
Preparation of 7,16-(2¢,3¢-anthraceno)-7,16-dihydroheptacene (3): 90.0 g
AlCl3 was added in small portions at 0 �C and under Ar to a mechanically
stirred solution of 19.05 g (75 mmol) triptycene and 36.70 g (225 mmol) phtha-
lic anhydride in 1 L tetrachloroethylene. After complete addition, the cooling
was removed and the mixture was heated to 100 �C for 20 h. The solution was
cooled and poured into 750 mL of an ice/5 % aqueous HCl solution and stirred
for one hour. The solids were then collected by vacuum filtration and dissolved
in 10 % aqueous NaOH. The basic solution was filtered and acidified to pH 1.
The resulting solids were filtered, washed with water, and dried in vacuo to give
the tris-ketoacid derivative, A, as an off-white (pink to tan) solid, which is used
without further purification.

A solution of A (from above) in 1 L concentrated sulfuric acid was heated to
100 �C for 17 h, cooled, and poured into 3 L crushed ice. The resulting solids
were collected by filtration, washed with water, and dried under vacuum. The
solids were then heated three times in 1.5 L boiling chloroform, and filtered.
The organic solutions are combined and concentrated in vacuo. This solid was
absorbed on to silica and subjected to flash chromatography with 1:1 chloro-
form/dichloromethane to give 6.31 g, 13 % yield (two steps), of the wholly sym-
metric B (Rf = 0.06) : 1H NMR (300 MHz, CDCl3): d = 8.44 (s, ArH, 6H), 8.27
(dd, ArH, J= 6.0, 3.3 Hz, 6H), 7.78 (dd, ArH, J = 5.7 Hz, 3.5 Hz, 6H), 6.15 (s,
CH, 2H); 13C NMR (75 MHz, CDCl3): d = 182.7, 148.1, 134.4, 133.4, 132.6,
127.5, 123.2, 54.4; FT-IR(KBr): m/cm-1: 3056, 1673, 1617, 1594, 1322, 1288, 959,
720; HRMS (EI): Calcd. for C44H20O6 (M+) 644.125989, found 644.1270 ±
0.0019. M.p. > 300 �C.

7.0 g Al and 1.0 g HgCl2 were placed in a 500 mL Schlenk flask under Ar.
150 mL freshly distilled cyclohexanol (from Na) was added and the mixture
was refluxed for one day in the dark. The solution was cooled below reflux tem-
perature and 4.875 g (75.6 mmol) of B was added, followed by an additional
110 mL cyclohexanol, and the solution was heated back to reflux temperature
for an additional day. The solution was then cooled, and the majority of the
cyclohexanol was removed by distillation under vacuum to give a gummy green
solid. A large volume of water was added to the solid and the solution was
extracted with chloroform. The combined organic layers were washed with
water and saturated NaCl (aq.), dried over MgSO4, and concentrated in vacuo
to give a suspension of solid in cyclohexanol. Addition of a ten-fold excess of
methanol caused the precipitation of a crude solid, which was isolated by filtra-
tion. Column chromatography of the crude solid on neutral alumina with 2:1
hexane/dichloromethane gives a pale yellow solid, which can be recrystallized
from hexane/dichloromethane to yield small needles of 3 (Rf = 0.44), 0.75 g
(18 % yield). 1H NMR (300 MHz, CDCl3) d = 8.30 (s, ArH, 6H), 8.05 (s, ArH,
6H), 7.93 (dd, ArH, J= 6.4, 3.3 Hz, 6H), 7.39 (dd, ArH, J = 6.6, 3.3 Hz , 6H),
5.83 (s, CH, 2H); 13C NMR (75 MHz, CDCl3): d = 139.9, 131.8, 131.0, 128.2,
126.0, 125.2, 122.1, 53.3; UV (CHCl3): kmax/nm (loge): 281 (5.44), 329 (4.07), 345
(4.28), 363 (4.37), 381 (4.15); FT-IR(KBr): m/cm-1: 3038, 2998, 2949, 2925, 2852,
1677, 1426, 1296, 900, 738, 470; HRMS (EI): Calcd. for C44H26 (M+),
554.203451, found 554.2021 ± 0.0016. M.p. > 300 �C.
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Fabrication of Nanometer-Scale Features
by Controlled Isotropic Wet Chemical Etching**

By J. Christopher Love, Kateri E. Paul, and
George M. Whitesides*

This paper describes the application of a historically well-
known phenomenon in lithographyÐundercutting by isotro-
pic wet etching[1,2]Ðfor the fabrication of nanostructures. We
have combined conventional photolithography with simple
isotropic wet etching to transfer the edges of a photoresist
pattern into an underlying thin metal film by a two-step pro-
cess. We etch isotropically, with controlled undercutting,
through a thin metal film supported on a substrate of Si/SiO2

or CaF2. Subsequent deposition of a second thin metal film,
followed by lift-off, defines trenches at the edges of each
photoresist feature. This technique is an example of ªedge
lithographyº, a form of lithography in which the edges of the
original pattern become the features of the final pattern. This
technique generates structures with critical dimensions as
small as 50 nm in a thin film of chromium or aluminum. The
roughness of the edges produced is ~10±15 nm, and is limited
theoretically to the grain size of the metal layer.

Convenient, inexpensive techniques for patterning features
with nanometer-scale dimensions from the top down are an
important component of nanoscience. In the short term,
methods for producing nanometer-scale features that are
already highly developedÐDUV (deep ultraviolet), electron-
beam (e-beam) writing, EUV (extreme ultraviolet), and X-ray
photolithography[3,4]Ðwill provide the basis for commercial
production of microelectronic devices with features <100 nm.
Fabrication of structures with nanometer-scale features appro-
priate for conducting exploratory research, for prototyping,
and for fabricating simple devices are usually prohibitively
expensive using advanced lithographic techniques; there is,
therefore a place for simple methods that do not have the
stability and reproducibility required for the fabrication of
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integrated circuits.[5] Controlled undercutting extends a gener-
al class of edge lithographies[6±11]Ða part of the collection of
soft-lithography techniques[12]Ðthat utilize a two-step reduc-
tion process to transfer the edge of a pattern defined by con-
ventional photolithography into features with critical dimen-
sions below 100 nm on a substrate.

Isotropic wet etching is a simple and inexpensive technique
for transferring a pattern defined by a physical mask, such as
photoresist, into an underlying substrate. Typically, a metal film
is oxidized selectively to a soluble (usually ionic) form by a
strong acid or an oxidizing agent.[1,2] Polycrystalline metal films
etch isotropically and yield structures with rounded sidewalls.
The profile of the sidewall is sensitive to the temperature and
composition of the etchant, and to the adhesion between the
mask pattern and the metal film.[1,13] For high aspect-ratio
structures, the variation in rates of etching makes it difficult to
reproduce features exactly across wide areas. Undercutting by
an isotropic etch in thick films is undesirable in general since
the sidewalls of the etched structures are curved, and since it is
difficult to define the width of the substrate that is exposed.

Typically, the use of wet etchants in industrial semiconduc-
tor processing is limited to cleaning and polishing substrates
prior to patterning and to etching photoresist after exposure.
Historically, overetching and undercutting photoresist pat-
terns to decrease feature sizes is a well-known part of the lore
of the semiconductor industry, but the techniques are not
widely appreciated as an experimentally simple route to small
structures for use in non-microelectronics applications. Isotro-
pic wet etches are commonly used in micromachining to
remove sacrificial layers and to release small micro- and nano-
structures, such as beams and cantilevers, in microelectrome-
chanical system (MEMS) devices.[14,15] Wet etches are also
used to micromachine arrays of silicon field emission tips by
etching pillars of silicon down to sharp points.[16±18]

Figure 1 summarizes the process for generating 50 nm scale
trenches by controlled undercutting (see Experimental). As
predicted from the isotropic etching profile, we find that the
minimum size for an undercut feature that is etched complete-
ly down to the underlying substrate is dependent strongly on
the film thickness. By comparison with the 50 nm features
generated in 10 nm thick Cr, the minimum gap we could gen-
erate in a 35 nm thick Cr film is 100 ± 15 nm.

The roughness of the edge of the 50 nm gaps generated in
the thin film of metal correlates with the size of the grains of
the metal. For this reason, we used chromium and aluminum
as the metal layer, since the grain size in films of these metals
is ~15±25 nm. In contrast, the grain size of a gold film is
~50 nm when evaporated with an electron beam onto a room
temperature substrate at 1.0 �/s.

Gaps in thin films of chromium and aluminum are shown in
Figure 2. Both straight and curved gaps are produced with the
same linewidths. We find that the feature etched into the met-
al film accurately reproduces the contours of the photoresist
pattern that was on top of the film prior to lift-off. The width
of the gap can range from 50 nm to 200 nm depending on the
etch time.

The metal film is sufficiently thick to serve as a good physi-
cal mask in a second etching process. Trenches with aspect ra-
tios greater than those of the original metal film are obtained
by reactive ion etching (RIE) of the underlying substrate. The
scanning electron microscopy (SEM) images in Figure 3 show
a cross section of a trench etched into Si á100ñ with SF6/O2.
The metal masking layer can be removed later by wet etching
to expose the underlying substrate.

One application for patterned thin films of metal is passive
optical elements. Specifically, two-dimensional arrays of aper-
ture elements with widths significantly smaller than the wave-
length of the light usedÐfrequency selective surfaces (FSS)Ð
behave as strong bandpass filters.[19±22] Arrays of annular slots
transmit light with a wavelength (kr) on the order of the aver-
age circumference of the rings in the array (Eqs. 1 and 2),[21]

kr µ 2pR (for circular loops) (1)

kr µ 4A (for square loops) (2)

where R is the radius of the loop and A is the length of the
side of a square.

The width of the resonant peak in the transmission spec-
trum is controlled by the linewidth of the loops in the array. A
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Fig. 1. Schematic illustration of the process used to generate nanometer-scale
lines by controlled undercutting. A pattern is produced in the photoresist by
photolithography or soft lithography. An isotropic etch is applied to the sub-
strate beneath the photoresist. Shallow undercutting of the base layer, followed
by evaporation into the exposed areas, and lift-off generates ~50±200 nm gaps in
the thin film at the edges of the photoresist pattern. The pattern is then used as a
physical mask for etching the substrate anisotropically or as an optical filter.



high quality factor (Q) for the transmission peak is attained
by increasing the ratio of the average circumference of the
ring to the width of the slot. A pattern of square loops with A
~ 800 nm etched into a 50 nm aluminum film on optical grade
Si/SiO2 had a resonant wavelength at ~7.5 lm in the infrared
(IR) (Fig. 4). The thickness of the metal film was selected
based on the skin depth of the metal to reflect all other wave-
lengths <40 lm.[23]

The key advantages of this undercutting technique are that:
i) it uses any of a number of conventional or soft lithographic

techniques to define the original pattern; ii) it utilizes a sim-
ple, inexpensive chemical process to generate uniform nano-
meter-scale linewidths in parallel across a large area (>4 cm2);
iii) it can be carried out in the open laboratory; iv) it controls
the width of the features by the duration of etching and the
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Fig. 2. SEM images of trenches formed in the thin chromium layer. The dark
regions are the underlying Si/SiO2 substrate. a) A 60 s etch resulted in a 215 nm
trench outlining a star. The insert shows the trench following the contours of a
corner of the star. b) An array of 50 nm trenches formed at the edges of 150 nm
lines patterned by phase shift lithography and etched for 3 s. The insert shows a
close-up detail of two trenches. Note that a trench forms at each edge of the
original photoresist line. The images show the uniform width and edge contour
replication of a trench generated in chromium by this technique. The roughness
of the edges of the trench is ~25 nm, corresponding approximately to the grain
size of the evaporated chromium film. c) A 7 s etch of a thin film of aluminum
on a Si/SiO2 substrate patterned by conformal phase shift lithography using a
poly(dimethylsiloxane) (PDMS) mask having 1 lm lines spaced by 1 lm. The
width of the gap shown in the insert is 50 ± 10 nm.

Fig. 3. SEM image of a cross section of linear trenches at the edges of a 100 nm
line transferred into a Si <100> substrate. The trenches are 75 nm wide and
250 nm deep.

Fig. 4. a) An SEM image of an array of 800 nm square loops etched in a layer
of aluminum with 100 nm trench widths on a substrate of optical grade Si/SiO2.
b) IR transmission spectrum measured through an array of loops in aluminum
on optical grade silicon. The transmission peak at ~7.5 lm matches the theoreti-
cal predictions.



etch solution chosen, rather than by the sizes of the features
on a photomask; v) it is not limited by diffraction. The grain
size of the thin metal film determines the resolution of the
edges. The use of amorphous alloys or glasses may further
reduce the critical dimensions generated by this technique.

In comparison to other forms of lithographyÐespecially
electron beam and scanning probe lithographies[24,25]Ðthe
key disadvantage of this technique is that it is the edges of the
applied pattern that are transferred into the thin film; thus,
the spacing between features (the pitch) is limited to the spac-
ing of the original pattern. In addition, as with most isotropic
etches, the resolution is also limited by heterogeneity in mass
transport. This technique is useful for producing isolated fea-
tures with narrow linewidths. Advanced photolithography
could generate the original patterns of photoresist on the met-
al layer with smaller pitch than those demonstrated here, but
are more complicated and less convenient.

In summary, this communication demonstrates that con-
trolled undercutting is an inexpensive fabrication technique
for transferring the edges of a patterned mask layer into an
underlying, thin metal film. The edges are defined in the film
using isotropic wet chemical etching followed by redeposition
of a metal film and liftoff. The technique is useful for struc-
tures that do not require multiple-level registration and that
are tolerant of defects; FSS are a good example. Etched
50 nm features across >4 cm2 vary in width on average by
30 % (that is, slightly greater than the grain size of the metal).
Possible applications include other subwavelength optics,
nanofluidic systems, and simple, prototype electronic or opto-
electronic devices.

Experimental

We deposited a thin metal film (10±50 nm Cr or Al) on clean Si/SiO2 sub-
strates by evaporation: electron-beam evaporation and thermal evaporation
were used for chromium and for aluminum deposition, respectively. We primed
the metal layer with hexamethyldisilazane (Microprime HP primer, ShinEtsu-
MicroSi, Phoenix, AZ) and then applied a layer of photoresist (Shipley 1805,
Shipley Corp., Marlborough, MA) on top of the metal layer by spin coating.
The resist was patterned using standard contact-mode photolithography with
broadband UV light (365±436 nm, Karl Suss MJB3 UV400) or by soft litho-
graphic techniques, such as phase-shift lithography [10] and maskless lithogra-
phy [11].

An isotropic wet etchant, specific to the metal film, transferred the photore-
sist pattern into the exposed areas of the film. We used commercially available
wet etchants as delivered from Transene, Inc., Danvers, MA at the recom-
mended temperatures for etching: Chromium Etch 1020 (cerium ammonium
nitrate/nitric acid, 4 nm/s at 40 �C) and Aluminum Etchant Type A (phosphoric
acid/nitric acid/acetic acid, 8 nm/s at 40 �C). We achieve the best control of etch-
ing by applying a stationary drop of the heated etchant onto a room-tempera-
ture substrate for a period of time determined by the thickness of the film and
the desired width of the undercut region. We overetch the samples to produce

shallow undercut regions in the metal layer at the edges of the photoresist pat-
tern. Rinsing gently for 10 s with deionized water stopped the etching. Alumi-
num or chromium is redeposited by evaporation into the regions exposed on
the substrate after etching. The photoresist shadows the undercut region during
this evaporation. We then remove the photoresist layer to reveal the patterned
surface.

For a 10 nm thick film of chromium, the typical etch time to produce under-
cut edges 50 nm in width is 3±4 s. Since the drop of etchant on the sample is not
agitated, the rate is limited ultimately by diffusion. The diffusion-limited trans-
port of fresh etchant to the undercut region decreases the rate as the initial
reaction proceeds, and makes it possible to undercut regions 50 nm wide in
10 nm thick chromium. The experimental procedure is reproducible to ±15 nm,
though the procedure must be calibrated by adjusting empirically the etching
time for a given film thickness, composition, and etchant.
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