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operation of quantum information pro-
cessing, but this direction remains largely 
unexplored experimentally.[1–3] Currently, 
the dominant nonlinear optical process 
used for the generation of high purity 
photon pairs at telecom wavelengths is 
based on spontaneous four-wave mixing 
(FWM) utilizing Kerr-nonlinearity.[4–10] 
Thus far, most FWM-based photon-pair 
sources utilize waveguide structures to 
enhance the Kerr nonlinearity of the 
used materials, such as highly nonlinear 
silica optical fibers[4,5] and silicon-on-
insulator waveguides.[6,8] However, these 
approaches typically have large footprints 
and are not cost effective.[4–10] Fiber-
based photon-pair sources, for example, 
typically require several tens of meters of 
silica fibers[4,5] (see Table S1 in Supporting 
Information for the current state of the art 
results with silica fibers and silicon wave-
guides). Nevertheless, scaling the length 

of these nonlinear optical devices down to the nanometer scale 
level is extremely challenging due to relatively small nonlinear 
optical response of traditional materials.

Single wall carbon nanotubes (SWNTs) recently have 
attracted intensive interest for electronic and optoelectronic 
applications (e.g., transistors, light sources, optical modula-
tors, and photodetectors[11]) due to their electrical, optical, 

Nonlinear optics based on bulk materials is the current technique of choice 
for quantum-state generation and information processing. Scaling of non-
linear optical quantum devices is of significant interest to enable quantum 
devices with high performance. However, it is challenging to scale the 
nonlinear optical devices down to the nanoscale dimension due to relatively 
small nonlinear optical response of traditional bulk materials. Here, corre-
lated photon pairs are generated in the nanometer scale using a nonlinear 
optical device for the first time. The approach uses spontaneous four-wave 
mixing in a carbon nanotube film with extremely large Kerr-nonlinearity 
(≈100 000 times larger than that of the widely used silica), which is achieved 
through careful control of the tube diameter during the carbon nanotube 
growth. Photon pairs with a coincidence to accidental ratio of 18 at the tel-
ecom wavelength of 1.5 µm are generated at room temperature in a ≈100 nm 
thick carbon nanotube film device, i.e., 1000 times thinner than the smallest 
existing devices. These results are promising for future integrated nonlinear 
quantum devices (e.g., quantum emission and processing devices).

Carbon Nanotubes

High purity photon-pair sources based on nonlinear optics are 
the essential ingredient for implementing unique properties 
of quantum mechanics such as entanglement and nonlocality, 
which are the foundation for various applications in quantum 
information processing.[1–3] Moving forward, it would be highly 
desirable to scale down these nonlinear optics-based quantum 
devices to the nanometer scale for compact and scalable 

Prof. K. F. Lee, Prof. P. Kumar
EECS Department
Northwestern University
Evanston, IL 60208, USA
E-mail: kim.lee@northwestern.edu
Prof. Y. Tian
Department of Physics
Dalian Maritime University
Dalian, Liaoning 116026, China
Prof. Y. Tian
Department of Applied Physics
Aalto University
FI -00076 Aalto, Finland
H. Yang, Prof. Z. Sun
Department of Electronics and Nanoengineering
Aalto University
FI -00076 Aalto, Finland
E-mail: zhipei.sun@aalto.fi

Dr. K. Mustonen, Prof. E. I. Kauppinen
Department of Applied Physics
Aalto University
FI 00076, Aalto, Finland
Dr. A. Martinez
Aston Institute of Photonic Technologies
Aston University
Aston Triangle, Birmingham B4 7ET, UK
Prof. Q. Dai
National Center for Nanoscience and Technology
Beijing 100190, China
J. Malowicki
Air Force Research Laboratory
Rome, NY 13441, USA
This is an open access article under the terms of the Creative Commons 
Attribution-NonCommercial License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited and is not used for commercial purposes. 
The copyright line for this article was changed on 12 May 2017 after 
original online publication.

Adv. Mater. 2017, 1605978



© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1605978 (2 of 9)

www.advmat.dewww.advancedsciencenews.com

and mechanical properties.[11] SWNTs also have been utilized 
for various nonlinear all-optical devices (for example, ultra-
fast pulsed lasers,[12] optical limiters,[13] and wavelength con-
verters[14–16]) in the classical domain. Further, SWNTs can be 
easily and cost-effectively fabricated and integrated with other 
material-based devices/systems (e.g., optical fibers[12] and 
silicon waveguides[17]) for hybrid electronic and optoelectronic 
device integration. Recently, it has been shown that linear-
optical quantum devices using carbon nanotubes[18–21] and two-
dimensional (2D) layered materials[22–25] exhibit single-photon 
quantum correlation. However, these concepts are not compat-
ible with existing dominant integrated photonic networks at 
1.5 µm due to the mismatch between the generated quantum-
states and existing fiber/silicon waveguide devices in spatial, 
spectral, and polarization domains.

In this work, for the first time, we demonstrate quantum-
state generation in a nanometer scale nonlinear optic device 
consisting of a ≈100 nm thick carbon nanotube film. To do 
this, we maximize the third order nonlinearity of the nano-
tube device by carefully controlling the tube diameter during 
the carbon nanotube growth. We investigate the classical and 
quantum noise of photons generated in SWNTs by charac-
terizing the quantum correlation of generated photon-pairs 
through the measurement of coincidence to accidental ratio 
(CAR, analogous to the signal-to-noise ratio). We obtain a max-
imum CAR of 18 with a production rate of 3.3 × 10−4 per pulse 
(corresponding to ≈16 667 photon pairs per second). The CAR 
is limited by Raman scattering processes, which can be sup-
pressed by cooling the SWNT device.

Our SWNTs were synthesized using a spark discharge-based 
floating catalyst chemical vapor decomposition (FC-CVD) 
method with iron (Fe) particles as catalysts and carbon 

monoxide (CO) as carbon precursor (Figure 1a,b, details as 
described in the Experimental Section).[26] Figure 1c shows 
a scanning electron microscope (SEM) image of the SWNT 
device. The diameter of SWNTs is measured by a transmission 
electron microscopy (TEM) (Figure 1c, inset). Both the SEM 
and TEM images (Figure 1c) confirm that our as-grown SWNTs 
present high purity and quality, and thus do not need any puri-
fication process. This greatly simplifies the fabrication and 
integration process for our SWNT photonic applications. The 
typical SWNT and bundle lengths are around several microm-
eters. The nanotube density is estimated at ≈500 nanotubes per 
square micrometer. In our SWNT growth process, the diameter 
range (from 1 to 1.3 nm, as measured by TEM, absorption, 
and Raman spectroscopy) of the SWNTs is specially designed 
to tune the SWNT bandgap to match the telecommunication 
band at 1.55 µm (red solid line in Figure 1d) for resonant non-
linearity enhancement. A strong absorption peak (Figure 1d) 
occurs at ≈1550 nm, corresponding to the first transition in 
semiconducting SWNTs.[27] The spectral features at ≈900 nm 
and shorter wavelengths are the second and higher transi-
tions.[27] The deduced diameter distribution from the transmit-
tance spectrum is ranging from 1.0 to 1.3 nm.[27] The optical 
transmittance of the SWNT thin film is about 57% at the wave-
length of 1550 nm, with a thickness of ≈100 nm.[28]

Figure 1e depicts Raman spectrum of the SWNT film sample 
using an excitation photon energy of 1.96 eV (633 nm). As 
expected, the Raman spectrum exhibits a very strong graphite 
mode (known as G band) and radial breathing modes (RBMs), 
which are characteristic features of SWNTs. The G band 
is related to the vibration of sp2-bonded carbon atoms in a 
2D hexagonal lattice of the graphite layer,[29] while the defect 
band (known as D band) located at ≈1337 cm−1 corresponds to 
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Figure 1. SWNT device fabrication and characterization. a) SWNT growth setup. b) The SWNT device was directly fabricated by dry transferring of a 
SWNT network film (inset, collected by direct filtration from the reactor) on a fused quartz substrate. The red dotted circles indicate the SWNT thin 
film. c) High-resolution image of the SWNT device with scanning electron microscope (inset, transmission electron microscopy image of a low density 
SWNT device for nanotube diameter measurement). The scale bar: 600 nm. d) Transmittance spectrum and e) Raman spectrum of the SWNT device.
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the presence of defects on the nanotube walls or amorphous 
carbon materials in the sample.[29] Therefore, the intensity ratio 
of G and D bands (IG/ID) has long been used to indicate the 
SWNT quality.[29] The very high IG/ID ratio of ≈34 (as shown in 
Figure 1e) exhibits the good quality of our SWNTs. The very pro-
nounced RBM peaks also imply the high quality of SWNTs, and 
the main peak at ≈191 cm−1 corresponds to the SWNT diameter 
of ≈1.24 nm due to the reverse relationship of RBM frequency 

(ωRBM) and diameter (d) (
214.4 cm

18.7 cmRBM

1
1

d
ω ≈ +

−
− [30]). 

This result is in good agreement with the TEM (Figure 1c) and 
optical transmittance (Figure 1d) measurements, confirming 
the SWNT diameter distribution from 1 to 1.3 nm as designed.

Our first demonstration is to measure the conversion effi-
ciency of stimulated FWM process in our carbon nanotube 
device. We use the stimulated FWM process in a pump–probe 
configuration as shown in Figure 2 (details as described in 
the Experimental Section). The pump beam is from a mode-
locked fiber laser at the wavelength of 1550.1 nm, and the 
probe beam is obtained from a fiber laser with peak power of 
0.1 W at the idler wavelength of 1555.68 nm. With such a thin 
layer (≈100 nm) of SWNTs, we measure the generated signal 
at 1544.56 nm by using an avalanche photodiode (APD1). We 
plot the ratio between the signal power (Ps) and the idler power 
(Pi) as a function of the pump power (Pp) for the SWNT device 
and a reference fused quartz device in Figure 3. The conver-
sion efficiency of stimulated FWM process in the SWNTs has 
a quadratic dependence on power, as shown in Figure 3. With 
this stimulated FWM process, we can estimate various nonline-
arities (nonlinear refractive index n2, parametric nonlinearity 
γ, and Raman gain g) in our SWNTs. In the SWNT results, 
we have subtracted the counts that are generated in the fused 
quartz substrate (inset of Figure 3). Note that the thickness of 
the SWNT nanofilm is 104 times thinner than the reference 

quartz sample (≈1 mm), but the conversion efficiency of the 
SWNT film is about ≈100–1000 times larger than the refer-
ence quartz sample. It has been pointed out that supporting 
substrates of nanotubes can cause depolarization of light and 
the broadening of the excitonic transitions.[31] However, we did 
not observe any significant change of signal counts at the inter-
face between the SWNT film and the fused quartz substrate by 
adjusting the delay of the device with respect to the pump and 
the idler. This denotes that nonlinear optical interaction at the 
interface between the SWNTs and the quartz substrate does not 
contribute to the photon-pair generation.

We fit the plots of the SWNTs and the fused quartz 
(Figure 3) with a quadratic polynomial function of pump 
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Figure 2. The experimental setup for generating and characterizing photon pairs in SWNTs. A stimulated FWM experiment is also shown, where a 
dichroic mirror is inserted after the fiber collimator to couple an idler probe beam at 1555.68 nm. The dichroic mirror is removed when we perform 
photon-pair generation experiment (i.e., no input beam at 1555.68 nm). In this case, two pump photons scatter through the Kerr-nonlinearity in SWNTs 
and create an energy-time entangled signal-idler photon pair at the wavelengths of 1544.56 and 1555.68 nm. WDM1, WDM2, WDM3, and WDM4: 
wavelength-division multiplexing filter; EDFA: Erbium-doped-fiber-amplifier; QWP1 and QWP2: quarter-wave plate; HWP1 and HWP2: half-wave plate; 
PBS: polarizer beam splitter. APD1 and APD2: avalanche photodiode.

Figure 3. The ratio of Ps/Pi and the conversion efficiency for the SWNT 
device in the stimulated FWM process. The solid line is the fitting curve. 
The dashed line is the fitting curve for the quadratic component only. 
Inset is the ratio of Ps/Pi for the reference fused quartz device. Error bars 
for each data point are included.
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power (Pp), 0 1 p 2 p
2m m P m P+ + . The parameters of m1 and  

m2 typically relate to Raman gain and nonlinear refractive 
index of the sample.[9] Since the SWNT device and the refer-
ence fused quartz device share the same geometry factors and 

detection efficiency, we obtain 7622
SWNT

2
q

m

m
= , which is given 

by 0.57 SWNT
2

SWNT
2

q
2

q
2

L

L

γ
γ

, where 
2 2

eff

n

A
γ π

λ
=  is nonlinear parameter, 

and the factor of 0.57 is the transmittance of the SWNTs 
at ≈1.55 µm. n2 is nonlinear refractive index, λ is the optical 
wavelength, and Aeff is the effective area. The labels of SWNT 
and q in the superscript/subscript of parameters indicate prop-
erties of the SWNT film and the reference quartz sample, 
respectively. For example, LSWNT and Lq are the thickness of 
the SWNT thin film and the reference quartz substrate. Then, 
we obtain the nonlinear refractive index for the SWNTs as 

(1.27 0.21) 10 m W ((2.2 0.4) 10 esu)2
SWNT 14 2 1 8n ≈ ± × ± ×− − −  with 

the help of the known nonlinear refractive index 2
qn  for the 

fused quartz ≈3.5 × 10−20 m2 W−1.[32] Our estimated value of 
2
SWNTn  is around five orders of magnitude higher than the ref-

erence fused quartz ( 2
qn ). The value of 2

SWNTn  is around one to 
two orders of magnitude higher than those typically reported in 
the literature for SWNTs.[33,34] This can be attributed to the fact 
that our SWNTs are specifically grown for introducing resonant 
nonlinearity enhancement at our experimental wavelength of 
≈1.55 µm.[35] With the effective area of ≈80 µm2, we obtain the 
nonlinear parameter γSWNT ≈ (6.4 ± 1.1) × 105 W−1 km−1, which 
is about 3 × 105 times larger than silica fibers.[9] This indicates 
that SWNTs have great potential for photon-pair generation 
through spontaneous FWM process.

From the fit, we also obtain the ratio of Raman gain coef-
ficient between our SWNTs (gSWNT) and fused quartz (gq) 

as 
0.57

3321
SWNT

1
q

SWNT SWNT

q q

m

m

g L

g L
= = . By using the Raman 

gain coefficient of silica (gq = ≈10−13 m W−1[9]), we estimate 
the Raman gain coefficient of our SWNTs (gSWNT) to be 
≈(5.8 ± 0.81) × 10−7 m W−1, i.e., ≈106 times larger than the 
silica. Such large Raman gain coefficient in SWNTs suggests 
the potential coupling between Raman scattering and FWM. 
This also implies the potential applications of SWNTs for 
Raman amplification and supercontinuum generation with 
SWNT integrated nanoscale photonic devices.

Consequently, we remove the dichroic mirror in the pump 
path and perform photon-pair generation in SWNTs (Figure 2). 
In the spontaneous FWM process used for photon-pair genera-
tion, two pump photons at frequency ωp scatter through the 
χ3 nonlinearity in a nonlinear medium and create a correlated 
signal-idler photon-pair at frequencies ωs and ωi. Typically, in 
FWM-based photon-pair sources, Raman scattering inevitably 
occurs and generates uncorrelated photons into the signal and 
idler channels, leading to the degradation of quantum correla-
tion (i.e., decreasing the CAR). For example, in our experiment, 
the signal and idler generated through the spontaneous FWM 
process are copolarized with the pump, quadratically dependent 
on the pump power, and spectrally correlated with the relation-
ship of 2 ωp = ωs + ωi due to the law of conservation of energy. 
However, in spontaneous Raman scattering process, a single 
pump photon scatters inelastically by annihilating (anti-Stokes 

process) or creating (Stokes process) a vibrational phonon. As 
a consequence, the generated Raman anti-Stokes and Stokes 
photons will appear in the signal and idler channels, respec-
tively. The spontaneous Raman photons are randomly polar-
ized in average, linearly dependent on the pump power, and 
spectrally uncorrelated. As we increase the pump power, the 
stimulated Raman scattering process occurs such that only the 
Stokes (idle) photons experience exponential gain. The stimu-
lated Raman photon is copolarized with the pump, also linearly 
dependent on pump power and spectrally uncorrelated. As we 
further increase the pump power, the coupling between stim-
ulated Raman scattering and FWM[36] normally results in the 
growth of anti-Stokes (signal) photons. Therefore, it is a funda-
mental challenge to distinguish the generated photon pairs 
from the noise photons. On the other hand, it is of both fun-
damental interest and technological importance to understand 
various nonlinear optical dynamics.

In general, the number of signal (Ns) and idler (Ni) photons 
per pulse generated through the Kerr- nonlinearity with FWM 
process can be written as s( i) 1, s( i) p 2, s( i) p

2N S N S N= + ,[37] where Np 
is the number of pump photons per pulse, S1,s(i) and S2,s(i) are 
the linear and quadratic power dependence scattering coeffi-
cients for the signal (idler). Physically, S1,s(i) is corresponding to 
the strength of both spontaneous and stimulated Raman scat-
tering processes, and S2,s(i) is corresponding to the strength of 
spontaneous FWM process. According to the equation, if S1,s(i) 
is small (i.e., the Raman photons are suppressed), Ns(i) will 
exhibit clear quadratic feature. On the other hand, the quadratic 
feature of Ns(i) will vanish if the Raman photons (Stokes and 
anti-Stokes) are dominant in the signal and idler channels. In 
this work, when the coupling between stimulated Raman scat-
tering and FWM occurs, the number of the generated signal and 

idler photons per pulse can be expressed by s( i)
r 1, s( i)

r

p

2, s( i)
r

p
2

N
S

N

S

N
= + , 

where 1, s( i)
rS  and 2, s( i)

rS  are inverse linear and inverse quadratic 
power dependence scattering coefficients. The strength of 2, s( i)

rS  
( 1, s( i)

rS ) coefficient implies the suppression of FWM process 
(stimulated Raman scattering). Therefore, in experiments, we 
can understand various nonlinear optical dynamics (i.e., FWM, 
spontaneous and stimulated Raman scattering processes) and 
their coupling by characterizing the photon pairs generated in 
our device by photon counting on signal and idler channels and 
performing the CAR measurement.

Hence, we first measure the generated signal and idler 
photons both from the SWNT device and the fused quartz 
reference device to fully understand various nonlinear optical 
dynamics. We minimize the noise photons in the photon-pair 
channels by using spectral and polarization filtering. The single 
counts of the signal and idler generated from the fused quartz 
as a function of the pump power are recorded (Figure S1, Sup-
porting Information). After subtracting the counts generated in 
the fused quartz, we obtain the signal and idler generated from 
the pure SWNT nanofilm, as shown in Figure 4. Each data 
point is obtained with the integration time of 1.7 min. We can 
identify the generation of the signal and idler into two operation 
regions with respect to the peak pump power below and above 
11 W. When the peak pump power is <11 W, the idler shows 
the linear and quadratic dependence on power (Figure 4a). This 
indicates that the idler is dominated by spontaneous Raman 
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scattering and spontaneous FWM. After fitting the idler with 
Ni, we find that the signal exhibits coupling between the spon-
taneous FWM and the stimulated Raman scattering. We then 
fit the signal with s

rN  (green lines in Figure 4). Since the signal 
and idler are generated in pairs, we plot Ns (red dashed line 
in Figure 4a) for the signal to compare with s

rN . The fit shows 
that both signal and idler have some contributions from 
spontaneous FWM, but the signal is dominated by the cou-
pling when we increase the pump power. It indicates that the 
stimulated Raman scattering is mediated by the spontaneous 
FWM, which is favored by the signal (i.e., anti-Stokes scattering 
process). Such observation (i.e., the growth of the anti-Stokes 
photons through the coupling) agrees well with the theoretical 
prediction,[38,39] and also has been observed in supercontinuum 
generation experiments.[40,41] Later, we observe the maximum 
CAR > 18 in this power region (i.e., <11 W) because of the 
unique quantum correlation of photon pairs generated by the 
spontaneous FWM in spite of strong stimulated Raman scat-
tering in the signal.

When the peak pump power is >11 W, both the signal 
and idler exhibit coupling between spontaneous FWM and 

stimulated Raman scattering (Figure 4b). We fit the signal and 
idler with s( i)

rN  and observe that the photon pairs are generated 
through an inverse quadratic function of pump power with 
the strength coefficient of .2, s( i)

rS  We believe that the signal and 
idler of the FWM process contribute as seed photons for stim-
ulated Raman scattering, and hence suppress the quadratic 
power dependence of the signal and idler. Since the growth of 
Raman Stokes and anti-Stokes remains constant, the gain of 
FWM is also constant because of the suppression. This sup-
pression scenario occurs as the signal and idler are asymp-
totically approaching saturation. We confirm this scenario by 
observing a plateau value of CAR ≈ 6 at the peak power >11 W 
(Figure 5).

Recently, there are interesting discussions on how to scale 
the classical and quantum devices by comparing quantum 
and classical nonlinear processes in traditional integrated 
bulk devices.[43,44] Here, let us discuss the comparison of the 
quantum and classical optical fields generated at the nanoscale 
level. The signal and idler generated through the coupling 
between spontaneous FWM and stimulated Raman scattering 
can be expressed as follows[36]

Adv. Mater. 2017, 1605978

Figure 4. The signal and idler counts as a function of peak pump power per 1.7 min; a) <11 W and b) >11 W. Circle (square): the signal (idler) from 
the SWNTs. In (a), blue, red dashed, and green lines are the fitting results of Ni for the idler, Ns, and Ns

r (green line) for the signal, respectively. In (b), 
the fitting curve of Ni

r (black line) is for the idler, and Ns
r (green line) for the signal. Error bars for each data point are included.

Figure 5. a) The coincidence (circle), accidental (square), and true coincidence (triangle) for the signal and idler generated in SWNTs as a function of 
pump power per 1.7 min. b) The CAR as a function of pump peak power. The coincidence, accidental, and CAR are reported with the subtraction of 
detector dark counts. Diamond: The CAR for the whole SWNT device (i.e., the SWNT film on the fused quartz substrate). Circle: The CAR for the pure 
SWNT nanofilm only (i.e., after subtracting the contribution from the fused quartz substrate). The raw CAR and theoretical fit[42] is given in Figure S5 
(Supporting Information).
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where 1 , [ ( )]R R R
(3)a f b f Re χ= − = Ω , and fR is the fractional 

contribution of the Raman susceptibility ( )R
(3)χ Ω  to the instan-

taneous Kerr effect,[9,36] β2 is the second order dispersion of 
carbon nanotubes, and Ω = |wp − ws(i)| is the detuning of the 
signal and idler from the pump. β2Ω2 is phase mismatch 
due to the dispersion of SWNTs, which can be compen-
sated with the pump power Pp as 2γPp.[9] From Equation (1) 
and s( i)

rN ’s definition in the previous discussion, we obtain 
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. We can study the coupling dynamics 

between spontaneous FWM and stimulated Raman scattering 

as we increase the excitation pump power. We obtain 
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the signal in the pump power region below (<) and above (>) 

11 W through the fit results. Since 2
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This scenario implies the reduction of fR as we increase the 
pump power, i.e., the stimulated Raman scattering process is 
mediated by FWM process.

Now, we can obtain β2 for the SWNT device with the 
assumption that a> is much larger than b> (i.e., a> ≈ 1) in the 
region Pp > 11 W (Figure 4b). From the above fit, the ratio of 

| |
( )

4
5 W2,s( )

r

1,s( )
r

2
2 3S

S
i

i

β
γ

≈ Ω ≈> . Then, we can estimate |β2| ≈ (7.0 ± 2.8) 

× 106 ps2 km−1 with the help of the measured γSWNT ≈ (6.4 ± 
1.1) × 105 W−1 km−1. β2 of the SWNT device is about 105 times 
larger than the fused silica (25 ps2 km−1). Note that 2γPp will 
compensate the phase mismatch of the propagation constants 
of the pump, signal and idler (i.e., |β2Ω2| ≈ |2γPp|), where the 

group velocity dispersion ( 2
2 2

D
cβ π

λ
= − ) is anomalous. As for the 

idler, we observe that the coupling only occurs in the region 
above 11 W, so we cannot perform the above analysis on the 
idler. At the peak pump power below 11 W, the coupling in the 
idler is weak compared to spontaneous FWM and spontaneous 
Raman scattering.

After, we measure the coincidence and accidental counts as 
a function of pump power for the SWNT device and the fused 
quartz reference sample (see Figure S2 in the Supporting Infor-
mation). After subtracting the contribution from the fused 
quartz, we obtain the coincidence, accidental and true coinci-
dence for the thin layer of pure SWNTs as shown in Figure 5a. 
We then plot the CAR in Figure 5b. We observe a maximum 
CAR of 15 for the SWNT film on the fused quartz substrate. 
After the subtraction of the coincidences and accidentals from 
the reference fused quartz, we obtain the maximum CAR of 
18 for the pure SWNT film. The maximum CAR occurs at the 
peak pump power ≈5.3 W, and we have coincidence counts (cc) 
of 54 and accidental counts of 3 within the integration time 
of 1.7 min. Note that the true coincidence is 54 – 3 = 51 cc, 
which is the contribution from photon pairs generated through 

spontaneous FWM process. Considering the total detection effi-
ciency (about 0.5% for the signal, 0.6% for the idler), we have 
51/(0.6% × 0.5%) = 1 700 000 cc per 1.7 min. This corresponds 
to ≈16 667 photon pairs per second with our carbon nano-
tube device. Since we use the pump laser with the repetition 
rate of 50 MHz, we have the photon-pair production rate of 

16 667
50 10

3.3 10r 6
4P ≈

×
≈ × −  per pulse, comparable to these photon-

pair source-based on photonic crystal fibers (see Table S1 in 

Supporting Information). Note that SWNTs and optical fiber-
based photon-pair sources are both compatible with the 
existence optical fiber network for developing long distance 
quantum communication.

The signal and idler photons generated from spontaneous 
FWM process contribute to true coincidences. As we increase 
the pump power above 11 W, the CAR reaches the plateau value 
of 6 for the peak power greater than 11 W. This is due to that 
spontaneous FWM process is strongly coupled with stimu-
lated Raman scattering, but the spontaneous FWM keeps the 

CAR ≈6. This observation can be attributed to constant | |2
r

1
r

S

S
 

in the region above 11 W, where |β2Ω2| ≈ |2γPp| and s( i)
rN  of 

Equation (1) approach constant. The coupling between FWM 
and stimulated Raman scattering leads to the constant growth 
of Raman Stokes and anti-Stokes,[36] and the suppression of 
quadratic power dependence growth of photon-pairs through 

2
rS . The nonlinear optical process behind the plateau feature of 

the CAR exhibited by the thin layer of carbon nanotubes is a 
surprising result and different from the fiber-based photon-pair 
sources, where the CAR deceased as a function of 1/Ps.[4,5,42] 
This feature indicates that the SWNTs are immune to multi-
photon effects at high pump power.

A maximum CAR of ≈18 achieved here at the nanoscale 
dimension is comparable with other FWM-based traditional 
photon-pair sources at the telecom band working at room tem-
perature (e.g., CAR ≈ 14–47 with a ≈96 µm long silicon-on-
insulator waveguides,[8] ≈20 with a 25 m long photonic crystal 
fiber,[45] see Table S1 in Supporting Information for detailed 
comparison with the state of the art photon-pair generation 
techniques). The silicon microrings can provide CAR from  
55 to 80 for the photon pairs at the telecom wavelengths by 
using the laser pump pulse at the repetition rate of 5 MHz.[46] 
Continuous-wave pumped microresonator[47] can provide 
photon pair production rate of 107 pair per second at 1 mW 
average pump power. However, the repetition rate of these 
devices is constrained by the narrow resonance spectra band-
width. Worth noting that our nanometer scale SWNT film rep-
resents a ≈103 times smaller footprint than the smallest existing 
devices,[6–8] suitable for diverse integrated photonic applica-
tions. For example, it can provide the two-photon polarization-
entangled state with the visibility of two-photon interference  
CAR 1
CAR 1

90%
−
+

≈ , which can be used for quantum simulation of 

integrated quantum logic gates at the nanoscale level.[48] Our 
SWNT-based photon-pair source also can be used as a heralded 
single-photon source with the estimated second-order intensity 
correlation function[49] g2(0) ≈ 4/CAR = 4/18 ≈ 0.2. This is better 
than the observed g2(0) = 0.32 of the single photon source gen-
erated through the photoluminescence of individual SWNT at 
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298 K.[21] In-line with the development of high efficient single 
photon source, the CAR of 18 can be further improved by 
spatially multiplexing multiple such photon-pair sources.[50] 
The spatially multiplexing can be achieved by using the same 
SWNT device-based optical switch, where the working prin-
ciple is based on cross-phase modulation.[51] For example, 
with the measured (coherent effect) nonlinear refractive index 

(1.27 0.21) 10 m W2
SWNT 14 2 1n =≈ ± × − − , the pump energy per pulse 

required for a π-phase shift is 100 nJ. Note that it is necessary 
to reduce the energy per switching operation for complemen-
tary metal-oxide semiconductor (CMOS)-compatible photonic 
integrated circuits.

Further, correlated photon pairs have been used to demon-
strate quantum random walks in waveguide array,[52] heralded 
single photon source,[49,53] and universal linear optics protocol 
for linear optics quantum computing[54] (such as linear optic 
quantum logic and controlled NOT gate to entangle the corre-
lated photon pairs). The quantum correlation results confirmed 
by measuring the CAR with 1 nm bandwidth of the idler and 
the signal photons indicate that our photon-pair source has 
excellent single spatial mode purity and therefore is suitable 
for quantum information processing which requires multiple 
quantum operations. Our source also has the compatibility 
advantage with current optical network systems.

Our experiments discover that the strong coupling between 
Raman scattering and FWM limits the photon-pair generation 
performance in SWNTs. This indicates that the performance 
of our SWNT device can be greatly improved by suppressing 
Raman scattering. For example, Raman spectra for SWNTs 
have been effectively observed at the resonance bands[29] with 
excitation polarization parallel to the tube axis.[55] Therefore, 
further experiments can be tried to reduce the contribution of 
Raman photons by selecting signal/idler photon pairs at small 
detuning from the pump, or using polarizers to remove the 
cross-polarized Raman photons. Worth noting that cooling has 
been proposed to improve the performance of other material-
based traditional photon-pair generators (e.g., CAR > 100 with 
dispersion-shifted fiber[4] and highly nonlinear fiber[5] at 77 K). 
In our experiment, cooling the SWNT device can also be an 
effective approach to improve our SWNT device performance, 
as it can reduce the strength of vibrational Raman modes, 
and hence suppressing Raman scattering. Comparing with 
the traditional waveguide-based devices (e.g., photonic crystal 
fibers and silicon waveguides), which suffer from serious dis-
persion mismatch issues when cooling down for performance 
improvement,[46] our nanotube device will experience no dis-
persion mismatch problem. For example, by cooling SWNTs 
to 4 K,[18–20] the Bose phonon population for signal (idler) can 
be suppressed by a factor of 3.4 × 104. Given by a reasonably 
achievable phonon population reduction of >100,[18–20] we 

can estimate the maximum CAR of 
18
1

100

1.8 103> = ×  due to the 

strongly suppressed stimulated Raman scattering. This will 
increase the visibility of two-photon interference to 99.8%, 
which deserves further study.

In conclusion, we demonstrate the generation of photon 
pairs with nanoscale nonlinear optics through spontaneous 
FWM process in SWNTs at the telecom wavelength. The max-
imum CAR of 18 with the SWNTs at room temperature was 

achieved. We observe that the dominant noise photons are 
generated from Raman scattering, which leads to the cou-
pling between FWM and stimulated Raman scattering at rela-
tively high peak pump power. The new observation on SWNTs 
will provide a new insight for exploring Raman scattering in 
nanoscale SWNTs for various applications (amplification and 
supercontinuum generation). Most importantly, our results 
indicate that nanoscale SWNT devices are a promising (with 
nonlinear refractive index five orders of magnitude larger than 
the currently widely used fused silica materials) nonlinear 
nanomaterial suitable for manipulating and generating light 
for quantum information processing at the nanoscale level. Our 
results also show that four-wave mixing process could be attrib-
uted to the collective coherence effect of individual SWNTs. 
Further studies on photon-pair generation in isolated SWNTs 
(or a free-standing SWNT film) and other low dimensional 
nanomaterials (e.g., graphene, other 2D layered materials and 
their heterostructures[56]) with high-nonlinearity can potentially 
lead to the demonstration of nanometer-scale sources for inte-
grated quantum circuits and networks.

Experimental Section

SWNT Fabrication and Characterization: The SWNTs were synthesized 
using a spark discharge-based FC-CVD method with iron (Fe) 
particles as catalysts and carbon monoxide (CO) as carbon precursor 
(Figure 1a).[26] The Fe catalyst particles were produced via repetitive 
spark discharges between a pair of parallel Fe electrodes with a gap 
of ≈1 mm at a frequency of ≈1 kHz under inert N2 flow. In the spark 
generator, each successive discharge evaporates atoms from the 
electrode surfaces, forming a cloud of supersaturated Fe vapor, which 
subsequently condenses into Fe particles. The catalyst containing 
N2 flow, 200 cm3 min−1, from the spark discharge generator was 
then introduced to the CVD reactor together with CO and hydrogen 
(H2) flows at rates of 250 and 50 cm3 min−1, respectively. The CO 
decomposed exclusively on the Fe catalyst particles, leading to growth 
of clean SWNTs. The temperature for SWNT growth was 880 °C. The 
as-synthesized SWNTs were then collected by direct filtration from the 
gas flow on a nitrocellulose membrane filter (Millipore, HAWP, 0.45 µm 
pore diameter) downstream the reactor. A thin (≈100 nm thick) but 
continuous network of SWNTs was thus formed on the filter, which 
was afterward dry transferred by pressing the SWNT network against 
a quartz substrate (Heraeus, HQS300, 1 mm thickness) with a mild 
pressure (<100 kPa).[27]

The morphology of the as-synthesized SWNTs was investigated by 
using SEM (Zeiss Supra 40) and TEM (a JEOL-2200FS double aberration-
corrected TEM). The transmittance spectrum of SWNTs was recorded 
by a double beam Perkin-Elmer Lambda 900 spectrometer equipped 
with two excitation sources of a deuterium lamp and a halogen lamp, 
which covered the wavelength range from 175 to 3000 nm. A blank 
quartz substrate was used in the reference beam to exclude the effect 
of the substrate. Raman measurements were conducted with a JYHoriba 
LabRAM HR 800 Raman spectrometer using excitation at 633 nm 
(1.96 eV).

An ultrathin (≈100 nm thick) and uniform network of SWNT 
film was collected on a filter by direct filtration from the gas flow 
on a nitrocellulose membrane filter downstream the reactor. The 
as-synthesized SWNTs were afterward dry-transferred by pressing the 
SWNT network against a quartz substrate (Figure 1b).[27] Note that 
no additional purification or dispersion steps were needed prior to or 
during the transfer, thus rendering the SWNT film preparation rapid and 
compatible with various photonic and optoelectronic applications (e.g., 
optical fibers, silicon waveguides).[12,27]
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FWM Setup: The experimental FWM setup is shown in Figure 2. A 
horizontally polarized pump beam at the wavelength of 1550.1 nm, 
pulse duration of 5 ps, and repetition rate of 50 MHz is spectrally 
carved out from a mode-locked ultrafast fiber laser. The pump light 
was amplified by using an Erbium-doped-fiber-amplifier (EDFA). 
The amplified spontaneous emission noise from the EDFA was 
suppressed by using two cascaded wavelength-division multiplexing 
(WDM) filters (i.e., WDM1 and WDM2) with the 3 dB bandwidth of 
1 nm. The amplified pump beam was then launched to the sample 
via fiber-to-free space collimators. A quarter-wave plate (QWP1) and a 
half-wave plate (HWP1) were used for compensating the birefringence 
of the horizontally polarized pump beam. The pump beam was then 
focused into a sample by using a lens (Lens1) with a focal length of 
11 mm. The beam waist of the focus spot is around ≈5 µm, with the 
confocal parameter ≈60 µm. The sample was a thin layer of carbon 
nanotubes with thickness of ≈100 nm, which was deposited on a 
1 mm thick fused quartz slide. The pump beam was first propagating 
to the carbon nanotubes with the transmittance of 57%, and then to 
the quartz slide, which was experiencing 57% of the incidence pump 
power. The pump beam, signal, and idler at the output of the sample 
(carbon nanotubes and the fused quartz slide) were collimated by 
using a lens (Lens2) with the similar focal length of the input lens. A 
polarization analysis component, which consisted of a half-wave plate 
(HWP2), a quarter-wave plate (QWP2) and a polarizer beam splitter 
(PBS), was used to compensate the birefringence of the signal and 
idler generated in the carbon nanotubes and to reject cross-polarized 
Raman photons. The signal and idler were then separated from the 
pump beam by using a free-space grating filter. The transmission 
spectra of the grating filter for the signal and idler are shown in  
Figure S5 (Supporting Information). The signal and idler at the 
wavelengths of 1544.56 and 1555.68 nm, respectively, were selected so 
that they were about 5 nm detuning from the pump wavelength. With 
this detuning, the free-space grating could suppress the pump photon 
with the isolation greater than 45 dB. A WDM filter (i.e., WDM3 
and WDM4) was inserted at each of the signal and idler channels 
for further suppressing the pump photon with the total isolation of 
>100 dB. The transmission spectra for the WDM3 and WDM4 are 
shown in Figure S6 (Supporting Information).

CAR Characterization: Signal and idler photons were detected 
by fiber-coupled In-GaAs/InP avalanche photodiodes (APD) 
(Model:CPS-1000, Nucrypt LLC) operated in gated Geiger mode at 
room temperature. The APDs were gated by 1 ns at the full-wave-half-
maximum (FWHM) gate pulses at the rate of 50 MHz, which were 
triggered from the laser pump pulses. The timing of gate pulses for 
each APD could be independently adjusted by digital delay generators 
to coincide with the arrival of the signal and idler photons at the 
APDs. In the gated Geiger mode, quantum efficiency, dark counts 
probability, and FWHM detection window of APD1 (APD2) were 
about 2.7% (1.9%),[57] 7.0 × 10−5 (3.5 × 10−5) and 280 ps (250 ps), 
respectively. Total detection efficiencies of signal and idler were about 
0.6% and 0.5%, respectively, which included the propagation losses 
of optical components, the transmission loss of carbon nanotubes, 
and the quantum efficiencies of the APDs. A coincidence count was 
recorded when both APDs detected a photon at the same gated time 
interval. While an accidental count was recorded both APDs detected 
a photon at the adjacent gated time interval. The true coincidence of 
the photon-pairs was obtained by subtracting the accidental from the 
coincidence. The CAR was measured for characterizing the quality of 
photon-pairs generated in SWNTs. When the photon counting and CAR 
measurement for the signal and idler were performed, the HWP2 and 
QWP2 were adjusted in such a way that horizontally polarized signal 
and idler photons would pass through the PBS to the APD1 and APD2. 
Note that the PBS is filtering out the cross-polarized Raman Stokes and 
anti-Stokes photons scatter into the idler and signal channels. On the 
other hand, only the copolarized signal (anti-Stokes) and idler (Stokes) 
generated from the spontaneous FWM (Raman scattering) were 
detected by the APDs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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