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Low temperature thermal ALD of a SiNy interfacial diffusion barrier
and interface passivation layer on SiyGe{_,(001) and SixGe{_4(110)
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Atomic layer deposition of a silicon rich SiNy layer on Sip7Ge3(001), Sips5Gegs(001), and
Sip 5Gep.5(110) surfaces has been achieved by sequential pulsing of Si»Clg and NoHy precursors at a
substrate temperature of 285 °C. XPS spectra show a higher binding energy shoulder peak on Si 2p
indicative of SiOxNyCl, 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 SiOxNy on
the SiGe surface with negligible subsurface reactions. Scanning tunneling spectroscopy measurements
confirm that the SiNy interfacial layer forms an electrically passive surface on p-type Sip 70Geg 30(001),
Sig 50Gep.s50(110), and Sig 50Gep 50(001) substrates as the surface Fermi level is unpinned and the elec-
tronic structure is free of states in the band gap. DFT calculations show that a Si rich a-SiOg 4No4
interlayer can produce lower interfacial defect density than stoichiometric a-SiOg gNg g, substoichio-
metric a-Si3N», or stoichiometric a-Si3Ny interlayers by minimizing strain and bond breaking in
the SiGe by the interlayer. Metal-oxide-semiconductor capacitors devices were fabricated on p-type
Sig.7Gep3(001) and SipsGe 5(001) substrates with and without the insertion of an ALD SiOxNy
interfacial layer, and the SiOxNy layer resulted in a decrease in interface state density near midgap
with a comparable Cy.x value. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975081]

. INTRODUCTION surface Ge atoms present at the SiGe surface because silicon is
more reactive than germanium leading to formation of a non-
uniform interfacial layer.'” However, plasma post-nitridation
of Al,03/Sig.75Geg 25 gate stacks has been shown to decrease
the density of interfacial trap states at the cost of increasing the
EOT."

Low temperature CVD growth of silicon nitride films
on Si(001) substrates by dosing Si,Clg followed by NoHy at
350°C—400°C substrate temperatures at a relatively high
deposition pressure of 160 Torr has also been previously
reported.'? 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 deposi-
tion pressure. Silicon nitride plasma assisted ALD has been
previously reported on ZnSe substrates at 350 °C—450 °C by
alternating pulses of Si>Cls and NH3 plasma.'® Si,Clg was
pulsed for 30 s at a peak chamber pressure of 70 mTorr fol-
lowed 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 SiNy deposited
films czf ~30 nm thickness with a reported growth per cycle of
) Author to whom correspondence should be addressed. Electronic mail: ~12 A7 Many similar plasma assisted silicon nitride ALD

akummel @ucsd.edu processes have been reported by employing alternating pulses

SixGe|_x intrinsically has high hole mobility which can
be further enhanced by compressively straining the crystal
lattice by growing SixGe;_x on a substrate with a lower Ge
content.! As semiconductor device manufacturing contin-
ues 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 SiyGe|_yx surface remains chal-
lenging 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 interfa-
cial trap states in the band gap.*> Plasma nitridation of pure
Ge®? and low content Ge (x =0.5-1) SixGe_gsurfaces!? has
served as an effective passivating interfacial layer between the
semiconductor and oxide by maintaining a low density of inter-
facial trap states; in addition, it prevents Ge out-diffusion into
the oxide.”-'* However, it remains challenging to fully nitridate
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of NHj3 plasma and a silane precursor (SiH4, SiH,Cly, SiCly,
and Si3Clg) at temperature ranges of 350 °C—623 °C on sili-
con (001), germanium (001), and low Ge content SiGe (001)
substrates.'*' Lower temperature plasma assisted ALD has
also been reported through the sequential pulsing of NH3 or N,
plasma and a silane precursor (SiHg, SiH,Cl,, and N(SiH3)3)
at temperatures of 250 °C—500 °C on Si(001) substrates.’*>3
Room temperature silicon nitride deposition on Si(001) sub-
strates has been reported by jet-vapor deposition of SiH, in a
He carrier gas or an N plasma in a He carrier gas.’* The jet-
vapor deposition process requires a specialized chamber set-up
which may be difficult to scale to large area substrates with uni-
form coverage for subnanometer thickness on 3D structures
(finFETSs).

Thermal silicon nitride atomic layer deposition (ALD)
has been previously reported by alternate pulses of Si;Clg
(1 Torr pulses) and NoHy (0.1 Torr pulses, 98% N,H4 and
2% H,0) on an NH-terminated Si(001) surface.?’> The exper-
iments employed both very high temperatures (>525 °C)
and very long N>H, half-cycle pulse time (12 min). The
growth mechanism is in contrast to a report by Park et al
of thermal decomposition of Si,Clg at temperatures exceeding
500 °C.26 For this high temperature Si,Clg and N, Hy reaction,
Morishita et al. reported each precursor, Si;Clg and 98% N, Hy
containing residual H,O, was consecutively flowed into the
reaction chamber (base pressure of 1 x 1073 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 Si;Clg gas in the reac-
tion chamber may have a partial decomposition and intro-
duce a CVD component; however, the pioneering work of
Morishita et al. did show that low temperature NpHy reac-
tions might be feasible. The present study employs anhydrous
hydrazine to help keep the Si—Ny 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.”

In this work, subnanometer passivating (~6-10 A) sil-
icon nitride films have been deposited on low and high
Ge content SiyGe;_x(001)/(110) surfaces by a plasma-
free ALD process using SipClg and N>Hs at a low sub-
strate 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—Ny surface free of unwanted oxygen con-
tamination 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 Sig70Geg.30(001) and
Sip.5Gep 5(001) substrates with and without the insertion of
a SiNy passivating interfacial layer deposited by ALD and
a decrease in extracted interface state density, particularly
near midgap, was observed for a comparable Cp,x value for
the SiNy passivated surfaces compared to the non-passivated
surface.
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Il. EXPERIMENTAL

This study employed p-type Sig7Geo3(001) (Applied
Materials, Inc.) and Sig 5Geg 5(001) (GLOBALFOUNDRIES,
Inc.) films epitaxially grown on p-type Si(001) substrates
and p-type Sips5Geps(110) films epitaxially grown on
p-type Si(110) substrates (GLOBALFOUNDRIES, Inc.). The
SixGe|_x surface underwent a degrease procedure by ultra-
sonication 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 solu-
tion 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) prepara-
tion chamber with a base pressure of 1 x 107! Torr before the
layer of toluene evaporated from the surface. This process was
employed to prevent the sample from being air exposed follow-
ing the 2% HF dip. The sample was subsequently characterized
by an Omicron in situ monochromatic XPS, located inside
the prep chamber, using the aluminum Ka excitation source
(hv=1486.7 V) 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 employ-
ing a Shirley background subtraction. All XPS raw core level
peaks were corrected by Schofield photoionization cross sec-
tional relative sensitivity factors. Following the initial sample
XPS characterization, the sample was radiatively heated on the
UHYV 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 con-
tamination; a Langmuir was defined at a flux of 107 Torr/s
of gas for all gases in this study. An Applied Research TC-50
thermal gas cracker was employed to produce atomic hydro-
gen and was operated at 65 W, producing atomic hydrogen
at an estimated 50% efficiency. The 1800 L dose consists of
H»(g) flowed for 30 min at a H, pressure of 1 X 107° 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 SiNy deposition.

The high vacuum ALD (HV-ALD) dosing chamber (base
pressure of 2 x 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 connect-
ing line to the dry pump were heated by heat tape for 12 h
at 125 °C. The manipulator was radiatively heated and out-
gassed 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 (H,O, hydrocar-
bon, etc.) on the chamber walls and to eliminate the forma-
tion of the ammonium—chloride like powder byproduct, which
formed with chamber walls at room temperature during ALD
deposition. Subsequently, the sample was radiatively heated



052820-3 Edmonds et al.

Silicon/HOOH Dosing Chamber:
Si;Hg, Si,Clg, HOOH, NH,

Load Lock:
Sample loading

SPM:
STM, STS

SPM
Base P = 2x10*

Preparation
Base P = 1x10%° Torr

TSP lon Pump

FIG. 1. Schematic diagram of the multichamber UHV/HV system where
sample preparation and ALD deposition were performed.
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to 285 °C for 15 min on the UHV manipulator in the prep
chamber while simultaneously the HV-ALD chamber manip-
ulator 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 N,H4 was dosed
at a substrate temperature of 285 °C to terminate the surface
with NHy groups and prepare the surface for ALD. Next, 10-20
SiNy ALD cycles were performed at a substrate temperature of
285 °C in order to deposit silicon nitride films of varying thick-
ness on the SixGe;— surface. Each ALD cycle consisted of
13.5 ML Si,Clg (0.1 Torr dosed for 135 s) followed by 20 ML
NoHy (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 Si»Clg and NoH4 doses; after each
half-cycle dose, the chamber underwent a HV purge for 85 s to
reduce the pressure to 5 x 107> Torr to ensure the removal of
residual precursor from the deposition chamber before intro-
duction of the next half-cycle. Anhydrous N,H4 was employed
(Rasirc, Inc.), and prior to every new sample deposition, the
N,Hy source container was recharged with 750 Torr of ultra-
high purity N; to act as a carrier gas for delivery of NoHy
(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 SiNy film
by inducing a HCI(g) desorption byproduct. The surface was
subsequently characterized by XPS and transferred into the
UHV SPM analysis chamber (base pressure of 2 x 10~!! 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 V,, 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.”’~>° An applied Az
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 func-
tion to create I/V using a low-pass filter with energy width of
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(3.0 eV)/2r (filter frequency parameter value of (3.0 eV) ),
as described in previous studies.?” The dI/dV spectra are nor-
malized by dividing by 1/V.3" The STS curves are reported by
averaging 10-12 individual (dI/dV)/(1/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.3%-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 fit-
ting method are statistical uncertainties using the least squares
fitting,> and these reported uncertainties are much less than
thermal broadening in STS measurements.

After SiNy deposition, the samples were taken out of UHV
and placed under 750 Torr ultra-high purity N, until ready for
MOSCAP fabrication. Capacitance-voltage (C-V) characteri-
zation of SiN,/SiGe interfaces was performed by fabrication
of HfO,/SiN,/SiGe metal-oxide-semiconductor capacitors
(MOSCAPs). HfO, 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 H,O (500 ms).
After each precursor pulse, a 6 s long Ar purge was employed.
Following HfO, ALD, Ni gate metal and Al back contacts were
deposited by thermal evaporation and DC sputtering, respec-
tively. After HfO, and metal gate and back contact deposition,
the MOSCAPs underwent a 15 min forming gas anneal in
5% H,/N,. C-V were measured at variable frequencies rang-
ing 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 inter-
face state model, which consists of a A circuit of three complex
elements to represent charge trapping by interface traps.33

All DFT simulations were performed by VASP plane-
wave DFT package using projector augmented-wave (PAW)
pseudopotentials (PP), PBE-GGA exchange-correlation func-
tional for DFT-MD, and more accurate HSEO06 hybrid-
functional for the final electronic structure calculations.’

The first step in the density-functional theory (DFT) sim-
ulations was modeling a-SiOggNpg and a-SizNy interlayers
on SiGe(001). The SiGe substrate was a 2 X 2 X 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 X 2 surface area of the super-
cell provides more realistic amorphous interlayer/SiGe simu-
lations than the 1 x 1 SiGe unitcell surface area. Due to high
computational cost of DFT molecular dynamics (MD) simula-
tions, the largest supercell was chosen which could provide a
reasonable simulation time. The 2 X 2 x 3 SiGe supercell had
96 atoms, while the a-HfO, 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-HfO, sam-
ple should have a thickness around 10 A or higher to have
bulk-like properties. With these constraints, the 2 X 2 super-
cell surface area was the most computationally affordable.
Switching to a greater 3 X 3 surface area would have made the
whole a-HfO;/interlayer/SiGe stack too large for computation-
ally affordable DFT-MD simulations. The a-SiOygNpg and
a-Si3Ny interlayers were formed by DFT molecular dynamics
(DFT-MD) in 2 stages.

To form the a-SiOggNy g 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 conjugate-
gradient relaxation algorithm.*> This formed the “Si-rich sub-
stoichiometric” layer of a-SiOggNy g (or a-SiOg4Np4). Since
DFT-MD is a computationally expensive technique, the sim-
ulated 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 Siis1685 K, and for
Sig5Geg 5 it is estimated to be1382 K.*® The DFT-MD temper-
ature 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 sur-
face 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 conjugate-
gradient relaxation algorithm giving the “stoichiometric” layer
of a-SiOQ'gNO'g.

The a-Si3N; and a-SizNy 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 previ-
ously forming a Si-rich sub-stoichiometric layer of a-Si3Nj.
At the second stage, 10 more N atoms were added in a ran-
dom 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-SizNy.

The high-quality model of a-HfO, 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.*’~>" The amorphous a-HfO, sample was
selected from a batch of 10 DFT-MD samples with differ-
ent simulation parameters and compared against reference
experimental and calculated properties such as coordination
distribution, bandgap, average coordination numbers, radial-
distribution functions (RDF’s), and others to ensure high sam-
ple 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-HfO, sample was stacked on the previ-
ously simulated a-SiOg4Np4, a-Si0ggNpg, a-SizN,, and a-
Si3Ny 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/A
generating 4 final stacks. Among these 4 final stacks the stack
with the lowest final total energy was identified and used. For
a-HfO,/a-Si3N,/SiGe, the selected annealing time was 1919 fs
while for a-HfO,/a-SizN4/SiGe it was 1989 fs. For a-HfO,/a-
Si00.4Np4/SiGe the selected annealing time was 1836 fs,
while for a-HfO,/a-Si0¢ gN /SiGe it was 1930 fs. Since the
standard PBE exchange-correlation functional underestimates
semiconductor bandgaps, the simulated stacks were rescaled
from PBE to HSEO6 SiGe lattice constants (different by several
%) and accurate electronic structure including density of states
and band-decomposed charge density was calculated with the
HSEO6 functional. !

lll. RESULTS AND DISCUSSION

XPS was employed in order to determine the ALD
saturation pulses of Si;Clg and N;Hs at 285°C on
SigsGeps(110) and Sip7Gen3(001) surfaces. Fig. 2(a) shows
the Sig sGeg 5(110) corrected XPS peak areas of Si 2p (both the
total Si2p peak area and the higher binding energy shoulder of
Si2p are shown), Ge 3d, O 1s, C Is, N 1s, and C1 2p normalized
to the sum of the total (shifted and unshifted) Si 2p and total
Ge 3d signals for the as-loaded wet cleaned Sip5Geg 5(110)
surface, and following an 1800 L atomic hydrogen dose at
330°C,400 ML N,H,4 dose at 285 °C, 1X Si;Clg dose at 285 °C
(13.5 ML), 3X additional Si,Clg dose at 285 °C (40.5 ML),
1X N,oH,4 dose at 285 °C (20 ML), and 3X NoH, dose at 285 °C
(60 ML). Both the SiCly and NH, coverages reach near satura-
tion coverage following a 1X dose indicating an ALD process
occurs at 285 °C as seen by a negligible increase in Si 2p or N
Is corrected peak areas with increased dosing times.

Fig. 2(b) shows the corrected XPS peak areas normal-
ized to the sum of total Si 2p and total Ge 3d signal on the
Sig7Gep3(001) surface following an 1800 L atomic hydrogen
dose at 330 °C, 400 ML N,H4 dose at 285 °C, 1X Si,Clg dose
at285°C (13.5 ML), 3X additional Si,Cle dose at 285 °C (40.5
ML), 1X N,H4 dose at 285 °C (20 ML), and 3X N,Hy dose at
285 °C (60 ML). Similar to the Sig 5Geg 5(110) case, both the
SiCly and NH 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 SiNy, the Si/N ratio is independent
of crystal face.

These surface sensitive XPS spectra show that the hydro-
gen cleaned Sip5Geg5(110) surface contains ~63% germa-
nium while the hydrogen cleaned Sig7Ge 3(001) surface con-
tains ~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 sifu 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 Sip 5Geg 5(110) and Sip7Ge3(001). (a) SigsGegs(110) and (b) Sip7Ge( 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 CI 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 N,Hy dose at 285 °C, 1X Si;Clg dose (13.5 ML)
at 285 °C, 3X additional Si;Clg dose (40.5 ML) at 285 °C, 1X NHy dose (20 ML) at 285 °C, and 3X NyH4 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 Sip7Ge( 3(001) shows 40%—50% carbon on the surface. (c)
Schematic diagram showing the SiGe(001)/(110) surface atomic hydrogen cleaning, initial NoHy 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.’!
Following a 1X dose of NyHy, the Sig sGeg 5(110) surface con-
tains less than half the amount of residual chlorine on the sur-
face as compared with the Sip7Ge3(001) surface, consistent
with Si—Cl surface species being more thermodynamically sta-
ble than Ge—Cl species, and a germanium rich SiGe substrate
undergoing silicon surface segregation in the presence of chlo-
rine surface termination at 275 °C.52 Both the Sig5Geg 5(110)
and Sip7Ge3(001) surfaces contain residual chlorine follow-
ing one complete ALD reaction cycle due to the strong N-H

SiysGeg5(110)

(a) (b) (©

— Wewn  SIO,N, BE=101.7 eV e

i ] ——— Nis

A si2p N2He +DAD cycles
—nana
sizp
3 : 3
i i i
106 104 102 100

(431 kJ/mol) and Si—ClI (377 kJ/mol) bonds making it difficult
to produce the HCI(g) desorption byproduct at a low deposition
temperature.’

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
SigsGegs5(110) surface following an 1800 L atomic hydrogen
dose at 330 °C, an additional 400 ML N,H, dose at 285 °C,
and following an additional 20 SiNy ALD cycles at 285 °C.
The large shifted Si 2p peak (~68% of the total Si 2p sig-
nal) indicative of SiOxNy 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 Sip5Geq 5(110)
and Sip7Gep3(001) after ALD with
NpHa(g) and SizClg(g). (a)—(c) XPS
of ALD on Siys5Geg5(110); and (d)—
(f) XPS of ALD on Sip7Ge3(001).
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higher binding energy Ge 2p component is seen at 1219.1 eV
indicative of GeOxNy surface bonding after the NoH, 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 germa-
nium nitride formation enthalpy differences of —177 and
—15 kcal/mol.>* Following the 20 SiN, ALD cycles, the inten-
sity of the Ge 2p signal decreases by a factor of 5 indi-
cating that Ge-N bonds are localized at the SiOxN,/SiGe
interface.

Similar results are shown on the as-loaded wet cleaned
Sig.7Gen.3(001) (Figs. 3(d)-3(f)). After the initial NpHy dose,
the large shifted SiOxNy peak, located at 101.7 eV, makes up
~60% of the total Si 2p signal on Sip7Ge3(001), and the
N 1s peak is located at 397.7 eV. After the initial NoH, dose,
the GeOxNy surface high binding energy component, located
at binding energy 1219.1 eV, makes up ~15% of the total
Ge 2p signal on the Sip7Geo3(001) surface. Following an
additional 20 SiNy ALD cycles, the intensity of the Ge 2p
signal decreases by a factor of 10 on Sip7Gen3(001) show-
ing that on both higher and lower Ge content SiGe(001)/(110)
surfaces the SiOxNy 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 H,O found inside the ALD chamber.
The heat for the formation of SiO; (=911 kJ/mol) is 3.7 times
great per silicon atom than the heat of formation for Si3Ny
(=744 kJ/mol or —248 kJ/mol-silicon). Therefore, at equilib-
rium trace amount of H,O or O, can result in formation for
SiON instead of SiNy.>?

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
N,Hy dose at 285 °C, 20 SiNy ALD cycles at 285 °C, and a final
1800 L atomic hydrogen dose at 285 °C on Sip5Geos(110),
Sip5Ge(.5(001), and Sig 7Ge( 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 In(I/I,) = —t/A was used to calculate the estimated
deposited SiNy film thickness, where I is the intensity of the
sum of unshifted Si 2p and Ge 3d peaks following the NoHy
dose and 20 SiNy ALD cycles, I, is the intensity of the sum
of unshifted Si 2p and Ge 3d peaks following the N,Hy4 dose,
“t” is the thickness of the deposited SiNy layer, and A is the
inelastic mean free path of the Si 2p and Ge 3d collected elec-
trons (2.2 nm).>® 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 SiNy film of ~0.4 nm thickness on the Sips5Gegs5(110)
surface, and ~0.6 nm thickness on the Siys5Geys(001) and
Sip7Gep3(001) surfaces.

The stoichiometry of the deposited film was calculated
by comparing the actual amount of silicon in a shifted oxida-
tion 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” SiOxNy
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 SiO; and Si3Njy to calculate the percentage of
silicon in stoichiometric SiOxNy,

Stoichiometric SiOxNy = Siy/ 1 3y40xNy
= 0.5"(O XPS peak)
+0.75*(N XPSpeak
— shifted Ge XPS peak). H

If there is Si rich silicon sub-oxynitride, then the experi-
mental XPS Si signal from SiOxNy > calculated Si in ideal

@ ., Sig5Geqs(110) — 1s
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8 0.7 3 . e Ge 3d
P4 0.6 = GeO,N, _
& o s 1 s Si 2p FIG'..4. XPS derllved surface com-
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z 0.2 ] === Cl 2p NaHa(@)  and  SirClg(g).  (a)
s 0.1 ] Sig.5Geg.5(110), (b) Sig7Gep3(001)
0.0 XPS corrected peak areas of unshifted
1800 L 400 Megal 20 SiN ALD cycles Si 2p, unshifted Ge 3d, SiOxNy,
(b) atomicH N2H4 + 1800 L atomicH GerNy, O 1s, C 1s, N 1s, and Cl 2p
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§ 0.8 s Ge 3d an 1800 L atomic hydrogen dose at
° 0.7 mm GeO.N 330 °C, 400 ML N,Hy dose at 285 °C,
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3 0 js R N1s dose at 285 °C.
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stoichiometric SiOxNy = Siy/213y4OxNy from Eq. (1). Note
that the calculated SiOxNy 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 oxi-
dized silicon and germanium species on the Sips5Gens(110)
(a) and Sip7Gep3(001) (b) surfaces after 20 ALD cycles.
The results on Sip5Geps(001) are very comparable to
Sig7Geo3(001), and can be found in the supplementary
material. It is assumed that all GeOxNy is substoichiomet-
ric 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 Sip 5Geg 5(110), using Eq. (1) if all the SiON was
stoichiometric (i.e., a mixture of SiO, and SizN4) then the
shifted Si peak should be 0.56, which is equal to the calculated
stoichiometric SiOxNy from Eq. (1); however, the experimen-
tal shifted Si is 0.70, therefore the real SiOxNy is 25% silicon
rich (0.70/0.56 = 1.25). On Sig7Geo3(001), if all the SiION
was stoichiometric (Eq. (1)), then SiOxNy 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 SiOxNy 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 SiOxNy 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 SizNj.
The SiO4Ny peak is located at binding energy 101.7 eV on all
SiGe(001)/(110) surfaces. Stoichiometric amorphous SizNg
has a binding energy of 102 eV>’ and stoichiometric SiO,
has a binding energy of 104 eV>® making the measured bind-
ing energy in these films consistent with a silicon rich SiOxNy
film predominantly made of SiNy.

STS measurements probing the local surface density of
states of the SiOxNy/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, rep-
resents 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 spec-
tra 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 Sip5Gens(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 contain-
ing 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 vary-
ing nitride stoichiometry across the surface after the initial 1-3
monolayers of SiNy nucleation and growth on the surface. It
is hypothesized that the SiOxNy 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.” The narrow SiNy band gap (1-1.6 eV) has been
previously reported for subnanometer SiNy films on Si(001)
surfaces by STS measurements at both low and high deposition
temperatures. 00!

It has been reported that when subnanometer SiNy films
are deposited at low temperatures (<600 °C), SiNy grows in
a layer by layer fashion and silicon and nitrogen atoms are
limited in diffusion across the surface and tend to form incom-
plete non-stoichiometric SizNy4 in which the N atoms have
less than three bonds to Si.°© The SigsGegs5(001) contains a
thicker deposited SiOxNy 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 show-
ing an averaged narrow band gap (1.1 + 0.17 eV) (Fig. 5(e)).
Similarly on the Sip7Gep3(001) surface with ~0.6 nm
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z 3 = Sip5Geg 5(001), Sig7Geo3(001) after
s T T NyH4 + SipClg ALD. STS on (a) and
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SiOxNy 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 Si3Ny 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) sur-
faces 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 inter-
layer will have a wide bandgap as shown below by the
lower gate leakage for devices formed on the NoHy + Si»Clg
samples.

Following XPS and STS, MOSCAPs were fabricated
with and without the insertion of the SiOxNy layer on both
Sip7Ge3(001) and Sip5Ge5(001) prior to HfO, deposition
to investigate the electronic structure of the SiOxNy/SiGe inter-
faces. To deposit a thin SiOx Ny diffusion barrier and still main-
tain a low EOT, 10-15 cycles of SiNy ALD (with estimated
thickness of 0.2-0.3 nm) were employed. In order to deter-
mine if more highly silicon enriched SiNy film would improve
the interface quality, a second SiNy recipe with half the NoHy
pulse length per ALD cycle was explored for MOSCAP fab-
rication. MOSCAPs were fabricated following 20 SiNy ALD
cycles with half the NoHy pulse length per cycle, so that the
SiNy film thickness would be comparable to that from the
regular recipe (~0.2-0.3 nm).

Fig. 6 shows the C-V characteristics of HfO,/
Sip7Gep3(001) MOSCAPs fabricated following cyclic HF
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clean (a), 20 cycles of SiNx ALD with 10 ML N;Hy pulses
per cycle (b), and 10 cycles of SiNy ALD with 20 ML N,Hy
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 (Cpax), it also has a large interface trap fea-
ture (known as the Dj bump) observed near the flat band
region. In comparison, MOSCAPs with a SiNj interfacial layer
(Figs. 6(b) and 6(c)) showed smaller Dj; bumps as well as
smaller Cpax. The lower Cyax is consistent with the SiOxNy
layer having a sufficient band gap to prevent the accumulation
of electrons in the SiOxNy layer. Moreover, addition of SiNy at
the interface improved the gate leakage characteristics by low-
ering the maximum gate leakage in accumulation by almost
an order of magnitude (Fig. 6(d)). While the two MOSCAPs
with SiNy layers have similar Cpax values, 10 cycles of SilNy
ALD with the longer N,H4 pulse resulted in smaller D;; bump
(Fig. 6(c)) and lower gate leakage (Fig. 6(d)), indicating that
the SiNx ALD recipe with full saturation of the NoH4 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 SiO, and
SizNy.

Using the full interface state model for quantitative anal-
ysis of the C-V and G-V characteristics, Dj; versus Fermi
energy level (relative to the edge of the valence band) pro-
files have been extracted for the three above-mentioned
MOSCAPs (Fig. 7). By employing SiNy ALD, the detectable
D;; 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 SiNy, and 0.15-0.45 eV for 10 cycles of
SiNy.

The lower Dj; comes at the expense of an increase in
the equivalent oxide thickness (EOT) as shown in Fig. 7(b).
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Relative to the HF cleaned sample, ALD deposition of SiNy
resulted in a 0.5 nm EOT increase for 10 ALD cycles with
10 ML N,Hy pulses per cycle and 0.57 nm increase for 20
ALD cycles with 20 ML N, Hy4 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 SiNy; the increased EOT results par-
tially from the deposition of silicon-rich SiNy, but primarily
from the air exposure after SiNy deposition and before gate
oxide ALD. The SiNy passivated surfaces may also increase
the nucleation of HfO,, leading to a thicker deposited HfO,
film. It is hypothesized that device fabrication without an air
exposure after SiNy deposition would create a lower total EOT
than the reported results. The results shown are consistent with
SiNy ALD forming an SiON interfacial layer between HfO,
and Sig7Geo3(001), with bonding states that reduce Dj; by
almost 2x with an EOT increase of just 0.50-0.57 nm.

Fig. 8 displays the C-V characteristics of HfO,/
Sip5Gep5(001) MOSCAPs fabricated on surfaces with and
without SiNy interfacial layers. Due to low substrate dop-
ing and consequently large series resistance, high levels

3.0

20 cycles
of SiN,

FIG. 7. Density of interfacial trap states (Dj) and equiv-
alent oxide thicknesses (EOT) for Sip7Geg3 MOSCAPs
with 40 cycles of HfO, deposited by ALD: (a) Dj; vs.
Er—Ev for HF cyclic clean, 20 cycles of SiNx ALD, and
10 cycles of SiNyx ALD with 2x longer N, Hy pulses. (b)
EOT values for HF cyclic clean, 20 cycles of SiNx ALD,
and 10 cycles of SiNy ALD with 2x longer N, Hy pulses.

10 cycles
of SiN,

of frequency dispersion in accumulation were observed
for SipsGeps5(001) MOSCAPs. Therefore, only the low-
frequency C-V characteristics (up to 20 kHz) are shown.
Relative to the MOSCAPs with cyclic HF clean (Fig. 8(a)),
addition of SiNy to the interface (Figs. 7(b) and 7(c)) led to
lower Cpax, a smaller Dy bump, and similar gate leakage in
accumulation (Fig. 6(d)). 20 cycles of SiNy with 10 ML N,Hy
pulse length per cycle (Fig. 8(b)) contains a larger Dj; bump,
and an increased false inversion component (observed for 1 V
< Vg <2 V) in comparison with 15 cycles of SiNyx ALD with
20 ML N, Hy4 pulse lengths per cycle (Fig. 8(c)). In addition, the
longer N>H, pulse length nearly eliminated the false inversion
capacitance caused by large density of interface traps closer to
the edge of the conduction band of Sip 5Geg 5(001). Therefore,
afully saturating N, Hy pulse during SiNy ALD results in a bet-
ter passivation layer on the Sip 5Geo s(001) surfaces consistent
with the need for a more nitrogen rich film to reduce Ge out-
diffusion for the higher Ge content Sig 5sGe( 5(001) substrates;
note that this interlayer is still Si rich (i.e., substoichiometric)
compared to a mixture of SiO; and SizNy.
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DFT molecular dynamics (MD) simulations of a-HfO; on
a-SiNy and a-SiOxNy passivated Sips5Geq 5(001) surfaces are
shown in Fig. 9. Fig. 9(a) shows the gate stack of a-HfO, on top
of an interfacial layer of substoichiometric a-Si3N; passivating
the SipsGeo5(001) surface. The calculated HSEO6 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-Si3N»/SiGe interface (blue arrows).

Fig. 9(d) shows the gate stack of a-HfO, on top of a substo-
ichiometric Si-rich a-SiOg4No4 passivating interfacial layer

RIGHTSE LI MN iy
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E=[-0.2;0.1] eV

FIG. 9. DFT-MD simulations of gate
stack a-HfO,/a-SiOxNy/Sig 5Geo 5(001).
(a) a-HfO,/a-Si3N;/SiGe stack with
silicon-rich substoichiometric a-SizNp
interfacial layer. (b) HSEO6-calculated
density of states of the gate stack
shown in (a). Ep = 0.0 eV. (¢)
Band-decomposed charge density of a-
HfO,/a-Si3N,/SiGe with Si-rich substo-
ichiometric a-SizNj 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 a-
SizN,/SiGe interface as pointed out
by the blue arrows. (d) a-HfO,/a-
Si0g 4Ny 4/SiGe stack with Si-rich sub-
stoichiometric a-SiOg4Ng4 interfacial
layer. (e) HSEO6-calculated density
of states of a-HfO,/a-SiOg 4N 4/SiGe
stack without (d) and with H passivation
(g). EF = 0.0 eV for H-passivated (blue)
curve. (f) a-HfO,/a-SiOg4Nq4/SiGe
band-decomposed charge density visu-
alized for the energy ranges of [-0.2;
+0.2] and [+0.2; +0.7] eV showing a 3-
fold under-coordinated Si atom at the
a-Si0g 4N 4/SiGe interface. (g) Gate
stack shown in (d) with the 3-fold coor-
dinated defective silicon atom passi-
vated by a hydrogen atom.
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on the Sip 5Gep 5(001) surface. The calculated HSEO6 density
of states (Fig. 9(e)) shows the bandgap decreased by band-edge
states and the Fermi level shifted to valence band. To iden-
tify 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) high-
lighting 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
H,/N, 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-HfO,/a-SiOxNy/Sig 5Geo 5(001). (a)
a-HfO,/a-Si3Ny4/SiGe gate stack with
stoichiometric a-Si3 Ny interfacial layer.
(b) Calculated density of states for a-
HfO,/a-Si3N4/SiGe stack (red curve)
shown in (a) overlaid with results
for a-HfO,/a-Si3N,/SiGe (black curve)
shown in Fig. 9(a). Er = 0.0 eV for both
curves. (c¢) a-HfO,/a-SiOg gNy g/SiGe
gate stack with stoichiometric a-
SiOg gNp g interfacial layer. (d) Calcu-
lated density of states for a-HfOj/a-
Si0g gNg/SiGe stack (black curve)
shown in (c) overlaid with the results for
a-HfO,/a-Si0g 4N 4/SiGe stack (blue
curve) shown in Fig. 9(g). Er = 0.0 eV
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W
/R 40

for black curve.

E (eV)

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 passivat-
ing SiOXNy layer on the Si0.7Geo,3(100) and Sio,5Ge0,5(100)
surfaces.

Fig. 10(a) shows the DFT simulation of a-HfO, on top
of an interfacial layer of stoichiometric a-Si3Ny passivat-
ing the Sip5Gens(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-HfO,/a-Si3N4/SiGe stack (Fig. 10(a)) than the a-
HfO,/a-Si3N,/SiGe stack (Fig. 9(a)). Fig. 10(b) shows the
corresponding calculated density of states for the stack with the
stoichiometric a-SizNy interlayer (Fig. 10(a)) with an overlay
of the DOS from the stack with the substoichiometric a-Si;N»
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-HfO, on top
of an interfacial bilayer of stoichiometric a-SiOggNpg pas-
sivating the Sip5Gens5(001) surface. Note that the a-HfO,/a-
SiOpgNp.s/SiGe oxide stack induced formation of Ge-N
bonds and distortion in the SiGe substrate are in contrast to
the HfO,/a-Si0¢ 4Ny 4/SiGe oxide stack shown in Fig. 9(d).
The HSEO06 calculated density of states for a stoichiometric
a-SiOpgNpg layer (Fig. 10(c)) and a substoichiometric
a-Si0p4Np4 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-SiOg4Ng.4
interlayer and stoichiometric a-SiOggNyg interlayer, the a-
HfO,/a-Si0g 3Ny 3/SiGe stack has a small band gap and a
Fermi level pinning in the valence band while the a-HfO,/

RIGHTSE LI MN iy

0+ T T
-3.0-25-2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0

a-Si0g 4N 4/SiGe oxide stack has a full band gap and an
unpinned Fermi level consistent with the distortion of the
SiGe by the a-HfO,/a-SiOggNpg 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 SiNy control layer on
Si0.7Geo_3(OOl), Si0.5Geo.5(001), and Si045Geo_5(110) surfaces
has been achieved by sequential pulsing of Si,Clg and NoHy
precursors at a substrate temperature of 285 °C as shown by
XPS. XPS measurements on SiGe(001) and SiGe(110) sur-
faces indicate that the SiOxNy thin film creates a diffusion
barrier preventing Ge out diffusion as the germanium sig-
nal is largely attenuated following SiNy ALD cycles, with
Ge-N bonds localized to the SiOxNy/SiGe interface. STS mea-
surements and DFT simulations confirm that the silicon rich
SiOxNy 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-SiOg 4Ng 4 film
produces a lower interfacial defect density than stoichiomet-
ric a-Si0g gNy g, substoichiometric a-SizNj, or stoichiometric
a-Si3Ny interlayers because the Si rich a-SiOg 4Ny 4 film min-
imizes 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
Sip7Geg 3(001) and Sig 5Geg 5(001) substrates with the inser-
tion of an SiOxNy interfacial control layer shows a decrease in
frequency dispersion and midgap trap states for a comparable
Chax value.
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SUPPLEMENTARY MATERIAL

See supplementary material for further DFT simulation
details on generation of a-SiOxN,/SiGe interlayers, validation
of a-HfO,/a-Si0xNy/SiGe DFT-MD simulations, and experi-
mental XPS raw peak analysis.
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