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SIGNAL ANALYSIS OF APERTURELESS SCANNING
NEAR-FIELD OPTICAL MICROSCOPY WITH SUPER-
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Abstract—Apertureless scanning near-field optical microscopy (A-
SNOM) with a superlens is a novel nano-optical system for sub-
wavelength imaging purposes. This study presents a quantitative
model for analyzing the heterodyne signals obtained from an A-SNOM
fitted with a superlens at various harmonics of the AFM tip vibration
frequency. It is shown that the image resolution is determined not only
by the tip radius, but also by the superlens transmission coefficient
in the high evanescent wave vector K,. Moreover, the analytical
results show that the images acquired from the A-SNOM /superlens
system are adversely affected by a signal contrast problem as a
result of the noise generated by the tip-superlens interaction electric
field. However, it is shown that this problem can be easily resolved
using a background noise compensation method, thereby resulting in
a significant improvement in the signal-to-background (S/B) ratio.
The feasibility of utilizing the system for maskless nanolithography
applications is discussed. It is shown that the A-SNOM /superlens
system in nanolithography yields a dramatic improvement in the signal
intensity and S/B ratio compared to that of a conventional A-SNOM
with a bare tip only.

1. INTRODUCTION

Near-field scanning optical microscopy (SNOM) is a mature technology
for obtaining nano-resolution images [1,2]. In SNOM, a nano-aperture
tip in the form of a tapered optical fiber coated with metal is scanned
across the surface of interest by a positioning stage with nanometer

Received 11 August 2010, Accepted 28 September 2010, Scheduled 18 October 2010
Corresponding author: Yu-Lung Lo (loyl@mail.ncku.edu.tw).
T The second author is also with Advanced Optoelectronic Technology Center, National
Cheng Kung University, Tainan, Taiwan.



84 Chuang and Lo

positioning accuracy in order to investigate the optical near-field. The
SNOM tip has a typical aperture diameter of around 50-100 nm [3]
and is attached to a dither piezo which induces a vibration of the
tip at its resonance frequency. However, the tip aperture limits both
the image resolution and the light throughput, and thus apertureless
SNOM (A-SNOM) [4-6], in which resolutions of better than 10 nm can
be obtained, has emerged as the method of choice for sub-wavelength
imaging applications in recent years. In A-SNOM, the tip enhances
the external field and simultaneously serves as an efficient antenna [7].
Consequently, a significant improvement in the tip-sample optical
coupling is obtained relative to that in conventional SNOM. However,
the performance improvement of A-SNOM is obtained at the expense
of considerably more complex signal processing [4-6].

Superlenses were first presented by Pendry [8], who showed that
materials with a negative refractive index (NRI) [9-13] have the ability
to amplify evanescent waves. Various researchers have demonstrated
the ability of superlenses to obtain nano-resolution images in the near-
field [14,15]. Furthermore, Taubner et al. [16] fitted an A-SNOM with
a Si02/SiC/SiO4 superlens/sample and showed that the system made
possible the indirect access of optical images via a near-field scanning
probe. However, the spatial resolution of the A-SNOM/superlens
system was found to be poorer than that of a conventional A-SNOM.

In previous studies, Chuang and Lo [17, 18] presented analytical
models for analyzing the homodyne and heterodyne signals of a general
A-SNOM system. The results showed that the signal-to-background
(S/B) ratio in such systems could be improved by increasing the
wavelength of the incident light or reducing its angle of incidence. In
addition, it was shown that a higher S/B ratio could be obtained by
using a phase modulation depth of over 1 or a tip vibration with a ramp
function. However, no such models currently exist for the quantitative
analysis of the detection signals in an A-SNOM fitted with a superlens.

Accordingly, the present study develops a comprehensive
interference-based model for analyzing the amplitude and phase of
the heterodyne detection signal in an A-SNOM /superlens system at
various harmonics of the tip vibration frequency. The limitations
of quasi-electrostatic theory in modeling the tip-superlens interaction
are also discussed. It is shown that the spatial resolution of an A-
SNOM fitted with a superlens depends not only on the tip radius, but
also on the superlens transmission coefficient in the high evanescent
wave vector K,. In addition, it was shown that the resolution of
the superlens is strongly suppressed even for small absorption [19].
Moreover, the results show that the image contrast and S/B ratio
are degraded by the background noise generated by the tip-superlens
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enhancement electric field. However, it is shown that both the signal
contrast and the S/B ratio can be dramatically improved via the use
of a background noise compensation method. Finally, the feasibility of
utilizing the system for accomplishing nanolithography applications is
explored and discussed.

2. ELECTRIC FIELDS IN HETERODYNE A-SNOM
WITH SUPERLENS

In interferometer-type A-SNOMs [4,18,20], a generic frequency
shifting device such as an acousto-optic modulator (AOM) is used
to add a radian shifting frequency Aw to the reference beam.
Consequently, the reference beam can be modeled as

EReference = ERei((w—&—Aw)t—i-qu)’ (1)

where w is the radian frequency of the incident light and Er and &g
are the amplitude and initial phase of the reference beam, respectively.

Figure 1 shows an enlarged view of the near-field region in an A-
SNOM fitted with a superlens. In the A-SNOM scanning procedure,
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Figure 1. Detailed view of near-field region in A-SNOM with a
superlens.
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the AFM drives the tip with a vertical cosine vibration around a mean
position Zy. Assuming that the amplitude and radian frequency of
the tip vibration are denoted as A and wy, respectively, the dynamic
variation of the tip position over time can be written as

Z1(t) = Zy + A cos(wot). (2)
Note that in the figure, the word “tip” denotes the tip apex,

which interacts with the superlens, while the word “probe” denotes
the elongated AFM probe, which creates an unwanted background

scattering effect. As shown, the incident electric field, Ei, strikes the
superlens with an angle 6 and produces seven different electromagnetic

waves, namely (1) an interaction electric field ET_SI between the

AFM tip and the superlens; (2) an interaction electric field ET,Sl, Sa
between the tip-superlens enhancement dipole passing through the

superlens and the sample; (3) an electric field Ep scattered directly

from the AFM probe; (4) an electric field Ep_g; scattered from
the AFM probe and then reflected from the superlens surface; (5)

an electric field ]TZP_SZ_SG scattered from the AFM probe and then
reflected from the sample surface through the superlens; (6) an electric

field f)gl scattered directly from the superlens; and (7) an electric field

Eg;_g, scattered from the sample through the superlens.

In the current analysis, it is assumed that all the incident light
and detected light passes through the objective lens. Furthermore,
for the sake of simplicity, an assumption is made that the background
scattering electric fields from the AFM probe, superlens and sample,
respectively, are weakly scattered from multiple points. The series of
scattering fields from these single points can be truncated at the first
order of dielectric susceptibility. Thus, these background scattering
electric fields described by Green’s tensors become identity tensors [21].
Accordingly, the present analysis utilizes quasi-electrostatic theory [4—
6] to describe the tip-sample interaction with effective polarizability.
Note that since the TE wave component in the tip-sample enhancement
field is relatively weak in A-SNOM systems [5], the analysis focuses
specifically on the TM polarization incident light within the A-
SNOM /superlens system.

The first field of interest in an A-SNOM with a superlens is that
produced by the interaction between the AFM tip and the superlens,
ie.,

E;_g = Qopp— 1 B! @Ho1-50) = B gel@iHor—si), (3)

where FE; is the amplitude of the incident electric field, cep_; is
the effective polarizability between the tip and the superlens, and
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®p_g; is the initial phase of the interaction light. According to
quasi-electrostatic theory [4-6], a scattering AFM tip with radius a
induces a point polarizablity effect with isotropic polarizablility « at
a distance z =1 —a above the superlens (where r is the distance
from the AFM tip dipole center to the superlens surface). Given
an incident electric field E;, the AFM tip becomes polarized with a
dipole moment p = aFE; (where a = 4ma3(eyp — 1)/(etip +2) and
€ip is the complex dielectric number of the AFM tip [22]). For
the case in which FE; is perpendicular to the superlens surface, the
electric field of the induced tip dipole results in an image dipole
moment of p/ = ﬁp (ﬁsuperlens = (Esuperlens - 1)/(55uperlens =+ 1) [22])7
located within the superlens at a distance 2r from the center of the
tip dipole. (Note that esyperiens is the complex dielectric number
of the superlens). The incident field at the tip dipole is enhanced
by this image field, and thus the actual tip dipole moment becomes
p= aeﬁfJEi (aeﬁfl = Oé(l + ﬁsuperlens)/(l - aﬂsuperlens/167rrg)) [4]

There are many kinds of meta-material have superlens phe-
nomenon. For the case of a perfect superlens presented by Pendry [8]
with eguperiens = —1 (i.e., no imaginary part), the probe should be close
to the superlens surface since the power scattered by the probe can not
be infinite. In this special case, the effective polarizability az_; can
only be simulated using a numerical method such as the finite differ-
ence time domain (FDTD) method [23-25]. In other words, a simple
analytical solution based upon quasi-electrostatic theory can not be ob-
tained. Furthermore, if Zg; = Z;(t), the image dipole cannot be found
using the method of images [22]. Note that Zg; is the superlens thick-
ness. Thus, quasi-electrostatic theory once again fails. Consequently,
in utilizing quasi-electrostatic theory to construct the analytical model
proposed in this study, it is assumed that the permittivity of the super-
lens, €syperiens, is not equal to —1 and that Zg; > Z;(t) and Zg; > a.

Of all the electric fields within the A-SNOM /superlens system,

ET_SZ_SQ, i.e., the interaction electric field between the tip-superlens

enhancement dipole passing through the superlens (Ep_g;) and the
sample, is one of the most important since it is the only near-field

measurement signal within the A-SNOM system. ET,SZ,SQ can be
written as

ET_SI_SQ — Oéeﬁ_gT2 (Kx(TfSl)) )\)Eiei(“’HW*Sl)ei(QK sin(0)(ns1Zs1+22))

= ET,SZ,Saei(WtJ”bT*Sl*S“), (4)

where T(K,r_gi),A) is the transmission coefficient through the
superlens of wave vector K, r_g;) of the tip-superlens interaction
electric dipole at an incident wavelength A along the z-axis.



88 Chuang and Lo

Furthermore, K, defined as 27 /), is the wave number of the incident
light and ng; is the effective refractive index of the superlens. Zs(t) is
the distance between superlens and sample. In addition, ag_» is the
effective polarizablility between the tip through the superlens and the
sample, and can be expressed as a2 = Qef—1(1 + Bsample) using
the method of images with Bsampie = (Esamplte — 1)/ (Esample + 1) [22].
It is assumed that the superlnes and the sample are flat; therefore, the
other nano-optical phenomena would be not induced. In addition, the
refractive index (ng;) and distances (Zg; and Z3) in Eq. (4) remain
constant during A-SNOM scanning, and thus the initial phases are all
merged within ¢r_g;_g,. In Eq. (4), the transmission coefficient term
can be written as [15, 19]

T(Kyr-si: A) = (Elimgr—siy/ | Elojir—si)- (5)
In other words, T(K,_gs;),A) is the ratio of the image field
(IEl;mg(r—spy) to the object field (|E|,;_gy) of the interaction
electric dipole between the tip and the superlens. It was shown
in [19] that in a lossless media, any deviation of the complex dielectric
number, &, from —1 causes a significant reduction in the resolution
of a superlens. If |K,| > |K| (K = 27n/)\), K, represents an
evanescent wave [8]. The transmission coefficient formulas of superlens
transmission properties can be found in Refs. [8,26,27]. In order
to simplify the analysis in this study, the superlens transmission
coefficients can generically vary from 0% to 100%. However, it should
be noted that long wavelength superlenses generally have a poor spatial
resolution due to the high magnitude of the wave vector K,_g;) of
the tip enhancement electric field. As a result, the spatial resolution
of an A-SNOM fitted with a superlens [16] is poorer than that of a
conventional A-SNOM [3-5, 20].

In the present analysis, it is assumed that the AFM probe
does not perturb the near-field region (i.e., as also assumed in [28]).
Consequently, the third field of interest in the A-SNOM /superlens
system, i.e., the electric field scattered from the probe, can be
formulated as

EP — Epei(wt+¢p)ei(2K Sin(e)Zl (t))? (6)
where Ep and ®p are the amplitude and initial phase of the
scattering electric field from the probe, respectively, and ei(2K sin(0) 21 (1))

represents the phase vibration caused by the vertical dither of the
probe.

The fourth electric field, E p_si, of interest in the A-
SNOM /superlens system is the electric field that reflects the electric

field E p from the superlens. From Fig. 1, it can be seen that the optical
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path difference between the direct AFM scattering electric field and the
superlens scattering field reflected from the AFM probe is equivalent
to 2Ksin(0)Z;(t). Therefore, the reflected superlens scattering field
can be formulated as

EP_SZ — Ep_g pi(Wt+ep+2K sin(0) Z1(t)) ,i(2K sin(0) Z1(t))

— EP_Slei(wt+¢p)ei(4K sin(0)Z1 (t)) (7)
The fifth electric field in the A-SNOM /superlens near-field system

is that scattered from the AFM probe and then reflected from the
sample surface through the superlens. This field can be expressed as

Ep_s1-5a
= Ep_gT%( Ko(p), A)ei(2K sin(6) (ns1Zs1+22)) pi(wi+op) ,i(4K sin(6) Z1(t))
= EP,SI,Saei(wH_qﬁP*Sl*S“)ei(4K sin(6)Z1 (t))7 (8)

where T'(K,(p), A) is the transmission coefficient through the superlens
of the probe scattering electric field with wavelength A. Unlike
T(Kyr—s1),A), T(Kyp), A) is related to the probe without any nano-
spatial information, therefore it can be treated as the regular medium
transmission coefficient. In Eq. (8), electric fields Ep_g; and Ep_g;_ g,

have the same 4K sin(0)Z; (t) and light radian frequencywfeatures, and
can therefore be combined as follows:

Ep_si+Ep_si-sa = E(p_si)+(P—5s1-5q)

— E(Pisl)Jr(PiSliSa)ei(wt+¢(Pfsz>+(Pfslfsa))ei(4Ksin(0)21(t))‘ (9)

The sixth electric field in the near-field region is that of the light
scattered directly from the superlens surface. Since this electric field
is not modulated by the AFM probe vibration, it can be expressed
simply as

Eg = Ege'@tost), (10)

where Eg; and ®g; are the amplitude and initial phase of the scattering
light from the superlens surface, respectively.

The final electric field of interest in the A-SNOM /superlens system
is that scattered from the sample through the superlens. This field can
be expressed as

Egi_sa = EqT*(Ky(51—5a), A e'@T0P) 2K sin(0) (ns1 Zsi+22))

= ESl_Saei(de)Sl*S“), (11)

where T(Km(SZ,Sa),)\) is the transmission coefficient through the
superlens of the sample scattering electric field with wavelength .
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As with T'(K,(py, A), T(Ky(s1-5a), A) is related to the sample without
any nano-spatial information, therefore it can be treated as the regular

medium transmission coefficient. Furthermore, electric fields Eg; and

Eg;_s, have the same features, and can therefore be combined as
follows:

Esi + Esi—sa = E(s1)1(s1—5a) = E(s1)1(S1_5a)€ ' TOE0+s1-52) - (12)

3. ANALYTICAL MODEL OF HETERODYNE
DETECTION SIGNAL IN A-SNOM WITH SUPERLENS

The total electric field entering the A-SNOM system is equivalent to
the sum of the reference beam and the seven electric fields described
in the previous section, i.e.,

ETotal = ERe ference T ET—Sl + ET—SZ—Sa
+Ep + E(P—Sl)—i—(P—Sl—Sa) + E(Sl)—l—(Sl—Sa) (13)
The corresponding intensity signal, I(t), is given by
I(t) = Inom(t) + Inet(t). (14)

Heterodyne detection has a better S/B ratio than that of homodyne
detection [18], and thus the present analysis focuses specifically on
the heterodyne intensity component, Ipe(t), within the detected
intensity signal I(t). In developing the analytical model of the A-
SNOM /superlens system, the heterodyne signal is formulated as

Ihet(t) = Elz:i

+2ErEr_g1 cos(Awt + ¢r — dr_s1)

+2ERET 5154 cOS(Awt + R — ¢7—51-3a)

+2EREp cos(Awt+¢r—pp—2K sin(6) Zy—2K sin(#) A cos(wot))

+2ERE(p_s1)4(P—Si—5a) COS(Awt + dr — ¢(p_s1)+(P—Si-5a)

—4K sin(f)Zy — 4K sin(6)A cos(wot))

+2ERE(s1)+ (51-5a) COS(Awt + Or — O(51)+ (S1-Sa))- (15)
Applying the Fourier Bessel series expansion [29], and introducing

the phase differences ¥ = ®p — ®p — 2ksin(h)Zy and Yy = P —
D (p_s1)+(P—Si—5a) — 4k sin(#) Zp and the phase modulation depth 3 =
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2K sin(f) A, Eq. (15) can be rewritten in the form
Inet(t) = E%,

+2ErET_g; COS(qu — ¢r_s; + Awt)
T2EREr_51-5a c0S(¢R — p1—51-5a + Awt)

+2EREP{ [Jo 3) + 2 Z ’]JQJ (13) cos(2jw0t)] cos(Awt + 1)
+2 Z 1) Joj11(103) cos[(2] + 1)wot] sin(Awt + ¢1)}

+2ERE(PSZ)+(PSlSa){ {JO(QI/J:%)

+2 Z 1) Joj(2¢3) cos(2]w0t)} cos(Awt + 12)

+2 Z ngjJrl 21)[)3) COS[(QJ + 1)th] sm(Awt + @02)}

+2ERE(SZ)+(SI—S(1) cos(PR — P(S1)+(Sl-5a) T Awt), (16)

where Jp(13) and J,(2¢3) are n-th order Bessel functions of the
first kind at phase modulation depths 3 and 23, respectively. In
Eq. (16), the higher-order background electric field signals in ErEp
and ErE(p_gi)4(P—si—sa) decay rapidly as the modulation depth, 3,
approaches zero [17,18]. Since the amplitude of the interaction electric
field between the tip and the superlens varies nonlinearly as the tip
vibrates, an assumption is made that Ep_g; can be expressed as the
sum of the individual components oscillating at various harmonics of
the AFM tip modulation radian frequency [30], i.e

ETfSl = E%“iogl
+E10, cos(wot) + Ea, cos(2wot) + Ea, cos(3wot) + ... (17)
Furthermore, Ep_g;_g, becomes
Er_gi—sa = Qef—oT*(Kyr—_gny, (B + B, cos(wot)
+E2, cos(2wot) + B3, cos(3wot) +...).  (18)

Note that the series coefficients E7“%, in Eq. (17) can be obtained

from the Fourier components of Ejoeg_;. Substituting Egs. (17)
and (18) into Eq. (16), the heterodyne intensity Ipe:(t) signal can be
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reformulated as
Ihet( ) = E%%

+2 Z E7%, cos(nwot) ER cos(¢pr — ¢r—s1 + Awt)

+2 Z aeﬁ—2T2(Km(T—Sl)a )\)E?wo COS(TLth)ER
n=0

cos(pr—Pr—si— sa+AW7f)

+2EREP{ [Jo P3) + 2 Z 1) Jaj (1)3) cos(QJth)] cos(Awt + 1)
+2 Z 1) Jaj11(13) cos[(2] + 1)wot] sin(Awt + ¢1)}

+2ERE(PSZ)+(PSlSa){ [JO(Q%)

+2 Z 1)7 o (2¢3) cos(2]w0t)} cos(Awt + 1h3)

+2 Z 1) Joj11(2¢3) cos[(2j + 1)wot] sin(Awt + wg)}

+2ERE(sz)+(sz—sa cos(@r — P(s1)+(s1-Sa) T Awt). (19)

Rearranging Eq. (19) in order of the modulation radian frequency,
i.e., Aw+nwq, the heterodyne intensity signal can be expressed in terms

of the following components:
Ihet(t) = E%...DC
QE%U,OSIER cos(pr — ¢r—_s1 + Awt)
+20eg— o T*(Kpir—s1), N B3 5o ER COS(0R — $1—51-50 + Awt)
+2ERrEpJo(13) cos(Awt + 1)
+2ERE(p_s1)4(P—Si-5a)J0(213) cos(Awt + 12)
+2E(81)+(S1+8a) ER COS(OR — D(s1)+(S1—8a) T Awt) ... Awt
+4EREpJi(13) cos(wot) sin(Awt + 11)
HAERE (p_g51)+(P—Si—Sa)J1(2¢3) cos(wot) sin(Awt + t2)
+2E%°?SZER cos(wot) cos(pr — dr_s1 + Awt)
+2aeﬁc,2T2 (Kx(T,Sl), A)E}TSZ ER cos(wot)

\_/\/A\—/
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cos(Pr — pr—s1—Sa + Awt) ... (Aw £ lwp)t

—4EREpJa(1h3) cos(2wot) cos(Awt + 11)

—4ERE p_si)+(P—si—Sa)J2(293) cos(2wot) cos(Awt + 1)
+2E3, B cos(2wot) cos(pr — ¢r—s1 + Awt)

+2ozeﬁv_2T (KZ(T_SI), )\)E%“’U ER cos(2wpt)

cos(Pr — Pr—s1—Sa + Awt) ... (Aw £ 2wp)t

—4EREpJs(1)3) cos(3wot) sin(Awt + 1)1)

—4ERE (p_si)+(P—s1—5a)J3(2¢3) cos(3wot) sin(Awt + 1)

+2E%“TSZER cos(3wot) cos(dr — dr_s1 + Awt)

+20e— 2T (K (g1 ) B ER cos(3wot)

cos(dr — Pr_si—Sa + Awt) ... (Aw % 3wt

+4ERrEpJyi(1)3) cos(dwot) cos(Awt + 1)

HAERE (p_s1)+(P—Si—Sa)J4(2¢3) cos(dwot) cos(Awt + 1p2)

+2E%‘TSZER cos(dwot) cos(dr — dr_g1 + Awt)

+200e 2 T? (Ky(r—s1), \) Eg s R cos(4wot)

cos(PR — O7—si1—Sa + Awtl) ... (Aw £ 4wp)t

[e.e]

—|—2EREP{2 Z (—1)jJ2j (¢3) COS(ijot) COS(Awt + ¢1)
=3

+2 Z 3J23+1 (13) cos[(27 + 1)wot] sin(Awt + @bl)}

+2ERE(p_$1)+(P—Si—Sa) {22 1)? Jaj(13) cos(2jwot) cos(Awt+1)1)
7j=3

+2Z 1)7 Jaj41(13) cos[(25 + 1)wot)] sin(Awt + 1!)1)}

+2 Z E7%, ER cos(nwot) cos(¢r — ¢or—si + Awt)

n=>5
+2 " oo T (Ky(r—s1y, A B} Er
n=>5
cos(nwot) cos(pr — dr_si—5a + Awt) (20)

Equation (20) shows the fundamental characteristics of the
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heterodyne intensity signal of an A-SNOM system fitted with a
superlens. The equation shows that it is impossible to acquire the

absolute interaction electric field Ep_g;_g,. However, the intensities
of the background electric fields ErEp and EgE(p_s))4(p—si—sa) have
coefficients of J,(13) and J,(213), respectively. As a result, if the
higher-order coefficients of these background electric fields decay more
rapidly than those of the E}“", signal, the lock-in detection signal will
exhibit an improved signal contrast when applied to different samples
at higher orders of the harmonic modulation radian frequency.

4. SIMULATION OF A-SNOM WITH COMPOSITE
SUPERLENS/SAMPLE

Figure 2 shows the A-SNOM system with a composite super-
lens/sample in the near-field region considered previously in [16]. It is
noticed that the analytical model presented in this study just adopts a
general case of superlens with transmission coefficient T’ (KI(T_ S0y A)
instead of the specific SiO2/SiC/SiOq superlens used in [16]. As shown,
the sample comprises two different materials, designated as S; and So,
respectively. When the gap Zs between the superlens and the sam-
ple is equal to zero, the model has no secondary enhancement effect,

T(K/l)\\\ é:
m = ng Zy
EZEANNS
S| Sy Sy
>
D

Figure 2. A-SNOM with composite superlens/sample in near-field
region.
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and thus the term a.g_» in Eq. (20). is replaced by a reflectance at
the interface between the superlens and the sample (see Fig. 2). As-
sume that the reflectances from samples S; and S5 are 90% and 10%,
respectively. Accordingly, the ideal measurement signal contrast be-
tween the two specnnen materials should be 9 : 1. The electric fields

ET Sl Ep, Ep 51 and ESl all remain constant as samples S; and Ss
are scanned since these particular electric fields are not transmitted
through the superlens Furthermore, for the sake of simplicity, electric

fields E P_Si—Sq and ESZ Sq are also assumed to be constant since they
reflect in an average manner provided that the width D of sample So
is sufficiently small. Therefore, the only electric field affected by the

sample pattern is E7_g;_g,.

In the following analysis, it is assumed that the amplitude of the
near-field DC term, ECOF“PS“ has a value of 1.2, while the amplitude of
the tip vibration, A, is equal to 60 nm. Furthermore, the higher-order
amplitudes are given ideally by E7%, = B3, /2n [18], as determined
from a Fourier analysis of Ejaeg_;. In addition, the incident angle
of the light beam is assumed to be §# = 7/6 and the amplitude of
the background electric field is assigned a value of E(gy1(si—5q) = 10.
The amplitudes of the direct probe scattering field, Fp, and reflected
field, E(p_g)i1(p—si-5a), are specified as 0.05 and 0.5, respectively,
while the phase differences 1, 192, ¢r — dr_g;, and ¢r — dr_sI1—Sa
are all assumed to be equal to 7/4. The basic simulation parameters
are specified as given in [17]. Finally, K sin(0)Z, is assigned a value
of 0.034 at an incident wavelength of 11 um. Note that the simulation
results obtained using the settings described above are representative
of the results obtained using all reasonable parameter settings.

Figure 3 shows the simulation results obtained for the variation of
the signal intensity contrast |S;/S2| with the transmission coefficient
T(Kyr—s1),A) at various orders of the radian frequency.  As
discussed above, the ideal signal intensity contrast, i.e., |S1/Sa2|, =

‘IWO(SI)/IWO(SQ)‘ o E;“iOSl(SI /E;WSZ(S )’, should be equal to 9 : 1

However, it is evident that none of the intensity contrast profiles
approach this ideal value. It is observed that the signal contrast
improves with an increasing transmission coefficient T'(K,(r_g1), A) at
all values of the radian frequency order since a higher evanescent wave
transmission coefficient results in a better superlens performance. (It
should be noted, however, that the incident wavelength A\ must induce
the superlens effect if the A-SNOM /superlens system is to be able to
distinguish between samples S; and S3). Furthermore, it can be seen
that the signal contrast improves with an increasing radian frequency
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Figure 3. Variation of heterodyne signal contrast with transmission
coefficient T'(K,(r—gi), A) at various radian frequency orders, Aw+nwy.

order [17,18]. However, as commented above, the signal intensity
contrast is still far removed from the ideal value of 9 : 1, even when
the transmission coefficient T'( K. 2(T—S1)> A) increases to a value close to
100%. This result is to be expected since in the experimental method
used in [16], and replicated in the simulation results presented in Fig. 3,

the tip-superlens interaction electric field, Ep_g;, is not removed at any

radian frequency order. In other words, Ep_g;, represents a source of
background noise within the A-SNOM system and therefore reduces
the signal contrast.

It has been shown that the resolution of a superlens is strongly
suppressed even for small absorption [19]. Moreover, SiO2/SiC/SiOq
superlenses of the form used in [16] have a spatial resolution of around
A/8 [26]. In other words, the maximum attainable resolution of
an A-SNOM with a superlens is limited principally by that of the
superlens. Therefore, in the experimental A-SNOM /superlens system
considered in [16], the spatial resolution was found to be just 540 nm,
i.e., significantly poorer than that of a conventional A-SNOM system
in the mid-infrared range (i.e., ~ 20nm [20]). The analytical results
presented in Fig. 3 relate to a general superlens with transmission
coefficient T'(K,(r_gy,A) rather than the specific SiOg/SiC/SiOq
superlens considered in [16], but show that the detection signal suffers
a signal contrast problem; a fact which was not explicitly discussed
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in previous experiments [16]. It is inferred that the non-ideal image
contrast shown in Fig. 3 is the result of background noise within the
A-SNOM /composite superlens/sample system. Thus, in the following
section, a background noise compensation method is proposed for
improving the signal contrast in A-SNOM systems with a superlens
or composite superlens/sample.

5. BACKGROUND NOISE COMPENSATION METHOD

As described in the previous section, the tip-superlens interaction
electric field, Eqr_g;, acts as background noise within the A-SNOM
system, and therefore reduces the signal contrast The key reason for

worst signal contrast is that the two electric fields ET sy and ET Sl—Sas
which are extracted simultaneously in the signal processing scheme,
both come from a.y_; in A-SNOM heterodyne detection and have

the same frequency features. However, the electric field, Ep_g;, is
not the real sample signal, and must therefore be removed in order to
improve the signal contrast. In the present study, this is achieved using
the following step-by-step background noise compensation method: (1)
measure the superlens signal intensities in the A-SNOM at every radian
frequency order without the sample in the system; (2) introduce the
sample into the system and re-measure the signal intensities at every
radian frequency order; and (3) subtract the intensities obtained in the
first step from the equivalent intensities obtained in the second step.
The signal intensities at every radian frequency order are therefore
obtained as

Inet(t) = E%...DC

+20cf o T (Ky(r—s), N B3 g Er cos(¢r — dr_s1 + Awt)
QEREP—SZ—SaJO(2¢3) cos(Awt + 1/12)

+2E51-5aER cos(¢r — dps1—5a + Awt) ... Awt
+4EREp_g1-5aJ1(213) cos(wot) sin(Awt + 1))
+200e5 o T*(Kyr—s1), N E7 s ER

cos(wot) cos(pr — dr—si—5a + Awt) ... ... (Aw = 1wp)t
—4EREP_51_SQJ2(2¢3) COS(QWot) cos(Awt + ¢2)
+2aeﬁ,gT2 (KI(T_SI), )\)ET“’ 1 2R cos(2wot)

cos(pr — dr—si—5a + Awt) ... (Aw £ 2wp)t
—4EREp_g1—54J3(2¢3) cos(3wpt) sin(Awt + 1)9)
+2aeﬁ_2T2 (Km(T_Sl), )\)E%"’fSlER cos(3wot)
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cos(pr — dr—si—5a + Awt) ... (Aw £ 3wp)t

+4EREp_si1-5aJ4(21)3) cos(dwpt) cos(Awt + 19

+20e 2 T*(Kp(r—s1y: N E7 5, ER

COS(4w0t) COS(¢R — @r_Si1—Sa + Awt) e (Aw + 4&)0)15

—l-QEREpSlSa{Q Z (—1)jJ2j(21/13) cos(2jwot) cos(Awt + wg)
j=3

+2 Z 1)7 Jaj+1(2403) cos[(2] + 1)wot] sin(Awt + wg)}

+2 Z Qe 2T? (Kyr—si), \) B3, Eg cos(nwot)
n=>5

cos(pr — Pr—si—sa + Awt) (21)
It is noted that the signal intensities in Eq. (21) are simpler than
those in Eq. (20) since the background electric fields Ep_g;, Ep and

Ep_g;_ s, are all canceled out via the background noise compensation
scheme. Significantly, Eq. (21) is also simpler than that proposed
by the current group in [18] for conventional heterodyne A-SNOM
systems. However, it should be noted that the phases differences
between the reference beam and the background signals must remain
constant throughout the step (1) and step (2) processes if the electric

fields ET S, E p and E P—Sl—Sa are to be completely subtracted.
Adopting the same parameter settings as those used in Section 4

other than Ep_g;_g, = 0.25 (i.e., half the value of E(p_g;)1(p—si—5a)),
Fig. 4 shows the signal contrast improvement obtained when using
the proposed background noise compensation method. Compared
to the results presented in Fig. 3, it can be seen that the signal
contrast at higher radian frequency orders is far closer to the ideal
value of 9 : 1 even at low values of the evanescent wave transmission
coefficient T’ (Kx(T_ Sl)s A). In practice, this performance improvement
arises since the high-order background noise decreases more rapidly
than the high-order Bessel functions. As discussed in [17,18], the
discontinuities in the signal contrast profiles Iau+2u, and Iaw+3w,
are the result of intensity zero points. Fig. 5 shows the variation
of the heterodyne signal intensity with the transmission coefficient
T(Ky(r—s1), A) for sample S1. The results show that the signal intensity
reduces with a higher radian frequency order. In other words, the signal
extraction process becomes more challenging as the radian frequency
order increases.
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Figure 4. Variation of heterodyne signal contrast with transmission
coefficient T'(K,(r_g1), A) at various radian frequency orders Aw +nwo
when using background noise compensation method.
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6. EFFECT OF SUPERLENS ENHANCEMENT IN
IMPROVING S/B RATIO AND SIGNAL INTENSITY

Superlenses are generally made of a material with a negative refractive
index and are characterized by a negative electric permittivity and
magnetic permeability [8-10]. Although quasi-electrostatic theory
does mnot correctly describe tip-superlens enhancement when the
permittivity is equal to —1, the electric resonance phenomenon
in a superlens results in a very strong tip-superlens enhancement
electric field. Provided that this electric field can be transmitted by
the superlens, the resulting enhancement electric field between the
superlens and the sample may be stronger than the bare tip-sample
interaction electric field [31]. In simulating this enhancement effect
using the analytical model proposed in this study, an assumption is
made that the electric field between the superlens and the sample is 10
times stronger than that between the sample and a bare tip because of
the superlens confinement effect [31]. From Fig. 4 in Ref. [31], it had
shown that the intensity (o< E?) between the superlens and sample is
at least two orders larger than that between the bare tip and sample.
All the remaining parameter settings are identical to those used in
Sections 4 and 5.

Figure 6 shows the variation of the heterodyne S/B ratio with the
modulation depth 13 at various radian frequency orders for the case
of an A-SNOM system with a bare tip only. In general, the S/B ratio
can be defined as

(S/B)Radian Frequency Order — ‘Slgnal Intensity\
/|Back;g7"0und Intens#y‘ Radian Frequency Order; (22)

where Signal Intensity is the term which interacts with the sample at
every radian frequency order in Eqs. (20) and (21) and Background
Intensity is the sum of the other terms. The results presented in Fig. 6
show that the S/B ratio improves with a smaller modulation depth and
a higher radian frequency order. Fig. 7 shows the simulation results for
the variation of the heterodyne S/B ratio with the modulation depth
13 at various radian frequency orders for the case in which the tip-
superlens enhancement effect is taken into account and the background
noise compensation method is applied. It is observed that the superlens
and noise compensation scheme yield a significant improvement in the
S/B ratio and hence in the lateral resolution of the A-SNOM system.
In addition, the superlens has a flat surface, and thus in contrast
to traditional A-SNOM systems [18], the image obtained during the
scanning process has no image artifacts or errors.

The stronger enhancement electric field of an A-SNOM system
fitted with a superlens [26] render the A-SNOM/superlens system
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Figure 6. Variation of heterodyne S/B ratio with modulation depth
13 at various radian frequency orders Aw + nwg in A-SNOM system
with bare tip only.
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Figure 7. Variation of heterodyne S/B ratio with modulation depth
13 at various radian frequency orders Aw + nwg in A-SNOM with
superlens and background noise compensation method.

a suitable candidate for high-precision nanolithography applications.
Figs. 8 and 9 show the simulation results obtained for the variation
of the heterodyne signal intensity with the modulation depth 3 as a
function of the radian frequency order for in conventional A-SNOM
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system with superlens and background noise compensation method.
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and in an A-SNOM /superlens system with the noise compensation
scheme, respectively. Comparing the two figures, it can be seen that the
signal intensity of the A-SNOM with a superlens and the background
noise compensation method is around 10 times higher than that of the
conventional A-SNOM with no superlens. As a result, both the total
intensity and the S/B ratio of the near-field signal are larger than
those in the A-SNOM system with a bare tip only. A-SNOM based
nanolithography is traditionally accomplished using a bare tip [32, 33].
However, the analytical results presented in this study Figs. 6 ~ 9
suggest that an A-SNOM system fitted with a superlens represents
a more suitable approach for nanolithography applications due to its
better intensity and signal-to-background contrast properties.

7. CONCLUSION

This study has developed an analytical interference-based model
for analyzing the detection signals obtained in a reflective-type A-
SNOM system with a superlens at various harmonics of the AFM tip
vibration frequency. The image resolution is determined not only by
the tip radius but also by the superlens transmission coefficient in
high wave vector K,. The analytical results have shown that the
tip-superlens interaction electric field represents a major source of
background noise within the A-SNOM /superlens system, and therefore
results in a significant reduction in the signal contrast. Therefore,
a simple background noise compensation method has been proposed
for eliminating the effects of the tip-superlens interaction electric
field. It has been shown that the proposed compensation scheme
results in a significant improvement in both the total intensity and
the S/B ratio of the near-field signal in the A-SNOM/superlens
imaging system. Consequently, it has been suggested that an A-SNOM
system with a superlens represents a more suitable solution for high-
precision nanolithography applications than the traditional A-SNOM
method. However, this system in nanolithography may have poor
lateral resolution because of the poor superlens transmission coefficient
in the high evanescent wave vector K.
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