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ABSTRACT 

It has been observed that the atomic layer deposition (ALD) and electrical properties of high-K oxides are 

strongly influenced by interfacial sub oxide formation, making pre and post deposition surface preparation and annealing 

conditions important. In this paper, we present a systematic experimental study on the leakage behaviour of extremely 

scaled HfO2 gate stack on silicon, deposited using atomic layer deposition process. The impact of deposition temperature, 

pre and post annealing parameters and surface conditions on the leakage behaviour in both accumulation and inversion 

regions is presented.  
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INTRODUCTION 

The introduction of the paper should explain the nature of the problem, previous work, purpose, and the 

contribution of the paper. The contents of each section may be provided to understand easily about the paper.                             

The ever increasing demand for high performance and low power CMOS integrated circuits has been met through 

evolutionary device scaling and/or increase in chip area. For scaling of classical MOS transistor, the critical dimensions 

that need to be engineered are the gate length, the gate oxide thickness, the depletion depths under the gate, the 

source/drain junction depths and steepness of source/drain profile for each new generation of technology.                           

Although all these parameters must be scaled together in order to reduce various short channel effects (SCE) and to achieve 

reliable MOSFET performance, the one that requires immediate attention is the scaling of gate dielectric.                           

Practical MOSFET’s structures generally require that the gate dielectric thickness to be few percent of the channel length. 

This means that for sub 45nm technology generation, the effective oxide thickness (EOT) of the traditional                 

SiO2 dielectric should be less than 1nm. In this miniscule regime, direct tunnelling, channel mobility, gate electrode 

material penetration and oxide breakdown become dominating factors in the device performance [1-3]. Direct tunneling of 

electrons through gate is so high that the power dissipation is inadmissible. Therefore it is necessary to replace SiO2 as gate 

oxide. Replacing conventional SiO2 gate oxides with higher dielectric constant is one of the best solutions. The elementary 

concept for using high dielectric constant materials is increasing the physical thickness of the oxide to reduce the direct 

tunnelling leakage current and improve the reliability as validated by different research groups [4-7].  

Amongst the variety of high-k materials available hafnium based oxide family (HfO2, HfSiO4, and HfSiON) is 

most suitable for replacing SiO2 as gate dielectric [3-12]. However, there are several other issues such as carrier mobility 

degradation in the Si [7, 12], shift in threshold voltages, control of interfacial layers, high electronic defect density and 

tunnelling in extremely scaled interfacial layer, long term compatibility with Si and fixing of dielectric constant of 

oxide[1,12] needs to be addressed while replacing SiO2 with hafnium based oxide family. 
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The present paper deals with the optimization of HfO2 deposition by ALD process. Capacitance-voltage (C-V) 

and current-voltage (I-V) characteristics have been used to characterize MOS capacitors. The impact of various process 

parameters like deposition temperature, surface treatment, and pre and post deposition annealing on leakage behaviour of 

HfO2/Silicon interface is presented. The structural characterization of HfO2 /Si interface has been carried out using 

SEM/TEM to support our findings.  

EXPERIMENTAL 

P-type <100> silicon wafers with resistivity of 0.1–0.5Ω cm were used in the present investigation. Standard RCA 

process was used for cleaning the substrates. In view of the dependence of atomic layer deposition (ALD) process on 

surface conditions, various surface treatments such as thermal annealing in nitrogen and HF-treatment of the Si-wafers 

immediately prior to the ALD were tried. High-k hafnium di-oxide films were deposited in a commercial ALD reactor 

(Beneq TFS200). Tetrakis [Ethyl Methyl Amino] Hafnium, Hf[N(CH3)(C2H5)]4 (TEMAHf) was used as organic precursor. 

The temperature of water source and metal precursor were maintained at 25°C and 80°C respectively. Deposition chamber 

pressure was maintained around 5 mbar and all depositions were carried out at this pressure. Nitrogen (N2) was used as a 

carrier and purging gas. 

The deposition was carried out at 300˚C. Deposition rate of HfO2 oxide film was 1A˚/cycle. Number of reaction 

cycle was chosen in order to achieve HfO2 thickness in the range of 7nm to 20nm. After the deposition film thicknesses 

were measured using Sopra GES 5E spectroscopic ellipsometer. Metal oxide semiconductor (MOS) capacitors were 

fabricated with different electrode sizes varying from 40 X 50 µm2 to 120 X 130 µm2 using Al as top electrode and                 

AlSi (1%) as backside metal contact. DC magnetron sputtering technique (Pfeiffer SPIDER 600) was employed to deposit 

aluminum electrodes using 99.9995% pure aluminum target. Argon (Ar) gas flow was maintained around 5 sccm during all 

sputtering depositions. Scanning electron microscope (Zeiss LEO 1550), and a Dual Beam SEM / FIB combined with 

ultra-high resolution field emission Scanning Electron Microscopy (SEM) and precise Focused Ion Beam (FIB) etch                                          

(Nova 600) were used to study the interfacial layer formed at the interface of Si wafer and HfO2. Tencor Alpha-Step 500, 

surface profiler and AMBios XP 100 were used for measuring surface profile and step coverage.  

The current-voltage (I-V) and capacitance–voltage (C–V) at 1 MHz were measured in a Cascade probe station 

using Agilent Semiconductor Parameter Analyzer, Keithley 4200 semiconductor-analysis systems. For crystalline 

structural studies we have used grazing incidence X-ray diffraction (GI XRD) analysis. CuKα radiation with a wavelength 

of 0.154nm was used for analysis. In the case of very thin films and/ or weaker crystalline states, grazing incidence 

geometry improves the sensitivity of measurements. Incidence angle is small and fixed. By fixing small incidence angle 

along with 2θ scan facilitate high signal from the thin film material and eliminates signal from the substrate material.                 

In this study GI XRD scans were performed at incidence angles of 0.3°–0.5°. 

RESULTS AND DISCUSSIONS 

ALD is a film deposition technique based on sequential use of self-terminating gas-solid precursors and requires a 

minimum number of deposition cycles to achieve the desired oxide film thickness. Cross sectional SEM/FIB image of the 

HfO2/ Si interface is shown in “Figure 1”. A clean interface between silicon and HfO2 can be seen from the 

microphotograph. However there appears to be monolayer in between the HfO2 and Si, its composition cannot be predicted 

on the basis of only SEM characterization. It is seen and verified by many authors [13, 14] that there is formation of 
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interfacial layer during ALD deposition of HfO2, presumably formed by chemical interaction between ALD deposited 

HfO2 and the Si Substrate [15]. 

 

Figure 1: Cross-Sectional SEM/FIB Image of HfO2/ Si Interface 

Silicon wafer surface preparation plays an important role during initial phase of the film deposition.                            

In view of this, various surface treatments have been attempted to investigate its role on the ALD process and electrical 

behaviour of the deposited film. In this sequence, various pre deposition annealing of the Si wafer have been performed to 

prepare the surface for ALD deposition. We first examined the effect of different pre-deposition annealing treatments for 

the HfO2 oxide film having physical thickness in the range of 7-20 nm. Three different pre-annealing temperatures 150°C, 

350°C and 500°C and two different post annealing temperatures 350°C and 500°C have been used in the experimental 

study. To analyze the effect of different annealing temperatures, the deposition temperature of 300°C was kept constant 

and the leakage current was measured with positive and negative bias voltages. Three positive bias voltages i.e. 0.5, 1.0, 

1.5V and three negative bias voltages i.e. -0.5, -1.0 and -1.5V have been used to measure the current.  

-50 0 50 100 150 200 250 300 350 400
-7

-6

-5

-4

-3

-2

-1

0

N
annealing

Die size: 40 X50 µm2

L
e

a
ka

g
e

 C
u

rr
e

n
t [

p
A

]

Pre Annealing Temp[[[[ 
OC]]]]

 Bias Voltage = -0.5V
 Bias Voltage = -1.0V
 Bias Voltage = -1.5V

Deposition Temperature: 300 OC
Post Annealing Temperature: 350 OC

   
0 100 200 300 400 500

-6

-5

-4

-3

-2

-1

0

1

Die size: 40 X50 µ m2

Le
a

ka
ge

 C
u

rr
en

t [
p

A
]

P re Annealing Tem p[  oC]

 B ias V oltage = -0.5V
 Bias V oltage = -1.0V
 Bias V oltage = -1.5V

Post Annealing Temperature: 500 OC
Deposition Temperature: 300 OC

annealing
N  
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Figure 2: Comparison in Negative Voltage Bias Region of No Annealing with Pre-Deposition Annealing (a) at 150°C 
and 350°C (Post Deposition Anneal at 350°C) (b) at 150 °C and 500 °C (Post Deposition Anneal at 500°C) 
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Figure 3: Comparison in Positive Voltage Bias Region of No Annealing with Pre-Deposition Annealing (a) at 150°C 
and 350°C (Post Deposition Anneal at 350°C) (b) at 150 °C and 500 °C (Post Deposition Anneal at 500°C) 
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It is apparent from “Figure 2” and “Figure 3” that pre deposition annealing decreases the leakage current of gate 

stack significantly. Pre annealing in nitrogen ambient activates the wafer surface that seemingly reduces the nucleation at 

initial stages of ALD deposition [13, 14, 16, 17]. Probably this is one of the reasons behind improved leakage behaviour of 

pre annealed wafers. Leakage current behaviour also improves with the increase in pre annealing temperatures from                 

150°C to 350°C and then to 500°C [18]. XRR analysis shows that improvement in the leakage behaviour is not on the 

account of thickening of interface layer. It further supports our assumption of nucleation formation at initial deposition 

stage. Apparently with increase in the temperature of pre wafer treatment, time to nucleation and island formation 

decreases which contributes to the improvement of leakage current behaviour. 
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Figure 4: X-Ray Diffraction Patterns of HfO2 Thin Film for Various Process Treatments 

“Figure 4” shows GI XRD patterns for different process treatments. It is apparent from the graph that pre and post 

annealing at 350˚C does not affect the crystalline state of the deposited HfO2 thin film and the films are amorphous. 

Whereas for the thin film oxides which were subject to post deposition anneal at relatively higher temperature of 500°C 

started to be crystalline. State of the film was found to be monoclinic after post deposition anneal at 500°C. It can also be 

concluded from the XRD pattern that pre deposition anneal of wafer does not have any significant effect on the crystalline 

state of the deposited oxide. Some of the samples were post annealed in nitrogen ambient for 1 hour. The effect of post 

deposition annealing temperatures (350°C, 450 and 500°C) on the leakage behaviour is shown in “Figure 5”.                        

No pre deposition annealing was carried out in this case. It can be seen from the “Figure 5” that leakage current decreases 

with the increase in the post deposition annealing temperature. The leakage current of the HfO2 oxide film, post annealed at 

500°C, is lower in comparison to the oxide films post annealed at 350°C and 450°C. 
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Figure 5: Comparison of Different Post Deposition Annealing at 350, 450 and 500°C  
(a) Negative Voltage Bias (b) Positive Voltage Bias 
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(a)                                                                              (b) 

Figure 6: Comparison of Measured Leakage Currents for 7nm HfO2 Layer, for a MOS 
Capacitor of 40x50µm2 (a) Negative Voltage Bias (b) Positive Voltage Bias 

“Figure 6” show the plot of leakage current as a function of voltage measured for different processing conditions. 

For positive bias voltages, leakage current measurement was carried out in the range of 0 to 4V and for negative bias,               

0 to- 4V were applied. The sample for which pre and post deposition annealing at 500˚C were carried out seems to be the 

most consistent as far as leakage behavior is concerned. 

This can be explained on the basis of experimental findings on activation of surface for ALD reactants by pre 

deposition annealing, rearrangement and repair of dangling bonds, change in crystalline state and formation of interfacial 

layer induced by the post deposition annealing [19, 20, 21, 22]. In our case, probably, pre deposition annealing at 500 °C is 

responsible for the activation of the wafer surface for ALD precursors. This probably resulted in reduced nucleation time 

and there is very little formation, or even no formation of island structures at initial stages. During the post deposition 

annealing at 500 °C, rearrangement and repairing of the dangling bonds take place also film start crystallizing that 

contributes to the improved film quality and the leakage current behaviour for oxide film subject to pre and post annealed 

at 500˚C.  

CONCLUSIONS 

HfO2 thin oxides were grown on a pre-conditioned p-Si (100) substrate using TEMAHf as Hafnium precursor and 

H2O as oxidant. A number of experiments were carried out to optimize the process parameters for the deposition of HfO2 

having good electrical behaviour. All the films were deposited at 300˚C. To pre-condition the Si substrate, different                

pre-annealing (150 °C to 500 °C) temperatures were tried after RCA cleaning of Si substrate and just before the oxide 

deposition. Different post annealing temperatures in the range of 300°C to 500°C were also tried. It is found that the oxide 

for which pre and post annealing at 500°C were tried exhibit excellent leakage current behaviour.  
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