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Abstract. Fluorination and hydrogenation are known as two methods for enhancing crystalline 

structural and electrical properties of ZnO material. The ZnO thin films normally require a low 

resistivity and a high transmittance for using as high-performance transparent electrodes in 

optoelectronic applications. In this study, we report successful preparation of fluorinated and 

hydrogenated ZnO thin films (FZO and HFZO) by using d.c. magnetron sputtering technique. 

The hydrogenation was carried out by depositing the films in hydrogen plasma atmosphere, 

while a highly-sintered body of ZnO and ZnF2 compound was employed as a sputtering target 

for the fluorination. The results showed that the strong improvements in carrier concentration, 

mobility and resistivity of the FZO and HFZO films as compared to the pure ZnO films. The 

carrier concentration increased to 2  10
20

 cm
-3

 which is mainly due to the hydrogenation. The 

effect combination of the fluorination and the hydrogenation was responsible for enhancing the 

mobility up to 43 cm
2
/Vs. These results gave rise to two-order reduction in resistivity, from 0.06 

cm (ZnO) to 7.5  10
-4

 cm (HFZO), which could be a good choice for thin-film electrode 

application. In addition, the crystalline structure and optical transmission of the films are also 

discussed. 

Keywords:  transparent conducting oxide, ZnO thin films, fluorination, hydrogenation, 

magnetron sputtering. 
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Currently, transparent conducting oxides (TCOs) play an important role in optoelectronic 

devices, especially, transparent electrodes in solar cells, flat panel displays, etc. [1]. To be 

alternative for the high-cost ITO, known as one of the best TCOs, other oxides such as CdO, 

SnO2 and ZnO have been considered as promising candidates. Among them, ZnO becomes 

prominent semiconductor due to its safety, rich abundance and potential optoelectronic 

properties [2]. However, the most disadvantage of the ZnO thin films is high electrical 

resistivity, which limits ZnO-based applications. Doping foreign elements into ZnO lattice is a 

simple solution to reduce the resistivity. The effect of dopants can be classified into two groups, 

i.e. increasing carrier concentration and enhancing mobility. The latter is more effective than the 

former, because of decreasing simultaneously the resistivity and free-carrier absorption in the 

near IR region [3]. 

Fluorination is known as an n-type dopant in the ZnO structure when it substitutes O
2-

 sites. 

Owing to the similar ionic radii of F
-
 (1.36 ) and O

2-
 (1.40 ), the O

2-
 substitution of F

-
 causes 

less lattice distortion, which contributes to increase the mobility [4]. There have been some 

reports which suggest the possibility of fluorination in reducing resistivity and improving 

mobility interval of 10 – 30 cm
2
/Vs [5–7]. Also, hydrogenation is indicated as another way to 

enhance strongly mobility. Thanks to passivation ability of hydrogen on vacancy-related defects, 

the mobility of ZnO-based thin films can increase more than 30 cm
2
/Vs, but resistivity is still 

high [8–10].  

From these remarks, the combination of fluorination and hydrogenation is expected to 

increase carrier concentration to a medium degree, especially, enhance mobility more than 40 

cm
2
/Vs for low-resistivity and high-transmittance ZnO thin films. In this study, the fluorinated 

and hydrogenated ZnO (HFZO) thin films were sputtered from a ZnO+ZnF2 compound target in 

the H2+Ar mixture gas. The comparisons in crystalline structure, electrical and optical properties 

of the ZnO, FZO and HFZO films are discussed. 

2. MATERIALS AND METHODS 

The 3 inch-FZO sputtering target was produced from high-temperature annealed compound 

of ZnF2 powder (99.999 %, Alfa Aesar) and ZnO (99.99 %, Merck) with F atomic ratio of                

0.25 %. After ball-milling process, the powders mixture was pressed by using a hydraulic 

compressor, and then was sintered at high temperature (1400 
o
C) in air. The FZO thin films were 

deposited from the target and were hydrogenated by adding H2 gas into sputtering atmosphere 

with partial pressure ratio H2/(H2+Ar) = 1.7 %. An Univex-450 sputtering system (Leybold, 

Germany) with a DC-source gun was used to deposit the films. The thickness of the ZnO, FZO 

and HFZO films were maintained at 600 nm. The substrate temperature, sputtering power, base 

and working pressures were fixed at 200 
o
C, 60 W, 6  10

-6
 torr and 3.5 mtorr, respectively. 

Every kind of the films was fabricated at least three times to verify accuracy and repetition of 

experimental results. 

The crystalline structure of the films was analyzed by using an X-ray diffraction system 

(Bruker D8 Advanced, US) with Cu K source ( = 0.154 nm). The carrier concentration, 

mobility and resistivity were determined from Hall measurement (Ecopia HMS-3000, Korea). 

The optical transmission of the films was recorded by a UV-Vis spectrophotometer (Jasco V530, Japan). 

3. RESULTS AND DISCUSSION 
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Figure 1 shows the variations of carrier concentration, mobility, resistivity and sheet 

resistance of the ZnO, FZO and HFZO thin films. It is seen that the carrier concentration of the 

films increased as doping, especially co-doping fluorine and hydrogen. It is explained in terms 

of donor formation from O
2-

 substitution of F
-
 [11] and from interstitial H

+
 and substituted H

+
 at 

VO sites [12, 13]. While the carrier concentration increases fivefold from 0.410
20

 cm
-3

 (ZnO) to 

210
20

 cm
-3

 (HFZO), the mobility enhances fivefold from 2.2 cm
2
/Vs (ZnO) to 10.1 cm

2
/Vs 

(FZO), especially by 20 times to 43 cm
2
/Vs (HFZO). As a result, the resistivity reduces 

dramatically from 5.810
-2

 cm (ZnO) to 1.610
-2

 cm (FZO) and to 7.510
-4

 cm (HFZO). It 

corresponds to sheet resistance of ~990, ~250 and 12.3 Ω/sq. for the ZnO, FZO and HFZO 

films. Consequently, the results suggest that the increased mobility contributes mainly to the 

reduced resistivity of the films. 

 

Figure 1. Electrical parameters of the ZnO, FZO and HFZO thin films.  

To confirm the presence and effect of the dopants on the mobility of the films, the 

crystalline structure of the ZnO, FZO and HFZO films was investigated as shown in Figure 2.  

 

Figure 2. XRD patterns of the ZnO, FZO and HFZO thin films. 
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Table 1. Crystallographic information of the ZnO, FZO and HFZO thin films. 

Thin films 2 (deg.) FWHM (deg.) D (nm) MFP (nm) 

ZnO 34.39 0.2922 28.4 0.2 

FZO 34.42 0.2970 28.0 1.0 

HFZO 34.37 0.2721 30.5 5.1 

There is only one peak in all XRD patterns of the films, which is associated with the c-

oriented (002) plane of the hexagonal ZnO structure. The XRD intensities of the ZnO and FZO 

films are similar, while the strongest intensity is observed for the HFZO films. It could suggest 

much higher number of crystals in the HFZO thin films. To estimate fully crystallinity of the 

films, however, it is necessary to consider value of full-width half maximum (FWHM) of the 

(002) peak, as listed in Table 1. 

The combination of the FWHM and 2 values allowed to calculate mean crystal size (D) 

which was according to the Scherrer formula as given by D = 0.9/(FWHM cos), where  = 

0.154 nm is the X-ray wavelength. It is seen that the highest value of mean crystal size is 

obtained for the HFZO films, which is in agreement with the highest XRD intensity. 

Nevertheless, this variation of the mean crystal size is insignificant, with only a very small 

deviation of 2 nm. It indicates that the crystallinity is mainly attributed to the number of crystals 

in the films. Therefore, the highest crystallinity was obtained for the HFZO films. In aim to 

understand effect degree of the crystallinity on the mobility of the films, mean free path (MFP) 

of electrons in the films was evaluated by [3]: 

 

From the MFP results in Table 1, it could be seen that the MFP values are very much 

smaller than the corresponding mean crystal sizes of the films. Consequently, the mobility 

depends on intra-crystalline quality, which the electronic scattering occurred mainly inside 

crystalline grains, instead of at the grain boundaries. It shows that the passivation of hydrogen 

and fluorine on dangling bonds, vacancy-related defects could enhance the mobility of the films, 

which is also suitable with the references [11, 14, 15]. Considerating the 2 value, the (002) 

peak position of the FZO films tends to shift towards larger angle (34.42
o
) as compared to that of 

the ZnO films (34.39
o
). It is associated to the decrease of interplanar spacing (d002), according to 

the Bragg’s law [16]. The O
2-

 (1.40 ) substitution effect of the smaller ionic F
-
 (1.36 ) could 

be recognized. After doping hydrogen, however, the (002) peak position of the HFZO films 

tends to shift towards smaller angle (34.37
o
), which corresponds to the expansion of interplanar 

spacing. The reason could be related to the interstital H at Zn–O bonds [15, 17].  

Another verification of the impact of fluorination and hydrogenation on the grain size of 

the films could be observed through FESEM images, as shown in Figure 3. The surface 

morphology of the films is not uniform, with grain size interval of 50 – 300 nm. The 

arrangement of crystalline grains is close-packed structure. Furthermore, the morphology of the 

ZnO, FZO and HFZO films changes insignificantly, which is in agreement with the above 

calculation of average crystal size. Consequently, the effects of hydrogenation and fluorination 

on the crystalline structure of the ZnO thin films are verified. The results also indicated that the 

enhanced mobility of the films could be attributed to the intra-crystalline quality which is 

improved by the incorporation of hydrogen and fluorine into the ZnO lattice structure. 
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Figure 3. XRD patterns of the ZnO, FZO and HFZO thin films. 

Figure 4 displays the optical transmission spectra of the ZnO, FZO and HFZO thin films in 

the wavelength region from 300 to 1100 nm. All the films have higher average transmittance 

than 83 % in the broad spectrum. The spectra of the FZO and HFZO films show clear 

interference fringes and sharp absorption edge, which indicates the good crystallinity, as 

mentioned in the XRD analyses. The absorption edge of the HFZO films has the largest blue-

shift, followed by the FZO films, as compared to the ZnO films. It is in accordance with the 

increase of carrier concentration of the films due to the Burstein-Moss effect [18].  

 

Figure 4. Optical transmission spectra of the ZnO, FZO and HFZO thin films. 

 

Figure 5. Relationship between resistivity, average transmittance and figure of merit of the films. 

Normally, the increases of electrical conductivity and average transmittance have opposite 

trends, which depend strongly on the carrier conentration. In this work, the reduced resistivity of 
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the films is mainly due to the enhanced mobility. Therefore, to estimate optoelectronic 

performance of the films, the figure of merit (FOM) as given by FOM = T
10

/RS = T
10

t/, where T 

is the average transmittance in range of 400–1100 nm, t is the thickness of the films (600 nm), 

RS and  are the sheet resistance and resistivity, respectively [19]. The variation in the FOM 

value of the ZnO, FZO and HFZO thin films was depicted in Figure 5. 

Figure 5 shows evolutions of the average transmittance, resistivity and FOM values of the 

films. The highest FOM value is observed for the HFZO films (0.015 
-1

), followed by the FZO 

(6.4  10
-4

 
-1

) and ZnO (1.6  10
-4

 
-1

) films. From the above discussions, it is a result of (i) 

the reduction of resistivity due to the enhanced mobility, and (ii) the increase of average 

transmittance due to the improved intra-crystalline quality. As compared to the literature, our 

result of FOM value was also better than, for example, 0.0125 Ω-1
 [3], 0.01 Ω-1

 [12], 0.005 Ω-1
 

[20], etc. In the next study, we will adjust the fabrication conditions to optimize the FOM value 

for the good-performance HFZO thin films. 

4. CONCLUSIONS 

In this work, we report the successful deposition of fluorinated and hydrogenated ZnO thin 

films by using d.c. magnetron sputtering technique. The HFZO achieved the high mobility of 43 

cm
2
/Vs, carrier concentration of 2  10

20
 cm

-3
 and low resistivity of 7.5  10

-4
 cm. From the 

XRD analyses, the increased mobility is attributed to the improvement in intra-crystalline quality 

of the HFZO films. Thanks to the highest average transmittance and the lowest resistivity, the 

HFZO films obtained the highest figure of merit, as compared to the FZO and ZnO films. 

Consequently, the positive effect of fluorination and hydrogenation on improving the 

performance of the ZnO thin films was recognized. It opens a tendency for high-mobility and 

good-performance TCO-ZnO thin films. 

Acknowledgements. This research is funded by Vietnam National University Ho Chi Minh City (VNU-

HCM) under grant number C2019-18-33. The authors would also like to acknowledge the Hall 

measurement support from Faculty of Materials Science and Technology, University of Science, VNU-

HCM.  

REFERENCES 

1. Stadler A. - Transparent conducting oxides – An up-to-date overview, Materials (Basel) 5 

(2012) 661–683. 

2. Özgür Ü., Alivov Ya.I., Liu C., Teke A., Reshchikov M.A., Dogan S., Avrutin V., Cho S.-

J., and Morkoc H. - A comprehensive review of ZnO materials and devices, J. Appl. Phys. 

98 (2005) 041301. 

3. Pham D. P., Nguyen H. T., Phan B. T., Hoang V. D., Maenosono S., and Tran C. V. - 

Influence of addition of indium and of post-annealing on structural, electrical and optical 

properties of gallium-doped zinc oxide thin films deposited by direct-current magnetron 

sputtering, Thin Solid Films 583 (2015) 201–204. 

4. Papari G. P., Silvestri B., Vitiello G., Stefano L.D., Rea I., Luciani G., Aronne A., and 

Andreone A. - Morphological, structural, and charge transfer properties of F-doped ZnO: 

A spectroscopic investigation, J. Phys. Chem. C 121 (2017) 16012–16020. 



 
 
Study on fluorination and hydrogenation in transparent conducting zinc oxide thin films 

 

203 

5. Wang F. H., Yang C. F., and Lee Y. H. - Deposition of F-doped ZnO transparent thin 

films using ZnF2-doped ZnO target under different sputtering substrate temperatures, 

Nanoscale Res. Lett. 9 (2014) 97. 

6. Tsai Y. Z., Wang N. F., and Tsai C. L. - Fluorine-doped ZnO transparent conducting thin 

films prepared by radio frequency magnetron sputtering, Thin Solid Films 518 (2010) 

4955–4959. 

7. Ku D. Y., Kim Y. H., Lee K. S., Lee T. S., Cheong B., Seong T. Y., and Kim W. M. - 

Effect of fluorine doping on the properties of ZnO films deposited by radio frequency 

magnetron sputtering, J. Electroceramics 23 (2009) 415–421. 

8. Lee S. H., Lee T. S., Lee K. S., Cheong B., Kim Y. D., and Kim W. M. -, Characteristics 

of hydrogen co-doped ZnO:Al thin films, J. Phys. D. Appl. Phys. 41 (2008) 095303. 

9. Tark S. J., Ok Y. W., Kang M. G., Lim H. J., Kim W. M., and Kim D. - Effect of a 

hydrogen ratio in electrical and optical properties of hydrogenated Al-doped ZnO films, J. 

Electroceramics 23 (2009) 548–553. 

10. Gaspar D., Pereira L., Gehrke K., Galler B., Fortunato E., and Martins R. - High mobility 

hydrogenated zinc oxide thin films, Sol. Energy Mater. Sol. Cells 163 (2017) 255–262. 

11. Seo J. S., Jeon J. H, Hwang Y. H., Park H., Ryu M., Park S. H. Ko, and Bae B. S., 

Solution-processed flexible Fluorine-doped Indium Zinc oxide thin-film transistors 

fabricated on plastic film at low temperature, Sci. Rep. 3 (2013) 2085. 

12. Kim D. H., Lee S. H., Lee G. H., Kim H. B., Kim K. H., Lee Y. G., and Yu T. H. - Effects 

of deposition temperature on the effectiveness of hydrogen doping in Ga-doped ZnO thin 

films, J. Appl. Phys. 108 (2010) 023520. 

13. Singh A., Chaudhary S., and Pandya D. K. - On the temperature dependence of mobility 

in hydrogenated indium-doped ZnO thin films, Acta Mater. 77 (2014) 125–132. 

14. Lee H. B., Ginting R. T., Tan S. T., Tan C. H., Alshanableh A., Oleiwi H. F., Yap C. C., 

Jumali M. H. H., and Yahaya M. - Controlled defects of Fluorine-incorporated ZnO 

nanorods for photovoltaic enhancement, Sci. Rep. 6 (2016) 32645. 

15. Pham A. T. T., Hoang D. V., Nguyen T. H., Le N. B. T., Phan T.B., and Tran V. C. - X-

ray photoelectron spectroscopic study on high-electron-mobility gallium and hydrogen co-

doped zinc oxide thin films, Vietnam J. Sci. Technol. 56 (2018) 93. 

16. Bindu P., and Thomas S. - Estimation of lattice strain in ZnO nanoparticles: X-ray peak 

profile analysis, J. Theor. Appl. Phys. 8 (2014) 123–134. 

17. Dinh T. D. H., Hoang V. D., and Tran C. V. - Deposition of high-electron-mobility 

transparent conducting zinc oxide thin films by dc magnetron sputtering in gas mixture of 

argon and hydrogen, J. Sci. Technol. Dev. - Vietnam Natl. Univ. Ho Chi Minh 18 (2015) 

162–169. 

18. Tang G., Liu H., and Zhang W., The variation of optical band gap for ZnO:In films 

prepared by sol-gel technique, Adv. Mater. Sci. Eng. 2013 (2013) 1–4. 

19. Haacke G. - New figure of merit for transparent conductors, J. Appl. Phys. 47 (1976) 

4086–4089. 

20. Akazawa H. - Thermal stability of carrier centers in various types of transparent 

conductive ZnO and Ga-doped ZnO films, Thin Solid Films 520 (2012) 2418–2423.  

 


