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Abstract  

Correlative Probe Electron Microscopy (CPEM) was used to investigate the topographical and electronic 

emission properties of gallium-doped zinc oxide nanorods (ZnO:Ga) after low pressure hydrogen or oxygen 

plasma treatment. Simultaneous secondary electron (SE) and back-scattered electron (BSE) emission 

information from the same nanorods enabled true correlation with the topographical information obtained by 

atomic force microscopy (AFM). All nanorods were analyzed in-situ on the same substrate using the same 

experimental parameters which allowed for accurate comparison. ZnO:Ga nanorods displayed the largest SE 

emission intensity as well as the greatest BSE emission intensity. Hydrogen plasma treatment reduced both 

SE and BSE emission intensity, whereas oxygen plasma treatment only reduced SE emission. These effects 

may help elucidate various optical as well as biological interactions of ZnO:Ga nanorods. 
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1. INTRODUCTION 

Correlative microscopy combines the information measured from two or more typically separate techniques 

from the same region of interest, analyzed under the same conditions [1, 2]. The underlying principle is to 

simultaneously detect, acquire and combine the signals from the separate analyses to reveal new information 

that would otherwise not have been possible. Correlative Probe and Electron Microscopy (CPEM) is a new 

technology which integrates the techniques of Atomic Force Microscopy (AFM) and Scanning Electron 

Microscopy (SEM) [3]. High resolution topographical 3D images can be obtained using AFM alongside 

information on the electrical, mechanical and magnetic properties of a sample but the rate at which information 

is acquired is slow. In contrast, scan speeds are typically much faster using SEM and can gather electronic, 

morphological and chemical properties but the information is limited to a 2D image. The combination of these 

two techniques offers the possibility to improve the understanding of the analyzed material through the creation 

of a 3D CPEM image that combines both topographical and electronic information. In particular, complex 

materials subjected to surface treatments would be ideal candidates to benefit from such a correlative 

approach.  

Zinc oxide (ZnO) is a wide band gap semi-conductor whose properties can be enhanced with the incorporation 

of a dopant during the synthesis process, and elements that have similar ionic radii, such as gallium, are the 

most promising candidates [4]. Treatment of doped materials by plasma is a quick and effective method to 

tailor the surface for particular applications [5]. Hydrogen plasma has been shown to passivate defects in ZnO 

[6, 7], whereas oxygen plasma is typically used for the removal of contamination from surfaces [8] and reducing 

contact angle/increasing wettability [9], including zinc oxide doped with gallium (ZnO:Ga, [10]). We previously 

showed that plasma treatment enhanced the antibacterial and photocatalytic effects of ZnO:Ga largely due to 

increased surface roughness which was measured using AFM operating at ambient pressure and room 
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temperature [11]. SEM analysis of plasma-treated ZnO:Ga revealed the presence of surface features thought 

to be due to etching and removal of material caused by ion bombardment during plasma treatment. Whilst one 

can infer that the increased roughness measured by AFM outside vacuum from plasma-treated samples could 

be due to the presence of increased number of surface features observed by SEM under vacuum, true 

correlation of the information from both analyses was not possible because the analyses were performed 

separately on different ZnO:Ga nanorods.  

In the current work, we perform true in-situ correlation of the topography and electronic emission of ZnO:Ga 

and the plasma-treated nanorods to provide new information about the surface structure. 3D CPEM images 

that overlay the secondary electron (SE) and back scattered electron (BSE) signal intensity detected using 

SEM onto the topographical information obtained using AFM from precisely the same nanorods reveal 

differences in the maximum intensity of electronic emission relative to surface topography. 

2. METHODOLOGY 

2.1 ZNO:GA SYNTHESIS 

Gallium-doped zinc oxide (ZnO:Ga) was prepared using the hydrothermal growth technique [3] and a 

schematic diagram of the process can be seen in Figure 1 (a). Briefly, stoichiometric amounts  of zinc nitrate 

hexahydrate and gallium nitrate hydrate (Sigma Aldrich) were mixed together at room temperature. After 15 

minutes of continuous stirring, hexamethylenetetramine (HMTA) solution was added whilst stirring of the 

mixture continued. Once the mixture was uniform and homogenous, the temperature was increased to 90°C 

for 3 h. The product was then removed from the solution by centrifugation and washed with deionized water 

(dH2O) to remove any unreacted precursor. This process was repeated a further two times before lyophilization 

to remove any water from within the ZnO:Ga structure.   

 

Figure 1 Schematic diagram of (a) ZnO:Ga synthesis by the hydrothermal growth technique and (b) 

subsequent plasma treatment of ZnO:Ga using either oxygen or hydrogen 

2.2 PLASMA TREATMENT 

Plasma treatment of ZnO:Ga synthesized by hydrothermal growth was performed at low pressure using  

an rf-ICP system (SVCS Process Innovation s.r.o) with custom quartz sample cradle (Figure 1 (b)) which 

rocked the material from side to side and ensured homogenous plasma treatment for a duration of 30 min [6]. 

Two separate gases were utilized for the plasma feed gas: pure H2 (99.999%) or pure O2 (99.995%). ZnO:Ga 

exposed to plasma using hydrogen will be referred to as ZnO:Ga-H and oxygen plasma-treated as  

ZnO:Ga-O.  
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2.3 AFM-IN-SEM MEASUREMENTS AND CORRELATION OF DATA  

Colloidal suspensions of ZnO:Ga, ZnO:Ga-H and ZnO:Ga-O were prepared using HPLC H2O (p-lab) and 

sonicated before use (160 W, 37 kHz, Sonorex Digitec, Bandelin). 10 µL of 10 µg/mL of each test sample was 

dropcast onto a single pre-cleaned silicon substrate (10 x 10 mm2) for analysis. AFM (LiteScope, NenoVision 

s.r.o.) fitted with self-sensing probes [12] was fixed directly onto the sample holder of the SEM (Evo 10, Carl 

Zeiss spol. s.r.o.). The AFM operates inside the SEM chamber under vacuum using the tuning fork method of 

measurement. An electrical signal is used to oscillate the self-sensing probe [12]. The resonant frequency of 

oscillations depends on the distance between the probe apex and the surface, and the changes in resonant 

frequency during probe movement across the surface (x- and y-direction) are compensated by the feedback 

loop. The feedback loop changes the z-position of the self-sensing probe by trying to keep the resonant 

frequency constant, thus recording the topographical information. A setpoint frequency of 15 Hz was used 

because during preliminary measurements the tip lost contact with the surface for setpoint values < 15 Hz. 

Higher setpoint values (> 15 Hz) only increased tip contamination and did not improve the quality of the 

topographical information. Variable scan speeds were employed for more efficient data acquisition over the 

scan area (20 x 20 µm): 1 µm/s scan speed was used to obtain information over the nanorods whereas a faster 

scan speed (10 µm/s) was used over the remaining area of substrate without the nanorod. It was possible to 

simultaneously acquire SE and BSE emission signals from the same nanorod using SEM ‘spot mode’, whereby 

the electron beam remains in one ‘spot’ and the sample moves by way of the motorized AFM stage so that 

both techniques can analyze the same area with a defined offset to ensure that neither technique interferes 

with the other. SEM parameters were the same for each test sample: accelerating voltage = 10 kV, working 

distance = 8.0 mm, magnification = 10 kx, current probe = 100 pA, SE brightness = 50 % and contrast = 27 %, 

BSE brightness = 50 % and contrast = 45 %). The alignment on the topographical and electronic emission 

information was performed using NenoView software [13] that was necessary because of the defined offset. 

Minor scan artifacts were removed using Gwyddion software [14] without altering the raw data before 3D 

CPEM creation that overlaid either SE or BSE emission intensity onto the topographical data, where the 

electronic emission intensity determined the color scale (color palette: Code-V). The maximum electron 

emission intensity value was used for setting the same color scale for all 3D CPEM images. 

3. RESULTS & DISCUSSION 

Navigation of the AFM probe using the high magnification offered by SEM enabled quick targeting of individual 

nanorods. The topographical information and the electronic emission data were collected from all test samples 

located on the same substrate and analysed under the same conditions using the same settings. It was 

particularly important to keep the brightness and contrast settings the same for SE and BSE emission 

acquisition because the signal intensity governs the color scale used in the 3D CPEM images. Note that varying 

the brightness or contrast settings does not influence the absolute electronic emission from the sample but 

does influence the output data used to define the color scale. Therefore, when the brightness and contrast 

settings are constant for samples that are in focus, any observed differences in SE and BSE emission intensity 

must be due to differences in material structure [15].  

The results from the correlative analyses of ZnO:Ga can be seen in Figure 2. The two types of electrons that 

are typically detected using SEM differ in their origin; SE are generally emitted from the surface whereas BSE 

originate from deeper within the sample. The SE emission intensity peaked at 1.8 V and BSE emission at 2.0 

V, which were the greatest values measured from all test samples (n.b. ZnO:Ga-O also recorded BSE emission 

intensity of 2.0 V). The lower value of SE intensity relative to BSE intensity is due to the fact that SE originate 

from inelastic collisions and have less energy compared to BSE that result from elastic collisions. The 

maximum nanorod height measured from topography was approximately 0.8 µm. It is obvious from both the 

3D CPEM images that the electronic emission intensity was greatest from the central region of the nanorod 

and not the edges. The nanorod width measured using AFM was greater than the nanorod width observed by 
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SEM because of the finite size of the AFM tip. This also explains the thinner emission intensity from SE and 

BSE that does not completely cover the entire area of the nanorod in the 3D CPEM images. 

 

Figure 2 Correlative analysis of ZnO:Ga.(a) SE emission (SEM), (b) topography (AFM), (c) BSE emission 

(SEM), (d) CPEM image combining (a) & (b) and (e) CPEM image combining (b) & (c). 

Interestingly, ZnO synthesized by the hydrothermal growth technique without the addition of a gallium 

precursor resulted in the creation of small needle-like clusters instead of individual rods [16]. It is clear that the 

addition of gallium increased the size and altered the form of the hydrothermally-synthesized ZnO, which is in 

good agreement with other ZnO nanostructures in the presence of a dopant using the same technique [17]. 

 

Figure 3 Correlative analysis of ZnO:Ga-H. (a) SE emission (SEM), (b) topography (AFM), (c) BSE emission 

(SEM), (d) CPEM image combining (a) & (b) and (e) CPEM image combining (b) & (c).  

The results from the correlative analysis of ZnO:Ga-H can be seen in Figure 3. Plasma treatment by hydrogen 

did not change the size or shape of the material but it did change the rod surface. Both maximum SE emission 

and BSE emission intensity (1.5 V) were lower relative to ZnO:Ga. The topography scan shows two nanorods 

with a maximum nanorod height of approximately 1 µm, however there was only one nanorod detected from 

the SEM images. This is a result of AFM tip contamination that created a second ‘ghost’ nanorod. Plasma 

treatment typically etches material from the surface due to heavy ion bombardment and differences in surface 

structure can influence the measured absolute electron emission. However, zinc (30) and gallium (31) have 
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very similar atomic numbers, and hence electron orbital structures, therefore it would be difficult to differentiate 

between the electronic emission from both these elements using SEM.     

Figure 4 shows the results from the correlative analysis of ZnO:Ga-O which displays the same (lowest 

observed) value of SE emission as ZnO:Ga-H (i.e., 1.5 V), yet the same (greatest observed) value of BSE 

emission as ZnO:Ga (i.e., 2.0 V). Similar to ZnO:Ga-H, the topography scan shows two nanorods however 

there was only one nanorod detected from the SEM images. This is again a result of AFM tip contamination 

that created a second ‘ghost’ nanorod. Tip contamination is a recuring problem in AFM scans that introduces 

unwanted artifacts [18]. Attempts have been made to modify the surface of the tip with the aim of reducing the 

prevalence of such artifacts, for example to reduce the adhesive properties [19] or increase the surface 

hydrophobicity of the tip [20]. The common objective is to try and minimise tip-surface interaction without 

jeopardising the image resolution or quality. Similar to ZnO:Ga and ZnO:Ga-H, the colorized 3D CPEM images 

that combined topography with SE or BSE emission shows the most intense signal was produced along the 

entire length from the upper central region and not towards the edges. 

Since the topography of all analyzed nanorods are of similar size and shape and exhibit similar features, the 

differences observed in SE and BSE emission contrast must be related to subtle material and chemical 

modifications as a result of plasma treatments. The main aim of the current research was to correlate the 

information obtained from the same nanorods by separate techniques, and the effect of plasma treatment on 

the properties of ZnO:Ga is a matter of ongoing analyses by spectroscopic methods and beyond the scope of 

this work.  

 

Figure 4 Correlative analysis of ZnO:Ga-O. (a) SE emission (SEM), (b) topography (AFM), (c) BSE emission 

(SEM), (d) CPEM image combining (a) & (b) and (e) CPEM image combining (b) & (c).  

4. CONCLUSION 

We presented true in-situ correlation between topographical information obtained from AFM with SE and BSE 

emission data simultaneously acquired from the same nanorods analyzed under the same conditions and 

brightness/contrast settings to produce 3D CPEM images. This approach provided added information 

regarding the location of SE and BSE emission relative to surface topography of ZnO:Ga. The maximum SE 

and BSE emission intensity was measured from ZnO:Ga without plasma treatment and originated from along 

the central region of the nanorod. Plasma treatment did not change the location of the maximum emission 

intensity but did influence the absolute values. Hydrogen plasma treatment reduced both SE and BSE emission 

intensity relative to ZnO:Ga, whereas oxygen plasma treatment only reduced SE emission. This direct 
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correlation of electronic emission and plasma treatment may help elucidate various optical as well as biological 

interactions of ZnO:Ga nanorods.  
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