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ABSTRACT 
   

Biased Target Ion Beam Deposition (BTIBD) is a novel sputtering system that combines 

ion-beam deposition and sputtering deposition. This work investigated the deposition of silicon 

dioxide (SiO2) and hafnium dioxide (HfO2) for micro-electronic purposes. This is the first report 

examination of dielectric oxides deposited using the BTIBD. The purpose of this study was to 

find an optimal “recipe” for the deposition of the aforementioned thin-films. As low temperature 

sputtering of dielectric oxides is important for thin-film-transistors and in display applications, 

there exists a need for this kind of sputtering method. The following parameters of sputtering 

were investigated: target voltage, oxygen flow method, oxygen partial pressure, gun voltage and 

deposition time. In addition, different post deposition anneals were carried out to study their 

effect on the quality of the oxides. The characterization techniques included ellipsometry 

(thickness and refractive index measurements) and formation of metal oxide semiconductor 

(MOS) capacitors for the evaluation of leakage current densities.  

The as-deposited silicon dioxide films demonstrate a leakage current density of 1x10-5 

A/cm2 (reported at 2 MV/cm) and dielectric breakdown in the ranges of 9-12 MV/cm. Oxygen 

annealed SiO2 films demonstrate leakage current density of  2.7x10-9 A/cm2 (at 2MV/cm) with a 

breakdown field of 12 MV/cm. HfO2 leakage current density was measured to be 7.7 x 10-8 

A/cm2 (at 2 MV/cm) after a rapid thermal anneal in oxygen.   
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 Introduction: 

Problem statement  

  Deposit and characterize silicon dioxide and hafnium dioxide using the novel tool and 

technique of Biased Target Ion Beam Deposition (BTIBD). 

Design needs 

 Silicon dioxide films (oxides) play a crucial rule in today’s micro-electronics industry 

and research. Most predominately they are used in Metal-Oxide-Semiconductor-Field-Effect-

Transistors (MOSFET) but also in many other solid-state devices. Up until 2007, silicon oxide 

was used as the gate oxide in the Metal-Oxide-Semiconductor (MOS), which is a dielectric layer 

that separates the gate from the source and drain terminals. In accordance with Moore’s law and 

the continuous scaling and improvement of devices, the industry has shifted to dielectrics with a 

higher dielectric constant (high-k) instead. However, oxides are still used extensively as field 

oxides, masking oxides, pad oxides, backend insulators and in a variety of thin-film devices. 

 The continuous scaling of devices has reduced the SiO2 thickness to a few mono-layers 

which gave rise to high leakage-current and poor device performance. Hafnium oxide was 

chosen by industry as a replacement for silicon dioxide as the gate dielectric. The high dielectric 

constant (k=18) [1] compared to 3.9 for silicon dioxide, provides a thinner oxide layer compared 

to traditional silicon oxide and thus solved the issue of thickness and leakage current. Hafnium 

oxide is deposited in the industry using atomic layer deposition (ALD).   

 The predominant method of growing silicon oxide uses thermal furnaces at high 

temperatures ranging from 1000-1200 0C and provides the highest quality of oxides. Secondary 

methods include Chemical Vapor Deposition (CVD) or Low Pressure Chemical Vapor 



2 
 

Deposition (LPCVD) which are lower temperature deposition methods that are used when the 

dielectric is grown on underlying layers other than silicon.         

 There exists a need for a method that incorporates the advantages of both techniques, the 

low thermal budget of CVD and the high quality of silicon oxide film grown in thermal furnaces.  

These low-temperature deposited silicon oxides are also important for thin-film-transistors (TFT) 

for use in liquid-crystal-display (LCD) and active matrix light emitting diode (AMOLED) 

displays.       

    Objective 

To study the quality of silicon dioxide and hafnium dioxide films deposited using the 

BTIBD tool. 

Literature Review 

MOS Structure: 

 The interface between the silicon and silicon oxide has been studied extensively over the 

years. The oxide layer adheres well to the silicon substrates and acts as diffusion barrier to 

dopants and or different impurities. It is also resistant to most of the processing used in 

integrated circuit (IC) fabrication, yet can be easily etched or patterned. The oxide layer is stable 

over time and has very few mechanical and electrical defects.  

The MOS capacitor forms an integral part in most of the semiconductor devices. It is a 

critical part of the MOSFET an important device in Very Large Scale Integration (VLSI). The 

MOS device is made up of a semiconductor substrate (usually P or N doped silicon) which has a 
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silicon dioxide film “sandwiched” between the substrate and a metal plate on top of the oxide 

film as can be seen in figure 1 [2]. 

      

 

     

 

 

 

 

                              

 Studying how this capacitor operates under different bias applied to the metal and the 

silicon substrate provides a lot of crucial information regarding the quality of the oxide. One of 

the measures of the oxide’s quality is its electrical defects that can be found experimentally. 

These defects can be separated into four basic types.  

 The first one is called the fixed oxide charge, Qf. It is suggested that the charge originates 

from incompletely oxidized silicon atoms that have a net positive charge [3]. This charge exists 

very close to the interface and is related to the transition between the Si and SiO2.  

 Another charge defect that is present at the interface is called the interface trapped 

charge, Qit. It is suggested to be originated from incompletely oxidized silicon atoms or dangling 

bonds that are located very close to the interface, a common origin for these two charges [3]. The 

difference between these two charges is that Qf is fixed and positive while Qit can be positive, 

Figure 1: Cross section of a MOS structure 
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negative or neutral and may change during device operation due to capture of holes or electrons. 

The density of both charges is on the order of 109-1011 cm-2eV-1 for thermal oxide.   

 The next charge, Qm is called the mobile oxide charge and is located anywhere in the 

oxide film. This formed a serious problem in the 1960’s due to the presence of mobile alkali ions 

(Na+ and K+) but mostly went away with the advances in cleanliness in wafer fabrication 

facilities [3]. 

 The last charge Qot or oxide trapped charges can also be located anywhere in the film. 

These defects are broken Si-O bonds and are likely to arise due to some of the steps in IC 

manufacturing which include ionizing radiation or plasma etching. These types of traps can be 

repaired by annealing the film before finishing the IC fabrication. Figure 2 [4] shows the location 

of the four types of charges in the SiO2 film.  

 

      

 

                  Figure 2: Charge distribution in oxide film  

 These four charges create reliability concerns as device thresholds shifts with time. The 

quality of the oxide is measured by the amount of charge (QBD) that can be passed through the 

film before breakdown happens. The oxide is characterized using electrical methods such as 

capacitance vs. voltage (C-V) measurements and current vs. voltage (I-V) measurements.  
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C-V Measurements: 

 The C-V measurement is a very powerful tool in measuring different parameters of the 

silicon dioxide. This technique is applied to the MOS capacitor and provides information 

regarding the capacitance of the device (Cox), the dielectric constant (k), the flat-band voltage 

and the effective oxide charge which corresponds to the quality of the oxide. Generally the MOS 

device is made of an Al gate, SiO2 insulator and Si substrate. A  DC voltage sweep is applied to 

gate metal via a probe while an AC signal is used for the measurements. Depending on the 

frequency applied, high or low, the following C-V responses [5] will be generated.   

 

 

 

         

  

 

 

 

Where high frequencies correspond to values of more than 1 MHz and low frequency correspond 

to values of 5-100 Hz [5]. As can be seen in figure 3, negative bias corresponds to the 

accumulation mode and positive bias corresponds to firstly the depletion mode and lastly the 

Figure 3: Ideal low and high frequency C-V measurement on a P-type Si substrate 
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inversion mode. However, in reality the high frequency C-V curve gets “smeared” out due to the 

fixed interface charges in the oxide, as can be seen in figure 4 [5]. 

 

 

 

 

 

 

   Figure 4: High freq. C-V curve of P-type MOS structure with interface states. 

This graph provides us essential information regarding the oxide layer and the interface 

charge densities. First, the capacitance of the device can be retrieved from the graph as the 

highest point of the accumulation mode. Once the capacitance is known the dielectric constant 

can found using the following equation:               

         𝐶 = (𝑘 ∗ 𝜀 ∗ 𝐴)
𝑑�                              (1)                                     

In which C= capacitance obtained from graph, ε= permittivity of free space (8.85x1012 F 

m-1), A=area of the capacitor and d= oxide thickness. The dielectric constant of a high quality, 

thermally grown silicon oxide is 3.9.  
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The next important parameter is the threshold voltage (VTH). This voltage occurs at the 

onset of the inversion mode and can be retracted from the high frequency curve. Once the 

threshold voltage is known, the flat-band voltage is calculated using the following equation [6]: 

   

In which A=gate area (cm2), COX= oxide capacitance (pF), εs =permittivity of silicon substrate 

(F/cm), q= electron charge (1.6x10-19 coulomb), NBULK= bulk doping (cm-3), ΦB= bulk potential 

(V) and VFB= flat-band voltage.  

 Another important parameter that needs to be calculated is the metal-semiconductor work 

function, WMS.  This parameter is calculated using the following equation [6]: 

 

  

Where K = Boltzmann constant (1.38066 × 10–23 J/°K), T = test temperature (°K), q = electron 

charge (1.60219 × 10–19 coul.), NBULK = bulk doping (cm–3), nI =intrinsic carrier concentration 

(1.45 × 1010 cm–3), and Dope Type = +1 for p-type materials and –1 for n-type materials. 

 The bulk potential ΦB (V) for the case of silicon, silicon oxide and Al MOS is calculated 

using:                                 WMS= -0.61+ ΦB                                                                                                          (4) 

Finally the interface state density QEFF (coulombs/cm2) can be calculated using the 

following equation: 

(2) 

(3) 

(5) 
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I-V Measurements 

Another electrical measurement technique in characterization of the silicon dioxide thin 

films is the I-V measurement. This technique also uses the MOS capacitor with the oxide layer 

as the insulator. In this method voltage is applied to the gate metal until dielectric breakdown 

occurs or until the measuring tool reaches its current limit. A good quality oxide film will have a 

high dielectric breakdown voltage in the range [3] of 10-15 MV/cm. The I-V measurements are 

also used in plotting leakage current density versus the electric field strength and comparing 

those plots to the thermally grown silicon oxide plots which are considered to be the “golden 

standard”. Leakage current is undesirable in MOSFET technology and is due to continues scaling 

of devices and the quantum tunneling effect. An increased leakage current causes unwanted 

power dissipation and heating of the device.  

     

Oxidation Methods 

Thermal oxidation: 

The thermal oxidation system in IC fabrication is among the simplest types of equipment 

used and also the most commonly used. All that is necessary is an oven that can reach 

temperatures in the range of 600-1200 oC and a gas distribution system that introduces nitrogen 

gas, water vapor, oxygen and hydrogen chloride (HCl). Nitrogen is used to clean the furnace of 

contamination, water vapor and oxygen are used for wet and dry oxidations and HCl is used to 

react with the alkali ions (Na+ and K+) to lower ionic contamination. The wafers are introduced 



9 
 

into the furnace via “boats” which can hold up to a few dozen wafers. Figure 5 [7] illustrates this 

thermal oxidation system. 

  

                      Figure 5: Schematic of a thermal oxidation furnace [7]  

The wafers are loaded into the furnace at a temperature of about 800 0C which is than 

ramped up to approximately 950-1000 0C for gate oxidation [3].  Temperature and time control 

are crucial to produce consistent oxide thickness between batches.  

Thermal oxide has the lowest defect trap density compared to other oxidation techniques 

which ranges between [3] 109-1011  cm-2.  Another property of the thermal oxide’s quality is its 

high breakdown voltage which is approximately [8] 10 MV/cm. 

Chemical Vapor Deposition:  

In chemical vapor deposition (CVD) gases are introduced into the chamber that react and 

form the oxide layer on the surface of the wafer. There are many types of CVD that can be used 

to deposit silicon dioxide.  

Atmospheric Pressure Chemical Vapor Deposition (APCVD) as the name suggests is 

done in an atmospheric chamber with no plasma. The walls of the chambers are not heated but 
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the wafers are heated using a graphite susceptor which is in turn heated by radio frequency (RF) 

induction to a 400 0C. The oxide is formed through the following reaction:  

                              SiH4 + O2         SiO2 + 2H2                                                                (6) 

The technique deposits relatively low quality oxide films with a dielectric constant of 4.1 

and breakdown voltage [9] of 6-7 MV/cm and has a low throughput. APCVD is not a very 

commonly used method today in depositing silicon oxide. 

Low Pressure Chemical Vapor Deposition: 

Low Pressure Chemical Vapor Deposition (LPCVD) is used more often when lower 

growth temperatures are required (400-5000 C) and the consumption of silicon is not desired. 

Some of the advantages of LPCVD include the lower reaction temperature, good step coverage, 

uniformity of film and a relatively high throughput due to the vertical placement of wafers.  

 LPCVD oxide with the use of liquid diethylsilane and oxygen was reported to have [10] 

a breakdown voltage of 9.5 MV/cm and a leakage current comparable to thermal oxide in the 

case of Rapid Thermal Anneal (RTA) in argon of the film. The fixed charge density was also 

reported to be as low as 6x1010 cm-2 for the RTA case (comparable to thermal oxide) and 1012 

cm-2 for the as-deposited oxides.  

Physical Vapor Deposition:  

Physical Vapor deposition (PVD) techniques use high vacuum chambers and plasma as a 

method to impinge energetic ions and atoms towards a solid target for the purpose of sputtering 

thin films from it.  
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Plasma, a partially ionized gas, can be considered the fourth state of matter and consists 

of positive ions and negative particles (negative ions and electrons). The most widely used 

configuration of plasma uses a parallel plate in which the anode is grounded and the cathode is 

negatively charged by the power source. All the applied voltage appears on the cathode and 

results in high energy ion sputtering of the cathode, as can be seen in figure 6 [11].          

 

 

 

 

 

 

 

This process is self-sustained as the accelerating secondary electrons from the cathode 

contribute to further ionizing collisions in the plasma. In the vacuum chamber the walls act as the 

anode and the target acts as the cathode. The plasma constantly bombards the target and causes 

sputtering from it which in turn gets collected as-is on the substrate or chemically reacts with an 

additional gas before landing on the desired substrate as a thin film.   

Electron-Beam Evaporation:  

 In this process, an electron beam that is given off by a tungsten filament is directed by a 

magnetic field and bombards the desired target material. The target is heated by the e-beam until 

 

Figure 6: Geometry of parallel-plate DC glow discharge 
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the point of evaporation, at which the inside of the vacuum chamber is coated with the target’s 

material. The advantages of this process are: 1) high deposition rate of up to a few mm/min [12]. 

2) High material utilization [12]. 3) Provides less damage than oxide sputtering [13].  

Figure 7 [13] shows the process of e-beam evaporation.   

 

 

 

 

 

 

 

 

Reactive Magnetron Sputtering: 

The magnetron sputtering method incorporates a magnetic field over the cathode which 

concentrates the electrons around the cathode, by doing so increases the path length before the 

electrons escape to the anode. The electrons path is now larger than the gap between the 

electrodes which enables the plasma to operate in a much lower pressure to be self sustainable. 

The main advantage of the magnetron compared to CVD techniques is the lower operating 

temperature. Another benefit of this technique is the increase in deposition rate due to the 

 

Figure 7: Schematic of e-beam evaporation.  
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reduced scattering of sputtered particles on the cathode. Moreover, compared to conventional 

sputtering the increase in efficiency of the electrons reduces the amount of applied voltage 

needed to sustain the plasma.  

A major drawback arises from the fact that the magnetic field creates a specific plasma 

ring which causes erosion trenches on the target and therefore an inefficient usage of the cathode 

material. Figure 8 [11] shows a schematic of a magnetron sputtering system and a graphical 

representation depicting the operational characteristics of the device.         

In the case when the target material is insulating, for example silicon for the deposition of 

silicon dioxide film, a radio frequency (RF) excitation is used to couple the power through it.  In 

addition, oxygen gas is used to react with the sputtered silicon atoms from the target to form the 

silicon dioxide film.    

     This method has been reported to produce oxide films with dielectric constants 

varying from 2.4-5.5 [14] depending on the oxygen concentration and power used, and a 

breakdown field of 5.7 MV/cm [15] which is significantly lower compared to thermal oxide.  

 

 

 

 

 

Figure 8: Graphical representation and behavior of the magnetron 
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Atomic Layer Deposition: 

 Atomic Layer Deposition (ALD) is a surface controlled deposition technique for thin-

films. During the ALD process two or more chemical vapors (precursors) react on the substrate’s 

surface to create a self-limiting atomic layer by layer growth. Figure 9 [16] provides a schematic 

of an ALD tool.     

 

 

 

 

 

 

 

 

                                           Figure 9: Schematic of an ALD tool 

The ALD process is operated in low or atmospheric pressure and a temperature range of 

50-500 0C [16] While some of the benefits of this technique include high conformal coating and 

high repeatability of the process, the major drawbacks in depositing silicon dioxide include high 

temperatures (> 300 0C) and corrosive by products [17].  
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The literature on low temperature ALD (150 0C) reports silicon dioxide deposited with 

the absence of corrosive by-products, no use of catalysts and high degree of thickness control 

and perfect uniformity [17]. In addition, the breakdown field of the oxide was reported to be 0.75 

MV/cm which is an order of magnitude lower than thermal oxide. The fixed and trapped oxide 

chargers were 7 x 1012 and 1 x 1012 cm-2 and a rapid thermal anneal of the films at 1000 0C 

improved the interface trap level density by one order of magnitude to a value of 1 x 1012 cm-2 

eV-1 [17]. 

In the case of low temperature plasma-enhanced ALD (280 0C) a much higher breakdown 

field of 10 MV/cm was observed which is comparable with the value for thermal oxide [18].   

Biased Target Ion Beam Deposition: 

 Biased target ion beam deposition (BTIBD) is a novel technique developed by 4Wave, 

inc. that combines ion beam deposition and sputtering deposition. In this system a hollow 

cathode source is used to generate electrons into an end-Hall ion source which creates plasma 

with ion energy lower than 30 eV. [19] [20]. The ion’s low energy is less than the sputter 

threshold of the vacuum system materials and thus prevents unwanted sputtering from the 

chamber walls which might contaminate samples being collected.  

 The base pressure of the system is approximately 5x10-8 Torr which is reached by a Cryo 

pump and an operating pressure between 5 x 10-3 – 1 x 10-4 Torr. [20]   [21]A DC, RF or pulsed 

DC, depending on the material, is applied to the target with a negative bias ranging from -100 to 

-1200 V. In the case of an insulating target like silicon a pulsed DC bias is used to prevent a 

charge build up on the target. This negatively biased target than accelerates the positive ions in 

the plasma towards the target’s surface with enough energy to generate sputtering from it. 
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Moreover, the target erosion rate is higher than 90% resulting in a much higher efficiency of the 

target’s material being used (especially important in the case of rare metals) [21]. Figure 10 

shows a schematic of the system [20].    

  

 

 

 

 

 

 

 

 

 

The substrate is mounted and extracted from the system using a load-lock chamber 

attached to the main chamber for the purpose of not breaking the vacuum in the main processing 

chamber. A shutter is used to cover the substrate to prevent unwanted deposition and later opens 

for the beginning of the deposition. The substrate stage is also rotated during the deposition 

process to achieve a more uniform deposition of the thin-films.  Three targets can be used 

simultaneously with varying biases which control the deposition rate. The distance between the 

Figure 10: Schematic of a BTIBD system  

        

                

        

Figure 10: Schematic of a BTIBD system 
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ion source and target is 16 cm and the distance between the target and substrate is also 16 cm 

[20]. Figure 11 shows the BTIBD’s interior including targets and substrate positions [21].  

 

     

 

 

 

 

 

 

 

The ion source can also be used to clean the substrate by physically etching the surface 

with the argon ions (pre-deposition) and provide secondary conditioning by providing it with 

energy through energetic ions impinging onto the growing film.  

A residual gas analyzer (RGA) is used to monitor and control the partial pressure of 

reactive gases during reactive sputtering inside the system.     

In the case of the deposition of a silicon oxide film a silicon target and silicon substrate 

are mounted into the main chamber and load-lock respectively. Prior to the deposition the 

substrate’s shutter is opened in order to clean the substrate for an ideal film growth. Sputtering of 

Figure 11: Interior view of the BTIBD system  

Substrate shutter  

Substrate stage 

Targets 



18 
 

the silicon target than begins by applying a negative pulsed DC frequency on the target. Argon 

ions than begin colliding into the silicon substrate while oxygen gas is introduced into the 

system. The silicon atoms that are sputtered from the target react with the oxygen and land are 

condensed on the substrate as silicon dioxide.    

The BTIBD provides many advantages over existing methods of growing or depositing 

silicon oxide films. When comparing it to thermal oxidation BTIBD has the advantage of using 

room temperature deposition for many applications in which the high temperature of the thermal 

ovens are unsuitable.  

When compared with CVD, BTIBD has the advantage of not using any toxic gases or by-

products in the deposition of the oxide.  

 BTIBD also doesn’t use a magnet in the target and provides a much higher efficiency in 

the usage of the target material making it a superior choice over the magnetron sputtering.      
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Experimental: 

The goal of the experiment as a whole was to examine how the different parameters of 

the BTIBD tool would affect the quality of the silicon dioxide and later, on the hafnium dioxide 

films. Before each run of the BTIBD tool, the 4 inch silicon wafers were placed in a 49% 

hydrofluoric (HF) acid bath for 1 min. The silicon substrate used were p-type doped with boron 

with a (100) crystal orientation and 1015 cm-3 dopant concentration. The goal of the HF dip is to 

remove the native oxide that grows on the wafer when exposed to air. After this dip, in order to 

minimize the exposure time to air and native growth of oxide, the wafer is quickly mounted on 

the load-lock arm and placed under the vacuum of the BTIBD system.  

Figure 12 shows the BTIBD tool and the adjacent computer that controls it.  

 

Wafer mounted, load-lock 

Control unit 

           Figure 12: The BTIBD tool and adjacent control unit 

 

Control unit 



20 
 

In total five series of films were deposited as described by Table 1. 

Only one substrate can be mounted during each run. For the first series four silicon 

dioxide films were deposited. In this series, the oxygen was introduced into the chamber through 

the ion source creating ionic oxygen that reacts with the sputtered silicon. The partial pressure of 

oxygen in the tool was 1.79 x 10-6 Torr. The first film was deposited with a -100 V as the target 

bias for 3 hours. The second film used -200V as target bias for one hour. The third and fourth 

film used -400V and -800V for 30 minutes and 15 minutes respectively. As the target’s bias 

increases, less time is required due to the increased sputter yield at that voltage. For all of the 

above films, the hollow cathode argon flow was 10 standard cubic centimeters per minute 

(sccm), and the flow rate for the argon used in the ion source was 60 sccm. In all cases, the 

oxygen flow rate was between 4.5 and 5.3 sccm. The argon ions produced by the ion gun has a 

low energy of around 30 eV compared to 100-1000 eV energy of traditional end-Hall ion guns. 

The total pressure in the tool was around 6 x 10-4 torr, while the water pressure was monitored to 

be 5 x 10-8 torr range. Prior to starting the deposition, the substrate’s shutter was opened in order 

Series  Deposited 
Film 

Target Voltage (-V) Oxygen 
Flow 

Oxygen 
Partial 
Pressure(torr)  

Post 
Deposition 
Treatment  

Gun 
Voltage 
(V) 

Deposition 
Time 
(minutes) 

1 SiO2 100,200,400(*),800 Ion-gun 1.79X10-6 None, O2 
anneal, Ar 
anneal 

Low 
(41.3)& 
high* 
(50.2) 

180,60,30,15 

2 SiO2 100,200,400,800 Chamber 1.79X10-6 None, O2 
anneal, Ar 
anneal 

Low 
(41.3) 

180,60,30,15 

3 HfO2 800 Chamber 1x10-6, 2x10-6, 
3x10-6 

None High 
(49v) 

 

4 HfO2 800 Chamber 3x10-6 None, O2 
anneal, Ar 
anneal 

High 
(49v) 

3,6,12 

5 HfO2 800 Chamber 3x10-6 None, 
Forming 
gas 

Low 
(43) 

4,8,16 

Table 1: Description of deposited thin-films and parameters.  
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to clean the substrate again by allowing mild flux of argon ions to hit the substrate. During the 

deposition itself, the substrate stage was constantly spun at a rate of 20 rotations per minute 

(rpm) in order to increase the uniformity of the deposited film. 

The second series of films used oxygen that was introduced directly into the chamber to 

react with the sputtered silicon. The partial pressure of oxygen was the same as in the previous 

series, 1.79 x 10-6 torr.  Again, 4 films were deposited with varying target biases: -100, -200,- 

400 and -800V. The same parameters where used in this series as in the previous one. In both 

series the keeper voltage and current were 14.9V/1.5A respectively. The bias voltage and current 

were 17.3V/8 A and the source voltage and current were 41.3V/7.5A respectively. Additionally, 

a 400 volt film was deposited at a high-gun-voltage mode (50.2 V& 7.5 A)  

The following series was an experimental series of hafnium dioxide films in which the 

silicon target was changed to a hafnium target. Since hafnium is a much heavier atom than 

silicon, a higher voltage had to be used on the target in order to get a reasonable deposition rate. 

In this series, the target voltage was kept the same at -800V for a deposition time of 30 minutes. 

In-chamber oxygen was used as the reactive gas and a series of films was deposited with a 

varying partial pressure of O2 at 1 x 10-6, 2 x 10-6 and 3 x 10-6 torr of oxygen. The first film had 

red color; the second had a blue color while the third had a dark orange color. The color of the 

film changes according to its thickness. Following this series of hafnia (hafnium oxide), 

thickness was measured in order to decide on which partial pressure used was the best.             
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A “J.A. Woollam co., Inc M2000” ellipsometer was used for the measurements of all 

silicon dioxide and hafnia films. Figure 13 [22] shows the ellipsometer used.    

 

 

 

 

 

 

 

A thermal silicon dioxide film was used as the calibration sample. Only the 3 x 10-6 torr partial 

pressure of oxygen hafnia film provided a good reading of thickness and hence was chosen as the 

follow-up option.  

 The next series included three thin-films of hafnium oxide in high-gun-voltage mode. 

The oxygen partial pressure (3 x 10-6 torr) and target voltage (-800V) were kept constant while 

the deposition time was changed. For the first film the deposition time was 3 minutes. The 

second film’s deposition time was 6 minutes and the last film had a deposition time of 12 

minutes. The same protocol of wafer dip in HF acid was performed before mounting it on the 

tool; however, the substrate’s shutter wasn’t open prior to deposition to expose it to the plasma 

for cleaning. In this series the total pressure was 5.7 x 10-4 torr and the water partial pressure was 

around 1 x 10-7 torr. The hollow cathode argon flow was 10 sccm while the source argon flow 

Figure 13: J.A. Woollam co., Inc M2000 ellipsometer 
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was 45 sccm. The oxygen flow was around 8 sccm. The bias voltage was 16.4V while the bias 

current was 10 A. The source voltage was around 49V while the current was 9.5A. Finally, the 

keeper voltage was 14.3 V and the current was 1.5A. Following the deposition process all films 

were measured for their thickness. 

 In final series on hafnium oxide, the target’s voltage and oxygen partial pressure 

remained at 800 V and 3 x 10-6 torr respectively, while the ion gun’s energy was reduced 

compared to the previous series. The hollow cathode argon flow was 10 sccm while the source 

argon flow was 45 sccm. The oxygen flow was around 5 sccm. The bias voltage was 19V while 

the bias current was 8 A. The source voltage was changed to 43V and the current to 7.5 A. The 

deposition time had to be adjusted as well to the new parameters. The three films had a 

deposition time of 240, 480, 960 seconds.  

 After all the films were deposited, the wafers were broken in.to 1x1 inch samples. From 

each film one sample was rapidly thermally annealed (RTA) using the “Allwin21 corp.” 

“AccuThermo Aw610” system. The annealing process densifies the film and improves its 

electrical characteristics. The following figure 14[23] shows the RTA system used.    

       

 

 

 

 
 Figure 14: “AccuThermo Aw610” rapid thermal anneal system 
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The two silicon oxide series were annealed in a 1000 0C in argon for 1 minute and in 

1000 0C in oxygen for 1 minute (separately). The hafnia films were annealed in 800 0C in argon 

for 3 minutes and in 800 0C in oxygen for 3 minutes (separately). Post annealing, the film’s 

thickness was measure again in the M2000 ellipsometer due to the fact that the annealing process 

changes the film’s thickness.  

 The next step was evaporating aluminum contact pads on the wafer for the making of a 

MOS device. A shadow mask with diameter of holes of .66 mm and .83 mm were used for the 

aluminum contacts. Figure 15a shows one aluminum contact pad through an optical microscope 

with the scale below it that was used to measure the diameter.  Figure 15b is an image of two 

samples: one covered with the .66 mm aluminum pads (top) and one with the .83 mm aluminum 

pads (bottom).  

 

 

 

Figure 15a: Aluminum contact pad, .66 mm 
diameter. Imaged through an optical microscope. 

Figure 15b: Top: sample with .66 mm 
aluminum pads. Bottom: sample with .83 
mm diameter pads.  
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A “Perkin-Elmer ULTEK Rapid Cycle System” evaporator was used for the evaporation. 

Aluminum pellets were placed in tungsten filaments and the wafer samples with the shadow 

masks where placed about 30 cm above it. The system was than pumped to a vacuum of 1 x 10-6 

torr. Figure 16 [24] shows a schematic of the evaporation process.  

 

 

 

 

 

 

 

 

 

 

Once the system was in vacuum, current of around 60-70 A was flown through the tungsten 

filaments. Since the aluminum evaporation point is lower than tungsten, the aluminum 

evaporates while the tungsten coils remain unharmed. 40 nm of aluminum were evaporated prior 

to the exposure the samples to it. This is for the purpose of lowering the vacuum even more and 

minimizing the content of water in the chamber. The shutter covering the samples was than 

Figure 16: Schematic of the evaporation process of aluminum 
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lowered and exposed the samples to the evaporating aluminum. The evaporation rate was 

between 3-5 angstroms per seconds (measured with a quartz crystal gauge).  A total of 80 to 100 

nm of aluminum were evaporated at each run (the annealed and as-is samples).       

 Once the MOS capacitor was fabricated, I-V measurements were carried our using the 

“HP 4156B Precision Semiconductor Parameter Analyzer”. Figure 17 shows the I-V station and 

probes used. Figure 18[25] shows the parameter analyzer.  

  

 

 

 

 

Figure 17: I-V station for measurements of leakage current versus voltage 
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Each sample’s backside was scratched using a diamond tipped pen and thermal paste applied to 

insure good electrical content and reliable data. For the silicon oxide films, bias of 100 V with a 

step size of 1V was applied using on probe on top of the aluminum contacts and the chuck as the 

second probe. For the case of the hafnia films, a voltage from -10 to 10 or 20 V was applied with 

a step size of either 0.2 or 0.3V due to the film’s lower thickness. These parameters were 

changed depending on the behavior of the I-V measurement of each hafnium dioxide film.    

 

 

 

 

 

 

Figure 18: Parameter analyzer for the I-V station 
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Results: 

 The following graph, Figure 19, describes the deposition rate of SiO2 versus the target 

voltage used in the deposition. There is a linear increase in deposition rate with the increase in 

target voltage. As the voltage increase so thus the energy of incoming Ar ions which causes more 

sputtering of the silicon target and hence a faster deposition rate. Between 100-400 volts the 

deposition rate increase at a rate 6.67x10-4 angstroms /sec-volt, while between 400-800 volts the 

deposition rate increase at a higher rate of 1.3x10-4 angstroms/sec-volt.  In the high-gun-voltage 

mode, the deposition rate is clearly higher compared to low-voltage. This might be the result of 

an increase in argon ion density which correlates to a higher sputtering rate.   

 

 

 

 

 

 

 

 

 

Figure 19: Deposition rate of SiO2 versus target voltage, deposited in the 
BTIBD tool.  
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 Figure 20 portrays the refractive index (n) of SiO2, at a wavelength of energy of 2eV 

(measured in the ellipsometer as discussed previously), versus the target voltage used in the 

deposition. The plots show the change in refractive index between the two different oxygen 

modes used as the reactive gas. Also, the shift in refractive index between the untreated films 

versus the annealed films can be seen. Finally all the films deposited using the BTIBD tool are 

compared to thermally grown silicon oxide (n=1.46).   

 

 

 

Figure 20: Refractive index (at 2 eV) of SiO2 versus target voltage deposited in the 
BTIBD tool. O2 gun/chamber represents the mode in which the oxygen was flown into 
the chamber.  
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The following plots are leakage current density (A/cm2) versus electrical field (MV/cm) 

for different series of silicon dioxide films. The plots will show silicon oxide films that were 

untreated, annealed in O2 and annealed in Ar. Each film is also separated into two more plots 

that represent the two version of oxygen used as the reactive gas (in-chamber, ion gun). The 

leakage current was calculated by dividing the measured current (I) with the area of the 

aluminum contact. Two different shadow masks were used with 0.66 mm and 0.83 mm as the 

diameter of the circle. The equation used for the .66 mm diameter is as follows:  

                                                                          Ix4/ (3.14x.066x.066)             (7) 

And for the 0.83 mm diameter as follows:                  Ix4/ (3.14x.083x.083)             (8) 

The conversion from voltage measured (V) to electrical field (MV/cm) was done by dividing the 

measured voltage by the thickness of the film (cm) and dividing again by 1x106 for the MV unit. 

 Figure 21 is a plot of untreated silicon dioxide films when in-chamber oxygen was used 

as the reactive gas. The plot compares the films with the following target voltages: 100 V, 200 V 

and 800 V.  The film corresponding to 200 V is missing due to the data measured being 

unreliable. The films exhibit a current density of 1x10-5, 1x10-5 and 1.5x10-5 A/cm2 at 2 MV/cm 

for the -100,- 200 and -800 V cases respectively. Breakdown electric fields were measured to be 

approximately 7 MV/cm, 9 MV/cm and 10 MV/cm for the -100, -200 and -800 V films 

respectively. The films are compared to a thermal oxide film with a thickness of a 100 nm. 
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Figure 21: Comparison of leakage current density vs. electric field for untreated 
silicon dioxide films deposited using BTIBD. 100, 200 and 800 V correspond to 
target bias (-V). Oxygen was flown directly into the chamber. 
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Figure 22, similar to figure 21, is a plot of untreated silicon dioxide films. However, in 

this case oxygen was flown through the ion gun into the chamber. The plot compares the films 

with the following target voltages: -100 V,- 200 V,- 400V and -800 V.  The films exhibit a 

current density of 1x10-5, 1x10-5, 1.3x10-5 and 6x10-6 A/cm2 at 2 MV/cm for the -100,- 200,- 400 

and- 800 V cases respectively. Breakdown electric fields were measured to be approximately 9 

MV/cm, 10 MV/cm, 11 MV/cm and 8 MV/cm for the -100,-200,-400 and -800 V films 

respectively. The films are also compared to a thermal oxide film with a thickness of a 100 nm. 

 

 

Figure 22: Comparison of leakage current density vs. electric field for untreated 
silicon dioxide films deposited using BTIBD. 100, 200 400 and 800 V correspond 
to target bias(-V). Oxygen was flown through the ion gun into the chamber. 
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The following image, figure 23, shows a plot comparing silicon dioxide (oxygen was 

flown directly into the chamber) films that were RTA in oxygen for 1 minute in a 1000 0C. The 

films being compared are the -100 V, -200 V, -400 V, -800 V and -400 V in high-voltage-gun 

mode. At 2 MV/cm the films exhibit the following current densities for the -100 V, -200 V, -400 

V, -800 V and -400 V in high-voltage-gun mode respectively: 1.5x10-5, 1x10-8, 2.7x10-9, 4.2x10-

9, 1.5x10-5 A/cm2. The hard-breakdown voltage for the -200, -400 and -800 V films were: 14 

MV/cm, 13 MV/cm and 11 MV/cm respectively. The corresponding soft-breakdown occurred at 

3MV/cm, 7MV/cm and 9 MV/cm for the respected films .The -100 V film and -400 V in high-

gun-voltage mode exhibit total breakdown. The films are also compared to a thermal oxide film 

for reference. 
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The following image, figure 24, shows a plot comparing silicon dioxide (oxygen was 

flown through the ion gun) films that were also RTA in oxygen for 1 minute in a 1000 0C. The 

films being compared are the -100 V, -200 V, -400 V and -800 V. At 2 MV/cm the films exhibit 

the following current densities for the -100 V, -200 V, -400 V and -800 V respectively: 1x10-4, 

Figure 23: Comparison of leakage current density vs. electric field for silicon dioxide films 
RTA in oxygen for 1 minute in 1000 0 C, deposited using BTIBD. 100, 200, 400 and 800 V 
correspond to target bias. Oxygen was flown directly into the chamber. 
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2.7x10-8, 1.1x10-9 and 4.1x10-4 A/cm2. The -100 and -800 V samples exhibit total breakdown 

The -200 V sample showed hard breakdown at 4.5 MV/cm .The -400 V sample showed soft 

breakdown at 4.5 MV/cm and hard break down at 9 MV/cm. The films are also compared to a 

thermal oxide film with a thickness of 100 nm for reference.   

 

 

 

Figure 24: Comparison of leakage current density vs. electric field for silicon dioxide 
films RTA in oxygen for 1 minute in 1000 0 C, deposited using BTIBD. 100, 200, 400 
and 800 V correspond to target bias(-V). Oxygen was flown through the ion gun into the 
chamber.  
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 The following image, figure 25, shows a plot comparing silicon dioxide (in-chamber 

oxygen used as reactive gas) films that were also RTA in argon for 1 minute in a 1000 0C. The 

films being compared are the 100 V, 200 V, 400 V and 800 V (-V). In addition a film deposited 

in a high-gun-voltage mode at 400 V (target) is compared. At 2 MV/cm the films exhibit the 

following current densities for the 100 V, 200 V, 400 V and 800 V (-V) respectively: 9.5 x 10-9, 

4.1x10-5, 2x10-5 and 4.1x10-5 A/cm2.  The film in high-gun-voltage showed a current density of 

0.01 A/cm2. The 100 V film had a breakdown field of 10 MV/cm while the 400 V had a soft 

breakdown around 4 MV/cm. The rest of the films had a total breakdown. The films are also 

compared to thermal oxide for reference.  
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The following image, figure 26, shows a plot comparing silicon dioxide (oxygen was  

flown through the ion gun) films that were also RTA in argon for 1 minute in a 1000 0C. 

The films being compared are the 100 V, 200 V, 400 V and 800 V. At 2 MV/cm the films exhibit 

Figure 25: Comparison of leakage current density vs. electric field for silicon dioxide 
films RTA in argon for 1 minute in 1000 0 C, deposited using BTIBD. 100, 200, 400 and 
800 V correspond to target bias (-V). An additional film deposited in a high-gun-voltage 
mode is also shown. In-chamber oxygen was used as the reactive gas. 
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the following current densities for the 100 V, 200 V, 400 V and 800 V respectively: 0.19, 0.1, 

3x10-8 and 0.35 A/cm2. Only the 400 V sample showed a hard breakdown field at 3MV/cm while 

the rest of the films had a total breakdown. As before, the films are referenced to thermal oxide 

as well.   

 

 

Figure 26: Comparison of leakage current density vs. electric field for silicon dioxide 
films RTA in argon for 1 minute in 1000 0 C, deposited using BTIBD. 100, 200, 400 and 
800 V correspond to target bias (-V). Oxygen was flown through the ion gun. 
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The silicon dioxide films that demonstrated the lowest leakage current with respect to 

their deposition parameters are plotted in figure 27. A thermal oxide film is plotted as well for 

reference.  

 

 

  

Figure 27: Comparison of lowest leakage current densities vs. electric field for silicon 
dioxide films in respect to their deposition and post-deposition treatment parameters.     
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Finally, the following figure 28 shows a comparison of the leakage current densities of all 

the silicon oxide film versus the respectable target voltages used.       
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Figure 28: Comparison of leakage current densities vs. target voltage (-V) for the silicon 
dioxide films  
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The following table, Table 2, summarizes the refractive index of the oxide films. For 

comparison, a thermal oxide has a refractive index of 1.465. 

 

Reactive gas 

(O2) 

Post deposition 

Treatment 

Target voltage 

(-V) 

Refractive index 

at 2eV 

In-Chamber  Non 100 1.49 

In-Chamber Non 200 1.49 

In-Chamber Non 400 1.485 

In-Chamber Non 800 1.485 

Ion-Gun Non 100 1.48 

Ion-Gun Non 200 1.47 

Ion-Gun Non 400 1.47 

Ion-Gun Non 800 1.53(?) 

In-Chamber O2 anneal 100 1.48 

In-Chamber O2 anneal 200 1.48 

In-Chamber O2 anneal 400 1.47 

In-Chamber O2 anneal 800 1.465 

Ion-Gun O2 anneal 100 1.46 

Ion-Gun O2 anneal 200 1.48 

Ion-Gun O2 anneal 400 1.48 

Ion-Gun O2 anneal 800 1.49 

In-Chamber Ar anneal 100 1.48 

Table 2: Summary of refractive indices for SiO2 
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In-Chamber Ar anneal 200 1.48 

In-Chamber Ar anneal 400 1.475 

In-Chamber Ar anneal 800 1.46 

Ion-Gun Ar anneal 100 1.46 

Ion-Gun Ar anneal 200 1.46 

Ion-Gun Ar anneal 400 1.46 

Ion-Gun Ar anneal 800 1.455 
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 The following image, figure 29, shows a comparison of hafnium oxide films that were 

deposited at a target bias of -800 volt (due to the bigger size of atoms-more energy is required for 

sputtering) in an in-chamber oxygen  environment. The high-gun-voltage mode was used (49.5 

V) and partial pressure of oxygen remained constant at 3x10-6 torr. Three different deposition 

times were used and no other conditions were changed. The deposition times were as follows: 3, 

6 and 12 minutes, which corresponded to 6.8, 12.5 and 22.8 nm respectively. No post deposition 

treatment was carried out.  The current densities at 2 MV/cm for the 6.8, 12.5 and 22.8 nm were: 

2.6 x 10-6, 1.29 x 10-6 and 1.57 x 10-6 A/cm2 respectively.  
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The following image, figure 30, shows a comparison of hafnium oxide films under the 

same conditions as before, but with post deposition anneal at 8000 C in an oxygen environment 

for 3 minutes. The post deposition anneal has densified the films by 1 nm in each case. The 

Figure 29: Comparison of leakage current density vs. electric field for hafnium dioxide 
films deposited using BTIBD. Target bias remind constant at -800 V while deposition 
time was changed. Oxygen was flown directly into the chamber. 
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current densities at 2 MV/cm for the 5.9, 11.4 and 21.8 nm were: 7.7 x 10-8, 3 x 10-3 and 1 x 10-7 

A/cm2 respectively. 

 

 

 

Figure 30: Comparison of leakage current density vs. electric field for hafnium dioxide films 
deposited using BTIBD. Target bias remind constant at -800 V while deposition time was 
changed. Post deposition anneal was carried out at 8000 C in an oxygen environment for 3 
minutes .Oxygen was flown directly into the chamber. 
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The following image, figure 31, shows a comparison of hafnium oxide films under the 

same conditions as before, but with post deposition anneal at 8000 C in an argon environment for 

3 minutes. The post deposition anneal has densified the films a bit more compared to the oxygen 

anneal. The current densities at 2 MV/cm for the 5.5, 10.7 and 20.9 nm were: 1.13 x 10-4, 1.43 x 

10-5 and 8.57 x 10-5 A/cm2 respectively. 

 

 

Figure 31: Comparison of leakage current density vs. electric field for hafnium dioxide films 
deposited using BTIBD. Target bias remind constant at -800 V while deposition time was 
changed. Post deposition anneal was carried out at 8000 C in an argon environment for 3 minutes. 
In-chamber oxygen was used as the reactive gas. 
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 Lastly, figure 32 shows a comparison of hafnium oxide films with 12.5 nm thickness 

prepared by BTIBD and a 10 nm film made by ALD [26] with a thickness of 10 nm. The sample 

prepared by BTIBD shows a somewhat lower leakage current density than the ALD sample.        

 

 

 

Figure 32: Comparison of leakage current density vs. electric field for hafnium dioxide films 
prepared by BTIBD and by ALD.  
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Discussion: 

 The deposition rate of SiO2 strongly depends on the target voltage as can be seen by 

figure 19. This is expected because an increase in target voltage (negative) will increase the 

momentum of incoming Ar+ and hence will increase the sputtering and deposition rates. In the 

case when the gun voltage was raised an additional increase in deposition rate was measured. We 

surmise that the concentration of Ar+ ions increased with the increase in ion-gun voltage. This 

increase in concentration can be correlated to the increase in deposition rate as well.       

 Figure 20 compares the refractive indices of SiO2 films deposited with the BTIBD 

relative to the refractive index of thermal oxide (1.46). All films besides one (Ar annealed) have 

shown refractive index higher than 1.46. A higher index may indicate a denser film. However, 

having a refractive index higher than 1.46 more likely means that the BTIBD films were more 

silicon rich than the thermal oxide sample. Having a dense film might be beneficial in lowering 

the leakage current; however it being silicon rich correlates to dangling bonds that act as traps for 

electron and holes and hence increase the leakage current. The average refractive index for the 

deposited films was between 1.475-1.48. Also, figure 20 shows a trend in which the as-deposited 

films as well as the argon annealed film show a higher refractive index for the cases in which 

oxygen was flown directly to the chamber compared to through the ion-gun. This can be 

understood that the chamber oxygen was less active than the oxygen that was flown through the 

gun and hence correlated to a more silicon rich film and a higher refractive index. The oxygen 

annealed films show a similar trend up to a 200 V target after which this trends is no longer 

valid.  
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 Both versions (oxygen through chamber or ion gun) of untreated SiO2 showed a steady 

leakage current density of 10-5 A/cm2. These values are between 3-4 orders of magnitude higher 

than thermally grown oxide. However, the sputtered films have shown a hard breakdown field 

between 9-12 MV/cm which was higher than the measured thermal oxide (6-7 MV/cm). This is 

comparable to the literature values of high-quality thermal oxide with a breakdown field of about 

10 MV/cm. In both versions the 400 V samples show higher breakdown voltage when compared 

to the rest (Figures 21&22). This is also supported by Figure 28 which shows that the 400V 

vicinity shows the lowest leakage current density for the great majority of the films.   

 Interesting results were achieved when SiO2 films were annealed in oxygen (Figures 

23&24). Both versions showed that the 100 V samples had a soft breakdown in which it is 

suspected that a conduction path in the oxide is created from overlapping traps [27] while the 

high-gun-voltage mode was completely broken down. It can be assumed that the 100 V option 

does not provide sufficient sputtering rate which makes the deposition time long (3 hours). This 

in turn might explain the low quality film (high in defect which causes soft breakdown). This 

logic can be reversed and might explain the poorer quality of the high-gun-voltage scenario. In 

that case, the deposition rate was high (as seen by the relatively high thickness-117 nm) which 

led to a higher ratio of silicon/oxygen (n=1.49). This high refractive index correlates to dangling 

silicon bonds which will explain the higher conductivity.  

Both versions also showed that that the best quality oxides were at a target bias of 400 V. 

Both films showed a surprisingly lower current density than thermal oxide at 2 MV/cm; however 

they also exhibited a soft breakdown mechanism which usually means a higher amount of traps 

in the oxide. Both films also showed a higher hard-breakdown at 9 and 13 MV/cm for the 

chamber and ion-gun cases respectively.  The chamber oxygen version of 200 V also showed a 
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relatively good oxide (10-7-10-8 A/cm2) with a soft breakdown and a hard breakdown at a very 

high 14 MV/cm. The ion-gun oxygen case showed a hard breakdown at a lower field of 4 

MV/cm. While the 800V in the ion-gun oxygen case showed the same behavior as the high-gun-

voltage mode, the in-chamber oxygen version gave a better oxide that showed a soft breakdown 

and a hard breakdown at 12 MV/cm. The hard breakdown might correlate to a thicker oxide 

which might mitigate the relatively high traps that correspond to the soft breakdown. Another 

trend showed that all the oxygen annealed films had a higher thickness post anneal compared to 

as-deposited. The oxygen anneal process must have fulfilled some of the silicon dangling bonds 

which caused to film to be thicker (transition from silicon rich to SiO2), this can be explained by 

a layer of thermally grown oxide during the RTA. This might also explain the improvement in 

leakage current.  

The lowest measured leakage current density at 2MV/cm (2.7x10-9 A/cm2) is about an 

order of magnitude better (when linearized to 2 MV/cm) than reported by [18] were PEALD was 

used as the technique.  

  The argon annealed case (Figures 25&26) showed densification of the all samples as 

expected. The in-chamber oxygen case showed similar result to oxygen annealed in that the 200 

and 800 V exhibit a very prominent soft breakdown mechanism. The 400 V case which 

theoretically was suppose to be better, also showed a high leakage current density and prominent 

soft breakdown. The 100 V was very surprising in showing a very close resemblance in behavior 

to the thermal oxide plot. Both had a very similar leakage current at 2MV/cm while the 100 V 

sample broke down hard at 10 MV/cm compared to 6 MV/cm for the thermal case.  
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 The ion gun oxygen case showed similarity to the oxygen annealed case. Both showed 

poor results for the 100,200 and 800 V samples and good leakage current density at 2 MV/cm. 

The BTIBD sample broke at a very low field of 3 MV/cm.  

     Figure 27 that show the best leakage currents from each deposition series shows a clear 

trend in which the “sweet spot” for deposition in terms of target voltage is at 400 V. This can be 

seen as the middle ground between a deposition rate that is too low (100-200 V) and a rate that is 

too high (800 V and high gum voltage mode). The untreated films are the closest one in behavior 

to that of thermally grown oxide in that they both exhibit only hard breakdown (thermal 

runaway). Although they exhibit a much higher breakdown field, their current density is 4 orders 

of magnitude higher. All the annealed films show soft breakdown which might arise from the 

annealing process. The annealing process seems to improve dramatically the leakage current but 

results in soft breakdown that is not visible in the as-deposited samples.  

 Table 2 summarizes some deposition parameters and their resulting refractive indices.  A 

visible trend shows that for each series of films, the chamber oxygen version has a higher index 

of refraction up until 300-500 V in which the ion-gun oxygen version has a higher index. This 

can be understood that in higher target voltages the films are denser and the ionic oxygen reacts 

less with the sputtered silicon compared to lower voltages and in-chamber oxygen.  

 Figures 29-32 show plots of hafnium oxide leakage current density versus electric field. 

All samples were sputtered at 800 V with in-chamber oxygen as reactive gas in the chamber. 

Figure 28 show that the as-deposited film all show similar leakage current at 2MVcm of 1 to 2 

x10-6 A/cm2. This is 2 orders of magnitude lower than the reported value of 10-4 A/cm2 linearised 
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at 2.2 MV/cm for hafnium oxide reactively sputtered [28]. In our case, an improvement in 

leakage current also correlates to a negative shift of the plot from 0V.  

 Figure 30 (hafnium oxide annealed in oxygen) show the best results (excluding the 11.4 

nm sample) of all hafnium films. The lowest reported value of the leakage current density 

2MV/cm is almost identical to values published by [29] where a high target utilization sputtering 

system was used. However, a greater shift in the plot is visible towards the negative voltage. The 

minimum value needs to be at 0 MV/cm (0 field=0 current). This might arise from charging 

effect and was suggested to re-do the measurements as 2 runs. One from a negative voltage to 

zero, one from zero to positive and finally combining both.     

 Figure 31 of hafnium oxide films annealed in argon show no improvement and actually 

decline in leakage current. Here as well the trend of better leakage current (within that series) 

correlates to negative shift of the plot in respect to the X axis.  

Finally, figure 32 shows a comparison of ALD hafnium oxide with the BTIBD hafnium 

under similar thickness (10 vs. 12.5 nm).  The as-deposited BTIBD sample shows lower leakage 

current throughout the plot compared to ALD [26]. However, here as well the negative shift is 

clearly visible when comparing the two. 
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Conclusions: 

Silicon dioxide and hafnium dioxide dielectric films were deposited using the novel tool 

of BTIBD. MOS capacitors were fabricated to measure how different deposition parameters 

influence leakage current densities. In the case of silicon dioxide, changes in target voltage and 

RTA anneal were carried out in order to witness differences in leakage current density. In the 

case of hafnium oxide, changes in oxide thickness and RTA were carried out for the same 

purpose.  

Target voltage of 400 V, 1.79 x 10-6 torr partial pressure of O2, low gun voltage of 41.3 V 

and a RTA at 10000 C in oxygen for 3 minutes were found to be the optimal parameters for 

silicon oxide films. Under this condition, the current leakage density was measured to be   

2.7x10-9 A/cm2 (at 2MV/cm) with a hard-breakdown field of 12 MV/cm. While this film exhibits 

soft breakdown which corresponds to a significant amount of traps in the oxide, it proves to be 

competitive with the thermal oxide measured in terms of leakage current density at 2MV/cm and 

magnitude of hard breakdown field.  

Hafnium oxide which is the currently used gate dielectric by industry; was found to have 

the best parameters under a higher gun voltage of 49.5V, target voltage of 800V, oxygen partial 

pressure of 3 x 10-6 torr, deposition rate of 3 minutes and a RTA in oxygen for 3 minutes at 8000 

C. At this condition, the leakage current density was measured at 7.7 x 10-8 A/cm2 (at 2 MV/cm).  

 The technological implications of this research are: 

• Providing literature and recipe for optimal deposition of silicon and hafnium oxides via 

the BTIBD tool.  
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•  Demonstration of low-temperature-sputtered low leakage current density silicon and 

hafnium oxide films that can be used for various insulating purposes and gate oxides in 

display applications.  
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Future Work: 

 Since there have not been any documented research done on dielectric oxides deposited 

using the BTIBD there are a lot more aspects of the deposition that can be investigated. In the 

hafnium oxide case, even more deposition parameters can be investigated to further optimize the 

deposition results. 

 Refractive indices need to be measured as well for hafnium oxide as they were for silicon 

oxide. More electrical characterization is required, especially C-V measurements for calculation 

of maximum capacitance, dielectric constants and quantification of defects in the oxide layer. 

These are extremely important parameters for considering these oxides in making a working 

transistor.  

 TEM images of the oxide layer might also give important morphological information on 

the oxides in question. X-ray diffraction measurements on the hafnium oxide can also prove 

beneficial in determining crystallinity of the hafnium oxide films. 

 Finally, fabricating a TFT with silicon oxide and a MOSFET with hafnium oxide will be 

very informative in investigating their behavior and quality in real devices. 
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