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intrinsically unscalable to volume production or macroscale 
devices. Here we present a photoelectrochemical (PEC) silicon 
etching technique that provides a simple and effective way to 
fully control the macroscale profi les of refractive indices by 
structuring the porous silicon on the nanoscale. We demon-
strate continuous index variation from  n  = 1.1 to 2, a range suf-
fi cient for many transformation optical devices.  

 For large scale optical devices, standard fabrication tech-
niques do not allow engineered refractive index profi les to 
be patterned into optical media with the precision and range 
required for transformation optics. Doped glasses, the cur-
rent industry standard engineered materials for gradient index 
optics, are limited to relatively modest gradients and variations 
as well as restricted geometries. [ 18,19 ]  The reported maximum 
index variation is 0.27, and is more commonly 0.1 or less. [ 20,21 ]  
Recent work shows that similar fl exibility and large scale pat-
terning can be achieved using photopolymers. However, it 
is limited to a refractive index variation of less than 0.003, [ 22 ]  
which is three orders of magnitude smaller than we demon-
strate. Similar capabilities have also been demonstrated using 
interference lithography [ 23 ]  and direct laser writing, [ 24 ]  but these 
are also limited to smaller refractive index variations and are 
not as easily scalable. 

 Porous silicon produced by electrochemical etching [ 25,26 ]  can 
have a large variation of refractive index achieved by forming 
an effective medium [ 27 ]  with a network of nanoscale pores. The 
density of the pores and thus the effective refractive index can 
be controlled by changing etching conditions. A Bragg mirror 
and other 1D multilayer optical devices with index variations in 
perpendicular direction ( z  direction) have been demonstrated 
in porous silicon by periodically adjusting the etching current 
with time. [ 28–30 ]  In these devices the etch conditions vary during 
the etching process, and as a result, the refractive index in the 
 z -direction can be controlled. This technique is effective as an 
alternative to optical thin fi lm deposition, but in order to extend 
this technique to 2D devices it is necessary to impose lateral 
( x – y  plane) gradients. This has been demonstrated by using 
electrodes designed to shape the electric fi eld in the electro-
chemical cell during etching. [ 31 ]  However, the refractive index 
profi le is determined by the designed electrode, which limits 
the fl exibility of the technique, as each different design will 
require a new, precisely machined electrode. This technique 
has only been used for simple, symmetric index patterns. For 
more complicated devices, electrode design would be diffi cult. 

 Our PEC etching is a fl exible and powerful method for 
fabrication of porous silicon that uses light projected onto 
the surface of the silicon rather than modulation of current 
density during the etching to spatially control the material 

  Transformation optics [ 1,2 ]  provides a powerful tool for con-
trolling electromagnetic fi elds and designing novel optical 
devices based on the form invariance of Maxwell’s equations 
under coordinate transformations. [ 3 ]  As a result, we can under-
stand the way light behaves in an artifi cially distorted space by 
applying a mathematical transformation that equates this dis-
torted space to undistorted space with spatially varying optical 
properties, illustrated in  Figure    1  . Figure  1 a shows light propa-
gation through untransformed space, and Figure  1 b shows the 
effect of the transformation on the behavior of light and the 
refractive index of the material. This allows the design of many 
novel and potentially useful devices including perfect lenses [ 4 ]  
and invisibility cloaks. [ 5,6 ]  In practice, devices designed by this 
method often require material optical properties that cannot be 
achieved at visible or near-IR light wavelengths. The conformal 
transformation technique, [ 7–9 ]  can relax this requirement to 
isotropic dielectrics with gradient refractive indices. However, 
there are few effective methods for achieving large arbitrary 
refractive index gradients at large scales, so the limitation for 
building transformation optical devices is still in fabrication. 
Nanofabrication techniques such as electron beam lithog-
raphy or focused ion beam milling have been demonstrated to 
achieve large control of refractive indices for a carpet cloak, [ 10–14 ]  
a multi functional optical Janus device, [ 15 ]  and a Luneburg 
lens, [ 16,17 ]  but those devices are limited to small sizes on the 
order of hundreds of micrometers and are very expensive and 
time consuming to produce. These fabrication techniques are 
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properties. [ 32,33 ]  This process depends directly on the charge 
carrier concentration in the material. The light absorbed at the 
surface of the silicon locally modulates the carrier density dis-
tribution in the silicon, which affects the pore formation rate 
and thus the effective refractive index. 

 This PEC silicon etching process is sensitive to the illumina-
tion as well as to the dopant type and concentration. The chem-
ical reaction requires the presence of holes, so n-type silicon 
does not etch in the dark, requiring illumination to generate 
the necessary holes. The required illumination and sensitivity 
to illumination intensity permits optical control of etching in 
n-type porous silicon. However, n-type porous silicon tends to 
have high scattering, non-uniform pore size, and strong photo-
luminescence, making it a poor material for optical devices. 
P-type silicon, because of the abundance of holes, etches well in 

the dark and is typically much more sensitive 
to current density during the etch process 
than to illumination. The resulting structure 
has more uniform pores and is more opti-
cally transparent than n-type porous silicon, 
making it suitable for 1D optical devices, [ 34,35 ]  
with etch depths on the scale of the wafer 
thickness. However, optical patterning has 
not previously been demonstrated in p-type 
silicon, making the fabrication of two or 3D 
devices diffi cult. 

 This work is, to our knowledge, the fi rst 
time light has been used to control porosity 
in p-type silicon. As a demonstration we fab-
ricated in-plane gradient index devices using 

our PEC etching method.  Figure    2   illustrates the chemistry of 
the PEC method and electron images of the resulting struc-
tures. In Figure  2 a, the applied current in the electrochemical 
cell causes holes to drift toward the surface of the silicon, while 
electrons drift in the opposite direction. When two holes react 
with a surface silicon atom, the atom becomes oxidized, and 
can be dissolved by hydrofl uoric acid (HF). As pores form, it 
becomes unlikely for holes to diffuse all the way to the silicon 
surface, so etching only happens at the interface between the 
porous and bulk silicon. When light is absorbed by the silicon, 
an exciton, an electron–hole pair, forms near the surface. For low 
intensity illumination, the number of charge carriers generated 
by light absorption is not large enough to signifi cantly affect 
the electrochemical reaction. However, when the light intensity 
becomes strong enough, the charge carrier density due to 
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 Figure 1.    A simple 1D transformation, which gives the optical properties required for light in 
real space to behave as designed in transformed space. a) Light propagation through untrans-
formed space. b) Light propagation through transformed space. 

 Figure 2.    PEC etching for p-type porous silicon showing optical control of refractive index. a) Electrochemical dissolution of silicon in HF and the effect 
of optical excitation. b) Schematic of etching setup including a DMD light projector for photopatterning during etching. Scanning electron images of 
c) top view of the fabricated porous silicon waveguide and d) cross section of waveguide with gradient and low index layers visible. The Cal script logo 
in (b) is a federally registered trademark and may not be used without permission of The Regents of the University of California.
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photo excitation can approach or exceed the carrier density due 
to the doping. This can change the effect of the doping, which 
is one of the most important parameters affecting porous 
silicon formation. This results in p-doped silicon behaving as 
though it were less heavily doped as illumination increases, 
which inhibits etching. The balance of charge carriers controls 
pore formation, resulting in lower porosity and therefore higher 
refractive index in more strongly illuminated areas. Using a low 
etching current and high illumination intensity, we increase the 
infl uence of illumination on the etching process, allowing us to 
spatially control the porosity using light. The opposite effect is 
seen in n-type silicon, where absorbed light provides the neces-
sary holes and enables etching.  

 This process allows us to pattern the porosity of the p-type 
silicon by projecting an image on the surface of the silicon 
using a digital micromirror device (DMD) during the etching 
process (see Figure  2 b). Any grayscale image can thus be pro-
jected onto the chip during etching, meaning there is no sym-
metry requirement. Any arbitrary pattern can be etched. This 
new technique unlocks extreme fl exibility in gradient index pat-
tern control for making transformation optical devices. 

 A silicon chip approximately 2.5 cm 2  was placed in a custom-
built Tefl on electrochemical cell in contact with an aluminum 
bottom electrode (see Figure  2 b). The cell was then fi lled with 
6.5 mL of electrolyte, prepared with 1 part 49% HF solution 
to 3 parts ethanol by volume. The top electrode, a ring of plat-
inum wire, was placed in the cell so it was just covered by the 
electrolyte. An illumination pattern was then projected onto 
the chip using a DMD projector and three lenses to focus and 
resize the image to 2 cm 2 . The optical power density of the pro-
jected light ranged from 50 to 5500 W m −2 . A constant current 
of 10 mA was applied for 4 min, resulting in a constant etching 
rate of approximately 0.35 µm min −1 . The effect of illumina-
tion and etch depth on etch rate was minimal. The pores are 
approximately cylindrical, and the pore diameters range from 
approximately 10 to 30 nm. The pore length is equivalent to the 
etching depth. Figure  2 c shows the scanning electron image of 
top view of the fabricated porous silicon. To access a lower index 
range, some porous silicon samples were then placed in a rapid 
thermal annealer under 15 µmol s −1  oxygen gas at 300 °C for 
5 min and then at 800 °C for 8 min to form porous silicon oxide. 

 After etching, the patterned porous fi lm could be removed 
from the bulk silicon and transferred to another substrate. 
This was achieved by electropolishing, a process similar to the 
electrochemical etching used to form porous silicon. For elec-
tropolishing to occur, the concentration of HF in the electrolyte 
was reduced, allowing the interface between the porous silicon 
and bulk silicon to be fully electrochemically oxidized before 
it was dissolved by the HF. To release the porous fi lm, fi rst a 
porous fi lm was etched by the previously described method. 
The electrolyte solution was then removed, and the fi lm was 
mechanically scored around its edge to aid in the release from 
the substrate. A new electrolyte solution of 1 part 49% HF and 
20 parts ethanol was added, and the sample was returned to 
the electrochemical cell and etched in the dark potentiostati-
cally at 30 V for 1 min. The electrolyte was then removed and 
the sample was fl ooded with ethanol. The sample fl oated on 
the ethanol, allowing it to be mechanically transferred onto 
any other material. After transfer, the sample was then dried in 

hexane to improve adhesion and minimize damage to the fi lm. 
The silicon substrate from which the fi lm was transferred could 
then be reused.  Figure    3   shows this process and samples trans-
ferred onto various surfaces, including curved surfaces.  

 In order to make a waveguide, with light travelling in a high 
index medium between two lower index materials, an additional 
etching step was required. Porous silicon has a lower index 
than bulk silicon, meaning that a layer of porous silicon on top 
of bulk silicon will not confi ne light. The material underneath 
the gradient index material must have a lower index. In this 
etching process, the etching occurs from the interface between 
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 Figure 3.    Release and substrate transfer for porous silicon fi lms. a) Sub-
strate transfer is achieved by electrochemically etching to form porous 
silicon, scoring the edge of the porous layer to aid in release, electropo-
lishing with low HF concentration and high bias to separate the porous 
layer from the substrate, and fl oating the released layer on ethanol to 
a new substrate. b) Released samples on various substrates. Bottom 
image shows patterned lines with varying refractive index after transfer 
to a transparent substrate. 
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which subsequent layers deposit on top of previous ones, the 
fi rst etched layer is on top and subsequent etching proceeds 
downward as etching always occurs at the interface between 
the porous and bulk silicon without affecting previously etched 
porous silicon. This occurs because once the material is etched 
and becomes porous, it will no longer react due to the increased 
electrical resistance of the porous layer, which inhibits the elec-
trochemical etching process. The top to bottom nature of this 
etching process allows us to form an isolation layer by per-
forming a second electrochemical etch before removing the 
wafer from the electrochemical cell. For this step, the current 
was increased to 50 mA and a cover was placed on the cell to 
keep it in the dark. The sample was etched for an additional 
4 min. The higher current resulted in a layer of porous silicon 
with a larger average pore size and thus a lower effective refrac-
tive index below the device layer. The isolation layer below and 
air above form a complete waveguide. Figure  2 d shows the 
layers of the waveguide in cross section. The top layer contains 
the gradient index device, which is 1.4 µm thick. The next layer 
is the low index isolation layer with a refractive index of 1.2, 
which is 3.0 µm thick. Below the isolation layer is the bulk sil-
icon substrate, approximately 500 µm thick. 

 The refractive index of the resulting fi lm was characterized 
by Fourier transform IR (FTIR) refl ectance interferometry. We 
demonstrate the ability to spatially vary the effective refrac-
tive index of porous silicon between 1.4 and 2.0, shown in 
 Figure    4  , at near-infrared wavelengths by projecting a spatially 
varied light intensity pattern onto the surface of the silicon 
in the electrochemical cell. Increasing illumination intensity 
inhibits pore formation, resulting in a less porous material and 
a higher effective refractive index. The device can then be ther-
mally oxidized, converting the structure to SiO 2 , reducing the 
index and allowing the device design to extend to visible wave-
lengths of light. After oxidation, the refractive index ranges 
between about 1.1 and 1.4. Figure  4 a shows the refractive index 
of porous silicon and porous silicon oxide as a function of illu-
mination intensity. The intensity values correspond to position 
in Figure  4 b, on which a linear gradient was etched in order to 
measure the refractive index for different illumination inten-
sities. Index measurements were performed in a wavelength 
range from 1.2 to 2.3 µm. The index variation due to mat-
erial dispersion across this range is about 0.04, small enough 
to allow broadband devices to be designed in the near-IR. The 
graph in Figure  4  shows the average index across this wave-
length range. This range of achievable refractive index varia-
tion is suffi cient for many transformation optical devices. For 
example, for the Luneberg lens, the required relative refractive 
index range is from 1 to 1.41. The required refractive index 
for carpet cloaks depends on the design, but a larger refractive 
index gradient allows a larger feature to be cloaked in a smaller 
total cloak area.  

 As an example, we used this PEC etching technique to dem-
onstrate a gradient index parabolic lens (see  Figure    5  ) with the 
refractive index  n = n  o (1 –  k r  2 /2), where  n  o  is the base index 
at the center of the lens and  k  the gradient constant. In order 
to couple light into and out of the waveguide, electron beam 
lithography followed by dry etching with carbon tetrafl uoride 
(CF 4 ) gas was used to fabricate gratings directly in the porous 

silicon (see Figure  5 b). The gratings consist of ten periods of 
1 µm each with a depth of approximately 500 nm, and were 
optimized for a light wavelength of 1.5 µm. To observe light 
propagation through the waveguide, a supercontinuum light 
(Fianium, Southampton, UK) was focused on the input grating 
to couple broadband IR light into the device, and the device was 
imaged with an infrared charge-coupled device (CCD) as shown 
in Figure  5 a. The sample was translated using a micrometer 
stage to move the laser spot along the grating. We observed 
light scattered from within the waveguide as well as light cou-
pling out from the gratings to determine the propagation path 
of light in the device. Light propagation through the devices 
was simulated using a custom ray tracing program written in 
Mathematica, shown in Figure  5 c. The simulation, matching 
a well-known result in gradient index optics, shows that light 
inside the parabolic gradient index waveguide follows a sinu-
soidal pattern. Figure  5  shows a device designed to contain 
one half period of the sinusoidal oscillation. A half period lens 
images an object from its front surface to its back surface with 
a magnifi cation of −1, meaning that a focused spot on the left 
side of the lens above the lens’s axis is imaged to a point of 
identical size on the right side mirrored about the axis, so the 
spot appears below the axis as illustrated in Figure  5 d–f. From 
the period of the sinusoidal pattern, Λ = 12.3 mm, we can cal-
culate the gradient constant  k =  (2π/Λ) 2  = 0.26. This agrees with 
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 Figure 4.    The effective refractive index of porous silicon. A smooth gra-
dient in refractive index can be achieved over an index range of 1.4 to 2.0 
for porous silicon and 1.1 to 1.4 for porous silicon oxide. a) Refractive 
index distribution as a function of light intensity projected during etching. 
Lower curve shows refractive index of the same material after oxidation 
by rapid thermal annealing. The insets are scanning electron images of 
the porous silicon at illumination intensity 200, 2500, and 4000 W m −2 , 
respectively. b) Porous silicon sample with a smooth gradient for index 
measurement. 
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the theoretical value of  k  based on the design of the lens, which 
is 0.27. We also designed and fabricated waveguides of one 
quarter period and one eighth period with the same refractive 
index gradient. The focal lengths of all of these devices match 
closely with the predictions based on ray tracing.  

 We have demonstrated that photoelectrochemical etching 
has the potential to become a next generation fabrication tech-
nique for transformation optical devices. Its versatility, low 
cost, and high throughput will enable a new generation of 
optical elements that can take full advantage of the principle 
of transformation optics. There are still many areas for further 
improvement of this technique. The scattering of the device 
layer should be reduced as much as possible by optimizing 
wafer doping and etching conditions. Additionally, it is pos-
sible to extract more index variation than seen in the devices 
presented in this paper through higher dynamic range light 
sources. Most interestingly, it is possible to extend this tech-
nique for 3D fabrication by varying the illumination and cur-
rent over time, which can create truly arbitrary refractive index 
gradients in three dimensions. Combining 3D etching with 
control of the substrate geometry by polishing the material after 
etching or patterning the substrate before etching to achieve 
the curved surfaces can further improve the fl exibility to fabri-
cate unique devices. This technique could be used to enhance 
optical interconnects, small cameras, satellite imaging systems, 

or any application where space, weight, and image quality are 
at a premium.  

  Acknowledgements 
 D.S.B. and C.G. contributed equally to this work. The authors thank 
Dr. Rongkuo Zhao and Dr. Xingjie Ni for helpful discussion. The 
experimental work was supported by the ‘Light-Material Interactions 
in Energy Conversion’ Energy Frontier Research Center funded by the 
U.S. Department of Energy, Offi ce of Science, Offi ce of Basic Energy 
Sciences under Award Number DE-AC02-05CH11231 and the simulation 
part was supported by Offi ce of Naval Research Multidisciplinary 
University Research Initiative program grant N00014-13-1-0649. D.S.B. 
acknowledges that this research was conducted with Government 
support under and awarded by DoD, Air Force Offi ce of Scientifi c 
Research, National Defense Science and Engineering Graduate 
(NDSEG) Fellowship, 32 CFR 168a.   

Received:  May 14, 2015 
Revised:  July 29, 2015 

Published online:  September 1, 2015   

[1]     J. B.    Pendry  ,   D.    Schurig  ,   D. R.    Smith  ,  Science    2006 ,  312 ,  1780 .  
[2]     H.    Chen  ,   C. T.    Chan  ,   P.    Sheng  ,  Nat. Mater.    2010 ,  9 ,  387 .  
[3]     A. J.    Ward  ,   J. B.    Pendry  ,  J. Mod. Opt.    1996 ,  43 ,  773 .  

 Figure 5.    The fabricated gradient index parabolic lens showing light bending inside the device due to the index gradient. a) 4f system for imaging 
propagation of light through porous silicon gradient index lens samples. b) Schematic of gradient index lens sample showing light bending as it passes 
through the device, entering at the back plane of the lens and imaging to a point at the imaging plane mirrored about the axis. c) Simulated ray trace 
of light (solid line) traveling through a parabolic lens at three locations. The refractive index at the center is 1.80 and decreases gradually to 1.45 at the 
edge. d–f) The images taken using the 4 f  system show the propagation of light through the parabolic lens with the spot at the output mirrored about 
the axis of the lens. Experimental results given by the white traces closely match the theoretical ray trace results (solid lines). 



6136 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

Adv. Mater. 2015, 27, 6131–6136

www.advmat.de
www.MaterialsViews.com

[4]     J. B.    Pendry  ,   Y.    Luo  ,   R.    Zhao  ,  Science    2015 ,  348 ,  521 .  
[5]     D.    Schurig  ,   J. J.    Mock  ,   B. J.    Justice  ,   S. A.    Cummer  ,   J. B.    Pendry  , 

  A. F.    Starr  ,   D. R.    Smith  ,  Science    2006 ,  314 ,  977 .  
[6]     W.    Cai  ,   U. K.    Chettiar  ,   A. V.    Kildishev  ,   V. M.    Shalaev  ,  Nat. Photonics   

 2007 ,  1 ,  224 .  
[7]     L.    Xu  ,   H.    Chen  ,  Nat. Photonics    2015 ,  9 ,  15 .  
[8]     U.    Leonhardt  ,  Science    2006 ,  312 ,  1777 .  
[9]     J. B.    Pendry  ,   A. I.    Fernández-Domínguez  ,   Y.    Luo  ,   R.    Zhao  ,  Nat. Phys.   

 2013 ,  9 ,  518 .  
[10]     J.    Li  ,   J. B.    Pendry  ,  Phys. Rev. Lett.    2008 ,  101 ,  203901 .  
[11]     J.    Valentine  ,   J.    Li  ,   T.    Zentgraf  ,   G.    Bartal  ,   X.    Zhang  ,  Nat. Mater.    2009 , 

 8 ,  568 .  
[12]     M.    Gharghi  ,   C.    Gladden  ,   T.    Zentgraf  ,   Y.    Liu  ,   X.    Yin  ,   J.    Valentine  , 

  X.    Zhang  ,  Nano Lett.    2011 ,  11 ,  2825 .  
[13]     T.    Ergin  ,   N.    Stenger  ,   P.    Brenner  ,   J. B.    Pendry  ,   M.    Wegener  ,  Science   

 2010 ,  328 ,  337 .  
[14]     J.    Fischer  ,   T.    Ergin  ,   M.    Wegener  ,  Opt. Lett.    2011 ,  36 ,  2059 .  
[15]     T.    Zentgraf  ,   J.    Valentine  ,   N.    Tapia  ,   J.    Li  ,   X.    Zhang  ,  Adv. Mater.    2010 , 

 22 ,  2561 .  
[16]     N.    Kundtz  ,   D. R.    Smith  ,  Nat. Mater.    2010 ,  9 ,  129 .  
[17]     J.    Hunt  ,   T.    Tyler  ,   S.    Dhar  ,   Y.-J.    Tsai  ,   P.    Bowen  ,   S.    Larouche  , 

  N. M.    Jokerst  ,   D. R.    Smith  ,  Opt. Express    2012 ,  20 ,  1706 .  
[18]     R. V.    Ramaswamy  ,   R.    Srivastava  ,  J. Lightwave Technol.    1988 ,  6 ,  984 .  
[19]     L. C.    Klein  ,  Sol-Gel Optics: Processing and Applications ,  Springer , 

 New York    1994 .  

[20]     K.    Shingyouchi  ,   S.    Konishi  ,  Appl. Opt.    1990 ,  29 ,  4061 .  
[21]     S. N.    Houde-Walter  ,   B. L.    McIntyre  ,  J. Non-Cryst. Solids    1989 ,  107 ,  316 .  
[22]     A. C.    Urness  ,   K.    Anderson  ,   C.    Ye  ,   W. L.    Wilson  ,   R. R.    McLeod  ,  Opt. 

Express    2015 ,  23 ,  264 .  
[23]     I.    Divliansky  ,   T. S.    Mayer  ,   K. S.    Holliday  ,   V. H.    Crespi  ,  Appl. Phys. 

Lett.    2003 ,  82 ,  1667 .  
[24]     J.    Fischer  ,   G.    von Freymann  ,   M.    Wegener  ,  Adv. Mater.    2010 ,  22 , 

 3578 .  
[25]     H.    Föll  ,   M.    Christophersen  ,   J.    Carstensen  ,   G.    Hasse  ,  Mater. Sci. 

Eng., R    2002 ,  39 ,  93 .  
[26]     S.    Matthias  ,   F.    Müller  ,   C.    Jamois  ,   R. B.    Wehrspohn  ,   U.    Gösele  ,  Adv. 

Mater.    2004 ,  16 ,  2166 .  
[27]     G. A.    Niklasson  ,   C. G.    Granqvist  ,   O.    Hunderi  ,  Appl. Opt.    1981 ,  20 , 

 26 .  
[28]     V.    Agarwal  ,   J. A.    del Río  ,  Appl. Phys. Lett.    2003 ,  82 ,  1512 .  
[29]     A.    Loni  ,   L. T.    Canham  ,   M. G.    Berger  ,   R.    Arens-Fischer  ,   H.    Munder  , 

  H.    Luth  ,   H. F.    Arrand  ,   T. M.    Benson  ,  Thin Solid Films    1996 ,  276 , 
 143 .  

[30]     C.    Mazzoleni  ,   L.    Pavesi  ,  Appl. Phys. Lett.    1995 ,  67 ,  2983 .  
[31]     S.    Ilyas  ,   M.    Gal  ,  Appl. Phys. Lett.    2006 ,  89 ,  211123 .  
[32]     V. V.    Doan  ,   M. J.    Sailor  ,  Science    1992 ,  256 ,  1791 .  
[33]     V.    Lehmann  ,  Appl. Surf. Sci.    1996 ,  106 ,  402 .  
[34]     A. G.    Cullis  ,   L. T.    Canham  ,   P. D. J.    Calcott  ,  J. Appl. Phys.    1997 ,  82 , 

 909 .  
[35]     C. C.    Striemer  ,   P. M.    Fauchet  ,  Appl. Phys. Lett.    2002 ,  81 ,  2980 .   




