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Abstract

The effects of deposition parameters on some medatenproperties of
copper oxide thin films are investigated. A Hysitrdlribo-Nanomechanical
system and a Shimadzu Micro Hardness tester withdiamond Vickers
indenter were used to perform Nanoindentations ahticro indentations at
various loads on copper oxide thin films prepared glass slides at various
deposition conditions. The films are found to be egiominantly of the
cuprous oxide (CeO) phase. The mechanical properties evaluated casgs
of hardness found to be in the range of 4.13 — 4@®a, elastic modulus of
52.24 — 66.69 GPa, plasticity index of 0.061 — ®@0@nd fracture toughness
of 0.64 + 0.26 - 1.55 + 0.49 MPa’m The findings are indications that
copper oxide thin films exhibit fracture brittle imature.

Keywords: Reactive magnetron sputtering, copper oxide, fradioughness.

1.0 Introduction

Indentation is one of the most commonly applied msea measuring the mechanical properties of naterin a traditional
indentation test (macro or micro indentation), adh#p whose mechanical properties are known (feadly made of a very
hard material like diamond) is pressed into a sanwghose properties are unknown. The hardness afple can be
determined by three methods namely scratchingjcstatientation, and rebound or dynamic hardness tesring
indentation, the load placed on the indenter timéseased as the tip penetrates further into pleeimen and soon reaches a
user-defined value. At this point, the load mayb&l constant for a period or removed.

Nanoindentation improves on macro and micro indentaests by indenting on the nanoscale with § yeecise tip shape.
This enables the determination of the hardnestethin film by penetrating the coating and not shibstrate. The indent
impression on the coating is so small to be medsaptically, and thus requires a method that widinitor the load and
penetration depth and provide real-time load-dismteent data while the indentation is in progressypical example is the
Hysitron Tribo-Scope Nanomechanical testing system.

In nanoindentation small loads and tip sizes aegluso the indentation area may only be a few sgueécrometers or even
nanometers. As a result, an indenter with a gegnk@iown to high precision (usually a Berkovich tighich has three-sided
pyramid geometry) is employed. During the coursethe instrumented indentation process, a recordhefdepth of
penetration is made, and then the area of the indesetermined using the known geometry of theeimdtion tip. In the
process, various parameters, such as load and dép#metration, can be measured. A record of tliakees is plotted to
create a load-displacement curve. The depth-sensdentation technique uses the fitted load-dephefration curve in
order to obtain the hardness H and the reducedicela®dulus E of a coating. A cross-section of the indentatiothw
essential parameters to determine hardness H dodeé modulus is shown in Fig. 1.
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Fig. 1: Cross-section of an indentation with essential patars to determine hardness H and reduced moHujli$

The parameter 3 is the maximum stiffness or the linear slope Sp#dh of the first third of the load-penetration \aar
which belongs to the elastic relaxation,,PAs the maximum load, ., the maximum depth,.his the contact depth; the

residual depth of indentation, anglthe intercept depth.

The area of the residual indentation in the sangplmeasured and the hardneds,is defined as the maximum lod®,.,,

divided by the residual indentation arég, or

H=2mex . (1)
The reduced modulus was calculated using Equagipn (

= is
T2 A o

where S is the contact stiffness.
The elastic modulus of the specimen was evaluated the relation

1 (1_ch) (1—Vi2)
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where Eandyv;, and E andv,, are the elastic modulus and Poisson’s ratio @fridenter and the coating respectively.
The loading curve is an elastic-plastic deformatbthe coating and follows equation (4)

P=a.h™. e (4)

The constané and exponent m describes the mechanical propeftibe material and geometry of the indenter [1].

The unloading curve also shows elastic and plasgtiaviour, and is characterised by equation (5)

P=A.(h—hp)" i (5)
The exponent A and n are material constants anfoarel to take values of 1.3 — 1.5 for a Berkoviiathenter, and 2 for a
Vickers indenter [1].

From the essential parameters for the hardnessatiai in Fig. 1, the contact depthit the difference between Which is
the deflection depth of the surface and the maxirdepth

he = Aoy — g v ive v e . (6)
The deflection depth of the surfacgshgiven in equation (7)
Pmax

hs = €. g e e e (7)

€ is the intercept correction factorand implies temmetry of the tip. Far = 0.72 the tip will be conig = 0.75 it will
bespherical, and far= 1, a flat punch. A value @&f= 0.75 best describe the unloadingprocess [1].

The ratio H/E called plasticity index, is widelyajad as a valuable measure in determining the 6frefastic behaviour in a
surface contact. It is important in tribology asharacteristic of materials wear. A high plastiditgex is often a reliable
indicator of a good wear resistance of coatings [2]

2.0 Fracture Toughness
Fracture toughness is a property which describealfiity of a material containing a crack to resiacture, and is one of
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the most important properties of any material fiotually all design applications. It is denoted Ky:(or simply Kc) and has
the units of Pa-if.The subscriptc denotes mode | crack opening under a normal &essiess perpendicular to the crack,
since the material can be made deep enough to stead (mode Il) or tear (mode Ill).Fracture touggmis a quantitative
way of expressing a material's resistance to érftdlcture when a crack is present. If a mateaaligh fracture toughness it
will probably undergo ductile fracture. Brittle &tare is very characteristic of materials with |&ssture toughness. One
critical implications of fracture toughness is titdeads to erosive wear and vice versa.

If the impact of an erosive particle leads to lmitfracture, material is removed from the surfage nicleation and
intersection of cracks. In this case, the mostvezie material property which determines the erosesistance is fracture
toughnessKc), with hardnessH) being a much less significant parameter. Whewead Is applied such that the valug 6
reached, the crack is in equilibrium and by excegdl, the crack would rapidly propagate. The ukthim film coatings on
hard and flexible substrates is prone to scrat@res or fracture during handling which will eventyaimpact on the
suitability of the coatings for many applicatioltss therefore important to know this thresholdatmid failure in practice.
Various models have been employed in the deterioimatf the fracture toughness as proposed by diffieauthors. These
include among others [3];

£ AWy 8]
KC=:).0089[ E] a2 for (8)

: i
=025<lfa<=25

. "E° 2/5 P
Ke=00122| = | —7 ©
Ke=0.0319—15 oo (10)
E 273, 172 P
Kc=0.0143[§] [ﬂ R an

withc=a+1

whereE is the Young modulug{ the hardness? the applied loada the half diagonal of the indent ahthecrack length.
Fracture toughness of a bulk brittle material ciso &#e calculated within 40% accuracy based omtagimum indentation
depth,P,.x and the crack lengtk,

EYu2 Pma_t
Kﬁﬂt[g [(T .............................. (12

where P is the applied load, H is the hardneshefhin film, E the elastic modulus determined bypaindentation, and c is

the crack length. The constants an empirical constant which depends on the gégnof the indenter, and is 0.0319 for a
cube corner indenter geometry[4], and 0.016 + 0f004 Vickers hardness tip [1].

An additional method utilized for measuring fraettoughness involves a lateral scratch, which caagangential stress at
the trailing edge of the scribe [4].

L5 TR
!\’,_-=1cr|,,r,[—]1-'--5111 1[—] ----------------------- (13)
g

wherea is the contact radius ardis the half crack. Since/c is almost always less than 1/2, siml£ x and withcgg =
Pmed7a%, and equation reduces to:

:Pm'u-: l 'Pll]&t .
e —— y——— = ofe =<1 | 14
K¢ 372 iR const [ Y ] (14)
The fracture toughness measured in terms of thieadrenergy-release ra can also be expressed as [5]
I b/ 2 T R e
Segeon e dnen | |- (15
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whereP, is the critical load £ is the plane strain tensiledulus defined b#/(1 - \A), (E =Young’s modulus, v = Poisson’s
ratio), a is the crack length,is the specimen thickness, drid the specimen half height, respectively.

The fracture toughness can also be determined dotgers indentations in which the Vickers diaganahd crack lengths
are measured at various loads. The crack lengtheatetermined from [6];

c= (2"”12‘“) @D e (16)
where 2d;, and2d, are the parallel and perpendicular Vickers diatptwathe coating surface, angdanda, are the left and

right crack lengths, respectively.
Using the indentationload, and total crack lengtle, the fracture toughne& is determined using the relation [6];

) E 2/5 P —-3/2
K =00711(H.dV | = || (17)
oot 2] ]5]

whereH, andE are the Vickers hardness and elastic modulus, césph.
This equation is only valid for a ‘Half-Penny’ ckacegime, which occurs wheaid > 02.5, whered is the Vickers half-
diagonal.

Substrate

Fig. 2: Schematic of the Vickers indentation and crackngetoy [6]
There are currently few reports in the literatunetloe mechanical properties of copper oxides. pellothis work will add to
an understanding of these properties.

3.0 Experimental Investigation

The film deposition was performed with a cryo-pughpacuum chamber (CVC) rf magnetron sputtering AST304. The
deposition chamber is 25” in diameter with a targdistrate separation of 9.5cm. The materials ali¢ sopper target of
99.99% purity, 8.0” diameter and 6.0mm thick Piimdeposition, the chamber was evacuated to afr@ssure of 10 T.
Glass slides, silica and silicon wafer which weleaned ultrasonically with iso-propanol and thershed with de-ionised
water were used as substrates. High purity argdroagigen were used as the sputtering and reactisesgrespectively. The
target was pre-sputtered in pure Argon atmosplmr8 fninutes to remove oxide layers if any on thdase of the target.
All depositions are for duration of five (5) minstélhe deposition conditions are given in Table 1.

Table 1:Film deposition condition

Power (W)| Power density Pressure| Oxygen flow range (sccm
(W/cm?2) (mT)

200 0.6 20-6.0 1-4

300 0.9 20-6.0 1-4

400 1.2 20-6.0 2-6

500 15 20-6.0 2-6

600 1.9 20-6.0 2-6

4.0 Film Characterisation

SEM measurement was performed with a Hitachi S-4b0del. AFM imaging was performed on a Digital fnstents

Veeco Metrology system. XRD patterns of the pregdilens were recorded on a Siemens D5000 X-Rayr&itbmeter,
using Cuk, radiation to identify the oxide phases present €tystal planes were identified with the powddt seftware.

The film thicknesses are evaluated from Opticahgmission measurements conducted on nkd Aquilatrgpdmtometer.
Nanoindentation was performed on a Hysitron Trilboff2 Nanomechanical testing system to obtain FDisplacement
curves for the samples prepared on microscope gldsstrates at various loads. The system is incatgd with a 3 plate
capacitive transducer attached to a scanning prolmeoscope. The transducer generates the testiag force and
simultaneously measures the applied force andethdting displacement of the indenter tip. The imdewas calibrated
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with a fused quartz sample with a standard reducedulus of 69.6GPa. Micro indentation tests werdopmed on film
coatings prepared at different rf power to deteemihe fracture toughness. A Shimadzu Micro Hardriester with a
diamond Vickers indenter was used to apply cettizanls on the film coatings prepared on microscdpssgsubstrates to
force radial cracks whose length were measurethéoevaluation of the fracture toughness.

5.0 Results and Discussions

SEM and AFM Results

The films prepared at different forward power dgnsbxygen flow rates and deposition pressures ftrese columnar
structures but with slightly rough surfaces. Thefaae roughness was seen to increase with incigg@siwer density. The
films prepared at 400W-4sccm-6.0mT and 500W-6scom-4ieposition conditions were seen to have colunstraicture,
smooth surfaces but contain some minor defects.filheprepared at 600W-6sccm-6.0mT deposition ctodialso has a
columnar structure but with a rough surface. Thessssectional view of the scanning electron miaphprof the films
prepared at different deposition conditions arenshn Fig.3. Typical Atomic Force Microscopy (AFMimages are shown
in Fig. 4 and Fig. 5

— -
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400W-dscem=6.0mT SO0W-65¢cm-£.0mT GOV -Bscom-G.0ml

Fig. 3: Scanning electron micrograph of films preparedif¢mnt deposition conditions

42.36 nn
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Fig.4: AFM topography of film prepared at 300W power,8aooxygen flow and 6.0mT pressure

43.49 nr
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Fig.5: AFM topography of film prepared at 500W power,@aoxygen flow and 4.0mT pressure
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6.0 XRD Results

The X-ray diffraction spectra of the film preparatd 200W-2sccm-6.0mT is polycrystalline with moderaeaks at @ =
36.2 (d=2.478A), and at®@= 42.3 (d=2.137A) corresponding to the (111) and (20@npk of the G phase. At 300W-
3sccm-6.0mT deposition condition, shows a strorak@e D = 36.5 (d=2.461A) corresponding to the (111) plane of@u
cubic structure. The film prepared at 400W-4sccwfl. deposition condition depicts a strong peak 6at=236.9 (d=
2.431A), and a weak peak & 2 42.8 (d= 2.112A) corresponding to the (111) and (20@nes of the cubic G® phase.
The film prepared at the deposition condition 00B066sccm-4.0mT depicts a spectra with strong péa? & 36.F (d=
2.488A) corresponding to the (111) plane of cubigQphase, and weak peaks 8t=238.% (d= 2.350A), 2 = 51.8 (d=
1.764A), and @ = 71.3 (d= 1.322A) which can be attributed to the (1¥1),2), and @12) planes of the monoclinic CuO
phase respectively, and & 2 43.2 (d= 2.093A) corresponding to the (111) plane obuidised Cu. The film prepared at
600W- 6sccm-6.0mT deposition condition is polycajlate in nature. The spectra show strong peak®at 36.9 (d=
2.434A) and 2 = 42.9 (d= 2.102A) which can be attributed to the (114} §200) planes of the cubic &M phase, a
medium peak at= 38.4 (d= 2.344A) which can be attributed to the (11Bnp of the monoclinic CuO phase, and a weak
peak at B = 51.6 (d= 1.770A) which can be attributed to the (11Bnp of CuO phase. The X-ray diffraction patterhs o
films prepared at different deposition conditions shown in Fig. 6.
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Fig. 6: X-ray diffraction pattern of films prepared atfdifent deposition conditions

7.0  Fracture Toughness Determination

The hardness and reduced modulus were obtained Manoindentation extracted from the load-displaaanféting.
Equation (3) was used to evaluate the elastic nusdof the film coatings using the values of 1141@Ra 0.07 [1] as the
elastic modulus and Poisson'’s ratio of the inde(d&amond). The indentation was performed at té) ¢lifferent positions
and an average of the reduced modulus and hardr@sssvaluated for the determination of the elasiiciulus of the film
coatings and fracture toughness respectively.

Due to the mixed nature of the coatings &4 CuO), and in view of their different valuesRifisson’s ratio of 0.39 [7] and
0.445 [8] for CuO and GO respectively, an average value of 0.42was usdHeaRoisson’s ratio of the film coatings.The
crack lengths resulting from the micro indentatiest were measured, although not every load pradiheecracks.

Typical micro indentations on the films prepare®@®W powers, 6.0sccm oxygen flow rate and 4.0n€Bgure is shown in
Fig. 7.

5 00N

Fig. 7: Vickers indentation on a film prepared at 500W tasg substrate
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The average hardness determined by Nanoindentadiwh,the measured crack lengths at different loagise used in

equation (12) to evaluate the fracture toughneberd is limited information in the literature oretelastic modulus of
copper oxides, in particular copper | oxide. Repantailable includes CuO elastic modulus of 70 8G@®a by Tan et al [9],
and 89.6GPa by Wu et al [7]. Firmansyah et al 8lehreported Young’s modulus of 3.0X48m?(30 GPa) for C40.

Table 2 shows tabulations of the average hardnedsced modulus, elastic modulus, plasticity indad fracture toughness
of the films at different loads and deposition ctinds.
Table 2a: Fracture toughness, average hardness, reduced lomdelastic modulus, and plasticity index at
various loads for film prepared at 600W power

Sample: C101231542 Load |PCrack Length cym) | Fracture Toughnes
(N) Kic (MPa.nf?)

Power: 600W 5.89 55.78 0.80+0.34

Pressure: 6.0mT

Oxygen flow: 6.0 sccm 5.40 52.36 0.81+0.34

Hardness: 4.13 GPa

Elastic Modulus: 5224 GPg 4.91 46.89 0.87+0.34

Reduced Modulus: 60.07 GPa

Thickness: 328.39nm 3.43 31.84 1.09+0.34

Major Oxide Phase: Cu,O+CuO

Plasticity index: 0.079

S

Table 2b: Fracture toughness, average hardness, reduced lomdelastic modulus, and plasticity index at
various loads for film prepared at 500W power

Sample: C10K111131 Load P| Crack Length ci{m) | Fracture Toughnes
(N) Kc (MPa.nt)

Power: 500w 5.89 42.85 1.36 £ 0.49

Pressure: 3.0mT

Oxygen flow: 6.0 sccm 491 34.69 1.55+0.49

Hardness: 4.22 GPa

Elastic Modulus: 68.74 GPa| 4.41 34.17 1.43+£0.49

Reduced Modulus: 77.80 GPa

Thickness: 89.58 nm 3.43 31.84 1.09+£0.49

Major Oxide Phase: Amorphous

Plasticity index 0.061

S

Table 2c Fracture toughness, average hardness, reducedilogmdelastic modulus, and plasticity index at
various loads for film prepared at 400W power

Sample: C101231519 Load P| Crack Length cym) | Fracture Toughness
(N) Kic (MPa.nf?)

Power: 400W 491 56.44 0.70 £0.32

Pressure: 4.0mT

Oxygen flow: 6.0 sccm 4.41 44.70 0.90+0.32

Hardness: 4.52 GPa

Elastic Modulus: 65.29 GPp  3.92 40.32 0.93+0.32

Reduced Modulus: 74.15 GRa

Thickness: 192.74 nm 2.94 30.23 1.08 £ 0.32

Major Oxide Phase: Cuw0

Plasticity index 0.069
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Table 2d: Fracture toughness, average hardness, reduced lomdelastic modulus, and plasticity index at
various loads for film prepared at 300W power

Sample: C10K301241 Load P| Crack Length ci(m) | Fracture Toughness
(N) K,c (MPa.nf)

Power: 300w 491 59.73 0.64 +0.26

Pressure: 3.0mT

Oxygen flow: 6.0 sccm 2.94 37.01 0.79+0.26

Hardness: 4.72 GPa

Elastic Modulus: 67.44 GPp

Reduced Modulus: 76.43 GRa

Thickness: 127.41 nm

Major Oxide Phase: Cuwu0

Plasticity index 0.07

Table 2e: Fracture toughness, average hardness, reduced lospdelastic modulus, and plasticity index at
various loads for film prepared at 200W power

Sample: C91221020 Load P| Crack Length ci(m) | Fracture Toughness
(N) Kic (MPa.nf)

Power: 200w 3.43 55.09 0.97 £0.30

Pressure: 2.0mT

Oxygen flow: 3.0 sccm

Hardness: 4.99 GPa

Elastic Modulus: 66.69 GPa

Reduced Modulus: 75.63 GRa

Thickness: 73.55 nm

Major Oxide Phase: Cuw0

Plasticity index 0.075

Very long cracks were obtained at comparatively loads for the films prepared at 300W, 200W, andhasvn in Tables 2
(d and e).

The fracture toughness was seen to decrease witbaising load for the cases where cracks were gieaeby different
loads, even though not in a uniform pattern forfitmes investigated.

The lower values of the fracture toughness arecatdins that the copper oxide thin film materiatigracterized by brittle
fracture. The literature is lacking on the inveatign of fracture toughness and other mechanicggaties of copper oxide
thin films.

8.0  Conclusion

Nanoindentations and Micro indentations are peréatrat various loads on copper oxide thin films pred on glass slides
at various deposition conditions. The films are nfduto be predominantly of the cuprous oxide fQuphase. The
mechanical properties evaluated comprises of haedfoaind to be in the range of 4.13 — 4.99 GPatielmodulus of 52.24
— 66.69 GPa, plasticity index of 0.061 — 0.079, fiadture toughness of 0.64 + 0.26 - 1.55 + 0.4%M#. The findings are
indications that copper oxide thin films exhibidture brittle in nature.
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