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Luminescent Color l mage Generation on 
Porous Silicon 

Vincent V. Doan and Michael J. Sailor* 
Black and white images were projected onto *type silicon (1 00) wafers during a photo- 
electrochemical etch to produce a color image that photoluminesces. The photolumines- 
cence originates from a thin layer of luminescent porous silicon that is produced in the 
photoetch, and the colors that appear in the etched image arise from thin-film optical 
interference. A diiaction grating was also photoetched into the substrate, demonstrating 
simultaneous encoding of a gray-scale image into thin-film interference, luminescence, and 
diiaction phenomena. 

Recent studies have shown that an elec- 
trochemical etch of Si produces a micro- 
porous material that photoluminesces in 
the visible region of the electromagnetic 
spectrum (1 -3). This photoluminescence 
(PL) has been attributed to quantum con- 
finement effects arising from isolated, na- 
nometer-sized Si features produced during 
the etch process (1 -3, although the origin 
of PL in porous Si is still under debate 
(6-9). The striking luminescence of this 
material has generated a great deal of inter- 
est because of the unique role that Si plays 
in modem electronics technology. 

Photoluminescent porous Si can be pro- 
duced in patterns on a Si wafer by etching 
the wafer while a binary test pattem is 
projected onto it (10). Here, we demon- 
strate that polycontrast images can also be 
replicated (I I) and that the variation in 
light intensity translates into a variation in 
etch rates at the Si electrode. This proce- 
dure produces two phenomena: first, the 
etched image appears with false colors un- 
der incandescent or fluorescent lights be- 
cause of thin-film optical interference ef- 
fects and, second, the image photolumi- 
nesces with different emission energies at 
ditrerent spots. The variation in PL energy 
across the image depends on the photocur- 
rent that existed at each particular location 
on the wafer during the etch. In addition, 
photoetching a grid or multiline pattem 
generates a three-dimensional diffraction 
grating, which suggests that holographic 
information can also be stored in this pro- 
cess. These results demonstrate three sepa- 
rate and simultaneous methods of image 
storage on a Si substrate, all of which may 
be applicable to optical and holographic 
display, waveguide, or data storage technol- 
ogies. 

Single-crystal, polished (100) wafers of 
Pdoped (n-type) Si of 0.5 17 ohm-cm resis- 
tivity were cut into rectangles with areas of 
approximately 0.5 cm2. We ohmically con- 
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tacted these on the back by scratching with 
Ga ,n  eutectic and afhxing a Cu wire with 
Ag print. The entire contact was coated 
with epoxy, and the resulting device was 
used as the working electrode in a two- 
electrode electrochemical cell. A Pt flag 
with a press-contacted Pt wire attached was 
used as the counter electrode. The etching 
bath was a 50:50 (by volume) solution of 
aqueous 49% HF (Fischer Scientific, elec- 
tronic grade) and 95% ethanol (Quantum 
Chemical). Photolithographic etching was 
carried out in optical-quality plastic cu- 
vettes, and black and white polycontrast 
images were projected onto the Si samples 
with a 300-W EXR-type tungsten lamp 
(filtered through a 450-nm, 20-nm band- 
pass interference filter) and a reducing lens. 
The image we used, taken from a dollar 
note (U.S. currency), is a gray-scale image 
that also contains periodic line and grid 
patterns. The samples were etched galvano- 
statically with a model 363 potentiostatl 
galvanostat (Princeton Applied Research). 
Luminescent porous Si images resulted after 
etching at approximate (average) current 
densities of 100 pA cm-2 for 30 min. 

Flg. 1. White-light (A) and fluorescence (B) 
microscope photographs of an image etched 
onto mSi. In (B), the fluorescence was excited 
with a UV lamp (Mineralight UVS-II; Ultraviolet 
Products, San Gabriel, California) and ob- 
served through a 450-nm cutoff filter so that 
only the red-orange photoluminescence from 
porous Si was seen. 

Flg. 2. Reflectance spectrum from a small spot 
on a porous Si image. The\source (300-W 
tungsten lamp) and detector (Princeton Instru- 
ments chargecoupled device photodetector1 
Acton Research 0.25-m monochromator) an- 
gles were at 45" with respect to the surface 
normal. The reflectance data are presented as 
the percentage of light intensity reflected from 
the sample, relative to a polished, single-crystal 
Si wafer. 

The images generated on the n-Si wafers 
appeared colored under white-light illumi- 
nation as a result of thin-film interference 
effects (Fig. 1A) (1 2). The reflectance spec- 
trum of a small spot on the image (Fig. 2) 
corresponds to an effective optical thickness 
(13) of 950 nm, which corresponds to the 
thickness of the porous Si layer as measured 
by cross-sectional scanning electron micros- 
copy (1000 nm). 

The images appeared red-orange under 
ultraviolet (UV) irradiation because of lu- 
minescence from the porous Si layer (Fig. 
1B). Photoluminescence spectra taken at 
ditrerent spots on the porous Si surface had 
ditrerent energy maxima (Fig. 3); the higher 
energy spectra came from spots that were 
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Fig. 3. Photoemission spectra from various 
spots on the etched image. The spectra were 
obtained with an expanded HeICd laser (442 
nm, -0.5 mW ~ m - ~ )  excitation source and a 
Princeton Instruments charge-coupled device 
photodetector/Acton Research 0.25-m mono- 
chromator fitted with a fiber optic and micro- 
scope objective lens to allow detection from 
small ( < I  mm2) sample areas. 

more brightly illuminated during the pho- 
toelectrochemical etch. The same varia- 
tions were seen on wafers with porous Si 
layers that were too thick to display the 
o~t ica l  interference ~henomena. 

Thus, the shift in wavelength maximum 
(A,,,) can be attributed to variations in the 
inherent emissive properties of the porous 
Si. The PL emission maximum on Dorous Si 
depends on the etch rate used in the elec- 
trochemical etch (14). Because the photo- 
current at n-Si is proportional to light 
intensity (1 5), the intensity variation 
across the projected image translates into a 
variation in the etch rate, which presum- 
ably leads to the different emission maxima 
observed. The correlation of the PL A,,, to 
photoetch light intensity was confirmed in 
separate measurements with the use of uni- 
form photoetch illumination. The value of 
A,,, ranged from 710 to 640'nm for pho- 
toetch light intensities ranging from 3 x 
1014 to 12 x 1014 photon cmP2 s-'. The 
emission maxima were also sensitive to the 
etch duration and current densities used. In 
our experiments, the etching time was 30 
min at a current density of 100 pA cm-'. 

The background in the picture that we 
used included a grid pattern. At the reduc- 
tion ratios used, the replica of the grid 
~roduced on the n-Si substrate contained 
20 lines per millimeter in each direction. 
Illumination of this area with a He/Ne laser 
generated a diffraction pattern. The spot 
spacing matched that predicted from the 
grating equation for Fraunhofer diffraction 
(1 6) and corresponded to a line separation 
on the n-Si substrate of 50 pm. Profilome- 
try measurements (Dektak 3030) showed 
no height modulation (less than &20 nm) 
on the porous Si layer, which indicates that 
the surface of the etched grating was rela- 
tively flat. Because the porosity of anodized 
porous Si depends on etch current density 

(1 7, 18), the observed diffraction presum- 
ably resulted from a periodic density (and 
refractive index) variation within the 
etched wafer. This morphology differs from 
that of conventional ruled gratings, which 
consist of mechanically imprinted grooves 
on a surface. 
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Energetics of Large Fullerenes: 
Balls, Tubes, and Capsules 

Gary B. Adams, Otto F. Sankey,* John B. Page, 
Michael O'Keeffe, David A. Drabold 

First-principles calculations were performed to compare the energies of 29 different fullerene 
structures, with mass number from 60 to 240, and of eight nonhelical graphite tubes of different 
radii. A quantity called the planarity, which indicates the completeness of the T-bonding, is the 
single most important parameter determining the energetics of these structures. Empirical 
equations were constructed for the energies of nonhelical tubes and for those fullerene struc- 
tures that may be described as balls or capsules. For a given mass number, ball-shaped 
fullerenes are energetically favored over capsular (tube-like) fullerenes. 

T h e  discovery and practical synthesis (1, 2) 
of C60 has prompted the search for other 
fullerene-lie molecules and other novel forms 
of carbon. Lamb et al. (3) have created sam- 
ples containing a wide variety of large carbon 
fullerenes of mass number up to 290. Scan- 
ning tunneling microscope images have 
shown that the molecules in these samples are 
exclusively ball-shaped. Graphitic tubes (4, 5) 
and fullerene capsules (6) are other forms that 
have been proposed and imaged. At present, 
there are no simple yet reliable estimates for 
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the energies of these various structures. 
In this report we present computations of 

the equilibrium configurations and compare 
the energies of three different types of carbon 
structures: fullerene balls, graphitic tubes, and 
fullerene capsules (a tube with ball-like caps). 
In these computations we used quantum mo- 
lecular dynamics (QMD) (7-9) simulations. 
Thirty-seven different structures were simulat- 
ed, and from these ab initio results we created 
simple empirical formulas for predicting the 
energy of any size fullerene ball, tube, or 
capsule. These empirical formulas are based 
on only one parameter, the "planarity," 
which is defined from the T-bonding angle (T 
angle, or 4,). The energetic effect of the size 
of the HOMO-LUMO gap (highest occupied 
and lowest unoccupied molecular orbitals) 
was found to be of secondary importance. For 
a fixed number of atoms, fullerene balls are 
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