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Comparison of gate dielectric plasma damage from plasma-enhanced atomic
layer deposited and magnetron sputtered TiN metal gates

Christopher J. Brennan,? Christopher M. Neumann,” and Steven A. Vitale®
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02420, USA

(Received 13 April 2015; accepted 16 July 2015; published online 29 July 2015)

Fully depleted silicon-on-insulator transistors were fabricated using two different metal gate
deposition mechanisms to compare plasma damage effects on gate oxide quality. Devices
fabricated with both plasma-enhanced atomic-layer-deposited (PE-ALD) TiN gates and magnetron
plasma sputtered TiN gates showed very good electrostatics and short-channel characteristics.
However, the gate oxide quality was markedly better for PE-ALD TiN. A significant reduction in
interface state density was inferred from capacitance-voltage measurements as well as a 1200x
reduction in gate leakage current. A high-power magnetron plasma source produces a much higher
energetic ion and vacuum ultra-violet (VUV) photon flux to the wafer compared to a low-power
inductively coupled PE-ALD source. The ion and VUV photons produce defect states in the bulk
of the gate oxide as well as at the oxide-silicon interface, causing higher leakage and potential reli-
ability degradation. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927517]

I. INTRODUCTION

Metal gate materials have now replaced polysilicon
gates for advanced silicon CMOS fabrication of both planar
silicon MOSFETs and FinFETs. However, plasma processes
employed for metal gate deposition can cause significantly
more damage to the gate dielectric material than with tradi-
tional chemical vapor deposition (CVD) polysilicon gates,
resulting in reduced device performance and reliability.
Titanium nitride (TiN) is used for metal gates because of its
thermal stability and compatibility with gate dielectric mate-
rials. Additionally, the workfunction of TiN can be tuned
across a wide range enabling high-workfunction TiN for low
threshold voltage (V,), high performance pMOSFETs,"?
low-workfunction alloys of TiN for low Vi, high perform-
ance nMOSFETsS, or mid-gap TiN metal gates for undoped-
body fully depleted silicon-on-insulator (FDSOI) transistors
for subthreshold, ultra-low power operation.>*

TiN is frequently deposited by plasma sputtering though
atomic layer deposition (ALD) is now sometimes employed,
particularly in replacement gate processing. Processes for
depositing TiN thin films by thermal ALD>"? or plasma-
enhanced ALD (PE-ALD)*!'%%25 have been presented in
other work, summarized in two excellent ALD review
articles by Profijt*® and by Miikkulainen.?” The current paper
compares gate dielectric quality, including interface trap for-
mation and gate leakage, of devices fabricated with tradi-
tional plasma sputtered TiN and PE-ALD TiN. The
organization of the paper is as follows. First, physical char-
acteristics of the two films such as resistivity, composition,
and morphology are compared. Second, the gate dielectric
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quality is examined by measurements on MOS capacitors.
Finally, electrostatic performance of long- and short-channel
FDSOI transistors are presented.

Il. EXPERIMENTAL

An Oxford Instruments OpAL system was used for
PE-ALD using tetrakis(dimethylamido)titanium (TDMAT)
and an H,/N, plasma mixture as precursors. The plasma and
N, purge times were 10s and 2 s, respectively. TDMAT was
heated to 50 °C and bubbled with 200 sccm Ar. The plasma
was generated by applying 300 W of 13.56 MHz RF power
to an inductive coil surrounding a sapphire tube. The plasma
gas flow rates were 40 sccm N, and 10 sccm H,. Plasma
magnetron sputtered TiN films were deposited at 300°C
using an Electrotech Sigma system, operating with 6 kW RF
power, in pure N, gas using a Ti target. Blanket films were
deposited on 100 nm thermally grown SiO, on 200 mm sili-
con wafers.

Accurate thickness measurement of the thin TiN film
requires careful consideration. A Kramers-Kronig consist-
ent optical model for the TiN was extracted from measure-
ments made by a Wollam spectroscopic ellipsometer. The
model was input to a KLA UV1280 ellipsometer, which
was used to measure 49 points across each sample. The
ellipsometric thickness measurements showed excellent
correlation with transmission electron microscopy (TEM)
measurements performed on several samples. Based on the
TEM measurements, a small thickness offset correction
was applied to the ellipsometer data. The TEM-corrected
ellipsometer measurements were compared to measure-
ments performed using an Oxford X-Strata 980 x-ray fluo-
rescence (XRF) system, which measures the total Ti
content of the film. The correlation between the two meas-
urements was excellent, suggesting that the film thickness
measurements are accurate. TiN sheet resistance measure-
ments were performed using a 4-point probe, and the

© 2015 AIP Publishing LLC
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resistivity was calculated using the thickness measured by
ellipsometry.

1 mm? capacitors were fabricated on 200 mm p-type sili-
con wafers with 3.5 nm thermally grown SiO, as the gate ox-
ide. The capacitor top electrode is formed from 20nm TiN
capped with 120 nm of phosphorous-doped polysilicon. Ultra-
low power FDSOI transistors were fabricated as described in
detail elsewhere." The transistor gate stack is the same as on
the capacitors. Transistors of multiple dimensions were fabri-
cated and measured, but results reported in this work are lim-
ited to devices with W =2 um and L = 90-300 nm.

lll. RESULTS AND DISCUSSION
A. TiN film comparison

The sputtered TiN film properties show little variation
across various process parameters. TOF-SIMS analysis
shows a film composition of 49% N and 51% Ti, with oxy-
gen concentration in the bulk of the film below detection
limits. Sputtered TiN resistivity is 0.13 mQ cm. The films
are largely amorphous, with an evidence of some weakly co-
lumnar grain structure. Grain sizes are on the order of
5-10nm (see Fig. 3).

Characterization of the PE-ALD films is more involved,
as the material properties are expected to be sensitive func-
tions of deposition process variables. To match the sputtered
film properties as closely as possible, the effects of TDMAT
dose time and deposition temperature were investigated.

(@) (b)
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Figs. 1(a) and 1(b) show the effect of varying the TDMAT
dose and the number of cycles, respectively, on the TiN
thickness. At lower temperatures, the TiN thickness
increases modestly with increasing TDMAT dose time, but
at higher temperature the thickness increases rapidly with
TDMAT dose. Non-saturating behavior indicates that some
CVD-like growth is occurring in parallel with the ALD reac-
tion mechanism, as is common for organometallic precursors
such as TDMAT.*?” CVD-like growth occurs when the pre-
cursor thermally decomposes on the wafer surface rather
than chemisorbing to the surface or, more properly stated,
when the precursor decomposes on a faster timescale than an
ALD deposition cycle. The rate constant of TDMAT decom-
position®® increases rapidly above 270°C,?® consistent with
the growth curves in Fig. 1(a) where the 200 °C and 250 °C
cases nearly saturate but the 300 °C case does not. Fig. 1(b)
confirms that TiN thickness increases linearly with the num-
ber of cycles at 200°C and 250 °C, indicative of ALD-like
growth,?” but at 300 °C, the growth-per-cycle increases with
the number of cycles indicating a significant CVD-like
growth component.

Fig. 1(c) shows that resistivity is independent of dose
time for times as short as 0.5 s, indicating that the film stoi-
chiometry is largely independent of dose as should be true of
an ALD process. In Fig. 1(d), the film resistivity decreases as
the thickness increases, reaching a nearly constant value for
thickness above 20 nm. The resistivity is significantly higher
for films deposited at 200 °C and for very thin films.
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TOF-SIMS analysis for PE-ALD TiN deposited at three
different temperatures are shown in Fig. 2, and the atomic
composition in the bulk of the film (several nm from either
interface) is provided in Table I. The Ti, N, and C composi-
tion of films deposited at 200, 250, and 300 °C are quite sim-
ilar. The high resistivity of the 200°C film (Fig. 1(c)) is
attributed to higher oxygen content. An increase in O atom
concentration from 2.5% to 3.5% causes more than 2-fold
increase in TiN resistivity. The bulk film oxygen content
arises due to competing surface reactions between O and N
during TiN film growth. As the temperature decreases, the Ti
+ N reaction rate decreases faster than the Ti + O reaction
rate, resulting in a more oxygen incorporation. Though oxy-
gen is not intentionally introduced into the process, it is pres-
ent in low concentration from residual water on chamber
surfaces and from plasma bombardment of the sapphire
plasma tube.

It is also seen in Fig. 2 that the surface of all three films
is highly oxidized. The thickness of this oxidized layer is
greatest for the lowest temperature film. This explains the

TABLE 1. Elemental composition of TiN films deposited at different
temperatures, in atomic %.

Ti N C (6]
200°C 42.6 48.3 5.5 3.5
250°C 41.7 50.3 53 2.5
300°C 429 49.1 5.4 2.4

high resistance values of the very thin films in Fig. 1(d), as
these films are substantially TiON. Surface oxidation occurs
after film exposure to the environment and occurs at a faster
rate in low temperature films due to their lower density.>"!!

The resistivity data were fit to a bilayer stack model of a
thin high resistivity TiON film on top of a low resistivity
TiN film. The best-fit thickness of TiON is 4.1, 3.2, and
2.7nm and the best-fit bulk TiN resistivity is 2.6, 1.2, and
0.8 mQ cm for the 200, 250, and 300 °C films, respectively.

Fig. 3 shows TEMs for a deposition condition of a 4 s
TDMAT dose with 150 cycles at several temperatures. The
morphology of the PE-ALD TiN film is similar to that of the
sputtered TiN film.

It was not possible to match the composition and resis-
tivity of the sputtered and PE-ALD TiN films exactly, since
no PE-ALD conditions could eliminate the carbon and oxy-
gen content completely. PE-ALD deposition conditions of
4 s TDMAT dose at 300 °C provided the highest Ti content,
lowest O content, and lowest resistivity, thus these condi-
tions were used for fabrication of electrical devices.

B. MOSCAP comparison

MOS capacitors were fabricated to examine the inter-
face quality and to compare gate dielectric damage between
PE-ALD and plasma sputtered TiN. Figs. 4(a) and 4(b)
show representative high-frequency CV measurements of
MOSCAPs fabricated with sputtered and PE-ALD TiN,
respectively. The points represent measurements and the
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FIG. 3. TEMs of the PE-ALD TiN film deposited at 200, 250, and 300 °C,
as well as a plasma sputtered TiN film.

solid lines are a best fit to a quantum-corrected model.*’
The PE-ALD TiN CV measurements are well fit by the
model with a residual error of 0.6%, whereas the plasma
magnetron sputtered TiN CV curve is distorted compared
to the model resulting in a residual error of 4.1%.
Stretching of the C-V curve as seen in Fig. 4(a) is character-
istic of a high density of defect states (Dit).30 The induc-
tively coupled plasma configuration of the PE-ALD system
results in a relatively low ion flux to the wafer surface, and
the ions which do reach the surface are not energetic as
they are largely thermalized by collisions in the space
between the plasma region and the wafer. By contrast, in
the sputtering system, a high power, low pressure magne-
tron plasma is a source of damaging energetic ion and vac-
uum ultra-violet (VUV) photons. These energetic species
damage the underlying gate dielectric, giving rise to the
increased Dj; inferred from Fig. 4(a) compared to the results
from the gentler PE-ALD process shown in Fig. 4(b).

A second indirect measure of charge traps in the gate
dielectric is obtained from hysteresis in CV curve measure-
ments. Hysteresis was measured by sweeping the gate volt-
age from OV to —3V, to +2V, and back to 0V, then
comparing the voltage at which the capacitance is equal to
one-half the maximum value for the forward and reverse
sweeps, as shown in Figure 5(b). Hysteresis arises from traps
in the oxide or at the oxide/Si interface. In the present case,
hysteresis in the CV curve evolves in the counter-clockwise
direction as the gate voltage is swept from positive to nega-
tive and back to positive, consistent with electron injection
from the silicon into defect states in the oxide.>' Median hys-
teresis of sputtered TiN capacitors (—35mV) is twice as
large as that of PE-ALD TiN capacitors (—18 mV), indicat-
ing a higher density of slow traps in the gate dielectric of
devices fabricated with sputtered TiN.

J. Appl. Phys. 118, 045307 (2015)
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FIG. 4. The capacitance-voltage characteristics of 1 x 1 mm? capacitors de-
posited with PVD TiN (a) and ALD TiN (b) showing the measured data
points and a model fit.

Figure 5(c) shows thicker equivalent oxide thickness
(EOT) measured on PE-ALD TiN capacitors (3.71 nm) than
on sputtered TiN capacitors (3.34 nm). The SiO, gate dielec-
tric was grown on all four wafers simultaneously and subse-
quent processing was identical except for the method of TiN
deposition, so the EOT difference must be a result of the TiN
deposition process. The physical SiO, thickness after deposi-
tion was measured by TEM, as shown in Figure 6. For a
300°C TiN deposition, there is no significant difference in
physical SiO, thickness between sputtered and PE-ALD TiN
films. Furthermore, the TEM-measured thickness of both
films is the same as that measured when the TiN is replaced
with a polysilicon gate. In all three of these cases, the mean
physical film thickness is 3.50 = 0.05 nm.

In the case of plasma sputtered TiN, the electrical gate
oxide thickness is 0.16 nm smaller than the physical thick-
ness, suggesting that Ti is implanted into the SiO, during the
deposition process, increasing the effective dielectric con-
stant (k) of the film. In the case of PE-ALD TiN, the electri-
cal gate oxide thickness is 0.21 nm greater than the physical
thickness. This is consistent with the presence of a thin,
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insulating TiOCN layer formed at the beginning of the PE-
ALD TiN growth process. Assuming an effective k of 15,
the measured additional capacitance corresponds to a
0.85 nm thick TiON film. The SIMS data in Figure 3(c) con-
firm a mixed TiOCN layer at the TiN/SiO, interface. This
layer is approximately 1 nm thick, in rough agreement with
the above prediction from the electrical data, though it
should be noted that it is not practical to quantify the
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FIG. 6. Gate oxide thickness measured by TEM after TiN deposition by

plasma-enhanced ALD and plasma sputtering. Gate oxide thickness after
CVD polysilicon deposition shown for comparison.

capacitors, (a) DC leakage current
measured at 2V below Vg, (b) hyster-
esis between forward and reverse CV
sweeps, (c) extracted equivalent oxide
thickness.

thickness of this layer precisely from SIMS data due to the
knock-on effect.

The normal probability plot of capacitor leakage current
in Figure 5(a) indicates that the PE-ALD capacitors exhibit
1200x lower median leakage current than sputtered TiN
capacitors, both measured at 2V below Vy,. Since the SiO,
thickness as measured by TEM is the same for the PE-ALD
TiN and sputtered TiN capacitors, the lower leakage is not
due to a physically thicker gate oxide. Even if one considers
the uncertainty in the SiO, thickness TEM measurements
and takes the PE-ALD TiN case to be at the upper end of the
thickness range and the sputtered TiN case to be at the lower
end of the range, the SiO, physical thickness difference
would be less than 0.4 nm. This would correspond to a maxi-
mum 30x difference in leakage current based on literature
data.** Instead, the leakage current is primarily due to gate
oxide damage which occurs upon exposure of the film to the
magnetron sputtering environment. Ions and VUV photons
have sufficient energy to break Si-O bonds in the SiO, gate
dielectric, creating dangling bonds which permit significant
leakage through the trap-assisted tunneling mechanism.>
Additionally, Ti incorporation into the gate dielectric during
the gate deposition processes would be detrimental to gate
oxide quality and would result in increased gate leakage.
Limitations in the SIMS data do not allow us to quantify the
difference in Ti profile in the thin gate dielectrics, though
some fraction of the increased leakage observed in the sput-
tered TiN capacitors is likely related to inadvertent Ti
implantation.
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When using the measured leakage current as in indicator
of gate oxide quality, care should be taken to ensure that
appropriate gate voltages are employed. The data reported
above are taken with V, at 2V below the median flat-band
voltage for the two different types of capacitors to account
for the effective work function difference between the two
metals, as opposed to using the same absolute gate voltage
for both types. A second-order correction can be introduced
by considering that the thin TiON layer at the top of the PE-
ALD gate and the thin TIOCN layer at the bottom of the PE-
ALD gate may act as voltage dividers such that the electric
field across the SiO, gate dielectric is lower in the PE-ALD
TiN case. This would unfairly bias the PE-ALD capacitors
toward lower gate leakage. Applying a somewhat worst-case
set of assumptions where the top layer is 2.7 nm thick, the
bottom layer is 1nm thick, and k=15 for both layers, to
achieve the same field across the 3.5 nm SiO, gate oxide the
gate voltage on the PE-ALD TiN capacitors should be 0.4 V
higher (more negative). At this condition, the median meas-
ured leakage current is 715nA/cm?, which is significantly
larger than the 200 nA/cm? reported in Figure 5; however, it
is still far below the 240 ,uA/cm2 measured on the sputtered
TiN capacitors.

C. MOSFET comparison

Figs. 7(a) and 7(b) show drain current versus gate volt-
age curves for MOSFETs fabricated with sputtered and PE-
ALD TiN, respectively. Each transistor has a gate width of
2 um, gate length of 90nm, and applied drain voltages of
V4a=0.05V and V44=0.3 V. Both nMOS and pMOS tran-
sistors display well-behaved characteristics. Based on the
threshold voltages, the effective workfunction of sputtered
TiN is 4.71eV and the effective workfunction of PE-ALD
TiN is 4.56 eV. The difference is due to the carbon and oxy-
gen content in the PE-ALD TiN film.> It may be possible to
use the carbon and oxygen content to tune the TiN workfunc-
tion to achieve multiple threshold voltages, for example, if
suitable process parameters can be identified.

Short channel performance is shown in Figs. 8(a)-8(c)
which present the effect of gate length on subthreshold swing
(S), drain-induced barrier lowering (DIBL), and threshold
voltage roll-off, respectively. The short channel characteris-
tics are nominally quite similar for the PE-ALD TiN and
sputtered TiN transistors. For short gate length, S is slightly
higher (by about 2 mV/decade) for the PE-ALD devices than
for the sputtered devices. This increase can be explained by
the slightly higher EOT of the PE-ALD transistors (see the
Appendix).

For nMOS transistors, DIBL is nearly identical for sput-
tered and PE-ALD devices. For pMOS, it is about 40 mV/V
higher for PE-ALD transistors at short L, again due to the
higher EOT.***3 V, roll-off is well controlled for both sput-
tered and PE-ALD TiN down to the smallest measured gate
length of 90 nm. As noted above, the V, shift between PE-
ALD and sputtered transistors is due to a lower effective
workfunction for PE-ALD TiN.

The transistor data show comparable median perform-
ance with both PE-ALD and sputtered TiN transistors, but

J. Appl. Phys. 118, 045307 (2015)
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the distribution of gate leakage currents shows a significant
difference. Normal probability plots of gate leakage meas-
ured at V=12V (V4=V,=0V) for both nMOS and
pMOS transistors are shown in Figures 9(a) and 9(b). The
distribution of gate leakage current is clearly tighter for the
PE-ALD transistors. The data are separable into “good” tran-
sistors with less than 107> A/cm? gate current, and “bad”
transistors with gate current 3 orders of magnitude higher.
The sputtered TiN gates demonstrate a statistically signifi-
cant higher probability of gate leakage, which is consistent
with some form of gate oxide damage.

Transistors with a larger gate width (Figures 9(c) and
9(d)) still show a significant difference in gate oxide failure
probability between sputtered TiN and PE-ALD TiN gates.
However, the overall number of failed devices is lower than
for smaller gate width devices. The wide devices
(W =2000nm) have a 10 times lower antenna ratio than the
narrow devices (W =200nm), since the area of metal pads
and wiring is the same for all of these test transistors. This
suggests that the gate oxide damage mechanism is sensitive
to antenna ratio, which is characteristic of plasma induced
damage.
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FIG. 8. The dependence of the sub-
threshold swing (a), drain induced bar-
rier lowering (b), and threshold voltage
(c) on the gate length for sputtered
(PVD) and ALD TiN gates in nMOS
and pMOS transistors.

FIG. 9. Normal probability plots of gate
leakage from nMOS and pMOS transis-
tors, L =120nm, with a gate voltage of
12V. (a) and (b) W =200nm-wide
transistors, (¢) and (d) W =2000nm-
wide transistors.
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IV. SUMMARY AND CONCLUSION

Gate dielectric quality remains critical for advanced
device fabrication, particularly for low power, low leakage
devices. This work compared plasma-induced gate oxide
damage by two different metal gate deposition processes:
magnetron sputtering and PE-ALD. FDSOI transistors fab-
ricated with either gate deposition process showed similar
electrostatic performance, with very good short channel
performance including subthreshold swing, DIBL, and V,
roll-off. However, gate dielectric quality metrics were sig-
nificantly better when PE-ALD TiN was used compared to
plasma sputtered TiN. CV measurements exhibited stretch-
ing of the curves and increased hysteresis with sputtered
TiN compared to PE-ALD TiN, indicative of a higher
density of interface states in the former case. In addition,
gate leakage was 1200x higher for the plasma sputtered
TiN devices, which is consistent with a high density of
defects in the bulk SiO, leading to trap-assisted tunneling.
Finally, transistors fabricated with both methods show
that those fabricated with PE-ALD TiN demonstrate a sig-
nificantly lower gate oxide failure probability. Taken
together, the electrical results suggest that with plasma
sputtered TiN the gate dielectric is damaged by energetic
ions and VUV photons which break Si-O bands and leave
defects states. In addition to higher leakage, these defect
states can lead to device reliability issues and high early
failure rates. By contrast, inductively coupled plasma
PE-ALD produces a much lower energetic ion and VUV
flux at the wafer surface, resulting in markedly less
damage. Instead of damaging the gate oxide, PE-ALD
initially deposits a sub-nm TiOCN film which may serve
as a passivation. This layer does not seem to induce any
undesirable device characteristics except for a very slight
increase in EOT.
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APPENDIX: SUBTHRESHOLD SWING DEPENDENCE
ON OXIDE THICKNESS AND GATE LENGTH

The subthreshold swing (S) of an ideal long-channel
MOSFET is given by

v, kT
— ¢ 2 110,
d(log(la)) ¢

where k is Boltzmann’s constant, T is temperature, and ¢ is
the electronic charge. Several corrections can be applied to
Eq. (Al) to account for effects of finite geometry and the
presence of interface states.

S = (AD)

J. Appl. Phys. 118, 045307 (2015)

Godoy et al.®® derived a correction factor, 1/4, to
account for barrier lowering due to short channel length

L
[Z(V};l‘ - lpSL) + Vd_y]tanhi
A=1-—

L L ’
\/ AV = hsp) (Vi — g, — Vds)smhz 2 Vjs
(A2)

where V,; is the built-in potential between the source-
substrate and drain-substrate junction, g, is the surface
potential of a long-channel MOSFET, V; is the drain-source
voltage, L is the channel length and / is the characteristic
length. For FDSOI MOSFETs, the characteristic length is
given by

[— Esiloxlsi

; (A3)

€ox

where ¢ and &, are the permittivity of silicon and the oxide,
respectively, and t; and t, are the SOI thickness and oxide
thickness, respectively. When V44 < Vy,; — g, 4 can be
approximated as
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FIG. 10. Data (points) and model calculation (solid lines) for subthreshold
swing of PE-ALD and sputtered (PVD) TiN NMOS (a) and PMOS (b)
transistors.
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= : (A4)
- cosh(k)

Balestra et al.®’” derived a correction factor to (A1) for
FDSOI devices to account for finite BOX thickness and the
presence of interface states

o Coxl (CSi + Css2 + COXZ)
CSi(Cssl + Coxl) + (CSSZ + C()A'Z)(Coxl + Cssl + CSi) ’
(AS)

C71

where Coxl = gox/tox’ Cox2 - 8ox/tboxa CSi = SSi/tSi’ Css] = qNssl,
and Cgp = qNge. Ngg; and Ny, are the interface state density
at the front and back of the SOI, respectively. Applying these
two correction factors, we now have

v,

1
$ = Blioglln) ~

C —1Inl0.

kT (A6)
q

Equations (A6), (AS), and (A4) can be used to calculate
S as a function of L using only the thickness and permittivity
of the materials stack, as well as the front and back interface
state density. For the devices fabricated in this work,
thox = 145 nm, tg; =35nm, and the measured t,, values of
3.71nm and 3.33nm are used for PE-ALD and sputtered
devices, respectively. The back interface state density is
neglected, and the front interface state density N is calcu-
lated to be 3 x 10"" cm ™2 from a best fit of Eq. (A6) to the
measured data. The model and data are graphed in Fig. 10,
which show that the increase in S with decreasing gate length
and the small increase in S for the ALD devices with thicker
tox compared to PVD devices is well matched to what is pre-
dicted by the model.

K. Tai et al., in Proceedings of the 36th European Solid-State Device
Research Conference (ESSDERC 2006), 19-21 September 2006 (IEEE,
Piscataway, NJ, USA, 2006), p. 121.

K. Tai et al., Jpn. J. Appl. Phys., Part 1 47, 2345 (2008).

3S. A. Vitale, P. W. Wryatt, N. Checka, J. Kedzierski, and C. L. Keast, Proc.
IEEE 98, 333 (2010).

4S. A. Vitale, J. Kedzierski, P. Healey, P. W. Wyatt, and C. L. Keast, IEEE
Trans. Electron Devices 58, 419 (2011).

5].-H. Yun, E.-S. Choi, C.-M. Jang, and C.-S. Lee, Jpn. J. Appl. Phys., Part
241,L418 (2002).

°p. Wu, J. Lu, P. E. Hellstrom, M. Ostling, and S. L. Zhang, Electrochem.
Solid-State Lett. 7, G228 (2004).

A. Mercha, R. Singanamalla, V. Subramanian, E. Simoen, W. Sansen, G.
Groeseneken, K. De Meyer, and S. Decoutere, AIP Conf. Proc. 922, 33 (2007).
8]. Musschoot, Q. Xie, D. Deduytsche, S. Van den Berghe, R. L. Van

Meirhaeghe, and C. Detavernier, Microelectron. Eng. 86, 72 (2009).

J. Appl. Phys. 118, 045307 (2015)

oT. Hayashida et al., in 15th Silicon Nanoelectronics Workshop, SNW 2010,
13—14 June 2010 (IEEE Computer Society, Honolulu, HI, USA, 2010).

. Greer et al., in 7th Symposium on Atomic Layer Deposition
Applications - 220th ECS Meeting, 10—-12 October 2011 (Electrochemical
Society, Inc., Boston, MA, USA, 2011), p. 263.

""H. Van Bui, A. W. Groenland, A. A. I. Aarnink, R. A. M. Wolters, J.
Schmitz, and A. Y. Kovalgin, J. Electrochem. Soc. 158, H214 (2011).

'2H. Van Bui, A. Y. Kovalgin, and R. A. M. Wolters, ECS J. Solid State Sci.
Technol. 1, P285 (2012).

3Y -T. Chen, C.-T. Lin, W.-T. Chiang, M.-S. Lin, C.-W. Yang, J.-C. Ke,
and S.-J. Chang, IEEE Electron Device Lett. 35, 306 (2014).

'y, Y. Kim, Y. Kim, and H. Jeon, Jpn. J. Appl. Phys., Part 2 42, 1414
(2003).

3J. Y. Kim, S. Seo, D. Y. Kim, H. Jeon, and Y. Kim, J. Vacuum Sci.
Technol. A 22, 8 (2004).

'Y, J. Lee, Mater. Lett. 59, 615 (2005).

YD.-H. Kim, Y. J. Kim, J.-H. Park, and J. H. Kim, Mater. Sci. Eng. C 24,
289 (2004).

18y Y. Kim, D. Y. Kim, H. O. Park, and H. Jeon, J. Electrochem. Soc. 152,
G29 (2005).

9K -E. Elers, J. Winkler, K. Weeks, and S. Marcus, J. Electrochem. Soc.
152, G589 (2005).

205 _H. Kwon, O.-K. Kwon, J.-S. Min, and S.-W. Kang, J. Electrochem.
Soc. 153, G578 (2006).

2'P, Caubet et al., J. Electrochem. Soc. 155, H625 (2008).

22H. C. M. Knoops, L. Baggetto, E. Langereis, M. C. M. Van De Sanden, J.
H. Klootwijk, F. Roozeboom, R. A. H. Niessen, P. H. L. Notten, and W.
M. M. Kessels, J. Electrochem. Soc. 155, G287 (2008).

238, Jeon and S. Park, J. Electrochem. Soc. 157, H930 (2010).

243, Jeon and S. Park, J. Electrochem. Soc. 157, H1101 (2010).

M. Saadaoui et al., IEEE Trans. Compon. Packag. Manuf. Technol. 1,
1728 (2011).

SH. B. Profijt, S. E. Potts, M. C. M. van de Sanden, and W. M. M. Kessels,
J. Vacuum Sci. Technol. A 29, 050801 (2011).

27y, Miikkulainen, M. Leskela, M. Ritala, and R. L. Puurunen, J. Appl.
Phys. 113, 021301 (2013).

2E. T. Norton, Jr. and C. C. Amato-Wierda, Surf. Coat. Technol. 148, 251
(2001).

N. Yang, W. K. Henson, J. R. Hauser, and J. J. Wortman, IEEE Trans.
Electron Devices 46, 1464 (1999).

p. K. Schroder, in Defects in Microelectronic Materials and Devices,
edited by D. M. Fleetwood, S. T. Pantelides, and R. D. Schrimpf (CRC
Press, 2008), p. 120.

3Ip. K. Schroder, Semiconductor Material and Device Characterization
(John Wiley & Sons, New York, 1998).

2R N. Cubaynes, V. C. Venezia, C. Van Der Marel, J. H. M. Snijders, J. L.
Everaert, X. Shi, A. Rothschild, and M. Schaekers, Appl. Phys. Lett. 86,
172903 (2005).

BM. Lenski, T. Endoh, and F. Masuoka, J. Appl. Phys. 88, 5238 (2000).

**H. Hang, J. B. Jacobs, L. T. Su, and D. A. Antoniadis, IEEE Trans.
Electron Devices 42, 669 (1995).

BA. Valletta, P. Gaucci, L. Mariucci, A. Pecora, M. Cuscuna, L. Maiolo,
G. Fortunato, and S. D. Brotherton, Appl. Phys. Lett. 95, 033507
(2009).

30A. Godoy, J. A. Lopez-Villanueva, J. A. Jimenez-Tejada, A. Palma, and F.
Gamiz, Solid-State Electron. 45, 391 (2001).

YR, Balestra, M. Benachir, J. Brini, and G. Ghibaudo, IEEE Trans. Electron
Devices 37, 2303 (1990).


http://dx.doi.org/10.1143/JJAP.47.2345
http://dx.doi.org/10.1109/JPROC.2009.2034476
http://dx.doi.org/10.1109/JPROC.2009.2034476
http://dx.doi.org/10.1109/TED.2010.2092779
http://dx.doi.org/10.1109/TED.2010.2092779
http://dx.doi.org/10.1143/JJAP.41.L418
http://dx.doi.org/10.1143/JJAP.41.L418
http://dx.doi.org/10.1149/1.1795612
http://dx.doi.org/10.1149/1.1795612
http://dx.doi.org/10.1063/1.2759631
http://dx.doi.org/10.1016/j.mee.2008.09.036
http://dx.doi.org/10.1149/1.3530090
http://dx.doi.org/10.1149/2.020206jss
http://dx.doi.org/10.1149/2.020206jss
http://dx.doi.org/10.1109/LED.2013.2297341
http://dx.doi.org/10.1143/JJAP.42.L414
http://dx.doi.org/10.1116/1.1624285
http://dx.doi.org/10.1116/1.1624285
http://dx.doi.org/10.1016/j.matlet.2004.09.030
http://dx.doi.org/10.1016/j.msec.2003.09.062
http://dx.doi.org/10.1149/1.1825913
http://dx.doi.org/10.1149/1.1938108
http://dx.doi.org/10.1149/1.2193335
http://dx.doi.org/10.1149/1.2193335
http://dx.doi.org/10.1149/1.2940306
http://dx.doi.org/10.1149/1.2988651
http://dx.doi.org/10.1149/1.3459932
http://dx.doi.org/10.1149/1.3496032
http://dx.doi.org/10.1109/TCPMT.2011.2167969
http://dx.doi.org/10.1116/1.3609974
http://dx.doi.org/10.1063/1.4757907
http://dx.doi.org/10.1063/1.4757907
http://dx.doi.org/10.1016/S0257-8972(01)01344-5
http://dx.doi.org/10.1109/16.772492
http://dx.doi.org/10.1109/16.772492
http://dx.doi.org/10.1063/1.1915523
http://dx.doi.org/10.1063/1.1312842
http://dx.doi.org/10.1109/16.372070
http://dx.doi.org/10.1109/16.372070
http://dx.doi.org/10.1063/1.3177196
http://dx.doi.org/10.1016/S0038-1101(01)00060-0
http://dx.doi.org/10.1109/16.62293
http://dx.doi.org/10.1109/16.62293

