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A radial heterojunction nanowire diode �RND� array consisting of a ZnO �shell�/Si �core� structure

was fabricated using conformal coating of a n-type ZnO layer that surrounded a p-type Si nanowire.

In both ultraviolet �UV� and visible ranges, the photoresponsivity of the RND was larger than that

of a planar thin film diode �PD� owing to the efficient carrier collection with improved light

absorption. Compared to a PD, in the forward bias, a 6 �m long RND resulted in a �2.7 times

enhancement of the UV responsivity at �=365 nm, which could be explained based on the

oxygen-related hole-trap mechanism. Under a reverse bias, UV-blind visible detection was observed

while the UV response was suppressed. © 2011 American Institute of Physics.

�doi:10.1063/1.3543845�

One-dimensional semiconductor nanowires �NWs� have

attracted much attention for use in optoelectronic applica-

tions due to their unique optical and electrical properties.
1–3

In particular, ZnO NWs are considered a promising material

for light-emitting diodes, laser diodes, and photodetectors

because ZnO NWs have a wide band gap �3.37 eV�, large

exciton binding energy �60 meV�, and a high photoconduc-

tivity gain.
3

Since several key issues
4

such as deep acceptor

levels and low dopant solubilities have prevented reproduc-

ible fabrication of p-type ZnO for p-n homojunctions,

n-ZnO / p-Si heterojunctions have been intensively investi-

gated as an alternative approach.
5–7

Heterojunction photodiodes demonstrate UV and visible

photoresponses due to the large band offset at the interface

with the significant difference in the band gaps of ZnO and

Si. Mridha and Basak
6

demonstrated that n-ZnO / p-Si thin

film photodiodes could selectively detect either UV or visible

photons by varying the applied bias. Although ZnO or Si

NW structures have been introduced in previous studies
7,8

to

obtain a high conductivity gain with a ZnO NW or strong

light absorption with a Si NW, the entire NW surface has not

been used as a junction region due to insufficient conformal

deposition.

In this study, we demonstrate radial heterojunction NW

photodiodes �RNDs� consisting of p-Si /n-ZnO NW core/

shell structures which were fabricated using atomic layer

deposition �ALD�. Their photoresponse properties are antici-

pated to provide insight for the formation of promising pho-

todetector nanodevices. Conformal coating with a thin ZnO

layer formed a depletion region on a several microns long Si

NW across the entire interface area. The RND exhibited en-

hanced UV and visible responsivities compared to a planar

thin film photodiode �PD�. The photoresponse selectivity of a

RND in the visible to UV range was found to be significantly

enhanced compared to a PD. All of the experimental data can

be understood based on the unique advantages of the RND

geometry.

Figure 1�a� illustrates the configuration used for the pho-

toresponse measurements of a RND. Vertically dense Si NW

arrays were fabricated by Ag-induced electroless etching of

p-type Si wafers �resistivity of 1–10 � cm�.
9

The NW

length could be easily controlled by varying the etching time.

After formation of the Si NW arrays, the ALD technique was

used to conformably coat a n-type ZnO thin film on the high

aspect ratio Si NWs.
10

A 100 nm thick ZnO layer was depos-

a�
Authors to whom correspondence should be addressed. Electronic ad-

dresses: dwkim@ewha.ac.kr and jungho@hanyang.ac.kr.

FIG. 1. �Color online� �a� Schematic showing the configuration of the pho-

toresponse measurement system used for the n-ZnO�shell�/p-Si�core� radial

nanowire photodiodes. �b� A typical cross-sectional SEM image of the

n-ZnO / p-Si NW arrays. �c� A magnified image showing the bottom region

of a ZnO/Si NW, in which the ZnO shells were partly peeled off during the

sample preparation. A uniform thickness of ZnO over the Si core is ob-

served. The yellow dashed lines indicate the position of the interface be-

tween ZnO and Si. �d� A scanning TEM image with ��e� and �f�� two-

dimensional energy dispersive x-ray spectroscopy mapping of Zn �green�, O

�white�, and Si �purple�.
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ited at 150 °C to form the n-ZnO / p-Si NW junctions. The

standard resistivity and carrier concentration were measured

to be 4.6�10−3 � cm and 5.1�1019 cm−3, respectively, on

ZnO thin films deposited under identical conditions on glass

substrates. Top and bottom electrodes were formed using 250

nm thick Al thin films which were evaporated both on the

front �ZnO� and substrate backside. The properties of long

�6 �m� and short �2 �m� nanowire photodiodes, denoted as

RND2 and RND6, respectively, were compared to a PD. The

aspect ratios of the RNDs, which were calculated using the

averaged values of the lengths and diameters, were �10 and

30 for RND2 and RND6, respectively.

The typical diameter of the n-ZnO / p-Si NW arrays was

350–400 nm, which consisted of a 100 nm thick shell and a

150–200 nm thick NW core �Figs. 1�b� and 1�c��. All of the

ZnO/Si heterojunction devices exhibited nonlinear rectifying

behaviors in their I−V characteristics �inset in Fig. 2� but the

overall measured current levels under forward and reverse

biases were higher in the RNDs than in the PD due to the

increased junction area. The presence of interface states is

also known to increase the reverse current, i.e., leakage

current.
6,7

Further analysis of the logarithmic plots �Fig. 2� of

the I−V data suggests a clear difference between the trans-

port behaviors of the RNDs and PD. The forward bias cur-

rent exponentially increased in the PD according to the rela-

tionship of I�exp��V� due to the recombination-tunneling

mechanism
7

in the wide band gap p-n heterojunction. On the

other hand, two different regions depending on the bias level

were observed in the RNDs.

For the very low bias range �region I� of 0�V

�0.8 V, almost the same rectifying behavior as a PD was

observed with the RNDs due to the recombination-tunneling

mechanism. However, the I−V behavior normally followed

the relationship of I� �V−V0�2 for the high bias range of V

	0.8 V �region II�. This may be attributed to the space-

charge-limited current �SCLC� conduction, which has often

been observed in semiconductor nanostructures including

thin films.
7

The SCLC effect was reported
11

to be greatly

amplified in cases using NWs, in which inherent geometrical

and material issues such as poor electrostatic screening in

high-aspect ratio structures, enhanced carrier depletion due

to surface states, and charge traps incorporated during the

nanostructure growth are influential. The higher levels of the

reverse current and SCLC conduction observed in the RNDs

corroborate the notion that the increased ZnO/Si interfacial

area mostly operated as radial heterojunctions.

The energy band diagrams of the ZnO/Si heterojunction

under forward and reverse biases are depicted in the insets of

Figs. 3�a� and 3�b�, respectively. Given the band gaps and

electron affinities of ZnO and Si,
5

a valence band offset �2.55

eV� greater than the conduction band offset �0.4 eV� is ex-

pected for a n-ZnO / p-Si heterojunction. Figure 3�a� shows

the photoresponsivity spectra under a forward bias of 0.5 V.

Since the transmittance of ZnO on a glass substrate was mea-

sured to be over 80% in the visible range �400–700 nm�,
visible light is normally absorbed in the underlying p-Si after

passing through the ZnO layer. The absorbed light generates

electron-hole pairs �EHP� inside the Si. The electric field

drives the photogenerated holes toward the n-ZnO side, but

they cannot cross over the SiO2 layer between p-Si and

n-ZnO due to the high potential barrier for holes, as shown in

the inset of Fig. 3�a�. Thus, the visible photoresponsivity is

mainly attributed to the transport of photogenerated electrons

�minority carriers� in p-Si, which is very low in magnitude.

The photoresponsivity remained nearly constant in the vis-

ible range �400–700 nm� for all samples.

In contrast with the response to visible light, the photo-

responsivity spectra with UV exposure showed a strong re-

sponse under a forward bias. Since the penetration depth of

UV light is less than 100 nm in ZnO, most photons from the

UV light are absorbed in the ZnO layer. The strong UV re-

sponse can be explained by the different drift behaviors of

the electrons �photogenerated in ZnO� and holes �photoge-

nerated in Si�. The electrons photogenerated in ZnO can eas-

ily move to Si due to the relatively low potential barrier at

FIG. 2. �Color online� Logarithmic I−V plots of the RNDs and PD. For the

RNDs, “I” and “II” refer to the regions dominated by the different transport

behaviors with the applied bias. Linear I−V plots are also shown in the

inset.

FIG. 3. �Color online� Photoresponsivity spectra of the RNDs and PD mea-

sured under �a� forward and �b� reverse biases. Their energy band diagrams

and charge transport mechanisms are also depicted in the insets.
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the interfacial region while the photoholes in Si cannot tun-

nel through the high potential barrier.
5,6

In addition, the UV responsivities of RND2 and RND6

are higher than that of the PD under a forward bias. Soci et

al.
3

reported that the enhanced UV photoconductive response

in ZnO NWs could be attributed to the presence of oxygen-

related hole-trap states at the NW surface. The trap states can

prolong the photocarrier lifetime while preventing charge-

carrier recombination �hole-trapping mechanism�. Photo-

holes are readily trapped by the negatively charged oxygen

ions, leaving behind unpaired electrons which are either col-

lected at the electrode or recombine with holes. As a result,

RNDs can improve the UV photodetection sensitivity due to

the high surface area to volume ratio. Figure 3�a� confirms

that the forward bias UV responsivity was improved by in-

creasing the NW length �increased surface area to volume

ratio�, in which the UV responsivities at �=365 nm were

detected to be 0.23, 0.42, and 0.63 A/W for PD, RND2, and

RND6, respectively. In the wavelength range of 300–365

nm, the UV responsivities drastically decreased with de-

creasing wavelength since the penetration of high energy

photons became very short ��40 nm�.
5

Due to the short

penetration depth, the carrier generation normally occurs

near the surface. Significant surface scattering and recombi-

nation decrease the carrier lifetime.

Note that the UV photoresponse of RNDs under a re-

verse bias shown in Fig. 3�b� is significantly suppressed

compared to the PD. The visible/UV responsivity ratios cal-

culated using the responsivities measured at �=700 and 365

nm were 17.2 for RND6 and 0.86 for PD. A previous work
3

reported that the ZnO surface can be depleted by the surface

oxygen absorption according to the hole-trapping mecha-

nism. For the forward bias, carrier depletion behavior at the

NW surface is beneficial for photoelectrons to transport from

ZnO to Si via the effective carrier separation. Under a re-

verse bias, however, the surface depletion of ZnO acts as a

diffusion barrier for photoelectrons to collect at the top elec-

trodes. This feature causes the electrons to suffer from seri-

ous recombination, which finally results in a remarkable sup-

pression of the UV photoresponse with increasing NW

length.

In contrast with the forward bias, a monotonous increase

with increasing wavelength was observed in the visible re-

sponse results �400–700 nm� under a reverse bias. The inci-

dent visible light can generate EHPs in the p-Si layer where

the photogenerated electrons and holes under the reverse bias

move to the ZnO and Si sides, respectively. The radial het-

erojunction geometry is known to help efficient carrier col-

lection and light trapping.
1,2

Contrary to the expectation, the

visible photoresponsivities of the RNDs were observed to be

similar to or even lower than that of the PD. This can be

explained by the morphology of the highly dense ZnO/Si

NW arrays. The ZnO thickness normally increases closer to

the NW bottom region due to overlaying of the ZnO shells

via merging of adjacent wires during ZnO deposition, as

shown in Figs. 1�a� and 1�b�. Increasing the ZnO thickness at

the NW bottom degrades the visible transmittance,
12

which

results in the inferior light absorption in Si. Given that a

similar visible responsivity to the PD was observed in

RND2, the actual responsivity of the RND, which has a

thicker ZnO layer at the NW bottom under the same coating

condition, is also estimated to be higher than that of the

planar counterpart.

In conclusion, we fabricated n-ZnO / p-Si RNDs using

metal-assisted electroless etching of Si and conformal coat-

ing of ZnO by an ALD process. Compared to a planar

ZnO/Si heterojunction, both the UV and visible photorespon-

sivities of the RNDs were enhanced, owing to the enlarged

surface area to volume ratio, efficient carrier collection, and

improved light absorption. In addition, our RNDs exhibited

either UV-blind visible or visible-blind UV photoresponse,

depending on the bias polarity. All of the advantageous char-

acteristics of the RNDs can be further improved by optimiz-

ing the device design and fabrication processes.
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