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Scanning probe lithography(SPL) and anisotropic tetra-methyl ammonium hydroxide(TMAH )
etching(SPL1TMAH ) were used to fabricate a series of one-dimensional prototype pitch structures
on (110)-oriented silicon substrates. Overall lateral dimensions of the test structure are 20mm
380 mm. Line scales, consisting of 10-µm-long, 100-nm-tall, and 40-nm-wide lines, are observable
by optical and scanning electron microscopy(SEM). Etched features were produced with pitches
varying from 100 nm to 8µm. Large-scale pattern placement errors of the SPL tool have been
evaluated by analysis of optical image data obtained with a calibrated optical metrology instrument.
Small-scale errors were analyzed in the range of 100 nm to 2µm using SEM. Sources of placement
error are discussed and possible methods for minimizing them are presented. The SPL1TMAH
process in conjunction with a closed-loop scan control has the precision necessary for repeatable
device prototyping in the nanoscale regime.© 2005 American Vacuum Society.
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I. INTRODUCTION

There is a growing need for flexible prototyping of u
asmall functional device structures in the emerging app
tion areas of nanoelectronics, nanoelectromechanical
tems, and photonics. Specific to this last example, sili
based structures have attracted particular attention for u
monolithically integrated optoelectronic systems,1 photonic
crystals,2,3 and subwavelength structures4–6 for which com-
pactness, functional enhancement, and cost reduction a
portant figures of merit.

Scanning probe lithography(SPL) is a resistless, direc
write method,7 in which a conductive proximal probe with
applied voltage produces an intense local electric field a
substrate surface, generates an electrochemical re
within a water meniscus collected from the ambient at
sphere, and results in a controllable oxide pattern. SPL
been successfully demonstrated on a variety of substrate
thin films, including semiconductors,7 metals,8–10 and
dielectrics.11 Etch selectivity of the oxide mask7,12 can be
combined with anisotropic wet or dry etching to form a lo
cost, highly flexible approach to the fabrication of protot
silicon nanostructures. One-dimensional(1D) and two-
dimensional(2D) structures with aspect ratios much gre
than 1, i.e., sub-50 nm wide and 100 nm high, have b
successfully fabricated in this manner.

a)Current address: Department of Physics, Tunghai University, Taic

Taiwan 407.
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Recently, positive-contrast, high-aspect-ratio silicon n
structures(e.g., ridges) with vertical sidewalls were produc
by anisotropic potassium hydroxide(KOH) etching.13 Cohn
et al.14 have proposed tetra-methyl ammonium hydro
(TMAH ) etching as an alternative to KOH etching with
vantages of smoothness, selectivity, nontoxicity, and
grated circuit compatibility.15 From the various silicon nan
structures produced by this process and the compati
with optical lithography, we conclude that the combina
of SPL1TMAH etching is a promising approach to fabric
ing silicon nanostructures.16

A key functional requirement for device prototyping
plications is large-scale placement accuracy on the ord
100 µm or more, the typical scan range of most comm
cially available scanning probe microscopes(SPMs), without
loss of feature-width resolution, assumed to be much
than 100 nm. Cohnet al. have discussed these requirem
recently in terms of the fabrication of visible-wavelength
riodic grating filters. Device performance of such filters
visible wavelengths depends crucially on achieving pl
ment accuracy with uncertainties of a few nanometers
respect to nominal line centers. At issue is whether or
commercial SPMs can achieve the tolerances necessa
meaningful fabrication of visible-wavelength, optoelectro
devices. Concern arises because piezoelectric scanner
to raster an SPM probe over a substrate tend to exhibit
siderable hysteresis and creep during actuation. Some
mercial instruments overcome these limitations by emp,

ing a closed-loop scanner, which directly monitors

665/23 (1)/66/6/$19.00 ©2005 American Vacuum Society
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displacement, e.g., optical displacement sensors,17 capacitive
sensors,18 and interferometers.19,20 The possibility exist
therefore that SPM probe position may be controlled
subnanometer accuracy, meaning that SPL represents
istic means of nanoscale device prototyping.

In this article, we describe the fabrication of a 1D pro
type pitch structure on a Si(110) substrate by the SP
1TMAH process and preliminary results on our efforts
evaluate pattern placement errors arising during fabric
using our SPM instrument. Lateral dimensions of the
structure used in this study are 80-µm-long and 20-µm-wide
in order to reveal placement errors over the 100µm scan
range of the SPM. The test structure layout includes a s
of pitch markers with nominal values of 8µm for calibration
with an optical metrology instrument maintained at the
tional Institute of Standards and Technology(NIST), and a
series of pitch markers with nominal values from 100 nm
2 µm for examination by scanning electron microsc
(SEM).

II. EXPERIMENTAL PROCEDURE

A. SPM system

The SPL fabrication tool used in this study is based
TopoMetrix Accurex II™ SPM system,21 which employs a
tripod-type piezoelectric scanner with integrated st
gauges on all three scan axes to monitor and feedback
ner motion under closed-loop control(Fig. 1). The instru-
ment is isolated from vibration, thermal, and acoustic dis
bances by locating it within a humidity-controlled gloveb
on a bench-top air table.

Prior qualification of the instrument indicated that the
erage drift rates of the system after stabilization were 0
and 0.083 nm/s in theX-fast andY-slow scan directions
respectively. The reason for these disparate drift rates c
appreciated by examining the mechanical loop of the S
The scanner tower sits upon a steel beam(not shown),

FIG. 1. Schematic of scanning unit of the SPM used in this study, inclu
the tripod closed-loop scanner(feedback circuits not shown), laser, light
bulb, and CCD camera. Optical components are a major heat source
unit and produce thermal drift in the system.
200 mm380 mm320 mm (length, width, thickness), with
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heat sources consisting of a stepper motor, light bulb,
and preamplifier, and most significantly a CCD cam
mounted directly to the right of the scanner tower. Ene
dissipation along the long axis of the system produces a
mal gradient along the beam into the system base and,
greater drift in that direction. In the present work, we re
on analysis of 1D pitch structures which were patte
along theY axis only. We note, however, that in other w
highly periodic 2D grid structures have been produce
well, despite the greaterY-axis drift. This is because even
2 µm/s patterning, the drift of the line center is only 4
over the full 100µm scan range of the SPM, which is o
about 10% of the SPL-oxide line width.

B. Fabrication of 1D pitch structures

Test structures were prepared from(110)-oriented silicon
wafers, with resistivity between 1 and 20V cm, by cleaving
along {111} planes to produce parallelogram-shaped c
from the wafer[Fig. 2(a)]. Guide lines for locating the SP
patterned features were scribed into the substrate an
surface was prepared for SPL by ultrasonic cleaning in
etone, isopropyl alcohol, and deionized(DI) water, followed
by removal of the native oxide by dipping in 2% HF for
s, and a final brief rinse in DI water. Precise alignment o
cleaved{111} edge of the silicon sample to theX–Y axes o
the SPM reference frame was achieved by orienting a
cial edge onto the vacuum chuck. Accuracy of this alignm

e

FIG. 2. (a) Alignment of a silicon(110) substrate to the SPM axes. The gu
lines scribed into the Si substrate are to aid in locating the pitch.(b) Layout
of the 1D pitch structure used in this study(not to scale). It consists of th
optically accessible coarse-pitch scale of 8µm pitch and central SEM
accessible fine-pitch scale.(c) Layout of the fine pitch structure(not to
scale) at the central 16µm region, including the pitches of 100 nm, 200 n
500 nm, 1µm, and 2µm.
was determined by inserting a previously TMAH-etched sili-
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con (110) sample and verifying that the angular error
tween the microscopeY axis and silicon{111} direction was
a few tenths of a degree or less.

For this study, SPL was performed in contact mode
subsequent imaging of the latent oxide patterns was
formed in noncontact mode. Contact-mode cantile
coated with conductive tungsten carbide from MikroMa
were used.22 Typical force constants and resonance freq
cies were 0.95 N/m and 105 kHz, respectively. For SP
bias of 9 to 12 V was applied to the sample, establishe
initial test patterning with a particular cantilever. Lines w
formed using a writing speed of 2µm/s. Pattern generatio
was controlled by runningSPMLAB

21 and TOPOLITH
21 pro-

grams simultaneously on a Windows™ computer. Input
used by theTOPOLITH software to generate the test struct
were created and validated using a spreadsheet progra

The pattern layout for the 1D test structure, including
optically accessible coarse-pitch scale and an S
accessible fine-pitch scale, is shown in Fig. 2(b). The coarse
pitch scale consists of an array of markers with a nomin
µm pitch spanning the width of the structure. These mar
are visible in an optical microscope(OM) after TMAH etch-
ing. Note that the 8µm pitch markers are composed o
series of four parallel, sub-50-nm-wide lines, and that
inner pair extends several micrometers beyond the outer
Individual lines are not resolved in an OM, so that the op
profile resulting from the unresolved inner pair of lines w
used in our pitch analysis. The center of the test struc
contains a fine-pitch scale intended for SEM image ana
[Fig. 2(c)]. Nominal pitch values from 100 nm to 2µm are
represented. The sequence used to generate the patter
follows. First, theTOPOLITH program patterned the fine-pit
scale at the origin of the SPM reference frame; i.e.,
applied voltage on theX andY scanner piezos. Next, 8µm
pitch markers were patterned at locations along theX axis
from 232 to 132 µm. Finally, a 20mm380 mm box sur-
rounding the markers was patterned and a bar code ide
was written outside the upper right-hand corner of the
Patterning of one test structure fabricated for this study
about 40 min at the 2µm/s scan speed, although much hig
scan speeds have been used successfully as well.

After SPL oxide patterning, substrates were etched fo
s in a TMAH-isopropyl alcohol(IPA) solution maintained a
60 °C, and then rinsed briefly in DI water.[IPA is added to
25 wt % TMAH to achieve a solution of 83 parts of TMA
1 17 parts of IPA by volume. According to our data, the e
rate was reduced by about 55% for silicon{110} planes by
the use of IPA.] This solution produced smooth silicon fe
tures, with a height between 100 and 150 nm, determ
from SPM images, and linewidth about 40 nm, estimate
the midpoint of edge-enhanced, secondary-electron inte
maxima in top-down SEM images.

It is important to understand the role of the 2-nm-
3-nm-thick SPM-oxide pattern in the context of anisotro
silicon etching. Etching anisotropy at the nanometer sca
different from its conventional behavior at larger len

scales. The SPL oxide pattern imposes an “initial condition”

J. Vac. Sci. Technol. B, Vol. 23, No. 1, Jan/Feb 2005
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on the etch front that resists an early isotropic etching p
long enough to allow the system to find geometrically st
planes such as{111}. Conversely, the terminal geometry
affected by the residual thickness and stability of the S
oxide pattern in conjunction with the stability of the{111}
planes. The etching is a diffusion-limited reaction within
local region of gap between lines, so that the etch fro
preferential in the direction where the oxide pattern
{111} planes are less correlated.23

We find that we can routinely pattern and etch cons
width lines that are many tens of micrometers long, c
evidence that alignment of the silicon{111} substrate to th
Y axis of the SPM is within the tolerance required for e
ing. Three samples, produced on separate days, were de
as A1, A2, and A3, on which we fabricated a total of six te
structures(one on A1, three on A2, and two on A3).

III. DATA ANALYSIS OF OPTICAL AND SEM IMAGES

A. Optical analysis of coarse-pitch scales

Optical images of all six test structures were obta
using an OM-based dimension metrology instrument m
tained at NIST. Design of this instrument and data ana
methods are described elsewhere.24 Images were recorded
50x magnification using a calibrated-pixel CCD camera.[All
measurements described in this work are for the purpo
qualifying the SPL process and are not intended to be t
able.] Since the field of view recorded in a single imag
approximately 50µm across at 50x magnification, thr
overlapping data files were required to analyze each 8µm
pitch structure[Fig. 3(a)]. Each image contains 1024 pix

FIG. 3. (a) Overlapping optical images of an etched structure.(b) Plot of
pitch deviation vs. position between optical measurements obtained o
of six samples on different days(Samples:P A1; s A2; j A3). The A2 and
A3 are offset by11 and 12, respectively, for clarity.(c) Optical pitch
measurements compared to nominal 8µm value(horizontal solid line). The
center pitch value has been divided by 2 to aid interpretation.
along the(horizontal) X axis. Previous qualification of the
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instrument yielded an average pixel length correspondin
42 nm. In addition, each structure was imaged with
sample oriented at 0° and 180° relative to the instrum
axes to identify and eliminate possible calibration bias o
CCD camera. Statistical deviations were found to be in
nificant and all subsequent data were a simple average
combined data files. Random variations were eliminate
imaging the entire series of test structures on multiple o
sions.

Three algorithms for determining the line center an
pitch were used:(1) Centroid method. An integration of th
area beneath the line profile was performed and the line
ter was associated with the position at which the area rea
half its total value. Both a line center and a pitch are de
mined. (2) Cross-correlation method. Each line profile w
translated to a position overlapping a reference line such
the sum of the square difference of the two heights
minimum. Only a pitch measurement is obtained.(3) Folded
center method. A portion of a line profile is reflected onto
opposite slope and again the line center is determined
that position for which the sum of the square differenc
the two heights is a minimum. In a few cases, the cr
correlation results from method 2 are so flat that the pitc
not precisely determined. All three methods produced
similar results for the sets of optical data. All pitch res
reported in this work are a simple average of all th
methods.

Figure 3(b) presents a plot of the relative deviation
pitch measurements for sets of images taken several w
apart. Note that values for the A2 and A3, datasets are offs
by 11 and 12, respectively, for display clarity. The pl
indicates that the optical measurement produces erro
60.5 pixels, or621 nm, as determined from previous c
bration of the CCD camera array. Optical pitch meas
ments appear in Fig. 3(c). These values for the six structu
should be compared to the horizontal line that represen
nominal 8 µm pitch value. Note that at the center of
structure the nominal pitch is actually 16µm and we
have simply divided this value by 2 in the figure to aid d
interpretation.

There are two trends that are evident in Fig. 3(c). First,
there is a systematic linear decrease in pitch from le
right. The same trend is consistently reproduced in
dataset. Second, an apparently random multiplier, repre
ing a fraction of a pixel, shifts the linear curve vertically. I
strongly correlated to the day on which the structures w
fabricated. Note that in absolute terms the actual pitch
duced in our SPL tool at the coordinate center of the SP
0.6% less than the nominal value: 7.95µm rather than 8µm.
To the left and right of center,,±30 mm, placement erro
increases from 1% to 2%.

B. SEM analysis of fine-pitch scales

SEM imaging was performed in a field-emiss
instrument25 with a 5 kV accelerating voltage and 5.2 m
working distance. Since magnification is a sensitive func

of the working distance in a SEM and repeatability of the

JVST B - Microelectronics and Nanometer Structures
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working distance can be controlled to only a few perc
pitch measurements of an identical structure from SEM
ages taken on different days were fitted to an overall ma
fication function. A SEM magnification error of appro
mately 5% was obtained, consistent with expectation.

SEM images were collected at a magnification of 70
with data files containing 2048 pixels along theX axis. This
provides sufficient data points with nominally 7 nm pi
size for line profile analysis, while at the same time obtai
both the fine-pitch features as well as the nominal 16µm
markers previously calibrated by optical means. SEM im
taken of the fine-pitch region of sample A1, shown in the Fig
2(c) schematic, are shown in Fig. 4. Higher magnifica
images(insets) demonstrate that highly uniform silicon lin
of sub-50-nm width and 100 nm pitch can be achieved
the SPL1TMAH process.

Pronounced asymmetry at isolated line edges can oc
SEM images since the secondary-electron emission i
hanced at isolated sidewalls relative to closely spaced
tures. Monte-Carlo modeling of electron trajectories
needed in order to obtain a correct location of these e
For the present analysis, our primary concern lies in tr
ferring the OM calibration to the fine-pitch scale. Since
major uncertainty arises from CCD calibration, and thi
greater than the uncertainty resulting from edge effec
SEM images, it is justified to assume that such effects
small perturbation to our methods for pitch determination
in the OM image analysis, all four methods produced
similar line center locations for the SEM data, so that we
a simple average of all four results.

Figure 5 presents(a) correlated SEM image,(b) pitch-
error information, and(c) placement-error information acro
the 16µm center region of the test structure. As noted ea
the 8µm optical marker array was patterned after the in

FIG. 4. SEM images of the fine-pitch scale of sample A1 and close-ups o
the submicrometer pitch regions.
vening fine-pitch scale was patterned. Thus, the fine-pitch
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lines may be offset with respect to the 16µm pitch marker
due to SPM drift. A three-parameter fit allowed us to de
mine the relative translational and/or magnification er
during fabrication. Indeed, a small drift-related translatio
the two sets of scales as well as a slight difference in m
nification can be observed.

Figure 5(b) reveals that the deviation of pitch values fr
the nominal are within 1% for scales between 200 nm a
µm, with a slight drift upward from left to right. Deviation
the 100 nm scale markers are well above 1% because
are sensitive to drift in the SPM as well TMAH etchi
conditions. To analyze the placement error[Fig. 5(c)], we
have corrected the drift-related translation of SPM and
magnification error of SEM. The placement error is the
ference of the experiment to nominal placements with
characterized 16µm pitch markers as references on b
ends. A bowing of the placement[Fig. 5(c)] in the fine-pitch
data was found which differs qualitatively from the lin
trend of the coarse-pitch measurements. The error is les
40 nm across the 16µm central region of the test structu
and is described by a second-order polynomial fitting.
residual errors are within65 nm from the fitting.

IV. DISCUSSION

The SPL1TMAH process is a reliable method for pr
ducing silicon features with sub-50 nm linewidth w

FIG. 5. (a) SEM image of the fine-pitch scale of sample A1 (detail) aligned
with (b) the plot of pitch error(difference between experimental and no
nal pitches) vs position, and(c) the plot of the placement error(difference
between experimental and nominal placements) with second-order polyno
mial fitting and the residual error(difference between experimental pla
ment and the fitting) vs. position. The residual error is offset by130 nm for
clarity.
smooth sidewalls over scan ranges accessible with mos

J. Vac. Sci. Technol. B, Vol. 23, No. 1, Jan/Feb 2005
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commercial SPMs. Furthermore, we have demonstrate
peatable fabrication of etched silicon features with 100
Because SPL oxidation is a local reaction that does no
quire high energies, charged particles, or optical interfer
through a resist, difficult control issues such as proxim
effects or phase shifting encountered in traditional litho
phy can be avoided at the device prototyping stage. Fo
ample, it is difficult to produce highly uniform lines by tr
ditional e-beam lithography and dry etching, since scatte
of energetic charged particles for the resist exposure an
namic bombardment of radicals for etching silicon are
volved. Linewidth uniformity becomes crucial for featu
widths below 100 nm. The SPL1TMAH process produce
highly uniform, sub-50 nm features defined by vert
Si(111) sidewalls resistant to gentle TMAH etching.16 The
estimated roughness of the sidewalls is less than 5 nm. T
are important features in the consideration of the
1TMAH process for applications in nanophotonic dev
fabrication.

Centroids for each line profile in the OM images w
assessed using three algorithms. The linear decrease in
identified from the optical images indicates the existence
systematic placement error across the 100µm scan range o
the SPM, ranging from22% to11%. This error results from
the nonideal response of the closed-loop scanner. By in
ing an error-correction function into the generation of
TOPOLITH input files, it should be possible to further red
systematic placement errors over the scan range of the i
ment by an order of magnitude. A true error-correction fu
tion would be obtained after certain iterations of the pro
from patterning to characterizing. We have presente
scheme to characterize, analyze, and correct the plac
errors of a SPM could be an operational rule applied to
commercial SPMs to improve their placement accuracy

The day-to-day random multiplier error is approxima
60.4%, probably arising from the thermal gradients in
mechanical loop produced by the CCD camera, bulb
laser diode mounted close to the scanner. Future effo
remove heat sources, especially the CCD camera durin
terning, and developing standardized equilibration pr
dures during SPM setup are two steps that are expec
improve overall placement error to the level of 0.1%, wh
will satisfy the anticipated accuracy requirements for n
photonic device prototyping.

We notice that pitch accuracy deteriorates when the
of successive lines varies, as illustrated on the left-hand
of Fig. 5(b), in which lines alternate from between 100
and 1µm to 2µm. On the other hand, the error appears t
reduced if several successive lines of the same pitch are
ten, as seen in the groups of lines with making up the 20
and 500 nm scales on the right hand side of Fig. 5(b). This
behavior suggests that the scanner is not stable immed
after the pitch is varied because of piezo creep, and
longer settling times or blanking lines may be require

torder for the scanner to exhibit more reproducible position in
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 Redistr
the 100 nm regime. The throughput will inevitably decre
when placement accuracy in the range of 100 nm
involved.

The second-order placement error in Fig. 5(c) could arise
from two possible sources:(a) the coupling between SP
scanner axes and(b) the aberration of electron-beam defl
tion. Both are known sources of error with a magnitude
the order of what we obtain in this analysis. At this mom
we do not have enough evidence to distinguish the sour
this error. Further effort is needed to clarify and reduce
error, as the magnitude of the error is significant for pla
ment accuracy below 100 nm. Performance of SPL will v
with SPM design, and accordingly placement errors
arise from different sources. However, SPMs equipped
adequate closed-loop scanner control should be capab
executing SPL to a level of placement accuracy similar to
instrument described here. Moreover, the same approa
ward evaluating the pattern-generating system from
range of 100µm down to 100 nm can be adopted and er
correction functions implemented during the preparatio
lithography input files.

V. CONCLUSION

We have produced a series of 20mm380 mm, 1D proto-
type pitch artifacts with uniform linewidth below 50 nm u
ing the process of SPL1TMAH etching. Pattern placeme
accuracy, a key requirement for nanodevice applications
been evaluated by image analysis of coarse- and fine-
scales from 8µm down to 100 nm using a calibrated opti
metrology instrument and SEM. For the coarse-pitch s
we found a systematic linear decrease in pitch, accounte
by the nonideal response of the closed-loop scanner.
produces a placement error of 0.6% at the center of the
scan coordinates and 1% to 2% over6 30 µm. A probable
source of day-to-day variations is related to thermal dri
the SPM. For the fine-pitch scale, deviation of pitch m
surements from the nominal value was less than 1% in
range of 200 nm to 2µm, and placement error below 100 n
requires further investigation.
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