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Atomic layer deposition of a silicon rich SiNx layer on Si0.7 Ge0.3 (001), Si0.5 Ge0.5 (001), and
Si0.5 Ge0.5 (110) surfaces has been achieved by sequential pulsing of Si2 Cl6 and N2 H4 precursors at a
substrate temperature of 285 ◦ C. XPS spectra show a higher binding energy shoulder peak on Si 2p
indicative of SiOx Ny Clz bonding while Ge 2p and Ge 3d peaks show only a small amount of higher
binding energy components consistent with only interfacial bonds, indicating the growth of SiOx Ny on
the SiGe surface with negligible subsurface reactions. Scanning tunneling spectroscopy measurements
confirm that the SiNx interfacial layer forms an electrically passive surface on p-type Si0.70 Ge0.30 (001),
Si0.50 Ge0.50 (110), and Si0.50 Ge0.50 (001) substrates as the surface Fermi level is unpinned and the electronic structure is free of states in the band gap. DFT calculations show that a Si rich a-SiO0.4 N0,4
interlayer can produce lower interfacial defect density than stoichiometric a-SiO0.8 N0.8 , substoichiometric a-Si3 N2 , or stoichiometric a-Si3 N4 interlayers by minimizing strain and bond breaking in
the SiGe by the interlayer. Metal-oxide-semiconductor capacitors devices were fabricated on p-type
Si0.7 Ge0.3 (001) and Si0.5 Ge0.5 (001) substrates with and without the insertion of an ALD SiOx Ny
interfacial layer, and the SiOx Ny layer resulted in a decrease in interface state density near midgap
with a comparable Cmax value. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975081]

I. INTRODUCTION

Six Ge1 x intrinsically has high hole mobility which can
be further enhanced by compressively straining the crystal
lattice by growing Six Ge1 x on a substrate with a lower Ge
content.1–3 As semiconductor device manufacturing continues the scaling of gate stacks to the subnanometer equivalent
oxide thickness (EOT) regime, thin film deposition requires
high conformality with nucleated growth in every unit cell to
ensure low defect density and low gate leakage. Passivation
and functionalization of the Six Ge1 x surface remains challenging as Ge surface dangling bonds act to pin the SiGe
surface Fermi level, and Ge sub-oxide surface species degrade
semiconductor mobility and create a higher density of interfacial trap states in the band gap.4,5 Plasma nitridation of pure
Ge6–9 and low content Ge (x = 0.5-1) Six Ge1 x surfaces10 has
served as an effective passivating interfacial layer between the
semiconductor and oxide by maintaining a low density of interfacial trap states; in addition, it prevents Ge out-diffusion into
the oxide.7,10 However, it remains challenging to fully nitridate
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surface Ge atoms present at the SiGe surface because silicon is
more reactive than germanium leading to formation of a nonuniform interfacial layer.10 However, plasma post-nitridation
of Al2 O3 /Si0.75 Ge0.25 gate stacks has been shown to decrease
the density of interfacial trap states at the cost of increasing the
EOT.11
Low temperature CVD growth of silicon nitride films
on Si(001) substrates by dosing Si2 Cl6 followed by N2 H4 at
350 ◦ C–400 ◦ C substrate temperatures at a relatively high
deposition pressure of 160 Torr has also been previously
reported.12 The reported CVD silicon nitride films contained
∼30 at. % hydrogen, which may be due to the absence of
purge steps between half cycle reactions or the high deposition pressure. Silicon nitride plasma assisted ALD has been
previously reported on ZnSe substrates at 350 ◦ C–450 ◦ C by
alternating pulses of Si2 Cl6 and NH3 plasma.13 Si2 Cl6 was
pulsed for 30 s at a peak chamber pressure of 70 mTorr followed by a 30 s Ar purge at 80 mTorr. The NH3 plasma was
produced with an argon carrier gas at a total dose pressure of
100 mTorr. The report shows highly conformal SiNx deposited
films of ∼30 nm thickness with a reported growth per cycle of
∼1.2 Å.13 Many similar plasma assisted silicon nitride ALD
processes have been reported by employing alternating pulses
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of NH3 plasma and a silane precursor (SiH4 , SiH2 Cl2 , SiCl4 ,
and Si3 Cl8 ) at temperature ranges of 350 ◦ C–623 ◦ C on silicon (001), germanium (001), and low Ge content SiGe (001)
substrates.14–19 Lower temperature plasma assisted ALD has
also been reported through the sequential pulsing of NH3 or N2
plasma and a silane precursor (SiH4 , SiH2 Cl2 , and N(SiH3 )3 )
at temperatures of 250 ◦ C–500 ◦ C on Si(001) substrates.20–23
Room temperature silicon nitride deposition on Si(001) substrates has been reported by jet-vapor deposition of SiH4 in a
He carrier gas or an N2 plasma in a He carrier gas.24 The jetvapor deposition process requires a specialized chamber set-up
which may be difficult to scale to large area substrates with uniform coverage for subnanometer thickness on 3D structures
(finFETs).
Thermal silicon nitride atomic layer deposition (ALD)
has been previously reported by alternate pulses of Si2 Cl6
(1 Torr pulses) and N2 H4 (0.1 Torr pulses, 98% N2 H4 and
2% H2 O) on an NH-terminated Si(001) surface.25 The experiments employed both very high temperatures (>525 ◦ C)
and very long N2 H4 half-cycle pulse time (12 min). The
growth mechanism is in contrast to a report by Park et al.
of thermal decomposition of Si2 Cl6 at temperatures exceeding
500 ◦ C.26 For this high temperature Si2 Cl6 and N2 H4 reaction,
Morishita et al. reported each precursor, Si2 Cl6 and 98% N2 H4
containing residual H2 O, was consecutively flowed into the
reaction chamber (base pressure of 1 × 10 3 Torr) without
carrier gas for a fixed time of 4 s; subsequently, all valves
to precursor containers and pumping lines were shut so that
the gas was left in the reaction chamber for the designated
exposure time of 735 s. While the oxidant and reductant
were dosed at separate times, this process may not be a
true ALD process, as the stagnant Si2 Cl6 gas in the reaction chamber may have a partial decomposition and introduce a CVD component; however, the pioneering work of
Morishita et al. did show that low temperature N2 H4 reactions might be feasible. The present study employs anhydrous
hydrazine to help keep the Si–Nx surface free of unwanted
oxygen or water contamination during film deposition; this
was not part of the Morishita et al. process which produced
4% oxygen in film growth attributed to residual water in the
hydrazine.25
In this work, subnanometer passivating (∼6–10 Å) silicon nitride films have been deposited on low and high
Ge content Six Ge1 x (001)/(110) surfaces by a plasmafree ALD process using Si2 Cl6 and N2 H4 at a low substrate temperature (285 ◦ C) with low half-cycle pulse times
and vacuum purges between precursor pulses. This study
employs anhydrous hydrazine as the nitriding agent, both
to keep the Si–Nx surface free of unwanted oxygen contamination and to eliminate plasma induced surface damage
by nitriding the surface through a thermal ALD process.
Metal-oxide-semiconductor capacitors (MOSCAP) device
fabrication was performed on p-type Si0.70 Ge0.30 (001) and
Si0.5 Ge0.5 (001) substrates with and without the insertion of
a SiNx passivating interfacial layer deposited by ALD and
a decrease in extracted interface state density, particularly
near midgap, was observed for a comparable Cmax value for
the SiNx passivated surfaces compared to the non-passivated
surface.
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II. EXPERIMENTAL

This study employed p-type Si0.7 Ge0.3 (001) (Applied
Materials, Inc.) and Si0.5 Ge0.5 (001) (GLOBALFOUNDRIES,
Inc.) films epitaxially grown on p-type Si(001) substrates
and p-type Si0.5 Ge0.5 (110) films epitaxially grown on
p-type Si(110) substrates (GLOBALFOUNDRIES, Inc.). The
Six Ge1 x surface underwent a degrease procedure by ultrasonication with acetone for 10 min, isopropyl alcohol for
10 min, and deionized water for 5 min. Next, the sample
was dipped into a beaker containing a 2% HF/water solution with a layer of toluene on top for 2 min. After 2 min,
the sample was pulled out through the layer of toluene and
quickly transferred into the ultrahigh vacuum (UHV) preparation chamber with a base pressure of 1 × 10 10 Torr before the
layer of toluene evaporated from the surface. This process was
employed to prevent the sample from being air exposed following the 2% HF dip. The sample was subsequently characterized
by an Omicron in situ monochromatic XPS, located inside
the prep chamber, using the aluminum Kα excitation source
(hν = 1486.7 eV) with spectra taken at a glancing angle of 30◦
to obtain enhanced surface sensitivity. XPS raw counts were
collected using the XPS constant analyzer energy mode with a
pass energy of 50 eV and line width of 0.1 eV. XPS peak shape
analysis was conducted using CASA XPS v.2.3 by employing a Shirley background subtraction. All XPS raw core level
peaks were corrected by Schofield photoionization cross sectional relative sensitivity factors. Following the initial sample
XPS characterization, the sample was radiatively heated on the
UHV manipulator (via a PBN heater) to 330 ◦ C for 15 min in
the UHV prep chamber; subsequently the sample was dosed
with 1800 L of atomic hydrogen to remove surface carbon contamination; a Langmuir was defined at a flux of 10 6 Torr/s
of gas for all gases in this study. An Applied Research TC-50
thermal gas cracker was employed to produce atomic hydrogen and was operated at 65 W, producing atomic hydrogen
at an estimated 50% efficiency. The 1800 L dose consists of
H2 (g) flowed for 30 min at a H2 pressure of 1 × 10 6 Torr; note
that the calculated Langmuirs do not include the H cracking
fraction since this could not be experimentally determined so
the reported atomic hydrogen Langmuirs are an upper limit.
XPS was taken of the surface to determine the background
carbon, oxygen, silicon, and germanium surface percentages
prior to SiNx deposition.
The high vacuum ALD (HV-ALD) dosing chamber (base
pressure of 2 × 10 7 Torr) with attached precursor dosing lines
was pumped by a turbomolecular pump backed by a dry pump,
and the entire chamber, precursor dosing lines, and connecting line to the dry pump were heated by heat tape for 12 h
at 125 ◦ C. The manipulator was radiatively heated and outgassed in high vacuum by the PBN heater to 285 ◦ C for 12 h.
12 h of preheating time was employed, and hot wall heating
continued during ALD to ensure all stainless steel vacuum
components reached the temperature of >100 ◦ C, to prevent
both precursors from sticking to adsorbates (H2 O, hydrocarbon, etc.) on the chamber walls and to eliminate the formation of the ammonium–chloride like powder byproduct, which
formed with chamber walls at room temperature during ALD
deposition. Subsequently, the sample was radiatively heated
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FIG. 1. Schematic diagram of the multichamber UHV/HV system where
sample preparation and ALD deposition were performed.

to 285 ◦ C for 15 min on the UHV manipulator in the prep
chamber while simultaneously the HV-ALD chamber manipulator was also heated to 285 ◦ C for 15 min to facilitate a faster
sample transfer. The schematic of the multichamber UHV/HV
system is shown in Fig. 1. The sample was transferred to the
HV-ALD dosing chamber and 400 ML of N2 H4 was dosed
at a substrate temperature of 285 ◦ C to terminate the surface
with NHx groups and prepare the surface for ALD. Next, 10–20
SiNx ALD cycles were performed at a substrate temperature of
285 ◦ C in order to deposit silicon nitride films of varying thickness on the Six Ge1 x surface. Each ALD cycle consisted of
13.5 ML Si2 Cl6 (0.1 Torr dosed for 135 s) followed by 20 ML
N2 H4 (0.4 Torr dosed for 50 s) at a substrate temperature of
285 ◦ C. The pressure during ALD processing was monitored
by a convectron gauge, which showed peak spikes of 0.3 Torr
and 1 Torr at the onset of Si2 Cl6 and N2 H4 doses; after each
half-cycle dose, the chamber underwent a HV purge for 85 s to
reduce the pressure to 5 × 10 5 Torr to ensure the removal of
residual precursor from the deposition chamber before introduction of the next half-cycle. Anhydrous N2 H4 was employed
(Rasirc, Inc.), and prior to every new sample deposition, the
N2 H4 source container was recharged with 750 Torr of ultrahigh purity N2 to act as a carrier gas for delivery of N2 H4
(vapor pressure of 15 Torr at 25 ◦ C).
Following deposition, the sample was transferred back to
the UHV preparation chamber and radiatively heated to 285 ◦ C
for 15 min and dosed with 1800 L of atomic hydrogen in order
to remove any residual chlorine left in the deposited SiNx film
by inducing a HCl(g) desorption byproduct. The surface was
subsequently characterized by XPS and transferred into the
UHV SPM analysis chamber (base pressure of 2 × 10 11 Torr).
In the SPM chamber, scanning tunneling spectroscopy
(STS) was performed to determine the electrical quality of the
surface and probe the local surface density of states. Variable-z
mode measurements were taken using an external lock-in
amplifier with modulation signal (0.1 Vac , 650 Hz) to directly
obtain the dI/dV and I/V spectra by sweeping the sample
bias from 2.5 to +2.5 V, and simultaneously moving the tip
towards and then away from the surface.27–29 An applied ∆z
initial offset ranging from 0.2 to 0.8 nm was used in order
to maximize the I(V) signal without crashing the STM tip.
The raw I/V data are smoothed by a broadening function to create I/V using a low-pass filter with energy width of
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(3.0 eV)/2π (filter frequency parameter value of (3.0 eV) 1 ),
as described in previous studies.30 The dI/dV spectra are normalized by dividing by I/V.30 The STS curves are reported by
averaging 10-12 individual (dI/dV)/(I/V) curves taken across
the sample surface. These averaged curves are fitted (dashed
red line in reported spectra) using a linear function described
in previous STM/STS studies in order to extract the measured
band edge energies of the plotted (dI/dV)/(I/V) spectra, as
band offsets contain linear dependence on sample bias.30–32
The linear function fitting method contains slight rounding
at the band gap onset due to temperature and AC modulation.
Standard errors are obtained by the fitting process and reported
for averaged STS curves. The uncertainties provided by the fitting method are statistical uncertainties using the least squares
fitting,32 and these reported uncertainties are much less than
thermal broadening in STS measurements.
After SiNx deposition, the samples were taken out of UHV
and placed under 750 Torr ultra-high purity N2 until ready for
MOSCAP fabrication. Capacitance-voltage (C-V) characterization of SiNx /SiGe interfaces was performed by fabrication
of HfO2 /SiNx /SiGe metal-oxide-semiconductor capacitors
(MOSCAPs). HfO2 ALD was performed at 300 ◦ C in the
Beneq TFS-200 continuous flow reactor using Ar carrier gas,
with 40 sequential pulses of HfCl4 (500 ms) and H2 O (500 ms).
After each precursor pulse, a 6 s long Ar purge was employed.
Following HfO2 ALD, Ni gate metal and Al back contacts were
deposited by thermal evaporation and DC sputtering, respectively. After HfO2 and metal gate and back contact deposition,
the MOSCAPs underwent a 15 min forming gas anneal in
5% H2 /N2 . C-V were measured at variable frequencies ranging from 2 kHz to 1 MHz with AC modulation amplitude of
30–50 mV and DC bias range of 2 to 2 V. By fitting the
frequency dispersion of C-V and conductance-voltage (G-V)
responses around the depletion region and inversion region, the
density of interface traps at various energy levels relative to the
edge of the valence band was calculated using the full interface state model, which consists of a ∆ circuit of three complex
elements to represent charge trapping by interface traps.33,34
All DFT simulations were performed by VASP planewave DFT package using projector augmented-wave (PAW)
pseudopotentials (PP), PBE-GGA exchange-correlation functional for DFT-MD, and more accurate HSE06 hybridfunctional for the final electronic structure calculations.35–44
The first step in the density-functional theory (DFT) simulations was modeling a-SiO0.8 N0.8 and a-Si3 N4 interlayers
on SiGe(001). The SiGe substrate was a 2 × 2 × 3 SiGe
supercell using lattice constants which were DFT-relaxed at
variable volume. The 3 bottom layers were permanently fixed
in bulk-like positions and passivated by relaxed H atoms to
simulate continuous bulk. The upper surface of the SiGe slab
was Si-terminated. The larger 2 × 2 surface area of the supercell provides more realistic amorphous interlayer/SiGe simulations than the 1 × 1 SiGe unitcell surface area. Due to high
computational cost of DFT molecular dynamics (MD) simulations, the largest supercell was chosen which could provide a
reasonable simulation time. The 2 × 2 × 3 SiGe supercell had
96 atoms, while the a-HfO2 sample had 120 atoms. In addition,
around 20 passivating H atoms and around 20 interlayer O/N
atoms were included to the system resulting in roughly 250
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atoms in total. Furthermore, the SiGe slab and a-HfO2 sample should have a thickness around 10 Å or higher to have
bulk-like properties. With these constraints, the 2 × 2 supercell surface area was the most computationally affordable.
Switching to a greater 3 × 3 surface area would have made the
whole a-HfO2 /interlayer/SiGe stack too large for computationally affordable DFT-MD simulations. The a-SiO0.8 N0.8 and
a-Si3 N4 interlayers were formed by DFT molecular dynamics
(DFT-MD) in 2 stages.
To form the a-SiO0.8 N0.8 interlayer, initially 8 Si, 7 O,
and 7 N atoms were added randomly on the surface resulting
together with 8 surface Si atoms in 16 Si, 7 O, and 7 N atoms.
The stack was annealed at 800 K for 1000 fs, cooled to 0 K
for 200 fs, and relaxed to the ground state with the conjugategradient relaxation algorithm.45 This formed the “Si-rich substoichiometric” layer of a-SiO0.8 N0.8 (or a-SiO0.4 N0.4 ). Since
DFT-MD is a computationally expensive technique, the simulated time scale for systems of 100-300 atoms is typically
limited to picoseconds (∼1 fs time-step) to have a reasonable
run time. Using a higher annealing temperature accelerates
kinetic processes and effectively elongates the simulated time
scale. The 800 K annealing temperature was chosen to be
lower than the melting temperature of the SiGe stack. The
melting temperature for Ge is 1210 K, for Si is1685 K, and for
Si0.5 Ge0.5 it is estimated to be1382 K.46 The DFT-MD temperature 800 K was chosen to be lower than 1382 K because of two
reasons: (i) the DFT melting temperature can be lower than the
experimental one; (ii) having an annealing temperature above
800 K often causes deposited O/N atoms to leave the surface.
To form the stoichiometric interlayer, an additional 6 O and 6 N
atoms were added in a random manner to the previous surface resulting in a total of 16 Si, 13 O, and 13 N atoms. This
stack was again annealed at 800 K for 1000 fs, cooled to 0 K
for 200 fs, and relaxed to the ground state with the conjugategradient relaxation algorithm giving the “stoichiometric” layer
of a-SiO0.8 N0.8 .
The a-Si3 N2 and a-Si3 N4 interlayers on SiGe(001) were
formed in a similar manner. Originally, 8 Si and 11 N atoms
were added randomly on the surface resulting together with
8 surface Si atoms in 16 Si and 11 N atoms. The slab was
DFT-MD annealed, cooled, and relaxed as described previously forming a Si-rich sub-stoichiometric layer of a-Si3 N2 .
At the second stage, 10 more N atoms were added in a random manner to the previous surface resulting in 16 Si, 21 N
atoms and DFT-MD annealed, cooled, relaxed as described
previously forming a fully stoichiometric layer of a-Si3 N4 .
The high-quality model of a-HfO2 was generated for
the SiGe(001) substrate area using the “melt-and-quench”
approach by using DFT-MD at finite temperature described
in detail elsewhere.47–50 The amorphous a-HfO2 sample was
selected from a batch of 10 DFT-MD samples with different simulation parameters and compared against reference
experimental and calculated properties such as coordination
distribution, bandgap, average coordination numbers, radialdistribution functions (RDF’s), and others to ensure high sample realism and absence of defects. The amorphous samples
were generated to fit the SiGe(001) substrate cross-sectional
area. The selected amorphous bulk sample was cut to create
surfaces before stacking to the interlayer/SiGe substrate.
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The selected a-HfO2 sample was stacked on the previously simulated a-SiO0.4 N0.4 , a-SiO0.8 N0.8 , a-Si3 N2 , and aSi3 N4 interlayers on SiGe(001) resulting in stacks. Each stack
was annealed at 800 K for 2000 fs, the total energy of the
stack was analyzed from 1000 fs to 2000 fs of annealing and
4 points of low energy were detected. Starting from these
4 low energy points, the stack was cooled to 0 K for 200
fs and relaxed to the ground state with conjugate-gradient
relaxation algorithm and force-tolerance level of 0.05 eV/Å
generating 4 final stacks. Among these 4 final stacks the stack
with the lowest final total energy was identified and used. For
a-HfO2 /a-Si3 N2 /SiGe, the selected annealing time was 1919 fs
while for a-HfO2 /a-Si3 N4 /SiGe it was 1989 fs. For a-HfO2 /aSiO0.4 N0.4 /SiGe the selected annealing time was 1836 fs,
while for a-HfO2 /a-SiO0.8 N0.8 /SiGe it was 1930 fs. Since the
standard PBE exchange-correlation functional underestimates
semiconductor bandgaps, the simulated stacks were rescaled
from PBE to HSE06 SiGe lattice constants (different by several
%) and accurate electronic structure including density of states
and band-decomposed charge density was calculated with the
HSE06 functional.39–41
III. RESULTS AND DISCUSSION

XPS was employed in order to determine the ALD
saturation pulses of Si2 Cl6 and N2 H4 at 285 ◦ C on
Si0.5 Ge0.5 (110) and Si0.7 Ge0.3 (001) surfaces. Fig. 2(a) shows
the Si0.5 Ge0.5 (110) corrected XPS peak areas of Si 2p (both the
total Si 2p peak area and the higher binding energy shoulder of
Si 2p are shown), Ge 3d, O 1s, C 1s, N 1s, and Cl 2p normalized
to the sum of the total (shifted and unshifted) Si 2p and total
Ge 3d signals for the as-loaded wet cleaned Si0.5 Ge0.5 (110)
surface, and following an 1800 L atomic hydrogen dose at
330 ◦ C, 400 ML N2 H4 dose at 285 ◦ C, 1X Si2 Cl6 dose at 285 ◦ C
(13.5 ML), 3X additional Si2 Cl6 dose at 285 ◦ C (40.5 ML),
1X N2 H4 dose at 285 ◦ C (20 ML), and 3X N2 H4 dose at 285 ◦ C
(60 ML). Both the SiClx and NHx coverages reach near saturation coverage following a 1X dose indicating an ALD process
occurs at 285 ◦ C as seen by a negligible increase in Si 2p or N
1s corrected peak areas with increased dosing times.
Fig. 2(b) shows the corrected XPS peak areas normalized to the sum of total Si 2p and total Ge 3d signal on the
Si0.7 Ge0.3 (001) surface following an 1800 L atomic hydrogen
dose at 330 ◦ C, 400 ML N2 H4 dose at 285 ◦ C, 1X Si2 Cl6 dose
at 285 ◦ C (13.5 ML), 3X additional Si2 Cl6 dose at 285 ◦ C (40.5
ML), 1X N2 H4 dose at 285 ◦ C (20 ML), and 3X N2 H4 dose at
285 ◦ C (60 ML). Similar to the Si0.5 Ge0.5 (110) case, both the
SiClx and NHx coverages reach near saturation following a 1X
dose, consistent with an ALD process. It is noted that for even
the first 1-2 monolayers of SiNx , the Si/N ratio is independent
of crystal face.
These surface sensitive XPS spectra show that the hydrogen cleaned Si0.5 Ge0.5 (110) surface contains ∼63% germanium while the hydrogen cleaned Si0.7 Ge0.3 (001) surface contains ∼38% germanium. Small amounts of carbon (<∼5%) and
oxygen (<∼10%) detected on both the SiGe(001) and (110)
surfaces remain following the initial wet cleaning procedure
and the in situ atomic H dry cleaning due to adsorption of
oxygen containing hydrocarbons onto surface silicon from the
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FIG. 2. XPS of ALD saturation on Si0.5 Ge0.5 (110) and Si0.7 Ge0.3 (001). (a) Si0.5 Ge0.5 (110) and (b) Si0.7 Ge0.3 (001). XPS corrected peak areas of Si 2p (both
the total Si 2p peak area and the higher binding energy component of Si 2p), Ge 3d, O 1s, C 1s, N 1s, and Cl 2p are normalized to the sum of all Si 2p and Ge 3d
peaks. Compositions based on XPS are shown following an 1800 L atomic hydrogen dose at 330 ◦ C, 400 ML N2 H4 dose at 285 ◦ C, 1X Si2 Cl6 dose (13.5 ML)
at 285 ◦ C, 3X additional Si2 Cl6 dose (40.5 ML) at 285 ◦ C, 1X N2 H4 dose (20 ML) at 285 ◦ C, and 3X N2 H4 dose (60 ML) at 285 ◦ C. The percent nitrogen
is indicated in gold and percent chlorine in magenta. Note that the typical as-loaded wet cleaned Si0.7 Ge0.3 (001) shows 40%–50% carbon on the surface. (c)
Schematic diagram showing the SiGe(001)/(110) surface atomic hydrogen cleaning, initial N2 H4 prepulsing, and ALD half cycle surface reactions.

brief air exposure occurring during the sample transfer into
high vacuum and the 330 ◦ C atomic hydrogen cleaning.51
Following a 1X dose of N2 H4 , the Si0.5 Ge0.5 (110) surface contains less than half the amount of residual chlorine on the surface as compared with the Si0.7 Ge0.3 (001) surface, consistent
with Si–Cl surface species being more thermodynamically stable than Ge–Cl species, and a germanium rich SiGe substrate
undergoing silicon surface segregation in the presence of chlorine surface termination at 275 ◦ C.52 Both the Si0.5 Ge0.5 (110)
and Si0.7 Ge0.3 (001) surfaces contain residual chlorine following one complete ALD reaction cycle due to the strong N–H

(431 kJ/mol) and Si–Cl (377 kJ/mol) bonds making it difficult
to produce the HCl(g) desorption byproduct at a low deposition
temperature.53
Figs. 3(a)–3(c) show the raw XPS peak areas for Si 2p,
N 1s, and Ge 2p peaks on the as-loaded wet cleaned
Si0.5 Ge0.5 (110) surface following an 1800 L atomic hydrogen
dose at 330 ◦ C, an additional 400 ML N2 H4 dose at 285 ◦ C,
and following an additional 20 SiNx ALD cycles at 285 ◦ C.
The large shifted Si 2p peak (∼68% of the total Si 2p signal) indicative of SiOx Ny is located at a binding energy of
101.7 eV, and the N 1s peak is located at 397.7 eV. A small

FIG. 3. XPS spectra of Si0.5 Ge0.5 (110)
and Si0.7 Ge0.3 (001) after ALD with
N2 H4 (g) and Si2 Cl6 (g). (a)–(c) XPS
of ALD on Si0.5 Ge0.5 (110); and (d)–
(f) XPS of ALD on Si0.7 Ge0.3 (001).
XPS fitted raw peak areas are shown
for Si 2p, N 1s, and Ge 2p peaks on
the as-loaded wet cleaned SiGe surfaces
following an 1800 L atomic hydrogen
dose at 330 ◦ C, an additional 400 ML
N2 H4 dose at 285 ◦ C, and an additional
20 SiNx ALD cycles of Si2 Cl6 (g) and
N2 H4 (g) at 285 ◦ C.
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higher binding energy Ge 2p component is seen at 1219.1 eV
indicative of GeOx Ny surface bonding after the N2 H4 dose,
with slightly more nitrogen found bonded to silicon (25%
of Si 2p total corrected peak area signal) than nitrogen
bonded to germanium (15% of Ge 2p total corrected peak
area signal) as predicted by the large silicon and germanium nitride formation enthalpy differences of 177 and
15 kcal/mol.54 Following the 20 SiNx ALD cycles, the intensity of the Ge 2p signal decreases by a factor of 5 indicating that Ge–N bonds are localized at the SiOx Ny /SiGe
interface.
Similar results are shown on the as-loaded wet cleaned
Si0.7 Ge0.3 (001) (Figs. 3(d)–3(f)). After the initial N2 H4 dose,
the large shifted SiOx Ny peak, located at 101.7 eV, makes up
∼60% of the total Si 2p signal on Si0.7 Ge0.3 (001), and the
N 1s peak is located at 397.7 eV. After the initial N2 H4 dose,
the GeOx Ny surface high binding energy component, located
at binding energy 1219.1 eV, makes up ∼15% of the total
Ge 2p signal on the Si0.7 Ge0.3 (001) surface. Following an
additional 20 SiNx ALD cycles, the intensity of the Ge 2p
signal decreases by a factor of 10 on Si0.7 Ge0.3 (001) showing that on both higher and lower Ge content SiGe(001)/(110)
surfaces the SiOx Ny thin film provides a protective diffusion
barrier preventing Ge out diffusion to the surface. The results
on the 50% SiGe(001) surface are similar to 30% SiGe(001)
(see the supplementary material). ∼10% oxygen was found
following 20 SiNx ALD cycles on SiGe(001) and (110) from
the residual oxygen remaining on the SiGe surfaces following
the initial atomic hydrogen cleaning, and from a small amount
of residual background H2 O found inside the ALD chamber.
The heat for the formation of SiO2 ( 911 kJ/mol) is 3.7 times
great per silicon atom than the heat of formation for Si3 N4
( 744 kJ/mol or 248 kJ/mol-silicon). Therefore, at equilibrium trace amount of H2 O or O2 can result in formation for
SiON instead of SiNx .55
The XPS corrected peak areas were normalized to the
sum of the unshifted Si 2p and Ge 3d peaks as shown in
Fig. 4 to more clearly illustrate the nitride film growth and for
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quantification of the film thickness and stoichiometry. These
substrate normalized XPS ratios are shown following an
1800 L atomic hydrogen dose at 330 ◦ C, an additional 400 ML
N2 H4 dose at 285 ◦ C, 20 SiNx ALD cycles at 285 ◦ C, and a final
1800 L atomic hydrogen dose at 285 ◦ C on Si0.5 Ge0.5 (110),
Si0.5 Ge0.5 (001), and Si0.7 Ge0.3 (001) surfaces. The final atomic
hydrogen dose was employed after 20 ALD cycles in order to
reduce residual chlorine species in the deposited film. The
equation ln(I/Io ) = −t/λ was used to calculate the estimated
deposited SiNx film thickness, where I is the intensity of the
sum of unshifted Si 2p and Ge 3d peaks following the N2 H4
dose and 20 SiNx ALD cycles, Io is the intensity of the sum
of unshifted Si 2p and Ge 3d peaks following the N2 H4 dose,
“t” is the thickness of the deposited SiNx layer, and λ is the
inelastic mean free path of the Si 2p and Ge 3d collected electrons (2.2 nm).56 The thickness is multiplied by cosine of the
emission angle (60◦ ) to account for the glancing angle (30◦ ) of
detection. The deposited film is estimated to be a thin silicon
rich SiNx film of ∼0.4 nm thickness on the Si0.5 Ge0.5 (110)
surface, and ∼0.6 nm thickness on the Si0.5 Ge0.5 (001) and
Si0.7 Ge0.3 (001) surfaces.
The stoichiometry of the deposited film was calculated
by comparing the actual amount of silicon in a shifted oxidation state detected in the SiON to the theoretical amount of
silicon that would be in a shifted oxidation state if the SiON
was stoichiometric. The amount of “stoichiometric” SiOx Ny
is calculated (a) from the amount of O and N after subtracting
the small amount of GeON and (b) assuming the oxidized Si
is in an alloy of SiO2 and Si3 N4 to calculate the percentage of
silicon in stoichiometric SiOx Ny ,
Stoichiometric SiOx Ny = Six/2 + 3y/4 Ox Ny
= 0.5∗ (O XPS peak)
+ 0.75∗(N XPSpeak
− shifted Ge XPS peak) .

(1)

If there is Si rich silicon sub-oxynitride, then the experimental XPS Si signal from SiOx Ny  calculated Si in ideal

FIG. 4. XPS derived surface compositions of Si0.5 Ge0.5 (110) and
Si0.7 Ge0.3 (001) after ALD with
N2 H4 (g)
and
Si2 Cl6 (g).
(a)
Si0.5 Ge0.5 (110), (b) Si0.7 Ge0.3 (001)
XPS corrected peak areas of unshifted
Si 2p, unshifted Ge 3d, SiOx Ny ,
GeOx Ny , O 1s, C 1s, N 1s, and Cl 2p
normalized to the sum of unshifted Si
2p and unshifted Ge 3d peaks following
an 1800 L atomic hydrogen dose at
330 ◦ C, 400 ML N2 H4 dose at 285 ◦ C,
and following an additional 20 SiNx
ALD cycles and final atomic hydrogen
dose at 285 ◦ C.
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stoichiometric SiOx Ny = Six/2+3y/4 Ox Ny from Eq. (1). Note
that the calculated SiOx Ny from Eq. (1) does not account for
surface carbon and residual chlorine species bonding to silicon.
Fig. 4 shows the amounts of oxygen, nitrogen, and oxidized silicon and germanium species on the Si0.5 Ge0.5 (110)
(a) and Si0.7 Ge0.3 (001) (b) surfaces after 20 ALD cycles.
The results on Si0.5 Ge0.5 (001) are very comparable to
Si0.7 Ge0.3 (001), and can be found in the supplementary
material. It is assumed that all GeOx Ny is substoichiometric GeN due to the small chemical shift found on surface Ge
and because oxygen initially bonds only to silicon. The XPS
signals shown in Fig. 4 do not account for variation in film
thicknesses or the depth distributions of O, N, and shifted Si
species. For Si0.5 Ge0.5 (110), using Eq. (1) if all the SiON was
stoichiometric (i.e., a mixture of SiO2 and Si3 N4 ) then the
shifted Si peak should be 0.56, which is equal to the calculated
stoichiometric SiOx Ny from Eq. (1); however, the experimental shifted Si is 0.70, therefore the real SiOx Ny is 25% silicon
rich (0.70/0.56 = 1.25). On Si0.7 Ge0.3 (001), if all the SiON
was stoichiometric (Eq. (1)), then SiOx Ny should equal 0.75,
while the shifted Si XPS peak is 0.95 indicating the film is
26% silicon rich. As shown below in the DFT calculations, a
silicon rich SiOx Ny may be beneficial since it minimizes the
formation of Ge–N and Ge–O bonds.
20 ALD cycles on 30% Ge SiGe(001) and 50% Ge
SiGe(001)/(110) surfaces leave a substoichiometric silicon
rich SiOx Ny film where it is hypothesized that residual Si–Cl
and trace Si–O species in the thin deposited film serve to block
nitrogen from fully nitriding silicon to stoichiometric Si3 N4 .
The SiOx Ny peak is located at binding energy 101.7 eV on all
SiGe(001)/(110) surfaces. Stoichiometric amorphous Si3 N4
has a binding energy of 102 eV57 and stoichiometric SiO2
has a binding energy of 104 eV58 making the measured binding energy in these films consistent with a silicon rich SiOx Ny
film predominantly made of SiNx .
STS measurements probing the local surface density of
states of the SiOx Ny /SiGe surface were performed at room
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temperature as shown in Figures 5(a)–5(f). Bilinear fits are
shown in Fig. 5 (dotted blue and pink lines) so that band edge
states are properly fitted; however, for the discussion of the
bandgap size, the outer bandgap is reported and, therefore, represents the full bandgap in the presence of band edge states.
Therefore, the estimate of the band gaps does not include the
VB and CB edge states observed in the narrow band gap spectra or the VB band edge states observed in the wide band gap
regions. States outside the bandgap of SiGe and near the SiGe
band edges are best evaluated with MOSCAP measurements.
The Si0.5 Ge0.5 (110) surface contains the thinnest deposited
film (∼0.4 nm from XPS data) and has the largest range of
measured band gap energies with 60% of the curves containing a larger band gap of ∼1.4 ± 0.02 eV (Fig. 5(a)), and 40%
showing a narrow band gap (∼1.0 ± 0.02 eV) (Fig. 5(d)) more
reflective of the SiGe substrate, indicating the presence of varying nitride stoichiometry across the surface after the initial 1-3
monolayers of SiNx nucleation and growth on the surface. It
is hypothesized that the SiOx Ny ALD nucleation on the (110)
surface is more difficult because this surface contains smaller
domains and increased disorder and roughness, as previously
shown in STM and STS studies comparing SiGe(001)/(110)
surfaces.59 The narrow SiNx band gap (1–1.6 eV) has been
previously reported for subnanometer SiNx films on Si(001)
surfaces by STS measurements at both low and high deposition
temperatures.60,61
It has been reported that when subnanometer SiNx films
are deposited at low temperatures (<600 ◦ C), SiNx grows in
a layer by layer fashion and silicon and nitrogen atoms are
limited in diffusion across the surface and tend to form incomplete non-stoichiometric Si3 N4 in which the N atoms have
less than three bonds to Si.60 The Si0.5 Ge0.5 (001) contains a
thicker deposited SiOx Ny film (∼0.6 nm by XPS) with 90%
of the surface curves showing a measured averaged band gap
of 2.1 ± 0.02 eV (Fig. 5(b)), and 10% of the curves showing an averaged narrow band gap (1.1 ± 0.17 eV) (Fig. 5(e)).
Similarly on the Si0.7 Ge0.3 (001) surface with ∼0.6 nm

FIG. 5. STS
of
Si0.5 Ge0.5 (110),
Si0.5 Ge0.5 (001), Si0.7 Ge0.3 (001) after
N2 H4 + Si2 Cl6 ALD. STS on (a) and
(d) p-type Si0.5 Ge0.5 (110), (b) and
(e) p-type Si0.5 Ge0.5 (001), (c) and
(f) p-type Si0.7 Ge0.3 (001) following
an 1800 L atomic H dose at 330 ◦ C,
an additional 400 ML N2 H4 dose at
285 ◦ C, an additional 20 SiNx ALD
cycles at 285 ◦ C, and a final 1800 L
atomic H dose at 285 ◦ C. Both narrow
and wider band gap curves are measured
across all surfaces and are reported
here. Note the absence of band gap trap
states indicative of surface passivation.
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SiOx Ny film measured by XPS, 90% of the surface curves show
a measured averaged band gap of 2.1 ± 0.02 eV (Fig. 5(c)),
and 10% show an averaged narrow band gap (1.09 ± 0.02 eV)
(Fig. 5(f)). Note that for all surfaces, the absence of midgap
states is indicative of surface passivation without formation
of unwanted trap defect states. It is hypothesized that with
increasing deposited film thickness, the band gap increases
towards that expected for a stoichiometric Si3 N4 film. Because
this work focuses on depositing a thin subnanometer film
to passivate the SiGe(001)/(110) surface and protect against
germanium out-diffusion, thicker film properties were not
investigated. The narrow bandgaps on 10% of the (001) surfaces were not considered an issue since during ALD gate
oxide deposition and post deposition anneal, the interfacial
silicon will become fully oxidized and, therefore, the interlayer will have a wide bandgap as shown below by the
lower gate leakage for devices formed on the N2 H4 + Si2 Cl6
samples.
Following XPS and STS, MOSCAPs were fabricated
with and without the insertion of the SiOx Ny layer on both
Si0.7 Ge0.3 (001) and Si0.5 Ge0.5 (001) prior to HfO2 deposition
to investigate the electronic structure of the SiOx Ny /SiGe interfaces. To deposit a thin SiOx Ny diffusion barrier and still maintain a low EOT, 10-15 cycles of SiNx ALD (with estimated
thickness of 0.2–0.3 nm) were employed. In order to determine if more highly silicon enriched SiNx film would improve
the interface quality, a second SiNx recipe with half the N2 H4
pulse length per ALD cycle was explored for MOSCAP fabrication. MOSCAPs were fabricated following 20 SiNx ALD
cycles with half the N2 H4 pulse length per cycle, so that the
SiNx film thickness would be comparable to that from the
regular recipe (∼0.2–0.3 nm).
Fig. 6 shows the C-V characteristics of HfO2 /
Si0.7 Ge0.3 (001) MOSCAPs fabricated following cyclic HF
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clean (a), 20 cycles of SiNx ALD with 10 ML N2 H4 pulses
per cycle (b), and 10 cycles of SiNx ALD with 20 ML N2 H4
pulses per cycle (c). The C-V characteristics were measured
for 6 MOSCAPs for each condition shown in (a)–(c). Although
the device with HF clean has a higher maximum capacitance
in accumulation (Cmax ), it also has a large interface trap feature (known as the Dit bump) observed near the flat band
region. In comparison, MOSCAPs with a SiNx interfacial layer
(Figs. 6(b) and 6(c)) showed smaller Dit bumps as well as
smaller Cmax . The lower Cmax is consistent with the SiOx Ny
layer having a sufficient band gap to prevent the accumulation
of electrons in the SiOx Ny layer. Moreover, addition of SiNx at
the interface improved the gate leakage characteristics by lowering the maximum gate leakage in accumulation by almost
an order of magnitude (Fig. 6(d)). While the two MOSCAPs
with SiNx layers have similar Cmax values, 10 cycles of SiNx
ALD with the longer N2 H4 pulse resulted in smaller Dit bump
(Fig. 6(c)) and lower gate leakage (Fig. 6(d)), indicating that
the SiNx ALD recipe with full saturation of the N2 H4 pulse
leads to a better interface quality with less chlorine and more
nitrogen in the film; note that this interlayer is still Si rich
(i.e., substoichiometric) compared to a mixture of SiO2 and
Si3 N4 .
Using the full interface state model for quantitative analysis of the C-V and G-V characteristics, Dit versus Fermi
energy level (relative to the edge of the valence band) profiles have been extracted for the three above-mentioned
MOSCAPs (Fig. 7). By employing SiNx ALD, the detectable
Dit distribution energy range has decreased from 0.15 to
0.65 eV for the HF cleaned sample to 0.15-0.51 eV for
20 cycles of SiNx , and 0.15–0.45 eV for 10 cycles of
SiNx .
The lower Dit comes at the expense of an increase in
the equivalent oxide thickness (EOT) as shown in Fig. 7(b).

FIG. 6. C-V
characteristics
of
Si0.7 Ge0.3 (001) MOSCAPs with 40
cycles of HfO2 deposited by ALD. C-V
curves after (a) HF cyclic clean; (b)
20 cycles of SiNX ALD with 10 ML
N2 H4 pulse length per cycle; (c) 10
cycles of SiNX ALD with 20 ML N2 H4
pulse length per cycle. Gate leakage
characteristics of the three MOSCAPs
are shown in (d).
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FIG. 7. Density of interfacial trap states (Dit ) and equivalent oxide thicknesses (EOT) for Si0.7 Ge0.3 MOSCAPs
with 40 cycles of HfO2 deposited by ALD: (a) Dit vs.
EF –Ev for HF cyclic clean, 20 cycles of SiNx ALD, and
10 cycles of SiNx ALD with 2x longer N2 H4 pulses. (b)
EOT values for HF cyclic clean, 20 cycles of SiNx ALD,
and 10 cycles of SiNx ALD with 2x longer N2 H4 pulses.

Relative to the HF cleaned sample, ALD deposition of SiNx
resulted in a 0.5 nm EOT increase for 10 ALD cycles with
10 ML N2 H4 pulses per cycle and 0.57 nm increase for 20
ALD cycles with 20 ML N2 H4 pulses per cycle. Note that this
increase in EOT is greater than expected from the deposition
of 0.2 nm to 0.3 nm of SiNx ; the increased EOT results partially from the deposition of silicon-rich SiNx , but primarily
from the air exposure after SiNx deposition and before gate
oxide ALD. The SiNx passivated surfaces may also increase
the nucleation of HfO2 , leading to a thicker deposited HfO2
film. It is hypothesized that device fabrication without an air
exposure after SiNx deposition would create a lower total EOT
than the reported results. The results shown are consistent with
SiNx ALD forming an SiON interfacial layer between HfO2
and Si0.7 Ge0.3 (001), with bonding states that reduce Dit by
almost 2x with an EOT increase of just 0.50–0.57 nm.
Fig. 8 displays the C-V characteristics of HfO2 /
Si0.5 Ge0.5 (001) MOSCAPs fabricated on surfaces with and
without SiNx interfacial layers. Due to low substrate doping and consequently large series resistance, high levels

of frequency dispersion in accumulation were observed
for Si0.5 Ge0.5 (001) MOSCAPs. Therefore, only the lowfrequency C-V characteristics (up to 20 kHz) are shown.
Relative to the MOSCAPs with cyclic HF clean (Fig. 8(a)),
addition of SiNx to the interface (Figs. 7(b) and 7(c)) led to
lower Cmax , a smaller Dit bump, and similar gate leakage in
accumulation (Fig. 6(d)). 20 cycles of SiNx with 10 ML N2 H4
pulse length per cycle (Fig. 8(b)) contains a larger Dit bump,
and an increased false inversion component (observed for 1 V
< Vg < 2 V) in comparison with 15 cycles of SiNx ALD with
20 ML N2 H4 pulse lengths per cycle (Fig. 8(c)). In addition, the
longer N2 H4 pulse length nearly eliminated the false inversion
capacitance caused by large density of interface traps closer to
the edge of the conduction band of Si0.5 Ge0.5 (001). Therefore,
a fully saturating N2 H4 pulse during SiNx ALD results in a better passivation layer on the Si0.5 Ge0.5 (001) surfaces consistent
with the need for a more nitrogen rich film to reduce Ge outdiffusion for the higher Ge content Si0.5 Ge0.5 (001) substrates;
note that this interlayer is still Si rich (i.e., substoichiometric)
compared to a mixture of SiO2 and Si3 N4 .

FIG. 8. C-V
characteristics
of
Si0.5 Ge0.5 (001) MOSCAPs with 40
cycles of HfO2 deposited by ALD: C-V
spectra of: (a) HF cyclic clean; (b) 20
cycles of SiNx ALD (10 ML N2 H4
pulse length); (c) 15 cycles of SiNx
ALD with 2x longer N2 H4 pulses (20
ML N2 H4 pulse length). Note: Due to
low substrate doping and large series
resistance, only the low-frequency C-V
characteristics at 2–20 kHz are shown
here. Gate leakage characteristics of the
three MOSCAPs are shown in (d).
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FIG. 9. DFT-MD simulations of gate
stack a-HfO2/a-SiOxNy /Si0.5Ge0.5(001).
(a) a-HfO2 /a-Si3 N2 /SiGe stack with
silicon-rich substoichiometric a-Si3 N2
interfacial layer. (b) HSE06-calculated
density of states of the gate stack
shown in (a). EF = 0.0 eV. (c)
Band-decomposed charge density of aHfO2 /a-Si3 N2 /SiGe with Si-rich substoichiometric a-Si3 N2 interlayer at [ 0.2;
+0.1] eV and [+0.1, +0.4] eV. Pink
lobes surround Si and Ge atoms with
strained bonding found close to aSi3 N2 /SiGe interface as pointed out
by the blue arrows. (d) a-HfO2 /aSiO0.4 N0.4 /SiGe stack with Si-rich substoichiometric a-SiO0.4 N0.4 interfacial
layer. (e) HSE06-calculated density
of states of a-HfO2 /a-SiO0.4 N0.4 /SiGe
stack without (d) and with H passivation
(g). EF = 0.0 eV for H-passivated (blue)
curve. (f) a-HfO2 /a-SiO0.4 N0.4 /SiGe
band-decomposed charge density visualized for the energy ranges of [ 0.2;
+0.2] and [+0.2; +0.7] eV showing a 3fold under-coordinated Si atom at the
a-SiO0.4 N0.4 /SiGe interface. (g) Gate
stack shown in (d) with the 3-fold coordinated defective silicon atom passivated by a hydrogen atom.

DFT molecular dynamics (MD) simulations of a-HfO2 on
a-SiNx and a-SiOx Ny passivated Si0.5 Ge0.5 (001) surfaces are
shown in Fig. 9. Fig. 9(a) shows the gate stack of a-HfO2 on top
of an interfacial layer of substoichiometric a-Si3 N2 passivating
the Si0.5 Ge0.5 (001) surface. The calculated HSE06 density of
states for the gate stack is shown in Fig. 9(b), where defect
states exist across the entire bandgap, and Fig. 9(c) shows
the band-decomposed charged density for defect states in the
energy ranges of [ 0.2; +0.1] (eV), and [+0.1; +0.4] (eV) near
the VB and CB. The defect states are indicated by pink lobes;
the defect states are not in the interlayer but instead surround
substrate Si and Ge atoms with strained bonding close to the
a-Si3 N2 /SiGe interface (blue arrows).
Fig. 9(d) shows the gate stack of a-HfO2 on top of a substoichiometric Si-rich a-SiO0.4 N0.4 passivating interfacial layer

on the Si0.5 Ge0.5 (001) surface. The calculated HSE06 density
of states (Fig. 9(e)) shows the bandgap decreased by band-edge
states and the Fermi level shifted to valence band. To identify sources of these band-edge states, the band-decomposed
charge density was visualized for the energy ranges of [ 0.2,
+0.2] (near the VB) and [+0.2, +0.7] eV (near the CB) highlighting a 3-fold under-coordinated Si atom found below the
a-SiON interfacial layer as a primary source of these band-edge
states (Fig. 9(f)). Dangling bonds on gate-stacks have been
passivated experimentally during forming gas annealing in a
H2 /N2 gas mixture. To simulate this process, a hydrogen atom
was inserted and relaxed to passivate the under-coordinated
silicon atom, as shown in Fig. 9(g). The calculated density of
states curve (Fig. 9(e), blue curve with H passivation) shows
that hydrogen passivation of the under-coordinated silicon
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FIG. 10. DFT simulations of gate stack
a-HfO2 /a-SiOx Ny /Si0.5 Ge0.5 (001). (a)
a-HfO2 /a-Si3 N4 /SiGe gate stack with
stoichiometric a-Si3 N4 interfacial layer.
(b) Calculated density of states for aHfO2 /a-Si3 N4 /SiGe stack (red curve)
shown in (a) overlaid with results
for a-HfO2 /a-Si3 N2 /SiGe (black curve)
shown in Fig. 9(a). EF = 0.0 eV for both
curves. (c) a-HfO2 /a-SiO0.8 N0.8 /SiGe
gate stack with stoichiometric aSiO0.8 N0.8 interfacial layer. (d) Calculated density of states for a-HfO2 /aSiO0.8 N0.8 /SiGe stack (black curve)
shown in (c) overlaid with the results for
a-HfO2 /a-SiO0.4 N0.4 /SiGe stack (blue
curve) shown in Fig. 9(g). EF = 0.0 eV
for black curve.

atom unpins the Fermi level by shifting the Fermi level into
the band gap and expanding the band gap consistent with the
experimental STS results for the substoichiometric passivating SiOx Ny layer on the Si0.7 Ge0.3 (100) and Si0.5 Ge0.5 (100)
surfaces.
Fig. 10(a) shows the DFT simulation of a-HfO2 on top
of an interfacial layer of stoichiometric a-Si3 N4 passivating the Si0.5 Ge0.5 (001) surface. There is formation of Ge–N
bonds, overcoordinated Si atoms, and strained bond angles
in the SiGe substrate; note that the SiGe distortion is greater
for the a-HfO2 /a-Si3 N4 /SiGe stack (Fig. 10(a)) than the aHfO2 /a-Si3 N2 /SiGe stack (Fig. 9(a)). Fig. 10(b) shows the
corresponding calculated density of states for the stack with the
stoichiometric a-Si3 N4 interlayer (Fig. 10(a)) with an overlay
of the DOS from the stack with the substoichiometric a-Si3 N2
interfacial layer (Fig. 9(a)). The calculated density of states
for both gate stacks contains defect states throughout the band
gap with Fermi level pinning. The results are consistent with a
purely nitrided interlayer distorting the SiGe substrate creating
band edge or band gap states.
Fig. 10(c) shows the DFT simulation of a-HfO2 on top
of an interfacial bilayer of stoichiometric a-SiO0.8 N0.8 passivating the Si0.5 Ge0.5 (001) surface. Note that the a-HfO2 /aSiO0.8 N0.8 /SiGe oxide stack induced formation of Ge–N
bonds and distortion in the SiGe substrate are in contrast to
the HfO2 /a-SiO0.4 N0.4 /SiGe oxide stack shown in Fig. 9(d).
The HSE06 calculated density of states for a stoichiometric
a-SiO0.8 N0.8 layer (Fig. 10(c)) and a substoichiometric
a-SiO0.4 N0.4 interfacial layer (Fig. 9(d)) gate stacks are
shown overlayed in Fig. 10(d). When comparing the gate
stacks with the silicon rich substoichiometric a-SiO0.4 N0.4
interlayer and stoichiometric a-SiO0.8 N0.8 interlayer, the aHfO2 /a-SiO0.8 N0.8 /SiGe stack has a small band gap and a
Fermi level pinning in the valence band while the a-HfO2 /

a-SiO0.4 N0.4 /SiGe oxide stack has a full band gap and an
unpinned Fermi level consistent with the distortion of the
SiGe by the a-HfO2 /a-SiO0.8 N0.8 induced band edge state
formation. In simple terms, when the interlayer is Si rich,
O and N bonding to the substrate is minimized so this
reduces breaking of bonds and bond angle strain in the SiGe
substrate.
IV. CONCLUSIONS

ALD of a silicon rich SiNx control layer on
Si0.7 Ge0.3 (001), Si0.5 Ge0.5 (001), and Si0.5 Ge0.5 (110) surfaces
has been achieved by sequential pulsing of Si2 Cl6 and N2 H4
precursors at a substrate temperature of 285 ◦ C as shown by
XPS. XPS measurements on SiGe(001) and SiGe(110) surfaces indicate that the SiOx Ny thin film creates a diffusion
barrier preventing Ge out diffusion as the germanium signal is largely attenuated following SiNx ALD cycles, with
Ge–N bonds localized to the SiOx Ny /SiGe interface. STS measurements and DFT simulations confirm that the silicon rich
SiOx Ny interfacial control layer forms a passivating interfacial
layer on the SiGe(001) surface, as the surface Fermi level was
unpinned and the electronic structure was free of midgap trap
states. DFT calculations show that a Si rich a-SiO0.4 N0.4 film
produces a lower interfacial defect density than stoichiometric a-SiO0.8 N0.8 , substoichiometric a-Si3 N2 , or stoichiometric
a-Si3 N4 interlayers because the Si rich a-SiO0.4 N0.4 film minimizes bonding between the O and N atoms and the SiGe
substrate thereby reducing strain and bond breaking in the
SiGe by the interlayer. MOSCAP device fabrication on p-type
Si0.7 Ge0.3 (001) and Si0.5 Ge0.5 (001) substrates with the insertion of an SiOx Ny interfacial control layer shows a decrease in
frequency dispersion and midgap trap states for a comparable
Cmax value.
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SUPPLEMENTARY MATERIAL

See supplementary material for further DFT simulation
details on generation of a-SiOx Ny /SiGe interlayers, validation
of a-HfO2 /a-SiOx Nx /SiGe DFT-MD simulations, and experimental XPS raw peak analysis.
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