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Abstract  

Light-addressable potentiometric sensors (LAPS) are of great interest in 

bioimaging applications such as the monitoring of concentrations in 

microfluidic channels or the investigation of metabolic and signaling events in 

living cells. By measuring the photocurrents at 

electrolyte-insulator-semiconductor (EIS) and electrolyte-semiconductor 

structures, LAPS can produce spatiotemporal images of chemical or biological 

analytes, electrical potentials and impedance. However, its commercial 

applications are often restricted by their limited AC photocurrents and 

resolution of LAPS images. Herein, for the first time, the use of 1D 

semiconducting oxides in the form of ZnO nanorods for LAPS imaging is 

explored to solve this issue. A significantly increased AC photocurrent with 

enhanced image resolution has been achieved based on ZnO nanorods, with 

a photocurrent of 45.7 ± 0.1 nA at a light intensity of 0.05 mW, a lateral 
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resolution as low as 3.0 μm as demonstrated by images of a PMMA dot on 

ZnO nanorods and a pH sensitivity of 53 mV/pH. The suitability of the device 

for bioanalysis and bioimaging was demonstrated by monitoring the 

degradation of a thin poly(ester amide) film with the enzyme α-chymotrypsin 

using LAPS. This simple and robust route to fabricate LAPS substrates with 

excellent performance would provide tremendous opportunities for bioimaging. 

 

 

Imaging technology is crucial to many disciplines and is generally classified as 

optical imaging, electronic imaging or a combination of both. A 

light-addressable potentiometric sensor1–5 is a semiconductor-based chemical 

device with applications in the fields of chemistry, materials science, biology 

and medicine. First proposed by Hafeman et al. in 1988,2 LAPS belongs to the 

family of field-effect sensors that use an electrolyte-insulator-semiconductor 

(EIS) structure, in which the sensing surface of the insulating layer is in contact 

with the solution to be analyzed.6–9 With LAPS, chemical images can be 

generated that visualize the concentration distribution above the sensor 

substrate. This light addressability can be used to detect chemical or biological 

analytes, such as pH, ions, redox pairs, organs, tissues, cells, and enzymatic 

reactions by recording photocurrents generated locally in the semiconductor 

with a focused, intensity-modulated light source.6–12 The response of LAPS is 

based either on a change in the surface potential of the insulator or a change 

in the electrical impedance.  

An important aspect in LAPS is to achieve good lateral resolution and 

measurement speed to visualize the spatial distribution of analytes in the form 

of 2-D imaging.13–17 It was determined that two main factors limit the spatial 

resolution, which are (i) the lateral diffusion length of minority charge carriers 

out of the illuminated area in the semiconductor and (ii) the quality of the light 

focus for charge carrier excitation. A resolution of 1.5 μm was achieved using a 

focused 405 nm laser beam on a silicon on sapphire (SOS) substrate.14 Using 

a two-photon effect with a femtosecond laser at 1250 nm for charge carrier 
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generation improved the resolution to 0.8 μm on boron-doped SOS substrates, 

which is the best resolution reported to date.13 However, given the high cost 

and complex surface treatment of currently used substrates, much of the 

studies in LAPS have remained at laboratory research level.  

Previous studies have investigated numerous semiconductor materials in the 

EIS structure for LAPS including Si,14 GaN,18 NbOx,
19 and TiO2.

20 Recently, an 

indium tin oxide (ITO) surface without an insulator was reported for LAPS as 

well as scanning photo-induced impedance microscopy (SPIM) imaging.21 The 

absence of an insulator layer in a LAPS platform has a number of advantages: 

(i) The sensitivity of the sensor surface for samples with charge and 

impedance is increased; (ii) The device is not only sensitive to potential and 

impedance changes, but can also record redox processes; (iii) There is no 

limitation to the modification of semiconductor surface by functionalization and 

(iv) the device assembly process is greatly simplified and low cost.  

In this study, ZnO nanorods were used for LAPS measurements without the 

presence of an insulator. Given that ZnO has high electron mobility, high 

thermal conductivity, direct wide band gap, large exciton energy, ease of 

synthesis and low cost, it has been shown to be a promising semiconductor 

material for a wide range of applications, including energy harvesting 

systems,22–24 chemical and biological sensors,25–29 and photocatalysts.30,31 

Nanostructured ZnO, for example as nanorods, is currently attracting 

significant attention given that it increases the active surface sites, improves 

charge generation efficiency, and reduces the cost as well as simplifying the 

processing. The n-type conductivity caused by oxygen vacancies in ZnO 

makes it possible to excite charge carriers with light with photon energy less 

than its bandgap of 3.3 eV.32,33 In this work, ZnO nanorods without an insulator 

layer, are excited to generate AC photocurrents with a 405 nm diode laser that 

is a commonly used light source in LAPS. The morphology, optical properties 

and crystal structure of ZnO nanorods synthesized by one of the simplest and 

cheapest methods of aqueous synthesis were investigated. Photocurrent 

response, pH sensitivity, 2-D photocurrent images, the effect of the ZnO 
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morphology on the lateral resolution and a disposable biosensor using ZnO 

nanorods were examined with a LAPS setup that is shown in Figure 1.  

 

Figure 1. LAPS setup consisting of a diode laser, an electrochemical cell, a 

positioning system that can move the electrochemical cell with respect to the 

laser beam and a lock-in amplifier. 

Experimental Section 

ZnO nanorods synthesis and characterization: ZnO nanorods were 

synthesized on FTO-coated glass (1 cm × 1 cm, 15 Ω/sq, Solaronix SA 

Switzerland).34–36 The substrate was cleaned by ultra-sonication using acetone 

(VWR Chemicals, 100%) and then 2-propanol (VWR Chemicals, 100%) for 15 

min. A seed layer of zinc acetate (Sigma-Aldrich, ≥ 98%) was coated on the 

substrate from a 5 mM solution in ethanol. The solution was dropped on the 

substrate and dried by nitrogen, followed by annealing in air at 350 °C for 25 

min. A thin crystallized ZnO seed layer was formed after annealing. The 

seeding process was repeated three times. The substrate was suspended 

face-down in a jar with a solution consisting of equal concentrations of 25 mM 

hexamethylenetetramine (HMT, Sigma-Aldrich, ≥ 99%) and zinc nitrate 

(Sigma-Aldrich, 99%). The ZnO film was produced in a 100 mM equivalent 

molar HMT and zinc nitrate solution. In both cases, the jar was placed into a 
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pre-heated oven (Memmert, Co. KG) for 24 h at 90 °C. Afterward, the 

substrate was washed with distilled water and dried with nitrogen. The ZnO 

nanorods and the ZnO film were annealed in a box furnace (Lenton, UK) at 

350 °C in air for 1 h. The surface and cross-sectional morphology of ZnO 

nanorods and film were examined using a scanning electron microscope (SEM, 

FEI Inspect F). Absorption spectra of ZnO were measured by UV-Vis 

spectrometer (Perkin Elmer, Lamda 950). High resolution X-ray photoelectron 

spectroscopy (XPS) was carried out by Thermo Scientific K-Alpha+. XPS data 

were analyzed by CasaXPSTM software with a calibrated C 1s peak of 284.8 

eV. 

Linear sweep voltammetry: An Autolab PGSTA30/FRA2 (Windsor Scientific 

Ltd., UK) was used to carry out linear sweep voltammetry (LSV, scan rate was 

5 mV/s) in 0.2 M Na2SO4; a platinum electrode and a Ag/AgCl electrode were 

used as counter and reference electrodes, respectively. A diode laser (λ =405 

nm, max 500 mW) was used as the light source. The illumination was chopped 

in 10 s intervals.  

LAPS and SPIM measurement: The LAPS setup is shown in Figure 1.13 The 

electrochemical cell was mounted on an M-VP-25XL XYZ positioning system 

(50 nm motion sensitivity, Newport, UK) to adjust the sample position for 2-D 

XY scans and focusing in the Z direction. An electronically modulated, focused 

diode laser LD1539 (Laser 2000, λ =405 nm, max 50 mW, focused spot 

diameter ≈ 1 μm) was used as the light source for LAPS measurement. AC 

photocurrents were measured with an EG&G 7260 lock-in amplifier. A platinum 

electrode and a Ag/AgCl electrode acted as counter and reference electrodes, 

respectively. The electrolyte was 10 mM pH 7.4 phosphate-buffered saline 

(PBS) solution. Poly(methyl methacrylate) (PMMA, Aldrich, average M.W. 

120000) was dissolved to form a 11 wt % solution in methoxybenzene 

(Sigma-Aldrich, 99%). A drop of PMMA solution was deposited on ZnO 

nanorods and dried without assistance at room temperature. 

Enzymatic degradation of a thin polymer film: The synthesis and 

purification of the polymer, poly(ester amide), was described by Sumner et 
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al.37 α-Chymotrypsin, type II, from bovine pancreas with activity of 40 units/mg 

was supplied by Sigma-Aldrich. A 1 µL drop of solution of 200 mg/mL 

poly(ester amide) in chloroform was deposited on the surface of ZnO and dried 

overnight without assistance. A 100 mM α-chymotrypsin solution in a pH 7.3 

buffer was kept in -20 oC in prior to use. During the degradation, LAPS 

photocurrent images in a range of 3000 µm with a step size of 30 µm were 

taken every 2 h at 1.5 V with a focused laser modulated at 10 Hz. The area of 

the polymer was calculated using ImageJ, version 1.51k. 

Results and discussion 

ZnO nanorod characterization 

An array of ZnO nanorods formed uniform and well-oriented hexagonal shapes 

with 4.03 ± 0.025 μm length and 78.4 ± 2.7 nm diameter (Figures 2(A) and (B)) 

resulting in an aspect ratio of 51.34 Optical properties of ZnO nanorods were 

investigated by UV-Vis absorption spectroscopy (Figure 2(C)). The inset 

Tauc-plot shows a direct band gap of 3.34 eV. The absorption coefficient of the 

ZnO nanorods at a wavelength of 405 nm was determined to be 288 cm-1, i.e. 

the laser light used for photocurrent excitation illuminates the entire depth of 

the film. Defects caused by oxygen vacancies in the oxygen deficient regions 

were confirmed with an O 1s peak at 531.3 eV in XPS (Figure S-1).38 A more 

detailed characterization of the ZnO nanorods is given elsewhere.34  
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Figure 2. SEM images of ZnO nanorods (A) top view, (B) cross section; (C) 

UV-Vis spectrum and inset Tauc-plot. 

Linear sweep voltammetry at ZnO nanorods 

ZnO nanorods on FTO-coated glass substrates displayed significant 

photocurrents in linear sweep voltammetry (LSV) with chopped 405 nm diode 

laser illumination at anodic potentials ≥ +0.2 V vs. Ag/AgCl (Figure 3). The 

photo-induced anodic current under illumination increased with the applied 

bias, while the change of the dark current was negligible. To make certain that 

the photocurrent originated from the ZnO nanorods, LSV was carried out 

under the same conditions on a bare FTO-coated glass substrate (Figure S-2)). 

The photocurrent in FTO was at nA level, which was 103 times smaller than the 
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photocurrent in ZnO and can be neglected. 

 

Figure 3 Linear sweep voltammetry of ZnO nanorods on FTO coated glass  

An impedance spectrum of the ZnO nanorods in phosphate-buffered saline 

(PBS) was measured in the dark (Figures S-3(A) and (B)). A capacitance of 

18 μF/cm2 in ZnO was obtained at zero bias, which was identified as the serial 

combination of the capacitances of the depletion layer and the electrical 

double layer. The capacitance decreased with increasing applied bias, as 

shown in Figure S-3(C), which indicated that the depletion layer (Cvalue = 

1.28 μF/cm2 at 1 V) was dominant at high anodic voltages.  

LAPS and SPIM measurements 

AC photocurrent-voltage (I-V) characteristics of ZnO nanorods (Figure 4(A)) 

were measured with an unfocused laser modulated at 10 Hz in pH 7.4 PBS 

using the LAPS setup shown in Figure 1. The photocurrent of ZnO nanorods 

increased with the applied bias and approached a plateau of 50 nA at 1.8 V. At 

higher voltages, the AC photocurrent could not be measured due to a large DC 

background current. Figure 4(B) shows the effect of the modulation frequency 

on the photocurrent at 1.5 V; both photocurrent and dark current were 

measured from 10 Hz to 10 kHz. The photocurrent significantly decreased at 

frequencies greater than 100 Hz due to the low mobility of minority charge 

carriers in ZnO, while the dark current, which is indicative of the noise level of 

the experimental setup, remained relatively constant. Consequently, the 

signal-to-noise ratio decreased with increasing frequency, and the 
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photocurrent became unmeasurable at about 10 kHz. To ensure good 

sensitivity of local photocurrent measurements, a modulation frequency of 

10 Hz and an applied bias of 1.5 V were selected for all LAPS measurements. 

The effect of the light intensity on the photocurrent was also studied (Figure 

S-4). At 1.5 V, the photocurrent increased with increasing light intensity. The 

photocurrent was 390 nA at the maximum intensity of 0.5 mW. In this work, 10% 

of the maximum intensity (0.05 mW with an average irradiance of 3.8 mW/cm2) 

was selected for LAPS measurements. 

 

Figure 4 (A) LAPS I-V curves of ZnO nanorods in pH 7.4 PBS buffer at 10 Hz 

with an unfocused laser beam (diameter of the light spot off focus 1.3 mm), (B) 

the frequency dependence of AC photocurrent and background AC current in 

the dark. 

A photocurrent image can be measured by LAPS with a focused laser beam. 

To find the focus, the distance between sample and microscope objective on 

the Z axis was scanned in a 400 μm range while measuring the photocurrent 

(Figure 5(A)). In focus, the photocurrent reached a minimum as the electrode 
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area for the photo-anodic process seen in the LSV measurements in Figure 3 

was effectively reduced. Enhanced recombination of charge carriers is likely to 

have contributed to the decrease of the photocurrent in focus due to the high 

irradiance (irradiance is inversely proportional to the square of the laser spot 

diameter). The focused laser beam size was approximately 1 μm. The I-V 

curve in focus (Figure 5(B)) was shown to have a similar trend but a lower 

photocurrent compared to the one off focus (Figure 4(A)).  

 

(A)

(B)

0.0 0.5 1.0 1.5 2.0

0

10

20

30

40

 
 

I(
n
A

)

E(V)

 ZnO in focus

(C)



11 

 

Figure 5. AC photocurrent measurements at ZnO nanorods at 10 Hz 

modulation frequency at 1.5V: (A) Z-axis line scan of photocurrent around the 

focus, (B) LAPS I-V curve in focus, (C) photocurrent area scan. 

An AC photocurrent image of a selected area of ZnO nanorods recorded by 

LAPS (Figure 5(C)) demonstrated a uniform photocurrent of 45.7 ± 0.1 nA with 

a focused laser beam at 10 Hz and an applied bias of 1.5 V. The background 

photocurrent image of bare FTO-coated glass was measured under the same 

conditions (Figure S-5), which shows a photocurrent of less than 0.3 nA.  

The effect of ZnO morphology on the device performance for LAPS 

imaging 

The device performance of ZnO for LAPS imaging was investigated using two 

different morphologies, ZnO nanorods (see Figures 2(A) and (B)) and a ZnO 

film with the same thickness grown at a higher concentration of the same 

precursor (Figure 6). In the film, ZnO 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 as shown in the cross-sectional view (Figure 6(B)) with some 

gaps still visible in the top view (Figure 6(A)).  

 

(A)

(B)
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Figure 6 SEM images of the ZnO film (A) top view and (B) cross-section 

Figures 7(A) and (B) show photocurrent images with a PMMA dot on the 

surface of the ZnO for the nanorods and the film. The photocurrent measured 

on the uncoated areas of the ZnO was approximately five times larger on the 

nanorods (45.7 ± 0.1 nA) than on the film (9.2 ± 0.2 nA). This can be explained 

with the significantly larger specific surface area of the nanorods compared to 

that of the film and represents a considerable advantage of nanorods in this 

type of measurement. The area covered with PMMA shows a significantly 

lower photocurrent than the uncovered area for both ZnO morphologies. The 

photocurrent contrast was ascribed to the high impedance of the PMMA dot on 

the surface. To measure the lateral resolution, photocurrent line scans with 

500 nm step width across the edge of the PMMA dots were performed (Figure 

7(C)). The lateral resolution calculated from the full width at half-maximum 

(FWHM) of the first derivative of the line scans (Figure 7 (D)) was 3.0 μm for 

the ZnO nanorods and 12 μm for the ZnO film. The diffusion length of minority 

charge carriers in bulk n-type ZnO typically assumes values of 130-440 nm,39 

i.e. the lateral diffusion of charge carriers cannot be responsible for the 

difference in resolution between nanorods and film. As the features in the film 

are larger than the wavelength of light used for imaging, it is likely that light 

scattering is causing a significant degradation of the resolution. In contrast, the 

ZnO nanorods have diameters significantly smaller than the wavelength of 

light making light scattering effects negligible, thereby resulting in better lateral 

resolution. With a lateral resolution of 3.0 μm, this abundant metal oxide has 

great potential to be applied in biological imaging. 
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Figure 7. Photocurrent images of a PMMA dot on ZnO (A) nanorods and (B) 

film, in which the red arrows indicate the line scan direction; (C) Y-axis 

photocurrent line scans across the edge of the PMMA dots; (D) the first 

derivative of panel (C). 

Sensor applications of ZnO nanorods 

To assess the feasibility of using ZnO nanorods as a substrate for LAPS in 

practical applications, its pH sensitivity was tested, and the possibility of using 

the new substrate in a biosensor format was investigated. Figure 8 displays 

the pH sensitivity of ZnO nanorods in a range of phosphate buffer solutions 

(pH 5-9) with 0.1 M KCl using an unfocused laser to illuminate a sample area 

of 1.3 mm in diameter. The I-V curve shifted towards higher potentials with 

decreasing pH, which is typical for an n-type semiconductor.21 As there is no 

insulator present on the ZnO nanorods, the pH sensitivity could originate from 

the surface potential as in classical LAPS, but could also be affected by the 

anodic process (see Figure 2(A)), which can be ascribed to the oxidation of 

OH-, and would, therefore, not be expected to follow the Nernst equation. At a 

constant photocurrent of 40 nA, ZnO was observed to have an average 

(A) (B)

(C) (D)
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sensitivity of 53 mV/pH by linear fitting with R-square of 0.96 (inset Figure 8). 

This shows ZnO to be a promising sensing material for a pH imaging sensor as 

well as the potential for other biochemical characterization with LAPS. 

 

Figure 8. LAPS I-V curves of ZnO nanorods in different pH solutions, inset is 

the pH sensitivity. 

Previous research has developed biosensors for the detection of enzyme 

activities based on the degradation of thin polymer films. Degradation of the 

polymer films has been monitored by using techniques such as surface 

plasmon resonance (SPR)37,40, quartz crystal microbalance (QCM)41,42, 

impedance measurements and SPIM41,43–46. In this work, a poly(ester amide) 

for the detection of α-chymotrypsin was deposited onto the ZnO nanorods by 

drop-coating 1 µL of poly(ester amide) (200 mg/ml in chloroform). The polymer 

dot on the ZnO nanorods substrate is clearly visible in the photocurrent image 

in Figure 9(A) and the corresponding phase image in Figure 9(B). As the 

phase between photocurrent and light intensity proved to be more stable than 

the photocurrent, the polymer degradation was monitored by recording phase 

images (Figures 9(C)-(F)). The area of the film decreased with time; 

approximately 60% of the polymer had been degraded after 2 h, and the 

polymer completely disappeared after 6 h. The area of the polymer dot in the 

phase images was calculated using ImageJ and plotted versus time (Figure 

10). With the assumption that the polymer was uniform on the ZnO nanorods, 

the average degradation rate of the poly(ester amide) was estimated to be 29 
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µg/h in the presence of 100 µM α-chymotrypsin. This demonstrates the 

suitability of LAPS imaging using ZnO nanorods for the interrogation of 

biosensor arrays and for real-time imaging of biological processes. The low 

cost of ZnO and an easily scalable solution deposition technique make this a 

promising substrate for disposable biosensors. 

 

Figure 9. (A) Photocurrent image and (B) phase image of poly(ester amide) 

on ZnO nanorods in pH 7.3 buffer. Phase images taken at (C) 0 h, (D) 2 h, 

(E) 4 h and (F) 6 h after adding 100 µM α-chymotrypsin into pH 7.3 buffer 

solution. 
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Figure 10. Area of poly(ester amide) degradation by 100 µM α-chymotrypsin. 

The enzyme was added at t=0. 

Conclusions 

ZnO nanorods synthesized using a simple aqueous solution method on 

FTO-coated glass were found to be uniform and well-oriented in the c-axis with 

a high aspect ratio of 51. The nanostructured semiconductor was shown to be 

suitable for photocurrent imaging with LAPS without the need of an insulator. 

Photocurrent images of a PMMA dot deposited on ZnO nanorods and ZnO 

films showed that the 1D substrate has the advantage of higher photocurrents 

and better resolution than a film of the same thickness. ZnO nanorods 

displayed a pH sensitivity of 53 mV/pH in a pH range from 5-9 and were shown 

to be suitable for use in a biosensor format aimed at the detection of enzymes 

by monitoring the degradation a polymer film. The sensor showed sufficient 

stability for monitoring the polymer degradation over 6 h. The large 

photocurrents paired with good lateral resolution and pH sensitivity make ZnO 

nanorods a promising sensor substrate for biosensing and bioimaging 

applications. The successful demonstration of the suitability of nanostructured 

semiconductors without an insulator as substrates for LAPS greatly expands 

the range semiconductor materials that can be used in this imaging technique, 

making it more attractive for general use.   
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