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Abstract: 

Terbium-doped zinc oxide microstructures with a hexagonal wurtzite structure were 

synthesized by a chemical bath deposition (CBD) method on p-type (100) silicon. The 

effects of the amount of Tb incorporated and heat treatment on the physical properties 

were explored. X-ray photoelectron spectroscopy (XPS) confirme the simultaneous 

insertion of Tb
3+

 and Tb
4+

 into the ZnO matrix. An increase in the Tb concentration 

up to 4.21% with annealing temperature is shown by energy dispersive X-ray (EDX) 

measurements. Scanning electron microscopy (SEM) images show the formation of 

micropod ZnO with a perfectly smooth hexagonal sidewall shape. This structure of 

doped ZnO remained stable, although distortion of the distance and tetrahedral bonds 

was confirmed by XRD analysis. The luminescence spectra of the doped micropods 

did not show the Tb ion emission lines, proving that no energy transfer from the host 

to the rare earth ions occurred. However, the visible band emission was deformed, and 

the International Commission on Illumination (CIE) color emission shifted to green as 

the concentration of Tb increased. Near white-light emission was observed for Tb-

doped ZnO micropods with concentrations higher than 1.4% and annealed at 300° C. 

The color emission of the Tb-doped ZnO micropods can be tuned by varying the 

concentrations of Tb in the ZnO host and/or the annealing temperature, which is an 

interesting aspect for solid-state lighting applications. The dependence of electrical 

parameters on dopant concentration and annealing temperature was explored by 

current-voltage (I-V) measurements, which showed a small change in barrier height 

with increasing dopant concentration. 
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1 Introduction 

Many studies have been devoted to the development of electroluminescent materials 

compatible with silicon technology. Among these materials are thin films or 

micro/nanostructures of semiconductors or transparent conductive oxides doped with 

rare earth ions (RE) [1]. It is a known rare earth (RE
3+

) emitted in the visible-IR 

spectral region, resulting in stable and multiple sharp bands at a single excitation. A 

judicious choice of these, embedded in an appropriate transparent and conductive 

matrix, makes it possible to control the properties of light emission under electrical 

excitation. The choice of ZnO as the host matrix has several advantages. It is a II-VI 

n-type semiconductor with a wide band gap 3.37 eV and a large exciton binding 

energy (60 meV) [2] at room temperature higher than the thermal energy (25 meV). It 

has high thermal and chemical stability and is inexpensive, as it is environmentally 

friendly. It can grow in various dimensions and shapes, such as micro/nanoparticles, 

rods, wires, and tubes [3,4]. Moreover, ZnO luminescence in the UV, blue, and green 

domains allows it to be a good candidate for the realization of LEDs [1,5]. However, 

without doping, ZnO matrix emission and chromaticity are weak in the visible region 

which is insufficient for use in solid-state lighting. This broad emission is due to the 

different king of defect [6,7], as oxygen vacancies (Vo), oxygen interstitials (Oi), zinc 

vacancies (VZn), zinc interstitials (Zni)… Their relative concentration influence 

significantly the intensity of visible emission [3,6,7], thereby making it possible to 

adjust the emission color [8]. Therefore, doping ZnO with rare-earth elements makes 

it possible to obtain the luminescence of these elements added to that of the matrix. 

By combining the conductive aspect of ZnO and the luminescence of the rare earth, 

we can obtain an ideal material for a controllable emission electroluminescent device. 

Several reports in the literature have investigated light-emitting ZnO doped and co-
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doped with different RE ions such as europium, terbium, and cesium [7]. Indeed, RE 

can absorb the UV-blue emission of ZnO and emit in the visible or infrared range. 

Several energy transfers from the ZnO host to RE ion models have been proposed [8-

10]. In addition, the optical properties of RE-doped ZnO also depend on the dopant 

concentration, synthesis process, heat treatment, and morphology of the ZnO 

mico/nano-crystal host. In fact, the 4f core levels for of the RE ions is are very 

sensitive to the crystal field energy and spin-orbit coupling. The luminescence 

efficiency of RE ions in ZnO can be significantly influenced by the location of the ion 

in the host lattice structure, as the RE ion can be placed on an interstitial site (REi) 

and/or it replaces the Zn
2+

 ion. In addition, the large difference in the ionic radius and 

charge state of the RE and Zn
2+

 ions limits the RE ion incorporation into the ZnO 

matrix and causes a different distortion of the tetrahedral bonding, inducing a 

different king of defects. All these factors affect the efficiency of energy transfer from 

the ZnO host to RE ions, and hence the emission luminescence of the material. 

To determinate the possibility of obtaining white-light-emitting diodes by co-doping 

ZnO micropods with Eu and Tb, and after a recent detailed study [11] of these ZnO 

microstructures doped with Eu, a similar approach was conducted in this work to 

explore the effect of heat treatment and Tb concentration on the physical properties of 

samples prepared using the same procedure. The photometric characteristics, color 

emission and color-correlated temperature (CCT), was determined based on the CIE 

chromaticity coordinates.  

2 Experimental procedure 

2.1 Samples preparation 

In our work, the growth of pure and terbium-doped ZnO microstructures on a 

substrate was performed using the chemical bath deposition (CBD) method. Bore-
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doped Boron-doped p-type (100) silicon substrates with a resistivity of 1-10 Ω cm and 

a thickness of 525 μm were used. The sample preparation procedure was similar to 

that described in detail in our recently published study [11]. Where a 0.05M zinc 

acetate dihydrate (Zn(CH3CO2).2H2O) (Chem-Impex, 99.18%) was dissolved in 250 

ml of deionized water (18 M cm) to prepare the solution. Subsequently, 1 ml of 

ammonium hydroxide (NH4OH) (Sigma-Aldrich) was added dropwise to the solution 

and stirred at room temperature. The synthesis of Tb-doped ZnO was performed by 

added different amounts of terbium III nitrate pentahydrate (Tb(NO3)3.5H2O) (Alfa 

Aesar, 99.9%) to the zinc acetate precursor in order to get different Tb concentrations. 

5%, 10%, 15%, 20%, and 25% weight ratios (wt %) of Tb/Zn were prepared and 

annealed in an oven for 2 h respectively at Ta=300, 500, and 700 ° C.  

2.1 Samples Characterization 

The chemical composition and morphology of the prepared samples were determined 

using a VEGA 3 TESCAN scanning electron microscope (SEM) coupled with an 

energy dispersive X-ray spectrometer (EDX). X-ray photoelectron spectroscopy 

(XPS) was performed using a Thermo Scientific Escalab 250 Xi XPS spectrometer to 

evaluate the chemical composition of the samples and the oxidation states of the 

elements. Monochromatic Al-Kα X-rays and a flood gun were used to irradiate the 

samples and neutralize the charging effects. Ar
+
 ion bombardment of the samples was 

performed in an XPS UHV chamber by applying an acceleration potential of 3 kV for 

30 s. A survey scan was performed to assess all the elements present. The Zn 2p, O 

1s, Tb 3d, and C 1s high-resolution (~ 0.5 eV) XPS spectra were acquired. The base 

pressure in the chamber was originally 110
-8

 Pa but decreased to ~ 110
-4

 Pa during 

ion bombardment. The best practice for calibrating the energy scale recently reported 

by Greczynski et al. [12] is to use the binding energy of the carbon C 1s peak at 
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(289.58 - ZnO) eV , where ZnO is the undoped ZnO work function. Unfortunately, we 

do not have a UPS installed on our instrument; therefore, we used the work function 

of 4.85 eV found in the literature [13]. However, for the Tb-doped samples, we 

looked carefully in the literature for the value of the work function of our samples but 

did not find any. Because the Tb content of the doped samples was less than 5%, we 

expected that the function would not change significantly. Therefore, we used the 

value for the un-doped ZnO. Experiments were repeated to verify the reproducibility 

of the results. The dedicated software “Avantage” (Software integrated in Thermo 

Scientific XPS instrument) was used to fit the experimental data. The sample structure 

was investigated by X-ray diffraction (XRD) using Cu-Kα radiation (λ=1.5406 Å) 

with a Rigaku Ultima-IV X-ray diffractometer. UV-Visible spectrophotometry using a 

Shimadzu SolidSpec-3700DUV and photoluminescence (PL) experiments using the 

325 nm line excitation from a He-Cd laser and a 405 nm diode laser were carried out 

to investigate the optical properties. The current-voltage (I-V) characteristics of the 

prepared samples were measured using voltammetric techniques (in our case, linear 

sweep voltammetry) in Palmsens4 instruments. 

3 Results and discussions 

3.1 Terbium incorporation 

The Tb concentration (XTb) and its distribution in the prepared samples were studied 

using EDX (mapping and spectra). XTb incorporated in the ZnO host was calculated 

from the Tb and Zn atom concentrations, measured at three positions and in a small 

selected area, by the ratio Tb%/(Tb%+Zn%) [14]. The average values for our samples 

Y wt % Tb-ZnO (where Y represents the Tb weight percentage used in the preparation 

of the CBD solution) are given in Table 1. The stable oxidized form of terbium takes 

a value of +3, but one can also find the form +4. The standard potential difference 
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between the trivalent and quadrivalent form is 3.1 V [15]. This standard potential 

shows that it is the trivalent form, which is the most stable. This indicates that the 

terbium does not change the valence when inserted into the ZnO matrix. The 

differences in the radii of Zn
2+

 (74 pm) and Tb
3+

 (92 pm) [15] indicate that the 

substitution doping hypothesis is only valid for low doping rates. Thus, it is probable 

that this trivalent state favors the segregation of dopants by a certain percentage. 

Although 25 wt % of terbium III nitrate pentahydrate was dissolved in the prepared 

solution, the maximum Tb incorporation in our sample, as obtained by EDX, did not 

exceed 4.2% but higher than obtained for Eu dopant [11]. As seen in Table 1, the 

concentration of Tb incorporated in ZnO increases with the annealing temperature, 

which can be caused by the diffusion of segregated Tb ions in the volume of the ZnO 

microstructure. The distribution of Tb ions in our samples was observed by EDX 

mapping for each element present in the sample. For illustration, element's EDX and 

element overlap maps scanned on a (5 m 5 m) area of the surface sample for 5 wt 

% Tb-doped ZnO sample as grown (XTb = 0.80%) and that of 25 wt % Tb-doped ZnO 

annealed at 700 ° C (XTb = 4.21%) are shown in Fig. 1 (a) and (b) respectively. As 

seen by EDX maps, ZnO microstuture does not completely cover the substrate surface 

but differs from sample to another and from one area to another. The concentration of 

Tb incorporated in the samples was not uniform. 

3.2 Sample morphology 

Fig. 2 shows the SEM images of all the as-grown samples and those heated at 300, 

500, and 700 ° C. The micropod shape of the ZnO microstructure was observed by 

SEM. We can distinguish micropods with two (bipods), three (tripods), and cross-

linked structures with many arms. The silicon substrate seems to be just a support for 

these micropods, which have different sizes. The large one can reach 2 μm in length 
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and 1 μm in diameter. They have a perfectly hexagonal shape with very smooth 

sidewalls. For Ta  500 ° C, obscure tasks appeared in the micropods, which were 

clearer and larger as the annealing temperature increased. They reflect the appearance 

of structural defects caused by evacuation from the precursor solution [2] and the 

recrystallization process during heat treatment. The growth mechanism of this ZnO 

morphology was reported by Gokarna et al. [16]. 

3.3 Chemical analysis 

Terbium is one of the few rare earths that have a +4 and +3 oxidation state; the former 

is a result of the stability of the half-filled 4f shell. To explore the oxidation state of 

the incorporated Tb ions in our sample, XPS analysis was performed for the un-doped 

and 25 wt% Tb-doped ZnO micropods on Si substrate as grown and annealed at 300, 

500 and 700 ° C. The C 1s BE was set to 284.73 eV, and all other core levels were 

aligned accordingly. The wide-scan XPS survey spectra and those of the Zn 2p, O 1s 

and Tb 3d core levels are shown in Fig. 3. All peaks within the survey spectra were 

assigned to the core levels of Zn, Si, O, C, and Tb, according to the XPS handbook 

[17]. However, iron (Fe) impurities are present in the doped samples. This may have 

been caused by the residual rust of the forceps used to fix the substrate in the chemical 

bath. In the XPS spectrum of the Zn2p core level, the two peaks located at 

approximately 1021.9 and 1044.9 eV correspond to Zn
2+

2p3/2 and Zn
2+

2p1/2. Their 

positions are very close to those reported in the literature (1021.9 and 1045.4 eV) 

[18], and they confirm the hexagonal wurtzite structure of ZnO micropods [19]. The 

energy difference between the two peaks (23 eV) is very close to the standard value 

(22.97 eV), confirming the existence of Zn
2+

 ions [20]. As the annealing temperature 

increases, a shift to high energy appears for the un-doped sample caused by a 

perturbation of bonding energy induced by the increase in structural defects, as 
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confirmed by the SEM image. This shift was not observed for 25 wt % Tb-doped 

ZnO. Therefore, the perturbation induced by structural defects is counterbalanced by 

that caused by the incorporation of Tb ions into the ZnO matrix. The XPS spectra of 

oxygen 1s peak shown in Fig. 3 are a broad and asymmetric peak for the different 

annealing temperatures, suggesting the existence of more than one component. The 

individual components were extracted after deconvolution using multiple Gaussian 

peaks (Fig. 4). The Gaussian fitting of the O1s XPS spectrum of un-doped ZnO 

micropods gives three peaks situated at approximately 528.6, 530.5 and 532.5 eV. 

The first one labeled O1 in Fig. 4 corresponds to the O
2-

 ion forming bonds with Zn
2+

 

ions (O-Zn groups) in the wurtzite structure of ZnO [21]. The second peak, referred as 

O2 in Fig. 4, is related to the O
2-

 ions inserted in the oxygen-deficient ZnO structure 

(O-deficient groups). The peak O3 at approximately 532.5 eV is attributed to the O-H 

groups in the surface-absorbed oxygen as CO2 and/or H2O [22,23]. For 25 wt % Tb-

doped ZnO, the O 1s peak became broad and asymmetric at different annealing 

temperatures, suggesting the existence of various components. These peaks were 

deconvoluted with four Gaussians, among which the positions of the three peaks were 

very close to those obtained for the un-doped sample. However, the fourth weak and 

broad peak located around 526 eV may be attributed to the H–ZnO  0110  surface, as 

reported by Kotsis and Staemmler [23] using ab initio calculations. They showed that 

the binding energy of oxygen from H–ZnO  0110  surface was 529 eV. The result of 

O 1s peak deconvolution (Fig. 4) shows a significant change in the intensity and the 

full width at half maximum (FWHM) for each component as a function of Tb 

concentration and annealing temperature. The details (peak position, intensity, and 

area ratio) of the O 1s components for the un-doped and doped ZnO micropods as 

grown and annealed at different temperatures are listed in Table 2. For the un-doped 
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sample, O-deficient groups dominated at low annealing temperatures (≤ 300 ° C) and 

decreased at higher annealing temperatures. Thus, more oxygen vacancies are filled 

by free oxygen atoms outside the wurtzite structure and are converted to O-Zn groups. 

This was explained by Jiang et al. [24] by an enlargement of the atom spaces in the 

wurtzite structure and/or by increasing the dynamic energy of the atoms at high 

annealing temperatures. Compared to the as-grown doped ZnO, the area ratio 

percentage of O1 and O3 peaks (corresponding to O-Zn and O-H groups, respectively) 

decreased and that of O-deficient groups (O2 peak) increased for the samples annealed 

at 300 ° C and 700 ° C. The decrease in the O3 peak can be attributed to the removal 

of surface contaminants or the conversion of O–H groups to O deficiency. A possible 

reason for the decrease in O-Zn groups is the appearance of defect oxygen [25] as Ta 

increases. However, these observations were not verified for the sample annealed at 

500 ° C, the intensity of the O3 peak is higher may be due mostly to more surface-

adsorbed oxygen species and/or the presence of structural defects in ZnO micropods, 

as confirmed by SEM, rather than the increase in Tb concentration. The XPS spectra 

of the Tb 3d level for 25 wt % Tb-doped ZnO as grown and annealed clearly reveal 

the presence of Tb 3d3/2 and Tb 3d5/2 peaks positioned at approximately 1277 and 

1241 eV, respectively, with an asymmetric satellite peak at around 1250 eV. The 

positions of these peaks are very close to those reported in the literature [26,27]. The 

spin–orbit splitting was estimated to be 35 eV. The positions of these peaks are 

shifted from those for pure TbO1.5 (Tb
3+

), where the Tb 3d3/2 and Tb 3d5/2 peaks are 

located at approximately 1274 (satellite peak at 1286.3) and 1239.1 (satellite peak at 

1250.4) eV [28]. The Tb 3d3/2 XPS peak and the satellite peak at 1250 eV appear to be 

an overlap of two peaks, which indicates the presence of two chemical states of Tb. 

This might be caused by the oxidation of trivalent Tb
3+

 into Tb
4+

 when bombarded by 
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a high-energy photoelectron and/or their effective insertion inside the ZnO host. In 

fact, tetravalent Tb
4+

 is observed in the commercial terbium oxide TbO1.82, and has a 

binding energy of 1241.4 eV, which is slightly higher than that in Tb2O3 (1241.2 eV) 

and a satellite peak at 1251.4 eV [28]. Therefore, each XPS peak of the Tb 3d level 

for the 25 wt % Tb-doped ZnO was deconvoluted into two components, and the 

results are shown in Fig. 5. According to Zhao et al. [28], the second peak may be 

attributed to Tb
4+

. Fig. 5 and Table 3 present the details of the XPS deconvoluted 

peak obtained for the 25 wt % Tb-doped ZnO micropods as grown and annealed. The 

literature peak positions of the other terbium compounds are listed in Table 3 for 

comparison. The position of the different deconvoluted peaks are very close to that 

reported in literature except the weak satellite peak (number 7) around 1283.3 eV 

which present a relatively high shift compared to Tb 3d3/2(4+) for TbO1.82. Thus, we 

conclude from the present XPS results that Tb was found in two oxidation states (3+, 

4+) in the micropod ZnO. In our preparation of the chemical solution for the doped 

samples, we fixed the Tb/Zn ratio. In order to be able to compare dopant 

concentration obtained by EDX, to that estimated by XPS measurement, the 

composition of Tb
i
 (i=+3 or 4+) is calculated from the XPS curves using the 

following equations: 

(1)                    
)S/A()S/)AA((

)S/A(
C

ZnZnTbTbTb

TbTb

Tb
243

i

i

 
  

where Ax and Sx represent the XPS spectral area and the sensitivity factor (RSF) of 

element x taken from the library available with the instrument fitting software 

(Avantage). The calculated Tb
3+

 and Tb
4+

 concentrations for the 25 wt %-doped ZnO 

micropods are listed in Table 4. A good agreement was observed between the weight 

percentage using the prepared chemical solution and the sum of the two Tb oxidation 
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state concentrations. These quantitative analyses indicated that the most important 

quantity of Tb incorporated in ZnO micropods was in the trivalent form, and their 

concentration increased with the annealing temperature. Although the sample 

composition can be obtained using both XPS and EDX techniques, the main signal in 

XPS comes from a few atomic layers at the surface (a few nanometers), but the total 

area analyzed by EDX can reach a few micrometers. Thus Tb atomic concentrations 

estimated by EDX rather present the "bulk" concentration in a sample however XPS 

value gives the near surface region chemical composition. 

3.4 Structure analysis 

To confirm the phase composition and crystallinity of the synthesized Tb-doped 

micropods, XRD was performed (Fig. 6). The indexation of the different peaks was 

labeled in the XRD pattern. The X-ray spectra of all samples show a superposition of 

the ZnO micropods and substrate peaks. The peaks observed at 32.94° correspond to 

the diffraction from the (002) plane of the Si substrate. The other peaks are indexed to 

the wurtzite ZnO structure and match the values of the standard card for zincite ZnO 

(JCPDS No. 36-1451). However, the XRD spectra for XTb = 1.72 % (Ta = 300 ° C) 

and for XTb = 1.60 % (Ta = 700 ° C) show a weak peak around 43.5° corresponding to 

terbium hydroxide (Tb(OH)3) or terbium oxide (Tb2O3). A slight shift in the peak 

positions was observed for the doped XRD pattern compared to that of the un-doped 

sample. A preferential orientation along the axis [100] is manifested for our 

micropods, contrary to what is reported in the literature ([101] for powder, [002] for 

thin films [29,30], and nanorods [31]) but similar to Eu-doped ZnO micropods [11]. 

The dimensions of the crystallite that form our micropods is determined using the 

Debye-Scherrer equation [33]: 

 
 

(2)                                                 
hklhkl

DS
cos

k
hklt
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where tDS(hkl) is the crystallite size in the direction perpendicular to the lattice planes, 

h, k, and l are the Miller indices of the planes being analyzed, k is a numerical factor 

frequently referred to as the crystallite-shape factor, λ is the wavelength of the X-rays, 

hkl is the full width at half-maximum (FWHM) of the X-ray diffraction peak in 

radians, and θhkl is the Bragg angle. In our work, we used k=0.9, as reported for 

nanorods by Arda [33]. The SEM image of our sample showed a hexagonal shape of 

the micropods, which grow along the c-axis normal to the [001] direction. As the 

preferential orientation revealed by XRD is [100], the majority of micropods appear 

to precipitate from the solution on the Si substrate, orienting their flat plane (100) 

longitudinally. This can be explained by the relatively small mismatch between the 

silicon lattice parameter (a = 5.43 Å) and that of ZnO (c = 5.20 Å) and/or the low 

surface free energies of the (100) plane. We can assimilate the crystalline size 

estimated by the Debye-Scherrer equation from the (002) and (110) planes to the 

length and diameter of the crystallite forming the micropods [34]. For each 

crystallographic plane (hkl), the dislocation density (δ), which represents the amount 

of line defects, can be deduced by [34]: 

 
 

(3)                                                     
hklt

1
hkl

2

DS

DS   

The crystallite sizes and dislocation densities of our sample and those of the 

commercial powder are given in Table 5. Unlike ZnO powder, whose crystallite sizes 

obtained along the two crystallographic planes are nearly equal (~30 nm), confirming 

the spherical symmetry of the crystallite shape, that of the doped sample differs and 

no monotonic change is seen as a function of terbium concentration. To explore the 

evolution of lattice distortion as function of the Tb concentration, lattice parameters 

„a‟, „c‟, the nearest-neighbor bond lengths along the c-direction (expressed as b) and 
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off c-axis (expressed as b1) are calculated for our sample and listed in Table 6 using 

respectively the following equation [35,36]: 

2
1

2

2

2

22

hkl
c

l

a

kk.hh

3

4
d














    (4) 

ucb   and (5)                                 2

2

2

1 cu
2

1
a

3

1
b 








  

where hkld  is the interplanar spacing, and u is the internal parameter, calculated as: 

(6)                                                   
4

1

c

a

3

1
u

2

















  

The (c/a) ratio and cell volume are also presented in Table 6. For our sample, the 

lattice parameter is slightly lower than that for ZnO powder without a monotonic 

variation as the concentration of Tb increases [37]. Therefore, the wurtzite structure of 

our micropods remains stable, which is proven by the absence of a significant change 

in the ratio (c/a) and the internal structural parameter u. In fact, their values are in 

good agreement with those determined by theoretical calculations and experimental 

techniques [38]. This suggests that Tb
3+

 ions go to interstitial sites in the ZnO lattice 

instead of substituting Zn
2+

, inducing a slight lattice deformation caused by the 

dissimilarity of ionic radii and electronegativity amongst Tb (1.1) ion and Zn (1.65) as 

larger electrostatic forces act between them [15]. The location of the Tb ion at the 

interstitial site distorts the four tetrahedral bonds and has an effect similar to that of a 

high pressure [39]. 

3.5 UV–visible reflectance analysis 

Because the silicon band gap is lower than that of zinc oxide, reflectance spectroscopy 

measurements are a suitable method for determining the energy band gap (Eg) of our 

samples. It was conducted in the ultraviolet–visible region from 300 nm to 600 nm. 
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The detailed optical band gap determination from reflectance spectra is detailed in our 

recent paper [35], and the corresponding values are listed in Table 7 as a function of 

Tb concentration and for the different annealing temperature. It is clear that the 

estimated band gap energies do not vary significantly, as seen for Eu doped ZnO [11], 

compared to the un-doped sample and with increasing Tb concentration. Some 

previous studies reported an increase [40] and a decrease in the band gap [26]. Thus, 

the distortion induced by the incorporation of Tb ions did not significantly affect the 

band gap of ZnO. 

3.6 Photoluminescence study  

Fig. 7 shows the PL emission (exc = 325 nm) obtained from our Tb-doped ZnO 

micropods as grown and annealed at 300, 500 and 700 ° C. All samples exhibited two 

emission bands. A sharp ultraviolet (UV) emission band was observed at an average 

wavelength of 384 nm (3.23 eV) (Table 7) and broader visible emissions spanning 

420–800 nm. UV emission is recognized as the near-band-edge (NBE) transition and 

broad emission as deep-level emission (DLE) [41]. Un-doped ZnO is commonly 

attributed to intrinsic defects ( Zni, VO, and Oi) in ZnO [42]. The position of the UV 

emission peak for the un-doped sample was close to that reported by Otieno et al. 

[43]. A weak shift (10 nm) to a higher wavelength was observed for the doped 

sample annealed at 300 ° C and 500 ° C compared to the other samples. However, its 

positions were practically unchanged at a constant annealing temperature, and as the 

Tb concentration increased. The intensity of the UV emission differs and becomes 

sharper for the samples at 300 ° C and 500 ° C. An emission band at a higher energy 

of the NBE as a shoulder around 375 nm (3.306 eV) appears for doped ZnO 

micropods annealed at 700C (Fig 6 d inset), which can be assigned to the 

recombination of free excitons (FXA) [16]. This proves the better atomic 
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rearrangement during the crystallization of the ZnO micropods. In addition, the 

intensity ratio of the UV peak to visible (IUV/Ivis) was higher for the sample annealed 

at 300 C. A lower intensity ratio indicated a higher amount of defect sites inside the 

sample. The incorporation of Tb into the ZnO matrix and heat treatment significantly 

changed the visible emission band, which widened and shifted its center of gravity 

mean. This can be explained by the diffusion of Tb ions deeper into the ZnO 

micropod volume, which modifies defect levels within the band gap and/or change the 

amount of structural defects due to the presence and evaporation of the residual 

precursor solution during heat treatment. Direct (resonant) excitation of Tb
3+

 through 

f–d transitions, as reported by Kumar et al. [26] for ZnO:Tb
3+

 nanophosphors 

synthesized by a solution combustion method, does not appear clearly in the PL 

spectra. In fact, no sharp emission peaks at a single excitation are superposed or 

clearly protrude from the deep-level emission in the luminescence spectra of our 

samples. We suspect the presence of some low emissions in the PL spectra of samples 

grown and annealed at 700C where positions are very close to the 4f → 5d transition. 

This indicates a possible weak energy transfer between the ZnO host and Tb ion. Fig. 

8 shows the PL spectra of the Tb-doped ZnO micropods as grown and annealed at 700 

° C when excited at a wavelength of 405 nm, which is nonresonant with the RE 

dopant and below the conduction band of ZnO. We detected a broad PL band in the 

450–650 nm spectral range and an intensity emission peak for the grown and annealed 

at 700° C samples with 1.26%, 1.35%, and 1.87% Tb concentrations. These peaks 

correspond to 
5
D4 → 

7
Fi (i=4,3) related to the Tb energy levels. Pl measurements with 

laser excitation wavelengths (488 nm) must be conducted to highlight the possible 

resonant levels of the dopant [37]. The terbium ions incorporated in our sample were 

found in mixed valence (3+ and 4+), as confirmed by XPS analysis. The extinction of 
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the PL intensity of the terbium ion is possibly induced by non-radiative resonant 

energy transfers [44] between the Tb
3+

 ions owing to their approximation. They excite 

each other and increase the probability of nonradiative recombination. The existence 

of the Tb
4+

 ion has also been mentioned by some authors [45] as the cause of this 

extinction. These ions of valence +4 are known in the literature to not lead to a 

radiative emission and may be responsible for the disappearance of the luminescence 

of Tb
3+

 linked to its charge and strong band of absorption in the visible region. The 

luminescence extinction of the transition metal can also be explained by the 

modification of the selection rules due to the symmetry loss of the site where the 

terbium is located, and therefore of the crystalline field perceived by the ion. The 

structural distortion induced by the incorporation of Tb in ZnO micropods seems to 

modify the surrounding environment of the site on which the ion is located more than 

that induced by Eu, as the 4f–4f transition emission have been observed in the PL 

spectra of Eu-doped ZnO micropods [11]. In fact, emission at 615 nm occurs [46,47] 

if the symmetry of the Eu site has an anti-symmetric inversion center. The intensities 

of the Tb emission transitions were moderately affected by the chemical environment 

and coordination nature of the complexes [48]. However, the lack of efficiency energy 

transfer between ZnO and rare earth ions or from defects towards the dopants is due 

to the large mismatch between the ionic radii and valence states of Zn
2+

 (74 pm) and 

Tb
3+

 ions (92 pm). Furthermore, the location of the rare earth ions in the host, on the 

surface or grain boundaries, and their diffusion as the annealing temperature increases 

also affects the efficiency of the energy transfer. It appears that the surrounding 

environment of rare-earth ions is affected inside the ZnO micropod morphology, 

inducing a low luminescence efficiency of Tb
3+

. In contrast, when incorporated into 

thin films [43], nanoparticles/pyramids [37], nanocones [49] and nanorods [50] 
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morphologies, highly efficient energy transfer from RE ions via a resonant 

mechanism has been reported. The widening and deformation of the visible band with 

increasing Tb concentration and annealing temperature is due to the superposition of 

many different defect emissions perturbed by the presence of Tb. In fact, the native 

defects in ZnO, which exist as charged states or neutral, may form clusters with other 

intrinsic defects as well as with Tb ions [51]. We also note that the defect formation 

energies at the surface are lower than in bulk, and the high surface-volume ratios for 

our micropods result in an increase in the surface defect concentration, which could 

affect the ZnO visible emission [52]. The charge imbalance of Tb ions inside ZnO 

causes local negative charge defects, such as interstitial O and Zn vacancies. 

Consequently, local positive charge defects inevitably occur. This is shown by the 

variation in the XPS area ratio of the O-deficient groups with increasing Tb 

concentration and annealing temperature (Table 2). Therefore, the density defects will 

change by generating new and/or perturb energy levels in the band gap of ZnO, which 

causes the deformation of the visible emission band and, therefore, the emission color 

of the sample. The PL spectrum excited at 405 nm for 1.48% Tb-doped ZnO as grown 

is distinguished from the other spectra (Fig. 8 a) by two emission bands centered at 

approximately 440 and 470 nm. These blue emissions have been ascribed to the 

electron transition from CB to zinc vacancies VZn or oxygen antisites OZn [52,53]. The 

possible presence of 
5
D4 → 

7
F3 peaks (at 444 nm) related to Tb energy levels cannot 

be affirmed as the defect emission overlays it. The transition hypersensitivity 

(sensitivity to the surrounding environment) of rare-earth ions is very low compared 

to that of organic-based fluorophores [54], and is a major inconvenience for white-

light-emitting diodes when co-doped ZnO micropods with Eu and Tb. The 

chromaticity coordinates (x,y) for our samples were calculated using CIE color 
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software and the intensity data of the PL emission spectrum excited at 325 nm within 

380 nm-750 nm. The corresponding coordinates are summarized in Table 8, and their 

positions in the CIE 1931 chromaticity diagram are presented in Fig. 9. The calculated 

CIE color coordinates for the un-doped sample as grown were close to those reported 

by Kumar et al. [26]. However, with an increase in the annealing temperature, the x-

coordinate decreases and the y-coordinate decreases for Ta=300 ° C and then re-

increase at 500 ° C and 700 ° C. The color coordinates were found to be in the orange 

yellow region for the as-grown and annealed 500 ° C ZnO micropods and in the 

yellowish-pink region for those annealed at 300 ° C. The chromaticity coordinates for 

samples annealed at 700C with XTb= 0% and 3.3% fall in the yellowish-green region. 

As the Tb concentration increases, the color coordinates (x,y) for the sample as grown 

and annealed at 500 ° C and 700 ° C gets closer and closer to the yellowish-green 

region. However, for Tb-doped ZnO annealed at 300 ° C, the color coordinate shifts 

to the standard D65 day light with coordinates of x=0.3129 and y=0.3292 [26]. A 

near-white light was achieved for Tb
3+

 concentrations higher than 1.40% and 

annealed at 300 ° C. Among the samples studied, green emission was obtained for un-

doped and doped ZnO micropods with XTb=3.30% annealed at 700° C. This annealing 

temperature is more suitable for obtaining the desired green emission color, as shown 

in Fig. 9 a, which represents the CIE chromaticity diagram of un-doped ZnO 

micropods. However, heat treatment at 300° C is rather more favorable for the doped 

sample, as shown in Fig. 10 b for XTb  1.44% and Fig. 10 c for XTb  1.70%. The 

quality of color sample emission in terms of color correlated temperature (CCT) was 

calculated using the McCamy empirical formula [26]: 

(7)                           31.5541n6861n3601n437CCT 23   
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where    ee yy/xxn   and xe=0.3320 and ye=0.1858 are the epicenter 

chromaticity coordinates. The CCT values of the samples were calculated and are 

summarized in Table 8. CCT values higher than 5000 K (i.e., cool CCTs) were 

obtained for samples in which their chromaticity coordinates were located nearest to 

the green region. They are appropriate for working and shopping centers [55]. The 

other samples have CCT values less than 5000 K (i.e., warm CCTs), which are 

suitable for public and living areas. 

3.7 Current-voltage measurements 

The I-V curve, conducted at room temperature and in the dark, of Tb-doped ZnO 

micropods on a p-Si substrate as grown and annealed at 300, 500 and 700 ° C for 2 h 

are shown in Fig. 11. All I–V characteristics are nonlinear and asymmetric, showing 

rectifying diode-like behavior. The I-V curve is the average signal of the area 

considered, and as the micropods are not uniformly dispersed on the Si surface, the 

current intensity does not vary monotonously as a function of XTb. This also affects 

the rectification ratio (IF/IR) (Table 9), which was calculated at 4V in our case. Thus, 

the obtained values varied from one sample to another. It reached  89 for XTb=1.70% 

and 30 for XTb =4.21%. Unfortunately, to our knowledge, no analog electrical study 

has been published that would allow the comparison of our results with the literature 

data. The weak values of the rectification ratio and their variation from sample to 

other are also due to the non-saturating behavior of the reverse current, as seen in the 

I-V characteristics, which is attributed to the barrier inhomogeneities at the ZnO 

micropods/p-Si interface. When the reverse bias is increased, a greater current flows 

through the lower barrier height regions [56,57]. The other electrical parameters are 

determined considering the thermionic emission (TE) model [58] of charge transport 

across the heterojunction, where the current-voltage relation of a p-n junction is 
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usually written as a function of the applied voltage (V) given by the following 

equation [58]: 

 
(8)                                               
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where Is is the saturation current, q is the electronic charge, V is the applied voltage, n 

is the ideality factor, K is the Boltzmann constant (1.3810
-23

 J/K), T is the absolute 

temperature, and Rs is the series resistance. In practice, the establishment of electrical 

contacts on the semiconductor generates a so-called contact resistance whose value 

depends on the nature of the contact, the type of metal, and the method of design. This 

electrical resistance adds to that of the semiconductor and causes a voltage drop in the 

junction. The series resistance Rs of the heterojunction is the sum of all these 

resistances, and it is introduced in the previous equation in series with the ideal diode. 

For an applied voltage V ≥ 3kT/q , the I-V characteristic exhibits a linear variation 

(ohmic regime), and conduction is limited by the volume of the heterojunction. By 

fitting this linear portion, we obtain the Rs, which is the inverse slope, and the 

intersection value with the voltage axis is the turn-on (threshold) voltage (VF). The 

reverse-bias saturation current (Is) can be derived from the intercept of the straight 

line of ln (I) at V=0, as Is is defined by [59]: 
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where A is the surface of the diode, A* is the theoretical constant of Richardson equal 

to 32 A.cm
-2

.K
-2

 for the case of ZnO [60], and b is the height of the barrier, which 

can be deduced from the following equation: 
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For an ideal p-n junction, the n value must be equal to 1. However, the n value is 

generally greater because of different factors as the presence of a thin oxide layer at 

the interface, parasite resistance Rs, and barrier height inhomogeneity. The equation 

that gives us the ideality factor n can be translated as follows: 

 
(11)                                                  
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and extracted from the linear region slope of the ln(I)–V data for forward polarization. 

An alternative method called Cheung-Cheung could be used to estimate the electrical 

parameters, as derived from the I–V characteristics by Akay et al. [58], using the 

following functions [57,59]: 
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Rs and n can be determined from the slope of the dV/d(lnI) versus I plot and the axis 

intercept, respectively. Using the determined n, H(I) versus I plot shows a straight 

line, the slope of this plot gives the series resistance RS, and height barrier b can be 

determined using the equation (H(I)) from the y-axis intercept. Fig 12 shows dV/d(lnI) 

and H(I) versus I plots for the un-doped sample and XTb = 4.21% doped ZnO annealed 

at 700 C. The electrical parameters for all of our heterojunctions were extracted 

using the two methods and are summarized in Table 9. The ideality factor and series 

resistance determined by the two methods differed. However, the barrier height b 

values are close, indicating that these procedures are trustworthy and the differences 

in Rs and n may be due to the extraction of data from different regions of the forward-

bias (I-V) plot [61]. Indeed, the presence of disorder, impurities, or, more generally, 

defects strongly influence the electrical properties by inducing electronic states in the 
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volume, at its surface, or at the interfaces of the heterojunction during its elaboration. 

These states affect the I-V characteristics differently from one voltage range to 

another. For our samples, the turn-on voltage differs and reaches 5.32 V. Our values 

are lower than those reported by Hasabeldaim et al. [20] about 10 V for another rare 

earth ion (3 mol % Eu) doped ZnO thin films deposited by pulsed laser deposition at 

different oxygen partial pressures. The ideality factor n and barrier height b obtained 

for our doped micropods seem to be in good agreement with those reported by Akay 

et al. [58] (and references therein) of thin films of ZnO and those of nanorods [57] 

(and references therein), but our series resistance values are very high. This is due to 

the irregular contact at the micropod/substrate interface. Therefore, deposition of a 

ZnO buffer layer on the substrate before the growth of the micropods should 

significantly enhance the contact at the interface, thereby increasing the rectification 

ratio and decreasing the series resistance. It should be noted from the above that 

whatever one does, the introduction of undesirable states is inherent in structures of 

the heterojunction type, regardless of the deposition technique used. These states, 

which directly affect the conduction mechanisms through charge exchanges in the 

form of emission and recombination in the space charge zone of the different 

heterostructures, have led to some divergence in the electrical parameters obtained in 

our study. However, similar results were obtained for Eu-doped ZnO synthesized 

using the same process [11]. 

4 Conclusions 

Un-doped and Tb-doped micropod ZnO were prepared using a chemical bath, 

deposited on a p-Si substrate, and were found to have a hexagonal wurtzite structure 

without the presence of any secondary phase, as confirmed by XRD. The EDX results 

confirmed the incorporation of terbium, which increased with the annealing 
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temperature and reached 4.21%, but their distribution was inhomogeneous in the ZnO 

host. The deconvolution of the Tb-3d XPS peaks and their comparison with the 

literature peak positions confirm the presence of two chemical states of Tb in ZnO. 

The micropods deposited on the Si substrate have different numbers of arms, which 

are hexagonal in shape with smooth sidewalls and different sizes. The preferential 

orientation along the axis [100], as demonstrated by XRD, shows a privileged 

longitudinal alignment of ZnO micropods on the Si surface due to the small lattice 

mismatch between the hexagonal (100) ZnO plane and the (100) plane of the Si 

substrate. XRD microstructure analysis demonstrated that the simultaneous presence 

of Tb
3+

 and Tb
4+

 in doped micropods deforms the lattice unit by changing the length 

and/or the tetrahedral angle bonding while maintaining the wurtzite structure. This 

distortion did not lead to a significant and monotonic variation in the structural 

parameters and band gap values of the samples doped with a concentration  4.21%. 

The incorporation of Tb ions with a larger ionic radius into the ZnO micropods host 

breaks the symmetry of the site where the terbium is located. Therefore, the selection 

rules change in turn, and thus do not allow the luminescence of the transition metal. 

However, the defects generated in the doped samples enlarged and distorted the 

visible emission observed in the room-temperature PL spectra. Therefore, the 

simultaneous presence of Tb
3+

 and Tb
4+

 significantly affected the concentration of the 

intrinsic defects. As these native defects are in different charged or neutral states, they 

may form clusters with another intrinsic defect, as with extrinsic elements causing a 

change in the visible emission for doped samples. No efficient energy transfer 

between ZnO micropods and Tb ions or from defects towards the dopants has been 

highlighted. A higher intensity of UV emission than the visible emission is obtained 

for the sample annealed at 300 ° C which can be useful for UV random lasing 
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applications, and the other sample can instead be used for potential solid-state lighting 

applications. Photometric characterization, such as the chromaticity coordinate, shows 

the obtaining of a color emission for as grown and annealed at 500 ° C and 700 ° C 

samples that shift more towards the green color as the terbium concentration 

incorporated in ZnO micropods increases. For samples with an XTb  of 1.44% 

annealed at 300 ° C, near-white light was achieved, which did not arise from the 

combination of the main Tb emission and those of the matrix but rather from the 

deep-level emission deformation. Thus, using simple and low-cost growth techniques, 

the color emission of the prepared sample may be controlled by the Tb concentration 

and heat treatment. Our samples are interesting for optoelectronic applications in 

which they are deposited on p-Si substrates because the microelectronics industry is 

largely dominated by the use of silicon. The electrical parameters of Tb-doped ZnO/p-

Si heterojunction are extracted from the I–V measurement which reveal a successful 

diode-like behavior for our all samples with different rectification ratio (the higher  

90) and a barrier height comprised between 0.77 and 0.90 eV not great affected by the 

Tb concentration. However, the deposition of a ZnO buffer layer between the 

substrate and the micropods should significantly enhance the contact at the interface 

and decrease the very high series resistance obtained for the rare earth-doped samples. 
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Captions for Tables 

 

Table 1: Average concentration of terbium XTb(%) incorporated in ZnO annealed at 

various temperatures (Ta) determined by EDX. 

Table 2: Position and area ratio of the three peaks O1, O2, O3 (O−Zn groups, O-

deficient groups, O−H groups) at different annealing temperatures for un-doped and 

25 wt % Tb-doped ZnO micropods. 

Table 3: Deconvoluted XPS peak positions obtained for the 25wt % Tb-doped ZnO 

micropods as function of Ta. For comparison, the literature peak positions of other 

terbium compounds are provided.  

Table 4: CTb
3+

 and CTb
4+

 (at %) concentration obtained from XPS measurements for 

25 wt % Tb-doped ZnO micropods as grown and annealed at various temperature 

(Ta). The sensitivity factors (RSF) used were Zn: 18.92, and Tb: 49.42. 

Table 5: Debye-Scherrer crystallite sizes and dislocation density for (002) and (110) 

peaks as function of XTb and for the different annealed temperature (Ta). For 

comparison, those of commercial powder are also given. 

Table 6: Cell parameters (a and c), c/a ratio , unit cell volume, u parameter , bond 

length b, and b1 as functions of Tb concentration (XTb) and annealing temperature 

(Ta). For comparison structure parameters of the commercial ZnO powder and those 

of the JCPDS XRD database, file number 36–1451 are also listed. 

Table 7: Band gap values of Tb-doped ZnO micropods for different Tb 

concentrations (XTb) and heat temperatures (Ta) obtained from UV–Vis reflectance 

and photoluminescence spectroscopy. 

Table 8: Calculated CIE color coordinates (x,y) for Tb-doped ZnO micropods as 

function of Tb concentration (XTb) and annealing temperature (Ta). 
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Table 9: Calculated values of the rectification ratio (IF/IR) calculated at 4V, turn-on 

voltage (VF), reverse saturation current (Is), ideality factor (n), barrier height (b), and 

series resistance (Rs) for all samples using two methods. 
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Captions for Figures 

 

Fig. 1: Elemental EDX and element overlap maps of 5 wt % Tb-doped ZnO as-grown 

(XTb = 0.80%) (a) and 25 wt % Tb-doped ZnO annealed at 700 ° C (XTb = 4.21%) (b). 

Fig. 2: SEM images of Y wt% Tb-doped ZnO micropods on p-Si substrate (a) Y = 0, 

(b) Y = 5, (c) Y =10, (d) Y = 15 (e), Y = 20, and (f) Y=25 as grown and annealed at 

300, 500 and 700 ° C. 

Fig. 3: XPS binding energy spectra of (a) un-doped ZnO for the Zn2p and O1s core 

levels and (b) 25 wt %Tb-doped ZnO for the Zn2p, O1s and Tb3d core level as a 

function of the annealing temperature. The corresponding XPS survey spectra are also 

presented. 

Fig. 4: De-convoluted O1s XPS core level spectra of (a) un-doped and (b) 25 wt % 

Tb-doped ZnO micropods as grown and annealed at 300, 500, and 700 ° C. The 

individual components were identified after fitting with multiple Gaussian peaks. The 

dashed wine line represents the cumulative fitting of all individual peaks. 

Fig. 5: De-convoluted Tb 3d XPS core-level spectra of 25 wt % Tb-doped ZnO 

micropods. The individual components were identified after fitting with multiple 

Gaussian peaks. The dashed-dotted purple line represents the cumulative fit for all 

individual peaks. 

Fig. 6: X-ray diffraction spectra of Tb-doped ZnO micropods on p-Si substrate as 

grown (a) and annealed at 300 ° C (b), 500 ° C (c), and 700 ° C (d). 

Fig. 7: Photoluminescence spectra (excited at 325 nm) of Tb-doped ZnO micropods  

as grown (a), annealed at 300 ° C (b) 500 ° C (c), and 700 ° C (d). 

Fig. 8: Photoluminescence spectra (excited at 405 nm) of as-grown Tb-doped ZnO 

micropods (a) and annealed at 700 ° C (b). 
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Fig. 9: CIE coordinate diagrams of un-doped and Tb-doped ZnO samples as grown 

(a), annealed at 300 ° C (b), 500 ° C (c), and 700 ° C (d). 

Fig. 10: CIE coordinate diagrams of un-doped (a), 1.44% (b), and 1.70 %  (c) Tb-

doped ZnO micropods annealed at different  temperatures. 

Fig. 11: Plots of the current–voltage (I–V) characteristics of Tb-doped ZnO 

micropods on p-Si substrate for different Tb concentrations (XTb) (a) as grown and 

annealed for 2 h at (b) 300 ° C, (c) 500 ° C, and (d) 700 ° C. 

Fig. 12: dV/d(lnI)–I and H(I)–I plots of the un- and 4.21% Tb-doped heterojunction 

samples annealed at 700° C. 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

 

 

400 450 500 550 600 650

0.0

2.0x10
3

4.0x10
3

6.0x10
3

8.0x10
3

1.0x10
4

1.2x10
4

 (nm)

P
l 
in

te
n

s
it

y
 (

a
. 
u

.)

 X
Tb

=0%

 X
Tb

=0.80%

 X
Tb

=1.26%

 X
Tb

=1.35%

 X
Tb

=1.48%

 X
Tb

=1.68%

(a) As grown, exc=405nm

5
D

4
-7

F
4

  

450 500 550 600 650

0

1x10
3

2x10
3

3x10
3

4x10
3

5x10
3

6x10
3

7x10
3

8x10
3

5
D

4
-7

F
4

 (nm)

P
l 
in

te
n

s
it

y
 (

a
. 
u

.)

 X
Tb

=0%

 X
Tb

=1.70%

 X
Tb

=1.87%

 X
Tb

=3.30%

 X
Tb

=4.21%

(a) 700 
o
 C, exc=405nm

5
D

4
-7

F
3

 

 

 

 

  



16 

Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Table 1 

 

Samples Ta ( C) XTb(%) 

5%Tb-ZnO 

0 0.80 

300 1.39 

500 1.44 

700 1.60 

10%Tb-ZnO 

0 1.26 

300 1.44 

500 1.57 

700 1.70 

15%Tb-ZnO 

0 1.35 

300 1.53 

500 1.77 

700 1.87 

20%Tb-ZnO 

0 1.48 

300 1.72 

500 1.97 

700 3.30 

25%Tb-ZnO 

0 1.68 

300 2.96 

500 3.12 

700 4.21 
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Table 2 
 

Samples Ta ( C) 
O1s 

components 

Peak position 

(eV) 
Area ratio (%) 

ZnO 

0 

O1 528.64 1.44 

O2 530.25 58.99 

O3 531.63 39.57 

300 

O1 528.93 1.33 

O2 530.48 56.29 

O3 531.84 42.38 

500 

O1 528.65 8.90 

O2 531.30 27.57 

O3 533.23 63.53 

700 

O1 530.21 13.01 

O2 530.85 26.68 

O3 532.98 60.31 

25%Eu-ZnO 

0 

O1 529.57 4.47 

O2 530.28 61.53 

O3 531.69 34.00 

300 

O1 529.18 33.27 

O2 531.19 36.52 

O3 532.69 30.21 

500 

O1 530. 43 72.29 

O2 530.59 12.54 

O3 532.02 15.17 

700 

O1 530.24 32.55 

O2 531.44 27.19 

O3 532.80 40.26 

 

 



3 

 

Table 3 

 

 
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 

Ta ( C) 
Tb3d5/2 (3+) 

(eV) 

Tb3d5/2 (4+) 

(eV) 

Tb3d5/2 (3+) 

(eV) 

Tb3d5/2 (4+) 

(eV) 

Tb3d3/2 (3+) 

(eV) 

Tb3d3/2 (4+) 

(eV) 

Tb3d3/2 (3+) 

(eV) 

Tb3d3/2 (4+) 

(eV) 

0 1241.20 1243.88 1250.16 1252.44 1276.13 1277.01 1283.00 
 

300 1241.67 1244.24 1250.46 1253.20 1276.57 1277.33 1283.35 
 

500 1241.54 1244.23 1250.35 1252.94 1276.31 1277.01 1283.46 
 

700 1241.63 1244.38 1250.66 1253.18 1276.59 1277.45 1283.43 
 

Tb2O3 [28] 1241.2 
   

1275.0 
   

TbO1.5 (3+) [28] 1239.1 
 

1250.4 
 

1274.0 
 

1286.3 
 

TbO1.82 (4+) [28] 
 

1241.4 
 

1251.4 
 

1276.0 
 

1287.7 

 

 

 

 

 

 



4 

 

Table 4 

 

Ta ( C) 
XPS Area 

Zn 2p 

XPS Area 

Tb
3+

 3d 

XPS Area 

Tb
4+

 2p 

CTb
3+ 

(at %) 

CTb
4+ 

(at %) 

0 434300 281670 47173 19.3 3.3 

300 320274 202820 40224 18.8 3.7 

500 396377 290549 47823 21.2 3.5 

700 467692 370622 67991 22.3 4.1 
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Table 5 

Ta ( C) XTb(%) 
tDS(002) 

(nm) 
DS(200) (10

14
 

lines/m
2
) 

tDS(110) 

(nm) 
DS(110) (10

14
 

lines/m
2
) 

0 

0 41 5.95 28 12.78 

0.80 41 5.95 36 7.72 

1.26 40 6.25 34 8.65 

1.35 38 6.93 29 11.89 

1.48 38 6.93 34 8.65 

1.68 47 4.53 36 7.72 

300 

0 31 10.41 26 14.79 

1.39 27 13.72 27 13.72 

1.44 26 14.79 24 17.36 

1.53 40 6.25 29 11.89 

1.72 25 16.00 18 30.86 

2.96 44 5.17 35 8.16 

500 

0 52 3.73 74 1.83 

1.44 38 6.93 31 10.41 

1.57 37 7.30 30 11.11 

1.77 50 4.00 - - 

1.97 37 7.30 32 9.77 

3.12 37 7.30 29 11.89 

700 

0 58 2,97 36 7.72 

1.60 42 5.67 32 9.77 

1.70 38 6.93 28 12.76 

1.87 38 6.93 30 11.11 

3.30 34 8.65 26 14.79 

4.21 35 8.16 25 16.00 

ZnO powder 0 30 11.44 33 9.33 
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Table 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ta ( C) XTb(%) a (Å) c (Å) c/a V (Å 
3
) u b (Å) b1(Å) 

0 

0 3.246 5.199 1.602 47.440 0.3799 1.9751 1.9754 

0.80 3.254 5.214 1.602 47.812 0.3798 1.9803 1.9805 

1.26 3.256 5.218 1.603 47.908 0.3798 1.9818 1.9817 

1.35 3.242 5.203 1.605 47.360 0.3794 1.9740 1.9741 

1.48 3.251 5.205 1.601 47.415 0.3800 1.9779 1.9782 

1.68 3.261 5.222 1.601 48.092 0.3800 1.9844 1.9843 

300 

0 3.240 5.187 1.601 47.156 0.3801 1.9716 1.9713 

1.39 3.239 5.188 1.602 47.136 0.3799 1.9709 1.9711 

1.44 3.245 5.199 1.602 47.411 0.3799 1.9751 1.9748 

1.53 3.253 5.201 1.603 47.783 0.3798 1.9772 1.9794 

1.72 3.261 5.223 1.602 48.101 0.3799 1.9842 1.9845 

2.96 3.252 5.212 1.603 47.735 0.3798 1.9795 1.9793 

500 

0 3.250 5.206 1.602 47.621 0.3799 1.9778 1.9778 

1.44 3.238 5.185 1.601 47.080 0.3800 1.9703 1.9703 

1.57 3.238 5.184 1.601 47.071 0.3800 1.9699 1.9702 

1.77 3.250 5.206 1.602 47.621 0.3799 1.9778 1.9778 

1.97 3.238 5.184 1.601 47.071 0.3800 1.9699 1.9873 

3.12 3.243 5.193 1.601 47.298 0.3800 1.9733 1.9733 

700 

0 3.251 5.209 1.602 47.678 0.3798 1.9784 1.9786 

1.60 3.258 5.220 1. 602 47.985 0.3799 1.9831 1.9827 

1.70 3.256 5.220 1.603 47.926 0.3797 1.9820 1.9820 

1.87 3.244 5.196 1.602 47.355 0.3799 1.9740 1.9742 

3.30 3.246 5,197 1.601 47.422 0.3800 1.9749 1.9752 

4.21 3.258 5.223 1.603 48.012 0.3797 1.9832 1.9832 

ZnO powder 0 3.2502 5.2072 1.6021 47.639 0.3799 1.9780 1.9779 

ZnO JCPDS (N◦ 36–1451)  0 3.2498 5.2066 1.6021 47.849 0.3799 1.9780 1.9777 
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Table 7 

 

Ta ( C) XTb(%) 
Eg (eV) 

Reflectance spectra Pl spectra 

0 

0 3.20 3.27 

0.80 3.21 3.25 

1.26 3.22 3.26 

1.35 3.17 3.27 

1.48 3.18 3.27 

1.68 3.22 3.27 

300 

0 3.19 3.18 

1.39 3.24 3.19 

1.44 3.24 3.19 

1.53 3.19 3.19 

1.72 3.18 3.22 

2.96 3.20 3.19 

500 

0 3.21 3.20 

1.57 3.23 3.19 

1.77 3.20 3.19 

1.97 3.19 3.20 

3.12 3.17 3.19 

700 

0 3.20 3.23 

1.70 3.22 3.24 

1.87 3.23 3.24 

3.30 3.17 3.25 

4.21 3.21 3.24 
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Table 8 

 

Ta ( C) XTb(%) 
CIE 

CCT (K) 
x y 

0 

0 296;4 29628 4522 

0.80 29657 29678 55;7 

1.26 29652 29668 5635 

1.35 2963; 29629 55:3 

1.48 295;4 2967; 63;9 

1.68 2964; 29683 5777 

300 

0 29696 29585 4345 

1.39 295;2 29570 58:2 

1.44 29548 29584 79;5 

1.53 29545 29577 7;25 

1.72 29521 29553 93;: 

2.96 29526 29555 8;77 

500 

0 29657 29644 5392 

1.57 29665 29645 4954 

1.77 29644 29670 5268 

1.97 2959: 29645 57;: 

3.12 29657 29644 656: 

700C 

0 2955: 29671 7598 

1.70 29649 29656 5649 

1.87 296:3 29644 4749 

3.30 29570 29662 7298 

4.21 295;7 2964; 5;70 
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Table 9 

Ta ( C) XTb (%) IF/IR at 4 V 

Standard I-V method Cheung - Cheung's method 

VF (V) Is (10
-8 

A) n b (eV) Rs (k) n b (eV) Rs (k) 

0 

0 1.98 3.36 7.15 1.51 0.82 11.7 2.63 0.73 31.8/33.1 

0.80 2.62 3.46 3.98 1.29 0.77 15.8 3.33 0.74 42.1/42.6 

1.26 6.27 1.88 2.34 1.92 0.83 10.6 5.80 0.73 25.6/26.0 

1.35 3.77 2.56 4.77 1.17 0.82 9.3 3.29 0.77 23.6/20.2 

1.48 2.67 2.44 4.77 1.44 0.85 57.8 5.60 0.76 111.8/119.2 

1.68 3.88 1.09 10.3 1.16 0.82 9.2 3.33 0.73 11.7/12.1 

300 

0 1.95 2.48 9.54 1.36 0.81 15.5 3.14 0.76 34.4/35.4 

1.39 8.56 2.84 0.795 1.71 0.87 23.1 2.24 0.78 54.8/54.3 

1.44 5.33 2.68 10.73 1.24 0.81 11.8 4.24 0.74 38.0/37.0 

1.53 7.29 1.07 4.77 1.24 0.90 34.0 2.60 0.78 26.7/24.5 

1.72 19.24 2.34 2.39 1.28 0.85 17.9 2.70 0. 74 37.7/38.3 

2.96 6.64 2.95 2.38 1.31 0.85 21.3 2.24 0.79 48.1/51.7 

500 

0 6.22 2.27 1.19 3.33 0.87 63.8 4.33 0.77 86.7/89.7 

1.44 5.26 1.67 3.97 1.25 0.84 36.2 1.20 0.83 66.2/58.0 

1.57 5.77 4.00 3.58 1.51 0.84 12.2 5.00 0.79 51.1/49.9 

1.77 3.20 3.40 0.29 1.67 0.90 34.0 5.70 0.83 91.8/103.3 

1.97 7.40 1.69 5.96 1.26 0.83 10.9 2.71 0.77 17.3/17.9 



10 

3.12 5.02 2.53 5.92 1.00 0.83 9.3 2.90 0.80 21.2/19.0 

700 

0 3.86 0.69 9.54 1.27 0.83 44.4 5.40 0.77 45.9/47.4 

1.60 2.23 3.27 1.19 1.62 0.87 24.6 3.36 0.78 105.3/109.7 

1.70 88.78 5.32 0.79 3.87 0.88 14.0 5.37 0.87 59.9/64.5 

1.87 7.70 1.99 0.80 1.51 0.88 20.7 7.23 0.88 25.3/29.2 

3.30 4.19 3.69 3.58 1.11 0.84 31.1 6.07 0.85 91.7/84.9 

4.21 30.50 2.33 1.19 2.67 0.87 19.4 4.72 0.83 35.8/41.6 

 

 

 

 

 

 

 


