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Abstract: Light-addressable potentiometric sensors (LAPS) measure ac photocurrent at electrolyte-
insulator-semiconductor (EIS) and, more recently, electrolyte-semiconductor structures to produce 
spatiotemporal images of chemical or biological analytes, electrical potentials and impedance. One 
of the most important properties for LAPS is spatial resolution, which determines the smallest 
features that can be resolved in LAPS images. In this work, the use of nanostructured ZnO for LAPS 
was explored. The effect of ZnO morphology on the spatial resolution was studied with a LAPS 
setup. The best resolution of 2 µm was achieved in ZnO films produced by aerosol-assisted chemical 
vapour deposition (AACVD). 
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1. Introduction  

LAPS were first introduced by Hafeman et al. using an EIS structure, in which an insulator-
semiconductor structure is in contact with the solution to be analysed [1]. More recently, electrolyte-
semiconductor structures have been shown to be suitable for LAPS imaging [2,3]. There is a growing 
drive to develop LAPS for biological applications such as the monitoring of concentrations in 
microfluidic channels or the investigation of metabolic and signalling events in living cells [4–7]. 
Imaging technology is crucial to many disciplines and is generally classified as optical imaging, 
electronic imaging or a combination of both. LAPS photocurrent imaging belongs to the family of 
electronic imaging technology, in which the spatial distribution of analytes or physiological events 
in cellular processes can be visualized.  

Resolution is one of the most important properties of an image. The spatial resolution in LAPS 
is defined as the diffusion length within the lifetime of the minority carriers, for example holes in n-
type semiconductors. It is determined by two main factors, which are (1) the lateral diffusion of 
minority carriers out of the illuminated area in the semiconductor and (2) the quality of the light focus 
for charge carrier excitation.  

Improvements in LAPS resolution have been widely explored. Nakao et al. reported that the 
spatial resolution of 300 µm was improved to 10 µm by decreasing the thickness of the silicon from 
500 to 20 µm [8]. However, this method is limited as thin silicon substrates are fragile and difficult to 
process. Ito solved this problem by replacing the fragile silicon with silicon-on-sapphire (SOS), in 



Proceedings 2018, 2, 917 2 of 4 

 

which the active layer was only 500 nm thick [9]. Krause et al. reported the best resolution for LAPS 
to date of 0.8 µm by using a 500 nm thick silicon layer on sapphire and a two-photon effect for 
photocurrent excitation [10]. Therefore, thinning the semiconductor substrate is an effective method 
to decrease the minimum pattern for LAPS to resolve. To find a suitable semiconductor with a smaller 
minority carrier diffusion length would be a different strategy for improving the resolution. The 
diffusion length of minority charge carriers in bulk ZnO is 0.13–0.44 µm [11], which is several orders 
of magnitude smaller than in p-type silicon. ZnO, a n-type semiconductor with a direct band gap has 
the advantage of low cost, easy synthesis, ability to control its morphology and biocompatibility [12–
14]. It has been applied in energy harvesting systems, photocatalysts, and chemical sensors. In this 
work, ZnO nanorods and films were used in LAPS to study the effect of morphology on spatial 
resolution.  

2. Materials and Methods 

All the chemicals were used without further purification. ZnO was synthesized on FTO-coated 
glass (1 cm × 1 cm, 15 Ω/sq, Solaronix SA, Aubonne, Switzerland). The substrates were cleaned using 
acetone (VWR Chemicals, 100%, Lutterworth, UK) and 2-propanol (VWR Chemicals, 100%, 
Lutterworth, UK) in an ultrasonic bath for 15 min each. ZnO nanorods were synthesized using an 
aqueous solution method reported previously [15]. ZnO films were produced by increasing the 
precursor concentration to 100 mM using the same recipe as for the nanorods. For AACVD ZnO, the 
laboratory aerosol assisted chemical vapour deposition (AACVD) set-up is illustrated in [16]. The 
AACVD precursor was prepared by dissolving 0.4 g zinc acetate dihydrate in 25 mL methanol. The 
substrates were placed on a graphite block in the reactor and preheated to 450 °C. The as-prepared 
precursor solutions were transferred to a Drechsel bottle, and then an ultrasonic humidifier with 
operating frequency of 1.6 MHz generated an aerosol mist. The mist was continuously passed 
through the reaction chamber with nitrogen carrier gas at 1.5 L/min until exhausted. The carrier gas 
was kept flowing until the temperature of the reactor chamber dropped below 80 °C. The total 
deposition time was 45 ± 5 min. A drop of a 11 wt % PMMA solution in methoxybenzene was 
deposited on ZnO and dried without assistance at room temperature. The LAPS measurement setup 
was described in [2] and a schematic is shown in Figure 1.  

 
Figure 1. Schematic of a simplified LAPS setup. 

3. Results and Discussion 

Figure 2A–C display the morphology of ZnO made with different methods. The nanorods 
formed uniformly and were well-oriented with 4.03 ± 0.025 µm in length and 78.4 ± 2.7 nm in 
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diameter. The film in (B) formed columns with much larger diameters in a range of 0.3 to 0.9 µm, 
which were mostly fused together in a film-like structure (inset Figure 2B) with some gaps still visible 
in the top view. For comparison, ZnO nanorods and films made with the solution method had the 
same thickness. ZnO made with AACVD formed a compact film with 1 µm thickness (Figure 2C). 
Figure 2D–F show photocurrent images with a PMMA dot on the surface of ZnO. Table 1 summarises 
the maximum photocurrent and spatial resolution in different morphologies. The photocurrent 
measured on the uncoated areas was much greater on the nanorods than on the film, and the AACVD 
ZnO film had the lowest photocurrent at a light intensity of 0.05 mW. This is ascribed to the significant 
larger surface area of the nanorods compared to the film and the CVD ZnO. However, the spatial 
resolution (FWHM of the first derivative of a photocurrent line scan across the edge of the PMMA 
dot) in Figure 2G–I did not follow the same trend as the maximum photocurrent, in that the best 
resolution of 2 µm was obtained for the CVD ZnO followed by the ZnO nanorods with 3 µm 
resolution and the solution grown film with the poorest resolution of 12 µm. The minority diffusion 
length in ZnO is shorter than 1 µm, i.e., lateral diffusion of minority carriers cannot explain any 
differences in resolution between the different morphologies. As the wavelength of the light used in 
all the LAPS measurements was 405 nm, it is likely that light scattering effects played a significant 
role in the degradation of the resolution in the solution grown ZnO film because the columns in the 
film are larger than the wavelength of light. Light scattering effects in ZnO nanorods were negligible 
as their diameter was significantly smaller than 405 nm, thereby resulting in a better resolution. Light 
scattering effects for CVD films were negligible because of their small crystal size. As the AACVD 
films were four times thinner than the ZnO nanorods, they showed a somewhat improved resolution. 
In conclusion, the morphology of nanostructured ZnO has a significant effect on the spatial resolution 
in LAPS images due to the thickness of the sensing layer and light scattering effects.  

 
Figure 2. SEM images of (A) ZnO nanorods, (B) solution made ZnO film (inset cross-sectional view 
(scale bar 1 µm)) and (C) CVD ZnO, (D–F) the corresponding LAPS images with a PMMA dot (indicated), 
(G–I) the corresponding first derivatives of photocurrent line scans across the edge of the PMMA dots.  

Table 1. Maximum photocurrent and spatial resolution of ZnO in different morphologies. 

 ZnO Nanorods ZnO Film CVD ZnO 
Maximum photocurrent (nA) 45.7 ± 0.1 9.2 ± 0.2 2.8 ± 0.2 

Spatial resolution (µm) 3.0 12 2.0 
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