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Enhancement of the weak scattered signal in apertureless near-field
scanning infrared microscopy
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An interferometric method is used to enhance the weak scattered signal in apertureless near-field
scanning infrared microscopy. The method involves introducing a homodyning reference field, and
amplifies the desired signal field by the magnitude of the reference field. This method markedly
improves the signal-to-noise ratio of the detected signal, over the nonhomodyned experiment. A
model for the dependence of the near-field signal, as a function of the normal distance of the tip
from the surface, is discussed. Application of a model in which the tip is represented by two
spherical scatterers, one large and one small, indicates the electromagnetic field enhancement is
90-fold greater at the sharp apex of the metallic probe tip2@3 American Institute of Physics.
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I. INTRODUCTION field amplitude, and also provides significant reduction of the
time required to align the apparatus.
The highest resolution infrared microscopy is aperture-
less near-field scanning infrared microscoyNSIM). It
uses a metallic, semiconductor, or dielectric probe as a scal: EXPERIMENTAL DETAILS

tering Site for radiation .in the.imme.diate V|C|n|ty Of the The Scanning near-fie|d microscope bu"t in our |abora_
sample surface. Wessel is credited with proposing the apefory (Fig. 1) is based on a commercial atomic force micro-
tureless probe techniqdélhe idea of this method is to per- scope (MultiMode AFM, Digital Instruments, Inc., Santa
turb the electromagnetic field localized at the surface of agarpara, CA. It uses a tunable carbon dioxide laser as the
sample so that the decaying components of the field wilkource of infrared light. The infrared light passes through a
propagate to a remote detecforhe tip is oscillated normal ZnSe partial(50/50 reflector (11-VI, Inc., Saxonburg, PA
to the surface and scattered light is collected at harmonics @nd it is focused by means of a reflective object@@8 NA,
the oscillatory frequency. The spatial resolution obtained byCoherent, Inc., Auburn, CAonto the end of a cantilever
this method can be at least an order of magnitude better thasrobe. Both reflective objective and partial reflectors are at-
is obtained by the apertured probe teChnl_aTFGANSN has  tached to arXY Ztranslational stage to assist in focusing the
been reported at a lateral spatial resolution\{800 in the |ight. The probe is a commercial silicon probdikroMasch,
infrared® and \/100 for the analogous measurement in theTallinn, Estonia coated with 25 nm of platinum. The inci-
visible 1° This work has taken place along with notable de-dent light is p-polarized light with an~80° angle of inci-
velopments in apertured near-field methods and other newWence. The spot width is approximately &fn, and the ra-
optical and infrared micrOS_COpiéJSTZO_ diation power is 20—100 mW. The beam from a He—Ne laser
In apertureless near-field IR microscopy, the developcopropagates with the infrared beam, and it is used to visu-
ment O_f seyeral imaging techniques, mclu_dlng constanglize the path of infrared radiation. Infrared radiation back-
height imaging, detection of the scattered signal at highescattered by the sample and the probe returns through the
harmonics of the tip motion, heterodyne detection, and hosame reflective objective and partial reflectors. It is focused
modyne detectioA’~24in addition to the availability of new onto a MCT infrared detecto(Graseby Infrared, Orlando,
IR, tunable sources, have set the stage for significant ad=L) using a paraboloidal mirrofeffective focal length 127
vances. One of the primary challenges in apertureless neafim, Janos Technology, Inc., Townshend,)VThe MCT de-
field microscopy is the detection of the weak scattered fieldtector is situated on a separate traslational stage in order to
This article presents a solution to this problem, which is toadjust its position into the scattered light. The MCT detector
homodyne the scattered field using a reference field. Thisignal contains the nonmodulated background sigioal
provides a signal enhancement that scales as the referengémponent and the modulated signal at the frequency of
cantilever oscillations and its harmoni@ component The

aAuthor to whom correspondence should be addressed; electronic maiV.Veal_( Scatter?d sig_nal from the prObe_iS_ amplified _interfero'
gilbertw@pitt.edu metrically. This optical setup is very similar to a Michelson
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FIG. 1. Schematic representation of the apertureless near-field infrared mi- partial reflector displacement (microns)

croscope. The backscattered light., is modulated by the oscillating tip. ) ) ) )
The piezodriver adjusts the relative phase of the homodyning reference field |G- 2. Dependence of the near-field signal on displacement of the partial
E,, that interferes at the detector with the light backscattered by the probd€flector. Squares represent the data points, the solid line represents the fit,
The dominant ac contribution to the homodyned intensity @E<E,) is whose functional form is the absolute value of cosine of the displacement.

detected using a lock-in amplifier.

Here is the expression fdE.., which is modulated by
interferometer. The partial reflector is placed onto a movinghe oscillating cantilever:
stage, which is driven by the piezodriver. The piezodriver _
has an automated phase feedback control, which is used to Esc=Aq[1+Cy co8 00 +Cp co9201+ D)
maximize the detected signal. The intensity of the reference X cog wt+ ¢),

beam was modified by inserting a partial reflector into the . .
reference beam arm o)f/ the inte?fero?neter where A; is the amplitude of the nonmodulated scattered

The ac component was amplified using a lock-in ampli-!'ght’ C, andC, are fractions of the first and second harmon-

fier analyzing at twice the frequency of cantilever oscillation.'csagg tgftﬁeergggg:ﬂidar?ﬁggzesl? r?aﬁnﬁ}d 1S ::g {ﬁéa?rvee
A gold film (thickness~20 nm) evaporated on a microscope P gnaland ¢

coverslip was used as a substrate. The frequency of the inc?;l;engcancd)ftgzn?gazer szcl:ff[lla?tf(;:se :r?(ljderg 28?2.'5 trhr:a
dent light was~ 950 cm 2. quency lev fations, w idri

the form:
E,=A, coq wt),

lll. RESULTS AND DISCUSSION whereA, is the amplitude of the reference signal, ands
The detection of the near-field signal is based on Iock—inthe frequertEy ofghe ingident light, then th.e amplitude Of. the
detection of the signal modulated by an oscillating probe tipac component of the signal at thé)Zletection frequency is
at integer multiples of the frequency of the oscillation. This 5 C%
modulation is used to extract the near-field signal from the =~ AC=A%| 7~
scattered background. It has been noted that the signal modu-
lated at the fundamental frequen(®) of cantilever oscilla- gnd the amplitude of the dc component of the detector signal
tion still contains a large contribution from the signals from 1S
different sources that are not surface speéffic.We use the A2 A2
detection of the near-field signal modulated at the harmonic DC= 72+ Zl(2+ C2+C2)+AA; cose. 3)
(2Q)) of the probe oscillation in order to eliminate the back-
ground contributiorf??°>26In some cases the detection of the Since amplituded; is much less thar, and fractionsC;,
scattered signal at the harmonics of the oscillation frequencg, are small, we can neglect the first term in E2). and the
is not sufficient to extract a truly optical signal. The use ofsecond term in Eq.3). The phase shifi between the refer-
homodyne or heterodyne detection is employed to remove a@nce and scattered beams is adjusted to maximize the signals
unwanted signa'=2* Our goal is to improve the signal-to- using automated phase feedback control. Figure 2 shows
noise ratio by amplifying the weak near-field signal collectedhow the ac component depends on the phase shift. The phase
at the second harmonic of the oscillation frequency usindeedback uses the lock-in amplifier in order to monitor the
homodyne detection. deviations of the signal from its maximum position. The rela-

Since we have interference of scattered and referencive phase of the reference beam reflector is modulated by
beams, the total intensity of the signal at the detector is  oscillating the position of the reflector with a piezoelement at

_ 2\ _ /2 2 a frequency of 10 Hz and with-500 nm peak-to-peak am-

L= ((Bset B = (B + (B + 2(Bsdr), @ plitude. The effect of such modulation on th@ 2omponent

whereEg. is the scattered field anfd, is the reference field. is detected with another lock-in amplifier operating at the

+C, | +A;A,C, cosop, 2
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FIG. 3. Amplitude of scattered near-field signal & 2s (a) amplitude of dc
component andb) square root of the amplitude of dc component. Solid
lines represent a linear fit to the data points.
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FIG. 4. Panela) shows the amplitude of cantilever oscillation vs the sepa-

frequency of the position modulation. The demodulated outf2tion from the sample's surface. Parie) shows the amplitude of the
. . . . scattered near-field signal demodulated at twice the frequency of the canti-

put Is used as a feedback signal of the custom-built PI€Z0gver oscillation vs tip—sample separation for different intensities of the
driver. The piezodriver moves the reflector in order to zeroreference beam. The smallest two signals were obtained without a reference
the feedback signal, and hence, to maximize the ac signaeam. The signal represented by the dashed line was collected when the

Such motion occurs on a time scale of several seconds andgP2ratus was not tuned well. Pagel shows the height image of Si de-
posited onto a gold substrate. The bare gold may be seen as the dark, low-

does not affect data collected within one scan line. SloWying, central stripe. Paneld) shows the apertureless near-field infrared
variations in the phase of the reference beam due to, e.gmage collected in two ways: in the top portion shows the signal was col-
thermal drift, are compensated. The amplitude of the ac Siglected without benefit of homodyne amplification; in the bottom portion of

. . . the figure, beginning at a point indicated by the arrow, the signal was col-
nal is proportional to the square root of the amplitude of thqected with homodyne amplification. The portion of the figure below the

interferential dc component: arrow is much clearer and exhibits a signal that is completely missing in the
upper portion. This image demonstrates the value of homodyne amplifica-
acx+/dc, (4) tion for infrared near-field microscopy.

where ac is the ac component amplified by homodyne detec-

tion and dc is the dc component amplified by the homodynghe absence of the reference field. The control of the absolute
detection dc component. value of amplification is illustrated in panefa) and (b) of

We collected the near-field signal at five different inten-Fig. 4, while a more qualitiative illustration may be seen in
sities of the reference signal. Both components were normajanels(c) and (d). The upper part of the near-field image in
ized by the intensity of the incident light. Data were col- panel (d) shows that without homodyne amplification, the
lected at twice the frequency of the cantilever oscillationssignal is weak and the image quality is paabove arrow,
Panel(a) in Fig. 3 shows the ac vs dc dependence. The lineapyt when the automating homodyning mechanism is acti-
fit does not correlate well with the data points. Paft®l  vated (below arrow the signal is stronger and the image
shows very good correlation between the data and the linegjuality is much improved. An explanation for the enhanced

fit. absorption by the small dots of silicon seen in parielsand
The distance dependencies of ac signals are presented i) is beyond the scope of this article.

Fig. 4. The smallest two signals in par(e) of Fig. 4 were L )

collected without a reference beam. We note that even with Polarizability of the tip—sample system

out the reference beam sometimes we could register a Iargaé]OI magnitude of the detected signal

2() signal. Such a large signal can be explained by the inter- Lock-in detection of the second-harmonic signal relies
ference of a weak modulated signal with a nonmodulate@n the strong nonlinearity of the detected signal with respect
component, reflected from the sample—probe systesif- to the probe’s position above the sample. In our measure-
homodyning. There is no phase control of such a reflectedments the amplitude of the cantilever oscillation is compa-
beam and, therefore, the signal amplification is random. Theable to the mean probe—sample distance, therefore, we can-
signal represented by the dashed line was collected whemot use the perturbation approach to predict the value of the
self-homodyning did not occur; we cannot distinguish thelock-in detected signal. In order to apply an analytical model
signal from the noise in this case. When we add the referena® explain the detected signal, we have to model the pertur-
beam to the system, without additional tuning of the apparabation of the scattered radiation by the oscillating probe ex-
tus we are able to see a strong ac signal. It is possible to sgdicitly and use the results of such a model to generate a
from Fig. 4 that we strongly amplify our scattered signal aslock-in signal numerically. In our calculations, we consid-
the result of homodyne detection; the absolute value of thered the harmonic motion of the probe above the surface
amplification depends on the presence of self-homodyning imith amplitudeA and mean probe—sample distarzgg,,
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FIG. 6. Top panel shows the normalized near-field signal—distance depen-

FIG. 5 Top panel shows the fit of the oha scgttering sphere model for th%Ience(dots) and curves calculated according to the model described in the
near-field signal. In the model, the sphere oscillates above the surface. quxt (solid lines. The bottom panel shows the fit error

bottom panel shows the fit error.

2(t) =Zmeant AX O 27Q21). (5  calculated according to E¢6) with different radiia. The fit
Here, z(t) is the distance(time dependentof the probe parqmeters were these radii and the weight factors used in
above the surface an€l) is the frequency of the cantilever 2dding two terms. The model uses the same values of the
oscillation. For each value af,.,,, corresponding amplitude radii for different e>_<per|mental sets, the resgltmg va_lues are
was extracted from the amplitude versus distance deper:20 @nd 900 nm. Figure 6 shows the normalized daints
dence, collected simultaneously with the near-field signa/@nd calculated dependencsolid lineg for three data sets
The values of the instantaneous probe position were used with different level of reference beam intensity and one data
a quasielectrostatic modéto calculate the time dependence Set collected without the reference. The ratio of the scaling
of the effective polarizability for the oscillating probe— factors for two scatterers was 900, which can be ex-
sample system. Because the real part of the permittivity oplained by the enhancement of the electrical field near the
gold at ~1000 cr't is large, the quasielectrostatic model sharp end of the probgightning rod effect?).

for p-polarized radiation from Ref. 27 can be simplified to The nearly perfect overlap of the curves in Fig. 6 indi-
8ra’ cates that the data collected without a reference beam were
aeﬂ:—wg_, (6)  self-homodyned; light reflected back from the cantilever—
a

_ sample system acted as a reference beam in this case. This
4(a+2)* explains why it is often difficult to tune an apparatus without
wherea is the radius of the probe, aads the probe—sample the referencg bgam: overlap_between relatively high intensiFy
separation. For each value of the mean probe—sample Seﬂg_flegted radiation and the Illght scattered from the probg is
ration, the modulation in the polarizability due to the probe’s'eduired at the detector. With a reference beam there is a
oscillation was calculated. The intensity of the scattered raonvenient means to control the back-reflected radiation. We
diation is proportional to the square of the polarizabflity. note that Knoll and Keilmarfd have previously reported the
Therefore, the homodyne-detected signal is proportional t§enefits of homodyne amplification in apertureless IR near-
the absolute value of polarizability. Lock-in detection of the field scanning microscopy, where a lens was used to simul-
second-harmonic signal was modeled by calculation of théaneously adjust the focus and phase of a self-homodyning
numeric sine and cosine transforms of the polarizability verfield. We believe our design brings the advantage of indepen-
sus time dependence at twice the frequency of the oscillatingent control of focus and phase in a reference field.
cantilever. The noise calculated for the smallest ac signal, repre-
Our calculations indicate that such a model does not sisented by dashed line in par(®) of Fig. 4 is 0.034 a.u. The
multaneously explain the presence of the long-distance taftandard deviations from the fit to the described above model
(z>100 nm) in the data, as shown in Fig. 5. This can befor the other four signals are in the range from 0.031 to 0.037
expected since our probe is not a nanometer-sized sphere buu. Thus, we can say that we fit distance dependencies well
extends significantly further away from the surface. A secondind the fit errors represent the noise level in the ac signals.
spherical scatterer, placed right above the first scatterer wdsince the noise is almost the same for all signals in Fig. 4,
included in the model in order to describe the shape of thend the signal without interferometric amplification is about
probe more realisticallysee the inset in Fig.)6 The near- 1:1, we conclude that signal-to-noise ratio is improved by as
field signal was calculated as a weighted sum of two termsmuch as 150 times by utilizing interferometric amplification.

PROOF COPY 029308RSI



PROOF COPY 029308RSI

Rev. Sci. Instrum., Vol. 74, No. 8, August 2003 Near-field infrared signal enhancement 5

ACKNOWLEDGMENTS E.-S. Kwak, T. J. Kang, and D. A. Vanden Bout, Anal. Chef8, 3257
(2009).

The authors gratefully acknowledge support from ONRueyy £ Hamann, A. Gallagher, and D. J. Nesbitt, Appl. Phys. 1%8t.1469
(N0001-02-D327 and NSF (CHE 9816820 and PHYS (1998,

0103048. "R, D. Schaller, J. C. Johnson, K. R. Wilson, L. F. Lee, L. H. Haber, and R.
J. Saykally, J. Phys. Chem. B)6, 5143(2002.
13, Wessel, J. Opt. Soc. Am. B 1538(1985. 18G. M. H. Knippels, T. I. Smith, H. A. Schwettman, and D. V. Palanker,
2A. Nemetz and A. Knoll, J. Raman Spectro&@, 587 (1996. lgOpt. Commun148 215(1998. .
3A. Piednoir, C. Licoppe, and F. Creuzet, Opt. Commi@9, 414 (1996 A. Zumbusch, G. R. Holtom, and X. S. Xie, Phys. Rev. L&2, 4142
“4A. Cricenti, Appl. Surf. Scil62, 275(2000. (1999.
5A. Lahrech, R. Bachelot, P. Gleyzes, and A. C. Boccara, Opt. Rajt.  2°B. B. Akhremitchev, S. Pollack, and G. C. Walker, Langmiif; 2774
1315(1996. (2002); B. B. Akhremitchev and G. C. Walker, Bull. Chem. Soc. Jp8.
8Y. Inouye and S. Kawata, Opt. Lett9, 159 (1994). 1011(2002.
7C. A. Michaels, S. J. Stranick, L. J. Richter, and R. R. Cavanagh, J. Appl2tp, M. Bridger and T. C. McGill, Opt. Let24, 1005(1999.
BPhyS-S& 4832(2000. 22R. Hillebrand and F. Keilmann, Phys. Rev. L85, 3029(2000.
B. Dragnea and S. R. Leone, Int. Rev. Phys. Ch2@n59 (2002). 23], Azoulay, A. Debarre, A. Richard, and P. Tchenio, Appl. G38;. 129

9B. Knoll and F. Keilmann, Naturé_ondor) 399 134 (1999.

10F, Zenhausern, Y. Martin, and H. K. Wickramasinghe, Scie2&® 1083
(1995.

1D, M. Adams, J. Kerimo, C. Y. Liu, A. J. Bard, and P. F. Barbara, J. Phys.
Chem. B104, 6728(2000. 2

20, Cherniavskaya, S. Kaemmer, S. Schiering, J. Coffin, and D. M. Adams

(2000.
24y, Sasaki and H. Sasaki, Jpn. J. Appl. Phys., Pa88,2.321 (2000.
25B. B. Akhremitchev, Y. Sun, L. Stebounova, and G. C. Walker, Langmuir
18, 5325(2002.
N. Maghelli, M. Labardi, S. Patane, F. Irrera, and M. Allegrini, J. Microsc.

(unpublished 202, 84 (2001.
13y, Deckert, D. Zeisel, R. Zenobi, and T. Vo-Dinh, Anal. CheFg, 2646  ~'B. Knoll and F. Keilmann, Opt. Commun82, 321 (2000.

(1998. 2C. F. Bohren and D. R. Huffmambsorption and Scattering of Light by
14D, A. Higgins, X. Liao, J. Hall, and E. Mei, J. Phys. Chem1BS5, 5874 Small Particles(Wiley, New York, 1983.

(2001). 29A. Wokaun, Solid State Phy88, 223(1984).

PROOF COPY 029308RSI



