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Abstract 

Pump-dependent photoluminescence imaging and 2nd order photon correlation studies have been 

performed on individual single-walled carbon nanotubes (SWCNTs) at room temperature that 

enable the extraction of both the exciton diffusion constant and the Auger recombination 

coefficient. A linear correlation between these is attributed to the effect of environmental disorder 

in setting the exciton mean free-path and capture-limited Auger recombination at this lengthscale. 

A suppression of photon antibunching is attributed to creation of multiple spatially non-

overlapping excitons in SWCNTs whose diffusion length is shorter than the laser spot size. We 

conclude that complete antibunching at room temperature requires an enhancement of the 

exciton-exciton annihilation rate that may become realizable in SWCNTs allowing for strong 

exciton localization.  
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 Nonclassical photon emission statistics (photon-antibunching) of single quantum emitters 

such as single atoms [1], molecules [2], quantum dots [3], and nitrogen-vacancy centers in 

diamond [4] have been recently investigated intensively for development of single photon 

sources needed for realization of quantum communication . These studies have been extended to 

single-walled carbon nanotubes (SWCNTs) [5-7], which are near-perfect one-dimensional (1d) 

semiconductors allowing for fast exciton migration [8-10]. Provided the lowest energy band is 

populated by more than one exciton, one cannot expect strong photon antibunching from such 1d 

systems. Studies have revealed that antibunching is possible at cryogenic temperatures due to 

strong localization of excitons and their subsequent exciton-exciton annihilation (EEA) [5-7], yet 

so far no systematic studies have been conducted at room temperature on photon statistics of 

delocalized, 1d excitons. While diffusion, on one hand, facilitates antibunching by allowing for 

EEA of spatially separated excitons, it could, on the other hand, lead to spreading of the exciton 

population leading to independent emission of multiple photons. In this Letter, we systematically 

examine the interplay of these two processes on SWCNT photon emission statistics. This could 

shed a new light on the feasibility of SWCNT based room-temperature single photon sources.  

     Exciton diffusion and EEA have been the focii of many previous studies because they 

play critical roles in defining photoluminescence (PL) characteristics of SWCNTs. Evidence of 

EEA has been observed in the form of pump-dependent variations in PL decay dynamics [11-13] 

as well as saturation behaviors of PL [14,15] and transient absorption signals [20]. Many attempts 

have also been made to determine the exciton diffusion length, LD , in SWCNTs [8,16-19], 

revealing values ranging from nanometers [9] to hundreds of nanometers [10,16,19]. The large 

discrepancies in these measurements have been attributed to effects of pump power [10], 

differences in fabrication methods (CoMoCAT or HiPco) [8,10], and the environment 
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(surfactant- or DNA-wrapped or air-suspended) [8,10] of the SWCNTs. Among these factors, the 

pump-dependence of LD arises from an increase of the EEA rate with the square of the exciton 

population, a consequence of bi-molecular processes [20].  Yet, in spite of the well developed 

Smolochowski-Noyes theory for reaction diffusion processes [21], the EEA term has not been 

fully incorporated into the 1d diffusion equation in analysis of the pump dependence of the PL 

intensity profiles [10]. Our study below reveals that EEA processes in SWCNTs have multiple 

lengthscale contributions associated with both LD  and the exciton mean free-path, ξ .  

 To address these open issues, we performed pump power-dependent PL imaging and 2nd 

order photon correlation (g(2)) studies on individual (6, 5) SWCNTs. We spread deoxycholate 

(DOC) wrapped, chirality sorted [22,23] HiPco [24] SWCNTs on glass substrates with density 

less than one nanotube per 100 µm2 area. A standard micro-PL system (see Supplementary 

section S1 for details) was used to perform single SWCNT PL imaging and g(2) experiments. 

Predominantly (6, 5) SWCNTs with lengths distributed in 1.2 to 2.6 µm range were excited at 

their E22 resonance of 570 nm with femtosecond laser pulses. We first imaged each SWCNT by 

illuminating them entirely using a wide-field mode and subsequently determined their lengths 

from the FWHM of their axial PL intensity profiles (Fig. 1a and 1g). Then we confocally excited 

the SWCNTs at their centers with a laser spot having a diameter σ 0 = 455 nm. Resulting pump-

dependent PL images of two SWCNTs with the lengths of 1.2 and 2.6 µm (Figs. 1b-1e and 1h-1k) 

show PL profiles broadening along their lengths, indicating spreading of the exciton population 

beyond the extent of the laser spot. For the 1.2 µm SWCNTs (Fig. 1b-1e), the FWHM of the axial 

PL intensity profile increases with the rise of pump fluence and saturates at very high pump 

fluences (Fig. 1f). In contrast, in the case of the longer 2.6 µm SWCNTs (Fig. 1h-1k), the profile 

shrinks with the increase of the pump fluence (Fig. 1l). Data validating our analysis on PL 
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profiles and more examples of pump dependent PL intensity profiles supporting these trends are 

given in S2-S4 and S5, respectively. 

    This interesting pump dependence cannot be explained in terms of a linear 1d diffusion 

equation and requires an explicit nonlinear term describing the EEA processes [10]. Here, we 

treat EEA as an exciton coalescence reaction (i.e., A + A → A ) [25]. For the problem of interest 

this process is governed by the following equation for the exciton density, n(x,t), 

 
  
∂n(x,t)

∂t
= −k1X n(x,t) + D ∂2 n(x,t)

∂x2 − CEEA(t)n2 (x,t) . (1)  

Here, k1X  is the exciton decay rate determining the PL lifetime in the absence of EEA, 

D = LD
2 k1X  is the exciton diffusion constant, and  
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  (2) 

is a time-dependent EEA coefficient (dimensionality nm / ps) where the prefactor CA  is the 

Auger recombination coefficient corresponding to the  microscopic electron-hole recombination 

processes at the lengthscale of the exciton mean free-path,ξ . In the Smoluchowski-Noyes theory 

of diffusion-limited reactions leading to Eq. (1), the diffusion of two particles in their center of 

mass frame is equivalent to the diffusion of a single particle in the presence of a reaction (i.e., 

recombination) center with twice the diffusion constant. The first term in the parentheses of Eq. 

(2) (i.e., unity) arises specifically in 1d since a particle in the neighborhood of a reaction center 

has a high probability of immediately finding it. The second term describes the formation of a 

depletion region in the vicinity of a reaction center at a rate α = CA
2 / 4D , and ( erfc x[ ]) erf x[ ]  

denotes the (complementary) error function. In S6, we demonstrate that Eq. (2) is a generalization 

of the constant Auger rate model previously used to interpret EEA signatures observed in 



 5

ultrafast decay of PL PL [12,26] and transient absorption [12,27] signals, and PL saturation 

behavior [14,15]. The model interpolates between a constant CEEA = CA  valid at short times, to 

the time-dependent CEEA (t) ~ t −1/2  at long-times used in Refs. [9,28] to interpret the EEA 

dynamics as 1d diffusion-limited recombination. In addition, this accounts for the limitations on 

the EEA imposed by the exciton decay process via the dimensionless ratio ε = 2k1X /α  

comparing the rate of exciton decay to the rate of depletion region formation. 

The goal of the PL data analysis is to attain a single set of diffusion lengths, LD = D / k1X  

( k1X = 1 / 55 ps-1 for DOC-wrapped SWCNTs [16]) and Auger coefficients, CA, fitting all the 

intensity profiles for each tube measured at different excitation powers. For this purpose a fitting 

procedure described in S7 and based on Eqs. (1) and (2) is used. In contrast to prior studies [13, 

21, 24] where single intensity profiles were fit to extract LD, we have simultaneously fit 4 to 9 

intensity profiles composed of 80 to 180 data points [25] and extracted a single set of  LD  and 

CA  for each SWCNT. Fig. 1f and 1l display examples of the best-fit curves along with the 

experimental data points providing LD = 289 nm, CA = 382 nm2/ps and LD = 718nm, CA = 447 

nm2/ps, respectively. Notice that in Figs. 1f the inset represents a general trend for the widths, σ , 

of all measured PL profiles to broaden with the increasing pump power provided SWCTNs have 

LD < σ 0 .  In contrast, inset in Fig. 1l shows that SWCNTs having LD > σ 0  demonstrate 

narrowing of the PL profile with increasing pump power. Numerical simulations discussed in S8 

and based on Eqs. (1) and (2) clearly reproduce these trends. 

To rationalize the trends, we estimate average PL profile widths as σ 2 = σ 0
2 + Δσ 2, where 

Δσ 2 = 2Dτ EEA  describes the contribution of exciton diffusion to the profile spread on the EEA 
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timescale . Here, N0  is the number of excitons prepared by the pulse that can 

be evaluated from absorption cross section of SWCNT (σ = 10−12 cm2/μm) as shown in S7. 

[29,30]  This timescale is estimated by solving Eq. (1) describing EEA at short times by setting 

1 0xk =  as described in S6. Thus, 2
0~ 1 / NσΔ  indicating that the PL profiles should narrow if 

the number of excitons (pump power) increases. Since the natural upper limit on Δσ  is LD , one 

can expect this trend to be observed for the initial profile widths σ 0 < LD . This is exactly the case 

in Fig. 1l. In the opposite case (σ 0 > LD ) the diffusive contributions to the PL profiles become 

negligible. The EEA processes occur predominately in the center of the Gaussian pulse where the 

exciton concentration is the highest. This reduces the amount of PL intensity relative to the 

radiation of the Gaussian tails, effectively leading to a spatial broadening of the integrated 

radiation profile, (Fig. 1f inset). In the same wide-profile limit, it should also be noted that two 

excitons initially separated by a distance  never interact over the course of the experiment 

and effectively belong to different segments of a SWCNT and can be considered to be 

independent emitters. An exciton density prepared within the laser spot of width 0 DLσ >> can be 

split into m ≈ σ 0 / LD independent emitters.  

Fig. 2 presents values of CAvs D = LD
2 k1X  obtained from a global fit of the PL intensity 

profiles of 26 SWCNTs, yielding diffusion constants in the range of D ~ 6 ×102 − 4.4 ×103

nm2/ps ( LD ~ 182 − 492  nm). This is in good agreement with the results of recent measurements 

[8,16]. At the same time, our analysis yields Auger coefficients in the range CA ~ 200 − 750

nm/ps. Although AC  and D  vary for each SWCNT, we find a strong linear correlation between 

them.  
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To rationalize the correlation between CA  and D , we recall that the exciton energy 

landscape in SWCNTs is perturbed by environmentally induced disorder[16]. This limits exciton 

coherent motion characterized by mean velocity, v , to a mean free-path, ξ , giving rise to a 

diffusion constant D = vξ . By taking into account that v = kBT / m* , where kBT  is thermal 

energy and the ratio of exciton effective mass to electron mass in vacuum is m* / m0 ~ 0.05, we 

use experimental values in Fig. 2, to estimate the variation range of mean free-path to be 

ξ ~ 4 −15  nm. We further assume that two-excitons form a bound state with a delocalization 

length less than ξ  before experiencing Auger recombination. As demonstrated in S9, in contrast 

to direct Auger recombination [31], such a capture-limited Auger process can be described by the 

Auger constant being proportional to ξ . Specifically, CA = ξ / 2τ 2 X ,A , where, τ 2 X ,A  is native 

Auger recombination time of the bound two-exciton complex. Therefore, observed variation in 

the values of D and CA  reflects an environment-induced variation of ξ  in the ensemble of 

SWCNTs. By taking the ratio of D to CA  we find the experimentally observed linear correlation 

whose slope value gives τ 2 X ,A = 10fs (see S9). Furthermore, capture-limited Auger 

recombination requires formation of a bound two-exciton state on the timescale less than τ 2 X ,A . 

The analysis in S9 suggests that such an ultrafast exciton capture might be facilitated by Coulomb 

mediated long-range exciton-exciton interactions.         

Crossover between single and multiple independent quantum emitter regimes in SWCNTs 

has clear signatures in photon emission statistics. The quantity of interest is the degree of photon-

antibunching R0 at the low pump fluence limit available from the measurements of 2nd order 

photon correlation function, g(2) . For a single quantum emitter in the small spot size limit 
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(σ 0 < LD ), R0 = Q2 X / Q1X  where Q2 X , and Q1X  are two-exciton-to-exciton and exciton quantum 

yields, respectively. [32,33] In the limit of large spot size (σ 0 > LD ), the minimum attainable 

degree of photon-antibunching is R0 = (m −1) / m . Here, m = σ 0 / (cLD )  is the number of 

independent emitters each of size cLD where a scaling parameter c ~ 1− 2 is introduced to 

facilitate fitting of the experimental data.  We use a generalized expression for R0  accounting for 

m  (including m = 1) independent emitters and two exciton emission/recombination processes 

given by [34] 

                                              R0 =
p2Q2 X

mQ1X

+ m −1
m .         (3) 

Here, p2 = 2P2
〈N 〉 / P1

〈N 〉( )2
 is the ratio of Poisson probabilities to produce two and one excitons, 

respectively, and 〈N 〉  is the average number of absorbed photons.[35] 

 To examine the significance of the two terms in Eq. (3), we performed pump-dependent 

g(2) measurements on 15  SWCNTs and analyzed Ro in terms of the ratio σ 0 / LD ~ m for fixed

σ 0 = 455  nm, using values of DL  obtained from the analysis of PL intensity profiles. Figs. 3a-3c 

display representative pump-dependent g(2) traces of 3 SWCNTs with the shortest, medium, and 

the longest values of DL  having σ 0 / LD =  2.5, 1.4, and 0.8. In Fig. 3d, 0R  is plotted as a function 

of pump fluence expressed in terms of the average number of absorbed photons per pulse, 〈N〉  

(see S7). The data clearly show that the 0R  values gradually increase with 〈N〉 for all SWCNTs. 

This trend is more pronounced for the medium- LD  SWCNTs (Fig. 3d) showing the smallest the 

smallest value of R0 = 0.4 (Fig. 3b, bottom trace) at the lowest pump fluence. However, for the 
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longest and shortest diffusion length SWCNTs (bottom traces in Fig. 3a and 3c), we observe R0 > 

0.6.  

 The R0 values vs.σ 0 / LD  measured from all 15 SWCNTs are plotted in Fig. 4. This plot 

shows that while minimum values of 0.4 ≤ R0 ≤ 0.5  are observed in SWCNTs with 

LD /σ 0 = 1.0 −1.7, R0  increases for both smaller and larger values of σ 0 / LD . To interpret the 

observed trends, we have evaluated R0  using Eq. (3) along with an independent quantum emitter 

model (see S10) parameterized by the values of LD  and CA  attained from the analysis of the PL 

intensity profiles.  Calculated total R0  and contributions due to each term in Eq. (3) are shown in 

Fig. 4. A best fit is obtained by setting the size of each independent emitter to cLD = 1.6LD and 

the prefactor p2 = 1.5  corresponding to 〈N 〉 = 0.4  (consistent with Fig. 3c). For   

( ), the calculation shows excellent agreement with experiment and is dominated by the 

multiple emitter term (m −1) / m . As the diffusion length approaches the laser spot size 

(σ 0 / LD ~ 1.2 −1.6 ), the contribution of (m −1) / m  decreases toward zero approaching the single 

quantum emitter regime ( m ~ 1) in which the ratio Q2 X / Q1X fully determines R0 . Constant 

behavior of R0  at this length scale is due to the weak dependence of the EEA rate on LD

illustrated in S10.[36] For σ 0 / LD < 1, the calculation of R0  does not reproduce the experimental 

trend, revealing the limitation of the coarse-grained estimate of Q2 X  (see S10). 

 Observed limitations for seem to contradict experimental reports of strong 

antibunching found in SWCNT low temperature PL emission [5-7]. However, at cryogenic 

temperatures, potential fluctuations along the length of the SWCNT become deep enough to trap 

the excitons. These traps become recombination centers for all the excitons created within LD and 
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yield highly localized PL emission regardless of LD. Since the exciton trapping strongly enhances 

the efficiency of the EEA process, PL emission of a single trap site exhibits near complete 

antibunching. This type of localization-induced antibunching cannot be observed for band-edge 

excitons at room temperature due to large thermal fluctuations. However, it may become possible 

in oxygen doped SWCNTs that emit from a deep trap level located 160 meV below the band edge 

exciton [37].  

 In conclusion, the pump-dependent PL intensity profiles measured from individual 

SWCNTs have been examined. An analysis based on the Smolochowski-Noyes reaction-

diffusion equation with a time-dependent EEA coefficient reveals a linear correlation between 

CA  and D  that is attributed to the effect of environmental disorder in setting the exciton mean 

free-path whose values are estimated to vary in the range of ξ ~ 4 −15  nm. Linear dependence of 

the Auger coefficient on mean free-path, CA ~ ξ , further suggests ultrafast capture-limited Auger 

recombination of exciton pairs.  Both pump-dependence of PL profile widths and 2nd order 

photon correlation measurements confirm creation of multiple spatially non-overlapping excitons 

forming independent emitters in SWCNTs whose diffusion length is shorter than the laser spot 

size, i.e., . The 2nd order photon correlation measurements provide a value of 1.6LD  for 

the size of an independent quantum emitter, and clearly show a drop in the minimal degree of 

photon antibunching to R0 ~ 0.5  as the number of independent emitters approaches unity. Further 

reduction of R0 requires significant decrease in the two-exciton-to-exciton quantum yield, Q2 X . 

This can be achieved at room temperature via an enhancement of the EEA rate and may become 

realizable in SWCNTs with strong exciton localization. These findings have pertinence for the 

development of SWCNT-based room-temperature single photon sources, and the analysis may be 

applied to other 1d nanomaterials such as conjugated polymers and semiconductor nanowires. 
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FIG. 1: a, g, Wide-field PL images of two SWCNTs with lengths of ~ 1.2 μm (a) and 2.6 µm (g), 

respectively.  b-e & h-k, PL images of the same SWCNTs confocally excited at the center of the 

tubes. The excitation intensity was increased from 6.6 W/cm2 (b) to 535.0 W/cm2 (e), and 41.2 

W/cm2 (h) to 223.1 W/cm2 (k), respectively. f, l, Axial intensity profiles of SWCNT PL images 

(black circles: b & h; red circles: e & k) together with the corresponding fitting curves (solid 

lines). Insets, FWHM of measured intensity profiles (black triangles), uncertainty (error-bars) 

determined from Gaussian fit of the intensity profiles (see S3) and FWHM of calculated (red 

triangles) PL intensity profiles are plotted as the function of pump fluence given in terms of 

average number of absorbed photons per laser pulse 〈N〉.   
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FIG. 2: Dots show values of Auger coefficient CA and diffusion constant, D , obtained from 

global fitting of the intensity profiles of individual SWCNTs using our generalized diffusion 

model (Eqs. (1) and (2)). Straight line CA ~ D / d0  with parameter d0 = 6.5  nm is a linear fit of 

the experimental points.   
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FIG. 3: a-c, Representative g(2)(τ) of three individual SWCNTs with diffusion lengths of 188 nm 

(a), 336 nm (b), and 525 nm (c) measured at increasing pump fluences (from bottom to top, black 

dots). Each peak is well fitted by a two-sided exponential function (red curves). The degree of 

photon-antibunching, R, is indicated for each curve. d, R of the three individual SWCNTs in part 

a-c plotted as a function of <N> (black: a; red: b; blue: c).  
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FIG. 4: Measured (green circles) and calculated (solid line) R0 values plotted along with 

calculated p2Q2X/(mQ1X) (dotted line) and (m-1)/m (dashed line) factors as a function of the ratio 

σ 0 / LD  and number of independent emitters m = σ 0 /1.6LD .  


