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Abstract 

Despite being technologically very attractive, highly-doped zinc oxide whiskers with precisely 

defined morphology and doping level are difficult to prepare. Here, as an advancing step 

towards this goal, we show that pre-annealing of ZnO in oxygen-poor conditions (e.g. high 

vacuum) encourages a deeper diffusion of Ga into the ZnO crystal lattice in contrast to ZnO 

pre-annealed in oxygen-rich conditions. We also demonstrate that gallium acts as a reactant 

causing ZnO etching at diffusion temperatures, contrary to Al-based doping of ZnO systems. 

This behaviour, being similar to gallium melt-back etching during GaN epitaxy on silicon, has 

not been observed for ZnO so far and can represent a significant hurdle for the post-growth 

diffusion doping of ZnO nanostructures. The paper suggests possible ways how to diminish this 

effect. 
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1. Introduction 

Nanostructures made of transition metal oxides (TMOs) are recognised as ideal building blocks 

for sensing devices based on localised plasmon resonances (collective oscillations of free 

electron gas coupled with the electromagnetic field) [1]. The large surface-to-volume ratio of 

nanostructures increases the sensors’ sensitivity. At the same time, the possibility of altering 

the carrier density in nanostructures by different doping levels may lead to plasmon resonance 

tuning within the near-IR spectral range, opening access to direct detection of molecular 

fingerprints [2]. To reach carrier density high enough for accessing the near-IR spectral region, 

group-III doped TMOs are an attractive choice [3]. Ga-doped ZnO whiskers are a prominent 

representative of this class of materials, being more stable in comparison with Al-doped ZnO 

[4]. A natural choice for doping strategy is to introduce dopants during the growth of the 

whiskers. However, it often results in unexpected growth mode changes [5, 6, 7], thus adding 

more complexity to the parameter-sensitive nanostructure growth. The post-growth doping 

techniques developed for planar technology (implantation and diffusion doping) avoid these 

issues. Hence, a more feasible way is to utilise already existing concepts of ZnO whisker growth 

and alloy these with the group-III metal in a post-growth step. From this perspective, diffusion-

induced doping is the most promising way; however, more in-depth studies are required to fully 

understand the mechanisms at nanoscale systems [8, 9, 10]. 

Here, we show that diffusion doping of ZnO whiskers is critically dependent on the pre-

annealing conditions of ZnO before the diffusion step. Combining ex-situ and in-situ analyses, 

we are able to extract the diffusion length of Ga in ZnO whiskers. On top of that, we reveal 

a mechanism behind the formation of etch pits on the ZnO surface, which is strikingly similar 

to melt-back etching of silicon by gallium [11, 12]. 



2. Experimental details 

Ensembles of ZnO whiskers were synthesised via an aerosol-assisted CVD method (AACVD) 

at atmospheric pressure. The whiskers were grown via the vapour–solid (VS) mechanism at 

400 °C on a silicon wafer; the growth details have already been described elsewhere [13]. The 

whiskers exhibit six {1010}-oriented sidewalls and the top (0001)-oriented facet. HCl-based 

etching experiments [14] have identified that the top facet is O-polar, whereas the sidewalls are 

non-polar. 

For diffusion doping experiments, the ZnO samples were modified either by annealing in 

vacuum (O-poor conditions) or in H2O2 vapour (O-rich conditions). The H2O2 oxidative agent 

has been chosen because (i) it provides a lower concentration of oxygen vacancies (VO) 

compared to annealing in O2, and (ii) it is more reactive than molecular oxygen [15]. The H2O2 

vapour was supplied via a needle valve from a stainless-steel container held at constant 

temperature (22 °C). The annealing was performed in a high-vacuum chamber (pbase < 3∙10−6 

Pa) using a pyrolytic boron nitride heating element, previously calibrated by a thermocouple 

and a pyrometer [16]. The annealed samples were subsequently transferred under high-vacuum 

conditions to an interconnected chamber, where the Ga deposition took place. The deposition 

was carried out from an effusion cell (MBE-Komponenten) at a typical operating pressure of 

5∙10−6 Pa and evaporation rate 1.1 nm∙min-1 (calibrated before the experiment using a crystal 

quartz thickness monitor placed perpendicularly to the Ga flux). After the Ga deposition, the 

samples were transferred back to the annealing chamber and annealed at the desired temperature 

for different times to promote Ga diffusion. To monitor the diffusion process in-situ, two 

different vacuum systems were used. First, an ultrahigh vacuum chamber (UHV, pbase < 3∙10−7 

Pa) coupled with a scanning Auger microscope system (SAM, Omicron) was used for in-

vacuum annealing, Ga deposition and in-situ analysis by real-time scanning electron 

microscope (SEM) [16]. Second, an in-situ X-ray photoelectron spectroscopy (XPS) 

measurement was conducted in a complex ultra-high vacuum system, where all the process 



steps (annealing, Ga deposition, analysis) can be performed as well. Further, the samples were 

examined ex-situ with high-resolution SEM (ThermoFisher Verios 460L), XPS (Kratos 

Analytical Axis Supra) and TEM (ThermoFisher Titan Themis 60-300). The details of XPS 

sample analysis and peak fitting can be found in the Supplementary information. To investigate 

gallium diffusion into ZnO whiskers, selected samples were subject to energy-dispersive X-ray 

spectroscopy (EDS) analysis. For such measurements, <150 nm thick lamellae were made out 

of the whiskers with a xenon-plasma focused ion beam (ThermoFisher Helios 5 PFIB 

DualBeam) to avoid Ga implantation from a standard Ga FIB. 

3. Results 

3.1 Characterisation of as-grown and annealed whiskers 

The annealing of ZnO in different environments results in the formation of several types of 

defects [17]. Zinc vacancies are more likely formed during annealing in the oxygen-rich 

environment and are mobile at relatively low temperatures (270 °C). In contrast, oxygen 

vacancies are formed during in-vacuum annealing at higher temperatures. The latter procedure 

has been reported to promote the carrier concentration in Al-doped ZnO [18], and there are 

indications that it may significantly improve the Ga diffusion into ZnO [19]. Here, to inspect 

the effect of oxygen vacancies on the Ga diffusion, we have annealed the ZnO whiskers in 

vacuum (4∙10-6 Pa) and in H2O2 atmosphere (6 kPa) at 300 °C or 400 °C, according to the 

analysis run. The annealing temperature was chosen high enough to promote oxygen vacancy 

formation (and to maximise the difference between the two kinds of samples) while keeping 

ZnO below the decomposition temperature (see Fig. 1). Further annealing experiments at 

535 °C in high vacuum (i.e., the conditions used for Ga diffusion step) corroborated the stability 

of the nanorods by displaying stable sidewalls and no signs of decomposition (Fig. 1c,d). The 

XPS spectra of the samples exhibit mild differences in the O 1s peak (Fig. 1b) at around 531 eV. 

It is commonly accepted that the O 1s peak contains a relevant component (a peak 



deconvolution is not shown here for clarity) that represents the fingerprint of VO in metal oxides 

[20]. This interpretation has been questioned quite recently [21], based on the fact that there 

exists an overlap with a peak component related to hydroxyls. Despite the ongoing debate on 

the physical origin of this signal, our measurements show a decrease in intensity of this 

component upon annealing in the oxygen-rich environment, in agreement with other studies 

where the change of VO concentration was proved also by other means [17, 22]. In further text, 

the two distinctly pre-annealed samples will be referred to as VO-rich (ZnO annealed in high 

vacuum, resulting in a higher concentration of VO) and VO-poor (ZnO annealed in H2O2, 

resulting in low concentration of VO). 

 

Fig. 1: Characterisation of ZnO whiskers before and after annealing under different pressure 

conditions. (a) SEM image of the as-grown whiskers. b) O 1s XPS peak measured after pre-

annealing at 400 °C in high vacuum (4∙10-6 Pa, blue) and in H2O2 atmosphere (6 kPa, red). In 

both cases, this treatment does not result in any visible changes in morphology. This is shown 

in c) for a sample treated in H2O2 and in d), where the sample from c) was additionally annealed 

in vacuum for further 30 minutes at 535 °C as a control experiment for the Ga diffusion step. 

Again, surface morphology remains intact. The scale bar in a) is 500 nm; in c,d) it is 200 nm. 

 

3.2 Ga-diffused whiskers – Ga diffusion 



 

Fig. 2: Morphology, structure and chemical composition of the H2O2-preannealed ZnO 

whiskers after Ga diffusion doping. a) ZnO whiskers after evaporation of nominal thickness of 

12 nm of gallium at room temperature. No post-annealing was applied. b) ZnO whiskers after 

12 nm Ga deposition and subsequent annealing in low vacuum (30 min, 535 °C, 4∙10-2 Pa). 

c) ZnO whiskers after 12 nm Ga deposition and subsequent annealing in high vacuum (30 min, 

535 °C, 7∙10-4 Pa). d) Ga 2p3/2 peak obtained ex-situ by XPS (after exposure to atmospheric 

conditions) for the sample shown in (c). e) High resolution TEM image of the sample shown in 

(c), taken close to the sidewall (top of the image). The ZnO crystal planes are clearly visible 

even at the sidewall surface, with no indications of a surface gallium oxide layer. The contrast 

changes are due to variations in the sample thickness. The scale bars in a)–c) are 200 nm; in e) 

it is 1 nm. 

 

Upon the Ga deposition (nominal thickness of 12 nm; calibrated with a crystal quartz thickness 

monitor), the ZnO whiskers are decorated with characteristic gallium droplets (see ex-situ SEM 

in Fig. 2a). For all the samples that follow, the Ga diffusion step (i.e. the annealing step 

promoting the Ga diffusion) was performed immediately after the Ga deposition under vacuum 

to avoid Ga oxidation. This is necessary for Ga interdiffusion into ZnO, as the formation of 

thermally stable gallium oxide would prevent Ga diffusion. Here, it is worth noting that Ga 

affinity for oxygen is very high, so the annealing step has to be performed in a very high 

vacuum. At pressures higher than 10-4 Pa the gallium droplets oxidise and the amount of Ga 

available for diffusion is very low (see Fig. 2b, showing oxidised Ga droplet shells after the 

diffusion annealing step). For the chamber pressure lower than 7∙10-4 Pa, the annealing at 



535 °C for 30 minutes resulted in full consumption of the Ga droplets, as documented in Fig. 2c. 

The presence of gallium in this sample was confirmed by ex-situ XPS (Fig. 2d). The appearance 

of the whisker sidewalls changed significantly upon the diffusion step – the surface gets rough, 

exhibiting etch pits (see Fig. 2c). This phenomenon is discussed in section 3.3. The ex-situ XPS 

analysis of the sample shows gallium-related peaks at binding energies that are shifted with 

respect to metallic gallium (see e.g. the Ga 2p3/2 peak in Fig. 2d), suggesting the Ga valence 

close to Ga3+ state in Ga2O3. TEM analysis (Fig. 2e) confirms that the whiskers are defect-free 

ZnO single crystals up to their very surface; the value of 0.26 nm in [0001] direction 

corresponds to the ZnO bi-layer spacing in the ZnO crystal. Additionally, a fast Fourier 

transformation analysis of images taken on a larger area along the whisker sidewall shows only 

a single pattern assigned to ZnO (see the Supplementary information, Fig. S1). The presence of 

e.g. a Ga2O3 surface layer or inclusions within the ZnO lattice is therefore excluded. TEM 

imaging suggests that the gallium atoms have been incorporated into the ZnO lattice and that 

the XPS signal comes from gallium bound to oxygen atoms in the ZnO lattice rather than 

gallium oxide. 



 

Fig. 3: Cross-sectional STEM EDS map of gallium in VO-rich (a) and VO-poor (b) Ga-diffused 

whisker. The scale bars, 200 nm. c) Gallium EDS depth-profiles for VO-rich (blue) and VO-

poor (red) whisker. The profiles are recorded along the coloured dashed lines shown in a) and 

b). The line spectra are integrated over an area indicated by the dotted lines of the same colour. 

The spectra represent depth-profiles perpendicular to whisker sidewall facets. The dashed lines 

show the Ga concentration profiles extracted from the diffusion model for the VO-rich and VO-

poor whisker, respectively. The surface-influenced regions are not considered in the diffusion 

model (see the text for details). 

 

To investigate the Ga concentration profiles after the diffusion step, a pair of VO-rich and VO-

poor samples was prepared. After the pre-annealing step in high vacuum or H2O2 (300 °C, 

30 min) and subsequent Ga deposition (9 nm), the samples were annealed at 480 °C for 75 min 

to ensure Ga diffusion. At the end of the process, the in-situ SEM inspection showed similar 

whisker morphology as in Fig. 2c, yet the etch pits seem shallower, presumably due to lower 

annealing temperature. Then, we prepared cross-sectional TEM lamellae out of these whiskers 

using the Xe focused ion beam. The cross-sections were analysed with STEM EDS – see the 

gallium concentration maps in Fig. 3a,b for the VO-rich and VO-poor whisker, respectively. The 

contour of the whiskers is clearly visible as the Ga concentration is the highest near the whisker 

surface. Whereas the VO-rich sample shows a gradual decrease in Ga concentration towards the 



whisker centre (see Fig. 3a), gallium clustering is observed in the vicinity of the surface of the 

VO-poor whisker despite the long annealing (Fig. 3b). This suggests that not all Ga was 

consumed within the annealing step. 

To assess the penetration depth of gallium in each sample, Ga concentration profiles were 

measured in the cluster-free areas of both whiskers, along the coloured lines indicated in 

Fig. 3a,b. Knowing ZnO whisker geometry with respect to the growth substrate and the lamella 

orientation allows to obtain representative Ga depth profiles perpendicular to a whisker 

sidewall. Both samples show a maximum corresponding to a surface-affected area followed by 

a decreasing Ga concentration, detectable more than 100 nm below the surface. Note that the 

initial amount of deposited gallium was not identical for the two whiskers inspected due to the 

different geometry of whisker sidewalls with respect to the incoming gallium flux. Although 

the surface Ga concentration on the VO-rich whisker is lower, it penetrates deeper into the 

whisker, suggesting dissimilar diffusion kinetics in the samples. Therefore, the measured 

concentration profiles were fitted with a diffusion model (see the dashed lines in Fig. 3c) to 

assess and compare the diffusion parameters of Ga in the VO-rich and VO-poor ZnO whiskers. 

In the model, gallium concentration is considered as a solution of Fick’s second law for the 

limited-source diffusion in 1D case: 

 𝜑(𝑥, 𝑡) =
𝑄

√2𝐷𝑡 ∙ √2𝜋
∙ 𝑒

−
𝑥2

2(√2𝐷𝑡)
2

  , (Eq. 1) 

with the 𝑥 axis oriented perpendicular to the surface, 𝑡 representing the annealing duration, 

𝐷 being the diffusion coefficient of Ga in ZnO for a given annealing temperature and 

𝑄 representing the initial amount of gallium deposited on the whisker facet. Then, the diffusion 

length may be defined as √2𝐷𝑡. The diffusion length derived from the curves in Fig. 3c differs 

significantly between the two samples, being 71 nm for the VO-rich whisker and 48 nm for the 

VO-poor one. The diffusion coefficient 𝐷 varies accordingly; 5.7∙10-19 m2∙s-1 and 2.6∙10-19 m2∙s-

1 for the VO-rich and VO-poor whisker, respectively. The fitting procedure considered the inner 



tail of the measured profiles only, disregarding the very surface area (due to excess surface Ga 

and the clustering effects). 

 

3.3 Ga-diffused whiskers – melt-back etching 

Our interest turns now to explaining the formation of the etch pits and Ga clusters below the 

surface, as seen in Fig. 2c and 3b, respectively. To unravel the mechanism behind the etch-pit 

formation, we have performed in-situ electron microscopy and X-ray photoelectron 

spectroscopy experiments during the Ga diffusion step on Ga covered ZnO samples, pre-

annealed in high vacuum. Fig. 4a shows an image sequence taken on a whisker top facet during 

its in-situ annealing inside the microscope. A shadowing effect from a nearby whisker (not in 

the image) during the Ga deposition allows simultaneous imaging of an area with deposited Ga 

droplets and gallium-free ZnO surface. The image sequence clearly shows that the gallium 

droplets promote a selective etching of the ZnO surface – the etch pits are formed only at the 

locations of the Ga droplets. No etch pits are observed on the gallium-free areas. 



 

Fig. 4: In-situ microscopy and spectroscopy during the Ga diffusion step. The experiments were 

conducted in two different instruments, SAM (a) and XPS connected to the complex ultrahigh 

vacuum system (b). The temperature ramps differ for each experiment and, hence, the 

timestamps cannot be directly compared between the two experiments.  (a) A real-time image 

sequence taken during in-situ annealing of the sample inside the electron microscope. The 

sample temperature during annealing reached 450 °C. The yellow line marks the shadow 

contour separating the area with/without deposited gallium. The scale bar is 200 nm. b) XPS 

analysis of the Ga 2p3/2 peak during in-situ annealing of the sample. The very bottom peak 

shows an ex-situ oxidised Ga/ZnO sample for comparison. The dashed vertical lines mark the 

peak position of the metallic Ga component (1116.65 eV), the higher-valence Ga component 

(1118.5 eV, labelled as GaX+) and the oxidised Ga component (1118.7 eV). 

 



The in-situ XPS analysis allows collecting data that are not compromised by exposure to 

ambient atmosphere, which can severely complicate the peak deconvolution and interpretation. 

The as-deposited Ga on ZnO exhibits a single-component Ga 2p3/2 peak (for deconvolution 

details, see the Supplementary information) assigned to metallic Ga (see Fig. 4b). At the end of 

the diffusion-annealing process, the Ga 2p3/2 peak changes its shape and position. It can be fitted 

by a single Voigt-shape component with a larger full-width at half-maximum (FWHM), being 

indicative of Ga in a higher valence state with no metallic Ga present. Interestingly, this 

component (labelled as GaX+ in Fig. 4b) exhibits larger FWHM and an 0.2 eV shift towards 

lower binding energies compared to Ga oxidised in ambient atmosphere (see the Supplementary 

information). Indeed, this GaX+ component can only be related to the Ga–O bond, which is 

confirmed by the O 1s peak evolution. The O 1s peak gets broader after the process due to a 

new component at the higher-energy side (see the Supplementary information, Fig. S2), leading 

to a conclusion that this new O 1s peak component is related to the Ga–O bond as well. Further, 

the Ga 2p3/2 peak evolution documented in Fig. 4b shows another remarkable detail. During the 

process, the Ga 2p3/2 peak cannot be fitted by the two components (metallic and higher-valence-

state Ga) only; a third component is necessary (labelled as “intermediate” in Fig. 4b). This 

component is only present during the annealing step and any hypothesis of its origin would be 

highly speculative at this point. However, it clearly represents an intermediate state of Ga atoms 

diffusing through the ZnO lattice. 

4. Discussion 

The Ga depth profiles shown in Fig. 3c indicate that the presence of crystal defects arising from 

annealing of ZnO in high vacuum conditions (presumably oxygen vacancies) promotes Ga 

interdiffusion into the ZnO lattice. In Fig. 4b, the XPS data taken in-situ after the diffusion step 

indicate that the valence state of diffused Ga differs from the native Ga oxides [23, 24], being 

shifted to lower binding energies with respect to Ga3+ in native Ga2O3. This behaviour is 



consistent with available XPS data on other transparent conductive oxides (Sn-doped indium 

oxide [20], Al-doped zinc oxide [25]), which also show shifts of the dopant-related peaks 

towards lower binding energies. The lower valence of Ga measured by XPS suggests that the 

presence of oxygen vacancies is also beneficial for Ga incorporation into the ZnO lattice, 

allowing Ga to occupy zinc sites within the lattice with a valence shifted closer to Ga2+. 

The formation of etch pits during the diffusion step is surprising, given that it has not been 

observed in a similar Al–ZnO system [26]. However, there are indirect indications in the 

literature that such an effect might exist in the Ga–ZnO system. Ga presence during the growth 

of ZnO whiskers strongly influences the sidewall morphology, preferring different 

crystallographic orientations over commonly observed ones for pure ZnO growth [5]. 

Moreover, rough sidewalls (in comparison to Sn- and Al-doped ZnO) of Ga-doped ZnO 

whiskers were also reported previously [27]. The in-situ microscopy (Fig. 4a) clearly revealed 

that the etch-pit formation is related to Ga droplets, which locally etch the ZnO surface. Such 

an effect, called melt-back etching, is well known from GaN epitaxy on silicon, where excess 

Ga causes etching of the silicon substrate [11, 12]. For that particular material system, the 

mechanism remains not fully revealed yet. However, in the case of Ga–ZnO, the explanation 

based on our data is straightforward: The gallium droplets decompose ZnO and consume Zn 

underneath and, thus, sink into the whisker while continuously losing Ga because of its out-

diffusion into the ZnO crystal. Supporting this conclusion, a spontaneous uptake of zinc by Ga-

containing compounds has been reported earlier [19, 28, 29]. The dissolution of zinc in liquid 

Ga is possible even at very low temperatures, given a low eutectic point of the Ga–Zn melt [30]. 

The excess zinc easily evaporates from the droplet due to its high vapour pressure. 

If the consumption of Ga droplet is not finished (which is favourable for the VO-poor samples 

due to slower Ga diffusion rates, see Fig. 3), liquid metallic Ga is left within the etched pit. This 

is observed in the STEM EDS image in Fig. 3b. The pathway of zinc atoms in this process is 



through solid, liquid and vapour phases (SLV), thus being similar to the SLV mechanism 

reported earlier for other material systems [31]. 

Similarly to the GaN–Si system, the melt-back etching plays a detrimental role in diffusion 

doping of ZnO with Ga and has to be avoided. A possible way to minimise the melt-back 

etching of ZnO involves the combination of appropriate pre-annealing conditions (in-vacuum 

annealing promoting the Ga diffusion rate), temperature ramping and timescale of the process. 

Notably, while the Ga diffusion starts immediately after increasing the temperature (being 

already evident 5 minutes after starting the in-situ XPS experiments in Fig. 4b), the melt-back 

etching is observed with a significant delay (tens of minutes, see Fig. 4a). Such a difference 

suggests a larger kinetic barrier for zinc dissolution compared to Ga diffusion. Thus, the Ga 

diffusion step performed at lower temperatures than reported here could also be beneficial in 

order to suppress the melt-back etching. 

5. Conclusion 

We have shown that diffusion doping of ZnO whiskers results in the incorporation of Ga into 

the ZnO lattice. Gallium interdiffusion is faster and more homogeneous for the VO-rich ZnO 

whiskers, compared with the VO-poor ones. This clearly indicates different diffusion kinetics 

of Ga within VO-rich and VO-poor ZnO, although the modelling of the diffusion processes 

presented here shall rather be understood as a qualitative one. Additionally, the sharp 

boundaries between Ga clusters and ZnO material in the VO-poor sample further indicate 

inhibition of Ga diffusion in the VO-poor ZnO. Our experiments also revealed that the Ga–ZnO 

system suffers from the melt-back etching, being previously known from GaN–Si epitaxy. The 

results suggest a possible way to diminish the melt-back etching effect by in-vacuum pre-

annealing and decreasing the temperature at which the Ga diffusion step is performed. 
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