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Abstract 
 
Enhanced near band-edge (NBE) emission was observed from composite structures fabricated 

from a PVA coated ZnO (PVA-ZnO) nanoparticle thin film embedded with multi-walled carbon 
nanotubes (MWCNTs). The enhancement is attributed to the resonant coupling between the 
bandgap transition of the semiconductor and the surface plasmon (SP) of MWCNTs. Moreover, 
the PVA-ZnO/MWCNTs/PVA-ZnO composite structures show faster transient response, which 
is due to the carrier transportation process in the composite structure. Reductions are observed 
for both photocurrent to dark current ratio and intensity of photoresponsivity, demonstrating a 
tradeoff between the time transient response and the detectivity. 
 

Introduction 
ZnO is a wide band gap semiconductor material and has attracted extensive research effort due to 
the wide range of promising applications, including: field effect transistors (FET) [1-3], gas 
sensing [4-6] and optoelectronic devices [7-9]. Recently, ZnO based composite structures have 
received much attention because they can tune or improve material properties that are not easily 
achievable by using ZnO alone. For example, strongly enhanced UV emissions are observed for 
metal/ZnO composite structures, which are mainly due to the surface plasmon resonance (SPR) 
effect [10-12]. This effect is also demonstrated for graphene/ZnO and single-walled carbon 
nanotubes (SWCNTs)/ZnO composite structures [13-14]. Moreover, MWCNTs/ZnO composite 
structure show not only enhanced UV emission, but also improved the transient photoresponse 
[15-16]. However, to our knowledge, a systematic analysis of both the material and device 
properties for a MWCNTs/ZnO nanoparticle composite structure has not been studied. Therefore, 
here we report UV photodetectors employing PVA-ZnO/MWCNTs/PVA-ZnO composite 
structures with various parameters of the embedded MWCNT. The composite structures show 
enhanced UV emission, faster transient photoresponse, but a reduced photocurrent to dark 
current ratio and reduced photoresponsivity.  
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Figure 1. High resolution SEM image of multi-walled carbon nanotubes (MWCNTs) with 
different average external diameters: (a) 15nm, (b) 25nm, (c) 40nm, and (d) 65nm 

 

Experiment 
 

The ZnO nanoparticles used in this study are made by a top-down wet-chemical etching 
method [17]. The average diameter of the PVA-ZnO nanoparticles is 150 nm. The steps used to 
fabricate the PVA-ZnO/MWCNTs/PVA-ZnO composite structure are as follows. First, the 
PVA-ZnO nanoparticles were dispersed in ethanol to form a 30 mg/ml suspension. Then the 
solution was spin-coated onto quartz substrate and annealed in air at 120  for 5 min. In four 
separate solutions, uniform MWCNT suspensions were made by dispersing 10 mg of MWCNT 
(purchased from US Research Nanomaterials, Inc) with average external diameters varying from 
15nm to 65 nm in 50ml ethanol. Each solution was sonicated for 1 hour. The MWCNTs were 
then spin-coated on top of four identical samples of PVA-ZnO nanoparticle thin film. The 
thickness of the MWCNTs network was controlled by changing the number of coatings. Finally, 
another 5 layers of PVA-ZnO nanoparticles thin film was deposited on top of the MWCNTs 
network. The high resolution SEM images of MWCNTs with different external diameters are 
shown in figure 1 and the schematic view of the composite structure is shown in figure 2. 
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Figure 2. High resolution SEM image of PVA coated ZnO nanoparticles. The inset is the 3D 
view of photoconductor fabricated from PVA-ZnO/MWCNTs/PVA-ZnO composite structure 
with interdigitated aluminum contacts. 

 
The following characterization methods were used to determine the material and optical 

characteristics of the PVA-ZnO/MWCNTs/PVA-ZnO composite structure. A Carl Zeiss Ultra 
1540 dual beam scanning electron microscope (SEM) was used to determine morphology of the 
MWCNTs and PVA-ZnO nanoparticles. Photoluminescence (PL) spectra were measured using a 
Spex Fluoro log Tau-3 spectrofluorimeter. Transient current response and photocurrent to dark 
current ratio were measured using a HP4155B semiconductor parameter analyzer. All 
measurements were performed at room temperature in air. 
 

Results and Discussions 

 
Figure 3 illustrates the room temperature PL spectra measured for different samples of 

PVA-ZnO with 10 layers of MWCNTs. Each sample has MWCNT with a specific external 
diameter. The first peak around 380 nm is due to NBE recombination while the second peak 
around 540 nm originates from deep defect levels induced by oxygen vacancy defects [18-20]. 
The enhancement factor is defined as the ratio of the intensity of PL peak for the composite 
structure samples to that of the PL peak for reference sample of bare PVA-ZnO. The 
enhancement factor for NBE recombination (white pillar) and defect level emission (dark pillar) 
is presented in the inset of figure 3.  Surface plasmon resonance (SPR) is the cause of PL 
enhancement. In the interface of the MWCNTs/PVA-ZnO nanoparticles, the SP frequency is 
determined by [14, 15] [21]:  
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Figure 3. Room temperature PL measured of thin films fabricated with CNTs/PVA-ZnO 
composite structure and from bare PVA-ZnO nanoparticles. The inset shows the enhancement 
factors for the two bands (One with a peak wavelength at 380 nm and the other with a peak 
wavelength at 540 nm) in the PL spectra. Inset: The gray and yellow bars represent enhancement 
factors for the 380 nm band and 540nm band respectively. 
 ω = ω1 + ε  

Where ωp is the bulk plasmon frequency and ε2 is the dielectric constant of the medium below 
the MWCNTs. In the concept device shown in Figure 2, we can assume that due to the inherent 
nature of the interface between the MWCNTs and ZnO nanoparticle there are gaps causing the 
MWCNTs to be in direct contact with air. So the dielectric constant of the medium, ε2, can be 
taken to be 1 and ωsp can be reduced to: ω = ω√2 

The bulk plasma frequency of a CNT bundle is given by [14]: 
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Figure 4. Room temperature PL measured for composite structures with varying thickness of 
MWCNTs with external diameter of 25 nm. The inset is peak intensity of the PL versus the 
number of MWCNTs layers embedded in the composite structure. 
 

ω = 4π ∗  

Where qz is the wave-vector component along the MWCNTs, nmw is the free electron density, 
ε1=2.4ε0 is the background dielectric constant of MWCNTs and ε0 is the dielectric constant of 
free space and m* is the effective electron mass. The MWCNTs can be regarded as one 
dimensional conductor and therefore qz/q =1 and free electrons mass are used for m*. The 
MWCNTs can be viewed as concentric structures with many single walled carbon nanotubes 
(SWCNT). Therefore, the free electron density of the MWCNTs can be calculated by:   = 8√3πa 1(d )  

In this expression, a = 0.249 nm is the lattice constant of the graphite sheet, n is the number 
of SWCNTs in each MWCNT and dn is the diameter of the concentric SWCNTs. The distance 
between each wall of the concentric SWCNT is 0.34 nm and the diameter of the inner SWCNT 
for S1-S4 is 7.5nm, 7.5nm, 8.5nm and 10nm, respectively (Parameters obtained from US 
Research Nanomaterials, Inc). n is calculated to be 11, 26, 46, 81 for S1-S4, respectively. By 



292

substituting these parameters into the above equations, we get the SPR frequencies for S1 to S4 
are: 3.97eV, 3.60eV, 2.87eV and 2.12eV, respectively. The calculated value of resonance 
frequency for S2 is close to the band gap of ZnO (3.3eV), which explains the best coupling effect 
observed for S2 compared with the S1, S3 and S4. 
   Figure 4 represents room temperature PL spectra as a function of number of MWCNTs layers 
for composite structures with MWCNTs with average external diameters of 25 nm. The number 
of MWCNTs layers range from 3 to 15 layers, which correspond to sample D1 to D4 respectively. 
The highest PL peak intensity was observed for sample D2. Increasing the number of MWCNTs 
layers beyond 6 layers reduces the PL peak intensity. This is likely due to the blocking of UV 
light with increasing layers which reduces the amount of light that can be absorbed by the 
PVA-ZnO layer. 

The time resolved photocurrent measured for bare PVA-ZnO and the composite structures 
(D1-D4) with varying number of coatings of MWCNTs layers are presented in Figure 5. The rise 
time can be represented by I = I (1 − e ⁄ )  while the fall time follows I = I (e ⁄ +e ⁄ ). Where τr is the rise time constant, τf1 correspond to the initial fast change of the fall time 
and τf2 represents the slow tails of the fall time. By fitting the above expression with the 
measured rise time and fall time curves, τr, τf1 and τf2 have been determined and are listed in 
Table 1. It shows that the PVA-ZnO/MWCNTs/PVA-ZnO composite structures have faster rise 
times and fall times than bare PVA-ZnO. 

Figure 5. Transient photocurrent of the bare PVA-ZnO and PVA-ZnO/MWCNTs/PVA-ZnO 
composite structures. 
 

D1 
D2 

D3 
D4 

Bare PVA-ZnO 
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Table 1. The value of photocurrent to dark current ratio, rise and fall time constants of the bare 
PVA-ZnO and PVA-ZnO/MWCNTs/PVA-ZnO composite structures. 

Sample        Iph/Id     τr(s)    τf1(s)     τf2(s) 

Bare PVA-ZnO  2.2 103   1.41s    0.25s    7.57s 

D1        6.9 102   0.74s    0.12s    5.67s 

D2        5.0 102   1.01s    0.17s    6.38s 

D3        2.1 102   0.64s    0.10s    5.46s 

D4        1.1 102   0.42s    0.05s    2.04s 

 
 

 
Figure 6. (a) Carrier transportation process and (b) Energy band diagram for 
PVA-ZnO/MWCNTs/PVA-ZnO composite structure. 

 
The improved transient photoresponse can be understood from the carrier transportation 

process and energy band diagram of the composite structure is shown in figure 6 (a) and (b). Due 
to the semi-metallic property of the MWCNTs, [22] the composite structure are expected to have 
better conductivity than the bare PVA-ZnO film. The electron affinity for ZnO is 4.35eV [15] and 
the Fermi level of the MWCNT is known to be 4.3–5.1 eV [23] below the vacuum level. Thus, 
when ZnO contact with the MWCNTs, it is energetically favorable for the electron to transfer 
from the ZnO to the MWCNTs. With UV illumination, the photogenerated electrons reach the 
ZnO conduction band and then transfer to the MWCNTs. Since MWCNTs are semi-metallic and 
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have better conductivity, there is less accumulation of the electrons on CNTs side. This enhances 
the electron–hole separation and improves carrier transportation in the composite structure, 
leading to a faster rise of the photocurrent. When UV illumination is turned off, the excess 
electrons in the MWCNTs side transfer to the ZnO side for recombination with holes which is a 
very fast process [15] [24], and thus the decay is faster than the bare PVA-ZnO nanoparticles. 

Although the PVA-ZnO/MWCNTs/PVA-ZnO composite structure proved to enhance PL 
emission and give a faster time response, the photocurrent to dark current ratio decreases as the 
thickness of the MWCNTs layers increase. This can be explained by two possible mechanisms. 
First, the reduced ratio can be attributed to increased dark current while the photocurrent is 
reduced. The increased dark current is due to the semi-metallic properties of the MWCNTs, 
which improved the conductivity of the composite structure. Yet, with increased number of the 
MWCNTs layers, less UV light can reach to the bottom PVA-ZnO layers, leading to a reduction 
in the number of photogenerated carriers. Second, it is well known that the oxygen molecules 
adsorb onto the surface of ZnO nanoparticles and capture nearby electrons to form an O2

- layer 
[O2(g)+e- O2

-(ad)], which leads to a formation of a space charge region near the surface of ZnO. 
Upon exposure to the UV light, the photogenerated holes will recombine with oxygen ions 
formed on the surface of ZnO nanoparticles [h+ +O2

-(ad) O2(g)], resulting in a decrease in the 

Figure 7. Photoresponsivity spectra measured for photodetectors fabricated from bare PVA-ZnO 
and from the composite structures embedded with different number of MWCNTs layers. 
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width of the depletion region. Thus, the space charge region effect contributes to 
photoconductive gain of ZnO nanoparticles. Due to the high surface to volume ratio, this effect 
can be significant for ZnO nanoparticles. However, after introducing the MWCNTs, the 
photogenerated carriers are likely to transfer to the MWCNTs side without reacting with the 
space charge region, as shown in figure 6 (a). Thus the space charge region effect is weakened, 
leading to reduced photoconductive gain for ZnO nanoparticles. In sum, there is a tradeoff 
between time response and photocurrent to dark current ratio. This conclusion is further 
supported by the photoresponsivity measurement, as shown in figure 7. The intensity of the 
photoresponsivity spectra decreases as the number of the MWCNTs layers increase, which 
agrees with the results shown in the transient response measurement. Two major peaks are 
observed, which are located at 375nm and 260nm, respectively. The first peak (375nm) is due to 
the band edge transitions in the ZnO nanoparticles while the second peak (260nm) origin is 
unclear and still under investigation. 
 

Conclusion 
In conclusion, UV photodetectors were fabricated from PVA-ZnO/MWCNTs/PVA-ZnO 

composite structures which show enhanced band edge emission and faster transient 
photoresponse. These enhancements are due to the SPR effect and the transfer of carriers from 
ZnO to the semi-metallic MWCNTs, respectively. The photocurrent to dark current ratio and 
photoresponsivity decreases as the number of MWCNTs layers increase, explained as the 
blocking of UV light of the MWCNTs layers from the PVA-ZnO layer.    
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