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A heterojunction photodiode was fabricated from multiwalled carbon nanotubes (MWCNTs)/ZnO

nanowires/p-Si (100) substrate composite structure. The heterojunction photodiode demonstrated a

faster transient response and higher responsivity than the reference sample without deposition of

MWCNTs, which is attributed to improved carrier collection and transport efficiency through the

MWCNTs network. The high photoresponsivities of the devices are explained in terms of

operation as a hybrid of photodiode and photoconductor modes. The spectral response of the

devices showed dependence on voltage polarity and is attributed to the high valance band offset in

the interfacial region of ZnO and p-Si substrate. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4776691]

As a wide band gap semiconductor material, ZnO has

drawn much attention due to its unique optical and electrical

properties including wide band gap (3.37 eV), large exciton

binding energy 60 meV, high photoconductivity gain, and

strong resistance to high energy proton irradiation.1,2 In par-

ticular, ZnO nanowires (NWs) are promising for optoelec-

tronic applications including ultraviolet (UV) light-emitting

diodes (LED), UV laser diodes, and UV photodetectors.3–5

By now, many methods have been used to synthesize ZnO

NWs, including physical vapor depositions,6 hydrothermal

methods,7 electrochemistry depositions,8 metal-organic

chemical vapor depositions (MOCVD),9 and sol-gel synthe-

sis methods.10 However, most obtained ZnO NWs have high

density of interspaces, which reduce the quality of metal

contacts and carrier collection efficiency. To fabricate highly

sensitive ZnO NWs based UV photodetectors, it is essential

to develop a method to improve the carrier collection effi-

ciency without significantly adding cost or processing steps.

In this study, a heterojunction photodiode was fabricated

using a multiwalled carbon nanotubes (MWCNTs)/ZnO

NWs/p-Si structure. The MWCNTs network as electrode

reduce the series resistance of the ZnO NWs array and there-

fore effectively improved carrier collection and transportation

efficiency, leading a faster transient response and higher pho-

toresponsivity compared with the reference sample without

deposition of the MWCNTs network. The photoresponsivity

spectra of the devices in the UV and visible regions depend

on the polarity of the applied voltages, which is explained in

terms of energy band structure and the carrier transportation

mechanism inside the heterojunction structure.

Ammonium hydroxide (28 wt. %) was added dropwise

into 0.1 M zinc chloride solution until the pH is 10-11 and

the solution was clear. Subsequently, the transparent solution

was transferred to a Teflon-lined autoclave (Parr, USA) and

the p-Si substrate (boron, 1015 cm�3) with ZnO nanoparticles

as a seed layer was suspended in the solution at 95 �C for 3 h

in a regular laboratory oven. Then, the growth solution was

cooled down to room temperature naturally. The resulting

substrate was thoroughly washed with deionized water and

absolute ethanol for several times and dried in air at room

temperature. After the growth of ZnO NWs, MWCNTs with

carboxyl functionalized group were resolved in dimethylfor-

mamide (DMF) and deposited onto the top of ZnO NWs to

form MWCNTs network. Then aluminum (Al) contacts were

deposited on top of the sample using E-beam evaporation

through a shadow mask. The Al contacts had a thickness of

about 250 nm and were patterned as interdigitated fingers.

The inter-electrode distance is approximately 4 mm. Finally,

the photodetector was packaged and wire bonded using Epo-

Tek H20E conductive epoxy and was labeled as D1. For

comparison, another heterojunction photodiode without dep-

osition of the MWCNTs network was fabricated through the

same process and was labeled as D2.

Figure 1(a) illustrates the 3 dimensional view of the pho-

todiode. Top contacts with interdigitated patterns were used

to enhance the carrier collection efficiency. The Raman spec-

tra presented in Figure 1(b) prove the high quality of the

ZnO NWs. The morphologies of the ZnO NWs before and

after the deposition of MWCNTs are shown in Figures 1(c)

and 1(d), respectively. Note that the average diameter and

length of the ZnO NWs are about 80 nm and 650 nm, respec-

tively. The sheet resistance of the MWCNTs network was

measured using a similar MWCNTs network deposited on

glass, which was determined to be 53 X/square.

The typical I-V characteristics of D1 and D2 were meas-

ured under dark environment and illumination by a 335 nm

UV LED with intensity of 31.65 mW/cm2, as shown in

Figure 2. The reverse saturation current (at �3 V) of D1 and

D2 was determined to be 2.1� 10�5 A and 9� 10�6 A,

respectively. The inset of Figure 2 is the log scale of the

measured photocurrent and dark current. The photocurrent to

dark current ratio is about 6–9 for both devices when reverse
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biased. The higher dark current and photocurrent of D1 are

due to the improved conductivity by applying the MWCNTs

network. The dark current under forward bias increases

exponentially following the equation, I� exp(aV), which is

usually observed in the wide band gap p-n diodes due to a

recombination-tunneling mechanism.11,12 The constant a for

D1 and D2 was evaluated to be 0.39 V�1 and 0.27 V�1,

respectively.

The transient response of D1 and D2 is shown in Figure

3(a), which was measured by turning on and off a 335 nm

UV LED. The rise time (as measured from 10% to 90%) and

fall time (from 90% to 10%) of D1 were measured to be

0.09 s and 0.08 s, respectively. This is much faster than D2,

for which the rise time and fall time were measured to be

2.1 s and 1.5 s, respectively. D1 is also more than 20 times

faster than other reported ZnO NWs/p-Si heterojunction pho-

todiodes.12,13 The relative fast transient photoresponse can

be understood from the energy band diagram and carrier

transportation process of the ZnO NWs/MWCNT interface

shown in Figures 3(b) and 3(c). The electron affinity for ZnO

is about 4.2 eV and the Fermi level of the MWCNT is known

to be 4.3–5.1 eV below the vacuum level.14,15 Thus, it is en-

ergetically favorable for the electron to transfer from the

ZnO to the MWCNTs when they are in contact with each

other. Under UV illumination, the photogenerated electrons

reach the ZnO conduction band and then transfer to the

MWCNTs. Due to the semi-metallic property of the

MWCNTs,16 the composite structure is expected to have bet-

ter conductivity and therefore reduce the series resistance

effect in the bare ZnO NWs array. This effectively enhances

the electron–hole separation and improves carrier transport

in the composite structure, leading to a faster rise of the pho-

tocurrent. When the UV illumination is turned off, excess

electrons in the MWCNTs side transfer to the ZnO side and

recombine with the holes, which is an inherently fast pro-

cess.17 Note that the on/off ratio for both D1 and D2 is low

(<10), which is attributed to high dark current of the two

devices. Further improvement of the transient response and

the on/off ratio may be done using oxygen plasma treatment

reported by Liu and Kim, which can significantly improve

the time response (50 ls) and on/off ratio (�1000) of ZnO

epitaxial films by reducing surface oxygen vacancies.18

Moreover, surface passivation using polymethyl methacry-

late (PMMA) or polyvinyl-alcohol (PVA) can also effec-

tively reduce the density of surface defects, leading lower

dark current and hence higher on/off ratio.19–21

The photoresponsivity spectra of the D1 and D2 under

reverse and under forward bias conditions are shown in Figure

4. A maximum responsivity of 4.7 A/W for UV light (365 nm)

at 2 V reverse bias was observed for D1, which is 3 times

higher than that of D2. The higher photoresponsivity of D1 is

attributed to the improved carrier collection and transport effi-

ciency as a result of improved device integrity by applying

MWCNTs network. Moreover, the photoresponsivities of D1

and D2 are much higher than most of the published results

regarding ZnO/p-Si heterojunction photodiodes,22–27 which is

FIG. 1. (a) 3 dimensional view of heterojunction photodiode fabricated from

ZnO NWs grown on top of p-Si substrates. (b) Raman spectra of the ZnO

NWs on top of p-Si substrate. (c) High resolution SEM images showing the

morphology of the ZnO nanowires before deposition of MWCNTs network

and (d) with MWCNTs network on the top.

FIG. 2. I-V curve of the photodiode measured under dark environment.

Inset: log scale of the I-V curve measured under dark and under UV

illumination.

FIG. 3. (a) Transient response of D1 and D2 measured by turning on and off

a 335 nm UV LED. (b) Band diagram of Al/ZnO NWs/MWCNT system. (C)

Carrier transport process of the ZnO NWs/MWCNT interface.

021107-2 Shao et al. Appl. Phys. Lett. 102, 021107 (2013)

Downloaded 11 Feb 2013 to 129.161.51.90. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



attributed to high internal gain originates from the ZnO NWs.

It is widely accepted that the surface oxygen molecules

adsorption and desorption process can introduce high internal

gain for ZnO NWs.3,28 Since the ZnO NWs in this work are

long (>500 nm), the longitudinal transport of photogenerated

carriers would then be governed by both the depletion region

of the ZnO/p-Si junction and the remaining lengths of the

ZnO NWs. Therefore, the device structures here are likely to

operate as a hybrid of both photodiode and photoconductor

modes. For both devices D1 and D2, two bands were observed

for photoresponsivity spectra under reverse bias condition.

The first band is in the UV region (250–375 nm), while the

second band located at the visible region (450–800 nm). In

contrast, the responsivity in the visible region was in the noise

level when forward biased. The voltage polarity dependence

of the responsivity spectra is attributed to the high valance

band offset in the interfacial region of ZnO and p-Si substrate,

which block the movement of the photogenerated holes from

p-Si to ZnO NWs.27

In conclusion, MWCNTs network as electrode was de-

posited on ZnO NWs/p-Si heterojunction photodiode grown

by hydrothermal process. Fast transient response with rise

time 0.09 s and fall time 0.08 s was observed for the photo-

diode with MWCNTs network. The photodiode also showed

higher responsivity in the UV region (4.7 A/W at 365 nm,

2 V) compared with the reference sample and most of the

reported works. The faster transient response and the higher

photoresponsivity are attributed to better integrity of the de-

vice and reduced series resistance effect by applying the

MWCNTs network, which effectively improved carrier col-

lection and transport efficiency. The operation of devices in

this work is discussed as a photodiode and photoconductor

hybrid, which introduce the high internal gain and therefore

high photoresponsivities. The voltage polarity dependence of

the responsivity spectra is due to the high valance band offset

in the interfacial region of ZnO and p-Si substrate.
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