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The complex pattern of the nanowire skeletons of different light emitting porous silicon structures
is investigated by transmission electron microsc¢pM) and atomic force microscopyAFM).
Diffraction lines and dark field images are used to identify and determine the crystallite specimen
long range order. TEM images give the size and particle orientation, and AFM images show a
three-dimensional pattern formed by an interconnecting skeleton of particles. Near infrared
photoluminescent porous silicoi®.006 ) cm) structures show a skeleton of nanosized silicon
aggregates which form domains of spatially oriented crystallites. For red photoluminescent samples
(4.9 Q) cm) the electron diffraction spots are discontinuously split into tiny intensity maxima. The
diameter of the wire structure forming porous silicon as measured by TEM allows us to estimate the
distortion of the AFM images due to the finite size of the tip radius. A critical angle
ap=2 arctanK/(1—K)] 12 whereK is the ratio of the height of the structure to the tip diameter was
defined and it was shown that for structure walls steeper slahe distortion may be substantial.

© 1996 American Vacuum Society.

[. INTRODUCTION studies give the size and orientation of the nanoparticles.

A debate exists on the precise processes responsible for
porous silicon(PS photoluminescenck.® A better under- Il EXPERIMENT

standing of the complex structure of skeletons consisting of Single-crystal, polished100 and (111) wafers of doped
nanosized particles in different light emitting PS species is(p_ andn-type silicon of 0.006, 0.4, and 4.9 cm resistiv-
required. Increased control over formation morphologies isties were cut into rectangles with areas of approximately 1.0
also of fundamental importance for many applications proxn2 The etching bath was a 50:%By volume solution of
posed for these materials. The most adequate techniques 4804, HF (Merck) and 95% ethano(Merck). The samples
investigate the atomic structure of metal and semiconductqfere etched using a model 273A potentiostat/galvanostat
surfaces are pr%vgded by scanning tunneling microscopyprinceton Applied ResearghAfter anodization the silicon
(STM) and TEM>® STM measurements on films thicker gjap edge was inserted into the TEM for study, as previously
than 500 nm revealed instabilities in the tunnel current sQyescrived TEM examinations were carried out in a Zeiss
that surface topography could not be definitely determ?ned.CEMgoz microscope using 80 keV electrons and equipped
In a recent paper, we reported TEM results which reveal th§ith an electron energy loss spectrometEELS) and an
nanostructure of luminescent PS:' PS surfaces have been jmage intensifying camera.
previously investigated by using AFM and STH.'“ Theo- The silicon samples for AFM observations were removed
ries of image formation have been reported, the most prevarom the electrolyte without removing the liquid adhered to
lent being the tip sample convolution which is based Onjs grface, placed in a glass container, and immersed in lig-
purely geometrical considerations assuming a strictly stiff;iq nitrogen. The frozen samples were then placed under
cantilever, with only one degree of freedom in the verticaly5cyum (1072 Torr), and their glass containers were im-
direction’® The essence of the theory is that in each observed,ersed in liquid nitrogen. Solution sublimation from the
image there exists some information about the tip in additior];ammeS took about 2 h. AEM observations were carried out
to the information about the sample. _ in a TopoMetrix TMX 2000 AFM instrument, using the vari-
_In the experiments described below, we exploit the capagpje force mode in the repulsive force region. Images were
bilities of AFM combined with TEM to examine the nature gptained in air on freshly produced surfaces. The room tem-

of the structure of PS layers. Moreover, in order to gain &erature photoluminescence system has been described
better understanding of the image formation mechanism iMreviously®

AFM, a comparison of AFM and TEM images is also per-
formed. To this end, we report AFM studies of the three-
dimensional pattern formed by the PS layer, while TEM!I! RESULTS
Images obtained by TEM from a 0.00Q cm, n-type,
dElectronic mail: ross@ifi.unicamp.br (100 oriented silicon sample, anodized at current density of
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Fic. 2. Dark field images obtained by TEM in tH811} directions of a
porous silicon structure formed iGl00 oriented siliconn-type, 0.009

Q) cm. The long-range ordering resulting from the original crystalline struc-
ture is given by the width of the brightest regiés500 nm).

evident that when the misorientation of the crystallites dis-
torts the original grid into curved lines, the dark fringes are
curved, as shown in Fig.(ib).

In order to check the crystallites spatially variable orien-
tation in the etched samples, dark field images, as shown in
Fig. 2, were obtained by TEM. Spots corresponding to the
{111, {220, {311, {400, {331}, and{422 diffraction were
observed. The dark field image for tfi@11} direction (Fig.

2) clearly shows that the nanocrystals in the brightest area of
the photograph are preferentially aligned along this orienta-
tion. The long-range ordering resulting from the original
crystalline structure in the sample is of the order~e600
nm.
Fic. 1. Transmission electron micrographs of the porous silicon structure Flgur_e 33) Sh_QWS the TEM 'mage. of a 49 cm, p-type, .
formed on(100) oriented silicon,n-type, 0.0090 cm sample.(@) Inset (100 oriented silicon sample, anodized at a current density
shows a region with # magnification. X indicates a 20-nm-diam particle. of 5 mA/cn12_ This sample shows a photoluminescence peak
D_iffract_ion contrast I_ines form a_pattern pf almost straight lings.Curved at 1.8 eV. The shape of the etched parts of the sample are
diffraction contrast lines and microscopic structure. . L. .
emphasized by a whitish color. The structure of the anodized
silicon is seen to be composed of highly isolated columns
[marked Y in Fig. 8a)] as small as 15 A cross-section diam-
100 mA/cnt, are displayed in Figs. (4 and Xb). This eter. Figure &) shows that the asterism of the electron dif-
sample shows a near infrared photoluminescence peak &fiction spots is discontinuously split into tiny intensity
1.45 eV. Two distinct types of structures can be seen in Figmaxima. Spots corresponding to tf&11}, {331}, and{533
1(a): a pattern of columnar dark spots4 nm in diameter diffraction were observefindicated by 1, 3, and 4 in Fig.
over the entire PS surface and an array of hdiekitish  3(b)]. This observation indicates that segmented crystallites
area$ ~25 nm across, forming a structure of pores perpenare produced, which are relatively undistorted among them-
dicular to the plane of the silicon slab and exhibiting wall selves although differing slightly in orientation from their
dimensions of the order of-30 nm. In addition, Fig. (8 neighbors. The etched lattice is formed by an aggregate of
shows diffraction contrast lines on the surface of the PSomparatively strain-free subgrains separated from one an-
films. These contrast lines arise from the etching action wheother and having nearly the same orientation as the original
the crystallites forming the crystal are slightly tilted. It is also crystal.

(b)
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IS at 1.8 eV The image shows a pattern of columfight
¥t »6 isolated spotsover the entire PS surface. A more detailed
& mapping of the PS formed structure is shown by its profile.
Typical profiles of this sample observed by AFM show val-
leys and hills as small as 55 A wideee Fig. 6a) obtained
with the Microlever™ tip and Fig. ®) with the Ultralever™

tip].

Y “?- |

‘

IV. DISCUSSION

A. TEM observations, diffraction lines, and dark field
images

The results above demonstrate that PS layers formed dur-
ing silicon anodization of different light emitting species also
have different structuretsee Figs. 1-8 Diffraction lines
and dark field images are used to identify and define the
crystallite specimen long-range order. The long-range order
shown in Fig. 2 is~500 nm. Figure &) shows that PS
formed on 4.90 cm samples is composed of small loosely
connected crystallites, as previously repotfdeiS layers are
therefore formed by slightly disoriented lattice segments or
subgrains, separated by etched holes. TEM images give the
sizes and particle orientatioribigs. 1-3.

B. Observation by AFM and TEM

A comparison of TEM and AFM images of samples was
then performed. Figures(d) and Xb) are TEM images and
Fig. 4 depicts an AFM image of the 0.009 cm, n-type,
(100 oriented silicon substrate each showing different as-
pects of the porous nanosized structure. The AFM images
give a three-dimensional view of the skeleton structure of PS
which cannot be observed by TEM. This three-
dimensionality allows the visualization of the interconnect-
ing structure.

(b) An AFM image corresponding to a red-

photoluminescence sample is presented in Figs. 5 and 6.
Fic. 3. (a) TEM images of porous silicon structure formed by anodizing a Note that it was not possible to resolve features smaller than
4.99 cm (100 oriented,p-type silicon sa'mples'. Y inqlicates a particle with thgse shown in this figure. The discrepancy between the PS
a diameter of~15 A. (b) Electron anodized diffraction pattern of porous .
silicon obtained by TEM showing spots corresponding to (B, (331), surface shown by TEM and the one shown by AFM is due to
and(533) diffraction, indicated by 1, 3, and 4. the response of the probe tip to the force exerted by the
surface structure. AFM images are a reconstruction from
digital data obtained from a probe tip response to a sample’s
}_opography as the tip is scanned across the surface. Studies

The surface topography of PS samples was then invest . . . .
gated by AFM. Anpirr?agz gorrespondingto a central Ioositionmvolvmg structures highly three-dimensional, as PS layers,

in the 1 cm diameter, 0.00@ cm samples, anodized with a can be complicated by the fact that although the vertical

current of 100 mA/cr during 20 min, is shown in Fig. 4 resolution is usually excellent, the AFM produces distorted

. ateral features on the steeply inclined sides of nanoparticles.
Etched holes are emphasized by dark color. A skeleton struc: _ o : .
P y he effect of the finite curvature of the tip in AFM imaging

ture is observed, which is formed by a pattern of large hole o1
having diameters of~1 um (dark regions, indicated by)Y %as been noFed by severgl authtis. Therefpre a knowl-
agdge of the tip geometry is of fundamental importance.

The walls of these pores have dimensions of this order
well.

Silicon tips from Park Instrumen{dJitralever™Si) and
Microlever™ (SiN)] were used to obtain improved spatial
resolution. An image obtained by AFN¥Microlever™ tip The distortion of an AFM image is illustrated by the re-
from ap-type 4.9Q cm (100 oriented silicon sample, anod- sponse of a conical tip with an apex tip radRs to various
ized during 30 min at 5 mA/cfrcurrent density, is displayed structures as shown in Figs(af and 7b). Two situations can
in Fig. 5. These samples show a red photoluminescent pedle distinguished, namelya<a, or a=q, Wwhere

C. AFM image distortions and geometrical resolution
limitations

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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85 nm

Opm 25pum 5pm

Fic. 4. An AFM image of a porous silicon etched (h00 oriented siliconn-type, 0.009 cm. It shows a skeleton structure of holes and walls formed by
a substructure of-40-nm-thick walls, indicated by Z.

ap=2 arctanK/(1—K)]Y¥2 K=h/2R;, h is the height of the the unobserved regiot or “hole region” and Fig. 8b) the
object,Ry is the apex radius, andl is angle of rise or fall of  critical anglea, as a function of the object height) for the
the structure. Figure(B) shows that fora<ay, the increase tip apex radii of 200, 50, 30 and 15 A. The distortions intro-
in the width of a structure in the sample is given by guced do not affect the height, but only the width and the
Rt sin(a/2) for each rise or fall of the sample structure. This increase in the width will depend on the helght) (and
value does not depend on the heighof the structure. angles(a’s) of the structure. Table | gives the values of the

S :grric(;?:oeingufvrzag %a;ust?ugpurgahl:zr E&S)Er?gx;?hee calculated full width at half height for objects of various
b P y - M9 heightsh and apex tip radiR; . The object is a symmetrical

observed profiles for this situation, while Fig@aB displays R ) ) :
trapezoid with a flat horizontal top of 15 A width, andis

spird

E(a)

MJJ N \/“\VV/\/ |

Height (nm)
o

F ()
PHi A / A /\/
NS [N
14 \

onm 0nm 0 20 40 60 80 . 100
Length (nm)

Fic. 5. An AFM image ofp-type, 4.9Q cm (100 oriented silicon sample
anodized during 30 min at 5 mA/neurrent density. It shows a pattern of Fic. 6. Typical profiles of the sample of Fig. 5 with) a Microlever™ SiN
columns over the entire surface. tip; (b) an Ultralever™ Si tip.

JVST B - Microelectronics and Nanometer Structures
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d (A)

(a)

(b)

o, (deg)

Fic. 7. Distortion of an AFM image illustrated by the response of a tip of
radiusRy to a step structure which rises at an angl® a vertical heighh.

(a) a larger than the critical angley; (b) @ smaller than the critical angle
ay.

the angle of risgor fall) of the structure. Observe that the
measured particle width depends critically on both the par-
ticle height and the tip radius.

D. Porous silicon AFM formed images

The spatial resolution of the TEM images is 15 A, while (b)
that of the AFM depends critically on the profile of the probe
tip and sample. When the tip apex radius is of a magnitudé&'c. 8. (& Value of the unobserved region lengthas a function of the
similar to the one of the sample structure, the distances b(%(frzggg'n ';ef'?hhé \fl‘;ﬁ"ca;'%‘fi g f{)"’r“i':;c')u(sb)ﬁcrr'ggg' angle valueap as a
tween adjacent peaks in the samples are well reproduced In 9 b radtr
the observed image. Also, there is less distortion of peaks
than of valleys. The depth of valleys in the image is strongly
dependent on the radius of the tip. The radii of tips wereangle for the Ultralever™ and Microlever™ tips are equal to
determinated from the profiles shows in Fig. 6. For the Mi-60° and 42°, respectively, which are larger than the observed
crolever™ tips the estimated radius obtained from the pro«’s of 10° to 15°, as illustrated in Fig.(B). Thus the true
files shown in Fig. 6a) is 48+10 A and for the Ultralever™  width is the measured width minuR sin(/2) for both the
tips [Fig. 6(b)] the radius is equal to 366 A. rise and the fall. Isolated peak profiles shown in Figs) 6
The porous silicon layers are formed by a skeleton strucand &b) were measured and the ascending and the descend-
ture of ~15 A diameter cylinders as shown in Figag The  ing angles calculated as well as the radii of the peaks. The
profiles present peaks with heights around 10 A. Using thismallest particle width was estimated to bet¥BA (for the

height value and the estimated radius of the tips, the criticaMicrolever™ tip and 15-8 A (for the Ultralever™ tip.

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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