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ABSTRACT 
Mixed dimensional van der Waals (vdW) heterostructures constructed by one-dimensional (1D) and two-dimensional (2D) materials 
exhibit extra degree of freedom to modulate the electronic and optical properties due to the combination of different dimensionalities. 
The charge transfer at the interface between 1D and 2D materials plays a crucial role in the optoelectronic properties and 
performance of the heterostructure-based devices. Here, we stacked single-walled carbon nanotubes (SWNTs) on monolayer WS2 
for a mixed dimensional vdW heterostructure, and investigated the local modulation of excitions and trions in WS2 by SWNTs. 
Different directions of charge transfer between SWNTs and WS2 are evidenced by the photoluminescence (PL) spectra of WS2. 
The PL intensity can be either enhanced or weakened by individual SWNTs. In our work, the PL intensity of WS2 is enhanced and 
the exciton peak position heterostructure is red-shifted about 3 meV due to the charge transfer from WS2 to an individual SWNT 
(SWNT#1). The change of PL by another SWNT (SWNT#2) can not be well-resolved in far-field, but scanning near-field optical 
microscope (SNOM) measurements show that the PL intensity of WS2 is weakened by the SWNT. The peak position of exciton is 
blue-shifted by ~ 1 meV while that of trion is redshifted by ~ 1 meV due to the charge transfer from the SWNT to WS2. These results 
give insight into the charge transfer at the interface of SWNT/WS2 heterostructure, and can be useful for design of optoelectronic 
devices based on mixed dimensional vdW heterostructures.  
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1 Introduction 
Two-dimensional (2D) transition metal dichalcogenides 
(TMDs) materials have been a wide platform for designing 
future optical and optoelectronic devices with unprecedented 
performance, such as light-emitting diodes, photodetectors and 
solar cells [1−4]. By stacking two different 2D materials together, 
van der Waals (vdW) heterostructures can be constructed and 
have opened possibilities for new physics and novel applications. 
In recent years, mixed dimensional vdW heterostructures,  
that is, vdW heterostructures constructed by 2D materials and 
zero- (0D), one- (1D) or three- (3D) dimensional materials, have 
emerged and provided a new degree of freedom to engineer 
their physical properties and device performance [5]. For 
example, Wu et al. demonstrated that photodetector made from 
CsPbI3−xBrx perovskite quantum dots (0D) and monolayer MoS2 
(2D) has extremely high photoresponsivity of 7.7 × 104 A·W−1 
which is superior to 2D vdW heterostructures [6]. In addition, 
1D/2D vdW heterostructures inherit properties of both 
directionality from 1D and planarity from 2D materials [1, 7, 8]. 
Qin et al. demonstrated that phototransistor consisting of 
heterostructures based on trigonal selenium (t-Se) nanobelt 
and few layer-ReS2 has showed enhanced responsivity and 
detectivity up to 98 A·W–1 and 6 × 1010 Jones with reduced 

response time compared with bare ReS2 [9]. Henning et al. 
reported that heterojunction diodes consisting of Si nanowire 
and MoS2 showed an instrument-limited response time of 1 μs,  
ten times faster than that for previously reported planer Si/MoS2 
heterojunctions [10]. 

Among the 1D materials, single-walled carbon nanotubes 
(SWNTs) have attracted great interest in both scientific research 
and industrial applications [11]. The electronic band structure 
of a SWNT is determined by the chiral index (n, m). If (n − m)/3 
is an integer, it is metallic, and otherwise semiconducting. The 
size of band gap of SWNTs can range from infrared to ultraviolet, 
which is suitable for a variety of applications combined with 
2D materials [12−14]. For example, it has been reported that 
SWNT/MoS2 heterostructure can be used for microwave- 
absorbing with a maximum effective absorption bandwidth of 
5.60 GHz, much higher than other MoS2-based heterostructures 
[7]. Recently, a method of controlled sequential chemical vapor 
deposition (CVD) growth was developed to grow strongly 
coupled heterostructures of monolayer MoS2 and carbon 
nanotubes [15]. However, the charge transfer at the 1D/2D 
interface and the influence to the excitons and trions of TMDs 
materials have not been well studied yet. 

In this work, we investigated the excitonic behavior at the 
interface of SWNT/WS2 mixed dimensional vdW heterostructure 
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through photoluminescence (PL) spectra. Different modulation 
of excitons and trions in WS2 was observed for different individual 
SWNTs. For a heterostructure constructed by SWNT#1 (metallic 
type) and WS2, the exciton PL peak of WS2 was red-shifted, 
while the total intensity was enhanced compared with that of 
monolayer WS2 without SWNT. In another heterostructure 
constructed by SWNT#2 (semiconducting type) and WS2, the 
change of PL can not be well-resolved in far-field, but can be 
observed by scanning near-field optical microscope (SNOM). 
The peak position of exciton was blue-shifted while that of trion 
was red-shifted, and the total intensity was weakened. The  

decrease of intensity ratio between trions and excitons A

A

I
I

-   

for the SWNT#1/WS2 heterostructure implies that the charge 
transfer occurs from WS2 to the SWNT. On the other hand,  

the increase of A

A

I
I

-  for the SWNT#2/WS2 heterostructure  

indicates that the charge transfer occurs from the SWNT to 
WS2. The excitation power dependence of the PL spectra further 
confirmed the different charge transfer processes. The findings 
of the local modulation of excitonic features can inspire the 
development of optoelectronics based on 1D/2D mixed 
dimensional vdW heterostructures. 

2 Experimental 

2.1 Growth of horizontally aligned SWNTs arrays on 

quartz substrates 

Stable temperature cut (ST-cut) quartz substrates (single-side 
polished, miscut angle < 0.5°, surface roughness < 5 Å) 
underwent a necessary annealing process at 900 °C in air for 8 
h. Then 0.05 mmol/L Fe(OH)3/ ethanol solution was dispersed 
onto the substrates by the spin-coating method. The quartz 
substrates with well-dispersed iron species were placed into a 
1-inch tube and heated to the desired temperature (~ 850 °C) 
within 40 min in air. After that, 300 standard cubic centimeters 
per minute (sccm) argon, 200 sccm hydrogen and 50 sccm 
argon through an ethanol bubbler were introduced into the 
system for the synthesis of horizontally aligned SWNTs with a 
suitable density on quartz substrates. After 30 min growth, 

the SWNT samples were cooled down to ambient temperature 
under the protection of argon. 

2.2 Transfer process 

The SWNTs arrays were transferred to a 0.2 mm thick transparent 
quartz glass using polymethylmethacrylate (PMMA). Monolayer 
WS2 was obtained by mechanical exfoliation and transferred 
to the top of the carbon nanotube arrays. 

2.3 Optical measurements 

Far-field PL and Raman spectroscopy were performed using  
a WITec alpha300 system with an excitation wavelength of  
488 nm and spatial resolution of ~ 330 nm with a 100× objective 
(NA = 0.9). The excitation power for Raman measurements 
was controlled between 300 μW to 400 μW. The excitation 
power for PL varied from 1 μW to 200 μW to investigate the 
influence of charge transfer under different optical doping 
levels. The near-field PL spectroscopy was performed using 
an aperture AFM probe on WITec alpha 300 and the size of 
aperture was about 150 nm. 

3 Results and discussion  
Figure 1(a) shows the schematic of SWNT/WS2 mixed 
dimensional vdW heterostructure. Monolayer WS2 was me-
chanically exfoliated on PMMA. The density of the SWNTs 
array was controlled to be less than 2 tubes/μm. The SWNTs 
array was first transferred onto a transparent quartz substrate. 
Then a monolayer WS2 was site-specifically transferred onto 
the SWNTs array. Figures 1(b) and 1(c) show the optical image 
and scanning electron microscope (SEM) image of a monolayer 
WS2 covered on an array of SWNTs, respectively. The bright 
stripe at the right side of WS2 corresponds to multilayers. 
Raman mapping excited by 488 nm laser was performed, and 
the mapping image of the G peak (1,592 cm−1) of SWNTs was 
plotted in Fig. 1(d). It is clear that only a few nanotubes on 
resonance with the excitation laser were seen in the Raman 
mapping image. The appearance of the signal from WS2 was 
due to the PL of the B exciton (~ 530 nm) [16]. The Raman 
spectra obtained from different spots marked in Fig. 1(c) were 
shown in Fig. 1(e), that is, on WS2 (blue curve), on a selected 
SWNT (SWNT#1, black curve), and on the SWNT/WS2 

 
Figure 1 (a) The scheme of the structure of SWNT/WS2 mixed dimensional vdW heterostructure and the charge transfer process. (b) and (c) Optical 
microscope (OM) and SEM images of SWNT/WS2 mixed-dimensional heterostructures. (d) The Raman mapping of the G peak of SWNT at 1,592 cm−1. 
(e) The Raman spectra chosen from three sites marked in (d) as red, blue and black which represent SWNT/WS2, WS2 and SWNT. 
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heterostructure (red curve). From the Raman spectrum of 
WS2, the in-plane mode E1

2g and out-of-plane mode A1g of 
WS2 were observed at 359.3 and 420.1 cm−1, respectively. The 
difference of Raman frequencies between these two modes 
Δω = 60.8 cm−1, corresponding to a monolayer WS2 [17]. The 
Raman spectrum on the SWNT/WS2 heterostructure shows 
not only E1

2g and A1g modes of WS2 but also the G peak of 
SWNT #1 at 1,592 cm−1. The peak positions of both WS2 and 
the SWNT showed no shift on the SWNT/WS2 heterostrucutre, 
indicating that no observable strain effect exists between the 
SWNT and WS2 [16]. The Raman spectrum of SWNT#1 for 
488 nm excitation shows the radial breathing mode (RBM) 
at 127.8 cm−1, indicating that it is metallic according to the 
Kataura plot [12]. 

The corresponding PL mapping image (integrated intensity 
between 625−635 nm) of this SWNT/WS2 heterostructure is 
shown in Fig. 2(a). By comparing to the Raman mapping image 
in Fig. 1(d), the SWNT #1 can be clearly seen. It is also marked 
by the white dashed rectangle and the magnified image is 
shown at the bottom of Fig. 2(a). Figure 2(b) exhibits the PL 
spectra of WS2 (green) and SWNT/WS2 (red), respectively. It 
has been reported that the PL peak of monolayer WS2 consists 
of components from exciton A and trion A−, which represent 
the direct transition process at the K point and differ very 
slightly in energy [18−22]. The fitted curves are shown in the 
inset, respectively, both showing two components of A and A−. 
On monolayer WS2 without SWNT (green curves), the peak 
position of the exciton A is at 1.98 eV and that of trion A− is  
at 1.95 eV under excitation of 488 nm laser with a power of 
0.42 mW. However, on the SWNT/WS2 heterostructure (red 
curves), the peak position of the exciton shows a redshift while 
that of trion does not. The total PL intensity is also enhanced 
at the SWNT/WS2 heterostructure. In order to confirm the 
spectral change along the SWNT, the PL spectra of ten different 
spots were selected (marked from 1 to 10 in the bottom image 
of Fig. 2(a)) and plotted in Fig. S3 in the Electronic Supple-
mentary Material (ESM). The spots 1−5 are located on WS2, 
which are 400 nm away from SWNT#1, and 6−10 are on the 

SWNT/WS2 heterostructure. Figure 2(c) shows the corresponding 
integrated PL intensities of exciton and trion from the ten spots, 
and Fig. 2(d) shows the peak positions of exciton and trion, 
respectively. The increase of intensities of both exciton and 
trion along the SWNT is clearly seen from Fig. 2(c). However,  

the intensity ratio between trion and exciton A

A

I
I

-  is decreased  

(the right y-axis in Fig. 2(c)). As plotted in Fig. 2(d), the peak 
position of exciton A was redshifted about 3 meV, while the 
trion A− peak position remained almost the same. The right 
y-axis represents the difference between exciton and trion 
energies determining the dissociation energy of trion [23, 24]. As 
a result, the trion dissociation energy is measured to be 34 meV 
on WS2 and decreases due to the coupling to SWNT#1. 

It has been reported that the decreasing of charge density in 
MoS2 resulted in the redshift of excitons and enhanced PL [25]. 
Apparently, the redshift of exciton peak and the increase of PL 
intensity observed in our experiments indicate the decrease of 
charge density at the interface of SWNT/WS2, and thus the 
charges transfer from WS2 to SWNT#1. It has been reported 
that the intensity of trion is independent on the charge density 
under the excitation power below 40 μW [24, 25]. In our 
experiments, the excitation power was up to 0.42 mW, and the 
contribution of trion to PL could be dominant due to the more 
excited electrons in the conduction band and be sensitive to 
the charge density [26−28].  

Under chemical and electrical doping of 2D TMD materials,  

both the ratio A

A

I
I

-  and trion dissociation energy are related to  

charge density [24, 25, 29, 30]. The intensity ratio between trion 
and exciton can be written as [29, 31]   

2
e bA A A

A A A e b b

γ π
exp

4
I m n E
I γ m m k T k T

- - -æ ö æ ö÷ç ÷ç÷= ÷ç ç÷ ÷çç ÷ç è øè ø


        (1) 

in which γA− and γA are radiative decay rates of trion and exciton, 
and mA− and mA are effective masses of trion and exciton, 

 
Figure 2 (a) PL mapping of the SWNT#1/WS2 heterostructure. The bottom image is the magnified area marked by the white dashed rectangle. (b) PL
spectra of WS2 with (red) and without (green) the SWNT#1. The inset gives the corresponding fitting curves composed of exciton and trion, respectively. 
(c) and (d) The peak intensities and positions of ten PL curves marked in (a) by green spots. The spots 1−5 are located on WS2 400 nm away from the 
SWNT. Spots 6−10 are located on the SWNT/WS2 heterostructure. The blue scatters in (c) represent the intensity ratio of trion and exciton. The blue
scatters in (d) are the difference of energy between exciton and trion. 
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respectively. me is the effective mass of electrons, ne is the charge 
carrier density and Eb is the binding energy of trion. For limited  

doping, only en  is considered as the variable. Thus A

A

I
I

-  is 

proportional to the carrier density ne. Accordingly, the decrease  

of A

A

I
I

-  shown in Fig. 2(c) evidenced the decrease of charge  

density at the interface of SWNT/WS2. The difference between 
the peak positions of exciton and trion is [25, 27, 32] 

ωA – ωA− = Eb + EF                 (2) 
where ωA and ωA− are the PL peak energies of exciton and 
trion, and EF is Fermi level of WS2 that is proportional to ne, 
respectively [25, 32]. Therefore, the difference between PL 
peak energies of exciton and trion is also proportional to ne. 
The blue dots in Fig. 2(d) further confirmed that the charge 
density at the interface of the SWNT/WS2 was lower than that 
in pure WS2.  

The charge transfer between WS2 and SWNT depends on 
the energy band structure of SWNTs. The heterostructure 
constructed by monolayer WS2 and another SWNT (SWNT#2) 
was also studied. Figure 3(a) shows the Raman mapping image 
of the G+ (1,594.5 cm−1) peak of the SWNT#2 in the hetero-
structure, where the SWNT can be clearly seen. The corre-
sponding Raman spectra of the marked sites in Fig. 3(a) are 
exhibited in Fig. 3(d). From the Raman spectrum of SWNT#2 
(black curve), the RBM peak is observed at 179.6 cm−1 and the 
G peak is split into two Lorentz peaks G− and G+. From the  
G peak and the position of RBM peak, this SWNT can be 
assigned as a semiconducting one [12, 33]. Similar to that in 
the SWNT#1/WS2 heterostructure, no peak shift was observed 
for both E1

2g and A1g modes of WS2. Figure 3(b) shows the PL 
mapping of integrated intensity between 630−640 nm. The 
dark fringe represents SWNT#2 marked in Fig. 3(a) under 
WS2, and it shows that the total PL intensity is weakened at the 
interface between SWNT#2 and WS2. Although the slight 
difference in PL intensity is observable in the mapping image, 
however, the far-field PL spectra displayed in Fig. 3(e) do not 
show clear enough difference. Thus, SNOM characterization 
was performed and the corresponding PL spectra on WS2 and 

SWNT/WS2 were shown at the bottom of Fig. 3(e). A larger 
spectral difference than that in the far-field can be observed. 
The corresponding PL mapping of spectral median from the 
marked area in Fig. 3(b) was shown in Fig. 3(c). 

PL spectra of ten spots were chosen from the near-field PL 
mapping image marked as 1−10 in Fig. 3(c). The corresponding 
PL spectra are given in Fig. S4 in the ESM. Figures 3(f) and 3(g) 
display the intensities and peak positions of exciton and trion, 
respectively. From Fig. 3(f), it is directly observed that exciton 
is dominant in the PL, which is different from that in Fig. 2(c). 
This is because the excitation laser power is ~ 30 μW at the 
aperture of the SNOM tip, much lower than that in the far-field 
PL mapping of SWNT#1. It has been reported that as the 
excitation laser power increases, the dominant contribution  
to PL changes from exciton to trion due to photon-induced 
electrons doping [27, 28]. The PL intensity of exciton peak is 
reduced at the interface of SWNT#2/WS2 while that of trion 
peak almost remains the same. The blue scatters are the intensity  

ratio A

A

I
I

- , which is related to the change of local charge density 

of WS2 at the SWNT/WS2 interface. The increase of A

A

I
I

-   

indicates that the local charge density is increased due to the 
contact with SWNT#2, and thus the charges transfer from the 
SWNT to WS2. It can be seen in Fig. 3(f) that the PL peak of 
exciton in the heterostructure blue-shifts by about 1 meV, while 
that of trion is red-shifted by about 1 meV. The peak shifts further 
confirm that the local charge density in WS2 in the 1D/2D 
heterostructure is higher than that in pure WS2 [24, 25, 29]. 
Table S1 in the ESM gives the average values of PL peak energy 
and intensity of the selected spectra from both the SWNT#1/ 
WS2 and SWNT#2/WS2 heterostructures. 

Figure 4(a) shows the diagram of charge transfer process in 
the heterostructures based on the above experimental results. 
It has been reported that pristine monolayer WS2 on SiO2 
substrate is n-doped [27, 30, 34]. The energy band diagrams 
of nanotubes schematically represent the chosen SWNT#1 of 
metallic type and SWNT#2 of semiconducting type [35, 36].  
For the SWNT#1/WS2, the Fermi level of the nanotube is lower 
than that of WS2, so that the charge transfer occurs from WS2 

 
Figure 3 (a) Raman mapping of the G+ peak of SWNT#2 for SWNT#2/WS2 heterostructure. (b) PL mapping of integrated intensity between 630 and
640 nm. (c) Near-field mapping of spectral median of the zone marked in (b) by the white dotted box. (d) The Raman spectra chosen from three sites
marked in (a). (e) PL spectra of WS2 with (red) and without (green) SWNT#2 obtained from ((b), far-field) and ((c), near-field), respectively. (f) and (g)
The peak intensities (f) and positions (g) of ten PL spectra from (c). The blue scatters in (f) represent the intensity ratio of trion and exciton, and in (g)
represent the peak energy difference between exciton and trion.  
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to the carbon nanotube and the local charge density of WS2 at 
the interface decreases. This process causes the decrease of 
energy difference between exciton and trion and the decrease  

of intensity ratio A

A

I
I

- . Instead, the charge transfer occurs from  

SWNT#2 to monolayer WS2, which causes the local charge 
density to increase in WS2 for the SWNT/WS2 heterostructure. 
This process enhances the formation rate of trion and lowers 
the relative intensity of exciton. The energy difference between 
exciton and trion is increased at the same time.  

The excitation laser power dependent PL spectra were 
measured on the two heterostructures in order to further confirm 
the charge transfer. As shown in Figs. 4(b) and 4(c), when the 
excitation power increased from 2.5 to 184 μW, the total PL 
intensity increased and the main contribution to the PL 
changed from excitons to trions. This can be explained by the 
increased photon-induced carriers that facilitate the formation 
of trions [16, 32, 37]. The increase of photon-induced carriers 
also leads to the lifting of the quasi-Fermi level of WS2 [23, 38]. 
Therefore, the energy difference between WS2 and SWNT#1 is 
increased and that between WS2 and SWNT#2 is decreased. The 
difference of charge density between SWNT/WS2 heterostructure  

and WS2 is related to the difference of A

A

I
I

-  measured for WS2,  

defined as 
2 2

A A

A A SWNT / WS WS
.Δ A

A

I I I
I I I

- - -æ ö æ ö æ ö÷ ÷ ÷ç ç ç= -÷ ÷ ÷ç ç ç÷ ÷ ÷ç ç çè ø è ø è ø
 Figure 4(d) 

shows the dependence of AΔ
A

I
I

-æ ö÷ç ÷ç ÷çè ø
 for the two SWNT/WS2 

heterostructures to the excitation power. For SWNT#1/WS2, 

Δ A

A

I
I

-æ ö÷ç ÷ç ÷çè ø
 is always negative, meaning that A

A

I
I

-  for the SWNT#1/  

WS2 heterotructure is smaller than that on pure WS2, and the 
relative contribution of trions is decreased due to the coupling 
to SWNT. With increasing laser power from 2.5 to 184 μW, 

Δ A

A

I
I

-æ ö÷ç ÷ç ÷÷çè ø
 changes from −0.026 to −0.407. The further decreasing 

of Δ A

A

I
I

-æ ö÷ç ÷ç ÷÷çè ø
 indicates the increased charge transfer from WS2 

to SWNT#1 at higher laser power. While for SWNT#2/WS2, 

Δ A

A

I
I

-æ ö÷ç ÷ç ÷÷çè ø
 is positive, meaning that the relative contribution of  

trions is increased due to the coupling to SWNT#2, and the 
charge transfer occurs from SWNT#2 to WS2. With increasing 
laser power from 3.6 to 176.8 μW, it decreases slightly from 
0.042 to 0.016, indicating a decreased charge transfer from 
SWNT#2 to WS2 at higher laser power. It should be noted that 
for a different SWNT, the charge transfer and the modulation 
of excitons and trions depend on the energy band alignment 
between the SWNT and WS2. 

4 Conclusion 
In summary, we studied mixed dimensional vdW hetero-
structures consisting of monolayer WS2 and individual SWNTs, 
and observed different modulation of excitons and trions between 
two SWNT/WS2 heterostructures. For the SWNT#1/WS2 
heterostructure, PL of WS2 was enhanced and the peak of exciton 
got red-shifted, while for the SWNT#2/WS2 heterostructure, the 
peak of exciton in WS2 was blue-shifted and the PL intensity was 
weakened. These contrary phenomena in the two heterostructures 
are the consequence of opposite charge transfer directions 
occurred at the interface of SWNT/WS2 heterostructures. The 
excitation power dependent PL spectra further demonstrated 
the different charge transfer processes between SWNTs and WS2. 
Our results revealed the charge transfer and tunable excitonic 
behavior of SWNT/WS2 mixed dimensional vdW heterostructures, 
and can be useful for future optoelectronic applications based 
on 1D/2D mixed dimensional vdW heterostructures. 
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Figure 4 (a) The scheme of the opposite charge transfer processes in the different SWNT/WS2 heterostructures. (b) and (c) Excitation power dependent 
PL spectra from SWNT#1/WS2 (b) and SWNT#2/WS2 (c). Red curves were from heterostructures and blue curves were from monolayer WS2. (d) The 
different PL intensity ratio of trion and exciton as a function of laser power.  
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