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Abstract 

Grain orientation can be particularly important in devices such as thin film transistors (TFTs) 

where grain boundaries present a barrier to lateral carrier transport. This paper demonstrates 

that thin films of nanocrystalline cuprous oxide (Cu2O) can be grown with control of the 

grain orientation in the direction of either [111] or [100] perpendicular to the substrate surface 

using a high target utilization sputtering system. This allows a systematic study of the effect 

of grain orientation on the carrier mobility in Cu2O films. It is shown that the carrier mobility 

in as-deposited films is similar for both grain orientations while [100]-oriented thin films 

exhibit a higher carrier mobility for lateral conduction than films with a [111] orientation 

after annealing, which is discussed from the viewpoint of the Urbach energy, crystallinity 

and surface morphology. This experimental finding suggests that Cu2O thin films with a [100] 
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surface grain orientation are favorable for device applications such as p-type TFTs where a 

high in-plane carrier mobility is desired. 

 

Keywords: p-type metal oxide, Cuprous oxide, Sputtering, Carrier mobility, Grain 

orientation 

 

1. Introduction 

Cuprous oxide (Cu2O) has been proposed as a suitable channel layer for p-type metal 

oxide thin film transistors (TFTs) since effective hole transport is expected due to its unique 

orbital configuration. To be specific, energy levels of the Cu 3d and O 2p orbitals are 

comparable in Cu2O, which leads to considerable covalency in the ionic metal-oxygen bonds. 

This results in not only a large dispersion near the top of the valence band but also a 

considerable reduction in the localization of holes by O 2p orbitals, leading to effective 

carrier transport [1–3]. However, actual nanocrystalline Cu2O thin films have grain 

boundaries with a high degree of structural disorder (i.e. many trap states), and therefore 

lateral carrier transport is significantly degraded by grain boundary scattering and carrier 

trapping at trap states [4]. Our previous report demonstrated that vacuum annealing can be 

used to improve the low carrier mobility in Cu2O films without phase conversion to either 

CuO or Cu [5]. 

Grain orientation can also affect the carrier mobility in Cu2O films where grain 

boundaries impede carrier transport. Most of the existing literature on control of the Cu2O 
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grain orientation is based on the electrodeposition method and it was shown that the grain 

orientation is controlled by its several deposition parameters (e.g. electrolyte pH and potential 

applied to the electrode) [6–10]. However, the conductive substrate required for 

electrodeposition causes difficulty in accurately measuring electrical characteristics of a 

Cu2O film itself, which hinders a systematic investigation into the effect of grain orientation 

on the carrier mobility. This can be easily solved through control of the grain orientation by 

vacuum process techniques (e.g. reactive sputtering and chemical vapor deposition) enabling 

the use of an insulating substrate such as glass. 

Films generally tend to grow with the crystalline plane of the lowest surface energy 

parallel to the substrate surface to minimize the surface energy [11,12]. It was found that an 

increase in adatom mobility enables the growth of crystalline planes different from that of 

the lowest surface energy [12–14]. In the case of Cu2O, the nonpolar (111) plane was 

demonstrated to have the lowest surface energy 𝐸! (0.677 J∙m-2) [15]. Based on the surface 

energy consideration alone, Cu2O films are expected to have the [111] preferred grain 

orientation. Wang et al. showed that the preferred orientation in sputtered Cu2O films can be 

changed from the [111] direction to the [100] direction (which has a significantly higher 

surface energy of 1.194 J∙m-2 [15]) by an increase in adatom mobility through adjusting the 

process pressure [14]. In addition to the process pressure, the ion-to-metal flux ratio (𝐽" 𝐽#$⁄ ) 

incident at the growing film during sputter deposition is known to be a control parameter for 

the kinetic energy of adatoms (i.e. adatom mobility) [16,17]. For example, an increase in 

𝐽" 𝐽#$⁄  leads to an increase in the number of energetic ions which collides with each metal 
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adatom at the growing film surface, which results in an increase in ion-adatom momentum 

transfer (i.e. higher adatom mobility). 

A high target utilization sputtering (HiTUS) system (Plasma Quest Limited) enables a 

precise control of 𝐽" 𝐽#$⁄  through simply adjusting the ion current (iC) which is a sputtering 

parameter related to an Ar plasma density at the surface of a metal target (see a detailed 

description and a schematic diagram of HiTUS in Ref [18]). Specifically, in the case of 

reactive sputtering of Cu2O, the ion flux (𝐽") incident at the growing film mainly consists of 

the ions generated by the Ar and O2 plasma near to the grounded substrate holder. An 

increased iC means an increase in the Ar plasma density at the Cu target surface, which leads 

to more Cu atoms being emitted from the target (i.e. a higher Cu flux, 𝐽%&). On the other hand, 

the change in iC has a negligible effect on the Ar plasma density near to the growing film and 

the O2 plasma remains constant by using the same oxygen flow rate, which allows the 

assumption of a constant 𝐽". Therefore, an increase in iC results in a reduction in 𝐽" 𝐽%&⁄  (i.e. 

iC is inversely related to 𝐽" 𝐽%&⁄ ). 

In this letter, it is demonstrated that Cu2O films can be grown with control of the grain 

orientation in the direction of either [111] or [100] perpendicular to the substrate surface 

through adjusting iC of the HiTUS system. This allows an investigation to determine which 

one of the two grain orientations is more favorable in terms of the in-plane carrier mobility. 

Furthermore, the impact of grain orientation on the carrier mobility in both as-deposited and 

annealed films of Cu2O is discussed based on the Urbach energy, crystallinity and surface 

morphology. 
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2. Experimental Details 

Cu2O thin films were deposited by the HiTUS system from a metallic Cu target with 4-

inch diameter and 99.999% purity (Kurt J. Lesker Company) in an Ar/O2 gas mixture 

(99.9995% purity; BOC Gases Ltd). The base pressure in the chamber was 6.0×10-4 Pa, and 

Ar gas was provided to set a process pressure of 1.5×10-1 Pa. The reactive sputtering was 

performed at a constant DC bias voltage (a sputtering parameter related to ion energy, Ei) of 

690 V and an oxygen flow rate of 16 sccm without intentional substrate heating. iC was varied 

from 1.38 A to 1.52 A in order to investigate the 𝐽" 𝐽%&⁄  dependence on the Cu2O grain 

orientation. Surface profilometry (Veeco Dektak 200SI) was used to measure film thickness. 

The film thickness increased from 500 to 550 nm with an increase in iC from 1.38 to 1.52 A. 

The films were annealed at various temperatures (500, 600 and 700 °C) for 10 min in vacuum 

(9.5×10-2 Pa) in an Aixtron Cambridge Nanoinstruments Black Magic 2 system. An infrared 

(IR) radiation pyrometer (Infratherm IGA8 plus) was used for monitoring the annealing 

temperature. The temperature ramp rate was 5 K s-1 and all the annealed films were unloaded 

at a chamber temperature of 50 °C. Four Au electrodes were formed at the corners of the 

Cu2O films deposited on 8 mm × 8 mm glass (Corning 7059) substrates using a thermal 

evaporator (Edwards E306A) and a shadow mask in order to measure Hall mobility (𝜇'())) 

using the van der Pauw method. 

In order to check grain orientation of Cu2O thin films, X-ray diffraction (XRD) patterns 

were obtained using a Bruker D8 Discover X-ray diffractometer with the following 

measurement set-up: Cu Kα1 X-ray source with a wavelength of 0.154 nm, X-ray generator 
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power (40 kV and 40 mA), monochromator slit size (0.2 mm) and scan speed (1.5 sec/step). 

𝜇'())  was obtained based on the conventional measuring standard in the van der Pauw 

configuration using an MMR Technologies Hall Effect Measurement System (K2500-7) at 

room temperature. Specifically, thermoelectric and misalignment offsets are corrected by 

reversing the direction of current flow and magnetic field, and then 𝜇'()) is determined by 

averaging the corrected Hall voltages along the two diagonals of the sample. Furthermore, a 

Hall scattering factor (1 ≤ r ≤ 2) reflecting intrinsic scattering mechanisms in single crystals 

or grains was approximated to be r = 1 in the 𝜇'()) calculations since the 𝜇'()) values are 

used for the purpose of comparing an apparent mobility including the grain boundary effect, 

not a true in-grain carrier mobility, between the [111] and [100] oriented films. The optical 

absorption coefficient (𝛼(𝜐)) was obtained by an ATI Unicam UV/Vis spectrometer (UV2-

200) to extract the Urbach energy (𝐸&), and scanning electron microscope (SEM) images 

were taken using a LEO GEMINI 1530VP FEG-SEM system with an operating voltage of 3 

kV. 

3. Results and Discussion 

The XRD patterns of Cu2O films grown at different iC values are shown in Fig. 1. The 

Cu2O (111) peak is detected for iC ≥ 1.5 A (a lower 𝐽" 𝐽%&⁄ ), while the intense peak related to 

the Cu2O (200) plane is observed for iC < 1.5 A (a higher 𝐽" 𝐽%&⁄ ). On the basis of the 

evolutionary selection theory based on the growth rate anisotropy of the different crystalline 

planes [12,19], it is proposed that for iC < 1.5 A (i.e. a higher 𝐽" 𝐽%&⁄ ), the grains with the (200) 

plane parallel to the substrate surface would grow faster and at the expense of those (with the 
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(111) plane parallel to the surface) grown by a slower vertical growth rate, and this results in 

the [100] preferred grain orientation despite its relatively higher surface energy. Given that 

an increase in 𝐽" 𝐽%&⁄  leads to a higher adatom mobility, this result is consistent with the work 

of Wang showing that the [100] preferred orientation with high surface energy can be 

obtained by an increase in adatom mobility [14]. In addition, contrary to a gradual transition 

of preferred grain orientation in polycrystalline TaN films from [111] to [111] + [001] and to 

complete [001] with an increase in 𝐽" 𝐽*(⁄  [20], Cu2O films grown by the HiTUS system show 

an abrupt transition between [111] and [100] as seen in Fig. 1. 

In order to investigate the grain orientation effect on the in-plane carrier mobility in Cu2O 

films, the samples grown at iC = 1.38 A and iC = 1.52 A were selected as the [100] and [111]-

oriented films, respectively, and 𝜇'()) of the as-deposited and annealed films was measured 

as seen in Fig. 2. This shows that both as-deposited films exhibit a similar 𝜇'()), but a distinct 

difference in the extent of mobility enhancement appears as a result of annealing with the 

[100]-oriented film showing a more significant enhancement of 𝜇'()). The [100]-oriented 

film annealed at 700 °C shows a 𝜇'())  of 28 cm2/V∙s which is one of the highest values 

obtained by sputtered copper oxide films [21–23]. 

Based on the assumption that Cu2O has a perfect single crystal structure, the effective 

mass for the light hole band situated at the top of the valence band was found to be isotropic 

by density functional theory calculations [24]. This means that a defect-free Cu2O grain is 

expected to have the same carrier mobility regardless of its crystallographic orientation. 

However, a nanocrystalline Cu2O film has grain boundaries with a high degree of structural 
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disorder causing many defects, which impedes lateral carrier transport. It is well-known that 

Urbach energy (𝐸&) is a measure of structural disorder [25,26], and in polycrystalline films, 

it is assumed that 𝐸& is caused by several factors such as strain and bulk and grain boundary 

carrier trapping [27]. A theoretical analysis indicated that the disorder distribution is gradual 

with a maximum close to the grain boundary and decreases toward the center of the grain 

[28]. Furthermore, an inverse correlation between 𝐸& and grain size is widely observed [21, 

28]. Both theoretical and experimental results indicate that the grain boundary is the main 

source of disorder in polycrystalline films. For this reason, the level of structural disorder in 

the films is compared by 𝐸& extracted using the following method in order to interpret the 

𝜇'()) results. 

The optical absorption tail follows the empirical exponential law represented by α(υ) = 

α0exp(hυ/Eu), where α, α0, h and υ denote the optical absorption coefficient, a constant, the 

Planck constant and the photon frequency, respectively [29,30]. This equation can be 

expressed as ln(α) = (1/Eu)(hυ) - ln(α0), and therefore 𝐸& can be extracted from the reciprocal 

of the slope of the linear region in the ln(α) versus hυ (i.e. photon energy) plot as seen in Fig. 

3a. The extracted 𝐸& values of the [111] and [100]-oriented Cu2O films are shown in Fig. 3b 

as a function of annealing temperature, which provides an insight into the 𝜇'()) results. The 

similar 𝜇'()) in the as-deposited films can be explained by the isotropic hole effective mass 

(i.e. the same mobility in defect-free grains in the direction of [100] and [111]) and a similar 

𝐸& (i.e. a similar degree of disorder in the films). The more significant enhancement of 𝜇'()) 

in the [100]-oriented film after annealing is considered to be due to a more considerable 
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reduction of disorder in the film than that in the [111]-oriented film based on the extracted 

𝐸&. 

In order to identify the main cause of the more significant reduction in disorder in the 

[100]-oriented film, the crystallographic characteristics and surface morphology of the 

700 °C-annealed films were investigated by XRD and SEM. The XRD patterns (Fig. 4) of 

the [111] and [100]-oriented films annealed at 700 °C were obtained from the same XRD 

system and measurement set-up as described in section 2 (Experimental Details). This clearly 

shows that the intensity (I) of the diffraction peak of the [100]-oriented Cu2O film increases 

much more significantly after annealing (𝐼(,--): 95 counts per second (cps) (as-deposited) → 

4175 cps (700 °C), 𝐼(///): 188 cps (as-deposited) → 298 cps (700 °C)). This indicates that 

the crystallinity of the [100]-oriented film improves more considerably than that of the [111]-

oriented film after annealing. In addition, it is observed that the (111) peak of the [111]-

oriented Cu2O film shifts from 36.74° (as-deposited) to 36.46° (700 °C) which is closer to 

the reference peak of 36.44° [JCPDS 04-007-9767]. This can be explained by the release of 

the compressive stress in the film by annealing considering the fact that the compressive 

stress gives rise to a reduction in the lattice constant and this in turn results in a shift of its 

diffraction peak to a higher angle on the basis of Bragg’s law. The SEM images (Fig. 5) show 

an interesting outcome that grains in the [100]-oriented film seem to be completely coalesced 

by annealing of 700 °C contrary to those in the [111]-oriented film. This experimental result 

suggests that the [100] texture with a higher surface energy is favorable for grain growth (i.e. 

grain coalescence) by annealing. This is considered to be the main reason for the more 
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significant improvement in crystallinity and greater reduction in disorder in the [100]-

oriented film compared to the [111]-oriented film after annealing, which in turn results in a 

much higher carrier mobility in the [100]-oriented film. 

4. Conclusions 

It was demonstrated that the grain orientation in Cu2O films can be controlled in the 

direction of either [111] or [100] by a change in adatom mobility through adjusting the ion 

current (i.e. the ion-to-Cu flux ratio (𝐽" 𝐽%&⁄ ) incident at the growing film) using the HiTUS 

technique. To be specific, a low 𝐽" 𝐽%&⁄  leads to the growth of nanocrystalline Cu2O films 

with the [111] surface orientation which has the lowest surface energy, while an increase in 

𝐽" 𝐽%&⁄  yields Cu2O films with the [100] orientation of the highest surface energy. In addition, 

a systematic study on the grain orientation effect on the in-plane carrier mobility in Cu2O 

films was performed. This shows that as-deposited films exhibit a similar carrier mobility for 

both grain orientations due to an isotropic hole effective mass and a similar degree of disorder 

in the films. By contrast, after annealing, the [100]-oriented film shows a more significant 

improvement in the carrier mobility due to a greater reduction in the degree of disorder in the 

film. Lastly, the [100] texture with a higher surface energy was found to be favorable for 

grain coalescence by annealing, which provides an insight into the higher crystallinity and 

lower degree of disorder in the [100]-oriented film after annealing. These experimental 

results suggest that the [100] preferred texture is favorable for device applications such as p-

type metal oxide TFTs requiring a high in-plan carrier mobility. 
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List of figure captions 

Fig. 1. X-ray diffraction patterns of Cu2O films deposited at various ion currents. A small 

peak from the sample holder is also present. 

Fig. 2. Hall mobility of [100] and [111]-oriented Cu2O films as a function of annealing 

temperature. Inset shows a schematic van der Pauw geometry for the Hall-effect 

measurement. 
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Fig. 3. (a) ln(α) versus photon energy plots of [111] and [100]-oriented Cu2O films with 

different annealing temperatures and (b) their extracted Urbach energy as a function of 

annealing temperature. 

Fig. 4. X-ray diffraction patterns of the [100] and [111]-oriented Cu2O films annealed at 

700 °C. 

Fig. 5. Scanning electron microscope images of (a) [100] and (b) [111]-oriented Cu2O films 

annealed at 700 °C. 
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FIG. 1.  X-ray diffraction patterns of Cu2O films deposited at various ion currents. A small peak from the sample holder is 
also present. 

 

 
 
FIG. 2.  Hall mobility of [100] and [111]-oriented Cu2O films as a function of annealing temperature. Inset shows a 
schematic van der Pauw geometry for the Hall-effect measurement. 
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FIG. 3.  (a) ln(α) versus photon energy plots of [111] and [100]-oriented Cu2O films with different annealing temperatures 
and (b) their extracted Urbach energy as a function of annealing temperature. 



21 
 
 
 
 

 

 
 

FIG. 4.  X-ray diffraction patterns of the [100] and [111]-oriented Cu2O films annealed at 700 °C. 
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FIG. 3.  Scanning electron microscope images of (a) [100] and (b) [111]-oriented Cu2O films annealed at 700 °C. 


