
Single-walled carbon nanotube membranes
as non-reflective substrates for
nanophotonic applications

Denis M Zhigunov1 , Daniil A Shilkin2 , Natalia G Kokareva2,
Vladimir O Bessonov2,3 , Sergey A Dyakov1 ,
Dmitry A Chermoshentsev1,4, Aram A Mkrtchyan1, Yury G Gladush1 ,
Andrey A Fedyanin2 and Albert G Nasibulin1,5

1 Skolkovo Institute of Science and Technology, Bolshoy Boulevard 30, bld. 1, 121205 Moscow, Russia
2 Faculty of Physics, M. V. Lomonosov Moscow State University, Leninskie Gory 1, 119991 Moscow,
Russia
3 Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Sciences, Moscow
119071, Russia
4Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia
5Department of Chemistry and Materials Science, Aalto University, PO Box 16100, FI-00076, Finland

E-mail: d.zhigunov@skoltech.ru

Received 28 August 2020, revised 9 November 2020
Accepted for publication 16 November 2020
Published 7 December 2020

Abstract
We demonstrate that single-walled carbon nanotube (SWCNT) membranes can be successfully
utilized as nanometer-thick substrates for enhanced visualization and facilitated study of
individual nanoparticles. As model objects, we transfer optically resonant 200 nm silicon
nanoparticles onto pristine and ethanol-densified SWCNT membranes by the femtosecond laser
printing method. We image nanoparticles by scanning electron and bright-field optical
microscopy, and characterize by linear and Raman scattering spectroscopy. The use of a pristine
SWCNT membrane allows to achieve an order-of-magnitude enhancement of the optical contrast
of the nanoparticle bright field image over the results shown in the case of the glass substrate use.
The observed optical contrast enhancement is in agreement with the spectrophotometric
measurements showing an extremely low specular reflectance of the pristine membrane
(�0.1%). Owing to the high transparency, negligibly small reflectance and thickness, SWCNT
membranes offer a variety of perspective applications in nanophotonics, bioimaging and
synchrotron radiation studies.

Supplementary material for this article is available online
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1. Introduction

Optically resonant nanostructures made of high-index semi-
conductor materials, e.g. Si, Ge and GaAs, are in a focus of
thorough research nowadays due to their ability to control
light at the nanoscale [1–5]. Low absorption losses and pro-
nounced Mie-type resonances, as characteristics of

nanoparticles made of high refractive index materials, have
been a driving force for the rapidly growing research in all-
dielectric nanophotonics, aimed at getting benefits from the
excitation of magnetic and electric multipole modes of the
particles in the visible and near-IR spectral regions [6]. The
performance of nanophotonic devices, however, usually suf-
fers from a substrate holding the resonant structures. As a
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result of the substrate presence, the quality factor of the
resonances may be reduced and the control over the indivi-
dual modes limited. These effects can be partly suppressed by
embedding the resonant particles into low refractive index
material [7, 8], or placing an index matching layer between
the substrate and the structure [9]. Trapping nanoparticles in
free space by means of optical tweezers allows one to elim-
inate the substrate effects completely, but this comes at the
cost of lower stability and complicated experimental
arrangement [10]. Recently, it has been reported that ultrathin
carbon nanomembranes with a thickness of only 1 nm can be
used as substrate material for plasmonic metasurfaces [11].
The dimensions of such nanomembranes are however limited
to several hundred micrometers by the mechanical strength,
and the transfer process onto a desired holder is not
straightforward [12]. Thus, search of a widely scalable sub-
strate that can be produced by a simple and rapid fabrication
technique for the needs of nanophotonics is currently an
urgent challenge.

Free-standing single-walled carbon nanotube (SWCNT)
films (i.e. SWCNT membranes) possess a unique combination
of electrical and optical properties. In particular, they
demonstrate low sheet resistance�40 Ω/sq at the transmit-
tance up to 90% in the visible range, providing a high
potential for a number of applications in optoelectronics and
photovoltaics [13–17]. Such membranes can be produced by
an aerosol chemical vapor deposition synthesis method,
which allows one to fabricate a thin film of randomly oriented
high-quality SWCNTs without any liquid chemistry proce-
dures, in contrast to a commonly used vacuum-filtration
approach involving a suspension preparation step [18]. The
lateral size of free-standing SWCNT films is shown to reach
several centimeters and can be further scaled up. Moreover,
these films can be easily dry transferred onto practically any
holding substrate [19]. However, in spite of their prevalence
in electronics, to the best of our knowledge, SWCNT mem-
branes have never been considered as substrates for nano-
photonic applications, while conventional (non free-standing)
carbon nanotube films decorated with noble metal nano-
particles have been already proposed as active substrates for
surface-enhanced Raman scattering [20–22].

Here, we show that the SWCNT membranes can be used
as advanced substrates to visualize and characterize individual
nanoparticles. To illustrate the proposed concept Mie-reso-
nant silicon nanoparticles (Si NPs) have been taken. Using
scanning electron microscopy (SEM), bright field (BF) optical
microscopy, linear and Raman scattering spectroscopy, we
have performed a comparative study of similar-sized Si NPs
deposited on either pristine and ethanol-densified SWCNT
membranes or a cover glass. The demonstrated approach
opens an avenue for applications in nanophotonics, live cell
imaging and synchrotron studies.

2. Methods

2.1. Sample fabrication

SWCNTs were grown in the gas phase by ferrocene vapor
decomposition in the atmosphere of CO. Aerosol SWCNTs
were filtered from the gas phase and collected on a micro-
porous filter forming a sparse uniform film of randomly
oriented SWCNTs. These films were subsequently dry
transferred over square openings with the size of 20×20
mm2 to form a pristine free-standing film. One of the mem-
branes was then densified by ethanol drop-casting and sub-
sequent drying in air. Such a procedure allows one to
compress the membrane in the out-of-plane direction and to
increase its sheet conductivity and tensile strength [23]. Both
pristine and ethanol-densified SWCNT membranes possess a
transmittance of about 80% at 550 nm, which defines these
membranes as almost the thinnest mechanically stable free-
standing SWCNT films [19]. In the case of the densified
membrane, its thickness can be estimated as 20±7 nm on
the basis of corresponding spectroscopic ellipsometry mea-
surements [24], while for the pristine membrane this para-
meter is currently under study. The silicon nanoparticles were
fabricated by means of the laser-induced transfer method, also
referred to as femtosecond (fs) laser printing [25, 26], for
details of the laser printing procedure see supporting infor-
mation, section 1 (available online at stacks.iop.org/NANO/
32/095206/mmedia). To be used as a donor, a 100 nm thick
amorphous silicon (a-Si) film was deposited on a cover glass
substrate by e-beam evaporation at room temperature using an
ultra-high-vacuum growth system [27]. As a result of the
printing procedure, Si NPs were deposited onto the SWCNT
membranes and a reference cover glass substrate (a colourless
borosilicate glass).

2.2. Optical and structural characterization

SEM of the Si NPs transferred on SWCNT membranes was
performed in the high vacuum mode at an accelerating volt-
age of 30 kV. Optical imaging was realized using bright-field
microscopy in the reflection geometry on an Olympus
BX53M microscope equipped with an Olympus MPlanFL N
50×/0.8NA objective. All images were obtained with a fixed
camera exposure of 25 ms. The scattering spectra of single Si
NPs were measured in the forward-scattering geometry using
a microscopic setup equipped with an Ocean Optics QEPro
spectrometer; the details of the setup can be found elsewhere
[28]. The particles were illuminated from the side of the
substrate with the numerical aperture set to about 0.2. Raman
spectra of single Si NPs were measured using a micro Raman
setup Horiba Jobin Yvon LabRAM HR Evolution in the
backscattering geometry with an excitation by the 632.8 nm
line of a He–Ne laser. Transmittance and reflectance mea-
surements were performed using an Agilent Cary 5000
spectrophotometer equipped with an integrating sphere. The
diffuse reflectance was measured at a normal incidence, while
the total reflectance was measured at an angle of incidence of
3°20′. Ellipsometry for densified SWCNT free-standing
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membranes was performed using spectroscopic ellipsometer
Sentech Instruments SENresearch 4.0 in an angle range from
50° to 70°.

2.3. Numerical simulation

Numerical calculation of the scattering cross-section was
performed using the finite element method in the commercial
package COMSOL Multiphysics.

3. Results and discussion

Typical SEM images of the Si NPs on the pristine and
ethanol-densified SWCNT membranes are shown in figure 1.
The size of the printed NPs was found to vary between 190
and 220 nm due to variations of the fs laser pulse energy
density (for additional SEM results see supporting informa-
tion, section 2). All SEM images were obtained in high
vacuum and without preliminary metal coating: the high
electrical conductivity of SWCNT networks [13] provided an
efficient charge drainage (note, that membranes are mixtures
of 2/3 semiconducting and 1/3 metallic SWCNTs). At the
same conditions, SEM visualization of the Si NPs on the glass
substrate was not successful because of the charging of the
sample. Thus, an important advantage of the SWCNT mem-
branes is that their use allows one to eliminate charging
during SEM studies, keeping at the same time the specimen in
its virgin form.

A well-known optical imaging technique with enhanced
optical contrast is dark-field microscopy. Due to resonant
light scattering, size-dependent differently colored dark-field
microscopic images of Si nanoparticles with the diameter of

∼200 nm on a glass substrate can be easily obtained [29]. At
the same time, visualization of such small particles using BF
microscopy requires certain efforts aimed at the optical con-
trast enhancement: typically, high optical contrast is realized
on low-reflectance substrates [30]. In this study, we reveal
that pristine SWCNT membranes can be used for this pur-
pose. Figure 2 shows BF microscopic images of individual Si
NPs transferred on three different substrates—pristine and
ethanol-densified SWCNT membranes and the cover glass;
the corresponding signal intensity profiles taken from the
median lines of the RGB images are shown as well.
According to the obtained results, the best conditions for Si
nanoparticle BF imaging are achieved, when the pristine
SWCNT membrane is used, while the image of a particle on
the cover glass substrate shows the lowest contrast due to an
order-of-magnitude more intense background. Numerically,
optical contrast, C, is defined as:

=
-
+

C
I I

I I
100%, 1NP sub

NP sub
· ( )

where INP and Isub represent image intensities, measured for
Si NP (peak value) and adjacent substrate (average value),
respectively. According to our data, Si NP image contrast
increases from 7%±2% to 70%±12% if the cover glass
substrate is replaced with a pristine SWCNT membrane (BF
images of 20 different Si NPs were analyzed for averaging in
each case; for more details see supporting information,
section 3). In turn, images of Si NPs on the ethanol-densified
SWCNT membrane show 29%±12% optical contrast due to
a lighter background (see figure 2). Apparently, the enhanced
contrast is caused by a much lower light reflectance from the
SWCNT membranes in comparison with that of the cover
glass. Similarly, conventional antireflective layers are used to
achieve a better contrast in optical microscopy for the
observation of 2D materials [30–32]. Hence, non-reflective
SWCNT membranes seem to be perfect substrates for an

Figure 1. SEM images of Si NPs transferred on (a), (b) pristine and
(c), (d) densified SWCNT membrane. Approximate size of the Si
NPs is 210 nm (a), (c) and 190 nm (b), (d).

Figure 2. Intensity profiles (dots) taken along the horizontal median
lines of the corresponding BF images (placed next to the curves) of
the Si NPs transferred on different substrates. Solid lines represent a
Lorentzian fit to the profiles.
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optical detection and characterization of various low-contrast
specimens such as live cells, which are usually poorly
detectable by BF optical microscopy [33].

Comparative linear and Raman scattering spectroscopy
measurements were performed for single Si NPs (∼190 nm in
size) transferred on the studied substrates. The results of the
linear scattering spectroscopy are shown in figure 3. The
obtained spectra of the Si NPs demonstrate pronounced
resonances, which correspond to the excitation of magnetic
dipole and electric dipole modes [29]. These resonances
determine the color of the Si NPs, which can be seen in the
corresponding BF images (see figure 2). The less pronounced
high-order modes—electric quadrupole and magnetic quad-
rupole—are also distinguishable in the scattering spectra. The
optically negligible thickness of the membranes may allow
one to use them in studies of morphology-dependent optical
resonances with the minimized substrate effects. In our study,
however, the differences in size and shape of similar-sized but
still individual Si NPs cause variations in the position and
intensity of the observed scattering peaks, with no reliable
effect of the substrate type on the scattering spectra estab-
lished (for additional scattering spectroscopy results and
comparison of spectra from different NPs see supporting
information, section 4). The shown experimental spectra are
in good agreement with the scattering cross-section calculated
for a free-standing in air silicon spheroid with the major
diameters 190×190×192 nm3 as determined by the best fit
of the scattering spectrum for the Si NP on the pristine
SWCNT membrane. The results of the Raman spectroscopy,
shown in figure 4(a), demonstrate that the transferred Si NPs
are in a crystalline state, since only a narrow peak at∼520
cm−1 characteristic for crystalline silicon is detected. The
Raman spectra of the SWCNT films are almost featureless in
the spectral region between 200 and 1300 cm−1 (see
figure 4(b)), which provides the gap for Raman studies of

different nanostructures being deposited on a film. During the
measurements on the micro Raman setup, we found the high
image contrast provided by the low-reflectance SWCNT
substrates to significantly simplify a frequently complicated
and time-consuming task of searching and positioning indi-
vidual nanoparticles. Under certain experimental conditions,
Si NPs on the glass substrate cannot be seen, in contrast to
similar Si NPs on the SWCNT membranes (for details see
supporting information, section 5). Relying on the presented
results of comparative measurements, one may conclude that
both pristine and densified SWCNT membranes are suitable
substrates for the optical characterization of membrane-
attached nanostructures.

In order to explain the observed BF image contrast
enhancement upon using the free-standing SWCNT sub-
strates, their optical properties have been studied. Figure 5
shows the transmittance and total reflectance of the SWCNT
membranes in comparison with the cover glass, measured
using an integrating sphere. The peaks around 280 nm in
reflectance and the corresponding minima in transmittance for
SWCNT membranes are explained by the well-known π-
plasmon absorption [34], which leads to the increase in
reflectance. Remarkably, the membranes demonstrate a high
transmittance in the UV range (see figure 5(a)), which might
be very useful for specific UV studies [35]. Moreover, the
total reflectance of SWCNT membranes is much lower than
that of the cover glass, showing a maximum of ∼1% at 275
nm for the pristine film (see figure 5(b)).

The obtained results demonstrate the outstanding non-
reflective properties of pristine SWCNT membranes, which
are closely comparable with those of well-known black sili-
con (reflectivity �1% [36]), and vertically aligned (VA) CNT
arrays (reflectivity�0.1% [37]). Both of the latter materials

Figure 3. Scattering spectra of ∼190 nm Si NPs transferred onto
different substrates: glass, pristine and densified SWCNT membrane
(corresponding SEM images of Si NPs on SWCNT membranes are
shown in figures 1(b) and (d)). For a comparison, calculated
scattering cross-section, σ, is plotted for a 190×190×192 nm3

spheroid. Figure 4. Raman spectra of (a) Si NPs transferred on a cover glass
and SWCNT membranes (substrate-related background is sub-
tracted), and (b) pure SWCNT membranes under study.
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represent a class of porous nanostructures containing the
nanometer-sized features (pores, pillars or tubes), that are in a
lateral direction much smaller than the light wavelength. Due
to the low density of a porous layer (of any type), its effective
refractive index becomes significantly lower than that of the
corresponding bulk material, approaching the refractive index
of air, which leads to a significant reduction of the reflectance.
Moreover, the surface of a porous layer consists of a dis-
continuous random network that makes it much different from
the optically smooth surfaces and decreases the specular light
reflectance. Besides, the presence of a graded-density surface
profile, typical for porous nanostructures, results in a blurred
‘air-medium’ interface, which provides a relatively smooth
gradient of refractive index for the incident light [38]. The
elimination of a sharp well-defined interface between the air
and the porous film due to the graded-index surface is one of
the basic principles of reflectance suppression, which is
known for etched anti-reflective coatings from the 19th cen-
tury [39].

SWCNT membrane is a porous low-density material with
the pore size of the order of tens of nanometers, as evident
both from the SEM images (see figure 1) and the measure-
ments of the nanoparticle filtering efficiency [19]. Accord-
ingly, an explanation of the low observed reflectance from the
membranes lies in their porous nanostructure, possibly
accompanied by the graded-index surface, as suggested dur-
ing the analysis of the anti-reflection properties of SWCNT

membranes covering a Si substrate [40]. At the same time,
SWCNT membranes do not absorb light as much as discussed
above black silicon and VACNT arrays, which are both
known primarily as black absorbers. Hence, neither strong
light absorption nor elongated ‘light trapping’ structure is
necessary to obtain a non-reflective surface, which, in the
extreme case, is a free-standing ultrathin film. Remarkably,
the reflectance of the ethanol-densified SWCNT membrane is
several times higher than that of the pristine one (see
figure 5(b)). This is in full agreement with the background
intensity difference for the BF microscopic images shown in
figure 2. The higher reflectance of the densified membrane
can be explained by the higher film density and, therefore,
lower porosity. Consequently, an effective refractive index of
the densified film is higher, and an interface between the air
and the membrane is more abrupt, which leads to higher
reflectance. A similar rise in reflectance has been reported
recently for a VA multi-walled carbon nanotube forest, after
its mechanical compression and surface modification by the
nanotube tip bending towards horizontal orientation [41].

To distinguish the contributions from the specular and
diffuse components of the SWCNT membrane total reflec-
tance, we measured the diffuse reflectance by itself and
subtracted it from the respective total reflectance spectra (see
figure 6). It became clear then that the reflectance of the
densified membrane is mostly specular with a minor
contribution of the diffuse component (figure 6(a)). On the

Figure 5. (a) Transmittance and (b) total reflectance of SWCNT membranes and a cover glass.

Figure 6. Specular and diffuse components of reflectance of (a) densified and (b) pristine SWCNT membranes. Insets: photo of SWCNT
membranes taken under illumination of a daylight lamp; the glares from the lamp are clearly observable for the densified membrane and the
reference slide glass.
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contrary, the pristine membrane mostly scatters the light since
the diffuse component dominates in the total signal, while the
specular reflectance is extremely low:�0.1% (figure 6(b)).
Hence, the pristine membrane may be classified as a practi-
cally perfect diffuse or so-called Lambertian reflector. We
attribute such a negligibly small specular reflectance of the
pristine membrane to its highly porous macrostructure
accompanied by a graded-density surface profile, following
the above discussion. The obtained∼30-fold difference in the
specular reflectance components correlates well with the
naked eye observations: the pristine SWCNT membrane,
being illuminated by the natural light, shows no glares at all,
in contrast to the densified membrane and the reference slide
glass (see insets in figures 6(a), (b)). At the same time, the
diffuse components of the reflectance (i.e. scattering) are
almost equal for both membranes. This is explained see-
mingly by the identical microstructure of SWCNTs com-
posing the membranes, as well as by the nearly equal number
of scattering centers, which is not altered significantly during
the densification process. Herewith, a small rise of diffuse
reflectance in the case of the pristine membrane, observed in
figure 6, is caused presumably by its higher surface roughness
in comparison with that of the densified membrane.

In relation to the BF microscopy, the image background
is determined by both specular and diffuse reflectance of the
substrate. The specular reflectance is dominant, but the dif-
fuse one can also provide a significant contribution when a
high-numerical aperture objective is used. The high optical
contrast that we achieved using the pristine SWCNT mem-
brane, is due to both the low diffuse and suppressed specular
reflectance.

A simple model of a scalar complex local dielectric
permittivity can be applied for the theoretical description of
specular reflectance (Rs) and transmittance (T) of the densified
SWCNT membrane in the wavelength range from near UV to
infrared [42]. We have calculated Rs and T using dispersion
relation of refractive index and extinction coefficient, deter-
mined from the ellipsometry data, by means of Fresnel
equations (for additional details, see supporting information,
section 6). The obtained satisfactory agreement between the
measured and the calculated Rs and T (see figure 7) supports

our assumption about the relatively smooth surfaces of the
densified SWCNT membrane, which provide an abrupt
interface between the air and the membrane. In contrast, for
highly disordered pristine SWCNT membrane, the effects of
spatial dispersion cannot be regarded as weak, and thus the
model of a local dielectric permittivity is no longer applicable:
we could not obtain a reasonable agreement between the
measured and calculated spectra using neither scalar nor
tensor of dielectric permittivity. An absence of abrupt inter-
faces, for which the Fresnel equations are usable, makes the
quantitative description of interaction of the light with the
pristine SWCNT membranes much more complicated.

It is worth noting that throughout the whole length of the
study, the fabricated membranes remained intact. The
mechanical strength of SWCNT membranes is comparable
with that of common polymers such as polyethylene and
nylon [19]. Together with the surprising durability of such
nanometer-thick films, this allows one to manipulate freely
with the experimental samples.

Finally, we propose to use the SWCNT membranes as
substrates for x-ray and synchrotron radiation studies. There
is a well-known issue with the Bragg coherent x-ray dif-
fraction imaging of nanoscale systems, related to the spatial
instability of nano-objects under intense x-ray beams [43].
The x-ray radiation induces charging of the substrates, which,
together with the photon pressure of highly focused beams, is
among the major contributions to rotation of sub-micron
particles [44]. These problems can be potentially solved by
employing the conductive SWCNT membranes as substrates
for the x-ray measurements of a wide variety of nano-objects
such as nanoparticles and nanowires. Furthermore, an
important advantage of SWCNT membranes is their potential
use in transmission geometry due to small film thickness
leading to a minimized substrate contribution introduced by
x-ray absorption and dynamical scattering effects.

4. Conclusion

In conclusion, we have proposed and demonstrated the
application of SWCNT membranes as advanced nanometer-

Figure 7. Measured and calculated spectra of (a) specular reflectance and (b) transmittance of densified SWCNT membrane under study.
Dotted lines denote the range of calculation errors for the reflection and transmission spectra, which originate from the optical constants
fitting errors as well as from the uncertainty of the membrane thickness.
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thick substrates for visualization and characterization of
individual Si NPs. The study has demonstrated that the high
conductivity of both pristine and ethanol-densified SWCNT
membranes facilitates the nanoparticle imaging by SEM. Due
to the low optical reflectance of these membranes, they can be
used as substrates in optical microscopy, providing at the
same time sufficient gaps for Raman studies of nanostructures
being deposited on a membrane. The optical contrast of the
BF images of the Si NPs on the surface of the pristine
SWCNT membrane has been shown to increase by an order
of magnitude in comparison with the contrast obtained in the
case of a glass substrate. Spectrophotometry of the pristine
SWCNT membrane has revealed its extremely low reflectance
in the UV, visible, and near-IR spectral ranges. It is found that
the ethanol drop-casting densification procedure leads to a
qualitative change in the character of SWCNT membranes
reflection from almost perfect diffuse reflectance in the case
of the pristine membrane toward predominantly specular
reflectance for a densified one. Taking into account the neg-
ligibly small thickness and reflectance of the SWCNT mem-
branes, their high transparency in the extreme UV range, and
adjustable film thickness/transmittance, this type of sub-
strates is expected to find applications in x-ray and synchro-
tron studies, which require minimization of substrate-related
background and applicability for additional characterization
techniques.
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