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The effect of the carbon concentration on the crystalline phase and dielectric constant (k) of atomic layer deposited HfO2 films on
Ge substrate was investigated. After annealing, the HfO2 films grown at 200◦ C and 280◦ C were crystallized to the tetragonal (t) and
monoclinic (m) phases, respectively, which was related to the carbon contents within the films and grain boundary energy. To clarify
this, the energy difference between a t- and a m- phases (Etetra ) was calculated by first principles calculations. The higher k value
of t-HfO2 compared to amorphous and monoclinic HfO2 was experimentally confirmed.
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Increasing dielectric constant (k) of high-k dielectrics, such as
HfO2 , is still an important research topic for next generation complementary metal oxide semiconductor (CMOS) devices because an
equivalent oxide thickness (EOT) far lower than 1 nm will be necessary
soon.1 The k values of several high-k dielectrics are usually dependent
on their crystalline structure, and HfO2 also shows the same behavior.
At atmospheric pressure, HfO2 has three polymorphs of cubic (c),
tetragonal (t) and monoclinic (m) phases. The k value of the monoclinic phase is similar to the amorphous phase (∼15), while those of
the cubic and tetragonal phases are significantly higher compared to
these two phases.2,3 However, the monoclinic phase is the most stable
phase at room temperature, and HfO2 films are usually crystallized
into this state. As the tetragonal phase of HfO2 requires temperatures
higher than ∼2000 K, attempts to achieve this phase at room temperature through the introduction of dopants into the HfO2 films have
been widely studied, both experimentally and theoretically.4–7 Several
papers reported that carbon contents in the HfO2 films on Si substrate increased with decreasing deposition temperature, causing the
stabilization of the tetragonal (or cubic) phase.8,9 However, atomistic
mechanism for such stabilization is still under debate. Fischer et al.
reported that the tendency to stabilize the tetragonal phase is strongly
dependent on the kind of dopant used, including Si, C, Ge, Ti, Se, and
Ce, and that their ionic size plays a crucial role in the stabilization
mechanism.7 The study also reported that the carbon atoms substituting Hf in HfO2 cannot stabilize the tetragonal phase. However,
other possible impurity incorporation mechanisms were not considered. Therefore, one cannot exclude the possibility that the carbon can
stabilize the tetragonal phase.
When the dopant or impurity density is rather high, they can actually interact with each other or even can induce the formation of
different type of defects, such as oxygen vacancy, which have been
rarely considered in the theoretical works at earlier time. This was
partly due to the limited computing power since considering these
types of interactions requires a much larger model size, which makes
the computation very expensive. However, it is clear that the defect association is indispensable for the accurate understanding of the phase
transition induced by the doping (or remaining impurity) as will be
shown in this work.
Another notable finding from several theoretical works is that the
absolute molar free energy of the tetragonal or cubic phase is still
higher than that of monoclinic phase even though the difference decreases with the doping concentration. This is in contradiction with
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many experimental observations where the transition of the phase from
the monoclinic into the other crystalline phases is indeed observed.
One critical difference between the theoretical and experimental works
lies on the ignorance (theoretical works) and existence (experimental
works) of interface or grain boundaries. In fact, another high-k film,
ZrO2 , which has the same crystal structures as HfO2 , showed the transition of its crystal structure from the stable monoclinic to tetragonal
(or cubic) one even without any intentional doping or high temperature annealing.10–14 Such a transition has been more often observed
from the metal/insulator/metal structure (MIM), where metal is usually TiN, comparing with the metal/insulator/semiconductor structure
(MIS).12 This has been extensively used in capacitor of dynamic random access memory to achieve a higher capacitance. In fact, such a
transition into the meta-stable or unstable phases of ZrO2 has been
well understood in the bulk-ceramics researches.13,14 In those works,
the ceramic materials with smaller grain size evidently tend to show
the meta-stable or unstable phases which was attributed to the higher
surface or grain boundary energy of the lower symmetry phase (monoclinic) compared with that of the higher symmetry phase (tetragonal
and cubic). When the grain size becomes small enough for the lowering of grain boundary energy by the phase transition to overcome
the bulk-energy cost for the phase transition, the poly-crystalline aggregate material becomes to have the structure of higher-k value. The
same mechanism may well be applied to the poly-crystalline ZrO2
thin films, of which grain size is usually much smaller compared with
the bulk ceramic materials.
However, such a transition from the monoclinic to tetragonal (cubic) phase by the grain size effect has rarely been observed in HfO2
films unless other driving forces such as doping (impurity, vacancy) or
local epitaxial constraint exist.15 This might be due to the smaller surface or grain boundary energy difference across the phases or stronger
bulk energy effect, i. e. the bulk energy difference between the meta
(unstable)-stable phases and stable phase is large enough to negate the
surface or grain boundary effect. In fact, it has been reported that the
average grain size of HfO2 film is usually larger than that of ZrO2 film
even when they were prepared under identical atomic layer deposition
(ALD) conditions except for the metal precursors (but still the ligands
of the Hf- and Zr-precursors are the same).11 Therefore, It could well
be that some level of doping or some other method is required in HfO2
to achieve the desired phase transition.
Unequivocal identification of the origins for such a transition in
MIS system appears to be more complicated compared with the MIM
case due to the involvement of several other uncontrollable factors,
including intermixing of the high-k film and substrate material during
the film growth or post-deposition annealing (PDA). Especially, when
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the high-k films are deposited on Ge substrate, which is generally
more reactive than Si mainly due to the lack of stable interfacial oxide
layer (GeO2 ), this problem becomes even more serious. Ge channel
devices have drawn a great deal of attention as next generation CMOS
devices due to its higher electron (x2) and hole (x4) mobility compared to Si. The phase transition of ZrO2 film into the higher-k phase
grown on Ge substrate has been observed and attributed to the diffusion of Ge into the films.16 However, there could be other factors
leading to the transition, as will be discussed in this work, but systematic investigation on the phase transition of HfO2 on Ge has rarely
been reported despite its technical importance. Several earlier works
may not lead to the definite conclusion because of disparate process
conditions. Therefore, in this work, the phase evolution behaviors of
HfO2 film on Ge substrate will be carefully examined by comparing
them with the corresponding results on Si substrate, which is much
better understood, under the well-controlled deposition conditions.
In the present study, the authors focused on the role of remnant
carbon (C) atoms in the film since the influence of Ge-diffusion can be
obviously excluded as shown later. In ALD, there could be two typical methods to control the remaining C concentration; changing the
growth temperature (Tg ) and varying the oxygen source concentration.
The lower Tg and lower oxygen source concentration generally result
in higher impurity concentrations due to the incomplete ALD reaction. The effects of different oxygen source concentration on the phase
evolution and other chemical properties of HfO2 films are reported in
detail elsewhere,17 where the C impurity interrupted the growth of
HfO2 grains and form smaller grains which eventually ended up with
the tetragonal (cubic) phase. Even though this was a viable approach
to enlighten the origin of phase transition, the role of substrate material (or inter-diffusion) on this phenomenon can hardly be identified
because the oxygen source concentration hardly influenced the interdiffusion. Therefore, changing the Tg is a viable approach since it can
influence the diffusion of substrate material into the film as well as
changing the impurity concentration. In fact, this method bears another
merit especially on Ge substrate; the implementation of ALD HfO2 on
Ge substrates has been hindered by the reaction between the film and
substrate during the deposition process, which results in the degradation of its structural and electrical properties.18,19 A typical example
of this is the presence of large hysteresis in the capacitance-voltage
(C-V) measurement. Such hysteresis originates from the intermixing
between HfO2 and the (oxidized) Ge atoms, and creates electrically
active defects near the interface or in the bulk dielectric film.8,19 Therefore, it is necessary to minimize the reaction between HfO2 and Ge
substrates for this technology to be available. The authors reported
elsewhere that the C-V hysteresis and charge trapping properties of
HfO2 films on Ge substrates were largely improved when decreasing
the deposition temperature from 280◦ C to 200◦ C, although an opposite
trend is observed on Si substrates.8
In this study, therefore, the effect of carbon concentration on the
crystalline phase and dielectric constant of HfO2 films deposited at low
temperatures was examined by experimental and theoretical studies.
In particular, various possible sites that the carbon atoms may occupy
were considered in first-principles calculations to clarify whether the
incorporated carbon can stabilize the tetragonal phase of the HfO2
matrix. The influence of Ge incorporation on the stabilization of the
tetragonal phase was also considered, but it was excluded from the
present report due to reasons explained in the experimental results
section below.

the oxygen source, respectively. PDA was performed at various temperatures ranging from 400◦ C to 650◦ C in a N2 ambient for 30 seconds.
For comparison, the HfO2 films were also prepared on a Si substrate
with identical conditions to the Ge substrate. Sputtered Pt electrode
(∼80 nm) was deposited as the top electrode through a shadow mask
to define the gate electrode. Finally, forming gas annealing was performed in a N2 + H2 (5%) ambient at 400◦ C. A Hewlett-Packard (HP)
4155 semiconductor parameter analyzer and a HP 4284 LCR meter
were used for the electrical characterization of the MOS capacitor
devices.
The chemical bonding states of HfO2 on Si and Ge substrates
were examined by the X-ray photoelectron spectra (XPS) of the C 1s,
and Ge 2p3/2 . The XPS measurement was carried out using a Sigma
Probe (ThermoVG) system equipped with a monochromatic Al Kα
source (1486.6 eV) for the excitation of photoelectrons. The positions
of all peaks were calibrated for the C 1s peak of the substrate to be
at 284.5 eV. Carbon impurity concentration was confirmed by Auger
electron spectroscopy (AES, Perkin-Elmer 660) in depth profiling
mode, which is done by the Ar+ ion sputtering.
The thicknesses of the deposited high-k gate dielectrics were measured by ellipsometry which was calibrated by the more accurate
estimation method of X-ray reflectivity (XRR) and transmission electron microscopy (TEM) measurements. The XRR experiments were
carried out using a PANalytical X’Pert materials research diffractometer. Moreover, the crystalline structure of the films was examined by
glancing angle incidence X-ray diffraction (GAXRD).
In order to investigate the microscopic origin of this phenomenon,
first-principles calculations based on the density function theory were
carried out on the thermodynamic conditions of carbon incorporated
HfO2 films. The VASP code was used for the computation of total
energies and structural optimizations. Supercells constructed from 96
atomic sites were used for all structures. Details on the calculation
methods were reported elsewhere.6
Results and Discussion
The ALD temperature strongly affects the impurity concentration in HfO2 films.20 Figure 1a shows AES depth profiles of carbon in the HfO2 films deposited at the various temperatures ranging
from 160◦ C to 280◦ C on Ge substrate. The carbon content within the
films increases with decreasing deposition temperature. At low deposition temperatures, TEMAHf precursors are known to have incomplete chemical reactions, which is what causes this type of impurity
incorporation.20 In addition, it was confirmed that carbon concentration in the film was not notably changed after the PDA (data not
shown).
The incorporation of Ge by the diffusion from substrate during the
ALD and PDA was examined using X-ray photoelectron spectroscopy
(XPS). Thin HfO2 films (∼1.5 nm) were deposited at 200◦ C (200HfO2 ) and 280◦ C (280-HfO2 ) on Ge substrates and annealed at 600◦ C.

Experimental
Metal Oxide Semiconductor (MOS) capacitor devices were fabricated on p-type Ge substrates (resistivity ∼0.02 cm, size ∼2
× 2 cm), which were cleaned through cyclic cleaning process involving a diluted HF (1%) dip and a deionized water rinse. After wet cleaning, HfO2 films were deposited in a 4-in.-diameter cold (∼100◦ C)
wall, traveling wave type ALD reactor at various wafer temperatures
ranging from 160◦ C to 280◦ C. TEMAHf (Hf[N(C2 H5 )(CH3 )]4 ) and
ozone (concentration of 170 g/m3 ) were used as the Hf precursor and

Figure 1. (Color online). (a) AES depth profiles of carbon in the HfO2 films
deposited at various temperatures ranging from 160◦ C to 280◦ C. (b) XPS
spectra of Ge 2p3/2 peaks for the HfO2 films deposited at 200◦ C and 280◦ C
before and after PDA at 600◦ C in N2 ambient.
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Figure 3. (Color online). Atomic structures around the introduced interstitial
carbon in (a) m-HfO2 and (b) t-HfO2 .
Figure 2. (Color online). GAXRD spectra of the HfO2 films annealed at
600◦ C on (a) Ge and (b) Si substrate.

Figure 1b shows XPS spectra of Ge 2p3/2 peaks from the 200-HfO2
and 280-HfO2 samples before and after PDA. The as-deposited 200HfO2 and 280-HfO2 films show strong oxidation peaks at the binding
energy around 1219.6 eV which is ∼2.6 eV higher than that of the
Ge substrate peak (∼1217 eV), and negligible difference in the peak
shape and position was observed between the two films. Considering
that the ALD-HfO2 /Ge interface did not show any notable interfacial
oxide layer (GeOx ),8,21 the significant XPS peak of oxidized Ge could
be from the oxidized Ge in the bulk HfO2 film or on the film surface.21
After the PDA process, the intensity of Ge oxide peaks significantly
increased, suggesting the further diffusion of Ge into the HfO2 film.
Compared to the 200-HfO2 , 280-HfO2 shows further increase in the
intensity of Ge oxide peaks, suggesting that a higher thermal budget
enhances the material interaction between HfO2 and (oxidized) Ge
substrate. Interestingly, the stabilization of tetragonal (or cubic) phase
in HfO2 was observed only in 200-HfO2 as shown below (Fig. 2),
which suggests that the Ge-diffusion is not the major reason for the
phase transition in this work.
In order to understand the impact of deposition temperature on
crystalline phase of the HfO2 films, glancing angle incidence X-ray
diffraction (GAXRD) data was collected. The GAXRD spectra of the
600◦ C annealed HfO2 films deposited at various temperatures on Ge
substrates are shown in Fig. 2a. The 280-HfO2 film and the film deposited at 240◦ C (240-HfO2 ) show a strong peak near 2θ = 28.5◦ ,
indicating that the crystallized HfO2 films have a monoclinic phase,
while the 200-HfO2 film and the film deposited at 160◦ C (160-HfO2 )
show a relatively stronger peak near 2θ = 30.5◦ , corresponding to the
tetragonal phase and/or a cubic phase. An unequivocal identification
on whether the peak corresponds to tetragonal or cubic phase is not
possible due to broad diffraction peak shape and similar lattice parameters of two phases. Here, the crystalline phase other than monoclinic
was termed as t-HfO2 for the sake of simplicity. When the tetragonal
phase is achieved, its dielectric constant is much higher compared
to that of the monoclinic or amorphous phase,2,3 which is also confirmed in this work as shown in Fig. 4. However, on the contrary to
the previous report16 Ge-diffusion was not the major cause for such
phase transition as it was discussed in Fig. 1b. Further confirmation
for this hypothesis can be found from Fig. 2b, where the GAXRD
spectra of the same HfO2 films on Si substrates are shown. No significant difference in the phase evolution was observed between Ge and
Si substrates, suggesting, again, that the diffusion of Ge was not the
main cause for the tetragonal phase formation. Si-diffusion may influence the phase evolution, but formation of stable monoclinic phase
at higher ALD temperature and formation of meta-stable phase at
lower ALD temperature rules out such possibility, since Si diffusion
is more effective at higher temperatures. Therefore, it is believed that
carbon impurity and/or oxygen vacancies within the HfO2 films play
an important role in crystalline structure transformation.22
Next, the energy difference per formula unit (f.u.) between a tetragonal phase and a monoclinic phase (Etetra ) was estimated using the
first principles method. All calculations were performed using the

VASP23 code within the projector-augmented wave (PAW) potential.24
The generalized gradient approximation (GGA)25 was implemented
to describe the electron-electron interaction. Using 96-atoms supercell for all structures, a 2 × 2 × 2 k-mesh and a plane wave energy
cutoff of 500 eV were used. For the charged systems including VO 2+ ,
the first-order monopole correction26 was applied to remedy the unphysical electrostatic interaction between periodic defects. The energy
of t-HfO2 was higher than m-HfO2 when no defect or dopants were
included, and the calculated Etetra in this case (perfect Etetra ) is
0.171 eV. To clarify whether the incorporated carbon can stabilize
the tetragonal phase of the HfO2 matrix, three possible sites that the
carbon atoms could occupy were considered; interstitial carbon (Ci ),
substitutional carbon at Hf-sites (CHf ), and substitutional carbon at
O-sites (Co ). It was reported that Hf is eightfold coordinated and
the oxygen atoms are fourfold coordinated in t-HfO2 , while Hf is
sevenfold coordinated and the oxygen atoms are threefold (O3) and
fourfold (O4) coordinated with the nearby Hf atoms in m-HfO2 .27
For interstitial carbon atoms, the minimum energy was found to exist
when carbon atoms were placed in the large void of the O3 layer in
the m-HfO2 structure and in the Hf layer of the t-HfO2 structure, as
shown in Figs. 3a and 3b, respectively. Table I shows the calculated
Etetra of the HfO2 structures when carbon was incorporated by the
various doping types. A lower Etetra of 0.164 eV was observed for
Ci , suggesting that it tends to stabilize the tetragonal phase. In addition, when carbon substitutes Hf or O sites, the calculated Etetra
are 0.234 eV and 0.128 eV, respectively. This indicates that a CHf has
almost no tendency to stabilize the tetragonal phase, while a Co is
prone to stabilize the tetragonal phase, which is in good agreement
with previous studies.7
However, although it has been reported that Ci can interact with
Hf atoms and easily generate oxygen vacancies (Vo ),28 no simulations
consider this factor. Therefore, in this study, theses aspects were also
considered. After introducing carbon atoms into the HfO2 structures,
the calculated oxygen vacancy formation energy of both t-HfO2 and
m-HfO2 decrease irrespective of doping type (data not shown), suggesting that oxygen vacancies can be easily generated when a carbon
exist in the HfO2 structures. Therefore, the carbon-oxygen vacancy
complex (C-Vo ) was also considered when calculating the Etetra of
the HfO2 structures. It was also reported that the presence of a neutral
oxygen vacancy (Vo ◦ ) slightly affects the Etetra , while Etetra are

Table I. The energy difference per formula unit between the two
phases (Etetra ) of the HfO2 films when carbon was incorporated
by the various doping types.
 Etetra (eV/f.u.)

Perfect
Ci
CHf
Co

C

C-Vo ◦

C-Vo +2

0.164
0.234
0.128

0.171
0.155
0.229
–

0.114
0.081
–
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Figure 4. (Color online). EOT vs. Tphy plots of (a) 200-HfO2 and (b) 280HfO2 grown on Ge substrates after annealing at various temperatures. (c) The
calculated k values of the HfO2 films grown on Si and Ge substrates prepared at
various deposition and PDA temperatures. (d) Variation of dielectric leakage
current density (measured at a voltage of VFB – 1V) as a function of EOT
of the 200-HfO2 and 280-HfO2 samples after the PDA at 450 and 600◦ C,
respectively.

significantly reduced when this vacancy is doubly ionized (Vo 2+ ) in a
previous study.6 Therefore, the energies were calculated for a carbon
combined with a Vo ◦ (C-Vo ◦ ) and a carbon combined with Vo 2+ (CVo 2+ ), where the carbon atoms were introduced either at the interstitial
or Hf substitutional sites. When Ci is introduced and combined with
nearby Vo ◦ or Vo 2+ , the calculated Etetra are 0.155 eV and 0.114 eV,
respectively. In addition, when carbon atoms substitute Hf-sites and
form C-Vo ◦ and C-Vo 2+ , the calculated Etetra are 0.229 eV and
0.081 eV, respectively. This suggests that a larger tendency to stabilize
the tetragonal phase is observed when carbon atoms that substitute Hfsites atoms are combined with nearby Vo 2+ . Even though the above
calculations showed that carbon atoms generally have a tendency to
stabilize the tetragonal phase, however, the free energy of tetragonal
phase is still higher than that of monoclinic phase. Therefore, other
reason must be considered which is discussed at the later part of this
section.
In order to confirm the effect of crystalline phase on the k, the k
values were extracted by plotting the EOT of the as-deposited and
PDA films as a function of their physical thickness (Tphy ). The asdeposited and 450◦ C annealed HfO2 films were amorphous, while
the 600◦ C annealed HfO2 was crystallized, irrespective of deposition
temperature.8 Figures 4a and 4b show the EOT vs. Tphy plots of 200HfO2 and 280-HfO2 grown on Ge substrates after annealing at various
temperatures. The calculated k values of the HfO2 films grown on Si
and Ge substrates prepared at various deposition and PDA temperatures are summarized in Fig. 4c. The extracted k values of 280-HfO2
were ∼17 regardless of PDA temperature. The insignificant difference between the extracted k values of amorphous and m-HfO2 are
in good agreement with previous reports.2,3 The extracted k value of
amorphous 200-HfO2 was ∼14, while that of crystallized 200-HfO2
was ∼21. This increased k value is related to the transformation of
microstructure from amorphous to tetragonal (or cubic). The lower k
value of the amorphous 200-HfO2 films compared to the 280-HfO2
can be explained by the higher concentration of impurities, which
induce voids and hydrogen related defects in the films.20 In addition,
compared to the theoretically calculated k value of the carbon incorporated t-HfO2 films (>33),7 the experimentally extracted k values
of t-HfO2 in this work (∼21) was lower, suggesting that the films
were not fully crystallized with perfect tetragonal phases in this work

because crystallization was interrupted by impurities or other defects.
Figure 4d shows the variation of dielectric leakage current density (Jg ,
measured at a voltage of VFB – 1V, where VFB is the flatband voltage
estimated from the capacitance – voltage curve) as a function of EOT
of the 200-HfO2 and 280-HfO2 samples after the PDA at 450 and
600◦ C, respectively. The as-deposited samples showed a much higher
Jg level, so they are not indicated in this graph. Although the films
deposited at different Tg have different carbon concentrations at the
as-deposited state, they did not show any notable difference in this
dielectric performance measure after the PDA at 600◦ C. This must be
due to the fact that the higher k values of the 200-HfO2 film after the
PDA counteract the detrimental influence of the carbon impurity on
the Jg . However, after the PDA at 450◦ C the HfO2 samples showed
certainly degraded performance which may have some relation with
the remaining impurity and insufficient defect curing effect. Under
this PDA condition, the k value is still remained at the low level so
that the beneficial influence of the higher-k value cannot be achieved.
Below, the possible reasons for achieving the higher k values of
the 200-HfO2 samples on both Ge and Si substrates after the PDA at
600◦ C. As discussed in introduction section, this must have a close
correlation with the grain size and accompanying grain boundary energy effect. In ZrO2 , which is of iso-structure with HfO2 , fine grained
poly-crystalline films generally show tetragonal phase even without
any intentional doping due to the lower grain boundary (or surface) energy of the tetragonal phase compared to that of monoclinic phase.10–14
It is believed that the same mechanism drives the phase transition here.
The average grain size measured by atomic force microscopy (AFM)
of the crystallized 200-HfO2 and 280-HfO2 are ∼36 ± 10 and
∼58 ± 22 nm, respectively (data not shown). Therefore, the 200-HfO2
sample must be influenced by the grain boundary energy effect more
dominantly compared with the other case when they were crystallized
after the PDA at 600◦ C. The incorporation of high content of carbon
impurity in the 200-HfO2 sample interferes with the atomic aggregation of Hf and O atoms, which were mostly remained in amorphous
state, during the PDA resulting in the smaller grain size. In addition,
the phase transition to the higher-k phase was further strengthened by
the lowered Etetra due to the carbon (and Vo association) as shown
by the first principles calculation above. The decreased volume free
energy difference by carbon effect made the grain boundary effect
dominant in determining the crystal structure. It is also noted that the
experimental carbon concentration was much higher (10–15%) compared to the calculation model (∼1%) so that the actual lowering of
Etetra could be even larger.
Conclusion
In summary, the ALD HfO2 films grown at 200◦ C had an abnormal tetragonal phase after the PDA, which had a higher dielectric
constant than the amorphous and monoclinic phase. The origin of
this phenomenon is ascribed to the carbon incorporation into the film.
First-principles studies showed that the carbon impurity, either at
the interstitial site or at Hf-substitutional site combined with oxygen
vacancy, decreases the energy cost of the tetragonal phase over the
monoclinic phase which facilitates the phase transition to the higher-k
phase. The most direct cause for the phase transition must be the grain
boundary energy effect of the polycrystalline HfO2 films with smaller
grain size. The higher k values of the film grown at lower temperature
after the PDA at 600◦ C nullify the undesirable influence of the impurity on the leakage current. Therefore, the Jg – EOT performances
of the films grown at 200 and 280◦ C, respectively, showed almost
identical trend after the PDA at 600◦ C.
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