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Abstract

A study into the optimal deposition temperature for ultra-thin La,0Os/Ge and Y,05/Ge gate stacks has been
conducted in this paper with the aim to tailor the interfacial layer for effective passivation of the Ge interface. A
detailed comparison between the two lanthanide oxides (La,Os and Y,05) in terms of band line-up, interfacial
features and reactivity to Ge using medium energy ion scattering, vacuum ultra-violet variable angle
spectroscopic ellipsometry (VUV-VASE), X-ray photoelectron spectroscopy and X-ray diffraction, is shown.
La,03 has been found to be more reactive to Ge than Y,0s, forming LaGeO, and a Ge sub-oxide at the interface
for all deposition temperature studied, in the range from 44°C to 400°C. In contrast, Y,03/Ge deposited at
400°C allows for an ultra-thin GeO, layer at the interface, which can be eliminated during annealing at
temperatures higher than 525°C leaving a pristine YGeO,/Ge interface. The Y,0s/Ge gate stack deposited at
lower temperature shows a sub-band gap absorption feature fitted to an Urbach tail of energy 1.1 eV. The latter
correlates to a sub-stoichiometric germanium oxide layer at the interface. The optical band gap for the Y,0,/Ge
stacks has been estimated to be 5.7 +£ 0.1 eV from Tauc-Lorentz modelling of VUV-VASE experimental data.
For the optimal deposition temperature (400°C), the Y,0s/Ge stack exhibits a higher conduction band offset (>
2.3 eV) than the La,0,/Ge (~ 2 eV), has a larger band gap (by about 0.3 eV), a germanium sub-oxide free
interface, and leakage current (~ 107 A/cm? at 1 V) five orders of magnitude lower than the respective La,03/Ge
stack. Our study strongly points to the superiority of the Y,03/Ge system for germanium interface engineering
to achieve high performance Ge CMOS.
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1. INTRODUCTION

The most recent studies™ strongly advocate that high performance Ge CMOS (Complementary Metal Oxide
Semiconductor) technology is feasible. This technology is attractive due to the Ge intrinsic high mobilities for
electrons (3900 cm?/Vs) and holes (1900 cm?/Vs) as well as the CMOS compactness (Ge-based n- and p-
channel MOSFETS). The smaller band gap of Ge (0.67 eV) has the potential for lower contact resistances
compared to Si, and is consequently more suitable for voltage scaling®. Sub-nm equivalent oxide thickness
(EOT) gate stacks are required to keep the intrinsically high performance of Ge. The focus is on finding suitable
high permittivity (k) dielectric (k > 20) to form a gate stack with low interface state density and EOT. The most
perilous issue is engineering a high-quality interface between Ge and the high-« dielectric, that is, passivation of
the Ge surface. An interfacial layer (IL) either intentionally or unintentionally formed during the high-x
dielectrics deposition process is usually necessary for achieving high electrical performance of Ge-based MOS
devices*® but its presence has a significant effect on achieving the desired EOT; it must be as thin as possible
and preferably with as high a permittivity as can be achieved. The four most commonly used approaches’ for
forming thin ILs for Ge passivation are: (i) nitridation, (ii) Si-based schemes, (iii) S-based passivation and (iv)
GeOy (x < 2) grown through thermal, ozone- or plasma-assisted oxidation. The peak electron mobility has been
dramatically improved in Ge n-channel MOSFETSs over recent years®*?. The highest reported electron mobility
is now approaching 2000 cm?/Vs®**2, The key to this achievement has been mainly in interface state reduction
at the GeO,/Ge interface. Thermally grown GeO, is the most natural choice®**®. A high-quality GeO, IL
provides a possibility for both p- and n-type Ge channel FETs. However, it is worth recalling that GeO, has high
water solubility, low desorption temperature (~ 430°C) and low dielectric constant of ~ 6. A detrimental Ge sub-

oxide transition layer at a GeO,/Ge interface can be expected'®®

. Toriumi’s group has systematically
investigated®?? the GeO,/Ge interface in terms of both thermodynamics and kinetics of the Ge oxidation
process. An extremely low density of interface states (Dj; = 6x10'° eV*cm™) has been reported for relatively
thick (~ 20 nm) GeO,/Ge* allowing for high performance Ge n-MOSFETs?!; note that the high density of the
acceptor-type interface states has been found to degrade Ge n-MOSFET performance®®, while it is not a concern
for Ge p-MOSFETSs due to the position of the charge neutrality level in Ge. An apparent degradation of drive
current has been observed when the GeO, thickness has been further reduced®. A reduction in electron mobility
to 265 cm®V''s™ has been reported when the GeO, IL is ~ 1.2 nm®. Oxygen plasma treatment has been
proposed to form good quality ~ 5 nm GeO,/Ge interface at low substrate temperatures, due to the highly
reactive O radicals®®?, leading to demonstration of an extremely low midgap D of 4.5x10% eV'em™ High-
pressure oxidation and low temperature oxygen annealing have recently been suggested as the process recipes
for nearly ideal GeO,/Ge system®. It seems that low temperature oxygen annealing can work for repairing the
dangling bonds in GeO,/Ge, while high-pressure oxidation suppresses the GeO, desorption at higher

temperature?’, resulting in robust and dense GeO, on Ge.

For aggressive oxide scaling with EOT well below 1 nm, the combination of higher-k oxide and ultra-thin GeO,
is required. A small amount of rare-earth (RE) metal introduction into the GeO, interface layer has been shown
to dramatically improve the interface®. Rare earth metal ions in oxides generally have large polarizability®®;

among them, La"™ has one of the largest values, in excess of 6 A. This significantly modifies the chemical



bonding at the interface with Ge, redistributing the electronic charge and reducing the electrical activity of the
interface states to produce good passivating properties®. Rare earth oxides (La,Os, Y,Os, LaLuOs, Dy,0s,
Gd,03, Ce0,) react strongly with the substrate resulting in catalytic oxidation of Ge and the spontaneous
formation of stable interfacial layers?®. This high reactivity of Ge with high-« oxide suggests the possibility of
GeO,-free gate stacks. Another passivation route is to introduce a robust, ultra-thin high-k IL barrier, such as
ALO; 3 or Tm,0;%*. It is worth noting here that the Ge surface passivated with Al,O; is slowly oxidized
without causing GeOy diffusion or desorption. As a result, all the Ge atoms near the interface are terminated
with oxygen atoms or Ge atoms without any dangling bonds under the oxidation condition lower than 4+,
leading to low Dj; even with GeO, IL. Peak electron and hole mobilities of 689 cm?Vs and 546 cm?/Vs
respectively at EOT = 0.76 nm have been achieved by this approach for HfO,/Al,04/GeO,/Ge gate stack’.

This paper focuses on the former Ge interface engineering approach using La,O; and Y,05; RE-oxides. These
high-k oxides have moderate reactivity with Ge* to form a germanate interface whose purpose is two-fold:
firstly to reduce the interface defects and secondly to suppress the GeO, desorption at the interface. GeO,-free
gate stacks constitute another advantage of this approach by choosing appropriate deposition conditions and
annealing procedures®. La,O4/Ge gate stacks have been investigated by a number of research groups*. It has
been shown*® that La changes the surface chemistry so that a stable LaGeO, compound is favoured against the
competing reaction of GeO, with Ge, resulting in suppression of GeO,*. The stable La—O-Ge bond at the Ge
interface provides a surface-state “free” Ge band gap due to the fourfold coordination of La in the GeO, matrix

|19

as predicted theoretically by Houssa et al.™ This allows for a gate stack with a low density of interface states (~

10" ev?'ecm?) with nearly ideal electrical characteristics***’.

Moreover, internal photoemission (IPE)
experiments on ZrO,/La,0s/Ge MIS structures® have indicated a sufficiently large conduction band offset
(CBO > 2 eV). Theoretical calculations using charge neutrality levels predict a LaGeO, band gap of 5 eV,
valence band offset (VBO) of 3 eV, and CBO of La,O; and Y,0; on Ge of 2.56 eV***, The relative

44,54

permittivity ranges from 9-1 . It is worth mentioning that only La,Os is reactive to water due to its

electropositive nature®>°

and may thus pose a challenge to the integration into a CMOS process flow.
Moreover, LaOy (x < 1.5) is only suitable for nFETSs, because LaOy leads to an interfacial dipole in the gate
stack®. Passivation of Ge by La,0; subsequently capped with ZrO, results in stabilization of the tetragonal
crystalline ZrO, phase* 8, The scaling potential of ZrO.,/La,04/Ge stacks to EOT values as low as 0.5 nm* and
0.96 nm® has been reported. The La,O5 deposition temperature has been found to have a noticeable effect on
the capacitance voltage (CV) characteristics**. The improved La,O; electrical behaviour is obtained either by
depositing the material at higher temperature or by applying post-deposition annealing independent of ambient
(H,, N,, O,). The best characteristics (especially low Dj;) have been obtained when these two conditions are
combined, although an increase in both leakage current and EOT has been observed*. There has been no
explanation of these observations from the structural and band line-up studies, and we address these issues in

this paper.

By contrast, Y,03 is Ge-friendly and robust against water. An amorphous Y,05 layer provides a wide bandgap
(~ 5.5-5.7 eV)®, high crystallization temperature (~ 2325°C), relatively high dielectric constant (~ 11-18)3%2

and can effectively passivate the Ge surface without the presence of GeO,*®. The absence of GeO, has been



attributed to the stability of the Y,Os interlayer in contact with the Ge substrate®. The mechanism for this
stability lies in the barrier role of the Y,O; interlayer, which effectively blocks the inter-diffusion of Ge, thus
suppressing the growth of unstable GeO, and so improving the interface quality. Moreover, yttrium can also be
used to tune the overall effective work function of the gate stack through the formation of interface dipoles®™. An
electron mobility of 1480 cm?/Vs for Y,0;/Ge n-MISFET has been demonstrated recentlys. From XPS
measurements, the VBO of Y,04/Ge has been found to be 2.78 eV and the band gap, 5.7 eV*®. Formation of the
YGeO, affects leakage current, hysteresis, interface trap density, and other reliability issues that are important
for device operation®**®:62%%7 The passivation effect of a YGeOj IL has been explained by so-called “valency
passivation™; the introduction of yttrium atoms effectively suppresses the dangling bonds in the interfacial

region and consequently improves Dy, in the range of 10** cm?eV* due to the trivalent RE nature of Y®°,

Less is known, however, about the band line-up and structure of bulk and interfacial LaGeO, and YGeOy as a
function of deposition temperature, which is the main focus of this paper. A systematic study of the structural
properties of La,0s/Ge and Y,03/Ge gate stacks as a function of deposition temperature has been conducted by
Medium Energy lon Scattering (MEIS), X-ray Photoelectron Spectroscopy (XPS), Vacuum Ultra Violet
Variable Angle Spectroscopic Ellipsometry (VUV-VASE), and X-ray diffraction (XRD). The most significant
findings from the results which will be presented here are two-fold: firstly, evidence for the optimal deposition
temperature to tailor the interfacial layer for effective passivation of Ge interface; secondly, a comprehensive
comparison between the two lanthanide oxides (La,O3 and Y,03) in terms of band line-up, interfacial features

and reactivity to Ge which points to the superiority of the gate stack for adoption in CMOS engineering.

I1. EXPERIMENTAL

The 2 nm (nominal) La,04/Ge and 5 nm (nominal) Y,0s/Ge gate stacks were deposited by Molecular Beam
Epitaxy (MBE) at temperatures ranging from 44°C to 400°C on n- and p-type Ge substrates. Prior to deposition,
the Ge surface was cleaned by a mild degreasing with trichloroethylene, acetone and methanol for 5 minutes in
each solvent to remove the organics. Then the GeO, native oxide was thermally desorbed in-situ, by annealing
at 450 — 500°C for 30 minutes. The La,O; films deposited at 44°C and 250°C were subjected to post-deposition
oxygen (O,) anneal at 300°C for 15 minutes. Y,0; films were prepared by co-deposition of Y and atomic
oxygen at temperatures 225°C and 400°C. The reference samples for spectroscopic ellipsometry and XPS
studies entailed a selection of thermally grown GeO,/Ge with/without capping Al,O; layers, Al,O3/Ge as well as
oxidized La and Y foils. The GeO, films of two nominal thicknesses 4.5 and 12 nm were prepared by ex-situ
furnace anneal at 450°C for 5 min and 60 minutes respectively. The capping Al,O3 layers with 4 nm nominal

thickness were prepared in-situ by co-deposition of Al and atomic oxygen.

The X-ray photoelectron spectra for La,O3/Ge stacks were recorded at the Daresbury NCESS facility using an
ESCA300 spectrometer with monochromatised Al Ko X-rays of energy 1486.6 eV and electron take-off angles
(TOA) of 15-90°. The spectrometer was calibrated so that the Ag 3ds, photoelectron line had a binding energy
(BE) of 368.35 eV, and a full width at half maximum (FWHM) of 0.5 eV. The X-ray source power was 2.8 kW



and the spectrometer pass energy was 150 eV with the entrance-slit width of the hemispherical analyzer set to
1.9 mm. Under these conditions, the overall spectrometer resolution was ~ 0.5 eVV’°. Charge compensation was
achieved using a VG Scienta FG300 low energy electron flood gun with the gun settings adjusted for optimal
spectral resolution. The electron BEs were then corrected by setting the C 1s peak in the spectra (due to stray
carbon impurities) at 284.6 eV for all samples™. Wide scans were recorded in the 0-1250 eV energy range to
determine the elements present in the samples and to check for surface contamination. Then the O 1s, Ge 3d, La
4d, and valence photoelectron lines were recorded separately. The core-level positions are defined as the
FWHM and determined to within 0.05 eV by fitting a Voigt curve to the measured peaks. A Shirley-type
background’ is used during the fitting of all the spectra. The angle resolved (AR)-XPS and measurements of
Y,04/Ge stacks were made in a separate ultra high vacuum system consisting of an Al Ko, X-ray source and a
PSP Vacuum Technology electron energy analyzer. This spectrometer was operated with an overall resolution
of about 0.8 eV. To diminish the effect of differential charging on evaluating valence band offset’*", during the
XPS measurements the X-ray beam exposure was across the whole sample. The individual core level scans were
performed for the duration of at least an hour until the point at which they reached constant binding energies,
and the samples could be considered as charge saturated. Medium energy ion scattering was carried out at the
STFC Daresbury Laboratory, with a 100 keV He* beam and a double alignment scattering configuration with a

scattering angles of 90° and 135°.

The VUV-VASE measurements were performed using a spectral range from 0.5 — 8.8 eV (referring to
wavelength range A = 140-2500 nm), and angles of incidence of 55-75°, by 10° as a step, to maximize the
accuracy. The entire optical path was enclosed inside a dry nitrogen purge to eliminate absorption from ambient
water vapour and oxygen. The XRD measurements were done using the Philips Xpert XRD system. Electrical
characterization was carried out at room temperature on metal insulator semiconductor (MIS) capacitors
patterned by Pt e-beam evaporation on the dielectric surface through a shadow mask consisted of circular dots
300 um in diameter. The back Ohmic contact was made using eutectic In-Ga alloy. The high frequency

capacitance voltage data were obtained with a HP4284 precision LCR meter.
I11. RESULTS AND DISCUSSION
A. La,0,/Ge gate stacks

MEIS and XPS measurements were performed to assess the thickness, distribution of elements and interfacial
composition of the ultra-thin La,O3/Ge gate stacks. The key findings are outlined in this section. Note that as the
thicknesses were less than 5 nm, the results from spectro-ellipsometry on these stacks were not conclusive,
hence MEIS results were used. The MEIS energy spectra for the La,O5/Ge deposited at 44°C and 400°C are
shown in Fig. 1(a). There is a small high energy tail on the Ge signal for sample deposited at 400°C that
indicates an inclusion of Ge in the La,O; film. The elemental depth profiles were calculated assuming the
lanthanum signal is La,O3 with a stopping power density of 6.5 g/cm®. The calculated La and Ge depth profiles
are shown in Fig. 1(b), and reveal the structures of 3 nm La,03/2.2 nm IL/Ge and 2.6 nm La,03/1.7 nm IL/Ge
for the stacks deposited at 44°C and 400°C respectively (Table I). A reduction of overall dielectric thickness of



~ 9 A for the gate stack deposited at higher temperature is evident. Note also a significantly broader edge to the
Ge substrate for the layer deposited at 44°C, however a slightly narrower La,Os/Ge interface in comparison to
the sample deposited at 400°C. The concentration of Ge (10-20%) in La,05; sample deposited at 400°C drops off
towards the surface. The results strongly point to the formation of Ge-rich interfacial layers. In the case of 44°C
deposited sample, the top layer is La,Os, while strong intermixing (penetration of Ge) is visible for sample
deposited at higher temperature. It seems that bi-layer structure exists for the 44°C deposited sample, with
germanate likely to be present at the interface. This observation is further underpinned by findings from the XPS

data.

It has been shown that La is strongly electropositive and tends to strongly attract neighbouring O atoms®. The
influence of La is considered to regulate the distribution of O in such a way that oxygen density is maximized in
the final compound®®. Furthermore, La on Ge in the presence of oxygen has been found to produce only La—O
bonds®, with no gap states, and the formation of stable LaGeOj layers**#™°. A penetration of Ge into the La,O5
layer observed in this work for the highest deposition temperature, is in agreement with the previous study* by
energy dispersive X-ray spectroscopy where LaGeO, layer has been formed across the entire film at the

temperature of 360°C.

Fig. 2(a) shows the Ge 3d core level spectra for the 44°C, 250°C and 400°C deposited stacks. The data were
fitted using a doublet of Voigt functions corresponding to Ge 3ds, and Ge 3dz, components. The spin-orbit
splitting and area ratio values of 0.6 eV and 2:3 were fixed for the fit. The spin-orbital splitting for Ge 3d
substrate peak (Ge 3d°) can be seen in Fig. 1(a) at energies of 28.6 and 29.2 eV. No presence of GeO, at the
interface for La,0,/Ge stacks is evident from the Ge 3d core level spectra (see the reference GeO,/Ge spectrum
at the bottom of Fig. 2(a) for comparison); the Ge 4+ oxidation state has been reported to occur above 3 eV; @
3.2 eV*7 and 3.4 eV""" from the Ge 3d". Considering that the Gibbs free energy of formation of GeO, (387
kJ/mol at 1000°K), the GeO, is thermodynamically unstable so that a GeO, layer is unlikely to form at the
La,0s/Ge interface. Taking into account the electronegativity of Ge (2.01 using Pauling’s scale), LaGeOy is
expected to appear between the chemical shifts of GeO (Ge*?) and Ge,0; (Ge™), i.e. between 1.7 eV and 2.8
eV The energy shift of 2.2 eV for LaGeO, has been reported®®*. In our work, the presence of LaGeO, (3/2
and 5/2) can be de-convoluted from the spectra at the chemical shift of +2.5 to +2.6 eV. Further evidence of
LaGeO, formation comes from the observed shift of La 4ds, doublet peak in Fig. 3(a) towards the higher BE (~
0.1-0.2 eV) in comparison to the pure La,O; at 102.2 eV/”°. Note that the BE of La 4ds, for the 44°C deposited
sample shows no shift in comparison to the pure La,0s, substantiating the MEIS result in Fig. 1(b) that this layer
consists mainly of lanthanum oxide. The O 1s spectrum shows further evidence of a clear La-O bond at 528.6
eV" (see top graph in Fig. 3(b)), which flattens out as the deposition temperature increases, and the centroid
peak shifts towards lower binding energies for the 400°C deposited sample consistent with a formation of
LaGeO, film*.

The Ge 3d spectra in Fig 2(a) confirm the existence of an interfacial layer ascribed to GeO, as the binding
energy shift lies at ~ 1.7 eV from the Ge 3d°. The reported values of Ge™ and Ge* are at ~ 1 eV and 1.8 eV

shifts respectively’”". The spin-orbit splitting for GeO, could only be resolved in the 44°C sample (see inset in
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Fig. 2(a)), while for higher deposition temperatures, the fitting shows only a very small single peak. The angle-
resolved XPS of this region for the 400°C deposited La,Os/Ge is shown in Fig. 2(b); the peak is more
pronounced as the angle is increased indicating that GeO, is present at the interface but surprisingly also in the
oxide bulk. The same finding can be deduced from the AR-XPS spectra of O 1s core level shown in the inset of
Fig. 3(a). As the angle is increased, the broad centroid peak is transformed, showing sub-peaks as a signature of
La-O-La, La-O-Ge, La-OH and the Ge-O-Ge bonds. The surface and even bulk hydration has been found to take

41,79,80

place for all binary lanthanide oxides , and its strong presence is visible for these samples too.

81,82

The band diagram of the La,O3/Ge stack deposited at 400°C was derived using the valence® > and O1s energy

loss XPS spectra®™®*

and is shown in Fig. 4. The high resolution valence band (VB) spectra for the three
La,04/Ge stacks are plotted in Fig. 4(a). Although the accuracy in the determination of the Ge VB maximum is
quite limited, we measure a VBO value of 2.75 + 0.15 eV for 400°C deposited sample, in reasonable agreement
with the theoretically predicted value of 3.0 eV for La,GeOs and La,Ge,O, compounds57. The band gap is
usually obtained from the inelastic energy loss features observed on the high binding energy side of the core
level photoemission peaks’®®*84. The band gap equals the energy distance between the photoemission peak
centroid and the onset of the features due to single particle excitations®. Fig. 4(b) shows the energy loss features
of the O 1s peak for the 400°C deposited sample. The band gap of the LaGeO, film was determined to be 5.45 +
0.2 eV. By taking into account the band gap of Ge of 0.67 eV, the calculated CBO for LaGeO,/Ge is about 2 eV
(Fig. 4(c)). This is in agreement with the IPE study on ZrO,/La,03/Ge film which indicates CBO of interfacial
LaGeO, film of > 2.0 eV™. It is worth noting that the valence band edge of La,Oj films reduces by about 0.5 eV
as the deposition temperature decreases from 400°C to 44°C as can be seen from Fig. 4(a). This observation
might indicate structurally different multi-layer stacks; in particular for the 44°C sample, where the MEIS
results point to predominantly La,O; layer on top. For the latter, this implies a VBO of 2.25 + 0.15 eV and
hence conduction band offset value for La,0; on Ge of ~ 2.6 eV from our work, in close agreement with
theoretically predicted CBO value of 2.56 eV°>®, It has been observed that La,O; reacts strongly with Ge
substrate to form spontaneously a nearly uniform LaGeO, compound across the entire film thickness during
deposition*, It is evident from the XPS Ge 3d core level spectra in Fig. 2 that LaGeO, is indeed formed at all
deposition temperatures in this study. However, our results do not show a uniform layer across the whole
thickness of the gate stack. This is particularly evident at lower temperatures. Furthermore, the noticeable shift
in the valence band offset in Fig. 4(a) cannot be explained by the formation of a structurally different germanate
layer formed at a different deposition temperature. Theoretical work points to the band gap and band offsets of
the La germinates to be relatively independent of Ge content, because the valence band top is formed of O 2p
states and the conduction band bottom is formed of La 4d states, which do not change with composition®. The
theoretically predicted values of band gap and valence band offsets are 5.0 eV and 3.0 eV respectively for both
La,Ge,0; and La,GeOs>!. However, the observed band line-up substantiates the structural observation from
MEIS on transition from a bi-layer La,0z/LaGeOy at 44°C to predominantly LaGeO,/Ge gate stack at 400°C. A
further argument which underpins our band line-up results, is the observation from electrical measurements*
that the stack with the best passivation efficiency, that is the lowest D;; < 9x10™ eV*cm™, has been obtained at
the highest deposition temperature (360°C); however with higher leakage current and lower scalability in

comparison to the La,04/Ge deposited at lower temperatures (44 - 225°C). Interface state density D;; (eV*cm™)
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for as-deposited La,03/Ge stacks has been reported to be < 9x10™, 1.4x10", 3x10% and 4x10* for samples
deposited at 360°C, 225°C, 150°C and room temperature (44°C) respectively**.

In summary of this section, our structural study on MBE-deposited La,03/Ge gate stacks shows that as the
deposition temperature increases, the stack converts towards a uniform LaGeO, layer which is beneficial for
passivation of the Ge surface. However, the conduction band offset drops by ~ 0.5 eV causing higher leakage,
leads to a permittivity reduction to ~ 12* and hence lowers the scalability. Moreover, our study confirms that
La,03 reacts strongly with Ge and removes the GeO, completely. This could allow an abrupt LaGeO,/Ge
interface, introducing remote phonon and Coulombic scattering centers directly on the channel and so reducing

carrier mobility®’.

B. Y,05/Ge and Al,O3/Ge gate stacks

This section presents a detailed VUV-VASE study of Y,0s/Ge stacks deposited at two different temperatures
(225°C and 400°C) with a special emphasis on determining the dielectric function and absorption coefficient
spectra, as well as estimating the band gap and sub-band gap absorption features. The interfacial composition,
band line-up and crystallinity were ascertained from XPS and XRD measurements. In addition, the effect of

Al,O3 as a capping layer was studied.

B.1. Thickness, band gap and sub-band gap absorption

Spectroscopic ellipsometry is very sensitive to the presence of surface layers in the order of just a fraction of a
nanometer. The primary sensitivity comes from changes in phase, i.e. ellipsometric angle A. Due to the high
energy range of SE measurements in this study, all dielectric films became absorbing. The UV absorption is
often modelled using a Tauc-Lorentz dispersion relationship®. The overall absorption shape is described by an
amplitude, broadening, center energy, and band gap energy. The index of refraction is determined from both the
Kramers-Kronig (KK)® transformation of imaginary part of dielectric function along with addition of an offset
and UV pole to account for absorption that is outside the measurement spectral range. The modelling and fitting
procedure in this study consisted of firstly, determining the thickness and optical constants in non-absorbing
(transparent) region of spectra from 0.5-6 eV using a Cauchy layer representative of a dielectric film. Then, a
Kramers-Kronig consistent B-spline layer®” was used to extend the optical constants into the higher energy
range, up to 8.5 eV. This method is consistent with the point-by-point fit method® used in WVASE32, but with
two added advantages: firstly the layer maintains KK consistency which forces the optical constants to keep a
physical shape, secondly the optical constants remain smooth and continuous over the full spectrum, with a
controllable parameter to decide the resolution of points. Additionally, the B-spline layer was replaced with the
general oscillator model with a possibility of using Cody-Lorentz and Tauc-Lorentz oscillators to discern

possible sub-band gap absorption features in the gate stacks and to determine the band gap.

Optical constants for germanium are available in the literature up to 6 eV photon energy range. We used this

spectral range to fit the surface layer thickness of native GeO, for the reference Ge substrate. Initial



measurements (upon opening the container in N, purged environment) on a Ge substrate gave a GeO, native
oxide thickness of 2.93 nm. Then the germanium optical constants were fitted using a Kramers-Kronig
consistent B-spline layer over the entire spectral range. This sample was used as a reference Ge substrate layer
to determine the optical constants of thermally grown GeO, as well as Y,0; and Al,O; films. The thickness
values of the stacks are summarized in Table I. It can be seen that the thickness of Y,0;3 films is ~ 6-8 nm, and
of Al,O3 ~ 8-9 nm. The reference thermally grown GeO, layers have thicknesses of 4.4 nm (non-capped) and
3.2 and 7.2 nm for Al,O3 capped samples. The mean squared error between the experimental and theoretical

curves was in all cases below 5, consistent with a good quality fit of the data.

The real and imaginary part of dielectric function vs photon energy (E) for the stacks is shown in Figs. 5(a) and
(b) respectively. A pronounced absorption below the band edge can be observed for the Y,03/Ge sample
deposited at 225°C, and this is visible in the energy range from about 4 to 5.5 eV in both real and imaginary
parts of the dielectric function spectra (see top graphs in Figs. 5(a) and (b)). The band-edge tailing is much less
apparent for the Y,0s/Ge deposited at higher temperature of 400°C. For comparison of these spectra, in the
bottom parts of Figs. 5(a) and (b), the real (e;) and imaginary (e;) parts of dielectric function for GeO,/Ge
samples, both non-capped and Al,Os capped, are plotted as a reference. The sub-band gap features are evident
for GeO,/Ge samples and this region correlates with the pronounced absorption for the Y,03/Ge sample
deposited at 225°C. For the reference GeO,/Ge sample in this work, a peak appears at ~ 5 eV, while in Ref. 39,
two peaks are visible, at 4.4 eV (due to Ge) and at 5.1 eV. Toriumi et al.* have reported a peak at 5.1 eV for the
GeO,/Ge sample, thought to be associated with neutral O vacancies or Ge** in oxygen deficient GeO,%. The
high-level ab-initio calculations™% have shown that —-GeX; (E’ center @ 5.06 eV*®) and X;Ge-GeX, (E’-oxygen
vacancy @ 5.16 eV*) defects are able to form a broad absorption band near 5 eV. Note that X refers to —OH
and -OGeH; simulating the :Ge< defect®. From the data in Fig. 5(b) it is evident that the pronounced sub-band
gap absorption for Y,03/Ge sample deposited at 225°C compares to the absorption features in the GeO,/Ge
spectra and could indicate a possible defective non-stoichiometric germanium oxide interfacial layer. Such an

interfacial layer is not apparent for the sample deposited at 400°C.

Following the extraction of the dielectric function (& = ¢&; + jgz) for the Y,0s, Al,O3 and GeO, films using

the methodology above, the ¢; and &, parameters are converted into refractive index (n) and extinction
coefficient (k) using the KK relations. The absorption coefficient (o) can be found from the extinction

coefficient as

L _ Ak (E)E

1
he 1)

where h is the Planck’s constant, ¢ is the speed of light and E is the photon energy. The band gap in this work is

|85

extracted from the Tauc-Lorentz model® and a-method. The functional form of the Tauc-Lorentz model and its

93,94

simplified expression™" are given in the Appendix. The plots of a. vs E for Y,03; and Al,O; films are shown in

Figs. 6(a) and (c) respectively. The associated Tauc-Lorentz plots are depicted in Figs. 6(b) and (d). The linear
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extrapolation of the segments on the curves in the non-absorbing regions gives the band gap values of 5.99 eV
for Y,0; layers, and 6.43 eV for Al,O3 layer from a-method. The associated band gap values from the Tauc-
Lorentz plots are ~ 0.3 eV lower than those derived from the o-method. This result is in agreement with the
observations in Ref. 95 that the band gap values obtained from the a-method can be by ~ 0.7 eV larger than the
ones determined using the Tauc- or Cody-Lorentz methods (see Appendix). In the insets of Figs. 6(b) and (d),
the corresponding (a.E)? vs E graphs are added (valid for direct band gap transitions®®). A summary of the

39.56,66.97-102 s shown in Table 1. It can be seen

experimental band gap data obtained from this work and literature
that the band gap of Y,0; from the Tauc plots is 5.7 + 0.1 eV for both deposition temperatures. A similar value
has been reported for a radio frequency (rf) sputtered Y,04/Ge stack using SE*® and XPS®® measurements. The
value reported for Y,05 on Si is 5.6 (from SE)¥, on SiO, is 6.0 (from XPS)®, and for single crystal 6.1 eV

(from SE)*.

The Tauc coefficient is found to be 1145.4 eV *?cm ™2 for both samples. It has been argued that the Tauc plot is
related to the degree of order in the structure'®, i.e. disorder generates defects and hence removes states from
the bands and generates band tails of localized states. These band tails are generally described by the Urbach

exponential'®

E
=0, eXp (E_) , )

u

where oy is the constant and E, is the Urbach energy. In a logarithmic plot of the absorption coefficient, the
Urbach tail appears as a linear region at energies below the absorption edge. The logarithmic plot of o vs E, in
the sub-band gap energy range (< 6 eV) is shown in the inset of Fig. 6(a). An apparent linear region of the plot
is visible for the Y,05; sample deposited at 225°C, being indicative of a presence of an Urbach tail. The inverse
of this slope gives the Urbach energy of 1.1 eV. The values of E, = 1.4 eV and the Tauc coefficient of 1344 eV"

Y26m™2 have been reported for polycrystalline HfO, film'®

. A decrease in band tailing for the HfO, samples
annealed at higher temperatures has been reported and attributed to defect reduction and temperature induced
crystallization’®*%. The amorphous samples have been proposed to have a continuous and more dense bond
network and hence a lower density of defects, which is substantiated by the lower trapped charge density™***%’.
In this work, the sample deposited at higher temperature shows no apparent Urbach tail and has less pronounced
sub-band gap absorption region. However, there is no shift of the band edge in comparison to 225°C deposited
sample (see Fig. 6(a)), indicating a similar structure. This argument is substantiated by the XRD graphs shown
in Fig. 7(d), where both films prove to be polycrystalline. The XRD pattern shows polycrystalline phases of Ge

(004) plane and Y,0; (631) plane for both samples.
B.2. Interfacial layer study for Y,03/Ge

The Ge 3d XPS core levels can best represent the chemistry at the interface because of their sufficient surface

sensitivity and good resolution due to a narrow FWHM®. The relevant Ge 3d spectra fitted using a doublet
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(due to spin-orbit splitting) Voigt functions for each peak are shown in Fig. 7(a). The Ge 3d° substrate peak is
fitted with a doublet of Ge 3ds, (@29.0 eV) and Ge 3d;;, (@ 29.6 eV) with spin-orbit splitting of 0.6 eV and
intensity ratio of 2:3 respectively. A high BE shoulder to the Ge 3d° substrate peak can be seen for both Y,05
samples, however with a higher intensity for the layer deposited at 400°C (see Fig. 7(a) bottom). Also note that
Ge 3d" is less pronounced for the latter due to the thicker dielectric layer for this sample (see Table I, 7.9 nm for
400°C vs 6.3 nm for 225°C deposited sample). The rising edge at a BE lower than ~ 28 eV originates from Y 4p
to O 2s peaks at ~ 25 eV. The formation of the interfacial layer will be reflected in the Ge 3d spectra as positive
shifts (with respect to the substrate Ge 3d° peak) when Ge reacts to form YGeOy layer. It has been reported that
the Y-Ge-O bonding configuration gives rise to a BE shift within the range of + 2.2 to 2.5 eV due to a second
nearest-neighbor effect, which is distinctly different from a O-Ge-O type bonding (+3.4 eV shift)’"'®. In our
spectra in Fig. 7(a), the chemical shift for YGeOy layer is visible at +2.5 to + 2.7 eV from the substrate peak.
Note the difference in the interfacial layer between the two samples. The lower temperature deposited Y,03/Ge
stack features GeOy layer at the interface, with a chemical shift of 1.1 eV consistent with +1 Ge oxidation
state”. The higher temperature deposited stack has sub-oxide fully eliminated, and GeO, appears at the
interface.

The Y 3d core level spectra were also measured to study the additional bonding and are shown in Fig. 7(b). The
peak appearing at ~156.95 eV for Y,03/Ge samples represents the co-existence of Y,0; at 156.86 eV (see top
graph for Y,0; reference in Fig. 7(b)) and Ge-O-Y bonding at 157.28 eV (see middle and bottom part of Fig.
7(b)). In addition, a positive shift from a reference Y,03 bulk value can be seen from the O 1s spectra shown in
Fig. 7(c), and this provides firm evidence of charge transfer and formation of YGeOy at the interface. Note also
that both the Y 3d and O 1s spectra show that Y-OH bond from moisture absorption is present, as in the case of
La,O5/Ge stacks.

The results imply that Y-O-Y bonding configuration near the surface transforms to a Y-O-Ge configuration
near the interface due to the incorporation of Ge atoms into the Y,03 matrix. It has been inferred that Y and Ge
atoms intermix more significantly at a higher process temperature®®. The out-diffusion of Ge signifies the
breaking of the strong covalent Ge-Ge bonds even at room temperature. The chemical bonding model proposes

10 Since the

possible bond weakening via charge transfer during the formation of chemical bonds
electronegativity difference between Y and Ge (1.22 and 2.01 using Pauling’s scale) is large, charge transfer and
hence the bond weakening can be significant. Room temperature mixing has also been observed for Si, and the

concept of metallic screening of covalent bonds has been used to explain the bond weakening™***2,

In order to study the effect of temperature on the interfacial layer characteristics of Y,0s/Ge, XPS in-situ
annealing measurements were performed in the temperature range of 425°C to 750°C, with a step of 25°C. The
Ge 3d core level spectra as a function of annealing temperature are shown in Fig. 8. A stronger formation and
more pronounced YGeO, shoulder is visible for the Y,0/Ge sample deposited at 400°C. The fitting of the Ge
3d core level at different annealing temperature is performed using the same procedure described above. The
relevant graphs for the two Y,03/Ge samples are shown in Figs. 9(a) and (b). The Y,03; sample deposited at

225°C shows less pronounced interfacial layer shoulder, with GeO, present at all annealing temperature as can
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be seen from Fig. 9(a). On the contrary, the 400°C deposited Y,03; sample shows presence of GeO, IL layer
until the annealing temperature of 525°C. For this gate stack after the 550°C annealing temperature, the

interface is pristine YGeOy layer.

B.3. Estimation of VBO and derivation of a band diagram for Y,0s/Ge

113
d

According to Kraut’s method™, the valence band offset value for a Y,03/Ge heterojunction can be determined

using the following equation
VBO=(E,,,- E,)*- (E,, - E,)*+d
Gead = Loy vaa - Ly L 3

where Egesg and Eysg are the binding energies of the Ge 3d and Y 3d core levels that have been selected as
references for Ge substrate and Y,0; respectively. Ev refers to the valence band maximum (VBM) for the Ge
substrate and bulk reference Y,0; sample and can be estimated from the valence band spectra using linear
interpolation method™*. The term 8¢, is defined as the energy difference between the Ge 3d and Y 3d core

levels referring to Ge substrate and Y,05 from the interface Y,03/Ge sample, i.e.
— Ge Y,0.
dCL =EGas - Eyvai .

Fig. 10(a) shows the selected core levels and valence band spectra for a clean bare n-Ge substrate (top), for
interfacial Y,03/Ge (middle) and for a bulk Y,05 (bottom) films. The energy difference between the Ge 3d 5/2
and the VBM in the bare, pre-clean Ge sample (Fig. 10(a), top) was measured to be 29.41 + 0.1 eV. This value
compares to published results of 29.47 +0.07 eV**®, 29.40 + 0.03 eV, 29.30 + 0.1 eV™"’, and 29.61 + 0.1 eV*.
The value of 8¢, is found to be 127.77 + 0.1 eV for the Y,0:/Ge deposited at 225°C (shown in Fig. 10(a),
middle), and 127.85 + 0.1 eV for the sample deposited at 400°C. The energy difference for the bulk Y,0;
reference sample was estimated to be 154.50 + 0.1 eV. By inserting the estimated values in Eq. (3), the VBO is
determined to be 2.68 = 0.2 eV. The valence band spectra for the two Y,03/Ge stacks are depicted in Fig. 10(b).
We measure directly from these graphs VBO values of 2.45 eV and 2.34 eV with an error bar of + 0.2 eV, for
225°C and 400°C deposited samples respectively. It is worth noting that the VBO value is within the tolerance
bar of the measurement for both samples. This is in contrast with the La,0s/Ge samples, where a more
substantial decrease of the VBO value with the raise of the deposition temperature was observed (see Fig. 4(a)).
Note that the spectra shown in Fig. 4(a) are obtained from an instrument with higher spectral resolution than
once shown in Fig. 10(b). It is worth mentioning that we have re-measured the core levels (Ge 3d, Y 3d, O 1s)
and valence band region for the Y,03/Ge samples using a monochromated XPS instrument, and the result of
2.68 + 0.2 eV was confirmed using the Kraut method. The full band diagram of Y,04/Ge is drawn in Fig. 10(c)
using the Kraut’s value of the VBO and the band gap value obtained from the Tauc plots (see section B.1). The
conduction band offset (CBO) for Y,0,/Ge stack is calculated to be 2.35 eV. The value of the VBO of 2.78 eV

has been reported for Y,03/Ge from the Kraut’s method in Ref. 66, however the values of the core level
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differences in Eq. (3) have not been stated, so direct comparison with our data is not possible. The obtained

CBO value of 2.35 eV from this work compares to the theoretically predicted value of 2.56 eV**%,

B.4. Electrical characterization of Y,03/Ge stacks

The high frequency capacitance voltage and leakage current density characteristics for a MIS capacitor from the
as-deposited Y,0; films grown at 225°C and 400°C, are shown in Figs. 11 and 12, respectively. The CV curves
of the 225°C deposited Y,03; sample (Fig. 11(a)) exhibit high frequency dispersion with large bumps in the
weak inversion regime. A notable improvement in the CV characteristics is observed as the growth temperature
increases from 225°C to 400°C. The aforementioned result could be correlated with the Ge 3d XPS spectra
presented in Fig. 7, where full elimination of GeO, sub-oxide and enhanced YGeO, formation have been
demonstrated in the case of the 400°C-deposited Y,05/Ge stack.

It is evident from Fig. 12 that the leakage current of the 400°C-deposited sample is subsequently kept below 10
Alcm? at 1V, as opposed to La,Os that suffers from high leakage current of ~ 10* A/cm? at 1 V for samples
deposited at 360°C (see Ref. 44). This observation is in good agreement with the band diagrams presented in
Figs. 4 and 10, where the Y,03/Ge stack was found to exhibit a higher conduction band offset (> 2.3 eV), than
the respective La,03/Ge (~ 2 eV). Furthermore, this behaviour is in good agreement with the reported VASE
and XPS spectra of the as-deposited Ge/Y,0; samples (see Figs. 5, 7(a) and 9), where a reduction of defective

GeOy species has been observed at a growth temperature of 400°C.

C. The effect of an Al,O5 capping layer

The band gap value of Al,Os layer is found to be 6.1-6.4 from the VUV-VASE results (see Table | and Fig.
6(c)-(d)). The ALD-deposited Al,O; has been reported to have a much lower density (3.1-3.3 g/cm®) than
sapphire, and a lower band gap of ~ 6.2 eV (from photoconductivity measurements)*®*®* and 6.5 eV (from
XPS)'%2%: for sapphire the band gap is 8.8 eV®*8, No Urbach tail was evident for the Al,O4/Ge in this work,
suggesting a negligible sub-band gap absorption. It has been argued recently that Al,O; is a good oxygen
diffusion barrier and therefore blocks the O vacancy diffusion that allows the volatilisation of GeO and the
creation of sub-stoichiometric GeOy interface states®’. Calculations of electronic structures of interfaces and
interface defects and of oxide reactions and considerations of diffusion barrier properties by Robertson’s
group
Ge channels**. Furthermore, the difference in the O density between La,0s; Y,O; and Al,O; allows for

1119 syggest that a thin Al,Os layer in the overall dielectric might be a preferred passivation scheme for

different behaviour of these oxides on Ge®. As discussed in the introduction, both La,O5 and Y,0; belong to a
group of intimate dielectrics on Ge, i.e. they form stable germanate layers in contact with Ge. On the contrary,
Al,O3 acts as a barrier on Ge. This has further been associated with the cation radius of the corresponding

|+3

oxides®. In particular the large ionic radius of La™ (117 pm) compared to Al*® (67.5 pm), implies large M—O

bond length (M - metal ion), and consequently a less dense O structure.

13



The interfacial features for the selection of GeO,/Ge with and without Al,O5 capping layers can be found from
inspecting the Ge 3d core levels, and are shown in Fig. 13. For the non-capped 4.4 nm GeO,/Ge layer, a strong
presence of Ge™ oxidation state is evident from the chemical shift to the Ge 3d° peak of > 3 eV**"""® (Fig.
13(a)). After the Al,O; capping layer deposition on 3.2 nm GeO,/Ge, the shift to lower binding energy of the IL
peak in Fig. 13(b) reveals the impact of Al,O; deposition on the GeO, layer. This behaviour suggests the
formation of a germanate layer (AlGeO,) at the Al,O3/GeO, interface. Note also the presence of GeOy at the
interface for this sample. For the thicker 7.2 nm GeO, layer with Al,Os cap, only a sub-peak referring to
AlGeO, can be observed from Fig. 13(c). In the case of Al,Os/Ge, no high BE shoulder is apparent, rather just a
peak referring to the Ge 3d° substrate (Fig. 13(d)) suggesting no IL. Further evidence comes from the Al 2p
spectra shown in Fig. 14. The Al 2p spectrum for Al,O03/Ge sample exhibits no clear change, suggesting that
there is no detectable chemical reaction in the Al,O3 capping layer, and that Al,O; acts indeed as a barrier layer.
On the contrary, for the Al,03/GeO,/Ge structures there is a clear shift for both Al 2p and O 1s peaks towards
higher BEs in agreement with AIGeO, formation discussed above. These observations indicate that the Ge in-
diffusion through the GeO, into the Al,O3 and the intermixing between these different layers lead to a AlGeO,
IL formation, possibly more stable than the GeO, interlayer”. A recent theoretical study predicted that the
incorporation of Al into the GeO, matrix leads only to the formation of Ge—O—Al bonds, with no defect states
inside the Ge bandgap™, indicating that the formation of the AlGeO, interlayer should not be detrimental to the

interface quality”#2%*%,

In summary of this section, there is evidence that Y,0O; shows a more moderate reactivity to Ge and shows
feasibility for a GeO,-interfacial layer at the higher deposition temperature of 400°C. The conduction band
offset has been derived from the XPS and VUV-VASE data and shows a sufficiently large (~ 2.3 eV) value to
allow for the measured low leakage (< 10° A/cm? @ 1 V). The stack transforms into pristine YGeO,/Ge layer,
with no GeO; IL, for annealing temperature above 525°C. Our experimental results confirm that Al,O3 acts as a

barrier on Ge, with no detectable IL, within a resolution of the experimental techniques used.

IV. SUMMARY & OUTLOOK

A comprehensive study of ultra-thin La,0Os/Ge and Y,0s/Ge gate stacks prepared by molecular beam epitaxy
has been conducted in this paper for consideration as interfacial layers for Ge surface passivation. In particular,
the effect of deposition temperature, ranging from 44-400°C, on interfacial features, band line-up, band gap and
sub-band gap absorption, and crystallinity has been investigated by MEIS, VUV-VASE, XPS and XRD
techniques. Both La,O3 and Y,03 show a reactivity to germanium. A strong presence of germanate layers was
found from the high binding energy shoulders to the Ge 3d substrate XPS core level peak, with a chemical shifts
of +2.5-2.6 eV for LaGeO,, and +2.5-2.7 eV for YGeO,. The higher deposition temperature the higher intensity
of the germanate layers formation was evident for both gate stacks. However, the interface structure was found
to be somewhat different. In the case of La,03/Ge, there is no GeO, present at the interface for all deposition
temperatures studied, rather germanium sub-oxide species dominate the interface and even they have been found
in the bulk of ultra-thin (2-3 nm) films from angle-resolved XPS data. The high-resolution valence band spectra

for the La,Os/Ge stacks have shown a noticeable positive (~ 0.5 eV) shift in the valence band edge, as the
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deposition temperature increased from 44°C to 400°C. This observation underpins previously reported electrical
characterization data that the stack with the best passivation efficiency has a uniform LaGeO, layer, but with
higher leakage current and hence low scalability. The band diagram has been derived for LaGeO,/Ge from the
XPS data with values for valence band offset of 2.75 + 0.15 eV and band gap of 5.45 + 0.2 eV, in reasonable

agreement with recent theoretical calculations.

A Y,0,/Ge gate stack deposited at 225°C shows a GeOy interfacial layer. The VUV-VASE data have enabled
extraction of dielectric function and absorption coefficient versus photon energy for the Y,03/Ge stacks. The
pronounced sub-band gap absorption region is distinctly evident in the broad region from ~ 4.5-5.5 eV from the
imaginary part of dielectric function and absorption coefficient spectra for the 225°C deposited stack. This
absorption range could be attributed to a reported neutral oxygen vacancy coordinated with two Ge ions (at 5.06
eV) and/or a Ge* coordinated with two oxygens (at 5.16 eV) defects; this result substantiates the existence of
sub-stoichiometric GeO, layer. The stack deposited at 400°C has no such absorption region, and GeO,
interfacial layer has been found from the Ge 3d XPS core level spectra. Furthermore, after the annealing above
525°C, this stack has become GeO,-free, transforming into pristine YGeO,/Ge layer. The band diagram has
been derived for the Y,03/Ge using the Kraut’s method for the estimation of VBO (2.68 + 0.2 eV) and Tauc-
Lorentz method for the band gap (5.7 + 0.1 eV). The band gap of Al,Os has been found to be 6.1-6.4 eV from
the Tauc-Lorentz and a-methods. There was no detectable interfacial layer for Al,O3/Ge stack, indicating

possible barrier role of alumina layer.

A notable improvement in the capacitance voltage and leakage current density characteristics has been observed
for the Y,05/Ge stacks as the growth temperature increased from 225°C to 400°C. This result is in agreement
with the structural data, as the detrimental effect of GeO, interfacial layer on electrical properties can be
expected for the 225°C deposited stack.

In summary, the results of this study unambiguously point to two important findings: firstly the optimal
deposition temperature is in the higher range, at ~ 400°C, as this allows for more uniform germanate layer at the
interface with better passivation properties; secondly comparing two rare-earth stacks, La,0s/Ge with Y,0/Ge,
deposited at the optimal temperature (~ 400°C), the latter is seen to have more attractive features for Ge
interface engineering: moderate reactivity to Ge, GeO,-free interface, higher conduction band offset (~ 2.3 eV),
larger band gap (~ 5.7 eV), and lower leakage current (< 10° A/cm? at 1 V). As such, Y,04/Ge is a serious

contender for interface engineering in future Ge CMOS technology.
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APPENDIX

The band gap can be determined from the spectroscopic ellipsometry data using a linear extrapolation of the
threshold of optical absorption from either the extinction coefficient (k) curve, the imaginary part of the
dielectric function (s,) , the absorption coefficient () curve, or plots of the Tauc-Lorentz and Cody-Lorentz®. It
has been shown® that the band gap value determined from the o-method is larger than those determined from
the k and & methods, due to an extra factor of energy gained when converting from k or & to a. This factor of
energy adds an additional concave upwards nature to the absorption coefficient curve, which has the effect of
shifting the linearly extrapolated band gap to higher energy. On the contrary, the Tauc and Cody-Lorentz
generate smaller band gap values due to the fact that it uses the square root of the imaginary part of the

dielectric function, which decreases the concave upwards nature of the spectrum.

The functional form of the Tauc-Lorentz model® is given as

A (E-E,)’ A E,CE
E?  (E’-E2)’ +CE?
1 AEC(E-E,)
T E (E?-E2)? +CE?

&,(E) =
, (A1)

where A is the transition amplitude, C is the broadening coefficient of the Lorentz oscillator, Ey is the peak
position for the Lorentz oscillator, E is the photon energy, and Eg is the band gap energy defined as the photon
energy where & = 0. Note that this formula is valid only for photon energies greater than the band gap energy.
The Eq. (A.1) can be simplified by taking into consideration that &, is proportional to (E-Eg)?/E?, hence it can be

93,94

re-written as

E-E, o /&, (E)E? =\/g,/a(E)n(E)E (A2)

where h is the Planck’s constant, c is the speed of light, and n — refractive index. Then from Eq. (A.2), plotting
(hc/2 2)M2(anE)Y? versus photon energy (E) allows for the straightforward linear extrapolation of the band gap

from the graph.
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TABLE I. Summary of thickness and band gap data determined by MEIS and VUV-VASE. The literature

data®°0%6:7192 for the band gap of various La,0O5 and Y,Oj5 films deposited on Ge and Si are added for

comparison. (PLD refers to Pulsed Laser Deposition, ALD to Atomic Layer Deposition, and PC to

photoconductivity measurement method.)

Sample Deposition Thickness (nm) Band gap (eV)
MEIS VASE Tauc o- XPS/PC
(anE)”?  (aE)* method
La,03/Ge dep. @ 44°C MBE 2.6
La,04/Ge dep. @ 400°C MBE 3.0 5.45
La,04/Si® rf sputtering 5.3
Y,03/Ge dep. @ 225°C MBE 6.3 5.65 5.70 5.99
Y,03/Ge dep. @ 400°C MBE 7.9 5.77 5.77 5.99
Y,04/Ge? rf sputtering 5.7
Y,05/Ge” rf sputtering 5.7°
Y,04/Si¢ PLD 5.60°
Y,04/Si0,/Si’ thermal 6.0
decomposition
Y,05° single crystal 6.08
Ge0,/Ge thermal 4.4 5.65 5.95
oxidation
Al,O3/Ge MBE 9.4 6.12 6.33 6.43
AlLO,/Si%" ALD ...16.29"
Al,O4/Si' ALD 6.52'
Al,0,/Ge0,/Ge MBE 7.8/3.2
8.9/7.2
2 Ref. 56
® Ref. 66
° Ref. 97
? Ref. 98
° Ref. 99
fRef. 39
9" Refs. 100-101
'Ref. 102
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Figure captions

FIG. 1. (a) The MEIS yield vs photon energy for the La,Os/Ge stacks deposited at 44°C and 400°C. (b) La and

Ge depth profiles derived from the experimental data shown in (a).

FIG. 2. (a) Ge 3d XPS core level spectra for La,O3/Ge stacks deposited at 44°C, 250°C and 400°C. (b) Angle
Resolved-XPS Ge 3d core levels for the stack deposited at 400°C. The fitting shown refers to the doublet of
Voigt peaks for GeO,. Note that the spectra shown in (b) are acquired on a lower resolution instrument; hence
the spin-orbit splitting for the Ge 3d° substrate peak cannot be seen. There is evidence of GeOy presence not

only at the interface.

FIG. 3. (a) La 4d and (b) O 1s XPS core level spectra for La,O3/Ge stacks deposited at 44°C, 250°C and 400°C.
The spectra are taken at the normal incidence angle, TOA = 0°. The inset in bottom part of (b) refers to the
TOAs of 35° and 70° revealing the surface and bulk features for the 400°C deposited stack. The deconvolution
of the main peak in the inset includes sub-peaks of: La-O-La, La-O-Ge (LGO), La-OH, and Ge-O-Ge from low
to high BEs of O 1s peak.

FIG. 4. (a) High resolution valence band spectra for La,03/Ge stacks deposited at 44°C, 250°C and 400°C. (b) O
1s XPS energy loss spectrum for the stack deposited at 400°C showing the band gap value of ~ 5.4 eV. (c) The
schematic of the band diagram for La,03/Ge deposited at 400°C.

FIG. 5. Real (a), and imaginary (b) part of dielectric function vs photon energy for Y,03/Ge stacks deposited at
225°C and 400°C. The dielectric function of GeO,/Ge with and without capping Al,O; layer is added as a

reference.

FIG. 6. The absorption coefficient (a) and (c), and Tauc (anE)*?

(b) and (d) vs photon energy plots for Y,03/Ge
(deposited at 225°C and 400°C) and Al,O5/Ge gate stacks. The inset in (a) shows logarithmic a vs E plots. The

insets in (b) and (d) refer to (E)? vs E Tauc plots.

FIG. 7. (a) Ge 3d, (b) Y 3d, and (c) O 1s XPS core levels for Y,0,/Ge deposited at 225°C and 400°C, with

GeO,/Ge and pure Y,0; as reference core level spectra; (d) the referring XRD spectra.

FIG. 8. Ge 3d XPS core level for Y,05/Ge deposited at 225°C and 400°C after in-situ anneal from 425°C to
750°C, in steps of 25°C.

FIG. 9. Ge 3d XPS core level fitting after in-situ anneal for two different Y,05/Ge gate stacks deposited at: (a)
225°C, and b) 400°C.
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FIG. 10. (a) The XPS spectra for the calculation of VBO for Y,05/Ge using Kraut’s method. (b) Valence band
spectra for Y,03/Ge gate stacks showing VBO of 2.4 + 0.20 eV; (c) Derived band diagram for the Y,03/Ge

stack.

FIG. 11. Capacitance voltage characteristics for 10 nm (nominal) Y,0/n-Ge gate stacks deposited at (a) 225°C,
and (b) 400°C.

FIG. 12. Current density vs voltage characteristics for 10 nm (nominal) Y,0s/n-Ge gate stacks deposited at (a)
225°C, and (b) 400°C.

FIG. 13. Ge 3d XPS core levels fitting for the (a) GeO,/Ge, (b) Al,03/3.2 nm GeO,/Ge, (c) Al,03/7.2 nm
GeO,/Ge and (d) Al,Os/Ge.

FIG. 14. (a) Al 2p and (b) O 1s XPS core level spectra for GeO,/Ge, with and without Al,O; cap, and Al,O3 on
Ge.
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