spectra wae obtained on a Renishaw Raman system

3000 cquippcd with CCD detector. The measurcmcnts wwe made in the back scattedng geometry

using a microscope objecüve for foçusing the lasu beam in order to analyze micro regions. The

data rcported here wwe obtained at room tanpuature. The las« source was the 488nm Une of Ar'

laser from Spectra Physics. 50}rWatts laser power was used

RESULTS

We have performed polarization measurements in two ways:

(i) Not cleaved sample: The sample was placed under the miaoscope ia order that the acited and

scattered beams have the düution norrual to the surfac& that is, the same direction of the Z axis,

here assumed as the (100) direction of the c-SI single crystal. The incident lasu light is polarized

parallel to the surface in the X direction and the spuaa wue ruorded with the analyzu at 0 and

90 degrns, conesponding to Z(XX)Z W/E,) and Z(XY)Z (EU) configuration, respecüvely.



Tben the sample was rotated 90 degm arxi spectra ruaded with the ualW at 0 and 90

degrees correswnding to the Z(YY)Z (E//E) and Z(YX)Z (RIR) scalteüng coníiWons

(ii) Cleaved sample: The cleaved sample was placed under the microscop in order the incident

and s'cattered beams wae normal to the cleav«l surface. i.e., normal do the Y axis. assumed as the

( 100) crystal orientaÜort Since c-SI has cubic symmetry, the relation Y(2:X)1 = Z(W)Z is valicl

The direction of the cleavage is are X direction and the incident and scattedng directions are that of

Z axis. Ttle lasu beam was polarized parallel to the X direction and the spectra wae recorded

with the analyzu at O and 90 degrm, corrnponding to Z(XX)Z (E//E) and Z(XY)Z (EIE)

contIguraüon, respecüvely. Tllcn dre sample was rotated 90 degreu and spectra rwordcd with the

analyzcr at O and 90 degrm corresponding to the Z(YY)Z (E//E) and Z(YX)Z (EIE,) scattcring

conílgurations, respccüvely. It is worür mentioning that for the cleaved sample two regions in the

ps alm were invesügatoü a region close to the surface (labeled Region 1) and the othu region is

close to the intafacc PS/c-SI substrate (labelai Region ID. figure 1 shows an optical miaoscopic

image of the clcaved sample indicaüng the two investigated reÜons.

It is worth to menüon ülat ale wüt cell of the c-SI is of,7 and the LO phonon of c-SI at (100)

orientaüon of Fs or T,, symrnetry is polarizai and thuefore, will be forbidden at Z(XX)Z (F) and
==,Jia

Z(-YY)Z (F) and anowed for the Z(XY)Z (A) and Z(YX)Z (A’) configurations.

TIre Raman spectra obtained for a bam narTna1 to the surface of the sample (the non claved

sample) for different scaaering configuration, are shown ia figure 2.

The Raman spuna of the cleav«i sample ruordai for the cüffuent scattaürg configuration in

regions 1 and II are cüsplayed in figures 3 and 4, nspecüvely.

The photolurninescence specua were ruorded using the same optical configuration used to ruord

the Raman spuua and the same labels used to indicate the scattedng gmmetry were also hue



adoptet1 in order to mdntdn a gmmetry corrspondenc& i.e. tIre PL spectra reccxrded with EJfE

is label«1 as “F- and the PL spewa obtainu1 with niE is labeled as "A“. The PL spectra in

regions 1 md 11. wiür dfferent poladzaüon anangements are shown in figura 5 and 6,

respócüvely.

DiSCUSSION

It is obs@ved that the Raman spectra of Z(XY)Z and Z(YX)Z oonfiguration are as intense as that

of c-SI in the same configwaüors.

The 510 cm'1 line can be assigned to the downshifted first adar Raman phonon (LO) of c-SI. The

other features. at 636 crn1 and 970 cm-1 can be due to the second order Raman effect or to some

phc)non scattucd at the PS surface. Note that the first adn phonon signal has a full width at half

maximum (FWHM) value. much larger tlm that observed for c-SI.

Table I shows the Raman shift and the FWHM value for each feature obs@ved in the Raman

scaaeúng spectra in the two different regions of the cleaved sample and of the not cleaved sample.

The shift and broadening of the Si-SI Raman line has bnn aplained as a ruult of phonon

connnement in silicon nanocrystals inside the PS lay« prcxluced during electrochemical etching11'

15. The effects ofspatial conãnementofphonons in small Si parjiclu has ben studied tbeoreücany

and experiInenta11y16'11 The breakdown of the K-selection IUle leads to a broadening of the optical

phonort This broadening is correlated with the size and shape of the small parücln. The

confinement of a phonon wave function inside the nanocrystallite is praented by wdghting the

phonon amplitude as a consequence ofdirecüons16n

The carTesponding phonon confinement function can be exprused ia a Fouriu saria and the

Raman spectrum is then desaibed by integration ovu phonon lorentzians weigllted by the square

of the Fourier transform of the confinement function The choice of the wdghüng function is

determined mainly by physical &ssumpüons17. In most casa a Gaussian is usd as the weighüng
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function Howevu. the sputra obtainÉXl in many studis1819 do not match the rheoreücal

predicüons. These discrepancis can not be eÜIninated by the choice of nanwystallite shape llle

assumpüon of the phonon amplitude being exactly equal to zao, i.e. a “sin” weigbting function at

the bÓunctrry dns not change the relationship betwen the peak shift and FHMW significantly and

leads mainly to a decrease in the diameter of spherical nanocrystalUte#

Samples obtained in this work show a downshi& À(a, of c& 10-11 cm'1 fm the first order Raman

line relaüve to optical phonon line of the c-SI. Using a quantum confinement mcxiel as discussed

above, the aümated av«age size of the aystalHtes in the PS layu is c& 3.1 nm This parücle size

corrcsponds to a FWHM value of 15 cm-1. Howevu. our measurements show FWHM valua of

ca. 43 cm-1, i.e., a large difference betw«n theoreüçal predicüons and experiment

Some attention should be given to the comparison of are spectral lines obsuved in our upuiments

with Raman lina obsuved in other Si oontaining materials that praent photoluminacencc

properüu comparable to that of PS. The polysilane, for inst;Inca, prepared through the reducüon

of dichlorosilane, SiH2Cb with granular üthium24, shows a Raman peak centued at 480 CIn'1 with

a FWHM of c& 62 cm-1. This peak is assign«i to Si-SI chain backbone vibraüons (aLo mcxie)24.

On the othu hand, polysüane shows other Ralnan featuru at 656 cm'1 and 909 cmd with FWIIM
==,.Jll•

of ca. 106 cm-1 and 45 cm-1. rapectively. Thnse peaks have ben assigned to the Si-H2 r01,king and

bending males rupuüvely24. Similar pak are also obsuved in the Raman specaa of PS.

However, for PS, the 630 cm-1 and 970 cm-1 lines have FWHM valua of cr 54 m-1 and 197 d,
respecüvely.

Another interesting material, with the same PL behavior as that of PS layus, is the süoxene2$28,

In this case. the 515 cm'1 Une is assigned to the Si-SI vibration in the plane of siloxen& The line at

495 cm'1 - 470 cm-! is assigned to Si-SI ring vibraüons in siloxene. The PL effect in siloxene is

attributed to the Si-SI ring structure3-28. However, for the siloxene27, the peaks at 630 cm-1 and
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970 cm-1 are not reported despite the existençe of the Rna at 2130 car'1 and 2250 cm'1 assi ped

Si-H stretclüng moda.

Confronted with thae comparisons. it is not possible to assip are 630 crn'1 line only to the Si-H

bendiag mcxle. It is well known that the LO(À) +TA(A) rncxie, in c-Siloa lia at 636 cm-1. The

intensity of this mcxie at room temp@ature is close to zuo. We suggat hat the 630 cm-1 line in PS

cur be assigned to a combination of the LOCA) and TACA) maIa. The intensificaüon of this male

in the PS is due to the relaxation of selection lula and surface assistance as it was suggested by

Tanino et allo. Howevu, the contribuüon of Si-H benrüng mcxle to this Raman lines not be

disrcgarded since we have obsuved the Si-H stretching male in the Raman spectra of the PS layer.

The same explanaüon given above for the obsuvaüon of the 630 cm'1 feature can be suggested to

ocplain the broadening of line at 970 cmd in the R:Iman spectra of PS relaüve to the same line on

the specaa of c-SI.

At this point it is difficult to say if the quantum conananent effect or swfaee effect is responsible

for are PL characteãsücs obs«vod in PS layers. In this sarse it is IWUsary to evaluate the

selection rules in more details.
L

From Figures 2, 3 and 4 it can be obsuval that the lina of second order Raman scattuing in ' A’
__sl•

configuration are nnore intelBe for Me cleaved sample than for non cleaved on& in the 'F’

configuration all these lina have their inlensiüu within the noise level. This fact reveals the strong

anisouopy of these lines.

To analyze first order Rarnan Une uüsotropy, the depolarization factor, p, is defined as p = IA/IF ,

i. e. the ratio of vaücal polarizaüon to parallel poladzation Table II praents the dqolari7ation

factors for the expehments described in this paper and those rep(>ned by other ruearch groups.

Table II shows a large dispersion value of p-1. Howevu it is worth mentioning that our sample

presents low value of p-1 which rerninds those of the c-SI. In order to compare these valua, we

6



consider an extreme case for Si, i.e.. Si crystanita randomly aHeated in analogy with liquids ar

powders31 and for our Raman scartering configurado& we can express the depolarizaüon raüo as:

9 =kNx-l1 hdI

whue X, Y, Z repruent the laboratory coordinata system and x, y, z those of the crystal unit cell.

Au is the Raman tensor component of the fluid or powdu as a whole in the coordinatc system

X 17 which is fixed in the laboratory concuning the scattuing expuiment. On the other hand a,, is

the Raman tensor component of the N oHented panicles of the scattau in a xyz cmrdinatc

system.

If the orientation of Si aystalUtcs is random, the Au value is detumined by avaaging ovu all

orientaüons of crystalHtes. In this condition the p-1 value is - 1.33 that is very diffuent from the p

1 value experimentally obtained for our sample. Finally it can be obsuved that the depolarizaüon

value of our sample is in the mid range batw«n a-SI and c-SI, but very close to c-SI. Thuefore we

suggest that our PS sample has a c-Si-skeleton like structure.
L

The PL spectra was recorded at regions 1 and II of cleaved sample. The labels A and F have the
X

same meaning as described for Raman spectra. Table llI suInmarizu the photoluminacence

results. The depoladzaLion factor is defined as in the Raman expedments.

From Table III it can be observed that the PL intensity in region l is largu than the PL intensity in

region II. If we assume that Si-SI rings (pruent in siloxene) are ruponsible for the PL effect in the

PS, the high intensity PL emission should be correlated with high density of Si-SI rings so the

R aman line at 495 cm-1 - 470 cm'1 should be intense. As a raults, the first order Raman line in PS

should present a shoulder or have a large IWHM value.



It is obsuved in Table 1 that the FWHM corrsponding to region 1 is largu than the FWHM

corresponding to region Il and bath are largu than that obsuved for c-SI. Despite this

corrupondence. it is not possible to say that the praence of Si-SI rings as in siloxene is the origin

of the PL in PS layer once the 630 cm'1 Raman feature is not obsuved in the süoxene spectra but

it is observed in the PS layer as stated above.

In Table III one can se that the maximum PL emission in region 1 is blue shifted in re]aüon to

region II. It is not possible to curelate this shift with the shift of the first order Raman peak

because in the latter the shift is close to the expuimental uror (2 cm-1). Note that in both regions

the PL emission maximum praents a red shift (- 130 cm'i) when clranÜng the polarizaüon from

parallel to perpendicular. These facts suggest a poladzation dichroism effect in the PS. An

uplanation for this obsa%tioncan be the splitting of degenuate levels caused by symmetry

redUctioIL

The different P

Summary

L spectra at these regions can be due to sauctur:l1 differences

The PL phcnomena in PS is still causing controvasy. The Rarnan scattuing spectra pruented in

this work do not show a complete corrapondence with tbi Raman spectra in Poüsilane or

Siloxene. Contrdry to other polarizaüon studia7'8'lty27, The results here presented show that the PS

layu invcsügated has an anisotropy behavior similar to that of c-SI. This fact sugguts a Si-

skeleton as the structure for the porous silicon,

The PL emission band of the PS layu pruents a polarization dichroism effect that is assigned to

splitting effects caused by symmetry reduction on the PS layer.

Despite we were able to observe the Si-H suetching male in the PS layu we wue not able to

separate the conaibuüon of quantum connnement from surface effects to PL behavior of PS layer.
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Table 1 Results obtained &om Rama scaaaing sl»ar&

Optical phonon line of c-SI and PS
peak{cm4) Inter;;&a.u.} FtIMW(cnr')

A f P F A’ F A’ r
si 520 519 522 519 5778 134 6047 87 11 11

511 509 511 472 36 492 17 43 76 M 73
509 509 1035 144 1613 13'7 52 33 41 45
511 511 513 509 1027 146 1514 138 39 24 34 39

Note; N: not cleaved sample; 1, 11: cleaved sample at region 1 and II rapectively;
P : confiWaüons Z(XY)z z(YX)a z(xx)a z(W)Zrespecüvely.

A Aeg F+

Table II: llre depoladzaüon factors as obtained ia this work and relnrted in the literature.

pa = {IÁ/irIS
0.08
0.12
0.14
0.02

pt$ = (1A,/Ir}4
0.03
0.09
0.09
0.01

PS not cleaved sample in üüs work
cleaved sample region 1 in üüs work
cleaved sample region II in ads work
c-si(loa) in this work
Siloxene

ps si( 1117
c-SI(111)"

2 - 0.4
0.3

IHB
1.33
2 b

ps p'-si(m;
randomly oriented }1-crysü,11 of Si
}1'crystal of Si= n

Table III: Results obtained from the PL spectra of the cleaved sample at regions 1 and IL

Region 1 Region 11

F A F
Peak(eV)
TWHM(eV)
Intensity(a.u.)
P = IA/IF

1.78 1
0.241

1.762 1.747
El

1.744
0.223
16873

0.222 0.238
362120 217730 14260

0.6 1.2
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Caption to the Figuru

a 8 e: : :::

Fig. 1.- Optical microscapic image of the cleaved sample

R aman Shift/ctn-1

Fig. 2: Raman specaa for not cleaved sample at different scattering conügurations.
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R,aman Shift/cm-1

Fig. 3: Rarnan spectra for cleaved sample at region l at diffuent scattndng con6gwations.

R aman Shift/crn-1

Fig. 4: Raman spectra for cleaved sample at region II aI different scaltering conâguraüons.
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Raman Shift/crn-1

Fig. 5: PL spectra in region l for polarizu parallel to analys@ (D and for polarizu perpendicular
to analyzer (A)
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8 loooo

S 5000

6000 8000

Raman Shift/CIn- 1

Fig.6: PL spectra at region II for polarizu parallel to analysu (1') and for polarizn papendicular
to analyzer (A)
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