
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 6 5 AUGUST 2002

Down
HfO2 gate dielectric with 0.5 nm equivalent oxide thickness
H. Harris, K. Choi, N. Mehta, A. Chandolu, N. Biswas, G. Kipshidze, S. Nikishin,
S. Gangopadhyay,a) and H. Temkin
NanoTech Center, Texas Tech University, Lubbock, Texas 79409

~Received 24 January 2002; accepted for publication 24 May 2002!

Hafnium dioxide films have been deposited using reactive electron beam evaporation in oxygen on
hydrogenated Si~100! surfaces. The capacitance–voltage curves of as-deposited metal~Ti!–
insulator–semiconductor structures exhibited large hysteresis and frequency dispersion. With
post-deposition annealing in hydrogen at 300 °C, the frequency dispersion decreased to less than
1%/decade, while the hysteresis was reduced to 20 mV at flatband. An equivalent oxide thickness
of 0.5 nm was achieved for HfO2 thickness of 3.0 nm. We attribute this result to a combination of
pristine hydrogen saturated silicon surfaces, room temperature dielectric deposition, and low
temperature hydrogen annealing. ©2002 American Institute of Physics.
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Considerable effort is being exerted to find a high diel
tric constant replacement for SiO2 in complementary metal–
oxide–semiconductor~CMOS! devices. Hafnium and zirco
nium oxides are the leading candidates,1 and viable devices
have been fabricated using sputtering,2,3 metal organic
chemical vapor deposition,4,5 and atomic layer chemical va
por deposition.6 Equivalent oxide thickness as low as 1.0 n
has been reported.2 However, the presence of SiOx interlayer
decreases the effective dielectric constant of the gate s
and limits the equivalent oxide thickness.

Preparation of hafnium dioxide by electron beam~e-
beam! evaporation has been studied for optical coatings
the near-UV.7 Lehanet al.,8 showed that the refractive inde
and homogeneity were strongly dependent on the pa
pressure of O2 during deposition, in agreement wit
Baumeister and Arnon.7 However, our survey of literature
found no work done on e-beam evaporated hafnium diox
for thin film transistor gate materials. We show here tha
combination of silicon cleaning, low temperature hafniu
dioxide e-beam evaporation in O2, and post-deposition an
nealing in hydrogen, results in metal–insulato
semiconductor~MIS! structures that exhibit drastically re
duced frequency dispersion and hysteresis.

Before deposition of the hafnium dioxide,p-type ~100!
silicon with a resistivity of 10V cm was etched using
modified Shiraki9 process. This cleaning method consists
the growth of a thick silicon dioxide, followed by sever
iterations of etching and thin silicon dioxide growth. The la
step consists of etching with 10%–20% HF in ethyl alcoh
followed by drying the wafer with compressed nitroge
There is no final deionized water rinse. This method p
duces an atomically flat, hydrogen-passivated surface.
believe the final HF/ethyl alcohol rinse results in more co
plete hydrogen passivation of Si surface, compared to s
dard HF-water rinse, by preventing the formation of Si
species that promote oxide growth upon exposure to air.10

The stability of the hydrogen passivated Si~100! surface
is well known.11,12 Before deposition, the passivated surfa
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displayed Si~100! (131) surface reconstruction with shar
diffraction spots at 29 V in low energy electron diffractio
~LEED! measurements, indicating a well-passivated hyd
gen surface characterized by predominately dihydr
domains.13 The dissociation temperature of hydrogen from
passivated silicon surface was verified, in a separate exp
ment, by a mass spectrometer and reflection high ene
electron diffraction~RHEED! measurements. Dissociation
denoted by a sharp increase in the hydrogen peak, occu
between 640 and 670 °C, in agreement with results
RHEED measurements.14 After reducing to room tempera
ture, in-situ LEED measurements showed a sharp Si~100!
(231)(132) surface reconstruction at 27 V, confirming th
presence of an atomically clean, smooth surface.

Si wafers with hydrogen-passivated surfaces were in
duced into an e-gun evaporator without any additional p
cessing and hafnium dioxide pellets with;1%–2% zirco-
nium were evaporated from a carbon crucible. All samp
were deposited with an O2 partial pressure of 5
31025 Torr, with the oxygen injector close to the substra
surface. After deposition, thickness was measured us
x-ray reflectivity, and then the sample was moved,ex situ, to
a high-vacuum (1027 Torr) annealing chamber. The sampl
were annealed at 300 °C for 45 min in an H2 pressure of 1.5
Torr ~H2 pressure was maintained during temperature ra
up and cool down!. Thickness of oxide was then measur
again, and titanium dots (d56460.3mm) were deposited
on oxide surface through a shadow mask. Capacitan
voltage (C–V) profiles were measured at the frequenc
from 10 kHz to 1 MHz.

The as-deposited films exhibited large counterclockw
hysteresis,.300 mV at flatband~not shown!. Since our pro-
cess is intrinsically very clean, as indicated by low volta
LEED measurements of the Si~100! surface, the presence o
the usual mobile charges such as sodium and lithium is
expected to contribute to the hysteresis. Thus, trap
charges at defect sites are directly associated with the
teresis for the unannealed films.15 Figure 1 shows theI –V
data for the two samples. The decrease in leakage curre
drastic, changing from 1.3 A/cm2 in as-deposited sample to
mA/cm2 in annealed sample, at flatband. Thus charge in
il:
5 © 2002 American Institute of Physics
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tion, resulting in large leakage current, is the main contri
tor to hysteresis for the as-deposited samples. The hyste
was greatly reduced in annealed samples to as little as 20
at VFB521.33 V. Upon annealing, sites that harbor trapp
charges are apparently passivated, reducing the leakage
rent.

Figure 2~a! shows theC–V curves of the annealed 5.
nm sample at 40 kHz, 100 kHz, and 1 MHz in the forwa
~22 to 0 V! direction. The frequency dispersion is significa
for unannealed hafnium dioxide. In fact, due to the leaka
current described earlier, low frequency data was not acc

FIG. 1. Current density of annealed and unannealed 5 nm HfO2 film.

FIG. 2. Frequency dispersion of~a! the annealed 5 nm HfO2 film and~b! the
annealed and unannealed 32 nm HfO2 film.
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able for analysis, and thus the data is not presented. Fi
2~b! shows the hysteresis of both the annealed and un
nealed 32 nm sample prepared to reduce the leakage eff
In this thick sample, the unannealedC–V curves have sig-
nificant frequency dispersion throughout depletion, aris
from interface defects. The variations in majority carrier ca
ture and emission at these interface states with the s
signal changes~;4 mV! results in frequency dispersion
most notably in the depletion region. The presence of f
quency dispersion in the as-deposited sample suggests
the initial hydrogen passivated surface has been dissoci
during deposition since frequency dependant interface st
are related to interfacial defects of silicon.

Hydrogen annealing is known to passivate interfa
states in SiO2 .16 This appears to be the case in HfO2 as well,
as indicated by reduced frequency dispersion. Dispers
was 0.0125%/decade for the 32 nm sample, and 0.0
decade for the 5.0 nm sample, much less than the recogn
requirement of 1%/decade.17 The separation of the curve
with frequency at weak inversion in the 5.0 nm annea
sample is noted, and is believed to be due to silicon traps
contribute to band bending. Barring the increase in cap
tance due to leakage, the unannealed and annealed
show similar total capacitance at accumulation, further in
cation that there is little change in the dielectric const
upon annealing.

Hydrogen anneal of silicon dioxide is reported to i
crease the positive fixed charge density.18 However, as can be
seen for the 10 kHzC–V curves for the 32 nm sample, ther
is no shift in the flatband voltage after annealing, and thus
increase in the fixed charge. For several samples with lo
thicknesses, the flatband voltage is slightly shifted towa
zero, suggesting a small reduction in oxide fixed charg
Figure 3 shows the flatband voltage as a function of
inverse capacitance for the thinner hydrogen annea
samples. The fit to the data can be described by
equation19

VFB5fms6
Qf

Cins
, ~1!

FIG. 3. Flatband voltage as a function of inverse insulator capacitance
sity for annealed HfO2 . Error bars are computed from the error in the lea
squares fit of theC–V curve to the theoreticalC–V curve with quantum
mechanical correction.
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wherefms is the metal-semiconductor work function diffe
ence, andQf andCins are the charge density and capacitan
density, respectively. From the fit of the annealed sam
data of Fig. 3, the value offms is 20.9860.1 eV, while the
slope reveals a fixed charge density of;1012 cm22. The
extrapolated value offms is slightly higher in magnitude
than the theoretical value of20.62 eV, and has been ex
plained by Hickmott,20 and later Houssa,19 as due to a dipole
layer that forms at the metal–insulator interface.

Several groups have reported on the post-deposition
nealing of HfO2 sputtered in oxygen. Anneals were do
either in oxygen or in inert gas. This produces low interfa
state density, but drastically decreases the gate stack di
tric constant. Annealing in hydrogen gas at reduced temp
tures reduces formation of the interfacial oxide with t
added benefit of interface and bulk passivation. Term
analysis21,22 yields an interface density of states,D it , of 6.0
31011 cm22 eV21 for the annealed 32 nm sample, reduc
from a value of 6.531012 cm22 eV21 for the unannealed
sample. Detailed analysis of conductance and capacita
measurements will be presented elsewhere.23

Using quantum mechanical correction24 for leakage in
the thinner samples, the equivalent oxide thickness~EOT!
for the annealed samples was calculated, as seen in Fi
The linearity in EOT versusTHfO2

shows the independenc
of the process sequence on film thickness. A gate stack
electric constant of 18 is found for the samples in this stu
From the slope of the linear fit to the data, the dielect
constant of the bulk dielectric was found to be 21.560.5.
Furthermore, they-axis intercept value, associated with th
thickness of an interface layer, is 0.04 nm. While this num
is not expected to be a direct measure of the interface ox
it is sufficiently low that it suggests minimal interface lay
formation. Given the low temperature of our process, form
tion of interfacial hafnium silicate is not likely. Direct calcu
lation of an interface of silicon dioxide that results in a ga
stack dielectric change from 21.5 to 18 for the 5.0 nm sam
indicates an interface thickness of;0.05 nm. We thus con

FIG. 4. Equivalent oxide thickness as a function of hafnium dioxide thi
ness in angstroms for annealed HfO2 . Error was computed as in Fig. 3.
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clude that the interface is formed at the onset of e-be
deposition, and the low temperature hydrogen annea
does not affect the interface thickness. The annealing o
passivates interface states. The interface is self-limiting
its thickness is reproducible, independent of hafnium diox
thickness. The most notable data points are the EOT va
of 1.2 and 0.5 nm obtained for the 5.0 and 3.0 nm samp
respectively. To our knowledge, 0.5 nm is the lowest EO
reported for HfO2 in contact with silicon. Furthermore, leak
age current of 0.14 A/cm2 at 21 V compares favorably with
the simulated value of.104 A/cm2 for an actual 0.5 nm
SiO2 MOS structure.25

In conclusion, the combination of hydrogen surface p
sivation of silicon via modified Shiraki clean, hafnium diox
ide deposition using reactive e-beam evaporation, and
temperature hydrogen annealing produced MIS structu
with low frequency dispersion and hysteresis at flatba
EOT was reduced to as low as 0.5 nm. Linear fit to the E
data indicated the dielectric constant of the HfO2 film of
;21, but formation of an interfacial oxide reduces the g
stack dielectric constant to 18.
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