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Abstract—The band alignment properties of amorphous Al.O3
on strain-engineered biaxial tensile-strained epitaxial Ge, grown
in-situ by molecular beam epitaxy on InxGaixAs virtual
substrates, are presented. X-ray photoelectron spectroscopy
investigation demonstrated an increase in the valence band offset
of the Al2Os/strained Ge system with increasing tensile strain. For
Ge strain-states of 1.14%, 1.6%, and 1.94%, the corresponding
valence band offsets were found to be 4.43 + 0.1 eV, 3.95+ 0.1 eV,
and 4.55 + 0.1 eV, respectively, demonstrating a ~0.8 eV increase
as compared to Ge grown on GaAs. The observed enhancement in
the valence band discontinuity between tensile-strained Ge and
Al2Os offers a unique and novel path for the simultaneous
improvement of hole mobility (via strain) and hole confinement
(via a larger valence band offset) in future low-power and high-
performance Ge-based nanoscale pMOS devices.

Index Terms—Energy band alignment, Al2Og, strained Ge, x-
ray photoelectron spectroscopy (XPS).

. INTRODUCTION

CONTINUATION of the aggressive reduction in silicon (Si)
complimentary  metal-oxide-semiconductor  (CMOS)
technology has revealed fundamental physical limitations for
future Si device scaling. To overcome these challenges, new
channel materials and device architectures offering improved
drive current, lower operating voltage, and steep sub-threshold
dynamics are being extensively investigated [1]-[3]. Among
the potential candidates for extending CMOS beyond 10 nm,
germanium (Ge) has attracted much attention due to its low
band gap, high carrier mobility, and process compatibility with
current CMOS process technology [4]. In particular, strained
Ge has been investigated for use as the channel material in
future high performance [5], [6] and low-power [7] logic, as
well as the gain medium in on-Si, group 1V-based photonics [8],
[9]. However, little attention has been devoted to strain-induced
modification of the oxide/semiconductor band alignment [10],
[11], essential in evaluating channel carrier confinement.

In this letter, we report on the effective modulation of the
band alignment between amorphous (a) Al.Os and biaxial
tensile-strained (&) Ge epilayers grown on InyGai.xAs Stressors.
Moreover, we demonstrate that the contribution to the band
alignment enhancement reflects the combined effects of the e-
Ge strain-state and the intrinsic band discontinuities between -
Ge and the underlying strain template.
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Il. EXPERIMENTAL

In this study, 15 nm - 30 nm thick epitaxially strained Ge
layers were grown in-situ on InyGai.xAs virtual substrates (VS)
utilizing solid-source molecular beam epitaxy (MBE). Strain
modulation within the Ge epilayers was achieved by
modification of the indium (In) alloy composition in the VS.
Three In compositions were selected in order to investigate the
effects of varying biaxial tensile strain on the band alignment
between e-Ge and a-Al,Os, specifically: (i) Ingi1sGaos2As
(1.14% ¢), (ii) Ino24Gag76As (1.6% &), and (iii) Ing20Gao.71AS
(1.94% ¢). Full details regarding the growth and materials
characterization (and associated methodologies) of the
Ge/(In)GaAs heterostructures are reported elsewhere [7], [12].

Subsequently, 1.5 nm and 10 nm a-Al,Os; films were
deposited at 200°C by atomic layer deposition (ALD) using
trimethylaluminum and deionized HO. Prior to oxide
deposition, all samples were stripped of native oxide in dilute
HF for 60 s. Immediately following Al,Os3 ALD, the samples
were transferred to a PHI Quantera SXM x-ray photoelectron
spectroscopy (XPS) system for band alignment characterization
following the methods described in [7], [12]. A low-energy
electron flood gun was utilized to compensate oxide electron
loss during spectral acquisition and minimize positive charge
accumulation on the sample surface. Statistical deviation in the
Au 4f7, core level binding energy of a Au standard was used to
derive an experimental uncertainty of £0.04%, with subsequent
uncertainty estimated using a root sum square approach.

Additionally, in order to broaden the applicability of the
measured band alignment data to n- and pMOS devices, strain-
dependent calculations of the Ge band edges were performed
following the deformation potential theory approach described
in [13] using the material parameters listed in Table I.

I11. RESULTS AND DISCUSSION

Previous nonlocal pseudopotential calculations [14] of the
strained Ge band structure have revealed a crossover point, € =

TABLE |
GERMANIUM MATERIAL PARAMETERS
Quantity Symbol Units ValuelRefl

Lattice Constant a, A 5.65811%!
o9 10 dyn/cm? 12.600!
Elastic Constants Ci 10 dyn/cm? 4,401
Caa 10 dyn/cm? 67719
. a eV -9.480181
Deformz?\tlon b eV -2 86!17
Potentials 5,4+ %Eu eV -2 36117
Direct Gap E} eV 0.8051*3
Indirect Gap E} eV 0.6641%3
Spin-Orbit Splitting Aso eV 0.29614
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Fig. 1. Calculated 293 K bandgap-strain dependence for Ge using deformation
potential theory [13] and the material parameters found in [13]-[17]. Symbols
(blue) represent the expected bandgap value for the strain-states studied in this
work. Right inset illustrates the experimental Raman wavenumber shift with
increasing Ge strain. Left inset shows the experimental Ge epilayer strain
independently determined via x-ray diffraction and Raman spectroscopy.

1.5%, at which the T"-valley minimum supersedes the L-valley
minimum as the lowest conduction band (CB) edge. As a result,
the L-valley carrier population in e-Ge is expected to reduce for
strain states approaching € = 1.5%. To account for this change,
the bandgap for the lowest CB minimum (at a given €) is most
appropriate when determining the conduction band offset (AEc)
at the Al,Os/e-Ge heterointerface. Fig. 1 shows the dependence
of the calculated 293 K Ge bandgap on the magnitude of the in-
plane biaxial tensile strain. As can be seen in Fig. 1, a crossover
in the I'- and L-valley band edges was indeed observed at ¢ =
1.52%. Congruently, employing the experimental Ge epilayer
strain determined via Raman spectroscopy (Fig. 1 right inset)
and x-ray diffraction analysis (Fig. 1 left inset), the calculated
bandgaps for the 1.14%, 1.6%, and 1.94% ¢-Ge were 0.56 eV
(L-Ih), 0.50 eV (I"-Ih), and 0.43 eV (I'-Ih), respectively.

Fig. 2 shows representative XPS spectra recorded from the
moderately strained (1.14%) a-Al,Os/e-Ge heterointerface,
including: (a) the Al 2p core level (CL) and valence band
maxima (VBM) from 10 nm a-Al,Os deposited on 1.14% &-Ge;
(b) the Ge 3d CL and VBM from the 1.14% ¢-Ge epilayer; and
(c) the Al 2p and Ge 3d CLs from 1.5 nm a-Al.Os; deposited on
1.14% &-Ge. The valence band offset (AEvy) can be determined
using the method proposed by Kraut et al. [18] in conjunction
with the measured CL and VBM binding energies, i.e.:

Al,0 Al 0
AEV - (EA122p3 - VBZM3 (Egee?; - EVBI\(jle) ACL(l) (1)

where Eff;f and EE.£¢ are the CL binding energies for a-

Al>,O3 and Ge, respectively, Ey g, is the VBM for each material,
and ACL(i) is the binding energy separation between the
interfacial Al 2p and Ge 3d CLs, i.e. Eff;f EE;E¢. Linear
regression of the onset of valence band emission was used to
determine Eyg, for each material [7], [12]. Similarly, the
experimental a-Al,Os band gap, E; 2%, was extracted from a
linear fitting of the O 1s loss spectra [19], [20]. Using the

measured values for AEy and E; 1203, the conduction band offset
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Fig. 2. XPS spectra of (a) Al 2p CL (E22%%) and VBM (E{ 2% from the 10

Al2p VMB
nm Al,Oy/e-Ge sample, (b) Ge 3d CL (EE,£¢) and e-Ge VBM (Efz5¢) from the

¢-Ge virtual substrate, and (c) Ge 3d (El,54) and Al 2p (Emp) from the 1.5 nm
Al,O3/e-Ge interface for the 1.14% tensile strain Al,O3/e-Ge structure.

(AEc) was calculated by [7], [12], [20]:

AEc = E)?% — EE~C¢ + AE, )

where E;‘Ge is the band gap energy of e-Ge. Following the
procedures defined above and using the calculated E5~%¢ at
each strain state, the band discontinuities for each a-Al,Oz/s-Ge
heterointerface were determined, as summarized in Table II.

It is important to note that the band offset values presented in
Table Il are sensitive to several charging mechanisms
commonly observed in XPS analysis, including x-ray
irradiation and/or a built-in  potential ~ within  the
oxide/semiconductor heterostructure. These mechanisms serve
to modify the energy of the escaping photoelectron, resulting in
a shift of the measured binding energy due to an effective
accumulation of charge within the sample [21]. To examine the
impact of such modifications on the oxide/semiconductor band
alignment, the CL spectra shown in Fig. 2 are presented both
before (green) and after (red) saturation of the sample surface
by way of extended x-ray beam exposure. A maximum
charging-induced shift, Ecn, of 0.57 + 0.04 eV was observed for

TABLEII
SUMMARY OF THE MEASURED AND CALCULATED XPS DATA FROM THE
AL;O3/e-GE HETEROSTRUCTURES INVESTIGATED IN THIS WORK

Measured Calculated
Structure Al,O3 Eq4 &-Ge Eq 'Xléaséje';%j (?Ilzcu(ls\t;e)d
(eV) (eV) v ¢
ALOJLIA% 6594 0,04 0.56 443+01 16+01
&-Ge (L-valley)
ALOJLEY% g 791004 0.50 395+01 234+0.1
&-Ge (T-valley)
Al,04/1.94% 0.43
£.Ge 6.78 £ 0.04 (T-valley) 455+0.1 18+0.1
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Fig. 3. (a) Experimental valence band (AEy) and calculated conduction band
(AEc) offsets for the a-Al,O3/e-Ge system studied in this work as well as a-
Al,O4/Ge/GaAs. (b) Comparison of the shift in energy band edge due to strain
and the magnitude of the experimental band offset shifts with respect to the
unstrained a-Al,03/Ge/GaAs heterostructure.

the Al 2ps; CL recorded from the 10 nm Al;03/1.14% ¢-Ge
sample, decreasing to 0.12 + 0.04 eV for the ultra-thin 1.5 nm
Al,O3 oxide on the same structure. As can be seen in Figs. 2b
and 2c, no predominant shift in the Ge 3ds;; CL binding energy
was observed, indicating an asymmetric accumulation of
charge within the Al>03/1.14% ¢-Ge structure that strongly
depends on oxide thickness. Recent results [22] suggest that the
formation of gap states on the Al,O3 surface modifies the Al,O3
charge neutrality level, CNLA'293, raising it above the charge

neutrality level of Ge, CNL®®, and resulting in electron transfer
from Ge to Al,O3. The manifestation of this charge transfer
would be a shift in the measured CLs to lower binding energies,
which can indeed be observed in Figs. 2a and 2c. These results
suggest that encapsulation of the oxide surface, e.g., via the
deposition of < 10 A of metal, may enhance accuracy when
investigating practical MOS gate structures. Nevertheless, for
this work, the measured CLs for each material were
compensated using the observed Ec in order to provide a more
representative view of the Al,Os/e-Ge band alignment.

Fig. 3a shows the empirical and calculated band offset
parameters for the a-Al,Os/e-Ge structures considered in this
study in addition to the measured band offsets of a-Al,O;
deposited on Ge grown on GaAs. Similarly, Fig. 3b highlights
the magnitude of the a-Al,Os/e-Ge band offset shifts with
respect to the a-Al,O3/Ge/GaAs heterostructure in comparison
to the calculated band edge shifts at the I'- and L-valley CB
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(purple, green) and heavy- and light-hole VBM (red, blue) for
increasing strain. As can be seen from Fig. 3a, AEy (blue,
symbol) demonstrated a positive trend with respect to the
tensile strain in the Ge epilayer. Moreover, the magnitude of the
enhancement in AEy (~0.8 eV, Fig. 3b) for the highly strained
(1.94% &) structure was found to be larger than the Ge band gap,
suggesting a combined influence on the a-Al,Os/e-Ge band
alignment from both the strain-state of the epitaxial Ge as well
as the underlying &-Ge/InyGai.xAs band discontinuities. The
observed shift in AEy was found to differ from similar structures
grown on GeSn-[10] and SiGe-based [11] strain templates, thus
suggesting fundamentally different roles in interface band
structure modification between 111-V- and group IV-based
pseudomorphic templates. Whereas modification of the
oxide/e-Ge band alignment for group IV-based virtual
substrates favors strain-induced band gap reduction, I1I-V-
based strain templates appear to leverage both larger intrinsic
IV/111-V band discontinuities [7], [23] as well as strain-related
band structure alterations in the pseudomorphic Ge layer.
Lastly, it can be posited that the higher strain-states
investigated in this work also play a role in the increased strain-
dependency of the a-Al,Os/e-Ge band offsets. In this regard, the
increased surface energy of the highly strained Ge epilayer
alters the near-interfacial O-O interaction in a-Al,O3. Note that
the valence band (VB) electron states in metal oxides are
derived from the 2p states of the O anions [24]. Accordingly,
strain-related modification of the O-O interaction in near-
interfacial a-Al,O3 could result in associated changes in the a-
Al;O3 VB structure, and thus a lowering of the a-Al,O; VBM
(i.e., an increase in AEy) [25]. Thus, the incorporation of
increased strain into Ge films grown on I11-V stressors may
offer several advantages for the design of e-Ge-based p-channel
field-effect transistors, including additional enhancement to
channel hole confinement as well as improved hole mobilities.

IV. CONCLUSION

The effect of biaxial tensile strain on the energy band
discontinuities between a-Al:O; and epitaxial e-Ge was
systematically investigated. The valence band offset, AEy, was
found to reflect strain-dependent and heterostructural (e-
Ge/InyGai-xAs) enhancements. Moreover, a significant increase
in AEv, up to ~0.8 eV, was observed for a-Al,O3; deposited on
1.94% ¢-Ge (4.55 + 0.1 eV) as compared to unstrained a-
Al,03/Ge/GaAs (3.76 + 0.1 eV). The ability to substantially
augment AEy via tensile strain suggests an approach to reduce
gate leakage current, and therefore power dissipation, in future
e-Ge-based pMOS technology. In conjunction with strain-
induced hole mobility enhancement, the provided band
alignment parameters offer an exciting and innovative direction
for realizing e-Ge devices with high drive currents, reduced gate
leakage, and flexibility in device application.
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