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Engineering chemically abrupt high-  k metal oxide/silicon interfaces using
an oxygen-gettering metal overlayer
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High-k metal oxide gate dielectrics may be required to extend Moore’s law of semiconductor device
density scaling into the future. However, growth of a thin S@ntaining interface layer is almost
unavoidable during the deposition of metal oxide films onto Si substrates. This limits the scaling
benefits of incorporating higk-dielectrics in future transistors. A promising approach, in which
oxygen-gettering metal overlayers are used to engineer the thickness of thbaSKal interface
layer between metal oxide and Si substratier deposition of the metal oxide layer, is reported.
Using a Ti overlayer with high solubility for oxygen on Zy@r HfO, dielectrics, the effective
removal of the lowk interface layer at 300 K has been confirmed by electron microscopy and
spectroscopy techniques. Significant enhancement of the gate capacitance density, while retaining
low leakage current densities, has also been demonstrated for these interface-enginedcgdteigh-
stacks. ©2004 American Institute of PhysiddOIl: 10.1063/1.1776636

I. INTRODUCTION the most promising methods for controlled deposition of ul-
trathin metal oxides onto Si, requires a high density of sur-
There is now intense worldwide scientific and techno-face sites for precursor adsorptif)rExperimentally, it is
logical interest in the topic of metal oxide/semiconductorfound that a Si@-based surface passivation provides an ideal
interfaces and much of it was prompted by the search fofemplate for ALD of highk metal oxides on Si* It is, there-
high permittivity (high-) dielectric materials to replace SiO  fore a common practice to passivate the Si surface with a
as a gate insulator in metal-oxide-semiconductor field effec{7,ery thin SiG, film prior to MO deposition by ALD. The IL,
transistors(MOSFETS. Such a replacement is likely re- \nether intentionally added or formed as a result of MO
quired in order to achieve sufficiently high gate capacitanceyenosition itself, can have a profound effect on the behavior
densities for reliable device operation as MOSFETS argy he MO/IL/Si structure. Because capacitances in series
scaled down to very small lateral dimensiomie lengths 544 i, reciprocal fashion, the dielectric properties of the IL

f<30 nm)_lt_n tTe cotr)‘rlng f);(;ars. I-![!gk—ifelec';r;\js are,, tlheret—h often dominate the characteristics of the entire gate stack,
ore, a critical enabler ot the continuation of Vloores 'aw, they, limiting the scaling benefits of incorporating the high-

steady increase in silicon device areal density that has 9Gayer in the device. For this reason, there is great interest in

. a
F:urred durl_ng the pa;t 30-40 years, and hgs led to enorrnolélseyveloping approaches for reducing the thickness of the IL
increases in computing power and portability.

Selection of a replacement gate insulator with dielectricand’ perhaps, eliminating it entirely. .
In this paper, we report on a method for removing the

constant greater than that of Silks0,=3.9) is complicated Sio.-based IL after d " ¢ Hfoand Z diel
by the fact that very few materials exhibit the desired com- 10,-base after deposition of H{&and ZrQ gate dielec-

bination of high polarizability, large band gap, and excellentrcS On Si substrates, and we describe the resulting MO/Si
thermal stability in contact with SiMost of the recent re- Nterface structures and electrical properties. Our approach
search has focused on a small number of metal oxidednakes use of the thermodynamic properties of reactive met-
HfO,, ZrO,, La,0; etc., and their alloys with Sipand @S which can dissolve large amouiits10 at.% of oxygen
Al,O,. Deposition of a metal oxidéMO) film on a Si sub- without forming a new oxide phase. We show that Ti is a
strate is, however, often accompanied by the growth of a thiguitable metal for this purpose. By depositing thin films of Ti
SiO,-containing interfacial layefiL) that results from oxi- ©0nto a stable MO film which has a high permeability for
dation of the Si surface. The IL forms because the metaPXxygen, the IL between the MO film and Si substrate can be
oxide layer must usually be deposited in an oxygen-rich amaltered and, in some cases, removed. Oxygen ions from the
bient in order to achieve the correct metal-to-oxygen stoichilL diffuse across the continuous HfGand ZrG dielectric
ometry. Furthermore, atomic layer depositi@LD), one of layers and dissolve into the Ti overlayer at temperatures near

300 K. Silicon atoms initially in the IL appear to be reincor-
dAuthor to whom correspondence should be addressed; electronic maiporatEd in the surface of the Si substrate as the,-$#3ed

hsubkim@stanford.edu IL decomposes.
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Il. EXPERIMENT 2.5 T T
VAl Do
Approximately 1.5 nm thick chemical oxid€SiO,) on "‘E 2.08P0nn, A —5— Ptelectrode-
p-type (100Si wafers having 1—1@ cm) resistivity were 9 —a— Al electrode
. L ——Ti electrode
used as substrates. Depositions f3.9 nm ZrGQ and 315 Rpoos X Vg ia(Ti) ]
~3.6 nm HfQ, were performed at 300°C using alternating g T
surface-saturating reactions of metal chlorid@sCl, and § 10 |
HfCl,, respectively and HO in a cold-wall-type, high ‘s '  Vig,a(Pt)
vacuum-base pressure ALD systénEach precursor was s
pulsed for 2 s and Npurging was followed for 30 and 60 s o 05 i
after H,O and HfC}, pulsing, respectively. The base pressure ZrO, (@)

is in mid-16- . 0.0
of the system is in mid-16-Torr range and the process pres 55 20 15 10 .05 00 05 10 15 20

sure was maintained at 0.5 Torr during ALD. Various pro- Gate Bias (V)
cess results, such as linear growth rate, independence of
growth rate on precursor pulse and purging duration, and 25 T Mcasured at 100kHz
near-perfect step coverage on high aspect-ratio structures, VFB,M(AI%‘ HfO, ~ 3.6 nm 1
confirmed that the deposition processes used to synthesize  “g 2.0 —O— Pt electrode-|
ZrO, and HfO, in these experiments were in the true ALD 2 oy AT Ml Slectrade |
regime. As-deposited ALD-HfQfilms were found to be 15 de(Ti) J
amorphous by electron diffraction, whereas the Zfiims 8 N
were polycrystallingwith grain size comparable to the film § 1.0 ¥
thicknes$ and had the tetragonal crystal structure. e |

In making simple MOS capacitors using ALD hidh- 3
films, various sizes of metal electrodés0 nm Pt, 100 nm o 0%
Al, and 50 nm Pt/30 nm TJiwereex situdeposited at room N
temperature by the shadow mask technique usinerla@am 0 5 20 15 10 05 00 05 16 15 20
evaporation system. A thin film of Pt was used to cap the Gate Bias (V)

reactive Ti metal electrodes to prevent its subsequent oxida-

; ; imimi FIG. 1. CV data obtained from Al-, Pt-, and Ti-electrod@yl ZrO, and(b)

tIOI’! on exposure to halr' In ir(.jer tofmmm;:ze the. SampIerOZ highk capacitors omp-type Si substrates after 300°C, 30 min forming
series resistance, the bag Slde_ 0 gac s_peC|men W%ﬁs anneal; measurements taken at 100 kHz frequency and both bias sweep
scratched to remove any native oxide using a diamond scribgrections are shown.

and was coated with 100 nm thick Al film. MOS capaci-

tor samples were studied electrically using CapaC'tanCeéomposition within the metal/dielectric Si stack was charac-
voltage (CV) and current-voltag€lV) analysis both before terized by high-angle annular dark fiHAADF) imaging
and after a 300°C, 4%4A96 % N, forming gas anneal. Such

. and electron energy loss spectroscqBELS) in scanning
low temperature hydrogen anneals are typically performed t? . : .
: . . -~ “Ttransmission electron microscop$TEM). For HAADF im-
reduce the density of interface states in MOS device sion €1eciro E¥TEM). Fo

th h vati f danaling bonds at the S& int saging and EELS, a JEOL 2010F field-emission transmission
rough passivation of dangling bonds at the S inter- . electron microscope equipped with annular dark field detec-

face. The actual sizes of the capacitors were calibrated usi 9's and a Gatan imaging filter was used. The microscope
an optical microscope. The final distribution of the measure as operated in STEM mode, using é probe size of

capacitance values showed less than £5% variation for eacbo 2 nm. The HAADF image was used to position the small
of the samples investigated. These small variations in apaC|actron probe at different locations across the gate stack to

ftance are consistent with shadqv_ving effects which occur durr—ecord the EELS spectra. EELS I0and TiL edges were

ing the metal elgctrode deposition s_tep. cv measuremeqﬁcorded with an energy disperison of 0.3 eV/channel and

were performed in parallel mode using an HP4284A preci- ¢ acquisition time.

sion LCR meter at various frequencigd40, 100, and

800 kH2. The capacitors were swept from inversion to ac-

cumulation and back to check the amount of hysteresis. For

IV measurements, a Keithley 230 programmable voltagell. RESULTS AND DISCUSSIONS

source and a 6512 programmable electrometer were use

Since the Si substrates used in this work were doped wit

low amounts ofp-type impurities, the gate electrode was Comparison of CV plots obtained from Ti/hidtiSi ca-

negatively biased and swept under a gate injection conditiorpacitors to those of Pt/higk/Si and Al highk Si capacitors
Transmission electron microscogfEM) was used to after forming gas annedFig. 1) indicates that the capaci-

study the interface structures in the dielectric stacks aftetance density of the Ti-electrode capacitors was significantly

completion of all electrical measurements. High resolutiorhigher even though all capacitor sets were processed inden-

TEM analyses were performed using a Philips FEG CM2Qtcally except for the identity of the gate electrode. The

microscope operating at 200 kV accelerating voltage, whictequivalent oxide thicknes&OT) is an important figure of

offers a point-to-point spatial resolution of 2.4 A. The local merit for the gate capacitance density:

. Electrical and microstructural characterization
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EOT= (kSiOZd/keff) y (l)

whered is the physical thickness of the dielectric stack and
keis IS its effective dielectric constant. The measured EOT is
significantly smaller for Ti-electroded higheapacitors than

for otherwise identical Pt-electroded samples. This EOT dif-
ference was also observed, with similar magnitude, for as-
deposited Ti-electroded capacitors which were not given a
forming gas annealnot shown. For all samples shown in
the figure, the highelayers(ZrO, and HfO,) were~3.9 and
~3.6 nm in thicknesses, respectively. The EOT values ex-
tracted directly from the accumulation capacitance of the 0 s o 15 20 25 20 35 40
Ti-electroded capacitorévithout quantum mechanical cor- V_ .V

rectiong were 1.6 nm for Zr@ and 1.7 nm for HfQ dielec-

tric layers. In contrast, the Pt-electroded EOT values were 10°
~2.1 nm for ZrQ and HfO,.. In the case of Al-electroded
capacitors, EOT values were substantially larger
(2.4-2.5 nm for both ZrQ, and HfO,.

In addition to variations in accumulation capacitance
density among the samples in Fig. 1, the Al- and
Ti-electroded capacitors exhibit CV curves, which are shifted
with respect to the Pt-electrode data. This shift in flat band
voltage is in good quantitative agreement with the difference
in the reported work functions of Al and Ti compared to that
of Pt The theoretically predict@dlat band voltages of the
Al-, Ti-, and Pt-electroded capacitors are —0.71,-0.66, and T
+0.66 V, respectively, as shown in Fig. 1. 00 -05 -10 -15 20 -25 -30 -35 40

The CV data in Fig. 1 show both bias sweep directions, VierVea
and there is minimal hysteresis for the capacitance values :

. .. IG. 2. IV data measured from Al-, Pt-, and Ti-electrodegdZrO, and(b)
obtained. Leakage current densities measured across tﬁﬁbz highk capacitors omp-type Si substrates after 300°C, 30 min forming

metal electrode/high#Si capacitors after the forming gas gas anneal; gate voltage shown in referenced to the flat band voltage for
anneal are shown in Fig. 2. As a result of the smaller equivaeach electrode material.

lent electrical thickness and the smaller barrier height of
Ti/high-k/Si stacks, their leakage current densities are con- . . .
sistently higher than those of the Pt/higt&i capacitors. For ;amplgs, the cqntrast in the high-angle annular .dark field
Al-electroded capacitors, relatively high leakage currentdMadge in STEM 'S strongly dependent on.t.he a_1t0m|c number
were measured due to the decrease of the barrier height afd 2nd thus provides a chemically sensitive image that re-
also, perhaps, due to an increase in the density of trappingCtS COMPOsition variation across the gate s?dckpartlcu_—
sites formed by the Al/metal oxide interfacial reaction. lar, low-Z amorphous layers, such as gj@ppear dark in

In terms of the absolute value of their leakage currentn€S€ images, whereas Hf- or Zr-based fidayers appear
densities, the Ti-electroded capacitors are quite promising?fight: The HAADF image of the Al-electroded Zs@ample
The Ti/HfO,/Si samples, with EOT= 1.7 nm, have a leak- N Fig. 4a) shows the typical dark contrast band associated
age current density of5x 105 A/cm? at 1 V from the flat ~ With the low-average atomic number, SiDased IL present
band condition. This current is approximately four orders ofoetween the highk-film and Si substrate. Its thickness is
magnitude smaller than that measured across high-quali§imilar to that of the chemical oxide present on the Si sub-
Sio, films of the same EOT,a consequence of the larger Strate surface prior to ALD growth of the hidhlayer. In
physical thickness of the higkiayer which minimizes direct addition, a thinner dark-contrast band is visible at the
band-to-band tunneling conduction. Al/ZrO, interface. EELS showed that the upper interfacial

The reason for the reduced EOT value of thelayer contains oxygen. The presence of this layer, which is
Ti-electroded capacitors is evident in both high resolution@lso evident in conventional TEM images from this sample,
TEM (HRTEM) and annular dark field STEM images ob- suggests reaction between the Al electrode and,Zighk
tained from cross-section samples. The HRTEM images inayer, as reported by othet&he greater thermodynamic sta-
Fig. 3 compare the layer structures present in Hifate  bility of Al,O; relative to its metal in comparison to ZyO
stacks with Ti and Al electrodes. The amorphous, light con-and Zr(Ref. 10 may explain the apparent reactivity of the
trast layer, which is present at the dielectric Si interface inAl/ZrO, samples, although further work is required to un-
the Al-electroded sample, was substantially thinned and, possmbiguously identify the low-average atomic number phase
sibly, removed entirely from the Ti-electroded sample. formed at this interface. This interfacial reaction may also

A similar result was obtained from STEM/EELS studies account for the larger leakage current densities and inferior
of the Al- and Ti-electroded ZrQgate stacks. For thin CV characteristics of the Al/ZrgSi capacitors.

.a —O— Ptelectrode j
10 ngo# —— Al electrode

3 f&y —— Ti electrode 7

Leakage Current (A/lcm’)

—O— Pt electrode
—&— Al electrode
—O— Ti electrode 7

Leakage Current (A/lcm’)
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B. Thermodynamic analysis

A thermodynamic driving force exists for decomposition
of the SiG IL in these structures and incorporation of the
liberated oxygen atoms in the Ti overlayer. The overall
chemical reaction for this process can be written as follows:

C C
ESiOZ +Ti— ESi + TiOg, (2

where TiQ is the Ti-O alloy overlayer. In reactiof®), the
Si atoms are assumed to reincorporate into the underlying
single crystal substrate during decomposition of the IL. This
is consistent with our TEM observations, which failed to
detect any evidence of a defective Si layer at the metal oxide/
silicon interface of the Ti-electroded capacitors. Using pub-
lished data for the Gibbs free energy of formation of SiO
from its element¥ and the equilibrium oxygen vapor pres-
sure Ti-O alloys of varying stoichiomet?f?,one can show
that the standard Gibbs free energy change associated with
reaction(2) is large and negative for all values Gfupto the
oxygen solubility limit ina-Ti (C<0.49.*

First the Dehum-Margules equatiSrwas used to deter-
mine the integral Gibbs free energy of formation of Ei@n
interstitial alloy of oxygen ina-Ti):

FIG. 3. High resolution cross-sectional TEM images aB) 0 c
Al/HfO,/SiO,/Si and(b) Pt/Ti/HfO,/Si gate stacks after 300°C, 30 min AGWOC =(RT2) [ In Pg‘;dc, (3
forming gas anneal. 0

In contrast to the Al-electrode results, the HAADF im- whereR is the gas constant, is the absolute temperature,
age in Fig. 4b) shows the absence of a dark-contrast inter-and chl is the equilibrium vapor pressure of oxygen above
facial region in the Ti/ZrQ/Si capacitor structure. No evi- «-Ti for varying dissolved oxygen concentrations. Original
dence for a low atomic number interface layer is found in thedata by Komarek and Silver have been fitted by Wang and
Ti-electroded gate stacks. EELS spectra obtained from th&im* to give
same region indicate that a significant oxygen concentration .
is present in the Ti overlayer and that no Ti is detected at the N PO} =21.34+12.48 +2 In[C/(1 - C)] - 131 200
ZrO,/Si interface or in the Zr@layer within the detection (4)
limit of the methodFig. 4(c)]. This is consistent with reports
from the literature of a very small solubility<4 at.%  The standard Gibbs free energy of formation of Sif@m its
1200°Q of Ti in Zr0,.** elements® was subtracted froMGY 1, to give the free en-

Ti-O alloy

(‘ne) Ausuayu|

Low-Z interface
layer

460 480 500 520 540 560
(a) (b) (©) Energy Loss (eV)

FIG. 4. (a) High-angle annular dark field image of Al/ZsC5i0,/Si gate stack(b) high-angle annular dark field image, a@ accompanying local EELS

spectra, showing Ti 45 edges(~456 eV) and O K edge$~532 e\) recorded at different locations in the Pt/Ti/Zi#Si gate stack after 300°C, 30 min

forming gas anneal; the EELS spectra were recorded at the location indicated in the HAADF image. The inset schematic shows the proposed process of
oxygen ion diffusion across the ZgQayer and incorporation of Si into the substrate surface during interfacial &€omposition.
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0 1 I number amorphous layer 6f0.8 nm thicknesghalf of the
original chemical oxide thicknegswas present at the
2x10* |- - highk/Si interface after the 300°C forming gas anngait
shown herg These observations indicate that the rate of IL
AG; (J/mol) decomposition can be slowed appreciably by increasing the

-4x10" |- ] distance over which oxygen must diffuse to reach the Ti
overlayer.

6x10* | i In addition to decomposition of the SjAL, dissolution
0.2 0.4 of oxygen into the Ti electrode layer will remove oxygen
from the interposed metal oxide film. Such oxygen loss may
FIG. 5. Gibbs free energy change of the reaction/2)SiO,+Ti C(_)ntrib_ute fixed charge an(_j b_qu trap statgs of the dielectric.
—.(C/2)Si+TiOg, as a function ofC at T=573 K. Zirconia and structurally similar metal oxides are prone to
oxygen deficiency through formation of oxygen vacancies
under conditions of low oxygen activity. Insight into possible
ergy change of reactio2) at T=573 K. This quantity is electrode-induced reduction of the highfilm can be ob-
plotted as a function o€ in Fig. 5 for T=573 K, the maxi-  tained by careful analysis of the electrical data. Oxygen va-
mum temperature to which the Ti-electroded capacitors wergancies are generally donor-type charged defects in metal
exposed in this study. Reacti¢B) experiences a strong driv- oxides and would be expected to produce positive fixed
ing force to proceed for all temperatures of interest in semicharge in oxygen-deficient highfilms. Because the reduc-
conductor processing. Similar large thermodynamic drivingtion which produce oxygen vacancies also produce electrons
forces exist for other IL and metal overlayer combinations inas charge-compensating spe@ijesnetal oxide films with
the limit that the metal layer is initially highly pure. How- substantial oxygen deficiency are also found to exhibit a sig-
ever, the Ti overlayer is unusual because of its very largeificant frequency dispersion and large loss-factor resulting
capacity for dissolving oxygen compared to other metals. from their enhanced electronic conductivfy.

The ability of Ti films to decompose native silicon oxide  The fixed charge present in the dielectric stacks can be
layers onto which they are directly deposited has previouslestimated from the flat band voltage measured by CV analy-
been demonstratéd:!’ The reaction has been reported t0sis. The identical metal work functions as determined by
occur via low temperature dissolution of oxygen into the Tispectroscopy were assumed in calculating the density fixed
overlayer, similar to reactio(2). However, in the case pre- charge, although it may not be correct for metal/highate
sented here, the decomposition of gi@nd dissolution of stacks. The results obtained from both Ti-electroded and
oxygen require oxygen ion diffusion across a higmetal  pt-electroded higl- capacitors are consistent with a net
oxide layer that is interposed between the Ti and the oxipositive fixed charge density ef10'2 cm2 This indicates
dized Si surfaces. This process is depicted schematically ithat the presence of an oxygen-gettering Ti overlayer does
the inset to Fig. &). not lead to a significant increase in the dielectric fixed charge

Oxygen ion diffusion in bulk metal oxide crystals, such gver that present with less reactive Pt electrodes. The mea-
as ZrQ and HfO;, is typically mediated by oxygen vacan- sured fixed charge areal density is consistent with a volumet-
cies. However, grain boundary diffusion may be significantric charge density of #6—10"° cm in the ALD-HfO, and
in the fine-grained polycrystalline samples such as oupLD-ZrO,, independent of electrode material.

ALD-ZrO, thin films.*® Diffusion of oxygen along paths of In previous studies of the effects of oxygen stoichiom-
high excess volume is also possible in thin amorphous fi|m%try on the behavior of higk_metal oxide filmsz,2 we have
such as the ALD-HfQ films used in our experiments. Al- shown that MOS capacitor measurements will detect high
though the experimental results obtained to date do not alloweakage current densities and a very large frequency disper-
us to quantify the relative contributions of these oxygension of the dielectric constant when significant oxygen defi-
transport mechanisms to the process of IL decomposition, igiency (~10 at.% occurs. The leakage current densities ob-
is evident that the kinetics of oxygen diffusion are quitetained in the present experiments on Ti-electroded MO
rapid, even at temperatures near 300 K. For a maximum difdielectrics are low for the measured EOT, and minimal fre-
fusion time on the order of minutes and a metal oxide filmquency dispersion was detect@féig. 6) after correction of
thickness of 4 nm, an oxygen diffusivity across the metalthe CV data for the series resistance of the Si substfates.
oxide films of order 104*~101¢ cn?/s can be estimated for The slight dispersion seen in Fig. 6 is almost identical in
the ALD-ZrO, and ALD-HfO, films. To our knowledge, the magnitude to that observed for identically processed low-
oxygen diffusivities in amorphous HiCand undoped tetrag- leakage Ti-electroded Sirapacitors with 10 nm dielectric
onal ZrO, have not yet been measured; however, data fronthickness, suggesting that it is a property of the Ti-O elec-
yttria-stabilized cubic zirconia are availabfe’® When ex-  trode layer rather than the dielectric. We conclude, therefore,
trapolated to 300 K, these reported results are consistent witfhat any oxygen deficiency induced in the metal oxide dielec-
an oxygen diffusivity through the higk-layer of order trics by their equilibration with the Ti electrode layer is too
107%¢ cn¥/s, close to the lower bound of the range of diffu- small to be detected in the present capacitor measurements.
sivities estimated from our own observations. With complete removal of the low-IL, one might ex-

Studies of otherwise identical ALD films of 12—15 nm pect that the EOT of Ti-electroded samples should decrease
thickness with Ti electrodes indicated that a lower-atomic-from the value measured for Pt-electroded devices by a fac-
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25 T - - T observed and the leakage current densities are low for the
i Hhoechode measured EOT values. This method for engineering the
“‘E 20 — O 10KHZ-100KHzZ ] thickness of the interface layer between silicon and metal
‘E’ —4— 100kHz-800kHz oxide films may be extendable to other materials systems and
3 15 i applications beyond MOS transistors and capacitors.
8
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