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[7, 11, 22-24]. Although Al has been a well-established dopant, ALD Al-doped ZnO (AZO) has been 

reported to exhibit low doping efficiency of only about 13 % [19]. Additionally, group III elements 

have relatively low stability when doped in ZnO owing to the low electronegativity difference with O 

[25]. Therefore, alternative dopants should be explored which can simultaneously improve 

thermoelectric properties and electrical stability.

Group IV elements (Ti, Hf, Zr, etc.) are expected to cause electrical stability when doped to 

ZnO due to higher electronegativity and weaker ionic character compared to group III elements (Al, 

Ga, In) [17]. However, these still remain rarely explored as dopants for thermoelectric applications of 

ZnO. Hf was previously reported to suppress the formation of oxygen vacancies consequently 

increasing electrical stability [26-28]. Ti, on the other hand, was described to have a higher doping 

efficiency compared to the more commonly used Al [19]. Several reports have established significant 

improvements in the electrical properties of both Ti and Hf-doped ZnO, but very few are focused on 

discussions about its thermoelectric properties. In these few reports, the power factors are still rather 

low (<10-3 mW/mK) [29-31]. Moreover, none of these previous reports on thermoelectric Ti-doped 

ZnO explored atomic layer deposition.

In this work, the thermoelectric properties of ZnO thin films deposited by atomic layer 

deposition are tailored by incorporating HfO2 and TiO2 layers during deposition. The effect of dopant 

selection, whether Hf or Ti, in terms of thermal transport and stability of ALD ZnO is also discussed 

in detail. In addition, the amounts of dopant concentration were optimized to achieve the most desirable 

thermoelectric power factor. 
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Fig. 1. (a) Doping scheme indicating the position and thicknesses of the HfO2/TiO2 layers, (b) SIMS 

profile of 3%HZO samples ascribed to 180 Hf + 16 O, and (c) SIMS profile of 3%TZO samples 

ascribed to 48 Ti.
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orientation. This would more clearly be understood in the XRD analysis. 

The structural properties of the thin films were evaluated using asymmetric GIXRD and 

symmetric XRD. Crystalline phases were identified using asymmetric surface sensitive GIXRD scans 

as shown in Fig. 2g and 2h. The grown films revealed a polycrystalline nature with a ZnO hexagonal 

wurtzite structure, which corroborated with the TEM-NBD analysis. All visible peaks can be attributed 

to the standard diffraction pattern of wurtzite ZnO (JCPDS 043-002), which suggests that only minimal 

Hf or Ti oxide formation occurred compared to ZnO. The peaks correspond to the (100), (002), (101), 

(102), (110), (103), and (112) planes of wurtzite ZnO. For the TZO samples, all films revealed a 

dominant (100) orientation, as also seen in symmetric theta/2theta scans (Fig. S2), which is sensitive 

to planes parallel to substrate. The dominance of the (100) plane is expected for the current deposition 

temperature of 170°C, as similarly observed in a previous literature [33].  No further peak changes can 

be observed by varying the percentage of Ti dopant concentration. On the other hand, Hf doping 

showed a more complex effect on the ZnO lattice. At 1% doping, (002) orientation is slightly degraded 

but otherwise comparable crystallinity is observed compared to pure ZnO. Similarly, in symmetric 

scans (Fig. S2), this 1% Hf doping increases the (100) orientation parallel to surface. However, when 

2% and more dopants are introduced, the dominance of the (100) is suppressed, preferring the (002) 

orientation instead. Overall preferred orientation is decreased resulting in comparable intensities of 

(100), (002) and (101). This is expected since doping often disrupts ZnO crystallinity. Further 

increasing to 3% led to shifting the dominance to the (002) peak, which corresponds to the ZnO c-axis 

orientation. The c-axis orientation was sustained even when a 4% doping amount was reached. The 

preferential (100) orientation is typical for pure ZnO deposited by ALD likely owing to the charge 

neutrality of the (100) plane, as opposed to the positively-charged polar (002) planes which attract 

broken ethyl group fragments [27]. The shift in orientation from (100) to (002) in the presence of a 

minimum of 3% Hf possibly arises from the disturbance of the (100) charge neutrality by the Hf4+ 

ions. This leads to favoring the growth orientation towards the plane of least surface energy, which is 

Page 9 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

the (002) plane [27]. This phenomenon could not be observed with TZO possibly since Ti4+ ions are 

significantly smaller than Hf4+, so they could not have been affecting the growth orientation as much.

Fig. 2. Cross-sectional TEM image of (a) ZnO, (b) 3% TZO and (c) 3% HZO samples and their 

corresponding nanobeam diffraction patterns (inset), top-view SEM images of (d) ZnO, (e) 3% TZO 

and (f) 3% HZO samples, and XRD spectra of (g) HZO samples and (h) TZO samples of varying the 

percentage of dopant concentrations.
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concentration. This means that excess Ti4+ could have reduced the electrical conductivity upon 

stabilizing after a thermal cycle. Nevertheless, even only a small amount of Ti could lead to an almost 

five-fold increase in electrical conductivity. On the other hand, the Seebeck coefficients of TZO were 

evidently lower than pure ZnO and display only small changes with dopant % concentration. This 

implies that the Ti is more likely to cause minor structural changes to ZnO, as seen by the direct effect 

on the electrical conductivity but minimal influence on Seebeck coefficient. Highest PF, therefore, was 

observed for 1% TZO with a value of 0.136 mW/mK2. Adding Hf, on the other hand, results in a 

slightly different behavior. Improvement in electrical conductivity was observed only from 3% Hf, 

which incidentally is where the change in thin film crystal orientation was observed to occur, as 

revealed by the XRD analysis. This suggests that c-axis i.e. (002) aligned HZO leads to improved 

electrical conductivity, probably owing to the shorter electron path length along the c-plane, as well as 

diminished grain boundary scattering between grains similarly aligned along the c-axis, as previously 

reported for c-axis aligned ZnO thin films [39, 41-44].  Also, this could have arisen from free electron 

generation caused by substitution of Hf4+ onto Zn2+ sites. The value for 2% Hf was not included as the 

resistivity was higher than the equipment limit probably due to misfabrication. Seebeck coefficients, 

on the other hand, were slightly smaller for HZO compared to ZnO throughout the temperature range, 

but were not as low as those of TZO. Unlike in TZO, the non-drastic electrical conductivity 

improvement for HZO naturally led to minimal decrease in Seebeck coefficient. The combination of a 

relatively high Seebeck coefficient and decent electrical conductivity led to an almost two-fold 

improvement in PF for 3% and 4% HZO compared to ZnO. The highest PF was obtained at 450 K for 

3 % HZO at 0.157 mW/mK2. Nonetheless, incorporation of Ti or Hf dopants both enhanced the 

thermoelectric PF of ZnO during the cooling stage. In the case of TZO, even only 1% doping can 

significantly enhance the PF of ZnO, while 3% HZO resulted to highest PF for all doped samples.

In this paper, both Hf and Ti exhibited their individual merits as dopants for ALD ZnO 

thermoelectric thin films. Therefore, it is possible that both stability and improved thermoelectric 
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power factor can be achieved when Hf and Ti are co-doped in ZnO. In addition, since Hf is a relatively 

rare element, using this in conjunction with a high doping efficiency element such as Ti may lead to 

cheaper, high performance thermoelectric devices.

Fig. 6. High T thermoelectric properties at cooling stage showing (a) electrical conductivity, (b) 

Seebeck coefficient, and (c) power factor for TZO, and (d) electrical conductivity, (e) Seebeck 

coefficient and (f) power factor for HZO, from 450 to 300 K.
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