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inversion needed for lasing [ 11 ]  and have 
recently been shown to provide a route to 
room temperature single photon genera-
tion at telecommunication wavelength for 
quantum communication applications. [ 12 ]  

 Realization of this potential, however, 
is currently hindered by a few critical 
material issues. Firstly, while current 
methods of controlled doping are low 
cost and can produce large amounts of 
doped SWCNTs, they typically involve 
prolonged exposure (from hours to days) 
of SWCNTs to doping agents in aqueous 
suspensions under careful monitoring 
of the doping agent dose and surfactant 
concentration. [ 7,9 ]  A solid state approach 
enabling controlled doping of SWCNTs 
fabricated via chemical vapor deposition 
and of SWCNTs that have already been 
integrated into devices is highly desirable. 
Secondly, while the resultant doped tubes 
exhibit reasonable photoluminescence 
(PL) stability in their native solution envi-

ronment, [ 9 ]  their PL emission shows rapid fl uctuations both in 
intensity and energy when placed on solid state substrates. [ 10 ]  
These fl uctuations must fi rst be eliminated for any optoelec-
tronic applications. Thirdly, because unprotected SWCNTs can 
readily be damaged, a solid-state matrix capable of maintaining, 
and stabilizing the optical properties of doped SWCNTs is also 
needed. Finally, for further device integration, such a matrix is 
also required to be compatible with existing microelectronic 
fabrication technologies. 

 Here, we present a novel solid state doping approach capable 
of resolving these outstanding challenges. Our approach is 
substantially different from, and more amenable to enable 
optoelectronic applications than available doping methods in 
aqueous suspensions. In our case, undoped SWCNTs deposited 
on substrates are directly coated with a thin SiO 2  fi lm by elec-
tron beam evaporation. Coating of the oxide dielectric fi lms on 
one hand leads to rapid oxygen-doping of the SWCNTs, and on 
the other hand protects them from external environmental fl uc-
tuations, resulting in signifi cant photostability. By monitoring 
the oxygen partial pressure during deposition, we identify dis-
sociation of the oxides during evaporation as the mechanism 
responsible for the doping. We also demonstrate that oxide fi lm 
thickness and types of surfactants can be utilized to control 
the effi ciency of doping and this solid state doping approach 
can also be extend to other technologically important dielectric 
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  1.     Introduction 

 Semiconducting single-walled carbon nanotubes (SWCNTs) 
are promising candidate materials for a wide range of photonic 
applications due to their unique electronic and optical proper-
ties. [ 1–6 ]  Moreover, the recent discovery that covalent sidewall 
doping of SWCNTs can lead to a strong red-shift of emission 
and more than an order of magnitude enhancement of emis-
sion effi ciency [ 7–9 ]  not only makes these applications more 
feasible but also enables new functionalities that were not 
accessible before. Particularly, by localizing one dimensional 
excitons of SWCNTs into optically active deep traps located 
more than 130 meV below the band gaps, [ 10 ]  the dopant states 
of SWCNTs may open new routes toward realizing population 
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oxide fi lms such as Al 2 O 3 . By providing dopant states with 
ultrastable PL emission, this novel approach recently enabled 
us to demonstrate room temperature single photon generation 
from solitary oxygen dopant states of SWCNTs. [ 12 ]  Furthermore, 
because our new approach allows fabrication of the SiO 2  encap-
sulated SWCNTs on top of a silicon wafer, the doped SWCNTs 
are readily compatible with well-established microelectronic 
fabrication technology. Their integration into electronic and 
photonic circuits thus becomes more feasible. This approach 
will therefore further enable development of doped SWCNT 
based electrically driven quantum/classical light sources [ 13–15 ]  
and other quantum controlled devices. [ 16 ]  Beyond this, our 

approach should be extendable to create thin fi lms of doped 
SWCNTs for lasing and other opto-electronic applications.  

  2.     Results and Discussion 

  Figure    1  a,b shows cross-sectional schematics of the oxygen-
doped SWCNT matrices fabricated in this study. Typically, 
samples enriched in undoped (6,5) SWCNTs are drop-cast 
on substrates (such as glass cover slides or quartz substrates, 
Figure  1 a). Then a thin layer of SiO 2  or Al 2 O 3  dielectric fi lm is 
directly deposited on top by electron beam evaporation (see the 
Experimental Section for details). In order to perform optical 
measurements on substrates that give background emission in 
the near-infrared range such as Si (Figure  1 b), a layer of Au fi lm 
is deposited fi rst to shield the Si background emission, and 
then a thin layer of SiO 2  is deposited to prevent PL quenching 
of the tubes due to direct contact with the Au fi lm. 

  To investigate the effects of oxide thin fi lm coating on the 
electronic structures of the SWCNTs, we studied the optical 
properties of individual SWCNTs both at room and cryogenic 
temperatures. Undoped SWCNTs without the thin fi lm coating 
were studied as references.  Figure    2  a presents a typical room 
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 Figure 1.    a,b) Cross-sectional schematics of the oxide dielectric thin fi lm 
coated SWCNT matrices. Different substrates and oxide source materials 
can be fl exibly employed in the fabrication process.

 Figure 2.    Optical spectra of a,e) individual undoped) and b–d, f–h) SiO 2  thin fi lm coated SWCNTs at a–d) room and e–h) cryogenic temperatures. The 
red curve in (e) is a Lorentzian fi t to the PL peak. Insets in (f) and (g) are the enlarged views of the blue marked areas. It can be clearly observed that 
the dopant-induced peaks are asymmetric with long tails at the low energy side. i) A wide fi eld PL image of an individual SiO 2  thin fi lm coated SWCNT 
at 4.2 K taken for all PL emission wavelengths longer than 930 nm. Uniform PL emission along the tube axis can be observed. j,k) Spatially resolved PL 
spectra of the tube in (i). Vertical positions in (j) and (k) correspond directly to that in (i). Discrete, asymmetric peaks centering at ≈1120 and 1240 nm 
can be observed at different positions along the tube.
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temperature PL spectrum for an individual undoped tube, 
where a single peak at ≈980.1 nm can be observed. Of the 33 
undoped tubes studied at room temperature, 31 of them exhibit 
single peaks in the wavelength range of 971–1035 nm, which 
corresponds to the well-known bright  E  11  exciton emission (see 
Figure 5a for statistics and ensemble PL spectrum). In contrast, 
for tubes coated with SiO 2  thin fi lms, additional peaks mainly 
centered at ≈1100 ( 11

*E ) and ≈1250 nm ( 11
*E −) can be observed, as 

shown in Figure  2 b–d. The percentage of tubes showing these 
additional peaks strongly depends on such experimental con-
ditions as fi lm deposition time and choice of surfactants used 
to generate the initial aqueous SWCNT suspensions (see below 
for detailed discussion). 

  We further studied individual SWCNTs at cryogenic tem-
peratures. Figure  2 e shows a representative PL spectrum 
(black curve) of an individual undoped SWCNT at 4.2 K fi tted 
with a Lorentzian function (red curve). The peak is centered 
at 988.3 nm with a full width at half maximum of 3.9 nm, 
close to previously reported low temperature single tube spec-
tral line width values. [ 1,6,10,17,18 ]  Different from the undoped 
tubes, SWCNTs embedded in SiO 2  thin fi lms typically exhibit 
two characteristic spectral features at cryogenic temperatures: 
(1) Splitting of the  E  11  peak at ≈980 nm into two–three sym-
metric peaks with splitting energy smaller than 40 meV 
(Figure  2 f,h); (2) Emergence of additional peaks at ≈1100 and 
≈1250 nm that are highly asymmetric, with long tails at the low 
energy side (Figure  2 f–h and insets). These spectroscopic fea-
tures at cryogenic temperatures are characteristic of previously 
reported oxygen-doped SWCNTs prepared via ozonolysis: [ 10 ]  
While the splitting of the  E  11  peak is attributed to brightening 
of dark states through defect-induced symmetry breaking, the 
new asymmetric peaks at ≈1100 ( 11

*E ) and ≈1250 nm ( 11
*E − ) are 

due to doping-introduced deep trap states associated with dif-
ferent chemical adducts (specifi cally, the peak at ≈1100 nm 
is associated with ether groups, and the one at ≈1250 nm to 
epoxides). [ 10 ]  Typically, the asymmetric line and shape of these 
features is attributed to interactions between localized excitons 
and 1D phonons. [ 1,17 ]  Based on these spectroscopic features, it 
is reasonable to conclude that oxide dielectric thin fi lm coating 
of SWCNTs leads to covalent oxygen doping of the tubes. This 
covalent oxygen doping is in stark contrast to charge-transfer 
doping that can occur with adsorbed oxygen species, [ 19–21 ]  
which is known to bleach ground state absorption and quench 
normal  E  11  exciton emission in SWCNTs; quite the opposite 
of the enhanced emission behavior observed from the cova-
lent dopant sites. This result thus highlights a broader view of 
dopants as added impurities or defects that introduce new elec-
tronic states with added functionality beyond acting to simply 
inject new charge carriers. This is an important perspective for 
enhancing a wide range of nanomaterial functionality. [ 22 ]  

 Observation of multiple new peaks at ≈1100 and ≈1250 nm 
(Figure  2 g,h) further confi rms that multiple trap sites with the 
same (e.g., Figure  2 g, both are ether groups) and/or different 
(e.g., Figure  2 h, ether and epoxide groups) chemical adducts 
can coexist on a single tube. While dopant emission in most 
cases originates from diffraction limited spots, indicating that 
doping usually occurs in isolated locations, in some cases, 
we observe spreading of the dopants along the length of the 
tube. Figure  2 i shows a wide fi eld PL image of an individual 

SiO 2 -coated SWCNT, where uniform PL emission along the 
tube can be observed. However, spatially resolved optical spectra 
of the tube along its axis show many distinct asymmetric PL 
peaks at different wavelengths, mainly centering at ≈1120 and 
1240 nm. These position-dependent PL spectra provide further 
evidence that the SiO 2  coating process can create multiple local-
ized trap states of different chemical natures along the tube. 
While different chemical adducts can coexist on a single tube 
(Figure  2 h), variation of the local dielectric environment can 
lead to different transition energies for the same type of chem-
ical adducts (Figure  2 g). [ 10 ]  

 Towards understanding the doping mechanism during 
the SiO 2  dielectric thin fi lm deposition procedure, we 
fi rst note that the extremely low concentration of residual 
O 2  from air in the deposition chamber (mean O 2  partial 
pressure = 1.38 × 10 −11  Torr) and its relatively low reactivity 
make the residual O 2  in the chamber an unlikely doping agent. 
To support this, we found that exposure to air of surfactant 
wrapped SWCNTs deposited on glass cover slides for several 
weeks shows no sign of oxygen doping. Furthermore, undoped 
SWCNTs incorporated in MgF 2  thin fi lms by electron beam 
evaporation remained mostly undoped. Therefore, our fi rst 
assumption is that during the electron beam evaporation proce-
dure, reactive species that are capable of acting as dopants are 
generated. This is based on the common fi nding in thin fi lm 
studies that most inorganic compounds evaporate with molec-
ular changes, and the vapor composition is usually different 
from that of the original source. [ 23,24 ]  For oxides, evaporation is 
often accompanied by dissociation, and high oxides dissociate 
to lower oxides: [ 23,24 ]  MO 2  (s) → MO (g) + (1/2) O 2  (g), where 
M = metal. To test the hypothesis that it is mainly the disso-
ciation of oxides that causes the oxygen doping effect, we 
employed another oxide, Al 2 O 3 , instead of SiO 2  as an alternative 
coating source material. We found that similar oxygen-doping 
effects were observed (see Section S1, Supporting Informa-
tion for details). We also monitored the change in O 2  partial 
pressure during a 5 nm SiO 2  thin fi lm electron beam evapo-
ration procedure, as shown in  Figure    3  a. Before heating and 
deposition, the O 2  partial pressure in the chamber was close to 
zero. When heating by electron beam starts, the partial pres-
sure gradually increased and fi nally stabilized at ≈7.49 × 10 −10  
Torr during SiO 2  fi lm deposition. Once heating is stopped, the 
O 2  partial pressure decreased back to zero. The results shown 
in Figure  3 a clearly indicate that oxidizing agents (mainly SiO 
and O 2  in this case) were generated during the SiO 2  evapora-
tion and dissociation processes. These species are likely highly 
reactive as a result of their absorption of energy from the elec-
tron beam, thus serving as the oxygen doping agents to the 
SWCNTs, as shown schematically in Figure  3 b. Therefore, we 
conclude that oxygen doping during the electron beam evapo-
ration coating process is mainly, if not completely, due to dis-
sociation of the oxide source materials (e.g., SiO 2  and Al 2 O 3 ). 

  Having established the origin of oxygen-doping in the oxide 
thin fi lm coated SWCNTs, we study the infl uence of different 
factors affecting the doping process. We fi rst study the infl u-
ence of thin fi lm deposition time, which is directly quantifi ed 
by the fi lm thickness at a constant deposition rate. Sodium 
dodecylbenzene sulfonate (SDBS) wrapped SWCNTs were 
coated with different thicknesses of SiO 2  fi lms (0.5–280 nm), 
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and ensemble PL spectra were taken for each sample at room 
temperature. As expected, for undoped SWCNTs without SiO 2  
coating ( Figure    4  a), a single peak at ≈992.9 nm can be observed. 
For SiO 2  thin fi lm coated tubes, additional peaks at ≈1120 and 
1250 nm, attributed to ether and epoxide adducts, respectively, 
appear (Figure  4 b). With the increase of the coating fi lm thick-
ness, i.e., deposition time, PL intensity of the dopant intro-
duced peaks at 1120 and 1250 nm increases while that of the 
 E  11  peak at ≈990 nm decreases, indicating an increasing dopant 
concentration. As shown in Figure  4 c, at a SiO 2  fi lm thickness 
of only 1 nm, the relative doping degree (defi ned as the ratio 
between the PL intensity integrated over all the doping intro-
duced peaks (>1045 nm), and the total spectrally integrated PL 
intensity) averaged from ensemble PL spectra taken at fi ve to 
ten different positions, has already reached 51.6%, indicating 
a very effi cient doping process. At a SiO 2  fi lm thickness of 
10 nm, the relative doping degree has reached 100%, and 
remains constant to SiO 2  fi lm thickness of up to 280 nm, the 
thickest fi lm fabricated in this study. The continued doping of 
SWCNTs at SiO 2  fi lm thicknesses larger than 1 nm (note that the 
tube diameter is ≈0.8 nm) indicates that either the tubes have 
not been completely covered at this level of deposition or that the 
doping species are trapped in the solid-state matrices. Detailed 
study is needed to further understand the mechanism behind 
this. At the normal deposition rate of 0.2 nm s −1 , it only takes 
50 s to deposit a SiO 2  fi lm with a thickness of 10 nm and to reach 
the complete doping of all tubes. Compared to oxygen-doping 

in aqueous SWCNT suspensions (typically taking hours to days 
to reach complete doping of the tubes), [ 8–10 ]  this solid-state pro-
cess is signifi cantly more effi cient. 

  We also investigated the infl uence of the particular sur-
factants used for SWCNT wrapping on the thin fi lm doping 
process. Three commonly used surfactants, including sodium 
deoxycholate (DOC), [ 25–27 ]  SDBS, [ 28–30 ]  and sodium dodecyl-
sulfate (SDS) [ 31–34 ]  wrapped (6,5) SWCNTs were drop-cast on 
precleaned glass cover slides, and coated with 10 nm SiO 2  thin 
fi lms. Single tube PL spectra of the three different types of sam-
ples were studied at room temperature for a total of 144 tubes. 
Histograms in  Figure    5  b–d show PL peak distributions of the 
tubes wrapped with different surfactants. It can be seen that for 
tubes wrapped with DOC, the doping effi ciency is much lower 
than those of the SDBS and SDS wrapped tubes. Specifi cally, 
with the SiO 2  fi lm thickness of 10 nm, only ≈56% of the DOC 
wrapped tubes (23 out of 41 tubes) show additional dopant 
introduced peaks, while more than 95% of the SDBS and SDS 
wrapped tubes (61 out of 62 for SDBS wrapped tubes, and 
39 out of 41 for SDS wrapped tubes) became oxygen doped. 
This trend is consistent with the room temperature ensemble 
PL spectra shown in Figure  5 b–d (black curves). For DOC 
wrapped SWCNTs the  E  11  peak dominates the PL spectrum. 
However, it almost disappears for the SDBS and SDS wrapped 
tubes, and instead, the dopant introduced PL peaks at ≈1120 
and 1250 nm dominate. 

  To show this more clearly, we took wavelength-dependent 
wide fi eld PL images with specifi c optical fi lters of the three 
different types of samples coated with 10 nm SiO 2  thin fi lms. 
In Figure  5 e–h, the upper panels are PL images of the tubes 
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 Figure 4.    a,b) Room temperature ensemble PL spectra of SDBS wrapped 
SWCNTs coated with different thicknesses of SiO 2  thin fi lms. SiO 2  fi lm 
thicknesses are marked at the side of each spectrum. For a) tubes without 
SiO 2  thin fi lm coating, a single peak at ≈992.9 nm can be observed, 
while for b) those coated with SiO 2  fi lms, additional peaks at ≈1120 and 
1250 nm appear, and their intensities increase with the SiO 2  fi lm thick-
ness (from top to bottom). c) SiO 2  fi lm thickness-dependent relative 
doping degree, which is defi ned as the ratio between the PL intensity of 
the dopant-introduced peaks (>1045 nm) and the overall PL intensity, and 
averaged over ensemble PL spectra taken at fi ve to ten different positions. 
The relative doping degree increases with the SiO 2  fi lm thickness, and 
reaches 100% at the fi lm thickness of 10 nm.

 Figure 3.    a) O 2  partial pressure ( 2Po ) in the deposition chamber at the 
different stages of the electron beam evaporation of a 5 nm thick SiO 2  
fi lm onto a SWCNT sample at the deposition rate of 0.2 nm s −1  (black 
dots). Time ranges corresponding to the different stages are marked at 
the top. Average O 2  partial pressures in the deposition chamber for the 
four different stages are plotted as horizontal red lines together with the 
corresponding standard errors. b) A schematic of the oxygen-doping 
mechanism during the oxide thin fi lm evaporation process. Dissocia-
tion of SiO 2  due to electron beam bombardment mainly generates vapor 
phase SiO and O 2  which serve as the doping agents for SWCNTs.
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taken for all PL emission wavelengths longer than 930 nm 
(i.e., capturing emission from all possible origins), and in the 
lower panels, PL emission with wavelengths in the range of 
975–1025 nm (corresponding to the  E  11  peak) and >1045 nm 
(corresponding to the 11

*E  and 11
*E −  peaks) is presented by white 

and red colors, respectively. As expected, the undoped tubes 
(Figure  5 e) show only PL emission in the wavelength range of 
975–1025 nm (white color). For the thin fi lm coated tubes, the 
difference between the DOC wrapped tubes and SDBS/SDS 
wrapped tubes is signifi cant. While many of the DOC wrapped 
tubes emit in the  E  11  peak regime (Figure  5 f, lower panel, white 
color), emission of the SDBS/SDS wrapped tubes is dominated 
by PL with wavelength >1045 nm (Figure  5 g,h, lower panel, 
red color), which is consistent with the PL spectral measure-
ments shown in Figure  5 b–d. This difference, we believe, is 
related to the different molecular structures, and consequently 
the wrapping mechanisms of the three different surfactants. 
Several studies have shown that DOC provides much better 
suspension quality compared to other surfactants. [ 25,27 ]  The 
reason for this is that bile salts such as DOC tend to form a 
compact, homogeneous micelle structure around the SWCNTs 
due to their rigid, steroid-ring structures. [ 35 ]  Such surface struc-
tures tend to inhibit access to the SWCNT surface by reactive 
dopant species. By contrast, linear, rod-like surfactants such as 
SDS and SDBS usually favor a sparse, disordered micelle struc-
ture [ 32,34,36,37 ]  that permits easy access of dopants to the SWCNT 

surface. Although collapse of surrounding surfactant micelles 
during drying is expected to happen, the difference in the wrap-
ping mechanisms of the surfactants is still suffi cient to lead to 
different surface coatings of the tubes, and consequently the 
doping effi ciencies. 

 The above two factors, i.e., oxide fi lm deposition time and 
surfactant wrapping type, provide useful means to effectively 
control the dopant concentrations of the SWCNT samples. 
Based on these results, we believe our oxide thin fi lm doping 
procedure has potential for applications to tubes grown directly 
on substrates by chemical vapor deposition methods, [ 38–40 ]  for 
which the doping effi ciency might be even higher compared to 
those dispersed in suspension by surfactants. This is probably 
another advantage of this oxide thin fi lm doping method, i.e., it 
is a general method that may be potentially applied to different 
types of carbon nanotubes. 

 In addition to the effi ciency and convenience, we also fi nd 
that the oxide thin fi lm coating of SWCNTs provides a route 
to more stable PL emission than is found for those doped via 
ozonolysis in aqueous suspension. To estimate the stability 
of the tubes, we continuously illuminated them with a quasi-
homogeneous, expanded (≈60 × 60 µm) continuous-wave laser 
beam (840 nm, ≈20 mW) and recorded their time-dependent 
PL images (see the Supporting Information for videos). Freshly 
prepared SDBS wrapped tubes doped via ozonolysis were depos-
ited on precleaned glass cover slides for reference.  Figure    6  a,b 
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 Figure 5.    a–d) Histograms: Room temperature single tube PL spectral peak distributions of a) undoped tubes, and b) DOC, c) SDBS, and d) SDS 
wrapped SWCNTs coated with 10 nm thick SiO 2  fi lms. Black and red curves: Room temperature ensemble PL spectra (black curves) of the different 
samples fi tted with sums of multiple Gaussian functions (red curves). e–h) Upper panels: Wide fi eld PL images of e) undoped tubes, and 10 nm thick 
SiO 2  fi lm coated f) DOC, g) SDBS, and h) SDS wrapped SWCNTs in the wavelength range of >930 nm (thus including emissions from all the peaks). 
Lower panels: Wide fi eld PL images of e) undoped tubes, and 10 nm thick SiO 2  fi lm coated f) DOC, g) SDBS, and h) SDS wrapped SWCNTs in the 
wavelength range of 975–1025 nm (white color, corresponding to  E  11  peak) and >1045 nm (red color, corresponding to doping introduced 11

*E  and 11
*E −

peaks). The PL imaging integration time for the different samples and wavelengths was kept the same, namely, 10 s.
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shows PL images of tubes doped via ozonolysis at the beginning 
of the irradiation and after being continuously irradiated for 1 
h, respectively. Time evolution of the combined PL intensities 
from all the tubes in the images is shown in Figure  6 e. For tubes 
doped via aqueous-phase ozonolysis (Figure  6 e, black curve) sig-
nifi cant PL quenching can be observed. After being irradiated 
for 1 h, the overall PL intensity of these tubes has decreased 
to only 50% of their original value. A similar quenching was 
also observed in time-dependent PL spectra of individual doped 
tubes at low temperatures as shown in Figure S2a,b (Supporting 
Information). The data further show that the decrease of the 
dopant emission does not lead to any increase in emission 
of the 11E  transition. Bleaching of both transitions is instead 
observed in some cases (Figure S2b, Supporting Information). 
We therefore rule out photoinduced reversal of oxide species as 
a possible mechanism for this bleaching behavior since such a 
process should lead to partial restoration of 11E  emission. We 
postulate photodegradation of surfactant micelles that leads to 
creation of new exciton quenching sites as a cause of bleaching. 
The temporal photostability is therefore expected to be higher 
for tubes with intact surfactant layers in aqueous suspension [ 21 ]  
or embedded in aqueous silica gels. [ 41 ]  We also extracted PL 
time traces of the tubes from the time-dependent wide fi eld PL 
images. PL time traces of ≈110 ozonolysis doped tubes were 
studied. By choosing a threshold that is twice the mean back-
ground level, [ 42 ]  we are able to defi ne the on- and off-states of 
the tubes, and calculate the on-time fraction, which is defi ned 
as the ratio between the time that a tube is in the on-state and 
the total irradiation time. Distribution of the on-time fraction 
of the tubes doped via ozonolysis is shown in Figure  6 f, and 
almost 80% of the studied tubes are in the on-state for less than 
50% of the irradiation time. For many tubes, photobleaching 

can be observed. A representative PL time trace from the tube 
marked in Figure  6 a,b is shown in the inset of Figure  6 f. An 
on-time fraction of only 24.2% is observed in the 1 h irradiation 
time for this specifi c tube. 

  The above results from the control samples are in stark 
contrast with those obtained for the thin fi lm coated tubes. 
Figure  6 c,d shows wide fi eld PL images of 10 nm SiO 2  thin 
fi lm coated tubes wrapped with SDBS at the beginning of the 
experiment and after being continuously irradiated for 1 h, 
respectively. Not only did most of the tubes continue to emit, 
but we also observed the emergence of emission from several 
previously “dark” tubes. The time evolution of the summarized 
PL intensities from all these tubes in the images (Figure  6 e, 
red curve) indicates signifi cant brightening of dopant emis-
sion is happening to the thin fi lm coated tubes during the 
irradiation. After continuous irradiation for 1 h, the overall PL 
intensity increases to 2.5 times of the initial value. A similar 
behavior is also observed in the low T PL spectra of individual 
thin fi lm coated tubes as shown in Figure S2c,d (Supporting 
Information). This spectral data further reveal that both 11E
and 11

*E  transitions were brightened. Such photobrightening 
has been observed in various types of semiconductor quantum 
dots (QDs) such as core and core-shell CdSe QDs, [ 43–45 ]  PbS, [ 46 ]  
ZnSe, [ 47 ]  doped ZnS, [ 48 ]  and CuBr [ 49 ]  QDs. Although the exact 
mechanism remains controversial, it is commonly accepted that 
photobrightening can result from passivation of surface trap 
states, which decreases the possibility of excitons recombining 
nonradiatively and in turn increases the PL intensity. [ 45,47 ]  The 
photobrightening phenomena we observed in thin fi lm coated 
tubes may be due to a similar mechanism. Further studies, 
however, are necessary to fully understand this behavior. On-
time fractions calculated from time traces of 70 thin fi lm coated 
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 Figure 6.    a–d) Wide fi eld PL images (integration time was 5 s) of tubes doped by a,b) ozonolysis and c,d) SiO 2  thin fi lm coating at a,c) the beginning 
of irradiation and b,d) after continuous laser irradiation for 1 h with a continuous-wave laser (840 nm, ≈20 mW) expanded to a quasi-homogeneous 
spot (≈60 × 60 µm). e) Time dependent overall PL intensities of all the tubes in (a) (black) and (c) (red) extracted from the wide fi eld PL images. 
f,g) Distributions of on-time fractions calculated from PL time traces of tubes doped by f) ozonolysis and g) SiO 2  thin fi lm coating. Insets: Representa-
tive PL time traces of the tubes circled in (a,b) (corresponding to inset of (f)) and (c,d) (corresponding to inset of (g)) with a time bin of 5 s. The blue 
dashed lines are the thresholds defi ned as twice the mean background level. States above the thresholds are on-states, and those below are off-states. 
On-time fractions of 24.2% and 99.9% are obtained for the time traces in the insets of (f) and (g), respectively.
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tubes are presented in Figure  6 g. Nearly, 50% of the tubes show 
on-time fractions larger than 80%, indicating very stable PL 
emission. A representative PL time trace from one of the thin 
fi lm coated tubes marked in Figure  6 c,d is shown in the inset of 
Figure  6 g, where the tube exhibits an on-time fraction of 99.9% 
in the 1 h irradiation time. These results clearly demonstrate 
that the photostability afforded by thin fi lm coating of the tubes 
signifi cantly surpasses that of the tubes doped by ozonolysis in 
aqueous suspension.  

  3.     Conclusion 

 In summary, oxide thin fi lm coating of undoped SWCNTs 
leads to observation of new PL peaks with characteristic spec-
tral features of oxygen-doped tubes. We attribute this kind of 
oxygen-doping to dissociation of oxides during electron beam 
evaporation. We also fi nd that the oxygen-doping effi ciency 
during thin fi lm deposition is strongly dependent on the oxide 
thin fi lm deposition time and the kinds of surfactants wrap-
ping the tubes. Such experimental factors provide useful means 
to effectively control the dopant concentrations of the tubes. 
Moreover, deposition of oxide thin fi lms not only introduces 
oxygen-doped states in the tubes, but also provides a passiva-
tion layer protecting the tubes from the external environment. 
Photobrightening, commonly observed in QDs and attributed 
to passivation of surface trap states, is also observed in these 
thin fi lm coated tubes. Overall, oxide thin fi lm coated tubes 
exhibit signifi cantly higher photostability compared to that of 
tubes doped via ozonolysis in aqueous suspension. Hence, our 
method provides an easy route toward fabrication of photostable 
oxygen-doped SWCNTs in solid-state matrices that can be ver-
satilely incorporated into various types of optical and optoelec-
tronic devices that were previously hindered by single tube 
instabilities. Moreover, this general oxide evaporation approach 
to doping can be conveniently applied in the well-developed Si/
SiO 2  based micro/nanodevice fabrication techniques for the 
development of novel devices.  

  4.     Experimental Section 
  Sample Preparation : To prepare thin fi lm coated SWCNT matrices, 

tubes were fi rst chirality sorted via two-step aqueous two-phase 
extraction [ 50–52 ]  with nonsonicated SWCNT dispersions as starting 
material. [ 53 ]  In the subsequent cleaning process the (6,5) enriched 
fractions were exchanged into 1 wt% DOC, 1 wt% SDBS, or 1 wt% SDS 
and then stored in the dark as our fi nal source materials for preparing 
the thin fi lm coated tubes, the undoped control samples, and the tubes 
doped via ozonolysis. Three different types of substrates were used in 
this study for thin fi lm deposition: quartz substrates, glass cover slides, 
and n-type Si wafers with (1 0 0) orientation. For the fi rst two types of 
substrates, diluted SWCNT suspensions were directly drop-cast on the 
precleaned substrates, while for the Si wafer, additional layers of Au 
(100 nm) and SiO 2  (20–300 nm) fi lms were deposited before drop 
casting the nanotube suspensions. The purpose of these two additional 
layers is to shield the background emission from the Si wafer in the near-
infrared wavelength range. After drop casting the SWCNT suspensions, 
the samples were loaded into the electron beam evaporation chamber. 
Purities of the SiO 2  (1–3 mm pieces, CERAC, Inc.) and Al 2 O 3  
(1.5–4 mm pieces, Kurt J. Lesker) evaporation source materials were 
both 99.99%. Base pressure of the chamber was 2.8 × 10 −8  Torr. Oxide 

thin fi lms were deposited at the rate of 0.2 nm s −1  for the thin fi lms 
(<10 nm) and 0.3 nm s −1  for the thick fi lms (>10 nm). The substrate 
temperature was maintained at room temperature during the fi lm 
deposition. After deposition, the samples were mounted directly into a 
confocal laser microscope or a continuous-fl ow, liquid-He cryostat for 
room and cryogenic temperature optical measurements, respectively. 

 Control samples of SWCNTs doped via ozonolysis used in this 
study were prepared following the method in ref.  [ 9 ]  with some small 
modifi cations. Briefl y, chirality-sorted suspensions enriched in (6,5) 
SWCNTs wrapped with 1 wt% SDBS were diluted with deionized 
(DI) water to decrease the SDBS concentration to 0.2 wt%. Ozone 
saturated water was then added to the SWCNT suspensions (typically, 
90 µL of ozonized water to 300 µL of SWCNT suspension), and the 
mixture was irradiated with a fl uorescent lamp overnight (17 h). The 
SDBS concentration was increased back to 1 wt% after the ozonation 
treatments and the suspensions were stored in the dark for further 
measurements. To prepare samples for individual SWCNT PL 
measurements, typically a 5–10 µL drop of freshly diluted nanotube 
suspension was drop cast on precleaned substrates. 

  Photoluminescence Imaging and Spectroscopy Measurements : Optical 
PL measurements were performed on a home-built confocal laser 
microscope. A continuous-wave tunable Ti:Sapphire laser (Coherent) 
operating at 840 nm was used to excite (6,5) SWCNTs at their  E  11  
phonon sideband. Infrared objectives (Olympus) with NA = 0.65, 
50× magnifi cation, and NA = 0.80, 100× magnifi cation were used for 
cryogenic and room temperature measurements, respectively. PL signal 
from SWCNTs was collected by the objectives and 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 typical integration time between 2 and 10 s. For wide 
fi eld PL imaging, an achromatic lens was inserted to focus the incoming 
collimated laser beam to the back aperture of the objective. The output 
laser beam was quasi-homogeneous. To perform the wavelength 
selected wide fi eld PL imaging, a center wavelength = 1000 nm, fwhm 
= 50 nm bandpass fi lter, and a 1045 nm long-pass fi lter were used 
for the different wavelength ranges, respectively. All cryogenic 
temperature experiments were performed in the temperature range 
between 4.2 and 5.3 K.  
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