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ABSTRACT

In this paper, we focused our attention on the tailoring of structure and optical

analysis as a function of Cu interlayer between the ZnO layers. The Cu inter-

layer was deposited by magnetron sputtering, while the ZnO layers were

deposited by atomic layer deposition. Morphological analysis, based on grazing

incident X-ray diffraction patterns and scanning electron microscope images,

revealed formation of crystalline phase and a successful incorporation of Cu into

ZnO. The estimated average crystallite size increased from 8.64 to 12.05 nm as

Cu interlayer thickness increased from 20 to 70 nm. The averaged value of the

surface roughness was determined, from both the profilometer and the XRD

measurements. The determinations of the optical band gap and the nature of

optical transition were performed by the analysis of absorption spectrum. Also,

some physical quantities, such as optical density OD and skin depth d, were

estimated. Optical absorption studies revealed that all the films have a direct

allowed transition. A shift in the optical energy band gap Eg from 2.75 to 2.43 eV

as a function of Cu interlayer thickness was observed. The linear refractive

index (n) was analyzed to determine the metallization criterion M, the reflection

loss function RL, the transmission coefficient T and the relative density Dr.

Moreover, we showed that the doping of ZnO with different thickness of Cu

interlayer enhances its optical activity and electrical conductivity as well, which

makes it useful for photocatalytic application and sensor device fabrication in

particular conditions.
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1 Introduction

ZnO thin film exhibits a high refractive index and a

wide band gap of & 3.1 eV, which have attracted

great attention due to its outstanding physical prop-

erties that can be applied in various fields such as gas

sensors, solar cells, photodiodes and catalysts [1–3].

These applications are made possible by doping ZnO

with various elements such as Cu, Ag, Fe and Mn.

The unique properties of ZnO combined with metal

were recently demonstrated to be an efficient

approach for sensor device fabrication. The market

transparent and conducting oxide (TCO) for oxide

thin films prepared by different techniques is grow-

ing exponentially due to the wide range of potential

applications [4, 5]. Atomic layer deposition (ALD) is a

high-performance scalable layer-by-layer deposition

technique that controls the deposition process and

the concentration of thin films in the nanometer range

to modulate structure and opto-electrical properties.

ALD was developed to produce highly conformal

pinhole-free insulating films and is particularly

powerful in preparing multilayers with thickness

controllability to be an efficient approach for elec-

tronic and optoelectronic devices [6–9]. The ALD is a

promising deposition method which breaks the

chemical vapor deposition (CVP) reaction. The opti-

cal absorption coefficient is a crucial parameter in

determining the film efficiency under operational

conditions [10–12]. As a matter of fact, a lot of studies

have been made on ZnO/Cu/ZnO thin films, with

0–16 nm thick Cu layer due to its lower resistivity

and high transmittance [13, 14]. In this work, three

types of thin films were prepared in the form of

ZnO/Cu/ZnO sandwich structure with constant

(70 nm) ZnO thickness and variable sputtered Cu

interlayer thickness (20, 50 and 70 nm) by ALD and

magnetron sputtering techniques. The objective of

this work is to study the effect of increasing the

thickness of Cu interlayer on the optical properties

and other related parameters.

2 Experimental procedures

Three types of sandwich structured samples were

deposited with constant ZnO thickness and variable

Cu interlayer thickness by ALD and dc magnetron

sputtering, respectively, as follows: ZnO(70 nm)/

Cu(20 nm, 50 nm, 70 nm)/ZnO(70 nm); from now on

labeled as ZC20Z, ZC50Z and ZC70Z. (see Fig. 1) The

magnetron sputtering process was carried out at

room temperature with a base pressure

of * 5 9 10–7 mbar, a working pressure of

7 9 10–3 mbar Ar and a sputtering power of 10 W.

A Beneq TFS-200 was used for ALD in thermal mode

using DEZ and H2O as precursors. The pulse dura-

tion was 0.3 s for both precursors. The nitrogen purge

between precursor pulses was 3 s. 420 ALD cycles

were used. The deposition temperature was 200 �C,
and the reactor pressure was 1.3 mbar. The film

thickness of the three samples was precisely con-

trolled through the number of ALD cycles and

checked by a profilometer (AMBIOS XP-1) and a

spectroscopic ellipsometer (Semilab SE-2000).

The phase and structure of ZC20Z, ZC50Z and

ZC70Z were identified using grazing incident X-ray

diffraction (GIXRD, Rigaku Smart Lab). The mor-

phology of the films was analyzed using a scanning

electron microscope (SEM, Thermo Scientific Scios 2).

The transmission and optical absorbance were mea-

sured using a V-670 Jasco double-beam spectropho-

tometer, which utilizes a unique, single

monochromator design covering a wavelength range

from 190 to 2700 nm. Experimentally, the absorption

coefficient a can be calculated from the absorbance

from this simple relation a = 2.303 A/t, where A is

the absorbance and t is the thickness of thin film. All

sample measurements were performed at room

temperature.

3 Results and discussion

3.1 Structural characterization

Figure 2 shows the GIXRD pattern of ZC20Z, ZC50Z

and ZC70Z, grown on Si(100) substrate. The GIXRD

pattern for ZC20Z shows crystalline ZnO and Cu;

moreover, some CuO is also present, which could be

associated to the large affinity of Cu to O and the thin

layer of Cu layer (20 nm only).

The GIXRD patterns of ZC50Z and ZC70Z, seen in

Fig. 2, show good similarity to the above described

ZC20Z, and the only difference that appears is the

ratio among the intensity of the individual peaks; no

peak disappears, and no new peak appears. The

missing sharp peak at - 33 degree for ZC50Z belongs

to the Si substrate and known as its forbidden

reflection. The main peak of the substrate is tilted out,
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however at certain rotation angles of the forbidden

peak is visible [15]. The above chart shows the major

advantages of the ALD technique over its competi-

tors, i.e., chemical co-precipitation method [16], co-

sputtering method [17] and RF simultaneous mag-

netron sputtering [18]. The observed increase in the

intensity of the peak belongs to Cu(111) indicates that

the preferential growth of the sputtered Cu interlayer

Fig. 1 Schematic drawing of ZC20Z, ZC50Z and ZC70Z sandwich structures

Fig. 2 GIXRD diffraction

patterns of ZC20Z, ZC50Z and

ZC70Z thin films
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is strongly affected by the variation of the Cu thick-

ness. Our results are in a good agreement with the

data given in [19]. The crystallite sizes of the three

samples were calculated from the GIXRD patterns

and are given in details in Table 1. For further

investigation, we also used the data measured by the

spectroscopic ellipsometer and the profilometer, fur-

thermore performed X-ray reflectivity (XRR) mea-

surements. From these measurements, we were able

to determine an average value of the surface rough-

ness, ± 3 nm, and the results are summarized in

Table 1.

As seen the roughness decreases from

3.0 ± 0.04 nm to 1.8 ± 0.02 nm with increasing the

sputtered Cu interlayer thickness, therefore, the sur-

face appears more uniform; moreover, the crystal size

increases from 8.64 nm to 12.05 nm. The SEM images

for the three types of samples seen in Fig. 3a–c are in

accordance with these results. As can be seen in

Fig. 3b and c, the ZC50Z and ZC70Z samples are

uniform, continuous and have a homogeneous sur-

face, while in Fig. 3a the Cu layer of ZC20Z shows

segmented incomplete coverage.

In Fig. 3a, the dark spots show the lack of conti-

nuity of the Cu layer. The small grayish grains are the

grains of the polycrystalline Cu layer in all three

images. The insets show a larger area of the samples

at lower magnification. The Cu layer is obscured by

the topmost crystalline ZnO layer. The effect of

scattering of incident light from rough surfaces

reduces the transmittance; however, the transmit-

tance of the three samples under study decreases as

the surface roughness of the samples decreases, as

shown in Fig. 4. In other words, the sample with a

rougher surface is also thinner, and the transmittance

increases exponentially with decreasing thickness, so

this may compensate with the effect of roughness.

The decrease in the optical transmission with the

increase in Cu thickness is also observed in [19]. For

further discussion, see also the absorption analysis in

the next session.

3.2 Absorption analysis

The optical absorption measurements are helping to

understand the band gap. The absorption coefficient

determines how far into material light of a particular

wavelength can penetrate before it is absorbed.

Therefore, the absorption coefficient is described as

the reciprocal of the depth of penetration of radiation

into bulk solid. In any low absorption material, light

is weakly absorbed, and if it is thin enough, it will

appear transparent to that wavelength [20]. The sig-

nificant enhancement of UV–V absorption spectra of

ZC20Z, ZC50Z and ZC70Z is given in Fig. 5. The

experimental results show that the absorption is

obviously affected by sputtered Cu interlayer thick-

ness. The broad absorption band in the range 400 to

600 nm was attributed to multiple vibrionic excita-

tions [21].

All spectra presented had similar absorption bands

at around 500 to 600 nm. The strong absorption peaks

around 375 to 425 nm are due to the fundamental

band gap and high-energy critical point transitions.

We can assume that the absorption in the UV region

significantly depends on the sample structure. Sur-

face roughness generally increases the optical

absorption, as indicated in Table 2 as well as the

absorption seen in Fig. 5. Optical density OD

expresses the tendency of the atoms of a material to

retain the absorbed energy, and it is the loss of

intensity that occurs due to absorption and scattering

when light passes through a medium. The value of

the optical density is the negative logarithmic mea-

surement of the transmission percentage {%T} and

can be calculated by a simple equation OD = at [22].
Figure 6 presents the variation of OD with the photon

energy for the three samples under investigation.

The obtained OD from Fig. 6 demonstrates that the

OD values increase with increasing the sputtered Cu

interlayer thickness, which is in a good agreement

with transmittance spectra of the three samples given

in Fig. 4 and the root-mean-square values of the

Table 1 Crystallite size and the roughness of Cu for studied ZC20Z, ZC50Z and ZC70Z thin films grown by ALD

Samples 2h� (Cu) Radian (h0) (Cu) Cos Radian (h0) (Cu) b0(FWHM) Radian b0 D Crystallite size (nm) Roughness (nm)

ZC20Z 43.48 0.3794 0.9289 0.99 0.017278 8.64 3.0 � 0.04

ZC50Z 43.432 0.3790 0.9290 0.737 0.012863 11.60 2.2 � 0.09

ZC70Z 43.466 0.3793 0.9289 0.71 0.012391 12.05 1.8 � 0.02
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roughness listed in Table 1. The skin depth d or the

penetration depth is a measure of how deep light or

Fig. 3 Surface morphology of the a ZC20Z, b ZC50Z, c ZC70Z structure
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Fig. 4 Transmittance spectra of ZC20Z, ZC50Z and ZC70Z thin

films grown by ALD
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Fig. 5 Absorption spectra of ZC20Z, ZC50Z and ZC70Z thin films

grown by ALD
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any electromagnetic radiation can penetrate into a

material. The skin depth is defined as the depth

where current density is just about 37% of the value

at surface. The effective depth of penetration is cal-

culated by d = 1/a [23]. The variations of the d VS ht
for various compositions are given in Fig. 7.

As seen, the maximum value of skin depth was

obtained for the sputtered Cu interlayer thickness of

20 nm. The correlation between skin depth and

optical properties is desirable as absorption loss

depends on thickness and skin depth. Comparing

Figs. 5 and 7, the inverse relation between the

absorption and the skin depth is confirmed. In solid-

state physics, the optical energy gap Eg is an energy

range in a solid where no electron state exists. Eg is

the energy required to promote a valence electron

bound to an atom become a conduction electron;

therefore, it is a major factor for determining the

electrical conductivity and is strongly dependent

upon the crystal structure of the material. The band

gap is predominantly influenced by the crystallite

size, and the spacing of the electronic level and the

band gap decreases with increasing crystallite size.

In order to verify the optical band gap and the type

of optical transition, an equation derived by the fol-

lowing relation shall be used [24–26].

ahm ¼ B hm� Eg

� �r ð1Þ

here B is the absorption constant, and r is the factor

that detects the type of transition, where r can be� or

2 for direct and indirect optical transition. Consider-

ing Eq. 1, the best fit obtained for r was at r = �, that

is for allowed direct transition. The plotting of (aht)2

versus ht is shown in Fig. 8. The values of the direct

Table 2 Direct optical energy

gap (Eg), average optical

electronegativity (Dv), linear
reflection index (n) for the

studied ZC20Z, ZC50Z and

ZC70Z thin films grown by

ALD

Samples Band gap (Eg) (eV) Dv Equation of refractive index (n)

Eqð3ÞEqð4ÞEqð5Þ

ZC20Z 2.75 0.739 2.42 1.822 2.471

ZC50Z 2.63 0.706 2.45 1.925 2.505

ZC70Z 2.43 0.653 2.50 2.095 2.577

Fig. 6 Optical density of ZC20Z, ZC50Z and ZC70Z thin films

grown by ALD

Fig. 7 Skin depth of ZC20Z, ZC50Z and ZC70Z thin films grown

by ALD

Fig. 8 Presents (ahm)2 versus (hm) plot for ZC20Z, ZC50Z and

ZC70Z thin films grown by ALD
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energy gap Eg were determined graphically for the

three samples under study by intersecting the linear

extrapolation of the absorption edge and are sum-

marized in Table 2.

As seen, the Eg values were decreased from 2.75 to

2.43 eV by increasing the sputtered Cu interlayer

thickness from 20 to70nm, which is consistent with

the results reported elsewhere [27]. This decrease

may be attributed to the increase in the defect centers.

The correlation between the band gap and the crys-

tallite size is confirmed, as the band gap decreases

with increasing crystallite size, because the electron–

hole pair is much wider (compare results in Tables 1,

2). The band gap is the minimum amount of energy

required for an electron to break free of its bond state.

The optical electronegativity Dv is a key parameter to

understand the chemical bonding [28].

Eg ¼ 3:72 Dvð Þ ð2Þ

As the electronegativity decreases as seen in

Table 2, the energy difference between bonding and

antibonding also decreases, leading to a decrease in

Eg, as observed.

3.3 Refractive index (n)

The refractive indices (n) of ZC20Z, ZC50Z and ZC70Z

were calculated using three different equations based

on the optical energy gap values Eg by [29, 30]:

n4Eg ¼ 95eV ð3Þ

n ¼ 4:16� 0:85Eg ð4Þ

n ¼ n2 � 1

n2 þ 2
¼ 1�

ffiffiffiffiffi
Eg

20

r

ð5Þ

The data are listed in Table 2. It can be seen that the

trend of increasing refractive index with increasing

Cu layer thickness was the same for the three equa-

tions, and that the refractive indices estimated from

Eqs. 3 and 5 are nearly the same. We decided to take

the average value of (n) given from Eqs. 3 and 5. The

average values of the refractive index are presented

in Table 3. The increase in the refractive index with

increasing Cu layer thickness is related to the

increase in the optical density of the sputtered Cu

layers seen in Fig. 6.

3.4 Opto-electrical parameters

The relationship between the refractive index and

opto-electrical parameters suggests that the parame-

ters are predominantly influenced by any change in

the refractive index. The correlation between molar

volume Vm and molar refraction Rm is given by the

relation [8]:

Rm=Vm ¼ n2 � 1=n2 þ 2
� �

ð6Þ

The ratio of Rm/Vm determines the sufficient con-

ditions for predicting the nonmetallic or metallic

character of the samples, which are Rm/Vm ‹1 (non-

metal) and Rm/Vm C 1 (metal). The metallization

criterion M is used to find out the metallic or non-

metallic nature of the material and can be expressed

by [31]:

M ¼ 1� Rm=Vmð Þ ð7Þ

The metallization criterion decreases with increas-

ing sputtered Cu interlayer thickness as shown in

Table 3. This decrease indicates that the samples are

becoming more metallic. These results indicate that

increasing sputtered Cu layer becomes near contin-

uous to electron conduction and a large amount of

current pass through it. The reflection loss RL from

the surface is an important new test parameter, and it

is the ratio of reflected power to incident power and

is given by the following equation [31]:

RL ¼ n� 1

nþ 1

� �2

ð8Þ

As observed, RL listed in Table 3 increases with

increasing sputtered Cu interlayer thickness. The

transmission coefficient T can be obtained using the

formula [32]:

Table 3 Average linear reflection index (n), correlation between

molar volume (Vm) and molar refraction (Rm), metallization

criterion (M), reflection loss (RL), transmission coefficient (T) and

relative density (Dr) for the studied ZC20Z, ZC50Z and ZC70Z thin

films grown by ALD

Samples n (Average) Rm/Vm M RL T Dr (%)

ZC20Z 2.237 0.536 0.464 0.145 0.745 74.84

ZC50Z 2.477 0.631 0.369 0.180 0.694 95.98

ZC70Z 2.538 0.644 0.356 0.188 0.682 101.70
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T ¼ 2n= n2 þ 1
� �

ð9Þ

The listed data in Table 3 show the partial inverse

proportionality between RL and T with increasing

sputtered Cu interlayer thickness. The relative den-

sity Dr is an important parameter which reflect the

degree of crystallization of thin film oxides. The Dr

can be calculated based on the average refractive

index values of each of the three samples by the fol-

lowing equation [33]

Dr ¼
n2 � 1

n20 � 1
� 100 %ð Þ ð10Þ

where no is the refractive index of single crystal

anatase ZnO. Table 3 presents the value of Dr for

ZC20Z, ZC50Z and ZC70Z. The Dr values increase with

increasing film thickness and Cu interlayer thickness

as well. This behavior indicates that the crystalline

quality of the three films investigated gradually

improves with increasing Cu interlayer thickness, as

compared with the crystallite size given in Table 1

and the Dr data given in Table 3.

3.5 Optical and electrical conductivities

The difference between the optical and electrical

conductivities is that the optical conductivity ropt

involves the dielectric constant while the electrical

conductivity re involves the resistivity of the mate-

rials. The optical and electrical conductivities for

ZC20Z, ZC50Z and ZC70Z were calculated according

to the expressions given in [34, 35]. Figures 9 and 10

show the variation of ropt and re as a function of

photon energy for the three samples under

investigation.

Analysis of these plots shows an increase in both

conductivities with increasing sputtered Cu inter-

layer thickness. Generally, the energy band gap is

directly linked to conductivity; electrical conductivity

is inversely proportional to the optical energy gap.

This relation was confirmed by comparing the Eg

values given in Table 2 with the behavior of the

electrical conductivity shown in Fig. 10.

4 Conclusions

To investigate the effect of different thicknesses of

sputtered Cu interlayer on surface morphology,

crystallinity, surface roughness and optical band gap,

three trilayer thin film samples were prepared. The

top and bottom 70 nm ZnO thin films were prepared

by ALD, while Cu interlayers of different thicknesses

(20, 50 and 70 nm) were prepared by sputtering. The

GIXRD diffraction measurements confirmed the

improvement of the crystallinity of the samples with

increasing sputtered Cu interlayer thickness. The

absorption spectra for the three films were reported

and thoroughly analyzed. Analysis of the results

confirmed that the studied ZnO/Cu/ZnO multilayer

thin films are appropriate candidates for photocatal-

ysis and sensor device fabrication, and inspire us that

ALD is a promising technique for preparing high

quality of transparent conducting oxides (TCO) with

remarkable optical properties.Fig. 9 Optical conductivity versus (hm) for ZC20Z, ZC50Z and

ZC70Z thin films grown by ALD

Fig. 10 Electrical conductivity versus (hm) for ZC20Z, ZC50Z and

ZC70Z thin films grown by ALD
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