
sulfuric acid as estimated from cyclic vol-
tammetry at 200 mV s"1 is 52 X 10"2 F 
cm - 2 . This compares favorably with the val­
ue of L2 X 10~2 F c m - 2 for a film of ePt of 
similar thickness. The complex impedance 
of the double layer showed a capacitance of 
5-1 X 1 0 ~ 2 F c m - 2 and an effective series 
resistance of 0-8 ohm cm2 at 1 Hz. The 
volumetric capacitance, estimated to be —200 
F cm - 3 , is typical of the best candidate ma­
terials for electrochemical capacitors (20). 
The impedance was found to decrease with 
frequency according to ( i w ) - 0 9 up to the 
highest measurement frequency (6.5 X 103 

Hz). This behavior is consistent with that 
observed for ePt. Any Warburg impedance 
due to the electrolyte resistance in the 
pores (21) was below the detection level, 
and therefore H r eP t can be expected to 
]perform well as an electrochemical capaci­
tor at high power and high frequency. 

Our results show that electrodeposition 
of metals from appropriate salts dissolved in 
the aqueous domains of the lyotropic liquid 
crystalline phases of nonionic surfactants 
produces metal films that combine well-
defined porous nanostructures, high specific 
surface areas, electrical connectivity, fast 
electrolyte diffusion, and good mechanical 
and electrochemical stability- In these 
films, the diameters of the holes are deter­
mined by the length of the alkyl chain of 
the surfactant used in the plating mixture, 
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Fig. 3. Plot of current passed (I) while linearly 
scanning the applied voltage (U relative to the 
SCE) for H,-ePt, recorded with a scan rate of 200 
mV s~1 in 2 M aqueous sulfuric acid at 25°C. The 
platinum was electrodeposited at 65°C onto a 
0.008-cm2 polished gold electrode. The potential 
was stepped from +0.6 V versus the SCE to -0.1 
V versus the SCE until a charge of -50 mC was 
passed. The surface area of the washed platinum 
deposit was determined from the charge associ­
ated with the hydrogen adsorption and desorption 
process (in the region +0.2 Vcathodic -»-0.2 V -» 
+0.2 Vanodjc). The capacitive charge (shaded re­
gion) was not included. The surface area was de­
termined to be 5.47 cm2, which implies a rough­
ness factor of —680. 

whereas the geometric disposition of the 
channels is determined by the architecture 
of the liquid crystalline phase. Because both 
of these parameters are under direct exper­
imental control, electrodeposition from liq­
uid crystalline plating mixtures provides a 
versatile route to creating mesoporous met­
al films that could represent new genera­
tions of electrode materials for use in bat­
teries, fuel cells, sensors, and electrochemi­
cal capacitors. 
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sorption, fluorescence, interferometric (13) 
and other devices (14). Here we describe an 
optical interferometric transducer scheme 
based on inexpensive and readily available 
optically flat thin films of porous silicon 
(PSi). This material has been used for high­
ly sensitive detection of small molecules 
(biotin and the steroid digoxigenin), short 
DNA oligonucleotides (16-nucleotide oli­
gomers), and proteins (streptavidin and an­
tibodies). Most notably, the sensor can be 
highly effective in detecting multiple layers 
of biomolecular interactions, termed "cas­
cade sensing," including sensitive detection 
of small molecules-

Recent studies have shown that certain 
electrochemical etches of single-crystal p-
type (boron-doped) Si wafers produce mi-
croporous material (PSi) that displays well-
resolved Fabry-Perot fringes in its reflecto-
metric interference spectrum (15). In our 

A Porous Silicon-Based Optical 
Interferometric Biosensor 

Victor S.-Y. Lin, Kianoush Motesharei, Keiki-Pua S. Dancil, 
Michael J. Sailor,* M. Reza Ghadiri* 

A biosensor has been developed based on induced wavelength shifts in the Fabry-
Perot fringes in the visible-light reflection spectrum of appropriately derivatized thin 
films of porous silicon semiconductors. Binding of molecules induced changes in the 
refractive index of the porous silicon. The validity and sensitivity of the system are 
demonstrated for small organic molecules (biotin and digoxigenin), 16-nucleotide DNA 
oligomers, and proteins (streptavidin and antibodies) at pico- and femtomolar analyte 
concentrations. The sensor is also highly effective for detecting single and multilayered 
molecular assemblies. 
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sensor (Fig. l ) ,  reflection of white light at 
the top and bottom of the Psi layer results 
in an interference pattern that is related to 
the effective optical thickness (product of 
thickness L and refractive index n) of the 
film by Eq. 1 (16) 

mA = 2nL (1) 

where m is the spectral order and A is the 
wavelength of light. Binding of an analyte 
to its corresponding recognition partner, 
immobilized on the Psi substrate, results in 
a change in the refractive index of the layer 
medium and is detected as a corresponding 
shift in the interference pattern. Electro- 
chemical etching of Si generates a thin (1 
to 5 bm) laye; of Si on the Si 
substrate with cavities as wide as 200 nm in 
diameter, providing a large surface area for 
biomolecular interaction inside the porous 
layer. The films are uniform and sufficiently 
transparent to display Fabry-Perot fringes in 
their optical reflection spectrum (17). 

We used DNA oligonucleotide-deriva- 
tized Psi films to test the selectivity and 
limits of detection (18). In the presence of 
complementary DNA (cDNA) sequences 
(DNA concentrations ranging from 2 X 
10-l5 to 2 x lop6 M), pronounced wave- 
length shifts in the interference pattern of 
the Psi films were observed (Fig. 2, A and 
B). Under similar conditions but in the 
presence of non-cDNA sequences, no sig- 
nificant shift in the wavelength of the in- 
terference fringe pattern was detected- 
only minor amplitude fluctuations were ob- 

Fig. 1. Schematic of the Psi-based optical inter- 
ferometric biosensor. The silicon oxide surface of 
the porous layer can be modified to express vari- 
ous molecular recognition elements (such as oli- 
gonucleotides, biotin, or antibodies). Reflection of 
white light (W-lamp source) at the top and bottom 
of the Psi layer results in an interference pattern 
(Fabry-Perot fringes). The reflectometric interfer- 
ence spectrum is sensitive to the refractive index 
of the Psi matrix, Interactions of the molecular 
species with their recognition partners immobi- 
lized on the surface induce a change in the refrac- 
tive index of the nanocrystalline semiconductor, 
giving rise to wavelength shifts in the fringe pattern 
that can be easily detected [charge-coupled de- 
vice (CCD) camera] and quantified. 

served. We used fluorescence spectroscopy 
to independently investigate the surface 
coverage of immobilized DNA on Psi and 
the rate of analyte diffusion into the matrix. 
Solutions of fluorescein-labeled cDNA oli- 
gonucleotides were placed in fluorescence 
cuvettes, and the DNA-derivatized Psi 
sample was then added to the cell without 
stirring. At the lowest DNA concentrations 
used, the fluorescence intensity of the Sam- 
ples decreased to an asymptotic limit in 40 
min (similar equilibration times were ob- 
served in the interferometric measurements 
described above). The data indicate that 
1.1 X 10-l2 mol of DNA is covalently 

bound in the region beneath a 1-mm2 spot 
on the Psi laver (calculated from standard- , . 
ized fluorescence titration curves). The data 
obtained from the reflectometric interfer- 
ence measurements also provided a similar 
coverage number. The lowest DNA con- 
centration measured with the Psi interfero- 
metric sensor was 9 fg/mm2 (Fig. 3). For 
comparison, the detection limits of current 
technologies are as follows: 1 pg/mm2 for 
interferometry, 5 pg/mm2 for grating cou- 
plers, and 0.3 pg/mm2 for surface plasmon 
resonance ( 19). 

We used biotinylated Psi to investigate 
sensing of multiple layers of biomolecular 

DNA-A' concentration (M) 

www.sciencemag.org SCIENCE VOL. 278 31 OCTOBER 1997 

Fig. 2. lnterferometric reflectance 
spectra of DNA-modified Psi lay- 
ers. Experiments were measured 
for two DNA sequences (DNA-A: 
5'-pGC CAG AAC CCA GTA GT-3' 
and DNA-B: 5'-CCG GAC AGA 
AGC AGA A-3') and corresponding 
complementary strands (DNA-A' 
and DNA-B'). For clarity, only one 
set of data is shown in each case. 
(A) The Fabry-Perot fringes from a 
PSI surface denvatized with DNA-A 
("before hybridization," red trace) 
shifl to shorter wavelength upon ex- 
posure to a 2 x 1 0-l2 M solution of 
DNA-A' (the cDNA sequence to 
DNA-A) in 1 M NaCl(aq) ("after hy- 
bridization," blue trace). The net 
change in effective optical thick- 
ness (from 7986 to 7925 nm) upon 
DNA-A' recognition is represented 
by the difference between the two 
interference spectra ("difference," 
green trace). (B) The control exper- 
iment, showing the Fabry-Perot 
fringes of a DNA-A-deriiatized PSI 
surface before and after exposure 
toa2 X 10-l2 M solution of DNA-B 
(non-cDNA sequence) in 1 M 
NaCl(aq). No wavelength shift was 
observed up to the measured con- 
centration of loT9 M DNA-B. 

Fig. 3. Change in effective optical 
thickness in a DNA-A-modified Psi 
layer as a function of DNA-A' (the 
cDNA sequence) concentration 
[25"C, 1 M NaCl(aq); equilibration 
time, 30 min]. The changes corre- 
spond to a net decrease in effective 
optical thickness upon hybridiza- 
tion by DNA-A'. The value of the 
change in effective optical thick- 
ness is defined as the measured ef- 
fective optical thickness before hy- 
bridization minus the effective opti- 
cal thickness 30 min after addition 
of the solution of DNA-A'. The sen- 
sor is responsive to femtomolar 
DNA concentrations. 



interactions (cascade sensing) and small 
molecule detection (20). Exposure of a bi- 
otinylated PSi sample to a streptavidin-con- 
taining solution resulted in a large blue shift 
of the interference fringes that correspond- 
ed to a decrease in the measured effective 
optical thickness (the lowest streptavidin 
concentration used was 10-l4 M) (Fig. 4A). 
Control exweriments in which a biotinvl- 
ated PSi sample was exposed to inactivated 
streptavidin (streptavidin presaturated with 
biotin) did not display perceptible shifts in 
the interference pattern. The biotin- 
streptavidin monolayer surface was treated 
with biotinylated antibody to mouse immu- 
noglobulin G (IgG, from goat I S ) .  Bind- 
ing of this secondary antibody to the surface 
was indicated bv a further decrease in effec- 
tive optical thic'kness of the monolayer (the 
lowest tested concentration used was 10-l2 
M) (Fig. 4B). Treatment of the secondary 
antibody sample with antibody to digoxige- 
nin (mouse IgG) at a concentration of lop8 
M caused a further decrease in the effective 
optical thickness of the monolayer (Fig. 
4C). Remarkably, the interaction of digoxi- 
genin M), a steroid with molecular 
weight (MW) of 392, with the IgG anti- 
body to digoxigenin bound to the Psi sur- 

Fig. 4. Cascade sensing 
and reflectometric interfer- 
ence spectra of a multilay- 
ered molecular assembly. 
(A) A biotinylated Psi sample 
(red) treated with a 5 x 1 O-' 
M streptavidin solution (blue) 
(effective optical thickness 
decreased from 12,507 to 
11,994 nm). (B) Streptavi- 
din-bound Psi sample (red) 
treated with a 1 0-8 M SOIU- 
tion of biotinylated goat IgG 
antibody (2" antibody to 
mouse antibody to digoxi- 
genin) (blue) (effective opti- 
cal thickness decreased 
from 11,997 to 11,767 nm). 
(C) A biotinylated IgG anti- 
body (to mouse antibody to 
digoxigenin) bound to a Psi 
sample (red) treated with a 

M solution of mouse 
IgG antibody to digoxigenin 
(I " antibody) (blue) (effective 
optical thickness decreased 
from 11,706 to 11,525 nm). 
(D) A mouse IgG antibody to 
digoxigenin bound to a Psi 
sample (through the com- 
plex shown) (red) treated 
with 1 0-6 M digoxigenin so- 
lution (blue) (effective optical 

5 
'iil 
C 
9) w 
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face was also detected (Fig. 4D). 
To  rule out the possibility of nonspecific 

interaction, we subjected a nonbiotinylated 
surface to the same experimental protocol 
as described above. No measurable change 
in the effective optical thickness was ob- 
served on treatment with streptavidin, sec- 
ondary antibody, primary antibody, and 
digoxigenin. As in all affinity-based sensors, 
interference arising from nonspecific inter- 
actions with the recoenition elements is to " 
be expected. Interference from nonspecific 
adsomtion to the surface-bound antibodies 
was not tested in the current study. We 
were also able to detect the relatively small 
biotin molecule (MW = 244) at concen- 
trations as low as 10-l2 M with biotin- 
streptavidin-modified Psi. The sensitivity 
of the system described is remarkable, espe- 
cially in light of its ability to detect multiple 
layers of large- and small-molecule interac- 
tions even in cases where the recoenition " 
sites are apparently far removed (on the 
order of nanometers) from the Si surface. 

Our hypothesis regarding this sensitivity is 
as follows. Selective incorporation or concen- 
tration of an organic analyte in the Psi layer 
can modify the refractive index in two ways: It 
should increase the average n of the medium 

Wavelength (nm) 
thickness decreased from 
1 1,508 to 11,346 nm). The red traces correspond to the optical measurement made before exposure to 
the analyte of interest, the blue traces correspond to the measurement made after exposure, and the 
difference spectra (the difference between the red and blue traces) are represented as the green trace. 
All experiments were performed in 0.5 M aqueous NaCl at 25°C. 

in the pores by replacing water (n = 1.33) 
with organic matter (n = 1.45), and it can 
also decrease the n of Psi by modifying the 
carrier concentration in the semiconductor 
(21-25). A net increase in n is expected to 
shift the interference spectrum to longer 
wavelength, but in all of our binding studies, 
a shift to shorter wavelength was seen, an 
indication that the induced change in the 
semiconductor overwhelms the change in n 
occurring in the solution phase. 

The reduction of n of the nanocrystalline 
Si substrate on bindine of biomolecules is " 
unexpected but is apparently responsible for 
the high sensitivitv of this techniaue. The - 
effect of interfacial capacitance on n is not 
easy to predict, especially for a material that is 
strongly absorbing in the wavelength region 
of observation (26). However, binding of mol- 
ecules to semiconductor surfaces is known to 
modify carrier concentrations substantially 
(22, 23). For example, exposure of Psi to 
alcohols or water vapor can dramatically in- 
crease the conductivity of the porous layer 
(24), and binding of molecules to II-VI semi- 
conductor surfaces substantiallv modifies car- 
rier concentration in the space-charge region 
(27). In our svstem, molecular comvlexation . . 

presumably reduces interfacial capacitance, as 
predicted by the Gouv-Chapman double-laver 
model (28); and in turn expels charge carrikrs 
from the Psi fibrils into the bulk semiconduc- 
tor. Reduction of the carrier densitv effective- 
ly reduces the n of the layer, shifting the 
Fabry-Perot fringes to higher energy. 

We observed a similar effect in test 
experiments with aqueous NaCl solutions 
and unmodified oxidized PSi samples; the 
Fabry-Perot fringes initially shifted to the 
blue as NaCl was added to a sample im- 
mersed in deionized water, and then at 
higher NaCl concentrations (after estab- 
lishment of a large double-layer capaci- 
tance), an increase in ion concentration 
caused a red shift in the fringes. Whether 
or not a double-laver ca~acitance-induced 
dielectric change is the correct mecha- 
nism, the chanee in n of the Psi  laver is 
much greater thvan the change expected by 
replacement of water with biomolecules 
and provides higher sensitivity over exist- 
ing optical interferometric detection 
schemes. 
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Quasi-Phase-Matched Third-Harmonic 
Generation in a Quasi-Periodic 

Optical Superlat tice 
Shi-ning Zhu," Yong-yuan Zhu," Nai-ben Ming*? 

Quasi-periodic structure can be introduced into nonlinear optical materials such as 
LiTaO, crystals. Such structures were used for quasi-phase-matching second-harmonic 
generation. These materials are now shown to be able to couple second-harmonic 
generation and sum-frequency generation through quasi-phase-matching. The ap- 
proach led to a direct third-harmonic generation with high efficiency through a coupled 
parametric process. The result verifies that high-order harmonics may be generated in 
a quadric nonlinear medium by a number of quasi-phase-matching processes, and 
therefore, exhibits a possible important application of quasi-periodic structure materials 
in nonlinear optics. 

I n  dielectric crystals, the most important 
physical processes are the propagation and 
excitation of classical waves (outical and . 
ultrasonic waves). The behavior of classical 
waves in a homogeneous dielectric crystal is 
the same as that in a continuous medium, 
because the wave vector of a classical wave is 
much smaller than the reciprocal vectors of 
crystal lattice. However, if some microstruc- 
ture is introduced into a dielectric crystal, 
forming a superlattice, and if the reciprocal 
vectors of the superlattice are comparable 
with the classical wave vectors, the situation 
is quite different. The propagation of classi- 
cal waves in a superlattice (classical system) 
is similar to the electron motion in a ueriodic 
potential of crystal lattice (quantum system). 
Thus. some ideas in solid-state electronics- 
for example, the reciprocal space, Brillouin 
zone, dispersion relation, and the like-may 
be used in classical wave processes. Such is 
the case for photonic band-gap materials (1 ). 
With classical systems, eigenvalues and 
eigenfunctions were measured directly (2). 
These are difficult if not impossible to obtain 
in quantum systems. On  the other hand, the 
interactions between wave vectors of classi- 
cal waves and reciurocal vectors of the su- 
perlattice may generate some new physical 
effects. In nonlinear outical fields, the inter- 
actions have led to new laser frequency gen- 
erations in quasi-phase-matching (QPM) 
schemes from a number of optical superlat- 
tice crystals such as LiNbO,, LiTaO,, and 
KTiOPO, (3, 4). 

The above concepts may be equally ap- 
plied to the quasiperiodic structure. Despite 
the large amount of research on the quasi- 
periodic structure since its discovery in 
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jing University, Nanjing 210093, China, and Center for 
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1984 (5). whether this kind of structure can . , ,  

be of any practical use remains undeter- 
mined. It was proposed that the quasi- 
phase-matching theory can be extended 
from periodic structures to quasiperiodic 
structures (6), which may find applications 
in nonlinear optics through the QPM 
method. With the development of the elec- 
tric poling technique, ferroelectric crystals 
such as LiTaO,, LiNbO,, KTiOPO,, and 
the like with quasiperiodically domain-in- 
verted structure (hereafter we call it quasi- 
periodic optical superlattice, or QPOS) can 
be fabricated. We ureviouslv reuorted the , 

experimental results of multiwavelength 
second-harmonic generation (SHG) in a 
Fibonacci QPOS LiTaO, (6). Because more 
reciprocal vectors can be provided by a 
QPOS, not only the quasi-phase-matched 
(QPM) multiwavelength SHG but also 
some coupled parametric processes, such as 
the third-harmonic eeneration (THG) and " 

fourth-harmonic generation, can be realized 
with high efficiency. Taking THG as an 
example, we present our results using the 
second-order nonlinear optical processes in 
a QPOS LiTaO, crystal. 

THG has a wide application as a means 
to extend coherent light sources to short 
wavelengths. The creation of the third har- 
monic directly from a third-order nonlinear 
process is of little practical importance be- 
cause of the intrinsic low third-order optical 
nonlinearity. Conventionally, an efficient 
THG was achieved by a two-step process. 
Two nonlinear optical crystals are needed: 
the first one for SHG and the second one for 
sum-frequency generation (7). In this regard, 
QPOS has some advantages over the con- 
ventional method. Here, only one crystal is 
needed and the harmonic generation can be 
realized with high efficiency by using the 
largest nonlinear optical coefficient over the 
entire transparency range of the material. 

A QPOS may be thought to contain two 
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