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This document provides supplementary information to “Subnanometer-accuracy optical
distance ruler based on fluorescence quenching by transparent conductors,”
http://dx.doi.org/10.1364/optica.3.000112. Transparent conductive oxides (TCOs), such as the
well-known indium tinoxide (ITO), find widespread use in modern (nano)technological
applications because of their unique combination of negligible optical absorption and good
electric conductivity. We, however, show that despite the near-zero imaginary part of the
refractive index that is responsible for the material’s transparency, TCOs drastically quench
optical emitters when the emitter is within 10 nm of the TCO. Our results reveal that the pure
near-field nature of this dissipation makes for an exquisite short-range optical ruler. Previous
quenching-based optical rulers, based on interactions with plasmonic or graphene materials,
have allowed measuring distances in the 20–100 nm range. Distances below 20 nm have,
however, been hard to assess due to poor photon yields or weak absolute variations. We
show that TCO-based rulers close this gap, allowing distance measurements with far-field
optics in the 1–10 nm distance range with deep subnanometer sensitivity.
© 2016 Optical Society of America
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1. DETERMINATION OF REFRACTIVE INDICES
A. Refractive index of ITO

We use spectroscopic ellipsometry combined with transmittance
data at normal incidence to determine the layer thickness and
refractive index of the ITO-coated cover glasses used here. The
found real and imaginary part of the refractive index are plotted
in Fig. S1 as a black and red curve, respectively. The raw spectroscopic data and the settings of their fit can be found in Fig. S2
(separate page).
The wavelength range between 600 nm and 1000 nm can be
reasonably well approximated by a Drude model [1], where the
complex permittivity of the ITO is described by the following
equation:
ε(ω ) = ε ∞ −

ω 2p
ω + iωγ

.

(S1)

Here, ε ∞ is the permittivity at infinite frequencies, ω p is the
plasma frequency and γ is the electron collision frequency.
The carrier density N in the ITO and ω p are related as ω p =
( Ne2 /ε 0 m∗e )1/2 , where e is the magnitude of the elementary
charge, ε 0 is the permittivity of free space and m∗e is the effective mass of electrons (0.4me for ITO). After fitting, we get
N = 6.2 · 1020 cm− 3 and γ = 4.6 · 1013 s−1 .
B. Refractive index of Al2 O3
We apply spectroscopic ellipsometry to a 5 nm-thick layer of
Al2 O3 , deposited on a silicon wafer by Atomic Layer Deposition (ALD). We find that the refractive index of the Al2 O3
layer can be described well with the Cauchy relation n(λ) =
A + B/λ2 + C/λ4 , with A, B and C constants and λ the wavelength in micrometer. Here, A = 1.751, B = 0.00632 and
C = −0.00010152. This relation assumes a lossless dielectric

2

Fig. S2. Settings of and fit obtained with spectroscopic ellipsometry, including transmittance data.
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Fig. S1. Measured complex refractive index of ITO by means

Fig. S3. Calculated reflectance, transmittance and absorbance

of spectroscopic ellipsometry combined with transmittance
data. See also Fig. S2 for settings.

at normal incidence for a glass substrate covered with a 17 nm
thick layer of ITO with a refractive index as shown in Fig. S1.
Note that the absorbance is scaled by a factor of 100, meaning that over the whole displayed wavelength range the absorbance is less than 1%.

(k = 0), an approximation that holds for our experiment, since
our data implies kAl2 O3  kITO . If the latter would not be true,
we would not be able to measure an increase in lifetime (and vice
versa, lower losses) with increasing distance to the ITO layer.

2. CALCULATED REFLECTANCE,
AND ABSORBANCE

TRANSMITTANCE

We use the experimentally obtained refractive index of ITO (see
Supplement 1, Section 1) to calculate the reflectance, transmittance and absorbance of a 17 nm-thick layer of ITO on a glass
substrate. The results are shown in Fig. S3 for light in the 400 nm
to 800 nm range, at normal incidence. For clarity, the absorbance
is shown after multiplication by a factor 100.

3. SURFACE ROUGHNESS OF ITO AND AL2 O3
The description of dipole radiation by the angular spectrum
representation[2–5] assumes perfectly planar and smooth surfaces. Here we show that the ITO-coated glass substrates (Optics
Balzers) used here approximate the theoretical situation to a
sufficient degree. In Fig. S4, Atomic Force Microscopy (AFM)
images are shown of a bare ITO slide (top) and an ITO slide
coated with 5 nm of Al2 O3 , with Tetraphenoxy-Perylene Diimide molecules applied to it (bottom). The AFM scans were
analyzed with the open-source software package Gwyddion [6].
Before analysis, a polynomial background subtraction of order 2
was performed on the data to reduce scanning artifacts.
The ITO coating shows, in a 2 × 2 µm area, a height distribution with a standard deviation of 0.4 nm. This minor thickness variation does not directly influence the outcome of the
measurement, as is also shown in Fig. 6 in the main text. After performing the ALD step, the standard deviation is 0.5 nm.
More importantly, on the molecular scale, the local flatness is
lower. Fig. S5 shows a line profile taken across the AFM data
for the bare ITO slide, shown in Fig. S5a, and for the Al2 O3
coated slide, shown in Fig. S5b. The profiles correspond to the
red lines in Fig. S4. Spatial oscillations with periods longer than
390 nm are attributed to local curvature of the surface and not
surface roughness, which is reflected in Fig. S5 by introducing
the waviness and roughness of the surface. Note that this is a

conservative estimate of the roughness, as only roughness on
the scale below some tens of nanometers could strongly influence the results. A roughness analysis of the profiles yields a
root-mean-square roughness of 0.15 nm for the bare ITO slide
and 0.20 nm for the ITO slide after ALD processing. Therefore,
we conclude that the variation of the height of the ITO layer is
sufficiently low to approximate the surface as flat. Moreover,
the ALD step adds negligibly to the surface roughness, thus the
ALD-deposited Al2 O3 can be considered smooth, even when
compared to the steps of 0.33 nm in the main text.

4. FIT OF LIFETIME DATA TO THE THEORETICAL
MODEL FOR TETRAPHENOXY-PERYLENE DIIMIDE
For the theoretical prediction of the lifetime of TetraphenoxyPerylene Diimide versus alumina spacer thickness (solid curve
in Fig. 2b in the main text), we use Eq. 1 from the main text. For
τ0 , the lifetime of the molecule in vacuum, we use the measured
lifetime of the molecule on glass (6.1 ns) multiplied with the relative local density of states of the molecule on glass (1.4), yielding
τ0 = 8.6 ns. Thus, we ignore the potential presence of additional
non-radiative pathways such as quenching by oxygen, and we
assume a QY of 100% for the molecules in vacuum. The benefit
is that with this approximation, there is only one unknown in the
model, which is the effective height of the molecular transition
dipole with respect to the Al2 O3 layer. A fit to the measured
data yields a height of 1.13 ± 0.05 nm. The inset in Fig. 2b in the
main text shows the measured mean fluorescence intensity as
a function of the spacer layer thickness. Here, we forego additional fitting and equate the measured normalized intensity at a
spacer thickness of 10 nm to the QY as predicted by the model.
The remaining intensity measurements are scaled accordingly.

5. FIT OF LIFETIME DATA TO THE THEORETICAL
MODEL FOR ALEXA FLUOR 430
For the case of Alexa Fluor 430, the assumption that the QY is
100% does not reproduce the experimental data. Instead, we

4
ITO

2

a

1
Surface
Roughness
Waviness

1.5

0

Height [nm]

0.5

Height [nm]

1

0.5

0

-0.5

-0.5
0

-1

500 nm

-1.5

b

100

200
300
400
Profile length [nm]

Surface
Roughness
Waviness

Height [nm]

1

2
1.5

0

-1
Height [nm]

0

0.5

-0.5

1
0.5

600

1.5

-2

ITO + 5 nm Al2O3 + TPD

500

0

100

200
300
400
Profile length [nm]

500

600

-0.5
-1

500 nm

-1.5
-2

Fig. S4. Atomic Force Microscopy (AFM) image of an ITO-

coated glass substrate before (top) and after (bottom) adding
an additional layer of Al2 O3 by ALD. In this particular case,
the Al2 O3 is 5 nm thick. In both AFM images, the imaged
area is 2 × 2 µm large. The height distribution has a standard
deviation of 0.4 nm for the bare subtrate, whereas after the
ALD step this is 0.5 nm.
estimate the intrinsic quantum yield to be about 0.2 based on a fit
with the model [7] γ = γi + γr · LDOS(d, h). Here, γi and γr are
the non-radiative rate intrinsic to the molecule and the radiative
rate of the emitter in vacuum, respectively. LDOS represents the
local density of states, which depends on the thickness of the
Al2 O3 layer d and the effective height h of the molecule above
this layer. As an additional data point we use the lifetime of the
molecule on a glass substrate with 2 nm of alumina applied to it,
without ITO (2.59 ns). We find = 0.3, γr = 0.06 and h = 0.54 nm
through fitting.

6. CALCULATIONS OF LIFETIME AND QUANTUM YIELD
FOR A VERTICALLY ORIENTED DIPOLE
The main text discusses the reduction of lifetime and quantum
yield for horizontal dipoles. We claim that vertically oriented
dipoles show similar behavior when the lifetime and quantum
yield is compared for substrates that are either bare or coated
with silver and ITO, for distances less than about 10 nm. For
these small distances, the dipole field is dominated by the near
field, which displays an r −3 dependency regardless of dipole
orientation [5, 8]. Therefore, vertically oriented dipoles show
the same distance dependency for this type of quenching as hor-

Fig. S5. Height profiles taken along the AFM data shown in

Fig. S4. In (a), the profile of a bare ITO slide is shown, whereas
in (b), the profile of an ITO slide after ALD processing is
shown. In this particular case, 5 nm of Al2 O3 was added on
top of the ITO. The black solid curves show the raw height
data. Spatial oscillations with periods longer than 390 nm
are attributed to a local curvature of the surface and not surface roughness, by introducing the waviness (grey dotted
curve) and roughness (red curve) of the surface. For the bare
substrate, a root-mean-square roughness of 0.15 nm is found.
After ALD processing, the surface roughness is found to be
0.20 nm. Therefore, the impact of ALD on the roughness of the
surface is minimal, and the roughness is much less than the
height steps taken in the main text.
izontal dipoles, but the onset of the near-field quenching might
differ slightly due to the different orientations. The lifetimes at
the onset of quenching will in general be different for horizontal
and vertical dipoles. Figure S6 shows the result of a calculation
of the lifetime and quantum yield for vertically oriented dipoles,
as a function of distance, confirming our statement.
The plausibility of our approximation, where we only take
horizontal dipoles into account, stems from a few arguments.
First of all, the polarization in the focus of our objective, even for
a high-NA objective, is still dominated by the polarization state
of the excitation laser [5]. Therefore the excitation polarization is
strongly horizontal at the sample plane. Secondly, the excitation
efficiency of molecules scales as |E · p|2 , with E the local electric
field and p the dipole orientation. Therefore, the excitation efficiency is the highest for horizontal molecules, and drops with
cos2 φ, where φ is the angle between electric field and the dipole
orientation. Combined, this means that we most efficiently excite molecules with a strongly horizontal dipole orientation. If
our set of excited molecules would contain a substantial amount
of vertically-oriented dipoles, clear non-single-exponential lifetime data would show the mixing of the two orientations, as
they have different lifetimes. The fact that our measured life-

5

a

τ/τ0 [−]

1.5

1

0.5
glass (n = 1.52)
Ag (n = 0.12 + 3.73i)
ITO (n = 1.89 + 2⋅10−3i)

0
0

100

200
300
dipole height [nm]

400

500

b
Quantum yield q [−]

1
0.8
0.6

glass (n = 1.52)
Ag (n = 0.12 + 3.73i)
ITO (n = 1.89 + 2⋅10−3i)

0.4
0.2
0

0

10

1

10
dipole height [nm]

2

10

Fig. S6. Predicted variations in lifetime (a) and quantum yield
(b) for a vertically oriented dipole emitter.

time data shows reasonable single-exponential behavior implies
that indeed we mostly probe horizontal dipoles. Nevertheless,
dipoles that are not perfectly horizontal still will show the same
near-field quenching behavior, as shown above, and therefore
are equally suitable for ruler applications.
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