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Abstract:   
 Gold nanoparticles were grown in La-oxide thin films deposited on quartz and silicon 
substrates. These films were annealed in pure hydrogen gas atmosphere at 300 oC for 
different durations 15 min, 30 min, and 45 min and characterised by the X-ray fluorescence 
(XRF) and X-ray diffraction. The matrix La-oxide remained amorphous up to 400 °C. The 
fraction of Au in La-oxide host material was 7 % molar with crystallite size of 6.8 nm. The Au 
NPs slightly grew by annealing in H2 gas at 300 K. The samples were investigated by UV-Vis-
NIR absorption spectroscopy and dc-electrical measurements. They exhibit conducting 
properties and with H2 gas annealing, they showed red shifting of the bandgap with 
remarkable reduction of optical absorption coefficient by ~25 % and remarkable increase in 
electrical conductivity ~124 %. A global study of the influence of low-temperature post 
annealing in H2 gas on the electrical, structural, optical, and optoelectronic properties was 
conducted.  
Keywords:  Optical properties; Au-incorporated La oxide; Composite materials; Annealing in 
H2 gas, Gold plasmon. 
 
 
 
1. Introduction 
 
      Composites including ceramics and cermets have various applications in different 
industrial fields. Such obtained nanocomposite materials has enabled obtaining exceptional 
effects of a good, for example, combination of mechanical -electric properties [1]. For 
instance, electrical components can get very hot, they need to behave like ceramics, but, since 
they also need to conduct electricity, it helps if they work like metals. Cermets are suitable to 
use in components such as resistors. Various oxides and ceramics that include metallic 
nanoparticles (NPs) have received much attention for their unique optical properties, which 
found a variety of applications as optical diodes, chemical gas sensors, etc [2-7] as well as 
used in transparent conducting oxide (TCO) applications [8-11]. For example, Au-
incorporated ZnO nanomaterial was successfully used as sensor (electronic nose) for 
detection of volatile organic compounds [12]. Recently, gold NPs of sizes 3-6 nm supported 
on rare-earth oxide medium with a concentration of 1-2 %mol was prepared by chemical 
method and morphologically investigated [13]. The present work reports the optical and 
conduction properties of conductive gold NPs-incorporated lanthanum oxide films post-
annealed in hydrogen atmosphere for different optical and electrical applications. 
      It was found experimentally that the low-temperature post-annealing in H2 gas 
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(without reduction) enhances the electrical conduction of many metal oxides like CdO, SnO2, 
ZnO, and Al-doped ZnO [14-17]. This conduction enhancement was attributed to the reducing 
in the effect of depletion regions formed on grain and crystallite boundaries [17-19] rather 
than creation of H+ ions in the lattice of annealed oxide as was explained in Ref [20-22]. The 
present work investigates this point i.e. investigate the enhancement of electrical conduction 
of La-oxide films incorporated with Au NPs by annealing in H2 gas and its influence on the 
structural and optical properties.   
 
 
2.  Experimental details 
 
     The starting materials were pure lanthanum element 99.9 % (from Fluka A. G.) and 
pure gold metal 99.99 % (from Aldrich Chem. Co.). The alternating thermal deposition 
(layer-by-layer, etc) method was used to deposit the starting materials on clean quartz (from 
SPI supplies, PA, USA)  and silicon wafer substrates held at about 150 oC in a vacuum 
chamber of residual oxygen atmosphere of pressure about 1.3x10-2 Pa. The evaporated masses 
were controlled with a piezoelectric microbalance crystal sensor (Philips FTM5) fixed close 
to the substrates. The as-grown films were totally oxidised and stabilised by flash annealing in 
pure dry O2-atmosphere at 400 oC for 1 h. The final film’s thickness was measured after 
annealing by Gaertner L117 ellipsometer. The molar ratio (r) of Au relative to La were 
determined by energy dispersive X-ray fluorescence (EDX) technique using a setup with an 
X-ray beam obtained from a Cu-anode Philips tube (Philips PW-1710) operating at regime 15 
kV, 5 mA, and an Amptek XR-100CR sensitive detector. The radiographic analysis method 
[23, 24] was used to determine r. It based on measuring of the integral intensity of La Lα  -

signal excited by Cu Kα -line and Au Lα  signal excited by the bremsstrahlung radiation. 
The reference samples were pure thin La2O3 and Au films. The structures of the films were 
studied by θ-2θ X-ray diffraction (XRD) method using a Philips PW 1710 with Cu Kα 
radiation (0.15406 nm) and step 0.01o. The spectral optical transmittance and reflectance were 
measured at normal incidence in UV-VIS-NIR spectral region (300-3000 nm) with a 
Shimadzu UV-3600 double beam spectrophotometer. The resistivity was measured by 
conventional two-lead method.  
      One set of films of 5%Au (molar) were found to be insulating of resistivity about 
9.6 10× 4 .cmΩ , which is lower than that of identically prepared pure La oxide of about 
3.1 10× 7 [25]. However, second set of films of 7 %Au were found to be conducting of 
resistivity about 1.6

.cmΩ
× 10-3 and TCC of 1.2.cmΩ × 10-3 K-1. This means that the electronic 

percolation threshold (EPT) should be around 6 % (in-between 5 % and 7 %molar). The 
variation of the resistivity is given in semilog graph as inset of Fig.2. The set of conductive 
films of 7 %Au were further processed by annealing in hydrogen atmosphere at 300 oC for 15 
min (H15), 30 min (H30), and 45 min (H45) (H0 refers to the non-hydrogenated Au/La-oxide 
composite film).   
 
 
3. Results and discussions 
    
       Fig. 1. shows the XRD patterns of Au/La-oxide nanocomposite samples (H0, H15, 
H30, and H45) with that of a pure La-oxide film grown on quartz substrates. The patterns 
reveal that La oxide, as medium for growth of Au NPs, is amorphous for all studied samples. 
Thus, the prepared Au/La-oxide films consist of Au NPs of mean X-ray NPs size (D) about 
6.8 nm (estimated by using Scherrer’s relation [24] with a Gaussian peak fitting) embedded in 
amorphous La-oxide medium. It must be mentioned here that according to our previous 
studies on La-oxide film prepared by the same procedure [26], the oxide crystallises mainly in 
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trigonal structure La2O3 when annealed at 600 oC. The intense (111) peak of Au NPs  is 
shifted as compared with that of pure Au due to  the structural strain that was calculated and 
given in Table I with its corresponding compressive strain (the estimation was done by using 
the bulk modulus (B) given in ref.[27]). From Tab. I, one can observe that annealing in H2 gas 
gradually removed the structural stress reaching minimum value in H15 film, and then 
approached a steady state value in H30 and H45 films. 
 
Tab. I Au (111) X-ray reflection Bragg angle, ; average Au crystallite size, D (nm); 
compressive structural strain of Au NPs, ; compressive stress on Au NPs, 

o
1112θ

3( 10 )sε
−×

stσ (GPa); bandgap, Eg (eV); reflection threshold energy, minωh (eV); resistivity, 
ρ  × � .cmΩ ); concentration of electrons, Nel (× �cm-3); carrier mobility, and μ (cm2/V.s) 
of the prepared H0, H15, H30, H45, Au/La-oxide nanocomposite films grown on quartz 
substrates. 
 
Sample      D(nm)      o

1112θ sε            stσ       Eg        minωh       ρ       Nel      μ  
H0          38.66     6.8      12.4     2.15     5.91      1.165    18.4       4.93    0.69     
H15        38.24     7.8        2.0      0.35    5.55      1.095      8.2       4.35    1.75         
H30        38.36     8.2        5.0      0.87    5.66      1.099      9.8       4.38    1.45         
H45        38.36     8.1        5.0      0.87    5.66      1.114      9.8       4.51    1.42         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

 
Fig. 1.  XRD patterns of H0, H15, H30, and H45 films together  with  that of a pure La oxide 

film grown on quartz substrates. The radiation used was Cu Kα - line. 
 
 
       The 7 %Au/La-oxide nanocomposite film resistivity as a function of time duration of 
post annealing in H2 gas atmosphere is presented in Fig. 2. The hydrogenated samples have 
almost same TCC as that of non-hydrogenated sample. As seen, the conductivity of the films 
was improved with H2-annealing.  
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Fig. 2.  Dependence of resistibility of Au/La-oxide nanocomposite film on the time of 
annealing in pure H2 gas atmosphere. The inset shows the variation of resistivity on % molar 
Au content in Au/La-oxide nanocomposite film showing the I-to-M transformation near ~6%. 

 
 
 
 
 

 
 
 
 
 
 
 

  
  

 
 
 

Fig. 3. Normal spectral absorption coefficient in the UV-Vis-NIR regions for H0, H15, H30, 
and H4 films together with that of pure La oxide grown on quartz substrates. 

 
The spectral absorption coefficient ( )α λ  was calculated from the experimental data 

of normal transmittance ( )T λ  and reflectance ( )R λ  b Ty [28]: ( ) (1/ ) ln[(1 ) / ]d Rα λ = − , 
where d is the film thickness; 0.175 mμ for 7%Au film and 0.24 mμ  for La-oxide film. The 
experimental data of ( )R λ  and T ( )λ  were corrected due to the substrate effects according 
to the method given in Ref. [29], which needs to measure the reflectance from both sides of 
the film/substrate system. Fig.3. shows the spectral absorption coefficient ( )α λ  in the UV-
Vis-NIR wavelength range for H0, H15, H30, and H45 films together with that of La-Oxide 
film grown on quartz substrates. A clear effect of annealing in H2 gas appears in Vis and NIR 
regions was observed, where both the transmittance and reflectance have increased with time-
period of annealing in H2 gas. The precise investigation showed that the peaks observed on the 
spectrum are due to the interference phenomenon and the Au surface plasmon resonance 
(SPR) absorption feature being in the range 500 – 650 nm cannot be separated and studied 
alone due to the total overlapping. It is important to mention here that Au SPR could be 
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clearly observed only when the Au grain size ~ 3.5 nm or less [30]. 
 
 
 
 
 
 
 
 

        
 
 
 
 
 
 
 
 

Fig. 4.  Tauc plot of  vs. photon energy (E) for direct bandgap determination. The 
inset shows the variation of bandgap with annealing time in H

2( )Eα
2 gas atmosphere. 

 
The absorption coefficient is related to the incident photon energy ( E ω= h ) 

by:  [31], where E~ ( - )m
gE E Eα g is the band gap of the film material and the exponent m 

depends on the type of transitions: m=1/2, 2 corresponding to the direct and indirect 
transitions, respectively. It was observed that the best value suitable to the obtained data of 
the present work is m=1/2. Thus, the extrapolating of the linear portion of the  
plots to the energy axis, as shown in Fig. 4, give the values of  E

2( ) .E vs Eα
g that are tabulated in Table I. 

The obtained values of Eg for all investigated samples are lower than that of pure La oxide: 
6.18 eV [31] or 6.4 eV [32]. It was observed that the energy gap narrowed with low-
temperature annealing in H2 gas, as shown in the inset of Fig. 4, so that the bandgap attains 
the lowest value for sample H15 (for which the electrical resistivity attains the lowest value 
and the compression micro stress attains the minimum value.).  
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  The dependence of bandgap of H0, H15, H30, and H45 films on Nel
2/3 according to 

Moss-Burstein effect. 
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The red shift of principal absorption edge can be interpreted by the effect of Moss-
Burstein (B-M). According to B-M model, the optical-absorption edge energy position is 
proportional to the free-electron density in conduction band (Nel) (determined from the 
reflectance analysis) through the following relation [33,34]: , 

where   is the Plank constant, and  the reduced effective mass to free-electron mass. 

Fig.5 shows the linear relationship 

2 2*( / 2 ) (3 )~g el elE m Nπh 2 / 3

h *
elm

2 / 3vs.g elE N following B-M model. Analogous results was 
obtained for the H2-annealed ZnO:Al and CdO [16,35]. 
     The reflectance spectra, ( )R λ , for H0, H15, H30, and H45 films shown in Fig. 6. 
have a metal-like behaviour. The reflection is due to the gold nanoparticles. It shows almost 
linear increasing function of λ in NIR spectral region for λ  >1000 nm. However, the 
increasing of R with λ  for H30 and H45 films is stronger that that for H0 and H15. For the 
analysis, the energy dependence of the reflectance in the NIR spectral region was plotted as 
shown in the inset of Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.  Normal spectral reflectance in the UV-Vis-NIR regions for H0, H15, H30, and H45 
films together with that of pure La oxide grown on quartz substrates. The inset shows the 

photon-energy dependence of the reflectance in the NIR regions for H0, H15, H30, and H45 
films. 

 
The minimum (threshold) of the reflectance spectrum occurs at slightly higher 

frequency than plasma pω , and can be found by   [36], where 1/ 2
min /( 1)pω ω ε∞= − ε∞ is the 

dielectric constant for the bound electrons of gold nanoparticles (not the surrounding medium) 
that caused the reflection behaviour, which is equal to 6.0 [37] or 6.9 [38]. Thus the plasmon 
energy for H0 is 2.6p eVω ≈h or 478p nmλ = which close to the usually found value for 

gold. The Drude free-electron plasma frequency is defined by [26, 39]: 2 2 *
0/p el elN e mω ε= , 

where is the electronic concentration, elN 0ε is the permittivity of free space, and c is the free-

space velocity of light. The electronic effective mass  is equal to (1±0.03)m*
elm el in Au, where 

mel is the free-electron mass [40]. The experimental values of minωh for the nanocomposite 
films are given in Tab. I. The calculated values of Nel are given in table I. The carrier mobility 
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elμ  was calculated from the well-known relation 1( )el ele Nμ ρ −= . The carrier concentration 
as well as the mobility was influenced by the annealing in H2 gas atmosphere as shown in Fig. 
7. In general, one can observe that sample annealed in H2 for 15 min attain a minimum 
resistivity of 8.2× 10-4 Ω .cm, largest mobility 1.75 cm2/V.s, and lowest carrier concentration 
of 4.35× 1021 cm-3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7.  Dependence of the carrier concentration and mobility of Au/ La-oxide nanocomposite 

film on the time of annealing in H2 gas atmosphere. 
 

      The electrical conduction in composite systems comprising an intricate network of 
conducting and insulating phases is determined by two mechanisms, percolation in a 
continuous conducting network and/or tunneling between isolated conducting particles 
(grains, crystallites, etc.) [41,43]. For both cases, there is an electronic percolation (EPN) 
network necessary to conduct electricity by any mechanism including tunneling. This means 
that the conduction could be controlled by means of annealing in H2 gas, which affects the 
physical properties of the electronic conducting network or tunneling network (TN) [43]. In 
general, one of the favourable roles of annealing in H2 gas is to reduce or passivity the effect 
of depletion regions or potential barriers formed between Au grains and, therefore, enhance 
tunnelling and decreasing the grain boundary scattering, which finally improves the electrical 
conductivity, as mentioned in Ref.[16,44,45]. Furthermore, the hydrogenation process is 
related to the increase of electron transfer on Au NPs facilitating through the embedding 
amorphous medium [46].  
 
 
4. Conclusions 
 
       It was established that La-oxide films incorporated with 7 %Au consist of Au-NPs 
(6.8 nm) embedded in amorphous La oxide and exhibit conducting properties. Annealing in 
H2 gas affects all structural, optical, and electrical properties. It enlarged the Au NPs, reduced 
the compressive micro stresses on the Au NPs, and reduced the bandgap of the composite film 
material. Results show that with 15 min annealing in H2 gas, the transmittance in NIR region 
increases by about 25 %, the electrical conductivity increases by about 124 %, mobility 
increases by 153 %, while the carrier concentration was decreased by 12 %. The results show 
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that the conductivity and mobility have the highest value for H15 sample. The improving of 
conductivity and optical transmittance of the nanocomposite film under H2-annealing are 
important action from TCO application point of view and suggests Au/La-oxide films to be 
used in TCO-like applications.  
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Садржај: Нано-честице злата расле су у La-оксидним танким филмовима 
депонованим на кварцним или силицијумским супстратима.  Ови филмови су каљени у 
чистој атмосфери водоника на 300 oC 15, 30, и 45 минута и карактерисани 
рендгенском флуоресценцијом и дифракцијом. Матрица La-oксида остала је аморфна 
до 400 °C. Фракција Au у La-оксидном материјалу је 7 молских % са величином 
кристалита од 6,8 nm. Фракција Au је лагано расла каљењем у H2 на 300 K. Узорци су 
испитивани UV-Vis-NIR апсорпционом спектроскопијом и dc-електричним мерењима. 
Показују проводна својства и са каљењем у атмосфери H2, показују црвено померање 
енергетске баријере са значајном редукцијом оптичког апсорпционог коефицијента за 
~25 % и значајан пораст електричне проводљивости за ~124 %. У раду је приказана 
општа студија о утицају ниско-температурског каљења у атмосфери H2 на 
електрична, структурна, оптичка и оптоелектронска својства.  
Кључне речи:  оптичка својства; оксид La са инкорпорираним Au; композитни 
материјали; каљење у гасу H2, златни плазмон 
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