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      Crystals of an incongruent-melting compound, Ba3MgSi2O8, were grown by the 

flux method and its structure was determined by single crystal X-ray diffraction 

methods.  Ba3MgSi2O8 crystallizes in trigonal space group P 3 m1 with a = 

5.6123(3) Å, c = 7.2667(9) Å and Z = 1. Eu2+ ions prefer one crystallographic Ba 

site in the structure and exhibit strong blue emissions at 440 nm.  A new series of 

compounds RE4Zn4(SiO4)5 (RE=Y, La, Eu, Gd, Tb, Dy, Ho, Er), adopting an 

unprecedented new structure type, was discovered.  Crystals of Y4Zn4(SiO4)5 were 

grown from a silica-rich eutectic melt and its structure was determined by single-

crystal diffraction methods.  It crystallizes in tetragonal space group P42/n with cell 

dimensions a = 9.3289(10) Å, c = 9.0509(18) Å and Z = 2.  Selected photo-

luminescence properties of lanthanide ions doped Y4Zn4(SiO4)5 are presented.  



 
 

High-purity MgS:Eu phosphors, exhibiting distinct cubic morphology, high 

luminescence efficacy, and stability against moisture, were synthesized.  Thin films 

of early transition metal oxides (TiO2, HfO2, Nb2O5, and V2O5) have been 

deposited from peroxo-assisted aqueous solutions.  The facile decomposition of 

peroxo ligands upon annealing allows smooth and efficient transformation of the 

precursors into high-quality films.  Therefore, the films exhibit extraordinary 

performance in advanced optical and electrical devices, such as dielectric mirrors, 

microcavities, capacitors, and thin-film transistors (TFTs).   The control over film 

thickness to a single-digit nm thickness is also demonstrated through the fabrication 

of TiO2−AlPO nanolaminates using simple beaker chemistry.  
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Chapter 1 

 

Introduction to Luminescent Materials,  
Dielectric Optical Elements, and Thin-Film Transistors 
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      Synthesis of inorganic materials, from phosphors to thin-film oxides, is the 

main subject of this thesis. The processing of a material, especially in thin-film 

form, can significantly affect its characteristics, properties, and performance in 

applications. Since this thesis transcends chemistry, also encompassing physics and 

electrical engineering, some background information is provided here for those 

applications relevant to this work. The details of utilizing chemistry to realize 

properties relevant to these applications are described in the following chapters.  

      A luminescent material, also known as a phosphor, is a solid that converts 

certain types of energy into electromagnetic radiation over and above thermal 

radiation.1 It consists of a host lattice and a luminescent center, often called the 

activator. The activator absorbs the excitation energy, rising to an excited state, and 

then returns to the ground state by emission of radiation, cf., Figure 1.1. The nature 

of both the activator ion and the lattice site determines the absorption and emission 

characteristics. Lanthanide ions are common activators. Their 4f orbitals are 

shielded from the surroundings by the filled 5s2 and 5p6 orbitals; hence, crystal-

field splitting of the 4f orbitals is quite small. Emission from the intra-configuration 

transitions 4fn → 4fn of the ions is thus characterized by sharp lines. The intensity 

of a particular emission line, however, is very sensitive to the symmetry of the 

lattice site, especially for Eu3+ (4f6). If the lanthanide ion occupies a lattice site with 

inversion symmetry, optical transitions between levels of the 4fn configuration are 

strictly forbidden as electric-dipole transitions according to the parity selection rule. 

They can only occur as much weaker magnetic-dipole transitions or as vibronic 
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electric-dipole transitions. If there is no inversion symmetry at the site, the odd 

crystal-field components can mix opposite-parity states, for example, s or d 

orbitals, into the 4fn configuration levels. The parity selection rule for electric-

dipole transitions is now relaxed and the emission becomes stronger. Several 

lanthanide ions, such as Eu2+ (4f7) and Ce3+ (4f1), exhibit emission due to 5d → 4f 

inter-configuration transitions, which are parity allowed. The electronic transition 

involving different orbitals also means that the chemical bonding in the excited 

state is much different from that in the ground state, i.e., the difference of 

equilibrium distance between the two states (ΔR) is large. The coupling between 

electrons and vibrations is also strong, contributing to broad band emission. Since 

the outer shell d orbital is strongly influenced by the surroundings, the spectral 

position of the emission band is dependent on the covalency of the lanthanide-anion 

bonding interaction, crystal-field strength, and the Stokes shift. In this thesis, 

luminescence of Eu3+, Tb3+, and Ce3+ in the new compound Y4Zn4Si5O20 is 

described in Chapter 3. The emission of Eu2+ in Ba3MgSi2O8 and MgS is discussed 

in Chapters 2 and 4, respectively. 

      A dielectric mirror is composed of alternating layers of materials with different 

refractive indices,2 cf., Figure 1.2. Each interface between the two materials causes 

a partial reflection of an optical wave. Layer thicknesses are chosen so that the path 

length difference between reflections from subsequent interfaces is half of the 

designed wavelength. In addition, the reflection coefficients for the interfaces have 

alternating signs. Therefore, all reflected components from the interfaces interfere 
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constructively, resulting in a strong reflection. The reflectivity achieved is 

determined by the number of layer pairs and by the refractive index contrast 

between the layers. The reflection bandwidth is determined mainly by the index 

contrast. The simplest and most common design is that of a Bragg mirror, where 

the thickness of each layer corresponds to one-quarter of the design wavelength, 

i.e., λ/4n. The mirror can be converted to a microcavity by adding a spacer of 1/2 

wavelength in the middle of the repeating 1/4-wavelength layers (Figure 1.2). From 

the viewpoint of solid state physics, this spacer is a defect in a periodic structure, 

producing an allowed state in the bandgap. From the viewpoint of optical physics, 

the structure is two mirrors facing each other with room for one standing halfwave.3 

In our solution-processed-oxide toolbox, TiO2 (n(500 nm) = 2.3) and AlPO (n(550 

nm) = 1.5) are two useful materials for fabricating these two types of classic optical 

elements. In Chapter 5, we present these results on using low-temperature solution 

processing to produce high-performance dielectric mirrors and microcavities. 

      Field-effect transistors (FETs) are devices where current is controlled by the 

action of an electric field, as opposed to carrier injection.4 A thin-film transistor 

(TFT) is one type of FET, consisting of thin films of a semiconductor channel 

layer, a dielectric layer, and metallic contacts on a supporting substrate. The 

objective of a TFT is to modulate the current through the channel by means of a 

voltage applied to a gate electrode. A typical staggered, bottom-gate, and n-channel 

(electron majority carrier) TFT is illustrated in Figure 1.3. It operates as follows. If 

the gate-source voltage is smaller than the turn-on voltage (VGS < Von), electrons 
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are not present at the channel-dielectric interface. Thus, no current can flow from 

the source to the drain, even with a potential difference applied between them. If 

the gate voltage applied is larger than Von, electrons are injected from the source 

into the interface and form a gate-bias-induced electron accumulation layer. When 

a positive voltage is applied to the drain with the source grounded, electrons are 

transferred through the low-resistance accumulation layer and extracted at the drain 

contact. The magnitude of drain current depends on the gate overvoltage, which 

determines the accumulation layer sheet charge density and on the magnitude of the 

drain voltage, which establishes the electric-field aided drift condition along the 

channel from the source to the drain.5 The performance of a TFT is generally 

assessed by Von, drain current on-to-off ratio (Ion/Ioff), incremental channel mobility 

(μinc), inverse subthreshold slope (S), and device stability. As mentioned earlier, Von 

represents the gate voltage at which drain current starts to increase. Ion/Ioff ratio 

characterizes the dynamic range of the switch. μinc is directly related to TFT current 

drive and maximum switching frequency. S, defined as the gate voltage required to 

change the drain current by 1 order of magnitude in the subthreshold region of the 

transfer curve, provides a measure of the effectiveness of the applied gate voltage 

in turning the channel on and off. The quality of the materials used in a TFT is 

critical to its performance. In the case of the gate dielectric, the insulator must 

exhibit an atomically smooth surface, a pore-free density, low-leakage current, 

high-breakdown strength, and a low-interface state density. In Chapters 6 and 7, 

solution processing of AlPO−TiO2 nanolaminates and HfO2 thin films from water-
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based precursors and associated performance as dielectrics in electronic devices are 

described.    

  

References 

[1] Blasse, G.; Grabmsirt, B. C. Luminescent Materials, Springer-Verlag: Berlin, 
1994. 
[2] Saleh, B. E. A.; Teich, M. C. Fundamental of Photonics, 2nd edition, Wiley: 
New Jersey, 2007. 
[3] McIntyre, D. H. unpublished work, 2008.  
[4] Greve, D. W.; Field Effect Devices and Applications, Prentice-Hall: Upper 
Saddle River, 1998. 
[5] Wager, J. F.; Keszler, D. A.; Presley, R. E. Transparent Electronics, Springer: 
New York, 2008. 
 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

 

Figure 1.1. (a) Basic components of a phosphor: an activator (A) and the host 
material, and (b) schematic mechanism of luminescence. The asterisk indicates the 
excited state. 
 

 

 

Figure 1.2. Structures of two classic dielectric optical elements. 
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Figure 1.3. A staggered, bottom-gate, and n-channel thin-film transistor device 
structure and its operation.  
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Abstract 

      Crystals of an incongruent-melting compound, Ba3MgSi2O8, were grown by the 

flux method, and its structure was determined by single crystal X-ray diffraction 

methods. Ba3MgSi2O8 crystallizes in trigonal space group P3m1 with a = 5.6123(3) 

Å and c = 7.2667(9) Å. The structure contains layers built from SiO4 tetrahedra 

linked by MgO6 octahedra, with two crystallographically distinct Ba atoms arraying 

between and within the layers. The structure relationship between the subcell and 

the supercell (P 3 ), found only by neutron diffraction, is discussed with the 

emphasis on the Ba sites. The broadband emission of Eu2+ doped Ba3MgSi2O8 was 

assigned to one preferential occupancy site of Eu2+ in the crystal structure. The 

hygroscopic nature of Ba3MgSi2O8:Eu2+ was also minimized by a surface 

treatment. 
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2.1 Introduction 

      Due to their various crystal structures and high chemical stabilities, alkaline-

earth silicates have been widely studied as host materials for luminescence.1−6 

Among them, Eu2+-doped Ba3MgSi2O8 phosphors have drawn much attention. Blue 

emissions of Ba3MgSi2O8:Eu2+ with high quantum efficiencies were first reported 

by Blasse et al.7 and Barry8 concurrently in 1968. The emission spectrum exhibited 

one asymmetric broad band peaked at 440 nm. Similar emission characteristic of 

Ba3MgSi2O8:Eu2+ samples was reported by other groups.9−11 Recently, Kim and co-

workers have claimed the fabrication of white-light emitting diodes using 

Ba3MgSi2O8-based phosphors.12−15 Different from the other groups’ results, they 

observed two emission bands at 440 and 505 nm (green) from Eu2+ in their 

Ba3MgSi2O8 samples. The lack of confirmative crystal structure of Ba3MgSi2O8 

made it hard to explain the discrepancy then.  

      M3MgSi2O8 (M=Ca, Sr, Ba) had long been assumed to be isostructural. The 

structure was initially believed to be orthorhombic.8,16 Later, it was revised to the 

merwinite structure with monoclinic symmetry.10−15,17 Until recently have Yonesaki 

et al. pointed out the structure of Ba3MgSi2O8 is different from that of Ca3MgSi2O8 

and assigned it to a trigonal type by using the powder X-ray Rietveld method.18 In 

the same year, Park et al. revealed the superstructure of Ba3MgSi2O8 based on 

Rietveld refinements of the powder neutron diffraction data.19 

      We believe it is the difficulty in preparing pure Ba3MgSi2O8 powders that 

hinders the determination of its structure. In this paper, we report the syntheses of 
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single crystals and high-purity powders of Ba3MgSi2O8. The luminescent properties 

of Ba3MgSi2O8:Eu2+ are re-examined based on the solved structure. Moreover, a 

method to solve the problem of hygroscopicity of Ba3MgSi2O8:Eu2+ is described. 

 

2.2 Experimental 

2.2.1 Synthesis 

      Single crystals of Ba3MgSi2O8 were grown by using LiF as the flux. The 

starting materials BaCO3 (99.9%, Cerac), prebaked MgO (99.5%, Cerac), SiO2 

(99.5%, Cerac), and LiF (99.5%, Cerac) were weighed in the molar ratio 3:1:2:2 

and ground in an agate mortar. The mixture was placed in a Pt crucible and heated 

to 1250 ºC at 200 ºC/hr, maintained at 1250 ºC for 5hr, and then cooled at a rate of 

5 ºC/hr to 900 ºC. Colorless and transparent single crystals were physically 

separated from the melt. 

      Powdered samples of Ba3-xSrxMgSi2O8 (x=0−2) (99.995% SrCO3, AAPL) and 

Ba2.97MgSi2O8:0.03Eu (5N Eu2O3, Stanford) were prepared by first firing the 

stoichiometric mixtures for 2 h at 1000 ºC in air, employing 1wt% NH4Cl (99.6%, 

Mallinckrodt) as fluxes, and then annealing for 3 h at 1200 ºC in air for the 

undoped samples or in a gas flow of 5% H2−95% N2 for the Eu2+-doped samples. 

1.2.2 Structure Analysis 

      Single-crystal X-ray diffraction (XRD) data for Ba3MgSi2O8 were collected on 

a Bruker Smart Apex diffractometer at 173(2) K using Mo-Kα radiation 

(λ=0.71070 Å). The structure was solved by direct methods and refined with full-
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matrix least-squares methods based on F2. An absorption correction was applied by 

using the program SADABS.20 All calculations were performed using the 

SHELXTL (v. 6.10) package.21  

      Powder XRD data were collected on a Siemens D-5000 diffractometer with Cu-

Kα radiation (λ=1.5406 Å). Unit cell parameters for Ba3-xSrxMgSi2O8 (x=0−3) solid 

solution series were refined by using the least squares computer program CELREF 

(v. 3.0).22 

2.2.3 Photoluminescence  

      UV-excited emission spectra were collected with an in-house spectrometer. An 

Oriel 300-W Xe lamp and a Cary model-15 prism monochromator provided tunable 

excitation light. For detection, emitted light was passed through an Oriel 22500 1/8-

m monochromator and monitored with a Hamamatsu R636-10 photomultiplier tube 

(PMT). The emission spectra were corrected with a standardized W lamp.  

      To solve the problem of hygroscopicity of Ba3MgSiO8:Eu2+, phosphors were 

washed in a NH4F/ethanol solution, then filtered and dried. For hygroscopicity 

tests, the NH4F treated and untreated samples were exposed to saturated water 

vapor at room temperature in the setup illustrated in Figure 2.1, followed by their 

brightness measurements. The relative brightness of the samples was measured by 

using an Oriel 6035 Hg lamp as an excitation source. Emission light was collected 

at the right angle to excitation, passed through a UV filter, and detected with a 

Hamamatsu R636-10 PMT. 
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2.3 Results and Discussion 

2.3.1 Crystal Structure 

     Crystallographic data of Ba3MgSi2O8 are given in Table 2.1, final positional and 

isotropic displacement parameters in Table 2.2, selected interatomic distances and 

angles in Table 2.3. It should be pointed out here that a significant elongation of 

thermal ellipsoid of the O(2) atom in the plane perpendicular to the Si−O(2)−Ba(2) 

fragment was noticed during the refinements, which seems to be related to a 

disorder of the atom position. Such positions were found on the residual density 

map and the final refinement of the structure was completed with the O(2) atom 

disordered over three equivalent positions around a 3-fold axis. The superstructure 

of Ba3MgSi2O8, revealed by Park et al. via powder neutron diffraction technique,19 

which is hypersensitive to the position of the light oxygen atom due to its long 

neutron scattering length, was not able to be identified in our single-crystal XRD 

patterns. According to the authors, the √3a × √3a × c supercell (space group P3) of 

Ba3MgSi2O8 was transformed from the smaller a × a × c subcell (P3m1) with a 

small reorientation of the SiO4 tetrahedra. The disorder of the O(2) atom position 

found in our results is probably related to the superstructure. Since the structural 

layout of the supercell for Ba3MgSi2O8 is not much different from that of the 

subcell, consideration of the subcell is sufficient to provide the understanding of its 

structure. 

      As shown in Figure 2.2, the structure of Ba3MgSi2O8 consists of layers built up 

of MgO6 octahedra linked by SiO4 tetrahedra via corner-sharing the vertices (O(1)), 
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with the Ba atoms arraying between and within the layers. Si is coordinated by 

three O(1) atoms at a distance of 1.650(3) Å and one O(2) at 1.601(9) Å. The 

O−Si−O angles vary from 106.7(4) to 121.4(7) º with an average value of 109.3 º. 

The MgO6 octahedron has a Mg−O(1) bond length of 2.139(3) Å and 

O(1)−Mg−O(1) angles of 180.0, 92.5(1), and 87.5(1) º.  

      Since Ba sites play important roles in determining 5d ↔ 4f transitions of Eu2+ 

ions, their coordination environments will be described in more details here, with 

comparisons of those found in the superstructure. There are two distinct 

crystallographic Ba sites in the structure of Ba3MgSi2O8 (P3m1) with a Ba(1):Ba(2) 

ratio of 1:2. As shown in Figure 2.3a, the Ba(1) atom is coordinated  by 12 O 

atoms: six O(1) atoms at a distance of 2.902(2) Å in apical positions and six O(2) 

atoms at 3.119(9) Å in equatorial positions, forming a distorted icosahedron with 

D3d (3m) symmetry. The average Ba(1)−O distance is 3.011 Å. The valence of 

Ba(1) was calculated to be 1.8 in such coordination environment by using the bond 

valence calculator (v. 2.00).23  

      As shown in Figure 2.3b, the Ba(2) atom, which occupies a site with C3v (3m) 

symmetry, is surrounded by 10 O atoms: six O(1) atoms in equatorial positions at a 

distance of 2.808(1) Å, three O(1) atoms on the triangular base at 2.982(3) Å, and 

one O(2) atom in the apical position at 2.531(8) Å, forming half a cuboctahedron 

capped by a single O atom at the bottom. The average bond distance of Ba(2)−O is 

2.833 Å. The Ba(2)−O(2) bond length (2.531(8) Å) is unusually short, causing the 

calculated valence of Ba(2) to be 2.4, much higher than its oxidation state. Such a 
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short Ba-O distance is also observed in the structure of Ba9Sc2(SiO4)6, containing a 

similar coordination environment of Ba with Ba−O bond lengths varying from 

2.580(6) to 3.146(5) Å.24   

      Since the negligence of some longer Ba-O distances resulted in unfulfilled bond 

valences for Ba1 and Ba2 in the previous work,19 the Ba sites in the superstructure 

of Ba3MgSi2O8 (P3) were replotted in Figure 2.3c,d,e, for the three crystallographic 

sites of Ba atoms, labeled Ba1, Ba2, and Ba3, respectively. The 12-coordinate 

Ba(1) sites in the substructure (P3m1) split into Ba1 and Ba2, and the 10-coordinate 

Ba(2) sites change to Ba3, with a final ratio of Ba1:Ba2:Ba3=1:2:6 in the 

superstructure. As shown in Figure 2.3, the corresponding coordination 

environments of the Ba atoms in the superstructure are generally similar to those in 

the substructure except for some distortions, leading to the lowered symmetries of 

S6(3), C3(3), and C1(1), for the Ba1, Ba2, and Ba3 sites, respectively. The average 

bond distances of Ba1−O, Ba2−O, and Ba3−O are 3.081, 3.083, and 2.842 Å, 

respectively, consistent with the corresponding average distances found in the 

substructure. A short Ba−O distance of 2.538(2) Å was also noted in the 

superstructure. 

2.3.2 Photoluminescence 

     The spectral position of the emission band of Eu2+, due to the 4f65d1 → 4f7 

transition, depends on the covalence of the lattice site (the nephelauxetic effect), the 

crystal field strength, polarizability of the neighboring O2-, and the Stokes shift. 

Among them, the covalence of the site is usually the dominant factor. Since Sr2+ 
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has nearly identical charge density as Eu2+,25 the lattice site(s) of Sr in the Ba3-

xSrxMgSi2O8 structure probably represents the site(s) where Eu2+ will substitute Ba 

when Ba3MgSi2O8 is doped with Eu2+. Therefore, solid solutions of Ba3-

xSrxMgSi2O8 (x=0−2) were prepared. The different X-ray scattering factors of Ba 

and Sr should allow us to detect the relatively intensity changes of certain 

diffraction peaks in the XRD patterns by varying the Ba:Sr ratio in the compounds, 

if there is any preferred occupancy of Sr2+ in the structure. 

      As mentioned earlier, it is difficult to prepare high-purity Ba3MgSi2O8 powders. 

We attribute the synthesis difficulty to two main factors. First, the intermediate 

phases, Ba2SiO4, Ba2MgSi2O7, and BaMgSiO4, are thermodynamically and 

kinetically stable. Insufficient annealing or any off-stoichiometry in the mixture of 

the starting materials can easily lead to the formations of these phases. Second, the 

unusually short Ba−O bond length (2.531(8) Å) in the crystal structure may account 

for the instability of Ba3MgSi2O8 at high temperatures, which decomposes to 

BaMgSi2O8 and Ba2SiO4 above 1350 ºC, found in our experiments. After 

investigating various synthesis conditions, we came up with the recipe described 

above. As shown in Figure 2.4c and d, the representative XRD pattern of 

Ba3MgSi2O8 powders matches that calculated based on the single crystal data well, 

indicating high purity of the samples.  

      The unit cell volume of Ba3-xSrxMgSi2O8 decreases linearly when the x value 

increases from 0 to 2, as shown in Figure 2.5, indicating a continuous series of Ba3-

xSrxMgSi2O8 solid solutions are formed. A gradual increase of the relative intensity 
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of (111) diffraction with the increase of x value was observed in the XRD patterns 

for the solid solution series (cf. Figure 2.4). The same trend was observed in our 

theoretical calculations based on single crystal data of Ba3MgSi2O8 only by 

assuming Sr2+ ions occupying the Ba(2) sites. Therefore, Sr2+ ions do not distribute 

in the lattice sites randomly, they prefer Ba(2) sites to Ba(1) sites in the structure. 

Recalling that the 12-coordinate Ba(1) and the 10-coordinate Ba(2) have average 

Ba-O bond distances of 3.011 and 2.833 Å, respectively, it is reasonable for the 

smaller Sr2+ ions to occupy the Ba(2) sites in the structure. So do Eu2+ ions. 

Therefore, the emission spectrum of Ba3MgSi2O8:Eu2+ (Figure 2.6) exhibits one 

broad band peaked at 440 nm, originated from Eu2+ in the Ba(2) sites. The long-tail 

feature of the broad band, as can be seen in Figure 2.6, is commonly observed for 

the electronic transition of the outer-shell electron with great difference in chemical 

bonds between the excited state and the ground state (the configurational 

coordination model). An additional peak at 505 nm reported by other groups,12-15 is 

probably from the luminescence of Eu2+ in the extra phases: Ba2SiO4 and 

Ba2MgSi2O7, which are both well-known green phosphors. 

      We found (Ba,Eu)3MgSi2O8 phosphors were hygroscopic, which would limit its 

applications. The brightness of untreated sample decays to 55% of that of its 

original value after soaking in the saturated water vapors for a week. This problem 

was successfully solved by washing the samples with NH4F in ethanol. The 

brightness of NH4F treated sample stays almost constant, as shown in Figure 2.7. 
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2.4 Conclusion 

      Single crystals of Ba3MgSi2O8 have been synthesized by using LiF as the flux, 

and its crystal structure has been determined by the X-ray diffraction method. The 

superstructure peaks due to the small reorientation of SiO4 tetrahedra, detected in 

the neutron diffraction pattern, was not observed in the single-crystal XRD pattern. 

The Ba(1) sites in the substructure (P3m1) are found to be closely related to the 

Ba1 and Ba2 sites in the superstructure (P3), and the Ba(2) sites are related to the 

Ba3 sites. Eu2+ ions prefer the 10-coordinate Ba(2) sites in the Ba3MgSi2O8 host 

and thus exhibit one broad band emission at 440 nm upon excitation.  
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Table 2.1. Crystal Data and Structural Refinements for Ba3MgSi2O8 

Empirical formula Ba3MgSi2O8 

Formula weight  620.48 g/mol 

Temperature 173(2) K 

Wavelength 0.71073 Å 

Crystal system Trigonal 

Space group P3m1 

Unit cell dimensions a = 5.6123(3) Å α= 90 º 

b = 5.6123(3) Å β= 90 º 

c = 7.2667(9) Å γ= 120 º 

Volume (Å3) 198.22(3) Å3

Z 1 

Density (calculated) 5.198 g/cm3

Absorption coefficient 15.132 mm-1

F(000) 272 

Crystal size 0.18 × 0.09 × 0.06 mm 

Θ range for data collection 2.80 to 28.15 º 

Index ranges -4 ≤ h ≤ 7, -7 ≤ k ≤ 5, -8 ≤ l ≤ 9 

Reflections collected 978 

Independent reflections 209 [Rint = 0.0177] 

Completeness to Θ = 28.15 º 95.9 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.4638 and 0.1715 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 209 / 0 / 24 

Goodness-of-fit on F2 1.013 

Final R indices [I > 2σ(I)] R1 = 0.0221, wR2 = 0.0585 

R indices (all data) R1 = 0.0222, wR2 = 0.0587 

Extinction coefficient 0.232(14) 

Largest diff. peak and hole 1.765 and -1.073 e·Å-3 
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Table 2.2.  Atomic Coordinates and Equivalent Isotropic Displacement Parameters 
Ueq (Å

2) for Ba3MgSi2O8 

Atom x y z Ueq 

Ba(1) 0 0 0 0.008(1) 

Ba(2) 2/3 1/3 0.6749(1) 0.003(1) 

Mg 0 0 1/2 0.007(1) 

Si 2/3 1/3 0.2386(3) 0.005(1) 

O(1) 0.3515(5) 0.1757(3) 0.3228(4) 0.009(1) 

O(2) 0.7220(40) 0.3610(20) 0.0213(11) 0.018(6) 

a Ueq is defined as one third of the trace of the orthogonalized U
ij
 tensor. 

 

Table 2.3. Selected Bond Distances (Å) and Angles (º) in Ba3MgSi2O8 

Bond  Distance Bond  Distance Bond  Distance 

Mg−O(1) 2.139(3) × 6a Ba(1)−O(1) 2.902(2) × 6 Ba(2)−O(1)b 2.982(3) × 3 

Si−O(1) 1.650(3) × 3 Ba(1)−O(2) 3.119(9) × 6 Ba(2)−O(1)c 2.808(1) × 6 

Si−O(2) 1.601(9)   Ba(2)−O(2) 2.531(8) 

 

Angles (º) Angles (º) 

O(2)−Si−O(1) 106.7(4) × 2 O(1)−Mg−O(1) 180.0 × 3 

 121.4(7)  92.5(1) × 6 

O(1)−Si−O(1) 107.1(1) × 3  87.5(1) × 6 

a Number of equivalent bond distances or angles. 
b Apical Ba(2)-O(1) bond distances. 
c Equatorial Ba(2)-O(1) bond distances. 
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Figure 2.1. The setup for soaking NH4F treated and untreated 
Ba2.97MgSi2O8:0.03Eu samples in water vapor at room temperature. The bigger 
beaker is well covered. 
 

 

Figure 2.2. The crystal structure of Ba3MgSi2O8 viewed along a1 direction. The 
layer unit is built up of MgO6 octahedra (line shaded) linked by SiO4 tetrahedra 
(dash shaded). Ba(1) atoms (white circles) are arrayed in the interlayer gaps, while 
Ba(2) (grey circles) atoms are located in the intra-layer sites. One unit cell in 
indicated. 
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Figure 2.3. Coordination polyhedra of the two crystallographically distinct Ba 
atoms in the Ba3MgSi2O8 structure (P3m1). (a) Ba(1)O12 and (b) Ba(2)O10. For 
convenience, the disordered O(2) atom position is represented by one position in 
the polyhedra. For comparison, three Ba sites in the superstructure of Ba3MgSi2O8 
(P3) are replotted in (c) for Ba1, (d) for Ba2, and (e) for Ba3, based on ref. 19. 
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Figure 2.4. XRD patterns of (a) BaSr2MgSi2O8, (b) Ba1.75Sr1.25MgSi2O8, and (c) 
Ba3MgSi2O8 powdered samples. The simulated XRD pattern of Ba3MgSi2O8 based 
on the single crystal data is shown in (d). 
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Figure 2.5. The relationship between the unit cell volume and the x value in Ba3-

xSrxMgSi2O8 (x=0−2). 
 

 

 

Figure 2.6. Emission spectrum of Ba2.97MgSi2O8:0.03Eu2+ under 380nm excitation. 
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Figure 2.7. Results of the hygroscopicity tests for NH4F treated and untreated 
Ba2.97MgSi2O8:0.03Eu2+ samples.  
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Abstract 

      A new compound Y4Zn4(SiO4)5 was discovered. Crystals of Y4Zn4(SiO4)5 were 

grown from a silica-rich eutectic melt and its structure was determined by single 

crystal diffraction methods. It crystallizes in tetragonal space group P42/n with cell 

dimensions a = 9.3289(10) Å, c = 9.0509(18) Å and Z = 2. The 3-D framework of 

Y4Zn4(SiO4)5 displays [ZnSi(1)O5]∞ tubular chains, with a chain periodicity of four, 

interconnected by Si(2)O4 tetrahedra through corner-sharing with ZnO4 tetrahedra. 

Yttrium in the structure is coordinated by eight oxygen atoms in a highly 

asymmetric fashion. Other lanthanide analogs (Ln=La, Eu, Gd, Tb, Dy, Ho, Er) 

were found to adopt the same structure as Y4Zn4(SiO4)5. Selected 

photoluminescence properties of lanthanide doped Y4Zn4(SiO4)5 are presented. Eu-

doped Y4Zn4(SiO4)5 shows a charge-transfer band at 230 nm. The emission 

spectrum consists of three intense emissions due to 5D0 → 7F1, 
7F2, 

7F4 transitions, 

which yields the chromaticity coordinates x = 0.64 and y = 0.36. The brightness of 

(Y,Eu)4Zn4(SiO4)5 reaches 60% of commercial (Y,Eu)2O3 product under 254 nm 

excitation. The vacuum ultraviolet (VUV) excitation spectrum of Tb-doped 

Y4Zn4(SiO4)5 exhibits several broad bands, spanning from 150−275 nm, due to the 

overlap of host lattice excitation and 4f8 → 4f75d1 transitions of Tb3+. (Y, 

Tb)4Zn4(SiO4)5 shows typical Tb3+ emission spectrum, due to D4 → 7FJ (J = 6, 5, 4, 

3) transitions. Effective energy transfer from Ce3+ to Tb3+ in (Y,Tb,Ce)4Zn4(SiO4)5 

was observed.  
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3.1 Introduction 

      There have been extensive studies on silicate-based phosphors. Among them, 

lanthanide doped Y2SiO5 are well-known cathodoluminescence phosphors;1 

ZnSi2O4: Mn2+ is used as green-emitting phosphor for plasma display panel (PDP) 

application.2 Binary phase systems Y2O3−SiO2
3–5and ZnO−SiO2

6,7 have been well 

investigated. But ternary phase system of Y2O3−ZnO−SiO2 has not been explored 

yet. In search of new luminescent materials, we investigated the system and 

obtained a new compound Y4Zn4(SiO4)5. Apart from its technological importance, 

Y4Zn4(SiO4)5 is also interesting from a structural point of view. Silicon is usually 

tetrahedrally coordinated by four oxygen atoms in silicates, the [SiO4] units can 

either exist as discrete structural entities or build up into chains, layers and three-

dimensional frameworks by corner-sharing of oxygen.8 Recently, structural 

chemistry of silicates was largely enriched by the discovery of a number of 

microporous silicate framework solids built of SiO4 tetrahedra and transition-

metals-centered, such as Ti, Zr, V, Nb,9,10 and Sc,11 or lanthanide-centered 

polyhedra,12–15 in the pursuit of molecular sieves for device applications. In present 

paper, we report the single crystal growth of Y4Zn4(SiO4)5 and its unprecedented 3-

D framework structure, formed by ZnO4 tetrahedra linking two symmetry 

independent, isolated SiO4 tetrahedra by corner-sharing. Photoluminescence 

properties of some selected lanthanide doped Y4Zn4(SiO4)5 are also presented. 

 

3.2 Experimental 
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3.2.1 Sample Preparation 

      Single crystals of Y4Zn4(SiO4)5 were grown from a silica-rich eutectic melt. 

The starting materials Y2O3 (Stanford, 99.99%), ZnO (Cerac, 99.5%) and SiO2 

(Cerac, 99.5%) were mixed in the molar ratio 1:2:4 and ground in an agate mortar. 

The mixture was placed in a Pt crucible and subsequently heated to 1400 ºC at 200 

ºC/hr, maintained at 1400 ºC for 5hr, and then cooled at a rate of 5 ºC/h to 1200 ºC. 

Colorless, transparent single crystals were physically separated from the melt. 

Powdered samples of RE4Zn4(SiO4)5 (RE=Sc, Y, La, Eu, Gd, Tb, Dy, Ho, Er, Tm, 

Yb, Lu) were prepared by firing stoichiometric mixtures of the oxides (RE2O3, 

Stanford, 99.99%) at 1300 ºC or 1350 ºC for 5−10 h. 

3.2.2 Single Crystal X-ray Diffraction 

      X-ray diffraction (XRD) data were collected with a single crystal of 

approximate dimension 0.10 × 0.06 × 0.04 mm on a Bruker Smart Apex 

diffractometer at 173(2) K using Mo Kα radiation (λ=0.71073 Å). The structure 

was solved by direct methods and refined with full-matrix least-squares methods on 

the basis of F2. An absorption correction was applied by using the program 

SADABS.16 All calculations were performed by using the SHELXTL (v. 6.10) 

package.17 

3.2.3 Powder X-ray Diffraction 

      Powder diffraction data were collected on a Siemens D-5000 diffractometer 

with Cu Kα radiation (λ=1.5406 Å) in the 2θ range 10−60 º with a step size of 0.02 
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º. Unit cell parameters were refined with the least squares computer program 

CELREF (v. 3.0).18 

3.2.4 Photoluminescence 

      Ultraviolet (UV) excitation and UV-excited emission spectra were collected 

with an in-house spectrometer. An Oriel 300-W Xe lamp and a Cary model-15 

prism monochromator provided tunable excitation light. For detection, emitted light 

was passed through an Oriel 22500 1/8-m monochromator and monitored with a 

Hamamatsu R636-10 photomultiplier tube (PMT). The emission spectra were 

corrected with a standardized W lamp. The excitation spectra were corrected with 

sodium salicylate in the range 300 to 340 nm and Rhodamine B in the range 340 to 

415 nm.  

      Vacuum ultraviolet (VUV) excitation spectra (120−300nm) and emission 

spectra monitored at 160 nm were collected by using a deuterium lamp attached to 

a VUV monochromator (Acton Research Corp. VM 502) for excitation, and an 

ARC SP-150 UV/Vis monochromator with PMT for measuring sample 

emission. Powdered samples were mounted vertically in the chamber at 60° in, 30° 

out. The lamp, excitation monochromator and sample chamber were evacuated 

using a diaphragm/turbomolecular pumping station (Pfeiffer Vacuum, TSU 071E) 

to a base pressure of 3.0 x 10-5 mbar. Emission spectra were corrected using a NIST 

calibrated lamp, while excitation spectra were corrected using a sodium salicylate 

standard. For reflectance measurements, the same spectrometer was used, but the 

sample was rotated toward a second PMT that was fitted with a sodium salicylate 
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coated window. Reflected light was measured and corrected relative to the 

reflectance of MgF2. Absorbance data are reported as (1 – reflectance). 

To compare the relative brightness of samples, an Oriel 6035 Hg lamp was used as 

an excitation source, which then passed through a narrow band-pass filter (220−288 

nm), thus generating λex=254 nm. Emission light was collected at the right angle to 

excitation, passed through a UV filter, and detected with a Hamamatsu R636-10 

PMT. 

 

3.3 Results and Discussion 

3.3.1 Crystal Structure 

      Crystallographic data are listed in Table 3.1, final positional and isotropic 

displacement parameters in Table 3.2, selected interatomic distances and angles in 

Table 3.3.  

      The crystal structure of Y4Zn4(SiO4)5 consists of SiO4, ZnO4 tetrahedra and 

YO8 dodecahedra. There are two Si sites in the structure, labeled Si(1) and Si(2) 

respectively. There is a large distortion in the Si(1)O4 tetrahedron; Si(1)−O 

distances vary from 1.609(2) to 1.664(2) Å (mean 1.633 Å) and O-Si(1)-O bond 

angles from 99.39(11)−121.47(12) º (mean 109.20 º). Large distortions were also 

observed in other silicates, such as Y2SiO5,
4 whose Si−O distances vary from 

1.529−1.665 Å (mean 1.59 Å) and O-Si-O bond angles from 99.39−118.72 º (mean 

109.3 º). The Si(2)O4 tetrahedron has a Si(2)−O bond distance at 1.618(2) Å and 

two different O-Si(2)-O bond angles of 108.88 and 110.66 º (mean 109.47 º), 
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resulting in S4 symmetry of the Si(2) site. The ZnO4 tetrahedron is also highly 

distorted; Zn−O distances vary from 1.928(2) to 2.050(2) Å (mean 1.970 Å) and O-

Zn-O angles from 83.47(8)−128.20(9) º (mean 109.03 º). There is only one yttrium 

site in Y4Zn4(SiO4)5. Y
3+ occupies a general position and is coordinated by eight 

oxygen ions. The YO8 dodecahedron in Figure 3.1 can be viewed as two 

interpenetrating disphenoids, whose vertices are labeled a and b respectively, thus 

is called a bisdisphenoid.19 Y−O distances are in the range from 2.225(2) to 2.655(2) 

Å (mean 2.409 Å). The valence of yttrium was calculated to be 2.96 in this 

coordination environment by using a bond valence calculator.20 The nearest Y…Y 

distance is 3.836(2) Å. 

      A repeat unit, labeled 4 T in Figure 3.2, is composed of four alternating Si(1)O4 

and ZnO4 tetrahedra, connected by corning-sharing and constructs a single chain 

along the c axis. The condensation of two single chains via four corners of the 

tetrahedra within one repeat unit results in the formation of a double chain. The 

complex can be formulated as [ZnSi(1)O5]
4-. The term “tubular chain” is used for 

this kind of multiple chains, since a vacant channel is formed along the chain 

direction by the way two single chains condensate. Similar tubular-chain feature 

occurs in narsarsukite Na4Ti2[Si8O20]O2,
21 which has a 4 T (four SiO4 tetrahedra) 

repeat unit but with different relative orientations of adjacent tetrahedra from those 

in Y4Zn4Si5O20. 

      Each Si(2)O4 tetrahedron connects its four neighboring tubular chains by 

corner-sharing of its four vertices (O(5)) with ZnO4 tetrahedra. Therefore, the Si(2): 
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Zn: Si(1) ratio is equal to 1:4:4. A three-dimensional framework is thus built up by 

SiO4 and ZnO4 tetrahedra, accommodating yttrium in the interstitial sites, as shown 

in Figure 3.3. 

      Y4Zn4(SiO4)5 offers a new structure type of silicates. In terms of the silicon-

oxygen complex, it should be classified as an orthosilicate, in which no two SiO4 

tetrahedra share an oxygen. Common orthosilicates, such as olivines (XYSiO4) and 

garnets (A3B2Si3O12), have one Si site and accommodate the metal cations in 

interstitial sites. For example, the X and Y cations are octahedrally coordinated in 

two crystallographically distinct sites in olivines, and the A and B cations are in 8-

coordination and octahedral coordination, respectively, in garnets. Whereas, there 

are two Si(2) sites in Y4Zn4(SiO4)5, with Zn in tetrahedral coordination and Y in 8-

coordination. It is logical to recognize tetrahedrally coordinated Zn ions as forming 

part of the complex, because ZnO4 tetrahedra link isolated SiO4 tetrahedra to build 

up the 3-D charged framework. The overall ratio (Zn+Si):O is 9:20. This 

corresponds to a structure in which four-ninth of total tetrahedra share 3 and the 

remainder share 4 vertices. In fact, Si(1)O4 tetrahedra (4/9 of total tetrahedra in 

Y4Zn4(SiO4)5) contain one non-bridging oxygen (O(2)), whereas Si(2)O4 (1/9 of 

total tetrahedra) and ZnO4 (4/9 of total tetrahedra) are composed entirely of 

bridging oxygens. No other silicate or phosphate has been found to have the same 

(X + Si):O ratio (X=tetrahedrally coordinated ions) as that in Y4(Zn4Si5O20), to the 

best of our knowledge. 
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      Powders of RE4Zn4(SiO4)5 (RE=Y, La, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc) 

were synthesized to investigate Y4Zn4(SiO4)5 structure based derivatives. Unit cell 

parameters were refined for those compounds, whose experimental powder XRD 

patterns are in good agreement with the calculated data from the single-crystal 

model of Y4Zn4(SiO4)5. As seen from Table 3.4, each of the lanthanide derivatives 

(Ln=La, Eu, Gd, Tb, Dy, Ho, Er) exists in the tetragonal structure type of the Y 

compound. Unit cell volume scales to the size of the RE ion, as shown in Figure 3.4. 

A distinctive borderline was recognized for the minimum ionic size of cation to 

adopt this structure type. For RE=Tm, Yb, Lu, Sc, whose 8-coorderniated ionic 

radius is smaller than 1 Å, no evidence for the existence of RE4Zn4(SiO4)5 was 

obtained. 

3.3.2 Photoluminescence 

      Figure 3.5 shows the absorption spectrum derived from absorbance (A) = 

(1−reflectance (R)) of undoped Y4Zn4(SiO4)5. The host lattice starts to absorb 

around 250 nm and exhibits strong absorbance below 210 nm.  

      Y4Zn4(SiO4)5 was doped with the common activators Eu3+, Tb3+ and Ce3+ to 

investigate its photoluminescence properties. Figure 3.6 shows the VUV excitation 

and VUV excited emission spectra of Y3.5Eu0.5Zn4(SiO4)5. The VUV excitation 

spectrum, monitored at 615 nm, consists of a broad charge-transfer-band (CTB) 

with the maximum peak at 230 nm (43,500 cm-1). The blue shift of CTB, compared 

to Y2O3: Eu whose CTB is at 240 nm (41,700 cm-1),23 indicates a more ionic lattice 

site of Eu in Y4Zn4(SiO4)5, due to the nephelauxetic effect. The shoulder peak 
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around 200 nm is probably due to the overlap of the CTB with host lattice 

excitation. The emission spectrum, monitored at 160 nm, consists of three main 

peak regions, corresponding to 5D0 → 7F1, 
7F2, 

7F4 transitions, in the vicinity of 590, 

620 and 700 nm, respectively, and weak transitions of 5D0 → 7F0, 
7F3 at 581 and 

650 nm, respectively. According to the crystallographic data, Eu3+ dopant should 

substitute Y3+ and occupies the highly asymmetric yttrium site with point group C1 

in Y4Zn4(SiO4)5. The noncentrosymmetric site relaxes the parity selection rules for 

electric-dipole transitions and makes 5D0 → 7F2, 
7F4 transitions predominant in the 

emission spectrum. The smaller intensity ratio of the forced 5D0 → 7F2 electric-

dipole transition to the 5D0 → 7F1 magnetic transition for Y3.5Eu0.5Zn4(SiO4)5, 

compared to other phosphors having Eu3+ in noncentrosymmetric sites, such as 

Y2O3: Eu, is probably due to the higher charge-transfer energy of 

Y3.5Eu0.5Zn4(SiO4)5, which makes mixing of the 4f configuration of Eu3+ with 

charge-transfer configuration less effective.24,25 That 5D0 → 7F1, 
7F2, 

7F4 transitions 

having similar intensity with Eu3+ in a noncentrosymmetric site is also observed in 

(Y, Eu)PO4, whose CTB is at 45,000 cm-1.26,27 In (Y, Eu)F3, whose CTB occurs at 

66,700 cm-1, the 5D0 → 7F1 magnetic transition dominates even though Eu3+ 

occupies a site without inversion symmetry.28 Also can be seen in the emission 

spectrum, each 5D0 → 7FJ (J=1, 2, 3, 4) transition is further split by the low-

symmetry crystal-field. The total crystal-field splittings of 7FJ levels of Eu3+ in 

Y4Zn4(SiO4)5 are 284, 313 and 329 cm-1 for J=1, 2, and 4, respectively. One 

emission line at 581 nm due to 5D0 → 7F0 transition confirms there is one Y3+ 
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lattice site in Y4Zn4(SiO4)5. The sample Y3.5Eu0.5Zn4(SiO4)5 exhibits chromaticity 

coordinates x=0.64 and y=0.36, which compare well to Y2O3:Eu (x=0.65 and 

y=0.35). 

      The Eu concentration dependence of the emission brightness for the compounds 

of Y4-xEuxZn4(SiO4)5 (0.04 ≤ x ≤ 1.5) under a Hg lamp is shown in Figure 3.7. The 

emission brightness increases up to x = 0.6 and decreases at higher concentrations. 

The brightness of Y3.4Eu0.6Zn4(SiO4)5 reaches 60% of commercial (Y, Eu)2O3 

(OSRAM) under 254 nm excitation. 

      Figure 3.8 shows the VUV excitation and VUV excited emission spectra of 

Y3.5Tb0.5Zn4(SiO4)5. The VUV excitation spectrum, monitored at 544 nm, consists 

of several peaks at about 180, 200, 230 and 275 nm with the maximum excitation 

peak at 230 nm, which are associated with the overlap of host lattice excitation 

(below 210 nm) and 4f8 → 4f75d1 transitions of Tb3+ in the C1 crystal-field. A 

maximum excitation band located around 230 nm due to f → d transition of Tb3+ 

was also observed in Sr3(PO4)2:Tb29 and Y5Si2BO13:Tb.30 The emission spectrum, 

monitored at 160 nm, are composed of 5D4 → 7FJ (J=6, 5, 4, 3) transitions mainly in 

the green region. The Y3.5Tb0.5Zn4(SiO4)5 sample exhibits chromaticity coordinates 

x=0.35 and y=0.57. The Tb concentration dependence of the emission brightness 

for the compounds of Y4-xTbxZn4(SiO4)5 (0.2 ≤ x ≤ 2.0) under a Hg lamp is shown 

in Figure 3.9. The emission brightness increases up to x = 1.5 and decreases at 

higher concentrations. 
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      To study energy transfer from Ce3+ to Tb3+ in Y4Zn4(SiO4)5 host materials, 

excitation and emission spectra of Y3.5Tb0.5Zn4(SiO4)5, Y3.95Ce0.05Zn4(SiO4)5 and 

Y3.3Tb0.5Ce0.2Zn4(SiO4)5 are summarized in Figure 3.10. The UV excitation 

spectrum of Y3.5Tb0.5Zn4(SiO4)5, monitored at 544 nm, are composed of transitions 

between the energy levels of the 4f8 configuration of Tb3+ ion. The emission 

spectrum of Y3.5Tb0.5Zn4(SiO4)5 under 375 nm excitation is similar to that under 

160 nm excitation, as shown in Figure 3.8b. The excitation spectrum of 

Y3.95Ce0.05Zn4(SiO4)5 in the 300−365 nm wavelength range, monitored at 400 nm, 

displays one broad band centered at 340 nm (29,000 cm-1), which corresponds to 

transition from the ground state level of 4f1 configuration of Ce3+ to one of the 

crystal-field components of 5d level in C1 symmetry. The emission spectrum of 

Y3.95Ce0.05Zn4(SiO4)5, monitored at 340 nm, reveals two emission bands at 370 nm 

(27,000 cm-1) and 400 nm (25,000 cm-1), which are assigned to transitions from the 

lowest crystal-field component of the 5d level to the two 4f1 state levels of 2F5/2 and 

2F7/2. The energy difference between 2F5/2 and 2F7/2 levels is about 2,000 cm-1. As 

seen in Figure 3.10, there is a remarkable spectral overlap between the excitation 

spectrum of Tb3+ ion and the emission spectrum of Ce3+ ion. The excitation 

spectrum of Y3.3Tb0.5Ce0.2Zn4(SiO4)5, monitored at the 5D4 → 7F5 emission of Tb3+, 

reveals mainly 4f1 → 5d1 excitation of Ce3+ ion, which indicates effective energy 

transfer from Ce3+ to Tb3+. 5d → 4f transition of Ce3+ is hardly observed in the 

emission spectrum of Y3.3Tb0.5Ce0.2Zn4(SiO4)5, monitored at 340 nm. The 

brightness of Y2.5Tb1.5Zn4(SiO4)5 increases from 5%, relative to commercial (Ce, 
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Tb)MgAl11O19 (OSRAM) to 25% when co-doped with Ce with formula of 

Y2.8Tb1Ce0.2Zn4(SiO4)5 under 254 nm excitation. 

 

3.4 Conclusion 

      In this paper, single crystal of Y4Zn4(SiO4)5 has been obtained from a silica-rich 

eutectic melt and crystal structure of Y4Zn4(SiO4)5 has been solved by single crystal 

diffraction methods. Y4Zn4(SiO4)5 crystallizes in tetragonal space group P42/n with 

cell dimensions a=b= 9.3289(10) Å, c=9.0509(18) Å. The structure consists of SiO4, 

ZnO4 tetrahedra and YO8 polyhedra. The unique yttrium lattice site yields 

interesting photoluminescence properties of some selected lanthanide doped 

Y4Zn4(SiO4)5. (Y,Eu)4Zn4(SiO4)5 shows emissions from 5D0 → 7F1, 
7F2, 

7F4 

transitions of almost equivalent strength and each transition is further split by the 

low-symmetry crystal field. The brightness of Y4Zn4(SiO4)5:Tb under 254 nm 

excitation increases 5 times when co-doped with Ce. Photoluminescence properties 

of Y4Zn4(SiO4)5 and its derivatives with other dopants, as well as their 

spectroscopic properties under other excitation source, such as cathode-ray or X-

ray, should be worth investigating in the future.  
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Table 3.1. Crystal Data and Structural Refinement for Y4Zn4(SiO4)5 

Empirical formula Y4Zn4(SiO4)5 

Formula weight 1077.57 g·mol-1 

Temperature 173(2) K 

Wavelength 0.71073 Å 

Crystal system Tetragonal 

Space group P42/n 

Unit cell dimensions a = 9.3289(10) Å 

c = 9.0509(18) Å 

Volume 787.7(2) Å3 

Z 2 

Density (calculated) 4.543 g·cm-3 

Absorption coefficient 21.034 mm-1 

F(000) 1012 

Crystal size 0.10 × 0.06 × 0.04 mm 

Θ range for data collection 3.09 to 28.27 ° 

Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -12 ≤ l ≤ 11 

Reflections collected 6944 

Independent reflections 958 [Rint = 0.0286] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.4867 and 0.2275 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 958 / 0 / 76 

Goodness-of-fit on F2 1.086 

Final R indices [I > 2σ(I)] R1 = 0.0187, wR2 = 0.0456 

R indices (all data) R1 = 0.0233, wR2 = 0.0476 

Extinction coefficient 0.0190(6) 

Largest diff. peak and hole 0.533 and -0.483 e·Å-3 
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Table 3.2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters 
Ueq (Å

2) for Y4Zn4(SiO4)5
a
 

Atom x y z Ueq 

Y 0.0556(1) 0.3170(1) 0.0887(1) 0.004(1) 

Zn -0.1863(1) 0.0698(1) 0.2507(1) 0.005(1) 

Si(1) 0.3027(1) 0.5485(1) 0.0825(1) 0.004(1) 

Si(2) 1/4 1/4 -1/4 0.004(1) 

O(1) 0.1262(2) 0.5694(2) 0.0665(2) 0.005(1) 

O(2) 0.3077(2) 0.3790(2) 0.1260(2) 0.006(1) 

O(3) 0.3515(2) 0.6223(2) 0.2374(2) 0.006(1) 

O(4) 0.3899(2) 0.6101(2) -0.0570(2) 0.005(1) 

O(5) 0.1165(2) 0.3000(2) -0.1483(2) 0.006(1) 

a Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table 3.3. Selected Bond Distances (Å) and Angles (º) for Y4Zn4(SiO4)5 

Bond Distance Bond Distance Bond Distance 

Zn−O(1)ii 2.050(2) Si(1)−O(1) 1.664(2) Y−O(1) 2.453(2) 

Zn−O(3)vi 1.934(2) Si(1)−O(2) 1.630(2) Y−O(1)iii 2.445(2) 

Zn−O(4)iv 1.928(2) Si(1)−O(3) 1.627(2) Y−O(2) 2.445(2) 

Zn−O(5)vii 1.967(2) Si(1)−O(4) 1.609(2) Y−O(2)i 2.254(2) 

  Si(2)−O(5) 1.618(2) Y−O(2)ii 2.655(2) 

  Si(2)−O(5)i 1.618(2) Y−O(3)ii 2.309(2) 

  Si(2)−O(5)ix 1.618(2) Y−O(4)iv 2.489(2) 

  Si(2)−O(5)x 1.618(2) Y−O(5) 2.225(2) 

 

Angle (º) Angle (º) Angle (º) 

O(4)-Si(1)-O(2) 121.47(12) O(5)i-Si(2)-O(5) 110.66(15) O(4)iv-Zn(1)-O(3)vi 108.50(8) 

O(4)-Si(1)-O(3) 112.54(12) O(5)i-Si(2)-O(5)ix 108.88(7) O(4)iv-Zn(1)-O(5)vii 128.20(9) 

O(2)-Si(1)-O(3) 101.19(12) O(5)-Si(2)-O(5)ix 108.88(7) O(3)vi-Zn(1)-O(5)vii 104.45(9) 

O(4)-Si(1)-O(1) 113.00(11) O(5)i-Si(2)-O(5)x 108.88(7) O(4)iv-Zn(1)-O(1)ii 119.15(9) 

O(2)-Si(1)-O(1) 99.39(11) O(5)-Si(2)-O(5)x 108.88(7) O(3)vi-Zn(1)-O(1)ii 110.41(8) 

O(3)-Si(1)-O(1) 107.58(11) O(5)ix-Si(2)-O(5)x 110.66(15) O(5)vii-Zn(1)-O(1)ii 83.47(8) 

i Symmetry code: -x+1/2,-y+1/2,z ii Symmetry code: -y+1/2,x,-z+1/2 iii Symmetry code: -x,-y+1,-z iv 
Symmetry code: x-1/2,y-1/2,-z v Symmetry code: -y,x+1/2,z-1/2 vi Symmetry code: y-1,-x+1/2,-
z+1/2 vii Symmetry code: y-1/2,-x,z+1/2 viii Symmetry code: y,-x+1/2,-z+1/2 ix Symmetry code: -
y+1/2,x,-z-1/2 x Symmetry code: y,-x+1/2,-z-1/2 xi Symmetry code: -y+1/2,x+1,-z+1/2 xii Symmetry 
code: x+1/2,y+1/2,-z. 
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Table 3.4. Tetrahedral Unit Cell for RE4Zn4(SiO4)5 (RE= Y, La, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu, Sc) 

RE Ionic Radiusa 

(Å) 

a=b 

(Å) 

c 

(Å) 

Volume 

(Å3) 

Y 1.019 9.333(2) 9.060(3) 789.2(3) 

La 1.160 9.637(3) 9.351(5) 868.4(5) 

Eu 1.066 9.436(2) 9.146(3) 814.3(3) 

Gd 1.053 9.409(2) 9.132(3) 808.4(3) 

Tb 1.040 9.373(2) 9.097(3) 799.2(4) 

Dy 1.027 9.354(3) 9.072(4) 793.8(4) 

Ho 1.015 9.324(3) 9.060(5) 787.6(5) 

Er 1.004 9.300(5) 9.036(6) 781.5(7) 

Tm 0.994 N/A N/A N/A 

Yb 0.985 N/A N/A N/A 

Lu 0.977 N/A N/A N/A 

Sc 0.870 N/A N/A N/A 

a Shannon effective ionic radii22. 
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Figure 3.1. Coordination polyhedron for yttrium in the Y4Zn4(SiO4)5 structure. The 
vertices of two interpenetrating disphenoids are labeled a and b respectively. 
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Figure 3.2. A double chain (tubular chain) formed by Si(1)O4 (grey) and ZnO4 
(yellow) tetrahedra sharing the common vertices, O(3), O(4) and O(1). 4 T 
represents the repeat unit composed of four alternating Si(1)O4 and ZnO4 tetrahedra 
connected by corning-sharing and forming the fundamental single chain along the c 
axis. The complex anion can be formulated as [ZnSi(1)O5]

4-. 
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Figure 3.3. The crystal structure of Y4Zn4(SiO4)5 viewed along c and a axes ((a) 
and (b), respectively). Each Si(2)O4 tetrahedron connects its four neighboring 
tubular chains, built of Si(1)O4 and ZnO4 tetrahedra, by corner-sharing of its four 
vertices (O(5)) with ZnO4 tetrahedra, thus forming the 3-D framework. Orange 
circles represent yttrium. One unit cell is indicated. 
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Figure 3.4. The relationship between the unit cell volume and ionic radius of RE. 

 

 
Figure 3.5. Absorption spectrum (A=1R) of undoped Y4Zn4(SiO4)5. 
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Figure 3.6. (a) Vacuum ultraviolet (VUV) excitation spectrum (λem=615 nm) and 
(b) Emission spectrum (λexc=160 nm) of Y3.5Eu0.5Zn4(SiO4)5. 
 

 
Figure 3.7. Europium concentration dependence of the brightness for the 
compounds of Y4-xEuxZn4(SiO4)5 (0.04 ≤ x ≤ 1.5) under a Hg lamp. 
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Figure 3.8. (a) Vacuum ultraviolet (VUV) excitation spectrum (λem=544 nm) and 
(b) Emission spectrum (λexc=160 nm) of Y3.5Tb0.5Zn4(SiO4)5. 
 

 
Figure 3.9. Terbium concentration dependence of the brightness for the compounds 
of Y4-xTbxZn4(SiO4)5 (0.2 ≤ x ≤ 2.0) under a Hg lamp. 
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Figure 3.10. Ultraviolet (UV) excitation spectrum (λem=544 nm) and emission 
spectrum (λexc=375 nm) of Y3.5Tb0.5Zn4(SiO4)5  (top); excitation (λem=400 nm) and 
emission (λexc=340 nm) spectra of Y3.95Ce0.05Zn4(SiO4)5 (middle); excitation 
(λem=544 nm) and emission (λexc=340 nm) of Y3.3Tb0.5Ce0.2Zn4(SiO4)5 (bottom). 
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Chapter 4 

 

Synthesis and Characterization of MgS:Eu2+ 
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4.1 Introduction 

      Phosphors based on alkaline-earth sulfides have been investigated for their 

photo-,1 cathodo-,2−4 and electro-luminescence5,6 properties. Recently, these 

sulfides activated by Eu2+ have garnered renewed interest because of improved 

color-rendering index and high luminous efficacy for use in three-band white light-

emitting diodes (LEDs).7,8 However, chemical instability and poor reproducibility 

have historically prevented their use in such applications. A high defect density, 

related to oxygen contamination, has been one of the major contributors to these 

problems. For example, preparing high-purity MgS is extremely difficult because 

of the formation of MgO, a thermodynamically and kinetically favored phase that 

readily forms in the presence of minute quantities of O2. Such oxygen incorporation 

leads to highly hygroscopic products. Besides practical considerations, MgS is also 

important from a fundamental scientific point of view. It is composed of two of the 

more abundant elements on the earth, and it is a representative of the simple rock-

salt structure. The lack of a viable synthetic method for synthesis of a stable 

product for such a simple compound is a poor comment on synthetic chemistry.  In 

addition, the lack of single-phase materials poses an obstacle against meaningful 

characterization of fundamental properties, such as bandgap, refractive index, and 

luminescence properties. 

      Therefore, it is crucial to synthesize MgS samples with high purity. In this work, 

we present a successful synthesis method with characterization of the product with 

respect to structure, morphology, and luminescence.  



55 
 

4.2 Experimental 

      The starting materials MgSO4 (Cerac, 99.9+%) and Eu2O3 (Stanford, 99.99%) 

were mixed in the molar ratio 1:0.002 and ground gently in an agate mortar. The 

mixture was placed in an alumina boat and subsequently annealed at 815 ºC in 

flowing CS2 (Alfa Aesar, ACS 99.9+%) introduced by Ar carrier gas through a 

glass bubbler, and then at 1150 ºC in H2S (Matheson, 99.5%). Five equivalents of 

CS2 were used for each mole of MgSO4. The amount of CS2 was controlled by the 

flow rate of Ar and annealing time. The custom-built tube-furnace system used for 

the treatments has been described in detail by Anderson.9  

      Powder diffraction data were collected on a Siemens D-5000 with Cu Kα 

radiation (λ=1.5406 Å) in the 2θ range 10−60 º with a step size of 0.02 º. 

      UV-excited emission spectra were collected with an in-house spectrometer. An 

Oriel 300-W Xe lamp and a Cary model-15 prism monochromator provided tunable 

excitation light. For detection, emitted light was passed through an Oriel 22500 1/8-

m monochromator and monitored with a Hamamatsu R636-10 photomultiplier tube 

(PMT). The emission spectra were corrected with a standardized W lamp. 

      To test hygroscopic nature, MgS:Eu2+ samples were exposed to saturated water 

vapor at room temperature in the setup illustrated in Figure 2.1, followed by 

measuring luminescence brightness. The relative brightness of each sample was 

determined by using an Oriel 6035 Hg lamp as the excitation source. Emission light 

was collected at a right angle to excitation, passed through a UV filter, and detected 

with a Hamamatsu R636-10 PMT. 
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4.3 Results and discussion 

      Sulfurization of magnesium sulfate in carbon disulfide can be expressed as the 

following chemical reaction: 

MgSO4(s) + 4/3 CS2(g) → MgS(s) + 4/3 COS(g) + 4/3 SO2(g) 

      The XRD pattern for synthesized MgS:Eu2+ powdered samples is shown in 

Figure 4.1. The diffraction peaks match those of MgS reference pattern well, 

indicating the single-phase nature of the samples. The sharp, intense peaks also 

indicate large grain-size and high crystallinity. It is noteworthy that there is no sign 

of MgO formation. Any presence of O2, for example, from small leaks or 

contaminants in the experimental apparatus, can easily lead to the formation of 

MgO because of its large lattice enthalpy (ΔU ≈ 4000 kJ/mol) vs. MgS (ΔU ≈ 3300 

kJ/mol). Once MgO grains are well formed during high-temperature annealing, it is 

kinetically difficult to convert back to MgS because of the high activation energy. 

      Grain size and morphology are two important factors affecting phosphor 

brightness. Scanning electron microscopy (SEM) images were obtained for the 

MgS:Eu2+ powders to assess these features. Grains of 1−3 μm on edge exhibit 

distinct cubic morphology, as shown in Figure 4.2. This confirms the high degree 

of crystallinity of the grains, which can be mainly attributed to few oxygen-related 

defects. Such well-defined grains of MgS have not been previously demonstrated. 

      The emission of the Eu2+-doped phosphor originates from the 4f65d → 4f7 

transition of the Eu2+ ion in the host lattice. The spectral position of the emission 

band is dependent on the covalence of the lattice site, the polarizability of the 
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coordinated anion, the Stokes shift, and the crystal field strength. The covalence is 

usually the dominating factor. For increasing covalence, the electron interaction is 

reduced; hence the electronic transition between the ground state and the excited 

state shifts to lower energy. This is known as the nephelauxetic effect.10 In oxides, 

the emission of Eu2+ generally occurs in the violet or blue region (390−490 nm). 

For example, commercial blue-emitting BaMgAl10O17:Eu2+ in lamps and plasma 

display panels has a broad band emission peaked at 460 nm. The emission of Eu2+ 

at >500 nm, especially in the orange or red region (580−700 nm), are seldom seen, 

thus it has drawn particular attention. The green luminescence of Eu2+ in 

(Ca,Sr)2MgSi2O7 and (Ba,Sr)Al2O4 hosts has been attributed to the chain 

structures.11 This is apparent correlated with the nephelauxetic effect. Because the 

edge or face-sharing of the polyhedra of the cations means the bond distances 

between the cations are much shorter than those exhibiting corner-sharing. The 

covalence of the lattice site for the cation is thus higher; otherwise the electrostatic 

repulsion would be too strong. The exceptional red emission of Eu2+ in 

Ba2Mg(BO3)2 and Ba2LiB5O10 has been explained from a unique perspective 

emphasizing the coordination environments of the O atoms12,13 This correlates to 

the second factor, the polarizability of the anion: the more electron density around 

the anion makes it more polarizable, causing a red shift of the electronic-transition 

energy.14 The emission spectrum of MgS:Eu2+ under 380 nm excitation is shown in 

Figure 4.3. The spectrum exhibits one broad band emission centered at 592 nm. 

The long wavelength emission is mainly due to the more covalent bond in sulfides 
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than that in oxides. It is interesting to compare the luminescence properties of Eu2+-

doped alkaline-earth (Mg, Ca, and Sr) sulfides. The absorption wavelength λabs 

(nm), emission λem (nm), and Stokes shift ΔS (cm-1) for these phosphors are 

summarized in Table 4.1. Generally, as the alkaline-earth size increases, the 

distance between Eu2+ and the anion increases. The increased bond distance means 

less orbital overlap between the ions. Therefore, the covalence of the lattice site 

where Eu2+ substitutes decreases as the alkaline-earth size increases (from Mg to 

Sr), causing a blue-shift in the electronic-transition energy. However, a red-shift is 

observed from MgS:Eu2+ to CaS:Eu2+. The polarizability of the anion seems to 

dominate the spectral position in this case. Due to the larger electronegativity and 

smaller ionic radius of Mg, the polarizability of S2- in MgS is much weaker than 

that in CaS. 

      MgS:Eu2+ were commonly reported to be hygroscopic. Results of 

hygroscopicity test for our samples are depicted in Figure 4.4. The brightness of 

sample stays constant after soaking in the saturated water vapors for a week. This 

confirms that high-purity MgS:Eu is more stable against atmospheric moisture 

stronger than those with high defect densities.  

 

4.4 Conclusion 

      Single-phase MgS:Eu2+ phosphors have been successfully prepared by 

sulfurization of magnesium sulfate in carbon disulfide. Grains of 1−3 μm on edge 
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exhibit distinct cubic morphology. The samples exhibit strong orange-red emission 

peaked at 592 nm. The phosphors have been proved to be very stable against 

moisture. 
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Table 4.1. The Absorption Wavelength λabs (nm), Emission λem (nm), and Stokes 
Shift ΔS (cm-1) of Eu2+ in MS (M=Mg, Ca, and Sr)  

Compound λabs 

(nm) 

λem 

(nm) 

Stokes shift ΔS 

(cm-1) 

MgS 562 592 902 

CaS14 600 652 1329 

SrS14 550 620 2223 

 

 

 

Figure 4.1. The XRD pattern for MgS:Eu2+ and simulated patterns for MgS and 
MgO. 
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Figure 4.2. SEM images of MgS:Eu2+ powders. 
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Figure 4.3. Emission spectrum of MgS:Eu2+ under 380 nm excitation. 

 

 

Figure 4.4. Results of hygroscopicity test for MgS:Eu2+ phosphors. 
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Abstract 

      High-quality TiO2 thin films have been deposited from aqueous titanium-

peroxo solutions via spin coating. The effects of precursor-solution pH on the 

crystallization behavior, morphology, density, and refractive index of the films are 

reported. X-ray diffraction measurements show that the amorphous as-deposited 

films crystallize in the anatase phase at 250 ºC. Surface and cross-section SEM 

images reveal that films deposited from an acidic precursor are more uniform and 

denser than those deposited from a basic precursor. X-ray reflectivity 

measurements show that films with smooth surfaces and high densities (up to 87% 

of single-crystal anatase) have been produced at temperatures as low as 300 ºC. 

Measured densities are consistent with high refractive indices at 633 nm of 2.24 

and 2.11 for films derived from acidic and basic precursors, respectively, 

determined from prism-coupler measurements of the guided-wave mode spectrum. 

The uniformity and dense nature of the films have allowed fabrication of multilayer 

dielectric optical elements with thermal processing at only 300 ºC. The distributed 

Bragg reflector with four bilayers exhibits a reflectance of 92% and a stop-band 

width of 150 nm. The optical microcavity has a quality factor of 20. The optical 

properties of all elements agree well with theoretical models, indicating good 

optical quality. Use of the precursor chemistry for direct photopatterning of the 

TiO2 film without a polymer resist is also demonstrated. 
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5.1  Introduction 

      Because of its high chemical activity and modest band gap, TiO2 in thin-film 

form has been widely studied as a photocatalyst, gas-sensing agent, and active 

component in dye-sensitized solar cells.1 Its high refractive index has enabled 

numerous applications in optical coatings and waveguides, and the high dielectric 

constants of derivatives have promoted interest in insulator applications for 

electronics.2 Chemical vapor deposition (CVD),3 plasma-enhanced CVD 

(PECVD),4 sputtering,5 atomic layer deposition (ALD),6 and plasma-enhanced 

ALD (PEALD)7 have been extensively used for the deposition of TiO2 films. While 

these techniques result in the production of high-quality coatings, their application 

generally requires some combination of high vacuum and high temperature. 

Reagent utilization is also generally poor, and in-situ or post-deposition patterning 

of the films is extremely difficult. Considering the versatility and general utility of 

TiO2, new approaches to the deposition and patterning of high-quality films, 

especially via low-temperature processing, can prove to be quite useful. 

      Solution-based techniques such as sol−gel8 offer a relatively simple method for 

film deposition. Conventional sol−gel processing with metal organics as source 

materials, however, requires large quantities of stabilizing reagents and organic 

solvents in the precursor solutions. In the case of TiO2, a minimum annealing 

temperature of 400 ºC is inevitable to expel organic residues and crystallize the film. 

Such films also tend to be quite porous, as demonstrated by their small refractive 

indices.9,10 High-density films are rarely produced,11 and high-temperature 
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annealing is required to compensate for the limitations of the precursors, which 

obviates many of the attractive features of a low-temperature solution deposition. 

In recent contributions, we have described new solution-based approaches for the 

deposition of oxide films exhibiting qualities comparable to those achieved via 

advanced vapor techniques.12−14 By eliminating high-volume ligands and undesired 

counterions, while limiting the formation of large colloids, smooth and dense films 

can readily be realized from simple aqueous solutions. 

      In this paper, we describe results from application of this approach to the 

deposition of high quality TiO2 thin films from peroxo-titanium aqueous solutions, 

also free of undesirable counterions and organic groups. The effects of precursor-

solution pH on the crystallization behavior, morphology, density, and refractive 

index of the films are presented. Multilayer dielectric optical elements such as high 

reflectivity mirrors and an optical microcavity using alternating layers of high and 

low refractive index materials (TiO2 and amorphous AlPO,13 respectively) are 

fabricated and characterized. In addition, we demonstrate that the photosensitivity 

of the peroxo precursors provides a direct route to patterning the films. 

      The chemistry of titanium peroxo complexes in aqueous solution has been 

investigated in detail by Muhlebach and co-workers,15 who found that extended Ti-

(OH)x-Ti frameworks could be formed through the hydrolysis-condensation 

reactions of titanium peroxo species. These condensation reactions, coupled with 

ready decomposition of the small-volume peroxo group, provide a path to low-

temperature crystallization and densification. A few approaches have been 
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described to the deposition of TiO2 films from the peroxo sol−gels via dip16−22 and 

spin coating.23 In these previous studies, however, the aged precursors consisted of 

large colloids, or the precursor solutions contained undesirable counterions or 

organics, impeding low-temperature processing and the production of smooth, 

dense films. 

 

5.2 Experimental 

5.2.1 Precursor Solutions 

      8 mL of an aqueous solution of 0.64 M ammonium bis(oxalate)oxotitanate 

(Alfa Aesar) or titanium oxide sulfate (Alfa Aesar) was vigorously stirred with 8 

mL of 4M NH3(aq) (Mallinckrodt Chemicals); 18-MΩ Millipore water was used 

for each preparation. The resulting precipitates were centrifuged and washed 

repeatedly with water to remove C2O4
2- or SO4

2- and ammonia. The precipitates 

were then dissolved in 6 mL of H2O2(aq) (29.0−32.0%, Mallinckrodt Chemicals) at 

5 °C. The resulting acidic, orange solution (pH = 3) was stable for approximately 

24 h at 5 °C. As the solution aged, the pH rose and the color changed from orange 

to yellow, eventually leading to the formation of transparent gels. A basic-precursor 

solution with pH = 10 was made by adding 2 mL of 8 M NH3(aq) to a freshly 

prepared acidic-precursor solution with vigorous stirring. The basic-precursor 

solution is yellow-green, and it is stable for 48−72 h at 5 °C. Precipitates formed as 

the solution aged. 

5.2.2 Thin-film Deposition 
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      Films were immediately deposited by spin coating as the precursor solutions 

were prepared. Films were deposited on Corning-1737 glass and Si wafers coated 

with 200 nm of thermally grown SiO2. Prior to deposition, all substrates were 

cleaned by ultrasonic agitation in Decon Labs Contrad-70 solution at 45 °C for 60 

min and then thoroughly rinsed with deionized water. Thin films were deposited by 

spin coating at 3000 rpm for 30 s followed by immediate hot-plate polymerization 

at 150 °C for 1 min. This procedure was repeated until the desired thickness was 

obtained. The typical film thickness with a 0.45-M Ti solution was ~18 nm for each 

deposition cycle. A 1-h oven anneal at selected temperatures in the range 

200−1100 °C completed the process. 

5.2.3 Structural and Chemical Characterization 

      Thermogravimetric Analysis (TGA) data were collected on precursor materials 

with a Shimadzu TGA-50 by heating samples (~15mg) at a rate of 10 ºC/min in a 

Pt crucible under flowing N2(g). Transmission Fourier transform infrared (FT−IR) 

spectra were measured by using a Nicolet 5PC spectrometer with a bare substrate 

serving as the reference. Surface roughness was evaluated by using a Digital 

Instruments Nanocope III Multimode atomic force microscope (AFM) operated in 

contact mode with a Veeco NP-20 SiNx probe and a scan frequency of 1.5 Hz. A 

low-pass filter and a second-order plane fit were applied to all samples to limit 

high-frequency noise and sample tilt. Wide-angle X-ray diffraction (XRD) data 

were collected by using a Rigaku RAPID diffractometer with Cu Kα radiation 

generated from a rotating anode operating at 50 kV and 200 mA. X-ray reflectivity 
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(XRR) data were collected on a Bruker-AXS D8 Discover X-ray diffractometer 

with Cu Kα radiation. The incident beam was conditioned by using a 0.1-mm 

divergence slit and a parabolic multilayer mirror. The exit beam was conditioned 

with a 0.6-mm anti-scatter slit, a Soller slit assembly, and a 0.05-mm detector slit. 

The data were collected from 0 to 5 º (2θ) in 0.011 º steps at 5 s/step. Consistency 

was checked by comparing the initial machine peak and the Si critical angle. 

Analyses were conducted with Bede REFS 4.5 software and using sample thickness, 

density, and surface roughness as fitting parameters. 

5.2.4 Optical Properties 

      Thin films were optically characterized by measuring transmission and 

reflection spectra from 250 to 900 nm and by examining guided-wave mode 

properties at 633 nm. As noted previously, samples were prepared on transparent 

glass substrates; they were made sufficiently thick for observation of several 

interference fringes. The transmission and reflection spectra were measured at near-

normal incidence by using a double-grating spectrometer with a broadband Xe 

source and a Si diode detector. The band gap was determined from the onset of 

strong absorption. The thickness and wavelength-dependent index, n, were obtained 

from analysis of the interference fringes in the reflection and/or transmission 

spectra. Additional optical characterization was performed with a Metricon-2010 

prism coupler to record the guided-wave propagation of 633-nm light through the 

films [24]. The prism index of 2.866 allows measurement of an effective mode 

index β = nsinθi from 1.5 to 2.45. Two or three allowed modes were typically 
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observed, allowing film thickness and refractive index to be determined 

simultaneously. 

5.2.5 Design and Fabrication of Dielectric Optical Elements 

      Multilayer dielectric stacks exhibit high reflectivity due to constructive 

interference between light rays reflected from layers with alternating high and low 

refractive indices that are each one-quarter wavelength thick. This device is also 

known as a distributed Bragg reflector (DBR), and exhibits high reflectivity over a 

wide range (stop band) when the alternating layers have a large index contrast. To 

achieve a large index contrast, we use TiO2 from an acidic precursor and 

amorphous AlPO,25 which have refractive indices at 500 nm of 2.29 (see below) 

and 1.50, respectively. If two DBRs are separated by a spacer with a thickness of an 

integer number of half wavelengths, then the whole device exhibits a narrow region 

of high transmission (low reflectivity) within the stop band. This narrow-band filter 

is also known as a Fabry-Perot cavity, or an optical microcavity when the 

separation is only a few half wavelengths. 

      The standard designation for a multilayer dielectric stack of quarter-wavelength 

high (H) and low (L) index materials deposited on a glass (g) substrate is g(HL)ma, 

where m is the number of bilayers and a refers to the air above the last layer. The 

DBRs we made are of the form g(HL)mHa, where the extra high index layer on top 

is designed to increase the maximum reflectivity. The optical microcavity we made 

has the form g(HL)2HH(LH)2a, where the two interior high-index layers form a 

single half-wavelength spacer, often referred to as the "defect" layer. 
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      Thin films of TiO2 and AlPO were deposited on Corning-1737 silica substrates 

via spin coating. Complete detail of the preparation of the AlPO precursor was 

reported previously.13 The film thickness per deposition cycle was controlled by 

changing the concentration of the precursor and in this case yielded 16−18 nm per 

coat for TiO2 and 18−20 nm per coat for AlPO. Each coat was polymerized for 1 

min at 200°C on a hot plate. This procedure was repeated as many times as 

necessary to obtain the desired thickness of each layer. The fabrication was 

completed with a furnace anneal in air at 300°C for 1 hour. 

      The optical properties of the dielectric stacks were measured with a 

spectrometer described above. Theoretical spectra of the DBRs and the microcavity 

were modeled using the transfer matrix method26 with dispersion data of TiO2 (see 

below) and AlPO.25 

5.2.6 Direct Patterning 

      For patterning, two layers of the basic TiO2 precursor were deposited. A 1-min, 

hot-plate anneal at 80 °C was applied after each deposition. An image was imposed 

on the film for 3 min through a chromium contact mask with an Oriel Series-Q 30-

W deuterium lamp. The image was developed by immersing the film in 6-M 

HCl(aq) for 3 min. The film was then rinsed, and the resulting patterned material 

was annealed at 300 ºC for 30 min.  

 

5.3 Results and Discussion 

5.3.1 XRD, FT−IR, and TGA 
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      On heating, TiO2 thin films deposited from the acidic and basic precursors 

exhibit similar crystallization behavior. Representative XRD patterns for the films 

at selected anneal temperatures are illustrated in Fig. 5.1. No obvious diffraction 

peak is observed for the films annealed at 200 °C, indicating an amorphous nature. 

Diffraction peaks matching the TiO2 anatase phase appear at temperatures near 

250 °C. The phase remains stable to 900 °C with the intensities of the reflections 

increasing with annealing temperature. Rutile TiO2 begins to appear as a second 

phase at temperatures near 1000 °C.  

      TGA data and FT−IR spectra were recorded to gain insight into the 

decomposition chemistry of the precursors. As seen from the TGA results in Fig. 

5.2a, heating the gel obtained by aging the acidic precursor at room temperature 

leads to two mass-loss domains. The initial, large mass loss below 150 ºC can be 

attributed to evaporation of incorporated water and the decomposition of peroxo 

groups.21 The sharp mass loss at 250 ºC is attributed to the elimination of tightly 

bound hydroxyl species accompanied by crystallization. The TGA results for the 

basic precursor are slightly different. As seen in Fig. 5.2b, the initial loss of water 

up to 250 ºC is similar to that observed for the acidic precursor. Above 250 ºC, 

however, the mass loss is more sluggish and a new, distinctive event appears near 

300 ºC (see derivative curve). The behavior of the basic precursor above 250 ºC is 

associated with bound NH3 groups, which modestly inhibit crystallization and 

dehydration processes before being eliminated near 300 ºC. Results from 

transmission FT−IR measurements (Fig. 5.3) confirm the presence of OH- and NH3 
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residues in the as-deposited TiO2 thin film from the basic precursor and their 

elimination with a 300 ºC anneal. As shown in Fig. 5.3, the O−H stretching 

vibration at 3200 cm -1 and N−H stretching vibrations16 at 1310 and 1440 cm -1 in 

the as-deposited films disappear after annealing at 300 ºC. 

5.3.2 Film Morphology and Density 

      Surface and cross-section SEM images of films deposited from the acidic 

precursor with different annealing temperatures are shown in Fig. 5.4. The surface 

of the amorphous thin film annealed at 200 °C is so smooth that no feature is 

discernable in the top-view image (Fig. 5.4a). The cross-section image (Fig. 5.4b) 

reveals a thickness of ~246 nm with a uniform morphology of fine nuclei (10−20 

nm diameter). As the film crystallizes at 300 °C, the nuclei coalesce to form ~150-

nm diameter grains, which are densely packed with no apparent cracks or voids 

(Fig. 5.4c). The cross-section image (Fig. 5.4d) illustrates the columnar 

characteristic of the grains, a typical feature of dense films produced by vapor-

deposition methods.27 The 300-ºC anneal affords a film thickness of ~229 nm, 

corresponding to a 7% shrinkage relative to the film annealed at 200 °C. This 

shrinkage is typically a result of film densification, bond reorganization upon 

crystallization, and the release of components, e.g., H2O and hydroxyl groups, 

which were monitored by TGA and FT−IR, vide supra. After a 500-°C anneal, the 

grain features become more obvious (Figs. 5.4e,f), and the thickness of the film is 

now ~225 nm. Little shrinkage in thickness and similar grain size and morphology 



74 
 

indicate that the 300-°C annealed sample has already achieved a density similar to 

that of the film annealed at higher temperature. 

      Surface and cross-section SEM images of films deposited from the basic-

precursor solution with different annealing temperatures are given in Fig. 5.5. The 

200-°C annealed amorphous film exhibits similar morphology to that deposited 

from the acidic precursor. A smooth TiO2 film with a thickness of ~229 nm is 

observed in Fig. 5.5b. On further heating the morphology begins to differ from that 

of the acidic precursor, as shown in Figs. 5.5c,d,e,f. Smaller and typically rounded 

grains, instead of large columnar grains, are formed, suggesting a slightly lower 

density of the basic-precursor film compared with the acidic-precursor film. The 

formation of smaller grains likely arises from the presence of bound NH3, as 

indicated by TGA and FT−IR data, which limits the grain growth of TiO2. This 

phenomenon is commonly encountered in metal-organic based sol−gel methods, 

where significant residues remain in the film following initial deposition.27 Cross-

section images (Figs. 5.5d,f) indicate that the film thicknesses are ~209 and ~ 206 

nm for the 300 and 500-°C annealed samples, respectively, corresponding to a 

9−10% decrease in thickness in comparison to that of the 200-°C annealed sample. 

      Film surfaces become rougher for the acid and basic-precursor films upon 

annealing. From AFM measurements, typical root-mean-square roughness values in 

a 2.5 × 2.5 μm area were 0.3, 0.7, and 2.0 nm for the 200, 300, and 500-°C 

annealed films, respectively.  
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      XRR data were collected to obtain the densities of the films. The results and 

densities relative to single-crystal TiO2 anatase, reported to be 3.89 g cm-3,28 are 

summarized in Table 5.1. The 300-°C annealed film deposited from the acidic 

precursor has a density of 3.38 g cm-3, corresponding to 87% of the single-crystal 

density of anatase. Annealing at 500 ºC has little effect on densification, as the 

density does not change. Lower densities were observed for the films deposited 

from the basic precursor, which is consistent with the SEM images. The 300-°C 

annealed film has a density of 3.09 g cm-3, corresponding to 79% of the single-

crystal density. Again, higher annealing temperatures have only a modest effect on 

the density, i.e., a 500-°C-annealed sample has a density of 3.17 g cm-3, 

corresponding to 81% of the single-crystal value. 

5.3.3 Optical Characterization 

      Representative spectra of the transmission (T) and reflection (R) of a TiO2 thin 

film are shown in Fig. 5.6 as a function of the photon energy, E. Also shown is the 

ratio T/(1R), which is nearly free of interference effects29 and therefore allows 

determination of the absorption from T/(1R) ≈ e-αd, where α is the absorption 

coefficient and d is the film thickness. The onset of strong absorption is a 

qualitative signature of the band gap. More quantitatively, the direct band gap is 

determined from a plot of (αE)2 vs. E. Extrapolation of the straight-line portion to 

zero absorption yields the gap energy, approximately 3.65 eV in this case. A plot of 

(αE)1/2 vs. E yields an indirect band of 3.2−3.3 eV. Similar results were obtained in 

all the films we investigated. The measured band gaps agree with previously 
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reported values.30 The high contrast of the interference fringes seen in the reflection 

and transmission spectra is indicative of the high optical quality of the thin-film 

surfaces. 

      The index of refraction was determined as a function of wavelength by fitting 

the thin-film interference fringes to a model using the Sellemeier dispersion 

equation n2=A + B λ2/(λ2  λ0
2). Results from films prepared from both acidic and 

basic precursors and annealed at 300 ˚C are shown in Fig. 5.7. The resultant 

Sellemeier constants are A = 3.11, B = 1.36, λ0 = 305 nm for the acidic- precursor 

film and are A = 3.13, B = 1.00, λ0 = 311 nm for the basic-precursor film. The film 

prepared from the acidic precursor has a consistently higher index at all 

wavelengths. Although the refractive indices of the films are approximately 12−16% 

smaller than those of single-crystal anatase TiO2 (no = 2.56 and ne = 2.49 at 589 

nm31), they are higher than most metal-organic, solution-processed TiO2 films, 

especially in view of the low processing temperature. Modelling the films as an 

effective optical medium with air or water voids32 yields a void fraction of 13−17% 

for air voids or 18−25% for water voids, where the ranges represent the full 

collection of acidic and basic precursor films. These values agree well with the 

XRR results: 87% and 79% relative density of the TiO2 films from acidic and basic 

precursors, respectively, compared to single-crystal anatase TiO2. 

      Guided-wave behavior of 633 nm light was observed by use of a Metricon-2010 

prism coupler, which measures the power of the light reflected from the 

waveguide-prism interface as a function of incident angle. The allowed modes are 
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determined by the eigenvalue equation for effective mode index β = nsinθi, where n 

is the film index and θi is the incident angle inside the film. The measured angles of 

the allowed guided-wave modes permit determination of the film index and 

thickness. The guided-wave mode spectrum as a function of the effective mode 

index for a TiO2 film deposited from the acidic precursor is shown in Fig. 5.8. The 

film has two modes, which yields an index of 2.24 and thickness of 290 nm. 

Results from a film deposited from the basic precursor yield a lower index of 2.11, 

which confirms that the film from the acidic precursor is denser, consistent with the 

SEM and XRR results. These measured results also compare well to those 

determined from the reflection and transmission spectra, cf., Fig. 5.7. No obvious 

increase of index for the films was observed after higher temperature anneals, again 

consistent with the density data previously described.  

5.3.4 Multilayer Dielectric Optical Elements 

      Multilayer stacks of transparent dielectric materials are used for many high 

quality optical elements such as high reflectivity mirrors, optical filters, polarizers, 

and optical microcavities.33 These thin film devices are typically fabricated with 

mature vapor deposition techniques requiring vacuum. Previous fabrication of 

multilayered dielectric optical elements using organic-based sol−gel methods has 

been reported by a number of groups.34 However, sol−gel processing typically 

requires a long dwell time at high-temperature (700−900˚C) to drive off organic 

precursors and densify the film. Lower annealing temperatures lead to high porosity 

or defects and cracks.11,35,36 In contrast, our process uses only inorganic-based 
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precursors, for which the small particle size and lack of undesirable species enables 

the production of high purity, dense, smooth films at modest temperature, i.e., T ~ 

300˚C. 

      The morphology of our dielectric stacks was determined by cross-sectional 

scanning electron microscopy (SEM) on an FEI 325 dual beam SEM with a gallium 

ion source for focused ion beam (FIB) milling. As seen in Fig. 5.9, the layer 

interfaces are smooth and the layers are uniform across the full investigated length. 

Due to the milling effect of FIB, the grain structures of the polycrystalline TiO2 

layer, shown previously in Fig. 5.4d, are smeared out in the FIB-SEM images. 

From the image, the average layer thicknesses of the DBR are 46 nm and 70 nm for 

the TiO2 and AlPO layers, respectively. The thicknesses of the microcavity are 52 

nm and 73 nm for the TiO2 and AlPO layers, respectively (not including the 

"defect" layer). 

      Reflection spectra are shown in Fig. 5.10 for the g(HL)mHa DBRs with the 

number of bilayers m ranging from 1 through 4. Each spectrum exhibits the broad 

reflection across the stop band that is characteristic of multilayer quarter-

wavelength stacks. The maximum reflectance of the fabricated DBRs increases 

with increasing number of TiO2-AlPO bilayers from 66% for 1 bilayer, to 83% for 

2-bilayers, and up to 92% for the 3- and 4-bilayer reflectors. The stop band of the 

4-bilayer DBR is centered at 450 nm with a full width at half maximum (FWHM) 

of 150 nm. As shown in Fig. 5.10b, the experimentally measured spectrum of the 4-

bilayer DBR (solid line) agrees well with the modeled spectrum (dotted line). Such 
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good agreement between the data and the models indicates small surface roughness 

and good thickness uniformity of the layers, as the SEM results also show. The 

differences in the stop bands among the spectra are consistent with the deviations 

among the concentrations of the precursors.  

      Another set of experiments was performed to investigate the reflectance spectra 

of the 4-bilayer DBR at different angles of incidence for s- and p- polarized light. 

For the s-polarized light, the maximal reflectance increases and reaches almost 100% 

for the incident angle of 60º (Fig. 5.11a). For the p-polarized light, the maximal 

reflectance and the FWHM decrease with increasing incidence angle in agreement 

with theory (Fig. 5.11b). For both polarization directions the main reflectance peak 

shifts to shorter wavelength with increasing angle due to the decrease in optical 

path length difference. Results of these polarization experiments also agree well 

with the model (not shown).   

      The experimental spectra of the microcavity are shown in Fig. 5.12, along with 

model spectra. The reflectance spectrum has a characteristic minimum at the 

resonant wavelength λr = 470 nm, while the transmittance spectrum displays a 

corresponding maximum at the resonance. The reflectance and transmittance at the 

resonant wavelength are 18% and 82%, respectively. The width (FWHM) of the 

reflection resonance is Δλ = 24 nm, which corresponds to a quality factor Q = 

λr / Δλ = 20. The measured quality factor compares favorably with a model value of 

Qtheory = 24. The drop in the transmittance spectrum below 366 nm corresponds to 

the fundamental absorption edge of TiO2, since this material has an indirect band 
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gap of 3.2 eV (388 nm) and a direct band gap of 3.7 eV (335 nm). The measured 

TiO2 absorption spectrum was incorporated into the model to account for this effect. 

5.3.5 Patterning 

      Because they are particularly inert, TiO2 films deposited by vapor methods are 

notoriously difficult to pattern. Lithographic processing with multiple steps, 

polymer resists, and aggressive wet or dry etching is required to produce small-

dimension features. The presence of photoactive peroxo groups in the solution-

based precursors provides a more efficient means for patterning the films. Exposure 

of the deposited precursor film through a mask results in selective-area elimination 

of peroxide as O2, leading to condensation in the film and a decrease in solubility. 

By developing an exposed film, unexposed regions can be selectively washed away, 

leaving a negative-tone pattern. An example of a TiO2 film patterned by this 

photoprocess is illustrated in Fig. 5.13. The smallest feature on the mask is 3 µm, 

and it is faithfully reproduced. These results demonstrate the potential for a highly 

directed approach to patterning a functional material. The needs for a photoresist 

and reactive-ion or aggressive wet-etch steps are eliminated. The process could 

considerably simplify the integration of TiO2 patterned films into a variety of 

optoelectronic, sensing, and energy devices.  

 

5.4 Conclusion 

      Dense anatase TiO2 thin films have been deposited from aqueous acidic and 

basic titanium-peroxo solutions free of organics and undesirable counterions. Films 
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with smooth surfaces and high densities (up to 87% of single-crystal anatase) have 

been produced at temperatures as low as 300 ºC. Measured densities are consistent 

with refractive indices at 633 nm of 2.24 and 2.11 for films derived from acidic and 

basic precursors, respectively. The different properties exhibited by the films 

deposited from acidic and basic precursors indicate the effect of counterions in the 

precursor solution on the quality of film. We have demonstrated the use of a novel 

inorganic-based solution process to fabricate high quality multilayered dielectric 

optical elements. The measured optical properties of distributed Bragg reflectors 

and a Fabry-Perot microcavity agree well with a theoretical model, indicating high 

optical quality of the deposited layers. The unique precursor chemistries provide an 

efficient route to photolithographic patterning of anatase TiO2 films without 

polymer resists. 

 

References 

[1] U. Bach, D. Lupo, P. Comte, J.E. Moser, F. Weissortel, J. Salbeck, H. Spreitzer, 
M. Gratzel, Nature 395 (1998) 583. 
[2] A.I. Kingon, J.P. Maria, S.K. Streiffer, Nature 406 (2000) 1032. 
[3] R. Bhakta, R. Thomas, F. Hipler, H.F. Bettinger, J. Müller, P. Ehrhartb, A. Devi, 
J. Mater. Chem. 14 (2004) 3231. 
[4] W. Yang, C.A. Wolden, Thin Solid Films 515 (2006) 1708. 
[5] C.W. Wang, S.F. Chen, G.T. Chen, J. Appl. Phys. 91 (2002) 9198. 
[6] V. Pore, M. Ritala, M. Leskelä, S. Areva, M. Järn, J. Järnström, J. Mater. Chem. 
17 (2007) 1361. 
[7] W.S. Yang, S.W. Kang, Thin Solid Films 500 (2006) 231. 
[8] J.Y. Kim, D.W. Kim, H.S. Jung, K.S. Hong, Jpn. J. of Appl. Phys. 44 (2005) 
6148. 
[9] M.S. Ghamsari, A.R. Bahramian, Mater. Lett. 62 (2008) 361. 
[10] N. Ozer, H. Demiryont, J.H. Simmons, Appl. Opt. 30 (1991) 3661. 



82 
 

[11] S. Rabaste, J. Bellessa, A. Brioude, C. Bovier, J.C. Plenet, R. Brenier, O. 
Marty, J. Mugnier, J. Dumas, Thin Solid Films 416 (2002) 242. 
[12] J.T. Anderson, C.L. Munsee, C.M. Hung, T.M. Phung, G.S. Herman, D.C. 
Johnson, J.F. Wager, D.A. Keszler, Adv. Funct. Mater. 17 (2007) 2117. 
[13] S.T. Meyers, J.T. Anderson, D. Hong, C.M. Hung, J.F. Wager, D.A. Keszler, 
Chem. Mater. 19 (2007) 4023. 
[14] S.T. Meyers, J.T. Anderson, C.M. Hung, J. Thompson, J.F. Wager, D.A. 
Keszler, J. Am. Chem. Soc. 130 (2008) 17603. 
[15] J. Muhlebach, K. Muller, G. Schwarzenbach, Inorg. Chem. 9 (1970) 2381. 
[16] H. Ichinose, A. Kawahara, H. Katsuki, J. Ceram. Soc. Jpn. 104 (1996) 715. 
[17] K. Nakano, K. Matsuo, K. Tomono, N. Nakahara, Corros. Sci. 31 (1990) 407. 
[18] Y. Gao, Y. Masuda, Z. Peng, T. Yonezawa, K. Koumoto, J. Mater. Chem. 13 
(2003) 608. 
[19] R.S. Sonawane, S.G. Hegde, M.K. Dongare, Mater. Chem. Phys. 77 (2002) 
744. 
[20] B.R. Sankapal, M.Ch. Lux-Steiner, A. Ennaoui, Appl. Surf. Sci. 239 (2005) 
165. 
[21] L. Ge, M. Xu, M. Sun, H. Fang, Mater. Res. Bull. 41 (2006) 1596. 
[22] M. Tada, Y. Yamashita, V. Petrykin, M. Osada, K. Yoshida, M. Kakihana, 
Chem. Mater. 14 (2002) 2845. 
[23] Z. Wang, X. Hu, Thin Solid Films 352 (1999) 62. 
[24] R. Ulrich, R. Torge, Appl. Opt. 12 (1973) 2901. 
[25] S.T. Meyers, Ph.D. thesis, Oregon State University (2008). 
[26] B.E.A. Saleh and M.C. Teich, Fundamentals of Photonics, 2nd ed., John Wiley 
& Sons, Inc., Hoboken, New Jersey, 2007, p. 246. 
[27] A.L. Fahrenbruch, R.H. Bube, Fundamentals of solar cells, Academic Press, 
New York, 1983, p. 347−357. 
[28] J.K. Burdett, T. Hughbanks, G.J. Miller, J.W. Richardson, Jr., J.V. Smith, J. 
Am. Chem. Soc. 109 (1987) 3639. 
[29] Y. Hishikawa, N. Nakamura, S. Tsuda, S. Nakano, Y. Kishi, Y.Kuwano, Jpn. J. 
Appl. Phys. 30 (1991) 1008. 
[30] G.K. Boschloo, A. Goossens, J. Schoonman, J. Electochem. Soc. 144 (1997) 
1311. 
[31] D.R. Lide, CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, 
71st ed., 1990. 
[32] D. Mergel, Thin Solid Films 397 (2001) 216.  
[33] H.A. Macleod, Thin-Film Optical Filters, 3rd ed., Institute of Physics 
Publishing, Bristol, 2001. 
[34] R.M. Almeida and S. Portal, Curr. Opin. Solid State Mater. Sci. 7 (2003) 151. 
[35] K.M. Chen, A.W. Sparks, H. Luan, D.R. Lim, K. Wada, and L.C. Kimerling, 
Appl. Phys. Lett. 75 (1999) 3805. 
[36] J. Bellessa, S. Rabaste, J.C. Plenet, J. Dumas, J. Mugnier, and O. Marty, Appl. 
Phys. Lett. 79 (2001) 2142. 



83 
 

Table 5.1. Density of the TiO2 Films Derived from XRR Measurements 

Precursor Anneal 

(°C) 

Density 

(g cm-3) 

Density relative to single- 

crystal TiO2 anatase (%) 

Acidic 300 3.38 87 ± 2 

Acidic 500 3.38 87 ± 2 

Basic 300 3.09 79 ± 2 

Basic 500 3.17 81 ± 1 

 

 

 

 

Figure 5.1. XRD patterns of TiO2 films annealed at selected temperatures. 
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Figure 5.2. TGA for aged products from (a) acidic precursor and (b) basic 
precursor. 

 

 

Figure 5.3. FT−IR spectra of (a) as-deposited and (b) 300-ºC annealed TiO2 thin 
film from basic precursor. 
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Figure 5.4. SEM images of TiO2 thin films deposited from acidic precursor 
solution with annealing at (a,b) 200 ºC, (c,d) 300 ºC, and (e,f) 500 ºC. 

 

 

 

 

Figure 5.5. SEM images of TiO2 thin films deposited from basic precursor solution 
with annealing at (a,b) 200 ºC, (c,d) 300 ºC, (e,f) 500 ºC. 
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Figure 5.6. Optical transmission (T) and reflection (R) for TiO2 on glass derived 
from a basic precursor. (αE)2 is normalized at 4.0 eV. 

 

 

Figure 5.7. Dispersion of the refractive index of TiO2 films prepared from aqueous 
solutions (a = acidic precursor; b = basic precursor) and annealed at 300 ºC. The 
dispersion was measured on a grating spectrometer; the square and circle represent 
the index at 633 nm measured with a prism coupler. 
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Figure 5.8. Guided-wave mode spectrum of 633 nm light in a TiO2 film deposited 
from an acidic precursor (the same film as (a) in Fig.7). The mode positions yield n 
= 2.24 and d = 290 nm. 

 

 

Figure 5.9. Cross-sectional SEM images of (a) the g(HL)4Ha distributed Bragg 
reflector and (b) the g(HL)2HH(LH)2a microcavity. The top Pt layer is added to 
facilitate imaging. 
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Figure 5.10. Reflectance spectra of the g(HL)mHa distributed Bragg reflectors 
illuminated by unpolarized light at an incidence angle of 10˚. 
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Figure 5.11. Reflectance spectra of the (HL)mHa distributed Bragg reflectors 
illuminated by s- (a) and p- (b) polarized light at different incident angles.  
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Figure 5.12. Reflectance and transmittance spectra of the g(HL)2HH(LH)2a 
microcavity illuminated by unpolarized light at an incidence angle of 10˚. 
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Figure 5.13. Patterned TiO2 film. Dark regions correspond to TiO2, and light 
regions correspond to the substrate. 
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Abstract 

      TiO2−AlPO nanolaminates have been fabricated from aqueous solution 

precursors. Fine control over individual layer deposition at a thickness near 1 nm is 

demonstrated by adjusting the precursor concentrations. Characterization by X-ray 

reflectivity (XRR) and transmission electron microscopy (TEM) reveal near-

atomically smooth interfaces and regularity of the nanolaminates. X-ray diffraction 

(XRD) is utilized to investigate the crystallization behavior of TiO2 layer under 

one-dimensional confinement. TiO2−AlPO nanolaminates incorporated into 

capacitor structures exhibit low leakage current densities (< 10 nA/cm2 at 1 MV/cm) 

and high breakdown fields up to 5.4 MV/cm with annealing temperatures as low as 

350 °C. Tailorable dielectric constants have also been demonstrated by varying the 

relative layer thickness of the TiO2 to AlPO films. 
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6.1 Introduction 

      Nanolaminates, stacks of alternating ultra-thin layers of different materials, 

have drawn considerable attention because of their ultra-low thermal 

conductivities,1 enhanced hardness,2 high X-ray reflectivity,3 and tailorable 

dielectric properties.4−8 Advanced vapor deposition techniques, especially atomic 

layer deposition (ALD), have been used to fabricate these nanolaminates, because 

of their exquisite control over the thickness and composition of the individual 

layers at an atomic level.9 Simple, atmospheric processing and low cost make 

solution deposition an appealing alternative to these vacuum-based techniques. In 

particular, the solution deposition of nanolaminates offers new opportunities for 

investigating mutual interdiffusion processes, designing graded interfaces, and 

studying phase transformations under one-dimensional confinement. Conventional 

sol-gel processing, with metal-organic based solution precursors, however, prevents 

many of these studies, because of the large quantities of stabilizing reagents and 

organic solvents. The disruptive volume loss during annealing often leads to 

surface roughness and porosity.10 High porosity promotes in interlayer mixing and 

accumulated surface roughness that would eventually collapse and prevent the 

formation of high-quality multilayer structures. The production of nanolaminates 

through this route has not previously been demonstrated. 

      In recent contributions, we described a novel inorganic aqueous-based approach 

for the deposition of oxide films, e.g., HafSOx,11 AlPO,12 ZnO,13 and TiO2,
14 

exhibiting qualities comparable to those achieved via vapor deposition techniques. 
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By inhibiting the presence of large colloids in the precursor, utilizing prompt 

hydrolysis and condensation of metal cations during the thin film formation, and 

easy decomposition of small inorganic ligands upon annealing, smooth and dense 

films can be deposited from simple aqueous solutions. The homogeneity of the 

precursors, originated from the solvated molecular-level species in these true 

solutions, allows control of film thickness and uniformity. Synthesis of 

nanolaminates via solution processing should be readily realized by applying this 

approach.  

      AlPO films incorporated into capacitors and thin-film transistors (TFTs) can 

exhibit excellent dielectric performance. These electronic devices strictly require 

the dielectric materials to exhibit low leakage currents, high breakdown strength, 

and low interface state densities. Thin-film TiO2 has drawn interest because of its 

high permittivity,15,16 but its relatively small band gap (~3.3 eV) makes it too leaky 

to be an ideal stand-alone gate dielectric. Based on our previous studies on these 

two materials, we also know that TiO2 films densify well after annealing at 300 °C. 

While, AlPO films require a higher temperature anneal to fully dehydrate. 

Therefore, by combining these two materials in a nanolaminate structure, we expect 

that the resulting nanolaminate will exhibit properties superior to those of the 

discrete constituents, especially at lower processing temperatures.  

      In this paper, we describe the fabrication of TiO2−AlPO nanolaminates via 

solution processing. The control over film thickness and uniformity is evaluated by 
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structural and morphological characterization. Finally, the dielectric properties of 

TiO2−AlPO nanolaminates are presented. 

 

6.2 Experimental 

6.2.1Thin-film Preparation 

      Aqueous precursor solutions for TiO2
14 and AlPO12 were prepared as previously 

reported. Briefly, TiO2 precursors were synthesized by dissolving hydrous titanium 

hydroxide in hydrogen peroxide; AlPO by dissolving Al(OH)3 in HNO3(aq) and 

H3PO4(aq). Films were deposited on 500 nm of Ta sputter-deposited on Si for 

capacitor and TFT testing and onto 200 nm of SiO2 thermally grown on Si for all 

other purposes, unless otherwise noted. The substrates were cleaned by sonication 

in a 5% solution of Contrad 70 for 45 min at 40°C, followed by thorough rinsing 

with 18-MΩ H2O before deposition. Pure TiO2 and AlPO thin films (for 

spectroscopic ellipsometry measurements only) were deposited on substrates by 

spin-coating at 3000 rpm for 30 s, followed by an immediate hot-plate cure at 

200 °C for 1 min. This procedure was repeated until the total thickness was in the 

range of 12−30 nm. Nanolaminates were constructed by alternately depositing TiO2 

and AlPO layers. This process was repeated until designed structure was obtained. 

An oven anneal in air at selected temperatures in the range of 200−1100 °C 

completed the process. The film thickness per deposition cycle was controlled by 

changing the concentration of the precursor solution.  

6.2.2 Structural and Morphology Characterization 
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      Spectroscopic ellipsometry (SE) measurements were carried out at the incident 

angles of 65, 70, and 75°, in the range of 300−1000 nm by using an HS-190 system 

(J.A. Woolam Co.). The ellipsometric data were analyzed by using the VASE 

software package. Since AlPO has a refractive index close to that of SiO2, Mo on 

glass substrates were used for pure AlPO films in this case. The ellipsometric 

spectra for pure TiO2 and AlPO films were fitted by modeling TiO2 and AlPO layer 

as Cauchy layer on top of SiO2/Si and Al/SiO2 substrates, respectively. Thin-film 

X-ray diffraction (XRD) data were collected by using a Rigaku RAPID 

diffractometer with Cu Kα radiation generated from a rotating anode at 59 kV and 

250 mA. X-ray reflectivity (XRR) data were collected on a Bruker-AXS D8 

Discover X-ray diffractometer with Cu Kα radiation (40 kV, 40 mA). The incident 

beam was conditioned by using a 0.1-mm divergence slit and a parabolic multilayer 

mirror. The exit beam was conditioned with a 0.6-mm anti-scatter slit, a Soller slit 

assembly, and a 0.05-mm detector slit. The data were collected from 0 to 6º (2θ) in 

0.01º steps at 1 s/step. Consistency was checked by comparing the initial machine 

peak and the Si critical angle. 

6.2.3 Device Fabrication and Characterization 

      Metal-insulator-metal (MIM) capacitor structures were completed by thermally 

evaporating 200 nm thick circular Al contacts via a shadow mask (0.011 cm2) onto 

the annealed dielectrics. Relative dielectric constant and loss tangent were 

measured by using a Hewlett-Packard 4192A impedance analyzer. Leakage 
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currents and breakdown fields were assessed using a Hewlett-Packard 4140B 

picoammeter with a voltage ramp of 1 V/s.  

 

6.3 Results and Discussion 

6.3.1 Structure and Morphology 

      To control the thickness of individual layers in nanolaminates, the relationship 

between the thickness per deposition cycle (t) and the concentration of precursor (c) 

needs to be established. The thicknesses of pure TiO2 and AlPO films, deposited 

from corresponding precursors of different concentrations and after annealing at 

350 °C for 1 h, were obtained by fitting the ellipsometric spectra with a Cauchy 

model. The model fits the experimental spectra well, with mean square errors (MSE) 

< 10 for all films measured. The thickness per deposition cycle was determined by 

dividing the total thickness by the number of deposition cycles. The derived t vs. c 

plots for TiO2 and AlPO are shown in Figure 6.1. The thicknesses change linearly 

from 1.2 to 15.8 nm and 2.2 to 22.5 nm for TiO2 and AlPO films, respectively, with 

the precursor concentration ranging from 0.025 to 0.3 mol/L. The linear 

relationship, at least within this concentration range, provides a means to adjust 

precursor concentration and obtain a desired individual layer thickness for the 

fabrications of nanolaminates. The ability to deposit ~1 nm TiO2 from solution is 

noteworthy, indicating the species in the precursor are of subnano size. In contrast, 

difficulties in controlling the hydrolysis and condensation of the highly acidic 
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Ti(IV) often leads to the formation of large TiO2 aggregates in most other 

precursors. 

      XRD patterns for a nanolaminate with 6 bilayers of ~10 nm TiO2 and ~9 nm 

AlPO are illustrated in Figure 6.2. No diffraction peaks are observed for the 

nanolaminate annealed at 300 °C for 1 h. Diffraction peaks matching the TiO2 

anatase phase appear after a 18-h anneal at the same temperature. From previous 

studies with these precursor and film chemistries, we know that pure TiO2 films 

crystallize to anatase at 250 °C (also shown in Figure 6.2), while AlPO films 

remain amorphous to 1200 °C. The broader diffraction peaks of the nanolaminate, 

compared to the pure TiO2 film, indicate the TiO2 crystallites are smaller in the 

nanolaminate. Therefore, the crystallization of TiO2 is apparently impeded in the 

nanolaminated structure. The suppression of crystallization under one-dimensional 

confinement has previously been reported for vapor deposited nanolaminates.17,18 

      TiO2−AlPO nanolaminates with different annealing temperatures and individual 

layer thicknesses were characterized by XRR and TEM. XRR patterns of four 

representative nanolaminates, annealed at 300 and 600 °C for 1 h, with each bilayer 

deposited from precursors of (A) 0.2 M TiO2 and 0.12 M AlPO and (B) 0.1 M TiO2 

and 0.1 M AlPO are shown in Figure 6.3a. The Bragg peaks, appearing as more 

intense peaks in each XRR pattern, are from bilayer diffraction. The Kiessig fringes, 

exhibited by smaller peaks oscillating at higher frequency, are related to the whole 

layer thickness. (N−2) Kiessig fringes are well discerned between each Bragg peak 

where N is the number of bilayers in the nanolaminate. These two main XRR 
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features extend to high scattering angles, reflecting the high degree of periodicity 

and smooth interfaces for each nanolaminate. The bilayer thickness can be readily 

determined by the Bragg angles. By independently varying the thickness of AlPO 

layer by multiplying the deposition cycles, the thicknesses of individual layers were 

also derived. Table 6.1 lists the bilayer thicknesses (tbilayer), TiO2 layer thicknesses 

(tTiO2), and AlPO layer thicknesses (tAlPO) for the four representative nanolaminates, 

obtained from this method. A selected film (A 300 °C) was also examined by 

bright-field TEM. A 6-bilayer sequence is clearly evident from the alternating 

stacking of dark TiO2 and bright AlPO layers in Figure 6.3b. The individual layer 

thicknesses agree with those determined from XRR. A closer look at the TEM 

image shows that TiO2 is actually crystallized in the nanolaminate after a 1-h 

anneal at 300 °C. The crystallites are probably too small to be detected by XRD at 

that stage, cf., Figure 6.2. The shrinkages of bilayer thicknesses at 600 °C, relative 

to 300 °C, are calculated to be around 8% from Table 6.1. Larger contractions of 

the AlPO layers relative to the TiO2 layers are noticed, indicating the higher 

hydration level of AlPO at lower temperatures in agreement of our previous studies. 

Considering the strong stresses generated during crystallization, drying, and 

densification, it is remarkable that the integrity of solution-processed TiO2−AlPO 

nanolaminate structure remains well preserved after the high-temperature anneals. 

A TEM image of an 800 °C-annealed TiO2−AlPO nanolaminate is shown in Figure 

6.4. It also exhibits smooth and distinct interfaces. Intermixing of layers is observed 
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when the annealing temperature reaches 1100 °C, as shown in the inset of Figure 

6.4. 

5.3.2 Electrical characterization 

      TiO2−AlPO nanolaminates were incorporated into thin-film capacitor structures 

to evaluate dielectric properties, which are extremely susceptible to the morphology, 

density, and composition of the material. Fabrication conditions, individual and 

total layer thicknesses for four TiO2−AlPO nanolaminates integrated into MIMs are 

listed in Table 6.2. The thicknesses determined from TEM (Figure 6.5) agree well 

with those derived from the t−c relationships, established by ellipsometry 

measurements, cf., Figure 6.1. The MIM structures were initially evaluated by 

small-signal capacitance and conductance measurements to provide loss tangent 

(tan δ) and relative dielectric constant (εr) values. A comprehensive tabulation of 

dielectric performance parameters for the nanolaminates, along with two pure TiO2 

and AlPO films is given in Table 6.3. The loss-tangent value is high for TiO2 films 

and decreases to below 1.5% for AlPO films and nanolaminates. The measured 

dielectric constants are 25 and 5.0 for pure TiO2 and AlPO films, respectively. As 

can be seen in the table, the dielectric constants of nanolaminates can be tailored by 

adjusting the relative thicknesses of TiO2 and AlPO layers. Reduction of the 

relative thickness of the TiO2 layer leads to a decrease of the dielectric constant. 

The measured dielectric constants are consistent with those calculated by treating 

the nanolaminates as a stack of capacitors in series using equation (1) 

1/Ctotal = 1/CTiO2 + 1/CAlPO 
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Ttotal/εtotal = TTiO2/εTiO2 + TAlPO/εAlPO                                      (1) 

where C, T, and ε are capacitance, thickness, and relative dielectric constant, 

respectively, of nanolaminate, total TiO2 layer, and total AlPO layer, as indicated 

by the subscript. 

      Current-voltage measurements on the same devices were used for breakdown 

analysis of the dielectric films. In cases where catastrophic and irreversible current 

increases were not observed, a current limited breakdown is here defined as the 

field strength where leakage current density exceeds 10 µA/cm2. As shown in Table 

6.3, the pure TiO2 film has a large leakage current density, i.e., ~5000 nA/cm2 at 1 

MV/cm, while the AlPO film exhibits an average current density of 4.2 nA/cm2 at 1 

MV/cm and a breakdown field of 5.1 MV/cm. Note that the breakdown 

performance of the solution-processed TiO2 films is comparable to that reported for 

sputtered TiO2 thin films.19 All TiO2−AlPO nanolaminates demonstrate reliable 

breakdowns ≥ 3.5 MV/cm and leakage current densities < 10 nA/cm2 at 1 MV/cm. 

Representative current-voltage characteristics for a nanolaminate and pure oxide 

films are illustrated in Figure 6.6. The superior dielectric properties exhibited by 

the TiO2−AlPO nanolaminates certainly originate from the smooth interfaces and 

inhibitions of TiO2 grain growths in the stacks. Rough surfaces would cause “weak 

spots” where local electric fields are high and thus reduce breakdown strengths.20 

Smooth interfaces of the TiO2−AlPO nanolaminates have been revealed by XRR 

and TEM results. Grain boundaries, acting as conducting channels, can enhance 

leakage currents by four orders of magnitude.21,22 In the TiO2−AlPO nanolaminates, 
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the intermediate amorphous AlPO layers apparently inhibit the continuous grain 

growth of TiO2, as manifested by XRD and TEM results, and, therefore limit the 

leakage currents. Another factor may contribute to the low leakage current and high 

breakdown field for the TiO2−AlPO nanolaminates is that electron capture in TiO2 

layers or at the interfaces may reduce the effective injecting field through AlPO 

layers. Such effect has been proposed by Balk23 and Kukli et al.24 for the low 

leakage currents in chemical-vapor deposited SiN−SiO2 films and ALD 

Ta2O5−HfO2 nanolaminates, respectively. 

  

6.4 Conclusion 

      In this work, we have demonstrated the first example of a dielectric-quality 

nanolaminate fabricated via simple solution processing. The TiO2−AlPO 

nanolaminates integrated into MIM capacitors exhibit tailorable dielectric constants, 

low leakage current densities (< 10 nA/cm2 at 1 MV/cm) and high breakdown 

fields  (>5 MV/cm) with processing temperatures as low as 350 °C. The superior 

dielectric properties rely on the smooth interfaces in the nanolaminates and 

inhibition of TiO2 grain growth. Fine control of individual layer thickness at 

approximately 1-nm thickness can be readily realized by changing the precursor 

concentrations. 
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Table 6.1. Layer Thicknesses Derived from Systematic XRR Analyses 

Sample cTiO2  

(mol/L) 

cAlPO 

(mol/L) 

Anneal  

(°C) 

tbilayer  

(nm) 

tTiO2  

(nm) 

tAlPO  

(nm) 

A 300 °C 0.2 0.12 300 19.5 11.3 8.2 

A 600 °C 0.2 0.12 600 18.1 10.7 7.4 

B 300 °C 0.1 0.10 300 11.7 5.0 6.7 

B 600 °C 0.1 0.10 600 10.7 4.7 6.0 

 

Table 6.2. Sample Descriptions for Four TiO2−AlPO Nanolaminates Incorporated 
into MIM Capacitors and Their Individual Layer Thicknesses and Total Stack 
Thickness Determined from TEM images after Annealing in Air for 1 h at 350 °C 

Sample cTiO2 

(mol/L) 

cAlPO 

(mol/L) 

N tTiO2 

(nm) 

tAlPO 

(nm) 

Ttotal
a 

(nm) 

1 0.2 0.1 8 11.0 7.0 151 

2 0.16 0.1 8 9.0 7.0 135 

3 0.1 0.1 8 4.6 7.0 100 

4 0.1 0.2 7 4.6 14.0 144 

a Ttotal = N(number of bilayers) × (tTiO2 + tAlPO) +tAlPO (a cap layer). 
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Table 6.3. Electrical Characteristics of MIM Capacitors Integrated with the Four 
TiO2−AlPO Nanolaminates, as Described in Table 6.2, a Pure 160 nm TiO2 Film 
Annealed in Air for 1 h at 300 °C, and a 160 nm AlPO Film Annealed in Air for 1 h 
at 350 °C 

Sample εr (mea.) εr (cal.)a tan δ 

(%) 

JLeak
b 

(nA/cm2)  

Breakdownc 

(MV/cm) 

1 9.3 9.4 1.4 6.7 3.6 

2 8.8 8.7 0.9 3.2 4.2 

3 7.2 7.1 0.7 3.6 5.2 

4 6.1 6.1 0.5 2.4 5.4 

TiO2 25 N/A 3.0 5000 1.1 

AlPO 5.0 N/A 1.3 4.2 5.1 

a εr (cal.) were calculated by treating the nanolaminates as a stack of capacitors in 
series using equation (1) 
b JLeak data were obtained at a field strength of 1 MV/cm. 
c Breakdown is here defined as the field strength where leakage current density 
equals to 10 µA/cm2, if catastrophic and irreversible current increases are not 
observed. 
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Figure 6.1. Thickness per deposition cycle (t) vs. molar concentration (c) of the 
metal cation concentration for pure TiO2 and AlPO films after annealing in air at 
350 °C for 1 h. The two equations in the plot were generated by linearly fitting the 
data points of TiO2 and AlPO, respectively. 
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Figure 6.2. XRD patterns for a nanolaminate with 6 bilayers of ~10 nm TiO2 and 
~9 nm AlPO and a pure ~60 nm TiO2 film annealed in air under the depicted 
conditions. 
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Figure 6.3. a) XRR of 6-bilayer TiO2−AlPO nanolaminates after annealing in air 
for 1 h at given temperatures, with each bilayer deposited from precursors of (A) 
0.2 M TiO2, 0.12 M AlPO, (B) 0.1 M TiO2, 0.1 M AlPO. b) A cross-sectional TEM 
image for the sample A 300 °C. 
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Figure 6.4. Cross-sectional TEM images for a nanolaminate with 6 bilayers of ~10 
nm TiO2 and ~5 nm AlPO after annealing in air for 1 h at 800 °C. Intermixing of 
layers occurs at 1100 °C (inset).   
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Figure 6.5. Cross-sectional TEM images (a), (b), (c), and (d) for sample 1, 2, 3, 
and 4, respectively, as described in Tables 6.2 and 6.3.  
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Figure 6.6. Representative current-voltage characteristics for a 350 °C-annealed 
TiO2−AlPO nanolaminate (sample 4), a 300 °C-annealed TiO2 film, and a 350 °C-
annealed AlPO film, as described in details in Table 6.3. 
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Abstract 

      New, stable aqueous nitrate solutions have been developed for the deposition of 

high-quality HfO2 thin films. Film structure, chemistry, and density are investigated 

by X-ray diffraction, FT-IR, electron-probe microanalysis, SEM, and X-ray 

reflectivity. Results from these measurements collectively reveal that smooth and 

dense HfO2 films are readily produced from the precursors with annealing at 

moderate temperatures. Optical properties of the films are studied by spectroscopic 

ellipsometry and transmission/reflection measurements. The observed refractive 

indices (1.89−1.93) are comparable to those achieved via vapor-deposition 

techniques. Dielectric properties are evaluated through integration in capacitors and 

thin-film transistors. Performance as capacitor dielectrics is characterized by 

leakage-current densities (< 10 nA/cm2 at 1 MV/cm) and breakdown fields up to 6 

MV/cm. As gate dielectrics in thin-film transistors with amorphous indium gallium 

zinc oxide channels, the films exhibit small gate leakage, enabling qualitatively 

ideal transistor performance with incremental mobilities near 13 cm2/V·S.  
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7.1 Introduction 

      HfO2 thin films are widely used as coatings for laser optics1,2 and as gate 

dielectrics in advanced transistor technologies.3−5 To fulfill most application 

requirements, it is essential that the films are smooth and dense in a thickness range 

from single-digit to several hundred nanometers. Consequently, advanced vapor 

methods, such as electron-beam evaporation,6 chemical vapor deposition (CVD),7,8 

sputtering,9,10 and atomic layer deposition (ALD)11−13 have been favored for film 

deposition. Even with these sophisticated techniques, it can be challenging to 

produce the desired films. For example, energy-assisted depositions are generally 

required to produce highly dense films for optics. Post-deposition anneals of 

dielectric films are often necessary to lower defect concentrations. But annealing 

generally induces crystallization of HfO2, producing in a dielectric unwanted grain-

boundary leakage-current pathways with associated thermal losses and low device 

reliability. In many cases, the tolerable range of deposition conditions or “process 

window”, is often quite small. In addition, scaling with vapor deposition to large 

areas with high uniformity remains problematic.14 

      High-speed printing or coating of thin-film materials from solution precursors 

(inks) offers a potentially simple, low-cost, and low-energy opportunity for 

realizing large-area fabrication of electronic and electro-optical devices. Of course, 

such printing is largely predicated on the availability of precursors that smoothly 

and efficiently transform into high-quality films. In this contribution, we describe a 

new water-based solution precursor for depositing HfO2. 
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      Thin-film HfO2 deposition through conventional sol−gel routes via spin- or dip-

coating has been described in several reports. For example, hafnia sol precursors 

have been made by mixing HfCl4 into ethanol or 1-methoxy-2-propanol followed 

by hydrolysis and peptization with acid.15−17 Similar colloidal suspensions have 

been produced by using HfOCl2 as the starting material.2 Precursors have also been 

prepared by stabilizing hafnium ethoxide or hafnium pentadionate in 

acetylacetone/ethanol.18−20 Each of these methods has relied on the use of a metal-

organic reagent or the preparation of large sol particles. Because of the incomplete 

expulsion of organic residues and the high activation energy for inter-particle 

densification, the methods are predisposed to production of highly porous films. 

After annealing at 450 ºC, refractive indices are commonly reported to be 

approximately 1.7 (λ = 550 nm), corresponding to a porosity of 26%. Even though 

high-temperature anneals may contribute to densification of the deposited sols, they 

also lead to HfO2 crystallization and the formation of grain boundaries as annealing 

temperatures reach 500 ºC. As insulators, these films exhibit high leakage-current 

densities near 10-5 A/cm2 at 1 MV/cm,16,21 three orders of magnitude higher than 

that required for thin-film transistor (TFT) gate dielectric. To produce higher-

quality material, a presumed surface sol−gel method has been investigated by using 

a precursor of hafnium n-butoxide dissolved in toluene/ethanol.14 In this method, an 

attempt is made to mimic the self-limiting reactions of ALD by inhibiting grain 

boundary, porosity, and cracking problems through sequential deposition of ultra-
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thin layers. This approach, however, offers a slow deposition rate (0.6 nm/cycle), 

while island growth is manifested as surface roughness exceeding 1 nm. 

      In recent contributions, we have described a unique approach to the deposition 

of high-quality oxide films by using inorganic aqueous precursors. Examples 

include HafSOx22 and AlPO23 as dielectrics, ZnO24 and InGaZnOx
25 as 

semiconductors, and HafSOx as a directly imaged hardmask.26 These films exhibit 

qualities comparable to those achieved via advanced vapor techniques. By 

inhibiting the formation of large colloids in the precursor, while still promoting 

hydrolysis and condensation of metal species during thin-film deposition and 

heating, wet precursor coatings are converted smoothly to dense films. In this paper, 

we extend this approach to the preparation of a new precursor that enables 

unprecedented quality and thickness control for deposition of HfO2 films from 

solution. The precursor chemistry allows a unique densification of the film prior to 

crystallization, enabling use as a high-performance dielectric. The dielectric 

performance is assessed both through capacitor and thin-film transistor studies and 

correlated to the structural, morphological, and optical properties of the films.  

 

7.2 Experimental 

7.2.1 Precursor Synthesis 

      18-MΩ millipore water was used for each preparation. HfOCl2·8H2O (Alfa 

Aesar, 98+%) was dissolved in H2O to a Hf concentration of 0.12 M. 6.7 mL of 1-

M NH3(aq) (Mallinckrodt, ACS) was added to 20 mL of the solution to a pH of 8.5 
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with vigorous stirring. The resulting precipitates were centrifuged and then washed 

with H2O to remove Cl- and ammonia. Rinse and separation steps were repeated 

until no precipitates were observed after mixing the supernatant with 0.1-M 

AgNO3(aq), i.e., usually five cycles. At the end, the yield of Hf was measured to be 

98%. Finally, 5 mL of 10-M H2O2(aq) (Mallinckrodt, ACS) and 1.4 mL of 2-M 

HNO3(aq) (EDS, ACS) were added to the precipitates and stirred for approximately 

12 h to obtain a stable precursor solution. The final Hf concentration was 0.2 M 

with a NO3
-/Hf ratio of 1.2.  

7.2.2 Thin-film Deposition 

      Prior to deposition, all substrates were rinsed with H2O followed by a 10-min 

ash in an O2 plasma at 10 mTorr, 5 sccm O2, and 0.75 W/cm2. Films were deposited 

on substrates by spin-coating at 3000 rpm for 30 s, followed by an immediate hot-

plate cure at 150 ºC for 1 min. This procedure was repeated until the desired 

thickness was obtained. A 1-h oven anneal in air at selected temperatures in the 

range 200−800 ºC completed the process. Film thickness for one deposition cycle 

could be readily controlled by adjusting the concentrations of the precursors. For a 

0.2-M Hf solution, the film thickness for one deposition cycle is 8 nm after a final 

anneal at 400 ºC.  

7.2.3 Structural and Chemical Characterization 

      Thin films for X-ray diffraction (XRD), transmission Fourier transform infrared 

(FT-IR) spectra, and electron-probe microanalysis (EPMA) measurements were 

deposited on Si wafers coated with 200 nm of thermally grown SiO2. XRD data 
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were collected with a Rigaku RAPID diffractometer equipped with Cu Kα radiation. 

Transmission FT-IR spectra were collected on a Nicolet 5PC spectrometer with a 

bare Si/SiO2 substrate as reference. EPMA data were performed with a Cameca 

SX-50 with wavelength dispersive spectrometers and gas-flow proportional 

detectors with P-10 gas. Intensities of O Kα, Si Kα, Cl Kα, N Kα, Hf Mα, and Zr 

Lα were collected at accelerating voltages of 8, 12, and 16 kV and averaged over 

10 positions on each sample. Si, Ca5(PO4)3Cl, BN, Hf, and Zr were used as 

standards. Raw intensities were corrected by a procedure detailed by Donovan and 

Tingle.27 Quantitative elemental analysis was determined by comparing 

experimental k-ratios to simulated values using StrataGEM thin-film composition 

analysis software. 

7.2.4 Morphology and Density 

      Thin films for scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) were also deposited on Si/SiO2 substrates. Thin films for X-ray 

reflectivity (XRR) were deposited on p-type Si substrates. Surface roughness was 

evaluated by using a Digital Instruments Nanoscope III Multimode atomic force 

microscope operated in contact mode with a Veeco NP-20 SiNx probe at a scan 

frequency of 1.5 Hz. A low-pass filter and a second-order plane fit were applied to 

all samples to limit high-frequency noise and sample tilt. XRR data were collected 

with Cu Kα radiation (45 kV, 40 mA) on a Philips PW/3040 diffractometer. The 

incident beam was conditioned by using a 0.05-mm divergence slit. The exit beam 

was conditioned with a 0.1-mm detector slit. Low-angle reflections from 0.3−5º (2θ) 



120 
 

were collected in 0.01º steps at 1 s/step. Analyses were conducted with X'Pert 

Reflectivity V1.0 software using sample thickness, surface roughness, and density 

as fitting parameters. 

7.2.5 Optical Properties 

      HfO2 films were spin-coated on Si/SiO2 substrates for spectroscopic 

ellipsometry (SE) measurements. SE measurements were made at the incident 

angles of 65, 70, and 75°, in the range 300−1000 nm by using an HS-190 

spectroscopic ellipsometer (J.A. Woolam Co.). SE provides the complex 

reflectance ratio ρ = tan(Ψ)exp(iΔ), where tan(Ψ) is the amplitude ratio upon 

reflection, and Δ is the phase difference. The ellipsometric data were analyzed by 

using the VASE software package. The analysis is based on least-square regression 

analysis to obtain the unknown fitting parameters. Using appropriate optical models, 

the parameters were varied to minimize the difference between the calculated Ψ, Δ 

values and the experimental data. The difference is represented by the mean square 

error (MSE). The transmission and reflection spectra from 390 to 850 nm were 

measured at near-normal incidence by using a double-grating spectrometer with a 

broadband Xe source and a Si-photodiode detector. The thickness and wavelength-

dependent refractive index, n(λ), were obtained from analysis of the interference 

fringes in the reflection and transmission spectra. 

7.2.6 Electronic Device Fabrication and Characterization 

      Metal-insulator-semiconductor (MIS) and metal-insulator-metal (MIM) 

capacitor test structures were constructed by spin-coating HfO2 thin films on 
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degenerate, p-type Si substrates (0.008−0.016 Ω cm) and on Si wafers coated with 

500 nm of Ta, respectively. The capacitors were completed by thermally 

evaporating 200-nm thick circular Al contacts via a shadow mask (0.011 cm2) onto 

the annealed dielectrics. Relative dielectric constant and loss tangent were 

measured by using a Hewlett-Packard 4192A impedance analyzer. Leakage 

currents and breakdown fields were assessed by using a Hewlett-Packard 4140B 

picoammeter with a voltage ramp of 1 V/s. Bottom-gate thin-film transistors were 

fabricated by rf sputtering through a shadow mask 50 nm of indium gallium zinc 

oxide (IGZO) channel materials onto 110-nm thick HfO2 thin films on p-type Si 

substrates. HfO2 films were produced via spin-coating with a final anneal of 400 ºC. 

Control devices were fabricated by depositing IGZO onto Si wafers having a 100-

nm thick layer of SiO2. The dielectric/semiconductor stacks were annealed at 300 

ºC for 1 h. Al source and drain contacts were thermally evaporated via a shadow 

mask; device width = 1000 µm and length = 100 µm. TFTs were characterized in 

the dark with a Hewlett-Packard 4156C semiconductor parameter analyzer. 

 

7.3 Results and Discussion 

      A new and unique aqueous Hf solution containing peroxide and limited nitrate 

has been developed for deposition of HfO2 films. The low NO3
- concentration 

diminishes the ionic strength of the solution relative to a stoichiometric salt, 

providing the means to directly spin coat a film. The peroxide limits particle growth 

in the solution, while enabling relatively low-energy pathways for condensation of 
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the precursor species to a film. Hence, the spin-coated film can be annealed at 

modest temperatures to eliminate these inorganic ligands. We will first consider the 

general properties and characteristics of the films that are produced and then turn to 

a consideration of the precursor solution.  

      XRD data for films heated at defined temperatures up to 800 ºC are illustrated 

in Figure 7.1. No discernable diffraction peaks are evident for films annealed at 

temperatures ≤ 450 ºC for 1 h. As the temperature rises through and above 500 ºC, 

the monoclinic form of HfO2 crystallizes, persisting to the maximum temperature 

(800 ºC) investigated. This crystallization behavior is similar to many conventional 

sol−gel derived films,15,19,21 where crystallization has been observed near 450 ºC 

via electron-diffraction experiments.19 The crystallization behavior of vapor-

deposited films varies by deposition method and conditions. In some cases, as-

deposited films via CVD,8 sputtering,10 and ALD28 were observed to be 

polycrystalline.  

      FT-IR spectra were collected to monitor the hydration levels of films as a 

function of temperature. Spectra covering the energy range 2000−4000 cm-1 are 

illustrated in Figure 7.2. The primary absorption feature of interest is the broad 

band centered at approximately 3500 cm-1, which is assigned to O−H stretching 

modes. The intensity of this band decreases significantly when the annealing 

temperature rises from 200 to 300 ºC, indicating a major portion of the aqua or 

hydroxo groups are lost in this temperature range. The O−H absorption band is not 

observed after annealing the film at 500 ºC, where the film crystallizes as HfO2. 
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      EPMA data were collected to determine the residual counterion (Cl- and NO3
-) 

contents of the films, cf., inset Figure 7.2. The measured Cl- concentrations (< 0.5% 

relative to Hf) correspond to the noise threshold of the instrument for all the 

samples measured, supporting the visual observation that most of the Cl- was 

removed through the precipitation, rinse, and centrifuge steps of the precursor 

synthesis. The atomic percentages of N range from approximately 10 to 4% with 

increasing temperatures. Recalling that the atomic ratio of NO3
- to Hf is 1.2 in the 

precursor solution, it is apparent that a significant fraction of NO3
- is eliminated 

during the deposition and subsequent annealing. Quantifying the content of a light 

atom such as N via EPMA, however, is quite challenging; additional analytical 

techniques need to be applied to better quantify any N residue. 

      Surface and cross-section SEM images of films annealed at 400 and 600 ºC are 

shown in Figure 7.3. The surface of the X-ray amorphous thin film is so smooth 

that no features are discernable in the top-view SEM image (Figure 7.3a). The 

high-resolution cross-section SEM image (Figure 7.3b) reveals a continuous and 

dense film of ~85-nm thick. For the crystallized film annealed at 600 ºC, grain 

growth and grain boundary formation become apparent in both top-view and cross-

section SEM images (Figures 7.3c and d). The thickness of this film is about 80 nm 

from Figure 7.3d. It is noteworthy that all films exhibit extreme smoothness and 

continuity without visible cracks and voids after undergoing strong stresses 

generated during drying or crystallization.   
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      Consistent with the SEM results, contact-mode AFM imaging of films annealed 

below 500 ºC reveals no distinguishable features of the films above the instrument 

noise floor, resulting in root-mean-square (RMS) roughness values consistently ≤ 

0.3 nm over a 2  2 μm2 area. Even for the well-crystallized film annealed as high 

as 800 ºC, the roughness is only 0.7 nm. 

      XRR data were collected mainly to obtain film densities. For all films annealed 

in the range of 200−800 ºC, Kiessig fringes in the XRR patterns were found to 

extend beyond the maximum angle (2θmax = 5º) set for the analysis. By fitting the 

experimental curves, thicknesses, surface roughness, and density were generated 

for each film. An XRR pattern for a 400 ºC-annealed film, along with the model fit, 

is displayed in Figure 7.4 as a typical result. Generated surface roughness and 

density of each film are plotted in Figure 5. The surface roughness increases by 

approximately 1.5 Å as the annealing temperature increases to 500 ºC, and more 

steeply at higher temperatures as grain growth is enhanced. The surface roughness 

values are consistent with those obtained from AFM measurements. The density 

increases significantly from 7.17 to 8.71 g/cm3 as the annealing temperature rises 

from 200 to 400 ºC, and varies little at higher temperatures. Since the density 

evolution above 400 ºC has not been thoroughly investigated, the precise density 

trend and maximum value cannot be inferred from Figure 7.5. The value of 8.71 

g/cm3 for the 400 ºC-annealed film, corresponding to 86% of the single-crystal 

density of monoclinic HfO2 (10.12 g/cm3),29 is comparable to those reported (8.50 

and 9.23 g/cm3) for ALD HfO2 films.30,31 In contrast, from metal-organic based 



125 
 

solution precursors, corresponding ZrO2 films achieved comparable relative 

densities only after annealing above 1000 ºC, whereupon roughness increased 

dramatically.32  

      Ellipsometric data for the films were fit by modeling the bilayer HfO2/SiO2 

with the parameters SiO2 thickness (tSiO2), HfO2 thickness (tHfO2), and Cauchy 

parameters A, B, C for dispersion (n(λ) = A + B/λ2 + C/λ4) in the HfO2 layer. 

Experimental and simulated ellipsometric spectra for a film annealed at 400 ºC are 

shown in Figure 7.6. The fitting results for 300, 400, and 600 ºC-annealed films, 

along with values of mean square error (MSE) are listed in Table 7.1. As seen in 

Figure 7.6, excellent agreement is achieved between the experimental data and the 

model, indicating a homogeneous film has been produced. Because the derived 

values for the thickness of the SiO2 layer are consistent with those observed in 

SEM images and the thermal growth conditions, we have a high level of confidence 

in the results. Also, as seen in Table 7.1, the film thickness shrinks by 13% between 

300 and 400 ºC anneals and little thereafter. The predominant change occurring by 

400 ºC is consistent with the general density trend generated by XRR 

measurements, cf., Figure 7.5. 

      Refractive index (n) dispersion curves obtained from the model fit are shown in 

Figure 7.7. The refractive indices at λ = 550 nm are 1.89, 1.92, and 1.93 for films 

annealed at 300, 400, and 600 ºC, respectively. These high refractive indices are 

comparable to those for vapor-deposited HfO2 films. For example, n(550 nm) = 

1.85–1.98 and n(633 nm) = 1.98 have been reported for electron-beam evaporated 
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films and sputtered films, respectively.33,34 The relative density of a film can be 

estimated by modeling the film as a combination of bulk material and a second 

phase (air or water) in void spaces, via the effective optical medium approach, 

represented by Eq. (1),35 

                (1) 

where n is the refractive index for the film, n1 for bulk HfO2 (n1 = 2.13)33, n2 for 

voids in the form of  air (n2 = 1), or water (n2 = 1.33), and q1 is the volume fraction 

of the bulk. Since q1 directly depends on n2, the most physically reasonable second 

phase should be chosen. On the basis of the FT-IR results, voids composed of water 

are assumed for the 300 ºC-annealed film, and voids of air for the 400 and 600 ºC-

annealed films. Thus bulk volume fractions of 77%, 88%, and 88% for 300, 400, 

and 600 ºC-annealed films, respectively, are derived. These values agree well with 

the relative densities determined from XRR: 78%, 86%, and 87%. Alternatively 

assuming air voids at 300 ºC generates a bulk fraction of 86%, while assuming 

water voids at 400 ºC gives a bulk fraction of 80%. These assumptions lead to large 

discrepancies with the results derived from XRR measurements. Therefore, FT-IR, 

XRR, and optical measurements collectively reveal the realization of anhydrous 

and densified films after heating near 400 ºC.  

      The refractive indices of ~260-nm thick films annealed in the range of 200−800 

ºC were also determined by fitting the thin-film interference fringes in the 
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reflection and transmission spectra. The n(550 nm) values determined by fringe 

fittings are similar to those by ellipsometric analyses within 1%. 

      The dielectric properties of the films were first assessed by fabrication of MIS 

capacitor test structures, which were initially examined by small-signal capacitance 

and conductance measurements for determination of loss tangent (tan δ) and 

relative dielectric constants (εr). Results for films ~120-nm thick and annealed at 

selected temperatures are summarized in Table 7.2. The relative dielectric constant 

is approximately 13 for films annealed in the range of 300 to 600 ºC. εr values for 

vapor-deposited HfO2 films span the range 12−25.10,11,30,36 The slightly higher 

dielectric constant for the films annealed at 300 ºC compared with those annealed at 

350 and 400 ºC is attributable to residual, polarizable hydroxo groups; the high 

loss-tangent (9%) is also indicative of residual hydration in the films. Loss-tangent 

values decrease to < 1% for films annealed from 350 to 450 ºC and then increase 

to > 5% for films annealed at higher temperatures. The latter increase is associated 

with crystallization and the formation of grain boundaries. Current-voltage 

measurements on the same devices were used to evaluate dielectric breakdown. In 

cases where catastrophic and irreversible current increases were not observed, a 

current limited breakdown is defined as the field strength where leakage current 

density exceeds 10 µA/cm2. As seen in Table 7.2, the leakage current density is 

large for the 300 ºC-annealed films, again related to incomplete dehydration. 

Catastrophic breakdown was observed in the thin-film capacitors annealed in the 

range 350−450 ºC (Figure 7.8). Here, all films demonstrated reliable breakdown ≥ 
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3.5 MV/cm and leakage current densities ≤ 10 nA/cm2 at 1 MV/cm. Prior to 

breakdown, the small positive rise in current with increasing field may be 

associated with residual protons in the films. For films annealed at and above 500 

ºC, leakage current densities increase and breakdown fields decrease as 

crystallization occurs, grains grow, and grain-boundaries develop, cf., Figures 7.3c 

and d. To assess the reproducibility of the dielectric properties in MIM structures, 

identical films were cast on Ta substrates with annealing temperatures ≤ 350 ºC. 

The results were found to be equivalent to those with the Si substrates. The 

performance of films as thin as 20 nm was also assessed on Si substrates. Average 

leakage current and breakdown of 12 nA/cm2 and 4 MV/cm, respectively, were 

observed for films annealed at 400 ºC. 

      TFTs were fabricated with solution-processed HfO2 films as gate dielectrics and 

the amorphous oxide semiconductor indium gallium zinc oxide IGZO as active 

channels. TFT performance was assessed through an analysis of the turn-on voltage 

(Von), drain current on-to-off ratio (Ion/Ioff), incremental channel mobility (µinc),
37 

and inverse subthreshold slope (S).38  

      Characteristic device performance for the bottom-gate transistor is shown in 

Figure 7.9. As shown in the output curve (Figure 7.9a), qualitatively ideal transistor 

operation is evident from the field-effect current modulation (increased ID with 

increasing VGS) and saturation in drain-to source current at higher values of VDS. As 

seen from the transfer curve (Figure 7.9b), the device exhibits strong current 

switching, represented by the small S value (0.30 V/dec) and high Ion/Ioff (> 107). 
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Calculation of µinc from the transconductance yielded a peak value of 13.1 cm2/V·S 

at VGS = 25 V. Notably, the gate dielectric exhibits very low leakage current (< 1 

nA) even as the drive current reaches mA levels, consistent with the performance in 

the MIS and MIM capacitors. The device exhibits Von = +8.5 V, higher than that 

with a SiO2 control dielectric (Von = +2 V). We attribute the current value to 

electron trapping states at the semiconductor-insulator interface, which may be 

caused by plasma exposure of the films during sputter deposition of IGZO. Such 

traps also contribute to the clockwise 1-V hysteresis in the transfer curve. The 

nature of these traps and their modulation will be considered in forthcoming 

contributions.  

      A flow diagram representing the primary steps in the synthesis of the precursor 

is depicted in Scheme 1. In Step (1), the reagent HfOCl2·8H2O is simply dissolved 

in water. It has been well established that this dissolution preserves the tetrameric 

species, Hf4(OH)8(H2O)16
8+.39−42 The tetramer consists of four metal atoms at the 

corners of a square plane and doubly bridged by hydroxo ligands. Rapid addition of 

dilute NH3(aq) induces hydrolysis and condensation, leading to a gelatinous 

precipitate. Under such precipitation conditions, the basic square structure of the 

tetramer is preserved during condensation by olation.43,44 Thin-film EPMA 

measurements, vide supra, revealed the absence of Cl- in the films. Hence, the 

centrifuge and wash procedures effectively remove Cl- from the solutions. The 

overall process of precipitation, centrifugation, and washing, is summarized as Step 

(2). By adding HNO3(aq) at approximately one mole equivalent with respect to Hf, 
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the precipitate can be completely dissolved. Considering the weak complexing 

ability of NO3
- toward Hf,45 and assuming the tetrameric structure remains intact, 

we propose the general formula [Hf4(OH)12·yH2O]m
4m+ for the species existing after 

dissolution of the precipitate with HNO3(aq). The value of “y” represents a level of 

hydration different from that of the precipitate. The value of “m” is believed to be < 

24, based on X-ray line broadening measurements for the crystallites obtained by 

refluxing partially neutralized zirconyl chloride solutions.43 This dissolution, 

depicted as Step (3), is further represented by the reaction of Eq. (2), where, for 

clarity, the formulas of Hf species are simplified. 

Hf(OH)4(s) + HNO3(aq) → Hf(OH)3NO3(aq) + H2O             (2) 

      Dissolution of the precipitate with HNO3(aq), however, is quite slow, requiring 

up to two weeks. Addition of H2O2(aq) shortens this time to approximately 12 h, 

indicating the peroxo group plays an important role in dissociating species and 

aggregated particles by coordinating to Hf. We have found that the precursors 

containing peroxide also produce much more uniform films than those containing 

only nitrate. Moreover, it has been demonstrated that the low energies required for 

decomposition of the peroxo ligands enable prompt condensation during the 

formation of the film and consequently low-temperature densification.26,46 Hence, 

the introduction of peroxide into the precursor solution provides substantial benefits. 

Unlike the well-established peroxo chemistry of the early transition elements, Ti, V, 

Nb, Mo, and W, the aqueous peroxo chemistry of Hf and Zr is less developed. On 

the basis of equilibrium studies coordination of the peroxo ligand to Zr in 
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HClO4(aq) was proposed as early as 1949.47 In more recent studies, the Zr:peroxide 

ratio in the same system was determined to be 2:1 by titration methods.48 We also 

note a recent report of a ZrO2 precursor prepared by dissolving ZrO(NO3)2 in a 

mixture of H2O2(aq) and NH3(aq) for thin-film deposition.49  

      We will describe results of speciation studies on the precursor solutions in 

forthcoming contributions. Here, we will use the Partial Charge Model (PMC)50 to 

assess the ability of peroxo ligands to complex toward Hf species that may 

reasonably exist in the precursor solutions. 

      The basis for the PMC is the principle of electronegativity equalization: when 

species of differing electronegativities combine, charge transfer occurs such that 

each species adopts the same intermediate electronegativity of the compound 

formed.51 According to this model, the complexing ability of a given anion X- 

toward a metal cation Mz+ is dependent on the stability of the M−X bond in the 

complex [M(OH)hX(OH2)N-h-1]
(z-h-1) with respect to both ionic dissociation and 

hydrolysis, Eqs. (3) and (4), respectively. The formula of the complex on the left of 

Eq. (3) can be viewed as {[M(OH)h(OH2)N-h-1]
(z-h)(X)-}. If, electron density 

transfers from [M(OH)h(OH2)N-h-1]
(z-h) to X-, i.e., the mean electronegativity of the 

former (χD) is smaller than that of the latter (χ(X-)), the M−X bond is highly ionic 

and dissociation is favored, i.e., the equilibrium of Eq. (3) shifts to the right. The 

complex may also be written as {[M(OH)h+1(OH2)N-h-2]
z-h-1(HX)}. If electron 

density transfers from HX to [M(OH)h+1(OH2)N-h-2]
(z-h-1), i.e. the mean 

electronegativity of the former (χ(HX)) is smaller than that of the latter (χH), the 
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partial charge of HX becomes positive and hydrolysis occurs, i.e., the equilibrium 

of Eq. (4) shifts to the right. In short, χD must be larger than χ(X-) and χH must be 

smaller than χ(HX) for X- to complex MZ+ in the solution. 

[M(OH)hX(OH2)N-h-1]
(z-h-1) + H2O ↔ [M(OH)h(OH2)N-h]

(z-h) + X-                         (3) 

[M(OH)hX(OH2)N-h-1]
(z-h-1) + H2O ↔ [M(OH)h+1(OH2)N-h-1]

(z-h-1) + HX               (4) 

      To examine the ability of peroxo to complex toward Hf at the beginning of the 

dissolution process, the formula of the precipitate is assumed to be 

[Hf4(OH)16·4H2O]n. Here, we are considering the replacement of four aquo ligands 

in the hydroxide with two bidentate O2
2- ligands, thus forming [Hf4(O2)2(OH)16]n

4n-. 

The mean electronegativities of [Hf4(OH)16]n (χD), solvated O2
2- (χ(O2

2-)),52 

[Hf4O4(OH)12]n
4n- (χH) and H2O2 (χ(H2O2)) are 2.51, 2.39, 2.30 and 2.71, 

respectively. In this case, the requirements χD > χ(O2
2-) and χH < χ(H2O2) are 

satisfied., indicating that the peroxo ligand should bind to Hf in the hydrous 

amorphous hafnium hydroxide. 

      As protonation and dissociation proceed, the average hydration level and charge 

density increase, causing both χD and χH of the corresponding species to increase. 

Obviously, the requirement χD > χ(O2
2-) is always satisfied. To check whether the 

condition χH < χ(H2O2) condition is also satisfied, we consider the limiting case of 

the maximum χH for the hydrated tetramer, i.e., [Hf4(OH)12·zH2O]m
4m+ (z = 12 and 

m = 1). Again, assuming two O2
2- anions act as bidentate ligands in replacing four 

aquo ligands to form [Hf4(OH)12(O2)2·8H2O] (also depicted as Step (4) in Scheme 

1), the mean electronegativity of [Hf4(OH)16·4(H2O)] (χH), 2.51, is still smaller than 
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that of χ(H2O2). Therefore, on the basis of the PCM, peroxo binding to Hf is 

possible across the full range of conditions associated with the dissolution process. 

 

7.4 Summary and Perspective 

      A unique aqueous precursor has been designed for the atmospheric deposition 

of atomically smooth and dense thin films of HfO2. Ligands and their 

concentrations have been chosen to carefully control ionic strength and 

condensation reactions. As a result, a precursor is realized that exhibits both an 

extended shelf life as well as low-energy pathways to densification. The properties 

of the derived films substantively exceed those produced by any other solution 

technique and in most respects rival those produced via advanced vapor methods. 

The chemical and structural characteristics of the films in the temperature range 

300 – 450 ºC are truly unique to this process, especially with respect to the 

interplay between hydration and crystallization. Results of continued fundamental 

studies here are likely to have many implications for practical application of the 

materials across several different platforms. At the same time, greater insight into 

the nature of the molecular species in the aqueous precursors will provide greater 

control over the early stages of condensation and dehydration. Clearly, the current 

results represent substantive progress toward developing the robust base materials 

that will be required to realize a high-performance printed macroelectronics 

technology.      
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Table 7.1. Model Fitting Results for Thickness of SiO2 (tSiO2) and HfO2 (tHfO2), 
HfO2 Cauchy Parameters A, B, C, and Mean Square Error (MSE)  

Anneal 

(ºC) 

tSiO2 

(nm) 

tHfO2 

(nm) 

A B C MSE 

300 201.3(3) 112.1(2) 1.854(2) 8.6(9) × 10-3 4.7(9) × 10-4 9.250 

400 201.9(2) 97.6(1) 1.891(2) 8.0(8) × 10-3 6.4(8) × 10-4 8.106 

600 202.7(2) 94.3(2) 1.901(2) 7.3(9) × 10-3 6.3(9) × 10-4 8.935 

 

 

Table 7.2. Electrical Characteristics of MIS Capacitors with ~120-nm HfO2 
Dielectrics Annealed in Air for 1 h 

Anneal 

(ºC) 

tan δ 

(%) 

εr JLeak
a 

(nA/cm2) 

Breakdownb

(MV/cm) 

300 9 13 5000 1.2 (CL) 

350 0.8 12 10 3.5 

400 0.7 12 3 5.5 

450 0.7 13 5 4.5 

500 5 13 67 2.9 

600 6 13 N/A 0.8 (CL) 
a JLeak data were obtained at a field strength of 1 MV/cm. 
b CL stands for current limited breakdown, which is defined as the field strength 
where leakage current density equals 10 µA/cm2, when catastrophic and 
irreversible current events are not observed.  
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Figure 7.1. XRD patterns for films annealed at selected temperatures for 1 h. 

 

 

Figure 7.2. FT-IR spectra of ~200-nm films and EPMA data with atoms 
percentages relative to Hf (inset). “ND” stands for “not detectable”. 
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Figure 7.3. SEM images for films annealed at (a, b) 400 ºC and (c, d) 600 ºC for 1 
h. 
 

 

Figure 7.4. Experimental and modeled XRR patterns for an 8.3 nm film on Si, 
annealed at 400 ºC. 
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Figure 7.5. Temperature dependence of density and surface roughness examined 
via XRR. 
 

 

Figure 7.6.  Experimental and modeled ellipsometric spectra represented by 
symbols and solid lines, respectively, for a 400 ºC-annealed HfO2/SiO2 stack.  
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Figure 7.7. Dispersion of the refractive index of films following 1-h thermal 
anneals. 

 

 

Figure 7.8. Representative current-voltage characteristics for films annealed in air 
for 1 h. 
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Figure 7.9. Representative (a) ID−VDS (b) log(ID)−VGS (VDS = 10 V) and 
log(IG)−VGS curves for a TFT with a HfO2 gate dielectric and a sputtered IGZO 
channel. (VGS is stepped from 6−20 V in 2 V increments for the ID−VDS curve.) 
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Figure 7.10. A flow diagram for HfO2 precursor preparation. 
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Chapter 8 

 

Solution-Processed Nb2O5 and V2O5 Thin Films 
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8.1 Introduction 

      Nb2O5 and V2O5 films have been widely studied as electrochromic materials.  

The optical properties (transmission, absorption, reflectance and/or emittance) of 

these materials may be electrochemically changed in a persistent but reversible 

way.1  The high refractive index of Nb2O5 has also enabled its application in high-

quality optical interference filters,2 and its high dielectric constant has promoted 

interest in insulator applications for radio-frequency (RF) bypass capacitors.3 In 

general, Nb2O5 and V2O5 are complex materials, exhibiting a great variety of 

polymorphic forms and various structural morphologies.4,5 Therefore, their 

properties vary significantly depending on preparation conditions. To satisfy the 

different application requirements, considerable effort has been made to investigate 

the correlation between properties and thin-film preparative conditions via various 

deposition techniques, such as sputtering,2,3,6 chemical vapor deposition,7 

pyrolysis,8 liquid phase deposition,9 and conventional sol−gel.6,10−12  

      In this work, we describe the deposition of Nb2O5 and V2O5 films from new 

precursor solutions utilizing aqueous peroxo chemistry. The films are characterized 

with respect to structure, morphology, and optical properties. 

 

8.2 Experimental 

8.2.1 Precursor Preparation 

     18-MΩ millipore water was used for each preparation. Nb(HC2O5)·H2O (Alfa 

Aesar) was dissolved in H2C2O4(aq) (Baker, ACS) to a Nb concentration of 0.16 M. 
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10 ml of 6-M NH3·H2O (Mallinckrodt Chemicals) was added to 10 ml of the 

solution with vigorous stirring. The precipitates were centrifuged and then washed 

with water to remove C2O4
2- and ammonia. Rinse and separation steps were 

repeated six times. Finally, the precipitates were dissolved in 3 mL concentrated 

H2O2(aq) (Mallinckrodt Chemicals, 29.0-32.0%) at 5 °C. This resulted in a yellow 

Nb2O5 precursor solution with pH = 3. A V2O5 precursor solution was prepared 

simply by dissolving V2O5 (Cerac, 99.9%, ~200 mesh) in 3-M H2O2(aq) to a final 

V concentration of 0.16 M and a pH = 1. 

8.2.2 Film Deposition 

      Films were deposited on Corning-1737 glass for measurement of optical 

properties and on Si wafers coated with 200 nm of thermally grown SiO2 for all 

other studies. Prior to deposition, all substrates were cleaned by ultrasonic agitation 

in Decon Labs Contrad-70 solution at 45 °C for 60 min and then thoroughly rinsed 

with water. Thin films were deposited by spin coating at 3000 rpm for 30 s 

followed by 1-min hot-plate polymerization at 200 °C for Nb2O5 or 300 °C for 

V2O5. This procedure was repeated until the desired thickness was obtained. The 

typical film thickness for each deposition cycle was ~13 nm for a 0.24-M Nb 

solution and ~10 nm for 0.16-M V. A 1-h oven anneal at selected temperatures in 

the range 200−800 °C completed the process. 

8.2.3 Film Characterization 

      Wide-angle X-ray diffraction (XRD) data were collected by using a Rigaku 

RAPID diffractometer with Cu Kα radiation generated from a rotating anode 
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operating at 50 kV and 200 mA. Transmission Fourier transform infrared (FT−IR) 

spectra were measured by using a Nicolet 5PC spectrometer with a bare substrate 

serving as the reference. 

      Thin films were optically characterized by measuring transmission (T) and 

reflection (R) spectra from 300 to 1000 nm. The spectra were measured at near-

normal incidence by using a double-grating spectrometer with a broadband Xe 

source and a Si-photodiode detector. The thickness and wavelength-dependent 

index, n, were obtained from analysis of the interference fringes in the reflection 

and/or transmission spectra. 

 

8.3 Results and Discussion 

      Unique aqueous Nb and V solutions containing peroxide have been developed 

for the deposition of Nb2O5 and V2O5 films. The precursors are free of counterion 

contaminations and the low energies required for decomposition of the peroxo 

ligands enable prompt condensation of the precursor species to a film. The peroxo 

complexes of niobium (V) and vanadium (V) in aqueous solutions have been 

extensively investigated.14,15 The peroxo ligand in all cases binds to the metal atom 

in a bidentate manner to form a triangular moiety. The number of coordinated 

peroxo ligands depends on the pH of the solution and competition from other 

ligands. In general, higher pH conditions (≥ 2) are required to promote coordination 

of multiple (≥ 2) peroxo ligands. On the basis of the pH of our precursor solutions, 
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diperoxo and/or triperoxo complexes for niobium, and a monoperoxo complex for 

vanadium are likely to be the predominate species. 

      XRD patterns for Nb2O5 films are illustrated in Figure 8.1. No discernable 

diffraction peaks are evident for films annealed ≤ 400 °C. As the temperature rises 

to 500 °C, the TT phase (monoclinic) of Nb2O5 crystallizes. The diffraction peak at 

28.5 ° splits after annealing at 800 °C, indicating the TT phase transforms to the T 

phase (orthorhombic), which is consistent with previous reports.2,10 The TT and T 

phases have similar XRD patterns and the TT phase has been suggested as a less 

crystalline form of the T phase.15 XRD patterns for V2O5 films are illustrated in 

Figure 8.2. The XRD patterns appear as dots or arcs, instead of rings, indicating 

single-crystal or highly oriented nature of the crystalline films, even on a glass 

substrate.     

      FT-IR spectra were collected to monitor the hydration levels of Nb2O5 films as 

a function of temperature. Spectra covering the energy range 1500−4000 cm-1 are 

illustrated in Figure 8.3. The primary absorption feature of interest is the broad 

band centered at approximately 3250 cm-1, which is assigned to O−H stretching 

modes. The O−H absorption band is not observed after annealing the film at 250 ºC, 

indicating a major portion of the aqua or hydroxo groups are lost in this 

temperature range. 

      Cross-section SEM images of Nb2O5 films annealed at 400 and 600 ºC are 

shown in Figure 8.4. For both films, continuous and dense morphologies are 

observed, even though the films experience strong forces associated with drying or 
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crystallization. Cross-section SEM images of V2O5 films are shown in Figure 8.5. 

The images show highly oriented crystallites in the films, as revealed by XRD data. 

The single-crystal feature of the films indicates the homogeneity of the precursor 

that enables smooth conversion of the molecular species in the solution into a 

highly dense film. 

      Representative spectra of the transmission (T) and reflection (R) of an Nb2O5 

thin film are shown in Figure 8.6. Also shown is the ratio T/(1R), which is nearly 

free of interference effects. The high contrast of the interference fringes seen in the 

reflection and transmission spectra is indicative of the high optical quality of the 

thin-film surfaces. The indices of refraction at λ = 550 nm, determined by fitting 

the thin-film interference fringes, are 2.21, 2.23, and 2.21 for 300, 500, and 700 ˚C-

annealed films, respectively. The slight variation of the refractive indices after 

annealing above 300 ˚C probably indicates the films are largely densified at 300 ˚C, 

as FT-IR results suggest. These refractive indices are much higher than those for 

conventional sol-gel derived Nb2O5 film, for example n(550nm) = 1.82,6 and 

comparable to those for sputtered films, for example n(550 nm) = 2.28.6  

 

8.4 Conclusions 

      Nb2O5 and V2O5 films have been deposited from aqueous solutions utilizing 

peroxo chemistry. Nb2O5 films exhibit high refractive indices, comparable to those 

for vapour-deposited films, with processing temperatures as low as 300 ˚C. V2O5 

films exhibit single-crystal feature even on amorphous SiO2 substrates.   
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Figure 8.1. XRD patterns for Nb2O5 films annealed at selected temperatures. 

 

 

 

Figure 8.2. XRD patterns for V2O5 films annealed at (a) 300 ºC for 1 min, and (b) 
500 ºC for 1 h. 
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Figure 8.3. FT−IR spectra of ~150 nm Nb2O5 films. 
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Figure 8.4. SEM images of Nb2O5 films annealed at (a) 400 ºC, and (b) 600 ºC. 
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Figure 8.5. SEM images of V2O5 films annealed at 300 ºC for (a) 1 min, and (b) 1h. 
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Figure 8.6. Optical transmission (T) and refection (R) for an Nb2O5 film annealed 
at 400 ºC. 
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Summary and Perspective 
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      Relating the properties of materials to their compositions and microstructures 

has been addressed in this thesis. The investigated materials comprise luminescent 

materials and thin-film oxides. The luminescent materials include Ba3MgSi2O8, 

Y4Zn4Si5O20, and MgS; Thin-film oxides embrace TiO2, HfO2, V2O5, and Nb2O5 

(group IV and V metal oxides).     

Luminescent Materials.   

      Crystals of an incongruent-melting compound, Ba3MgSi2O8, were grown by the 

flux method, and its structure was determined by single crystal X-ray diffraction 

methods. Ba3MgSi2O8 crystallizes in trigonal space group P3m1 with a = 5.6123(3) 

Å and c = 7.2667(9) Å. The structure contains layers built from SiO4 tetrahedra 

linked by MgO6 octahedra with two crystallographically distinct Ba atoms arraying 

between and within the layers. The superstructure peaks due to the small 

reorientation of SiO4 tetrahedra, detected in the neutron diffraction pattern, were 

not observed in the single-crystal XRD pattern. The Ba(1) sites in the substructure 

(P 3 m1) are found to be closely related to the Ba1 and Ba2 sites in the 

superstructure (P3), and the Ba(2) sites are related to the Ba3 sites. Eu2+ ions prefer 

the 10-coordinate Ba(2) sites in the Ba3MgSi2O8 host and thus exhibit one broad 

band emission at 440 nm upon excitation. The hygroscopic nature of 

Ba3MgSi2O8:Eu2+ was also minimized by a surface treatment. 

      A new compound Y4Zn4(SiO4)5 was discovered. Crystals of Y4Zn4(SiO4)5 were 

grown from a silica-rich eutectic melt, and its structure was determined by single-

crystal diffraction methods. It crystallizes in tetragonal space group P42/n with cell 
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dimensions a = 9.3289(10) , c = 9.0509(18) Å and Z = 2. The 3-D framework of 

Y4Zn4(SiO4)5 displays [ZnSi(1)O5]∞ tubular chains with a chain periodicity of four, 

interconnected by Si(2)O4 tetrahedra through corner-sharing with ZnO4 tetrahedra. 

Yttrium in the structure is coordinated by eight oxygen atoms in a highly 

asymmetric fashion. Other lanthanide analogs (Ln=La, Eu, Gd, Tb, Dy, Ho, Er) 

were found to adopt the same structure as Y4Zn4(SiO4)5. Selected 

photoluminescence properties of lanthanide-doped Y4Zn4(SiO4)5 were presented. 

Eu-doped Y4Zn4(SiO4)5 exhibits a charge-transfer band at 230 nm. The emission 

spectrum consists of three intense emissions due to 5D0 → 7F1, 
7F2, 

7F4 transitions, 

which yields the chromaticity coordinates x = 0.64 and y = 0.36. The brightness of 

(Y,Eu)4Zn4(SiO4)5 reaches 60% of commercial (Y,Eu)2O3 product under 254 nm 

excitation. The vacuum ultraviolet (VUV) excitation spectrum of Tb-doped 

Y4Zn4(SiO4)5 exhibits several broad bands, spanning from 150−275 nm, due to the 

overlap of host lattice excitation and 4f8 → 4f75d1 transitions of Tb3+. (Y, 

Tb)4Zn4(SiO4)5 shows typical Tb3+ emission spectrum, due to D4 → 7FJ (J=6, 5, 4, 3) 

transitions. Effective energy transfer from Ce3+ to Tb3+ in (Y,Tb,Ce)4Zn4(SiO4)5 

was observed. Photoluminescence properties of Y4Zn4(SiO4)5 and its derivatives 

with other dopants, as well as their spectroscopic properties under other excitation 

source, such as cathode-ray or X-ray, should be worth investigating in the future.  

      Single-phase MgS:Eu2+ phosphors have been successfully prepared by 

sulfurization of magnesium sulfate in carbon disulfide. Grains of 1−3 μm on edge 

exhibit distinct cubic morphology. The samples exhibit strong orange-red emission 
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peaked at 592 nm. The phosphors have been proved to be very stable against 

moisture. 

Solution-Processed Oxide Thin-Films 

      High-quality TiO2, HfO2, V2O5, and Nb2O5 thin films have been deposited from 

aqueous solutions utilizing peroxo chemistry.  

      TiO2 films with smooth surfaces and high densities (up to 87% of single-crystal 

anatase) have been produced at temperatures as low as 300 ºC. Measured densities 

are consistent with refractive indices at 633 nm of 2.24 and 2.11 for films derived 

from acidic and basic precursors, respectively. The uniformity and dense nature of 

the films have allowed fabrication of multilayer dielectric optical elements with 

thermal processing at only 300 ºC. The distributed Bragg reflector with four 

bilayers exhibits a reflectance of 92% and a stop-band width of 150 nm. The optical 

microcavity has a quality factor of 20. The optical properties of all elements agree 

well with theoretical models, indicating good optical quality. Use of the precursor 

chemistry for direct photopatterning of the TiO2 film without a polymer resist is 

also demonstrated. 

      TiO2−AlPO nanolaminates have been fabricated. Fine control over individual 

layer deposition at a thickness near 1 nm is demonstrated by adjusting the precursor 

concentrations. Characterization by X-ray reflectivity (XRR) and transmission 

electron microscopy (TEM) reveal near-atomically smooth interfaces and regularity 

of the nanolaminates. TiO2−AlPO nanolaminates incorporated into capacitor 

structures exhibit low leakage current densities (< 10 nA/cm2 at 1 MV/cm) and 
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high breakdown fields up to 5.4 MV/cm with annealing temperatures as low as 

350 °C. The superior dielectric properties rely on the smooth interfaces in the 

nanolaminates and inhibition of TiO2 grain growth. Tailorable dielectric constants 

have also been demonstrated by varying the relative layer thickness of the TiO2 to 

AlPO films. 

      Smooth and dense HfO2 films are readily produced from the precursors with 

annealing at moderate temperatures. The observed refractive indices (1.89−1.93) 

are comparable to those achieved via vapor-deposition techniques. Performance as 

capacitor dielectrics is characterized by leakage-current densities (< 10 nA/cm2 at 1 

MV/cm) and breakdown fields up to 6 MV/cm. As gate dielectrics in thin-film 

transistors with amorphous indium gallium zinc oxide channels, the films exhibit 

small gate leakage, enabling qualitatively ideal transistor performance with 

incremental mobilities near 13 cm2/V·S.  

      Nb2O5 films exhibit high refractive indices, comparable to those for vapor-

deposited films, with processing temperatures as low as 300 ˚C. V2O5 films exhibit 

single-crystal features even on amorphous SiO2 substrates. 

Future Work 

      To study the nature of the species in these aqueous solutions by small-angle X-

ray scattering (SAXS) technique or any other applicable method will provide 

greater insights into the chemistry of the precursors and hence better control over 

the quality of the produced films. To grow single crystals or clusters of group IV 

metal peroxides and solve their structures will also help us understand the peroxo-
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metal species in the precursors and will be large contributions to inorganic 

chemistry. It will be interesting to be able to understand the processes involved in 

the conversion of solution species into a solid film, such as hydrolysis, 

condensation, dehydration, decomposition of ligands, nucleation, or grain growth, 

by using secondary ion mass spectrometry (SIMS), TEM or other techniques. I 

believe these tasks are challenging, but they will be necessary to continue to 

advance the capabilities of solution processing for advancing the deposition of 

high-quality films and printing high-resolution, small-dimension patterns.   
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