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Abstract 

ZnO nanosheets are polycrystalline nanostructures that are used in devices including solar 

cells and gas sensors. However, for efficient and reproducible device operation and contact 

behaviour the conductivity characteristics must be controlled and surface contaminants 

removed. Here we use low doses of argon bombardment to remove surface contamination 

and make reproducible lower resistance contacts. Higher doses strip the surface of the 

nanosheets altering the contact type from near-ohmic to rectifying by removing the donor-

type defects, which PL shows to be concentrated in the near-surface.  Controlled doses of 

argon treatments allow nanosheets to be customised for device formation. 

 

 

Introduction 

Zinc Oxide (ZnO) is a wide band gap (3.37 eV) metal oxide piezoelectric semiconductor that 

has the ability to be formed in numerous nanostructures including nanowires, nanorods and 

nanosheets [1-3].  Due to their high surface area to volume ratio, polycrystalline ZnO 

nanosheets have been shown to have potential practical application in gas-sensing devices 

and dye-sensitised solar cells [4-6].    

 

These devices require surface contamination to be removed in order to create a consistent 

contact.  One method of doing this involves annealing the nanosheets; however, previous 

work has shown that vacuum annealing causes changes in the polycrystalline structure and to 

the defect chemistry, which affects the conduction characteristics of the nanosheets [7].   

 

Other commonly used methods to clean nanostructures are plasma treatments and argon 

bombardment [8-10].  Argon plasma treatment has been observed to increase the mobility, 

carrier concentration and conductivity of ZnO nanowires [11] and has been used by Dulub et 

al. [12] to clean single crystal ZnO in order to carry out scanning tunnelling microscopy 

(STM).  Our previous work found that argon bombardment using 0.3 kV for 20 minutes on 

ZnO nanowires removed surface contamination resulting in a more consistent contact and a 

three orders of magnitude drop in resistance due to the reduced contact resistance  [13].  It 

was also found that higher powered argon bombardment (1-2.5 kV for 20 minutes) stripped 

the surface resulting in a reduction in the number of defects observed using 

photoluminescence (PL).  This indicated that the reduction in donor states caused the 

formation of a more rectifying contact and suggested that the defects are situated at the near-
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surface of ZnO nanorods.  It is not known whether the defects of polycrystalline ZnO are 

situated in the near-surface and can be stripped using argon bombardment in order to control 

the conductivity and contact type.       

 

Here we investigate the effects of argon bombardment on the conduction characteristics and 

chemistry of polycrystalline ZnO nanosheets using scanning electron microscope (SEM), X-

ray photoelectron spectroscopy (XPS), two-point probe and PL.  

 

Method 

Layered basic zinc acetate (LBZA) nanosheets were synthesised in an 800 W commercial 

microwave in a 500 ml solution of 0.1 M zinc acetate dihydrate (Zn(CH3COO)2.2H2O) and 

0.04 M hexamethylenetetramine (HMTA, (CH2)6N4) for 6 mins [6].  The solution was then 

centrifuged, the supernatant removed and the residue re-suspended in DI water.  The LBZA 

nanosheets were then deposited on n-type (100) silicon and annealed in air at 400 °C to 

thermally decompose the LBZA into ZnO. Thirteen samples were made in this way. 

 

An Omicron LT nanoprobe equipped with a PSP ISIS 3000 ion gun was used to argon 

bombard the samples. One sample was loaded into the system but not treated with argon to 

act as a control, hereafter known as the ‘before’ sample.  The remaining 12 samples were 

subjected to various argon treatments at room temperature using energies of 0.3, 1.0 and 2.0 

keV for time lengths ranging between 5 and 20 minutes.    

 

Nanoscale two-point probe measurements were performed using tungsten probes that had 

been annealed to reduce probe oxide contamination [14, 15] and approached using a method 

to ensure minimal compressive strain at the point of contact providing intrinsic 

characterisation [16].  Five I-V repeat sweeps were performed between potential differences 

of -2 V and 2 V on randomly selected nanosheets and the probe separation was varied.  All 

measurements were carried out at room temperature.    

 

Surface chemical characterisation was carried out using a Kratos AXIS Supra XPS, Hitachi 

S4800 SEM and PL measurements obtained through use of a 325-nm wavelength He-Cd 

laser and an Ocean Optics USB2000+ spectrometer.  For the XPS, three areas of the samples 

were scanned using a monochromatic Al Kα X-ray source and a charge neutraliser, with 

spectra measured at a pass energy of 20 eV.  In the case of the PL measurements, three 
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spectra were acquired at room temperature from different areas of the sample and then 

normalised and averaged. 

 

Results and Discussion 

The synthesised ZnO nanosheets were of rectangular form with lengths typically ranging 

from 1 to 20 μm and widths of 1 to 15 μm, which is in general agreement with our previous 

results [7].  Figure 1 shows a SEM image of the grain structure of a typical ZnO nanosheet 

before argon bombardment, Figure S1 in the supplemental information shows the nanosheet 

coverage of the sample.  The average grain size was 5 nm and the surface consisted of voids 

and uneven features.   

   

 

 

Figure 1: SEM image of ZnO nanosheet before argon bombardment.  
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Figure 2: SEM images of ZnO nanosheets after argon bombardment of 0.3 kV, 1 kV and 2kV for time 

durations 5, 10, 15 and 20 minutes. 

  

Figure 2 shows SEM images of samples subjected to argon bombardment.  Argon 

bombardment at 0.3 kV caused no observable change to the structure of the ZnO nanosheets 

while bombardment at 1 kV caused observable damage to the ZnO nanosheets by stripping 

the surface causing the silicon substrate to be visible under the nanosheets. Bombardment at 2 

kV also caused observable damage to the nanosheets, with bombardment of duration greater 

than 15 mins resulting in the nanosheets being almost completely destroyed.  

 

XPS scans were recorded to assess whether the argon bombardment had had an effect on the 

surface chemistry, including a survey spectrum and detailed spectra of the Zn 2p, Zn 3p, O 

1s, Ar 2p and C 1s core levels and Zn LMMA.  Figure 3 shows the changes in the survey 

scan, Zn 2p core level and the Zn LMMA scans following argon bombardment at different 

powers and times, and the O 1s fit.  The survey spectrum shows a peak at 99.4 eV, which is 

associated with Si from the silicon dioxide substrate.  Analysis of the C 1s peak revealed that 

the quantity of carbon varied randomly with bombardment dose, which we attribute to the 

random distribution of carbon throughout the ZnO nanosheet structure resulting from the 

incomplete oxidation of zinc acetate during the annealing.  This meant that analysis of carbon 

contamination removal due to the argon bombardment was not possible. 
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Figure 3. a) Evolution of the survey scan with argon bombardment dose, b) Evolution of the Zn 2p peak 

with argon bombardment, c) The O 1s peak before argon bombardment, showing fits and background 

and d) Evolution Zn LMMA peak with argon bombardment.  

 

There was no significant change in the Zn 3p or 2p peaks with argon bombardment; however, 

it is known these peaks are almost independent of the type of chemical bonds [17]. 

 

Before argon bombardment, the O 1s peak consisted of a main component centred at 530.2 

eV, and a shoulder on the higher binding energy side consisting of two peaks offset from the 

main component by 1.35 eV and 2.3 eV, labelled as S1 and S2, respectively.  These peaks are 

attributed to lattice oxygen, surface hydroxide ions and surface water vapour, respectively 

[18-22].  Curve fitting area analysis of these peaks was used to calculate the percentage water 

vapour component contribution to the O 1s peak and the results are show in Figure 4a).  Since 

the C 1s spectrum was not a suitable measure of surface contamination, the S2 component 

was used instead.  The quantity of water measured decreased with both increased acceleration 

voltage and bombardment time; it was also noted that the S1 component followed similar 

trends.     
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Figure 4: Plots of a) Percentage H2O and b) Argon against time of argon bombardment. 

 

It is known that high energy ion bombardment can cause argon to be incorporated into the 

sample [23], and the Ar 2p spectra was therefore also fitted.  Figure 4b) depicts the 

percentage Ar measured in each sample and shows that there was no increase in argon 

incorporated into the ZnO nanosheets by argon bombardment at 0.3 kV as the quantity 

measured is not above the background noise of argon measured from the “before” sample.  

However, when an acceleration voltage of greater than 1 kV was used, an increased quantity 

of argon was measured compared to the untreated sample.  

 

The Zn LMMA peak, depicted in Figure 3d), is consistent with that of ZnO and did not alter 

shape with argon bombardment at 0.3 kV and up to 15 mins at 1 kV. After the nanosheets 

were bombarded for 20 mins at 1 kV and at 2 kV, the peak shape shift shows a peak centre at 

a lower binding energy; this change is consistent with the formation of metallic zinc, and is in 

agreement with the SEM images in Figure 2 which show damaged nanosheets at these 

acceleration voltages. 
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Figure 5:  PL Spectra for ZnO nanosheets with different powers and time of argon bombardment.  Error 

bar show standard deviation at 625 nm. 

 

        PL was carried out to characterise changes in the defect chemistry with each spectrum 

normalised to the near band edge (NBE) peak, shown in Figure 5.  Before argon 

bombardment, the NBE peak was centred at 381.3 nm and the deep level emission (DLE) 

peak in the range of  400- 850 nm and shape of the DLE peaks is agreement with our 

previous work [7, 13].  There has been great debate in the literature over the origins of the 

constituent components of the DLE peak and defects in ZnO as a whole. These debates centre 

around the role of zinc and oxygen vacancies and interstitials as well as hydrogen impurities 

and density of states due to confinement and how the nature of the defects affect the 

conduction mechanisms [24-37].  As there is no consensus on the exact position and 

contribution of these components, the following discussion will focus on the overall changes 

in relative intensity of the DLE peak.      

 

Argon bombardment at 0.3 kV did not alter the PL spectra, with both the NBE peak 

remaining centred at 381.3 nm for all time durations of bombardment.  There were some 

variations in the relative intensities of the DLE peak but these were within the variation of the 

measurements and therefore not considered to be significant as the error bars overlap.  Argon 

bombardment at 1kV also did not result in any measurable change to the position of the NBE 

peak.  However, it was observed that the relative intensity of the DLE peak decreased with 

increased duration of bombardment.  The spectra for the samples bombarded for 15 and 20 

min do no statistically differ from each other as shown by the overlapping error bars.  Our 

previous work [13] showed that using similar argon bombardment conditions stripped the 
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surface of ZnO nanorods, and the SEM images in Figure 2 also indicate that the surface of the 

nanosheets are stripped.  Since the normalised DLE peak reduced with argon bombardment 

duration, it suggests that the defects that cause the DLE peak are mainly situated at the near 

surface and are removed when the near surface is stripped.   

 

Argon bombardment at 2 kV for 5 and 10 minutes reduced the relative intensity of the DLE, 

with the unchanged peak shape and the position of the NBE peak did not shift during 

bombardment.  Bombardment for 15 and 20 minutes further reduced the intensity of the DLE 

peak relative to the NBE peak, and again they did not significantly differ from each other.  

However as the Figure 2 shows, the nanosheets are damaged to a point where the surface is 

not clear therefore it is not possible to comment on the defect distribution for these samples.  

The position of the NBE peaks also shifted to 378.4 nm.  

 

 

Figure 6. Graph of normalised resistance against duration of argon bombardment.  Error bars show the 

standard error. 

 

To assess the effects of argon bombardment on the transport properties of the ZnO 

nanosheets, nanoscale two-point probe was used to perform I-V measurements; the 

normalised resistance at +1 V is plotted against argon bombardment duration in Figure 6.  

Normalised resistance was calculated using the average of the measured resistances of the 

nanosheets divided by probe separation.  Figure S2 in the supplemental information show 

SEM images of typical probe placements.   The samples bombarded at 2 kV and 1 kV for 20 
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minutes were not characterised as the SEM images showed damage to the nanostructures that 

would create inconsistent results.  

 

The average normalised resistance before argon bombardment was 2.22×1012 Ωm-1.   Argon 

bombardment at 0.3 kV for 20 mins caused a the normalised resistance to reduce to 4.12 

×1010 Ωm-1, although it should be noted that the difference between 15 minutes and 20 

minutes is not statistically significant. These results are in agreement with our previous work 

[13], which attributed the effect to surface cleaning.   

 

Argon bombardment at 1 kV for 5 mins caused the normalised resistance to drop to 

7.01×1011 Ωm-1, however, further bombardment caused the resistance to increase, with the 

normalised resistance after 15 mins increasing to 5.96×1012 Ωm-1.  Again, this is in agreement 

with our previous work [13], which attributed this effect to the removal of defects resulting in 

a reduction in the number of charge carriers by stripping the surface of the nanostructure.  

 

Figure 7 shows an I-V curve normalised to the current measured at +2 V for a typical 

nanosheet after bombardment for 20mins at 0.3 kV (“cleaned”), and bombarded at 1 kV for 

15min (“stripped”).  It was observed that the I-V curves measured before and after 0.3 kV 

bombardment were slightly rectifying in character, indicating that the tungsten probes made a 

Schottky contact to the nanosheets.  A linear fit was used to quantify a typical cleaned I-V 

curve and the R2 value was calculated to be 0.9917.  However, the stripped I-V curve was 

more rectifying in character and the R2 of a typical curve was calculated to be 0.9509.  This is 

in agreement with our work on ZnO [13], which showed that this effect is a result of surface 

charge being removed from the ZnO nanosheets by a reduction in donor states. Removal of 

these defects resulted in increased band bending at the boundary between the probe and the 

material surface, yielding a more rectifying contact. It should be noted that the reduction in 

the normalised DLE peak indicates that all defects have reduced. This includes acceptor/p-

type defects as well as n type defects, however, it is known that ZnO is naturally n-type 

therefore any reduction in acceptor defects has a minimal effect on the conduction 

mechanism when compared to a reduction in donor/ n-type defects [37].  It is noted that the 

contact made to the “cleaned” nanosheets is more rectifying than that made to “cleaned” 

nanorods in our previous work.  We attribute this to the nanorods having a larger normalised 

defect peak, which was 2.5 times the intensity of the NBE peak, which corresponds to a 
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higher concentration of donor states at the surface, in turn resulting in a lower degree of band 

bending at the interface with the tungsten probe.       

 

 

Figure 7. Graph of normalised current against voltage for a typical “cleaned” ZnO nanosheets and a 

typical “stripped” nanosheet. 

 

Conclusion 

ZnO nanosheets have been treated with increasing doses, by both power and time, of argon 

bombardment and the resulting changes in the electrical transport and defect chemistry have 

been measured experimentally using nanoscale two-point probe, XPS, PL and SEM.  Low-

powered, 0.3 kV doses of argon bombardment removed surface contamination without 

changing the defect chemistry.  It was found that at least 15 minutes of treatment was needed 

to remove surface contamination and to reduce the resistance measured to a minimum, two 

orders of magnitude lower than before treatment.   

 

Higher-energy bombardment at 1 kV resulted in surface stripping of the ZnO nanosheets, 

with 20 mins of bombardment causing holes to appear in the nanosheet structures.  As the 

surface was stripped, the PL defect concentration reduced and the measured resistance 

increased.  The reduction in defects resulted in less surface charge due to the removal of 

donor states causing increased band bending at the contact.  Argon bombardment at 2 kV 

caused significant damage to the nanosheets, making it impossible to carry out reliable 

conductivity measurements.  
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The work presented herein indicates that removing surface contamination with a low-energy 

dose of argon bombardment results in more reproducible, lower resistance contacts without 

altering the defect chemistry.  Our work also shows that the contact type can be controlled by 

selectively surface-stripping ZnO nanosheets with higher-energy doses of argon 

bombardment.  The controlled removal of the defects and the ability to control the 

conduction/donor concentration of the nanostructure allows for enhancement of the 

sensitivity of devices such as gas sensors [4] and more efficient solar cells [6].  The work also 

indicates a possibility of controlling doping concentration within layers of the same 

nanostructure without the need for dopant implantation, which may be achieved by exposing 

only one side of the nanostructure to bombardment.        

 

The results presented in this investigation agree with our previous work on ZnO nanorods.  

Within that study, it was found that defect states are concentrated in the surface of 

nanostructures even if they are polycrystalline in nature.  It should be noted that the 

polycrystalline structure of ZnO nanosheets is more susceptible to damage from argon 

bombardment than single crystal ZnO nanorods, and that nanosheets appear to have a lower 

concentration of defects, which can result in a more rectifying contact.    
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