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By separating the photons from slow and fast decays of single and
multi-exciton states in a time gated 2"? order photon correlation
experiment, we show that solitary oxygen dopant states of single-
walled carbon nanotubes (SWCNTs) allow emission of photon
pairs with efficiencies as high as 44% of single exciton emission.
Our pump dependent time resolved photoluminescence (PL)
studies further reveal diffusion-limited exciton—exciton annihil-
ation as the key process that limits the emission of multi-excitons
at high pump fluences. We further postulate that creation of
additional permanent exciton quenching sites occurring under
intense laser irradiation leads to permanent PL quenching. With
this work, we bring out multi-excitonic processes of solitary
dopant states as a new area to be explored for potential appli-
cations in lasing and entangled photon generation.

Introduction

Doping of single wall carbon nanotubes (SWCNTSs) via covalent
attachment of various chemical functional groups'™® such as
ether/epoxide,”” alkyl’ and aryl® species has been rapidly
emerging as an effective means for enhancing emissive pro-
perties of SWCNTs and introducing new functionalities.
Specifically, dramatic enhancement of emission efficiency, rea-
lized via localization of 1D excitons to 0D states capable of
emitting PL at an energy 130 to 300 meV below the
band-edge,”” brings new promise for SWCNT-based bio-
imaging," light emitting devices and lasers.”® Furthermore,
recent demonstrations of room temperature single photon
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generation in oxygen® and aryl'® functionalized SWCNTs estab-
lishes solitary dopant states as a new type of quantum light
source. Moreover, development of a solid-state doping
approach, in which the solitary oxygen dopant states are intro-
duced via a simple deposition of SiO, or Al,O; thin films,"
makes the doped nanotubes compatible with existing micro-
electronic technologies'®>™*° and opens a path toward develop-
ment of photonic integrated circuits.'”

Although recent studies have brought significant new
understanding of the electronic structure,” non-linear optical
properties,”® and PL fluctuation behaviors of doped
SWCNTs,”'® many critical photophysical processes remain vir-
tually unexplored. Among these, questions such as whether a
solitary dopant site can accommodate multiple excitons as in
the case of quantum dots,"”*° how efficiently these multiple
excitons can recombine radiatively, and how these excitons
interact with one another, are particularly important. While
formation and recombination of multiple exciton states is not
so desirable for single photon generation,>>* understanding
and control of these processes could enable new functional-
ities such as generation of entangled photon pairs®*?” and
optical amplification. Some indications of multi-excitons were
observed in our recent studies.

Specifically, while some oxygen doped tubes exhibit near
complete photon antibunching® characterized by a vanishing
peak at zero time delay (i.e. center peak area g®(0) = 0) in
second order photon correlation plots, some degree of photon
bunching with a normalized center peak area (R = g?(0)/
average area of side peaks far from the zero time delay, see
ESI 11) in the range of 0.25 to 0.5 was observed in a significant
number of oxygen doped tubes. For example, at 200 K, 60% of
~40 CNTs show antibunching (R < 0.5) and ~20% exhibit R
between 0.25 and 0.5, indicating that some doped tubes emit
more than one photon in one excitation cycle. Such multiple
photon emission can result either from independent dopants
or recombination of multiple excitons at a solitary dopant.”® In
some cases, appearance of multiple PL emission peaks in low
T (4 K) spectra allows us to attribute multiple photon emission
to two independent dopants (Fig. 1a and b top trace).”®
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Fig. 1 PL spectra (a, d), g trace of all the photons (top trace) and time gated g*? traces extracted at the gate delay time (Tgp) indicated in the
figures (b, e) (see ESI. Fig. 17 for g*® traces with time delay extending to 300 ns). PL decay curves (blue, right axis) and center to side peak area ratio
(R) vs. Tgp plot (left axis) (c, f) for two doped SWCNTSs. Black solid lines are guides to the eye. The data for (a—c) and (d—f) were acquired at 4 K and

200 K, respectively.

However for all the doped tubes exhibiting antibunching with
R ~ 0.2-0.5 at temperatures higher than 100 K, a single dopant-
related PL peak was observed, indicating a possible multi-
exciton emission (Fig. 1d & e, top trace acquired at 200 K). This
evidence, however, is not conclusive because at these tempera-
tures, it is not clear whether multiple spectral lines merge into a
single thermally broadened PL peak. Here, we provide experi-
mental evidence that oxygen dopant states can allow relatively
efficient multi-exciton emission. We also observe that diffusion
limited, exciton-exciton annihilation process (EEA) remains an
active quenching mechanism for the dopant states, as in the
case of band-edge excitons.’*>” We develop an exciton relax-
ation model capable of explaining all the key experimental
observations. Overall this work elucidates the rich multi-exciton
processes associated with the dopant states.

Results and discussion

In this work, a two-step aqueous two-phase separation®®™ is

used to enrich the (6,5) chirality of HiPCo (high-pressure CO
conversion) grown nanotubes. The nanotubes are wrapped
with sodium dodecylbenzene sulfonate (SDBS) and dispersed
on glass substrates over-coated with 100 nm thick Au and SiO,
layers.”'" The undoped tubes are then covered with a 10 nm
thick SiO, layer to achieve solid-state oxygen doping following
ref. 9 & 11. The concentration of the SWCNTs is adjusted to
achieve a density of 1 tube per 100 pm?. The sample is then
mounted in a continuous-flow liquid He cryostat and a home
built microPL system equipped with two super-conducting
nanowire single photon detectors was used to perform time
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correlated single photon counting and Hanbury Brown and
Twiss experiments. The doped SWCNTs are excited at the E;;
phonon side band*' at 840 nm. PL spectra of the individual
ether-d and epoxide-1 dopant states (d/l stand for C-O-C bond
aligned perpendicular/parallel to the SWCNT axis) with 130
and 300 meV trapping energies® were acquired using a linear
InGaAs array detector together with a 1/8 meter spectrometer.

Fig. 1 displays representative optical data from two individ-
ual doped SWCNTs. The doped tube of Fig. 1a-c, exhibits two
independent dopant sites emitting at distinct wavelengths (at
1.114 and 1.158 pm, Fig. 1a). The g® trace of all the emitted
photons shows R of ~0.5 (Fig. 1b, top trace) consistent with
the spectra.>® The second doped tube (Fig. 1d-f) displays a
single PL emission peak. Its g trace, however, shows incom-
plete photon antibunching with R of ~0.44. As discussed pre-
viously, this data alone is not sufficient to determine whether
this R value results from emission of multi-excitons of a single
dopant state or emission of two independent dopant states. To
distinguish between these possible origins, we performed a
time gated 2™ order photon-correlation experiment.?*4?

We applied a time gate to remove the photons detected at
delay times earlier than the gate delay time (Tgp) and recon-
structed the g trace from the remaining photons (see ref. 28,
42 and ESI 37). Since the two independent dopant states
of the first tube should decay with similar lifetimes (~400 =
50 ps),’ the time gate does not affect the shape of the gt?
function apart from reducing the signal to noise ratio as
demonstrated by the three bottom g® traces in Fig. 1b. On
the other hand, in the case of emission from multi-excitons
of a single dopant state, application of a time gate will prefer-
entially remove the photons of multi-exciton states because

This journal is © The Royal Society of Chemistry 2017
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their emission generally precedes that of single excitons due
to their much shorter lifetimes.'®*° The R values of the
reconstructed time gated g® traces, as a result, should
decrease with an increase of Tgp. The g‘z) traces extracted at a
Tsp longer than the multi-exciton lifetime should show com-
plete antibunching, as all the photons of multi-excitons are
removed.”®*> This behavior can be observed clearly in the
time gated g» traces of the 2" tube (Fig. le, bottom 3
traces). This analysis therefore provides solid evidence that
the central peak of the top g(z) trace of Fig. 1le arises from
detection of two photons emitted in sequence by the multi-
excitons of a single dopant state. Furthermore, because R has
been shown to provide a measure of multi-excitonic emission
efficiency relative to that of a single exciton state (i.e. R —
QYax/QY1x),"** we can estimate the quantum yield of the
multi-exciton states to be ~44% of the single exciton states
for the tube shown in Fig. 1e.

A plot of R vs. Tgp (Fig. 1f data points) also shows that
incomplete photon antibunching exists only at early time
delays where the fast decay component dominates (Fig. 1f,
blue curve). This fast component can therefore be attributed to
the decay of multi-excitons. We performed pump power depen-
dent lifetime measurements to gain further insight on decay
dynamics of these multi-excitons. Fig. 2 displays the data from
2 representative single dopant sites (note: the data of Fig. 2a-c
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are acquired from the same dopant site as Fig. 1d-f). The
pump-dependent decay curves of Fig. 2a and the plot of
average lifetime vs. pump power (Fig. 2b, red data points) show
that for low pump powers up to 20 pW, the PL decay is single
exponential, with the average lifetime remaining constant at
~200 ps. A fast component with a lifetime of ~50 ps (close to
instrument response) emerged at higher pump powers (curves
3 & 4 of Fig. 2a) and the average lifetime decreases. The life-
times of both fast and slow components, however, stay essen-
tially constant for all pump powers. PL intensity increases with
pump power up to 10 pW and saturates at 20 pW (where the
fast decay component starts to emerge), and then decreases at
the highest pump power (the last data point). PL was observed
to be reduced significantly when the pump power was
decreased back to 3 pW after reaching the highest pump power
of 1000 pW (black triangle of Fig. 2b). The corresponding PL
decay curve (curve 5) mostly recovers to that obtained before
the intensity sweep (curve 1). The dopant sites of Fig. 2c and d
behave similarly, except that the fast decay components rise to
more prominent levels and the PL intensity roll-off happens at
a much lower pump power than in the previous case (~5 uW).
Finally, a very strong fast decay component, together with
quenching of PL, is observed in the decay when the pump
power is reduced back to <10 pW after the ramp to the
1000 pW maximum.
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Fig. 2 (a, c) Pump dependent PL decay (gray) and curves fitted with bi-exponential function, /(t) = Aie™™ + A,e™V"2 (red) of two different individual
dopant sites. Instrument response function is shown in (a) as blue curve. Insets: Two mechanisms responsible for irreversible changes in intensity
and/or lifetime (see text). (b, d) log—log plot of PL intensity vs. pump power (black squares), semi-log plot of fast/slow PL lifetimes of bi-exponential
fits (blue circles) and averaged lifetime, 75 = (A1t + As122)/(Arr1 + Aoto), (red circles) for the same two individual dopant sites. Triangle data points
represent the PL intensity (black) and lifetimes (red: average, blue: long and short components) measured after the pump power is reduced back
from the maximum. Data points for the decay curves shown in (a) & (b) are marked 1-5. All the data are acquired at 200 K. The data of a & b were
measured from the same dopant site as the data of Fig. 1d—f.
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To provide a qualitative explanation for our key obser-
vations, we developed a kinetic model describing the trapping,
recombination and EEA processes of excitons that are initially
pumped into the E;; band of doped SWCNTs. The model is
based on the picture of various single-exciton processes
(diffusion along a SWCNT, quenching, trapping) and EEA
developed in ref. 45-48. In this model, described in detail in
ESI 4,1 exciton trapping by each of m dopants, EEA of two free
Eq; excitons, and EEA of a free exciton and a trapped exciton
are assumed to be diffusion-limited processes with time-inde-
pendent rate constants of k,'® ks,*° and ak,, respectively,
where « is a coefficient of the order of one.’® In the absence of
dopant sites, a free exciton decays with a rate constant, &,
which is determined by diffusion-limited quenching.*® The
trapped exciton recombines with a rate constant kp,.

This model can be cast in the form of a system of master
equations, which can be solved analytically to yield long and
cumbersome expressions (see ESI 4f). Assuming that kp < k,
ks, ka, these expressions can be simplified to yield

2ks (1)

m—1 2kp o (ke-taka—k) Tap

m 2k + ks ket (1—a)ka + K

where kg = k + mk, is the inverse lifetime of an isolated free
exciton in the presence of m dopant sites. When m > 1, the
first term in square brackets of eqn (1) dominates as kg > kp.
This results in Tgp-independent R(Tgp), which is in agreement
with what is observed in Fig. 1c.

When m = 1, the first term vanishes and R(Tgp) decays
rapidly with a lifetime of 7 = (k + ak,)™". This behavior, which
is observed in Fig. 1f, can be understood as the detection of
two photons from the successive radiative recombination of
two trapped excitons. Since only one dopant site is present
(m = 1), one of the two excitons has to be trapped and recom-
bines radiatively before the second free exciton approaches the
dopant site, otherwise they undergo EEA with no subsequent
contribution to the photon correlation signal. The relative
probability of such a process, given by a pre-exponent of the
second term in eqn (1), is low because the slow recombination
of a trapped exciton (kp) has to compete with the fast
diffusion-limited quenching (k) and EEA (ak,). The rate con-
stant of decay of a state that consists of one free and one
trapped exciton is k + aka + kp, which, again assuming small
kp, produces lifetime 7 obtained above.

The same solution of master equations can also be used to
derive the expression for the PL intensity decay as (ESI 4+)

I(t) = pal1(t) + pa 12 (), (2)
Ii(t) = QDkDAleitha (3)
Iz(t) ~ QDkD [Aze—th + Bze—(kFJrazk,\—kt)t]7 (4)

where p4(p,) is the Poissonian probability of excitation of 1(>2)
free exciton(s), and I4(I,) is the respective PL intensity. The PL
quantum yield of a trapped exciton is denoted by Qp. The
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coefficients A4,, A,, and B, are very complex functions of decay
constants and can be simplified to the expressions given in
eqn (S12-S14) in ESI 4.7 The effective rate constant kr + aky — k;
of I, is similar in magnitude to diffusion-limited rate con-
stants k, k;, ka and much larger than kp. It therefore represents
the fast decay component observed in the experiment (Fig. 2).
The exciton population threshold required for the emergence
of fast decay components can be estimated from the condition
that the prefactor of the fast decay component becomes com-
parable in magnitude to that of the slow component, ie.,
PaBs ~ p1A; + PrA,. Our analysis of this condition (see ESI 47
for details) reveals that the fast component can arise only at
very high average exciton population (f > 10). This result is
consistent with our observation that the fast decay component
emerges only at excitation powers >20 pW corresponding to
f > 20 excitons (Fig. 2) whereas the PL intensity saturation
occurs at much lower power corresponding to f~ 1.

This fast PL decay component can be understood within
our model (eqn (2)) as the shortening of the effective lifetime
of a trapped exciton due to arrival of the second exciton that
subsequently induces the EEA process. Since EEA, as well as
quenching and trapping of a free exciton, are diffusion-limited
processes, they are expected to have similar time constants.
Our model therefore explains why both the fast component of
the PL decay of trapped excitons, observed in this work, and
the decay of the free E;; excitons in a doped SWCNT**® are
characterized with very similar (50-75 ps) time constants.
Furthermore, the model predicts the time constants of the fast
PL decay component and that of R(Tgp) at m = 1 to be exactly
the same, which is observed experimentally.

The introduced model describes the emergence of the fast
PL decay component at high pump fluences as a completely
reversible process. The experiment, however, shows that while
the emergence of the fast component is reversible in the case
of Fig. 2a, it is irreversible in the case of Fig. 2c. The quench-
ing of the PL intensity is irreversible in both cases. These ir-
reversible changes suggest that photo-degradation under high
intensity laser excitation competes with the EEA process. We
suggest that in the case of Fig. 2a, strong laser irradiation
introduces quenching sites (blue column in the inset of
Fig. 2a) that compete with dopants in trapping free excitons.
As a result, the probability of trapping of free excitons is
reduced permanently and causes irreversible PL quenching.
The average PL lifetime of the dopant state, however, can
return to its original value as the contribution of EEA pro-
cesses is reduced at lower pump powers. Within the model,
this situation is described by the effective increase of rate con-
stant k that describes the process of non-radiative quenching
of excitons.

We further speculate that Fig. 2c corresponds to the scen-
ario where a quenching site is introduced very close to the
dopant (inset of Fig. 2c), so that it allows non-radiative decay
of trapped excitons at a rate much faster than kp. Both PL
intensity and decay, as a result become irreversible. Within the
model this effect can be simulated by the effective increase of
both k and k, rate constants. Observation of PL intensity fluc-

This journal is © The Royal Society of Chemistry 2017
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tuations at high pump power® suggests that the photo-induced
quenching sites can switch between on and off states ran-
domly. Such random on/off switching in the case of Fig. 2c
can give rise to bi-exponential PL decay, as the decay curves
were averaged over many on/off cycles.

Conclusions

In summary, using a kinetic model, we successfully explain
key experimental findings, namely, the decay of g®(0) with Tgp,
and the emergence of a fast PL decay component at high
pump fluences, as the direct consequence of a single dopant
site emitting a pair of photons via successive trapping and
recombination of two excitons. More quantitative usage of the
model requires assigning specific values to all the rate con-
stants, which constitutes future research. These findings show
that the multi-exciton processes of the doped nanotubes are
rich and exciting areas to be explored for potential applications
in lasing and entangled photon generation.
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