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Utilizing reflection-based near-field scanning optical microscopy (NSOM) to image and analyze standing-wave pat-
terns, we present a characterization technique potentially suitable for complex photonic integrated circuits. By raster
scanning along the axis of a straight nano-waveguide in tapping mode and sweeping wavelength, detailed information
of propagating waves in that waveguide has been extracted from analyses in both space and wavelength domains. Our
technique needs no special steps for phase stabilization, thus allowing long-duration and environment-insensitive mea-
surements. As a proof-of-concept test, in a silicon single-mode waveguide with a few of etched holes, the locations and
reflection strengths of the inner defects have been quantified. The measurement uncertainty of the reflection amplitude is
less than 25% at current stage. Our technique paves the way for non-destructively diagnosing photonic circuits on a chip
with sub-wavelength spatial resolution and detailed information extraction.

Keywords: near-field scanning optical microscopes, integrated optics, interferometry
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1. Introduction

As lightwave communications and networking continu-
ously stride into ultra-dense large-scale photonic integrated
circuits (PICs) in the past decade, the capability of testing
circuit parts that are closely spaced becomes increasingly
crucial.!'3! In fiber-optic systems, there are three main diag-
nostic techniques: optical time domain reflectometry (OTDR),
optical low-coherence domain reflectometry (OCDR), and op-
tical frequency domain reflectometry (OFDR).[“-%! OFDR is
based on wavelength sweeping of narrow line-width laser in
an interferometer. The coherent nature makes this technique
superior to the other two in terms of good balance between
spatial resolution and detection sensitivity. However, as the
complexity of PICs grows,!”! the improvement of the spatial
resolution of traditional OFDR, which is inherently restricted
by the frequency span of the laser source,!®! cannot catch up
with the demand any more.

To solve this problem, other techniques like local light
coupling and characterization of evanescent near fields have
been resorted to.[>>!% Near-field scanning optical microscopy
(NSOM) is a powerful technique with sub-wavelength spatial
resolution. 'l Particularly in scattering-type NSOM, a spatial
resolution less than 20 nm (two orders of magnitude better
than that of traditional OFDR) can be routinely achieved.!'%13]

Meanwhile, inspired by high collection efficiency in

DOI: 10.1088/1674-1056/28/1/010702

so-called transmission-based NSOM,['413] we recently pro-
posed and realized a technique referred to as reflection-based
NSOM.!! Ag illustrated in Fig. 1(a), the interaction of a
propagating guided wave with an atomic force microscope
(AFM) probe results in conversion of near fields to far-field
radiation.!'”] In all the radiation directions, the two along
the forward and the backward guided modes have very high
light collection efficiencies. In other words, these two guided
modes can naturally play the role of a high-numerical-aperture
lens. In experiment, we arranged an interferometer in the re-
flection direction and observed greatly enhanced light collec-
tion efficiency.'® Our method, which can be realized in an
all-fiber form, eliminates expensive far-field collection sys-
tems and overcomes the detrimental effect of background field

n.18-201 Tt can measure both amplitude and phase

super-positio
of optical near field, and the phase drift arising from environ-
mental fluctuations can be self-compensated in a common path
interferometer setup.

Having secured advantages in both spatial resolution
and detection sensitivity (i.e., light collection efficiency) in
Ref. [16], here, we attempt to use reflection-based NSOM
in the context of OFDR, which can exploit the wavelength
domain, to image standing waves along a silicon nano-
waveguide. We develop a theoretical model to decompose

the signal beam components based on their different interac-
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tion natures with the AFM probe. The near-field standing-
wave profiles are acquired at different wavelengths. Based
on Fourier analysis, we explicitly extract useful information
about the defects inside the waveguide, including their loca-
tions and reflection strengths. Different attributes of light-
probe interactions can also be discerned in the near-field mode
profiles.

2. Theoretical model

To simplify investigation, we focus on the fundamen-
tal quasi-transverse electric (TE) mode, whose major electric
field is parallel to the wafer surface, in a straight single-mode
silicon-on-insulator (SOI) waveguide. When a silicon AFM
probe (NT-MDT, HA_NC) vibrates normal to the top surface

of the waveguide at a frequency of 2 ~ 250 kHz, the intensi-
ties of the reflected and the transmitted lights are both modu-
lated (see the blue and the red arcs and the black dashed lines
in Fig. 1(b)). Note that the blue and the cyan arcs in Fig. 1(b)
represent different reflection coefficients in the two directions
arising from the geometric asymmetry of the AFM tip. At
the front facet of the waveguide, the continuous-wave (CW)
light of a tunable laser source (TLS, TUNICS-Plus, with the
line-width of 400 kHz) is reflected back to the lensed fiber
(see the orange arrow in Fig. 1(b)) and serves as the reference
beam in the interferometer. Figure 1(c) shows the experimen-
tal setup with an in-line polarization controller (PC) and circu-
lator (Cir) before the device under test (DUT) and an InGaAs
detector (Det, Thorlabs, DET10 C/M) and lock-in amplifier
(LIA, Zurich Instruments, HF2LI) after the DUT.
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Fig. 1. (a) Schematic of a guided wave being Mie—Rayleigh scattered by an AFM probe. The blue and the red arrows represent the reflection
and extinction of light, respectively. (b) Different components of the overall modulated signal beam in the —y direction. The orange arrow
represents the CW reference beam. / and L depict the positions of the probe and the back facet, respectively. The dashed lines indicate the light
intensity modulations imposed by the vibrated AFM probe. (c) Experimental setup of a reflection-based NSOM. Inset: the light coupled back
to the lensed fiber consists of the CW reference beam and the modulated/unmodulated signal beam.

If the reflected light from the rear part of the waveguide
cannot be ignored, the total modulated signal beam in the —y
direction is comprised of different components. The coordi-
nates (x, y, z) have been depicted in Fig. 1(a). According to
the simulation (see section 3), in our situations, when a guided
wave interacts with an AFM probe, the amplitude coefficients
of the reflection and the extinction are less than 0.005. There-
fore, we can neglect all the beam components arising from
multiple light—probe interactions. Figure 1(b) schematically
illustrates the first three groups of modulated signal beams
(case I, II,,;, and IIL,,, with m being the number of round-

trips). The lock-in demodulated photocurrent from a quadratic

detector can be expressed as

~+oo
n~ Y (0" + i i), (1)
m=1
(m) 2 . (m)] 2 (m) o)
Ny o< ‘Eref‘ m |Oen Ey COS( ¢[ )a (2)
m m 2 m m 2
771(1 = Eref+E1(1 )’ - ErefJFEI(I >*Zm‘(xextEI(I )’

2
A AN [t UEI(I’")‘ 08 8ext) + |Ere] - ‘El(f")‘cos@dbl(f"))} ,(3)
(m) 21E . & E(’") . 2 (m) 4
M < ‘ ref‘ m | Qrefl Ly COS( O ) )
Here, E(y) and EI(,TI?III (v) are the complex electric fields of

the reference beam and the signal beams as a function of the y
coordinate, respectively. For the signal beams EI(fI?IH’ the in-
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/out-coupling losses at the front facet, the propagation losses
along the black lines in Fig. 1(b), and the reflection losses
Note that,
for a single-coupling-point configuration, the in-coupling and
out-coupling coefficients are the same. Ofef(x) and Ofex(x)
stand for the complex amplitude coefficients of the reflec-
tion and extinction mediated by the AFM probe, respectively.
Oext = | Otext| - €xp(10ext). Accordingly, the intensity reflectance
and transmittance caused by a single light—probe interaction
2, respectively. For

at both facets have all been taken into account.

can be written as |Qeq|? and |1 — Qex
each signal beam component shown in Fig. 1(b), the number
of round-trips m determines the number of optional ways in
which a propagating wave interacts with the AFM probe at dif-
ferent sequences. Specifically, in cases I,,, and III,,,, the num-
ber of the light—probe interaction is equal to m, and in case II,,,,
this number becomes 2m. As an example, figure 1(b) plots the
two optional light—probe interaction ways for case II;. Also,
in Egs. (2)-(4), we neglect all the quadratic terms of the signal
fields because I<H il < |Eret]-

Under such circumstances, in cases I and III, the phase ¢

linearly varies with the probe position /, while in case II, the
phase @ is independent of the probe position,

0" (1, A) = [+ (m
®" (L) = mL- (27nesr/A) + Cur,
o’ (1,A) = [—1+ (m-+ DL] - (2nesr/A) +Cin.

Here, A is the wavelength, neg is the effective index of the
guided mode, and the constant C’s stand for the phase differ-
ences between o and E¢. According to Egs. (1)—(5), by vary-
ing [ and A, we should be able to extract detailed information

— L] (27nese/A) + Ci,

®)

about the propagating waves.

3. Experiment
3.1. Standing-wave spectrometry

An SOI waveguide with the cross-section of 500 nm x
220 nm is fabricated and satisfies the single-mode condition
at A = 1620 nm. The calculated effective and group indices
of the guided mode are nesr = 2.30 and n, = 4.29, respec-
tively. The length of the waveguide is L ~ 4 mm, and the
AFM probe is placed close to the front facet and operates in
tapping mode. Figure 2(a) shows the standing-wave profiles
acquired by raster scanning the probe along the central axis of
the waveguide (see the inset in Fig. 2(b)) at different wave-
lengths, which is referred to as standing-wave spectrogram
(SWS) hereafter. Performing spatial Fourier transform (FT)
on the SWS yields two peaks, as shown in Fig. 2(b). The peaks
at the zero and non-zero spatial frequencies originate from the
contributions of case II (Eq. (3)) and cases I/III (Egs. (2) and
(4)), respectively. The effective wavelength Aegr = 719 nm de-
rived from the position of the non-zero spatial frequency peak
(2.78 um’l) results in neg = 2.25 at A = 1620.3 nm, agree-
ing well with the calculated result of ner = 2.30. With the
enlargement of the scanning line and keeping it parallel to the
waveguide axis, the accuracy of the measurement of n.g can
be greatly improved as indicated in Ref. [21].

Figure 2(c) plots the amplitudes and phases of the two
spatial frequency peaks. For the zero spatial frequency peak
(case II), the amplitude varies in a sinusoidal fashion with
the wavelength spacing AA a2 0.08 nm. From the relationship
of AL = A?/(2n,L’), which can describe generic interference
process, we estimate L' ~ 3.8 mm in good accordance with the
total length of the waveguide. This means the back facet of the
waveguide produces the main reflection beam. Additionally,
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Fig. 2. (a) Standing-wave spectrogram measured along the central axis of the waveguide. (b) Amplitude of the spatial FT of the

standing-wave profile acquired at A =

1620.3 nm. Insert: an AFM probe repeatedly scans along the yellow dotted line (x = 0, zp).

(c) Normalized amplitudes and phases of the zero and non-zero spatial frequency peaks as a function of the wavelength. The red and
the blue circles stand for the two wavelengths used in the NSOM imaging (see Fig. 3).
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as shown in the top diagram of Fig. 2(c), the second term of
Eq. (3) (i.e., the sinusoidally-varying one) is manifest, indi-
cating that the reference beam from the front facet (E.f) out-
weighs the reflected beam from the back facet (Eyy). According
to the amplitude spectrum, we can estimate |Eyf|/|Erer| < 5%.
In this circumstance, we only count in case II;, and no phase
information can be extracted from the /-independent variable
771<11)~

With regard to the non-zero spatial frequency peak
(cases I/III), as shown in the bottom diagram of Fig. 2(c), the
phase spectrum exhibits a quasi-linear variation, and the nor-
malized amplitude spectrum stays in a range of 0.6—1. Consid-
ering Egs. (2), (4), and (5), these two characteristics imply that
case I plays the dominant role. In order to explain the undula-
tions in these two spectra, we first consider the coherent super-
position of E.f and Ey;, which can form a new reference beam
in the interferometer and provide a wavelength-dependent am-
plification gain in the demodulation process. However, the
above analysis has verified |Eyf| < |Eet|. So, this mechanism
should not be sufficient to explain all the undulations. There
must be other effects underneath.

From Eq. (2), the overall demodulated signal of case I
group can be written as

too
m = an(m) o< | Qe Ere | 'RC<Z m-e " (Rr()und)’1171
m=1

x exp {i2kege [l + (m — 1)L] +i2C1}>, (6)

where kefr = 27ne/A, Y is the intensity attenuation coeffi-

[

cient, Ryound is the attenuation of one round-trip, and Re(+)
represents the real part of the expression. In the same way, the
overall demodulated signal of case III group is

N = th(f;') < |areﬂEref| ‘Re (Zm e (Rround)m+l
m
X exp{i2keff[—l + (m—|— I)L] + i2C]]]}> . @)

Summing up Egs. (6) and (7) yields

M+ Nm o< |Erf|-Re [(areﬂ ) QREN, AP eiZC'”X)

Y(1-1)7?), ®)

where X = e"Rygund - €' 2% L=0) and ¥ = Ryqung - €2t with
their wavelength spacings Ady = A2 /[2ny(L—1)] and Ady =
A?/(2neL) ~ 0.08 nm, respectively. Taking into account all
the components in cases I and 111, therefore, the complexity of
the resultant spectra in Fig. 2(c) is greatly increased. If |X| <
1, the contribution of case III can be ignored, and then if |V | <
1, equation (8) is degraded to ’Erefareﬁ e | -cos (2kegel +2Cy),
which has a constant amplitude and linearly-varying phase.

3.2. Reflection-based NSOM imaging

Near-field imaging has been carried out. At A =
1620.04 nm (the red circle in Fig. 2(c)), both the contributions
of case II and cases I/IIT need to be taken into account. We
make a line cut in Fig. 3(a) at a y coordinate with 2¢y i1 ~ 7 /2,
where the main contribution of the demodulated signal is from

: S 2¢,=0, 26 =7/2 :
- :
B! I-_—_—_—_—_—_":—_—_—_—_—_—_—_—_—_—_—_—_—_—_—_—.: :
‘0 : E 2¢||_7r_/2 I . . L EErEEEnE
I | = 500 nm 1 “500" nm
i TR R
(c) — B (d) | —|E)?

simulated |e(exp)|

—0O— experiment (case IT)

Mode profile

—300 0

z/nm

300

simulated |o,eq|

—[O—experiment (case I/III)

—300 0 300

x/nm

Fig. 3. (a) Near-field images measured by a reflection-based NSOM at A = 1620.04 nm and 1620.07 nm, corresponding to 2 = 0 and
/2, respectively. (b) Calculated distributions of the electric field intensity (|Ex|? + |E,|* + |E;|?) and polarization of the guided mode at
A = 1620 nm. Both scale bars in (a) and (b) are 500 nm. The dotted line in (b) indicates the moving trail of the AFM tip. (c) and (d)
Comparisons of the experimental line cuts (hollow squares), the mode profiles (gray lines), and the FDTD simulated |0fex(| and |04eq| (magenta
lines). Note that the mode profiles |E;| and |E|? are just a guide to highlight the effects of different field components.
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the extinction interaction. In Fig. 3(c), we compare the exper-
imental result with the calculated mode profile of |E;| and the
simulated |0fex¢|. The fact that the experimental curve has a
low and flat bump in the center and two high and sharp peaks
near the edges implies that E, probably plays the main role. In
numerical simulation, a vertical silicon cone with the full cone
angle of 30° and the apex radius of 10 nm moves along the
dotted line in the transverse plane (see Fig. 3(b)), and a three-
dimensional finite-difference time-domain (FDTD) method is
employed with the finest mesh size to be 2 nm and the refrac-
tive indices of silicon and silica to be 3.475 and 1.444, respec-
tively. Perfectly matched layer (PML) boundaries encircle the
simulation space, ensuring a convergence accuracy of < 0.5%.

At another wavelength of A = 1620.07 nm (the blue circle
in Fig. 2(c)), 2y =~ /2, the contribution of case II is mini-
mized, and the near-field image mainly represents the reflec-
tion interaction between the AFM probe and guided waves.
In Fig. 3(d), an experimental line cut is compared with the
mode profile of |[E|?> and the simulated |04eq|. It is seen that
the height of the central bump relative to the edge peaks in-
creases remarkably. This means that, except E;, which is zero
in the central region, E, , also play important roles. Figure 3(b)

(a) L, L,
A : Ac-=""
‘ N
o 4 i, @ p
L]

—N
case [I| € = = = = = = == —
(A)
<€ - A_J
. ~
case 11, |€ ).
B ‘ :
(B) — X
<> : ~
(c) -1 0 1
_— o

SR A AR A R AR ARAAD

A/nm

2.5
y/pm

shows the distributions of the intensity and polarization of the
quasi-TE mode in the cross-section at A = 1620 nm.

In Figs. 3(c) and 3(d), the ratios of the heights of the cen-
tral bump and the edge peaks are generally consistent between
experiment and simulation. The discrepancy may be ascribed
to the non-ideal shape and tilting angle of the tip. Very inter-
estingly, the results of Fig. 3 imply that when we consider a
dielectric conical probe and a highly confined quasi-TE mode,
the extinction coefficient 0y can be approximately treated as
a convolution of E_, while the reflection coefficient oq.q needs
to include all the three electric field components.

3.3. Detecting defects in a waveguide

Employing the model established above, we investigate
another waveguide with etched holes in the middle. Fig-
ure 4(a) depicts the waveguide length L = L + L, and the po-
sition of the holes L; ~ 0.6L. Figure 4(b) shows the scanning
electron microscope (SEM) image. Around the wavelength of
1620 nm, the reflectance and transmittance of these holes can
be regarded as constants. When the AFM probe is placed be-
tween the front facet and the holes (position A), the middle

N O\ A
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Fig. 4. (a) Schematic of light—probe interactions in a waveguide with etched holes. The length of the waveguide L = L; 4+ L, ~ 4 mm, and the
etched holes are located at L ~ 0.6L. When the AFM probe is vibrated at position A or B, the component signal beams of case II; are depicted.
(b) SEM image of the etched holes and near-field image measured by the reflection-based NSOM at A = 1620 nm. (c) and (d) SWS acquired
at positions A and B. (e) Amplitude spectra of the zero-spatial-frequency components of the SWS in (c) and (d).
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portion of Fig. 4(a) depicts the two beam components of
(def) (back)

case II;. We hypothesize that |Eyf| > |Ereﬂ | > |E..q | with
Er(;:f) nd Ef:ng) being the lights reflected by the holes and

the back facet, respectively. Equation (3) becomes

def (back) def back
M) o (Bt B0+ BG4 ES
back
ZaextEl-(:;t) zaextEr(efellC )‘
f)|2 f def
~ 4|aext||: rel: >‘ COS(6ext) + |Eref| reﬁe) (0] <2(pl§e{_]e >)
(back back
+ |Err] - [ES [ cos (20003 ))] ©)
where ®% (1) = Ly - (27ne/A) + Cu, DR (4) = L-

(27ne/A) + Crr, and the other higher-order terms are ne-
glected. The SWS acquired in reflection-based NSOM is
shown in Fig. 4(c). The amplitude at the zero spatial fre-
quency is plotted in Fig. 4(e) as a black spectrum and is mainly
governed by the first two terms in Eq. (9). According to the
relationship of A4 = A%/(2ngL;), the wavelength spacing
AA4 7~ 0.14 nm is in good agreement with the measured dis-
tance between the front facet and the holes. The downshift of
the black spectrum relative to zero is caused by the first term
in Eq. (9) and can help us to estimate |E' (= V1| Eretl = 1/5.
Additionally, the last term in Eq. (9) has a wavelength spacing
of 22/(2n,L) and can be discriminated in the FT trace of the
black spectrum as a third peak. Comparing all the peaks in the
FT trace yields |Er:;Ck |/|Ered§f |~ 1/1.9.

When the AFM probe moves to position B, the lower por-
tion of Fig. 4(a) depicts the two beam components of case II;.

The demodulated signal becomes

) o [ £+ £
e+ B0 + B 20
~ o[BG o)+ Bl L5 eos(20(5)
+EST] - |G| cos (205" "“‘Q)}, (10)
where dbr(:gwm(l) = L-(2xnes/A) + Cir, qbr(:;f_bacm(l) =L

(27negs/A), and L, = L — L. Figure 4(d) shows the acquired
SWS with the amplitude at the zero spatial frequency being
plotted in Fig. 4(e) as a red spectrum. The main feature of
the red spectrum is determined by the second term in Eq. (10)
with the wavelength spacing AAg =~ 0.08 nm, in accordance
with L ~ 4 mm. In comparison with Eq. (9), the first term
of Eq. (10) becomes even smaller because |Er:§Ck | < |Er:§f .
Accordingly, the vertical shift of the red spectrum relative to
zero becomes nearly indiscernible. Additionally, performing
FT on the red spectrum can help us to analyze the third term in

Eq. (10), whose wavelength spacing is A%/(2ngL,). In this

manner, the estimated results of |Er:§f |/|Eet| = 1/4.7 and
|Er:€Ck |/ |Er§lifff | = 1/2.4 agree well with the results derived
from the black spectrum (i.e., the measurement at position A)
within a deviation less than 25%.

Thanks to the spatial degree of freedom provided by the
AFM probe, our method exhibits a unique feature that mea-
surements at different places can be cross-checked. This is
totally different from “black-box-type” techniques. The above
experiments are only implemented at two places with the anal-
ysis to the demodulated signal at zero spatial frequency. With
the increase of the number of testing places and the expan-
sion of the wavelength sweeping range, more accurate mea-
surement should be possible. Furthermore, once the num-
ber of defects in a waveguide or a PIC increases, a flexible
light launching approach, like a grating attached on a fiber
facet (see Ref. [9]), may be needed. Under that circumstance,
the single-coupling-point configuration adopted in our method
will be more convenient than the two-coupling-point scenario
suggested in Ref. [9].

4. Conclusion and perspectives

In summary, utilizing phase-resolved reflection-based
NSOM and performing spatial/wavelength FT on standing-
wave spectrogram, we combine high spatial resolution, high
collection efficiency, and detailed information extraction in the
diagnosis of a silicon nano-waveguide. Different from “black-
box-type” measurement, our method introduces a small probe
into any place along a waveguide so that it has potential to
characterize more complex nano-photonic structures.?>23! In
the context of homodyne detection, the reflection/extinction
interactions between the AFM probe and the guided waves,
both taking place in the local near field, can be discriminated
at different spatial frequencies. These two light—probe in-
teractions can also be discerned in the transverse mode pro-
files at different wavelengths. In contrast, scattering-based
NSOM is only relevant to one light—probe interaction, *°! and
in transmission-based NSOM, different natures of these two
light—probe interactions have not been explicitly identified to
the best of our knowledge.?*

In terms of quantifying locations and reflection strengths
of the inner defects in a nano-waveguide, our method obtains
advantages of high spatial resolution from NSOM and coher-
ent nature owing to the narrow line-width of the laser source.
We develop a theoretical model to decompose the modulated
signal beam and preliminarily test its validity. In the future
development, both the space and wavelength domains can be
further exploited.
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