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Arrays of vertically aligned ZnO:Cl/ZnO core-shell nanowires were used to demonstrate that the

control of the coaxial doping profile in homojunction nanostructures can improve their surface charge

carrier transfer while conserving potentially excellent transport properties. It is experimentally shown

that the presence of a ZnO shell enhances the photoelectrochemical properties of ZnO:Cl nanowires

up to a factor 5. Likewise, the ZnO shell promotes the visible photoluminescence band in highly

conducting ZnO:Cl nanowires. These lines of evidence are associated with the increase of the

nanowires’ surface depletion layer. VC 2011 American Institute of Physics. [doi:10.1063/1.3673287]

The potential for combined high efficiency charge car-

rier transport and surface charge carrier transfer/separation

has stimulated interest in semiconductor nanowires (NWs)

and nanotubes for an ample range of applications. In particu-

lar, ZnO nanowires find multiple technological uses where

the optimization of the charge carrier transport and transfer

is fundamental: e.g., gas sensing, photovoltaics, photodetec-

tors, photocatalysis, and photoelectrocatalysis. In all these

applications, ZnO plays multiple roles: (i) it supports the

photo- or catalytically-active species; (ii) it plays a catalytic/

photocatalytic role itself; (iii) it collects/separates charge car-

riers from photo-active or catalytically active sites and spe-

cies; (iv) it provides the avenues for charge carrier

transportation between reaction sites or between the reac-

tion/photogeneration/recombination site and the electrodes.

This multiplicity of roles makes very strong demands on

material qualities. Independent optimization of the various

material qualities required for each role is frequently incom-

patible with the limited degrees of freedom available in a

single material. A particularly important case is the simulta-

neous maximization of charge carrier transfer and transport.

While NWs already provide favorable geometry, a promo-

tion of the ZnO electrical conductivity, usually accomplished

by extrinsic doping, is still required in those applications

where ZnO has an active electronic role. However, high

carrier concentrations reduce the extent of the surface space

charge region. The narrowing of the surface depletion layer

decreases the volume within the nanowires where the pres-

ence of an electric field drives charge separation, thus reduc-

ing the efficiency of charge carrier transfer/collection/

separation.1–4

Compositional graded and core-shell nanostructures are

interesting architectures that provide higher levels of control

over the material’s functional properties.5 In this direction,

ZnO/TiO2 nanostructures have been shown to enhance pho-

tovoltaics efficiency.6,7 ZnO/Al2O3 nanostructures provide

excellent surface passivation, promoting radiative recombi-

nation.8 Shells of lower band gap materials can extend the

NW’s core optical absorption to the visible part of the spec-

trum, thus promoting charge carrier photogeneration.9

Nevertheless, the use of coaxial heterojunctions has the chal-

lenge of the lattice mismatch, which generally introduces a

significant density of interface defects that can decrease the

optoelectronic properties of the formed heterostructure.

In this work, we show that adjusting the surface doping

level in ZnO:Cl nanowires promotes their surface charge

transfer and photoelectrochemical properties without influ-

encing their core’s charge carrier concentration. Our goal is

to show that it is feasible to produce coaxial homojuntion

nanowires with controlled surface depletion layers but con-

serving their optical properties and their high bulk electrical

conductivity. Such control of the surface depletion regions in

coaxial homojunction nanowires opens new perspective for

the production of more efficient photoelectrochemical, pho-

tovoltaic, or photocatalytic devices.

Coaxial ZnO:Cl/ZnO nanowires were grown by a simple

electrodeposition two-step process. First, arrays of vertically

aligned and single crystal ZnO:Cl NWs were produced by

electrodeposition from a solution containing Zn(NO3)2�4H2O

and NH4Cl, as previously reported.10 The carrier density of

these NWs was previously estimated to be close to

1019 cm�3.10 To obtain coaxial ZnO:Cl/ZnO homojunction,

the initial ZnO:Cl NWs were thoroughly washed in water

and subsequently subjected to one or more additional elec-

trodeposition growth steps in the absence of NH4Cl. The

thickness of the ZnO shell was controlled by the electrodepo-

sition time and/or the number of additional electrodeposition

growth steps.

Figure 1 shows scanning electron microscopy (SEM)

images of the ZnO:Cl before and after growing a 15 nm ZnO

shell. As expected from the epitaxial growth of the ZnO shell,

at first view, no clear differences between the ZnO:Cl and the

ZnO:Cl/ZnO NWs were observed in the SEM images. Impor-

tantly, neither branching nor nucleation of additional nano-

wires or nanoparticles was observed. Statistical measurements

of the nanowires dimensions allowed us to determine their

ZnO shell thickness (�15 nm) and the shell growth rate in the

used electrodeposition conditions (�36 nm/h) (Fig. 1(c)). This

value was consistent with x-ray photoelectron spectroscopy
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(XPS) characterization of the evolution of the Cl composition

with the shell thickness (Fig. 1(d)). For these measurements,

the same sample was subjected to successive ZnO growth

steps while an XPS spectrum was obtained in between each

step. The Cl concentration was already below the XPS detec-

tion limit in ZnO:Cl/ZnO NWs with a shell grown for 5 min,

which roughly corresponded to a 3 nm width. The lack of Cl

signal from the ZnO:Cl/ZnO samples also pointed towards a

highly homogeneous ZnO deposition on the surface of the

ZnO:Cl NWs.

Figure 2 shows the UV-vis spectra of ZnO:Cl/ZnO NWs

obtained from the exact same initial ZnO:Cl NWs, which

underwent 5 successive ZnO growth steps. UV-vis spectra of

the ZnO:Cl/ZnO NWs were obtained in between each elec-

trodeposition step. The optical band gap showed a slight red

shift with the successive ZnO growth steps. The origin of

such a red shift was found on the optical band gap of the

original ZnO:Cl NWs, which was slightly blue-shifted respect

to pure ZnO NWs due to the Moss-Burstein effect.10–13 The

growth of a pure ZnO shell on the surface of the ZnO:Cl

NWs introduced empty states in the conduction band which

allowed the recovery of the electron transitions between the

valence band maximum and the conduction band minimum,

thus recovering the pure-ZnO optical band gap. The absolute

absorbance above the semiconductor band gap did not signifi-

cantly change with the increase of the ZnO shell thickness.

This is consistent with the small increase of the total ZnO

volume associated with the growth of the thin ZnO shell.

Figure 3 shows the results from the room-temperature

photoluminescence (PL) measurements of ZnO:Cl/ZnO NWs

obtained using a HeCd CW laser (325 nm). PL spectra were

measured using the exact same ZnO:Cl NWs which were sub-

jected to 5 successive electrodeposition steps to grow an

increasingly thicker ZnO shell. Quite unexpectedly, the inten-

sity of the PL peak corresponding to the band-to-band transi-

tion decreased slightly with the growth of the pure ZnO shell.

At the same time, an enhancement of the PL broad band in

the visible part of the spectrum was observed. While the area

of the band-to-band PL peak was reduced by a factor 1.7, the

visible emission increased almost a factor 4 from the bare

ZnO:Cl NWs to the ZnO:Cl/ZnO NWs, which has the thick-

est ZnO shell tested here (inset in Fig. 3). The enhancement

of the visible band with the ZnO shell could be originated by

a higher density of impurities introduced by a more-defective

ZnO shell when compared with the ZnO:Cl core. However,

no evidence was found to support this hypothesis.

The visible band emission in ZnO is associated with im-

purity levels within the ZnO structure.14,15 The variety of

possible transition and the diversity of ZnO preparation and

sintering procedures employed did not allow a consensus on

the exact origin of the energy levels contributing to these

transitions. In ZnO NWs, the intensity of the visible band

has been previously correlated with the materials surface-to-

bulk ratio.16 Such correlation pointed towards an important

role of the surface in the associated radiative recombination

processes.14,16–19 Again, there is no agreement on the origin

of such a surface enhancement of the visible band in NWs. It

FIG. 1. (Color online) Cross-section SEM images of bare ZnO:Cl nanowires

(a) and ZnO:Cl/ZnO homojunction nanowires with a 15 nm shell thickness

(b). (c) Histograms of the thickness distribution of the ZnO:Cl/ZnO (up) and

the bare ZnO:Cl (down) nanowires. (d) Chlorine region of the XPS spectra

of ZnO:Cl and ZnO:Cl/ZnO nanowires with increasingly thicker shell thick-

nesses as noted in the graph. The fitting of the chlorine 2P band with two

peaks, corresponding to 2P3/2 and 2P1/2 is also shown.

FIG. 2. (Color online) Absorbance spectra of ZnO:Cl nanowires and

ZnO:Cl/ZnO homojunction nanowires with increasingly thicker shell thick-

nesses. The inset shows the dependence of ðahmÞ2 vs. hm and the lineal fit

used to point the shift of the optical band gap.

FIG. 3. (Color online) Room temperature photoluminescence spectra of

ZnO:Cl nanowires and ZnO:Cl/ZnO homojunction nanowires with increas-

ingly thicker shell thicknesses obtained using 325 nm excitation wavelength.

Insets show the evolution of the photoluminescence peak area corresponding

to the band-to-band transition and to the visible emission, as noted.
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could be related with a higher surface density of the contrib-

uting states, their surface activation by the hole accumulation

at the surface depletion, or the promotion of slower recombi-

nation processes related with the charge separation occurring

in the built-in electric field layer.8,14,20–26

In ambient conditions, the ZnO NWs surface is covered

by ionized oxygen species and hydroxyl groups that trap

conduction electrons, causing an upward bending of the ZnO

energy bands at the surface. While highly doped ZnO screens

the surface charge within a very thin surface layer, much

thicker depletion regions characterize undoped semiconduc-

tors. Considering a typical barrier height of 0.55 eV,27 the

width of the calculated depletion layer increases from 7 to

230 nm when reducing the carrier concentration from

1019 cm�3 to 1016 cm�3.27–29 In this scenario, the growth of

an undoped ZnO shell on the surface of ZnO:Cl NWs offers

an effective way to adjust the depletion region without modi-

fying the NW’s bulk conductivity (Fig. 4(d)).

The excellent correlation existing between the increase

of the visible PL band intensity and the growth of the surface

depletion layer when increasing the ZnO shell thickness

points towards a direct role of the surface band bending in

the promotion of the visible PL. This is consistent with pre-

vious studies.16,20 The parallel reduction of the interband PL

intensity may be associated with a shell screening of both the

incident UV photons and of those emitted by the NWs core.

The increase of the depletion layer by the presence of

the ZnO shell also augments the volume for charge photo-

generation within the nanowires where the presence of an

electric field drives charge separation.30 Charge carriers pho-

togenerated in the bulk ZnO need to diffuse to reach the

depletion layer where an electric field can drive holes to the

surface. However, in bulk ZnO, the holes, the minority car-

riers, have short diffusion length as they rapidly recombine

with electrons, the majority carriers, inside the bulk. In con-

trast, when photogeneration takes place in the depletion

layer, carriers are rapidly separated and swept in opposite

directions by the built-in electric field.

The promotion of the charge carrier separation and

transfer by the presence of a ZnO shell was verified by the

characterization of the NWs photoelectrochemical (PEC)

properties in a standard three-electrode cell using UV excita-

tion from an HgXe lamp (Fig. 4(c)). In Fig. 4(a), the photo-

current generated by the ZnO:Cl/ZnO NWs is shown. Again,

the same NWs were measured in between successive ZnO

electrodeposition steps to avoid any effect of the NWs geom-

etry, density, or compositional differences from batch to

batch. The photocurrent measured from the ZnO:Cl/ZnO

NWs was clearly promoted by the presence of the ZnO shell.

Up to a 5-fold increase of the photocurrent was obtained

with a 12 nm thick ZnO shell, from 0.6 mA/cm2 to 3.1 mA/

cm2. Both the correlation of the PEC enhancement with the

ZnO shell thickness and the apparent photocurrent saturation

for shells thicker than 12 nm were systematically obtained

(Fig. 4(b)). The relatively low photocurrent saturation thick-

ness is most probably related to the non-intrinsic character of

the ZnO shell. While no extrinsic doping was intentionally

introduced, it is well known that electrodeposited ZnO con-

tain significant densities of n-type impurities, which translate

into carrier concentrations in the range of 1017.10 At the

same time, a considerable number of charge carriers are

transferred from the ZnO:Cl core to the ZnO shell when

forming the homojunction. Both effects may explain the rel-

atively low saturation thicknesses obtained.

In summary, the control of the doping profile in ZnO:Cl/

ZnO NWs allowed adjustment of the thickness of the deple-

tion layer and the volume within the NWs with a built-in

electric field. Such homojunction nanowires promote charge

separation and transfer to the surface as evidenced by an

enhancement of the surface-related PL band and the

FIG. 4. (Color online) (a) Photocurrent density vs. applied potential (V vs. Ag/AgCl) for ZnO:Cl nanowires and ZnO:Cl/ZnO homojunction nanowires with

increasingly thicker shell, measured under chopped UV illumination (100 mW/cm2) in 0.1 M Na2SO4 aqueous solution. (b) Photocurrent as a function of the

shell thickness for a second set of ZnO:Cl and ZnO:Cl/ZnO nanowires. (c) Schematic illustration of the photoelectrochemical reaction taking place at the

ZnO:Cl/ZnO nanowire surface. Photogenerated carriers are separated at the depletion region. Holes are driven to the surface where the water oxidation reaction

takes place. Electrons are swept to the nanowire core and funnelled inside there towards the platinum electrode where the reduction reaction takes place. (d)

Band diagrams of the ZnO:Cl and ZnO:Cl/ZnO nanowires illustrating the increase of the surface depletion region with the growth of the ZnO shell.
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improvement of the PEC properties of the material. We

believe such core-shell homojunction nanowires are good

candidates to improve the efficiency of photoelectrochemi-

cal, photocatalytic and photovoltaic devices.
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