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a b s t r a c t 

 
Fabrication of multifunctional devices based on nano- and microstructures of a single semiconducting oxide is an important 

step for a better understanding of their maximum sensing properties and the base for the development of bottom-up 

nanotechnologies. In this work we have fabricated, for the first time devices based on a single or two interconnected ZnO 

tetrapods (T), doped with Fe and alloyed with Fe2 O3 nanoparticles (NPs) and microparticles (MPs) in order to improve their 

sensing properties towards ultraviolet (UV) sensing and ethanol vapour (EtOH). Compared to pristine ZnO-T improved UV 

and gas sensing properties of Fe-doped ZnO-T were observed. By Fe2 O3 -alloying of Fe-doped ZnO-T further improvement 

in sensing properties was obtained with a reduced influence of the relative humidity (RH) on the sensing response. A gas 

sensing mechanism was proposed and discussed in detail based on the alloyed Fe2 O3 NPs and MPs. The results presented 

here demonstrate the efficiency of doping and alloying of single ZnO microstructures with other semiconducting oxides to 

improve their sensing properties, including the decrease in influence of RH on the gas response and the rapidity of the 

sensors. 

 
 

 
 
 
 
 
1. Introduction 

 
It is well known that the main disadvantage of micro- and nanostructures 

of pure semiconducting oxides, such as SnO2 and ZnO, is their low selectivity 

and poor stability to environments with a high relative humidity (RH) [1–3]. 

Thus, a variety of meth-ods has been elaborated for an improvement of gas 

sensors based on semiconducting oxides, including the synthesis of different 

morphologies [4], doping [5], surface functionalization with noble metals [6], 

polymers [7] and other semiconducting oxides for the formation of nanoscale 

hetero-junctions or core-shell structures [8]. Many of these methods combine 

important disadvantages such as additional technological steps, poor long-

time stability and repeatability, with advantages such as improved selectivity, 

sensi- 
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tivity and stability to high RH. The main mechanism responsible for these 

improvement is the electronic and chemical sensitization of the micro- and 

nanostructures, which results in different modifi-cations of electrical and 

chemical properties, including modulation of the conduction channel, Debye 

length ( D ) and others [6,9].  
For example, Zhu et al. demonstrated enhanced ethanol sens-ing 

performances of -Fe2 O3 /ZnO hetero-structures which were attributed to a 

smaller thickness of the ZnO shell resulting in a higher modulation of the 

conduction channel under exposure to ethanol [10]. Si et al. also demonstrated 

an improved ethanol gas response for Fe2 O3 /ZnO core/shell nano-rods with 

an excellent long-term stability, which is very attractive for practical applica-
tions [11]. Huang et al. fabricated highly selective ethanol sensors based on 

ZnO/ -Fe2 O3 hierarchical nano-structures with a high rapidity at an operating 

temperature of 370 
◦
 C and excellent long-term stability. The highest gas 

response was obtained at an optimal content of -Fe2 O3 at 2% [12]. Another 

interesting gas sensing application was reported by Zhu et al. demonstrating 

the highly 
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sensitive detection of ethanol at room temperature by -Fe2 O3 /ZnO nanowire 

piezo-nanogenerator as self-powered gas sensor [13].  
It has also been demonstrated that a combination of Fe2 O3 struc-tures 

with other types of metal oxides is a very efficient method to enhance the 

ethanol vapour response and selectivity. Suryawan-shi et al. modified the 

surface of thick Cr2 O3 films with Fe2 O3 which allows to selectively detect 

different reducing gases at dif-ferent operating temperatures, including 

ethanol at an operating temperature of 300 
◦
 C [14]. Furthermore, Kim et al. 

demonstrated enhanced ethanol response of In2 O3 nanowires (NWs) 

functional-ized with Fe2 O3 NPs [15], whereas Choi et al. coated SnO2 NWs 

with Fe2 O3 NPs to greatly enhance ethanol sensing performances which they 

attributed to an increase in grain boundaries, i.e. more poten-tial energy 

barriers [16]. All these results can be also attributed to the fact that Fe2 O3 is 

known to be a good catalyst for volatile organic compounds (VOCs) and can 

essentially improve gas sensing properties for detection of VOCs [17,18]. 
However, no results have been reported to date on UV sensing properties of 

ZnO micro- and nano-structures modified/functionalized with Fe2 O3 , 

although the Fe2 O3 /ZnO interface is known to be a very effective hole-

electron separator and can reduce the electron-hole recombination proba-

bility, which was demonstrated in photocatalytic applications [19]. 
 

Due to the rapid progress in nanotechnologies, the next signif-icant step in 

UV and gas sensing applications was the fabrication of nanosensors, i.e. 

devices based on a single semiconducting oxide micro- or nanostructure 

[9,20], as well as individual ZnO tetrapods. For example, Zheng et al. 

fabricated a multi-terminal oxygen sen-sor based on an individual ZnO 

tetrapod [21], whereas Zhang et al. designed a multiterminal sensor using an 

individual ZnO tetrapod which was capable of detecting light with different 

wavelengths and distinguishing false responses [22]. Due to a high surface-to-

volume ratio, such devices can detect very low concentrations (sub ppm) of 

gaseous and biological species at room tempera-ture [9,23], thus excluding 

the necessity to fabricate micro-heaters and essentially reducing the power 

consumption and fabrication cost [24]. Furthermore, due to the high 

resistivity of the micro-and nanostructures of semiconducting oxides, an ultra-

low power consumption is possible [25] which is important for long-term 

applications. The main advantage of such nanodevices is the effi-cient way of 

controlling the electrical and chemical properties of single micro- and 

nanostructures [9]. For example, the forma-tion of a Schottky contact at one 

end of a ZnO NW introduces an essential enhancement in the sensing 

properties [23], due to the high sensitivity of the Schottky barrier height on 

UV illumination, gaseous and chemical species which can change the local 

electric-field distribution [23]. Thus, nanodevices have attracted significant 

attention due to their extensive applications and the possibility of their 

integration into mobile applications, smart devices, etc. As a result, many 

investigations have been performed in the area of nanodevice fabrication, 

especially for UV and gas sensing applica-tions [1,9,20,23] and the already 

enumerated methods to improve the properties of gas sensors have been 

applied to nanodevices [7,9]. For example, Lao et al. functionalized a single 

ZnO nanobelt with polymers that has a high UV absorption ability leading to 

an enhancement of the UV response by close to 5 orders of magni-tude [7]. 

Kuang et al. demonstrated that additional heterojunctions formed at the 

surfaces of individual structures of metal oxides play a critical role in 

controlling the charge transport through the struc-ture, i.e. device sensitivity 

[26]. 

 

 

 

 

However, to the best of our knowledge of the scientific literature, to date 

the UV and gas sensing properties of hybridized tetrapod structures of single 

three-dimensional (3D) semiconducting oxides alloyed with other 

semiconducting oxide NPs and MPs have not been reported. In previous 

work, our group has demonstrated that hybridized ZnO tetrapod (T) networks 

possess enhanced sensing properties compared to pristine ZnO-T networks 

[27]. For a better 

 

understanding of the sensing properties it is therefore interesting to investigate 

the influence of oxide microparticles on the sensing properties of the single 

ZnO-T or its arm. In a previous work [27], the ZnO-T networks alloyed with 

Fe2 O3 micro- and nanoparticles demonstrated poor UV and gas sensing 

properties. Thus, the poten-tial to improve the sensing properties based on 

single structures is investigated in this work. 

 

Here, we present UV and gas sensing investigations of single Fe-doped 

ZnO-T, multiple Fe-doped ZnO-T and single Fe2 O3 -alloyed ZnO-T. The 

influence of relative humidity on the gas sensing prop-erties was investigated, 

which revealed an improved stability to high RH values. A responsible gas 

sensing mechanism was pro-posed and discussed in detail. The devices based 

on single Fe-doped ZnO-T and Fe2 O3 -alloyed ZnO-T with improved sensing 

proper-ties were compared to pristine single ZnO-T as an essential step in 

nanotechnology of sensing devices based on single 3-D micro- and 

nanostructures. 

 

 

2. Experimental part 

 

2.1. Growth, characterization and sensing measurements 

 

The synthesis process and morphological, structural, optical and chemical 

characterization of the ZnO-T networks alloyed with Fe2 O3 were reported in 

detail in previous work [27,28]. The ZnO-T networks were synthesized by 

flame transport synthesis (FTS) [28], while alloying was achieved by 

homogenous mixing of the ZnO-T with Fe microparticles (diameter <10 m, 

GoodFellow UK 99%) and further annealing at 1150 
◦
 C for 5 h [28]. This 

work is mainly focused on the investigations of UV and ethanol vapour 

sensing properties of the devices based on single 3D ZnO-T. Device fab-

rication was performed in a FIB/SEM system using the procedure described 

by Lupan et al. [2]. The UV and gas sensing investiga-tions were performed 

as reported previously [20,29]. The intensity of the UV light source ( = 365 

nm) was set to 15–20 mW cm
2
 and the UV sensing investigations were 

performed in air under normal ambient conditions (≈ 30% RH) in the dark. 

The gas sensing mea-surements were performed at room temperature at ≈30% 

and ≈70% RH, which was set using a bubbling system and was measured 

using a standard hygrometer [29]. The target gas was mixed with ambi-ent air 

using pre-calibrated mass flow controllers (MFC, Bronkhorst UK) in order to 

obtain the necessary concentration. The UV and gas response were measured 

and processed as reported previously [5]. The responsivity (R) and the internal 

photoconductive gain (G) are important parameters to indicate the 

performances of the photode-tectors and were calculated using the following 

equation [30]: 

 

R  
I

ph    q   G (1) 
=

 Popt = 

 

   hc   
where Iph is photocurrent (IUV − Idark ), Popt is the incident optical power of 

the UV source, is the quantum efficiency, h is Planck’s constant, c is the speed 

of light, is the wavelength of UV light (365 nm). The current through the 

fabricated devices was con-tinuously monitored and recorded using a 

computer-controlled Keithley 2400 source meter through a LabView software 

(National Instruments). In the case of UV sensing measurements, different 

bias voltages were applied in order to investigate the influence on the response 

and rapidity, while in the case of gas sensing mea-surements the applied bias 

voltage for all measurements was set to 1 V in order to minimize the self-

heating effect. 

 

 

2.2. Computational details 

 

Spin polarized Density Functional Theory (DFT) calculations with the 

plane-wave pseudo-potential method [31,32] were per-formed, as 

implemented in the Vienna Ab-initio Simulation 



 
 
Package (VASP) [32]. We have used our earlier DFT optimized structures of 

different molecules interacting with the Fe2 O3 -doped ZnO(0001) surface, 

where the geometries were optimized using the tetrahedron method with the 

Blöchl correction [33], whereas the implementation of the DFT-D2 approach 

described by Grimme [34] was used to account for long-range dispersion 

forces. Other compu-tational details are the same as described in detail in our 

previous work. 

 

A Bader charge analysis was carried out, using the code devel-oped by 

Henkelman and co-workers [35,36], to calculate the charge transfer between 

the surfaces and different molecules. Bader charges and electronic charge 

densities were calculated using a rel-atively dense 9 × 9 × 1 Monkhorst-Pack 

[37] k-point mesh with a tetrahedron smearing parameter of 0.2 eV and a 

Self-Consistent-Field (SCF) convergence criterion of 1 × 10
−6

 eV per unit 

cell. 
 
3. Results and discussions 

 

3.1. Morphological and chemical properties of Fe-doped and Fe2 O3 

-alloyed ZnO-T networks 

 

The SEM images of the synthesized ZnO-T networks alloyed with Fe2 O3 

NPs and MPs are presented in Fig. S1 in Supplementary mate-rial. In this 

work three types of devices were fabricated based on single structures from 

ZnO-T networks alloyed with Fe2 O3 at rel-atively low (see Fig. S2(a,b)) and 

higher concentrations (see Fig. S2(c–f)), by gradual dispersion from higher to 

lower concentra-tions. It can be observed that the Fe2 O3 NPs and MPs are 

randomly distributed and do not detach from the ZnO-T after the dispersion 

and a transfer process to the SiO2 /Si substrate (see Fig. S2(f)) for the further 

integration into devices using a FIB/SEM system [2,20]. In a previous work it 

was demonstrated that during the synthe-sis process, beside the formation of 

Fe2 O3 /ZnO heterostructures by Fe2 O3 NPs and MPs on the surface of ZnO-

T, the ZnO-T are also doped with Fe in the same synthesis process of the 
samples [27]. The composition of NPs on the surface of ZnO-T was also 

analysed with EDX-line scan and elemental mapping. The EDX spectrum of a 

single microparticle transferred together with ZnO-T onto a Si substrate 

showed a [O]:[Fe] ratio of 1.5, which fits very well with Fe2 O3 (see Fig. 

S3(a)). The content of Fe in ZnO-T was determined at 0.14 at.% (see Fig. 
S3(b)). Results of EDX-line scan and elemen-tal mapping are presented in 

Fig. S4. In this work we have mainly investigated the effect of Fe-doping and 

the influence of Fe2 O3 nanoparticles and MPs on the sensing performances 

of the single ZnO-T. The fabricated devices are denoted by device 1, 2 and 3. 

 
 
 

 
3.2. Single Fe-doped ZnO-T 

 
Device 1 is fabricated based on a single Fe-doped ZnO-T (see Fig. 1(a,b)). 

One leg of the ZnO-T is contacted by Pt to one Au pad. Two other legs are 

contacted to a second Au pad, and the fourth leg is pointing in the air (see Fig. 

1(b)). The diameter of the tetrapod leg at its end is ≈ 800 nm while at the base 

of the tetrapod it is ≈ 1.2 m. The length of the legs is ≈4 m. The current – 

voltage characteristic of Device 1 is presented in Fig. S5(a), showing an 

almost symmetric nonlinear characteristic caused by the formation of double 

Schottky contacts at the interface between Pt and the ZnO-T legs due to the 

higher work function of Pt compared to ZnO [38]. The device was exposed to 

UV light under different applied bias voltages. The cal-culated UV response 

is presented in Fig. 1(c), showing an improved UV response compared to 

pristine single ZnO-T reported earlier by Lupan et al. [2]. An increase in UV 

response by doping with Fe was also observed for ZnO nanostructured films 

[5] and was attributed to induced defects which enhance the oxygen 

adsorption onto the surface of ZnO, and respectively improve the UV 

response [5,39]. 

 

Another reason could be the improved surface-to-volume ratio of the Fe-

doped ZnO-T tetrapod due to the layered morphology of the arms (Fig. 1a,b), 

which can lead to a higher coverage by oxygen species. By increasing the 

applied bias voltage, a decrease in the UV response was observed (see Fig. 

1(c)), which was also observed for ZnO-T networks [40] and single Ag-doped 

ZnO NW [41]. At 1 V applied bias voltage, Device 1 demonstrated an UV 

response of 18, while at 25 V applied bias voltage the UV response decreased 

to ≈2.  
The dynamic UV response at different applied bias voltages with two 

applied UV pulses for the duration of 10 s is presented in Fig. 1(d) and in Fig. 

S6 (in logarithmic plot). The dynamic mea-surements at 1 V and 5 V applied 

bias voltage demonstrated that the photocurrent of Device 1 not fully recovers 

to its initial elec-trical baseline after switching off the UV light, demonstrating 

the existence of persistent photoconductivity (PPC). In the case of sin-gle 

nano- and microstructures of metal oxides the PPC is directly related to the 

electron–hole separation near the surface, and after illumination the charge 

separation makes the electron–hole recom-bination difficult and originates 

PPC [42]. However, at higher applied bias voltages, the PPC effect is 

considerably reverted proba-bly due to a self-heating effect [42]. For 

demonstration of the device rapidity, short pulses with a duration of ≈0.5 s 

were also applied, shown in Fig. 1(e)), which shows the rapid increase and 

decrease of photocurrent for a rapid switch of UV light source. Thus, Device 1 

can work relatively fast, compared to previously reported results [2]. To better 

investigate the rapidity of the device the time con-stants of the response and 

recovery times were calculated and are generalized in Fig. 1f and Table S1. In 

conclusion, the slow compo-nent of the response time ( r2 ), corresponding to 

photo-desorption of oxygen molecules [5,41], increases with an increase of 

the applied bias voltage, while other time components are decreas-ing (see 

Table S1). This tendency is similar to the results reported for single ZnO:Ag 

NW [41], and can be attributed to temperature-dependent photo-

desorption/adsorption processes as a result of self-heating effects of single 

structures [25]. However, in the case of ZnO:Ag NW the dependence of time 

constants on the applied voltage is stronger due to the smaller diameter of the 

structure ≈300 nm [41] and a more pronounced self-heating effect [25,41]. In 

the case of the tetrapod from Device 1 (see Fig. 1(a,b)) due to the leg diameter 

of ≈ 800 nm the self-heating effect is lower but on the other hand the 

fabricated devices can support relatively high applied bias voltage and current 

values (see Fig. S5(a)), which add flexibility to other electronic applications. 

 

 

 

 

 

The calculated R and G versus applied bias voltage for Device 1 are 

presented in Figs. 2 and S7(a), assuming = 1 for simplicity. Low values of G < 

1 in the whole range of applied bias voltages indi-cate the absence of an 

internal photoconductive gain. Because G is dependent on photocarrier 

lifetime and carrier transit time, the low G value can be attributed to the 

relatively high dimensions of the tetrapod, i.e. big diameters of the arms and 

distance between contacts [43]. 

 
In conclusion, the device based on Fe-doped ZnO-T demon-strated 

improved UV sensing performance compared to pristine ZnO-T [2] with a 

high stability and relatively fast UV response with good repeatability. At 

lower applied bias voltage (1 V) an incom-plete recovery was obtained, but by 

increasing the applied bias voltage the recovery time decreased considerably, 

showing a com-plete recovery to the initial baseline, which is quite important 

for real applications. In another section, we will present a comparison off all 

three devices. 

 
 
3.3. Interconnected Fe-doped ZnO-Ts 

 
Device 2 is based on two Fe-doped ZnO-Ts with different dimen-sions 

and without alloyed Fe2 O3 nanoparticles (see Fig. 3 and Fig. S8). One Pt 

contact was formed at the end of the biggest tetra- 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. (a,b) SEM image of Device 1 before and after deposition of Pt contacts in FIB/SEM system. (c) UV response versus applied bias voltage of the fabricated devices. (b) Dynamic UV response at 

different applied bias voltages of Device 1. (e) Dynamic UV response at different applied bias voltages to short UV pulses of ≈0.5 s of Device 1. (f) Calculated time constants for response and 

recovery curves by bi-exponential fitting for different applied bias voltages of Device 1 ( r1 , r2 for response curve and d1 , d2 for recovery curve). 

 

 
pod (see inset from Fig. 3(a)) and another Pt contact was formed at the arm of 

the other tetrapod (see Fig. S8(c)). The diameters of the tetrapod legs slightly 

vary along the length for both tetrapods (see Fig. 3(a) and Fig. S8(a,b)). The 

diameter of the legs of the bigger tetrapod is ≈3.5 m, while of the smaller one 

is ≈ 2.7 m, and the length of the tetrapod legs are ≈24.8 m and 10.5 m for the 

big-ger and smaller one, respectively. The diameters are higher than for 

Device 1. The tetrapods are well interconnected at the end of their 

 

 
arms (see Fig. 3(b)). The current voltage characteristic is presented in Fig. 

S5(b), showing the double Schottky characteristic.  
Even if the diameters of the tetrapod legs of Device 2 are bigger, this 

device demonstrated a higher UV response compared to Device 1 (see Fig. 

1(c)). For example at 1 V applied bias voltage the UV response is 54, 

compared with that of 18 by Device 1. Also, no PPC was observed at lower 

applied bias voltages, as was the case in Device 1. The main reason will be 

discussed in the section about the 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Dependence of (a) responsivity (R, A/W) and (b) photoconductive gain (G) on applied 

bias voltage for Devices 1, 2, and 3. 

 
sensing mechanism and is based on the junction that have formed between the 

tetrapods, which can essentially enhance the sensing properties of the device 

[44].  
Fig. 3(c,d) shows the dynamic UV response and the calculated time 

constants, respectively, of Device 2 under different applied bias voltages. 

Device 2 showed a much shorter recovery time com-pared to Device 1, while 

the response time constants are almost similar, indicating an improved 

rapidity of the device through the formation of junctions between the 

tetrapods. Thus, it can be concluded that additional junctions can improve not 

only the UV response, but also the rapidity of the sensors. More evidence for 

this scenario is shown in the case of multiple junctions between ZnO 

tetrapods. For example, Gedamu et al. reported a response for nano-tetrapod 

networks of about 4.5 × 10
3
 under UV light illu-mination with ∼45 mW cm

−2
 

at an applied bias voltage of 2.4 V with a rise and decay time of ∼67 ms and ∼ 

30 ms [40]. Thep-nurat et al. reported a response for inter-linked ZnO 

tetrapod networks a response of about 7.4·10
3
 under UV light illumination 

with 2.8 mW cm
−2

 at 5 V at an applied bias voltage of 5 V with a rise and 

decay time of 3.52 s and 0.67 s [45]. The mechanism responsible for these 

findings will be discussed in the section on gas sensing. The calculated R and 

G parameters for Device 2 are presented in Figs. 2 and S7(b), and are higher 

than those of Device 1. In conclusion, for the first time a device based only on 

two interconnected T was fab-ricated. Even for much higher diameters of the 

tetrapod legs, of the order of several micrometers, the UV response can be 

enhanced due 

 

to the formation of a junction between the two tetrapods, which is a highly 

efficient way to improve the sensing performance of the device [44]. 

 

3.4. Single Fe-doped ZnO-T alloyed with Fe2 O3 

 

Figs. 4 a and 5 show the SEM images of Device 3 and other devices, 

respectively, based on Fe-doped ZnO-T alloyed with Fe2 O3 micro- and 

nanoparticles. Other devices demonstrated the same tendency in UV and gas 

properties as Device 3, and in order to avoid agglomeration in this paper of 

almost similar data, only the UV and gas sensing properties of Device 3 will 

be presented. It can be observed that spherical micro- and nanoparticles are 

attached on the surface of the ZnO-T (see Figs. S9 and 5). In a previous work 

it was shown that these nanoparticles are composed of Fe2 O3 [27]. The 

overall SEM image of Device 3 is presented in Fig. S9(a), with magnified 

SEM images of the ZnO-T from Device 3 showing the attached micro- and 

nanoparticles (see Fig. S9(b–c)). The Pt con-tacts are presented in Fig. S9(e,f), 

which show that whereas one Pt contact is formed at the end of the longest 

tetrapod leg, a second contact was formed at another leg, to include the base 

of the tetra-pod into the sensing process. It can be observed from Fig. S9(d,e) 

that many Fe2 O3 micro- and nanoparticles are attached at the base of ZnO-T, 

which can positively influence the sensing properties of the devices. The 

current-voltage characteristic of Device 3 in the dark is presented in Fig. 

S5(c), which shows the same double Schot-tky characteristics as for Devices 1 

and 2. The lengths of the tetrapod legs are ≈33 m and 19 m. The diameter of 

the tetrapod leg at the end is ≈1.2 m while at the base of the tetrapod is ≈2.3 

m. These geometrical parameters are higher than for Device 1 and lower than 

for Device 2. 

 
 

 
Fig. 1(c) shows the UV response of Device 3 versus the applied bias 

voltage, which shows a similar tendency compared to Devices 1 and 2, i.e. a 

decrease in UV response with an increase of applied bias voltage. However 

the UV response for Device 3 is about 80 times higher than for Device 1 and 

about 25 times higher than for Device 2, demonstrating exceptional UV 

sensing improvements by alloying with Fe2 O3 micro- and nanoparticles. For 

example at an applied bias voltage of 1 V, the UV response increased from 18 

for Device 1 to ≈1400 for Device 3. Taking in account that the diam-eter of 

the tetrapod legs of Device 3 is larger than in Device 1, the most probable 

responsible mechanism for the improved UV sens-ing properties can be 

attributed to the influence of the Fe2 O3 micro-and nanoparticles, which will 

be discussed in the relevant section. 

 
The dynamic UV response with applied UV pulses of 10 s and a shorter 

0.5 s at different applied bias voltages is presented in Fig. 4b and in Fig. S10 

(in the logarithmic plot). Compared to Device 1 (see Fig. 1d) the current 

recovers more rapidly to its initial electrical baseline. The calculated time 

constants of the response and recov-ery curves of the dynamic UV response 

are presented in Fig. 4c and Table S1. An example of bi-exponential fitting of 

the photoresponse rise and decay curves is presented in Fig. S11. The same 

tendency on the applied bias voltage was observed as in the case of Devices 1 

and 2 (see Fig. 1f). The calculated R and G for Device 3 are about one order 

of magnitude higher than for Device 1 (see Fig. 2), although the G value is 

still lower than 1 indicating on the same absence of internal photoconductive 

gain for the same reasons as in Devices 1 and 2. 

 

In conclusion, by alloying Fe-doped ZnO-T with Fe2 O3 micro-and 

nanoparticles, an increase in UV sensing properties, includ-ing UV response 

and rapidity, can be obtained even for tetrapods with a larger diameter of their 

legs. Thus, alloying the single struc-tures with other semiconducting oxides is 

an important strategy to improve UV sensing properties of the devices based 

on single struc-tures with micrometer size. Table 1 shows the other results for 

UV photodetectors reported in the literature based on single micro- 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SEM images of Device 2: (a) overall view of the integrated two tetrapods, bigger one and smaller one, which are interconnected. In inset a magnified view of one Pt contact is presented; (b) 

Interconnection of the tetrapods. (c) Dynamic UV response at different applied bias voltages. (d) Calculated time constants for response and recovery curves by bi-exponential fitting for different 

applied bias voltages ( r1 , r2 for response curve and d1 , d2 for recovery curve). 

 
Table 1  
Parameters of UV photodetectors based on single semiconducting oxide nanostructures. 
 

Sensing material and properties (nm) Power of UV UV on-off ratio Response/rise Recovery/decay Year of pub. 

  illumination  time (s) time (s)  

  (mW/cm
2
 )     

Single ZnO nanobelt coated with 280 – 7.5·10
4 

– – 2007 

polystyrene sulfate [7]       

ZnO functionalized SnO2 NW [26] 365 – 1.5 >100 s >100 s 2008 

Single ZnO-T [2] 361 0.7 1.035 45 23 2009 

Single ZnO MW [59] 365 0.1 ≈1.012 >100 s >100 s 2011 

Single ZnO NW phototransistor [60] 360 – ≈100 – – 2011 

ZnO NW with Schottky barrier [61] 365 7.6 4·10
5 

– d1 ≈ 0.046 2011 

ZnO MW [62] 325 24 9·10
5 

20 d1 ≈ 0.85 2013 

Au-decorated ZnO NW [63] 350 20 2.89·10
6 

r1 ≈ 0.4 d1 ≈ 1.5 2015 

Single Ga2 O3 /GaN:Ox @SnO2 NB [64] – 5 ≈10 0.1 0.1 2015 

Single Ag-doped ZnO NW [41] 365 15–20 52 1.09 5 2016 

Fe-doped ZnO-T (device 1), 1 V 365 15–20 18 r1 ≈ 0.178 d1 ≈ 0.396 This work 

 

365 

  r2 ≈ 3.3 d2 ≈ 39.4 

This work Two interconnected Fe-doped ZnO-T 15–20 54 r1 ≈ 0.1 d1 ≈ 0.369 

(device 2), 1 V   

≈1.4·10
3 

r2 ≈ 2.27 d2 ≈ 4.53 

This work Fe-doped ZnO-T alloyed with Fe2 O3 365 15–20 r1 ≈ 0.31 d1 ≈ 1.2 

micro- and nanoparticles (device 3),    r2 ≈ 1.74 d2 ≈ 8.7  

1 V       
       

 
and nanostructures of semiconducting oxides in order to compare with our 

results. It can be observed that the device based on Fe-doped ZnO-T alloyed 

with Fe2 O3 micro- and nanoparticles shows high UV sensing performances. 

 
3.5. Gas sensing properties 

 
Taking into account that previous studies have revealed improved ethanol 

vapour (EtOH) detection properties of the Fe-doped ZnO nanostructured films 

[5], in this study the gas sensing properties at room temperature of the 

fabricated devices were also 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4. (a) SEM images of Device 3 based on Fe-doped ZnO-T alloyed with Fe2 O3 micro- and 

nanoparticles contacted to Au pads. (b) Dynamic UV response at different applied bias voltages. 

(c) Calculated time constants for response and recovery curves by bi-exponential fitting for 

different applied bias voltages ( r1 , r2 for response curve and d1 , d2 for recovery curve). 

 
 
investigated. As indicated in the experimental part, in the case of gas sensing 

measurements the applied bias voltage for all measure-ments was 1 V in order 

to minimize the self-heating effect. Thus, the current in air is of order of nA 

(0.1–5 nA, see Fig. S5). Although the self-heating effect becomes a critical 

concern in nano-scaled devices, in our case the diameter of tetrapod legs in 

the range of 800 nm–3.5 m, which is out of the nanoscale dimensions and the 

self-heating effect is therefore negligible [25]. 

 
Fig. 6(a) shows the gas response at room temperature of Devices 1, 2, and 

3 to three reducing gases (EtOH, H2 and CH4 ) with a con- 

 
centration of 100 ppm at 30% and 70% RH. No response to CO gas was 

observed and this was therefore not included in the graphs. A decrease in 

sensing performances at higher value of RH was observed (see Table S2), 

which is typical for semiconducting oxide nanostructures due to the 

adsorption of water [1,3,29]. All devices demonstrated an excellent selectivity 

to EtOH. The EtOH response  
(SEtOH ) for Devices 1, 2, and 3 are 9, 16.5, and 51, respectively (to 100 

ppm). Thus, as in the case of UV sensing properties, Device 3  
demonstrated the highest EtOH sensing properties, i.e. gas response and 

selectivity. For example the ratio of EtOH and H2 responses  
(SEtOH /SH2 ) for Devices 1, 2, and 3 are ≈7, ≈7.8, and ≈20, showing a 
distinct improvement in selectivity as a result of alloying Fe- 

doped ZnO-T with Fe2 O3 micro- and nanoparticles. For the doped structures 

the same value for the selectivity is observed, reveal-ing that additional 

junctions between tetrapods have no impact on the selectivity, but only on the 

gas sensing potential of the device (see Fig. 6(a)). In general, such excellent 

gas sensing performances can be attributed to a layered structure of the arms 

of the tetra-pod, which increase the surface-to-volume ratio of the structure 

and lead to higher gas responses. 

 
Fig. 6(b) shows the EtOH response of Device 3 versus the concen-tration 

of EtOH (pEtOH ), showing a typical power law dependence 

SEtOH ∝ p
ˇ
EtOH , where ˇ = 0.587 is the slope of log SEtOH vs. log pEtOH 

[29]. The lowest detection limit (LDL) for EtOH detection of Device 

3 was approximated by linear fitting of log SEtOH vs. log dependence  
with response criteria Igas /Iair > 1.2, and was found to be ≈0.2 ppm (see Fig. 
6b).  

The dynamic EtOH response to 50 ppm and 500 ppm of Device 3 are 

presented in Fig. 6(e) and in the inset of Fig. 6(f), respectively. The calculated 

response and recovery times for different concen-trations of EtOH at 30% RH 

are presented in Fig. 6(f) and Table S3, showing a decrease in response and 

recovery time with an increase in EtOH concentration. The dynamic response 

of Devices 1 and 2 are presented in Fig. 6(c,d). These devices demonstrated 

much slower response and recovery times (see Table S2), revealing that 

alloying with Fe2 O3 can significantly improve the rapidity of sensors based 

on single structures. 

 

Next will be discussed the influence of higher values of RH on the sensing 

performances of the devices. When increasing the RH value from 30% to 

70%, the EtOH response of Devices 1, 2, and 3 decreases by ≈47%, ≈45%, 

and ≈17% (see Table S2). The dynamic EtOH response of the devices at 70% 

RH is presented in Fig. S12. It can be observed, that besides the decrease in 

gas response (see Fig. 6(a)), a decrease in rapidity of the sensors occurs with 

an increase in the RH value from 30% to 70%. All calculated param-eters (gas 

response with recovery and response time) at 30% and 70% RH are presented 

in Tables S2 and S3. It can be concluded that alloying Fe-doped ZnO-T with 

Fe2 O3 has reduced the gas sensing dependence on the humidity, which can 

be related to the influence of the Fe2 O3 micro- and nanoparticles and not the 

Fe-doping of ZnO-T. For example, the recovery time of Devices 1 and 2 

increases about 2 times for 70% RH, while for Device 3 an increase in recov-

ery time from 12.3 s to 15.7 s was observed. A better indicative factor is the 

decrease in gas response by only ≈ 17% for 70% RH com-pared with ≈ 45% 

for Devices 1 and 2. Such decrease is attributed to water molecules (H2 O) 

adsorbing onto the surface of the tetrapods [1,3,29,46]. The reaction of H2 O 

with lattice ZnZn can be described as follow [46]: 

 

 

 

H O 

+ 

O 2Zn 

Zn  
↔ 2 (OH 

− 

Zn) 

+ 

V • • 

+ 

2e
− 

(2) 

2  o +     O   
• • 

where OO is the lattice oxygen and VO is the vacancy created at the oxygen 

site. This reaction is reversible with a donor effect, leading to a decrease of 

device resistance [46]. Together with this effect, exposure to humidity adds 

competition for adsorbed oxygen molecules between the EtOH molecules and 
water molecules, lead- 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5. SEM images of other devices based on Fe-doped ZnO-T and other structures alloyed with Fe2 O3 micro- and nanoparticles: (a) overall view at low magnification; (b,c) surface of the ZnO-T to 

demonstrate the attached Fe2 O3 micro- and nanoparticles. In inset a Pt contact is presented. (d) Other Pt contact at one end of T arm. In inset a Fe2 O3 micro- and nanoparticle attached to a T arm is 

presented. (e,f) Another device at lower and higher magnifications is shown. In inset Pt contacts are presented. 

 
ing to a decrease in sensor response [3,29]. The reduced humidity dependence 

of the gas sensing characteristics was also observed for NiO-doped SnO2 

nanostructures [3], were NiO played an important role as a strong humidity 

adsorber. Because Fe2 O3 nanostructures are known to be efficient humidity 

sensors [47], we believe that in our case the role of adsorber is performed by 

the Fe2 O3 nanoparti-cles, which prevent the reaction of water molecules with 

Fe-doped  

ZnO-T. For example the RH response (I30%RH /I70%RH ) of Devices 1 and 2 

is ≈2.1, while for Device 3 it is ≈1.3 (not shown). Kovalenko et al.  
[18] also observed that ethanol vapour response of SnO2 /Fe2 O3 
nanocomposites is independent of RH.  

Table 2 shows the ethanol vapour sensor parameters of other single 
structures of semiconducting oxides. It can be observed that the Fe-doped 

ZnO-T alloyed with Fe2 O3 micro- and nanoparticles shows exceptionally 

improved ethanol vapour sensing properties among the devices fabricated 
using individual micro- and nanos-tructures. The response of Device 3 is 

comparable with recently reported results for Fe2 O3 NPs–SnO2 NWs (gas 

response of Rair /Rgas 

 

∼57.56–200 ppm of ethanol), which has a much higher optimal operating 

temperature of 300 
◦
 C and lower rapidity (response time ∼65 s and recovery 

time ∼220 s) [16], and with ZnO/ -Fe2 O3 hierarchical nanostructures (gas 

response of Rair /Rgas ∼53.6 to 100 ppm of ethanol) with an optimal operating 

temperature of 300 
◦
 C and higher rapidity (response time ∼6 s and recovery 

time ∼7 s) [12]. 

 
3.6. Sensing mechanism 

 
The ethanol vapour sensing mechanism based on ionosorp-tion/desorption 

of oxygen species was described in our previous work [1,5,41]. The UV 

sensing mechanism of the pristine and alloyed ZnO-T was also reported 

[2,5,27], which is based mainly on the modulation of the surface space charge 

region (SCR) under adsorption/desorption of gaseous species. Thus in this 

work we will focus mainly on the effect of the junction formed between 

tetrapods and the Fe2 O3 alloying effect. 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. (a) Room temperature (RT) gas response of the devices for different reducing gases at 30% and 70% RH. (b) Gas response versus EtOH concentration. Dynamic EtOH response at RT and at 

30% RH of: (c) Device 1–100 ppm; (d) Device 2–100 ppm; and (e) device 3–100 ppm. (f) Response and recovery time versus gas concentration. In inset a dynamic EtOH response at RT to 500 ppm 

at 30% RH is presented. 

 
Improved UV and gas sensing properties of Device 2 compared with 

Device 1, i.e. sensing properties of interconnected tetrapods compared to a 

single tetrapod (see Fig. 7(a)), can be explained based on an additional 

potential barrier that has formed (qVs1, see Fig. 7(b)), which dominates the 

sensing properties of the device [48]. Under exposure to ambient air oxygen 

molecules adsorb onto the surface of the tetrapods (O2 (g) + e
−

 → O2
−

 (ads) 

[2,41,49]), form- 

 

ing the surface space charge region (see Fig. 7(a)) [2,41,49]. In both cases, i.e. 

at illumination with UV light or exposure to ethanol molecules, the height of 

the potential barrier between tetrapods is decrease (qVs2 , see Fig. 7(b)). Thus, 

the additional potential barrier formed leads to a more efficient modulation in 

device resistance [44,50], while in the case of a single tetrapod the change in 

resis-tance occurs only by modulation of the SCR width under influence 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. UV and ethanol vapour mechanism of Devices: (a) 1; (b) 2; and (c) 3. (a) On the left side a schematic illustration of Device 1 based on Fe-doped ZnO-T is presented. At the exposure in air the 

oxygen molecules are adsorbed onto the surface of the tetrapod and create a SCR region. At the exposure to UV light the photodesorption process occurs and decreases the width of the SCR region, 

leading to an increase of current through the T arm. At the exposure to ethanol molecules, the decrease in width of SCR region occurs due to released electrons after the oxidation reaction of molecules 

to H2 O and CO2 molecules. (b) On the left side a schematic illustration of Device 2 based on two interconnected T is presented. The main mechanism is based on modulation of the potential barrier 

(qVS1 decrease to qVs2 ) between arms in the case of UV illumination and exposure to ethanol molecules. (c) On the left side a schematic illustration of Device 3 based on single Fe-doped ZnO-T 

alloyed with Fe2 O3 nanoparticles is presented. In inset a SEM image of the Fe2 O3 /ZnO-T arm heterojunction is presented. At the surface of ZnO more oxygen molecules adsorb leading to higher 

modulation in resistance (charge transfer) after exposure to ethanol molecules. 

 

 
of UV light or gases [2], which is less significant for tetrapod arms with 

relatively high diameter (Device 1, see Fig. 7(a)).  
In the case of UV illumination of Device 2 the decrease in potential 

barrier height is due to photogenerated electron-hole pairs (hv → e
−

 + h
+

 ) 

and subsequent photodesorption of oxygen molecules (O
−

2 (ads) + h
+

 → O2 

(g), see Fig. 7(a,b)) [2,5,20,41,49]. The increase in UV sensing properties, 

especially the rapidity, of the single structure through the formation of an 

additional poten-tial barrier was also observed for single kinked SnO2 NW 

[44] and for Zn2 GeO4 NW networks [48]. The improved rapidity can be 

attributed to a diminishing of the influence of surface effects 
(adsorption/photodesorption of oxygen molecules) which are rela- 

 

 

tively slow processes [5,48] and to an increased role of the potential barrier, 

whose height modulation at UV illumination is relatively much faster 

[44,48,50].  
In the case of exposure to ethanol molecules of Device 2 the decrease in 

barrier height occurs due to a release of electron after oxidation of the ethanol 

molecules (see Fig. 7(a,b)) [5,39]: 
 

CH3 CH2 OH(ads) + 2O2
−

  → CO2 + H2 O + e
− 

(3)  
The enhanced sensing properties of Device 3 based on Fe-doped ZnO-T 

alloyed with Fe2 O3 micro- and nanoparticles have a differ-ent origin than in 

the case of Device 2. In this case the presence of Fe2 O3 plays the dominant 

role [51–53]. We consider that the 



  

 
Table 2  
Parameters of ethanol vapour sensors based on single semiconducting oxide nanostructures. 
 

Sensing material EtOH conc. (ppm) Rair /Rgasor Igas /Iair Operating temp. r (s) d (s) Year of pub. 

   (
◦
 C)    

Single Fe2 O3 NW [65] 200 ≈3.5 RT – – 2008 

Single MoO3 NB [66] 100 ≈1.23 100 14 25–30 2014 

Single ZnO ND [67] 200 ≈30 350 10 15 2013 

Single Pd-ZnO MW [68] 200 ≈1.15 400 – – 2012 

Single CeO2 NW [69] 200 ≈1.3 RT – – 2008 

Single CuO NW [70] 500 ≈1.6 RT – – 2009 

Single Pd-doped SnO2 NR [71] 100 1.8 230 18 28 2014 

Fe-doped ZnO-T (Device 1) 100 9 RT 43.8 98 This work 

Two interconnected Fe-doped ZnO-T 100 16.5 RT 17.9 25.6 This work 

(Device 2)       

Fe-doped ZnO-T alloyed with Fe2 O3 100 51 RT 2.5 12.3 This work 

micro- and nanoparticles (Device 3)       
       

 
enhanced UV sensing properties are due to the formation of a type II 

heterojunction [19,27], which is very efficient for the separation of 

photogenerated electron-hole pairs and a diminishing of charge recombination 

and the PPC effect [54].  
The ultra-fast gas detection and recovery of Device 3 can be explained by 

the catalytic effect of Fe2 O3 micro- and nanoparti-cles which facilitates the 

speed of these reactions [39]. Kim et al. [55] demonstrated an increased 
response and recovery of ethanol vapour sensors by the functionalization of 

SnO2 hollow spheres with NiO, which act as a catalyst for surface reactions. 

This applies especially for the recovery process due to an enhanced transfer to 

the surface of electrons or negatively charged adsorbed oxygen. 

 

Fe2 O3 is widely used as a catalyst which can catalyze the 

dehydrogenation reaction and the ring-opening reaction of hydro-carbons, 

which is beneficial for gas sensing [39], and can explain the increase in 

ethanol vapour response which may play a significant role in its selective 

detection [51–53]. Yu et al. [39] demonstrated that the ethanol vapour 

response of a ZnO-based sensors can be increased by Fe doping due to the 

adherence of Fe2 O3 nanoparti-cles on the ZnO surface and oxygen 

vacancies. Tang et al. [56] also demonstrated that the additional Fe2 O3 

nanoparticles can promote the adsorption of gas molecules on the oxide 

surface and accelerate the oxidizing process. Furthermore, due to the different 

work func-tions of Fe2 O3 and ZnO [19,27] an electron flow will take place 

from Fe2 O3 to ZnO, causing a higher concentration of electrons in ZnO, i.e. 

more adsorbed oxygen molecules on the surface of the tetra-pod, which will 

lead to a higher oxygen coverage and a decrease of sensor resistance, 

resulting in a higher gas response (see Fig. 7(c)) [39,57]. An increase in 

adsorbed oxygen molecules leads to a larger quantity of charge transfer, also 

resulting in a faster response [58]. 

 

 

3.7. DFT study of H2 , CO, ethanol and CH4 gas molecule 

interactions on Fe2 O3 doped ZnO(0001) surface 
 

Our recent DFT calculations of the Fe2 O3 doped ZnO(0001) sur-face 

reveal that Fe dopant atoms prefer to be in the top surface layer, replacing 3 

Zn with 2 Fe atoms [27]. While a CH4 molecule shows a weak interaction 

with this doped surface, exhibiting only physisorption, the H2 , CO and 
ethanol molecules have been found to interact strongly with the surface [27]. 

We have further ana-lysed the interaction of these molecule with the Fe2 O3 
:ZnO(0001) surface in order to quantify the gas molecule sensing mechanism.  

The H2 gas molecule is found to interact strongly with the sur-face with a 

release of 308.8 kJ/mol energy [27]. The hydrogen atoms lose electrons to 

become positively charged (0.535(Ha ) and 0.132 e
−

 (Hb )) atoms, and 

connect with one of the surface oxygen (O) to form a water molecule, which 

becomes slightly more negatively charged compared to other surface O 

atoms. The charge density difference plot (Fig. 8(a)) shows excess negative 

charge densities on the Fe dopant atoms, indicating charge re-distribution on 

the 

 
surface and interactions with the molecule, where a Fe atom (Fe1) close to the 

molecule loses 0.50 e
−

 charge. A comparison of the Bader charges of the bare 

Fe2 O3 :ZnO(001) surface and atoms of the isolated gas phase molecule with 

that of the system in the adsorbed geometry is presented in Table S4. 
 

The CO molecule is found to connect to a surface oxygen atom, forming a 

bent CO2 geometry on the surface, with a release of −196.9 kJ/mol energy 

[27]. Bader charge calculations show that the C atom becomes more 

positively charged (1.63 e
−

 ), transfer-ring 0.13 e
−

 charge to the bound 

surface oxygen (O2). We note an excess negative charge on the surface 
oxygen atom bonded to the CO molecule and also on Fe atoms, indicating Fe-

O and Fe–C interactions (Fig. 8(b)). 

 
The ethanol molecule binds to the Fe dopant atom, through O Fe and H O 

bonds, releasing −143.5 kJ/mol energy [27]. The charge density difference 

plot (Fig. 8(c)) shows that charge trans-  
fer occurs between the surface oxygen (OSUF ) and H atom of the molecule 

(H1) and between the oxygen atom of the molecule (O)  
and the surface Fe atom (Fe2), where the Fe2 atom loses 0.13 e

−
 . The 

hydrogen atom (H1) becomes less positively charged by losing 0.09 e
−

 

charge, while the O atom bonded with the surface Fe atom, loses 0.02 e
−

 
charge.  

Compared to other gas molecules investigated in the present study, the 

CH4 gas molecule is found to bind weakly with the Fe2 O3 :ZnO(0001) 

surface, with a binding energy of only −28.6 kJ/mol [27]. Bader charge 

analysis shows that the carbon  
(C) and the hydrogen atom nearest the surface (H1) gain and lose ∼0.1 e

−
 , 

respectively (Fig. 8(d)).  
A comparison of the Bader charges of atoms in the adsorbed geometry 

with those of the isolated gas phase molecule and bare Fe2 O3 :ZnO(0001) 

surface is presented in Table S4. Our results indi-cate that Fe doping affects 

the sensing of different gas molecules, exhibiting significant charge transfer 

between the gas molecule and the surface. These findings are similar to the H2 

gas molecule sensing mechanism on Zn-doped copper oxides [29]. 

 
 

 
4. Conclusions 

 
In this work a new step towards the development of bottom-up 

nanotechnologies was reported. We have fabricated, for the first time devices 

based on a single or two interconnected ZnO tetrapods doped with Fe and 

alloyed with Fe2 O3 micro- and nanoparticles. The improved sensing 

properties towards UV detection and ethanol vapour sensing of three types of 

devices are investigated. Device 1 based on a single Fe-doped ZnO tetrapod 

demonstrated improved UV sensing response and rapidity compared to 

previously reported pristine ZnO-T, revealing the importance of doping 

microstructures with semiconducting oxides. An on/off ratio of 18 at an 

applied bias voltage of 1 V was obtained for Device 1 under UV illumination. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. (a) Electronic density difference plot of the: (a) H2 ; (b) CO; (c) ethanol; and (d) CH4 gas molecules on the Fe2 O3 :ZnO(0001) surface, showing charge transfer in the regions between the 

molecule and the surface atoms upon interaction. Blue contours indicate electron density increases by 0.02 electrons/Å
3
 and yellow contours indicate electron density decreases by 0.02 electrons/Å

3
 . 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 
Improved gas sensing properties with good selectivity to ethanol vapour were 

also observed by doping with Fe in ZnO tetrapods.  
Device 2 based on two interconnected Fe-doped ZnO tetrapods 

demonstrated a further improvement in UV sensing properties, namely an 

on/off ratio of 54 at applied bias voltage of 1 V and faster recovery times, 

which is very important for optical commu-nications. For example at 1 V 

applied bias voltage the slow time component of the recovery curve ( r2 ) for 

Device 2 is 4.53 s com-pared with 39.4 s for Device 1. In the gas sensing 

investigations, no changes in selectivity were observed compared to Device 1, 

only improvements in the rapidity and gas response. This reveals that an 

additional potential barrier created at the interface of two tetrapods does not 

have an impact on the selectivity. 

 

In Device 3, based on a Fe-doped ZnO tetrapod alloyed with Fe2 O3 NPs 

and MPs, an exceptional improvement in performance was observed. The UV 

response increased by about 80 times com-pared to Device 1 (on/off ratio 

from 18 to 1390). Besides the increase in response, an increase in recovery 

time was observed as well 

 

( r2 = 8.7 s at 1 V applied bias voltage), but even more interesting results were 

obtained in the gas sensing investigations. Increases in ethanol vapour 

response were observed from 9 and 16.5 for Devices 1 and 2, respectively, to 

51 for Device 3. Another important factor is the reduced dependence of the 

gas sensing properties of Device 3 on the RH, which was attributed to the 

presence of Fe2 O3 NPs and MPs, which act as good adsorbers for water 

molecules and thus prevent their competitive interaction with the Fe-doped 

ZnO-T surface. 
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