
Journal of The Electrochemical Society, 153 �11� F249-F254 �2006� F249

Downlo
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A low-temperature metallorganic chemical vapor deposition process has been developed for the growth of hafnium silicate thin
films for advanced gate dielectric applications. In this process, a metallorganic hafnium precursor, tetrakis�dimethylamino-
�hafnium, and a metallorganic silicon precursor, tris�dimethylamino�silicon, were employed, using O2 as a co-reactant. Films were
deposited at a substrate temperature in the range of 250–450°C. The films were subsequently annealed in oxygen and forming gas
ambients to assess thermal stability. The resulting films were characterized by Auger electron spectroscopy to determine compo-
sition and X-ray diffraction to determine microstructure. Electrical test structures were fabricated with as-deposited and annealed
hafnium silicate films, and C-V and J-V measurements were performed. As-deposited dielectric constant values ranging from 6.9
to 12.9 were achieved depending on processing conditions and resulting film composition. Leakage current density at flatband
voltage minus 1 V for a 26 nm thick as-deposited film was measured to be 1.6 � 10−1 A/cm2 and was shown to decrease
following an O2 anneal. The performance of these hafnium silicate films was also compared to hafnium oxide films deposited
using the same Hf precursor and O2 oxidizer approach.
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For future generations of complementary metal-oxide semicon-
ductor �CMOS� devices, a new insulating material is required to
replace SiO2, which suffers from high leakage current and reliability
issues as the physical thickness scales below �1.5 nm.1 A number
of high dielectric constant metal oxide materials such as HfO2,
ZrO2, Y2O3, and La2O3 are being considered for next generation
gate dielectric applications.2 However, these simple “unary” metal
oxide materials have been shown to undergo thermally induced crys-
tallization at typical post-dielectric deposition processing tempera-
tures, which can be problematic due to the possibility of increased
leakage current and dopant diffusion across the dielectric grain
boundaries,3 as well as threshold voltage instability as a result of
charge trapping.4,5 One approach to overcoming these difficulties is
to incorporate a silicate phase material into the metal oxide matrix,
which lowers the overall dielectric constant but results in an amor-
phous microstructure with enhanced phase stability and lower trap
densities as compared to the simple metal oxide counterparts.
Among all the pseudo-binary phases of the aforementioned metal
oxides, hafnium silicate is currently one of the leading candidates
for a replacement gate dielectric scheme, given the combination of
attractive properties that HfO2 possesses. These include a high di-
electric constant �21-25�, good thermodynamic stability on Si,6 a
large band gap ��5.7 eV�, and reasonable conduction band offset to
Si �1.4 eV�.7

For the deposition of a multicomponent film, chemical vapor
deposition �CVD� is an attractive process because film properties
and stoichiometry can be tailored via simple changes to the process-
ing parameters. In particular, the use of liquid metallorganic sources,
as opposed to solid inorganic halide containing sources, is desirable
for gate dielectric CVD processes to avoid the incorporation of cor-
rosive contaminants in the process environment, which is considered
to be problematic for microelectronic applications.8 For CVD of
group IVB oxides, metal alkylamide precursors have desirable prop-
erties for implementation in a manufacturing environment. Specifi-
cally, recent studies have shown promising results for the precursors
tetrakis�dimethylamino�hafnium Hf�N�CH3�2�4,9-13,23 tetrakis�di-
ethylamino�hafnium Hf�N�C2H5��4,13-20,23 and tetrakis�ethylmethy-
lamino�hafnium Hf�N�CH3��C2H5��4

11,21-23 used for the growth of
HfO2 thin films. These precursors are typically liquids at room tem-
perature and have sufficient vapor pressures and decomposition
characteristics that are appropriate for CVD processing, with the
dimethyl derivative exhibiting the highest volatility �vapor pressure
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of 1 Torr at 75°C as compared to 1 Torr at 113°C and 1 Torr at
126°C for the diethyl and ethylmethyl derivatives, respectively�.23

Another benefit of using a dialkylamide hafnium precursor is the
existence of chemically compatible silicon dialkylamide precursors
for the growth of hafnium silicate materials. This is important when
employing simultaneous delivery of precursor sources to the pro-
cessing chamber to avoid potential issues associated with ligand
exchange between the different sources and undesirable gas-phase
reactions in the delivery zone. The silicon sources tetrakis�dimethy-
lamino�silane Si�N�CH3��4 and tris�dimethylamino�silane
SiH�N�CH3��3 have been previously studied for the growth of sili-
con based dielectrics in CVD processes.24-28 These precursors are
both liquids at room temperature and also possess sufficient volatil-
ity for CVD manufacturing with the tris-dimethyl precursor having
the higher volatility �vapor pressure of 9.3 Torr at 30°C as com-
pared to 2.8 Torr at 30°C for the tetrakis-dimethyl precursor�.29

In this paper, we present results using tetrakis�dimethylamino�
hafnium �TDMAH� and tris�dimethylamino�silicon �TDMAS� as the
Hf and Si source, respectively, with O2 as the oxidizing co-reactant,
in a metallorganic chemical vapor deposition �MOCVD� process.
The electrical properties and microstructural stability of the resulting
films were assessed by ex situ postdeposition annealing in both oxi-
dizing and reducing ambients. Hafnium silicate films were also com-
pared to hafnium oxide films deposited using the same Hf precursor
and O2 oxidizer approach with respect to electrical performance and
stability.

Experimental

CVD processing.— For all depositions, a stainless steel 200 mm
wafer capable warm-wall CVD chamber was utilized. The process-
ing chamber was connected to a high vacuum loadlock for wafer
transport and handling. Both precursor sources were loaded in sepa-
rate stainless steel bubblers in an inert ambient glovebox. The bub-
blers were attached to separate delivery lines equipped with indi-
vidual MKS Instruments type 1153A vapor source delivery systems,
which were used for accurate control of precursor flows without the
need for carrier gas. The two precursor delivery lines were merged
in a common delivery inlet at the top of the process chamber. The
bubbler containing the TDMAH precursor was heated to �70°C for
all the depositions, while the TDMAS precursor bubbler was left at
room temperature due to the high vapor pressure of that source. To
prevent precursor condensation, the delivery lines for the precursor
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sources and the MKS type 1153A units were kept at temperatures of
60 and 75°C for the Si and Hf source delivery lines, respectively.

The substrate used for the depositions was p-type Si �100�,
which was loaded on a Mo carrier wafer and transported into the
process chamber via the loadlock using a robotic arm. The substrates
were dipped in dilute HF solution followed by a rinse in deionized
water and a N2 gas drying step to remove any native oxide prior to
introduction into the process chamber. After the wafer was loaded
into the loadlock and the loadlock was evacuated, the wafer was
moved to the resistively heated wafer chuck in the process module.
A flow of 50 sccm of Ar was provided to the back side of the wafer
chuck to achieve uniform heat distribution and to provide diluent
gas to help set the process pressure, which was maintained by the
use of an actively controlled exhaust throttle valve.

Prior to the run, the precursor flow from both sources was stabi-
lized by flowing through a line which bypassed the deposition cham-
ber and was routed directly to the pump stack. Each deposition was
initiated by simultaneous introduction of Hf precursor, Si precursor,
and O2 into the process chamber. The substrate temperature range
investigated was 250–450°C. The flow rates used for the Hf precur-
sor, Si precursor, and O2 were fixed at 1, 10, and 300 sccm, respec-
tively, while the process pressure was fixed at 1 Torr. These baseline
process conditions were based on results from initial screening ex-
periments for HfO2 growth carried out in the same processing tool
without the addition of the Si source. All reactants were introduced
coincidentally so as to minimize potential parasitic silicon oxide
growth prior to the CVD growth. A summary of the key parameters
used for these depositions is displayed in Table I.

Thermal post-processing.— The as-deposited films were an-
nealed ex situ in both oxidizing and reducing ambients to assess
thermal stability and both chemical and electrical changes. The oxi-
dizing ambient used was O2 �purity 99.5%� at a temperature of
700°C at 700 Torr for 1 h. The reducing ambient used was forming
gas �95% Ar, 5% H2� at temperatures of both 500 and 700°C at
700 Torr for 1 h.

Characterization Techniques.— The resulting films were charac-
terized by Auger electron spectroscopy �AES� to determine chemical
composition, X-ray diffraction �XRD� to investigate microstructure,
scanning electron microscopy �SEM� to measure film thickness, and
capacitance-voltage �C-V� and current density-voltage �J-V� mea-
surements to investigate key electrical properties such as dielectric
constant and leakage current performance.

AES measurements were performed using a PHI 600 system
with a LaB6 electron source operating at a primary beam energy of
5 keV and 1 �A. Compositional depth profiling was performed by
sputter etching using 3 keV Ar+ ions followed by subsequent data
collection for each sputter cycle. XRD was performed using a Scin-
tag XDS 2000 in which X-rays were generated using a Cu K� X-ray
source at 40 mA and 45 kV. SEM measurements were performed
using a Zeiss/LEO model 1550 field-emission microscope operating
with a primary beam voltage of 5 kV. Electrical measurements were
performed on MIS capacitor structures fabricated using Al elec-
trodes with an area of 7.85 � 10−3 cm2 sputter deposited through a
shadow mask on the wafer front side and blanketwise on the wafer
back side, after a receiving a dilute HF clean, to ensure robust elec-
trical contact. C-V and J-V measurements were performed using a

Table I. Summary of processing parameters used for MOCVD
growth of Hf silicate films.

Substrate temperature 250–450°C
O2 flow rate 300 sccm
Hf�NMe2�4 flow rate 1 sccm
SiH�NMe2�3 flow rate 10 sccm
Ar flow rate 50 sccm
Pressure 1 Torr
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MDC model DG8 electrical characterization probe station, equipped
with a HP4284 precision LCR meter and a HP4140B dc pA-meter
for capacitance and current measurements, respectively.

Results and Discussion

Composition.— Figure 1a shows the results of AES measure-
ments of the levels of C and N impurities, and Hf, Si, and O relative
atomic percentage in the film matrix, as a function of deposition
temperature. The films in this study ranged in thickness from
30–200 nm. In particular, at deposition temperatures below 350°C,
less than 6 atom % Si incorporation is observed, and the amounts of
C and N impurities are �10 and �6 atom %, respectively. Above
350°C, increased Si incorporation is observed, while the amount of
incorporated C and N decreases. However, the C and N levels ob-
served are above the levels observed in CVD-grown HfO2 films
deposited at the same temperature, flow, and pressure conditions
using the same tetrakis�dimethylamino�hafnium and O2 chemistry
without the addition of tris�dimethylamino�silane, as shown in Fig.
1b for reference. This suggests that the additional C and N impuri-
ties are due to the addition of the Si precursor, and that at tempera-

Figure 1. Relative atomic concentrations of �a� C, N, Si, Hf, and O for Hf
silicate films as a function of deposition temperatures and �b� C, N. Hf, and
O for HfO2 films as a function of deposition temperature.
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tures below 350°C there is insufficient thermal energy to lead to a
clean decomposition of the Si source, resulting in the growth of a
contaminated hafnium silicate phase.

If these contaminants are due to incorporated amido ligand frag-
ments, it should be possible to remove these contaminants via ther-
mal postprocessing. In this respect, Fig. 2a and b display the levels
of C �Fig. 2a� and N �Fig. 2b� for each deposition temperature after
annealing in forming gas ambient at 500 and 700°C. As can be seen,
there is a decrease in N levels following forming gas ambient anneal
while C levels remain relatively constant after annealing. Likewise,
Fig. 3a and b show the levels of C and N for all deposition tempera-
tures following a postdeposition O2 annealing step at 700°C. A de-
crease in both C and N levels after annealing, and an overall in-
crease in postannealing C and N levels with increasing deposition
temperature is observed, in contrast with the reduction in contami-
nation measured for as-deposited samples as deposition temperature
is increased. These trends suggest two different phases of material
being deposited at low deposition temperature and high deposition
temperature processing regimes, which correlates with the different
observed level of Si incorporation as a function of deposition tem-
perature.

Microstructure.— Figure 4 shows the XRD 2� scan for
30–200 nm thick films deposited in the substrate temperature range
of 250–450°C. The absence of peaks suggest an amorphous micro-
structure for the as-deposited films. Likewise, Fig. 5a and b show
the XRD 2� scan for films annealed at 700°C in forming gas and O2
ambients, respectively, suggesting that the amorphous phase is

Figure 2. Relative atomic concentrations before and after forming gas
annealing of �a� C for Hf silicate films as a function of deposition tempera-
ture and �b� N for Hf silicate films as a function of deposition temperature.
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maintained after the anneals. By comparison, a 50 nm CVD grown
HfO2 films deposited using tetrakis�dimethylamino�hafnium with O2
as a co-reactant exhibited crystallization of the monoclinic phases

Figure 3. Relative atomic concentrations before and after O2 annealing of
�a� C for Hf silicate films as a function of deposition temperature and �b� N
for Hf silicate films as a function of deposition temperature.

Figure 4. XRD 2� scans for as deposited Hf silicate films.
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following an O2 anneal at only 500°C, as shown in Fig. 6. These
results confirm that the incorporation of Si in these metallorganic
CVD-grown films results in higher stability of the amorphous phase,
which is consistent with the behavior observed for HfSixOy films
deposited using other techniques.30,31

Electrical properties.— Figure 7 shows a representative C-V
plot, measured at 100 kHz, employing a 26 nm thick Hf silicate film
deposited at 450°C. The C-V data shows clear accumulation, deple-
tion, and inversion regions and a flatband voltage of −1.0 V. A
portion of this negative shift in flatband voltage can be attributed to
the large work function difference between the Al electrode and the
Si substrate ��0.6 eV�, assuming work functions of 4.3 and 4.9 eV,
respectively, while the additional negative flatband voltage shift sug-
gests the presence of positive net charge in the oxide. From the
measured accumulation capacitance, the effective dielectric constant
was calculated to be 11.6. In comparison, the effective dielectric
constant of a 26 nm thick MOCVD-grown HfO2 film deposited at
350°C was determined to be 13, which is expected given the ab-
sence of silicon incorporation. Table II summarizes the effective
dielectric constant values measured for the as-deposited and an-
nealed films deposited at 350 and 450°C. It can be seen that the
dielectric constant is strongly dependent both upon deposition tem-
perature as well as annealing conditions.

Likewise, Fig. 8a-c display J-V measurements for a representa-
tive as-deposited 26 nm thick Hf silicate film deposited at 450°C
�Fig. 8a�, and the same sample after annealing in forming gas �Fig.
8b� and O2 ambients �Fig. 8c�. Values for leakage current density at
flatband voltage minus 1 V �VFB-1� are inset in these figures. From
these results, we see a decrease in leakage current density following
annealing with the lowest value observed following the O2 anneal-
ing. This 5000 times reduction may be due to the growth of an
interfacial oxide phase, which is also suggested by the decrease in
effective dielectric constant following the O2 anneal. In comparison,

Table II. Summary of effective dielectric constant values
measured for the as-deposited and annealed Hf silicate films
deposited at 350°C and 450°C.

350°C deposition 450°C deposition

As-deposited 6.9 11.6
Forming gas annealed at 700°C 7.3 12.9
O annealed at 700°C 9.1 9.1

Figure 7. Representative C-V plot, measured at 100 kHz, of a Hf silicate
film deposited at 450°C.
Figure 5. XRD 2� scans for Hf silicate films deposited at 350 and 450°C
after annealing in �a� forming gas ambient at 700°C and �b� O2 ambient at
Figure 6. XRD 2� scans for as-deposited HfO2 film and after annealing in
O ambient at 500°C showing crystallization of the monoclinic phases.
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this leakage current density value of 3.3 � 10−5 A/cm2 for a result-
ing equivalent oxide thickness �EOT� of 8 nm following the O2
anneal is approximately equivalent to that of a 2.6 nm SiO2 film
with a gate voltage of 1 V.32 This high value of leakage current
density in comparison with SiO2 may be due to the presence of
carbon impurities which remain in the film following the O2 anneal
for the 450°C deposition as well as metal impurities that may be
present in the processing or annealing environments.33 Likewise,
slight decreases of impurity levels, interfacial oxide growth, and

Figure 8. J-V plots of Hf silicate film deposited at 450°C for the
�a�as-deposited film, �b� forming gas annealed film, and �c� O2 annealed film.
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filling of oxygen vacancies34 may also contribute to the decrease in
leakage current observed for the hafnium silicate film annealed in
O2. Leakage mechanism plots for Poole-Frenkel �ln�J/E� vs E1/2�
and Schottky emission �ln�J� vs E1/2�35 have been generated and the
leakage behavior does not seem to strictly follow either type of
mechanism. The presence of metal impurities from the processing
environment as well as residual contamination from the metallor-
ganic sources may also affect leakage, and should be considered as
a potential leakage source. Ultimately, it is felt that the leakage
observed both for the as-deposited and the annealed samples is most
likely a combination of several different mechanisms �Poole-
Frenkel, Schottky, ohmic�, while Fowler-Nordheim emission and di-
rect tunneling are unlikely because the films are not ultrathin and the
electrical fields are relatively low.

Conclusions

In summary, a MOCVD process has been developed for the
growth of hafnium silicate thin films using tetrakis�dimethylamino-
�hafnium and tris�dimethylamino�silicon as source precursors with
O2 as a co-reactant. Si incorporation has been shown to increase
with increasing deposition temperature, which is attributed to en-
hanced silicon source decomposition. The as-deposited Hf silicate
films were observed to be amorphous and do not undergo crystalli-
zation at an annealing temperature up to 700°C in either forming
gas or O2 ambients. The effective dielectric constant was measured
to be as high as 11.6 for films deposited at 450°C, and was observed
to decrease after O2 anneal, which is consistent with interfacial ox-
ide growth. The leakage current density was also observed to show
significant decrease after the high-temperature O2 anneal. Accord-
ingly, the tetrakis�dimethylamino�hafnium and tris�dimethylamino�
silicon precursor source combination shows promise as a novel ap-
proach for the CVD growth of Hf silicate dielectrics.
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