








Figure 2.13. SEM images of 900 kg/mol polystyrane hrray exposed at 5 keV with line dose
of 0.043 nC/cm, and developed by tetrahydrofurar2fmin. (a) 200 nm period and (b) 300 nm

period.

Previously, Cordet al. has demonstrated robust undercut profile by usirtg-layer positive
resist stack PMMA and PM& (more sensitive than PMMA when using aqueous basic
developer, less sensitive than PMMA when usingessthdevelopér). Such a robust undercut
profile could be realized readily by using a bidaypolystyrene resist stack having higher
molecular weight for the top layer. Similarly, bging a bi-layer stack with the top layer having
lower molecular weight, two-level patterning coblel achieved, which, after pattern transfer to a
hard substrate, could be used to fabricate 3D nietddual damascene process based on

nanoimprint lithographtf.
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2.2.4. Conclusions

We studied the exposure behavior of the negativie EBist polystyrene with molecular weight
of 90 kg/mol, 170 kg/mol and 900 kg/mol along wtblystyrene with low molecular weights.
Very high sensitivity of 1 pC/cfnwas obtained for 900 kg/mol when exposed at 2 Kehe
sensitivity for 90 kg/mol polystyrene is about ameer lower. The resist has a contrast around
1.5 that is nearly independent of molecular weifgit this range of molecular weight. The
contrast is much lower than PMMA, but higher thia@ ¢hemically amplified negative resist SU-
8. The current resist can achieve fairly well-defipatterns of 150 — 200 nm period line arrays.
In addition to its high sensitivity, polystyreneassimple and low-cost resist with easy process
control and practically unlimited shelf life. It iglso considerably more resistant to drying
etching than PMMA. We believe polystyrene is a vprgmising negative resist with tunable
sensitivity and resolution capability over a braadge simply by choosing different molecular
weights. For applications that need only moderaselution, it is desirable to use high molecular
weight such as 900 kg/mol in order to take advantaits very high sensitivity; whereas if
ultra-high resolution is the primary goal, very lomolecular weight such as 2 kg/mol would be

the choice.

2.3. Effect of molecular weight distribution on ebeam exposure properties of

polystyrene

[This work is published in Nanotechnology, 24, 28532013)]

2.3.1. Introduction

Previously we have demonstrated ultra-high seriitipatterning using high Mw of 900
kg/mol®, In addition to molecular weight, another impottgrarameter for a polymer is
polydispersity index (PDI), which is defined as tla¢io of weight averaged molecular weight
Mw and number averaged molecular weil®i. For a strictly monodisperse polymdn is

equal toMw and PDI is 1. For a polymer with broad molecwaight distribution, PDI is much
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higher than 1. PDI is known to be an important peter for micro-phase separation of a

mixture of heterogeneous polyrfitras well as for crystallization kinetfs

Polystyrene with very narrow molecular weight disition with PDI<1.06 has been utilized by
majority research grouffs 47+ 48 49 0. 51. 53 order to avoid any uncertainties. Ku's paper
published in 1969 also recommended polystyrene matinow Mw distribution for EBL in order
to avoid potential pinhole formation after develant. In this study we will show that there is
no significant effect of very broad molecular weidistribution on resist contrast and achievable
resolution. We didn’t observe any pinhole formatiafter development, either. It is thus
unnecessary to use monodisperse polystyrene wiossésanore than two orders higher than the

general purpose polystyrene having high PDI.

Polystyrene powder with various molecular weightsl golydispersity index (from Pressure
Chemical Co. and Scientific Polymer Products Inggs dissolved in chlorobenzene with a
concentration of 1-2 w/v%. Relatively thick film tkesirable for contrast curve measured by
AFM since the measurement is more accurate fokéhitilms, whereas relatively thin film is
preferred for high resolution line array exposueeduse pattern collapse due to capillary force is
less severe for thinner film. The films were balk¢d 20°C for 5 min on a hotplate for the high
Mw samples (170 kg/mol and above). For low Mw ptlgane resist (13 kg/mol and below), we
decreased the baking temperature tdG@nd increased the time to 1 hour in order toinkda

uniform and homogeneous film.

To investigate the effect of polydispersity inder exposure properties, since the PDI of
commercially available general purpose polystyresnanknown, we mixed two monodisperse
polystyrene with very different molecular weightdus bimodal distribution) to mimic a

polystyrene with very broad molecular weight disaition and large PDI. For high Mw range,
170 kg/mol (PDI=1.06) and 900 kg/mol (PDI=1.10) ystyrene solution having the same
concentration were mixed with 1:1 volume ratiogtee a film with 1:1 weight ratio after spin-

coating. For low Mw range, 2.5 kg/mol and 13 kg/nflmbth PDI=1.06) were mixed the same

way.
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2.3.2. Effect of molecular weight distribution on gposure properties

For positive resist based on chain scission sué¢tMigA, the dependence of resist sensitivity on
molecular weight is rather weak because, for PMMAoager chains, though more exposure is
needed to cut it to below ~10 kg/mol (threshold Ktwfast dissolution in the developer), longer
chains also receive more electron exposure prapatly. For instance, when Mw is decreased
from 2200 kg/mol to 50 kg/mol, its sensitivity ieases only by 26% for room temperature
development, from approximately 500 uCfam 370 uC/crh®*. Contrary to positive resist, Mw
is fundamentally critical for chain cross-linkingegmative resist such as polystyrene whose
sensitivity is roughly proportional to its Mw. This because fewer cross-linking is needed for
longer polystyrene chains to render it insolubla isolvent developer. As for resist contrast and
high resolution capability, though typically highwWPMMA of 950 kg/mol is used for electron
beam lithography, actually Mw as low as 15 kg/mah @chieve very high resolution of 15 nm
line-width>. There is no obvious relationship between higbltg®n capability (resist contrast)
and resist molecular weight for positive resistt 8w chain cross-linking negative resist such as
polystyrene, gel formation theory predicts thatistesontrast increases as Mw decre¥s¥s
which is in agreement with our previous studi@s/en such an overwhelming significance of
Mw on polystyrene’s exposure properties, we stuthedeffect of polydispersity index over both
high and low Mw ranges.

2.3.2.1. Polystyrene with high Mw

The contrast curves exposed at 20 keV for 170 kbfmotystyrene (PDI=1.06), 900 kg/mol
polystyrene (PDI=1.10) and the 1:1 mixture of the tare shown in figure 2.14. Here the
polystyrene with high PDI was simulated by a 1:Xktome of two polystyrene. As expected, the
sensitivity for 900 kg/mol is much higher than that 170 kg/mol. The sensitivity for 900
kg/mol is comparable to typical chemically amplifieesists such as SU-8; and that for 170
kg/mol is close to ZEP-520A resist when using arsjrdevelopé&f, which is much higher than
using regular high resolution developer. For th&tare with 1:1 weight ratio (i.e. f¥1;=N,M>,
M;=170 kg/mol, M=900 kg/mol), if we assume the two components &retly monodisperse
(.,e. PDI=1.0), the weight averaged molecular weiglan be calculated a%fw =
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(N1 M?+NoM A /(N1M1+NoM5) = (170+900)/2 = 535 kg/mol; for 1:1 weight ratithe number
ratio is Ni:N, = 900:170, thus the number averaged molecular weightbe calculated & =
(170x900+90(x170)/(170+900) = 286 kg/mol. By definition, the ypdispersity index of the
mixture is PDI=535/286=1.87. The calculated contfasthe mixture y=1.3) lies between those
of the two components£0.9 and 1.9 for 900 and 170 kg/mol, respectivelg.can be seen
from the figure, the contrast curve for the 1:1 tmig resembles a hypothetical monodisperse
polystyrene resist with Mw~300 kg/mol. Therefordystyrene of certain molecular weight can
be simulated by a mixture of two polystyrenes hgwaery different Mw. It is thus unnecessary
to acquire a large number of polystyrene resisth wifferent Mw for different applications

using EBL.
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Figure 2.14. Contrast curves exposed at 20 kedbrstyrene resist of 170 kg/mol, 900 kg/mol
and a mixture of the two with 1:1 weight ratio. Tiheet shows a possible configuration of a
portion of cross-linked polystyrene (adapted froef.R).

To study the resolution capability of the polystygesamples, we exposed dense line arrays each
over an area of (5 pfjhat is larger than the range of electron backsidag for 20 keV, so
similar dense array is expected when patterning targer area. The lines were exposed as
single pass lines with step size of 5 nm. As seefigure 2.15, the 150 nm period line array
pattern was better defined using the 1:1 mixtueatB00 kg/mol. The lower Mw of 170 kg/mol
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can well define a line array of 80 nm period. Fomparison, we also studied the resolution
capability for a general purpose 260 kg/mol polgetye with high polydispersity index (Figure

2.15 d), which showed improved pattern definitiothwsmoother lines than the 170 kg/mol
having narrow molecular weight distribution (seelole for an explanation). This again

manifests that the resist performance greatly d#pesn molecular weight, but not on its
distribution.

Figure 2.15. Dense line arrays exposed at 20 ke\palystyrene with different molecular
weights. (a) Monodisperse 900 kg/mol, 150 nm per@a6 nC/cm line dose; (b) 1:1 mixture of
170 and 900 kg/mol, 150 nm period, 0.66 nC/cm;Mohodisperse 170 kg/mol, 80 nm period,
1.0 nC/cm; (d) General purpose polydisperse 26&Q/80 nm period, 0.91 nC/cm.

2.3.2.2. Polystyrene with low Mw

The contrast curves exposed at 20 keV for 2.5 kb/fpodystyrene (PDI=1.06), 13 kg/mol
polystyrene (PDI=1.06) and the 1:1 mixture of the tare shown in figure 2.16. As expected,
they all showed considerably higher contrast tienhigh Mw polystyrenes studied above, at the

cost of greatly reduced sensitivity. For the 1:lightratio mixture of 2.5 and 13 kg/m®fw,
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Mn and PDI is calculated as 7.75 kg/mol, 4.19 kg/era 1.85, respectively. The contrast curve

for the 1:1 mixture resembles a hypothetical mospelise polystyrene resist with Mw of 4-5
kg/mol. Since for low Mw polystyrene the resistfage after development is much smoother
than high Mw polystyrene (this is related to itgher resolution capability), the contrast curve
measured by AFM is more accurate than that for INigh polystyrene resists that gave rough
resist surfaces after development. It is thus nmeaningful to carry out a quantitative study
with the low Mw resists. Table 2.1 listed the thresists’ gel point dosedDsensitivity B (dose

for 50% normalized thickness), contrast, as weltresfour products between M and D so

Theoretically the dose-molecular weight productudtidoe independent of molecular weight.
Apparently the products of dose amamberaveraged molecular weight are similar for theehre

resists, but those of dose ameight averaged molecular weight are very different. Mves,

Mn for the mixture is closer to that of 2.5 kg/moath13 kg/mol, so is the resist contrast. We
can therefore conclude that the resist propertiepdlystyrene depend mainly &fn if it differs
from Mw. It is known that for a polymer with broad molemulweight distribution, some
properties such as tensile strength depend mainlga; whereas other properties such as
viscosity depend mainly o®fw °“°% Longer chains are more important for the valudve,
whereas shorter ones with larger number are maperitant for the value &m. Therefore, here

the exposure property is mainly determined by dive Mw component due to its large number.

Table 2.1. Comparison of exposure properties ofygigiene resists with three different

molecular weights, with the values derived fronufig2.16.

Mw Mn Con- | Sensit- Gelpoint |Dsox  [Dsox  [Dgx D, x
(kg/mol) | (kg/mol) | trast | ivity Ds, | Dy Mw Mn Mw Mn
(uC/em?) | (nC/em?)
2.5 24 3.6 3400 2310 8500 8160 5775 5544
7.8 42 35 1750 1220 13650 | 7350 9516 5124
13 12.3 3.1 600 370 7800 7380 4810 4551
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Figure 2.16. Contrast curves exposed at 20 ke\pdtystyrene resist of 2.5 kg/mol, 13 kg/mol
and a mixture of the two with 1:1 weight ratio.

Polystyrene resists with different Mw and PDI hdeen studied previously. Feit et al. showed
that for the same molecular weight of 233 kg/majy @ose for 80% normalized thickness) for
polystyrene with higher PDI is considerably higkigain near-monodisperse polystyrene, though
the difference for B (dose for 50% normalized thickness) is 8s¥hey thus concluded that

PDI is a very important parameter for polystyreesist. We disagree with their conclusion, and

believe that higher dose was needed in their stadyesist with larger PDI because E is

lower for the samé\w. Lai et al. claimed that the contrast of polyshgeesist decreases with

an increase in molecular weight distribufidnYet this conclusion was drawn based on the
contrast curves for several polystyrene resistsdiiered not only in PDI but also in molecular
weight. Gel formation theory also implies highentrast for uniform Mw distribution (PDI = 1)
than random Mw distribution (PDI = %) However, it was assumed that gel fraction is etpia
normalized remaining film thickness after developmevhich is inaccurate since gel formation
is a “bulk” process occurring throughout the filthickness whereas resist dissolution by
developer is a layer by layer surface process.réaults indicate that PDI has insignificant effect

on resist performance. One plausible explanationtHis is that once two polymer chains are
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cross-linked by electron beam exposure to form langer chain, the chain length of the two

original polymer molecules is no longer importdm,it the two molecules of equal length or not.

Table 2.2. Comparison of exposure properties ofgtptene resists with two different molecular

weights, with the values derived from figure 2.17.

Mw Mn PDI | Gel point B Contrast Sensitivity
(kg/mol) (kg/mol) (uC/en) Dso (UC/cnf)
62 58 1.06 78 1.9 115
286 64 4.5 45 14 90

Lastly, we performed Gel permeation chromatografB¥C) measurement on the above-

mentioned general purpose polystyrene with molecwieight of 260 kg/mol, which showed
Mw=286 kg/mol,Nn=64 kg/mol, and PDI=4.5. Due to its low®, this polymer achieved

better pattern definition than the monodisperselfR2D6) 170 kg/mol one as seen in figure
2.15. In table 2.2, we also compared it with a ntsyoerse polystyrene of 62 kg/mol (PDI=1.06,

thus Mn=58 kg/mol) that is commercially available. As eg@el and shown in figure 2.17,

though theirMw differs by 4.6 times, the sensitivity of the twolymers is reasonably close (90

and 115 uCl/cf respectively). This again showed that number ayed molecular weight

dominated the exposure properties of polystyreaistie

Despite the fact that polystyrene’s sensitivityngersely proportional to its Mw, no significant
effect of very broad molecular weight distribution the sensitivity, contrast and achievable
resolution is observed. It is thus unnecessarysi® the costly monodisperse polystyrene for

electron beam lithography.
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Figure 2.17. Contrast curves exposed at 20 keVnionodisperse (PDI=1.06) and general
purpose polydisperse (PDI=4.5) polystyrene withilsirmumber averaged molecular weight of
~60 kg/mol.

2.3.3. Conclusions

In our approach, we simulated a polystyrene witjhhpolydispersity index by mixing at 1:1
weight ratio two polystyrenes with very differenblacular weights. The exposure property of
the mixture resembles that of a monodisperse pobsé with a close number averaged
molecular weighfiin, which indicates that it i8I rather tharifw that dominates the exposure
properties of polystyrene resist. We also studiedemeral purpose polystyrene with a high
polydispersity of 4.5, and found that its propextis comparable to those of monodisperse
polystyrene having similar number averaged moleowksight. Therefore, one can use the low-
cost general purpose polystyrene for electron bigaography; and one doesn’t need to have a
large number of polystyrene resists with differemtlecular weights for different applications
using EBL, as any given molecular weight can beutated by a mixture of two polystyrene

samples having different molecular weights.
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2.4. Lift-off with solvent for negative resist usig low energy electron beam

exposure

[This work is published id. Vac. Sci. Technol. B 32 (6), 06F507 (2014)]

2.4.1. Introduction

Direct etch and liftoff are the two most populaittpen transfer processes. In the direct etch
process, the polymer resist is first patternedguaitithography technique such as electron beam
lithography (EBL), then the pattern is transferted¢he substrate or sub-layer with the resist as
mask by a dry etching technique such as reactimeetohing. In the liftoff process, the film
(commonly metal) is coated on the resist structanel, the film on top of resist structure is lifted
off when the resist underneath is dissolved, leavehind the film structure on the area
previously uncovered by resist. Compared to diegch, liftoff is more versatile since it can
work for most metals, whereas many metals includmogt noble metals cannot be etched by dry
etching. Positive resists are typically employedliitoff; and if the metal to liftoff is too thick
(e.g. > 100 nm), a double layer stack, such as PMNMMA-MAA) *°, PMMA/LOR®®, and
high molecular weight PMMA/low molecular weight PM¥I’, can be used to give an undercut
profile that facilitates a clean liftoff. Howevdnr lifting off some structures such as nanoscale
trenches or holes, a negative resist is prefersetl affers far less exposure time than positive
resist (yet a complicated double liftoff proces® dee utilized with a positive resist for such

structure®?).

However, liftoff using (single layer) negative r&sis very challenging for two reasons: 1) the
resist profile is tapered with wider opening dueetectron forward scattering, which leads to
film coating on the sidewall and thus makes a cldtoff difficult; 2) common negative resists
such as polystyrefie’’and SU-8' become cross-linked and insoluble upon exposucktlaus a
strong chemical such as a hot mixture of 48H : H,O, : H,O (RCA cleaning) must be used to
dissolve it, which may attack the metal or sub-tay@espite the challenge, liftoff using single
layer negative resist has been reported. Lim etaatied out liftoff of 20 nm Cr with ma-N 2401

resist using acetoffe Though acetone cannot dissolve the exposed mdéd, Zhe resist was
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detached by prolonged ultrasonic agitation. Howeasrexpected, the resulted Cr pattern had a
rough edge. Similar rough edge was also resultethiliftoff of Au using ma-N 1405 resfét
Passi et al. achieved liftoff of Ge and Pt (bothis&ant to HF) with hydrogen silsesquioxane
(HSQ) resist using HF, for which the applicatiotirisited since HF attacks most meféls

A double layer stack may also be used for liftoffrmnegative resist, but it is more limited than
positive resist. For example, the popular liftoff olypmer LOR (based on
polydimethylglutarimide, or PMGI) may not work weillith negative resist for liftoff, because
PMGI itself is a positive resiStand thus the LOR below the developed negativetregiucture
(i.e. the exposed area) will be dissolved far fafitan the LOR at the opening (unexposed) area.
As a result, one has to resort to a tri-layer $tmef® consisting of (negative) resist/hard
material/polymer [e.g. resist/SIBARC (anti-reflection coating)] for liftoff after gitern transfer

to the bottom polymer layer by dry etching. Oneepton is HSQ that is itself a hard mask
material for polymer dry etching, and a bi-layeackt of HSQ/PMMA has been employed
successfully for liftoff”. In principle, since the sensitivity (uC/@nrfor negative resists like
polystyrene is inversely proportional to its numbeeraged molecular weidftone can achieve
an undercut profile using a bi-layer with the bottayer having a lower molecular weight (thus
less sensitive). However, despite our great effod contrary to positive resist, we were not able
to find a solvent that can dissolve polystyrene dpin-coating without dissolving significantly
the bottom polystyrene layer during the spin-capbhthe top layer.

In this section we will report a simple liftoff press with a single layer negative resist by low
energy exposure, which resulted in an undercutilprofith an un-cross-linked or only partly
cross-linked bottom layer soluble in common solsele chose polystyrene to demonstrate the
process since it is a very versatile resist, forcilthe exposure property can be tuned simply by
varying the molecular weight, and it can be thetyndéveloped® as well as coated by thermal
evaporation for nanolithography on non-planar sie€3®' The key advantage of our liftoff
process is obviously its simplicity; however, wergv@ot able to achieve sub-500 nm resolution

with low energy exposure.
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2.4.2. Experiment and numerical simulation

Polystyrene with weight averaged molecular weigtit 283 kg/mol was dissolved in
chlorobenzene to give two film thicknesses of 220 and 500 nm after spin-coating. The
number averaged molecular weight, which determitines resist propertywas 64 kg/mol,
leading to a polydispersity of 4.5. As shown prewgiy, this broad distribution would not affect
substantially the resist exposure property. Tha fitas baked at 12 for 10 min to drive off
the solvent. Next, the resist was exposed at 1V5using Leo 1530 SEM equipped with a NPGS
pattern generation system, and developed with eyfen45 and 90 s for 220 and 500 nm film,
respectively. Subsequently 10 nm Cr was e-beamoeatgnl and lifted off by soaking the

sample in xylene for 10 min.

In order to obtain the electron penetration depiio ithe resist at low energy exposure, we
carried out numerical simulation with Casino v3 fémsity of Sherbrooke, freely availaBfe

The software is based on Monte Carlo modeling taiolthe electron trajectory in solid, and it
considers the interaction and generation of x-may laackscattered and secondary electrons. In
our simulation, the trajectories of 10000 primatgcerons were simulated, from which we

deduced the electron penetration depth into thstraselectron energy of 1-5 keV.

2.4.3. Results and discussion

An undercut profile (narrower opening) is essental liftoff with a smooth pattern edge.

However, as seen in figure 2.18 (a), for negatesst exposed at normal condition, a tapered
profile (wider opening) is typically resulted due electron forward scattering, and the longer
dissolution time of the upper part of the resistrtlihe lower part (this effect is insignificant if

the resist has a high contrast for which lateragkalution toward the less exposed region is
negligible). In this study, we attempt to achieveumdercut profile using low energy exposure
for which most electrons do not reach the resistobg as shown in figure 2.18 (b). Here the
undercut at the resist bottom is owing to the Vast lateral development of the unexposed or
under-exposed resist there. Figure 2.19 showsdhelaped polystyrene profile exposed at 2 and
5 keV for the 220 nm thick film, and 4 and 5 keV tbe 500 nm thick film. As expected, when
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exposed at relatively high energy, a positivelyetad profile was obtained; whereas a clear

undercut profile was resulted with low energy expes

Exposed
area
substrate substrate
Development lDeVelopmen‘E
Tapered profile Undercut profile
(a) (b)

Figure 2.18.Schematic diagram showing the resulted resist lprdér normal high energy
exposure (a), and low energy exposure with eleg@metration depth smaller than resist film

thickness (b). The under-cut profile for low eneeyposure is due to fast lateral development of

the under-exposed/un-exposed resist at the bottom.

Chapter 2 42



Forward
scattering ~~

Lateral —7

development

500 nm ('b)

S00nm PEARC: Deyelaped for 50 s 11uCkm?2, period: 2000nm, SKev S00nm PSARC: Developed for SEEegMIh Oyciopentanone Pose 11UCMG. poriod 2000nd, el

Forward
scattering

\ . Forward
[-

scattering by =
iz - - s
. Lateral j(

development ' *

(d) 1000nm

Figure 2.19. SEM images of polystyrene structungosed at (a) 5 keV for 220 nm film; (b) 2
keV for 220 nm film; (c) 5 keV for 500 nm film; ar{d) 4 keV for 500 nm film. Here the tapered
profile is due to electron forward scattering, wéaes under-cut at the resist bottom is due to fast
lateral dissolution of the under-exposed resistethe

In order to estimate the electron penetration raamgk scattering volume, we utilized numerical
simulation to obtain the distribution of electraajéctory. As is well known, secondary electrons
(energy tens of eV), rather than primary ones (s¢Jy@V), are mainly responsible for resist
exposure due to its closer energy to the energyleteéo induce a chemical reaction; and
secondary electrons are generated along the pditie @rimary electrons. Figure 2.20 depicts the
electron trajectories in 500 nm thick polystyremated on bulk silicon substrate at energy of 1-
20 keV. At energy of up to 4 keV, forward scattgriis significant and most electrons are
stopped before reaching the substrate. At 5 kesigraficant percentage of electrons reached the
film-substrate interface; and at 20 keV, most etetd penetrate deep into the substrate. The
deduced electron penetration depth as a functiateatron energy is shown in figure 2.21. This
is in good agreement with the developed resisttira (Figure 2.19 (c) and (d)) that shows an
undercut profile at 4 keV but a tapered profil® &eV for a film of 500 nm thick.
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Figure 2.21 Simulated electron penetration depth in polystyrnesest as a function of electron
energy.
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thicknesses and exposure energies. (a) 220 nnm egpigsed at 5 keV; (b) 220 nm resist exposed
at 2 keV; (c) 500 nm resist exposed at 5 keV; add00 nm resist exposed at 4 keV. The liftoff
in (a) and (c) was not successful (resist pillass dissolved) because cross-linked polystyrene

became insoluble in xylene.

Since at low energy exposure the resist bottom \wasg not cross-linked or only partly cross-
liked, lift-off using solvent is possible. Figure22 shows liftoff of 10 nm Cr using xylene with
220 nm and 500 nm polystyrene resist. When therele@enetration depth is less than resist
thickness, such as 220 nm film exposed at 2 keV 0@ nm film at 4 keV, the liftoff was
successful. But at 5 keV exposure, the polystypeitars for both thicknesses were not dissolved
since they would be cross-linked throughout then fithickness. Moreover, for low energy
exposure, resist sensitivity is higher that leadfaster writing. Lastly, since most electrons are
stopped in the resist layer at low energy exposalectron beam radiation damage to the
substrate/sub-layer is drastically reduced. Theeefidtoff with the resist exposed at low energy
may be utilized to fabricate metal nanostructumesap of an organic conducting layer; and our
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group have demonstrated metallization of P3HT usingater soluble and developable resist

poly(sodium 4-styrenesulfonate) exposed at lowgyfér

However, with low energy exposure we were not dablachieve regular array of polystyrene
pillar structure having diameter much smaller tB®® nm, because the resist structures were
found detached from or deformed and moved arounthersubstrate (Figure 2.23). Obviously,
this is due to capillary force during drying ofsing liquid. Adhesion of polystyrene structure to
the substrate is also critical, and the adhesiostrna weaker for exposure at low energy than
high energy. To evaluate the effect of developmamicess on adhesion, it is known that
development is not a layer-by-layer linear dissotuproces¥® Instead, the solvent diffuses
and penetrates below the top (recessing) surfaded@solve or swell the resist there. The
situation is worse for low energy exposure becabseunder-exposed resist at the bottom is
more susceptible to swelling/weakening by the sahdeveloper penetrated there. The smaller
pillars suffer more from capillary force, since adlon force is proportional to?dd is pillar

diameter) whereas capillary force is proportiooadi t

Figure 2.23. SEM image of polystyrene pillars exqabat 3 keV. The film thickness is 500 nm

that is larger than the electron penetration dgbtBO0 nm for 3 keV exposure. The designed
pattern consists of 2D periodic dot array, but npiars were detached, deformed, and moved

away from its original location.
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In order to verify that the solvent can penetrat®ugh the top cross-linked layer, we exposed
large squares each with an area of 406 [m500 nm thick polystyrene, at an area dose of 50
uClent (very high dose to ensure fully cross-linking loé top layer) and electron energies of 1-
5 keV. For such large squares, lateral developmenitd be negligible, and the pattern would
detach only if the polystyrene at the resist/sabstinterface is attacked by the developer that
may diffuse through the top layer to reach thignfatce. To magnify this effect, we developed
the resist in xylene for up to 45.5 min. As showrfigure 2.24, the square exposed at 5 keV
survived this long development, which is because dlectrons at this energy can reach the
interface to fully cross-link the resist there. HokeV exposure, the square was detached even
after a short development time of 1.5 min. Thibesause the cross-linked top layer is very thin
(around 40 nm, see figure 2.21) at 1 keV expossoehe solvent developer penetrated through
this layer easily. For exposure at 2, 3, and 4 kb¥,squares were noticeably deformed, and they
were found detached after 15.5, 26.5 and 45.5 reweldpment, respectively. This clearly
indicates that the solvent developer can diffuséhtinterface and gradually dissolve the un-

cross-linked or only partly cross-linked resistréhe

RS '} — .1' B * TF
4kev——>( 1] R B R
3keV—>"1 <
h‘ o \ .'/,.' '..
2keV —= f A J?
| i &
J | § ;‘l;;,
1keV
eV — s (all dc'etached) 20 um
skev —r=> [ m = . E= &
Develop time: 1.5 min 2.5 min 4.5 min 15.5 min 26.5 min 45.5 min

Figure 2.24. Optical microscope image of large piyisene squares after exposure at 1-5 keV

and development in xylene for 1.5 - 45.5 min.
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2.4.4. Conclusions

We demonstrated metal lift-off using negative pblysne resist by low energy exposure. It was
shown that low energy exposure led to an undermifile which is critical for a clean lift-off.
Moreover, since the resist at the bottom is nossilimked with low energy exposure, liftoff
using common solvent was achieved. However, subABd@esolution was challenging to attain
using the current method due to capillary forcet tthetached the fine polystyrene structure
exposed at low energy. The effect of capillary éors more serious for low energy exposure
because the developer can diffuse through the togsdinked layer to dissolve the un-cross-
linked resist at the film-substrate interface. 8itmwv energy electrons are mostly stopped inside
the resist layer, radiation damage to the sub-lags/greatly reduced. Thus the current method,
when polystyrene is replaced with a negative wstduble resist, may be used to fabricate metal

nanostructures on top of an organic conductingrlmsensitive to water.

2.5. Electron beam lithography on irregular surfaceusing grafted PMMA

monolayer "brush" as resist

[This work is presented at EIPBN conference andllvelsubmitted for journal publication]

2.5.1. Introduction

A common challenge in nanofabrication is to fakiBcaanostructures on irregular surfaces,
which has application in many areas including aptidevice®®, MEMS®’, super-adhesive
device&® and electronic devicEs More specifically, tip-enhanced raman spectrogd@ERSf°
which is used for chemical analySigequires nanofabrication on AFM tip, and lab-dvefi
technology? requires nanolithography on cylindrical opticabei. Moreover, Scanning near-
field optical microscopy (SNOMY®* fundamental quantum mechanical systérifs and roll-
to-roll nanoimprint lithography (NIL¥*® which uses cylindrical roller as the mold, alsquiee

nanofabrication on nonflat surfaces.
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To pattern on nonplanar surfaces is more challengiran on flat surfaces. This is because
conventional coating methods, such as spin-coatimgthod which is very popular in
nanofabrication technique, cannot be reliably agpkio coat uniform electron beam resist on
nonflat surfaces. Unlike spin coating, spray caatmethod® and Langmuir-Blodgett (LB)
techniqué® may be employed to coat resist on nonplanar sesfabut they have several
limitations including sample should be free fronaghcorners or edges for spray coating, and
very few materials are usable as e-beam resistBotechnique. Self-assembled monolayer
resist’® can also be applied in patterning on nonflat sie$a To do pattern transfer after self-
assembly process, typically an intermediary wetiatg technique is performed (dry etch is not
suitable since self-assembled monolayer is too).thiowever, wet etching has poor critical
dimension (CD) control compared to dry etchffigand those resists suffer from low sensitivity.
In addition, several nanolithography methods, saacfocused ion beam lithography, can also be
employed to pattern on irregular surface, but imi@e expensive than other conventional nano-
patterning methods and its throughput is even Iavan electron beam lithography. Daniel et
al’®%introduced a new type of patterning process (itkeodiraphy) where water vapor
introduced into the SEM chamber, formed ice on darapd cooled to <120 K. The thin ice film
was patterned by electron beam exposure at lowggnddowever, there are two major
drawbacks for ice lithography: the resist shouldkept at very low temperature until pattern
transfer is completed, and the resist sensitistywery low compared to conventional resists,
including PMMA which is three orders more sensitikian ice. Like ice resist, frozen ¢Gan
also be used as an electron-beam resist. But it sSiiadar drawbacks that include low
temperature requirement and low sensitifityA few resists including polystyretf&*°” and
silicon dioxidé®® can be deposited by thermal/e-beam evaporatidmigee on nonflat surface.
However, they still suffer from very low sensitiitand vacuum deposition techniques are
expensive compared to spin-coating. In additioerehare only a few resists that can be
evaporated. A self-developing resist such asAdfich can be evaporated on irregular surfaces,

is also an extremely insensitive resist.
Therefore, there is still a great demand for aneegsocess where a cheap and readily available

resist can be coated on nonflat surface for pattgrnanostructures with high resolution. Here

we showed that a monolayer PMMA “brusf’can be grafted reliably on nonflat surface such as
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on an AFM cantilever, and can be used for pattgrmianostructure using electron beam

lithography.

The PMMA brush monolayer is thicker than self-adsiech monolayer resist, thus easier for
pattern transfer. In addition, it is a low cost g@ss, as it employs only spin or dip-coating
method. Moreover, the monolayer can reduce pattellapse due to the capillary force while
using solvent development, since it's a thin filmdachemically bonded to the sub-
layer/substrate. Another advantage for a polymestbicoating method over spin-coating is the
lack of edge-bead effect, which is a serious probfer spin-coating®. It is thus suitable for
patterning on ultra-small substrate without havamy edge-bead effect. Furthermore, adhesion
between conventional electron beam resists withsthigstrate is enhanced by using grafted

monolayer PMMA brush as an adhesion layer, whidhbeireported elsewherg,

In this process, the brush is grafted onto a sartaominated with hydroxyl group the same way
as forming the Polystyrene-r-PMMA copolymer*® brush that is widely used to provide a
neutral surface for self assembly.

2.5.2. Polymer “brush” grafting and pattern transfer to substrate

We chose a low molecular weight (Mw: 34 kg/mol, Mi6 kg/mol) PMMA (contains 1.6%
MAA, (meth)acrylic acid, to further promote the fijrag process as MAA contains the desirable
—COOH group) for deposition as an e-beam resisMAip is typically used in tip-enhanced
Raman spectroscopy. To this end, Nanoworld ArronMABrobes (silicon) were chosen to
demonstrate the capability of patterning on nondlatfaces by grafting the 'brush’ monolayer

resist.

The sample surface was first cleaned by 2-prop@Rdl), followed by oxygen plasma cleaning
for 1 min (20 sccm @ 20 mTorr and 20 W). For easier handling, thesmgs attached to a piece
of regular silicon wafer by using photoresist dglae". To transfer the pattern into the substrate
by dry etching, a hard etch mask of thin (5-9 niojranum film was deposited onto the AFM

probe with a chamber background vacuum ofiTdrr using an Intlvac vacuum deposition
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system. During metal deposition, the heating poweas increased slowly until a desired
deposition rate 0£0.5 A/s was achieved. As shown in figure 2.26,aonf a monolayer brush,
PMMA dissolved in anisole with a concentration of/% % was coated on the samples by dip or
spin coating. Next, the resist was baked overnigt60°C on a hotplate to induce the chemical
reaction between —COOH on resist and -OH on thiasextreated silicon substrate (or substrate
with aluminum sub-layer). This reaction leads te gnoduction of water and chemical bonding
between the resist and substrate (—CO-O-Si- faosi] —CO-O-Al- for aluminum). Figure 2.25
shows the schematic diagram of chemical reactidwdsn PMMA-co-PMAA and a silicon
surface treated with oxygen plasma. Finally, thik lmfi PMMA was washed away by rinsing
with acetic acid, leaving behind a monolayer “rasid that was chemically bonded to the

substrate.

Electron beam lithography was conducted using a 1880 FESEM system with 3 kV
acceleration voltage and 89 pA beam current (B0 aperture). The exposed resist was
developed by MIBK:IPA (1:3) for 7 sec, except fdret overexposed case where longer
development times were needed to show any measumdibkolution. Such a very short
development time is enough to develop the monolesgst. After development, the pattern was
first transferred into the aluminum film using PAfthing (PAN etch recipe: Phosphoric acid :
Nitric Acid : Acetic Acid : DI Water = 16 : 1 : 12) at room temperature for 5 sec, followed by
washing with DI water. Next, the pattern in Al filismtransferred into bulk silicon by dry etching
(ICP RIE, Trion PI system with the recipe of 40racCF, 3 sccm @, 8 mTorr pressure and 50
W RF power) for 30 sec. Finally, the pattern waseavbed by using either LEO 1530 FESEM or
Zeiss Ultra FESEM.

PMMA brush
PMMA-co-PMAA Surface treated with | ) monolayer
oxygen plasma C — O |
| ]
[ICHZ CI- ]-co—[ CHz—C—]-] OH OH OH OH OH Cc =0
I _
-_ | )
(I) Si OH O + H20
CH, | |
Si Si

Figure 2.25. Schematic diagram of chemical readtietween PMMA-co-PMAA and a silicon

surface treated with oxygen plasma, which leadadoolayer "brush™ grafting.
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Monolayer brush
PMMA Anneal

acid wash
RIE

Figure 2.26. Schematic diagram of fabrication psscasing brush monolayer resist and Al

intermediate hard mask for pattern transfer.

2.5.3. Results and discussion

To characterize the monolayer, PMMA monolayer brnwsls exposed and developed to dissolve

the exposed area. Figure 2.27 shows the AFM inddgde grafted monolayer brush with a
height of 12 nm. Since this monolayer brush isttoo for lift-off or direct-etch pattern transfer,

an intermediate hard-mask (here Al) is neededtfdrieg deep into the substrate.

T
=
=

L

—

-45

0 10.0 20.0
pm

Figure 2.27. AFM imagef the grafted monolayer brush with a thicknes$2hm.

To study the resolution capability of the brush wlager, we exposed periodic dense line arrays
with periods from 300 nm down to 100 nm. The limesre written by e-beam exposure at a

voltage of 3 kV with a step size of 5 nm. Figurd®shows the SEM images of grating patterns
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with a line dose of 31 pC/cm and periods of 200(ajrand 100 nm (b) fabricated on the flat part

of the AFM cantilever. Grating patterns with pesaaf 200 and 100 nm are clearly well-defined

with good contrast. The grating line-width resadatiis down to 30 nm, as shown in inset of

figure 2.28 (b). Resolution is higher for thin filbecause there is less proximity effect and less
pattern collapse

Figure 2.28. SEM images of grating patterns onrtgion of an AFM cantilever (silicon) using

PMMA monolayer “brush” s resist. (a) 200 nm and IBP nm period gratings on the flat part of
the AFM cantilever exposed at a line dose of 3lcpChvith high resolution line-width of 30 nm

in inset of (b).

Figure 2.29 shows the SEM images of dense gratiaysfabricated ononeflatregion of AFM
cantilever with period of 100, 200 and 300 nm axylosed at line dose range of 10-100 pC/cm.
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200nm period grating

Figure 2.29. SEM images of 200 nm period gratirgwi€ated omonflat region of an AFM
cantilever. (a,b) Near the corner, exposed at 68mC(c,d) At the side slope, 76 pC/cm. (a,c)
low-magnification (top view in inset), (b,d) highagnification. Except for the top-view images,

the sample was mounted on & 8fub for SEM imaging.

For patterning on the sloped surface, the focahtpof electron beam varies with vertical
positions of surface. The sloped surface of AFMtitarer (Figure 2.29 (c)) has a ~60
incidence angle for electron beam. The patternsegh with a slope are different from that
exposed from the top in the same EBL system (Figuz8). Therefore, as shown in figure 2.29
(d) inset, the gratings exposed on top surfacebater defined than the gratings at the sloped
side surface. This occurred because of severabmsa&irstly, due to slope, dose on sidewall is
lower by co$, whereb is the incident angle of e-beam exposure to tbpeskurface; and the
grating period is larger by 1/a@sSecondly, on the surface with a slope, the eladiream may
get but-of-focus'during electron exposure. Therefore, the resatutb nanostructures on the

cantilever side surface depends on the depth afsfad the electron beam in EBL system,
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ignoring the wave nature and diffraction of the he&lote that the depth of focus is inversely
proportional to the aperture size and proportigoghe working distance (WD) in EBL system.
Thus, like typical camera, higher depth of focuaghievable using a smaller aperture size or a
longer WD. One drawback for using smaller aperisilenger exposure time because it leads to
low beam current, since current is roughly propori to the square of the aperture size of the
SEM system. Pattern resolution gets worse at sajmvall at larger aperture (smaller depth of
focus). For instance, in our previous work, we acbd 80 nm resolution on a flat surface with
37 um out of focus and 3Qm aperture siZé*. However, here the cantilever thickness is only
~10 um. As a consequence, the electron beam should bdogased on the entire cantilever

sidewall.

In addition to the depth of focus, there are twimeotimportant factors to pattern on the surface
with slope: metal film deposition and substrate dtghing uniformity. In vacuum deposition
system, the metal film thickness is proportionato®, wheref is the vapor incident angle with
0° for the top horizontal surface of the cantilevand 90 for the vertical surface of the
cantilever. In order to get better uniformity of taefilm, the cantilever can be mounted on a
different slope to make the film uniform on all thiele surface of the tip. For etching, when the
top of the cantilever is properly etched, the stbgedes would be slightly over etched since

metal is thinner there.

2.5.4. Conclusions

We demonstrated the feasibility of our approachr@tiee PMMA monolayer "brush" as an e-

beam resist is successfully grafted on treatedlabs@irface (Si and Al as substrate/sub-layer).
As a proof of concept of patterning on nonflat aoef, we fabricated grating structures on the
AFM cantilever. High resolution of 30 nm line widtand dense pattern of 50 nm half pitch,

were etched into AFM cantilever using this brushnolayer resist and Al as hard mask

intermediate layer. Nanopatterning on nonflat salbss may find applications in fields such as
atomic force microscope (AFM) tip-enhanced ramaecspscopy* (TERS) for chemical

analysis and lab-on-fiber technolddy
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2.6. General conclusions

Here we described fundamentals of electron bedrodiaphy. Effect of molecular weight and
molecular weight distribution on e-beam exposuigprties of polystyrene was studied in this
chapter. Lift-off with solvent for negative resissing low energy electron beam exposure was
demonstrated. Electron beam lithography on irragsiaface using grafted PMMA mono-layer
"brush” was also demonstrated. The applicatiomigfdptimized nanofabrication technique with

electron beam lithography is vast and very impdriamanotechnology.
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CHAPTER 3
Electron beam adjustment for electron beam

lithography using self-developing resist

To a certain degree, conventional electron beahogtaphy is a “blind” process due to the lack
of in-situ feedback. This chapter describes ondateto see in-situ the exposed pattern on a test
resist, before carrying out exposure on the reaise Using such an in-situ feedback the
electron beam adjustment can be optimized and ¢tmgés can be more certain that the time
consuming and costly exposure on the real resisidvgenerate the expected pattern. The key of
the current approach is self-developing resist, wanich the exposed test patterns can be
examined by high magnification SEM right after esygge. This is in contrast to conventional
resist that requires ex-situ development. We wethdnstrate not only more accurate write field

alignment, but also finer electron beam tuning witbne large write field.
3.1. Introduction

Electron beam lithography (EBL) is undoubtedly tim@st popular nanolithography tool for
nanofabrication. Typically the writing field (simail to viewing field in SEM) is on the order of
one hundred micrometers, depending on the magtdicalo expose larger patterns it requires
electro-mechanical stage movement which shoulddrg precise to obtain accurate alignment
between writing fields. There are roughly threeegaties EBL systems: I) SEM (scanning

electron microscope) added with beam blanker amdweae controller that is of low cost; II)
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dedicated EBL (still based on SEM) with laser ifemymeter stage and height sensing that costs
$1M; and llI) fully automated EBL system with higimergy column (100 keV) and dynamic
compensation that costs much higher. It is genecalhsidered that only the category Ill system
is capable of large scale exposure. For the catdgsystems, in principle it can also be used for
large scale writing. However, compared to the aatedll systems, there are three major
limitations: 1) the stage movement and focus adjast is slower; 2) the beam is not optimized
except near the central region of each write flsdtause there is no dynamic compensation,
leading to distorted and large beam away from émger of each write field and 3) large stitching
error between write-fields due to misalignment ledgte. The exposure speed is limited by the
scanning speed of a system, or the response spgeleglam deflectors. Here, our goal is to
overcome these limitations so that researchersduvogilable to use the category Il tools for large
scale writing. For category | tools, this method waiso be useful for fine adjustment of electron
beam within a large write field, though obvioudhgtstitching error will still be large due to the

lack of laser interferometer stage.

For a fixed pattern area, apparently the time sfmmstage movement and focus adjustment is
inversely proportional to the square of the writeldf size. Here we propose to use in-situ
feedback to enable large write fields (in-situ msportant as otherwise the electron column
condition would be different if one has to turn ik tool to take out the exposed sample for

development).

The in-situ feedback will be realized by usingedf-developingesist, so one can see in-situ by
SEM the pattern right after exposure (since no raetdevelopment) using magnification much
higher than that used during exposure. Here, ssléldping resist is defined as a material which
volatilizes during exposure to radiation, elimingtithe necessity for a following ex-situ wet or
dry development. Geis et alfirst reported nitrocellulose as a self-developiregist with

submicrometer resolution and processing stability.

In the following, we will present two types of edme adjustment ((2) and (3) above) using self-

developing resist.
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3.2. Electron beam lithography with feedback using in-situ self-developed
resist
[This work is published in Nanoscale Research ketde(1), 184 (2014)]

For a large writing field, more patterns can beasqa within the field, which can reduce field
stitching errors and leads to higher scanning sjp@eldshorter writing time, thus increasing the
throughput. Typically the beam is optimized (stigima compensated and well focused) at high
magnification (e.g. 100,009, so only the central spot of the write field igtimized to attain a
beam spot size of <5 nm. Therefore, the fartheryawanm the central region, the larger beam-
spot distortion (due to stigmation) and size (dwestigmation and out of focus). On the other
hand, for vast majority applications, the minimueatire size is, say 20 nm, so it is not
necessary to have the beam spot size of <5 nmerceéhtral region. To optimize the beam
globally, our idea is thus to write dot/line arratsdifferent locations, examine them using SEM
at high magnification, modify the stigmation andriing distance (focus) parameters, repeat the
task until we achieve a relatively uniform shapafsdistribution of the dots/lines across the
entire write field. That is, when the beam is optieal this way, the beam spot is considerably
smaller than normal beam adjustment near the caewons at the cost of larger spot than

normal beam adjustment at the central region.
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Figure 3.1. Beam spot optimization: (a) Centraltsypiimized, (b) Globally optimized.

Figure 3.1 shows thechematic showing two schemes of beam spot optilaizaln normal

adjustment, the beam at center is optimized at mgbnification, leading to a typically sub-5 nm
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beam spot size but much larger with distortionhartaway from the center. In our method, the
beam is optimized globally using in-situ feedbdekding to relatively uniform beam size/shape

distribution (e.g. ~20 nm everywhere).

3.2.1. Introduction

Electron beam lithography (EBL) is the most popuianolithography method for research and
device prototyping. Due to its much lower cost, tnBBL systems for academic research are
based on scanning electron microscope (SEM) witdgnamic compensation. For such systems,
the beam is typically optimized (stigmation comed and well focused) at high magnification
(e.g. 100,008), so only the central spot of the writing fieldaptimized to attain a beam spot
size of a few nanometers. At a distance farthelygvesn the center, the beam spot is larger due
to beam distortion and deterioration of focus. Dwuehe lack of in-situ feedback, conventional
EBL is a “blind” open-loop process where the expopattern is examined only after ex-situ
resist development, which is too late for any inyeroent. Therefore, it is highly desirable to
examine in-situ the electron beam and optimizesfoie the time-consuming exposure of large
area pattern. This is particularly important fopeging large area patterns that, in order to keep a
reasonable exposure time, necessitates a largagvfield and high beam current, which both
magnify the issue of beam enlargement and distortear the writing field corners. For instance,
to expose a (1 crharea with a writing field of (100 prusing the Raith 158°° system, the
total time for stage movement (ovements to expose the*Miriting fields) would be 40000

s (11 hours) for a stage movement time betweercadfanriting fields of 4 s. Obviously the
larger the pattern area is, the more significaatuse of a large writing field is, though at thetco
of reduced resolution. Furthermore, if all the stiwes for a device can be put inside one large
writing field, the stitching error between the stures would be eliminated. Previously in-situ
feedback on electron beam drift based on imagingik or a grid pre-patterned on the substrate

was reportet®“ but no in-situ feedback on electron beam spet sis been demonstrated.

Here we propose to use self-developing resistwfoch the exposed pattern shows up right upon

exposure without an extra development step, astunfsedback for the first time. With this

Chapter 3 69



closed-loop process, the beam spot can be optingioddlly across an entire writing field, such
that the beam spot size is evenly distributed. Thahe optimized beam spot size will be larger
at the writing field center than obtained using eational beam adjustment procedure, but
much smaller near the writing field corners, thlisvéing reasonably high resolution patterning
across the entire large writing field. Our procedunvolves first writing test patterns in the self-
developing resist at the center and corners withenwriting field, analyzing them using SEM at
high magnification, adjusting the electron beamtgdbty working distance and stigmation), and
repeating the task till achieving a relatively wnih shape/size distribution across the entire
writing field. Afterwards, under the same optimizashm condition, the exposure will be carried
out to pattern the device using normal high pertoroe resist like PMMA. It is noted that here
in-situ optimization is important as otherwise #tectron column condition would be different if
one has to turn off the system to take out the segpaample for ex-situ development to examine

the beam spot size at different locations.

The in-situ feedback is provided by self-developnegist, for which the exposed test pattern
shows up and can be examined right after exposur@HEM at high magnification. This is in
contrast to conventional resist that requires &x-sievelopment using solvent or aqueous
developer. Self-developing electron or ion-beamisteshad been extensively studied in the
1980s. For instance, metal halides such ag BlHBecomposed to form volatile fluorine gas upon
electron beam exposure, thus it behaves as a \@osiélf-developing resist "2 Similarly,
nitrocellulose is decomposed upon exposure toreleair ion beam, thus it is also a positive
self-developing resi&t**'#3 However, those self-developing resists are ndarlyotten by the
EBL community after their discovery. We believestis because the metal halide resists suffer
from extremely low sensitivity and inability to eoge arbitrary structure other than very thin line
and dot patterns since the decomposition productatéllic halide cannot migrate far away from
the directly exposed area; whereas nitrocellulesest always leave behind a thick non-volatile
residual layer. In fact, nitrocellulose was mosthed as an ion beam resist for which the residual
layer is thinner because physical bombardment hybieam can help remove the non-volatile
specie§’. Though metal halides offer extremely high redohytthe film is found to be degraded

by humidity after long (several weeks) exposureito More recently, ice and frozen carbon
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dioxide were shown to behave as an electron beaist ieithout the need of a development
steg>*®"18 However they both require significant modificatiof the EBL system to maintain a
low temperature, which greatly limits their apptioa. Lastly, PMMA and ZEP resists have also
demonstrated self-developing behavior; yet thesteésickness reduction due to over-exposure at
~15x normal clearance dose was less than 30% of tigaalifilm thickness if without ex-situ
post-exposure thermal anneafihgrherefore, here we have chosen nitrocellulos¢hi@purpose

of in-situ feedback. As expected, it behaves likmsitive resist since e-beam exposure can also
generate secondary electrons to decompose thd, rasison-beam does; and the amount of
residual layer is significant. However, a thickidesl layer, though undesirable since it lowers
SEM imaging contrast, is acceptable for the purposein-situ feedback. Interestingly,
nitrocellulose was also found to be developablenxgisa solvent developer to give a mixed

positive and negative tone behavior.

3.2.2. Exposure properties of nitrocellulose with and without ex-situ

development

As purchased nitrocellulose (Sigma-Aldrich) wasthar diluted with pentyl acetate at 1:1
volume ratio, which gave a film thickness of 300 bynspin-coating. The film was then baked at
80°C for 5 min to drive away the solvent. To obtaia tontrast curve of the nitrocellulose resist,
we exposed an array of large squares each wjim5y 5um at 20 keV with exponentially
increasing doses using a Raith 1%9 electron-beam lithography system. As a self-depialp
resist, nitrocellulose displays a positive tonehtigfter exposure. It is also interesting to
investigate whether the exposed resist can be aeeelusing a solvent, for which we tried to
develop the resist using pentyl acetate and obdeavenixture of positive and negative tone
behavior. The contrast curves with and without eotvdevelopment were measured using
atomic force microscope (AFM), with the film thiokss measured by Dektak profilometer. For
the case with solvent development, the developrtiere was long enough to remove all the
resist in the unexposed area. In the contrast sutkie remaining resist thickness was normalized

to the film thickness after spin-coating and bakiltgorder to investigate the high resolution
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capability of nitrocellulose resist, periodic liaeray with period of 600 nm was exposed at 20

keV over a broad line dose range, and subsequardlgd with 30 nm Cr for SEM imaging.

Figure 3.2 shows the contrast curves for nitroteder exposed at 20 keV without ex-situ
development (Figure 3.2a) and with pentyl acetateebpment for 60 sec (Figure 3.2b). As
expected, for both cases a thick residual layareairly ~20% of original film thickness was left
behind even at very high exposure doses. Consdyguaritocellulose is not a useful electron
beam resist for pattern transfer purpose; but @cseptable for the purpose of providing in-situ
feedback for electron beam lithography. As a selfadoping resist, the sensitivity is about 2000
uClent. The sensitivity is about 10 times lower than PMNblearing dose ~200 pC/érat 20
keV), but again this is not a serious drawbackdar purpose since the time to expose the test
pattern is short enough. As for the contrast, omenot derive a meaningful value from the
contrast curve, yet clearly the nitrocellulose sebias a low contrast, which makes it unsuitable
for exposing high resolution dense pattern. Norlefise it is capable of delineating high
resolution sparse pattern for which proximity effexcinsignificant, as seen in figure 3.3a that
shows a resolution down to 15 nm. Actually anothery low contrast resist SU-8 has also

achieved a high resolution of 24 ffin

After additional solvent development, the conti@astve (Figure 3.2b) shows a mixed behavior,
rather than a simple positive or negative tone WehaAt very low exposure doses, since the
unexposed resist is soluble in pentyl acetate deeel whereas electron beam exposure
decomposed the resist to generate less solublemgesition product, the resist exhibited a
negative tone. At higher doses, on one hand, tkestrevas increasingly decomposed and
vaporized with increasing doses, which led to g@raéncy of positive tone; on the other hand, as
the degree of decomposition increased, the decatigogroduct became less soluble in the
solvent developer, resulting in the tendency ofatieg tone after solvent development. As a
consequence of those two competing trends, thastsex turning point exposure dose (~1200
uClenf) that gave a maximum remaining thickness. Suctexgosure behavior can lead to
complex structure as shown in figure 3.3b, whictus to proximity exposure at the surrounding

area beyond the directly exposed area. In facth &ired of mixed exposure property is well
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known for long time for PMMA that displays a posgditone at low doses, and becomes negative

tone at ~18 higher doses, which was also employed to generate complex tstre€>. Though

less known, another popular resist ZEP-520A actusBo exhibits a mixed tone behavior just

like PMMAZ3. However, unlike PMMA and ZEP for which negatiemé behavior appears only

after roughly 18 higher doses, for nitrocellulose the negative ttvdavior proceeds the

positive tone, and the dose ranges for the twostdraee a large overlap and thus they are not

clearly separated.
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Figure 3.2. Contrast curves for nitrocellulose. &qyre at 20 keV without ex-situ development

(a), and with 60 sec development in pentyl acetaje The inset in (a) shows the chemical

structure of nitrocellulose.

Chapter 3

73



358 pCicm

539nm

= 3.00 kY Signal A ® InLens Datte =19 Aug 2013
= 9.0 mm User Name = TRAIMING  Time 13:18:30

Figure 3.3. SEM and AFM images of structures imogillulose. (a) SEM image of line array
exposed in nitrocellulose without ex-situ developmshowing a line-width of 15 nm. (b) AFM
image and cross-section of complex microstructiposed in nitrocellulose after ex-situ solvent

development.

3.2.3. E-beam wor king distance optimization using nitrocellulose resist

For electron beam optimization across a large mgitiield, we first followed the standard
process to adjust the beam at high magnification5000%. Then we exposed, with
exponentially increasing line doses of 30-500 nCiemmitrocellulose, the test pattern containing
five identical designs at the writing field centnd four corners, respectively. Here a large
writing field of 1. mmx 1 mm obtained at a low magnification of ¥0@as chosen. Afterwards

we examined the exposed pattern at high magnificatvhich naturally revealed a well defined
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structure at the writing field center, but poorbfided ones at the corners. This is because, when
the center is well focused, the corners are agtup#atly defocused because the distance from
the electron objective lens to the corner is lonpan to the center. Next, the same procedure
was repeated at a new location, but with an inetasorking distance value (the working
distance value was entered manually, without pljlsicaising or lowering the stage). At this
increased working distance value, the writing fieqhter will be defocused, but the corners will
become less defocused. In principle the stigmatadnes can also be finely tuned, but here we
focus our effort on optimizing the working distanédter several iterations, similar exposed line
widths were observed at the writing field cented aorners, which suggests that an optimal
working distance was achieved to give a relativatyform exposed pattern across the entire
writing field. To verify the effectiveness of ourethod, under the optimal exposure parameters,
we exposed the high resolution resist PMMA (100 thickness, coated on silicon that was
mounted besides the wafer coated with nitrocelk)ie line dose of 400 - 3300 pC/cm. Note
that the optimal exposure parameters remain valitbag as the aperture size (that determines
the depth of focus, as well as beam current) anting distance remain the same (if the sample
is at a height level different from the nitrocetisé film, the stage can be raised/lowered to obtain
roughly the same working distance). After developimesing the standard developer MIBK:IPA
(1:3) for 40 sec, the pattern was coated with 100rmand examined by SEM.

Figure 3.4a illustrates the pattern design withi@ 1 mmx 1 mm writing field that consists of
five identical wheel-structure array at the cerdgrd four corners, respectively, with the inset
showing the wheel-structure array having expontyiiacreasing line doses from the upper left
to the lower right wheel. A broad range of exposidose is critical because, a relatively low dose
is needed to reveal the high resolution capabaitgn the beam is well focused, yet a high dose
is essential to self-develop the resist to a aertasible depth when the beam is seriously
enlarged. The wheel design is advantageous asiiaios lines along various directions, which
ensures that some lines (those roughly along thenbspot elongation direction when there is

severe astigmatism) would be adequately self-dpeeldo become visible under SEM.
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Figure 3.4b-c show two wheel structures at theereantd corner, respectively, when the electron
beam was well focused at the writing field centéhva working distance of 8 mm. As expected,
the center wheel (50 nm wide line at dose 34 nCheag well defined, whereas the corner one
(315 nm wide line at dose 34 nC/cm, developedsmall depth) was seriously blurred. Here the
SEM image has a low contrast, which is becaus@éetdw yield of secondary electrons for the
polymer resist at 20 kV (the imaging acceleratiattage has to be the same as the exposure
voltage in order to maintain a consistent electcolumn condition). The contrast could be
improved by coating the resist with a thin metdansd film that allows vaporization of the
decomposed resist through the island film. Aftevesal iterations with increasing working
distance values, we achieved relatively uniformeuatdefinition at a defocus value of B
(i.e. working distance 8.037 mm), as shown in fgg8r4d-e for the two wheel structures at the
center and corner, respectively. As a simple esitimathe distance from the electron object lens
to the writing field center is 8 mm, whereas thanf the lens to the writing field corner is
(8%+0.5°+0.5)"?= 8.031 mm, or 31 pum farther than to the writing/di center, which is in the
same order as our optimal defocus value. Cleadyadtimal defocus value and the degree of
improvement using our method depend on the depfbanis, which is inversely proportional to
the aperture size and proportional to the workiisgatice. Our approach would be less effective
when the depth of focus is high that leads to bessn broadening and distortion at writing field
corners. However, high depth of focus means ettieaperture size is small that results in long
exposure time because beam current is roughly piopal to the square of aperture size, and/or
the working distance is large that makes the exgoswre susceptible to electromagnetic and

vibrational noise.
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center corner

corner

Figure 1.4. CAD pattern design and structures eagbas nitrocellulose. (a) The CAD pattern
design consisting of five identical wheel arraystures (see right side for zoom-in view) at the
1 mmx 1 mm writing field center and four corners. (b@re particular wheel structure exposed
in nitrocellulose at the center (b) and corneryithout beam optimization by defocusing. (d-e)

One wheel structure at the center (d) and correwite beam optimization by defocusing of 37

pum.

Chapter 3 77



Signal A = InLens. Date 22 May 201 g - Signal A = nLany Date 22 May 2013
User Name = TRAINING  Time :14:07 34 | =16 User Name = TRAINING  Time :13:34:23

Signal A = InLens. Date 22 May 201 Signal A = inLens. Date 22 May 201
Usaer Mame = TRAINING  Time -13:3701 amecr [—' WO = 185 mm User Name = TRAINING Time -14.02.07

Figure 3.5. Cr pattern created by electron beahoditaphy with PMMA resist followed by a
liftoff process. (a-b) Wheel array at writing fieténter (a) and corner (b) exposed without beam
optimization by defocus. (c-d) Wheel array at wgtifield center (c) and corner (d) exposed with
beam optimization using self-developing nitrocelké resist. The exposure dose increases from

top left to the lower right wheel structure.

To verify the optimal beam adjustment, under samgogure condition with and without a
defocus of 37 um, we exposed PMMA at a dose rapgeogriate for PMMA and carried out a
standard liftoff process of 10 nm Cr. Figure 3.9wh the resulted wheel array pattern in Cr.
Table 3.1 listed the Cr line width at different dssand positions within the writing field, with
and without beam optimization by defocusing. Whea dose is low and/or the beam is greatly
broadened, the resist was not developed to botteading to no pattern after Cr liftoff. As
expected, without defocus, the minimum line widththee writing field corner is 210 nm; with
optimal defocus, fairly high resolution of about 8t was obtained across the entire writing

field size of 1 mnx 1 mm.
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Table 3.1. The resulting Cr line-width as a funetiof exposure dose with or without beam

optimization by defocusing at writing field centerd corner.

Line dose | Well-focused | Well-focused at corner| De-focused at| De-focused at
(nC/cm) at center (nm) (nm) center (nm) corner (nm)
0.4 42 Resist not developed tp  Resist not Resist not
0.56 43 bottom due to beam developed to developed to
0.79 47 broadening at the writing bottom. bottom.
1.10 51 field corner, thus no Cr 78 84
115 62 pattern after liftoff. 89 91
2.15 70 120 128
3.01 91 210 127 138
4.21 108 251 146 152
5.90 117 272 167 172

3.2.4. Conclusions

Here we studied the exposure properties of nitholosle resist and its application as in-situ
feedback for electron beam optimization in electb@am lithography. It was found that, as a
self-developing resist, nitrocellulose showed loenstivity and low contrast, making it
unsuitable for patterning high resolution densetuies. Nevertheless, it achieved 15 nm
resolution for sparse pattern where proximity dffex insignificant. In addition to self-
developing, nitrocellulose resist can also be dgped using a solvent that displayed a mixed
tone behavior - negative tone for low doses andtipedor high doses. Using nitrocellulose as
in-situ feedback to optimize the electron beamdhlyt working distance) across a large writing
field of 1. mmx 1 mm, we achieved ~80 nm resolution across theeenting field, as compared
to 210 nm (occurred at the writing field cornergjheut the beam optimization process. This
approach is most efficient in reducing the writtimge for large writing field size such as 1 mm

1 mm as needed for large area exposure of modesiition pattern.
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3.3. Stitching error reduction in electron beam lithography with in-situ
feedback using self-developing resist
[This work is published in J. Vac. Sci. Technol.3, 06F409 (2013)]

In electron beam lithography (EBL), a large aretigoa is divided into smaller writing fields,
which are then stitched together by stage movenwegenerate the large area pattern. Precise
stage movement is essential to minimize the stiggl@rror, and this can be achieved by using
laser interferometer-controlled stage. In additielectron beam deflection must be adjusted to
match the stage movement, which is referred tovagifig field alignment”. To expose large
area nanostructures, a large writing field mustised, otherwise the stage movement time would
be impractically long. However, writing field aligrent accuracy decreases with a larger writing
field owing to its low magnification. To examineetkwrite field alignment, here we will write the
dots/lines near the boundaries of each write fmhdthe self-developing resist, as shown in
figure. 3.6. Using SEM at high magnification, if veee, for instance, that the two central
dots/lines are more separated than the rest, tleeknew that there is a gap between the two
write fields and the zoom factor should be incrdagimilarly, by writing an array of 3 by 3
fields (each with dot/line array pattern) near tbhar boundaries of each write field, one can
adjust other write field alignment parameters sashrotation. After several iterations, it is

expected that the write field alignment gets bedtet thus stitching error is to be minimized.

write field 1 | write field 2 write field 1 write field 2 write field 1 ||write field 2

(Well aligned) (Gap) (Overlap)
Figure 3.6.Write field alignment with in-situ feedback. The &iindots are exposed in a self-

developing resist, whose relative location revéasalignment accuracy.
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3.3.1. Introduction

Electron beam lithography (EBL) is the most populanolithography method for research,
prototyping and low volume production. The EBL gysthas a limited area of exposure (writing
field), and the large pattern is divided into mamyting fields exposed side by side with stage
movement between each field exposure. The deviatiom perfect alignment between
consecutive writing fields is called stitching errdue to the lack of in-situ feedback,
conventional EBL is a “blind” open-loop process whé¢he exposed pattern is examined only
after ex-situ resist development, which is too fateany improvement. It is thus highly desirable
to detect and correct the errors in-situ beforeléingthy exposure of the designed pattern. This
method can be used to detect misalignment betwdi@acent writing fields, as well as distorted
or enlarged beam spot due to defocus and stigmatfitith this closed-loop process, the beam
spot can be optimized globally across an entirdingrifield®, and the stitching error can be
minimized. The former application has been detaittethe previous section. In this section we
will demonstrate substantial reduction of stitchergor when using a very large writing field as

needed for fast writing.

There are roughly four types of stitching errorssasmarized by Bogdanov et?al.shift error,
field distortion (negligible when the e-beam colurmnvell adjusted), field rotation and deflector
scale error, as shown in figure 3.7. These stitgl@mors can be categorized as stochastic and
systematic errors. The shift error is caused bydstiage movement and is stochastic, and its
amplitude depends on the precision of the laserferometer stage. The deflector scale (zoom)
error and rotation error are caused by imperfeltbredion of the writing field size and rotation
relative to stage travel, respectively. They area¢@t every writing field border and are thus
systematic. Previously, various methods have beemodstrated to minimize the stitching error.
Multiple (e.g. 4) exposures, each at reduced desg 1/4) with shifted boundaries or different
writing field sizes, can be used to average thgespmsitioning and decrease the shift effor”

28 gpatial-phase-locked EBL, in which all writingdsne with reference to a grid having long-
range spatial-phase coherence that provides fekdivabeam location, gives the most accurate

field stitching, but with the expense of extra @eg steps to fabricate the grid using interference
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lithography®. Another method to eliminate stitching error igefi-beam-moving-stage writing
that is available for some EBL tools such as th#hREG0C. However, it is effective only for

thin or wide line patterns such as a long opticaveguide.

or e 0 - i PR o o e B [ epepe T ){ .
TS Ao 7 o 0 e o et e e e £ - hoct s ks
H T ;.f:}.;% i Y@gi.‘;?.:h S ?\? LS o8

l ! Ar-: I l i
h—m " il _:ﬂ

5
"": '_-_'.-,.!-.- 5 -.; il

o T B ety
»>

il oo

Poar e
a5

P RN SN st R 5l S G S : 5 pepEdl &-';
bl I i Wi{ﬁ iR 2

.
&
ﬁ
el
Lot
i
=
e
e
HEEH
|
s
.-{
]
5
G
B
i
B
e
&
.-5I
o
gl
2
™
e
G
b

.................. CEC
i
g 2 !
P T B S = .4;\

e
i

x

'y
b
- i
s

o
el

I
=
o
At
'{%j
?‘
Hi
i
B

L0808 . 0 e o R TS@%&% eﬁﬁ}ﬁ&?}; ?":lir .Z.?w n ”A

Ar P Ty .

T T e 7 R o i B H

I:I- e el ;t- R :\. S KTS‘({ “.u: ?;5 -\’&ﬁ}(& 3‘ —l | ——:-{

L E r. |

i ] il 1 AT By

5 8 1523 1 0 [ .8 5 %, s S A 55 o Sk i

= R B G v s M S R B e Y T W e e

| i A | ¥ i ,lTsZ' > %:)affﬁkéé?é T
;---.].. 1 - ﬁ__ I [0 X X i s ; H JiE i L Y
i I O PP 70 T A o 2. e P A B '?!-;}"( bede | | G i ‘s & 3@5 - 'ﬂl"

|. KK.{’ G SRR m&*lj& ok 4 ;"’J}tm L i L O I .-‘L//? L
== o A = ; ] s .l:,r,g F:: o

Figure 3.7. Types of field stitching erréts(a) ideal case, (b) shift error, (c) field dision, (d)

field rotation, (e) deflector scale error, andddmbined error (includes all types of errors).

Unlike the multiple exposure approach for minimgthe effect oktochasticstitching error, our
method aims to reduce tlsgstematicstitching error. It is relatively straightforwaes it doesn’t
require the modification of exposure software @ fine-patterning of the wafer with alignment
marks. In the process, the writing field is firdsigaed relative to stage travel, and then a test
pattern is exposed in the self-developing resisir niee boundary of each writing field with a

minimum of two writing fields exposed next to eastiner. Next, the exposed pattern at the
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border of two consecutive writing fields is examdnat high magnification, which provides
feedback to adjust the writing field alignment paeters (zoom and rotation values for the Raith

150™° tool). The same procedure is repeated until aamable stitching error is obtained.

Obviously, this method cannot be applied to théestdart dedicated EBL tool for which e-
beam adjustment and writing field alignment ardyfalutomatic. However, such tools are less
accessible and more costly. Our method is alseffiettive for small writing fields such as 100
um where the random stage movement error (40 nrthéoRaith 158"° tool) would dominate
the stitching error for experienced operators. Ménedess, it may be used as a means to confirm
the accurate writing field alignment. This methedmost effective for large writing fields such
as 500 um and above, where accurate writing fidighment is challenging due to the low
magnification needed for a large writing field. &de writing field is essential if the tool is used
to expose large patterns since the time for stameement is inversely proportional to tbguare

of the writing field size. For instance, the tattdge movement time would reach 40000 sec for a

pattern of 1 crhat 100 pm writing field size using the Raith EBbolt

3.3.2. Experimental procedure

For the Raith EBL system, there is a standard jphareefor the writing field alignment. The laser
interference stage movement accuracy is 40 nm, hwkets the upper limit of writing field
alignment accuracy. Basically, the alignment proceds to calibrate the beam deflection against
the stage movement that is assumed to be absolktelyrate (i.e. ignore the 40 nm random
error). In the process, a feature such as a stlwangicof a dust particle is first identified, thire
stage is moved by a pre-defined distance alongtaicealirection, and the beam is deflected to
that position to capture an image of the identifieture. This procedure is repeated for a total of
four stage movements along four directions. Thatioas of the feature within the four images
are used to generate the transformation matrix #icimthe beam deflection with stage
movement across the entire writing field. The badignment principle for other typical EBL
system should be similar. The achievable alignmaeturacy obviously depends on the
magnification that is determined by the writingldisize, as well as on the skill of the operator.

After completing this standard alignment procedardéine array pattern with 500 nm pitch was
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exposed in the self-developing resist near eactingrfield boundary at a dose of 22 nC/cm.
Next, the exposed pattern was examined at high iineegion (e.g. 4008, versus 108 as

determined for the writing field size of 1 mm), whirevealed in a “fool-proof” manner, the
magnitude of the stitching error. The measured rnbagdes of the stitching error along the
horizontal and vertical directions were then usedcorrect the zoom (deflector scale) and
rotation value, according to the simple formulawhan figure 3.8 caption. The steps of resist
exposure, SEM measurement and zoom/rotation vatljestsment were repeated untl a

satisfactory stitching error was obtained.

Once acceptable stitching was achieved, usingaheeszoom and rotation value, we carried out
exposure of a regular resist PMMA at line dose .06f 2 3.4 nC/cm, followed by development
using MIBK:IPA (1:3) for 40 sec. Finally, 10 nm @ras evaporated and lifted off, and the Cr

pattern was examined by SEM in order to verifyaffectiveness of our method.

Chapter 3 84



[ o

i

M

5

r
1
1
1
1
1
1
1
1
1

A
w4

(b)

Figure 3.8. Schematic showing the adjustment ofnz@md rotation value. (a) If the gap or
overlap between two adjacent writing fieldsAX, then the zoom value should be adjusted by a
factor of AX/X. (b) If misalignment along the vertical diremti isAY, then the rotation value
should be adjusted &0 = tan® [(AY/2)/(X/2)] = tan* (AY/X) degree.

3.3.3. Stitching error minimization using nitrocellulose resist

As stated before, the sensitivity for nitrocelldos approximately 2000 uC/énwhich is

approximately 10 times lower than PMMA, but agdiistis not a serious drawback for our
purpose since the time to expose the line arragsthe writing field boundary is very short (~10
sec at 0.1 nA beam current). On the other handsehsitivity is approximately few orders higher

than metal halide self-developing resist, for whacte must design fewer and shorter lines at the
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writing field boundary if it were to be used foeteame purpose. For the current application, the
relative location of the lines exposed at the wgtfield boundary is more important than their
width or array periodicity, so in principle, a lavontrast resist can be used to provide accurate
feedback on stitching error. However, a low-corntrasist results in a sloped profile for the
exposed trenches, which, combined with the lowdyaflsecondary electrons for polymers, leads

to reduced SEM imaging contrast at high magnifarati

Figure 3.9 shows the CAD pattern design (a) and SEdges of the exposed pattern in
nitrocellulose with large stitching error (b), andgligible stitching error after several iterations
using the aforementioned procedure (c). Here thengrfield size is 1 mm, one order higher
than the typical value for high resolution exposUige pattern consists of 20 periodic lines near
the writing field edges with a pitch of 500 nm dedgth of 10 um. The distance between the
outmost line and the writing field edge is 250 reo, when perfectly stitched, the gap between
the two outmost lines on the two adjacent writireds should be 500 nm that is equal to the
array pitch. In addition, a horizontal line thatligtm above/below the lower/upper end of the
vertical lines is designed to connect (group) thes@rtical periodic lines, in order to tell whether
a particular vertical line belongs to the writingld at the left side or the right. This pattern
design is not optimized, but is enough to serve mupose. The SEM images (Figure 3.9b-c)
have a low contrast because nitrocellulose resisté low contrast that leads to non-vertical
profile; and, in order to keep the electron colurondition unchanged, the images were taken at
the same high acceleration voltage (20 kV) as iiiography, which gives low secondary
electron yield. Imaging at higher magnification wled little improvement because the resist
pattern was degraded rapidly during the scanninge @otential solution to this issue is by
coating an island film (e.g. Ag or In island filrat allows decomposed component to escape)
that has much higher secondary electron yield tharpolymer resist. It would then be possible

to detect misalignment of substantially lower tB&nm.
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Figure 3.9. (a) The pattern design at the writirgdf boundary; (b) SEM image of a pattern
exposed in nitrocellulose at the boundary of twgaeeht writing fields, showing significant
misalignment of 82 nm and 150 nm along X and Y dioms, respectively; (c) SEM image of

the exposed pattern showing negligible (<50 nmphgament.

Using only the standard writing field alignment pedure, the stitching is stochastic and the
error can sometimes reach a high value, dependinte skill of the operator. We achieved an
average stitching error (=sqaX)*+(Ay)?])) of 543 nm with a standard deviation of 334 nrhisT
large stitching error is not due to the beam dafative to the stage, since the drift for the Rait
150""Y° system was found to be only ~1 nm/min and the toéaim drift would be negligible
during the exposure of the test patterns. Thiselamor is partly due to the greatly distorted and
enlarged electron beam spot at locations far anay fwriting field center where small imaging
“windows” were opened during writing field alignmegurocedure. This beam spot distortion can

be reduced by defocusing (manually increasing wgrldistance) under the feedback of self-
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developing resist that described in the previoudiee Figure 3.9b shows an error of 82 nm
overlap along the horizontal direction that indésatoo high a zoom value, and an error of ~150
nm shift along the vertical direction that indicate counter clockwise rotation error. After
writing field alignment optimization using the seléveloping resist, we obtained nearly perfect
alignment, as shown in Figure 3.9c, with an erroless than 50 nm in both directions. Under
this condition, the same pattern was exposed in AMMt at a different line dose matching
PMMA resist’s sensitivity, followed by ex-situ ddepment and Cr liftoff. Figure 3.10 shows a
SEM image of Cr line array pattern across two ahaevriting fields, which again confirmed the

nearly perfect alignment.

Writing field boundary

RAITHI50™°  2um EHT= 400KV  SignalA=InLens  Date 22 May 201
mﬂ""‘: ;;:x WD = 16.4 mm User Name = TRAINING Time :14:16:32

Figure 3.10. SEM image of Cr line array patterroasrtwo adjacent writing fields using optimal

zoom and rotation values for writing field alignnbieshowing negligible stitching error.

3.3.4. Conclusions

We here reported a self-developing resist (nitlatzse) can be used very effectively to optimize
writing field alignment. In the process, we firgipesed a test pattern in nitrocellulose resist near
the writing field boundary, and then examined th&gyn at high magnification, which provided

feedback on the writing field alignment accuracgs&d on such feedback, the parameters for
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writing field alignment (notably zoom and rotatislues for the Raith 13¥° tool) were
adjusted accordingly. After several iterations,ware able to reproducibly achieve nearly perfect

(<50 nm stitching error) writing field alignmentthia very large (1 mfwriting field size.
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CHAPTER 4

Introduction to AFMprobes fabrication

This chapter reviews atomic force microscopy (AFM) probes fabrication techniques. At the end,

our technique to fabricate high aspect ratio AFM tips with low-cost will be introduced.
4.1. Background

4.1.1. Overview of AFM

Scanning probe microscopy (SPM), which includesnilgascanning tunneling microscopy
(STM)!, atomic force microscopy (AFM) and scanning near-field optical microscopy
(SNOMY®, was developed to observe surface characterlsyictecting interactions between the
probe and solid material. STM and AFM are the mamistely used technologies in the SPM
family. STM was developed by Binning et ah 1982, and is used to measure the surface
topography to an atomic resolution by detectingttimneling current. After the development of
STM, several micro-structuring and nano-structuriechnology approachésising STM were
developed to enable researchers to manipulate gugte atom. Thus SPM can be used as not
only a measuring tool but also as a nano-strugutaol. However, as STM is controlled by
detecting a tunneling current between the probesamaple, the measured sample is limited to
conductive material. To overcome this problem, Affsts developed by Binning etah 1986.
The advantage of AFM is that any type of matercals be measured and the operation can be
conducted under normal atmospheric conditions. A#¥dfiks by adjusting short-range and long-
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range forces between the probe and sample insfeid@ dunneling current. In principle, while
the tip approaches the sample, attractive forcerdsst the sample and the tip causes the flexible
cantilever to deflect towards the sample surfaganvéier, while the cantilever is brought even
closer to the sample, so as to the tip gets contdht surface, repulsive force dominates and

deflects the cantilever away from the surface.

Deflection signal
((A+B)-(C+D))/((A+B)+(C+D))

Detector laser

Quadrant
photodiode

Cantilever deflection | -

Sample . Attraction or repulsion

et g

Figure 4.1. Schematic drawing of AFM operation

An AFM probe consists of a nano-sized tip at thd eh a flexible cantilever attached to a
holder, which ‘'feels/senses’ the surface to gemaraimage of the surface topography. As the tip
scans across the sample, the force of interacBbmden the surface and the tip is measured via a
feedback system. The force is directly related e teflection of the cantilever. For the
measurement, a laser is shone on the cantileverediedted off the cantilever arm to strike a
position-sensitive photodiode (PSPD), as shownguré 4.1. In its simplest mode of operation,
the piezo (on which the cantilever is mounted arfed a voltage to raise or lower the cantilever
to maintain a constant height above the samples Vbitage is then converted into a distance
using the known electromechanical properties ofpileego-device. An AFM thus gives the three
dimensional topography map of a sample surfacechyrsng the cantilever over the surface.
AFMs is capable of atomic resolution, and unlikecglon microscopes, the sample can be
imaged in air or under liquids. To obtain a highalation topography image, it is essential to use
a sharp and high aspect ratio AFM tip.
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4.1.2. Applications of AFM

As a general purpose nano-metrology instrument, ABMmployed in many different areas.

There are three major AFM markets: (1) Semiconduetiod electronics sectors. AFM s

routinely used in product inspection and failurealgsis for detecting nanometer features. In
production environments, such as microelectronincs olar cells, and precision manufacturing
industries (such as automotive device manufactuand aerospace), AFMs characterize the
products throughout the manufacturing processN@&)otechnology and nano-material research
area; and (3) Biomedical and life sciences secteres AFMs can be used in, e.g., biophysics to

measure the mechanical properties of living mdtésiech as tissue or cell).

Beside imaging, AFM is also used to induce localdification of surfaces: oxidation, local
heating or object manipulation. Tip-based nanofabricatidiBl) is an effective method
compared to conventional fabrication processestdues simplicity, high resolution, and low
cost. Various AFM-based nano-scale fabrication washhave been proposed/implemented
using lithography capable AFM tool, such as elettemical oxidation, material transfer,
mechanical lithography, thermally induced modificas etc. The following sections introduce
the tip-based nanofabrication techniques.

4.1.2.1. Electrochemical oxidation technique

In this technique, voltage bias is imposed betwaepgramidal or sharp conducting probe tip and
the sample in presence of high humidity, which gates an intense electric field between the tip
and the sample chuck that leads to localized oxidabf silicon or anodization of metallic

surface. When sample bias was applied, oxide patigra few monolayers to a few nanometers
are formed due to field emission etching of hydroge presence of water. Oxygen extracted
from water molecules due to sample bias providesrédactant source to oxidize the sample.
Since the oxidation process requires an electdaalent, both the tip and substrate must have

some conductivity.
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The electrochemical oxidation on silicon has beerfgpmed using non-contact mode AFM
technique based on the force gradiéntUsing AFM anodic oxidation technique, Wilder &f a
patterned the minimum feature sizes below 30 nnenTthey performed reactive ion etching to
transfer the pattern into Si (100) substratesdyigl a high aspect ratio, as shown in the figure
4.2. This figure shows the SEM images of line arpgittern written by using the non-contact
AFM technigue and pattern transferred into the dgohg silicon, (a) top-view image of 28 nm
wide lines patterned with a DC sample bias of 84(By, magnified image demonstrating line
edge roughness (LER) and uniformity of lines, (t¢d view that demonstrated the connecting
ends of the line arrays, and (d) magnified imageross-section view of standing line. Using a
batch of tip arrays in AFM, oxidation process candmhanced by increasing the throughput of
patterning.

Figure 4.2. SEM images of line array pattern wnitiessing AFM electrochemical oxidation
technique and etched into the substrate. (a) Tomdmage of 28 nm wide lines written with an
exposure dose of 20 nC/cm and a sample bias of, §8)\higher magnification image showing
pattern continuity and uniformity, (c) the samplasatilted to show the ends of the zig-zag
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patterns, and (d) a higher magnification of the+around point. The feature is 32 nm wide and
etched 320 nm deep into the silicon, yielding a E&pect ratfd

Recently, Davis et dldemonstrated that the AFM oxidation on Al substraduld be applied to

fabricate nano-mechanical CMOS device (Figure 4TBey maintained a particular distance
between tip and sample to obtain even 10 nm lindthwiFigure 4.3 shows the schematic
illustration and AFM image of an oxidized line wighsmall tip-sample interaction distance and

high voltage (a) and large tip-sample distancelandvoltage (b).

{a) (b

Water

Figure 4.3. Schematic illustration and non-contieM image of an oxidized pattern with (a) a

small tip/sample distance and high voltage, andafioje tip/sample distance and low voltage

4.1.2.2. Material transfer process

Unlike electrochemical oxidation method, materrahtfer process does not require any sample
bias applied to the sharp probe of AFM tool sinte target material is transferred from the
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probe to the surface due to capillary force, vanwaals force or chemical attraction. Thus,

material transfer process technique needs a targetrial storage part in the probe.

Piner et af’ demonstrated a new technique of AFM fabricationovkm as dip-pen

nanolithography (DPN). They showed that the 1-Ostadethiol (ODT) was transferred from
the AFM tip to the sample by capillary force andd®a pattern when the tip, coated with ODT,
was in contact with a sample surface. Figure 4@wsha demonstration of material transfer
process where dots, patterned with ODT-coated AFbdbe by material transfer process, had

been created on Au substrate.

0 pm 5 0 pm 4

Figure 4.4. (A) Lateral force image of an Au suaigrafter an AFM tip, which was coated with
ODT, had been in contact with the substrate fod,2and 16 min (left to right); the relative
humidity was held constant at 45%, and the image weaorded at a scan rate of 4 Hz. (B)
Lateral force image of dots of 16-mercaptohexadeaicaacid on a Au substrate. To generate the
dots, an AFM tip coated with 16-mercaptohexadecanacid was held on the Au substrate for
10, 20 and 40 s (left to right). The relative huityidvas 35%. (C) Lateral force image of an
array of dots generated by DPN. Each dot was gerteday holding an ODT-coated tip in
contact with the surface fer20 s. Writing and recording conditions were thesas in (A). (D)
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Lateral force image of a molecule-based grid. Hawhis 100 nm in width and gm in length

and required 1.5 min to writé

4.1.2.3. Material removal process

AFM material removal process is a mechanical litapgy method in which a solid material is
scratched out from the sample. In general, AFMtshiag is more popular in patterning soft
materials, such as polymers, biomaterials, reaistsmica than that of hard materials, including
metals, ceramics and semiconductors. To scratghmawslmaterials, Si or W, AFM probes are
typically used. Generally, after resist removal using mechanical lithography method, wet
etching or lift-off can be used to transfer thetgais into the substrate. Sohn and Willett
reported” a resist removal process by AFM lithography andseguently they performed a lift
off to pattern 40 nm wide and 50 nm thick Cr wicesa GaAs surface, as shown in figure 4.5.
They used SN, AFM probe to scratch the PMMA resist at a nornoaité range of 1100-1130
nN. The patterned resist was then baked and Crdepssited on the surface later on. Upon

completing lift off, the Cr wires were obtained @astructure arrays on the substrate area. The

resolution depends on a few fabrication paramedech as the tip force, development duration
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and resist dimension.

Figure 4.5. SEM image of 40 nm wide, 50 nm thickv@res fabricated on a GaAs substrate

where force is 1100-1130 nN, development time ssahd top resist-layer thickness is about 24

nmt.
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Lee et al? and Park et df patterned Si (100) surface by direct AFM scratghand subsequent
wet etching. After the AFM patterning, the Si-H bisnwere broken and reacted with oxygen
atoms as sample surface was kept in the air, lgaira native oxide layer on the substrate,
which was used as etching mask in the subsequeHht é&€hing of Si, as shown in figure 4.6.

B8 ol
a ooE!
1 e oL
“J | & 0237
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Increase in normal fosce Scanning speed

Figure 4.6. AFM images of (a) silicon surface walsricated by five different amount of forces,
124-372uN and subsequently etched in 10 wt.% KOH for 10,r{ti) Nano-structure prepared
in 5 wt.% KOH solutiof?*® Here, the tip force and tip scanning speed iswelt enough to

make the line patterns.

4.1.2.4. Thermal probe lithography

Thermal probe lithography technique is a form arsgng probe lithography where material is
patterned in nanoscale by a hot AFM probe. Whiléepaing, a hot tip heats the polymer surface
up, so the tip deforms the softened polymer totereananostructure (a bit). Mamin et"al.
(worked in IBM lab) is the pioneer in demonstratthg thermal probe lithography. In 1992, they
first demonstrated the technique using laser beaeated probe. Later on, they
developed/improved the technique and integratedties heaters and piezoresistive sensors for
writing and reading of bit/datad The thermo-mechanical high density data storega formed
the basis of the Millipede project which was ififiad by Peter Vettiger and Gerd Binfigat

the IBM. This was developed in order to write, read erase bit data by a read-write capable
multi-tip based AFM. Lutwyche et dl reported the writing and reading of 1024 bits gsin

similar technique, by using a 32 x 32 probe array.
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4.1.3. AFM probe

An essential part of an AFM tool is the AFM probkigh consists of cantilever and tip. For easy
handling, AFM probe is connected with holder/'suppbip’. The typical dimension of each part
of AFM probe including the holder is shown in thgufe 4.7. AFM tip requires a small radius of
curvature of tip apex for high lateral resolutionaiging but at a cost of less flexibility/stability.
The sizes, shapes and materials of AFM cantilewertrol the spring constant and resonant
frequency of probe. To increase the spring constamtilever beam would be shorter or thicker.
On the other hand, shorter cantilever provides driglesonant frequencies than regular sized
cantilevers.

.- . RRONIEE Cantilever Beam
Macroscopic dimensions: 1.6 x 3.4 mm? for easy Force constant range: 0.01 to 50 N/m

handling and mounting into the SPM

Resonance frequency: 1 kHzto 1 MHz

Typical Geometry
Length: 50 to 500 um
Width: 20 to 50 ym
Thickness: 0.4 to 8 um

Tip
Radius< 15 nm
Tip height > 3 to 20 ym

Typical Material: Single crystalline silicon or silicon nitride thin film

Figure 4.7. Basic of AFM proBe

The common material of AFM probe is silicon (dopiedncrease the electrical conductivity, or
undoped. Single crystalline or polycrystalline)siicon nitride (insulator). Frequently, gold or
aluminium is coated on back-side of AFM probe t@rpote the laser reflection signal.
Depending on samples to be characterized, AFM pnolagy be coated with electrically
conductive, magnetic or wear resistant materialhsas aluminium, iron and diamond
respectively. Undoped silicon and silicon-nitrigestthat suffer from poor electrical conductivity
are most widely used for topography characterimati®ne may coat metal films such as

aluminium, gold etc onto the undoped silicon aceih nitride cantilever by using evaporation or
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sputtering method to increase the conductivitgped damond tip is another type of AFM tips,

which is popular due to their hardness and eletdonductivity Kim et al®

reported the use of
diamond in AFM tips. Dopediamond is potentially an ideal probe material notydfor its
unbeatable hardness and stiffness, but also fdowtselectrical and wear resistance, and its
chemical inertness. In summary, for several appting, such as measurement of friction force
and elastic properties of samples, as well as wesperty, which requires hard contact between

probe and sample, diamond tips are recommended.

——

Figure 4.8. Image of commercial (a) 4-inch wafetrm880 probes, (b) 6-inch wafer with more

than 1000 probes, (c) Close-up view of those tipdased in the box (Courtesy: NanoWorld
Inc.%9).

Lastly, AFM tips are fabricated out of a whole wafising MEMS process. Figure 4.8 shows the
optical images of commercial 4-inch wafer with 3@®bes (a), 6-inch wafer with more than
1000 probes (b) and close-up view of those tipsosed in the box (c).

4.2. Fabrication techniques of an entire AFM probe

AFM probes used in imaging can be fabricated by major methods: the inverse-pyramid-
shaped probes fabricated through a molding teclen{glbrecht et al. 1998, Takahashi et al.
2009%) and probes machined either by wet or dry etcliolipwed by oxidation sharpening
(Rangelow 199%; Folch et al. 1997). In inverse-pyramid cavity heet (Figure 4.10), a cavity

is formed at first by aqueous wet etching intolean substrate and a layer of thin film is then
filled into the cavity. The silicon substrate isletd back to detach the cantilever-tip area after
the thin film is selectively removed. Even thougisttechnique is relatively simple, it is limited
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by having the final tip apex curvature not as gasdformed by other techniques. At present,
most AFM probes are micro-machined directly by ampic wet etching (Figure 4.9) or dry
reactive ion etching (Boisen et al. 1896Liu and Gamble 1998 Rasmussen et al. 2001
Alves et al. 200%; Neuzil and Nagarajan 2086 Li et al. 2008’, Hantsche et al 198%.
Anisotropic wet etching is cheaper than plasmaietc{RIE) and thus it can be easily employed
without using expensive instruments. One barrieamiotropic wet etching such as aqueous
KOH dipping is that the silicon tip stops sharpgnonce the mask was fallen down from the
pyramid apex; and therefore, additional oxidatibarpening was often necessary (as followed
by Resnik et al. 2063 Han et al. 2006, Duriau et*al2007). To avoid oxidation sharpening,
Burt et al** demonstrated that a triangular mask parallel td0=3directions will produce a
single self-sharpening tip during aqueous KOH eighiand a tip with minimum radius of

curvature of less than 5 nm are defined.
As examples, in figure 4.9 and 4.10, we show stahtkbrication methods to produce regular

silicon probe inundercut concept' and regular nitride probe imverse-pyramid cavity concept'
(courtesy: NanoWorf) respectively.
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Figure 4.9. Fabrication steps of regular silicoohms Undercut concept). (a) Start with Si
wafer, (b) next, coat Si¥Don both sides of silicon wafer (<100> orientatio(@) then, coat
photoresist on back side of wafer and photolithpya(exposure of the photoresist through a
chromium/quartz mask) to define the cantilever bablape, (d) next, develop the exposed
photoresist, (e) deposit photoresist in front sifiéhe sample and photolithography to shape the
cantilever top side, (f) development of the expgskdto resist, (g) isotropic wet etch to remove
the silicon dioxide, (h) next, dissolve the pho&sist, (i) anisotropic wet etch with KOH to
remove silicon. The formation of the tip is finishehen the "oxide shield" falls off, (j) isotropic
wet etch to remove silicon dioxide and then deptbstsilicon nitride layer to protect the tip side
of the probe, (k) next, anisotropic KOH wet etclrémove silicon from back side. The thickness
of the cantilever is determined during this stdp,fiGally, isotropic wet etch to remove the

silicon nitride?,
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Pyrex wafer

(n)

Figure 4.10. Fabrication steps of regular nitridebes. (a) thermal oxidation to coat oxide on

both sides of silicon wafer (<100> orientation)) fihotolithography to expose resist, (c) resist
development, (d) spin coating of protection resistback side and etch oxide with BHF, (e)
remove resist with acetone/isopropanol, (f) KOH weth to remove Si, (g) remove oxide with
BHF, (h) grow oxide, deposit nitride, remove themtbe backside, and spin-coat photoresist, (i)
photolithography to expose the resist, (j) devalopresist and etch oxide then nitride, (k) dice
pyrex wafer (to be used as a handle), (I) anodicdbw the nitride and the pyrex wafer, (m) dice
and remove unnecessary portion of pyrex, (n) KOH eteh to remove Si, and (0) BHF etch to

remove the oxide lay&
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4.2.1. Fabrication with combined masked—masklessatting and P+ doping

Han et af® have demonstrated and developed high-yield maturfag technique to fabricate
the single-crystalline silicon AFM probes. In tipicess, tips and cantilevers were concurrently
designed by a combined masked—maskless aniso&tghitng method. In anisotropic etch, KOH

solution was employed. This process is shown iarégt.11.
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Figure 4.11. Masked-maskless fabrication stepsh®®”AFM probe. (1) First, start the fabrication
process with SOI wafers that have auh2 thick silicon layer. Then, grow a silicon dioxitdser

at 1100°C, which is 0.5um thick on both sides of the wafer. Next, remowve siiicon dioxide
from the front side by buffered HF. Afterwards, dsp a new 100 nm thick of silicon dioxide.
On the backside of wafer, openings are patterneddst cantilever release etching. (2) For the
cantilever precursory, pattern the silicon dioXigyger at the front side. It shaped the (110) plane
by masked wet etching with 40% KOH. (3) Next, pattthe circular silicon dioxide mask for
the tip contour at the end of the cantilever. (#)tBe top of the cantilever precursor, etch silicon
dioxide as maskless. Next, form the tip contourcbgvex-corner undercutting which involved
the masked etching. Then, define cantilever contputhe maskless etching. (5) Next, low
temperature oxidization at 95 to sharpen the tip contour with a nano-metridusd(6)
Implant boron. and next, activate the implantedbhdry annealing at 95T in order to reduce
the residual stress. Later, etch with buffered blfeimove the backside silicon dioxide film. (7)
Anisotropic etch to remove the silicon from the lbaxd the cantilevers. Finally, etch silicon
dioxide from the front side to expose the electiyjcaonductive and single crystalline silicon
probé=.
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4.2.2. Inverse pyramid shaped molding: Graphene pitwes

The inverse-pyramid-shaped probes were fabricéiedigh a molding technique (Albrecht et al.
1990, Takahashi et al. 2009) where a cavity is &trfirst by aqueous wet etching into a silicon
substrate and a layer of thin film is then filledia the cavity. The silicon substrate is etchedkbac
to detach the cantilever-tip area after the thim fis selectively removed. The most thin film
filling the cavity is SiN4, and nitride tips are the most widely used fortaonhmode AFM

because nitride is more wear-resistant than silicon

Recently,graphene has become one of the most powerful désigsvof this century. Martin-
Olmos and his grodp showed that graphene can be grown uniformly ovierdnt copper
terraces where the underlying substrate did natcafthe atomic arrangement of the grown
material. In addition, they were able to grow greqpd on AFM probedrigure 4.12 illustrates
the fabrication of probe by inverse-pyramid moldmgthod.First, they prepared the substrates
for molding by using standard micro-fabrication hwats. They grew 100 nm silicon dioxide
thermally and copper by deposition method and ffingdaphene by Chemical vapor deposition
(CVD) on top of silicon wafer, which was then pated using lithography and dry etching to
define the structure. Inverted pyramids were shagdtst immersion into KOH solution, which
were eventually used as mold for the AFM probes dibtail of the process is shown in figure
4.12.
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Figure 4.12. Fabrication process to make probe bidimy scheme. (1) Prepare tip area by
selectively etching of silicon with KOH solutionh& pit and flat surfaces were grown with
thermal silicon dioxide and finally coated with qgap. (2) Grow a continuous layer of graphene
on copper film by CVD method. (3) Coat a thin SWeS8ist to fill the tip mold and; expose and
develop to define the cantilever. (4) Argon dryheto remove the graphene elsewhere where
there was no SU-8 film. Later, process a secondthicl SU-8 to pattern the probe body. (5)
After removal of silicon dioxide with HF solutiosjlicon with KOH and Cu with wet etchant,

probe was released with graphene [&er
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4.3. Fabrication techniques of AFM tip

4.3.1. Fabrication of tips by aligned-mask method

13 and later, Tang et &.have demonstrated a method to fabricate nanasitipowhere

Lieta
the tips with precise dimensions are sharpenednizotiopic wet etching technologies using a
special pentagon etch mask design. Li et al. mdilpwed the procedure of Burt et ¥lwho

fabricated a triangular mask parallel to <310> aimns for single self-sharpening tip during
agqueous KOH etching. The orientation of the undeganerated during wet etching is most
closely aligned to the square masks rotated by’ §8ldckwise and anti-clockwise) from the

<110> direction in the (100) surface plane as shiowiigure 4.13.
a b

——_‘ijl—hﬂ:l 0=

J tip position alter
iy wet etching

63.4 o\
6347, =110 L2250 210>

Figure 4.13. (a) Orientation of the <310> directioand the corresponding planes that are
perpendicular to the 8 directions. (b) Pentagormpstianask design comprising sides aligned to
<310> directions shown in (a). The eight equivaleB10> directions are 311310, 10, 310;
130,130, 130 and130 **.

The gradual geometrical modification of the tip wm using pentagon etching mask after

several wet etch times, as shown in figure 4.14.
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Figure 4.14. Geometrical modification of the tipntaur (viewed from the top) using pentagon
etching mask after several etch times, such aat@)min, (b) after 32 min, (c) after 52 min and

(d) after 63 min. The final tip will have a triarigu (rather than square) baSe

4.3.2. Fabrication of tips using dry etching

As dry etching processes offer better uniformitg aeproducibility than wet etching processes,
several groups have reported AFM tips fabricatiem@ reactive ion etching (RIE), such as
monocrystalline silicon tips defined by a RIE w8k gas®, and Rocket tips defined by RIE (for
apex) and deep reactive ion etching (DRIE) (forft3ffa Villanueva et. af>*! also used deep
reactive ion etching (DRIE) to fabricate the shapp Their process is shown in detail in figure
4.15.
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Figure 4.15. Fabrication process of entire probagudry etch. (a) Start with SOI (silicon on
insulator) as initial material (top silicon layex 15um in thickness), (b) thermal oxidation to
coat oxide on top side of SOI and photolithografhypattern a circular etch mask (finally this
portion transforms to tip), (c) coat photoresistiago do second photolithography to define the
cantilever, (silicon dioxide circular mask still éop of the cantilever which acts as etching mask
for the following two DRIEs, (d) fabricate the shhf/ using optimized DRIE recipe (described
in table 4.1), (e) next, oxidation sharpening (wridation at 1100C) to sharpen the tip, (f)
deep dry etch (DRIE) to make high aspect raticapidind finally, release of the cantilevers by
etching the buried silicon dioxid&

In this process, the shape of the cylinder of ip be modified/controlled by changing dry etch
gas flows. Figure 4.16 (a) shows the schematiccaflaping and undercutting shapes in a
cylindrical wall where ripple was minimized by clyamg RIE recipes described in table 4.1 The
final rocket tip fabricated by this DRIE methodstsown in figure 4.16 (b).
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Figure 4.16. (a) Schematic of scalloping and unaéng shapes in a cylindrical wall. (b) SEM

image of optimized DRIE result using standard psscé&op-left), ripple was minimized by

changing RIE recipes described in table 4.1 (tgptjiand, at center, rocket tip fabricated by

combination of optimized DRIE. Inset at bottom tighows a high magnification SEM image of

the vertex of a tip after oxidation sharpening viithm diametef®.

Table 4.1. Optimized DRIE etching recipes with A@@jipment at 20 °¢.

Process | SHlux c-C4F8 flux Source Bias power | DC bias
power (W)| (W) V)

Shaft 150 sccm/2.59 100 sccm/1s 8 1500 15 80-12

process

Apex 150 sccm/1s 100 sccm/0.33 1 1500 15 75-10

process
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4.4. Method for tip sharpening

4.4.1. Oxidation sharpening

Marcus et af**®reported the sharpening method by oxide formagiowery high temperatures

(900-950°C) and then oxide etching with HF. They observethigh stress can be an effective
obstacle to reduce the oxidation rate in the tigxaguring the thermal oxidation process, and by
repeatedly growing oxide film on the silicon tipsdaetching the oxide with HF, they

demonstrated <1 nm radii of curvature at the siliip apex. Figure 4.17 shows the concept of
oxidation sharpening. This sharpening works becdliseoxidation rate decrease with stress,
which is higher for smaller curvature of radius. Agesult, the oxidation is slower at places

closer to the very top of the apex. Thus, oxidasibarpening is a self-limiting process.

Si02
grow

HF wet
etch

Rounded tip Oxidation Sharpen tip
Figure 4.17. Oxidation sharpening steps (CourtlyNOSENSOR?).

Folch et af® demonstrated a simple process that allows themitoofabricate silicon nitride
cantilevers with integrated Si tips, which can lepeatedly sharpened without affecting the
nitride cantilever. They first performed wet isqiio etch to fabricate the regular tip, and
subsequently, the regular pyramid-shaped siliqgonviis oxidized at 100%C and then the oxide
removed by hydrofluoric acid to make the tip sharp

Chapter 4 113



However, the improvement of this oxidation sharpgrtechnique in term of aspect ratio is very
limited, and thus the pillar dimensions, such agltteand width, cannot be controlled with

interest in this oxidation sharpening method.

4.5. Fabrication techniques of high aspect ratio (AR) tip

The basic principle of AFM is whereby a fine tipsisanned across the surface of the sample to
measure surface morphology and properties to amisar3D image of the surface. Compared to
scanning electron microscope (SEM), AFM has lovgest,cmuch more accurate (by one order of
magnitude in the z-direction, as well as in the aigection if the sample is flat), easier sample
preparation, less intrusive, and can work equakyl with insulating sample or even inside a
liquid environment. Nevertheless, SEM is still faore popular than AFM for topographical
structure characterization, mostly because ofrib@sic limit in the AFM image when mapping
a non-flat surface (e.g. a deep and narrow hoi@lvewhere the tip cannot fully follow the
sample surface. The natural solution to overcorngisBue is by using thin and high aspect ratio
tips that can follow the sample surface more pedgisThis section reviews the fabrication
method for high aspect ratio tips. Probe aspeat ratdefined as the probe apex height divided
by the probe apex base diameter, and high aspgct@ans that the probe apex height is at
least three times that of apex base diameter. &igut8 shows the schematic diagram of the
problem that arises using the low aspect ratio AfEMThe low aspect ratio tips prevent precise

observation of tall or deep structures.

Figure 4.18. Schematic diagram of a measuremenhdaevere artifact achieved using regular

low aspect ratio AFM tip.
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Figure 4.19. SEM images of various high aspecb rakM tips that are commercially available.

Image taken from corresponding distributor’'s wess8it

Figure 4.19 shows several high aspect ratio tipehwhre currently available in market where
tips are fabricated with (a) focused-ion-beam mygj)i(b) electron-beam-induced-deposition, (c)-
(d) carbon nanotube attachment, and (d) "Naugaleeddrmation” technique. The

manufacturing method of corresponding tips are ril@sa in details as below.

4.5.1. Focused-ion-beam milling method

An obvious method to pattern the high aspect rafis is using focused ion beam (FIB) to
“machine” the tips one by one (see figure 4.19 Gourtesy to Nanoworld websff® In this
method, the material near the tip is milled awagegt the material along the tip axis, leading to
a slender HAR pillar along the axis. This methothis most versatile one, because in principle
FIB can create any arbitrary shape with resolutionvn to sub-5 nm and aspect ratio well
beyond 10:1. Cockins et &l.demonstrated a method to fabricate a high-aspdict metal tip
attached to machined cantilevers with controllegl@nlength, and radius by focused ion beam.
According to their method, the original tip of pehbs completely milled away from the
cantilever using FIB, and then the cantilever igedgl with a wire attached onto the corner.
Afterwards, the wire is sharpened to obtain theilireq tip shape using the technique reported in
Refs?*°% This fabrication technique usually takes lessthah. Figure 4.28hows an example

of final cantilever along with tip.
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Figure 4.20. SEM images of (a) a fabricated HAR (tiy) achieved radius of the tfb

Nitride tip also can be milled with FIB. Fu et®aldemonstrated the fabrication process to make

the high aspect ratio 'nitride’ tip by FIB millings shown in figure 4.21.

(b)
Figure 4.21. SEM images of a nitride AFM tip befaned after FIB milling to fabricate high

aspect ratio AFM tip.

4.5.2. Electron/ion-beam-induced-deposition (EBIDBID) method

By adding precursor gas, extremely high aspeab gitiars (the idea is discussed in R&fcan
be grown onto AFM tip apex by ion or electron bemduced deposition (Figure 4.19 (b)).
3

David et al” first fabricated the high aspect ratio tip usihg &lectron beam of a scanning

electron microscope (SEM) by depositing thin carpilar on the end of commercially available
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silicon nitride AFM cantilevers. They started theiocess by aligning the electron beam (in
SEM tool, Hitachi S-800, equipped with organométajas flow such as W(Cg))directly down

the axis of the commercial regular pyramid shapdda tip (30 nm Palladium-gold coated)
mounted on standard aluminum stub. The SEM is $ietthed into spot (thus the beam is not in
scanning mode) mode for a particular exposure tongrow the carbon pillar at the end of the
cantilever. The tip apex is approximately 30 nndiameter and about 15° of cone angles, and

become cylindrical down the shank (Figure 4.22).

Ih B

Figure 4.22. SEM images of (a) pyramidal nitride, tand (b) the same tip after depositing a

carbon pillar on its apéx

Comstock et al* demonstrated the manufacturing method of a namteessing electron beam
induced deposition (EBID) process at the end ofpiftude to make it high aspect ratio tip. This
process is shown in figure 4.23 where they initatee process flow by FIB milling to flatten a
particular area of the tip where EBID is used tpatgt a long metal wire. Couple of atomic layer
deposition (ALD) processes are employed to coatralgctive gold (Au) film with an alumina
which is an insulating film, and FIB milling is folved in order to expose the gold electrode at

the apex of the tip.
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Figure 4.23. Schematic diagram of fabrication pssaef nanoneedle tip apex. (a) FIB milling to
make a flat platform in tip. (b) Pt needle coatgdHEBID process. (c) Gold film deposited by
evaporation technique. (d) Insulating layer 0@y coated by ALD method. (e) FIB milled the
insulated nanoneedle to expose an electrode I&y&unctional metal selectively electro-coated

at the exposed tip ap¥x

As shown in figure 4.24, they also demonstratecbnaadle (fabricated by EBID method) height
is tunable by using different growth time.

Figure 4.24.SEM images of electron beam deposited nanoneedighthas a function of
deposition time, (a) 20 s. (b) 10 s. (c) B's

This method was also followed by Brown et’alhere they fabricated electrically conducting,
ultra-sharp, high-aspect ratio probes by electreantr-induced deposition of platinum. However,
this process is too expensive and time consumisigh@tips are made one by one) for large area

production.
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4.5.3. Caron nanotube (CNT) attachment method

Carbon nanotube (Figure 4.19 (c)), or semicondutamo-wire/spike (Figure 4.19 (d)) has also
been used by attaching them or growing them atapiex of regular tip§ °" °® *° It offers
extremely high aspect ratio. Moreover, carbon nam®thas remarkable mechanical property,
with much longer (by 29) lifetime than regular silicon AFM tf8. However, it is very
challenging to attach or grow a carbon nanotuba ptecisely desired position with a fixed
direction and length. Furthermore, though it offarkbong scanning lifetime, in reality, tips are
often damaged with the entire cantilever brokentlodf base during the handling process rather
than get worn out after long continuous scanningolféy et al’* demonstrated the surface
growth CVD nanotube tip preparation (in figure 4.@f) where at top the schematic of the
growth process is shown and at bottom image the Tslge of an individual SWNT tip
produced using this technique was shown. Here, tohee were grown on the surface of the
pyramidal structure and then guided by the edgesrtds the tip apex. Ye et & demonstrated
directional-growth using plasma-enhanced CVD mettowdrow CNT on probe (Figure 4.25
(b)). In their method, each fabrication step wagnad to the global alignment mark which was
fabricated with electron beam lithography. Thisuasd the exact location of catalyst sites and
thus the final CNT was located at the particulasipon on the cantilever. Figure 4.25 (b) shows
the TEM image of a CNT fabricated on a cantilevaeydpiced by directional-growth plasma-
enhanced CVD. In bottom image, CNT-deposited tigp was shown. The nickel catalyst on tip

apex is clearly seen in this image. Additionallyafier et al®®

demonstrated CNT pick up
attachment method where a microfabricated pyranipgFigure 4.25 (c)), which is coated with
a thin layer of a UV-cure adhesive material, picks a vertically aligned carbon nanotube.
Figure 4.25 (c) shows schematic diagram of nanoaitaehment through 'pick-up’ method. In

bottom of that image, it shows the TEM image ofckegd SWNT tip.
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single SWNT tip fabricated by this metffdd(b) TEM image of single CNT attached on a
cantilever produced by directional-growth plasmhated CVD. Bottom: Nanotube tip apex
(c) Nanotube attachment method through 'pick-upttdn shows the TEM image of a SWNT
tip®,

4.5.4. "Nauga-needle formation" method

In this process, the regular AFM tip is first cahteith metal (Ag), then it is dipped into a melted
alloy of Gallium (Ga) The Ag-Ga alloy is graduafiglidified/crystallized onto the tip while the
tip is pulled out slowly, forming a solid alloy nanire onto the tip. Recently this novel needle-
shaped AFM tip was demonstrated and subsequenthymeocialized by NaugaNeedles Inc.
(Figure 4.19 €J%. In this method, the localization of the needl¢hi® tip is connected with both
the longitudinal concentration gradient of Ag matethat is dissolved from the tip apéx
(Figure 4.26 (b)) and the transverse localizatibthe narrow-meniscus (Figure 4.26 (c)). Figure
4.26 (c) and (d) shows the possibility of severédies forming with one tip but eventually a
single needle extends beyond the others. Anothporitant issue is that (Figure 4.26 (d)) during
joining Ga continues to reactively spread and mallay with Ag attached to the tip and then it
converts to a grainy pattern structure of,Bg crystallites over the probe. The ongoing
spreading of Ga is finally detached from the exaesseacted Ga, which in the end, reveals all

the nanowire structures fabricated at the tip aférey also demonstrated they could fabricate
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freestanding needles at the end of tip-less praime rmanufactured single needles of both
horizontal and vertical orientations relative te ffrobe. However, the tip apex fabricated by this
method is blunt as nanowire (formed with solid Ag-&lloy) diameter is quite big, as shown in
figure 4.19 (e).

crystallites are forme

Figure 4.26. Fabrication steps for freestanding ddaneedle fabrication: Schematic shown in
left column and demonstration as recorded in tiegusntial SEM images shown in right
columrf®.
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4.5.5. Angle-dependant dry etching method (Our methd)

All the above processes are serial process, wherkigh aspect ratio tips are formed one by one
sequentially. Obviously, to drastically increasee tthroughput and reduce the cost, batch
fabrication process is greatly desired. Therefaranufacturing process where the patterns are
formed spontaneously without using any lithographghment method is in great demand. One
way to realize this lithography-free patterningpisusing the spin-coating property of a polymer
on non-planar AFM tips over a waferDue to the protrusion nature of the tip out o thafer,

the polymer coating on it is less than that onldase of the AFM tip which, after a brief etch of
the polymer, results polymer coating everywhereepkaear the tip apex. Alternatively, a metal
can be coated onto the AFM tip, followed by electremical etching back of the métalThe
main issue for the above two lithography-free sdilfned patterning method is how to achieve
sub-100 nm uniform feature size. For instance, d@leetrochemical etching method achieved
aperture near the tip apex only down to 500 nm.

We, here, report a self-defined process to formaimdts right on top of the tip apex, without
using any lithography. The process is based omunigée-dependent sputtering yield, which leads
to slower sputtering of the metal film on top oéthpex (normal incidence) than the film on the
side of the apex (inclined incidence). Tips arentleéched by ICP-RIE (Inductively Coupled
Plasma — Reactive lon Etching, a plasma etchinggss) using the metal as mask. Curvature
radii and aspect ratio of fabricated high-aspetitr&FM tips prepared from commercial silicon
tips are controllable and commercially viable. Tthetails of this process are presented in
Chapter 5.

4.6. Conclusions

In this chapter, we described an overview of AFMItand its applications and later, recent
fabrication techniques to make regular as welligh hspect ratio AFM probes. Currently, many
AFM probes are fabricated directly by wet anisoitoptching or dry reactive ion etching.

Compared with dry etching technique, wet etching sheaper procedure and is easily applied

without involving expensive equipment. A simplegliniyield method for the fabrication of

Chapter 4 122



cantilever with nano-silicon tip by wet etching out oxidation sharpening steps for AFM
applications is reviewed. The advantage of theithiwe is that not only the tips but also the
cantilevers are fabricated concurrently by the coedb masked-maskless etching process, which
makes the process cheaper. The benefit of novelEDBdsed method is that dry etching
processes offer better uniformity and reprodudipilhan wet etching processes€elfeasibility

of growing a continuous layer of graphene in proisealso discussed.astly, the methods to
fabricate high aspect ratio AFM tips, such as FEBD, CNT attachment and "Nauga-needle
formation" are reviewed in details. We, in additiortroduced our method (angle-dependent dry
etching method) to batch fabricate high aspeco rigis in a cheaper way compared with other

commercial AFM probes fabrication methods.
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CHAPTER 5
Batch fabrication of high aspect ratio AFM tips

This chapter describes our method to batch fabricate high-aspect ratio AFM tips by dry etching.
The key point that differentiates our technology from the competing ones is that the tips are
fabricated in high throughput batch manner, whereas the current commercially available high

aspect ratio tips are all fabricated one by one.

5.1. Introduction

A widely used tool in nanotechnology is the Atoniorce Microscope (AFM) for which the
most important part is the tip (also popularly edllas “probe”) which can "feels" the sample
surface and creates an image. In order to getdughity images, very high aspect ratio tips are
required, i.e. have to be long and thin. But thagh aspect ratio tips are extremely difficult to
make and consequently very expensive ($70-$50Qipeand therefore only bought sparingly.
We developed a disruptive technique that enabkesatbrication of these tips much cheaper than
the cheapest alternative in the current market. Kehefeature of the technology is that it is a
batch fabrication process with potentially highlgieThe process starts from a wafer of AFM
tips containing 380 regular pyramid-shaped (low easpratio) tips, and process them
simultaneously to produce fine and high aspecbrpiilars at the tip apex. Currently all the
commercially available high aspect ratio AFM tips anade one by one, in a slow, costly (~5-
20x that of regular AFM tips) and serial manner, whighs elaborated in details in previous
chapter. On the contrary, our process is a batobess, and thus with much higher throughput
and much lower manufacturing cost per tip. The bemé using such tips, as compared to
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regular pyramid-shaped low aspect ratio ones, istrpoonounced when measuring a sample
having deep recessed features like nanoscale #enmh holes, for which significant artifact

would result if using regular AFM tips.

In below, we will first describe how to fabricatgramid structure on flat silicon wafer to mimic
costly AFM tip. Then we will detail the process rimake high aspect ratio tips out of those
pyramid structure in large scale. Next, we willngger this process to real commercial regular
AFM tips. Finally, we will characterize/verify thigps manufactured by our technique on high
aspect ratio patterns to show its high qualityifieaging.

5.2. Fabrication of pyramidal structureson flat silicon wafer

We fabricated pyramid-shaped "tips" on flat silic@afer, to mimic the costly real AFM tips. A
wafer of real tips (some 380 tips on a 4" wafee thdividual tips can be lifted out using
tweezers) is commercially available but at reldyivieigh price. Therefore, it would be cost-
efficient to work on large scale pyramid "tips" fadated by us. We fabricated pyramid
structure$ (without a cantilever) on a flat silicon waferdevelop our fabrication process. Once
the process is developed, it could be transfervetheé large-scale whole wafer of commercial
AFM tips.

5.2.1. Fabrication of random pyramid arrayswithout using lithogr aphy

Pyramid structure can be fabricated on single alysé Si wafer using aqueous KOH wet etch
without any lithography. Orientation selective etoh[100]-oriented silicon wafers occur in
basic (base) solutions partly because of the clpaeking of some orientations relative to other
orientations. Since density of planes <111> > <1KI®0>, the etch rate R(111) << R(110) and
R(100). The reason behind lower etching rate i$ {#@0} and {110} have 2 bonds below
surface and 2 dangling bonds that can react; onttlex hand, {111} plane has three of its bonds
below surface and only one dangling bond to rdeatce {111} has much slower etch rate. This
bulk wet anisotropic wet etching process is widebed in MEMS (micro electro mechanical

systems) since it is inexpensive, fast and eapydoess.
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To describe the process, the wafer was first cleédnyeHF dipping in order to remove the native
oxide (1:50 diluted HF, dip for 30 sec), then wefmened aqueous KOH etching right away.
The KOH wet etching was carried out using 20% (WW@H at 50°C for 11 min and then

washed with DI water.

Mag= 433K X WD=7.1mm D 27 Mar2015  Tim 6:04:06
Signal A= SE2 Sy mbar
°, plus

Figure 5.1. Random pyramid arrays of different disiens.

Fabricated pyramids of different sizes, patterniechadom locations, is demonstrated in figure
5.1. The largest dimension of pyramid sidewall edgeabout 3um. Some pyramids are

connected with other pyramids. These random pyramidlifferent dimensions are very useful
for process development purpose since it is fataitavithout using any costly lithography and

the pyramids covers everywhere of a whole wategé-area).

5.2.2. Fabrication of pyramid arraysusing lithography

In previous section, we described a process tociater uncontrolled pyramid with different
dimension which are randomly patterned. Howeverufttimate AFM tip fabrication, we need to
manufacture pyramid tips with specific dimensiod aih controlled location. Here, we show how
to fabricate the pyramid arrays of controlled disien and at controlled placement using
electron beam lithography as described below. \&eest with a silicon wafer (100) with oxide
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of ~180 nm, as shown in figure 5.2. After solvergatling, we spun-coat 300 nm polystyrene
(PS) on silicon dioxide. We demonstrated the palydisity does not make any significant
influence on material exposure properieshus, we mixed two different molecular weights
polystyrene to make an equivalent 550 kg/mol (brdstribution) polystyrene on Si. Different
sizes of square arrays were exposed on PS/&iQ0 KeV with 0.306 nA beam current at dose
30 pClent which would be used as mask later. After develgpiith tetrahydrofuron for 1 min,
the pattern was transferred to Si@hd Si by dry etching with CHFgas using PS as an etching
mask (RIE recipe: CHf£20 sccm, RF: 100 W, ICP: 0 W, P: 20 mT, T: 480,sSiQ etching
rate: 38 nm/min). After oxygen plasma cleaning osgble fluorocarbon polymer, KOH (20
w/v%) wet anisotropic etching was performed at %5Gor 11 min in order to fabricate pyramid

structure on flat silicon wafer.

Exposure &
Development 810, dry
etch -
— I
Si
¢ 0, RIE
Pyramid 810, remove - KOH wet etch
structure < -
+—

Figure 5.2. Process steps to fabricate the pyrainigtture on single crystalline silicon.

Figure 5.3 shows the tilted view of pyramidal stame below the Si@mask layer. KOH etching
duration controls the pyramid apex dimension swgtha area of top and shape of the pyramid.
KOH etching is exponentially temperature-sensitithays it is crucial to maintain a constant

etching temperature for reproducibility.
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Figure 5.3. SEM micrographs of fabricated pyramidalicture with Si@ mask layer still
remains on the top.

The wet etching time and mask size define the pyramp apex dimension. Less wet etching
time than required makes the structure blunt. Aewshin figure 5.4 (a-b), sharp apex was
achieved by optimal KOH etching time, here 11 ntis@’C, whereas blunt pyramid resulted for
inadequate KOH etching time of 10 min (figure 5)4d 7 min (figure 5.4 d).

Figure 5.4. SEM images of fabricated silicon pyrdstructures with sharp apex (a-b), and blunt
apex (c-d). Here, (a-b) is etched for 11 min, ¢c)¥0 min and (d) for 7 min etched at %D
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In below, we will apply our proposed process ondman pyramid arrays fabricated without
lithography where pyramids cover randomly in théirenwafer surface, as it is easy to handle
and cost-effective to fabricate.

5.3. Fabrication of high aspect ratio (HAR) tips

Our process is a lithography-free self-aligned itadiron process, where the whole wafer of
regular tip can be batch-processed simultaneoastpiivert the pyramid-shaped or point-shaped
tips into high aspect ratio pillar-shaped tips. ¥epose two ways to make high aspect ratio tips
with dry etching technique, (1) To fabricate HARiby forming etch mask using angle-

dependant dry etching; and (2) To fabricate thgse by forming etch mask using two-angle

evaporation method. We achieved expected resulgusie first process, but not with second

process.

5.3.1. Fabrication of HAR tip by forming etch mask using angle-dependant
etching

The idea of this process is based on the intripsiperties of physical etching of a film. The
efficiency of physical etching by ion bombardmeptitering of the substrate material is
characterized by sputtering yield defined as nunabeecoiling atoms out of the target surface
per incident ion. Yamamura et*4lhave demonstrated an empirical formula to caleutae
mean value of the sputtering yield for many incidien-target combinations over a wide range
of ion energy as well as a range of incidence anfylem the normal of the target surface. In
principle, the incident projectile ion loses enetgytwo separate mechanisms: collisions with
the target nuclei, known as nuclear losses; anlisioois with electrons in the target material,
known as electronic losses. Incident ion energytaedarget to projectile mass ratio control the
contributions of both of these energy loss factorerms of the net energy loss. The sputtering
yield depends on the angle at which the energaticollides the target material, incident energy

and atomic mass of projectile ion and cohesive@nef target material. Incidence ion angles
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are frequently defined from the normal of targetfate, where D corresponds to normal
incidence (horizontal flat surface) and®¥@rresponds to vertical surface. As the incidearuge

of projectile ion increases at a certain level,gpattering yield (target atoms/ion) is observed to
increase. However, at large angles (when the gilgjgon passes almost parallel to the target

interface), such as close to°90surface channeling” makes the sputtering yiéitbat zero.

Figure 5.5 shows the dependency of the sputteligld {Y) on the angle of incidence and target
material at different ion energies of 300 eV andk8V (In RIE, the typical ion energy range is
10-300 eV). In figure 5.5 (a), since Ti has highehesive energy (as shown in inset table) than
Al, Ti has the lower sputtering yield by Ar ion. Véenployed three different materials (Al, Cr
and Ti) for metal coating, and here we showed #&salt with Fe (iron) to mimic Cr, since their
cohesive energies are very close to each othexddiition, we employed Bglr Ck gases for
metal etching, however, we simulated the data witl(18) gas since its atomic number is close
to CI (17). The maximum sputtering yield occura aelatively large incident angle of 7@hich

is 2.5 times higher than the sputtering yield atnmd incident angle (namely°pfor each
ion/target material at low energy as shown in fg.5 (a). However, in figure 5.5 (b),
sputtering yield is much higher for higher energ§@ keV) for each ion-target material than that
for low energy. The maximum vyield of Ar/Al (ion/get) at 90 keV is 58 atoms/ion, where that
at 300 eV is 1.7 atoms/ion. The incident anglenfiaximum yield is shifted to 85t such high

energy.

We employed fluorine (F) gas for silicon etchingwever, here we simulated the etching with
Boron (5) gas since its atomic number is close {@)Fas shown in figure 5.5 (b). It is shown
that the sputtering yield of Si by B ion is veryoin comparison with other ion/target materials

simulated here.
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Figure 5.5.TRIM simulation result. (TRIM>® is a commercial software: “Ansport of lons il
Matter”, a Monte Carlaomputer program that calculates the interactidrenergetic ions witl
target material)Sputtering yield as a function of incident angléhnion at(a) low energy, (b
high energy. Inset tabie (a) shows the cohesive energiamount of energyhal takes to break
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the material into isolated atoms) of particulag&ratoms. Inset in (b) shows the schematic of

sputter yield as a function of ion incidence ar{@)ein a single crystalline surface.

In simulation, we neglected re-deposition of srmaathount of ejected atoms on an already
sputtered surface.

5.3.1.1. Fabrication process of HAR tip

Based on the property of angle dependent sputtesi@lgl, our batch fabrication process is
shown in figure 5.6. We first coat a metal layarcts as Al, Cr or Ti, on top of the regular
pyramid-shaped tips. Then we etch the metal using&l; or Ch gas depending on the metal
deposited on the pyramid-shaped tips. The etchingAbis physical, without any chemical
reaction whereas the etching by B@hd C} is both physical and chemical (physical enhanced
chemical etching). As aforementioned, the etchatg on the side of the pyramid is faster than
that on the very top apex, because: 1) the locainoident angle on the side of the pyramid is
closer to the maximum etching rate angle of*~&2low ion energy than that on the very top of
the tip apex where near normal incident is expeaad 2) the film thickness on the sidewall is
less than that on top of the tip apex by a factaro®. As a result, with well controlled etching
time, it is possible to remove all the metal frone pyramid sidewalls, with some metal film
would still remained on the horizontal surfaceha tip apex. Next, the tip is etched in a reactive
ion etching (RIE) system using fluorine-based gdsich etches the silicon anisotropically with
vertical sidewall and very high selectivity to thetmetal mask material self-formed on the tip
apex. This will result in a silicon pillar right loev the metal mask. The height of the pillar, thus
the aspect ratio, can be controlled simply by theos etching time as long as metal etch mask
left. As the process contains only three major st@petal deposition, metal etch, Si etch), the
time to process one wafer of tips (380 of theny2s3 hours in a typical cleanroom (much faster
in a production environment where wafers are pmm@scassette by cassette, each cassette

containing 25 wafers).

Chapter 5 137



Ar jor Cl 1on

<~ 6

Pyramid Metal coat Metal etch : Substrate ¢
- — etc

a b T A NS
Figure 5.6. Process flow of fabricating high aspatio AFM tip. a) Start from a regular AFM
tip with pyramid shape; b) Coat a thin layer of aidéilm; c) Etch the film using Ar, BGlor Ch
gas plasma depending on the metal deposited; d) thec silicon using SFC4Fg plasma, and

finally the remaining metal can be removed easyiyvet etching.

The key advantages of the current method are suiredanere: (1) It is a batch process, where a
wafer of regular tips (380 tips over 4" wafer) grecessed simultaneously to create high aspect
ratio tips. (2) It contains only three major steghsis the yield is expected to be reasonably high.
(For comparison, to make regular AFM tips startirmm a wafer takes more than 10 major
steps, thus it is much more challenging to acheevegh yield. For instance, if assuming each
step has a yield of 98%, then after 10 steps toiel y§ (0.98)°=82%. (3) The cost of fabrication

is expected to be well below (estimated 10-25% tipthe other competing methods used to
make commercial high aspect ratio AFM tip in bat@h. Tip dimensions can be controllable,
notably sidewall height are tunable according ®diiferent applications. (5) The sharp apex of
the original tips is unaltered, as it is protedigdhe metal mask atop during silicon RIE process.

In table 5.1 and 5.2, the metal dry etching reciwék Ar, BCl;, Cl, gases and substrate dry
etching recipe (developed by Prof. Saini's gfoumiversity of Waterloo) with S§FC4Fs plasma
gases, and etching rate for different materialaguthese recipes are summarized. The metal dry
etch recipes were adjusted to enhance energeticlpabombardment similar to ion milling
(physical etching), by using higher RF power ansldopressure as long as we can still turn the
plasma on. The etching rates shown in the tablesalculated based on horizontal surface only,
not tilted surface. As we see in the table 5.2 silectivity of etching rates of Al and Cr with Si

is very high for Si etch, which are 108:1 and 9&dpectively. As a result, only a very thin film

of Al or Cr is required as etching mask to etchaitsilicon or silicon nitride vertically.
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Table 5.1. Metal RIE recipes for etching differemdterials at low pressure.

Pressure (ImT) RF ICP Materials | Etch rates (nm/min)
power power to etch
(W) (W)
BCls: 1 300 800 22 Al 115
>0 Cr 10
Ti 98
Si 190
Cl: 50, 2 300 600 50 Cr 39
e Al 30
Ar: 20 7 300 100 RT Cr 4.8

Table 5.2. Silicon RIE recipe for etching differenaterials.

Gases flow Pressure| RF power| ICP Temp. | Materials | Etch rates (nm/min)
(sccm) (mT) (W) power | (°C) to etch
(W)
15

C4Fg: 38, 10 20 1200 Si 432
S 42 SizNg 117
(LPCVD)
Cr 4
Al 4.5
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5.3.1.2. Resultson large-area pyramidal structureon a silicon wafer

Our ultimate target is batch processing of pre-ma&dgilar tips to obtain the high aspect ratio
tips. Due to the very high cost for a wafer of t{84000 for a wafer of 380 tips), we had been
working on simultaneous processing of small batdiex2 AFM tips (instead of a wafer of 380
tips) for each round. However, alternatively, wepdyged whole wafer containing pyramid
arrays (cost-effective to fabricate and easy todmgnto see the result of uniformity,
reproducibility, yield and so on, in a large so@eross a 4" wafer).

Here we present the results applying our technaquéarge-area pyramidal tips fabricated on a
Si wafer. We coated Cr metal layer on top of thgular pyramid-shaped tip arrays. Then, we
etched the metal using £dnd Q gases (according to table 5.1). As a result, wigh controlled
etching time, it removed all the metal on the pyichsidewall, leaving some metal mask on the
horizontal surface of pyramidal tip apex. Next, tife was etched in a reactive ion etching
system using fluorine-based gas, which etched itivers anisotropically with vertical sidewall.
This resulted in a silicon pillar right below theetal mask. In figure 5.7, one side of whole
silicon wafer was covered during metal evaporatibns metal was coated only on the other side
of the wafer. The covered area is marked as notrasta. As seen in figure 5.7 the interface of
metal and no-metal area is clear. In inset, a hgpect ratio AFM tip with diameter of 15 nm
fabricated using this process is demonstrated tihiss not the same tip as shown at the
interface). As expected, on no-metal area, therpigls were not terminated with high aspect

ratio pillars on pyramid apex.
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Figure 5.7. SEM image of interface of metal andmetal area, In inset, a high aspect ratio AFM
tip (not shown in big image) with diameter of 15 rabricated using this angle-dependent

etching method is shown.

Prior to achieving the high throughput fabricatfon production, there are a few essential steps
that need to be streamlined. The following is ibedf the technical challenges that need to be

addressed in order to reach high throughput maturfag:

1. Reproducibility and uniformity, with a yield of > 75%. We developed the process using the
selected metals such as aluminum, chromium anaiuita for scaling up production. We here
optimized the process steps to achieve reproduablthe high aspect ratio AFM tips with
desired tip dimensions using selected metals. Da¢ ig to achieve high reproducibility (>70%)
needed for production. We coated the whole 4" wpyeamid arrays with metal (Cr 23 nm) and
etched metal for 30 sec, and then etched silican1f80 min. The results at five different

locations of a whole wafer are shown in figure StBfigure 5.8 (f), it shows the five different
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placements where SEM images were captured. Acaptditable 5.3, which was derived from
the results in figure 5.8, the yield in the wafenter is highest which is 83% and that of other
locations are lower than center of the wafer. Tisiexpected because the metal film thickness
and etching rate at the edge of wafer is lower thase in the center; and in addition, the metal
incident angle from small crucible in evaporatidramber at edge of the wafer is different than
that in the center. For evaporation of metal wHiohlly acts as a hard mask on top, the metal
film thickness for vacuum evaporation is proporéibto co$, with 6 being the incident angle
relative to wafer normal direction. In additiongthlm coated on an angled surface (relative to
beam incidence) may not be as smooth as a filmedoan a flat surface, thus complicating the
process and slightly narrowing the process winddweommon consequence of a rough film is
the rough tip sidewall that amplifies the roughnekshe etching mask after silicon etch due to
the very high etching rate selectivity betweenr&l metal.

Regarding reproducibility, we fabricated severaltchas of pyramid tips and obtained
satisfactory reproducible results. Once reprodecitdsults were obtained, we focused on
processing a wafer of tips (again, pyramids on ewafiot real AFM tips) in order to study the
dimension/shape uniformity of the fabricated tigsoas the entire wafer of tips. We evaluated
the uniformity of the process across an entire walke tips. According to table 5.3, the
uniformity of tip dimension is best at wafer cent€ne variation in other positions of the wafer
is also small. However, the results might be ddferfor a real wafer of tips with uniform size of

pyramid tips from the random size pyramids on alafer as studied here.
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Figure 5.8. SEM images of arrays of high aspeat tgis fabricated using angle-dependent etch
method. The images were captured at five diffepates of whole 4" wafer, at the (a) center,
(b) bottom, (c) left, (d) right and (e) top. (f) @schematic shows the positions where SEM
images were captured.

Table 5.3. The yield and uniformity of HAR tips fatated on pyramidal arrays at five different
locations of a whole wafer.
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Position | Total no| No of | Yield No of HAR | Uniformity of | Average Average
of visible | HAR (%) pyramids  of| apex of D: 35| diameter of| height of tip
pyramids | pyramids D: 35+ 10 nm| £ 10 nm (%) | tip apex| pillar (nm)
(nm)
Center 53 44 83 31 58 35 610
Bottom 34 26 77 17 50 37 635
Left 31 22 71 17 55 32 590
Right 59 42 71 30 51 36 560
Top 28 19 68 12 43 34 662
Total 205 153 75 107 52 35 611

2. Controlled tip diameter and height. It is very important to control the diameter of &pex and
height of the tip pillar for commercial productioie here demonstrate the fabrication of tips
with a range of pillar apex diameters and heigis. tuned the metal deposition thickness and
its etching time in order to obtain different silic pillar apex radius for different applications.
Though a smaller radius offers higher AFM imagirggalution, it also makes the tip less
mechanically robust. Thus there exists an optinpatadius for different applications, and this
step is to achieve such optimal radius. Whereasatfjastment of the tip pillar height is
straightforward, the tuning of tip diameter is less Nevertheless, we successfully obtained

different pillar diameters by varying the metahfithickness and its etching time.

Before adjusting the pillar diameter, we studieel thetal etching time for a particular thickness
of metal film. In table 5.4, the optimum metal deych time is shown for particular mean
thickness of a few metal films that we used so Tdnis time was adjusted to etch completely
away the metal on sidewalls of pyramidal tips, ieg\wehind some metal on apex of the tips. A
common consequence of an inadequate metal ethb rotigh sidewall after silicon dry etch that
amplifies the roughness of the metal etching masktd the very high etching rate selectivity.
Figure 5.9 illustrates the optimum metal dry etahetfor particular mean thickness of the metal
film (here, Cr).
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Table 5.4. Optimum metal etch time for correspogdiretal film thickness.

Materials (Recipes) Mean thickness of metal film (nm Optimum metal etch time (s)
Al (BCl; gas)* 22 10
Cr (Ch+0O, gas)** 10 10
23 30
30 40
42 59
60 86
Ti (BCl3 gas)* 62 35

* BCl; recipe: described in table 5.1 (1st row), Cl,+O; recipe: described in table 5.1 (2nd

row).
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Figure 5.9. Optimum metal dry etch time for diffieréhickness of Cr film.

We found that after metal etch on thinner metah fismaller metal mask remains, and on the
other hand, after metal etch on thicker metal filarger metal mask remains. Figure 5.10
illustrates a plausible reason of variation of hesliapex diameter due to different thickness of
metal film. Figure 5.11 shows that the mean diametepex is 25 nm for thinner film (10 nm
Cr) and 70 nm for thicker film (60 nm Cr). Here, weated different thickness of Cr film on
large-area pyramidal arrays and performed apprgpmaetal etch and then silicon etch,

according to table 5.2. We obtained the averadp @pex diameter as summarized in table 5.3.
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Figure 5.10. Schematic illustrating the dependeoic¢he final pillar diameter (close to the
diameter of the resulted metal island mask at apexjhe metal film thickness. (i) thin metal
film that leads to small metal island mask, anyl thick metal film that leads to large metal

island mask.

Chapter 5 146



Figure 5.11. SEM images of mean diameter of tipxdpe different metal thickness. (a) 25 nm
for 10 nm Cr, (b) 35 nm for 23 nm Cr, (c) 50 nm #&& nm Cr, and (d) 70 nm for 60 nm Cr.
Metal etch time was performed according to table 5.

Figure 5.12 shows the average diameter of tip &®ea function of average metal thickness.

Here we demonstrated the result only for Cr méial f
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Figure 5.12. Average diameter of tip apex as atfanof average metal (Cr) thickness.

The height of the pillars gets apparently longathwmcreasing silicon etch (as the selectivity of

silicon to metal etch with Si recipe is very higiy long as there is metal mask left. Figure 5.13
shows that the pillar heights are in good agreemahtsilicon etching depth, according to table

5.2.

Figure 5.13. SEM images showing the height of tilarpof pyramid as a function of Si etch
time, such as (a) 410 nm height for 1 min silicechgeand (b) 780 nm height for 2 min silicon
etch.

3. Controlled tip shape: As aforementioned, to make the tip more mechanicalust, a slight
taper (e.g. 3-5 deg sidewall angle) may be desréd some applications. The Si etching tool
has a silicon etching recipe for etching pillar twitertical sidewall, and if desirable, we can
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modify the recipe for Si etching to achieve tapepéiars for different slopes of HAR AFM tips.
The sidewall angle depends on the balance of cltaraiching by S§gas and passivation by

C4Fg gas. Thus a fine tuning of the ratio of the twseagacould achieve this goal.

Saffih et a in our group demonstrated a one-step etchingsithpCr as hard mask using a dry
etching recipe with ¢g/SFks gases. The recipe was significantly modified framrstandard
pseudo-Bosch process that gives a vertical profileey achieved a taper angle of°2Ry
changing the gas flow ratio of4Es/SF from 38/22 to 59/1, as shown in figure 5.14 (aid).
addition, by further reducing RF bias power, thagiaed very large taper angle of°38ut with
much lower etching rate. The dependence of tapgleasf silicon structure on the ratio of SF
flow and total gas flow is shown in figure 5.14.(elowever, here the etching results are for
etching silicon on a flat wafer, and we haven'tlggapthis technique to etch real AFM tips, since
the sidewall is already slightly tapered for thecRet tips we fabricated (shown later) even using
the recipe that normally gives vertical sidewall éching silicon on a flat wafer. Nevertheless,
if desirable, those modified etching recipes canutilezed to further tune the sidewall angle of
the high aspect ratio AFM tip. As can be seenpw fiatio of 10/50 will give an angle of 4may

desirable for some AFM applications.

Taper angle (deg)

0 0.1 0.2 0.3 0.4
SF¢/(SF¢+C Fg)

Figure 5.14. (a-d) SEM imagksf silicon structures etched with differenjfgSFs ratios. The
ratios and taper angles are: (a) 50/10%4k) 55/5, 15; (c) and (d) 59/1, 22 (e) Dependence
of taper angle of nanostructure on the ratio of 8w and total gas (S CsFg) flow which is
fixed at 60 sccth
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5.3.1.3. Resultson regular commercial AFM tips

In previous section, we showed the result of HA#R fiabricated on pyramidal arrays on silicon
wafer. Here we show the fabrication results on l@gtommercial AFM tips. We purchased four
different types of AFM tips: PointProbe (NanowdjldArrow (Nanoworld), Nitride-pyrex
(Nanoworld) and Rocket tips (NT-MDB9) in order to verify our technology.

Pyrex-Nitride tip

(Symmetric sides) Arrow tip

(Asymmetric sides)

S 4\
o=

Rocket tip C PointProbe tip
(Symmetric side) (Asymmetric sidesand
complicated cone-angles)

Figure 5.15. SEM images of regular commercial thet we purchased. (a) Nanoworld Pyrex-
Nitride tip, (b) Nanoworld Arrow tip, (c) NT-MDT Rzket tip, and (d) Nanoworld PointProbe

tip.
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5.3.1.3.1. Silicon nitride probe

Nanoworld low-stress silicon nitride probes are duse contact mode AFM; and nitride's
excellent hardness leads to good wear resistarttexanded lifetime. Since the cantilevers are
supported by a handle made of pyrex-glass, itriead as 'Pyrex-Nitride’ tip by Nanoworld. It
has multi-lever design with four rectangular cawdrs, two at each side of the handle. The
company claims the height of tip is 3.5 um, thevaiter of tip apex is typically < 20 nm and the
sidewall slope angle of the tip is B0rhese nitride tips are sharper than regular Aripa. In
fabrication process, as gold contaminates the Rénber, gold coating was removed at the very
beginning using gold etchant [HN®ICI (1:3)] for 3 min before coating with metal. ¢gen
plasma cleaning was carried out before coatingr@30m onto the tip and then the nitride film
was etched for 2 min using Cr as hard mask by uSig and Sk gases recipe, according to
table 5.2. Figure 5.16 shows a regular nitride(ap and high-aspect-ratio nitride tip processed
with Cr film as etching mask.

Figure 5.16. SEM image of a regular nitride tip, @)d high-aspect-ratio nitride tip with height

of 110 nm and radius of apex of 18 nm fabricatadgusur process (b). Inset shows the high
magnification image of the tip apex. Here the tgexa appeared not straight due to charging
effect since nitride is insulator.

As etching rate of nitride with SFC4Fs plasma is much lower than silicon (117 nm/min for
SisNg and 420 nm/min for silicon), and one metal lay@skilimits the achievable pillar height,
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we modified the fabrication process (Figure 5.11thwwo metal layers while keeping all other

steps the same as before.

Nitride tip 15t Metal coat 2nd Metal coat
—h. _h
a c
Clion
2nd Metal etch
i ] ~
Substrate 1st Metal etch

?_ _— e'tch e- -_—

Figure 5.17. Process flow of fabricating high aspatio AFM tip using two metal layers as
mask. a) Start from a regular nitride tip with;®jat first metal film (Al); c) Coat second metal
film (Cr); d) Etch second metal film; e) Etch fingtetal film, and f) Etch the substrate (nitride)
using SK/C4Fs plasma, and finally the remaining metals can Imeoreed easily by wet etching.
Since Cr etches 18 slower than Al in B4 plasma, a relatively thick Al metal mask can be

obtained in order to etch deep into nitride.

In the modified fabrication process, after removgwd from backside of original tip by wet
etch, Q plasma cleaning was performed. Next, Al (20 nng #ren Cr (23 nm) were coated on
the top side of the tips. Subsequently Cr dry &tith Cl,/O, gas and then Al dry etch with BCI
gas were performed for optimum times respectivEipally, tips were etched for 4 min with
silicon etching recipe using §E4Fs. This results nitride pillar right below the metakasks.
Here since Al etches 1®faster than Cr, we can obtain a thick Al islandsknat the tip apex as
needed for longer silicon etch. That is, we effad “amplified” the metal mask thickness by a
factor of 10, knowing that Al is as good as Cr imasking silicon etch. The height of the pillar,
thus the aspect ratio, can be controlled simplyuoyng metal thicknesses. Figure 5.18 shows the
SEM images of two high-aspect-ratio nitride tipbrfeated on single nitride probe with two
cantilevers, with pillar height of 410 nm (a), a#20 nm (b) respectively. 15 nm Cr was coated

before SEM to reduce the charging effect.
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Figure 5.18. SEM images of two high-aspect-ratiode tips fabricated on single nitride probe
with two cantilevers, with pillar height of 410 n(a), and 420 nm (b) respectively. The tip
pillars appeared not straight due to charging éffecing SEM imaging.

5.3.1.3.2. Arrow silicon probe

For silicon tips, Nanoworld Arrow tips have the disi of 10-15 um and a diameter of curvature
of typically < 30 nm, as claimed by manufactureneTmacroscopic half cone angles are 30° to
35° when seen along the cantilever axis, and 2@5tfowhen seen from the side. The main
challenge for those Arrow probes is how to etcHfarmly because it has different half cone-
angles in the three sidewalls. Figure 5.19 showeggalar Nanoworld Arrow tip (a), and a high-
aspect-ratio Arrow tip processed with 22 nm Al fiand 30 sec Si etch. Since it has very small
half cone-angles in two back sidewalls, we freglyesthieved high aspect ratio tips, but with a
'tail' along the back sidewalls. Note that, thad''tan be removed by performing S&teral etch
(SK: 20 sccm, DC: 10 V, P: 50 mT, etch rate: 43 nmjnaiter Q plasma cleaning. However,
the steep back side is hard to etch, as showigumefi5.19 (c-d), even though here it was etched
for longer time (40 sec). To sum up, after extemsifort, we have not achieved satisfactory
results using these tips, because its sidewalleskmgle is quite different from the etched
pyramidal structures on silicon, and the backsidpes angle is so steep that the metal on it
cannot be etched away completely before the matipapex is already all etched away.
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Small slope, ' Steep slope,
etched as expected \ hard to etch!

Figure 5.19. SEM image of a regular Arrow tip age) a high aspect ratio Arrow tip (back
view) with height of 185 nm, fabricated using ouogess (b), (c) side view of fabricated Arrow

tip showing unsuccessful backsides etching, andddin-out back view of Arrow tip.

To overcome this barrier with Nanoworld Arrow tige evaporated metal onto the tip mounted
on a slope, such that the back side will receivandess metal coating. As mentioned before, the
metal film thickness for vacuum evaporation is mndpnal to co8, with 6 being the local
incident angle, which is°Ofor normal incidence. Table 5.5 showed the evapmranetal film
thickness as a function of incident angle, whicbvehthat the theoretical mean thickness goes to
zero for vertical surface and maximum for horizbstarface. The experimental mean thickness
is in good agreement with theoretical thicknesseWthe tip is mounted on a horizontal support,
incident angle of evaporation is Sfbr the front sidewall and 80for the joining of two back

sides, as shown in figure 5.20 (ii), whereas ta@whas been illustrated in (i) and real Arrow tip
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view was shown in (iii). By mounting the tip on lafge, the incident angle for the three sides is
adjusted.

Table 5.5. Evaporated metal film thickness as atfan of incident angle (proportional to €os

with 6 being the incident angle) of the metal to theaefin evaporation chamber.

Incident angle) Theoretical thickness of metal Experimental thickness of
(nm) metal (nm)

0 (flat, horizontal surface) 69 69
11 68 -
15 67 -

25 63 61

35 57 55

50 44 -
60 35 =

70 24 -
90 (vertical surface) 0 -

3 base

-
.
-

(i) Top view i)(Bide view (i) Real tipexv
Figure 5.20. Schematic shape of Nanoworld Arrowttp view (i), side view showing incident
angle of evaporation direction to the normal oessdrfaces (ii); and SEM image of real tip view

(iii).

Figure 5.21 shows the result of Arrow tips coatethwluminum ((a-c) thickness 69 nm, (d) 28

nm) mounted at different slope angle, with or with@tch. When mounted on a horizontal
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surface (Figure 5.21 (a)), incident angle of evapon relative to the normal of front side,
joining of back sides and cantilever base arg BO® and O respectively. When mounted on a
slope of 28 (metal thickness for this angle is 69cos&&3 nm), the incident angle of front side
and joining of back sides are 2&nd 108 respectively (Figure 5.21 (b)). The Al on the fron
side was all etched away, but not that on the Isétd and cantilever base. When mounted on a
slope of 38, the incident angle of front side and joining aick sides are f5and 118
respectively (Figure 5.21 (c)); and the Al on thent side still remained, but the bottom half of
the metal on the back sides was etched away, sdheasetal on cantilever base. Metal in top
part of back sides remained because the sputtgrehd may very low at such incident angle
(80°). Lastly, the tip was mounted on opposite sidea@tope of -11 and the incident angle of
front side and joining of back sides are @hd 69 respectively (Figure 5.21 (d)). Note that, the
sample in figure 5.21 (d) is over-etch to ensurdamfgom cantilever base (flat-area) is also
removed. The Al on the front side and cantilevesebaere all etched away, but not that on the

back sides. The substrate etch was for 1 min fahase cases.
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(a)

Figure 5.21. SEM images of (a) aluminium coatedoiritip mounted horizontally (not on a
slope) during Al evaporation, (b) completed Arrogrwith Al evaporation at 25incident angle,
(c) same as (b) but at 3mcident angle during Al evaporation, (d) samel@sbut at -11. All

failed to result a HAR structure after completihg process steps.

Even with balanced coating on the front and badkssby mounting the tip on a slope, the metal
on the backsides was found still hard to etch dughe large steep slope angles of these
sidewalls. Therefore, we designed a modified predesArrow tips, as shown in figure 5.22. In
the figure, we first coated aluminium with thicleseof 40 nm in front sidewall of Arrow tips
mounted on 60stub in electron beam evaporator (ii). Then silieeas etched for 2:30 min to
etch the back sidewalls (iii). This was followed imgtal removal with hydrofluoric acid (HF,
1:50 diluted with water) for 25 sec (iv). Here, tjliefore HF etch, the tips were cleaned with
oxygen plasma to remove the fluro-carbon formedtdu@,Fs plasma exposure. Next, Cr metal
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was deposited on tips mounted horizontally in evajoo (v), and, finally metal (vi) as well as

silicon (vii) etch were performed.

Coat Al Y
Arrow from angle M Deep Si etch Remove Al
Probe s — > —_— >
(@) (ii) (iii) (iv)
CoatCr
Fromtop

L]
Deep Si etch and Crdryetch /
4+— +—

metal removal

(vii) (vi) (V)
Figure 5.22. Schematic of modified process stepsdating HAR pillar structure onto Arrow tip

by two-angle evaporation technique.

Figure 5.23 shows the tip apex (a) followed bytfgiicon etch (b). In (c), high aspect ratio tip
structure is presented where the height of thamidl 950 nm and the radius of curvature is 25
nm. Though this process worked better for Arrove tipp is two times more complicated, thus

unsuitable for volume production.

Figure 5.23. (a) Al coated (40 nm) Arrow tip, (i) &pex followed by first silicon etch; and (c)
HAR tip structure followed by final silicon dry ét¢950 nm pillar height).

We additionally applied our technique on NanowoiRbint Probe' tips, but we were

unsuccessful with these tips.
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5.3.1.3.3. Rocket silicon probe

As we looked for AFM tips with symmetric and norteep half cone-angles of sidewalls, we
chose "Etalon" Rocket probes having symmetric cgingctures. The "Etalon" Series probe has
two polysilicon cantilevers (Figure 5.24 (b)) withonocrystal silicon tip standing on high aspect
ratio microscale pedestal pillars. The reason ® pdysilicon cantilever is that the deposited
polysilicon gives a precise control for cantilewbickness that is equal to polysilicon film

thickness. The diameter of curvature of tip apexlass than 20 nm, according to the

manufacturer. Gold coated back side of cantilembiaaces the reflection of the laser beam.

To study the uniformity of our process over a 4'favafive Rocket tips were mounted in four
corners and one in center of a 4" silicon wafer #redfabrication process was carried out as
usual (here the tips were taken off from the oagimafer of tips, and glued onto another support
wafer), as shown in figure 5.24 (a). As gold coritaates the RIE chamber, gold coating was
removed at the very beginning using gold etchad@tHCI (1:3)] for 4 min before coating
with metal. Oxygen plasma cleaning was carriedbafibre coating 23 nm Cr onto the tip. After
coating the metal, the whole wafer went throughaindty etch for 30 sec, followed by silicon
dry etch for 1 min 45 sec. Part of the original Reidip is shown in figure 5.25 (a). Figure 5.25.
(b) - (f) shows the high aspect ratio tips whichrevenounted at different places of 4" wafer. It
demonstrated that all the five tips are successfulbcessed into high aspect ratio ones, with
close size and shape. Thus the uniformity acrossnéire 4" wafer is satisfactory. However, the
result might be different for a real wafer of tijpem tips glued on a flat wafer as studied here.
We have achieved average radius of apex curvaturemall as 15 nm. Average apex-pillar
height is 1.6um; and average base width is down to 250 nm. Tiferamty and reproducibility
are as expected. However, the roughness of origmaldewall caused slight non-uniformity of
fabricated tip apex.
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Probe

Cantilever 1 Cantilever 2

4” Wafer

(a) (b)
Figure 5.24. (a) Schematic of five Rocket probex@l at four corners and one at the center of
a 4" silicon wafer. (b) SEM image of a Rocket prélaeing two cantilevers, one on each side of
the holder.

Chapter 5 160



Original

Bottom

Figure 5.25. SEM images of (a) a structure of aagiRocket tip apex; and fabricated high
aspect ratio Rocket tip which were mounted in défe positions of a 4" wafer while processing
at (b) center, (c) right, (d) bottom, (e) left afidtop of a 4" wafer to show the uniformity (acsos
an entire wafer) of the process. Inset shows higgniiication image of corresponding tip apex.
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To study the yield, we glued 9 tips onto a flat @afand processed them in the same run. As
seen in figure 5.26, 8 out of 9 tips turned outdyabough having slightly different dimensions
(notably probe 7 is not as sharp), with the 9th lnmadken (88% vyield).

Probe 2
Probe 1

Probe5

‘ Probe6

Probe 4

f'hn
E

Probe 8
Probe 7

Figure 5.26. High aspect ratio tips processed fRouket tip, processed in the same run to show

Probe 9, broken

the yield of the process.

Regarding reproducibility, we fabricated three bat of tips and obtained reproducible results

(see figure 5.27).

As purchased tip HAR tip, April 2, 2015 HAR tip, May 1, 2015 HAR tip, May 28, 2015

Figure 5.27. High aspect ratio tips processed duRacket tip at different times to show

reproducibility.
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Regarding tilt compensation, during real AFM scagpithe tip base is actually not parallel to
the sample surface; instead it is tilted by ~10-48 shown in figure 5.28 (a). It is thus desirable
to fabricate an AFM tip with the pillar tilted di¢ same angle, so that the tip is perpendicular to
the sample surface. Intuitively, one may consitléeasible to fabricate such tips using a regular
RIE process with the wafer tilted by 10°18ut this will not work because the self-biasdial a
plasma is always perpendicular to sample surfagmaiter the sample is tilted or not. We didn’t
carry out experiment to intentionally fabricate thigspect ratio tips with tilt compensation,
because, as it turned out for yet unknown mechaf@rhaps due to loading effect in reactive
ion etching), the fabricated high aspect ratio tps of Rocket tips are fortunately already tilt-
compensated (see figure 5.28 (b)).

/ 10°

No tilt compensation  With tilt compensation

"

(b)
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Figure 5.28. (a) Schematic showing the tilt compéna concept of AFM tips; (b) (top) SEM

image of high aspect ratio tip; (bottom) same imegated by 10 to mimic tip configuration

when mounted on AFM instrument. The HAR tip is digélt-compensated.

5.4. Characterization of regular and HAR tips

The commercial regular tips and the high aspedat tgt that we processed were tested using an

Vecco-AFM tool (Digital Instruments: Vecco metrologroup). Figure 5.29 shows images that

were obtained in tapping mode. The length, widtti eight of the cantilever used were similar
for both test. The SEM images of both tips apexstm@wn in figure 5.29 (i). The HAR probe

shows a much better scan-depth and higher resolirtiaging quality than the regular probe, as

shown in figure 5.29 (ii) and (iii).

Regular tip

Section Analy
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Figure 5.29. The AFM scanning results on hole anagnostructures (a) using the commercial
regular Arrow probe and (b) using a HAR Arrow pradre shown; (i) SEM images of those

corresponding tips, (ii) scanning depth and (ib) Bew of scanned images also shown.

We also shows the tip scanning results with HAR KRodip on high aspect ratio pillar
structures. Due to the tilt compensation and HAR geometry, the HAR tip reaches to the
bottom of the pillars and generates better qualigge with high resolution. Figure 5.30 shows
the AFM images of the pillar structure producedttvg regular Arrow tip (a), regular Rocket tip
(b) and HAR Rocket tip (c). The height profile aflgr structures is maximum in the AFM
image that generated by HAR Rocket tip (440 nmip thia commercial Arrow tip (390 nm) and
Rocket tip (425 nm). In addition, the scanned imageroaches to realistic by HAR Rocket tip.
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Arrow tip

(b)

Rocket tip
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Figure 5.30. The AFM scanning results of a specimemsisting of 2D periodic pillar array
structure, using (a) a regular Arrow tip; (b) aukg Rocket tip, and (c) a HAR Rocket tip.

5.5. Conclusions

We here developed a method to batch fabricate hB KFM tips by forming a hard metal
etching mask just on the apex of the pyramid tipp¥eed by silicon dry etching to achieve the

HAR pillar right below the metal island mask. Sintes a batch and lithography-free process, it
has much higher throughput and much lower manufiacfcost per tip. This technique was first

successfully applied on large-area pyramid arragstaen transferred to the commercial regular
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AFM tips, and has demonstrated the uniformity, eepcibility and yield of those HAR tips.
Specifically, here we demonstrated the radius ofature of tip apex down to 10 nm and aspect
ratio up to 1:20. The tip apex diameter and tipapiheight are controllable by tuning metal
thickness and silicon dry etching time respectivétyaddition, the tip shape can be tunable by
changing the etching gas ratio of silicon RIE. Hinawe demonstrated that the HAR tips
fabricated using our technique gave a better intaguality than the commercial regular low
aspect ratio tips. The application of these lowt ¢d&R tips is vast, since as a popular nano-
metrology instrument, AFM is nowadays employed enmdifferent areas of nanotechnology.
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CHAPTER 6

Conclusions

This thesis is focused on the nanofabrication &mépplication in high aspect ratio AFM tips.
The contribution, thus, is the development of navahofabrication techniques and process to
batch fabricate the high aspect ratio AFM tips.

For the first part, several projects based on resrafation have been performed:

(1) Effect of molecular weight on e-beam exposure properties of polystyrene. Polystyrene is

a very promising negative resist with tunable genti and resolution capability over a broad
range simply by choosing different molecular wesghthus high molecular weight polystyrene
has low contrast but high sensitivity, up to 1 pfcand low molecular weight polystyrene has
high contrast but low sensitivity. For applicatiotieat need only moderate resolution, it is
desirable to use high molecular weight such ask@@®ol in order to take advantage of its very
high sensitivity; whereas if ultra-high resolutimnthe primary goal, very low molecular weight

such as 2 kg/mol would be the choice.

(2) Effect of molecular weight distribution on e-beam exposure properties of polystyrene.
Here we showed that, despite the fact that polgag/s sensitivity is inversely proportional to its
Mw, no noticeable effect of very broad moleculaigié distribution on sensitivity, contrast and
achievable resolution is observed. It is thus ueseary to use the costly monodisperse
polystyrene for electron beam lithography. Thisoalsplied that polystyrene of certain
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molecular weight can be simulated by a mixturewad polystyrenes having different molecular

weights.

(3) Lift-off with solvent for negative resist using low energy electron beam exposure. Here
we showed metal lift-off using negative polystyreasist by low energy exposure. It was shown
that low energy exposure led to an undercut profich positively cooperates for a clean lift-
off. Moreover, since the resist at the bottom iseross-linked with low energy exposure, liftoff
using common solvent was achieved. However, subABd@esolution was challenging to attain
using the current method due to capillary forcet tthetached the fine polystyrene structure

exposed at low energy.

(4) Electron beam lithography on irregular surface using grafted PMMA brush. PMMA
monolayer "brush” as EBL resist is successfullyitgchon surface treated nonflat surface (Si and
Al as substrate/sub-layer). As a proof of concdgtaiterning on nonflat surface, we fabricated
line nanostructures on the AFM cantilever. Highoteson of 30 nm line width, and dense
pattern of 50 nm half pitch, were etched into AF&Ehtilever (non-planar surface) using this
monolayer resist and Al hard mask intermediaterldy@anopatterning on nonflat substrates may
find applications in fields such as atomic forcecmscope (AFM) tip-enhanced Raman
spectroscopy (TERS) for chemical analysis, mass)¢bnsor using a cantilever and lab-on-fiber

technology.

(5) Electron beam adjustment in EBL with feedback using in-situ self-developing resist.
Here we studied nitrocellulose resist and its ajapion as in-situ feedback for electron beam
optimization in electron beam lithography. Usingragellulose as in-situ feedback to optimize
the electron beam (notably working distance) aceotage writing field of 1 mnx 1 mm, we
achieved ~80 nm resolution across the entire wigld,fas compared to 210 nm (occurred at the
writing field corners) without the beam optimizatiprocess. This approach is most efficient in
reducing the writing time for large writing fieldze such as 1 mm 1 mm as needed for large

area exposure of moderate resolution pattern.

(6) Stitching error reduction in electron beam lithography with in-situ feedback using self-
developing resist. Nitrocellulose, which is a self-developing resisdn be used very effectively

to optimize writing field alignment. In the proceswe first exposed a test pattern in
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nitrocellulose resist near the writing field boundaand then examined the pattern at high
magnification, which provided feedback on the wgtifield alignment accuracy. Based on such
feedback, the parameters for writing field alignm@rotably zoom and rotation values for the
Raith 150"° tool) were adjusted accordingly. After severalrdt®ons, we were able to
reproducibly achieve nearly perfect (<50 nm stitgherror) writing field alignment with a very

large 1 mm writing field size.

For the second part, the project of batch fabmcathe high aspect ratio AFM tips has been
demonstrated.

(7) Batch fabrication of high aspect ratio AFM tips. We here developed a method to batch
fabricate the HAR AFM tips by forming a hard me&ithing mask just on the apex of the
pyramid tip followed by silicon dry etching to aekie the HAR pillar right below the metal
island mask. Since it is a batch and lithograplegfprocess, it has much higher throughput and
much lower manufacturing cost per tip. This techrigvas first successfully applied on large-
area pyramid arrays and then transferred to thenwgial regular AFM tips, and has
demonstrated the uniformity, reproducibility anelgii of those HAR tips. Specifically, here we
demonstrated the radius of curvature of tip apexrdto 10 nm and aspect ratio up to 1:20. The
tip apex diameter and tip pillar height are corafagle by tuning metal thickness and silicon dry
etching time respectively. In addition, the tip gaan be tunable by changing the etching gas
ratio of silicon RIE. Finally, we demonstrated thia¢ HAR tips fabricated using our technique
gave a better imaging quality than the commeragular low aspect ratio tips. The application
of these low cost HAR tips is vast, since as a fopnano-metrology instrument, AFM is

nowadays employed in many different areas of nahotaogy.
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