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ABSTRACT: Germanium (Ge)-based metal−oxide−semi-
conductor field-effect transistors are a promising candidate
for high performance, low power electronics at the 7 nm
technology node and beyond. However, the availability of high
quality gate oxide/Ge interfaces that provide low leakage
current density and equivalent oxide thickness (EOT), robust
scalability, and acceptable interface state density (Dit) has
emerged as one of the most challenging hurdles in the
development of such devices. Here we demonstrate and
present detailed electrical characterization of a high-κ epitaxial
oxide gate stack based on crystalline SrHfO3 grown on Ge
(001) by atomic layer deposition. Metal−oxide−Ge capacitor
structures show extremely low gate leakage, small and scalable EOT, and good and reducible Dit. Detailed growth strategies and
postgrowth annealing schemes are demonstrated to reduce Dit. The physical mechanisms behind these phenomena are studied
and suggest approaches for further reduction of Dit.
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■ INTRODUCTION

With recent advances in high-κ/metal-gate technology,1 interest
in germanium as a transistor channel material has resurged
owing to its higher bulk electron and hole mobilities compared
with those of silicon.2−11 However, there remain several critical
technical issues to be solved before Ge-channel metal−oxide−
semiconductor field-effect transistors (MOSFETs) can be
integrated with mainstream Si complementary MOS technol-
ogy.2−11 An outstanding problem among these is the need for a
high-quality and scalable gate dielectric on Ge. Unlike Si, the
native oxide of Ge is thermally and chemically unstable and can
readily decompose into several suboxides, potentially creating a
high density of Ge dangling bonds and a high degree of surface
roughness at the GeOx/Ge interface that act as scattering
sources.2,4,5,8 These interfacial trap states, unfortunately, cannot
be hydrogen passivated by using conventional forming gas
anneals.8

Over the past few years, several approaches have proved
successful to reduce interface trap density (Dit) of Ge-based
MOSFETs. The first employs a thin epitaxial Si passivation
layer deposited on the Ge surface, which is then partially
oxidized to form a tensile-strained Si/SiO2 interfacial layer
(IL).2,4 In such a way, the problem of Ge passivation is
converted to the passivation of Si, which is much better
understood. However, among several other issues, there exists

an optimum Si cap thickness (∼8 ML), which is limited by
thickness-dependent strain relaxation of Si on Ge and Si
oxidation as well as diffusion of Ge into the epitaxial Si layer.4

The other approach uses a GeO2 passivation layer on Ge, which
can yield a midgap Dit as low as ∼1011 cm−2 eV−1.4,5 However,
GeO2 is water-soluble, and a H2O-free gate-stack deposition
process is needed.4,8 In addition, GeO2 has a relative dielectric
constant of 7,8 and Ge atoms can diffuse into the high-κ
material if the GeO2 IL is too thin.2 These issues present a
significant challenge for both approaches when it comes to
scalability,4 and intense research efforts are currently devoted to
a search for alternative passivation layers or processing
schemes.11 More recently, approaches such as plasma
postoxidation12 and Y-SiO2

13 show good promise for Ge
passivation.
Concurrently, owing to the richness of their electronic, ionic,

and magnetic properties, functional epitaxial binary oxides,
perovskites, and oxide heterostructures have been under
investigation for monolithic integration on mainstream semi-
conductor substrates such as Si (001) and Ge (001).14 To date,
a variety of functionalities such as magnetoresistance,15−19
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resistive switching,20−22 ferroelectricity,23−27 and gate dielec-
trics28,29 have been achieved with epitaxial oxides integrated
monolithically on Si (001). Moreover, in a report by McKee et
al., it has been shown that epitaxial oxides grown on Ge enable
the formation of commensurate interface structures while
maintaining continuity in dielectric displacement and system-
atic control of inversion charge based on which a high-mobility
MOSFET can be realized.30 Regarding practical applications, it
should be noted that though the epitaxial perovskite gate oxides
can only be grown on Si (001) and Ge (001) and may not be
applicable to FinFET structures for which the crystal
orientation for the fin side-walls is different from that of the
fin top surface, epitaxial oxides as a gate dielectric can be
applied to other alternative state-of-the-art schemes such as the
fully depleted silicon/germanium on insulator.31 In earlier
work, we demonstrated the growth of single-crystal SrTiO3

directly on Ge by atomic layer deposition (ALD),32,33 and the
structure shows excellent crystallinity of the SrTiO3 film as well
as an abrupt SrTiO3/Ge interface.

34 Although the SrTiO3 film
possesses a high dielectric constant, the negligible conduction
band offset at the SrTiO3/Ge interface makes SrTiO3 an
inappropriate choice as the gate oxide for Ge-based MOSFETs.
Unlike SrTiO3, the large conduction band and valence band
offsets of SrHfO3 with Si and Ge enable it to be a promising
candidate as a gate oxide material.35−37 Recently, we reported
the ALD growth and materials characterization of epitaxial
SrHfO3 on Ge with excellent crystallinity and favorable
electronic properties as a high-κ oxide.38 A systematic study

of the feasibility of using epitaxial SrHfO3-based gate stacks for
Ge MOS devices as well as process optimization for Dit
reduction, however, has yet to be presented. Here we report
detailed analysis of several high-κ gate stacks composed of
epitaxial crystalline SrHfO3 grown directly on Ge by ALD,
which show low leakage, small equivalent oxide thickness
(EOT), and a reasonable and improvable Dit. The postgrowth
annealing atmosphere is found to be essential in the reduction
of Dit. In contrast to GeO2- or epitaxial Si-based passivation
schemes,2,4 the high-κ gate-oxide stacks demonstrated here
require no minimum thickness (except as imposed by the
maximum allowable leakage current and by the minimum
allowable Ge channel mobility5), which makes them highly
suitable for deep scaling.

■ RESULTS AND DISCUSSION

MOS capacitor structures were created for three high-κ gate
stack structures based on epitaxial SrHfO3 grown directly on n-
type Ge (001) substrates by ALD. Typical substrate resistivities
were ρ ≈ 0.029−0.054 Ω cm. For each stack, amorphous
SrHfO3 films were deposited on the clean, 2 × 1 reconstructed
Ge (001) surface38 at a substrate temperature of 225 °C using
strontium bis(triisopropylcyclopentadienyl) [Sr(iPr3Cp)2] (Ab-
solut-Sr), hafnium formamidinate (Hf-FAMD), and purified
water as coreactants. The films were subsequently crystallized at
temperatures between 650 and 725 °C in vacuum (<2 × 10−9

Torr) with a temperature ramp rate of 20 °C/min. The first
gate stack consisted of a 4 nm SrHfO3 film (referred to herein

Figure 1. (a) Schematic diagrams of the 4 nm, the 2 nm/2 nm, and the 4 nm/2 nm samples. RHEED images obtained from as-crystallized (b) 4 nm
SrHfO3 film for the 4 nm sample, (c) 2 nm SrHfO3 film for the 2 nm/2 nm sample, and (d) the initial 2 nm SrHfO3 film (upper two images) and the
complete 4 nm SrHfO3 film (lower two images) for the 4 nm/2 nm sample. For each set of images taken, the beam is aligned along the [110] (top
image) and the [210] (bottom image) azimuth.
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as the 4 nm sample) that was crystallized by postdeposition
vacuum annealing at 725 °C for 5 min. The second gate stack
consisted of a 4 nm SrHfO3 film capped with 2 nm of
amorphous Al2O3 (referred to as the 4 nm/2 nm sample). In
this case, the 4 nm SrHfO3 film was grown in a two-step growth
and anneal process where 2 nm of SrHfO3 was deposited
during each step and subsequently crystallized in vacuum at 700
°C for 5 min. In general, thinner SrHfO3 films allowed for
reduced annealing temperature for crystallization. For the third
gate stack, 2 nm of SrHfO3 was capped with 2 nm of
amorphous Al2O3 (referred to as the 2 nm/2 nm sample). For
this sample, the SrHfO3 film was crystallized at 650 °C for 5
min, which was the lowest anneal temperature for which
crystallization of the ALD-deposited SrHfO3 layer was
observed. Here in this work, the 2 nm Al2O3 capping layer is
employed to further decrease leakage current, as will be
discussed in detail later in this work. For each structure, a 30
min postgrowth annealing in dry air at 300 °C was performed
to reduce Dit.
Figure 1, panel a shows schematics of the different gate stack

structures for the 4 nm sample, the 2 nm/2 nm sample, and the
4 nm/2 nm sample, respectively. Figure 1, panels b−d show
reflection high-energy electron diffraction (RHEED) images of
the 4 nm sample, the 2 nm/2 nm sample, and the 4 nm/2 nm
sample, respectively, before deposition of the top amorphous
Al2O3 layer (if any). For the 4 nm/2 nm sample, RHEED
images taken after crystallization of the initially deposited 2 nm
SrHfO3 (upper two images) and after crystallization of the
latter 2 nm SrHfO3 (lower two images) are both shown in
Figure 1, panel d. Streak patterns can be seen for all three
structures, indicative of the high crystalline quality of the
SrHfO3 film upon postdeposition vacuum annealing. Circular
top electrode contacts with radius ranging from 15−200 μm
were formed by sputtering of 200 nm TaN, photolithographic
patterning, and SF6-based inductively coupled plasma etching.

The scratched backside of the n-type Ge substrate was coated
with silver paste and then attached to a metal specimen disc.
Electrical measurements for these SrHfO3-crystallized samples
(both before and after 30 min postgrowth annealing in dry air
at 300 °C) were performed on a Cascade Microtech probe
station in ambient conditions by applying voltage to the top
electrode with the sample bottom grounded using an Agilent
B1500A semiconductor device parameter analyzer. For the
electrical measurements, we focused on devices with radius of
15 μm unless otherwise indicated.
Figure 2, panels a and b show the capacitance−voltage (C−

V) and conductance−voltage (G−V) characteristics of the 4
nm sample measured at frequencies ranging from 1 kHz to 1
MHz. C−V and G−V curves for the 4 nm sample after
postgrowth annealing and for the 2 nm/2 nm sample and 4
nm/2 nm sample before and after postgrowth annealing are
shown in Figure S1 in the Supporting Information. The
frequency dispersion of the C−V curves shows a clear signature
of high-rate generation-recombination of minority carriers via
midgap bulk traps in the Ge depletion layer (in the strong
inversion regime) and via interface states (in the depletion and
weak inversion regime) as well as a very short minority carrier
response time, both due to the smaller band gap of Ge (Eg,Ge =
0.67 eV) as compared to Si (Eg,Si = 1.12 eV).39,40 This behavior
is also indicated in the G−V curves shown in Figure 2, panel b,
from which conductance plateaus in strong inversion and
outstanding conductance peaks in depletion and weak inversion
are observed. C increases as V becomes more negative in the
strong inversion regime even at 1 MHz, suggesting impurity
(e.g., hafnium atom) diffusion into the Ge substrate or Ge
diffusion into the SrHfO3 layer near the Ge/SrHfO3 interface,
which act as bulk traps assisting generation/recombination of
minority carriers within the depletion layer in the strong
inversion regime or as fixed charge in the gate oxide.39

Figure 2. (a) Capacitance−voltage and (b) conductance−voltage characteristics of the 4 nm sample for frequencies from 1 kHz to 1 MHz; (c)
leakage current as a function of device area for the 4 nm sample; (d) capacitance measured at 1 MHz in the accumulation regime for the SrHfO3
films of different thickness for extraction of the dielectric constant of SrHfO3.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b10661
ACS Appl. Mater. Interfaces 2016, 8, 5416−5423

5418

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b10661/suppl_file/am5b10661_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b10661


Such behavior together with the large conductance plateaus
in strong inversion was not seen for the 2 nm/2 nm sample and
the 4 nm/2 nm sample (Figure S1 in the Supporting
Information), which were crystallized at lower temperatures.
This indicates that crystallization temperature plays a significant
role in the occurrence and degree of impurity diffusion from the
gate dielectric to the Ge substrate (or Ge diffusion into the gate
dielectric), as also reflected in a comparison of the transmission
electron microscopy (TEM) images of these samples reported
elsewhere.38 Figure 2, panel c shows that the dielectric leakage
current of the 4 nm sample scales almost linearly with the
device area, indicative of an area-distributed leakage current
through the 4 nm SrHfO3 layer rather than a localized one. An
additional series of samples with different thicknesses (4.6, 5.2,
11.2, and 18.2 nm) was grown with the same growth and in situ
crystallization annealing condition as that for the 4 nm SrHfO3

sample to determine the dielectric constant of the SrHfO3.
Figure 2, panel d shows the capacitance per unit area measured
in the accumulation regime for different thicknesses of the
crystallized SrHfO3 film, from which the capacitance at
infinitely large thickness is found to be zero and a dielectric
constant κ = 16 can be extracted, consistent with previous
reports.35,37

Figure 3, panels a−c show the current density−voltage (J−V)
characteristics for the 4 nm, 2 nm/2 nm, and 4 nm/2 nm
samples, respectively, all measured from the same 15 μm-radius
devices used for C−V and G−V measurements, with their
corresponding C−V curves obtained at 1 MHz shown in Figure
3, panels d−f. The 2 nm/2 nm sample is more insulating than
the 4 nm sample, which can be understood from the fact that
Al2O3 has a large band gap of 8.8 eV and a conduction band
offset (CBO) of at least 2.6 eV with Ge,41 whereas SrHfO3 has
a band gap of 6.1 eV and a CBO of 2.17 eV with Ge.38 In the
structures employed here, the SrHfO3 layer is under ∼1.6%
lateral compressive strain, which is likely to affect the
conduction and valence band offsets and leakage currents.
Given the large magnitudes of the band offsets, however, strain-
induced band-edge energy shifts would not be expected to
dramatically influence the observed leakage currents. On the
other hand, since the SrHfO3 crystallization temperature of the
2 nm/2 nm sample is 75 °C lower than that of the 4 nm
sample, and a higher degree of intermixing at the SrHfO3/Ge
interface due to the higher crystallization temperature can
typically lead to more grain boundaries and therefore current
leakage paths originating from the interface, the higher leakage
current observed for the 4 nm sample can also be partly

Figure 3. Leakage current density as a function of voltage for (a) the 4 nm, (b) the 2 nm/2 nm, and (c) the 4 nm/2 nm samples, with their
corresponding capacitance−voltage characteristics measured at 1 MHz shown in panels d−f, respectively.
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attributed to the higher crystallization temperature that the
sample underwent. As shown in Figure 3, panel c, the 4 nm/2
nm sample is the most insulating among the three samples,
further verifying the high quality of the as-grown and
crystallized SrHfO3 film. Note that the flattened J−V curves
around 0 V shown in Figure 3, panels b and c are due to the
minimum current level detectable by the testing equipment for
the 15 μm-radius devices and therefore are likely to
overestimate the leakage current for the corresponding voltage
range. Nevertheless, the current densities shown in Figure 3 are
well below the level required for these oxide stacks to be used
as a gate dielectric.
The interface trap density Dit has also been extracted for all

the samples under study using the conductance method,42 and
detailed studies of the dependence of Dit on postgrowth
annealing conditions have been performed. Note that since all
the electrical measurements were performed at room temper-
ature, the presence of weak and strong inversion responses at
room temperature typically leads to an overestimate of Dit, so
the actual Dit values for the samples under study are likely to be
smaller than the values reported in this work. It should also be
noted that the discussion and conclusion made in this work
regarding the Dit reduction trends are not affected by the
overestimate of Dit values because the thermally induced effects
are present and therefore increase the measured Dit for all the
samples under study. Shown in Figure 4, panel a are the parallel
conductance loss peaks (Gp) in the frequency domain for the
unannealed 4 nm/2 nm sample as an example. Figure 4, panel b
shows the energy profile of Dit for the air-annealed 2 nm/2 nm
sample. It should be noted that the energy dependence of Dit is
similar for all the samples under study. For the samples with an
Al2O3 capping layer, it is expected that the Al2O3 layer would
not affect Dit due to the underlying SrHfO3 layer, which is at
least 2 nm thick. The unannealed 4 nm/2 nm sample shows a
midgap (minimum) Dit of 1.4 × 1013 cm−2 eV−1 (Figure 4c),
much lower than that of the unannealed 4 nm sample (5.1 ×
1013 cm−2 eV−1 as shown in Figure 4c). It is noteworthy that
the crystallization temperature for the 4 nm/2 nm sample is 25
°C lower than the 4 nm sample, reducing the possibility of
excessive intermixing at the SrHfO3/Ge interface,38 which is
known to cause high Dit.

2−10

The improvement in Dit from the 4 nm sample to the 4 nm/
2 nm sample is believed to be related to the two-step growth
technique, allowing for lower crystallization temperature to be
employed after SrHfO3 growth of the 4 nm/2 nm stack. As
shown in Figure 1, the RHEED images for the as-crystallized

initial 2 nm SrHfO3 (Figure 1d) show sharper lines than that of
the one-step grown and as-crystallized 4 nm SrHfO3 (Figure
1b), indicating that higher crystallinity (less disorder) can be
achieved by annealing a thinner 2 nm SrHfO3 film. The
improvement in Dit with lower crystallization temperature can
be further justified in Figure 4, panel c through the comparison
between the unannealed 4 nm/2 nm sample and the
unannealed 2 nm/2 nm sample, for which the midgap Dit is
5.4 × 1012 cm−2 eV−1 and for which the crystallization
temperature is 50 °C lower than the former. Previous studies
have indicated that lower annealing temperature may result in
small, isolated amorphous regions in the SrHfO3 film.38

However, our measurements of the SrHfO3 dielectric constant,
shown in Figure 2, panel d, indicate that any formation of such
small and isolated amorphous regions that occurs here does not
increase EOT despite the fact that the dielectric constant of as-
deposited amorphous SrHfO3 is determined to be ∼7 based on
C−V measurements (not shown).
The influence of additional annealing procedures on Dit has

also been investigated. As indicated in Figure 4, panel c, 30 min
annealing in dry air (typical air conditions in a Class 100 clean
room) at 300 °C after the sample growth and before the device
fabrication lowers the minimum Dit for the 4 nm sample, the 4
nm/2 nm sample, and the 2 nm/2 nm sample to 2.4 × 1013

cm−2 eV−1, 5.8 × 1012 cm−2 eV−1, and 2.2 × 1012 cm−2 eV−1,
respectively, all by 50−60%, as summarized in Table S1 in the
Supporting Information. While the dry air anneal is clearly very
effective in reducing Dit, it was experimentally verified that
other annealing schemes such as a wet oxidation (bubbling O2
through deionized water at 95 °C) anneal or forming gas (4%
H2 and 96% N2) anneal at temperatures ∼300 °C did not
reduce Dit of our SrHfO3-based gate oxide structures (not
shown). We note here that though forming gas anneal has no
effect on Dit reduction for our samples as is consistent with
most previous reports;8 a recent report suggests that forming
gas anneal can successfully passivate some structures such as
Al2O3/Ge.

43

The role of each gaseous component in the annealing and
interface passivation process is therefore speculated to be as
follows. The epitaxial growth of SrHfO3 on Ge starts with SrO
as the first atomic layer (followed by HfO2 as the second
atomic layer). TEM analysis has revealed that for a sufficiently
low in situ vacuum crystallization temperature, the Ge diffusion
into the gate dielectric or Hf diffusion into the Ge substrate and
the resultant formation of an intermixing interlayer at the
SrHfO3/Ge interface can be suppressed.38 On the other hand,

Figure 4. (a) Parallel conductance loss peaks in the frequency domain for the unannealed 4 nm/2 nm sample; (b) energy profile of interface trap
density extracted for the air-annealed 2 nm/2 nm sample; (c) midgap (minimum) interface trap density for the 4 nm sample, 4 nm/2 nm sample,
and 2 nm/2 nm sample before and after air-anneal. “UA” and “AA” denote “un-annealed” and “air-annealed”, respectively.
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it is well established that Ge can readily diffuse into HfO2,
which results in increased leakage current and Dit and makes
HfO2 unsuitable as a gate dielectric directly on Ge.8,40 It is then
reasonable to conclude that the SrO atomic plane can reduce
such interdiffusion (or intermixing). However, it should also be
noted that though the epitaxial SrHfO3 film employed in this
work is believed to have a single crystallographic orientation
throughout the film, crystal defects, distortions, and resultant
grain boundaries can still form during the film crystallization
process that nevertheless follows thermodynamics and is also
limited by the lattice mismatch between SrHfO3 and Ge.38 As
noted previously, the formation of grain boundaries is also
facilitated by the Hf and/or Ge interdiffusion (or intermixing)
at the SrHfO3/Ge interface so a higher crystallization
temperature typically leads to more grain boundaries
originating from the interface. It is well-known that fast
diffusion of atoms occurs at grain boundaries.8 Once Ge atoms
diffuse through the grain boundaries of the adjacent SrO atomic
layer, they can easily diffuse through the HfO2 atomic layer and
reach the next SrO plane. Therefore, it is believed that these
grain boundaries present in the epitaxial SrHfO3 film that
extend to the SrHfO3/Ge interface are mainly responsible for
the high Dit observed for the as-crystallized and unannealed
samples. Since in this work, dielectric growth on the Ge surface
was in situ and the Ge surface was thoroughly cleaned prior to
the ALD growth and in situ crystallization of SrHfO3, no
amorphous GeO2, the ideal barrier for Ge or Hf diffusion, was
formed at the SrHfO3/Ge interface during the SrHfO3
deposition process. O2 is then needed as the critical ingredient
of the postcrystallization annealing atmosphere to form an
ultrathin (ideally less than 0.3 nm thick) amorphous GeO2 layer
at the SrHfO3/Ge interface that passivates the Ge surface.

2−4,8

Here, it should be first noted that N2 does not play any role at
the annealing temperatures employed (∼300 °C) except to
dilute the active gaseous components. Therefore, a conven-
tional forming gas anneal makes no contribution to the Ge
surface passivation and Dit reduction, consistent with other
reports.5,8 The O2 anneal, however, must be H2O- or air
moisture-free because GeO2 is soluble upon exposure to water
or air moisture and that readily degrades the interfacial
quality,2−4,8 which explains why the wet oxidation anneal was
not capable of reducing Dit. The dry air anneal performed in
this work did not cause any significant degradation of the gate
oxide capacitance and therefore EOT. Specifically, EOT values
for the unannealed 4 nm, 2 nm/2 nm, and 4 nm/2 nm samples
are 1, 1.7, and 2.1 nm, respectively, whereas EOTs for the air-
annealed 4 nm, 2 nm/2 nm, and 4 nm/2 nm samples are 1.1,
1.6, and 2.2 nm, respectively (Table S1 in the Supporting
Information). Compared with the conventional GeO2-based
passivation approach, our approach demonstrated in this work
requires in principle no minimum thickness of the gate
dielectric but still takes advantage of the passivation capability
of the interfacial amorphous GeO2 layer, because with the
introduction of an ultrathin interfacial GeO2 layer that
significantly lowers the probability of Ge or Hf diffusion,
even if the SrO layers in the SrHfO3 contain grain boundaries,
these layers can still work effectively in a statistical sense as
secondary diffusion barriers.
Our results also yield combinations of leakage current

suppression and EOT that compare very favorably with the
current state of the art. Figure 5 shows J versus EOT found in
recent reports that represent the state of the art of gate stack
development for Ge-based MOSFETs,44−52 along with our

results in this work (indicated by stars). Leakage currents
measured for both the unannealed and the air-annealed SrHfO3
films or SrHfO3/Al2O3 stacks in this work define the lower
bound of J for their corresponding ranges of EOT in Figure 5,
respectively. Moreover, with further scaling of the gate
dielectric stacks, it is expected that the advantage of using the
gate stacks developed in this work regarding the attainable
combinations of J and EOT would be even more pronounced.
It should also be noted that for the previous publications shown
in Figure 5 that reported a Dit minimum,

44,45,47,50−52 the Dit
values are mainly on the order of lower 1011 cm−2 eV−1, which
is about 10-times lower than the best Dit achieved in this work.
Therefore, for our SrHfO3-based gate stacks, a Dit comparable
to the current state of the art remains to be achieved. Since the
formation of grain boundaries during the crystallization process,
largely originating from the lattice mismatch between the
epitaxial SrHfO3 and Ge, is believed to cause a high Dit, it is
therefore expected that Dit can be improved by further
decreasing or eliminating the lattice mismatch,53 which may
be possible with materials such as Sr(Hf,Ti)O3 or CaHfO3.

■ CONCLUSION
In summary, we demonstrate the use of gate dielectric stacks
based on ALD-grown epitaxial SrHfO3 for Ge-based MOS
applications. The gate stacks developed in this work yield
combinations of ultralow leakage current and a small EOT,
which are comparable or superior to the state of the art
published so far in the gate stack development for Ge-based
MOSFETs. While interface state densities Dit of ∼2 × 1012

cm−2 eV−1 must still be improved, our work shows that Dit can
be very substantially reduced by using (i) a two-step technique
for the epitaxial growth; (ii) a lower crystallization temperature
for minimized intermixing at the SrHfO3/Ge interface; and (iii)
postgrowth dry air annealing. A detailed analysis of the physical
mechanism explaining the role of postgrowth annealing
atmosphere in Dit reduction is presented. Findings of this
work hold a great promise of using epitaxial gate dielectrics for
Ge MOSFETs and suggest possible routes to further
optimizing the electrical properties of these gate stacks.
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Figures showing C−V and G−V curves for the 4 nm
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Figure 5. Leakage current versus EOT reported as the state of the art
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