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ABSTRACT We performed low temperature photoluminescence (PL) studies
on individual oxygen-doped single-walled carbon nanotubes (SWCNTs) and
correlated our observations to electronic structure simulations. Our experiment
reveals multiple sharp asymmetric emission peaks at energies 50—300 meV red- N (x)
shifted from that of the F;; bright exciton peak. Our simulation suggests an
association of these peaks with deep trap states tied to different specific chemical
adducts. In addition, oxygen doping is also observed to split the E;; exciton into

epoxide-|

ether-d ether-|

Zedenssesaiite

LD

) N—

4
X

PL

two or more states with an energy splitting <40 meV. We attribute these states to
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dark states that are brightened through defect-induced symmetry breaking. While the wave functions of these brightened states are delocalized, those of

the deep-trap states are strongly localized and pinned to the dopants. These findings are consistent with our experimental observation of asymmetric

broadening of the deep trap emission peaks, which can result from interaction between pinned excitons and one-dimensional phonons. Exciton pinning

also increases the sensitivity of the deep traps to the local dielectric environment, leading to a large inhomogeneous broadening. Observations of multiple

spectral features on single nanotubes indicate the possibility of different chemical adducts coexisting on a given nanotube.
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nique electronic and optical proper-

ties of one-dimensional (1D), semi-

conducting single-walled carbon
nanotubes (SWCNTs) have inspired a wide
range of optoelectronic,’ sensing,® imaging®
and quantum communication®® applica-
tions. A major barrier to practical realization
of these applications is the low SWCNT
fluorescence quantum yield (QY, typically
~1% for ensemble measurements in surfac-
tant suspensions).” "> Although QY values
approaching 10% are reported for the bright-
est individual nanotubes in such samples,® in
solution samples engineered to protect the
nanotube from environmental influences,*'
and for air-suspended nanotubes,'® these
results underscore the importance of the
nanotube surface environment and sample
quality as major factors in determining
QY. Furthermore, the existence of optically
forbidden “dark” states that lie below the
lowest optically allowed bright state'”~2?
and nonradiative recombination of freely
diffusing 1D excitons at defect sites®>~%’
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are attributed as key factors limiting the
QY of SWCNTs. This limitation could, in
principle, be removed via the introduction
of a highly emissive deep trap state below
the dark exciton.?® Recent studies revealed
that such a state can be created through
incorporation of low-level oxygen®*3° or
diazonium®' covalently bound dopants
on the side walls of SWCNTSs. Previously, a
number of other routes have also been
demonstrated for introducing similar states,
with examples including photoinduced
behaviors,>~3* symmetry breaking follow-
ing chemisorption,®*® and chemical or
electrochemical trion generation.>” 3 Oxy-
gen and diazonium doping approaches,?*>'
however, stand out from these prior studies
because covalent modification introduces
chemically stable sites with remarkably
bright deep trap emission.

These discoveries have triggered intense
interest in such covalently doped SWCNTs.
However, a fundamental understanding of
the electronic structures of these covalently
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Figure 1. (a—c) Representative spectra of three oxygen-doped SWCNTs showing the deep trap (E; ) state at ~1.1 eV, and with
one (a), two (b), and three (c) peak features at ~1.25 eV spectral range. (d—f) Temporal evolution of spectral features in the
vicinity of E;; transitions of three individual SWCNTSs. (g) Upper panel: a histogram of experimentally observed spectral
features in oxygen-doped SWCNTSs (bars). The peak positions are plotted relative to the highest energy peak (vertical dashed
line marked as E{;). Blue and red solid lines are Gaussian fits to each distribution peak and the sum of all the fits, respectively.
Room temperature ensemble PL spectrum is plotted in black for comparison. Lower panel: theoretically calculated absorption
spectra of different electronic states in undoped SWCNTs (black curve) and oxygen-doped SWCNTSs with different functional
groups. The energy of the lowest bright state of SWCNT functionalized with ether-l is set to zero (E{;). A 5 meV Gaussian

smearing is applied to generate all absorption spectra.

introduced trap-states, exact chemical nature of do-
pants and the mechanisms responsible for the en-
hancement of QY are still lacking. Some experi-
mental®®~3' and theoretical*®*' studies attributed
these deep traps to spatially localized exciton states
resulting from splitting of degenerate energy levels by
the dopants.3® However, calculations of Mu et al.*?
argued that the observed red-shifted peak, which is
commonly referred to as £, is simply a strong Stokes
shift and the excitons remain delocalized. Furthermore,
a significantly broader ensemble PL spectrum of trap
states compared to that of the intrinsic peak®®>° raises
the question of whether the trap states have intrinsi-
cally broad optical transitions or if broadening results
from environmental inhomogeneity.

To address these outstanding issues, we performed
a low temperature (low T) photoluminescence (PL)
spectroscopy study on individual oxygen-doped
SWCNTs. In addition to the well-known deep-trap state
(E11) located 135 meV (AE) below the intrinsic 1D bright
exciton (E;;),%>3° we discovered that oxygen doping
splits E;; into two or more states with an energy
splitting <40 meV and creates two more deep-trap
states (E11, E17) at AEs of 55 and 300 meV. All the deep
trap states are characterized by sharp asymmetric
spectral lines with widths of ~6.38 & 3.46 meV. Their
positions, however, exhibit a broad inhomogeneous
distribution that closely resembles ensemble PL
spectra.’®3° Through time dependent density func-
tional simulations, we identify the oxygen functional
groups responsible for the observed spectral features
and show that multiple distinct functional groups
may coexist on a single SWCNT. We also explain the
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asymmetric line shape and strong inhomogeneous
distribution of deep trap states as a consequence of
exciton pinning by the dopants.

RESULTS AND DISCUSSION

In this study, we excite individual oxygen doped (6,5)
SWCNTSs (generated via ozonolysis®®) at the E;; phonon
sideband. For reference, we also characterized un-
doped SWCNTs prepared in the same manner except
for ozonation. Low T PL images of both undoped and
ozonated tubes show diffraction limited circular spots
(Supporting Information Figure S1c,d) indicating that
PL originates from a region of less than 1 um. Emission
peaks of all 24 investigated undoped tubes lie in the
range of 1.2—1.28 meV and 21 of them (ie., 88%)
displayed a single sharp, symmetric PL peak with line
widths of 44 + 1.4 meV (Supporting Information
Figure 52).#*3 These PL peaks are also nearly free of
both intensity and spectral fluctuations (Supporting
Information Figure S2b). These reference data point to
the fact that our undoped control sample exhibits only
the optical behavior of (6,5) tubes and is therefore free
of any unintentional dopants, defects and charges that
could introduce new optical transitions. We can there-
fore safely attribute any new optical transitions dis-
played by the ozonated samples to the effect of
oxygen doping.

In the case of oxygen-doped tubes, the deep trap
emission peak reported in prior studies***° was ob-
served for all the doped tubes in the 1.06—1.15 eV PL
spectral range (Figure 1a—c). However, surprisingly, we
also observed multiple spectral features that have not
been reported before (Figure 1b,c and Figure 2a—d).
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Figure 2. (a) PL spectra from three oxygen-doped SWCNTs
with different intensity ratios between the E;; (1.25 eV) and
E31 (1.10 eV) peaks. Inset: the enlarged view of the E;; peak
of the bottom PL spectrum (blue curve) clearly shows
asymmetric broadening of the peak. (b—d) Representative
PL spectra of three oxygen-doped SWCNTs showing multi-
ple deep trap emission peaks. (e) Temporal evolution of PL
spectra of an individual oxygen-doped SWCNT showing
anticorrelated PL intensity fluctuation between E;; and trap
related emissions (E;; and E;;). Gray arrows mark the
clearest examples of positive and negative correlations.

We first describe additional peaks appearing near the
original E;; peak. We observed that only 27% (20 out of
74) of ozonated SWCNTSs show a single sharp E;; peak
at ~1.25 eV (Figure 1a). A two- or three-peak spectral
feature was observed for the remaining 73% of the
tubes (Figure 1b,c). Similar features were also observed
in PL spectra of ozonated SWCNTs excited at 561 nm
(Supporting Information S2 and Figure S4), confirming
that these peaks have PL origin and are not the result of
a Raman process. While some doped SWCNTs exhibit
stable PL in terms of both intensity and peak position
(Figure 1d and 1e), others show rapid fluctuation in
both (Figure 1f). In cases like this, a single emission
peak appears to split into two peaks. The three-peak
spectral features of some ozonated tubes observed in
Figure 1c could in fact result from time integration of
such fluctuating spectra. Fitting all the E;; PL peaks
with Lorentzian functions gives an average peak posi-
tion of 1.24 £+ 0.0194 eV and line width of 530 +
3.301 meV (Supporting Information Figure S3), com-
parable to those of the undoped tubes. Although
absolute positions of the split £;; peaks are distributed
over the range of 1.19—1.31 eV for different individual
doped tubes, peak to peak energy separations mea-
sured relative to the highest energy peak exhibit a
bimodal distribution, with energies shifted from this
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reference peak by 7.1 and 26 meV with the distribution
widths of 7.2 and 26.7 meV, respectively. The reference
peak at 0 eV and the two distributions are marked
as Ef;, E1q, and Eq;, respectively, in the histogram of
Figure 1g. These data provide clear evidence that
oxygen doping not only creates a deep trap E;;state,
but may also split the £ transition into 2—3 states.

Next we discuss the spectral features of doping-
introduced deep-trap states. While 47% out of
74 doped tubes show a single deep trap emission peak
(Figure 2a), 53% of the tubes show multiple peaks as
displayed in Figure 2b-2d. Positions and distribution of
these peaks vary widely between tubes. The histogram
of all deep trap emission peaks shows three distinct
distributions centered at 55, 135, and 300 meV,
labeled as E77, E1q, and Eq7, respectively, in Figure 1g,
upper panel. E;;, the most dominant feature, aligns
well with that of the ensemble PL spectrum and also
exhibits a comparable line width of ~60 meV in the
histogram distribution. E;7 and E;7 peaks appear only
in 24% of the tubes. These findings together with the
fact that low T PL spectra of undoped reference tubes
show no PL peak in this spectral regime (Supporting
Information Figure S2c) suggest the existence of one
dominant chemical functional group responsible for
the E;; peak and other less abundant functional group-
(s) responsible for E;7 and E;7 peaks. In the following,
we will identify these functional groups by comparing
experimental spectra with the results of quantum-
chemical calculations.

Despite wide variation in emission energy, individual
deep trap emission peaks exhibit a very narrow spec-
tral line width of 6.38 & 3.46 meV, only slightly broader
than that for £, (5.30 £ 3.301 meV). More interestingly,
the peaks observed in 83% of the doped tubes appear
highly asymmetric with a long tail on the low energy
side (Figure 2a, inset). These findings lead us to con-
clude that individual sharp peaks originate from a
single trap site and their emission energies are inho-
mogeneously distributed due to variation of the local
dielectric environment, as is known to occur in the
case of E;; emission peaks.*®*® The larger distribution
range of the E;; peak (~60 meV) compared to that of
E;; (~30 meV, see Supporting Information Figures S5a
and S3a) further suggests that environmental fluctua-
tions such as variation in surfactant coverage along the
length of the nanotube®* have a stronger influence on
the deep trap E; state than on the Eq; state.

Similar to the E;; peak, E7; peaks also display PL
intensity and spectral fluctuations (Figure 2e and
Supporting Information Figures S6 and S7). While
fluctuations observed in some SWCNTs are completely
random, in some cases, we observed very interesting
correlations among E; 4, E17,and Er peaks. Figure 2e shows
that while intensity fluctuations of E;;, and E;, correlate
with one another, both fluctuate in negative correlation
with the E;; peak (see Supporting Information S4 for
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Figure 3. (a) Structure of ether-l (left), ether-d (center), and epoxide-l (right) adducts on a segment of (6,5) SWCNT. (b)
Schematic of potential profile along the length of the tube showing potential traps created by ether-I (left), ether-d (center),
and epoxide-l (right) adducts. Deep trap states and states that result from the brightening of dark states are marked with
brown and blue lines, respectively. Bright exciton state of undoped tube is represented by the red line. Fluctuation of small
potential barriers in the vicinity of the trap site leads to fluctuation of exciton trapping efficiency and negatively correlated PL
intensity fluctuations between E;; and dopant related emissions (i.e., E3; and Eqy). (c) The spatial distributions of transition
densities for E;4 (top), E}H (middle), and Eﬁ (bottom). The electrons and holes are represented in red and blue, respectively.
While E;; excitons in undoped SWCNTs are delocalized, E;; exciton of ether-d and E;; exciton of epoxy-| functionalities are
localized strongly. (d) Schematic illustration of environmental effects (e.g., fluctuations in local electric field or dielectric
constant). While excitons pinned to 3—4 nm region of the traps (orange ellipses) experience the full extent of the fluctuation
(black solid lines), delocalized E;; excitons “see” smoother fluctuations (blue dashed line) due to spatial averaging over the
extent of its wave function represented by the blue ellipses.

calculation of correlation coefficients and more exam-
ples of spectroscopic data). Because migration as well
as attachment/detachment of dopants are unlikely at
cryogenic temperatures, we attribute these fluctua-
tions to variations in internal conversion processes,
where the E;; and E;; states together compete against
the E;, state for exciton population.

To further elucidate these findings, we calculated
the electronic structure of oxygen-doped (6,5) SWCNTs
using semiempirical and density functional theory
(DFT) methods, which have successfully modeled mul-
tiple electronic phenomena in undoped** as well as
doped tubes.***! (see Supporting Information S5). Our
calculations identify ether-d (d: C—O—C bonds per-
pendicular to the tube axis) as the most stable oxygen
adduct with the highest binding energy of —5.28 eV
and epoxide-l and ether-| (I: C—O—C bonds parallel
to the tube axis) as less stable adducts with bind-
ing energies of —3.75 and —2.81 eV, respectively
(Figure 3a, Supporting Information S5). The time-
dependent DFT (TDDFT) calculations yield multiple
electronic transitions for each adduct that align with
the peaks of the histogram (Figure 1g, lower panel).
Specifically, when the first of the ether-| transitions is
set to align with the 0 meV reference of the histogram
(i.e., Ef;, the highest energy peak of the PL spectrum),
we can match the E;; peak with the first transitions of
ether-d and undoped tubes overlapping at 7 meV, and
Ey; with a group of peaks composed of ether-l at
22 meV, ether-d at 28 meV, epoxide-l at 30 meV, and
undoped tubes at 24 meV. Ether-l, epoxide-l, and
undoped tubes have transitions at 55 meV that align
with the E:T peak. E; and Eﬁ peaks align very well
with the lowest energy transitions of ether-d and
epoxide-l at 131 and 306 meV, respectively. While
these two lowest energy transitions are the deep trap
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TABLE 1. A Table of Dopant Induced Optical Transitions,
Their Energy Separation (AE) from the Reference Peak,
and Chemical Functional Groups Responsible for the
Transitions?

transitions AF (meV) functional group
Eh 0 ether-|
£y 7 undoped, ether-d
£ ~26 ether-l, ether-d, epoxide-I
i 55 ether-l, epoxide-|
En 135 ether-d
Er 310 epoxide-1

“The AF values were obtained from the simulation and Gaussian fit to the
histogram of Figure 1.

states introduced by the dopants, the remaining high-
er energy transitions (those aligned with Ef;, Eiq,
Er1, and E;7) result from partial transfer of oscillator
strength from the E;; bright state to close-lying dark
states (brightening) due to symmetry breaking. In the
case of undoped tubes, symmetry breaking happens at
the ends of the 8 nm long tube which causes artificial
brightening of the state lying at 55 meV. The intensity
of this peak is greatly reduced in longer tubes (see
Computational Methods for more details). Therefore,
only a single Eq; peak is expected to appear in our
PL spectra of undoped tubes, which are 0.6—6 um
long. In the case of doped tubes, dopant induced
symmetry breaking leads to the emergence of
the E7;, Eq1, E7q, and E;7 peaks. The electronic struc-
tures of ether-l, ether-d, and epoxide-d revealed in
these calculations are schematically illustrated in
Figure 3b. The high degree of alignment we find
between the TDDFT results and the experimental
features then provides a strong basis for assignment
of spectral features to specific adducts, as noted in
Table 1.
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In particular, these results are consistent with an
assignment of the E7; and E}, peaks that appear in
almost all of the PL spectra of doped tubes to the most
stable adduct, ether-d. This assignment also explains
the correlated PL intensity fluctuation of the E7; and E7;
peaks reported in Figure 2e and Supporting Informa-
tion Figures S6 and S7. The negative correlation be-
tween E;; and 3, on the other hand, suggests that the
PL of E,, originates from the undoped portion of the
tube. We further speculate that existence of a potential
barrier higher than kgT, as illustrated in Figure 3, may
prevent the E;; exciton from trapping and encourage
recombination in the undoped region. Thermal fluc-
tuation of such a barrier could cause the observed
increase/decrease in PL intensity of the E;; peak with a
correlated decrease/increase in PL of E;; and Eq; peaks.

With the TDDFT results suggesting that the £77, E;7,
and E;; peaks originate from different chemical spe-
cies, the simultaneous appearance of £;7 and E;7 peaks
with E}; in some PL spectra (e.g., Figure 2b,c) suggests
that ether-l and epoxide-l adducts may coexist with the
ether-d adducts on the same tube. Lower stability of
these adducts explains why these peaks appear only in
24% of the doped tubes. Some of the E{; peaks that
fluctuate in correlation with E7; peaks (e.g., Figure 1f)
may also be attributed to coexistence of ether-l and
ether-d. Conversely, the spectrum of Figure 2d also
demonstrates that multiple ether-d sites may be pre-
sent on a single tube, but display different transition
energies due to each site experiencing a different
dielectric environment.

Next, using TDDFT modeling, we calculated spatial
distributions of transition densities that directly evalu-
ate real-space exciton distributions of the relevant
electronic states (i.e., spatial delocalization of the ex-
citonic center of mass on the tube). Our transition
density plots show that while excitons of the higher
energy states (i.e.,, E{; and E7;) are delocalized over the
8 nm length of our model tube due to hybridization
with the E;, excitonic band of the undoped tube, those
of the lowest energy trap states (i.e., E;; and E;7) are
spatially localized and pinned to a 3—4 nm region
around the respective dopant sites (Figure 3c and
Supporting Information Figure S9). The dopant-in-
duced localization provides a basis for the origin of
the asymmetric line shape of the deep trap emission.
Such asymmetric broadening of E;; spectral lines is
occasionally observed in low T PL spectra®**>4¢ and
has been explained as arising from interaction be-
tween 0D exciton states and 1D acoustic phonons.*>*¢
With exciton localization being the key requirement
to facilitate this coupling, this suggests that interac-
tion between our dopant-pinned 0D excitons and 1D
acoustic phonons of SWCNTs is responsible for the
asymmetric broadening of the deep-trap spectral lines.
The existence of dopants ensures exciton pinning
and asymmetric broadening in all of the doped tubes.

MA ET AL.
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Figure 4. (a, ¢, and e) Low T PL spectra of an undoped (a)
and two ozonated (c and e) tubes at low (black) and high
(gray) pump powers. (b) Normalized spectrally integrated
total PL intensity of 4 undoped SWCNT showing E,, satura-
tion at ~200 kW/cm? (black lines and data points) and that
of ozonated tubes shown in (c) (red) and (e) (blue) showing
weaker saturation. (d and f) PL saturation behavior of E;,
(black), E1} (blue), and E3, (red) peaks.

To further confirm this point, we estimated a reorga-
nization energy (RE) that provides a measure of the
coupling between the trapped exciton and all the
phonon modes of the SWCNT from the difference
between total energies in optimized geometries of
the ground and excited states. The calculations reveal
nearly a factor of 2 increase of RE from 11 meV in
undoped tubes to 18 meV for the ether-d adduct,
suggesting that acoustic phonon coupling may in-
crease along with coupling to other phonon modes.
We can also attribute exciton pinning to the en-
hancement of environmental effects that give rise to
the large inhomogeneous broadening of deep trap
emission. Fluctuations of local electric field or local
dielectric constant are known to cause a distribution of
Eq, emission at low temperature through a quantum
confined Stark effect. Such fluctuations may occur from
local variation in the nanotube surface environment,
including changes in surfactant structure and compo-
sition. It is conceivable that these fluctuations are
happening at a length scale smaller than the wave
function of the E;; exciton as schematically demon-
strated by the solid line in Figure 3d. In that case, the
E;, exciton will only experience the smoother fluctua-
tions (blue dashed line) resulting from spatial aver-
aging of the fluctuations over the extent of its wave
function (represented by the blue ellipse). On the
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other hand, since excitons of deep trap states (orange
ellipses) are pinned to a region smaller than the
environmental fluctuations, they experience the full
extent of the fluctuations and hence exhibit a much
broader inhomogeneous distribution. In addition to the
Stark effect, variation of local surfactants and surface
charges could also lead to small variations in the geom-
etry of the dopant sites and shift their emission energy.

One additional, potentially beneficial consequence
of the dopant-induced exciton pinning appears in the
pump power dependent evolution of the PL spectra.
PL of undoped tubes shows saturation (Figure 4a,b) at
pump powers of ~200 kW/cm? due to exciton—exciton
annihilation (EEA).*’*® Somewhat similar saturation
behavior can be observed for the E7; and Ej;, deep
trap states (Figure 4c—f) due to saturation of deep
traps. However, saturation behavior of the E;; peak
becomes weaker with an increase of deep trap state
emission. Specifically, for the SWCNT of Figure 4c in
which E;; emission is stronger compared to emission
of both E;7 and Ej; peaks, E;; exhibits a saturation
behavior slightly weaker than that observed in un-
doped tubes (Figure 4b). However, for the SWCNT of
Figure 4e, in which the E;1 peakis stronger than the £,
peak, the E;; peak now shows a nearly linear increase
of PL with pump power (Figure 4f, see Supporting
Information Figure S10 for more examples). As a result,
PL saturation behavior of total spectrally integrated
PL of the ozonated tubes becomes weaker with the
strengthening of the E7; peaks (red and blue traces of
Figure 4b). These findings suggest that the efficient
trapping of excitons by the oxygen dopant leads not

MATERIALS AND METHODS

Sample Preparation. Oxygen-doped SWCNTs used in this
study were prepared following the method in ref 29 with some
modifications. Briefly, 1 wt % sodium deoxycholate (DOC)
wrapped HiPco SWCNT supernatants were chirality-sorted via
density gradient ultracentrifugation*®* and fractions enriched in
(6,5) SWCNTs were dialyzed into 1 wt % sodium dodecylben-
zenesulfonate (SDBS). This enriched (6,5) sample in 1 wt % SDBS
served as our final source material for preparing both the oxygen-
doped SWCNTs and the undoped control sample. For oxygen
doping, the (6,5) suspension was diluted with deionized (DI) water
to decrease the SDBS concentration to 0.2 wt %. Ozone saturated
water was then added to SWCNT suspensions (typically, 90 uL of
ozonized water to 300 uL of SWCNT suspension), and the mixture
was irradiated with a fluorescent lamp overnight (17 h). The SDBS
concentration was increased back to 1 wt % after the ozonation
treatments prior to the measurements. The same experimental
procedure (including the dilution step, but without the addition of
ozonated water) was applied to make the undoped control
samples. To prepare samples for individual SWCNT PL measure-
ments, a 5—10 uL drop of nanotube suspension was deposited on
a precleaned, plasma-treated quartz substrate with density less
than one nanotube per 10 x 10 um? area and mounted in a
continuous-flow, liquid-He cryostat.

Photoluminescence Imaging and Spectroscopy Measurements. All
spectroscopy experiments were performed in the temperature
range between 4.2 and 6.6 K. Single tube PL measurements
were performed on a home-built confocal laser microscope.
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only to strong trap emission (ie., E;; and E;7), but
also to reduction of the E;; exciton population, which
effectively suppresses the EEA process. We can there-
fore conclude that doping provides an interesting
route to suppress EEA processes and allows emission
of excitons that would otherwise have recombined
nonradiatively.

CONCLUSIONS

These findings and analyses bring a new level of
understanding to the electronic structure and chemi-
cal nature of oxygen dopant states. Specifically, our
study provides conclusive evidence that oxygen do-
pants indeed create traps deep enough for localizing
excitons at room temperature. This localization pre-
vents nonradiative collisional recombination of exci-
tons. Emission of photons from such localized states
could particularly be useful for room temperature
single photon generation. Through TDDFT calcula-
tions, we identify three distinct chemical adducts
(ether-d, ether-l, and epoxide-l) capable of creating
these deep trap states and which can explain the
observation of multiple deep trap emission features
in our single tube PL spectra as a consequence of the
coexistence of multiple adducts. Additionally, oxygen
doping is also revealed to create several transitions
that may arise from defect-induced symmetry break-
ing in the vicinity of £, states. Overall, our work lays the
foundation to utilize doping as a generalized route for
wave function engineering and direct control of carrier
dynamics in SWCNTs toward enhanced light emission
properties for photonic applications.

A continuous-wave (CW) Ti:sapphire laser operating at 820 nm
and a 561 nm CW diode laser were used to excite (6,5) SWCNTs
at their £;; phonon sideband and E,, resonance, respectively.
Most of the experiments were conducted with the Ti:sapphire
laser unless otherwise specified. An infrared objective with
NA = 0.55 and 50x magnification was used to focus the laser
beam and collect PL. PL signal from SWCNTs was spatially and
spectrally imaged by a 2D InGaAs camera equipped on a
300 mm spectrograph and spectrally resolved by a linear InGaAs
array equipped on a 150 mm spectrograph with integration
time typically between 1 and 30 s.

Computational Methods. All computations were performed on
finite length (6,5) SWCNTs with the edges terminated by
hydrogens as detailed in ref 44. Such quantum-chemical simu-
lations of finite tube length are well suited to study inhomoge-
neous structures (from amorphous materials to perfect periodic
systems), various disorders, local defects, chemical functionali-
zations, intertube interactions, etc.***'**>" The length of all
calculated tubes was set to 8 nm to be larger than the typical
exciton size (electron hole separation) and to allow numerical
feasibility of various quantum-chemical methods. Three differ-
ent atomic structures including epoxide (oxygen bridging
carbon sites), ether (oxygen bridging two neighboring carbon
atoms and the bond between the latter two is broken), and
chemisorbed ozone (ozone binds on top of two neighboring
carbon atoms), as well as different relative orientations of
the structures (I, along tube axis; d, perpendicular to tube
axis), were considered (see Supporting Information Figure S8).
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Each dopant was placed in the middle of the tube. Semiempi-
rical Austin Model 1 (AM1) Hamiltonian as implemented in the
MOPAC program package®? was used to optimize the ground
state geometries of all structures. Binding energies and forma-
tion energies of the different functional groups/molecules
(Supporting Information Table S1) were evaluated with AM1
method as well. Binding energies were calculated with respect
to undoped tubes and O1 (for epoxide and ether)/O3 (for
ozone) molecules, while formation energies were calculated
with respect to undoped tubes and 02 (epoxide and ether)/03
(ozone) molecules as reference systems. Compared to epoxide-|
and ether-l, ether-d has the largest binding energy and there-
fore is the most stable structure, in agreement with ref 29.

Electronic transition energies (Supporting Information
Table S1), their respective oscillator strengths and transition
densities (Supporting Information Figure S9) of excitons in (6,5)
SWCNTs with different functional groups were further modeled
using TDDFT approach based on STO-3G basis set and B3LYP
functional as implemented in Gaussian 09 program®* package.
The use of minimal basis set was motivated by the large system
size. Due to high computational cost, the structures optimized
by AM1 Hamiltonian method were not reoptimized with DFT
and/or TDDFT. Our computation method has been extensively
validated in the previous studies.*>*'** For example, a band
gap of 1.76 eV obtained for undoped (6,5) SWCNTs agrees well
with reported experimental results.>* Absorption spectra were
obtained by applying a 5 meV Gaussian smearing to the
calculated oscillator strengths.

We performed the test calculations on longer undoped
tubes (10 and 12 nm) and observed a significant reduction of
the oscillator strength in the level located ~55 meV below E;4,
which signifies the artificial brightening of this state in undoped
tubes due to symmetry breaking at the ends of the 8 nm tube.
The results for ether-d and epoxide-l doped 12 nm tubes are
similar to those described in this work (8 nm) except that the
distance between the undoped peak and E; 1, E;7 levels slightly
decreased. Due to the high computational complexity of the
12 nm calculations, we analyzed only optical spectra and did not
address the orbital projection of transition density for localized
excitons.
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