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Abstract

In the spirit of the core-shell approach that
made it possible to greatly enhance the pho-
tostability of semiconductor nanoparticles, we
study the emission stability of single car-
bon nanotubes emitting at telecommunica-
tion wavelengths protected by a double shell
of polymer. Two types of structures with
di�erent polymer layers have been studied
at cryogenic temperatures, whereas nanotubes
wrapped with poly(9,9-di-n-octyl�uorenyl-2,7-
diyl) and embedded in a bulk polystyrene ma-
trix were used as a reference. A Mandel pa-
rameter description applied to the emission in-
tensity and an Allan deviation analysis of the
spectral di�usion show quantitatively that the
polymer shells stabilize the emission of single
carbon nanotubes by more than one order of
magnitude in comparison with micelle wrapped
nanotubes deposited on a SiO2 surface. This
represent an additional step towards the use
of single-walled carbon nanotubes as quantum
emitters at telecommunication wavelengths.
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1.Introduction

Photonics and quantum photonics using single-
walled carbon nanotubes (CNT) as building
blocks are developing strongly. Carbon nan-
otubes can be used as light sources, optical
modulators or detectors.1�10 Strategies based
both on �lms or on single nanotubes are cur-
rently being developed depending on the ap-
plication. In particular, single nanotubes are
promising sources of single photons emitting
in the telecommunication window.5,11,12 In this
context, the emission stability of single nan-
otubes is a key issue towards their use in quan-
tum devices. Indeed, nanotubes being made
only of surface atoms their properties are very
sensitive to their local environment. While this
extreme sensitivity is an asset for sensing ap-
plications,13 in optics it gives rise to the broad-
ening of the emission peaks and to the instabil-
ity of the emission spectrum including the so-
called spectral jitter and blinking phenomena.14

These two processes are detrimental to the use
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Figure 1: (a) Description of the samples deposited on the surface of a Solid Immersion Lens
(SIL). (b)(c) Typical AFM images of CNT@PFO/PS and CNT@PS/PS core-shell structures re-
spectively. (d) Typical PL spectra of single core-shell structures excited at 1.37 eV (905 nm).
Acquisition time:30s, excitation power: ∼150µW. (e)(f) Histograms of heights of CNT@PFO/PS
and CNT@PS/PS core-shell structures deduced from AFM measurements.

of nanotubes for application as single emitters
for quantum technologies. In this context, the
search for strategies improving the stability of
the nanotubes' emission is an important ques-
tion. For instance, it has been shown that em-
bedding nanotubes in a polymer matrix can im-
prove their optical performances.14,15 Neverthe-
less, once nanotubes are capped or embedded
in a polymer layer, they can not be handled
anymore. Recently, Noé et al showed that the
emission of nanotubes deposited on an h-BN
substrate is much more stable than when a SiO2

substrate is used.16 Nevertheless, in some cases,
one would need to choose more common sub-
strates such as Si/SiO2 wafers in the view of
building devices. Here, our strategy is to as-
semble core-shell structures where a polymer
shell wraps the active core made of a CNT.
This approach is inspired by the great improve-
ment of the emission stability of semiconductor
nanocrystals when they are capped with a pro-
tective shell.17,18 The objective is to combine
the advantages of being able to choose any de-
sired substrate and to perform postprocessing

with a high emission stability.
Previously, we reported the synthesis of

core-shell structures with HiPCo nanotubes.19

Brie�y, a �rst layer of polymer is wrapped
around the nanotubes through a non-covalent
interaction. Non-covalent chemistry is used to
prevent any damaging of the nanotube surface.
The non-covalent layer showing poor stability,
a second layer of polymer is build on the top
of the �rst one by a radical polymerisation
of polystyrene in order to lock the structure.
These core-double-shell structures are very sta-
ble and can be solubilized in usual organic sol-
vents making them easy to handle and pro-
cess.19 The intended utility of the shell is both
to protect the nanotube from being damaged
during a device fabrication and to isolate the
nanotube from its local environment to stabi-
lize its emission.
In this paper, we study in particular the in-

�uence of the double shell structure on the
luminescence stability of single nanotubes at
cryogenic temperatures. Two types of struc-
tures have been synthesized. In addition
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to the combination of polystyrene and cross-
linked polystyrene previously reported,19 a new
combination of poly(9,9-di-n-octyl�uorenyl-2,7-
diyl) (PFO) as inner shell with cross-linked
polystyrene as outer shell has been synthesized.
Moreover, in the view of using these structures
as quantum emitters for quantum communi-
cations, the synthesis procedure has been ap-
plied to single-walled carbon nanotubes syn-
thesized by laser ablation emitting in the C
band of telecommunication. Furthermore, in
order to benchmark these hybrids, we used PFO
wrapped nanotubes in a bulk polystyrene ma-
trix as a control sample. The stability of the
luminescence intensity is analyzed using a Man-
del parameter description and the spectral jit-
ter is studied by means of the Allan deviation.
Quantitative comparison is done with the con-
trol sample in the polystyrene matrix and with
other reports in the literature. We �nd that the
protective shells stabilize the emission by more
than one order of magnitude in comparison with
bare nanotubes deposited on a SiO2 surface16

and are nearly as good as the bulk polystyrene
embedded CNTs, with the key advantage of re-
maining processable for their integration in de-
vices. This demonstrates that the core-shell ap-
proach is promising towards the use of CNT as
quantum emitters.

2. Experimental

Sample preparation. The nanotubes were
synthesized by laser ablation. Their mean
diameter is of 1.1 nm, leading to an absorp-
tion peak at ∼1.55 µm.20,21 The synthesis of
the core-double-shell structures has been re-
ported previously19 and is described in the
Supplementary information (SI). Here, the �rst
shell non-covalently attached to the nanotube
is composed either of PFO or polystyrene. The
second layer used to lock the structure is made
of crosslinked polystyrene. In the following,
these two structures are respectively named
CNT@PFO/PS and CNT@PS/PS. PFO has
been chosen since it is a widely used polymer
in nanotubes sorting,22 and in CNT based pho-
tonics devices.9,23 Moreover, polystyrene has

proven its e�ciency in stabilizing the lumi-
nescence of carbon nanotubes when used as a
matrix.15 Finally, the combination of PFO nan-
otubes with a polystyrene matrix was shown to
lead to a very stable emission of nanotubes
at low temperature.1,24 Our approach tends to
bene�t from these advantages in an integrated
system much simpler to handle experimentally.
After the synthesis, the core-shell structures
are dispersed in THF and then spin-coated on
the �at surface of a solid immersion lens (SIL)
to enhance the collection of photons in pho-
toluminescence experiments (see �gure 1(a)).
Likewise, PFO wrapped nanotubes in toluene
are mixed with a polystyrene solution and then
spin-coated on the �at surface of a SIL to form
the bulk reference sample named CNT@Matrix.

Sample characterization. In order to per-
form structural characterizations, part of a so-
lution of core-shell structures is deposited on
a silicon substrate. Figure S1 displays images
of di�erent core-shell structures taken with a
Hitachi S-4500 Scanning Electron Microscope
(SEM). It shows tubular structures compatible
with laser nanotubes wrapped with a poly-
mer layer. Likewise, atomic force microscopy
(AFM) measurements has been performed us-
ing either a Veeco Dimension 3100 AFM or
a Multimode AFM equipped with Nanoscope
IIIa controllers. Figure 1(b) and (c) display
typical AFM images of CNT@PFO/PS and
CNT@PS/PS structures. The deposition of
the core-shell structures leads to well separated
objects making a thorough height analysis pos-
sible. Note that this is not the case when bare
nanotubes are wrapped in usual surfactant.
This highlights the advantage of using organic
dispersions, which is made possible with the
present polymer capping. Figure 1(e) and (f)
show histograms of heights for both structures.
In order to build these histograms, the height
is measured several times along the same ob-
ject and the median value is reported. In the
case of CNT@PS/PS hybrids, the polymer is
almost homogenously wrapped around the nan-
otube. The histogram is peaked and can be
�tted with a Gaussian distribution centred at
∼3.5 nm for the full height of the objects. The
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(a) (b) (c)

Figure 2: Temporal evolution of the spectra of single nanotubes recorded at 5 K with a 1 s inte-
gration time. (a) CNT@PFO/PS core-shell structures. (b) CNT@PS/PS core-shell structures. (c)
CNT@Matrix. The top traces correspond to an example of typically unstable nanotube for each of
the samples. The bottom traces correspond to typically stable ones.

histogram of CNT@PFO/PS hybrids shows a
peaked distribution, centred around 6.5 nm,
together with counts above 10 nm. These are
due to the presence of big clusters of polymer
attached to the nanotubes. Therefore, one can
deduce an average value of the shell thickness
for both structures: ∼1.2 nm for CNT@PS/PS
and ∼2.7 nm for CNT@PFO/PS ones when big
clusters are excluded.

Optical experiments. SIL are attached to
the top of the cold �nger of a cryostation from
Montana Instruments. All experiments are per-
formed at ∼5 K. The nanotubes are excited at
905 nm, approximately in resonance with their
second excitonic transition (S22), through a Mi-
tutoyo objective (NA=0.7). The photolumines-
cence is collected with the same objective, dis-
persed in an Acton SP2300i (Princeton Instru-
ments) spectrometer and detected with a ni-
trogen cooled InGaAs array (OMA V, Prince-
ton Instruments). Figure 1(d) displays typical
photoluminescence spectra of single core-shell
structures and nanotubes in matrix. The lumi-
nescence energy is in the range of 0.8 eV i.e. at

telecommunication wavelengths.

3. Results and Discussion

Figure 2(a), (b) and (c) displays PL spec-
tra as a function of time for CNT@PFO/PS,
CNT@PS/PS and CNT@Matrix respectively.
As an example, we display in the upper panel
the typical spectrum for a nanotube consid-
ered as unstable for each of the samples. On
the contrary, in the bottom panel we dis-
play our observation for a typically stable
CNT. If all samples could present blinking and
spectral di�usion, it seems that this e�ect is
stronger for CNT@PFO/PS (�gure 2(a)), and
that CNT@PS/PS is qualitativelly more stable
(�gure 2(b)) and even compare well with the
CNT@Matrix sample (�gure 2(c)). In order
to get quantitative information on the blinking
phenomenon we use a Mandel analysis, calcu-
lating Mandel parameters:

Q =
< n2 > − < n >2

< n >
− 1 (1)

where n is the number of counts per time
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bins. This parameter describes the deviation of
the emission statistics from a Poissonian distri-
bution. When Q∼0, the emission is shot noise
limited. This parameter has been used for in-
stance to characterize the emission stability of
CdSe nanocrystals.25 When no particular care
is taken to prevent blinking, these nanocrys-
tals can show Mandel parameters Q up to 105

in recording conditions similar to the present
study.25 The CNT@PFO/PS structures show a
large dispersion of Mandel parameters ranging
from few unities to few hundreds. The mean
value of < QPFO/PS > parameter is ∼115.
On the contrary, the distribution of Mandel pa-
rameter of CNT@PS/PS structures is much less
dispersed, with a mean value < QPS/PS >∼ 9.
Therefore, the CNT@PS/PS structure is, in
average, one order of magnitude more stable in
terms of blinking than the PS/PFO structures.
The complete statistics of Mandel parameters is
reported on �gure S4. For comparison, the lu-
minescence of micelle wrapped CoMoCat nan-
otubes deposited on polylysine, reported few
years ago, shows Q factors of the order of few
hundreds (see �gure S2). This shows that the
PS/PS shells indeed protect, at least partially,
the nanotube from environmental �uctuations.

In the following, we investigate the emission
stability in terms of spectral di�usion. The cal-
culated standard deviation of the central energy
of the emission line, calculated over 200 s with
an integration time of 1 s, of CNT@PFO/PS
structures ranges from ∼90 µeV to ∼250 µeV.
For CNT@PS/PS structures it ranges from
∼60 µeV to ∼200 µeV. A �gure of merit for
the emission stability is the ratio of the ampli-
tude of the frequency shift versus the emitter
linewidth. Here, for the best core-shell struc-
tures this �gure of merit is about 1/10 of their
linewidth which signi�es a good luminescence
stability. The results of spectral stability can
be compared with ones recorded for micelle
wrapped CoMoCat nanotubes (see SI). In this
case the standard deviation of the central en-
ergy of the emission line can be of the order
of 1.7 to 2 meV, therefore, one order of magni-
tude larger than for both core-shell structures.
This again con�rms that the shell structure pro-

tects the carbon nanotube. Finally, we can
compare the results obtained on the core-shell
structures to the ones recorded on nanotubes
embedded in the polystyrene matrix. As men-
tioned in the introduction, this con�guration
has been studied before and used in CQED ex-
periments thanks to the emission stability of
nanotubes.1 Therefore, this represents a rele-
vant control sample. In optimal fabrication
conditions (see SI), the nanotubes emission is
very stable both for blinking and spectral dif-
fusion (see �gure 2(c)). Indeed, the mean value
of the Mandel parameter measured on this sam-
ple is < Qmatrix >∼ 14 which is quite compara-
ble with what we obtained on the CNT@PS/PS
core-shell structure. This comparison demon-
strates that the core-shell approach is as e�-
cient as the inclusion of nanotubes in a matrix
to prevent blinking, while keeping the possibil-
ity of handling and processing the objects. In
addition, the nanotubes embedded in the PS
matrix show very limited spectral di�usion. In-
deed, the calculated standard deviation is typ-
ically of the order of few tenth of µeV for an
emission linewidth which is of the order of few
hundreds of µeV. Here the mean value of the
standard deviation is ∼ 30 µeV. The compari-
son shows that the best values of the core-shell
structures reach the one of the nanotubes in the
matrix. This demonstrates again the suitability
of the core-shell approach.
In order to go further in the quantitative

study of the spectral di�usion, we performed a
Allan deviation analysis. This method is com-
monly used to investigate the frequency stabil-
ity of oscillators over time26 and has been re-
cently applied to carbon nanotubes.16 One of
the advantages of this analysis method is to in-
fer the type of noise. In fact, the slope of the
Allan deviation depends on the origin of the
noise. For instance, a frequency drift leads to a
τ+1 slope whereas a �icker noise leads to a τ 0

slope. The Allan deviation is de�ned as:

σ2
e (τ) =

1

2
< (ek+1 − ek)2 >=

1

2
lim

N→∞

[
1

N

N∑
k=1

(ek+1 − ek)2

]
(2)
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ek =
1

τ

∫ tk+1

tk

e(t) dt (3)

where ek is the mean value of the energy e(t) of
the line on the time interval τ .
Figure 3 displays the Allan deviation as a

function of the interval τ for six CNT@PFO/PS
(green curves) and six CNT@PS/PS (blue
curves) structures. The red stars in �gure 3
are the average values of the Allan deviations
of nanotubes in matrix. The whole statistics
of CNT@Matrix is available in SI (�gure S5).
Except for one CNT@PS/PS, all the core-shell
structures have their Allan deviation between
few 10−5 few 10−4 eV, slightly above the aver-
age value of CNT in matrix. For comparison
purpose, Figure S6 shows several time traces
and their Allan deviation curves for di�erent
degree of stability. Moreover, the variation of
the Allan deviation with time is relatively �at.
Therefore, we can assume that the Allan devia-
tion in both CNT@PFO/PS and CNT@PS/PS
shows a close to τ 0 variation. In this frame-
work, this would mean that spectral di�usion of
core-shell structures is a �icker noise. In elec-
tronics this type of noise can be observed, for

instance, when charges are randomly emitted
by impurities. If one assumes that charges in
the environment of the nanotubes are trapped
and can jump randomly from one trap to an-
other, the random variation of the charge dis-
tribution to nanotube distance would account
for this type of noise of the luminescence fre-
quency due to Stark e�ect. Finally, the Allan
deviation analysis allows to compare the perfor-
mances of our core-shell structures to other con-
�gurations reported in the literature. In fact,
Noé et al recently reported the same analy-
sis for bare nanotubes on a SiO2 surface and
on a h-BN substrate (see guides for the eye
in �gure 3).16 First, the Allan deviations mea-
sured for our core-shell structures are one or
two orders of magnitude lower than the one re-
ported for a nanotube on a SiO2 surface that
reached ∼ 10−3 in average. This comparison is
in agreement with what we measured for Co-
MoCat nanotubes on polylysine (see SI). More-
over it strongly supports the fact that the dou-
ble shell structure is indeed protecting, at least
partially, the nanotube from the charge �uctu-
ations of the substrate. Moreover, the Allan
deviations of the core-shell structures displayed
on �gure 3 are of the same order of magnitude
(few 10−5 to few 10−4) as the one reported for
a nanotube on the h-BN substrate (few 10−5),
which is considered as a material of choice to
stabilize quantum emitters luminescence. This
comparison shows that the core-shell structures
can reach the best performance reported in the
literature, while o�ering the possibility to be
handle and to process the single emitters on
any substrate of interest.

4. Conclusion

In conclusion, we report on a quantitative study
of blinking and spectral di�usion processes of
core-double shell structures based on single car-
bon nanotubes emitting at the telecommunica-
tion wavelength. The double shell structure is
shown to protect the nanotube from the �uctua-
tions of its local environment leading to a strong
reduction of both blinking and spectral di�u-
sion. The quantitative comparison with litera-
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ture highlights that these structures can reach
the performance of single nanotubes laid on h-
BN while being easy to handle and to process
on any substrate of interest. These results show
that the core-shell approach is relevant in the
context of the use of single-walled carbon nan-
otubes in applications needing quantum emit-
ters at telecommunication wavelengths.

Supporting Information Available:

This material is available free of charge via
the Internet at http://pubs.acs.org/.
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Table 1: Summary of average values of Mandel parameters for the di�erent type of samples

CNT@PFO/PS CNT@PS/PS CoMoCat@SiO2 CNT@Matrix
〈Q〉 115 9 few hundreds 14
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