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PRECURSOR CHEMISTRY AND FILM STRUCTURE AND PROPERTIES VIA 

SOLUTION DEPOSITION 

 

 

CHAPTER 1 

INTRODUCTION 
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Research Purpose 

Since first transistor was produced in Bell lab in 1947, microelectronics have proved 

the success in social market and human life through constant downscaling and 

integrating devices to realize multifunctional application. Under the inspiration of 

Moor’s law with prediction on scaling up modern micro-devices, higher integrity 

becomes an essential goal for semiconductor industries to pursue in the past 20 years, 

yet a diminished rate on size reduction with an increment on the production cost has 

driven people to lower the cost through multiple pathway, e.g., applying cheap thin film 

deposition tools. Before large industrial and commercial installations, a series of 

problems need to be addressed systematically, such processing temperature, thin film 

quality, device packaging, failure analysis, lithography, etc. Currently, conventional 

vacuum deposition system has occupied a significant position of thin film preparation 

in semiconductor industry, whereas the instrumental dimensions, maintenance and 

installation largely limits facile construction and application out of clean room 

environment. Instead, ambient pressure deposition attracts peoples’ interest for its 

potential of fast fabrication and considerable low-cost on thin film preparation 

compared to vacuum system. These techniques normally are operated under 1 atm, 

including spin coating, chemical bath deposition (CBD), spray coating, dip coating, ink 

jet printing, etc., which are convenient to use and maintain. To achieve the goal of 

industrial application, researchers in recent years have firstly demonstrated feasibility 

of fabricating most metal oxides materials with these tools. Later, thin film homogeneity, 

smoothness and low temperature processing were also proposed and realized through 
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careful design on precursor chemistry. [1, 2] However, a critical problem, that how to 

achieve film dense degree above 90% is still unresolved for these thin films prepared 

from ambient pressure tools. 

      As the basis of research, several electronic concepts will be initially introduced 

on their functional modes and general requirements on physical properties of thin films. 

These concepts include field effect transistor (FET), Fowler-Nordheim tunneling (FNT), 

PN junction and associated solar cell. Then the content will be spread briefly over 

vacuum deposition tools with the focus on thin film formation and mechanism of high 

dense degree. Finally, the introduction will extends to ambient pressure tools and 

associated deposition principle to draw forth the chemistry for dense film. 

Field Effect Transistor 

Field effect transistor is one type electronic device utilizing electric field to modulate 

electrical current behavior. The schematic of a typical staggered, top-gate thin film 

transistor (TFT) is shown in Figure 1.1. A TFT normally consists of a channel, three 

terminals marked as drain, source and gate. The operation of this device is simplified 

as the electron flow from source to drain (opposite to the current from drain to source) 

controlled by the gate voltage (Vg). When Vg is only applied and is smaller than 

threshold voltage (Vth) (Vg<Vth), electrons lightly accumulates on surface of channel 

layer but no current flows since no potential difference exists between drain and source. 

Once Vg is equal to or above Vth with voltage applied on drain and source (Vds), enough 

concentration of electrons fully populates inside semiconductor channel and conduction 

forms between these two electrodes. In this condition, the magnitude of current flow is 
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determined by both Vg and Vds, which respectively controls the density and distribution 

of electrons in channel, and electron drift driven by electric field. [3, 4] 

 

 

Figure 1.1 Schematic of staggered and top-gated thin film transistor. Operation Mode: 

VG < Vth, transistor off, no current flow through channel ideally; VG > Vth and VDS < 

VG – Vth transistor on, ohmic mode, device operates as a resistor; VG > Vth and VDS ≥ 

VG – Vth, transistor on, saturation mode, electrons fully spread out in channel layer and 

current weakly increases as VG. 

Fowler-Nordheim tunneling 

FNT is one special case of electrons directly tunneling through energy barrier as shown 

in Figure 1.2. Here, electrons firstly tunnel through a part of the forbidden energy 

barrier to the conduction band of the barrier layer, e.g. SiO2, and then transport to the 

other contact. FNT occurs for a physical thicker barrier layer at lower electric fields 

than direct tunneling does, and thus is significant for targets of lower power 

consumption. As one application, FNT and metal-oxide-semiconductor FET (MOSFET) 

are used in the flash cell for low power memory device. As shown in Figure 1.3, when 

Vg is applied on the control gate and electrical field is high enough, FNT starts and 

electrons transport between storage channel and substrate, thus completing 
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programming or erasing procedures. FNT here is critical for lower power operation 

since conventional channel hot electron injection generates large current flow and 

worse power consumption. [5]  
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Figure 1.2 Schematic of electron tunneling through a SiO2 barrier : (a) direct 

tunneling (b) Fowler-Nordheim tunneling through a thicker SiO2 barrier.

(a) 

(b) 
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Figure 1.3 Schematic of a floating gate transistor for memory device and operation 

mode of channel injection and channel ejection. 

 

p-n Junction and Solar Cell 

      p-n junction represents an electronic structure consisting of adjoined n type and 

p-type semiconductors as seen in Figure 1.4. In Figure 1.4a, carrier concentration 

gradients leads to negative electrons and positive holes diffusing towards each other 

direction. After neutralization of two type carriers, remained negative ions in p-side and 

positive ions in n-side form inner electrical field near the interface pointing from n to 

p. Such electrical field further causes holes drifts from n-side to p-side and electron in 

the opposite direction. Therefore the diffusion and drift current forms a balance in the 

p-n junction body. [3] In Figure 1.4b, when p-n junction solar cell operates with external 

load connected, light shines on the cell and solar radiation is absorbed by, for example, 

p-type layer. Electrons and holes are thus separated due to light excitation in this layer. 
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In holes dominated p layer, electrons drifts through the interface into n-side driven by 

the inner electrical field and holes diffuse into n-side due to the holes concentration 

gradient across interface. The electrons travel along external circuit from n to p to power 

load, and then recombine with holes generated in p-side. 

 

 

Figure 1.4 Schematic of solar cell: (a) p-n junction and inner electrical field pointing 

from n to p after neutralization of electron from n-side and hole from p-side; (b) 

schematic of p-n junction operation under sun light shining. 

(b) 

(a) 
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Physical Requirements for thin films 

As observed in device concepts and thin film application above, performance of device 

is closely related to the carrier transportation behavior through thin film interface 

formed by different materials. In other words, material type, physical structure and thin 

film surface/interface property inevitably affect the electron motion within thin film 

body and across the interfacial border. Normally, a homogeneous thin film structure are 

required for TFT, memory and solar cell, since it reflects the isotropic physical property. 

Therefore, electron response to the external field is ensured to be uniformly distributed 

throughout the whole body. These contents are enormous popular topics in material 

chemistry, including material composition and morphology. In addition to homogeneity, 

dense degree of material also play a critical role in altering material property. In current 

research, thin film properties normally are compared with respect to associated single 

crystal, which represents the most compact structure of material and is referred as 

public accepted standards. For both insulator and semiconductor, compact structure 

indicates few voids existing within the atomic structure. Accordingly, thin film will 

possess the similar properties as single crystal as their dense degree approaches closely 

to associated compact materials. On the other hand, formation of gaps or voids results 

in discrete atoms, mitigating or even breaking overlap of atomic orbitals. As a result, 

increased energy states and interspace isolation ultimately narrow and block the 

highway where electrons transport, which is reflected on degradation of thin film 

performance, e.g., lower electron mobility in TFT and solar cell due to grain boundaries. 

Meanwhile, electron motion through barrier in memory device will follow trap assisted 
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tunneling rather than FNT as a result of defects in metal oxide barrier. Besides, dense 

structure ensures the influence of atomic defects and dopants to be isolated and 

characterized on material structure and physical property which gives us precise 

comprehension on the nature. Finally, electrical property and device performance can 

also be maintained for dense material within certain degree of structure variation. Such 

characteristics have been applied in TFT using amorphous metal oxides for 

semiconductor channel and for flexible device. Obtaining dense structure also 

demonstrates the capability of varying material dense degree in a broad range, where 

structure geometric modification and material application accompanies, such as thermal 

barrier foam, porous catalyst, low-k dielectric, etc. 

Strategy for Dense Thin Film 

To start exploration of chemistry for dense film, it is necessary to review and understand 

the mechanism of film formation from conventional vacuum deposition. Vacuum 

deposition represents a family of thin film deposition technique featured with vacuum 

environment for material condensation on another solid surface. These technique can 

be classified into physical vapor deposition (PVD) and chemical vapor deposition 

(CVD) depending on the film formation process, where target material (liquid or solid) 

transport in gaseous state and then condense to form thin film physically or chemically. 

As such, vacuum environment is necessary to ensure a long mean free path, that 

collision of vaporized carriers is inhibited long enough before reaching solid surface to 

avoid aggregation and side reaction, so that target material can stack in atom or in 

molecule for dense structure. But the answer to the puzzle of dense material formation 
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still hides. Since vapor in ambient pressure can still form dense structure, e.g. SnO2 film 

deposition from SnCl4 with H2O/HF, it can be concluded that it is the highly mobile 

species that allow atoms to relocate on the solid surface and fill the gaps and vacancies. 

On the contrary, solution deposition tools in ambient pressure employ the method to 

adhere both solute and solvent on surface to form film, which include spin coating, dip 

coating and ink-jet printing. These systems all apply the steps of depositing liquid 

membrane on substrate followed by a thermal aided solvent evaporation and solute 

decomposition to form solid film. Thin film structure is thus affected by solutes and 

solvent from their chemical properties, physical properties and mutual interaction. In 

order to form dense structure, it is highly expected that packing time of precursor 

materials have to be faster than or at least simultaneously as solvent removal and 

chemistry conversion. Therefore mobility of precursor molecule should be high enough 

to reduce the packing period. For example, CBD is one effective method to prepare 

dense thin film by utilizing mobile precursor in solution. Precursor molecules 

experience chemical reaction to either adhere on the substrate, or form particles and 

then nucleate on the surface of substrate. The first mechanism is highly desired since it 

leads to dense film formation, and on the other hand the void is inevitable due to the 

particles generated through second pathway, as exemplified by CdS film prepared via 

CBD. [7, 8] As such, to acquire high mobility, strategy design should be focused on the 

chemistry properties of both solvent and solute in order to adjust process sequence 

during thin film formation. 

      The research work presented here is mostly focused on exploring and 
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demonstrating pathway to dense thin films. The 1st chapter include exploration of 

surface dense structure exhibited on amorphous aluminum oxide phosphate thin film, 

which potentially can be used to prepare dense thicker film by multiple stacking. 

Starting from this, enhancement of thin film density were investigated by considering 

precursor chemistry properties during post treatment. In 2nd chapter SnO2 film was 

prepared by annealing SnS2 in the associated melting/decomposition point in order for 

the possible mobile species during oxidation. Meanwhile, as shown in 3rd chapter, SnO2 

film was also prepared by applying low temperature aqueous treatment before thermal 

annealing to fix the film. Both strategies were compared on purpose of dense film 

formation. In the 4th chapter, p-type Cu3SbS4 thin film was prepared by spin coating 

with focus on showing correlation between thin film density and physical properties. In 

addition, improvement on thin film crystalline size and uniformity was also investigated 

for the future solar cell fabrication. In 5th chapter, forming gas annealing will be 

explored on its affection to electrical performance of thin film device from aluminum 

oxide phosphate. 
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Abstract 

The dense surface layer of solution-deposited AlPO films has been investigated. A 

multicoating method produces a stack of ultrathin layers to examine the feasibility of 

fabricating a dense thick film. Film chemistry and structure are confirmed to be 

consistent with previous reports. X-ray Reflectivity reveals the ordered structure of a 

20-coat AlPO film, which consists of a dense surface layer and a repetitive bilayer 

underneath. Analysis of photoelectron spectra shows the surface atomic environment at 

a higher energy state than the bulk for both 1 coat and 20 coats AlPO film. This dense 

surface structure is further exhibited as a darker layer on cross section image from 

transmission electronic microscopy. Using grey scale analysis, dense surface structure 

is corroborated by calculating and comparing mass density with X-ray reflectivity 

results. 
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Introduction 

Spin coating technique have been demonstrated with the capability of fabricating 

multiple sorts of metal oxide thin films with homogeneous sturcture. [1–4] In 

conventional organic group based sol-gel chemistry, continuous hydrolization of metal 

alkoxides and/or metal carbonates leads to the formation of irregularly distributed large 

particles. However, fast condensation chemistry have been explored for high quality 

thin films. [1] Cluster chemistry enables preparing several homogeneous oxide films 

with sub 1 nm molecule as precursor, such as HfO2, TiO2, AIO, etc. [5–7] Compared to 

the organic sol-gel precursor, the subsequent thermal treatment to film promotes 

dehydration at a relative lower temperature. Evaporating H2O and/or other low boiling 

point solvent ultimately leads to the simultaneous formation of –MOxM- matrix as well 

as thin film condensation. [1] In short, relative low processing temperature and isotropic 

condensation are the keys for smooth and pinhole free thin films. 

      Despite current success to homogeneous films, spin coating with solution 

precursor are still mainly restricted in lab because dense degree of fabricated films are 

hardly to catch up with those from vacuum system. Dense material owns closer physical 

properties to single crystal, rendering high performance for electronic device, i.e., low 

leakage current for insulator and high mobility for semiconductor. On the other hand, 

defects and voids in the solids act as shelter for charge and impurities, which would 

ultimately results in performance degradation. [8] In addition, realizing dense degree 

close to single crystal represents a wider scale to modulate device on desire, i.e., 

maintaining performance for flexible device. 
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      So far, seldom solution deposition research are focused on increasing dense 

degree of thin films. You Seung Rim, et al ever boost up mobility on ITZO film via spin 

coating solution of metal nitrates and 2-methoxyethanol. The mobility of 4.3 nm film 

was increased up to 20.37 cm2V-1s-1 with thickness of each coating limited to 2.2 nm. 

[9] Similarly, Daniel E. Walker, et al. also prepared IZO film with mobility at 19.7 

cm2V-1s-1 via multi-coating thin layers. They attributed such a high mobility to the 

dense film formed by using diluted solution precursor, which barely generates voids 

due to crystallization and solid contraction as exhibited on concentrated precursor. [10] 

These reports indicate thin film structure is strongly related to solution concentration, 

and a dense film can be achieved by controlling deposition thickness. Interestingly, 

previous research about lowering dehydration temperature of Al2O3-3x(PO4)2x (AlPO) 

proposed thin film surface with a dense degree from bulk. [11] AlPO is an amorphous 

material and has been deposited as homogeneous film. [12] However, a further 

annealing up to 600 ºC is required to remove most mobile ions. It was assumed an 

energy barrier exists to prevent expelling water from below. As a result, HfO2 layer was 

deposited on the surface of AlPO film to alternate surface property and successfully 

lowered the dehydration temperature. As a corollary to this work, density variation from 

thin film surface to the bulk perhaps reflects the energy difference, which can be 

demonstrated via multi-coating thin layer together. 

      For this chapter, we will focus on the analysis of AlPO film prepared by multi-

coating thin layers. The thickness for each layer was controlled close to surface part as 

illustrated by X-ray reflectivity analysis. A collateral objective is to test if a dense film 
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can be fabricated with this method. Collaborated by multiple analytical instruments, 

surface dense structure was elucidated in this multi-stacked AlPO film. 

Experimental 

Precursor synthesis 

Precursor solutions were prepared by following previous procedure. [12] 

Al(OH)3(Alfa), H3PO4(aq) Fisher, ACS 85%) and HNO3(aq) (Fisher, ACS 70%) were 

mixed together with atomic ratio as Al:P:N=1:0.6:2. Then the mixture was stirred on 

the hot plate at 80 °C - 95 °C for 24 h. Diluted solution was prepared by mixing 1.0 M 

AlPO solution with associated amount of water and then the solution was stirred 80 °C 

- 95 °C for 24 h for the final deposition precursor. Millipore water 18 MΩ was used for 

the preparation of all solutions. 

Thin Film Deposition 

Si substrates (p-type, B doped) were used for all thin film deposition. All substrates 

were firstly cleaned by sonicating in a 5% solution of Contrad 70 for 45 min at 45 °C.  

Substrates were then rinsed with 18 MΩ Millipore H2O, followed by blowing with Ar 

to dry. Then the substrates were subjected to a 10 min O2 plasma ash at 10 mTorr and 

5 sccm O2 prior to spin coating. Precursor solution are syringed with 0.20 μm PTFE 

filter and spin coated on these substrates with rotating speed at 3000 rpm for 30s. 1 coat 

AlPO films were prepared by spin coating 0.4 M precursor solution on aforementioned 

Si substrates. Then the films were annealed in Nytech furnace pre-heated to certain 

temperature. 10 coats and 20 coats film were prepared respectively with diluted solution 

0.04 M and 0.02 M with 10 and 20 cycles with the same spin coating settings. During 
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each cycle, each deposition was completed by immediate annealing as-deposited film 

at associated temperature for 2 min. 20 coats film was processed with a further 

annealing at 650 °C for 20 min. All work are carried out in air. 

Structural and Chemical Characterization 

X-ray Diffraction and X-ray Reflectivity 

Both X-ray Diffraction (XRD) and X-ray Reflectivity (XRR) analyses were completed 

with a Rigaku Smart Lab with Cu Kα radiation, λ = 1.54056 Å. Grazing incidence XRD 

(GIXRD) was selected to characterize film crystallization. Thin film densities were 

derived from XRR data with the software GlobalFit. 

Electron Micro Probe Analysis  

Thin film elemental compositions were collected with electron micro probe analysis 

(EPMA) on a Cameca SX-100. Si, Ca10(PO4)Cl2, and Al2O3 were selected as standards 

with O Ka, Al Ka and P Ka collected by wavelength dispersive spectrometers. Three 

different accelerating voltages (5 kV, 10 kV, and 15 kV) were selected for data 

collection with averaged experimental intensities determined from 5 proximate 

positions on each sample. Raw data were corrected by a procedure established by 

Donovan and Tingle. [13] Quantitative elemental compositions were analyzed by 

simulating and comparing K-ratios values using StrataGEM thin-film composition 

software. 

Ellipsometry 

Variable angle spectroscopic ellipsometry was conducted on a J.A. Woollam M2000X 

to measure thin film thickness. Thin film thickness were analyzed in CompleteEASE 
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software by fitting ellipsometry data with Cauchy model. 

Angle-resolved X-ray Photoelectron Spectroscopy 

Thin film surface elemental binding energy were collected with angle-resolved X-ray 

Photoelectron Spectroscopy (ARXPS). X-ray photoelectron spectroscopy (XPS) was 

performed on a Thermo Scientific K-alpha system equipped with a micro-focused, 

monochromatic Al-Kα (1486.7 eV) x-ray source. High resolution XPS spectra were 

collected with a 50 eV pass energy and ultra-low energy electron flood gun on in order 

to neutralize trapped charges. All spectra were deconvoluted with a built-in Avantage 

software package and peak positions were calibrated using adventitious carbon C1s 

peak. ARXPS spectra were collected with the same system with the sample holder 

tilting from 0 ° to 80 °. 

TEM and Grey Scale Analyses 

Cross section image of 20 coats AlPO film was collected by transmission electron 

microscopy. Sample preparation was done with a FEI Helios Dual–Beam FIB. A carbon 

layer was deposited on the AlPO to prevent electron charging followed with a 

chromium layer for protecting the thin film from electron-beam damage. High 

resolution transmission electron microscopy (HRTEM) images were collected on a FEI 

Titan 80-200 transmission electron microscope at the Electron Microscopy Facility at 

Oregon State University. 200 kV electron beam was used for TEM imaging. For image 

processing, Image J was used for grey scale analysis on the cross section image.  
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Results and Discussion 

Thin film Structure and Composition 

Elemental ratio between Al and P was controlled to be 1: 0.6 for the consistency with 

the AlPO sample in the thin film dehydration study. [11] The concentration for multi-

coating was selected based on the previous analysis results of film and corresponding 

thickness. To confirm AlPO film structure, AlPO film phase varying with temperature 

is monitored by grazing incidence XRD(GIXRD), and results are shown in Figure 2.1. 

Films were selected with 1 coat of 0.4 M and 20 coats of 0.02 M precursor. Single layer 

films are amorphous at annealing temperature up to 950 ºC. Tridymite dominated 

AlPO4 phases emerges at annealing temperature of 1050 ºC. [12, 14] Such a relative 

lower crystallization temperature is attributed to the higher phosphate ratio in the matrix 

as elucidated before. [12] In addition, 20 coats sample also keep amorphous structure 

at 650 ºC.  
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Figure 2.1 XRD patterns of crystallization behavior of ALPO (Al:P=1:0.6) as a function 

of annealing temperature.  

      For elemental ratio, thin films were analyzed with EPMA for elements of Al, P 

and O. Thin film densities used in composition analysis are obtained from XRR. As 

shown in Table 2.1, elemental ratio between Al and P is quite consistent with the target 

Al : P = 1 : 0.6, but slightly higher than designated value probably due to the error from 

precursor preparation or instrumental analysis. 

 

Table 2.1 P/Al ratio of ALPO film of 1 coat and 20 coats obtained by EPMA. 

Preparation Condition 20 coats 650ºC 1 coat 650ºC 1 coat 950ºC 

P/Al ratio 0.61 0.60 0.61 

 

      To investigate the potential film densification accompanying with increased 
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thermal energy, ellipsometry was then employed on 1 coat and 20 coats films to monitor 

the thickness change with annealing temperature. 1 coat films were prepared by spin 

coat 0.4M precursor followed with 40 min annealing. 20 coats films were prepared by 

depositing 0.02 M solution with each layer annealed for 2 min. Annealing temperature 

starts from 350 ºC to 850 ºC with a step of 100 ºC. As shown in Figure 2.2a, both film 

thicknesses for 1 coat and 20 coats decrease initially from 350 ºC to 550 ºC and then 

increase with annealing temperature up to 850 ºC. The thickness decrease in the lower 

temperature scale is attributed to the loss of water and formation of Al-Ox-P matrix. [11] 

In the higher temperature range from 550 ºC to 850 ºC, oxidation process of Si 

dominates and thickness gradually increases due to SiO2 formation, which offsets and 

even exceeds film contraction. Therefore, to enlarge film contraction and exclude SiO2 

influence, thickness of 1 coat and 20 coats films was subtracted for difference. As 

shown in Figure 2.2b, thickness difference over the whole temperature scale is between 

5 nm -7 nm, which is probably caused by the nonlinear relationship between thickness 

and concentration from 0.4 M to 0.02 M. However, no obvious trend of thickness 

difference is observed as temperature increases. 
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Figure 2.2 Thickness variation of ALPO as a function of annealing temperature: (a) for 

1 coat and 20 coats ALPO films; (b) thickness difference between 1 coat and 20 coats 

films. 

Structure Analysis with XRR 

To investigate the structure of multicoats film, XRR spectra were collected for AlPO 

films of 1 coat, 10 coats and 20 coats. As exhibited in Figure 2.3a, two type oscillations 

exist for multicoats films on the XRR fringes. The smaller fringes with short periodicity 

represents the whole AlPO film and the larger fringes with longer periodicity extending 

to 9 º represents a thinner structure. As marked in the figure, number of these two 

(a) 

(b) 
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fringes have a relationship as below: 

Number of smaller fringes between larger fringes = Number of deposition cycles – 1 

These XRR spectra of mutlicoats films are in agreement with the model of repetitive 

bilayer structure. [15] A further model fitting is completed on 20 coats AlPO film as 

shown in Figure 2.3b and the model schematic is shown in Figure 2.3c. The film 

structure consists of a dense AlPO top layer, an AlPO body layer, SiO2 and Si as the 

substrate. The body layer contains bilayer structure repeating 19 times with a dense 

layer on a sparse one. All of these three AlPO layer possesses different densities. 

Density of very top AlPO layer is higher (2.7g/cm3) than the other two layers in the 

alternative bilayer structure (2.47g/cm3 and 2.53 g/cm3). Final model fitting matches 

well with the experimental data which is indicated by the R-value < 0.01. 
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(a) 

(b) 
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Continued 

 

 

Figure 2.3 XRR pattern and model for ALPO films: (a) XRR experimental spectra for 

ALPO film of 1 coat, 10 coats and 20 coats. Green circle marks the larger fringes; (b) 

XRR experimental spectra and model spectra for 20 coats ALPO film; (c) schematic 

diagram of XRR model for 20 coats ALPO film. 

      The same 20 coats AlPO film was further annealed at 650 ºC for 20 min. Figure 

2.4 shows the XRR spectra of both as-prepared and post-annealed samples. The 

amplitude of marked fringes diminishes to the similar range as the smaller fringes. This 

change indicates density difference in bilayer structures reduces due to the atomic 

thermal migration and the body layer turns to be more homogenous, which is also 

confirmed by model fitting. 

  

(c) 
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Figure 2.4 XRR pattern for ALPO films with and without a further thermal annealing 

at 650 ºC after fabrication: Red spectra: As-prepared; Black spectra: Further annealed 

for 20 min. Black squares mark the fringes changed after annealing. 

Elemental Binding Energy on AlPO Film 

To further investigate surface dense layer in terms of binding energy, ARXPS was 

adopted on 1 coat and 20 coats film. XPS spectra of Al 2p peaks for both films were 

collected with a series taking off angle (TOA) from 0º to 80º, correlating structure depth 

from bulk to surface. In Figure 2.5, binding energies of Al peaks shift from low state in 

the bulk to high state in surface with a difference around 0.3 eV Same trends are also 

observed on spectra of P 2p and O 1s. In addition, calibration on C does not exhibit 

peaks location varying with film depth. Higher binding energy of Al origin from two 

possible sources. Firstly, the surface structure is more compact than the material 

underneath, which results in the higher binding energy. In the surface structure of AlPO 
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film, positively charged Al and P approach more closely to negative charged O, 

reducing the influence of negative charge mutually and thus strengthening the core 

binding energy of both elements. Meanwhile, closer Al and P would also attract more 

strongly negative electrons on O and results in the higher binding energy of O. Secondly, 

higher energy state could indicate existence of hydrogen. Similar as first reasoning, 

positive H would also reduce the attraction of negative O to Al and P, therefore 

increasing binding energy. Binding energy of P was ever reported as 132.90 eV in 

AlPO4 and increases to 134.60 eV in AlPO4·2H2O, compared to 135.2 eV from this 

work. [16, 17]Therefore, surface structure of AlPO film could contain more hydroxide 

groups due to exposure to air. 
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Figure 2.5 XPS spectra of Al 2p signal on 1 coat (a) and 20 coats AlPO (b) films TOA 

from 0º to 80 º.  

  

(a) 

(b) 
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TEM and Grey Scale Analyses 

Cross image was collected by TEM on 20 coats AlPO film. As shown in Figure 2.6a, 

AlPO film structure is composed of three parts including AlPO interface next to Si, 

AlPO body in-between and AlPO surface layer next to carbon. The color level of 

surface layer is clearly darker than the bulk. On the other hand, AlPO interfacial layer 

exhibits a lighter color than both Si and AlPO body, indicating a lower density than 

AlPO bulk. This interfacial layer is formed as a result of thermal diffusion of elements 

from Si and AlPO layer, and possesses a density value between SiO2 and AlPO 

consequentially. AlPO body exhibits homogenous structure rather than repetitive 

bilayer structure as revealed in XRR above. This difference may be attributed to the 

lower sensitivities and detection limits of TEM to material density resulted from 

charging of insulating AlPO. 
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Figure 2.6 TEM micrographs showing cross section image of ALPO film prepared by 

20 coating steps: (a) Cross section image of ALPO film; (b) Mass densities comparison 

of micro layers between grey analysis and XRR, the densities of surface and interface 

laeyrs are calculated with reference to the density of ALPO bulk from XRR. 

  

(a) 

(b) 
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      The color level in TEM image directly relates to the material dense degree for 

this sample which can be approximated via Beer’s Law. [18] Therefore, the densities of 

each layer is calculated by correlating densities to the grey scales of each layer with an 

inverse relationship: 

Density 1/ Density 2 = Grey Scale 2/ Grey Scale 1 

Densities of surface and interfacial AlPO were thus obtained with reference to the 

density of AlPO body from XRR. The density of Si is not chose as reference because 

associated color distribution is not uniform on the TEM image, which leads to density 

variation on selecting different area. As shown in Figure 2.6b, calculated densities of 

surface and interfacial AlPO are consistent with the results from XRR. 

      It is presumed that formation of this dense layer relates to its position on the 

surface of AlPO film. On the surface, material lacks of three dimensional constrains 

from surrounding materials as what is experienced by the bulk underneath. Lacking 

confinement among surficial atoms thermodynamically favors forming dense structure. 

Similar phenomenon have also been published before to exhibit the surface or interface 

layer with a higher density. [19–21] As aforementioned, such a surface structure of thin 

film was previously proposed to exist by Jeremy et al. [11] They assumed surface 

structure of AlPO film in a different energy state from the bulk underneath, which 

inhibits further dehydration of thin film during thermal annealing. In this article, this 

energy difference have been demonstrated in terms of density based on results from 

XRR, XPS and TEM. However, multicoating thin layers is incapable of fabricating a 

dense AlPO film. Since the dense degree only exhibits on the surface of AlPO, 
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thermodynamical instability of surface structure leads to relaxation when it is covered 

by newly deposited film. 

Conclusion 

The structure of multicoated AlPO films were studied and dense layer is verified on the 

surface. AlPO film is amorphous in the target temperature range with consistent ratio 

as confirmed by XRD and EPMA. Ellipsometry results shows film thickness difference 

does not change obviously with annealing temperature. X-ray reflectivity was 

employed to analyze the structure of multicoats AlPO film. A dense surface layer with 

repetitive bilayer structure is revealed for 20 coats film on XRR spectra and model 

fitting. Surface of both 1 coat and 20 coats films possess a higher energy state than the 

bulk underneath based on analysis from ARXPS. Finally, TEM was applied on imaging 

cross section of 20 coats AlPO thin film. A darker layer is observed between AlPO and 

carbon indicating a higher density. Additionally, grey scale analysis confirms density 

of darker layer to be consistent with results from XRR. 
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CHAPTER 3 

 

DENSE SnO2 FILM PREPARED BY OXIDIZING SnS2 
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Abstract 

Tin dioxide thin films have been fabricated by annealing SnS2 spin coated from aqueous 

solution. Thin film structure and densities are investigated with a set of analytical 

techniques including X-ray diffraction, X-ray reflectivity, ellipsometry, and scanning 

electronic microscopy. Densities of films reach above 90% of single crystal with highest 

one at 95%. Refractive index of thin films is found to be between 1.88 and 1.98, which 

confirms the dense degree of thin films. Conversion chemistry is studied with thermal 

gravimetric analysis combined with mass spectroscopy. The mechanism of high dense 

degree is attributed to the high mobility of SnS2 in the film rendered by oxidation at 

melting point. The effect of counter ion type in precursor to thin film morphology is 

investigated by exchanging NH3 with ethylene diamine and tetramethylammonia 

hydroxide. Film prepared with precursor containing NH3 is found to possess highest 

homogeneity and density. Size and stability of precursor molecule are attributed to the 

different morphologies of SnO2 thin films prepared from these precursors. 
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Introduction 

Solution deposition techniques have attracted attention for a long period because of 

low-cost and high speed on fabricating semiconductor device. Unlike successful 

solution chemistry to fabricate many types of thin films for semiconductor and insulator, 

properties of thin film and performance of associated device are still on the way for 

equivalent quality to catch up with vacuum-deposited films. [1, 2] In considering 

different applications, e.g. thin film transistors, prominent properties of thin film 

include smooth surface, homogeneous film and high dense degree which are necessary 

for device performance and scalability. A variety of homogeneous and smooth metal 

oxide films have been prepared previously by introducing prompt condensation 

mechanism into precursor design, such as HfO2, TiO2, AlPO etc. [3-6] Porosity has 

been shown to strongly affect thin film electrical and optical properties in many reports, 

and thus is also used to modulate physical properties of solid materials. [7-10] As such, 

if high dense degree of thin films can be further achieved via solution deposition on the 

current basis, comparable or even equivalent performance of device can be realized. In 

fact, preparation of dense material has broadly applied in many areas, where all the 

methods share same basis that rendering material enough mobility is critical for 

material species to transport and form compact structure, as seen in vacuum deposition, 

sintering process and crystal growth via melting and cooling. [11-13] However, 

processing of semiconductor device requires relative low temperature for chemistry 

stability and alternative routes are needed to densify films. Actually solution 

environment is quite compatible with highly mobile chemicals to form dense material 
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in room temperature in the fact that crystalizing small molecules from saturated solution 

is well-known in synthetic chemistry. Similarly, the same strategy has thus been 

introduced into solution deposited dense film, as shown in chemical bath deposition 

(CBD), where chemical species can freely move, aggregate and adsorb to form dense 

structure. [14] As for spin coating, solid film is formed through prompt de-solvent and 

chemical conversion by annealing liquid membrane. As a result, chemistry of precursor 

molecule determines species mobility to form dense film during solidification process. 

      For some inorganic metal cluster, using -M(OH)xM- offers the advantage of 

prompt condensation and de-solvent, leading to more homogenous and smooth films 

than using organic based precursor. [3] However, with anion dominated by hydroxides 

groups, these type metal cluster possesses relative higher thermal dynamical and kinetic 

stability through hydrogen related bonding than, e.g., thiometalate cluster, resulting in 

not only incomplete dehydration at low temperature, which is exhibited on the existence 

of most M(OH)x rather than M(SH)x. At low temperature, partially formed –MOxM- 

matrix impedes water movement which retains micro space in solid structure. In 

addition, high melting point of metal oxides makes it difficult to concurrently “soften” 

rigid –MOxM- structure and de-hydroxide via high temperature annealing. Therefore, 

cluster with -M(OH)xM- structure is difficult to acquire enough mobility for dense 

structure. On the other hand, a dense SnS2 film with dense degree above 90% was 

demonstrated by spin coating and annealing at temperature as low as 200 °C. [15] As 

aforementioned, this film densification can be attributed to (NH4)4Sn2S6 with low 

stability and mild interaction with water, so that water and counter ion leave 
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simultaneously at low temperature while homogeneous condensation is still maintained. 

Furthermore, the boiling/decomposition point of SnS2 is around 600 °C, where material 

is more mobile in liquid phase. [16] Both facts lead to the interest to oxidize SnS2 thin 

film at 600 °C, in order to investigate if the dense degree of as-formed SnO2 film still 

maintains. 

      In this chapter, principle leading to high dense degree film was testified through 

fabricating SnO2 film by oxidizing SnS2 film. High mobility of chemicals in thin film 

matrix was achieved by annealing SnS2 in associated boiling/decomposition point. As-

prepared SnO2 films possess density as high as 96% of single crystal mass density as 

demonstrated by multiple analytical tools. The counter-ion variety was also found to 

affect thin film surface morphology and dense degree. Here, oxidation chemistry is 

firstly explored via thermal gravimetric analysis for thin film condensation process. 

Subsequently, thin film dense degree are corroborated mutually by X-ray reflectivity, 

ellipsometry analysis and scanning microscopic imaging. Finally, influence of counter 

ion chemistry is investigated on thin film density and surface morphology. 

Experimental 

Precursor synthesis 

Precursor solutions were prepared with modified steps based on previous report. [15] 

SnCl4 hydrate (98%, Alfa Aesar) was dissolved in 0.5M HCl (57%, EMD) for Sn 

concentration of 0.6 M. 5 mL mother solution was mixed with 100 mL H2O and stirred 

at room temperature, then H2S gas was flushed through solution via dispersion tube at 

rate of 40 sccm - 50 sccm for 24 h. Solution mixture was then centrifuged at 6000 rpm 
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for 6 min and chloride anion was tested in supernatant with AgNO3 aqueous indicator. 

Orange precipitate was washed with H2O. These procedures were repeated for 5 times 

until no Cl was detected. The final precipitate was dissolved with (NH4)2S aqueous 

solution (20%-24%, Alfa Aesar) with ratio at Sn : (NH4)2S = 1 : 3. Standardization of 

Sn concentration was completed by measuring solid mass prepared by annealing certain 

volume of stock precursor in air at 800 °C for 4 h. Diluted precursor was prepared by 

mixing preceding stock solution with H2O. Precursors with different counter ion were 

prepared by adding ethylenediamine (En) and tetramethylammonium hydroxide 

(TMAH) into stock solution with ratios as Sn : En = 1 : 1.5 and Sn : TMAH = 1 : 2. 18 

MΩ Millipore water was used for the preparation of all solutions. 

Crystallization of En3H4Sn2S6 

Precursor containing En was poured into a vial inside a larger one which contains 

isopropanol. The bottle was put on a static table for crystallization. After 2 weeks, 

colorless transparent crystal with 1 - 2 cm in length was obtained on the bottom of small 

vial. 

Thin Film Deposition 

Si with 800 nm SiO2 on top were used as substrates. These substrates were subjected to 

a 5 min O2 plasma ash at 10 mTorr and 5 sccm O2 prior to spin coating. Precursor 

solution are syringed with 0.20 μm PTFE filter and spin coated on these substrates with 

rotating speed at 1000 rpm for 20s, followed by annealing in a preheated oven in air for 

1 hour. For density and phase investigation, SnO2 films were prepared by spin coating 

0.3 M precursor for 1 coat with an annealing in air for 1 hour. Multicoats films were 
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prepared with 0.1 M solution with the same spin coating settings. During each cycle, 

thin film deposition was completed with an immediate annealing as-deposited film at 

corresponding temperature in a preheated oven in air for 2 min. Additional annealing 

was conducted on some multi coated samples for1 hour in air after all deposition cycles. 

Structural and Chemical Characterization 

XRD and XRR 

Both X-ray Diffraction (XRD) and X-ray Reflectivity (XRR) analyses were completed 

with a Rigaku Smart Lab with Cu Kα radiation, λ = 1.54056 Å. Grazing incidence XRD 

(GIXRD) was selected to characterize film crystallization. Thin film densities were 

derived from XRR data with the software GlobalFit. 

TG/DTA-MS 

Thermal gravimetric analysis (TG) and differential thermal analysis (DTA) were 

employed using a TA Instrument SDC Q600 connected to a Hiden QC20 mass 

spectrometer (MS). Powder for this work was prepared by drying stock precursor in air 

at room temperature (20° C - 25 °C) until all water evaporated. Final powder was 

packed into an Al2O3 crucible. TG/DTA-MS measurement was done in an air 

environment with a flow rate at 100 mL/min. Heating process ramps from 25 °C to 

800 °C with the rate at 10 °C/min. 

Ellipsometry 

Variable angle spectroscopic ellipsometry was conducted on a J.A. Woollam M2000X 

to measure thin film thickness. Thin film thickness were analyzed by fitting 

ellipsometry data with Cauchy model. 
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Infrared Spectroscopy 

Attenuated total reflection infrared spectra (ATR-IR) were measured on thin films by 

using a Nicolet 6700 spectrometer with diamond as the reflection crystal. Reference 

spectrum was collected from a bare substrate with 800 nm SiO2 on top of Si. 

SEM 

Scanning electron microscope (SEM) images were collected on an FEI Helios NanoLab 

650 dual beam SEM/focused ion beam system. Images were collected using the 

through-the-lens detector in immersion mode at 5 kV. Surface view and cross section 

images were collected on uncoated samples. Thin film for cross section image was 

coated with Cr by evaporating metal. Pore coverage area was analyzed with Image J.  

Results and Discussion 

Thermal and Structure Analyses 

Prior to thin film studies, it is important to confirm the feasibility of chemistry reaction 

from SnS2 to SnO2. Certain amount of stock precursor was firstly dried and burned in 

air at 800 °C for 4 h. During heating, orange precipitates were firstly generated due to 

evaporation of NH3 and H2S, and decomposition of (NH4)4Sn2S6. [15] After final 

burning, powder color changes from orange to pale yellow, consistent with color of 

SnO2, and relative larger chunks formed from initial fine precipitates. Then the powder 

phase was checked with XRD. Additionally, one SnO2 film was prepared by spin 

coating 0.3 M precursor on 800nm SiO2/Si substrate, and then annealing as-deposited 

film in air at 600 °C for 1 hour. Thin film phase was also examined and shown together 

with powder results. As shown in Figure 3.1, pure rutile phase is observed on both 
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samples without secondary phase observable on the plot. Favored reaction towards 

SnO2 is attributed to the thermal dynamical instability of tin(IV) sulfate and tin(IV) 

sulfite. For example, Sn(SO4)2 is considerably easy to hydrolyze to form hydrous SnO2 

with H2SO4, and thus can only exist within concentrated H2SO4. [17, 18] As a result, 

oxidation of SnS2 tends to release sulfur oxide rather than absorbing them to form tin 

salts. 

 

Figure 3.1 XRD patterns of SnO2 powder and films prepared by annealing dry precursor 

powder and as-deposited films at 600 ºC in air for 1 hour. 

      To understand the chemistry evolution of SnS2 oxidation process, TG/DTA 

combined MS was used to monitor weight-temperature change and SO2 partial pressure 

during reaction. In MS, only SO2 is shown here since the NH3 signal will overlaps H2O 

signal. As an indicator of S, signal variation of S-34 was not obvious through all the 
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heating process. As seen from Figure 3.2, the decomposition takes place in three steps. 

The first step reaches a stable plateau at 250 °C with a 12% weight loss and negative 

temperature difference. This weight loss can be largely attributed to evaporation of 

residual water, NH3 and H2S. The small amount of SO2 is perhaps from the ignition of 

S decomposed from H2S, considering ignition point of S is around 250 °C - 260 °C. 

[16] Followed plateau with no signal of SO2 indicates powder’s thermal stability in this 

temperature range. The second step starts around 325 °C and ends at 450 °C with a 5 % 

total weight loss. Weight loss rate is relative slow compared to next one. In MS plot, 

SO2 peak and followed non zero SO2 signal exhibit abrupt emission and continuous 

oxidation of S, which should origins from decomposition of SnSx. Then the third step 

with largest positive temperature difference lasts from around 440 °C to 550 °C. 

Combination of fully decomposition of SnSx, S evaporation (B.P. 444.6 °C) and 

simultaneous oxidation of S generates positive double peaks in temperature difference 

and SO2 signal. 
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Figure 3.2.Thermal analysis of dry precursor powder: (a) TGA analysis of powder 

annealed in air flow; (b) MS signal of powder annealed in air flow. 

      GIXRD was then applied for thin films phase change as a function of coating 

temperature as shown in Figure 3.3. The initial temperature is selected at 300 °C 

because it is the lowest temperature for stacking layers based on test. However, thin 

film phase at this temperature is difficult to be assigned to either SnS or SnS2. 

Additionally, TG/DTA-MS analysis also shows most S still remains in thin film matrix. 

Since solution deposited SnS2 film is highly textured with preferred orientation and 

oxidation initiates at this temperature, thin film phase could remain transition state from 

metal sulfide to metal oxide. [15] When coating temperature further increases to 400 °C, 

SnO2 rutile phase appears with very weak peak intensity and broad peak width, 

indicating the onset of formation of SnO2 tiny crystalline. This is consistent with MS 
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signal where large amount of SO2 starts to generate. Afterwards, SnO2 phase continues 

to dominate with no discernible secondary phase until temperature increases from 

500 °C to 800 °C. Constant peak intensity and width in this range indicates crystalline 

size reaches maximum and no longer changes with temperature and reaction. 

 

Figure 3.3 XRD patterns of annealed SnO2 films as a function of annealing temperature. 

Thin Film Densities and Refractive Index 

XRR was firstly applied on 1 coat films thin film for structure analysis and densities. 

Thin films were annealed respectively from 400 °C to 800 °C in air for 1 hour. All films 

were deposited from 0.3 M solution with thickness between 30 nm – 50 nm. For all thin 

film model, double SnO2 layer structure gives better fitting than single layer. 

Interestingly, bottom layer thickness maintains constantly as 6 nm for all 1 coat films, 

which could imply the existence of this layer. As shown in Figure 3.4, densities of both 
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layers increases gradually with increasing temperature. For bottom layer density, 

highest density is obtained for film annealed at 800 °C, whereas corresponding R value 

(0.026) is larger than that of 600 °C (0.006). Thus double layer model fits better for 

film annealed at 600 °C and highest density of 800 °C needs to be further considered. 

In addition, maximum density is higher than previously reported SnO2 film (5.6 g/cm3) 

prepared from stannous nitrate cluster, and Sb doped SnO2 film prepared from 

nanoparticles (3.27 g/cm3). [19, 20] 

 

Figure 3.4 Single coat (0.3M each coat) SnO2 thin film densities variation as a function 

of annealing temperature from XRR fitting. As-deposited film is annealed in air at 600 

ºC for 1 hour. Double layer model is used to obtain an acceptable fitting result. 

      To verify the existence of bottom dense layer, 3 coats film were firstly 

fabricated as a function of coating temperature without final annealing. Film thickness 

from each coating was controlled to be 5 nm - 6 nm with deposition concentration of 

0.1 M. One noteworthy fact is that single layer model exhibits a fitting degree as good 

as multilayer model (R<0.01) without showing a second type fringes. In other words, 

these triple coated thin films are quite homogeneous with few interlayer difference. As 

seen from Figure 3.5, densities increases with coating temperature and the highest value 
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6.41 g/cm3 is observed at 600 °C, and then decreases as temperature goes up. As an 

additional evidence, the refractive index variation were also monitored by ellipsometry, 

which shows a similar trend as thin film densities. Refractive index and mass density 

can be correlated with following equation: 

(𝑛2 − 𝑛2
2)(𝑛2 + 2𝑛1

2)

(𝑛2 + 2𝑛2
2)(𝑛1

2 − 𝑛2)
=

𝑞1

1 − 𝑞1
 

where n is the film refractive index collected at 550 nm, n1 for bulk SnO2 (n1=2.006), 

n2 for voids in the form of air (n2 = 1) or water (n2 = 1.33), and q1 is the volume fraction 

of the bulk. [16, 21] For a reasonable n2, ATR-IR were employed on these films and 

spectra are shown in Figure 3.6. Here primary interest is focused on O-H related 

absorption band centered around 3600 cm-1. As temperature increases from 300 °C to 

500 °C, intensity of this band decreases significantly, indicating majority of aqua and 

hyroxo groups are lost. As temperature further rises, O-H band intensity is not observed 

from 600 °C to 800 °C. Based on this, n2 is respectively selected as water (1.33) for 

film annealed at 400 °C and air (1) for the other samples annealed at higher temperature. 

Calculated q1 values are compared with dense degree from XRR in Table 3.1. These 

values agree with each other but results of XRR is about 4% higher than q1. This 

discrepancy could result from interlayer inhomogeneity of film which is coated 3 times 

without further annealing. 
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Figure 3.5 Three coats SnO2 thin film (0.1M each coat) densities and refractive index 

variation as a function of annealing temperature from XRR and ellipsometry analyses. 

As-deposited film were analyzed without further annealing in air. 

 

Figure 3.6 Infrared spectra of 3 coats SnO2 thin film (0.1M each coat) as a function of 

annealing temperature. 

 

Table 3.1 Summary of volume fraction of the bulk and dense degree of 3 coats films as 

a function of annealing temperature. Voids refractive index n2 is selected based on IR 

analysis.  

Temperature  400°C 500°C 600°C 800°C 

n2 1.33 1 1 1 

q1 70% 88% 90% 83% 

Dense degree from XRR 73% 93% 94% 87% 

 

SnO2 Single Crystal Density at 6.85 g/cm3 
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      Additionally, thicker films were prepared by stacking thin layer from 0.1 M 

solution (5 nm - 6 nm) so as to corroborate preceding dense degree. All the films were 

annealed again at 600 °C in air for 1 hour after deposition cycles. Figure 3.7 compares 

respectively films of 3 coats (18 nm), 10 coats (60 nm) and 20 coats (100 nm) on mass 

density and refractive index. As observed on the plot, thin film density varies slightly 

through all the different thickness, and possesses a value of 6.58 g/cm3, which is 96% 

of single crystal density 6.85 g/cm3. Roughness of these three samples are 2.2 nm, 3.0 

nm and 3.7 nm respectively. [22] Different from density trend, refractive index rises up 

as film thickness increases. This discrepancy is attributed to the influence from thin 

film roughness and potential pores as exhibited below. 

 

Figure 3.7 SnO2 thin film (0.1M each coat) densities and refractive index variation as a 

function of coating number from XRR and ellipsometry analyses. As-deposited films 

were further annealed in air for 1 hour at 600 ºC. 

Thin Film Surface and Cross-sectional Images 

Surface and cross-section images were collected for 20 coats film prepared at 600 °C 

with 1 hour further annealing at same temperature. As shown in Figure 3.8, thin film 
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surface exhibits structure containing crystalline at size of 50 nm with pore like structure. 

This is not unexpected, however, since original SnS2 film has been confirmed to possess 

pores on the surface. [21] Meanwhile, anion exchanges from larger sulfide to smaller 

oxide which would also lead to matrix shrinkage and voids formation. Assuming the 

pore structure penetrating through the film, analysis with Image J results in a 9% 

coverage area averaged from three surface sampling, leading to a 91% dense degree of 

film, which is 5% less than the value from XRR. This result is also corroborated on the 

same analyses on other collected surface images. High resolution cross section SEM 

was then applied on the same thin film. As shown in Figure 3.8b, column like crystalline 

structure is observed without discernible grain voids on the cross sectional image. These 

two distinct images is a result of structure projection and lost on different direction. 

However, it still reveals the material condensation on vertical direction is homogeneous. 

 

Figure 3.8 SEM surface (a, left) and cross section (b, right) image of SnO2 film prepared 

by 20 coating steps (0.1M each coating) As-deposited film is further annealed in air for 

1 hour at 600 ºC. 

Counter Ion Influence to Thin Film Density and Morphology 

Properties of solution deposited films are closely related to precursor chemistry. To 

investigate affection of counter ions, thin films were deposited with solution containing 

NH3, En and TMAH. Density and surface morphology are mainly focused here.  
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      Precursor were prepared directly by adding stoichiometric solution into primal 

stock solution. Because En and TMAH are stronger base, reaction can thus proceed 

towards the direction that NH3 is exchanged. Both solution were quite stable in the  

sealed veils after standing 3 month. By diffusing isopropanol into the stock solution, 

En3H4Sn2S6 crystallite was obtained with edge length in 1 cm. However, solution 

containing TMAH failed to grow crystallite but white powder formed after static culture 

with either isopropanol, ethanol, or methanol.  

      Additionally, these precursors were exposed to air to observe precursor stability. 

Due to base vaporization and precursor decomposition, precipitates gradually formed 

from these solution with orange color for precursors of NH3 and of En, but white for 

precursor of TMAH. It was alos found the precipitation speed was fastest for precursor 

of NH3, and slowest for precursor of TMAH. The stability of these precursor molecules 

are thus summarized in the order of: Precursor (NH3) ≤ Precursor (En) < Precursor 

(TMAH). 

      As shown in Figure 3.9, crystallographic structure of En3H4Sn2S6 contains 

[Sn2S6]
4- dimers and three En groups without any crystallographic bound water. It 

should be noted that two of En are in general positions and two at an inversion centers, 

which results in three En molecules bounding to each [Sn2S6]
4- dimers. The hydrogen 

were not located in the structure since heavier Sn atoms contribute most X-ray signal. 

Each tin atom in the dimer is coordinated in a distorted tetrahedral environment. The 

geometry of [Sn2S6]
4- differ slightly from D2h since two planes, Sn(01)-S(03)-S(04) 

and Sn(02)-S(05)-S(07), are non-coplanar and have a dihedral angel of 3.249(38) °. 
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This asymmetry is also revealed in the longer bonds and larger angles of bridging sulfur 

atoms than those of the terminal sulfur atoms. (Table 3, Appendix 1). For molecule 

containing TMAH, (TMA)4[Sn4S10] was synthesized in previous report but would 

decompose in H2O and formed the layered compound (TMA)2Sn3S7. [22, 23] In our 

case, no precipitate formed before organic solvent diffusion or solution exposure to air, 

indicating the solubility and stability of precursor are perhaps rendered with assistance 

of ammonium ion. 

 
Figure 3.9 A fragment of crystal structure of triethelenediamonium thiostannate(IV), 

En3H4Sn2S6. Three En bounds each Sn2S6]
4- dimer.  

 

      To examine thin-film property, three coats films were prepared at 600 °C with 

further annealing for 1 hour in air. As shown in Figure 3.10, film from precursor of NH3 

possesses highest density and refractive index, and the one with TMAH has the lowest 

values. We attribute the film density variation to be the result of different precursor 

stability. Higher chemistry stability determines the decomposition rate of precursor 

molecule to be slow and residuals would remain in the film matrix. Under high 
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temperature, residual decomposition releases gas puffing through fixed metal oxide 

matrix, which generates pores. As a result, more stable precursor resulted in film with 

a lower density as corroborated by the opposite trend between density and precursor 

stability. 

 

Figure 3.10 Three coats SnO2 thin film (0.1M each coat) densities and refractive 

index prepared with different counter ion in precursor from XRR and ellipsometry 

analyses. As-deposited film is further annealed in air for 1 hour at 600 ºC. 

      Additionally, surface SEM were applied on these samples and images are shown 

in Figure 3.11. Apparently, surface of thin film from TMAH precursor is rougher and 

more porous than sample from NH3 precursor. Given a whole view on the morphology, 

the former sample loses homogeneity to the largest extent. For film from En precursor, 

dense degree seems hardly to be differentiated by comparing porosity of the samples, 

but particles as large as 200 nm are observed on the film, which could be a result of 

lower solubility of precursor. 

  



56 

 

 

Figure 3.11 SEM top down images on three coats SnO2 thin film (0.1M each coat) 

prepared with different counter ion in precursor. As-deposited film is further annealed 

in air for 1 hour at 600 ºC. 

Conclusion 

Oxidation of SnS2 to SnO2 provides an effective pathway to prepare dense dgree SnO2 

films. In this system, high mobility of reactants is acquired by thermal annealing as-

deposited film at boiling/decomposition point of SnS2, where simultaneous chemical 

conversion and active components allow to form dense structure. In this work, full 

conversion of SnS2 to SnO2 occurs at 600 °C based on the data from TG/DTA-MS. Both 

XRR and ellipsometry analyses confirm the dense degree between 90% - 96% with the 

highest value at 600°C. SEM surface image shows existence of pores with 9% coverage 

area, leading to a density at 91%, 5% less than XRR result. Cross section imaging 

exhibits a dense structure on 100 nm SnO2 film. In addition, varying counter ion in the 

precursor is found to affect thin film properties. Using En and TMAH provides higher 

stability of precursor during thermal conversion, which prevents aforementioned 

simultaneous process and leads to a rougher surface and sparse structure. 

  

TMAH 
En TMAH NH3 
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CHAPTER 4 

 

DENSIFICATION OF SnO2 FILM VIA LOW TEMPERATURE ION-EXCHANGE 
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Abstract 

Preparation and densification of SnO2 film at low temperature is demonstrated by in-

situ exchanging counter ion of as-deposited SnC2O4I2 in aqueous solution. Removal of 

oxalate and iodide are monitored by infrared spectrum and thermal programmed 

desorption. Thin film mass dense degree are shown to increases at first and then 

decreases with aqueous process time in both acidic and basic environment. The 

variation on film density is characterized by X-ray reflectivity and refractive index from 

variable angle spectroscopic ellipsometry. Film density reaches at 80% of SnO2 single-

crystal density. Surface morphology of thin film exhibits pore structure varying with 

mass density monitored by atomic force microscopy. 
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Introduction 

SnO2, In2O3, ZnO and CdO are popular transparent conducting oxides (TCOs) with 

numerous reports mainly due to their coexisted electrical conductivity and suitable wide 

band gap for visible light transparency ( >3eV ). [1-3] Thus, TCOs have become popular 

materials in multiple areas requiring both properties, such as flat display, solar cell, 

electromagnetic interference shield, antistatic coating, etc. [4-6] Among them, SnO2 is 

an attractive material due to its chemical resistance to acids and bases, and robust 

mechanical properties of wear-resisting. [7, 8] 

      Compared to vacuum based deposition tools, solution processing techniques 

attract much attention in recent years because of the advantage for low cost and fast 

fabrication. [1] Among these tools handled at 1 atm, spray pyrolysis and spin coating 

are mostly applied to study morphology, chemical, optical, and electrical properties of 

SnO2 film. [9] Spray pyrolysis has been shown to possess the merits to prepare dense 

SnO2 film with high electrical mobility and low resistivity. However, highly mobile and 

strong hydrophilic precursor molecule determines the surface morphology of thin films 

to be quite rough, which is catastrophe for electrical uniformity as required in modern 

electronic device. [10-12] In contrast, spin coating technique has been demonstrated 

with the capability to prepare homogeneous and smooth films based on appropriate 

selection of precursor. [13] As for SnO2 film preparation, typical precursor applied for 

spin coating is similar to spray technique, which are sol-gel solution containing 

hydrolyzed Sn(II) and Sn(IV) salts in water or alcohol. Because of uncontrolled 

continuous condensation among hydrolyzed tin salts, the precursor actually is 
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dominated by nanoparticles with size above 1 nm, which leads to voids, crack of as-

prepared thin films and ultimately low performance for associated devices. [14-17]  

      Previously, cluster chemistry has been developed and shown to fabricate 

smoother and dense film than using conventional organic based precursor. [13] The 

essence of adopting cluster is to acquire stable and small precursor molecule to form 

hydrocolloid, thus avoiding aggregation and particle formation, so that isotropic 

condensation during thermal heating will result in a homogeneous thin film. Design of 

tin precursor normally focuses on Sn(II) and Sn(IV) compounds. Sn(II) salts containing 

chloride or nitrate are selected mainly for their higher solubility and limited 

hydrolization in aqueous solution. [18, 19] However, reducing ability of Sn(II) always 

brings up instability of stannous compounds when exposed to oxygen, resulting 

hydrolization and aggregation of Sn(IV) species before other applications. Furthermore, 

organic or inorganic Sn(IV) salts have to be used by restraining its hydrolization for 

rendering precursor with colloid characteristics, which is realized by either quantifying 

water amount or hydrolyzing salts within basic solution. However, these chemistry 

manipulations are difficult to control the continuous condensation of Tin (IV) species. 

As a result, organic solvent, organic group and tin particles results in porous structure 

and inhomogeneous film with a poor quality as mentioned above. [20, 21] 

      In this chapter, SnC2O4I2 is synthesized by reacting SnC2O4 with I2 to achieve 

both redox stability for tin and smaller counter ion. Firstly, it has been reported about 

reaction between SnC2O4 with H2O2 and its application for conductive SnO2 

nanoparticle fabrication. [22, 23] Meanwhile, SnC2O4Cl2 was ever reported in the form 
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of organic adducts but without clear synthetic pathway, which reveals the feasibility of 

adding I2 on SnC2O4. [24] Secondly, thermal eliminating oxalate will require high 

temperature pyrolysis and leads to porous structure. Ion exchange has been 

demonstrated to effectively remove counter ions at low temperature in the HafSOx 

system and a HfO2 film was fabricated, so it is reasonable and also interesting to study 

if SnO2 film can be prepared in this way and how aqueous processing will affect dense 

degree and morphology of films in this case. [25] 

Experimental 

Precursor synthesis 

Precursor solutions were prepared by reacting SnC2O4 (98%, Alfa Aesar) with I2 

(99.99+%, Alfa Aesar) in methanol (Analytical Grade, VWR). Then the mixture was 

stirred in a sealed bottle at room temperature in glove box and a clear orange solution 

was obtained after 24 h. The stock precursor solution was prepared by mixing with 

propylene glycol methyl ether acetate (PGMEA, Alfa Aesar) with a volume ratio as 

methanol : PGMEA = 1:3. Diluted solution was prepared by diluting the stock solvent 

with mixture methanol and PGMEA in the same ratio. 

Thin Film Deposition 

All substrates are Si with 100 nm SiO2 on top. These substrates were treated with a 5 

min O2 plasma ash at 10 mTorr and 5 sccm O2 prior to spin coating. Precursor solution 

are syringed through 0.20 μm PTFE filter and spin coated on these substrates with 

rotating speed at 3000 rpm for 30s. Then the as-deposited films were baked in air at 

80 °C on a preheated hot plate for 2 mins and then immersed into aqueous solution 
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containing HNO3 (pH=1) or NH3·H2O (pH=10) for 1 min, 5mins, 60mins and 1 day 

respectively. Then the films were rinsed thoroughly with deionized water and annealed 

directly in air at 600 °C for 1 hour. 

Structural and Chemical Characterization 

XRD and XRR 

Both X-ray Diffraction (XRD) and X-ray Reflectivity (XRR) analyses were completed 

on Rigaku Smart Lab with Cu(Kα1, 1.54056 Å) as the X-ray source. Grazing incidence 

XRD (GIXRD) was applied for thin film phase investigation. 

Atomic Force Microscopy 

Film surface morphology was analyzed by using a Bruker Nano Inova atomic force 

microscope operated in tapping mode with a Bruker RTESPA-300 Sb doped Si tip. A 

third-order plane fit were applied to all samples to limit sample tilt. 

Infrared Spectroscopy 

Attenuated total reflection infrared spectra (ATR-IR) were measured on thin films by 

using a Nicolet 6700 spectrometer with diamond as the reflection crystal. All thin films 

for measurement were deposited on Ta substrates and reference spectrum was collected 

from a bare Ta substrate. 

Results and Discussion 

Precursor of SnC2O4I2 was prepared by reacting SnC2O4 with I2 in a 1: 1 ratio in 

methanol. This reaction is favor of direction towards products because of the oxidizing 

ability difference between these two compounds, where SnC2O4 acts as reducing agent 

and I2 as oxidizing agent. This difference is exhibited in terms of electrical potentials 
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shown below [26]: 

I2 + 2 e- —> 2 I-                (+0.54v) 

Sn4+ + 2 e- —> Sn2+             (-0.09v) 

2(CO2)(g) + 2e- —> (C2O4)
2-(aq)   (-0.49v) 

However, I2 oxidizing oxalate ion should be thermal dynamically more favored based 

on electro potential showed above, but it is believed not occurred because gas 

generation was not observed during the reaction. It is also noteworthy that this side 

reaction normally is described in the aqueous environment with H+ participating, which 

is not fulfilled in methanol here. [27] In this work, the stock solution was quite stable 

without showing any change on color and phases when it was kept in a sealed glass 

bottle within N2 environment in glove box. Therefore, oxidizing oxalate by iodine in 

methanol solution is not favored based on current observation. Methanol is selected 

because the product is polar too and the product has lower solubility in other alcohols. 

Additionally, the solution with methanol is miscible with other polar organic solvent, 

so PGMEA is added to render the solution with colloid characteristic for spin coating. 

The final solution shows an orange to deep red color depending on the concentration. 

Crystallization from either stock solution of methanol or mixture solvent were tried by 

slowly drying solution in glove box. After 1 - 2 weeks drying, a dark red gel was formed 

in the bottom of the vial. The difficulty to crystalize products can be understood from 

the study on SnC2O4Cl2 adducts, where the solvent of PGMEA or methanol could also 

form adducts with Sn2O4I2 due to potential to form six bonded Sn compound. As a 
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result, low symmetry of generated compound possibly results in the difficulty of 

crystallization. [24] 

      Following thin film spin coating, immersion into two different aqueous solution 

were adopted as ion exchange process. Solution of HNO3 (pH=1) and NH3 (pH=10) 

were selected based on the Sn pourbaix diagram. [28] Solutions with higher and lower 

pH than the selection were also investigated, but thin films delaminated easily into the 

solution once touching the solution. After immersion in both solution, clear color 

change were observed on all films, which results from optical interference of reflected 

lights and associated film thickness and/or density variation. Such phenomenon 

indicates the spontaneous volume loss of thin film while in solution. For followed 

proper characterization, thin film phases were examined with XRD and compared to 

the phase of powder prepared by annealing solute from drying solution. Here film was 

processed with HNO3 solution. Then both film and powder were annealed at 600 ºC in 

air for 1 hour. As shown in Figure 4.1, both patterns verifies SnO2 tetragonal, rutile-

type structure with respect to reference. Broad peak width indicates the film composed 

of small crystalline. The relative peak intensities of film phase slightly differ from those 

of powder, which indicates a preferred orientation probably due to strain from the 

substrate. 
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Figure 4.1 XRD patterns of SnO2 powder and films: Powder was prepared by annealing 

powder from drying precursor; film was prepared by processing as-deposited film 

within HNO3 (pH=1) for 5mins and then annealing at 600 ºC in air for 1 hour. 

      To examine thin film densification effect from ion exchange, films from both 

aqueous environment were analyzed with X-ray reflectivity. As shown in Figure 4.2, 

density increase at first and reach to 5.4 g/cm3 for HNO3 (pH=1) and 4.6 g/cm3 for NH3 

(pH=10) with a 50% and 30% increment. As the processing time further increases, thin 

film density decreases instead and drops almost to the initial value for both sets after 1 

day immersion. Such a trend can be expected considering the volume loss and matrix 
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condensation initially, reaching to a maximum point, accompanied by gradual 

hydration, dissolution and delamination finally. 

 

Figure 4.2. Thin film density as a function of aqueous processing time: (a) thin film 

processed in HNO3 (pH=1) solution; (b) thin film processed in NH3 (pH=10) solution. 

      To investigate removal of counter ion, infrared spectra were collected on thin 

films by using attenuated total reflection as shown in Figure 4.3. Thin films were 

immersed into HNO3 (pH=1) and NH3 (pH=10) with period at 1 min, 5 min, 60 min, 1 

day and 1 week. Films treated for 1 week totally delaminated for both aqueous 

environment so their IR were not collected. To confirm the dense degree increment 

associated exchange of oxalate and iodide by hydroxide, the interest were focused on 

the broad absorption band centered at 3400 cm-1 (attributed to O-H stretching modes) 

and the low intensity double peaks at 1700 cm-1, 1400 cm-1 and 1350 cm-1(Oxalate). 

[29] For hydroxide group, feature intensities increase at first with 1 - 5 mins processing 
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time and then diminish with longer exposure in both acidic and basic environment, 

which relates to the hydrolization, spontaneous dehydration of hydrous tin compound 

and formation of –MOxM- matrix. However, peaks for oxalate exhibits a gradual 

decrease trend in contrast to the change of hydroxide peaks for both solution. In basic 

environment oxalate peaks almost totally disappear with exposure time longer than 60 

mins while still remain in acidic environment, which is attributed to the stronger 

exchange ability of hydroxide than nitrate anion. 
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Figure 4.3 Infrared absorption of thin film as a function of aqueous processing time: (a) 

thin film processed in HNO3 (pH=1) solution; (b) thin film processed in NH3 (pH=10) 

solution. All thin films were deposited on Ta substrates and baked at 80 °C for 2 mins. 
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      To inspect change of surface morphology with aqueous processing time, AFM 

was performed on selected films. All the films were deposited with 0.3M precursor 

solution. Figure 4.4 include a series of AFM images of SnO2 films processed in both 

aqueous solution for 0 min, 5 min and 1 day respectively. From the AFM images, 

control film without any aqueous processing (0 min) shows a large amount of pores on 

the surface with an average diameter at 400 nm. After 5 min immersion, the average 

pore size decreases to 100 nm for acidic group and 350 nm for basic group. Moreover, 

amount of pores also decreases largely for acid group. However, after 1 day processing, 

pores size for acidic group increases back to about 300 nm, but the pore size for basic 

group stabilizes without obvious variation. These trends of pore size change are 

consistent with densities variation as shown in Figure 4.2. Comparing these two sets of 

images together with density analysis, it can be concluded that thin film is more 

condensed in HNO3 (pH = 1) than in NH3 (pH = 10), which could be a result of higher 

solubility of Sn compounds in associated basic environment. As an additional 

demonstration, thin film was further immersed for 1 week in both solutions and thin 

film totally delaminated for basic group, but still remained partially for acidic group 

solution. 
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(a) T = 0 min               (a) T = 5 min           (a) T = 1 day 

 

 

(b) T = 0 min            (b) T = 5 min            (a) T = 1 day 

 
Figure 4.4 Surface morphology evolution of thin films as a function of processing time 

in aqueous solution: (a) thin films processed in HNO3 (pH=1) solution for 0 min 

(control), 5min and 1 day; (b) thin films processed in NH3 (pH=10) solution for 0 min 

(control), 5min and 1 day. 

      Finally, thermal programmed desorption was employed to analyze residual 

oxalate and iodide inside film after ion exchange. Thin films with processing time at 1 

day and control group without aqueous treatment were analyzed with this tool. Figure 

4.5 shows the TPD spectra of CO2, CH3I and H2O respectively for oxalate, iodide and 

hydroxide group. As shown in Figure 4.5a, CO2 signal exhibits a large peak from 

150 °C to 350 °C for control group sample. As a comparison, CO2 signals for acidic 

and basic group shows a much lower intensity instead in the same temperature range. 

This difference between control group and sample treated for 1 day indicates the 

aqueous treatment lead to the removal of most oxalate ion from thin film. However, 



73 

 

CO2 signal for treated samples extends to high temperature range where signal intensity 

is slightly higher than control group. Then a smaller peak is found for both treated 

samples from 600°C to 650 °C, which is attributed to the residual oxalate and/or other 

hydrocarbon encapsulated within rigid SnO2 structure, which is formed from 

dehydration of -Sn(OH)xSn- and cross linking during aqueous processing. F Lan et al. 

ever reported SnO2 catalytically oxidized CO and CH4. [30] Furthermore, GS Devi et 

al. showed SnO2 starts to lose lattice oxygen at 600 °C. Thus oxalate residuals may be 

prone to decompose into CO2 due to catalysis property of SnO2 and generated oxygen 

at associated temperature. [31] Meanwhile, CO2 signal for acidic group is higher than 

that for basic group, which indicates less oxalate remaining in the sample with basic 

treatment. This is also corroborated by the IR results aforementioned. For iodide ion, 

as shown in Figure 4.5b, CH3I signal is monitored since I2 and HI are within noise level 

in the initial scan for full species identification. CH3I should be generated from the 

reaction between precursor and remained organic solvent (Methanol and PGMEA) 

under vacuum condition of TPD. In the plots, control group exhibits a large quantity of 

CH3I from 70 °C and CH3I signal maintains higher intensity than other treated groups 

till 450 °C. This result reveals iodide can be thoroughly removed by ion exchanging at 

low temperature and thus no high temperature peaks are observed. For water signal, 

Figure 4.5c shows the water desorption extends to high temperature for both aqueous 

solutions， whereas water signal peak for control group is around lower temperature 

range and intensity than treated samples. The reason directly correlates to the SnO2 

matrix formed at low temperature as described above, which prevents water from 
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leaving at low temperature. On the contrary, most water emitted in control group is 

generated from decomposition of organic residual simultaneously with thin film 

condensation, therefore structure blocks exhibits less effect on water desorption. 
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Continued 

 

Figure 4.5 TPD chemical residual analysis on thin films in control group without any 

solution treatment and in experimental group after 1 day exposure to the aqueous 

solution of HNO3 (pH=1) and NH3 (pH=10) respectively: (a) Signals for CO2; (b) 

Signals for CH3I; (c) Signals for H2O. 

Conclusion 

In this chapter, it is demonstrated that aqueous processing will lead to removal of 

oxalate and iodide from SnI2C2O4, thus SnO2 thin film with dense structure is fabricated 

than untreated sample. Thin film densification is confirmed by XRR analysis with a 

maximum density reaches at 78% for thin film treated with HNO3 (pH=1). The dense 

degrees increases by 50% and 30% respectively for acidic and basic solution with a 

time as short as 5 mins. As depicted by AFM surface imaging, aqueous processing 

would lead to structure densification at firstly and then pores forms which is attributed 

to thin film dissolution and delamination. In addition, TPD and IR analysis collectively 

reveal full removal of iodide but still little oxalate remaining after 1 day processing. 
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However, spontaneous dehydration of hydrous tin generates rigid solid structure which 

affects desorption of water at low temperature. In conclusion, aqueous processing as-

deposited film provides a pathway to prepare a dense thin film by removing counter-

ion at low temperature. The future work should be focused on the how solvent would 

affect colloid property of precursor in order to form a homogeneous film. 
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CHAPTER 5 

 

SOLUTION PRECURSOR PROCESSED Cu3SbS4 THIN FILM AND 

CORRELATION BETWEEN DENSITY AND PHYSICAL PROPERTIES 
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Abstract 

Cu3SbS4 thin films are deposited by spin coating a solution precursor, and the resulting 

thin films are characterized. Precursor is synthesized from thiol stabilized Cu and Sb 

molecules in aqueous solution. As-deposited films smooth surfaces and homogenous 

structures. Sulfurization at high temperature leads to crystallization and increased 

surface roughness. Single-phase Cu3SbS4 was prepared between 350 °C and 450 °C by 

sulfurizing with S in flowing Ar(g). Thin film density, hole mobility, and optical band 

gap were measured as a function of annealing temperature. The highest density and 

hole mobility are found to be 4.1 g/cm3 and 5.6 cm2/(V·s), respectively. Optical band 

gaps were measure to be between 0.86 eV to 0.9 eV. Thin-film density changes were 

correlated to the variations of electrical and optical properties, indicating film density 

is correlated to hole mobility. Thin films annealed in vacuum reveal an increased 

crystallite size (up to 1 µm) relative to heating in a S-rich environment. 
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Introduction 

In response to increasing clean energy demands and environmental problems, solar 

cells have been broadly explored in recent years due to their ability to directly convert 

solar energy to electricity. Several metal chalcogenide have attracted people’s attention 

as solar absorbers to improve the efficiency of solar conversion. [1–3] Recently, Cu-

Sb-S system has been identified as the new source of potential absorbers based on 

optimal band gaps and strong absorption. [4–6] Among them, Cu3SbS4 famatinite 

possesses a direct optical band gap, high optical absorption coefficient (α > 104 cm–1) 

and p–type electrical conductivity. [4, 7, 8] For thin-film preparation, solution 

deposition is often studied as a low-cost pathway to fabricate solar cell. In previous 

solution precursor work, Cu and Sb have been suspended as nano particles or dissolved 

as metal salts in organic solvents. Aqueous precursors have not previously been studied, 

as Sb5+ readily hydrolyzes and condenses to form colloids. [9–11] 

      As addressed in previous chapters and reports, solvent, and counter ions that 

can be eliminated with low input energy are critical for prompt condensation to produce 

dense films. [12–14] However, Cu and Sb are quite difficult to dissolve simultaneously 

in aqueous solutions. The difficulty on using conventional metal hydroxo cluster as 

precursors derives from the difference in solubility of Cu1+/Cu2+ and Sb5+ at prescribed 

pH. [15] Although many inorganic copper salts are stable in aqueous solution in a wide 

and suitable pH range, inorganic Sb(III) salts are quite rare and shows a strong tendency 

to hydrolyze, dehydrate and aggregate as hydrous metal oxide. To inhibit condensation, 

excess choloride stabilizes Sb(III) species in water. To solve the stability problem, 
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researchers have brought forth incorporating Cu and Sb by preparing Cu-Sb-S nano 

crystal and using dimethyl sulfoxide to dissolve metal chlorides for thin film deposition. 

[10, 11, 16] Nevertheless, voids are unable to be avoided from non–concurrent 

condensation. Since both Cu and Sb ions have stronger affinity to sulfide than oxide 

anion, M–Sx–M or M–S–R (M = metal, R= organic group) compounds in aqueous 

environment may provide a useful route to Cu3SbS4 deposition. For example, SnS2 and 

Sb2S3 have been deposited from aqueous solution with (NH4)4Sn2S6 and (NH4)3SbS4 

precursors. [17, 18] Meanwhile, CuSbS2 and Cu12Sb4S13 were also prepared by 

dissolving metal sulfides in hydrazine for solar cell fabrication. [19, 20] However, 

either a few metal sulfide clusters have solubility large for deposition or hydrazine is 

toxic and explosive. [21] Thiourea coordinates with SbCl3 through a weak Sb–S 

bonding which renders product with low temperature decomposition but yet chemistry 

instability in water. As a result, antimony thiourea chloride was only ever successfully 

applied in chemical bath deposition on depositing Sb2S3 and CuSbS2 film. [22] On the 

other hand, thiolates have been demonstrated to incorporate multi sorts of metal ions 

with much lower toxicity and less explosive potential than hydrazine. Moreover, its 

solubility and stability in water render the solution colloid property applicable for spin 

coating. [23, 24] Therefore, here we select ammonium thioglycolate for this work. 

      In this chapter, we report Cu3SbS4 film fabricated from aqueous precursor and 

associated properties. Cu and Sb precursor is prepared by stabilizing Cu(I) and Sb(III) 

with ammonium thioglycolate salts in aqueous solution. Properties of these metal 

thiolates are studied and discussed. Thin film properties, including density, optical band 
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gap, electrical mobility and morphology, are further investigated. 

Experimental 

The precursor solution for film deposition was prepared by mixing CuO (98%, Alfa 

Aesar), Sb2O3 (57%, EMD), ammonium thioglycolate (ATG, 60% in H2O, Aldrich) and 

NH3 (aq) with Cu/Sb : ATG = 1:3. 18-MΩ Millipore H2O was added to make a solution 

with total metal concentration of 1.0 M. The mixture was then stirred in a sealed bottle 

at room temperature for 12 h, producing a clear yellow solution. 

      Substrates were bare square fused silica (GM associate). Mo coated substrates 

were used for scanning electron microscope imaging. These substrates were subjected 

to a 5 min O2 plasma ash at 10 mTorr and 5 sccm O2 prior to spin coating. The precursor 

solution was syringed through 0.45 μ m PTFE filter and spin coated on these substrates 

with rotating speed at 3000 rpm for 30s. Then as-deposited films were baked at 80 °C 

for 2 min, followed by an annealing in N2 environment in a rapid thermal processing 

tool (RTP). The deposition steps were repeated until the desired thickness was produced. 

Structural and Chemical Characterization 

Both X-ray Diffraction (XRD) and X-ray Reflectivity (XRR) analyses were completed 

with a Rigaku Smart Lab with Cu Kα radiation, λ = 1.54056 Å. Grazing incidence XRD 

(GIXRD) was selected to characterize film crystallization. Thin film densities were 

derived from XRR data with the software GlobalFit. 

      Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) 

were employed using a TA Instrument SDC Q600. Powder for this work was prepared 

by blowing N2 to stock precursor at room temperature (20° C - 25 °C) until the solution 
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turned to be a gel. The gel was then burned in Ar at 350 °C for 12 h. An additional 

sample was annealed with S under Ar for the same time. For TGA/DTA, gel, as-burned 

powder and sulfurized powder were respectively packed into Al2O3 crucibles. 

TG/DTA–MS measurements were done in an N2 environment with a flow rate at 100 

mL/min. The temperature ramped from 25 °C to 800 °C at 10 °C/min. 

      Thin film elemental compositions were established with electron micro probe 

analysis (EPMA) on a Cameca SX–100 instrument. Cu, Sb, and FeS2 were selected as 

standards with Cu Lα, Sb Lα and S Kα collected by wavelength dispersive 

spectrometers. Three different accelerating voltages (5 kV, 10 kV, and 15 kV) were 

applied for data collection with averaged experimental intensities determined from 5 

proximate positions on each sample. Raw data were corrected by a procedure 

established by Donovan and Tingle. [25] Quantitative elemental compositions were 

analyzed by simulating and comparing K–ratios values using StrataGEM thin–film 

composition software. 

      Scanning electron microscope (SEM) images were collected on either a Quanta 

3D or Quanta 600 SEM. Surface view and cross section images were collected on 

samples coated with Au/Pd by metal evaporation. Hole mobility was measured on a 

Lakeshore 7504 Hall Measurement System. Optical band gaps were determined from 

absorption data collected with Jasco V670 UV–Vis/NIR Spectrophotometer. 

Results and Discussion 

TGA of Precursor and Thin Film Phase Verification 

Crystallites of copper and antimony thioglycolate salts were grown by cooling saturated 
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solutions. For crystallization, solution for Cu and Sb were respectively prepared with 

the same chemical ratio as metal : ATG = 1: 3. Each solution was mixed with 

isopropanol (IPA), shake, and centrifuged. This step was repeated 4 to 6 times until gel 

like precipitates turned to powder. Then the powder was dissolved in water to form a 

saturated solution, which was then frozen at -20 °C. After one day, the ammonium 

antimony thioglycolate solution formed crystallites with edge length around 1 mm. 

Crystallization of Cu species failed and black compound was formed after one day 

freezing, which is attributed to the decomposition of Cu thioglycolate salt. Reactions 

of the oxides with ATG are described below: 

(1) Sb2O3 + 6NH4OOCCH2SH = 2 Sb(NH4)3(SCH2COO)3 + 3H2O 

(2) 2 CuO + 4 NH4OOCCH2SH = 2 Cu(NH4)(SCH2COO) + NH4OOCCH2SSCH2COONH4 + 2 H2O 

In reaction (1), each Sb(III) binds to three carboxylates and three thiol groups with 

ammonium cation surrounding for charge balance. For multi charge metal ions, thiol 

group reduces them to lower oxidation state and forms ammonium dithiodiglycolate as 

reaction (2) shows for Cu(II). [26–28] After IPA washing, the copper thioglycolate salt 

was unstable to air and decomposed into a black product even at -20 °C. The instability 

of the salt probably results from both thermaldynamically favored Cu2S formation and 

removal of ammonium dithiodiglycolate, which may take part in stabilizing copper 

thioglycolate salt via metal sulfide interaction as exhibited in the analogous cobalt salt. 

[27] 

      Crystal structure of (NH4)3Sb(SCH2COO)3 reveals information of monomer 

molecule as shown in Figure 5.1. The coordination geometry can be described as a 
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distorted trigonal bipyramid with one oxygen O(1) and one sulfur S(3) occupying two 

axial apices. Two sulfur S(1) and O(2) occupy equatorial apices, and the unshared 

electron pair can be assumed to occupy the left equatorial position. It is noteworthy that 

bond of Sb-O(1) is 2.5062(2) Å shorter than the distances of the other two groups in 

dashed lines, Sb····O(3), 3.4776(23) Å and Sb····O(5), 2.9915(28) Å (Table 3, 

Appendix 2), indicating a stronger bond strength of Sb-O(1). This bond differences is 

in accordance with descending spatial location to oxygen and increasing attracting 

effect of NH4
+

 cations surrounding O(3), O(5), and O(1). Sb-S bond length is 0.4-0.8 Å 

longer than the analogous two ligated Sb compound perhaps due to the electron 

donation from excess anions. [29] 

 

Figure 5.1 Crystal Structure of (NH4)3Sb(SCH2COO)3. 

      TGA was then applied to examine the decomposition of precursor for selecting 

film stacking temperature. Gel sample for TGA was prepared by blowing solution with 

N2. As shown in Figure 5.2a, the first weight loss from 25 °C to 110 °C is attributed 

mainly to the evaporation of water from thin film. The second weight loss from 110 °C 
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to 250 °C corresponds to the thermal decomposition of precursor and elimination of 

organic residuals. The endothermic peak at around 600 °C can be attributed to 

decomposition of formed Cu3SbS4 nano-crystals. Therefore, thin film stacking was 

completed by annealing each coating at 300 °C. In addition, TGA was also applied on 

Cu3SbS4 powder which was synthesized from metal and sulfur. TGA curve in Figure 

5.2b consists of two descent sections. Firstly, weight starts to decrease at 450 °C - 

500 °C and meets a plateau at 550 °C. Second weight loss occurs at 620 °C and 

continues till the end. Both weight variations are accompanied by endothermic peaks, 

representing compound decomposition. It is noteworthy that the second weight plateau 

between 550 °C and 620 °C indicates the stability of compound after decomposition 

and sulfur loss, for which decomposition can be inhibited with extra amount of sulfur 

concentration. 
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Figure 5.2 TGA plot for Cu3SbS4 gel and powder sample. (a) gel sample was prepared 

by blowing precursor solution with N2 until most water evaporated; (b) powder was 

obtained from a pre-synthesized Cu3SbS4 sample. 

      Thin film phase was examined with respect to annealing temperature and 

(a) 

(b) 
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composition ratio. As-deposited films were annealed in tube furnace with sulfur powder 

and Ar flow with heat ramp rate at 10 °C/min. Thin film with Cu/Sb = 3.0 from metal 

oxide mass in solution were annealed and then characterized with XRD as a function 

of annealing temperature. As shown in Figure 5.3a, no crystalline peaks are observed 

in the annealing temperature at 150 °C and film structure is still amorphous. As the 

temperature goes up, Cu3SbS4 phase emerges at 250 °C with secondary phase of 

Cu12Sb4S13 and CuSx, which may relate to thermal dynamically more favored copper 

chalcogenide. At 350 °C and 450 °C, Cu3SbS4 famatinite turns to be dominated phase, 

but CuSx peaks shows again at 450 °C due to decomposition of Cu3SbS4 and loss of 

sulfur. When the temperature reaches 550 °C, Cu3SbS4 completely decomposes and all 

associated peaks of disappears. Film phase was also investigated as a function of 

composition ratio of Cu/Sb from metal oxide mass in solution. Thin films were 

processed with the same condition at 350 °C and results are shown in Figure 5.3b. With 

Cu/Sb from 2.0 to 2.6, CuSbS2 phases is gradually replaced by Cu3SbS4 as Cu ratio 

increases. Famatinite Cu3SbS4 dominates phase in the range from 2.7 to 2.9 with no 

obvious secondary phase observed. Once Cu/Sb increases above 3.0, CuSx phase 

emerges as a result of excess Cu in the thin film. 
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Figure 5.3 Thin film phases varying with annealing temperature and Cu/Sb ratio from 

metal oxides. Thin films were annealed with S/Ar in tube furnace at 10 °C/min to 

350 °C. (a)Thin film phase changes with annealing temperature with Cu/Sb=3.0 for 

metal oxide added in solution; (b) Film phase as a function of Cu/Sb ratio. 

      It is significant to control the composition ratio in thin film in order to 

characterize thin film physical properties. EPMA was thus applied to compare and 

correlate Cu/Sb ratio between solution precursor and thin film. Metal ratios in solution 

(a) 

(b) 

CuSx 
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were calculated based on the mass of metal oxides added for precursor preparation. All 

films were prepared in the same condition at annealing temperature at 350 °C, where 

there is no phase segregation as aforementioned. As shown in Figure 5.4, change of 

Cu/Sb ratio in thin film follows the same increasing trend, but with slightly higher 

values than that from metal ratio in solution. This metal ratio difference is attributed to 

the different deposition amount of each species during mechanical spin coating process. 

It is also worth to note that this result confirms the secondary phase of CuSx for thin 

film with Cu/Sb=3.0 in phase exploration shown above. On the other hand, sulfur 

content remains a slightly higher value than target ratio, which may result from sulfur 

deposition during cooling step in furnace. In addition, Cu/Sb ratio was also explored as 

a function of temperature with fixed Cu/Sb at 3.0 in solution. Figure 5.4b shows the 

ratio of Cu/Sb and S/total metal are stable with annealing temperature up to 450 °C, but 

metal ratio above 450 °C cannot be extrapolated due to thermal decomposition and 

generated porosity. In sum, Cu/Sb ratio was able to be controlled by varying metal 

oxide amount in precursor to achieve the desired composition in thin film and is 

constant within a certain temperature range. 
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Figure 5.4 Elemental Ratio of Cu/Sb from EPMA: (a)Correlation between Cu/Sb in 

solution and thin film; (b) Cu/Sb ratio change as a function of annealing temperature, 

Cu/Sb ratio in solution was fixed as 3.0 based on added metal oxide ratio. 

Thin Film Physical Properties 

To be correlated to optical and electrical property, thin film densities were characterized 

with XRR. Thin films with Cu/Sb = 2.8 (ratio based on metal oxide in precursor) were 

(a) 

(b) 
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selected for all the followed physical property investigation. All films for XRR were 

prepared by 1 coating with thickness at 60 nm and then were annealed with Ar/S in tube 

furnace at 350 °C. As shown in Figure 5.5, thin film density increases from 2.6 g/cm3 

to 4.0 g/cm3 with annealing temperature increasing from 150 °C to 250 °C, which 

corresponds to elimination of most organic residuals and thin film densification. From 

250 °C, due to continuing crystallization and condensation, thin film firstly reaches at 

4.1 g/cm3 and then slightly drops to 4.0 g/cm3 with thin film decomposition starting at 

450 °C as indicated in associated thin film phase. The highest density is 87% of 

theoretical density of Cu3SbS4.
 [30] As annealing temperature increases further to 

550 °C, most of Cu3SbS4 decomposes and density drops due to voids formation, which 

is corroborated by both TGA and phase data. [31] 

 

Figure 5.5 Thin film mass density as a function of annealing temperature. Cu/Sb is fixed 

as 2.8 for metal oxide added in solution. 
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      Finally, optical band gap and hole mobility were collected as a function of 

annealing temperature and were compared in relation to film mass density variation. As 

seen in Figure 5.5, optical band gap trend forms a valley shape with the lowest point of 

0.86 eV at 450 °C. This trend can be explained by the Cu3SbS4 phase formation and 

density increment which leads band gap close to the value of Cu3SbS4 (0.85 eV–0.9 

eV). [32, 33] Once the temperature increases to 550 °C, most Cu3SbS4 decomposes 

with phase dominated by CuSx and band gap turns to be 1.4 eV. As a corroboration, 

Cu3SbS4 nano crystal composed thin film was reported with band gap above 1 eV as a 

result of intrinsic voids. [10] For electrical characterization, as shown in Figure 5.6, 

hole mobility from hall measurement exhibits the highest value 5.4 cm2/(V·s) at 350 °C, 

which is expected since associated high density indicates higher structure integrity and 

less crystalline boundary to inhibit carrier movement. As such, hole mobility decreases 

as Cu3SbS4 decomposes at higher temperature, which leads to gaps formation on the 

pathway for carrier transport. In addition, such a value is higher than chemical bath 

deposited Cu3SbS4 film. [34] 
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Figure 5.6 Optical band gap of thin films as a function of annealing temperature. Cu/Sb 

ratio was fixed at 2.8 based on added metal oxide in precursor solution. 

 

Figure 5.7 Hall mobility of thin films as a function of annealing temperature. Cu/Sb 

ratio was fixed at 2.8 based on added metal oxide in precursor solution. 
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Thin Film Morphology 

To further investigate the feasibility of fabricating solar cell with solution deposition, it 

is critical for thin film to possess a dense and integrate crystalline structure. SEM was 

applied on checking thin film surface and cross sectional morphologies. Thin films were 

stacked to around 1 µm on substrates with pre-deposited Mo layer in order to simulate 

solar cell device. As shown in Figure 5.8a, as-deposited thin film exhibits a smooth and 

homogeneous top-view and cross-section images. After sulfurization in tube furnace, 

large crystalline forms on thin film surface as observed from background of Figure 5.8b. 

However, there is no secondary phase except dominated Cu3SbS4 exhibited on 

diffraction pattern showed before, implying these crystalline particles may be Cu3SbS4 

resulting from copper migrating and formation of Cu3SbS4. 

 

Figure 5.8 SEM images of solution processed Cu3SbS4 films before and after 

sulfurization with Ar/S in tube furnace at 350 °C: (a) Surface image of as-deposited 

film annealed in RTP; (b) Cross sectional image of as-deposited film annealed in RTP; 

(c) Cross sectional image of film sulfurized with Ar/S in tube furnace at 350 °C. 

      In order for large grains, high temperature annealing was explored on these 

films. Thin film samples were sealed in glass tubes pumped to vacuum. Excess sulfur 

was loaded to inhibit Cu3SbS4 decomposition. These tubes were put in a preheated oven 

and quenched immediately in an ice water mixture after certain period. A series 

annealing temperature and sulfur amount were investigated by comparing thin film 

(a) (b) (c) 
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phase and surface morphology via XRD and SEM. For phase inspection, sulfur amount 

was kept to be 10 mg and annealing time as 10 mins. Figure 5.9 exhibits thin film phase 

with different annealing temperature. Different from annealing in tube, pure Cu3SbS4 

phase emerges at 400 °C instead of 350 °C with much narrower peak width. With 

increased temperature, peaks for Cu3SbS4 turns to be sharper and phases maintains until 

600 °C. Figure 5.10a shows top-view image of thin film annealed with 10 mg S at 

450 °C for 10 min. Crystalline covers thin film surface but pores still exists. As 

temperature increases to 600 °C, which is beyond decomposition point of Cu3SbS3 and 

melting point of Sb2S3, crystalline forms in larger size but coverage becomes sparse as 

shown in Figure 5.10b. In this condition, the sulfur amount is not enough to favor 

reaction towards Cu3SbS4, leading to sulfur loss and further decomposition of Cu3SbS4. 

Then 100 mg sulfur was tried for thin film annealed at 600 °C. As seen from top-view 

image in Figure 5.10c, thin film surface is covered by crystalline with size up to 1 µm. 

As expected, these large grains are formed from compound melting and then fast 

cooling in ice water, where Cu3SbS4 decomposition is limited by excess sulfur. For all 

the cases above, continuous films were not achieved probably due to the transportation 

of chalcogenide species assisted by sulfur vapor. For a short summary, at 350 °C thin 

film is partially sulfurized with crystalline covers the surface. This surficial structure 

hinders sulfur infiltrating and simultaneous sulfurization for the whole film, which is 

also shown in CZTS film fabricated with the similar precursor. [18, 35] At higher 

temperature, surface obstruction is removed as a result of melted film matrix. Using 

excess sulfur successfully prevents decomposition of Cu3SbS4 but grains are difficult 
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to maintain compact. Reason can be ultimately attributed to the lower formation energy 

of Cu3SbS4 as reflected by its lower melting/decomposition temperature than CIGS and 

CZTS, resulting in its incompatibility with high temperature treatment. [36, 37] 

Therefore a sophisticated adjustment on material composition and post-treatment 

would be necessary for the future work. 

 

Figure 5.9 XRD of solution processed Cu3SbS4 films annealed with S in vacuum 

sealed in glass tube as a function of annealing temperature. 
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Figure 5.10 SEM images of solution processed Cu3SbS4 films annealed with S in 

vacuum sealed in glass tube at 450 °C: (a) thin film phase as a function of annealing 

temperature; (a) top-view of thin film annealed with 10 mg S at 450 °C for 10 min;(b) 

top-view of thin film annealed with 10 mg S at 600 °C for 10 min; (c) top-view of thin 

film annealed with 100 mg S at 600 °C for 10 min. 

Conclusion 

In this chapter, thioglycolate salts is demonstrated as the effective chemicals to provide 

colloid solution for depositing Cu3SbS4 film. Smooth as-deposited thin film was 

successfully prepared by spin coating and pure Cu3SbS4 phase is verified for films 

(a) 10mg S, 450 °C 

(b) 10mg S, 600 °C 

(c) 100mg S, 600 °C 
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annealed with sulfur in the temperature range between 350 °C and 450 °C. X-ray 

reflectivity and hall measurement were employed on collecting thin film density and 

hole mobility varying with annealing temperature. The highest values for them are 4.1 

g/cm3 and 5.6 cm2/(V·s) respectively. Associated optical band gaps are reported 

between 0.86 eV to 0.9 eV. In addition, variations of hole mobility and band gap are 

correlated to thin film density variation, which can be used to evaluate electrical and 

optical properties. SEM shows sulfurized film possesses rough surface possibly due to 

phase segregation which instead is not detected by XRD. To enhance thin film 

crystalline size and homogeneity, thin films were annealed in vacuum with high sulfur 

concentration to inhibit Cu3SbS4 decomposition. Improved surface morphology is 

observed from SEM top-view images, whereas continuous structure as well as desired 

crystalline size are difficult to be obtained simultaneously. Difficulty for this is 

attributed to the low formation energy and low melting/decomposition temperature of 

Cu3SbS4. Future work is proposed on exploring low energy pathway for thin film 

conversion and enhancing Cu3SbS4 formation energy by doping. 
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Abstract 

This study investigates how the forming gas (FG) annealing affects the chemical 

composition of solution-deposited aluminum oxide phosphate (AlPO) thin films, the 

interfacial interactions with silicon substrate, and its correlation with their electrical 

properties. It is demonstrated that using FG during the annealing process reduced the 

leakage current in up to three orders of magnitude in comparison with air, vacuum, 

nitrogen, or ammonia atmospheres in metal-insulator-semiconductor (MIS) devices 

annealed at 350 °C. FG annealing also reduced the capacitance hysteresis and dielectric 

constant. Results showed that FG annealing surprisingly enhanced the hydroxide-to-

oxide transition in AlPO, promoting the dehydroxylation of the aluminum precursors, 

and limited the SiO2 growth and its diffusion at the interface between AlPO and silicon 

substrate. 

Keywords: 

Inorganic solution-processed oxide, dielectrics, forming gas annealing, oxides 

dehydroxylation, interfacial passivation. 
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Introduction 

With the advancements in the field of macroelectronics, came the quest for high 

performance, low cost silicon-alternate materials. Oxide materials have been 

investigated extensively for electronic applications and have demonstrated attractive 

characteristics, such as competitive electrical performance, transparency, and solution 

processability . Oxide semiconductors now are seen as a promising technology for thin 

film transistors (TFTs) and other devices [1]. However, in macroelectronics, besides the 

semiconductor material there is the need of oxide dielectrics that can mimic the 

performance of their counterpart silicon dioxide (SiO2). To meet the desired 

performance, the films require certain structural features, for instance, the surface of 

the dielectric layer should be amorphous and atomically smooth to create an appropriate 

interface with the semiconductor . In addition, the dielectric films have to exhibit small 

leakage current densities (< 10 nA/cm2 at 1 MV/cm), and their dielectric constant (k) 

should be tailored depending on the desired applications, like gates or interconnections . 

The solution-processed dielectric oxide films should be compatible with the 

semiconductor layer and the processing conditions, and films need to be chemically and 

thermodynamically stable. Thus, the development of alternate dielectrics with the 

aforementioned characteristics represents a grand challenge. To achieve this goal, many 

alternate dielectrics are being studied and developed, including hafnium dioxide (HfO2), 

aluminum oxide (Al2O3), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and 

silicon based, oxinitrides (SiOxNy), among others . Vapor deposition techniques, such 

as atomic layer deposition (ALD) , pulsed laser deposition (PLD) , chemical vapor 
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deposition (CVD) , or metal organic chemical vapor deposition (MOCVD)  can yield 

competitive electronic and morphological properties. Nevertheless, even with these 

techniques, it is challenging to produce films with the desired aforementioned 

properties . Furthermore, these deposition techniques require stringent processing 

conditions (pressure and temperature) and costly precursor. 

      Solution-processed oxide dielectrics have been developed in the past. For 

example, sol-gel routes have been used to deposit HfO2, TiO2, and BaTiO3. However, 

the presence of bulky organic ligands in the precursors yield low-density, rough, and 

uneven films, which are prone to exhibit pinholes. Another route to prepare films is to 

synthetize nanoparticles and mix them with organic dielectrics. This approach contains 

a multi-step process that is complex, neither economical nor environmentally friendly, 

and it has incompatibility issues between the inorganic/organic components, and 

irregularities in the voltage across the films. In addition, the films must be thick (˃ 100 

nm) to avoid pinholes. On the other hand, binary oxides have a tendency to crystallize 

at low temperatures, which would cause defects in the films, increasing the leakage 

current and decreasing the breakdown fields [2, 3]. 

      A promising solution-process approach via prompt inorganic condensation (PIC) 

using aqueous inorganic salts with small, easily decomposed counterions has been 

demonstrated to deposit various compositions of thin oxide dielectric films, including 

hafnium oxide sulfate (HfO2-x(SO4)x, HafSOx), ZrO2-x(SO4)x (ZircSOx), lanthanum 

aluminum oxide (LaAlO3), and Al2O3−3x(PO4)2x (AlPO) [4-10]. The AlPO (aluminum 

rich) films produced by PIC have demonstrated their potential for solution-deposited 
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oxide electronics, yielding sub-nanometer roughness for films processed at 300 °C with 

low leakage currents (<10 nA/cm2 at 1 MV/cm) and relatively large breakdown fields 

(≥ 6 MV/cm) [4]. In addition, the films have been integrated as dielectric layers in TFTs 

using sputtered zinc oxide (ZnO), and later with solution-deposited indium-gallium-

zinc oxide (IGZO) as active layers [4, 11]. AlPO films showed competitive 

characteristics, for example, small hysteresis, on-to-off ratios of - 105 to 109, and a 

leakage current around 0.1 nA at 40 VGS. However, many critical issues remain 

unsolved, like the presence of certain impurities, mainly remaining hydroxides from the 

water used as solvent or from environmental moisture, or nitrates from the nitric acid 

present in some formulations [12, 13]. The presence of those impurities, especially the 

hydroxides in the films, compromise their performance, mainly by acting as defect traps 

and mobile ions that create device instabilities, i.e. lower breakdown voltages, higher 

leakage currents, and unstable threshold voltage . Even if these problems are more 

prominent in solution-processed films due to the use of water as solvent, it is not an 

exclusive problem of these systems. Any chemically-deposited oxide, including the 

vapor-deposited ones, have higher initial interfacial traps density, and are more prone 

to contain more impurities than a thermally-grown oxide [14]. In fact, alternate 

dielectric materials investigated to date tend to exhibit high levels of interfacial charges 

[15], as well as defects in the bulk of the dielectric [16], creating fixed charges with the 

undesirable effects on the device characteristics mentioned before. The present 

impurities and their removal are still a challenge, and it limits the implementation of 

the solution-processed oxides into applicable technologies. 
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      There are several approaches used to solve or minimize the aforementioned 

problems, for instance, to deposit the films at high substrate temperatures to decrease 

the amount of hydroxyl groups in the films. However, this approach is not compatible 

with common vapor or spin-coating techniques. Other studied approaches, are the use 

of post-deposition treatments. For example, Mao et al., used plasma treatments on TaOx 

films deposited by reactive sputtering to suppress the formation of sub-oxides and 

provide TaOx films with low leakage current (~ 100 nA/cm2 at 1 MV/cm) and high 

capacitance (1.7 µF/cm2) [17]. However, the use of post-annealing plasma treatments 

reduce the simplicity of solution-deposition systems and the goal of using simple, low 

cost processes. The main approach to remove the impurities is to use high temperature 

post-deposition annealing. But to improve the dielectric properties of oxides, annealing 

temperatures above 500 °C, are in general required. Using high temperatures can result 

in film cracking, peeling, or crystallization, resulting in grain boundary leakage current 

and diminished performance. 

      As an attempt to improve the dielectric performance, different groups have 

studied the use of different annealing atmospheres. Otaño-Rivera, et al., demonstrated 

that post-deposition annealing in N2 improves the electrical performance of vapor 

deposited AlN based metal-insulator-metal (MIM) and metal-insulator-semiconductor 

(MIS) devices. They attributed this improvement to the out-diffusion of ionic species 

and/or the elimination of nitrogen vacancies [18]. Another approach is the use of 

forming gas (FG) annealing. This approach was adopted from silicon technology, where 

it is widely known that molecule hydrogen improves the device characteristics by 
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attaching to Si dangling bonds at the SiO2/Si interface, passivating charge traps and 

reducing the interface trap density [19]. For instance, Heyns, et al., showed that FG 

annealing improves interface passivation for SiO2/HfO2 [20]. The authors indicate that 

the elemental composition of the dielectric material affects H2 diffusion to the Si 

interface. However, these observations differ from those reported by McIntyre, who 

found that H2 in FG did not passivate either interface defects or oxygen vacancies in 

bulk HfO2 films deposited by ALD, but annealing in an oxygen-rich atmosphere does 

[21]. These observations were supported by Choi et al., who mentioned that O2 

annealing improves the interface at the HfO2/Ge stack, but FG degrades it [22]. The 

authors attribute this effect to a charge accumulation due to the presence of interstitial 

H in Ge, but no further studies have been reported. 

      Bow, et al., reported studies in systems using Al2O3 as a dielectric layer [23]. 

The authors described an improvement on the electrical characteristics of solution-

deposited Sr0.8Bi2Ta2O9 (SBT) on top of thermally grown Al2O3 on Si, after FG 

annealing at 500 °C. In this system, the leakage current decreased around two orders of 

magnitude and the dielectric constant decreased as well. The authors suggest that the 

passivating effect of FG at the interface of Al2O3/Si is responsible for the decreased 

leakage current density. On the other hand, the reduction of k is due to the presence of 

H+ ions that form a space charge around the grain boundaries of SBT, leading to the 

reduction of the dipole moment. Also, Hurley, et al., found an improvement in the 

leakage current of more than two orders of magnitude and a reduction in the threshold 

voltage after FG annealing at 300 °C in InGaAs TFTs with Al2O3 deposited by ALD. 
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They attributed the behavior to the passivation of Al dangling bonds, responsible for 

fixed positive charges. In a different publication, the same authors supported these 

results with first principle calculations [24], and a more detailed computational study 

was recently published by Van de Walle, et. al [25]. The authors described a 

computational approach that suggests that the presence of carbon and nitrogen 

impurities in Al2O3 deposited by ALD can be passivated by hydrogen annealing. The 

limitation of this study is that it assumes that those specific impurities must be present 

in the films and does not consider any other commonly found impurities, such as 

hydroxides. 

      Similar findings have been published for solution-processed dielectrics. For 

instance, Hardy, et al., reported “well-behaved” C–V curves after FG annealing at 

520 °C in MOS devices with solution-processed ZrO2 thin films. However, they do not 

report any comparison with non-annealed samples nor perform any deeper studies [26]. 

Page, et al., found an improvement of the electrical properties of solution-deposited 

amorphous LaAlO3 dielectric thin films after FG annealing at 300 °C, increasing the 

mobility and reducing turn-on voltage of TFTs using amorphous IGZO as the active 

layer [9]. The authors attribute this improvement to the surface passivation of LaAlO3, 

but they do not compare with any other atmosphere or perform any study to demonstrate 

their assumption. 

      From the various studies described above, we can say that the post-deposition 

annealing conditions, particularly the atmosphere, modify the film formation process, 

its chemistry and interactions with the substrate, affecting the final physicochemical 
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properties of the films and devices electrical performance. Therefore, the development 

of processes to improve the performance of solution-processed dielectric oxides has 

enormous potential. In addition, a clear understanding of the phenomena behind the 

processes that affect the material’s properties is of considerable technological 

importance. Although FG annealing is relevant in understanding the solution-deposited 

dielectric oxide film properties, very few studies were found to date, and the role of H2 

present in FG, is still not fully understood. 

      In this work, we identified the effect of H2 in the annealing atmosphere on the 

physicochemical and electrical properties of AlPO thin films, and films interface with 

silicon substrate. We report experimental correlations among electrical analysis, 

advanced chemical characterization, and computational modeling. 

Experimental 

Materials and synthesis 

An aqueous AlPO precursor solution was prepared as reported earlier. Aluminum 

hydroxide (Al(OH)3, Alfa) was mixed with nitric acid (HNO3 (aq), Fisher, ACS 70 %) 

and phosphoric acid (H3PO4 (aq), Fisher, ACS 85 %) to yield a ratio of Al:N:P= 1:2:0.6. 

The mixture was stirred during 24 h at 80–90 °C in atmospheric conditions, obtaining 

a clear and colorless, homogeneous, and stable solution with Al concentration 0.6 M. 

Films deposition 

Surface interactions are of prime importance to obtain high quality films. Therefore, 

prior to solution deposition, the substrates (silicon, Si p–type 1 in2 square coupons ρ = 

0.01–0.02 Ω·cm) were cleaned sequentially in an ultrasonic bath with acetone, 
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isopropanol, and deionized water (18.2 MΩ·cm) for 1 min each cycle, then were blown 

with argon gas to remove the excess water. Finally, the substrates were exposed to 

oxygen (O2) plasma (175 mTorr and 150 mW) for 10 min (Plasma Etch, Inc., PE-200) 

to improve the hydrophilicity and surface wetting by the precursor solution (contact 

angle < 5 degrees). 

      After the substrate’s treatment, the precursor solution was deposited through 

0.45 μm PTFE filters onto the native silicon oxide surface (- 2 nm, thickness calculated 

by ellipsometry) of Si substrates followed by spinning at 3000 rpm for 30 s. The wet 

films were immediately soft-baked at 150 °C for 1 min on a hot-plate. To complete the 

AlPO condensation, a set of samples were annealed in dynamic flow (- 25 sccm) of air 

or FG (95:5 % of N2:H2) in a tubular furnace giving an internal pressure - 700 mTorr at 

temperatures ranging from 200 to 800 °C for 60 min. Heating and cooling ramps of 

20 °C/min were used, maintaining the same atmosphere during the temperature ramp 

up and down phases. For comparison, films were also annealed at 350 °C for 60 min in 

vacuum (10-5 Torr), N2 or ammonia atmospheres, using the same heating and cooling 

ramp rates. The AlPO solutions yielded films - 40 nm thick (measured by ellipsometry) 

after a 350 °C anneal. 

Devices fabrication and electrical characterization 

For electrical analysis MIS devices were fabricated by removing the back side wafer 

native SiO2 with 49 % hydrofluoric acid (HF) to expose the heavily doped Si, and 

depositing - 150 nm of Al as a bottom electrode with a Polaron Thermal Evaporator. 

Aluminum (Al) top contact electrodes defined by shadow mask were deposited on top 
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of the AlPO films in the same manner, giving an array of MIS capacitors with circular 

areas of 7.3 x 10-4, 2.5 x 10-4, and 1.26 x 10-4 cm2 (measured by optical microscopy). 

The experimental sequence is represented in Figure 6.1, and a structure of the final MIS 

devices is shown in Figure 6.1c.  

 

Figure 6.1 AlPO deposition and MIS fabrication process: (a) deposition of AlPO 

precursors by spin-coating, (b) water evaporation and annealing processes, (c) top and 

bottom contact electrodes deposition, and MIS characterization. Values in parentheses 

are the layer’s thicknesses. 

      Current–voltage (I–V) measurements were assessed with a Hewlett-Packard 

4140B picoammeter using a 50 mV step size and 50 ms delay. High frequency 

capacitance–voltage (C–V) measurements were made using a Hewlett-Packard 4192A 

impedance analyzer. A bias was swept from depletion to accumulation and vice-versa 

using a sweep rate 0.1 V/s, in steps of 0.2 V, at a frequency of 1 MHz. All the electrical 

characterization was performed in air using a probe station Alessi REL-4800 under dark 

conditions at room temperature applying the potentials to the top contacts.  

Physicochemical characterization 

A temperature programmed desorption (TPD) study was performed using a Hiden 

(a) (b) (c) 
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Analytical TPD Workstation with a quadrupole mass analyzer (3F PIC) to analyze gas-

phase products released from the thin films upon heating. The measurement was 

performed under a base pressure for the instrument being less than 5 x 10-9 Torr . 

Spectra were obtained using electron impact ionization with a 70 eV ionization 

potential and a 20 µA emission current. The thin film samples on 1 in2 substrates were 

cleaved into 1 cm2 for the TPD analysis. The selected decomposition products from 

thin films were monitored using their mass-to-charge (m/z) ratios (m/z = 18 for H2O, 

m/z = 30 for NO, and m/z = 32 for O2). 

      X-ray photoelectron spectroscopy (XPS) studies were conducted on a Thermo 

Scientific K-Alpha system with a micro-focused monochromatic Al Kα (- 1486.7 eV) 

X-ray source. The high resolution XPS spectra were collected with a 50 eV pass energy 

and ultra-low energy electron flood gun to eliminate trapped charges. All data were 

fitted and analyzed with the Avantage XPS software package, and all peak positions 

were calibrated based on the adventitious carbon at 284.8 eV (C 1s).  For the 

photoelectron spectrometer itself, Au metal (calibration sample) was employed to help 

with calibrating the energy scale. 

      Theoretical calculations were made to investigate the removal of hydroxyl 

groups in AlPO, using first principles calculations based on density functional theory 

(DFT) as computational approach to compare the total energies of the AlPO with and 

without the presence of hydroxyl groups attached to its structure. For the calculations, 

we chose the most appropriate structures from those listed in the Materials Project for 

the Al-P-O-H system [27]. The first one is without H (berlinite, AlPO4); in this structure, 
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all the Al atoms have four O atoms in their first shell. The second one is with bridging 

OH groups (trolleite, Al4(OH)3[PO4]3) [28]. In trolleite some of the OH groups bridge 

three Al sites, and some two Al sites. The third one is a structure with H2O 

(metavariscite, AlPO4∙2H20) [29]. In this structure, each Al has two H2O groups 

coordinated to it. In the two structures that have H present, all the Al atoms re 

coordinated with six O atoms in their first shell. Four O atoms are also bonded to P, 

while the other two O atoms are either in OH (trolleite) or H2O (metavarisicite). The 

calculations were done using Wien2k, a linearized augmented plane-wave plus local 

orbitals code [30, 31]. For berlinite (18 atom cell) the k-mesh was 8x4x4, for trolleite 

(50 atom cell) 4x4x4, and for metavariscite (48 atom cell) 6x4x4.  The predicted shifts 

in the Al 2p XPS spectra peaks were taken as the difference in the energy eigenvalues 

for the Al 2p states.  

      Aluminum solid-state nuclear magnetic resonance (ssNMR) spectra were 

collected at a magnetic field strength of 13.9 T (1H at 589.85 MHz, 27Al at 153.69 MHz). 

All spectra were obtained under magic angle spinning (MAS) conditions (vR = 25 kHz) 

with a central transition-selective /2     rotor synchronized echo pulse sequence 

[32], left shifted to the top of the echo, Fourier transformed, and phased to result in an 

absorptive peak. A recycle delay of 800 ms was found sufficient for complete relaxation 

to acquire quantitative spectra. Spectra were acquired using a commercial 2.5mm HX 

MAS probe (Bruker) and a Redstone NMR spectrometer (TecMag) with a radio-

frequency (rf) field strength of 55.6 kHz for 27Al corresponding to a nonselective /2 

pulse of 4.5 µs. Spectra were referenced to a 1.0 M Al(NO3)3 solution at 0 ppm. 
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      A time-of-flight secondary ion mass spectrometer (ToF-SIMS) IOM-TOF 

Model IV was used for depth profiling of each element in the films. 

Results and discussion 

One of the main figures of merit of dielectric materials is the leakage current density 

(J). In dielectric thin films, J comes either from defects at the dielectric-semiconductor 

interface or primarily from defects in the bulk of the dielectric. The defects that are 

responsible for electron transport and rising gate currents include: dangling bonds in 

aluminum; oxygen vacancies; or impurities such as nitrates, carbon, and hydroxide 

from moisture or remaining water after depositing the solution [33]. 

    Figure 6.2a, shows the change in the current density that flowed through the AlPO 

films when an electric field (E) of 5 MV/cm was applied to the Al gate in MIS devices. 

In air-annealed samples, the observed J is likely related to defects associated with the 

incomplete condensation of AlPO, such as water, hydroxides, and nitrates. The 

decrement of J as the annealing temperature increases, suggests a removal of a 

combinations of nitrates, constitutional water, and hydroxyls. These results agree with 

those previously reported [6, 8, 11]. Interestingly, the samples annealed in FG exhibit a 

dramatic decrement in J at 350 °C, more than two orders of magnitude lower than air-

annealed films. The reduction of J in the FG-annealed AlPO indicates a reduction in 

trap-assisted current, which is consistent with reduced film impurities [13]. The 

obtained leakage current values of FG-annealed AlPO are similar to those reported for 

SiO2 deposited by PECVD (-1x10-7 to 1x10-9 A/cm2) and SiO2 thermally grown (at 

800 °C in oxygen atmosphere), (-1x10-9 to 1x10-10 A/cm2) at the same electric field [34, 



117 

 

35], which evidences the enormous potential of AlPO annealed in FG as dielectric film. 

      To study the effect of the atmosphere on the J of the films, we annealed a set of 

films at 350 °C previously mad under different atmospheres: air, FG, vacuum (10-5 Torr), 

N2, and NH3. This temperature was selected because of the observed reduction of J at 

this temperature in FG-annealed films. The obtained results indicate that the decrement 

of J is not a simple heating effect, but it is strongly influenced by the chemical annealing 

environment, and it is also influenced by the source of hydrogen. Hydrogen in ammonia 

does not similarly affect the leakage current as the H2 in FG does (Figure 6.2b). While 

the films annealed in air or FG presented a lower J than the non-annealed films, 

annealing the films in vacuum, N2, and ammonia, had a detrimental effect in increasing 

the leakage current. A similar effect was reported in a previous study on HfSiON 

dielectric thin films. In that study, the authors related the increment in J with the 

insertion of impurities of nitrogen into the films [36]. The vacuum annealing may not 

allow the complete condensation and oxidation of the AlPO films, yielding high J 

values. 

  

Figure 6.2 (a) Current density values (J) obtained at 5 MV/cm for different annealing 

temperatures under air and forming gas atmospheres, and (b) for AlPO films annealed 

in different atmospheres at 350 °C. 
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      The hypothesis that H2 in FG can effectively decrease the amount of impurities 

in the AlPO films and dangling bonds at its interface with Si was tested by capacitance-

voltage (C-V) analysis using the MIS devices. Figure 6.3a shows the C-V curves from 

samples annealed at 350 °C in air, N2, and FG. In the C-V curves flat band voltages 

(Vfb) of 1.6, 2.4 and 2.9 V are observed for FG, air and N2, respectively. Another factor 

to consider is the hysteresis at 0 MV/cm (φ); the hysteresis corresponds to the difference 

of the C-V curves taken at opposite sweep directions ((𝐶 − 𝐶𝑖)/𝐶𝑖)). C-V hysteresis 

decreased from 0.059 for N2 and 0.056 for air-annealed samples to 0.022 for FG-

annealed. At the given Vfb the capacitors reach accumulation, this capacitance saturates 

at the maximum E applied (5 MV/cm). A decrement of the accumulation capacitance 

in FG-annealed films is observed, from 1.1x10-7 and 1.01x10-7 F/cm2 for N2 and air, 

respectively, to 8.5x10-8 F/cm2 for FG. The dielectric constants (k) of the AlPO films 

were determined by linear fitting of the inverse of the maximum capacitance at 

accumulation, versus film thickness, obtaining values of -4.58, 4.7, and 3.82, for N2, air 

and FG annealing, respectively (Figure 6.3b). 

  

Figure 6.3 (a) Capacitance density vs. electric field for samples annealed in FG, air, or 

pure N2 (arrows indicate the direction of the bias sweep), (b) dielectric constant (k) 

obtained for different annealing atmospheres at 350 °C.  

(a) (b) 
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      The Vfb shift towards positive voltages and stretch out of curves in AlPO 

annealed in air and N2 are attributed to trapped negative charges in the films and deep 

interface traps (Dit) in SiO2 pushing electrons away from the interface and shifting the 

Vfb toward positive values, as observed in Al2O3-SiO2 interfaces [37]. Previous 

publications have suggested that these negative charges at the interface and Vfb shifting 

are due to dangling bonds at the silicon surface, and that H2 has a significant affinity 

for the Si dangling bonds that act as binding sites [38]. The lower Vfb after FG annealing 

suggests that this process yielded films with less charge trapped in the film, as well as 

the possibility of less silicon diffusion from the substrate into the film [39]. In addition, 

in a previous study was observed the interaction of H2 gas with the defect sites of silicon 

oxide at the interface [40, 41]. The decrement in the hysteresis is attributed to the partial 

out-diffusion of mobile ions such as nitrates and hydroxyls from the film with FG 

annealing, as well as the formation of fewer Si dangling bonds at the interface. To 

minimize the number of interfacial defects that could trap charge and cause device 

degradation it is desirable to have high quality interfaces between AlPO and SiO2. 

      Regarding the FG, we believe that the presence of H2 during the AlPO formation, 

promoted the dehydroxylation of Al(OH)x. It is feasible that the presence of structural 

defects, such as Al-O and P-O dangling bonds in the amorphous state, are responsible 

for the localized states in the gap of the AlPO and contribute to the leakage current of 

the material, and by using FG, those dangling bonds are passivated. We also 

hypothesize that the presence of FG during the annealing, minimized the formation and 

diffusion of SiO2 at the interface. Additionally, the hydrogen of FG could incorporate 
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into the oxygen vacancy sites (at the interface with SiO2) and lower the defect levels, 

making them less active as electron traps [42]. 

      The k values obtained for AlPO annealed in air are close to those reported 

previously [4]. The slightly higher k observed in films annealed in air and N2 films in 

comparison with FG annealed, is attributed to the presence of hydroxo groups. These 

hydroxo groups contribute to the overall polarizability of the film and thereby to the 

dielectric constant, which was minimized by FG annealing, as observed before [23]. 

On the other hand, in films annealed in N2 and NH3, the diffusivity of these gases during 

the annealing process, is unlikely to be high [43], leaving the process of passivation 

incomplete with non-uniform concentrations of interstitials and vacancies. However, 

even if the N2 or NH3 reduce the vacancy concentration, they may produce negative or 

positive charge states, as reported previously for Al2O3 and HfO2 [44, 45]. In air-

annealed AlPO films, the native SiO2 thickness increased, and it diffused into the AlPO 

layer, creating a layer with potential trap sites due to the low formation temperature.  

      All the observations previously discussed show that when FG-annealing is used, 

there is an improvement of the electrical properties of the films. However, the detailed 

nature of the chemical origin of this improvement remains unknown. Although the 

electrical characterization that is undertaken to measure leakage current and 

capacitance is highly sensitive, it is difficult to correlate unambiguously with the 

chemistry of the films [46]. Therefore, to support our electrical studies, we couple them 

with state-of-the-art spectroscopic characterization techniques. 

      As discussed before, it is well known that impurities in the films affect their 
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properties. These impurities are typically addressed with post-deposition thermal 

treatments which can be costly and can degrade other device characteristics, such as 

crystallizing the dielectric oxide or increasing the native silicon oxide thickness. 

However, very little is known about the thermal decomposition of thin solution-

processed oxide films, particularly AlPO. 

      TPD was used to study the thermal desorption of the films (soft baked at 150 °C 

for 1 min, and annealed in air or FG at 350 °C for 60 min) as a function of the 

temperature (Figure 6.4). For all the films, three main species were observed leaving 

the film: m/z= 18, 30, and 32, which correspond to H2O, NO (from the decomposition 

of NO3), and O2, respectively. 

      For the H2O signal, a first order reaction is observed with three desorption steps. 

The first one is related with the desorption of physisorbed water, which leaves the film 

at lower temperature (-75 – -250 °C), the next component of the peak is believed to 

correspond to chemisorbed water (-250 – -350 °C), and the tail is attributed to the loss 

of water (from the precursor’s dehydroxylation) (˃ 350 °C) [47]. Calculating the area 

under the curve for this specie, we observed that the soft baked films contain the larger 

amount of water (1.2x107), followed by FG annealed (9.5x106), and air annealed 

(3.9x106). However, in the annealed films the larger contribution of m/z=18 for FG 

comes from re-adsorbed water during the air handling [47, 48]. Qiang Fu, et al., 

reported that clean alumina surfaces that are O- and Al- terminated are expected to be 

reactive with water due to the lowering energies effect on these surfaces [49], therefore, 

these OH groups will always be present in the films. However, as observed before, this 
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re-adsorbed water did not increased the leakage current (Figure 6.2). We believe that in 

the devices, this water leaves due to the high vacuum and temperature increment the 

film during the aluminum contacts thermal deposition. 

      Interestingly, dehydroxylation of the films occurs in a broad range of desorption 

temperatures. This was addressed previously by George et. al. and other groups, who 

discussed the role that different defects in Al2O3, such as oxygen vacancies, Al 

displacement, and surface defects, have in acting as centers for hydroxylation [48, 50]. 

The presence of these binding sites could lead to a different thermal stability of the 

hydroxyls. In the case of AlPO, we should consider the aforementioned defects and the 

possibility of hydroxyl’s bound to phosphate groups, increasing the broadening of 

thermal desorption. 

      The decomposition of nitrates of the films is represented in the TPD curves by 

simultaneous desorption features of NO (m/z= 30) and O2 (m/z= 32), as observed in 

Figure 6.4. This corresponds to a single stage nitrate decomposition mechanism, that 

indicates that nitrates decompose to NO and O2 [51, 52]. 
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Figure 6.4 Temperature programmed desorption curves of AlPO thin films pre-annealed 

in air at 150 °C during 3 min (soft-baked), annealed in air, and annealed in FG for 60 

min at 350 °C. 

      A larger amount of nitrates is observed in the soft baked films, but after 

annealing the AlPO films at 350 °C in air, these nitrates are barely distinguishable. 

However, in the FG annealed samples, the presence of nitrates is higher than in air-

annealed AlPO. Contrary to what it could be expected, the slightly higher presence of 

nitrates in the FG annealed AlPO did not increase the leakage current. In addition, it 

was observed that these remaining nitrates in the annealed films, as seen by TPD 

analysis, require higher temperatures to decompose all nitrates from the films. This 

indicates the presence of different environments of nitrates in the films, including the 

possibility of nitrates binding to aluminum or phosphorus. However, it is not possible 

to distinguish these different environments by TPD. 

      Considering the precursors used for AlPO synthesis and the thermal 

decomposition, we propose an idealized formula and equation as follows in presence 

of FG during the annealing process: 

2𝐴𝑙6(𝑂𝐻)3(𝑁𝑂3)3(𝑃𝑂4)4 + 3𝐻2 (𝑔)

→ 2𝐴𝑙6𝑂3(𝑃𝑂4)4(𝑠) + 6𝐻2𝑂(𝑔) + 6𝑁𝑂(𝑔) + 3𝑂2(𝑔) 
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      We analyzed the films by XPS to determine the possible chemical species 

present in the solid AlPO after the annealing processes. The Al2p, O1s, and N1s signals 

of AlPO films annealed at 350°C in air and FG are shown in Figure 6.5 a, b, and c, 

respectively. In the Al2p region, a single peak around 75 eV was observed for both 

samples. However, a shift towards lower binding energies in FG annealed AlPO 

suggests the dehydroxylation of aluminum, while certain hydroxyls are still present in 

air annealed films. The DFT modeled XPS binding energies in the Al2p region are 

consistent with dehydroxylation of AlPO. We found shifts of 0.5 eV and 0.8 eV for the 

two non-equivalent Al atoms of trolleite with OH and a shift of 0.4 eV for metavariscite 

with H2O, in comparison with the non-hydrated berlinite (these values are the same for 

the singlet and triplet states.)  However, the model does not tell us if the hydroxyls are 

due to H2O or OH because the modeled shift is too close to differentiate them. Because 

the local change for the Al atom is a coordination of four to one of six in both cases 

(presence of hydroxyls or H2O), it seems reasonable that the shifting is similar. Even 

though the DFT calculations were made using crystalline structures, instead of 

amorphous ones, we expect a qualitatively similar shifting behavior caused by the 

presence of Al-OH (or Al-OH2) bonds, because of the similar local environment. 

      Solid-state 27Al NMR data on AlPO annealed in air and FG shows that the 

annealing atmosphere affects the coordination environment of aluminum (Figure 6.6). 

There is a clearly stronger [6]Al presence in the FG annealed samples, while [4]Al and 

[5]Al are the dominate species in the air annealed films. Our observations agree with the 

conservation of electron density theory. As the Al is dehydroxylated, it goes to a higher 
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coordination number to stabilize the electron density. These changes also suggest a 

rearrangement in the P-O bonding during the condensation process. NMR observations 

are consistent with the dehydroxylation hypothesis and previously discussed XPS 

results. 

 

Figure 6.5 XPS analysis of AlPO annealed in air and FG: (a) Al2p, (b) O1s, and (c) N1s. 

 

Figure 6.6 NMR graph of the solid state [27]Al NMR data for AlPO films annealed in 

FG or air at 350 ˚C. 

      The O1s spectra shows a single peak at 532.2 eV, with asymmetrical shaped 

signals. The air annealed AlPO exhibits an extended tail at higher binding energies. 

This extended tail is attributed to the presence of -OH groups bind to aluminum [53, 

54], which agrees with the Al2p region and theoretical observations mentioned before. 
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      The XPS spectra in the N1s region confirmed the presence of nitrate related 

species in both AlPO films: annealed in air and FG. A peak with a maximum intensity 

around 400 eV assigned to aluminum complexed nitric oxide like species (NO-) with N 

bound to Al, was found in both films, air and FG annealed. In the FG annealed, is 

distinguished an extra peak at 407.8 eV, this is attributed to the presence of the nitrate 

ion (NO3
-), possibly forming an Al-NO3 like species. 

      The presence of the hydroxyls found in the films are partially responsible for 

the increased leakage current in air annealed films (Figure 6.2), and the improvement 

in leakage current at lower annealing temperature with FG atmosphere is an indicator 

of the interaction between the hydrogen and hydroxyl groups during the annealing 

process. This kind of interaction was previously mentioned by Thanah and Balk in [55] 

in the study on the role of hydrogen in Si-SiO2 films and interfaces. The authors 

mentioned that the presence of hydrogen during the annealing process activates 

different kinetic paths that are blocked in absence of hydrogen. However, they lack an 

explanation of their results based on chemical interactions. Also, we can assume that 

we have a different situation that the one explained by Choi, et.al, in which they 

attribute the improvement of electrical properties to the passivation of nitrogen, oxygen 

and carbon impurities substituted in Al2O3 through the attachment of hydrogen to these 

impurities which in turn neutralize them and prevent electron traps from forming [56]. 

In our films, we did not observe a significant concentration of carbon or nitrides after 

annealing. 

      Because the electrical behavior is highly dependent on the films interfaces, we 
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used depth-profiling SIMS to study how the annealing atmosphere affects the nature 

and chemical composition of the AlPO films and their interface with the silicon 

substrates. In particular, we used SIMS to study the chemistry of the films and their 

interfacial characteristics. SIMS analysis revealed the suppressed growth and diffusion 

of SiO2 at the interface between AlPO and the silicon substrate in FG annealed films at 

350 °C.  

      The data taken by detection of sputtered ion species by SIMS are plotted in 

Figure 6.7 as a function of sputtering cycles or depth into the material. As it is hard to 

obtain reference samples and a calibration method for these SIMS depth profiles, 

quantitative analytical values of the composition and thickness were not obtained. 

Nevertheless, the characteristic distributions of: H, OH, 18O, Al, 30Si, P, and NO2 with 

masses of 1.01, 17.01, 18, 26.98, 29.98, 30.97, and 45.99, respectively, were detected 

owing to the high sensitivity of SIMS analysis. Conversion of the signal intensities to 

actual concentrations requires knowledge of the ionization and neutralization 

efficiencies (matrix factors) for the various surface conditions encountered as the oxide 

is removed by sputtering. This information is generally not available for such a complex 

oxidized system. However, because the intensity behavior of the AlPO and Si is 

opposite as a function of time, it is qualitatively evident where each layer is (AlPO, 

SiO2, and Si). 
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Figure 6.7 Depth profile by TOF-SIMS through the AlPO films and Si interface. 

Samples were treated under Air and Forming Gas (FG) environment respectively. 

      The NO2 region in FG annealed films, confirmed the presence of nitrates in the 

AlPO films, as observed by TPD. However, as mentioned before, the presence of 

nitrates did not affect the electrical performance of the films. In the figure 6.7 (air), is 

shown the presence of 18O and O2 in the AlPO layer does not decrease with the Al 

signal, instead, the diffusion of these species into the Si/SiO2 layer is observed. 

However, this is not observed in the FG annealed AlPO. In these films, the fraction of 

18O and O2 decreased as the Al signal decreased, and the Si signal increased. The 

overlapping of oxygen related signals exhibited the oxidized Si (native oxide) growth 

below 350 °C for both samples (air and FG annealed); however, less interfacial oxide 

growth in the FG annealed systems. The growth of an interfacial oxide (SiO2) layer in 

aqueous solution-deposition is inevitable. First, the silicon substrates need to be treated 

with O2 plasma (as mentioned in the experimental section) to create a hydrophilic 

surface. This process involves the oxidation of the Si surface. Second, the oxidation can 

occur by using water as solvent, and heating up the substrates with the precursor’s film 

on the substrate. Third, the presence of HNO3 in the precursor’s film may cause the 



129 

 

oxidation on the Si substrate. The limited growth of SiO2 at the interface of FG annealed 

films indicates an interaction of H2 with the oxygen mobile interstitials, preventing 

them from migration towards the interface AlPO-Si. This finding is consistent with the 

results published by other authors, that oxygen abundant deposition techniques lead to 

the formation of the SiO2 buffer layer at the oxide film-silicon interface [57]. 

      We believe that the presence of hydroxyls in the films annealed in air contribute 

to the formation of SiO2, and they might help to mediate oxygen diffusion across the 

AlPO to the Si interface. This is supported by Paul McIntyre et al., work, in which he 

reported that defects in the metal oxide gate insulator control the rates of interface SiO2 

layer growth, even at low temperatures [58]. We assume that the growth of the SiO2 

layer at the interface is caused by the migration of oxygen (from hydroxyls and HNO3) 

towards the interface. In the FG annealed AlPO, the promoted dehydroxylation 

(observed in electrical and XPS studies) then, prevents the interfacial oxide growth. In 

addition, we think that the H2 from FG bonds to interstitial oxygen, leaving less mobile 

oxygen molecules, preventing them to diffuse towards the interface, thus inhibiting 

growth of interfacial SiO2 layer. 

      We think that the FG effect on the AlPO films and its interface could be given 

by a three-step process. The first one being the diffusion of H in the bulk, the second 

one the reaction of H with the dangling bonds and hydroxyls present in AlPO, and the 

third one, the reaction of hydrogen with trivalent Si defects in the interface with the 

silicon substrate. 

Conclusion 
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We performed a systematic study of the effect of FG annealing on the physicochemical, 

electrical, and interfacial properties of AlPO thin films on silicon substrates. Combining 

the spectroscopic and electrical results, we found that the FG annealing process has a 

unique hydrogen-specific effect. 

      There is a clear difference in the electrical performance of AlPO films that is 

related to the gases used during the annealing process. Lower current densities (J) are 

observed for FG annealing films, as opposed to air, vacuum, ammonia, or nitrogen. 

Also FG annealed films show a lower dielectric constant and less hysteresis in C-V 

measurements. Multiple experiments and computational modelling suggest that air, 

nitrogen and other atmospheres allow hydroxyl groups to persist in the films, whereas 

they are less prominent in FG preparations. The removal of mobile ions from the bulk 

and reduction in interface charge decrease the trap-assisted tunneling that yield a higher 

leakage current, thereby improving the performance of the FG annealed films. FG 

anneal also suppresses the interfacial SiO2 growth with an acceptable thermal budget 

that does not degrade other device characteristics. These results indicate a promising 

future direction for improving the electrical properties of solution-processed oxide 

films to make them attractive candidates as dielectrics. 

      We have reported a deep study about the effect of FG annealing in AlPO; 

however, due to the inherent difficulty of studying an amorphous solution-processed 

oxide, further investigations are suggested to completely understand the processes 

under which the FG acts as dehydroxylation agent in the films and prevents the 

interfacial oxide growth. 
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CONCLUSION 
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Understanding and exploring chemistry of preparing high dense degree thin film is 

essential to approach single crystal structure and further improve device performance 

fabricated from spin coating. Three concepts were investigated and compared on their 

effects on density enhancement in this thesis. 

      AlPO film was ever modified to lower dehydration temperature with hypothesis 

of existence of dense layer on surface. Multicoating method was applied to stack 

ultrathin layer together in order to verify this existence and explore feasibility of 

fabricating a dense film. With the work of X-ray reflectivity, mutli-coated thin film was 

revealed to consist of a surface dense layer and a repetitive bilayer underneath. Analysis 

with X-ray photoelectron and transmission electronic microscopy spectroscopy 

confirms the dense layer on top. Using grey scale analysis, this dense structure was 

corroborated to be consistent with mass density results from X-ray reflectivity. 

However, the result also shows such a dense layer cannot be integrated for a thicker 

film. 

      Tin dioxide thin films have been fabricated by annealing film at 

melting/decomposition point. Thin film densities of films reach above 90% of single 

crystal with highest one at 95%. Refractive index of thin films was found to be between 

1.88 and 1.98, which confirms the dense degree of thin films. The mechanism of high 

dense degree is attributed to the high mobility of SnS2 in the film rendered by oxidation 

at melting/deomposition point.  

       Then thin film densification and preparation of SnO2 film at low temperature 

was demonstrated by exchanging counter ion of as-deposited SnC2O42 in aqueous 
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solution. Removal of oxalate and iodide were exhibited by infrared spectrum and 

thermal programmed desorption. Mass dense degree of thin film with aqueous 

treatment were shown to increase with highest value reaching 80% which was 

confirmed by refractive index. Surface morphology revealed contraction and reduction 

of film pore size and number.  

      As a p-type material with high absorption value, Cu3SbS4 thin films were 

successfully prepared with solution precursor by spin coating method and thin film 

physical properties are characterized. Ammonium thioglycolate was used to stabilize 

Cu and Sb molecules in aqueous solution. Pure Cu3SbS4 phase were obtained between 

350 °C and 450 °C after thin film sulfurized with Ar and S in tube furnace. The highest 

density and hole mobility were found to be 4.1 g/cm3 and 5.6 cm2/(V·s) respectively. 

Optical band for thin film with Cu3SbS4 phase is showed between 0.86 eV to 0.9eV. 

Thin film density change was showed as the origin of and potentially as a reference to 

evaluate electrical and optical properties. Finally, crystalline improvement was 

explored via vacuum annealing and crystalline size up to 1 µm was shown. 

      Based on current progress, methods from chapter 2 and chapter 3 can be set as 

future research targets. The selection and preparation of precursor can be focused on 

metal salts and cluster with low melting point to be compatible with low energy 

processing. For solar cell, as suggested in the article, thermal stability of Cu3SbS4 need 

to be further enhanced or a lower energetic sulfurization pathway would be contributive 

to prepare a homogeneous, dense film with large crystalline. 
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Appendix 1 

Crystallographic Data of En3H4Sn2S6 
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Table 1.  Crystal data and structure refinement for Sn_En_Thiol. 

Identification code  Sn_En_Thiol 

Empirical formula  C6 H24 N6 S6 Sn2 

Formula weight  610.05 

Temperature  173(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.7433(2) Å a= 

74.9340(10)°. 

 b = 10.6896(2) Å b= 

72.9280(10)°. 

 c = 12.1870(3) Å g = 

88.9560(10)°. 

Volume 1049.33(4) Å3 

Z 2 

Density (calculated) 1.931 Mg/m3 

Absorption coefficient 24.513 mm-1 

F(000) 596 

Crystal size ? x ? x ? mm3 

Theta range for data collection 3.937 to 66.741°. 

Index ranges -10<=h<=9, -12<=k<=12, -14<=l<=14 

Reflections collected 10217 

Independent reflections 3697 [R(int) = 0.0411] 

Completeness to theta = 66.741° 98.9 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3697 / 96 / 294 

Goodness-of-fit on F2 0.926 

Final R indices [I>2sigma(I)] R1 = 0.0249, wR2 = 0.0595 

R indices (all data) R1 = 0.0268, wR2 = 0.0616 

Extinction coefficient 0.00529(11) 

Largest diff. peak and hole 0.608 and -0.904 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103)for Sn_En_Thiol.  U(eq) is defined as one third of  the trace of 

the orthogonalized Uij tensor. 

_____________________________________________________________________ 

 x y z U(eq) 

_____________________________________________________________________ 

Sn(1) 8626(1) 6360(1) 1656(1) 1(1) 

Sn(2) 6531(1) 3624(1) 3462(1) 2(1) 

S(4) 11082(1) 7160(1) 1701(1) 5(1) 

S(3) 7512(1) 7726(1) 293(1) 5(1) 

S(5) 4139(1) 2958(1) 3223(1) 5(1) 

S(2) 8709(1) 4122(1) 1540(1) 5(1) 

S(6) 7450(1) 2247(1) 4924(1) 5(1) 

S(1) 6546(1) 5866(1) 3598(1) 5(1) 

N(3) 6993(4) 11333(3) 1273(3) 10(1) 

N(4) 5386(3) 8806(3) 2617(3) 8(1) 

N(1) 7907(4) 4617(3) 6046(3) 7(1) 

N(5) 7164(4) 9406(3) 4031(3) 13(1) 

N(2) 2905(4) 4515(3) 1007(3) 8(1) 

N(6) 9766(4) 10188(3) 1754(3) 12(1) 

C(1) 9378(4) 5435(3) 5264(3) 9(1) 

C(3) 5709(4) 10778(3) 954(3) 10(1) 

C(6) 9911(4) 10297(4) 2911(3) 16(1) 

C(4) 4553(4) 9890(3) 2041(3) 10(1) 

C(5) 8860(5) 9266(4) 3945(3) 17(1) 

C(2) 4296(4) 5400(3) 208(3) 9(1) 

_____________________________________________________________________ 
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Table 3.   Bond lengths [Å] and angles [°] for Sn_En_Thiol. 

                                                      

                     Bond lengths [Å] 

_____________________________________________________  

Sn(1)-S(3)  2.3407(7) 

Sn(1)-S(4)  2.3468(7) 

Sn(1)-S(2)  2.4311(8) 

Sn(1)-S(1)  2.4588(8) 

Sn(2)-S(6)  2.3286(7) 

Sn(2)-S(5)  2.3425(7) 

Sn(2)-S(1)  2.4451(8) 

Sn(2)-S(2)  2.4822(8) 

N(3)-C(3)  1.472(4) 

N(3)-H(3NA)  0.84(5) 

N(3)-H(3NB)  0.81(4) 

N(4)-C(4)  1.488(4) 

N(4)-H(4NB)  0.89(4) 

N(4)-H(4NA)  0.88(5) 

N(4)-H(4NC)  1.01(4) 

N(1)-C(1)  1.489(4) 

N(1)-H(1NB)  0.90(4) 

N(1)-H(1NA)  0.82(4) 

N(1)-H(1NC)  0.90(5) 

N(5)-C(5)  1.464(5) 

N(5)-H(5NA)  0.81(4) 

N(5)-H(5NB)  0.88(5) 

N(2)-C(2)  1.480(5) 

N(2)-H(2NC)  0.93(4) 

N(2)-H(2NB)  0.85(5) 

N(2)-H(2NA)  0.91(5) 

N(6)-C(6)  1.487(5) 

N(6)-H(6NB)  0.89(4) 

N(6)-H(6NA)  0.88(5) 

N(6)-H(6NC)  0.87(5) 

C(1)-C(1)#1  1.526(7) 

C(1)-H(1B)  0.91(4) 

C(1)-H(1A)  0.96(4) 

C(3)-C(4)  1.507(5) 
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C(3)-H(3B)  0.98(4) 

C(3)-H(3A)  0.93(5) 

C(6)-C(5)  1.511(5) 

C(6)-H(6B)  0.97(5) 

C(6)-H(6A)  0.95(4) 

C(4)-H(4A)  0.96(4) 

C(4)-H(4B)  0.96(4) 

C(5)-H(5A)  0.97(5) 

C(5)-H(5B)  0.98(4) 

C(2)-C(2)#2  1.525(7) 

C(2)-H(2B)  0.94(4) 

C(2)-H(2A)  0.95(5) 
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                     Angles [°] 

_____________________________________________________  

S(3)-Sn(1)-S(4) 114.79(3) 

S(3)-Sn(1)-S(2) 113.87(3) 

S(4)-Sn(1)-S(2) 112.10(3) 

S(3)-Sn(1)-S(1) 106.48(3) 

S(4)-Sn(1)-S(1) 113.40(3) 

S(2)-Sn(1)-S(1) 94.30(3) 

S(6)-Sn(2)-S(5) 117.13(3) 

S(6)-Sn(2)-S(1) 111.58(3) 

S(5)-Sn(2)-S(1) 112.47(3) 

S(6)-Sn(2)-S(2) 109.02(3) 

S(5)-Sn(2)-S(2) 110.71(3) 

S(1)-Sn(2)-S(2) 93.37(3) 

Sn(1)-S(2)-Sn(2) 86.02(3) 

Sn(2)-S(1)-Sn(1) 86.23(2) 

C(3)-N(3)-H(3NA) 109(3) 

C(3)-N(3)-H(3NB) 105(3) 

H(3NA)-N(3)-H(3NB) 113(4) 

C(4)-N(4)-H(4NB) 110(2) 

C(4)-N(4)-H(4NA) 112(3) 

H(4NB)-N(4)-H(4NA) 107(4) 

C(4)-N(4)-H(4NC) 110(2) 

H(4NB)-N(4)-H(4NC) 103(3) 

H(4NA)-N(4)-H(4NC) 115(4) 

C(1)-N(1)-H(1NB) 112(2) 

C(1)-N(1)-H(1NA) 107(3) 

H(1NB)-N(1)-H(1NA) 110(4) 

C(1)-N(1)-H(1NC) 115(3) 

H(1NB)-N(1)-H(1NC) 101(4) 

H(1NA)-N(1)-H(1NC) 112(4) 

C(5)-N(5)-H(5NA) 108(3) 

C(5)-N(5)-H(5NB) 104(3) 

H(5NA)-N(5)-H(5NB) 107(4) 

C(2)-N(2)-H(2NC) 111(2) 

C(2)-N(2)-H(2NB) 111(3) 

H(2NC)-N(2)-H(2NB) 107(4) 
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C(2)-N(2)-H(2NA) 111(3) 

H(2NC)-N(2)-H(2NA) 104(4) 

H(2NB)-N(2)-H(2NA) 112(4) 

C(6)-N(6)-H(6NB) 109(3) 

C(6)-N(6)-H(6NA) 105(3) 

H(6NB)-N(6)-H(6NA) 117(4) 

C(6)-N(6)-H(6NC) 115(3) 

H(6NB)-N(6)-H(6NC) 108(4) 

H(6NA)-N(6)-H(6NC) 102(4) 

N(1)-C(1)-C(1)#1 108.8(4) 

N(1)-C(1)-H(1B) 106(2) 

C(1)#1-C(1)-H(1B) 110(2) 

N(1)-C(1)-H(1A) 105(2) 

C(1)#1-C(1)-H(1A) 109(2) 

H(1B)-C(1)-H(1A) 117(3) 

N(3)-C(3)-C(4) 110.6(3) 

N(3)-C(3)-H(3B) 113(2) 

C(4)-C(3)-H(3B) 109(2) 

N(3)-C(3)-H(3A) 106(3) 

C(4)-C(3)-H(3A) 109(3) 

H(3B)-C(3)-H(3A) 109(3) 

N(6)-C(6)-C(5) 111.6(3) 

N(6)-C(6)-H(6B) 108(3) 

C(5)-C(6)-H(6B) 117(3) 

N(6)-C(6)-H(6A) 108(2) 

C(5)-C(6)-H(6A) 109(2) 

H(6B)-C(6)-H(6A) 102(4) 

N(4)-C(4)-C(3) 111.1(3) 

N(4)-C(4)-H(4A) 107(3) 

C(3)-C(4)-H(4A) 112(3) 

N(4)-C(4)-H(4B) 104(2) 

C(3)-C(4)-H(4B) 111(2) 

H(4A)-C(4)-H(4B) 112(3) 

N(5)-C(5)-C(6) 111.2(3) 

N(5)-C(5)-H(5A) 117(3) 

C(6)-C(5)-H(5A) 103(3) 

N(5)-C(5)-H(5B) 113(2) 

C(6)-C(5)-H(5B) 106(2) 
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H(5A)-C(5)-H(5B) 105(4) 

N(2)-C(2)-C(2)#2 109.2(4) 

N(2)-C(2)-H(2B) 106(2) 

C(2)#2-C(2)-H(2B) 111(2) 

N(2)-C(2)-H(2A) 108(3) 

C(2)#2-C(2)-H(2A) 115(3) 

H(2B)-C(2)-H(2A) 108(3) 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z+1    #2 -x+1,-y+1,-z       
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for Sn_En_Thiol.  

The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 

U12 ] 

_____________________________________________________________________

_________  

 U11 U22  U33 U23 U13 U12 

_____________________________________________________________________

_________  

Sn(1) 2(1)  -1(1) 3(1)  0(1) -2(1)  0(1) 

Sn(2) 2(1)  -1(1) 3(1)  0(1) -1(1)  -1(1) 

S(4) 5(1)  3(1) 7(1)  -1(1) -4(1)  -1(1) 

S(3) 6(1)  2(1) 6(1)  0(1) -4(1)  2(1) 

S(5) 5(1)  4(1) 7(1)  -1(1) -4(1)  -1(1) 

S(2) 6(1)  1(1) 7(1)  -2(1) 2(1)  -1(1) 

S(6) 8(1)  1(1) 6(1)  0(1) -4(1)  1(1) 

S(1) 9(1)  0(1) 4(1)  -1(1) 1(1)  1(1) 

N(3) 15(2)  5(1) 9(2)  -1(1) -3(1)  -4(1) 

N(4) 9(1)  2(1) 9(1)  3(1) -1(1)  -2(1) 

N(1) 7(1)  7(1) 10(2)  -3(1) -6(1)  2(1) 

N(5) 17(2)  9(2) 9(2)  2(1) -2(1)  -4(1) 

N(2) 7(1)  10(2) 9(2)  -3(1) -4(1)  2(1) 

N(6) 10(2)  8(2) 15(2)  -1(1) -1(1)  -2(1) 

C(1) 10(2)  4(2) 14(2)  -5(1) -5(1)  0(1) 

C(3) 15(2)  2(2) 17(2)  0(1) -12(2)  2(1) 

C(6) 11(2)  17(2) 23(2)  -8(2) -5(1)  -1(2) 

C(4) 7(2)  6(2) 20(2)  -4(1) -7(1)  3(1) 

C(5) 23(2)  16(2) 16(2)  -4(2) -12(2)  5(2) 

C(2) 8(2)  7(2) 14(2)  -5(1) -6(1)  5(1) 

_____________________________________________________________________
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 Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 

10 3) for Sn_En_Thiol. 

_____________________________________________________________________ 

 x  y  z  U(eq) 

_____________________________________________________________________ 

  

H(1B) 9070(40) 6000(40) 4680(30) -1(8) 

H(4NB) 4670(40) 8250(40) 3210(30) 6(9) 

H(1NB) 8060(40) 4120(40) 6720(40) 3(9) 

H(2B) 3970(40) 5880(30) -440(30) -1(8) 

H(1NA) 7190(50) 5110(40) 6210(30) 5(10) 

H(6NB) 9930(50) 9380(40) 1700(40) 20(11) 

H(4NA) 5900(50) 8370(40) 2110(40) 31(13) 

H(2NC) 3120(40) 4040(40) 1700(40) 2(9) 

H(2NB) 2090(50) 4940(40) 1230(40) 13(11) 

H(6B) 11040(60) 10350(50) 2840(40) 30(13) 

H(3B) 5110(40) 11440(30) 560(30) 8(9) 

H(6A) 9590(50) 11120(40) 3000(30) 11(10) 

H(3A) 6220(50) 10300(40) 430(40) 27(12) 

H(3NA) 6580(50) 11760(40) 1760(40) 30(13) 

H(1A) 9760(50) 5790(40) 5790(40) 17(11) 

H(4A) 3720(50) 9510(40) 1850(40) 22(11) 

H(2NA) 2700(60) 3900(50) 670(40) 25(12) 

H(5A) 9190(60) 9360(50) 4620(40) 36(14) 

H(6NA) 10430(50) 10800(40) 1210(40) 26(12) 

H(2A) 4500(50) 5990(40) 620(40) 22(12) 

H(1NC) 7600(60) 4010(50) 5750(50) 33(14) 

H(5NA) 6930(50) 10100(40) 4160(40) 21(12) 

H(4B) 4140(40) 10340(40) 2650(30) 10(9) 

H(5B) 9230(50) 8430(40) 3820(40) 21(11) 

H(4NC) 6060(50) 9140(40) 3040(40) 19(10) 

H(6NC) 8850(50) 10400(40) 1640(40) 20(11) 

H(3NB) 7580(50) 11770(40) 650(40) 14(11) 

H(5NB) 6660(50) 8810(50) 4680(40) 31(13) 

_____________________________________________________________________
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 Table 6.  Torsion angles [°] for Sn_En_Thiol. 

________________________________________________________________  

N(3)-C(3)-C(4)-N(4) -59.5(4) 

N(6)-C(6)-C(5)-N(5) -62.6(4) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z+1    #2 -x+1,-y+1,-z  
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Table 7.  Hydrogen bonds for Sn_En_Thiol. 

_____________________________________________________________________ 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

_____________________________________________________________________ 
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Crystallographic Data of En3H4Sn2S6 
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Table 1.  Crystal data and structure refinement for Sb_ATG3. 

Identification code  Sb_ATG3 

Empirical formula  C6 H18 N3 O6 S3 Sb 

Formula weight  446.16 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 7.8783(6) Å = 90°. 

 b = 9.3188(6) Å  = 90.903(4)°. 

 c = 21.7971(14) Å  = 90°. 

Volume 1600.06(19) Å3 

Z 4 

Density (calculated) 1.852 Mg/m3 

Absorption coefficient 2.137 mm-1 

F(000) 888 

Crystal size 0.260 x 0.190 x 0.140 mm3 

Theta range for data collection 1.869 to 34.765°. 

Index ranges -12<=h<=12, -9<=k<=14, -34<=l<=33 

Reflections collected 22020 

Independent reflections 6835 [R(int) = 0.0484] 

Completeness to theta = 25.242° 99.6 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7469 and 0.6746 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6835 / 0 / 244 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0410, wR2 = 0.0794 

R indices (all data) R1 = 0.0659, wR2 = 0.0883 

Extinction coefficient n/a 

Largest diff. peak and hole 0.784 and -1.030 e.Å-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement 

parameters (Å2x 103) for Sb_ATG3. U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 

_____________________________________________________________________ 

 x y z U(eq)        

Sb(1) 4637(1) 7517(1) 8751(1) 17(1) 

S(1) 5806(1) 9764(1) 8332(1) 23(1) 

S(2) 2193(1) 7376(1) 8033(1) 20(1) 

S(3) 6271(1) 6404(1) 7892(1) 20(1) 

O(1) 3026(3) 9470(2) 9277(1) 24(1) 

O(2) 1885(3) 11650(2) 9138(1) 28(1) 

O(3) 723(3) 6180(2) 9195(1) 32(1) 

O(4) -1115(3) 7952(2) 9384(1) 26(1) 

O(5) 5052(3) 4400(3) 9045(1) 39(1) 

O(6) 7563(3) 3460(3) 8847(1) 38(1) 

N(1) 1498(4) 9028(3) 10437(1) 24(1) 

N(2) 10695(4) 3796(3) 8321(1) 29(1) 

N(3) 7426(3) 5640(3) 10032(1) 21(1) 

C(1) 3927(4) 10877(3) 8416(1) 24(1) 

C(2) 2895(4) 10659(3) 8994(1) 19(1) 

C(3) 327(3) 8025(3) 8437(1) 20(1) 

C(4) -18(3) 7319(3) 9054(1) 19(1) 

C(5) 5960(4) 4466(3) 8014(1) 21(1) 

C(6) 6208(4) 4062(3) 8681(1) 21(1) 

_____________________________________________________________________
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Table 3.   Bond lengths [Å] and angles [°] for Sb_ATG3. 

                                       

                     Bond lengths [Å]    

Sb(1)-S(2)  2.4653(7) 

Sb(1)-S(1)  2.4683(7) 

Sb(1)-O(1)  2.506(2) 

Sb(1)-S(3)  2.5125(7) 

S(1)-C(1)  1.819(3) 

S(2)-C(3)  1.829(3) 

S(3)-C(5)  1.842(3) 

O(1)-C(2)  1.271(3) 

O(2)-C(2)  1.261(3) 

O(3)-C(4)  1.248(3) 

O(4)-C(4)  1.278(3) 

O(5)-C(6)  1.257(4) 

O(6)-C(6)  1.255(4) 

N(1)-H(1N)  1.01(5) 

N(1)-H(2N)  0.84(5) 

N(1)-H(3N)  0.89(5) 

N(1)-H(4N)  0.92(4) 

N(2)-H(5N)  0.94(6) 

N(2)-H(6N)  0.89(5) 

N(2)-H(7N)  1.00(6) 

N(2)-H(8N)  0.87(4) 

N(3)-H(9N)  0.98(5) 

N(3)-H(10N)  0.90(5) 

N(3)-H(11N)  0.89(4) 

N(3)-H(12N)  0.92(4) 

C(1)-C(2)  1.524(4) 

C(1)-H(1A)  0.97(5) 

C(1)-H(1B)  1.00(4) 

C(3)-C(4)  1.525(4) 

C(3)-H(3A)  1.02(4) 

C(3)-H(3B)  0.90(3) 

C(5)-C(6)  1.511(4) 

C(5)-H(5A)  0.97(3) 

C(5)-H(5B)  0.97(4)             
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                       Angles [°]        

S(2)-Sb(1)-S(1) 95.87(2) 

S(2)-Sb(1)-O(1) 86.15(5) 

S(1)-Sb(1)-O(1) 75.41(5) 

S(2)-Sb(1)-S(3) 84.80(2) 

S(1)-Sb(1)-S(3) 82.86(2) 

O(1)-Sb(1)-S(3) 155.44(5) 

C(1)-S(1)-Sb(1) 97.89(10) 

C(3)-S(2)-Sb(1) 107.60(9) 

C(5)-S(3)-Sb(1) 103.10(9) 

C(2)-O(1)-Sb(1) 116.73(17) 

H(1N)-N(1)-H(2N) 107(4) 

H(1N)-N(1)-H(3N) 111(4) 

H(2N)-N(1)-H(3N) 105(4) 

H(1N)-N(1)-H(4N) 109(4) 

H(2N)-N(1)-H(4N) 108(4) 

H(3N)-N(1)-H(4N) 116(4) 

H(5N)-N(2)-H(6N) 105(4) 

H(5N)-N(2)-H(7N) 117(5) 

H(6N)-N(2)-H(7N) 109(4) 

H(5N)-N(2)-H(8N) 104(4) 

H(6N)-N(2)-H(8N) 112(4) 

H(7N)-N(2)-H(8N) 110(4) 

H(9N)-N(3)-H(10N) 107(4) 

H(9N)-N(3)-H(11N) 118(3) 

H(10N)-N(3)-H(11N) 115(4) 

H(9N)-N(3)-H(12N) 106(3) 

H(10N)-N(3)-H(12N) 111(3) 

H(11N)-N(3)-H(12N) 100(3) 

C(2)-C(1)-S(1) 116.9(2) 

C(2)-C(1)-H(1A) 106(2) 

S(1)-C(1)-H(1A) 107(2) 

C(2)-C(1)-H(1B) 106(2) 

S(1)-C(1)-H(1B) 110(2) 

H(1A)-C(1)-H(1B) 110(3) 

O(2)-C(2)-O(1) 124.4(3) 

O(2)-C(2)-C(1) 117.0(2) 
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O(1)-C(2)-C(1) 118.4(2) 

C(4)-C(3)-S(2) 115.96(19) 

C(4)-C(3)-H(3A) 106(2) 

S(2)-C(3)-H(3A) 101(2) 

C(4)-C(3)-H(3B) 109(2) 

S(2)-C(3)-H(3B) 112(2) 

H(3A)-C(3)-H(3B) 112(3) 

O(3)-C(4)-O(4) 124.8(3) 

O(3)-C(4)-C(3) 119.7(2) 

O(4)-C(4)-C(3) 115.4(2) 

C(6)-C(5)-S(3) 111.57(19) 

C(6)-C(5)-H(5A) 111(2) 

S(3)-C(5)-H(5A) 107(2) 

C(6)-C(5)-H(5B) 112(2) 

S(3)-C(5)-H(5B) 108(2) 

H(5A)-C(5)-H(5B) 106(3) 

O(6)-C(6)-O(5) 123.4(3) 

O(6)-C(6)-C(5) 119.1(3) 

O(5)-C(6)-C(5) 117.5(3) 

_____________________________________________________________  
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 Table 4.   Anisotropic displacement parameters (Å2x 103) for Sb_ATG3.  The 

anisotropic displacement factor exponent takes the form: -22[ h2 a*2U11 + ... + 2 h 

k a* b* U12 ] 

_____________________________________________________________________ 

 U11 U22  U33 U23 U13 U12 

_____________________________________________________________________ 

Sb(1) 20(1)  15(1) 16(1)  2(1) 1(1)  2(1) 

S(1) 22(1)  19(1) 29(1)  1(1) 7(1)  -3(1) 

S(2) 20(1)  24(1) 16(1)  -2(1) 1(1)  -2(1) 

S(3) 22(1)  19(1) 20(1)  1(1) 7(1)  0(1) 

O(1) 35(1)  21(1) 17(1)  4(1) 6(1)  3(1) 

O(2) 31(1)  22(1) 29(1)  1(1) 8(1)  7(1) 

O(3) 40(1)  29(1) 28(1)  12(1) 10(1)  15(1) 

O(4) 33(1)  21(1) 26(1)  3(1) 12(1)  3(1) 

O(5) 54(2)  31(1) 32(1)  3(1) 24(1)  6(1) 

O(6) 36(1)  46(2) 34(1)  20(1) -3(1)  4(1) 

N(1) 28(1)  25(1) 19(1)  4(1) 2(1)  1(1) 

N(2) 40(2)  22(1) 26(1)  -2(1) 5(1)  2(1) 

N(3) 25(1)  22(1) 16(1)  2(1) 2(1)  0(1) 

C(1) 32(2)  18(1) 22(1)  4(1) 5(1)  2(1) 

C(2) 24(1)  18(1) 16(1)  1(1) 1(1)  -1(1) 

C(3) 17(1)  20(1) 22(1)  4(1) 1(1)  1(1) 

C(4) 19(1)  18(1) 18(1)  3(1) 1(1)  -1(1) 

C(5) 26(1)  18(1) 19(1)  -4(1) 0(1)  1(1) 

C(6) 31(1)  14(1) 19(1)  -1(1) 4(1)  -1(1) 

_____________________________________________________________________
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters 

(Å2x 103) for Sb_ATG3. 

_____________________________________________________________________ 

 x  y  z  U(eq) 

_____________________________________________________________________ 

H(1A) 4310(50) 11870(50) 8424(18) 44(11) 

H(3A) -630(50) 7700(40) 8147(18) 33(10) 

H(5A) 6760(40) 3970(40) 7753(16) 29(9) 

H(1B) 3120(40) 10720(40) 8064(16) 29(9) 

H(3B) 340(40) 8980(40) 8489(15) 21(8) 

H(5B) 4840(50) 4210(40) 7859(16) 31(9) 

H(1N) 1620(60) 9980(60) 10650(20) 68(14) 

H(2N) 450(60) 8850(50) 10417(19) 49(13) 

H(3N) 1950(50) 8330(50) 10660(20) 51(12) 

H(4N) 1890(40) 9110(40) 10044(17) 28(9) 

H(5N) 9580(80) 3720(60) 8470(30) 89(18) 

H(6N) 11290(50) 3160(50) 8540(20) 46(12) 

H(7N) 10860(70) 3610(70) 7880(30) 100(20) 

H(8N) 10990(50) 4670(50) 8410(18) 41(11) 

H(9N) 6940(50) 5050(50) 9700(20) 54(13) 

H(10N) 7990(50) 6360(50) 9850(20) 55(13) 

H(11N) 6740(50) 5900(40) 10334(17) 30(9) 

H(12N) 8170(50) 5050(40) 10243(17) 34(10) 

_____________________________________________________________________
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 Table 6.  Torsion angles [°] for Sb_ATG3. 

________________________________________________________________ 

Sb(1)-S(1)-C(1)-C(2) 38.8(2) 

Sb(1)-O(1)-C(2)-O(2) 166.5(2) 

Sb(1)-O(1)-C(2)-C(1) -8.8(3) 

S(1)-C(1)-C(2)-O(2) 161.7(2) 

S(1)-C(1)-C(2)-O(1) -22.6(4) 

Sb(1)-S(2)-C(3)-C(4) -52.6(2) 

S(2)-C(3)-C(4)-O(3) -14.6(4) 

S(2)-C(3)-C(4)-O(4) 167.3(2) 

Sb(1)-S(3)-C(5)-C(6) -45.3(2) 

S(3)-C(5)-C(6)-O(6) -103.3(3) 

S(3)-C(5)-C(6)-O(5) 74.2(3) 

________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for Sb_ATG3  [Å and °]. 

_____________________________________________________________________ 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

_____________________________________________________________________ 

 C(3)-H(3A)...S(3)#1 1.02(4) 2.77(4) 3.712(3) 153(3) 

 C(1)-H(1B)...S(2)#2 1.00(4) 2.85(4) 3.552(3) 127(2) 

 C(5)-H(5B)...S(2)#3 0.97(4) 3.03(4) 3.872(3) 146(3) 

 N(1)-H(1N)...S(1)#4 1.01(5) 2.99(5) 3.579(3) 118(3) 

 N(1)-H(1N)...O(4)#5 1.01(5) 1.97(5) 2.858(4) 146(4) 

 N(1)-H(2N)...O(2)#5 0.84(5) 2.14(4) 2.905(4) 150(4) 

 N(1)-H(3N)...O(6)#6 0.89(5) 2.01(5) 2.884(4) 167(4) 

 N(1)-H(4N)...O(1) 0.92(4) 1.94(4) 2.847(3) 171(3) 

 N(2)-H(5N)...O(6) 0.94(6) 1.82(6) 2.755(4) 172(5) 

 N(2)-H(6N)...O(2)#7 0.89(5) 1.97(5) 2.827(4) 161(4) 

 N(2)-H(7N)...S(2)#8 1.00(6) 2.77(6) 3.659(3) 148(4) 

 N(2)-H(8N)...S(2)#9 0.87(4) 2.82(4) 3.598(3) 150(3) 

 N(2)-H(8N)...O(3)#9 0.87(4) 2.23(4) 2.926(4) 137(3) 

 N(3)-H(9N)...O(5) 0.98(5) 2.14(5) 3.056(4) 156(4) 

 N(3)-H(9N)...O(6) 0.98(5) 2.44(5) 3.289(4) 145(3) 

 N(3)-H(10N)...O(3)#9 0.90(5) 2.61(4) 3.236(3) 127(3) 

 N(3)-H(10N)...O(4)#9 0.90(5) 1.93(5) 2.830(3) 171(4) 

 N(3)-H(11N)...O(5)#6 0.89(4) 1.99(4) 2.826(3) 155(3) 

 N(3)-H(12N)...O(3)#6 0.92(4) 1.88(4) 2.786(3) 167(3) 

_____________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  

#1 x-1,y,z    #2 -x+1/2,y+1/2,-z+3/2    #3 -x+1/2,y-1/2,-z+3/2      

#4 -x+1,-y+2,-z+2    #5 -x,-y+2,-z+2    #6 -x+1,-y+1,-z+2       

#7 x+1,y-1,z    #8 -x+3/2,y-1/2,-z+3/2    #9 x+1,y,z       


