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Abstract

We report a hydrothermal synthesis method for MgO shell coatings directly onto the surface of

ZnO nanowire arrays. The entire process can be carried out below 100 ◦C. The MgO shells are

produced by the addition of 10 mM magnesium nitrate with 0.2 M sodium hydroxide in water,

resulting in a shell thickness of up to 8 nm, verified by high resolution transmission electron

microscopy. The viability of the MgO layer as a functional element of optoelectronic devices

was tested on solid-state organic hole-transporter based dye-sensitized solar cells. Incorporation

of the MgO shell into the solar cell resulted in substantive efficiency improvements of over

400% in comparison to the pristine ZnO nanowire based photovoltaics, indicating that electrons

can efficiently tunnel through the ‘insulating’ MgO shell.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the field of nanotechnology, the synthesis of controlled

structures is crucial for the development of functional devices,

with many in the field aiming for the convenience of bottom up

fabrication as opposed to timely and costly top down methods.

Progress therefore depends on reliable routes to low cost and

scalable nanostructures with useful functional properties [1].

Low temperature synthesis of nanostructures, such as quantum

dots [2, 3], and nanowires [4, 5], are a key area of importance,

with device applications in various fields [1–3, 5]. ZnO is a

wide bandgap (3.2 eV) semiconducting material, usually n-

type due to defects and non-stoichiometry, with good chemical

stability [6, 7], making it useful in solar cells [8, 9], light

emitting diodes [10, 11], gas sensing devices [12, 13] and

transistors [14]. Recently, there have been many reports of

ZnO nanowire (NW) devices [6, 7, 15], with interest stemming

from the facile synthesis of aligned and uniform ZnO NW
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arrays by low temperature (below 100 ◦C) hydrothermal

methods [16, 17]. In addition to hydrothermal synthesis, there

is a wealth of information on the synthesis of ZnO NWs using

chemical vapour deposition for high quality transistor devices,

which require high temperature processing, ranging from 400

to 1050 ◦C [5–7, 14, 18].

Due to the higher defect density introduced by the low

temperature chemical route employed in the growth of ZnO

NWs, it may be advantageous to passivate the surface of the

NWs to control the surface reactivity and limit the electronic

influence of surface defects [7]. A common technique

to control and enhance the properties of nanostructures is

to create core–shell heterostructures [2, 3, 6, 15, 19, 20].

The addition of a shell often modifies the electronic nature

of the original material, by enhancing the interaction with

the surrounding medium without altering the properties,

both optical and electrical, of the core structure. Some

specific examples of MgO as a shell to a metal oxide

semiconducting core were developed using high temperature

synthesis routes. Previously, researchers have fabricated
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controlled ZnO–MgO (nanopillar) heterostructures [5, 6, 15],

which may be useful in the study of chemical sensors,

optical devices and scanning probes in addition to providing a

reliable heterojunction material to study quantum confinement

effects. High temperature sintering of colloidal aqueous

solutions has been developed as a method for producing

SnO2/MgO core–shell nanocrystals for liquid electrolyte dye-

sensitized solar cells [21]. Similarly, doping ZnO with MgO

in an aqueous solution to produce a flat film, followed by

a high temperature anneal, has also been observed to be

particularly useful in hybrid solar cell devices as a form of

bandgap engineering [22]. Bandgap engineering is a technique

employed in conventional solid-state semiconductor solar cells

to increase device efficiencies by tuning the donor density in

the semiconductor [23]. Core–shell NWs of ZnO/TiO2 have

also been fabricated using a high temperature ∼350 ◦C atomic

layer deposition method, and they were found to enhance dye-

sensitized solar cell performance.

Here we report a low temperature, solution-based

controllable growth route to fabricate MgO shells directly

onto ZnO NW surfaces. To the best of our knowledge

this is the first reported method which does not require

a subsequent high temperature annealing stage, with the

entire synthesis being possible under 100 ◦C, thereby

making the synthesis compatible with flexible substrate

requirements and reel-to-reel processing. To test the

performance of the ZnO–MgO core–shell NWs in hybrid

photovoltaic devices, solid-state dye-sensitized solar cells

(SDSCs) were constructed, incorporating the molecular

hole-transporter 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-

amine)-9,9′-spirobifluorene (spiro-OMeTAD). This is also the

first demonstration of ZnO NWs incorporated into this class

of solar cell. We observe the overall efficiency of SDSCs

incorporating these NW films to increase from 0.07% for a

pristine NW device to 0.33% in the ZnO–MgO core–shell

devices, an almost five-fold improvement, which demonstrates

the utility of a buffer layer in this system.

2. Experimental details

2.1. Nanowire core–shell synthesis

Core–shell nanowire structures were grown by hydrothermal

growth methods [16], in a two-stage process. (1) Deposition of

the Zn seed layer followed by the hydrothermal growth of ZnO

NWs. (2) Deposition of the MgO shell onto the ZnO core by

low temperature hydrothermal growth. For all devices indium

tin oxide (ITO) on glass substrates were cleaned in acetone

and IPA following standard substrate cleaning procedures in

a cleanroom environment. A 250 nm (approximately) layer of

Zn metal was sputtered directly onto the clean ITO substrate,

which acts effectively as the seed layer. It should be noted that,

in contrast to other reports where the ZnO seed layer is also

fabricated using a high T anneal stage (>300 ◦C) [9, 24, 25],

the sputter deposition process for the zinc layer used here is

compatible with many substrate materials, including flexible

substrates, in addition to being advantageous for solar cell

device characteristics [26].

For the NW synthesis, the growth solution for hydrother-

mal preparation of ZnO was prepared by mixing 0.025 M zinc

nitrate hydrate and 0.025 M hexamethylenetetramine (HMT)

in water. The nanowire growth was then carried out by placing

the Zn coated ITO on glass substrates directly into the growth

solution. The solution was held at 92 ◦C for 120 min, before

removing the substrates and cleaning them in deionized (DI)

water. Subsequently, the films were dried on a hot plate at

100 ◦C to remove any excess water.

The ZnO–MgO core–shell NW structures were then

fabricated by a second hydrothermal growth procedure. ZnO

NW arrays were submerged in a 10 mM solution of magnesium

nitrate mixed with 0.2 M NaOH at either 98.5 ◦C for 40 min

using a water bath for even temperature (ZnO–MgO-98) or in

an autoclave sealed in an oven at 120 ◦C for 40 min (ZnO–

MgO-120). The 120 ◦C temperature is still compatible with

flexible substrate processing requirements.

2.2. Solid-state dye-sensitized solar cell fabrication

To fabricate the SDSCs both the MgO coated and the pristine

ZnO NW samples were submerged in an acetonitrile:tert-

butanol (1:1) solution of a ruthenium bypyridyl NCS complex

(0.5 mM) for 4 h in the dark, after which the samples were

rinsed in anhydrous acetonitrile (ACN). The hole transporting

material used in the SDSC was spiro-OMeTAD (Merck),

which was dissolved in chlorobenzene (CB) (180 mg ml−1).

Tertbutyl pyridine (tbp) was added straight to the solution (1:57

tbp:CB). Lithium trifluoromethyl sulfonylimide (Li-TFSI)

(ionic dopant) was separately predissolved in acetonitrile at

170 mg ml−1, and then added to the hole-transporter solution

at 1:27 vol:vol, as reported previously [27, 28]. To complete

the devices, 50 nm thick silver top electrodes were deposited

by thermal evaporation under high vacuum.

2.3. Microscopy and photovoltaic characterization

The nanowire array morphology was confirmed by scanning

electron microscopy (SEM) using a LEO 1530 VP microscope.

Transmission electron microscopy (TEM) analysis was

performed on a FEI Tecnai F20, with 200 kV acceleration

voltage, to assess the structure of the MgO shell grown

hydrothermally. The spectral response of the solar cells

was characterized using a tungsten lamp in combination with

a monochromator and Si-reference diode, and the current–

voltage response was measured with a Keithley 237 SMU

under simulated sun light generated from a 300 W Oriel

solar simulator calibrated using a Si-reference cell bought and

calibrated from the Fraunhofer Institute of Solar Energy, with

the solar cell mismatch factor accounted for.

3. Results and discussion

3.1. ZnO–MgO core–shell nanowire synthesis

A typical example of a nanowire array is shown in figure 1,

showing the long range uniformity and relatively high density

of our nanowire films. The NWs are approximately 500 nm

long and 20–50 nm in diameter. The spacing between NWs
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performance. It must also be noted that the improvement of

these ZnO–MgO core–shell devices could be due to altering

of the bandgap, similarly to the addition of MgO into ZnO

films [22] or in CVD ZnO–MgO nanopillars [5, 15], allowing

for interstitial states to create injection paths enhancing the Jsc,

as an intermediate band solar cell [39]. It is evident that the

MgO coatings we have fabricated promote effective electron

tunnelling through mid-gap states, and the detailed mechanism

is under further investigation.

4. Conclusion

The novel low temperature hydrothermal synthesis of ZnO–

MgO core–shell NWs described above is a successful

and inexpensive method of producing uniform, functional

nanostructures. The hydrothermal synthesis can produce MgO

coating of controlled thickness and it can be applied to any

ZnO structure. This method can be adopted to coat a variety of

metal oxide materials. The hydrothermally grown MgO layers

enhance the photocurrent and open-circuit voltage of solid-

state dye-sensitized solar cells, producing a five-fold increase

in power conversion efficiency, as measured under AM1.5

simulated sun light. Further optimization, investigation of the

charge generation mechanism and increase in nanowire length

and surface area are being actively pursued, which should lead

to considerable performance enhancements and a competitive

hybrid photovoltaic system.
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