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Abstract
ZnO-Ag thin layers were prepared by thermal evaporation under vacuumand then subjected to
recrystallization annealing heat treatment under atmosphere at 300, 400 and 500 °C to ensure
oxidation and crystallization of ZnO. The results showed the evolution of these properties as a
function of the annealing temperature. XRD analysis indicate that the crystallization of ZnO increase
with annealing temperatures. The same observationwas underlined for the transmittancewith
annealing temperature. However, the samples without annealing and those annealed at 300 and
400 °Cappeared to be conductive with a resistance of 1.1Ω, 0.67Ω and 2.1Ωwhile the sample
annealed at 500 °Chave a resistance of 1.73.105Ωwhich belongs to a semiconductormaterial. As
recognized, the hardness of the deposited layers as a function of the grain size does not respect the
Hall-Petch relationship because of the grains size lower than 100 nm.

Introduction

Zinc oxide (ZnO) is a semiconductormaterial with interesting physical properties that place it among themost
promisingmaterials for use in various fields such as piezoelectricity, photovoltaic effect, optoelectronics and gas
detection [1–3]. The ZnO crystallizes in a hexagonalWürtzite structure belonging to the P63mc space group
which is strongly ionicwith 3.37 eV of band gap and a high excitons binding energy of 60MeV at room
temperature [4]. The addition to ZnO layers of othermetallic elements such as silver (Ag) consists of controlling
the physical properties of the layer. Silver is a very important element used as dopant, composite layer or
multilayer with ZnO [5–7]. It was widely studied as amajor candidate formaterials with a broad band gap to
absorb light [8].Moreover silver has theoretically the lowest transition energy and a shallow acceptor level at 0.3
eV above themaximumvalence band related to copper and gold [3]. At the two sites Ag tends to occupy the
substitutional sites of Zn (AgZn) and interstitial (Agi)while the energy of formation of AgZn is less thanAgi, which
makes Ag as an excellent candidate for p-type doping [9]. The ZnO-Ag layer has proved its importance in the
field of surface treatments thanks to its interesting optical, electrical, photocatalytic and antibacterial properties
[10, 11]. Indeed, there are severalmethods for producing these ZnO-Ag layers as for example Pulsed Laser
Deposition (PLD) [12], sputtering [13], Chemical vapor depositionCVD [14], spin coatings [15], photochemical
metal-organic deposition [16] and Sol-Gelmethod [17].

In this present work, thin layers of ZnO-Ag (70:30%)were prepared by thermal evaporation under vacuum
and then investigated.On the basis of the experimental results, it is confirmed that the presence of Ag as a
transitionmetal plays an important role on the electrical properties of ZnO. The role of the annealing
temperature in the crystallization of ZnO and its effect on themorphology, topography, transmittance of the
layer is also noted and discussed. Themechanical stability and behavior of zinc oxide under ZnO-Ag alloy and
the effect of annealing temperature on hardness andYoung’smodulus needmore investigation since such aspect
has not been studied before. The obtained results showed that annealing temperature is a key parameter in
modifying and adjusting the elasto-plastic properties of which are of great importance in ZnO-Ag based devices.
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Experimental procedures

ZnO-Ag thinfilmswere prepared by the vacuum thermal evaporationmethod on ordinary glass substrates
(Stairway) 1.0mm thick and 25*75mm2 surface with amass ratio between ZnO andAg (70:30%). The powder of
ZnO andAg spherewere purchased fromSIGMA-ALDRICH andGoodFellow50with 99%and 99.99%of
purity, respectively. Before deposition the substrates were first cleanedwith acetone and ethanol solution in an
ultrasonic bath and thenmounted onto the substrate holder. Even though themelting point of ZnO andAg are
different, the evaporation process was started after pumping the chamber till a residual pressure around 3.10−6

mbar. ZnO-Ag filmswere prepared by heating amixture of ZnOoxide powder and pure Ag grains in a tungsten
crucible with a thermal evaporation process of few seconds. After deposition, in order to improve thematerial
quality the as-deposited samples were annealed under atmospheric pressure at three different temperatures 300,
400 and 500 °C for one hour and then characterized to showpossible structural changes induced by ambient
oxygen and resulting in different properties.

The structure changes offilmswere identified byXRD technique, using Philips X’PertMPDdiffractometer
with aCu-Kα cathode source and 1.54Å ofwavelength.

The scanning electronmicroscopy (SEM) imaging of ZnO-Ag thin filmswas performed using an instrument
(SEM, JEOL JSM-6360LV)with an acceleration voltage between 5 kV–15 kV.

The surface roughness was analyzedwith the Atomic ForceMicroscopy (AFM) technique. TheAFM tip is of
siliconematerial with a radius of curvature less than 50 nmand a silicon nitride lever. The scanning area is
between 1 to 80μmmaximum.

The optical properties were investigated by using a spectrophotometer (OPTI ZEN3220UV) inUV-Visible
range (200–800 nm)while the electrical propertiesmeasurements were carried out by four point probe
Keithley’s 2400C (200V, 1A, 20WSourceMeter SMU Instrument with contact check) instrumentwhere the
measured current is only driven by the layer since the substrate is significantlymore insulating than the layer
material.

Themechanical properties (E andH)weremeasured using a Berkovich indenter of CSM testing instrument
based on theOliver-Pharrmethod. The used Poisson’s ratio and the force applied by the indenter are 0.3 and 3.0
mN, respectively. It is worth noting that during the test of nanoindentation on thinfilms the tip penetration
depth is of great importance to avoid the substrate effect when collecting nanoindentation data. To eliminate
such effects the penetration depthmust not exceeds 1/10 to 1/5 of thefilm thickness [18]. This established rule
was respected during all nanoindentation tests.

Results and discussions

First of all let’s see the structure of ZnO evaporated and annealed layers tomake possible results comparisonwith
those of ZnO-Agmaterial. Figure 1 represents the XRDpatterns of the as-deposited and annealed ZnO layers at
300, 400 and 500 °C. It appears fromXRDpeaks that ZnOpowder is evaporated and deposited into
polycrystalline structure represented by Zn andZnOphases as identified. The heating process at different
temperatures leads to the crystallization of ZnOphase through oxidation by the surrounding oxygen in the
atmosphere.

Besides, figure 2 shows theXRDpatterns of the as-deposited and annealed thin ZnO-Ag layers at 300, 400
and 500 °C.Atfirst glance, one can see the presence of Ag peaks with preferential direction (111) andZnOpeaks
without any preferential direction.However, it appears that the evolution of the oxidation and the crystallization
of ZnO-Ag layers aremore improved after the annealing treatmentwhere such changes begin to be affected at
300 °Cand come clearly noticeable at 500 °C. The intensity of the knowndiffraction peaks at (100), (002) and
(101) belonging to hexagonal wurtzite structure increases slightly with increasing annealing temperature. This
means that the structure is randomly oriented and there is no preferential orientation of the structure at such
temperatures. Indeed, as described before about the evaporation process and according to L’Vov et al [19] the
ZnOpowder changes from solid to vapor state after heating till evaporation temperature and yields atomic
oxygen that is not totally pumped outside the chamber. This is why at room temperature the deposited layer
contains a poor quantity of ZnOphase which is formed through Zn oxidation from the adsorbed atomic oxygen
on substrate top surface. Here, silver oxide formation is excluded since thermodynamic conditions are notmet
as claimed by L’Vov [20] andKarunakaran et al [21]. Indeed, the adsorbed atomic oxygen is trapped by the
subsequent Zn evaporated particles but leads to lowZnOphase concentration obtained fromoxidation reaction.
However, after thermal annealing of the deposited layers at 300, 400 and 500 °C the structure is remarkably
modified by oxygen incorporation given by the atmosphere. As it can be observed from figure 2, theXRD spectra
of the annealed samples show that wurtzite structure of ZnObegins to appear in the directions (100), (002), (101)
and (102) after annealing at 300 °C. It is clearly apparent that the increase in peak intensity can be explained by
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the increase ofmore Zn oxidation andwell crystallized structure. FromXRDpatterns one can estimate the grain
size from themost intense peakAg (111) by using theDebye–Scherrer formula [22]:

b q l= ( )/D 0.9 . cos .

WhereD is the grain size,β, θ andλ are respectively the full width at halfmaximum, the Bragg diffraction angle
and thewavelength of the used x-rays source.

As represented by figure 3, it is found that theAg particles have their grain size increasing from12 nmat
room temperature to stabilize at amaximumvalue of 28 nm for annealing temperature settled at 500 °C.This
change in grain size appears to be closely related to oxidation rate as the temperature is increased. Therefore, at
low temperature the incorporated quantity of oxygen is low resulting infinemicrostructure while larger grain
sizes are observed at higher temperature. Similar oxidation effect was observed by Jitao Li et al [23, 24].

TheAFM surface topography of the layers is shown byfigure 4 (images 4a, 4b, 4c and 4d). All the layers have a
similar topography consisting ofmore or less identical particles whose size increases with the annealing
temperature as we discussed above. TheAFM images show that the lowestmean roughness of 54 nm is obtained
for layer without annealingwhile the highestmean value of 186 nm is obtained at annealing temperature of
500 °C (see table 1).

Figure 1.XRDpatterns of as-deposited and annealed ZnO layers.

Figure 2.XRDpatterns of as-deposited and annealed ZnO-Ag layers.
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This increase in surface roughness is probably due to the formation and agglomeration of ZnO
nanocrystallite. This is promoted by oxidation of thermally activated particles with highmobility in the lattice
which tends to agglomerate and stabilize as larger particles in size as reported by Yang et al [25].

Figure 3.Variation of Ag grain size with annealing temperature.

Figure 4.AFM images of surfaces; without annealing (a) and annealed at 300 °C (b), 400 °C (c) and 500 °C (d).
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Figures 5(a)–(f) taken by scanning electronmicroscopy showmorphological aspects of ZnO-Ag layers on
top surface as a function of annealing temperature. Aswe can see the top surfacemorphology is remarkably
affected by annealing temperature and oxidation. Here, the selected temperature has a twice effect; it increases
the atomicmobility of the network andmaking easier oxygen incorporation to formZnOcrystals. The as-
deposited layer without annealing temperature is smoothwith some irregular shaped particles spread out over
the surfacewhile it becomes rough as the layer is annealed At 300 °C (figure 5(b)), it appears clearly that the
deposited particles change in shape andmultiply as shownbyAFM technique.Moreover, at 400 °Cof annealing
temperaturemicrorod pillar can be observed at early growth stage embedded in thematrix (figure 5(c))while at
500 °C (figures 5(d)–(f)) sphericalmicroparticles appear on thewhole surface and surrounded by a nanowire-
like structure. This obtainedmicrostructure at such temperatures can be explained byAg particles that have a
tendency to agglomerate as island-like or spherical particles as investigated byCheng et al [26] and as it appears
infigure 5(f)where spherical shape agglomerated particles dispersed on top surface confirms this statement.

Formore insight on the annealing effect on the properties of the depositedfilms spectrophotometric
electrical and nanoindentationmeasurements were performed on the ZnO-Ag layers. Figure 6 displays the

Table 1.Values of roughness, transmittance and resistance of ZnO-Ag layers.

Without annealing Annealing@300 °C Annealing@400 °C Annealing@500 °C

Roughness [nm] 54 63 177 186

Transmittance [%] 24 40 50 80

Resistance [Ω] 1.1 0.67 2.1 1.73 105

Figure 5. SEM images of the surfaces; without annealing (a) annealed at 300 °C (b), 400 °C (c), 500 °C (d), and (e), (f) : images of Ag
agglomeration at 500 °Cwith 4500 and 550magnification respectively.
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optical transmittance spectra in the range of 300–800 nm. It is clearly apparent that themaximum (80%) of
transmission is obtained at 500 °Cof annealing temperature while transmissions equal or less than 50%were
obtained for the as-deposited ZnO-Ag layers and annealed at 300 °Cand 400 °C. This optical behavior as a
function of annealing temperature can be inferred to themicrostructural changes discussed above and enhanced
by the presence of Ag particles. It is demonstrated [27] that optical properties of ZnO-Ag layers are governed by
metallic particles through exhibiting a surface plasmon resonance (SPR)with characteristics that are dependent
on the size, shape and orientation of those particles as well as the refractive index of thematrix. Indeed, our
above explanation on surface diffusion and agglomeration of Ag particles affect their size and shape and then
strengthen the finding reported by Johnson andChristy [28]. Thus, the high transmission at 500 °C can be
explained by the diffusion and agglomeration of the Ag particles which leads to a larger surface of the ZnOphase
and hence allows transmittingmore light intensity through the ZnOphase which is known to be transparent in
this range.

The respective determined electrical resistance values are 1.1Ω, 0.67Ω and 2.1Ω show that the as-deposited
ZnO-Ag layer is conductive as well as those annealed at 300 °Cand 400 °C.However, what is noticeable is the
jumpof the electrical properties from conductive to semiconductor layer at annealing temperature of 500 °C.
This confirms that Ag particles play a key role in tuning the electrical conductivity of ZnO-Ag layers and by
diffusion enhanced temperature theAg particles agglomeratemaking less surface equivalent conductivity with
difficult current conductionwithin thematerial. As a result, themeasured value of 1.73 105Ω expressesmore the
electrical properties of ZnOmaterial.

Figure 7 shows the diagrams of the hardness evolution as a function of the annealing temperature. The
results show that the grain size as well as the hardness of the layer increase with increasing annealing
temperature. This tendency appears to be understandable since the annealing temperature improves the degree
of crystallinity of the layers whichmakes themwithmore density and thenmore hardness. However, what is
surprising is that such a result does not respect the knownHall-Petch formula that expresses the relationship
betweenmechanical properties and grain size; hardness evolves in the sameway as grain size. Besides, other
authors [29–32]make this relationship as a function of different parameters such as grain size, surface
morphology and topography, crystallographic orientations, film density, lattice parameters and stoichiometry.

Indeed, the indentation test is a deformation of certain amount of amaterial where the elasto-plastic
properties are governed by the creation and propagation of dislocations during the loading and unloading
process with polycrystallinematerials, though not limited to the only one, the grain size is a key parameter in
determining themechanical properties where the grain boundaries represent an effective barrier to the
dislocation propagation. However, when the grain sizes are in the nanometer range (<100 nm) the dislocation
theory for theHall-Petch effect is not respected but can be explained bymany theoreticalmodels based on
different deformationmechanisms as confirmed by Pande andMasumura [33]. Such an outcome eliminates any
uncertainty of our results about the nanomechanics ofHall-Petch relationship in ZnO-Agmaterial with grains
of nanometer scale. Thus, the straight forward assumption that can be relied upon in the interpretation of these
results is the lattice dislocation slipmodel used for nanocrystallinematerials. Themodel takes into account a
smaller grain size with a high density of grain boundary with the condition that the lattice dislocationmotion
occurs within grains containing low dislocation density. Therefore, under such conditions the inverseHall-

Figure 6.Transmission spectra of the ZnO-Ag layer with various annealing temperatures.
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Petch effect explains well our results as proposed by Pande andMasumura due to the non-proportionality
between the length of pile-up and the number of dislocation and also by the fact that the grain boundaries act as a
sink for dislocations as suggested byMalygin [34].

Additionally, the elasto-plastic properties of the deposited ZnO-Ag layers are expressed in terms ofH/E,
H3/E2 and E2/Hand the results are summarized in table 2.

From this table, one can observe that the elasto-plastic behaviors of the thin layers are not the same as a
function of temperature. It is recognized [35] that the smaller value ofH/Emeans that thematerial exhibits
much smaller elastic strains that the plastic ones such as the as-deposited ZnO-Ag thinfilm. The increase rate of
elasticity in case of annealed samples is due toAg agglomerationwhich leavesmore possibilities to ZnO
crystallization.On the other side, themeasured values ofH3/E2 ratio, which is defined as the plastic resistance
parameter [36] reveal that the contact load needed to induce plastic deformation is low for the as-deposited
ZnO-Agmaterial. On the other hand, E2/Has an indication of thematerial’s resistance to plastic indentation
[37] show that for a given hardness (sample@ 400 °Cand sample@ 500 °C) the parameter E2/Hgives different
values indicating that thematerial with lower elasticmodulus accommodatemore and has the better resistance
to permanent damagewhen the indenter is removed as confirmed by Joslin and Pharr [37].

Conclusion

ZnO-Ag thin layers were produced by thermal evaporation under vacuum and subjected to different annealing
temperatures under atmospheric conditions. It has been found that the crystallinity, grain size and roughness of
layers increase with annealing temperature. It is found that the annealing temperature has a great effect on the
transparency of the deposited layers in the visible range; it increases with annealing temperature. ZnO-Ag layers
with high transparency (80%)were obtained at 500 °Cof annealing temperature. The electrical properties are
also influenced by annealing temperature that leads to both conductive and semi-conductive layers. The
measured hardness showed an increasing behavior with annealing temperaturewhich is a reverse behavior to
Hall-Petch law. Evaluation of elasto-plastic properties in terms ofH/E,H3/E2 and E2/Hallows us to conclude
that on the possibility to synthesizematerials with different hardness andYoung’smodulus butwith the same
elasto-plastic behaviors.

Figure 7.Variation ofHardness with annealing temperature.

Table 2.Values of hardness, Young’smodulus,H/E,H3/E2 and E2/H.

As-deposited @300 °C @400 °C @500°C

H [GPa] 4 5, 6 7, 3 7, 6

E [GPa] 90 70 80 115, 4

H/E 0, 04 0, 08 0, 09 0, 06

H3/E2 0, 008 0, 03 0, 06 0, 03

E2/H 2025 875 876, 7 1752, 2
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