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ABSTRACT: We present photoluminescence studies of
individual semiconducting single-wall carbon nanotubes at
room and cryogenic temperatures. From the analysis of spatial
and spectral features of nanotube photoluminescence, we
identify characteristic signatures of unintentional exciton
localization. Moreover, we quantify the energy scale of exciton
localization potentials as ranging from a few to a few tens of
millielectronvolts and stemming from both environmental
disorder and shallow covalent side-wall defects. Our results
establish disorder-induced crossover from the diffusive to the

exciton
localization

localized regime of nanotube excitons at cryogenic temperatures as a ubiquitous phenomenon in micelle-encapsulated and as-

grown carbon nanotubes.
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Semiconducting single-wall carbon nanotubes (CNTs)
exhibit chirality-specific absorption in the visible' and
emission in the near-infrared” as premises to a wide range of
optoelectronic applications.” By virtue of strong Coulomb
interactions, the motion of the photogenerated electrons and
holes along the nanotube axis is correlated and gives rise to
exciton®® diffusion dynamics at room temperature.””"” At
cryogenic temperatures, however, individual CNTs exhibit
single-photon emission statistics'® as a hallmark of exciton
localization."®™*® This quasi zero-dimensional regime of CNTs
is of both fundamental and practical interest, as it provides
improved coherence’>** and higher quantum yield”****” of
localized excitons for novel applications in quantum cryptog-
raplglg’zz_z[*’28 or spin-based quantum information process-
ing.

Exciton localization can arise accidentally in various CNT
materials,"*>***"** or it can be promoted by means of
covalent side-wall functionalization with oxygen ******' or
diazonium®’ chemistry. While chemical doping yields defect-
specific exciton localization traps as deep as 100—300
meV, 27253031 the order of magnitude of unintentional
localization potentials stemming from structural or environ-
mental disorder along the CNT axis remained elusive. In the
following, we present the results of photoluminescence (PL)
spectroscopy experiments on single CNTs identifying the
localization energy scale and the related spectral signatures of
disorder-induced exciton traps. Our comprehensive studies are
based on monitoring the PL of individual micelle-encapsulated
HiPco and CoMoCAT nanotubes, as well as CNTs obtained
with in-house chemical vapor deposition (CVD) on silica
substrates (see Methods) at room temperature (295 K) and the
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temperatures of liquid nitrogen (77 K) and liquid helium (4.2

B RESULTS AND DISCUSSION

First we establish the characteristic spectral signatures of
unintentional exciton localization using a representative CNT
of several microns in length. The atomic force micrograph in
Figure la shows the respective HiPco CNT with a length of
~10 ym and a diameter of ~0.8 nm determined from the
height profile in Figure 1b. For the same nanotube we recorded
hyperspectral maps at three fixed temperatures by raster-
scanning the sample with respect to the focal spot of an
apochromatic low-temperature micro-objective and recording
the PL spectrum within the interval of 1.20—1.30 eV at each
pixel. The corresponding raster-scan PL intensity images shown
in Figure 1c—e were obtained by integrating the spectra within
limited exciton-specific bands at each pixel. The profiles of the
PL intensity (Figure 1f—h) and the spectral PL characteristics
(Figure 1li—k) were obtained from respective hyperspectral
image analysis along the nanotube axis.

At room temperature, the (7,5) nanotube of Figure la
exhibited a PL resonance consistently centered at 1.207 eV>**
with ~30 meV full-width at half-maximum (FWHM) line width
and without significant spectral variations along the nanotube
axis (Figure 1i). The respective axial PL intensity profile was
extended over several microns (Figure 1f) with characteristic
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Figure 1. (a) Atomic force micrograph of a single HiPco carbon nanotube with a length of ~10 ym. The black area in the upper right corner is an
etched marker structure. (b) The height profile along the line in the topography image in (a) is consistent with the diameter of an individual (7,5)
nanotube. (c,d,e) Local photoluminescence maps of the same sample area as in (a). (fgh) Intensity profiles along the nanotube axis at temperatures
of 295, 77, and 4.2 K. The nanotube exhibits extended room-temperature emission that fractionalizes progressively into emission hot-spots at
cryogenic temperatures. (ij,k) The spectral dispersion of the photoluminescence energy along the carbon nanotube axis at three fixed temperatures
of the experiment reveals the emergence of multipeak emission upon cool-down. The scale bars are 1 pm.
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Figure 2. (a) Photoluminescence spectra of an individual (6,5) HiPco carbon nanotube at 295, 77, and 4.2 K (left panel) and peak emission energies
Epy (right panel) extracted from Lorentzian fits (red solid lines). The energy dispersion with temperature (black solid line) shows the theoretical
dependence of the band gap according to Capaz et al.> (b,c) Same data for two other (6,5) HiPco carbon nanotubes of the sample that deviate from
the ideal picture by developing red-shifted satellites of multipeak spectra. Data points with different shades of red indicate relative intensities of the
emission peaks.

quenching regions at the nanotube ends and at the sites of end we confront our experimental observations at three fixed
disorder sampled by diffusive excitons.””'” The fragmented points of temperature with theoretical expectations. The data in
axial PL profile at ambient conditions fractionalized pro- Figure 2a exemplifies our approach. The spectra of a single
gressively with reduced temperatures. The raster-scan images in (6,5) HiPco nanotube at 295, 77, and 4.2 K were used to
Figure 1d,e, as well as the axial PL profiles in Figure 1gh, extract the PL peak positions from Lorentzian fits (red lines in
demonstrate how the extended nanotube PL evolved into the left panel of Figure 2a) as a function of temperature, and to
singular hot-spots at 77 and 4.2 K, respectively. This hot-spot compare these values for the emission energies (triangles in the
axial PL fragmentation, observed with confocal microscopy for right panel of Figure 2a) with the theoretical prediction for the
cryogenic nanotubes, is one main signature of exciton thermal band gap renormalization® (black solid lines in the
localization at the sites of disorder that resembles previous right panel of Figure 2a). As for the nanotube in Figure 2a, we
observations at room temperature and sub-100 nm length assigned the chirality to individual CNTs of our experiments
scales with near-field microscopy.**> The second main using their room temperature PL emission energy”’” and
signature is evidenced by the spectral axial PL profiles of allowing energy offsets of the order of 10—20 meV to account
Figure 1jk: the spectral variations of 10—15 meV along the for the tube-to-tube variations in the effective dielectric
CNT axis™ become more and more pronounced on the scale environment®’ —*” which may stem from an inhomogeneous
of the spectral line width of ~3 meV and ~1 meV at the tube coverage by surfactant,”> water-filling of CNTs dispersed
temperatures of liquid nitrogen and liquid helium, respectively. from aqueous suspensions,”’ or local charges in the nearby

Finally, we identify the emergence of multiple emission substrate.”>*"**
resonances (as in Figure 1j at the axial position of 8 ym) as Figure 2b,c shows data of two other (6,5) HiPco nanotubes
the third main characteristic of exciton localization in accord of the same sample. Both tubes clearly contrast the nearly ideal
with previous studies.”**® picture of the CNT in Figure 2a: instead of the expected line
In the second step of our analysis, we use the multipeak PL narrowing and blue-shift upon cool-down, they develop
structure of individual nanotubes to quantify the energy scale multipeak PL resonances (two and four peaks in the spectra
associated with unintentional exciton trap potentials. To this of Figure 2b,c, respectively) of variable line widths (note the
2959 DOI: 10.1021/acs.nanolett.5b04901
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broad red-most peak in Figure 2c) and spectral red-shifts of the
order of a few tens of millielectronvolts. In the case of the two-
peak emission, the fundamental PL peak follows the
theoretically expected energy dispersion but loses its intensity
at the expense of the red-shifted satellite that emerges as a weak
signature at 77 K and dominates at 4.2 K (Figure 2b). This
observation is consistent with thermal localization of excitons in
the lowest-lying state, which appears 33 meV below the
fundamental exciton emission E;; for the CNT of Figure 2b.
The example of a CNT with a four-peak emission as in Figure
2¢ is also instructive. The energy splittings between the
satellites and the main E;; peak, that roughly follows the
theoretical thermal shift, were estimated as S, 26, and 46 meV
from Lorentzian fits to the spectra at 4.2 K in Figure 2c. This
energy scale is in remarkable agreement with the low-
temperature characteristics of shallow oxygen side-wall defects
in ether-I configuration.”’ Although the agreement could be
accidental and deeper-lying localization states established in
previous spectroscopy of oxygen-doped CNTs*******! yere
not observed in our experiments due to the limited spectral
detection window, it is plausible to include the class of covalent
side-wall defects as a likely source of unintentional exciton
localization. The fact that none of the CNTs on our samples
have experienced a deliberate chemical treatment prior to
spectroscopic studies, yet in most cases exhibited multipeak
spectra, indicates that the notion of one-dimensional diffusive
excitons in cryogenic CNTs is of only limited validity.

In order to establish the generality of this finding, we
analyzed individual CNTs with single-peak spectra at room
temperature and multipeak spectra at cryogenic conditions. The
procedure described above allows us to quantify the exciton
localization energy scale for CNTs of different chiralities
obtained with different synthesis methods. Figure 3a—d shows
the histograms of PL peak energies for HiPco tubes of (6,5)
and (8,3) chiralityy, CoMoCAT (6,5) and as-grown (9,1)
CNTs, respectively. We emphasize that only the fraction of
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Figure 3. Photoluminescence energy histograms of (a) HiPco (6,5),
(b) HiPco (8,3), (c) CoMoCAT (6,5) and (d) as-grown (9,1) carbon
nanotubes at 295, 77, and 4.2 K. The Gaussian distributions of the
single-peak emission at 295 K with ~10—20 meV full-widths at half-
maxima (red solid lines) were used to calculate theoretically expected
cryogenic distributions (blue solid lines) by taking into account the
thermal band gap renormalization after Capaz et al.* Both the
broadening and the asymmetry of the experimental distributions at
cryogenic temperatures stem from exciton localization.
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CNTs with a single PL peak at room temperature was selected
for statistical analysis. The increase in occurrences at cryogenic
temperatures is a direct consequence of multipeak emission
profiles attributed to incidental localization. For each chirality
and CNT synthesis method, we fitted the ensemble distribution
of the PL energies at 295 K with a Gaussian function (shown as
red solid lines in Figure 3) centered at the corresponding room-
temperature energy of the chirality-specific E;; with a FWHM
of 13 meV for the HiPco tubes and the (6,5) CoMoCAT tubes,
and 19 meV for the as-grown (9,1) CNTs. Same FWHMs of
micelle-encapsulated HiPco and CoMoCAT CNTs reflect
similar average dielectric environments of nanotubes on
samples prepared out of aqueous suspensions, while as-grown
CNTs without surfactant are likely to experience higher spectral
fluctuations and thus ensemble broadening due to their
proximity to charge traps in SiO,. In the low-temperature PL
histograms of Figure 3 the Gaussian ensemble distributions
(blue solid lines) were blue-shifted accordir;g to the theoretical
temperature dependence of the band gap.’

The asymmetric cryogenic ensemble distributions of Figure 3
underpin the picture of lower-lying exciton trap states,
discussed above at the level of individual nanotubes.
Furthermore, they provide evidence for unintentional exciton
localization as a universal feature of CNT materials: for micelle-
encapsulated HiPco and CoMoCAT CNTs as well as for
surfactant-free as-grown nanotubes, we observed a redistrib-
ution of the PL emission from the fundamental E;; transition at
room temperature to lower-lying localized exciton states at
cryogenic temperatures. The higher energy tail of the Gaussian
ensemble distribution at 295 K is depleted upon cool-down,
while the occurrence of the PL emission peaks at the lower
energy side increases—a signature of exciton localization by
environmental disorder with trap potentials as deep as S0—60
meV (lowest-energy states of (6,5) HiPco tubes at 4.2 K in
Figure 3a).

To shed light on the nature of the environmental disorder
caused by adsorbates on the nanotube surface we present in
Figure 4 a set of data for a single as-grown (9,1) CNT recorded
over several cooling cycles. All PL measurements were carried
out on the same CNT in the inert atmosphere of a helium gas
at 20 mbar. However, the sample had been exposed to ambient
conditions for several days before the second cooling cycle, as
indicated in the illustration of the measurement procedure
shown in Figure 4a. After a measurement point at 77 K, the
CNT was sampled twice from 295 to 4.2 K with a measurement
point at 77 K in between, and the maxima of the PL emission
energy were determined at each fixed temperature point
(colored data points in Figure 4b). The first red-shift of 2 meV
in the PL energy from 77 to 295 K is consistent with the
thermal band gap renormalization of 6 meV expected for a
(9,1) CNT.* Instead of blue-shifting back upon temperature
reversal, however, the CNT PL developed a red-shift of 24 meV
indicated by the first arrow in Figure 4b. We interpret this red-
shift as arising from a modified dielectric environment of the
CNT due to adsorbates,””**~* most likely oxygen or nitrogen,
that have contaminated the nanotube surface during its
exposure to ambient conditions.

A further cool-down step from 77 to 4.2 K in the inert
helium atmosphere added an additional red-shift of 9 meV
(second arrow in Figure 4b) instead of the theoretically
expected value of 0.3 meV. It is plausible that additional
adsorption of oxygen or nitrogen, both present in their gaseous
phase at 77 K and 20 mbar as a remanent contamination of the
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Figure 4. (a) Measurement procedure: the emission of a single as-
grown nanotube in an inert helium atmosphere was sampled at three
fixed temperature points (the measurement progress was from left to
right). After the first measurement point at 295 K, the sample was
exposed to air under ambient conditions. (b) Corresponding peak
photoluminescence energy Ep; determined at each point of fixed
temperatures (red, purple, and blue circles represent data points at
295, 77, and 4.2 K, respectively). (c) False-color representation of the
photoluminescence evolution at 4.2 K over 10 min. The emission
energy exhibited a blue-shift of ~10 meV during the course of the
measurement. The laser power density was 17 kW/cm? at 807 nm
wavelength.

helium atmosphere, was responsible for this second red-shift.
This scenario is supported by the observation of a laser-induced
desorption process (third arrow in Figure 4b), which we
monitored in situ with cryogenic PL spectroscopy. Figure 4c
shows a sequence of 10 min as a part of this process: the
temporal evolution of the nanotube PL showed a blue-shift of
the emission energy by 12 meV due to desorption™ induced by
local laser heating. Within the initial ~5 min of laser excitation
with a power density of 17 kW/cm?” at 807 nm wavelength, the
PL energy leveled-off at 1.32 eV after overcompensating for the
red-shift caused previously by molecule adsorption at cryogenic
conditions. Successive heating and cooling cycles showed
thermally induced PL blue- and red-shifts within the range of a
few millielectronvolts (last four data points in Figure 4b) in
accord with theoretical expectations. The observation of the PL
energy shifts of the order of a few tens of millielectronvolts
caused by adsorption and desorption processes on the very
same CNT highlight the role that environmental disorder can
play in exciton localization: an inhomogeneous coverage of the
CNT surface by adsorbates would result in local exciton traps
with potentials comparable to those of shallow covalent
sidewall defects.

In summary, our results establish exciton localization as a
general feature of micelle-encapsulated and as-grown CNTs at
low temperatures and can be generalized to other low-
dimensional semiconductors with large surface-to-volume
ratios, including the emergent class of transition metal
dichalcogenides. The analysis of spectral signatures, both at
the level of individual nanotubes and CNT ensembles in
different materials, highlights the roles of crystalline and
environmental disorder for cryogenic exciton localization. Our
findings not only emphasize the sensitivity of the CNT excitons
to their immediate surrounding, they also indicate the potential
for spectral fine-tuning of the CNT emission into resonance
with fiber-based optical microcavities’** for the realization of
efficient single-photon cryptography devices in the telecom
transmission window.

B METHODS

Sample Preparation. Si/SiO, substrates were used to
support HiPco and CoMoCAT CNTs wrapped in deoxycholate
and sodium cholate, respectively. Prior to the dispersion of
HiPco and CoMoCAT CNTs out of aqueous suspensions the
substrates were patterned with markers for lateral orientation
on the sample by direct optical imaging or by monitoring the
intensity of the silicon Raman band at 521 cm™. The markers
were fabricated by optical lithography and successive reactive
ion etching or metal deposition. Surfactant-wrapped HiPco and
CoMoCAT CNTs were spin-coated on the substrates to yield
densities of less than one nanotube per ym?. For samples with
as-grown CNTs, we used commercial TEM grids consisting of a
silicon nitride membrane with a perforated coordinate system.
A 100 nm thick SiO,-layer was deposited on the TEM grids by
plasma-enhanced chemical vapor deposition prior to the
synthesis of CNTs.

Chemical Vapor Deposition of CNTs. As-grown CNTs
were synthesized in a home-built chemical vapor deposition
furnace. A bimetallic iron—ruthenium catalyst was drop-casted
from a suspension onto TEM grids coated with SiO,.
Successively, the samples were placed in the CVD furnace
and heated to 850 °C in an argon/hydrogen-flow. The gas flow
was successively switched to methane and hydrogen for 10 min
for CNT synthesis. The samples were cooled to <300 °C under
argon/hydrogen flow before unloading.

Photoluminescence Microscopy and Spectroscopy.
Photoluminescence experiments were performed in a home-
built cryogenic confocal microscope. The samples were
mounted on piezo-stepping and -scanning units (attocube
systems ANPxyz101 and ANSxyl00) for positioning with
respect to the confocal excitation and detection spots of a
low-temperature apochromatic objective (attocube systems LT-
APO/NIR/075) with a diffraction limited spot of 1 um. The
microscope unit with the objective and the sample was placed
in a dewar with an inert helium atmosphere at a pressure of 20
mbar and was either kept at room temperature or immersed in
liquid nitrogen (77 K) or liquid helium (4.2 K) in a bath
cryostat. Excitation around 790—850 nm was performed with a
wavelength-tunable Ti:sapphire laser system (Coherent Mira) in
continuous wave mode. The PL was spectrally dispersed by a
monochromator (Princeton Instruments Acton SP-2558 or
—2750) and detected with a nitrogen-cooled silicon CCD
(Princeton Instruments Spec-10:100BR/LN). Typical integration
times were in the range of 1-30 s.
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Complementary to the data in Figure 2, additional
photoluminescence spectra as well as photoluminescence
peak positions and their theoretical temperature depend-
ence are presented for individual HiPco, CoMoCAT, and
as-grown carbon nanotubes at three fixed points of
temperature (295, 77, and 4.2 K). (PDF)
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