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Abstract

Aggressive device scaling -has“led to-thin (i.e., not more than 1.2 nm) silicon
dioxide (SiO,) gate dielectric in state-of-the-art CMOS technologies. As a result, static
leakage power due to direct tunneling through the gate oxide has been increasing at an
exponential rate. As technology roadmaps call for sub-10A gate oxides within the next
five years, a variety of alternative high-k materials are being investigated as possible
replacements for SiO,. The higher dielectric constant in these materials allows the use
of physically thicker films, potentially reducing the tunneling current while maintaining
the gate capacitance needed for scaled device operation.

Hafnium oxide (HfO,) is one of the most potential high-k materials. It has a high
dielectric constant, high barrier height (1.6eV for electrons, and 3.2eV for holes), and

excellent stability. But due to its material properties, the oxygen in HfO, easily reacts



with Si substrate and forms a low k interfacial layer. This has significant effects on
scaling ability and electrical characteristics. In our experiment, we employ high density
plasma (HDP) NH3; and N,O plasma surface pre-treatments on Si substrate to form an
ultra-thin interfacial layer. Our results show that samples with HDP pre-treatment result
in surface damage and the leakage current does not meet device criterion. An oxide
RTA is found to be necessary to repair the damage. Samples with plasma pre-treatment
and RTA anneal depict lower leakage current, smaller hysteresis and frequency
dispersion, and higher breakdown voltage. In addition, NH; pre-treatment also results
in longer time to breakdown, larger charge to breakdown and better characteristics life
time.

We found that the dominant.charge trapping mechanism in the high-k gate stack is
hole trapping rather than electron trapping. This behavior can be well described by the
distributed capture cross section model. In particular, the flatband voltage shift (AVy) is
mainly caused by the trap filling instead of the trap creation. The dominant hole
trapping can be ascribed to a higher probability for hole tunneling from the substrate,
compared to electron tunneling from the gate, due to a shorter tunneling path over the
barrier for holes due to the work function of the TiN gate electrode.

We also found that the traps in HfO, virgin films are “latent”, so leakage current
is essentially independent of temperature. After voltage stress, however, these traps are
activated and the dominant current transport mechanism becomes Frenkel-Poole
emission. If the existing hole traps are filled by proper voltage stress, the leakage is

found to be essentially independent of temperature, similar to that of the virgin sample.
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TABLE CAPTIONS

Table 1-1 2003 International Technology Roadmap for Semiconductors [1].The color
shade means the solution known and unknown for physical limit.
Table 1-2 Material properties of HfO,, ZrO,, and Al,O:s.

Table 1-3 Comparison of state-of-the-art high-k dielectrics

Table 1-4 Comparison of Deposition Techniques: Sputtering, ALD, MOCVD, and
MBE.

Table 2-1 Hysteresis comparison of different annealing temperature with N,O/NH3
plasma pre-treatment by oxide RTA and.spike RTA.

Table 2-2 Hysteresis comparison of different-annealing temperature with N,O/NH;

plasma pre-treatment by oxide RTA and spike RTA.



FIGURE CAPTIONS

Chapter 1
Fig. 1-1 The equivalent oxide thickness versus generation nodes for (a) microprocessor,

and (b) low power.

Fig. 1-2 Energy gap versus dielectric constant for SiO,, SizNy, ZrO,, HfO,,ZrSiO4, and
HfSiO4
Fig. 1-3 Band alignments of topical high-k dielectrics [33]

Chapter 2
Fig. 2-1 A diagram of typical MOCVD system structure.

Fig. 2-2 The cross-section views of capacitor,show LOCOS structure process flow.

Fig. 2-3 The (a) C-V and (b) I-V.eurvesof N2O pre-treatment with different N, RTA
temperature.

Fig. 2-4 The (a) C-V and (b) I-V curvesof N;O pre-treatment with different N spike
RTA temperature.

Fig. 2-5 The (a) C-V and (b) I-V curves of NH; pre-treatment with different N, RTA

temperature.

Fig. 2-6 The (a) C-V and (b) I-V curves of NH3 pre-treatment with different N, RTA

spike temperature.

Fig. 2-7 The (a) C-V and (b) I-V curves of 900°C N annealing with N,O/NHj3 plasma
pre-treatment by oxide RTA and spike RTA.

Fig. 2-8 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L. Sweep range is



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

(+1.5V, -1V) form inversion to accumulation.

2-9 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L.Sweep range is

(+1.5V, -2V) form inversion to accumulation.

2-10 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L. Sweep range

is (+1.5V, -1V) form accumulation to inversion.

2-11 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L. Sweep range

is (+1.5V, -1V) form accumulation to inversion.

2-12 The C-V curve with different frequency sweep and the equation shows the

definition of frequency dispersion percentage.

2-13 The (a) C-V curve and-(b).Zoom in figure of (a) with RTO I.L. Sweep range
is (+0.5V, -0.5V) for one cycle-sweep-(first-from inversion to accumulation
and then from accumulation te.inversion).

2-14 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L. Inversion
sweep range is increasing form 0.5 V to 2V with a step of 0.5.

2-15 The (a) C-V curve and (b) Zoom in figure of (a) with RTO I.L. Accumulation

sweep range is increasing form -0.5 V to -2V with a step of 0.5.

2-16 (a) The zoom in plot of the hysteresis of C-V curve with fixed inversion.

voltage and various accumulation. (b) shows the relationship between

flatband shift and accumulation voltage.

2-17 The HRTEM image shows the as-deposited sample.

2-18 The HRTEM image shows the sample with NH3 pre-treatment and oxide RTA
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N, 900°C annealing.

Fig. 2-19 The HRTEM image shows the sample with NH; pre-treatment and oxide RTA
N, 950°C annealing.

Fig. 2-20 The HRTEM image shows the sample with NH; pre-treatment and oxide RTA

N, 1000°C annealing.

Chapter 3

Fig. 3-1 (a) The J-V characteristics with different I.L. treatment method (RTO, N0,
NH,) at same post-treatment annealing (900°C).

Fig. 3-1 (b) The Weibull plot shows the gate current densities at Vg= -1V with
different I.L. treatment ‘method(RTO;"N,Q, NHj3) at same post-treatment
annealing (900°C).

Fig. 3-2 (a) The TEM image of the HfO, with RTO I.L.

Fig. 3-2 (b) The HRTEM image of the HfO, with N,O pre-treatment and 900°C N,
RTA annealing.

Fig. 3-2 (c) The HRTEM image of the HfO, with NH3 pre-treatment and 900°C N,
RTA annealing.

Fig. 3-3 The Weibull plot shows the effective breakdown field with different I.L.

treatment method (RTO, N,O, NHs) at same post-treatment annealing (900°C).
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-4 (a) The Weibull plot shows the time to breakdown under three constant stresses
voltages with N,O pre-treatment followed by 900°C post-nitridation
annealing.

3-4 (b) The Weibull plot shows the time to breakdown under three constant stresses
voltages with NH; pre-treatment followed by 900°C post-nitridation annealing.

3-4 (c) The Weibull plot shows the time to breakdown under three constant stresses
voltages with RTO interfacial layer.

3-5 The Weibull plot shows the time to breakdown under -4.6V stresses voltage
with different I.L. treatment method (RTO, N,O, NH3) at same post- treatment
same post- treatment afinealing (900°C).

3-6 The Weibull plot shows the charges to breakdown under -4.8V stress voltage
with different I.L. treatment method (RTO, N2O, NH3).

3-7 (a) C-V curves and (b) G-V curves measured at 100 kHz with increasing stress
time as a parameter. The stress voltage (V) was— 3.5 V. The curve labeled
t = 0 s corresponds to the data before stressing.

3-7 (c) 1-V curves measured with increasing stress time. The stress voltage (Vg)
was — 3.5 V. The curve labeled t = 0 s corresponds to the data before stressing.

3-8 Flatband voltage shift v.s. time for RTO I.L. under different constant voltage

stress (CVS). Symbols are experimental data, and solid lines are fitting curves.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-9 Energy diagram of HfO,/SiO; gate stack capacitor with mid-gap TiN metal

gate electrode under constant voltage stress (Vg = —4.2V).

3-10 Gate current density as a function of injection charge density for various

voltages.

3-11 Flat band voltage shift v.s. injection charge for RTO I.L. under different

Constant voltage stress (CVS).

3-12 Injection charge v.s. Time for RTO I.L. under different Constant voltage

stress (CVS).

3-13 Trapped charge v.s. time for RTO I.L.‘under different constant voltage (CVS).

3-14 Trapped charge v.s. injection chargefor RTO I.L. under different constant

voltage stress (CVS).

3-15 Trapping efficiency v.s. Injection Charge for RTO I.L. under different

constant voltage stress (CVS).

3-16 (a) Flat band voltage versus stress time under positive constant voltage stress,

and (b) Flat band voltage shift versus stress time under dynamic stressing with

stress and passivation duration both 1000 sec.

3-17 (a) The J-V curves measurement under various temperatures from 25°C to

150°C before stress and (b) is after -4.0V 600s stress.

3-18 (a) In (J/E) v.s. 1000/T under different HfO,/ SiOy stack voltage, and the
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symbols are experiment data and the solid line are fit curve. (b) Z v.s. E¥?,
Z is the slopes of the curves of (a) and solid curve is fitting line.

Fig. 3-19 Energy band diagram of HfO,/SiOy stack to illustrate the conduction
mechanism of Frankel-Poole emission.

Fig. 3-20 The I-V curves measurement under various temperatures from 25°C to 150°C

after -4.0V 2300s stress.
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