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Scanning probe lithographgSPL) and anisotropic tetra-methyl ammonium hydroxidléMAH )
etching(SPL+TMAH) were used to fabricate a series of one-dimensional prototype pitch structures
on (110-oriented silicon substrates. Overall lateral dimensions of the test structure aqum 20

X 80 um. Line scales, consisting of 1m-long, 100-nm-tall, and 40-nm-wide lines, are observable

by optical and scanning electron microscqi8EM). Etched features were produced with pitches
varying from 100 nm to 8um. 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 nmuto 2sing SEM. Sources of placement
error are discussed and possible methods for minimizing them are presented. Th&NsRH
process in conjunction with a closed-loop scan control has the precision necessary for repeatable
device prototyping in the nanoscale regin@2005 American Vacuum Society.

[DOI: 10.1116/1.1835318

I. INTRODUCTION Recently, positive-contrast, high-aspect-ratio silicon nano-
structurege.g., ridgegwith vertical sidewalls were produced

There is a growing need for flexible prototyping of ultr- py anisotropic potassium hydroxid&OH) etching™® Cohn
asmall functional device structures in the emerging applicagt al!* have proposed tetra-methyl ammonium hydroxide
tion areas of nanoelectronics, nanoelectromechanical sy$TMAH) etching as an alternative to KOH etching with ad-
tems, and photonics. Specific to this last example, siliconyantages of smoothness, selectivity, nontoxicity, and inte-
based structures have attracted particular attention for use grated circuit compatibilit)J/.S From the various silicon nano-
monolithically integrated optoelectronic systemghotonic  structures produced by this process and the compatibility
crystals?® and subwavelength structufefor which com-  with optical lithography, we conclude that the combination
pactness, functional enhancement, and cost reduction are irgf SPL+TMAH etching is a promising approach to fabricat-
portant figures of merit. ing silicon nanostructure’.

Scanning probe lithograph¢SPL) is a resistless, direct- A key functional requirement for device prototyping ap-
write method’ in which a conductive proximal probe with an pjications is large-scale placement accuracy on the order of
applied voltage produces an intense local electric field at th@oo um or more, the typical scan range of most commer-
substrate surface, generates an electrochemical reacti@fally available scanning probe microscog&®Ms, without
within a water meniscus collected from the ambient atmo{oss of feature-width resolution, assumed to be much less
sphere, and results in a controllable oxide pattern. SPL hagan 100 nm. Cohet al. have discussed these requirements
been successfully demonstrated on a variety of substrates apscently in terms of the fabrication of visible-wavelength pe-
thin films, including semiconductofs, metals; *® and  riodic grating filters. Device performance of such filters at
dielectrics:" Etch selectivity of the oxide mask® can be visible wavelengths depends crucially on achieving place-
combined with anisotropic wet or dry etching to form a low- ment accuracy with uncertainties of a few nanometers with
cost, highly flexible approach to the fabrication of prototyperespect to nominal line centers. At issue is whether or not
silicon nanostructures. One-dimension@lD) and two-  commercial SPMs can achieve the tolerances necessary for
dimensional(2D) structures with aspect ratios much greatermeaningful fabrication of visible-wavelength, optoelectronic
than 1, i.e., sub-50 nm wide and 100 nm high, have beedevices. Concern arises because piezoelectric scanners used
successfully fabricated in this manner. to raster an SPM probe over a substrate tend to exhibit con-

siderable hysteresis and creep during actuation. Some com-
Current address: Department of Physics, Tunghai University, TaichungMercial instruments overcome these limitations by employ-
Taiwan 407. ing a closed-loop scanner, which directly monitors
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Fic. 1. Schematic of scanning unit of the SPM used in this study, including © 500 nm
the tripod closed-loop scannéieedback circuits not shownlaser, light 2pm  1pm ¢
bulb, and CCD camera. Optical components are a major heat source of the \ \/
unit and produce thermal drift in the system. | | | | | I
100 nm

displacement, e.g., optical displacement senSorapacitive 200 nm

sensors? and interferometerS?° The possibility exists fe.2. @Al ¢ of a siicon 110 substrate o the P e i
. - FiG. 2. (a) Alignment of a silico substrate to the axes. The guide
therefore that SPM prObe position may be controlled WlthIines scribed into the Si substrate are to aid in locating the piH.ayout

subnanometer accuracy, meaning that SPL represents a regithe 1D pitch structure used in this stugot to scalg It consists of the

istic means of nanoscale device prototyping. optically accessible coarse-pitch scale ofu® pitch and central SEM-
In this article, we describe the fabrication of a 1D proto- accessible fine-pitch scalec)_ Layout qf the fin_e pitch structurénot to

type pitCh structure on a GJlO) substrate by the SPL ngg?]re:'tgﬁrseg:glzlﬁqn? region, including the pitches of 100 nm, 200 nm,

+TMAH process and preliminary results on our efforts to

evaluate pattern placement errors arising during fabrication

using our SPM instrument. Lateral dimensions of the tesheat sources consisting of a stepper motor, light bulb, laser
structure used in this study are §0+-long and 2Qim-wide  hq preamplifier, and most significantly a CCD camera
in order to reveal placement errors over the 100 scan  qunted directly to the right of the scanner tower. Energy
range of the SPM. The test structure layout includes a seri€gssination along the long axis of the system produces a ther-
of pitch markers with nominal values ofi8n for calibration mal gradient along the beam into the system base and, thus,

with an optical metrology instrument maintained at the Na-g eater drift in that direction. In the present work, we report
tional Institute of Standards and Technolo@¥IST), and a 5, anaysis of 1D pitch structures which were patterned

series of pitch markers with nominal values from 100 nm toalong theY axis only. We note, however, that in other work
2 pm for examination by scanning electron microscopypighly periodic 2D grid structures have been produced as

(SEM). well, despite the greatéf-axis drift. This is because even at
2 um/s patterning, the drift of the line center is only 4 nm
II. EXPERIMENTAL PROCEDURE over the full 200um scan range of the SPM, which is only

A. SPM system about 10% of the SPL-oxide line width.
The SPL fabrication tool used in this study is based on
TopoMetrix Accurex II™ SPM systerﬁl, which employs a
tripod-type piezoelectric scanner with integrated strain Test structures were prepared fr@fi0)-oriented silicon
gauges on all three scan axes to monitor and feedback scawafers, with resistivity between 1 and ZDcm, by cleaving
ner motion under closed-loop contr@Fig. 1). The instru- along {111} planes to produce parallelogram-shaped chips
ment is isolated from vibration, thermal, and acoustic disturfrom the wafer[Fig. 2(@)]. Guide lines for locating the SPL
bances by locating it within a humidity-controlled glovebox patterned features were scribed into the substrate and the
on a bench-top air table. surface was prepared for SPL by ultrasonic cleaning in ac-
Prior qualification of the instrument indicated that the av-etone, isopropy! alcohol, and deionizddl) water, followed
erage drift rates of the system after stabilization were 0.01by removal of the native oxide by dipping in 2% HF for 30
and 0.083 nm/s in th&-fast andY-slow scan directions, s, and a final brief rinse in DI water. Precise alignment of the
respectively. The reason for these disparate drift rates can leaved{111} edge of the silicon sample to the-Y axes of
appreciated by examining the mechanical loop of the SPMthe SPM reference frame was achieved by orienting a fidu-
The scanner tower sits upon a steel beamt shown, cial edge onto the vacuum chuck. Accuracy of this alignment
200 mmx 80 mmx 20 mm (length, width, thicknegs with ~ was determined by inserting a previously TMAH-etched sili-

aB. Fabrication of 1D pitch structures

JVST B - Microelectronics and  Nanometer Structures
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con (110 sample and verifying that the angular error be- (@
tween the microscop¥ axis and silicon{111} direction was
a few tenths of a degree or less.

For this study, SPL was performed in contact mode and
subsequent imaging of the latent oxide patterns was per- (b)
formed in noncontact mode. Contact-mode cantilevers
coated with conductive tungsten carbide from MikroMasch
were used? Typical force constants and resonance frequen-
cies were 0.95 N/m and 105 kHz, respectively. For SPL, a
bias of 9 to 12 V was applied to the sample, established by
initial test patterning with a particular cantilever. Lines were

deviation (pixel)

formed using a writing speed of Zm/s. Pattern generation 8.1
was controlled by runningPmLAB®* and ToPOLITH pro- € g9
grams simultaneously on a Windows™ computer. Input files E 79 |
used by theropoLITH software to generate the test structure 2.l
were created and validated using a spreadsheet program. 77
The pattern layout for the 1D test structure, including an 30 15 0 15 30
optically accessible coarse-pitch scale and an SEM- position (um)

accessible fine-pitch scale, is shown in Figh)2The coarse- . o
. . . . 1G. 3. (a) Overlapping optical images of an etched structybg.Plot of
pitch scale consists of an array of markers with a nominal &jich deviation vs. position between optical measurements obtained on each
um pitch spanning the width of the structure. These markersf six samples on different daySamples® A;; O A,; B Ay). The A, and
are visible in an optical microscomé)M) after TMAH etch- Aj are offset by+1 and +2, respectively, for c[arity(c) Optigal pitch
. . measurements compared to nominair8 value(horizontal solid ling. The
|ng._ Note that the &im pitch marker_s are_ composed of a center pitch value has been divided by 2 to aid interpretation.
series of four parallel, sub-50-nm-wide lines, and that the
inner pair extends several micrometers beyond the outer pair.
Individual lines are not resolved in an OM, so that the opticalon the etch front that resists an ear|y isotropic etching phase
profile resulting from the unresolved inner pair of lines wasjong enough to allow the system to find geometrically stable
used in our pitch analysis. The center of the test structurglanes such a$111}. Conversely, the terminal geometry is
contains a fine-pitch scale intended for SEM image analysiaffected by the residual thickness and stability of the SPL-
[Fig. 2c)]. Nominal pitch values from 100 nm toZm are  oxide pattern in conjunction with the stability of tH&11}
represented. The sequence used to generate the pattern ispines. The etching is a diffusion-limited reaction within the
follows. First, theToPOLITH program patterned the fine-pitch local region of gap between lines, so that the etch front is
scale at the origin of the SPM reference frame; i.e., zergreferential in the direction where the oxide pattern and
applied voltage on th& andY scanner piezos. Next, |@m {111} planes are less correlat&d.
pitch markers were patterned at locations along Xhaxis We find that we can routinely pattern and etch constant-
from —32 to +32 um. Finally, a 20um X 80 um box sur-  width lines that are many tens of micrometers long, clear
rounding the markers was patterned and a bar code identifi@vidence that alignment of the silicqdl11} substrate to the
was written outside the upper right-hand corner of the boxY axis of the SPM is within the tolerance required for etch-
Patterning of one test structure fabricated for this study tookng. Three samples, produced on separate days, were denoted
about 40 min at the @m/s scan speed, although much higheras A, A,, and As, on which we fabricated a total of six test
scan speeds have been used successfully as well. structuregone on A, three on A, and two on A).
After SPL oxide patterning, substrates were etched for 40
s in a TMAH-isopropyl alcoho(IPA) solution maintained at |||. DATA ANALYSIS OF OPTICAL AND SEM IMAGES
60 °C, and then rinsed briefly in DI watgiPA is added to . ) .
25 wt % TMAH to achieve a solution of 83 parts of TMAH A Optical analysis of coarse-pitch scales
+ 17 parts of IPA by volume. According to our data, the etch  Optical images of all six test structures were obtained
rate was reduced by about 55% for silicohlO} planes by using an OM-based dimension metrology instrument main-
the use of IPA. This solution produced smooth silicon fea- tained at NIST. Design of this instrument and data analysis
tures, with a height between 100 and 150 nm, determine¢hethods are described elsewh&rémages were recorded at
from SPM images, and linewidth about 40 nm, estimated a50x magnification using a calibrated-pixel CCD camé#dl.
the midpoint of edge-enhanced, secondary-electron intensitneasurements described in this work are for the purpose of
maxima in top-down SEM images. qualifying the SPL process and are not intended to be trace-
It is important to understand the role of the 2-nm- toable] Since the field of view recorded in a single image is
3-nm-thick SPM-oxide pattern in the context of anisotropicapproximately 50um across at 50x magnification, three
silicon etching. Etching anisotropy at the nanometer scale isverlapping data files were required to analyze eaclurg0-
different from its conventional behavior at larger length pitch structurglFig. 3(@)]. Each image contains 1024 pixels
scales. The SPL oxide pattern imposes an “initial condition"along the(horizonta) X axis. Previous qualification of the

J. Vac. Sci. Technol. B, Vol. 23, No. 1, Jan/Feb 2005
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1N I o
nificant and all subsequent data were a simple average of the :
combined data files. Random variations were eliminated by ok
imaging the entire series of test structures on multiple occa- P :

sions. SEM weosmezmnm

Three algorithms for determining the line center and/or
pitch were used(1) Centroid method. An integration of the
area beneath the line profile was performed and the line cen-
ter was associated with the position at which the area reaches
half its total value. Both a line center and a pitch are deter-
mined. (2) Cross-correlation method. Each line profile was

translated to a position overlapping a reference line such that

the sum of the square difference of the two heights is a

minimum. Only a pitch measurement is obtain€j.Folded 500 nm 200 nm 100 nm

center method. A portion of a line profile is reflected onto its

opposite slope and again the line center is determined to Hgc 4- SEM images of the fine-pitch scale of samplgahd close-ups of

that position for which the sum of the square difference of submicrometer pitch regions.

the two heights is a minimum. In a few cases, the cross-

correlation results from method 2 are so flat that the pitch is

not precisely determined. All three methods produced veryvorking distance can be controlled to only a few percent,

similar results for the sets of optical data. All pitch resultspitch measurements of an identical structure from SEM im-

reported in this work are a simp|e average of all threeades taken on different days were fitted to an overall magni-

methods. fication function. A SEM magnification error of approxi-
Figure Xb) presents a p|0t of the relative deviation of mately 5% was obtained, consistent with expectation.

pitch measurements for sets of images taken several weeks SEM images were collected at a magnification of 7000,

apart. Note that values for the,Aand A, datasets are offset With data files containing 2048 pixels along theaxis. This

by +1 and +2, respectively, for display clarity. The plot Provides sufficient data points with nominally 7 nm pixel

indicates that the optical measurement produces errors &fze for line profile analysis, while at the same time obtaining

+0.5 pixels, or=21 nm, as determined from previous cali- both the fine-pitch features as well as the nominalph®

bration of the CCD camera array. Optical pitch measuremarkers previously calibrated by optical means. SEM images

ments appear in Fig.(8). These values for the six structures taken of the fine-pitch region of samplg fAhown in the Fig.

should be compared to the horizontal line that represents th&C) schematic, are shown in Fig. 4. Higher magnification

nominal 8 um pitch value. Note that at the center of the images(insety demonstrate that highly uniform silicon lines

structure the nominal p|tch is actua”y 16m and we of sub-50-nm width and 100 nm pitCh can be achieved with

have simply divided this value by 2 in the figure to aid datathe SPL-TMAH process.
interpretation. Pronounced asymmetry at isolated line edges can occur in
There are two trends that are evident in Figc)3First, ~SEM images since the secondary-electron emission is en-
there is a systematic linear decrease in pitch from left tdanced at isolated sidewalls relative to closely spaced fea-
right. The same trend is consistently reproduced in eacklres. Monte-Carlo modeling of electron trajectories is
dataset. Second, an apparenﬂy random mu]tip”er, represerﬁlﬁeded in order to obtain a correct location of these edges.
ing a fraction of a pixel, shifts the linear curve vertically. It is For the present analysis, our primary concern lies in trans-
strongly correlated to the day on which the structures werderring the OM calibration to the fine-pitch scale. Since the
fabricated. Note that in absolute terms the actual pitch promajor uncertainty arises from CCD calibration, and this is
duced in our SPL tool at the coordinate center of the SPM igreater than the uncertainty resulting from edge effect in
0.6% less than the nominal value: 7 @% rather than gm.  SEM images, it is justified to assume that such effects are a
To the left and right of center-+30 um, placement error Small perturbation to our methods for pitch determination. As
increases from 1% to 2%. in the OM image analysis, all four methods produced very
similar line center locations for the SEM data, so that we use
a simple average of all four results.

Figure 5 presentga) correlated SEM imageb) pitch-
SEM imaging was performed in a field-emission error information, andc) placement-error information across
instrument® with a 5 kV accelerating voltage and 5.2 mm the 16um center region of the test structure. As noted earlier,
working distance. Since magnification is a sensitive functiorthe 8um optical marker array was patterned after the inter-
of the working distance in a SEM and repeatability of thevening fine-pitch scale was patterned. Thus, the fine-pitch

instrument yielded an average pixel length corresponding to
42 nm. In addition, each structure was imaged with the
sample oriented at 0° and 180° relative to the instrument
axes to identify and eliminate possible calibration bias of the
CCD camera. Statistical deviations were found to be insig-

lllllli:

B. SEM analysis of fine-pitch scales

JVST B - Microelectronics and  Nanometer Structures
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(a) commercial SPMs. Furthermore, we have demonstrated re-
peatable fabrication of etched silicon features with 100 nm.
Because SPL oxidation is a local reaction that does not re-
quire high energies, charged particles, or optical interference
through a resist, difficult control issues such as proximity

—
(=
~

effects or phase shifting encountered in traditional lithogra-
S \I‘:\j% phy can pe a_vc_)ided at the devicg prototyping _stage. For ex-
e ¢ o ample, it is difficult to produce highly uniform lines by tra-
5 - 2um ditional e-beam lithography and dry etching, since scattering
§ *1um of energetic charged particles for the resist exposure and dy-
= E:500.0m namic bombardment of radicals for etching silicon are in-
+200nm volved. Linewidth uniformity becomes crucial for feature
© o8 - widths below 100 nm. The SPLTMAH process produces
g 8 gremduall error ; highly uniform, sub-50 nm features defined by vertical
5 0 i Si(111) sidewalls resistant to gentle TMAH etchifThe
5 of& 2pd order polynomial fitting 2 estimated roughness of the sidewalls is less than 5 nm. These
€ Q.. / placement error 0 . . ) . ’
£ .30 o-.... o o are important features in th.e co.n5|derat|on of- the S_PL
§ ©-6.6.& g0 +TMAH process for applications in nanophotonic device
2 60 * : - : fabrication.
9 6 &8 0 3 & @ Centroids for each line profile in the OM images were

posttion {um) assessed using three algorithms. The linear decrease in pitch

Fic. 5. (8) SEM image of the fine-pitch scale of sample @letai) aligned  identified from the optical images indicates the existence of a
witlh (b)hthe plot of pitch erz{or(dirf]ferelnce fberfwe(len experimentdalﬁand nomi- systematic macemem error across the jB0scan range of
nal pitche$ vs position, andc) the plot of the placement errgdifference . .
between experimental and nominal placementish second-order polyno- the SPM, ranging from-2% to +1%. This error results from
mial fitting and the residual errauifference between experimental place- the nonideal response of the closed-loop scanner. By includ-
ment and the ﬁttinDVS. position. The residual error is offset bﬁBO nm for |ng an error_correctlon functlon |nto the generatlon Of the
clarity. . . . .

TOPOLITH input files, it should be possible to further reduce

systematic placement errors over the scan range of the instru-

lines may be offset with respect to the i pitch markers ment by an order qf magnitude. A_tru_e err_or—correction func-
due to SPM drift. A three-parameter fit allowed us to deter-tion would bg obtained after c.erltaln iterations of the process
mine the relative translational and/or magnification errord"™0m patterning to characterizing. We have presented a
during fabrication. Indeed, a small drift-related translation ofScheéme to characterize, analyze, and correct the placement
the two sets of scales as well as a slight difference in mage'rors of a SPM could be an operational rule applied to most
nification can be observed. commercial SPMs to improve their placement accuracy.

Figure §b) reveals that the deviation of pitch values from  The day-to-day random multiplier error is approximately
the nominal are within 1% for scales between 200 nm and 2-0.4%, probably arising from the thermal gradients in the
um, with a slight drift upward from left to right. Deviation of mechanical loop produced by the CCD camera, bulb and
the 100 nm scale markers are well above 1% because théyser diode mounted close to the scanner. Future efforts to
are sensitive to drift in the SPM as well TMAH etching remove heat sources, especially the CCD camera during pat-
conditions. To analyze the placement erfgig. 5c)], we  terning, and developing standardized equilibration proce-
have corrected the drift-related translation of SPM and tthureS during SPM setup are two Steps that are expected to
magnification error of SEM. The placement error is the dif-improve overall placement error to the level of 0.1%, which
ference of the experiment to nominal placements with th&yj| satisfy the anticipated accuracy requirements for nano-
characterized 1@um pitch markers as references on both photonic device prototyping.

Sn:js. A bofvv ing dOf ?ehpl(?(;femerﬁigi_t&f)] iln tfhe finti'pifph We notice that pitch accuracy deteriorates when the pitch
ata was found which differs qualitatively from th€ linéar .. o ,-cassive lines varies, as illustrated on the left-hand side

trend of the coarse-pitch measurements. The error is less th%I]:I Fig. 5(b), in which lines alternate from between 100 nm
40 nm across the 1p6m central region of the test structure

and is described by a second-order polynomial fitting. Theand 1um.to 2um. On the o’Fher.hand, the error ap!oears o bg
residual errors are withirt5 nm from the fitting. reduced if seyeral successwelllnes Qf the same pitch are writ-
ten, as seen in the groups of lines with making up the 200 nm
and 500 nm scales on the right hand side of Figp).5This
IV. DISCUSSION behavior suggests that the scanner is not stable immediately
The SPL+TMAH process is a reliable method for pro- after the pitch is varied because of piezo creep, and that
ducing silicon features with sub-50 nm linewidth with longer settling times or blanking lines may be required in
smooth sidewalls over scan ranges accessible with mostrder for the scanner to exhibit more reproducible position in

J. Vac. Sci. Technol. B, Vol. 23, No. 1, Jan/Feb 2005
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the 100 nm regime. The throughput will inevitably decrease "Materials and Devices for Silicon-Based Optoelectroniegited by A.
when placement accuracy in the range of 100 nm are Polman, S. Coffa, and R. Sor@flaterial Research Society, Warrendale,

. 1998.
involved. . . . 2J. S. Foresi, P. R. Villeneuve, J. Ferrera, E. R. Thoen, G. Steinmeyer, S.
The second-order placement error in Figc)scould arise Fan, J. D. Joannopoulos, L. C. Kimerling, H. I. Smith, and E. P. Ippen,

from two possible sourcega) the coupling between SPM  Nature(London 390, 143(1997).

scanner axes anh) the aberration of electron-beam deflec- 5T. Zijlstra, .E. van der Drift, M. J. A. de Dood, E. Snoeks, and A. Polman,
tion. Both are known sources of error with a magnitude on 4JD' \fcésc'aTetfhrl‘Eo"NBlél27.34(1939T' < Gaviord. Ont. Le3 700

the order of what we obtain in this analysis. At this moment, (1'9953). rundrett, £. N. Glytsis, and 1. K. Gaylord, Opt. Les,

we do not have enough evidence to distinguish the source ofsp | ajanne and G. M. Morris, Nanotechnology 53 (1997).

this error. Further effort is needed to clarify and reduce the °Y. Kanamori, K. Hane, H. Sai, and H. Yugami, Appl. Phys. Lét8, 142
error, as the magnitude of the error is significant for place- (2003 _

ment accuracy below 100 nm. Performance of SPL will vary J. A. Dagata, J. Schneir, H. H. Harary, C. J. Evans, M. T. Postek, and J.
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