Published in Optics Letters 26, issue 4, 208-210, 2001 1
which should be used for any reference to this work

Quantitative amplitude and phase measurement by use of a
heterodyne scanning near-field optical microscope
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A coherent photon scanning tunneling microscope is presented. The setup employs heterodyne interferome-
try, allowing both the phase and the amplitude of the optical near field to be measured. Experimental results
of measurements on a standing evanescent wave reveal the high resolution that is obtainable with such an

approach.
1.6 nm between sample points.

The scanning near-field optical microscope (SNOM)
is a powerful instrument for investigating the optical
properties of subwavelength structures with high
resolution. Many different instrumental techniques
have been developed’? to obtain such information.
However, most of today’s SNOM’s measure only in-
tensity. Recently some authors reported measuring
phase in the near field with SNOM’s,>* in one case
with the heterodyne technique.? Our main goal is
to understand the interaction of light with nano-
structures to better determine their shape and optical
properties. Essential information on the interaction
of light with small structures can be found not only
in the intensity but also in the phase of the optical
field.*® For this purpose we have developed a co-
herent SNOM with heterodyne detection for accurate
phase measurements.® The properties of this instru-
ment are discussed, and we report amplitude and
phase measurements of a standing evanescent wave
with very high resolution.

The concept of heterodyne interferometry® is to in-
troduce a small frequency shift Af between two
interfering beams. As a result of this shift, the
interference of the two beams produces an intensity
modulation at the beat frequency, Af = f1 — fo,
which is then detected. The setup of the SNOM with
heterodyne detection is shown in Fig. 1. The laser is
a 150-mW frequency-doubled Nd:YAG diode-pumped
solid-state laser (A = 532 nm). After separation
by a beam splitter (BS), the object and reference
beams are shifted in frequency by two acousto-optic
modulators (AOM), driven at f; = 40.07 MHz and
fo = 40.00 MHz. Bringing a commercial atomic-force
microscope cantilever' fiber probe close to the surface
perturbs the field, resulting in propagation in the
fiber. This process is called photon scanning tunnel-
ing microscopy. The reference and object beams are
combined in a fiber coupler, producing a beat signal
at 70 kHz, which is detected by a standard silicon
photodiode. Since the object power, Pp, is small
compared with the reference power, Pg, the coupling
ratio of the fiber coupler is chosen to be 90% Py to 10%
Pgr. A polarization controller is used to get maximum
interference. During measurement, the polarization
is stable.

In fact we have measured the amplitude and the phase of the near field, with a resolution of

The complex amplitude of the optical field sampled
by the fiber tip is given by

V(x,t) = A(x)expli¢(x)]exp(iwt), (1)

where A(x) is the amplitude and ¢ (x) is the phase. In
common photon scanning tunneling microscopy, only
the intensity I = |A|? is measured. However, because
we use heterodyne detection, direct measurement of
the amplitude and the phase is possible. Using syn-
chronous detection of the heterodyne signal with a
lock-in amplifier, we get two electronic output signals,

S(x) = a(x)sin ¢(x), (2)
C(x) = a(x)cos ¢(x), (3)

where a(x) is proportional to the optical amplitude,
A(x), and from which A(x) and ¢ (x) can be calculated.
Besides the fact that coherent detection allows the op-
tical field phase to be determined, we also get an in-
creased dynamic range. This increase occurs because
the amplitude a(x) of the electrical signal is propor-
tional to the amplitude A(x) of the optical field, rather
than to the intensity. In addition, we can always get
shot-noise-limited detection, even with a photodiode,!?
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Fig. 1. Photon scanning tunneling microscope with het-

erodyne detection.



if P is chosen to be sufficiently large to overcome
the electronic noise. The signal-to-noise ratio is then
given by

(4)

SNRyg = 10 log(SP 0),

eB

where S is the spectral sensitivity of the photodiode, e
is the electron charge, and B is the bandwidth of the de-
tection. We measured a signal-to-noise ratio of 58 dB
for Pp = 15 pW and B = 62.5 Hz. We determined Py
independently from the same setup (Fig. 1) by blocking
the reference beam and measuring the corresponding
photodiode current. From Eq. (4) with S = 0.39 A/W,
B = 62.5 Hz, and Pp = 15 pW, we get a theoretical
signal-to-noise ratio of 58 dB, which is equal to that
which was measured.

Near-field amplitude and phase measurements of a
standing evanescent-wave field on a prism have also
been made. After the first total internal reflection
in the prism (with an angle 6;), the beam is reflected
back by an external mirror, creating a standing wave
(Fig. 2). Inthe case of TE polarization, the evanescent
field is given by

E,(x,z) = E1 exp(—z/z1)exp(ikn sin 6;x)
+ Ej exp(—2z/z9)exp(—ikn sin 03x), (5)

where & = 277/ is the wave number, n is the refractive
index, E; and Es are the amplitudes of the two incident
waves, and z1(61) and z3(63) are the penetration depths

of the corresponding evanescent waves. If6; =6, =06,
we get z; = 29 = z¢ and
A
= — 6
2n sin 0 ©)

for the period of the standing wave. In this case the
amplitude A(x) and the phase ¢(x) of the sampled field
become

A(x) = Ag exp(—z/z0)[1 + m?

+ 2m cos(2nkx sin 6)]Y2, (7)
1-m .
tan ¢(x) = T m tan(nkx sin ), (8)

where the ratio m = E1/E; of the incident-field ampli-
tudes has been introduced.

After approaching the fiber with a conventional
atomic-force microscope regulated approach, we
scanned across the prism surface at constant height.
By scanning across the prism surface at constant
height, we acquired the amplitude and the phase of
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the optical field (in TE illumination), as shown in
Fig. 3. The period was found to be A = 185 nm.
With A = 532 nm and n = 1.5, we get from Eq. (6)
an angle of # = 73°, which corresponds with the
experimental setup. A cross section of another
separate measurement in the x direction is shown
in Fig. 4. The phase shows the expected -phase
changes for each period of the standing wave, with a
spatial resolution of 7.8 nm between sample points.
The 27-phase jumps are due to phase wrapping. We
found good agreement with theoretical values obtained
from Eqgs. (7) and (8), with m = 0.7 and 6, = 62 = 73°.
Figure 5 shows another separate measurement with a
step of 1.6 nm between sampling points. We can see
that the spatial resolution of the amplitude and phase
is given by the sampling steps of 1.6 nm. The mea-
sured values correspond very well to the calculations
obtained from Egs. (7) and (8) with 0, = 6, = 73°
and m = 0.78, which means that the intensity of the

Fig. 2. Standing evanescent wave created by total inter-
nal reflection.

o
oo L —

Amplitude [a.u.]

Phase [rad]
ol © wn

05
X [um] 10

Fig. 3. Measured (a) amplitude and (b) phase of a stand-
ing evanescent wave. The scan areais 1 um by 1 um.
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Fig. 4. Cross section of the measured (a) amplitude and
(b) phase of the standing evanescent wave. The step is
7.8 nm between sampling points. The solid curves are
theoretical calculations (m = 0.7,6; = 6 = 73°).
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Fig. 5. Measured (a) amplitude and (b) phase of the
standing evanescent wave, with a step of 1.6 nm between
sampling points. The scan length is 200 nm. The solid
curves are theoretical calculations with 6; = 8, = 73° and
m = 0.78.

backward wave is only ~60% of that of the forward
wave. Although the intensity does not go to zero
at the nodes of the standing wave, the transition of
the phase is very steep (~0.13 rad/nm) around these
points, as expected from Eq. (7). Unlike intensity
measurements, in coherent detection, the finite width
of the fiber tip (~30 nm in our case) averages the
field amplitude, and therefore for m = 1 the measured
amplitude would go to zero.
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We have demonstrated that scanning near-field opti-
cal microscopy with coherent (heterodyne) detection is
a powerful method for measuring both the amplitude
and the phase of an optical field on the nanometer
scale. Heterodyne SNOM also has a larger dynamic
range than standard methods, since it measures the
amplitude rather than the intensity, and one can al-
ways obtain shot-noise-limited detection by choosing a
sufficiently large reference power. We have presented
amplitude and phase measurements of a standing
evanescent wave, with a resolution of 1.6 nm between
sample points. The results are in very good agree-
ment with the theory. These test measurements are
very useful because the prism surface is flat, meaning
that topography perturbs neither the motion of the
probe nor the optical signal. Changes of amplitude
and phase around phase singularities can be observed
with high resolution, since the finite width of the
fiber tip averages the field amplitude rather than
the intensity. In future work we intend to measure
fields close to micrometer-scale diffraction gratings to
characterize our instrument.
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