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A heterojunction photodiode was fabricated from ZnO nanowires (NWs) grown on a p-type Si

(100) substrate using a hydrothermal method. Post growth hydrogen treatment was used to improve

the conductivity of the ZnO NWs. The heterojunction photodiode showed diode characteristics

with low reverse saturation current (5.58� 10�7 A), relatively fast transient response, and high

responsivity (22 A/W at 363 nm). Experiments show that the photoresponsivity of the photodiode is

dependent on the polarity of the voltages. The photoresponsivity of the device was discussed in

terms of the band diagrams of the heterojunction and the carrier diffusion process. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4767679]

Semiconductor nanowires (NWs) have garnered exten-

sive research interests due to their unique optical and electri-

cal properties.1,2 In particular, ZnO NWs are promising for

optoelectronic applications including ultraviolet (UV) light-

emitting diodes (LED), UV laser diodes, and UV photodetec-

tors for their wide band gap (3.37 eV), large exciton binding

energy 60 meV, and high photoconductive gain.3–5 The de-

velopment of a ZnO pn junction has been limited by the dif-

ficulty of growing p-type ZnO. However, heterojunctions

with ZnO NWs have been developed with p-type substrates

including silicon.6–9 The traditional bottom up approach is

often employed which causes poor conductivity and high

density of surface defects. Post growth hydrogen treatment is

a simple and efficient method for the conductivity enhance-

ment, which is intensively investigated both theoretically

and experimentally.10–14 The conductivity of ZnO could be

enhanced by up to three orders of magnitude without signifi-

cant changes in the structure and crystal orientation of the

wurtzite type ZnO nanostructures.12 The conductivity

enhancement could be attributed to the introduction of shal-

low donor states such as the VO-H complex and the hydro-

gen interstitial.15,16 Also, the passivation effect on the

defects could reduce carrier scattering centers and hence has

the potential to increase the electron mobility.17

In this study, heterojunction photodiode was fabricated

based on highly vertically aligned hydrogen treated ZnO

NWs grown on top of p-Si substrate through hydrothermal

method. A similar growth method has been reported by

Ghosh and Basak for quasialigned ZnO NWs/p-Si hetero-

junction photodiode.8 The heterojunction photodiode in this

work shows a low reverse saturation current and relatively

fast time response. The photoresponsivity spectra of the de-

vice in the UV and visible regions depend on the polarity of

the applied voltages, which is explained in terms of energy

band structure and carriers transportation mechanism inside

the heterojunction structure.

All chemical reagents were purchased from Sigma-

Aldrich and used without further purification. Ammonium

hydroxide (28 wt. %) was added dropwise into 0.1M 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 silicon sub-

strate with ZnO nanoparticles (NPs) as a seed layer was sus-

pended 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 thor-

oughly washed with deionized water and absolute ethanol

for several times and dried in air at room temperature fol-

lowed by post-annealing treatment in Ar/H2 (ratio, 96:4)

atmosphere at 400 �C for 2 h. In order to form good metal

contact on top of the ZnO NWs, a thin layer of the

polyvinyl-alcohol (PVA) coated ZnO NPs was spin coated

on top of the ZnO NWs to cover the space between ZnO

NWs. Detailed discussion about the optical properties of the

PVA coated ZnO nanoparticles (PVA-ZnO NPs) can be

found in our previous work.18 Finally, 250 nm aluminum

was deposited on top of ZnO NWs and p-Si through a

shadow mask by E-beam evaporator to form the contacts of

the photodiode.

Figure 1(a) illustrates the three dimensional view of the

structure of the photodiode. Top contacts with interdigitated

patterns were used to enhance the carrier collection effi-

ciency. The morphologies of the PVA-ZnO NPs and the

hydrogen treated ZnO NWs are shown in Figures 1(b) and

1(c), respectively. Note that the average diameter of the

PVA-ZnO NPs and for ZnO NWs is about 150 nm and

250 nm, respectively. The length of the ZnO NWs can be

easily controlled by varying the reaction time. The Raman

spectra presented in Figure 1(d) proves the high quality of

the hydrogen treated ZnO NWs.19

The I-V characteristic of the fabricated heterojunction

photodiode is shown in Figure 2, which was measured under
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dark environment. The ideality factor n was determined to

be 12.36 by fitting the measured I-V curve. The breakdown

was observed at �38.6 V, higher than all published results

for n-ZnO/p-Si heterojunctions.20–24 The reverse saturation

current is 5.58� 10�7 A, which is between the reported val-

ues 2� 10�5 A and 0.17� 10�9 A.7,8 Under forward bias

voltages, the dark current 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.8,25 The constant a was evaluated to be 2.5 V�1

by fitting the experimental data as shown in Figure 2. The

inset of Figure 2 presents both the dark current and photocur-

rent measured with UV illumination (340 nm). Under for-

ward bias conditions, no significant changes in the current

occurred upon illumination with UV light. In contrast, the

photocurrent to dark current ratio is about 6–7 under reverse

bias conditions. The transient response of the ZnO NWs/p-Si

heterojunction photodiode is shown in Figure 3, which was

measured by turning on and off a 340 nm UV LED. The ris-

ing time (as measured from 10% to 90%) and falling time

(from 90% to 10%) of the device were measured to be 0.29

and 0.34 s, respectively. The relatively fast time response is

likely due to the conductivity improvement and the surface

passivation of the ZnO NWs by hydrogen treating.

The photoresponsivity spectra of the ZnO NWs/p-Si het-

erojunction photodiode under reverse and under forward bias

conditions are shown in Figures 4(a) and 4(b), respectively.

A maximum responsivity of 22 A/W for UV light (363 nm)

at 20 V reverse bias was observed. According to the best of

our knowledge, this responsivity is at least 30 times higher

than most of the published results.6,26–29 However, this is

lower than the responsivity of n-ZnO/p-Si heterojunction

photodiode fabricated using DC magnetron sputtering

method reported by Kosyachenko et al., which can reach to

210 A/W at 390 nm with �5 V bias.30 Under reverse bias

conditions, a monotonous increase of the photoresponsivity

with increasing wavelength was observed in the visible range

(450–800 nm). In contrast, the responsivity in the visible

FIG. 1. (a) 3D view of heterojunction photodiode

fabricated from ZnO NWs grown on top of p-Si sub-

strates. (b) A SEM image showing the morphology

of the PVA coated ZnO nanoparticles on top of the

ZnO NWs and (c) hydrogen treated ZnO NWs on

top of p-Si substrates. (d) Raman spectra of the

hydrogen treated ZnO NWs on top of p-Si substrate.

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

Inset: I-V curve measured under dark and under UV illumination.

FIG. 3. Time response of the ZnO NWs/p-Si heterojunction photodiode with

a 0.29 s rising time and 0.34 s falling time measured under ambient

conditions.
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region when forward biased was relatively low and remains

nearly unchanged with increasing wavelength. It is also

found that the UV responsivity under the forward biased

condition is slightly lower than that under reverse bias condi-

tions. These photoresponse results can be understood by re-

ferring to the energy band diagram and a carrier transport

mechanism of the heterojunction structures under in the

insets of Figures 4(a) and 4(b), respectively.

The optical bandgap of the ZnO NWs is dependent on

the growth temperature of the hydrothermal process, which

can vary from 3.28 eV to 3.41 eV.31–33 In this work, the

bandgap of the ZnO NWs is determined to be 3.37 eV from

the absorption measurement (not shown here). Based on the

Anderson’s model,34 the heterojunction has a small conduc-

tion band offset 0.3 eV and a large valance band offset

2.55 eV. Since ZnO is highly transparent to light in the visi-

ble region, most of the visible light will be absorbed in the p-

Si substrate and generate electron-hole pairs (EHP). Under

reversed bias conditions, these photogenerated electrons will

pass through the interfacial barriers easily and drift toward

the ZnO NWs region driven by the external electrical field.

At the same time, the photogenerated holes will drift toward

the contacts in the p-Si side and be collected to form the pho-

tocurrent signal. To the contrary, when the heterojunction is

forward biased, the photogenerated holes in the p-Si side

will drift toward the ZnO NWs region but they cannot get

over the high potential barriers in the interfacial region.

Thus, the visible photoresponsivity under forward bias con-

ditions is mainly due to the transportation of photogenerated

electrons (minority carriers) in p-Si, which is very low in

magnitude.

For the slightly lower UV photoresponsivity observed

under forward bias condition, the mechanism is similar as

that of in the visible region. Due to the limited penetration

depth of UV light (36–40 nm) in ZnO, most of the UV light

is absorbed by ZnO NWs.27 When reverse biased, the UV

generated EPH can easily move across the interfacial region

and be collected by the contacts. However, under forward

bias conditions, the UV generated electrons in the ZnO NWs

region will move toward the p-Si side and therefore need to

pass through a small potential barrier in the interfacial

region. Since this barrier is small (0.3 eV), most of the UV

generated electrons can get over this barrier and finally be

collected by the contacts in the p-Si side.

In conclusion, ZnO NWs/p-Si heterojunction photodiode

was fabricated using a simple hydrothermal method followed

by post growth hydrogen treatment. The heterojunction pho-

todiode shows low reverse saturation current, relatively fast

transient response, and high responsivity. The photorespon-

sivity spectra of the device in the UV and visible regions are

dependent on the polarity of the applied voltages, which is

due to the large valance band offset and carrier transportation

mechanism inside the heterojunction structure.
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