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Evidence of pore correlation in porous silicon: An x-ray grazing-incidence study
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The structure of porous silicon is investigated by grazing incidence x-ray scattering. Using GISAXS~grazing
incidence small-angle x-ray scattering!, a systematic pore correlation is observed for all porous silicon types.
The quantitative analysis of the measurement has been performed for thep2-type sample, using a spherical
model of pores and an isotropic distribution of scattering particles, leading to a typical pore size of 6.2 nm and
to a particle-particle correlation length of 8.6 nm. In addition for this type of porous silicon, the morphology
of the surface and interface of the layer have been studied by specular and off-specular reflectivity. The
roughening due to the pore front propagation is quantified and the interface instability ofp2-type porous
silicon is observed.
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Since 1990, the discovery of the room-temperature lu
nescence of porous silicon~PS! has stimulated much
research.1 However, in spite of the existence of many the
retical models for PS formation, based either on elec
chemical or physical properties of semiconductors,2 the for-
mation mechanisms of this nanocrystalline material are
unclear due to the difficulty of characterizing very thin p
rous layers. Direct and local characterization is obtained
transmission electron microscopy~TEM!. For p2-type PS,
the pores are rather isotropic, with diameter around 3
while in p1-type, larger dendritic pores with a diamet
around 8 nm are connected to smaller branching pores w
diameter around 4 nm.3 The case ofn-type PS is more com
plex due to the large variety of observed morphologie4

Some additional information obtained in a nondestruct
way and averaged over a large amount of PS material ca
obtained by x-ray diffuse scattering measurement eit
around the transmitted beam@small-angle x-ray scattering
~SAXS!# ~Ref. 5! or around the Bragg peak of the PS sing
crystal layer@wide-angle x-ray scattering~WAXS!# ~Ref. 6!
even using grazing incidence diffraction~GID!.7,8 The most
important results are the clear anisotropy ofp1-type PS
pores and the presence of a strong particle-particle corr
tion in this material. Some results onn-type PS have been
also reported.5,7

PS is obtained by the anodization of a silicon single cr
tal in an electrolytic solution containing hydrofluoric ac
~HF!, ethanol, and water. Layers with a thickness from a f
tens to thousands nanometers can be prepared by adju
the formation time. In this thickness range, x-ray scatter
techniques in grazing incidence geometry are well adap
measurements for the determination of the PS structure.
combination of measurements performed in the plane7,9–12

and out of the plane of incidence results in information w
length scales ranging from a few to hundreds of nanomet
0163-1829/2001/64~24!/245416~4!/$20.00 64 2454
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In this paper, we present a structural investigation of d
ferent types of PS samples. After a brief description of
experimental conditions, we first report on the observat
on systematic correlations in various PS layers using out
plane GISAXS ~grazing incidence small-angle x-ra
scattering!.13 This technique is rather sensitive to the bu
scattering from the particles in the near surface region.
the p2-type sample, a quantitative analysis of pore size a
correlation length has been performed. We complete
structural investigation ofp2-type PS by the characterizatio
of both external surface and interface of the PS layer us
in-plane measurements, i.e., specular and off-specular re
tivity.

For x rays, the real part of the index of refraction is a litt
smaller than unity and leads to the existence of a total ex
nal reflection regime for incident anglea i smaller than a
critical angleac .14 The value ofac , in the order of a few
tenths of a degree, depends on the electron density nea
surface. For porous silicon,ac is directly related to the po-
rosity P of the layer,7

P512S ac,PS

ac,Si
D 2

, ~1!

where ac,PS and ac,Si are the critical angles of the porou
silicon layer and silicon substrate, respectively. The spec
reflectivity ~measured fora i5a f , where a f is the exit
angle! is sensitive to the electron density profile along theqz
axis, normal to the sample surface.14 Additional scattered
intensity results, in both specular and off-specular directio
from defects at the interfaces~roughness! or in bulk ~pores
and particles!. We report on two kinds of experiments. For a
in-plane geometry measurement, i.e., 2u50 @see scheme in
Fig. 1~a!#, the information obtained alongqz concern the
small length scale structure~in the range of a few nanom
eters!, while in the lateral direction alongqx , larger length
©2001 The American Physical Society16-1
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scale is probed~a few tens of nanometers!. The reflected
intensity is most sensitive to the surface and interface st
ture and the PS layer can be considered as a homogen
medium. The analysis of specular and off-specular intens
are performed using routines developed and tested by T
and Press:14 the Parrat formalism is used for the specu
part, while the analysis of the diffuse scattered intensity
obtained within the distorted-wave Born approximati
~DWBA!, which assumes self-affine roughness structure
interfaces. The height-height correlation functionC(R) in-
troduced by Sinhaet al.15 for fractal interfaces in the Gauss
ian approximation is given by

C~r !5s2exp@2~r /j i!
2h#, ~2!

wherer is the lateral position vector, scanning the interfa
j i is the lateral cutoff length,h is the Hurst parameter, ands
is the root-mean-square roughness: this last paramete
given by the full width at half maximum of the derivative o
the electron density profile at the interface. These meas
ments have been performed using synchrotron radiatio
LURE, on WDIF4C beamline, with a wavelengthl of
0.128 nm. A crystal analyzer has been used to increase
resolution.

In the GISAXS geometry, where the out-of-plane signa
measured (2uÞ0),13 the scattered intensity in the (qy ,qz)
plane is sensitive to defects in the nanometer range,16 corre-
sponding to the pore/crystallite typical size. Generally
GISAXS, the intensity is described by

I ~q!5T~a i* !S~q!C~q!T~a f* !, ~3!

FIG. 1. ~a! Scheme of the scattering geometries used for
plane specular and off-specular measurements (2u50) and for out-
of-plane GISAXS (2uÞ0). ~b! GISAXS pattern measured o
samplep1

2 .
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whereT(a i , f* ) is the transmission factor for the incidence a
exit angles in the medium,S(q) is the shape factor of a
single particle, andC(q) is the particle-particle correlation
term. The choice ofS(q) andC(q) for porous silicon will be
explained further. The out-of-plane measurements have b
obtained on the ID01 beamline at ESRF (l50.154 nm) us-
ing a two-dimensional~2D! gas filled detector whose dis
tanceD to the sample can be adjusted between 632 and 4
mm to improve the resolution@Fig. 1~a!#.

Five samples, namedp1
2 , p2

2 , n2, n1, and p1, have
been investigated. They are obtained by the electrochem
anodization of a single-crystal silicon wafer@~001! oriented#
in a solution containing HF, ethanol, and water and usin
constant current densityj.1 The formation conditions of the
samples are reported in Table I.17 The thicknessT of the PS
layers is adjusted by controlling the formation timet f , which
varies from a few seconds to a few hundreds of seconds.
p-type substrates are boron doped whilen-type ones are
phosphorus doped. For low dopedn2-type, the lack of mo-
bile carriers in silicon is compensated by an illuminati
during anodization that creates the holes necessary for
electrochemical reaction. The illumination is performed w
a halogen lamp and a filter transmitting a power density
40 mW cm22 for wavelengths larger than 660 nm. Afte
anodization, the samples are rinsed for 5 min in deioniz
water and dried with N2 gas.

GISAXS investigation has been performed on samp
with thick PS layers in the micrometer range. Then, the
tensity mostly results from bulk scattering and the surfa
scattering can be neglected~the PS/Si interface does not sca
ter, due to the absorption of the grazing x-ray beam in the
layer!. Figure 1~b! presents the GISAXS pattern obtained f
the p2-type sample usingD51732 mm anda i50.12°. For
this sample,ac,PShas been measured at 0.16°. The scatte
intensity is recorded in the upper range of the detector du
the shadowing effect from the sample surface. A verti
beam stop is used to avoid the strong intensity from
direct and specular beams. Along theqy axis two intense
maxima are observed resulting from a strong anisotro
particle-particle correlation enhanced by the transmiss
factor at theac,PSposition. At largerqy a broad diffuse scat-
tered intensity is observed, resulting from the size and sh
of the pores. The same kind of experiment has been
formed on all the typical kinds of PS samples. Figure 2~a!
presents theqy cross section taken from the GISAXS patte

-

TABLE I. Anodization conditions used for fabrication of th
five samples investigated: HF concentration of the electrolyte@HF#,
constant current densityj, formation timet f , and thicknessT of the
resulting nanoporous layers.

Resistivity @HF# j t f Light T
V cm ~%! mA cm22 s nm

p1
2 5 25 15 160 no 2000

p2
2 5 17.5 16 3.8 no 40

p1 1022 25 10 128 no 2000
n1 5 1023 15 5 400 no 2000
n2 5 15 5 300 yes 1000
6-2
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EVIDENCE OF PORE CORRELATION IN POROUS . . . PHYSICAL REVIEW B 64 245416
measured forp1
2 , n2, n1, andp1 samples. They all exhibi

a strong correlation maximum and an asymptotic decre
close to the typicalqy

24 , following the classical Porod law
for sharp interfaces.18 The correlation maxima of differen
types of PS are obtained between the small value ofp1-type
(qy50.25 nm21) and the large value ofp2-type (qy
50.5 nm21). It allows us to compare the typical structur
size between all PS types; from the smallest to the larg
structure, the following classification is obtained:p1, n1,
n2, p2. In the following, we emphasize the behavior of t
p2-type sample. The simulation assumes a spherical sh
of the pores with an isotropic distribution of particles in t
(qx ,qy) plane.19 The spherical pore shape is a rather reas
able estimation, justified by various TEM observations3 and
by theqy

24 decrease.18 A Gaussian size distribution has bee
used to take into account the variation in pore size in suc
porous medium.3 Along qy , T(a i , f* ) remains constant. The
result of the best fit is presented in Fig. 2~b!. The correspond-
ing numerical values are a pore diameter of 6 nm an
lateral correlation length of 8.660.6 nm. The size distribu
tion, presented on the inset of Fig. 2~b!, shows a typical size
deviation of 61.6 nm. However, the model of correlate
spheres is very rough and cannot give a true picture of
complex morphology of PS pores: the etched volumes m
be interconnected and in communication with the exter
HF solution. Using the measured parameters for an isotro
distribution of spheres, we find a porosity around 20%, wh
the determination from the value of the critical reflecti
angle is 47%. Moreover, the hypothesis of an isotropic str
ture is clearly inadequate as no correlation is observed a
the z axis. In fact, the correlation length, observed in t
surface plane, corresponds probably to the average dist
between irregular etched channels. The larger value of
porosity can be due to the numerous and irregular branc

FIG. 2. ~a! GISAXS cross sections along theqy axis for various
PS samples~circles! and asymptoticqy

24 decrease~line! represented
on a log-log scale. For clarity, the curves have been vertic
shifted by an arbitrary factor.~b! GISAXS cross section alongqy

measured on samplep1
2 ~circles! and result of the best fit using

model with spherical pore isotropically distributed~line!; the corre-
sponding radius distribution is shown in the inset.
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of dead-end pores. One notes that this is somewhat simila
the pictures of thep1-type PS structure observed by electr
microscopy,3 but with a smaller size forp2-type samples.

We focus now on the structural characterization of t
surface and interface of thep2-type PS layer. For this study
a thin PS layer is chosen to reduce the bulk scattering fr
pores and particles. Figure 3~a! shows the specular reflectiv
ity curve obtained for samplep2

2 . The critical angle of the
porous layer is visible atqz50.25 nm21 (ac,PS50.155°)
and the strong decrease of intensity atqz50.31 nm21

(ac,Si50.185° for the chosenl) corresponds to the bulk
silicon substrate one. At larger angles, interference frin
indicate rather sharp interface and surface of the layer. In
inset of Fig. 3~a!, two rocking scans are presented. Th
exhibit strong Yoneda maxima atqx corresponding toa i , f
5ac,PS, that result from the scattering by the roughness
both surface and interface. After some preliminary tests
has been concluded that a single layer model with the u
symmetric electron density profile15 was not sufficient to fit
these measurements. It is necessary to use an asymm
profile at the PS/Si interface to describe the porosity va
tion. This was obtained by introducing, at this interface
transition layer with a fixed 3-nm thickness. This addition
layer leads to the use of four new fitting parameters (P, s,
j i, andh); some of them,j i andh, were not free but set to
the value of the ones of the PS/Si interface, in order to ob
a satisfying fit with the smallest number of fitting param
eters. Although the values of the roughness at both side
the transition layer were comparable to the layer thicknes
continuous electron density profile was calculated by
program, using the overlapping of the two Gaussian cur
in the derivative of the electron density. This allowed us
use a standard program to produce asymmetric profile at
PS/Si interface.20 This model has been successfully tested
numerous PS samples.17 Finally, the use of ten free param
eters is sufficient for the fit of the three curves of Fig. 3~a!,

y

FIG. 3. ~a! Specular reflectivity measured on samplep2
2 ~circle!

and off-specular rocking scan measurements performed at the
qz values indicated on the graph~inset!. The result of the best fit is
also presented~line!. ~b! Resulting porosity profile as a function o
depth~continuous line! and its derivative~dashed line!.
6-3
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simultaneously. The resulting values are reported in Table
Figure 3~b! shows the corresponding porosity profile d
duced from the electron density profile. The total thickne
of 37.2 nm and the porosity of 46% are directly determin
by ac,PS and by the thickness fringes from the specular
flectivity profile. The derivative porosity profile, also plotte
in Fig. 3~b!, shows the larger roughness of the PS/Si int
face~7.5 nm! than of the surface~4.7 nm! resulting from the
pores propagation front. The values of Table II show in a
dition that the lateral cutoff length is larger at the interfa
than at the surface, and is quite large~150 nm! in regard to
the values obtained on other PS types. To compare,
n1-type PS a lateral cutoff length of about 40 nm has be
obtained.21 In spite of the large error bar resulting from th
lack of structure in these measurements, the lateral cu
length is large and must be related to the interface instab
predicted and observed by Chazalvielet al. on low doped
p-type PS.2 Finally, the small Hurst parameter value~0.15! is
the signature of the complex jagged interfaces of the
layer.

To conclude, we have presented results on GISAXS

TABLE II. Values of parameters used for the fit of the specu
and off-specular reflectivity@Fig. 3~a!# measured on the thin sampl
p2

2 . The number in brackets are not free parameters but constra
to the value of the PS/Si interface parameters.

PS Transition PS/Si
layer layer interface

P ~%! 4562 15610
T ~nm! 34.260.5 ~3!

s ~nm! 2.260.5 2.560.5 3.660.1
j i ~nm! 30620 ~150! 1506100
h 0.1560.05 (0.15) 0.1560.05
u
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periments performed on PS. Thanks to the technique, wh
is well suited for the characterization of the PS structure n
the surface, we have been able to show systematically
strong pore correlation for a large range of PS types (p2,
p1, n1, n2). For bothn- and p-type PS, the typical struc-
tural size of the material increases with the doping level. T
simulation performed forp2 type shows that the simple
model of spherical pores isotropically distributed is suitab
to obtain pores size and correlation length, although the r
topology of a porous medium is more complex. Further co
parative analysis will be performed on the other PS typ
Some specular reflectivity measurements on PS have pr
ously been performed,7,9–12 but without investigation of the
off-specular scattered intensity. However, the scattered int
sity alongqx contains relevant structural information neede
for the knowledge of the height-height correlation function.21

During our investigation ofp2-type, we observed the asym
metric profile of the porosity at the PS/Si interface. Th
quantitative analysis shows the larger roughness at the in
face resulting from the pore front propagation and the lar
cutoff length of the roughness, that must result from the
terface instability.2 These two techniques will be applied t
study the structural changes during growth in the poro
structure and at the interface.

Furthermore, the combination of GISAXS and specu
and off-specular reflectivity could lead to new results for th
investigation of porous materials such as poro
semiconductors1 and other porous layers, where both the i
terfaces of the layer and of the bulk material present a stro
electron density modulation resulting from various fabric
tion processes.
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