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Abstract 

NiO thin films with random, fiber and in-plane textures have been successfully deposited at near 

room temperature by reactive magnetron sputtering on glass, silicon and Al2O3 (0001) substrates. 

Self-texture related with the deposition conditions and crystallographic characters competes with 

the driving force from the matched substrate. Such a competition can be used to control the 

texture of thin films on matched substrates, especially when the promoting orientations from 

self-texture and substrate are different. Enhancing this competition tends to suppress the self-

texture of NiO thin films on Al2O3 (0001) substrates, whereas restricting the competition is 

beneficial to produce the in-plane textured NiO thin films. In addition, it is found that the optical 

transmittance of NiO thin films on Al2O3 (0001) substrates can also be tuned by such competition. 

Interfacial microstructure analyses of NiO thin films on amorphous substrates clearly evidence 

the existence a nanocomposite layer at the initial growth, which is composed of NiO 

nanocrystals surrounded by amorphous matrix. In contrast, in-plane textured NiO thin films on 

Al2O3 (0001) substrates exhibit sharp interface without nanocrystals or amorphous matrix. We 

believe these results provide a general framework of tuning the textures and properties of thin 

films on matched substrates. 
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1. Introduction 

Texture, which describes the statistical distribution of grain orientations, is an important 

microstructural characteristic of thin films, as it can strongly influence the various functional 

properties [1–10]. Four types of texture component have been identified in thin films: random 

texture, in which the orientations of grains are fully random (no preferred growth orientation); 

fiber texture [1,11,12], where the orientation of a lattice plane is preferentially parallel to the 

substrate plane, while there is some rotational degree of freedom around the axis perpendicular 

to the substrate plane; in-plane texture (epitaxy), in which all three axes of the grains in thin film 

are aligned and fixed by the crystallographic orientations of single crystal substrates [1,11,13,14]; 

off-normal fiber-like texture (axiotaxy), where the preferred alignment of planes across the 

interface manifests itself as a fiber texture lying off-normal to the sample surface, with the fiber 

axis perpendicular to certain planes in the substrate [1,11].  

Controlling the texture of sputtered thin films is always full of interest, as sputtering is regarded 

as a highly versatile manufacturing process associated with relatively low cost and easy 

fabrication of large-area devices. Most of the sputtered thin films exhibit a fiber texture, even 

when deposited on amorphous substrates [5,8,12,15,16], and the mechanism behind this fiber 

texture remains complex due to the out of equilibrium state of the sputtering process [16,17]. 

This fiber texture can be called as self-texture [2], as the driving force for the formation of 

texture mainly comes from the deposition conditions and crystallographic characters, rather than 

from the substrate. However, sometimes the preferred orientation of self-texture is not the 

expected one, or random texture provides better performances. Therefore, growing thin films 

with various types of texture is desirable to fulfill different applications. Taking NiO as an 

example, it crystallizes in the stable phase of cubic rocksalt structure (space group Fm  m). 
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Along the <111> crystallographic orientation, NiO is composed of alternative Ni
2+

 and O
2-

 

planes with Ni
2+

 or O
2-

 
 
as terminations, giving rise to a net surface charge and an electric dipole 

moment. This means that it is much more difficult to grow NiO thin films with strong <111> 

texture, even the polar NiO {111} surfaces with larger work function are attractive for hole 

transportation in organic solar cells [18]. In the case of resistive random access memory 

application, poor crystallization without preferred orientation may facilitate the defect 

movements [19,20], indicating that NiO thin films with random texture are probably favorable. 

On the contrary, to fabricate high quality p-n junction assembled with n-type ZnO thin films, 

epitaxial NiO thin films is expected to reduce the interfacial states and then to enhance the 

electrical performances [21,22].  

In this work, NiO thin films with random, fiber and in-plane textures have been successfully 

deposited at near room temperature by reactive sputtering. The total sputtering pressure, oxygen 

flow rate and the nature of substrates have been employed to tune the texture. The influence of 

texture on the microstructure at film-substrate interface and optical properties of thin films have 

been investigated.  

 

2. Experimental  

NiO thin films were deposited on glass (microscopy slides), Si (100) and Al2O3 (0001) substrates 

by reactive pulsed-DC magnetron sputtering in various Ar-O2 reactive mixtures. No intentional 

heating was applied to the substrate holder and the self-established deposition temperature was 

close to room temperature. The argon flow rate was fixed at 25 sccm, while the oxygen one 

 ar e     the       11 sccm range. Thin films were deposited at two total sputtering pressures (0.5 

and 1 Pa) by changing the pumping speed via a throttle valve. A pulsed-DC supply (Pinnacle+ 
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Advanced Energy) was connected to the metallic nickel target (2 in. diameter and 1 mm thick 

with a purity of 99.995%). The current applied to the target, the frequency and the off-time were 

fixed to 0.3 A, 50 kHz and 4 µs, respectively. The distance between the substrate and the target 

was fixed at 75 mm. Within these deposition conditions, the metallic nickel target is working in 

the so-called Compound Sputtering Mode (CSM) where the target surface is oxidized. To clearly 

evidence the effect of the substrate nature on the film texture, the 3 kinds of substrates (glass, Si 

and Al2O3) were systematically introduced in the chamber in the same deposition run. 

X-ray diffraction (XRD, Brucker D8 Advance with Cu Kα1 radiation ( = 0.15406 nm) in Bragg 

Brentano configuration) was used to investigate the phase structure and the growth orientation of 

films. Pole figure and Phi () scan of NiO thin films were obtained using a Brucker D8 Discover 

diffractometer (Co K radiation,  = 0.17912 nm). It is worth noting that we have shown that the 

phase structure, preferred orientation and microstructure of thin films are independent of the 

nature of non-matched substrate (glass or silicon) in our previous studies, as the native 

amorphous SiO2 layer on single crystal Si (100) substrate was not removed [8,12]. Transmission 

electron microscopy (TEM) investigation for the microstructure was performed by a  JEOL ARM 

200-Cold FEG equipped with a GIF Quantum ER. For this purpose, the cross-section TEM 

samples of films deposited on silicon substrates were prepared using a focused ion beam (FIB)-

scanning electron microscope (SEM) dual beam system (FEI Helios 600) usi g the ‘   s tu’ l ft-

out technique. Final thinning was done with low voltage milling (5 kV) to reduce any possible 

preparation artifact. The optical transmission spectra were measured using an UV-Vis-NIR 

spectrometer (Varian Cary 5000). The curvature of a coated silicon substrate has been used to 

estimate the film stress using the Stoney’s formula. 
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3. Results and discussion 

3.1. Tuning the texture of NiO thin films  

  

Fig. 1  scan diffractograms of NiO thin films (about 200 nm-thick) deposited on glass (a) 

and Al2O3 (0001) (b) substrates. The oxygen flow rate of 11 sccm O2 and total sputtering 

pressure of 0.5 Pa were used. (c) scan diffractogram of NiO (220) plane (= 35.2

) of NiO 

thin film on Al2O3 (0001) substrate. 

First of all, NiO thin films have been grown on glass and Al2O3 (0001) substrates in the same 

deposition run using the following conditions: 0.5 Pa for the total sputtering pressure and 11 

sccm for the oxygen flow rate. Fig. 1(a) and (b) show the X-ray scan diffractograms of NiO 

thin films on glass and Al2O3 (0001) substrates, respectively. As seen in Fig. 1(a), the 

diffractogram of NiO thin film on glass exhibits a very weak signal to background noise ratio, 

demonstrating the poor crystallization. In addition, the degree of preferred orientation was 

estimated quantitatively by calculating Harris texture coefficient (Tc), following subtraction of 

background. Tc is defined as [9,23,24]: 
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Tc(hkl) = n
               

                 
 

                                                          (1) 

where Im(hkl) is the measured relative intensity of the diffraction peak belonging to (hkl) plane, 

Io(hkl) is the relative intensity from the same diffraction plane in the standard powder reference 

sample, n is the total number of diffraction peaks selected for the evaluation. Tc ranges from 0 to 

n. If Tc(hkl) is ~ n, the sample exhibits the highly preferred <hkl> orientation. On the contrary, 

samples possess random orientation when Tc(hkl) is ~ 1. In this work, three diffraction peaks 

((111), (200) and (220)) of NiO thin films, and standard pattern (JCPDS 00-047-1049) [25] are 

chosen to calculate Tc, giving the Tc (111), (200) and (220) of 0.94, 0.45, and 1.56 for thin films 

on glass substrates. These low values associated with the low intensity of the diffraction peaks 

indicate the random texture of NiO thin films on glass substrates deposited with an oxygen flow 

rate of 11 sccm and a total sputtering pressure of 0.5 Pa. The magnitude of internal stress was 

determined by the Stoney
’
s equation; the random textured NiO thin films exhibit the compressive 

stress of 2.2 + 0.3 GPa. 

In the case of NiO film deposited on Al2O3 (0001) substrate (see Fig. 1(b)), only intense (111) 

and (222) diffraction peaks of NiO are clearly observed and other out-of-plane orientations are 

absent. Such a result is in well agreement with previous works related to the deposition of NiO 

thin films on sapphire substrates [26-29]. Tc(111) of such NiO thin film is 3, indicating that NiO 

thin film on Al2O3(0001) exhibits highly <111> preferred orientation along the out-of-plane 

direction. In order to investigate the in-plane orientation of such NiO thin film, scan has been 

performed. The scan diffractogram of NiO (220) (= 35.2

) plane exhibits six sharp peaks 

with rotational intervals of 60

(see Fig. 1(c))demonstrating the growth of epitaxial NiO thin 

films on Al2O3 (0001) substrates. However, six diffraction peaks in Fig. 1(c) is double than the 

theoretical number of three peaks, which is due to the coexistence of two single-crystal domains 

with 60
o
 rotations around [111] axis [26]. This could be understood from both crystallographic 

characters and the stress behavior. In the viewpoint of crystallographic characters, NiO (111) 

planes condense along the three-fold-symmetry rhombohedral Al2O3 (0001). However, the lattice 

mismatch is as high as                     
        

     

(                         
        nm are the crystal constants of NiO and Al2O3, 

respectively). Thus, NiO could hardly grow on Al2O3 in this form. By introducing another kind 
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of domains with 60
o
 rotation [26], the mismatch can be reduced to 7.3% =           

      
           

       , which may facilitate the growth of NiO (111) planes on Al2O3 

(0001). We tried to estimate the out-of-plane stress of this epitaxial NiO thin film using the 

formula of   
  

 
 , where   is the strain component along the crystallographic direction, d is 

the (111) interplanar distance of the standard sample,    is the crystal plane difference between 

our epitaxial thin film and standard sample, and   is the elastic Young’s modulus of 95.9 GPa 

[30]. This gives the out-of-plane compressive stress of about 0.67 GPa, much smaller than the 

isotropic stress of 2.2 GPa in random textured NiO thin films, even they are deposited at the 

same time. This also indicates that the epitaxial NiO thin films on Al2O3 (0001) substrates 

possess the anisotropic stress, and the in-plane stress should be much larger than 2.2 GPa. 

Consequently, the domains can be generated to relax such a high in-plane stress.   

 

Fig. 2（a）scan diffractograms and (b) variation of texture coefficient for (111), (200) and 

(220) diffractions of NiO thin films deposited on glass substrates. (c) scan diffractograms 
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and (d) variation of texture coefficient for (111), (200) and (220) diffractions of NiO thin films 

deposited on Al2O3(0001) substrates. The total sputtering pressure of 1 Pa and various oxygen 

flow rates (3, 5 and 6 sccm) have been used to grow these thin films. Thickness is in the range of 

        460 nm. Thin films were deposited on glass and Al2O3 (0001) substrates simultaneously. 

Changing the total sputtering pressure to 1 Pa, NiO thin films have also been deposited on glass 

and Al2O3 (0001) substrates, simultaneously. Various oxygen flow rates (3, 5 and 6 sccm) have 

been used to grow NiO thin films. Fig. 2(a) shows the scan diffractograms of these NiO 

thin film deposited on glass substrate. These diffractograms exhibit more intense (200) 

diffraction peak than for (111) and (220) planes, indicating the highly <100> preferred 

orientation along the out-of-plane direction. Taking the NiO thin film deposited with 3 sccm O2 

as an example, pole figures of (200), (111) and (220) planes (see Fig. S1 in the supporting 

information) evidence that the NiO thin films on glass substrate present a strong fiber texture 

along <100> orientation. The compressive stress of such fiber textured NiO thin film is about 0.3 

+ 0.1 GPa, which is much lower than that of non-textured thin film. Comparing such fiber 

textured NiO thin films with non-textured thin films shown in Fig. 1(a), it shows that the total 

sputtering pressure seems to be an effective approach to tune the texture of NiO thin films on 

amorphous substrates, accompanying with the change of stress. Thin films deposited at low total 

pressure (0.5 Pa in the present work) and high oxygen flow rate (11 sccm) may suffer from 

stronger ions bombardments, especially for ions with negative charge, which will damage the 

crystallization and texture, yielding random textured thin films with high stress [12,31]. On the 

contrary, at high pressure the mean free path of the sputtered atoms is lowered, inducing more 

collisions in the gas phase. This effect decreases the energy of the condensing atoms and lowers 

the ion bombardment of the growing film. Thus, the use of a high total pressure (1 Pa in the 

present work) enhances the growth of fiber textured thin films with low intrinsic stress.    

With the increase of oxygen flow rate from 3 to 6 sccm, the intensity of (220) diffraction peaks is 

strongly enhanced (see Fig. 2(a)). The Harris texture coefficient Tc (for (111), (200) and (220) 

diffraction peaks) is plotted in Fig. 2(b) as a function of the oxygen flow rate. It is shown that Tc 

(200) falls down significantly from 2.81 to 1.28, whereas Tc (220) rises up from 0.09 to 1.42, 

with the increase of the oxygen flow rate from 3 to 6 sccm. Such a result implies that high 
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oxygen flow rate values are detrimental to the fiber texture of NiO thin films on glass substrates 

with the total sputtering pressure of 1 Pa.  

Concerning the NiO thin films grown on Al2O3 (0001) substrates with the total sputtering 

pressure of 1 Pa, (111), (200) and (220) diffraction peaks are clearly observed in all thin films 

simultaneously (see Fig. 2(c)). This implies the non-epitaxial growth when depositing thin films 

at the total sputtering pressure of 1 Pa, which is quite different from that of NiO thin films 

deposited at the total sputtering pressure of 0.5 Pa (see Fig. 1(b) and (c)). Moreover, the 

evolution of Tc (for (111), (200) and (220) diffraction peaks) as a function of oxygen flow rate is 

depicted in Fig. 2(d). Since the matched Al2O3 (0001) substrate provides a strong driving force, 

all the NiO films deposited on Al2O3 substrate show the highly <111> preferred orientation. 

However, the Tc (111) increases from 2.48 (3 sccm O2) to 2.78 (6 sccm O2) continuously, 

demonstrating that larger oxygen flow rate is favorable to produce the higher fiber texture for 

NiO thin films on Al2O3 (0001) substrates. Obviously, such tendency is opposite to that of NiO 

thin films on glass substrates, even deposited at the same time. 

Comparing the in-plane and fiber textured NiO thin films in Fig. 1(b) and Fig. 2(c), respectively, 

it is speculated that both the self-texture and substrate have strong influence on the growth 

characteristics of thin films on matched single crystal substrates. In NiO, {100} planes usually 

have the lowest surface energy, giving rise to the high probability to form <100> preferred 

orientation. Such effect explains that highly <100> fiber textured NiO thin films are easily 

attained on glass substrates using the total pressure of 1 Pa (see Fig. 2(a)). However, it is much 

more difficult to produce polar <111> preferred orientation without the use of special substrates 

(Al2O3 (0001) and YSZ (111)). Therefore, there is strong competition between the self-texture 

and the substrate driving forces when depositing NiO thin films on Al2O3 (0001) substrates, 

which may eventually rearrange the orientation and microstructure of thin films. When the 

driving force for self-texture is quite weak (like in the case of random texture of NiO thin film on 

glass substrate deposited at 0.5 Pa shown in Fig. 1(a)), the driving force from Al2O3 (0001) 

substrate may overcome the trend of the self-texture easily. Consequently, the growth behavior is 

dominated by the substrate, yielding the epitaxial NiO thin films (see Fig. 1(b) and (c)). On the 

contrary, once the self-texture exhibits certain kind of fiber texture and the preferred orientation 

is different from that of the substrate, such as NiO thin film deposited at 1 Pa (see Fig. 2(a) and 
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(c)), the strong competition will result in non-epitaxial NiO thin films with various orientations 

driven by both self-texture and substrate orientation. In addition, when comparing the texture 

coefficients of NiO thin films on glass and Al2O3 (0001) substrates (see Fig. 2(b) and (d)), it is 

seen that poorer self-texture within the conditions of high oxygen flow rate (6 sccm) tends to 

produce much stronger <111> preferred orientation for NiO thin films on Al2O3(0001) substrates. 

This also strongly supports our conclusion that the film microstructure results from the 

competition between driving forces for the self-texture and for the epitaxy with the substrate. 

These results provide some practical guidelines to tune the texture of thin films on matched 

substrates when the promoting orientations from self-texture and substrate are different: (a) 

Suppressing the self-texture is required to form the epitaxial or highly fiber textured thin films; 

(b) Enhancing the competition between self-texture and substrate driving force facilitates to 

reduce or change the fiber texture.   

  

3.2. Microstructure at the film/substrate interface  

The microstructure at film-substrate interface region of NiO thin films on Si (100) and Al2O3 

(0001) substrates has been studied by high resolution TEM (HRTEM). Fig. 3(a) shows the 

HRTEM image of NiO thin film with random texture on Si (100) substrate (the XRD 

diffractogram obtained is quite similar with that obtained on glass substrate).  ur r s  gl   a 

 a o o  os te la er   th the th    ess of a out         nm, marked by the red lines in Fig. 3(a), is 

clearly evidenced between the native amorphous SiO2 layer and the dense NiO thin film layer.  It 

consists of nanocrystals with a diameter of approx. 4 nm (highlighted by the red ellipse in Fig. 

3(a)) embedded in an amorphous matrix. The HRTEM image for the nanocrystals exhibit the 

crystal planes of NiO with the d (200) of about 0.2 nm, as shown in Fig. 3(b). In addition, the 

energy filtered TEM (EFTEM) mapping is used to check the elemental distribution at this 

interface region. Fig. 3 (c) is the color mixture image of Ni L3,2 edge (in red) and O K edge (in 

green) EFTEM mappings. As seen in Fig. 3(c), the oxygen concentration inside the nanocrystals 

is smaller than that of the surrounding amorphous thin layers. Besides, the Ni element was 

detected inside the native amorphous SiO2 layer, indicating that Ni atoms have diffused or been 

implanted into the amorphous SiO2 layer at the initial growth.  
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Fig. 3 (a) HRTEM image of  NiO thin film with random texture on Si (100) substrate. The native 

SiO2 layer on the top of Si(100) is guided by the white arrow. (b) HRTEM image of nanocrystals. 

(c) Color mixture image of Ni L3,2 edge (in red) and O K edge (in green) EFTEM mappings. 

The interfacial microstructure of epitaxial NiO thin film on Al2O3 (0001) substrate is presented in 

Fig. 4(a), which exhibits a sharp interface without amorphous or microcrystalline layers. Besides, 

EDS mappings of Ni, Al and O elements also verify the sharp interface without Ni diffusion into 

Al2O3 substrate (see Fig. S2 in the supporting information). Fig. 4(b) and (c) show the fast 

Fourier transform (FFT) patterns obtained from NiO and Al2O3 layers, respectively.  These two 

diffraction patterns, as well as the one attained from the interface area (see Fig. S3 in the 

supporting information), confirm the epitaxial growth. Some additional diffraction spots have 

been observed in NiO layer, as shown in Fig. 4(b). Two single crystal domains, where one is 

rotated by 60
o
 with reference to the other around [111] axis, are thought to be responsible for 

such additional diffraction spots [32].   
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Fig. 4 (a) HRTEM image of epitaxial NiO thin film on Al2O3 (0001) substrate. (b) and (c) are the 

FFT patterns of selected regions marked as 1 and 2 in (a), respectively, corresponding to NiO 

and Al2O3 layers.  

 

3.3. Tuning the optical transmittance  

 

Fig. 5 Optical transmittance of NiO thin films grown on glass and single crystal Al2O3 (0001) 

substrates with different deposition conditions. (a) Oxygen flow rate of 11 sccm and total 
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sputtering pressure of 0.5 Pa. (b) Oxygen flow rate of 6 sccm and total sputtering pressure of 1 

Pa. 

The influence of various textures on the optical properties of NiO thin films has been 

investigated. Fig. 5(a) shows the optical transmittance of NiO thin films on glass and Al2O3 

(0001) substrates with random and in-plane textures, respectively. Texture affects the optical 

transmittance, as the transmittance in the whole wavelength range of epitaxial NiO thin film is 

higher than that of the randomly textured film deposited at the same time. However, the optical 

band gap of NiO thin films is less sensitive to texture, as the epitaxial and random textured NiO 

thin films exhibit almost the same absorption edges (corresponding to the optical bang gap of 

3.53 eV, as shown in Fig. S4 in the supporting information). Similar situations are observed in 

fiber textured NiO thin films deposited with the total sputtering pressure of 1 Pa, as shown in Fig. 

5(b). Due to the different thickness of NiO thin films deposited with 3, 5 and 6 sccm O2, it is 

non-sense to compare their absolute transmittance directly. However, the transmittance 

discrepancy between films on glass and Al2O3 (0001) substrates can provide reliable information. 

The average transmitta  e    the   s  le ra ge            nm) of films on Al2O3 (0001) (Ta), on 

glass (Tg),  as well as their difference (   Ta -Tg), are summarized in Table I. Interestingly, it is 

shown that poorer self-texture is beneficial to the enhancement of optical transmittance of film 

on Al2O3 (0001). For instance,    between epitaxial and random textured thin films is as high as 

8.4 %. But in the case of NiO thin films deposited with the oxygen flow rate of 3 sccm at the 

total pressure of 1 Pa, the strong <100> self-texture (see Fig. 2(b)) just gives the    of 3.3 %. 

This can be qualitatively understood from the grain boundaries related refraction. As seen in Fig. 

2(b) and (d), once the orientation of strong self-texture differs with that from the substrate, the 

competition may yield the poor texture for thin films on matched substrates. Consequently, much 

more grain boundaries with various orientations may exist in the thin films, which will generally 

reduce the transmittance due to the increasing refraction at the grain boundaries [15,33]. These 

results demonstrate that self-texture can also be used to tune the optical transmittance when 

depositing thin films on matched substrates.  
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Table I  Average transmittance of NiO thin films on Al2O3 (0001) (Ta), on glass (Tg),  and their 

difference (   Ta -Tg) with various deposition conditions. 

Deposition conditions Tg (%) Ta(%)    (%) 

O2 flow rate: 11 sccm 

Total pressure: 0.5 Pa 

49.8 58.2 8.4 

O2 flow rate: 6 sccm 

Total pressure: 1 Pa 

66.6 74.6 8 

O2 flow rate: 5 sccm 

Total pressure: 1 Pa 

67.4 73.7 6.3 

O2 flow rate: 3 sccm 

Total pressure: 1 Pa 

57.5 60.8 3.3 

 

4. Conclusions 

NiO thin films with random, fiber and in-plane textures have been successfully deposited at 

room temperature by reactive magnetron sputtering on glass, silicon and Al2O3 (0001) substrates. 

Comparing the textures of NiO thin films on non-matched amorphous and matched single crystal 

substrates, it is found that there is strong competition between the driving force from the matched 

substrate and self-texture. This competition eventually rearranges the orientation and 

microstructure of thin films on matched substrates. Therefore, tuning this competition is an 

effective approach to control the texture of thin films on matched substrates. Microstructure 

analyses at the film/substrate interface region evidence the existence of a nanocomposite layer at 

the initial growth when depositing thin films on amorphous substrates, where nanocrystals 

embedded into amorphous matrix. On the contrary, sharp interface without nanocrystals or 

amorphous layers is observed in in-plane textured NiO thin films on Al2O3 (0001) substrates. 

Besides, it is found that the optical transmittance of NiO thin films on matched substrates can 

also be tuned by the competition between self-texture and driving force from the matched 

substrate. 
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