
Observation of nonlinear bands in near-field scanning optical microscopy
of a photonic-crystal waveguide

A. Singh,1,2 G. Ctistis,1,a) S. R. Huisman,1,2 J. P. Korterik,2 A. P. Mosk,1 J. L. Herek,2

and P. W. H. Pinkse1,b)

1Complex Photonic Systems (COPS), MESAþ Institute for Nanotechnology, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
2Optical Sciences (OS), MESAþ Institute for Nanotechnology, University of Twente, P.O. Box 217,
7500 AE Enschede, The Netherlands

(Received 3 October 2014; accepted 7 January 2015; published online 20 January 2015)

We have measured the photonic bandstructure of GaAs photonic-crystal waveguides with high

resolution in energy as well as in momentum using near-field scanning optical microscopy.

Intriguingly, we observe additional bands that are not predicted by eigenmode solvers, as was

recently demonstrated by Huisman et al. [Phys. Rev. B 86, 155154 (2012)]. We study the presence

of these additional bands by performing measurements of these bands while varying the incident

light power, revealing a non-linear power dependence. Here, we demonstrate experimentally and

theoretically that the observed additional bands are caused by a waveguide-specific near-field

tip effect not previously reported, which can significantly phase-modulate the detected field.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906146]

I. INTRODUCTION

For the investigation of the propagation of light in nano-

sized structures, near-field scanning optical microscopy

(NSOM) is a powerful and unique technique since it allows

for measurements with a high spatial, energy, and momen-

tum resolution. Its ability to tap light out of light-confining

structures such as integrated optical waveguides1,2 and cav-

ities,3,4 makes NSOM an invaluable and popular tool in

nanophotonics.2,5 One very important class of such nanopho-

tonic structures consists of photonic-crystal waveguides,

which are two-dimensional photonic-crystal slabs with a line

defect wherein the light is guided. Their importance is found

in their unique properties such as their dispersion relation,

slow-light propagation, strong confinement of light and thus

enhanced light-matter interaction.6–12 With NSOM, one has

the tool to determine the dispersion relation in these wave-

guides and thus the bandstructure, spatially map optical

pulses, observe slow-light propagation and phenomena such

as disorder-induced formation of Anderson localized modes

near the band edge,2,13–17 which otherwise would not be

accessible.

Here, we present our measurements of the bandstructure

of a photonic-crystal waveguide. We show that our measure-

ments reveal additional bands which are not accounted for in

eigenmode solvers. We analyze these new bands by control-

ling the incident light intensity in power-scaling measure-

ments. Their nonlinear scaling behavior is different from the

linear response of the known bands. We explain in detail the

origin of these nonlinear bands as a consequence of mode cou-

pling caused by thermal perturbation of the standing waves

formed in a finite-size GaAs photonic-crystal waveguide. We

demonstrate that these new bands are in fact not modes

belonging to the photonic-crystal waveguide but a measure-

ment artefact caused by the presence of the NSOM tip.

II. EXPERIMENTAL DETAILS

Figure 1(a) shows the experimental setup. It is an

extended version of the setup described in Ref. 17. Therefore,

we will concentrate on the implemented improvements. A

tunable continuous-wave laser (Toptica DLpro 940) with a

wavelength range between 907 and 990 nm and a linewidth of

100 kHz is used. In order to extract both amplitude and phase

from the NSOM signal, a heterodyne interferometric detec-

tion technique is used.5

The signal path is equipped with a motorized combina-

tion of k/4- and k/2-plates, a polarizer, and a photodiode (D1,

FIG. 1. (a) Schematic of the heterodyne near-field scanning optical micro-

scope setup. (b) Scanning electron micrograph of the NSOM tip with an

aperture of �160 nm. (c) Scanning electron micrography of the GaAs

photonic-crystal waveguide membrane structure used in the experiments.

The W1 waveguide is formed by the missing row of holes in the center of

the photonic-crystal slab.
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see Fig. 1(a)). The output of D1 behind the beamsplitter BS2,

i.e., the induced photocurrent, measured as a voltage drop

behind a fixed resistor, is measured against a calibrated

power meter on the signal input, resulting in a one-to-one

mapping of voltage to input power. Using this arrangement,

we can tune the input power very accurately over a large

range, i.e., 50 lW–15 mW, throughout the entire wavelength

range of the laser. After this calibration, the signal input light

is coupled to the cleaved end facet of a GaAs photonic-

crystal waveguide by means of a microscope objective

(NA¼ 0.55) and propagates there along the positive x̂-direc-

tion. The polarization of the incident light is chosen to be

approximately 45� with respect to the normal of the wave-

guide allowing us to excite both TE- and TM-like modes

simultaneously. The field pattern is collected �100 lm away

from the coupling facet—to avoid direct light scattering into

the collection part—using an Al-coated fiber tip with an

aperture of �160 nm (Fig. 1(b) shows a scanning electron

micrograph (SEM) of such a tip). The tip is thereby kept at a

fixed distance of �20 nm above the sample surface using

shear-force feedback control. The used height is a trade off

between picking up enough evanescent light and disturbing

the light field by the tip’s presence. The light that is picked-

up is heterodyned with the local oscillator and detected on a

Si photodiode (D2) allowing to accurately measure amplitude

and phase with subwavelength spatial resolution.

The parameters of the GaAs photonic-crystal slab wave-

guide, which are also used in the calculations, are extracted

from SEM images, such as the one shown in Fig. 1(c) and are:

pitch size of the triangular lattice a¼ 240 6 10 nm, normal-

ized hole radius r/a¼ 0.309 6 0.002 nm, and slab thickness

h¼ 160 6 10 nm. The length of the waveguide l of approxi-

mately 1 mm is derived from optical microscope images.

III. RESULTS

With our NSOM, we map the amplitude of the light field

inside the photonic-crystal waveguide with high spatial reso-

lution. Figure 2(a) shows a detailed part of such a scan,

which extends in total to about 52 lm� 1.2 lm in the x̂- and

ŷ-direction, respectively, showing a standing-wave pattern of

the light inside the waveguide. The wavelength of the light

coupled into the waveguide is k¼ 964.4 6 0.01 nm with an

incident power of P¼ 3.5 mW. Analyzing such a spatially

resolved measurement further allows the extraction of all the

(Bloch-)periodic optical signals in the waveguide by means

of a spatial Fourier transform (SFT).2,16,18,19 Figure 2(b)

shows the result of the SFT performed on our measurement

in Fig. 2(a), revealing four bands and the light line (LL).

We can reconstruct the photonic bandstructure of our sys-

tem very accurately by collecting more near-field images

across the whole frequency range of the laser source. Figure 3

displays the bandstructure for our photonic-crystal waveguide

reconstructed in this way. Furthermore, we included the

eigenmodes of the system as calculated using the MIT pho-

tonic bands eigenmode solver (MPB).20 Comparing the results,

we can match the measured bands to those in the calculations.

Strikingly, our measurements demonstrate additional bands

that are not predicted in the eigenmode solvers. To be certain

that the bands calculated by the MPB eigenmode solver are

predicted correctly, we varied several parameters, such as the

system size, the unit cell size as well as the resolution in the

calculations. We conclude that MPB describes the bandstruc-

ture very well with the exception of the new bands. The

measured new bands will subsequently be analyzed in more

detail.

For clarity, we introduce here the following nomencla-

ture: Measured bands which also show up in the MPB calcula-

tions are denoted P (predicted) while the bands measured but

not appearing in the calculations are denoted N (not pre-

dicted). Moreover, from the slope in the bandstructure, as

derived from Fig. 3, one can derive the group index and

energy velocity, thus knowing if it is a forward (F) or back-

ward (B) propagation, which is marked in subscript. The band

name appears alphabetically in superscript. For example,

FIG. 2. (a) Measured amplitude profile of the photonic-crystal waveguide at

an incident wavelength of k¼ 964.4 6 0.01 nm and an incident power of

P¼ 3.5 mW. (b) Amplitude coefficients of the spatial Fourier transform

(SFT) of the measured near-field pattern. Modes marked with PB
F ; PC

F ; ND
F ,

and PCþ1
F correspond to bands responsible for the standing-wave pattern

present in Fig. 2(a).

FIG. 3. Measured bandstructure of a photonic-crystal waveguide. The meas-

ured bands are labeled from A to F (in the superscript), LL denotes the light

line. Furthermore, the results of MPB simulation are inserted as black dots.

Modes present in experiment and calculation are labeled P (predicted).

Bands measured but not appearing in the calculations are shown in magenta

and labeled N (not predicted). The subscript denotes backward (B) or for-

ward (F) propagation. The green dashed line denotes the frequency of more

detailed analysis.
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a forward propagating predicted mode A is denoted as PA
F ,

a backward propagating structure F as NF
B, and a forward

propagating predicted mode C in the second Brillouin zone

as PCþ1
F . Finally, the light line appears in its usual abbreviation

as LL.

In Fig. 3, we identify three new bands, labeled D, E, and

F. We can construct these new bands from predicted bands

following a general rule

kðnew bandÞ
x ¼ 2kðpredicted bandÞ

x 7kðsecond predicted bandÞ
x : (1)

In case of D, E, and F this leads to

kxðND
F Þ ¼ 2kxðPC

F Þ þ kxðPC
F Þ ¼ 3kxðPC

F Þ;
kxðNE

FÞ ¼ 2kxðPA
F Þ � kxðPC

F Þ;
kxðNF

BÞ ¼ 2kxðPA
BÞ � kxðPC

F Þ;
(2)

where they are constructed from the predicted modes A and C.

Due to the complexity of the bandstructure, we restrict

our further analysis without loss of generality to one specific

wavelength below the band edge, i.e., k¼ 964.4 nm (green

dashed line in Fig. 3) and therefore to the new band ND
F . We

performed power-dependent measurements to study the ori-

gin of these new bands. These measurements consisted of

taking NSOM images as shown in Fig. 2(a) in a series of

power levels ranging from 0.5 to 6.5 mW, repeating each

measurement 5 times for better statistics. From each NSOM

image, we calculate the SFT (Fig. 2(b)) and sum up the sig-

nal along the ŷ-direction. Figure 4(a) shows the resulting

Fourier signal intensity vs. kx for two input powers of

Pin¼ 6.5 mW (red) and Pin¼ 1.0 mW (green), respectively.

The periodic light patterns picked-up by NSOM are thereby

clearly visible as peaks above the background signal.

Furthermore, we can see that the overall intensity of the

spectrum changes as a result of the change in power.

To analyze these signals further, we plot the intensity

of the k component (after background subtraction) as a

function of the incident power as is shown exemplarily for

the PC
F and ND

F in Fig. 4(b). Surprisingly, the two bands

show a different scaling behavior with the incident power.

For the predicted mode PC
F a linear dependence of the in-

tensity is observed as expected. The new band ND
F , on the

other hand, shows a highly nonlinear behavior. Here, the

power law appears to be cubic at powers P> 3 mW, and

quadratic at intermediate powers. In the following, we

explain the observed nonlinear behavior of these new bands

that appear in the measurement.

IV. THEORETICAL MODEL

To understand the experimental findings and why the

eigenmode calculations do not predict the measured bands,

we first look at the difference between the calculations and

the experiment. In contrast to the MPB calculations, which

assume an infinite sample length and linear material

response, our experiment consist of a finite photonic crystal

waveguide. Moreover, GaAs is known for its highly nonlin-

ear material response.21 Therefore, the eigenmodes of the

waveguide as calculated by MPB can only be a starting point

for the explanation of the real situation, since it cannot

account for any coupling between modes.

In the following, we will show that this measurement-

induced coupling mechanism leads to virtual mode coupling

and is essential for the observation of new bands in our

experiment. We restrict our analysis, without loss of general-

ity, thereby to the effects caused by the brightest eigenmode

C. The same effects will also be present in other (weaker)

eigenmodes. Furthermore, we can omit the Bloch periodicity

in the analysis of the electric field because it does not affect

the appearance of the observed new bands.

In the finite structure, reflections from the end facets of

the waveguide will lead to a formation of a standing-wave

pattern due to forward (þkx) and backward (�kx) propagat-

ing modes, as is schematically depicted in Fig. 5(a). The

complete electric field associated with the forward propagat-

ing bright eigenmode C at position r and frequency x is

given by EPC
F
ðr;xÞ ¼ APC

F
ðr;xÞe�ikcx=a, where APC

F
ðr;xÞ is

the field amplitude. The backward propagating mode is

then given by EPC
B
ðr;xÞ ¼ APC

B
ðr;xÞeikcx=a. The total inten-

sity I(r, x) inside the waveguide then becomes

FIG. 4. Power scaling experiment to measure the intensity-dependent behav-

ior of waveguide bands. (a) Total intensity in the Fourier signal (as shown in

Fig. 2(b)) as a function of the spatial frequency kx. The curves represent two

different incident power levels: Pin¼ 6.5 mW: red; Pin¼ 1.0 mW: green.

The bands (LL, PB
F ; PC

F ; ND
F ; and PCþ1

F ) are clearly visible as peaks. (b)

Fourier signal intensity of PC
F and ND

F measured as a function of incident

power. The dotted lines represent linear (blue), quadratic (red), and cubic

(green) fits to the data, whereby ND
F is fitted only for incident powers exceed-

ing 1 mW (cf. text).
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I r;xð Þ ¼ IBG þ 2jAPC
B

r;xð ÞAPC
F

r;xð Þj cos 2kc
x

a

� �
; (3)

where IBG corresponds to the non-sinusoidal background in-

tensity. Assuming an intensity dependence for the refractive

index and inserting Eq. (3) as expression for the intensity,

the refractive index n(r, x)¼ nl(x) þ n2(x)I(r, x) can then

be written as

n r;xð Þ ¼ nl xð Þ þ n2 xð ÞIBG

þn2 � 2jAPC
B

r;xð ÞAPC
F

r;xð Þj cos 2kc
x

a

� �
; (4)

where nl(x) is the linear refractive index of GaAs and n2(x)

� n2 is the corresponding nonlinear refractive index at the

incident optical frequency x and intensity I(r, x).

We need one more ingredient to explain the appearance

of the new bands, namely, the perturbative nature of NSOM

measurements. While scanning across the surface of the

waveguide, the tip causes losses predominantly at the max-

ima of the standing-wave pattern (cf. Fig. 5(a)). This, how-

ever, is a loss mechanism for the total power inside the

waveguide leading to a variation of the refractive index in

the waveguide as a function of the position of the tip. Using

I(r, x) (Eq. (3)) and leaving out the explicit position and fre-

quency dependence of the amplitudes, the perturbation of the

refractive index of a large fraction of the waveguide caused

by the moving near-field tip can be described through

n r;xð Þ ¼ n0 1þ n2I r;xð Þ
� �

¼ n0 1þ n2IBG þ n2 � 2jAPC
B
APC

F
j cos 2kc

x

a

� �� �

¼ n0 þ Dn: (5)

Here, we assume that the field in the waveguide is dominated

by band C as justified by Fig. 3.

As a consequence of this refractive-index change, an

additional phase / is introduced to the propagating light.

The change in phase for any forward propagating mode

between the front facet and the NSOM tip is thus

D/ r;xð Þ ¼ kcrDn

¼ kcrn0n2 IBG þ 2jAPC
B
APC

F
j cos 2kc

x

a

� �� �

¼ /BG þ kcrn0n22jAPC
B
APC

F
j cos 2kc

x

a

� �
; (6)

where /BG corresponds to the phase term caused by the aver-

age temperature rise and hence does not contribute to the

new bands. Backward propagating modes experience a

similar phase shift. The measured field can therefore be

described as the unperturbed signal with an additional

phase. Expanding the phase by a Taylor series results in the

general expression for the field detected by the NSOM

measurements

Edet r;xð Þ ¼ Ae�ikx
ae��/ r;xð Þ ¼ Ae�ikc

x
ae�/BG � 1þ ikcrn0n2 � 2APC

B
APC

F
cos 2kc

x

a

� �
þ

ikcrn0n2 � 2APC
B
APC

F
cos 2kc

x

a

� �� �2

2!
þ :::

2
64

3
75

¼
X1
N¼0

Ae� ikc
x
aþ/BGð Þ � e�i2kc

x
a þ ei2kc

x
að ÞN

2NN!
� ikcrn0n2 � 2APC

B
APC

F

� �N; (7)

where A is the amplitude of any real mode in the waveguide

with wave vector k. In particular, A could be APF
C
. Equation

(7) gives the general expression of the field associated

with mode C of the intensity-perturbed photonic-crystal

waveguide. Its Fourier transform will reveal all spatial

frequencies present in the measured field data. The bands

will thereby follow the general expression: kdet¼ 2Nkc þ k,

where N¼ 0, 1, 2,…. Pure mode C corresponds to the term

FIG. 5. (a) Schematic representation of a standing-wave intensity pattern

formed by counter-propagating waves in a finite photonic-crystal wave-

guide. The signal is then picked-up with the NSOM tip. (b) Schematic repre-

sentation of the position-dependent total intensity inside the photonic-crystal

waveguide. The intensity drop during forward and backward propagation is

caused by light scattering and absorption of light due to the presence of the

tip. (c) Intensity of the measured Fourier signal (cf. Fig. 4(b)), as a function

of spatial frequency kx at an incident power of Pin¼ 6.5 mW. Modes labeled

PC
B and PC

F correspond to two counter-propagating waves and ND
F is the new

band appearing in this experiment.

033104-4 Singh et al. J. Appl. Phys. 117, 033104 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

82.75.90.154 On: Tue, 20 Jan 2015 14:50:03



N¼ 0 in Eq. (7) and the field associated with this mode is

APC
F

exp½�ikc
x
aþ /BG�. The intensity is thus given by jAPC

F
j2,

scaling linearly with the incident intensity as expected for a

pure mode.

A new band as observed in the experiment corresponds

to N¼ 1 in Eq. (7) and its field is given by

EN¼1 r;xð Þ ¼ ikcrn0n2 � 2APC
B
APC

F

� APC
F
e� ikc

x
aþ/BGð Þ e�i2kc

x
a þ ei2kc

x
a

2

¼ APC
B
APC

F
APC

F
e/BG ikcrn0n2

� e �i3kc
x
að Þ þ e þikc

x
að Þ

� �
: (8)

It contains bands corresponding to 3kc and kc and the

associated field amplitude for both these bands is propor-

tional to APC
B
� APC

F
� APC

F
. In the case of ND

F , the intensity will

scale as jAPC
B
j2 � jAPC

F
j2 � jAPC

F
j2; therefore, the intensity of the

new band should scale cubic with the incident intensity. In

the same way, the new bands E and F can be explained not

with mode C but with mode A as perturbed signal field.

V. THERMAL ORIGIN OF NONLINEARITY

In principle, several nonlinear effects can be responsible

for the refractive index modification as a consequence of an

intensity change. The Kerr effect and a heat-induced index

change are the most obvious ones. Our measurements alone

do not allow us to discern between the effects, but a thermal

origin of the new bands seems the most likely as we will

argue below. With a Kerr coefficient of the order of 10�11

cm2/W,23 1 mW of power in our waveguide leads to an index

of refraction change of less than 10�7. On a length of 1 mm

this causes a 10�4 rad phase shift.

To understand the effect of heating, let us recall the

processes leading to a temperature increase inside the

waveguide. The photon energy coupled into the waveguide

is between 1.25 and 1.36 eV and therefore no direct one-

photon absorption of the light is possible (band gap of

GaAs: Eg, GaAs¼ 1.42 eV). However, due to the confine-

ment of the light inside the waveguide, the intensity can

increase such that the probability of two-photon absorption

processes becomes non-negligible. Accompanying the pho-

ton absorption is a heating up of the sample. In addition,

contaminations or defects at the slab’s surface can lead to

additional absorption. In fact, we have observed similar

waveguides to be destroyed by a runaway thermal degrada-

tion at slightly higher excitation powers. Taking the thermal

diffusivity and conductivity of GaAs into account,21 the

time it takes the material to thermalize on the length scale

of the wavelength k is of the order of 10�8 s, which means

that the induced local heating pattern (due to the standing

wave) is completely washed out and therefore homogene-

ous. As explained before, however, the total intensity

depends on the position of the NSOM tip relative to the in-

tensity maxima in the standing light wave. The alteration of

the band intensity correlates with a temperature change as

@xT(r, x)¼ a � @xI(r, x), with T(r, x) the absolute tempera-

ture of the photonic-crystal waveguide as a function of

spatial position r of the near-field tip. The thermal depend-

ence of the refractive index is given by nth¼ n0(1 þ n1T),

where n0 and n1 for GaAs are 3.255 and n1¼ 4.5� 10�5

K�1, respectively.21 A rough estimate of the temperature

rise is about 1 K for 1 mW pump power. Given n1, this is

three orders of magnitude more than the index change

caused by the Kerr effect.

VI. CONCLUSIONS AND DISCUSSION

Our model based on the perturbation caused by a near-

field tip correctly explains the appearance of the observed

new bands. Hence, these bands are not optical modes of the

waveguide but a waveguide-specific NSOM tip effect not

previously observed, where the NSOM tip can cause a large

phase shift. There are several circumstances favoring the ob-

servation of the new bands in our experiment: (1) Use of a

direct-band gap material with a large thermal coefficient; (2)

a high thermal isolation provided by the free-standing perfo-

rated waveguide samples; and (3) phase-sensitive measure-

ment allowing to map and separate individual spatial signals

in Fourier space. The observed scaling factor (cf. Fig. 4(b))

matches the one predicted by our model for higher powers.

Competing extrinsic as well as intrinsic refractive index per-

turbing processes cannot be ruled out, though. Therefore,

even though we successfully explained the observed modal

appearance as near-field tip-induced thermal perturbation,

we cannot exclude the influence of intensity-dependent non-

linear optical effects, since there has already been experi-

mental evidence of a very large nonlinear optical response

measured in InGaAs photonic-crystal waveguide struc-

tures,22 yet without clarity on the origin of the effect.

VII. SUMMARY

In conclusion, we have observed and explained the exis-

tence of new bands in NSOM measurements of photonic

crystal waveguides not predicted by standard eigenmode cal-

culations. Our experimental results demonstrate an intriguing

effect caused by coupling of modes in a finite-sized pho-

tonic-crystal waveguide and could be explained as a result of

position-dependent tip losses and accompanying temperature

changes.
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