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Optical constants and critical point transitions in biaxially tensile-strained epitaxial
germanium thin films
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We present the optical properties of epitaxial germanium (Ge) thin films as a function of tensile strain from 0 % to
1.96 %, measured using variable angle spectroscopic ellipsometry in the energy range of 0.5 eV to 4.1 eV. The band structure
of unstrained Ge is modified using epitaxial tensile strain imparted by the underlying compositionally controlled In\Ga;xAs
strain template. The degeneracy of Ge's light hole (LH) and heavy hole (HH) bands near the I'-point is lifted due to tensile
strain while the I" and L valleys descend. Such changes in the band structure impact the optical properties of tensile strained
Ge such as the dielectric constant, refractive index, and absorption coefficient. At the ['-point, it is noticed that the absorption
coefficient gradually increases with tensile strain, indicating a shift in the effective band edge of Ge. Further, it is observed that
the indirect transitions are dominated by L-LH, whereas the direct transitions are contributed from the I'-LH as well as the I'-
HH due to the interplay between the transition energy and joint density of states. In addition, the tensile strain is seen to affect
the band structure at different regions in the Brillouin zone (BZ) resulting in the movement of the critical points (CPs) to lower
energy in the optical spectrum. The E; and E; + A; CPs in tensile strained Ge are red-shifted compared with unstrained Ge. The
observed movement of the E;, and Ey CP peaks is in close agreement with the first principles calculated band structure. Further,
the apparent value of the E, spin-orbit (SO) energy, Ao is seen to decrease with increasing tensile strain at the I'-point.
Interestingly, the E; SO energy, A; at the A-direction in the BZ remains constant indicating a very low shear deformation-
related shift in the band structure due to biaxial tensile strain. As tensile-strained Ge thin films have a wide range of potential
applications in electronics, sensing, and photonics, further understanding of tensile strain in Ge and its impact on its dielectric
and optical properties is essential.
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I. INTRODUCTION

Germanium (Ge) has been gaining popularity for
applications in optoelectronics, photonics [1-3], beyond
Moore electronics [4-6], and sensing [7], as well as potential
applications in quantum technologies [8, 9] over recent
years. One common solution for realizing Ge optoelectronics
has been integration on a silicon (Si) substrate [10].
However, the growth of Ge on Si has a high lattice misfit (~
4 %), causing defects and dislocations, hindering
optoelectronic  functionality through reduced minority
carrier lifetime [11,12], and defect-induced shot noise [13].
Furthermore, a coherent light source (an integral component
of many on-chip optoelectronic technologies) can be realized
monolithically using Ge [10], GeSn [14,15], GeSn/SiGeSn
[16], or tensile strained Ge (e-Ge) [1,17] gain media on a Si
or GaAs substrate. Additionally, the heterogencous
integration of different monolithic chiplets to form diverse
functionalities is an essential step toward scalable quantum
technologies [18]. Using monolithically grown Ge-on-
InGaAs quantum well (QW) laser chiplet, one may
potentially reduce the complexity and cost of the process and
enable on-chip optoelectronics. This GaAs-based monolithic
configuration (i.e., InsGa;«As and InAl;«As buffers on a

GaAs substrate) is a solution for growing crystalline Ge
(apart from the well-controlled tensile strain) for two key
reasons: (i) lower defect density due to lattice proximity [1],
and (ii) transferability of GaAs technology to Si substrate
[1,19]. For the tensile strained Ge on InGaAs (e-Ge/InGaAs)
based photonic devices, carrier, and optical confinement are
indispensable for efficient operation, and it can be achieved
via large band offsets [17] as well as the large differences in
the refractive indices [1, 17] between the waveguide and
cladding semiconductors. The band offsets as a function of
strain in Ge layers grown on In.GaixAs buffers were
determined using x-ray photoelectron spectroscopy, and the
dependence of Ge-on-InGaAs band offsets on tensile strain
was discussed in Ref. 17. The refractive index, dielectric
constants, optical properties, critical points (CPs), and spin-
orbit (SO) couplings as a function of strain in Ge layer was
not demonstrated to date. In the past, the optical properties
such as the refractive index (n + ik), dielectric functions (g;
+ igy), band structure, absorption coefficient (), and Van-
Hove singularities (critical points) of unstrained Ge have
been studied as a function of growth, measurement
temperature, doping, Sn composition, and different growth
methods [20-25]. In addition, the impact of biaxial strain on
the dielectric constants of Si epi-layers has been studied [26].
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However, biaxially tensile strained Ge's optical properties,
dielectric constants, and CP transitions were not
investigated.

In this paper, we explore the impact of tensile strain on
the dielectric constants and optical properties of Ge and &-
Ge through variable angle spectroscopic ellipsometry
(VASE) as a function of tensile strain (¢) in Ge via InyGa;.
«As strain template underneath the Ge layer. The indium (In)
composition in the In«Gai<As layer is varied between the
samples to change the tensile strain imparted on Ge. This
study aims to highlight the optical properties of epitaxial Ge
layers and their dependence on the epitaxial biaxial tensile
strain, as the tensile strain is gradually increased between the
6 samples, without creating relaxation-induced defects (i.e.,
adhering to the critical layer thickness) and maintaining
crystallinity [1, 27]. Each sample and their k.p calculated
band structure [1] schematics are summarized in Fig. 1(a)-
(f) in increasing order of tensile strain in the epitaxial Ge.
The methodology for the pseudomorphic sample growth is
discussed followed by the measurement setup for the VASE
system. The model and its goodness of fit are evaluated, and
dielectric constants are extracted. A clear shift in the band
edge is seen through the absorption spectrum with increasing
tensile strain along with an increase in absorption
coefficient. Moreover, the direct and indirect bandgap of e-
Ge determined from this study is in good agreement with the
3030 k.p calculated results [1]. The Van-Hove singularities
in the band structure of e-Ge are discussed and a gradual
decrease in the Eo, Eo + Ao, E1, Ei+ Ay, and E’ CPs is seen.
Interestingly, it is observed that the SO coupling energy at
the I'-point Ao has a decreasing trend with tensile strain.
Whereas the SO coupling energy, A; in the A-direction
associated with the E; peak remains nearly constant with
applied tensile strain. By elucidating the biaxial tensile strain
dependence on the dielectric constants of epitaxial thin film
Ge, this study opens up an opportunity to improve the design
process and analysis of various optoelectronic devices such
as -Ge QW lasers [1, 4, 28], hole-centric spin qubit [29],
FinFETs and MOSFETs [4], lattice-matched and unstrained
Ge-based nanosheet-FETs [5], photodetectors [30], and
photovoltaics [31].

II. METHODS
A. Material system: Growth and structure

III-V compound semiconductor templates such as
InAlAs and InGaAs that leverage metamorphic and
pseudomorphic growth are of interest as they can be used to
produce high-quality tunable epitaxial layers for applications
in monolithic optoelectronics [1]. As a part of this study,
unintentionally (uid) doped epitaxial Ge thin films are grown
on semi-insulating GaAs (001) substrates. Pseudomorphic -
Ge/InyGai«As structures were realized using a vacuum inter-
connected dual chamber solid source molecular beam
epitaxy (MBE) system [1, 19, 32]. An isolation between the
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III-V and the group IV chambers is employed to eliminate
atomic interdiffusion at the Ge/InGaAs interface providing
an abrupt transition from InGaAs to Ge. The desired In
composition in the InyGa;«As strain template was realized
using a linearly graded buffer (LGB) grown on a GaAs
substrate. This growth process enables a virtually defect-free
InyGa;<As metamorphic strain template, by restricting
defects within the underlying strain-relaxed LGB. In
addition, the virtually defect-free pseudomorphic growth of
e-Ge on InyGa;.<As is possible if the thickness of the e-Ge
layer is maintained lower than the critical thickness of Ge [1,
27]. Fig. 1 and Table I summarize the various e-Ge/InGa.
«As structures grown using this MBE system and analyzed
to determine the optical properties of e-Ge as a function of
tensile strain. Direct bandgaps of e-Ge with varying tensile
strain shown in Table I are calculated using the 30x30 k.p
method [1], and a schematic representation of the relative
movement of the band energies of the 4-bands at the I"-point
light hole (LH), heavy hole (HH), L and T is shown in Fig.
1. As the thickness of the e-Ge layer is designed to be thinner
than the critical layer thickness, the strain is not relaxed and
hence the lattice misfit is translated to biaxial tensile strain.
Thus, to our knowledge, this is the first report of the optical
properties of e-Ge as a function of moderate to large biaxial
tensile strain in Ge. Interface abruptness is a critical attribute
of determining the quality of the e&-Ge/InyGa;xAs
heterointerface and a 6 A heterointerface abruptness was
demonstrated for a e-Ge/Ing»4Gag76As structure [32] by
atom probe tomography using this MBE system and similar
growth recipes calibrated using x-ray and transmission
electron microscopy analysis [1, 32-34].

Semi-insulating (100) GaAs wafers that are 2° offcut
towards [110] directions were used for this work. Native
oxides from the surface of GaAs wafers were desorbed under
the presence of arsenic (As;) overpressure of ~107 torr at
750°C inside the III-V MBE chamber. In-situ reflection
high-energy electron diffraction was used to monitor surface
reconstruction and all stages of the growth of GaAs and
InGaAs layers. After the 0.25 um GaAs layer growth at
650°C, the growth temperature was reduced to 550°C for
linearly graded InGaAs buffer and constant composition
InGaAs strain template. In each InGaAs graded buffer,
inverse grading was incorporated which facilitated the
efficient strain relaxation process [35]. Following the
InGaAs buffer growth, each sample was cooled down below
175°C and then vacuum transferred to the group-IV growth
chamber for Ge epitaxy. A growth temperature of 400°C
(thermocouple temperature) and a growth rate of ~0.07 A/s,
were maintained throughout the Ge layer growth. More
details of the growth procedure and material analysis for this
MBE-grown tensile strain Ge on the InGaAs system can be
found elsewhere [1, 17, 32-34].

B. VASE measurement methodology
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Fig. 1. Epitaxial Ge-on-InGaAs structures are grown using MBE and used in this study for optical characterization using VASE. The structures and their
corresponding band diagrams are shown in the increasing order of tensile strain (a)-(f) corresponding to SO-S5 from Table I. The tensile strain is achieved
using an InGaAs composition-controlled strain template grown on top of a precisely designed linearly graded buffer. These structures also represent the
multilayer model used for modeling the VASE data to extract the optical constants.

Table I: Summary of e-Ge samples used in this study as a function of In composition. The corresponding changes in the
linearly graded buffer (LGB) and the direct bandgap of Ge are highlighted.

Sample In composition (%) in Thickness (nm) Strain (%) in | Egru(eV)| A,
Name InGaAs strain template e-Ge InGaAs strain InGaAs Ge (nm)
template LGB

SO 0 270 0 0 -0.08 0.79 11570
S1 10 75 750 500 0.63 0.675]1837
S2 14 15 510 500 0.91 0.607 12042
S3 17 75 750 600 1.129 0.593 12091
S4 20 30 1200* 750 1.339 0.5512254
S5 29 30 750 500 1.962 0.42 12915

and on the same day to avoid discrepancies due to changes
in ambient and equipment configuration. The data was
acquired over 4 angles of incidence for all the samples
namely 60°, 65°, 70°, and 75° chosen to be around the
approximate Brewster's angle for Ge. A broadband Xenon

Samples with varying In composition (SO-S5, see Fig.
1) were mounted each onto the vertical stage of the J. A.
Woollam variable-angle-of-incidence ellipsometer system
[36]. The collection of data was performed for all the
samples in the range of 0.5 eV to 4.1 eV at room temperature
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lamp served as the light source, followed by a
monochromator for wavelength selection. The incident light
was polarized, and its polarization state was altered upon
reflection from the sample surface. The reflected
polarization was analyzed using a rotating analyzer and
detected by a thermoelectrically cooled silicon/strained
InGaAs stack photodiode detector. This process determined
the ellipsometric angles y (amplitude ratio) and A (phase
difference). The VASE measurement yielded v and A values
with error bars of approximately + 0.02° and + 0.06°,
respectively, for each sample studied here. These two
quantities, v, and A, are related to the p- and s-polarization
intensities through the relation [36, 37]:

p=E =tan@) e (1)
where, p is the reflection coefficient ratio, R, and R; are the
Fresnel Reflection coefficients [36, 37]. The p-polarization
is defined parallel to the incident plane and the s-polarization
is perpendicular, thus forming an orthogonal coordinate
system. For a single-layer structure like a smooth surface
bulk substrate, y and A values can be directly converted to
extract the refractive index (n) and extinction coefficient (k).
However, for the multilayer structures studied here (see Fig.
1), direct extraction of the optical constants from raw data is
not feasible. This is because y and A are coupled indicators
of the optical properties of all the layers, including the
surface conditions. An iterative process is necessary to
decouple the contributions of each layer in the stack (see, Fig
1) and determine their corresponding wavelength-dependent
dielectric constants and thicknesses.

III. RESULTS

A. Modeling the optical spectrum of the multilayer
stack to invert y, A

The objective of forming an accurate model is to
decouple and extract the optical properties of Ge (n, k, €, &,
and o) as a function of tensile strain from the measured
values of y and A. The optical constants of InAs, GaAs, and
InGaj;.<xAs are known as a function of wavelength and
are available with the proprietary software suite with the
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VASE equipment [36]. The individual layer thicknesses and
compositions of all the layers in the stack are known through
precisely controlled MBE growth recipes calibrated with
TEM and x-ray diffraction measurements [ 1, 32-34] over the
years. Due to the correlated nature of the optical constants
and layer thicknesses, the thicknesses are held nearly
constant around their nominal values during the regression
analysis. This ensured that each best-fit thickness remained
close to the global minimum of the mean squared error
(MSE). The surface roughness and native oxide were
effectively modeled as a single surface layer with its
thickness as a free parameter. The index of this thin layer
was approximated wusing the effective medium
approximation (EMA) to mix the indices of the Ge film and
air in a 50:50 ratio [36, 37]. This EMA layer is present above
the Ge epitaxial layer in the model and is not shown in the
schematic illustration in Fig. 1. Furthermore, the LGB
shown in Fig. 1 is subdivided into 2 sections representing the
In composition gradient in InyGa;.xAs and the overshoot In
composition. The composition-dependent optical constants
of InyGa;xAs were modeled using a pre-determined
composition file that significantly minimized the number of
fitting parameters. The thicknesses of the LGB sub-sections
far away from the top surface are left as free parameters to
account for unknown deviations in the optical properties of
the LGB due to a high density of mismatch-induced defects.
In all cases, this assumption resulted in a low mean square
error (MSE) by accurately fitting the complex interference
oscillations in the ellipsometry data, which arise from the
complex multilayer structure beneath the Ge film.

The optical constants for the epitaxial Ge layer were
modeled using a Kramers-Kronig consistent General
Oscillator (GenOsc) model. The GenOsc layer incorporates
multiple parametric Psemi oscillators [38] corresponding to
various regions of electronic transitions within the band
structure measured in the spectra range of 0.5 eV to 4.1 eV.
The best-fit result closely matched the optical constants of
the reference Ge material [21, 22, 24], i.e., (g + ig,). The
optical constants (n and k) of the &-Ge films were determined
through a three-step fitting process to mitigate parameter
correlations. First, the film thickness and refractive index
were uniquely defined using a Cauchy function in the
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Fig. 2. Evaluating the goodness of fit of the model: Measured VASE data (solid lines: SO and S4) and model fit (dotted lines: M SO and M S4) for the
extracted (a) y, and (b) A. (c) The corresponding mismatch between the model and measurement calculated as the MSE (unitless) indicating a good overall
fit for all the samples.
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transparent region. Then, with the thickness fixed, the entire
wavelength range was fitted to extract both n and k using a
point-by-point fit approach [38]. This extended the analysis
into the absorbing region (above the bandgap energy). The
point-by-point fit provided a good initial estimate, although
it didn’t strictly enforce Kramers-Kronig’s consistency.
Finally, a Kramers-Kronig consistent GenOsc model,
employing parametric Psemi oscillators, was used to refine
the optical constants. These oscillators were optimized to
match the point-by-point fit results and then minimize the
MSE (unitless) between the model and the measured
spectroscopic data (y and A). This approach effectively
captured the sharp features of the optical constants near the
CPs and bandgap energy of the crystalline films. The
methodology to calculate the model error through the MSE,
combining relative errors in y and A, is discussed in Ref. 36.
For illustrative purposes, the measured data y and A, along
with the modeled values as a function of photon energy for
low and high tensile strained Ge samples are shown in Fig.
2(a) and (b), respectively, for one representative angle 70°.
A similar method was implemented for all other tensile Ge
samples. One can find that there is an excellent agreement
between the measured data and the multilayer model for all
6 samples, as evidenced by the low MSE, shown in Fig. 2(c).

B. Optical constants of e-Ge

PHYSICAL REVIEW APPLIED

40
30
20

10

e, Re{Dielectric Constant}

N
o

1 2 3 4
Photon Energy (eV)

T T T T T T T
| ——S0
S1
S2
-——S3
| ——S4
—S5

IS
o

w
o

RN
o
1

o
I

g, Im{Dielectric Constant}
N
o

0 1 2 3 4
Photon Energy (eV)

NOVEMBER 2024

After inverting the y and A values for the multilayer
stack measured and modeled at different angles for the
samples over the entire spectrum, the dielectric constants g,
and &, are extracted and shown in Figs. 3(a,c) and (b,d),
respectively. A clear effect of the tensile strain can be seen
on both &, and ¢, indicating that there is a shift, split and/or
modulation of the band structure resulting in a change in the
CPs. The refractive index, n and the extinction coefficient, k
are shown in Fig. 4 as a function of photon energy as well as
the corresponding wavelength. The peak value of n in this
energy range can be associated with the critical point E; ~ 2
eV, which decreases with applied tensile strain while moving
from a single peak for unstrained Ge to a double peak for
highly tensile strained Ge. These two peaks are associated
with the E; and E; + A CPs and can also be seen in Fig. 3 in
the form of peaks in the dielectric constants &, and e..
Increasing the tensile strain results in a reduction in the
refractive index at E; and E; + A, peaks as well as the
movement of the peaks to lower energies. The two peaks
become more apparent through the split as tensile strain is
applied, indicating that the broadening of the peaks is
reducing due to biaxial tensile strain. To decode the impact
on the CPs, second-order derivatives are extracted and
presented below in the following sections. A detailed

2 3
Energy (eV)

Fig. 3. The extracted dielectric constants from the ellipsometric analysis, (a) € (real part of dielectric constant) and (b) €, (imaginary part of dielectric

constant) as a function of photon energy. A 3D contour to visualize the movement of the various CP-related peaks in the dielectric spectrum (c) €, and
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Fig. 4. A plot of (a) refractive index n and (b) extinction coefficient k as a function of photon energy for the samples S0-S5 indicating the impact of
increasing tensile strain on the optical constants. The optical constants and the impact of tensile strain on a wavelength scale for (c) n and (d) k.

theoretical analysis of the CP trends due to tensile strain in
Ge is also presented.

In the UV region near 3 eV increasing tensile strain
results in a reducing refractive index. The refractive index
near the band edge associated with the near-infrared (NIR)
region is a cumulative function of the local joint density of
states (JDOS), and transitions between direct valleys LH,
heavy hole (HH), and I as well as the indirect valley L all of
which are affected by the tensile strain. Similar trends can be
seen for the extinction coefficient k shown in Fig. 4. Using
the optical spectrum determined for e-Ge, certain interesting
trends for the refractive index can be defined in the three
regions of particular interest based on the application space,
i.e., 1) 400 nm UV for photonic and quantum applications, ii)

2 eV region where the E; CP peak refractive index lies, and
iii) at the band edge of £-Ge for NIR optoelectronics such as
Ge QW lasers. The refractive index in these 3 regions is
summarized in Fig. 5(a) for the 400nm region, Fig. 5(b) for
the maximum refractive index region near the E; CP, and
Fig. 5(c) at the respective k.p bandgaps of the samples.
Estimated best-fit trend lines are displayed. In the UV region
at 400 nm (Fig. 5a), the average reduction in the refractive
index per unit percentage tensile strain is An/Ag ~ 0.5/2. At
the E; CP (Fig. 5b), the average reduction in the refractive
index per unit percentage of tensile strain is An/Ag ~ 0.5/2.
Whereas, the average reduction in the refractive index at the
respective bandgaps of the tensile strained samples is ~ 0.1/2
(Fig. 5¢). As seen in Fig. 5(b), the refractive index n of
Sample S5 at the E; CP is seen to have a smaller reduction
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Fig. 5. Specific refractive index values as a function of tensile strain, (a) at 400 nm UV region, (b) maximum possible value at the E; CP peak, and (c)

exactly at the respective k.p bandgaps of each sample SO-S5.
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Fig. 6. The absorption coefficient determined for the samples S0-S5
indicating a shift in the absorption spectra due to the tensile strain, (a)
log scale and (b) linear scale.

than expected with respect to the trend line, potentially being
an outlier. The exact cause of this behavior for S5 is unclear
at the time of this study. Thus, the optical properties of Ge
can be tuned using epitaxial tensile strain during growth via
In composition-controlled InGaAs strain template.

C. Absorption coefficient of e-Ge

The knowledge of the absorption spectrum for epitaxial
Ge and &-Ge can assist in designing and optimizing new light
sources such as lasers, LEDs, photodetectors, and optical
components. The absorption coefficient for the samples SO-
S5 in log and linear scale is shown in Fig. 6(a) and (b),
respectively. The absorption coefficient in the MIR region
increases with increasing tensile strain for all the samples,
with S5 seeing a smaller increment than expected. As the
tensile strain is increased, a general shift in the absorption
edge to lower energies is seen in Fig. 6 near the band edge at
the MIR region. This change in absorption edge can be
quantified by calculating the band gap in the following
section.

D. Determination of the direct and indirect bandgaps &-
Ge
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Fig. 7. Using the Tauc’s method to extract the approximate (a) indirect
and (b) direct band edges for the samples as a function of tensile strain.
The fitting while ensuring R? ~ 0.99 for all samples is overlaid on the
curves. Due to the highly linear nature and R? often approaching 0.999,
the error in the energy intercept is < ImeV.

Using Tauc’s method, the absorption coefficient can be
analyzed to determine the direct and indirect band edges in
Ge and e-Ge, further enabling analysis of the spectrum seen
in Fig. 6. This can be done by fitting the linear plot of the
absorption coefficient versus the photon energy [39, 40].
However, this method comes with a degree of
approximations and fitting-induced uncertainty [41]. The
fitting is done while maximizing the R? fitting values for all
samples and following an identical fitting process in the
region where the absorption coefficient is 10°-10* cm™ or
higher [40]. Fig. 7 shows the raw fitting for the indirect band
edge as well as the direct band edge extraction for visualizing
Tauc’s method for e-Ge samples. It is evident from Fig. 7(a)
that the indirect band edge lies in the vicinity of ~ 0.66 eV as
expected at room temperature and moves to lower energies
as tensile strain is applied. Similarly, the direct band edge in
Fig. 7(b) lies in the vicinity of ~ 0.78 eV and moves to lower
energies as tensile strain causes deformation of the bands.

Interestingly, it is possible to note a few consequential
observations from comparing these band edges with the band
movement known through theoretical 30x30 k.p calculations
for e-Ge [1]. Fig. 8 highlights the various direct and indirect
band edges as a function of tensile strain as well as the
possible transitions in the band structure that could
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Fig. 8. (a) The approximate direct and indirect bandgaps for the 6 samples S0-S5 as a function of tensile strain compared with the relative band edge shifts
calculated to 30x30 k.p. (b) The indirect bandgap for the 6 samples indicating that the L-LH valley transition is dominant over the L-HH. (¢) The 4
dominant transitions in this energy range are highlighted using a schematic. (d) the direct bandgaps measured for the 6 samples indicating a contribution
from both I'-HH and I'-LH transitions with a mid-way trend. Here the solid data points are from VASE measurements.

potentially cause them. Due to the broken degeneracy
between the LH and HH bands, transitions are possible from
both. Compared with k.p calculated band edge movement
(see Fig. 8b), it appears that indirect transitions prefer the L-
LH transition over the L-HH as the latter one has an
increasing transition energy. One possible explanation for
this observed behavior could be the relative impact of JDOS
and the transition energy (E). Both these transitions have a
large JDOS due to the large DOS of the L valley, so the
differentiating factor becomes the transition energy Ey. The
transition rate depends linearly on the JDOS, but the
dependence on the E; is exponential. Thus, although the L-
HH transition will have a larger JDOS compared to L-LH,
the difference is not sufficient to compensate for the
exponential dependence on Ej.

For the direct transitions associated with the I'-valley
and the LH or HH bands (see Fig. 8¢), the E and the JDOS
will impact the relative strength of each transition. It is clear
from Fig. 8(d) that the transitions take place from both
potential paths, I'-LH and I'-HH as the solid data points
(measured using VASE with Tauc’s method) lie between the
two predicted band edges for these transitions. Transitions
from the LH band are insignificant for the unstrained sample,

as the JDOS is very low and the Ey is the same as the HH
transition. For the unstrained Ge sample, it is not possible to
determine the origin of transitions (LH or HH) as the bands
are degenerate. However, the transition rate for the I'-HH
transitions will have a much larger JDOS, hence it can be
expected that the transitions are primarily originating from
the I'-HH transition coupling. As tensile strain is applied, the
degeneracy is broken, and the LH transitions become
exponentially more probable than HH transitions. Thus, the
observed direct band edges lie somewhere in between the
two possible transitions as seen in Fig. 8(d).

E. Van-Hove singularities in Ge as a function of tensile
strain

The absorption of light can be described as a direct
electronic transition between two energy states in the band
structure or a transition assisted by the excitation of a
phonon. Transitions following momentum conservation
(selection rules) are more probable where the joint electronic
density of states shows a CP associated with a delta function
6 (hv — E¢p) in the JDOS. These inter-band transitions can
be characterized using the numerical second-order derivative
(see Fig. 9) of the complex dielectric function versus the
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Fig. 9. Van Hove singularities: the critical points have been shown for unstrained, moderately strained and highly strained samples using the second
derivative of the dielectric functions. The extracted CP energies are shown for the 5 CPs visible in this range of the spectrum.

photon energy (see Fig. 3). The dielectric constant (g, + i €,)
as a function of the photon energy of Ge has a few specific
inflection points in this energy range (0.5 eV to 4.1 eV)
which can be enhanced using the second order derivative and
linked to specific direct band transitions between various
regions of the Brillouin zone. Such transitions have a fixed
energy difference between the valence band (VB) and
conduction band (CB), across many high-symmetry
directions in the crystal structure of Ge and may not always
relate to transitions between just a single pair of bands. This
CP structure and the locations of various CPs in the band
structure of Ge and e-Ge is shown in Fig. 9 for 3 samples to
illustrate the ability of the 2™ order derivative of the
dielectric functions to enhance the CPs. The numerical
second-order derivative is calculated using the Stravitzky-
Golay algorithm with a 5"-order polynomial interpolation
between adjacent data points and a 10-point calculation
window, stitched together to form the derivative spectra for
the entire photon energy range.

Some general observations can be drawn from the trends
seen in Fig. 9: i) Eg and Eo + Ag CPs have a smaller transition
amplitude compared to the others, ii) E; and E; + A; CPs
have the largest amplitude and the smallest broadening, iii)
Ey’ CP is the broadest with a large broadening factor, and iv)
tensile strain moves all these CPs to lower energies. The CPs
are extracted by fitting the derivative spectrum of the
dielectric functions ¢, and &, (see Fig. 3) simultaneously to
the derivative of the complex Lorentzian [24, 25]. The fitting
function has 4 parameters (Ey, ¢, I'si, and A) which are fit
using a Levenberg—Marquardt algorithm for least square
regression, ensuring an R? value tending to 1. The parameter
E is associated with the CP energy peak and is central to
this study, @, I's; and A are the phase, broadening factor, and
amplitude of the CP, respectively. The complex Lorentzian
function is fitted to the derivative of the dielectric function
near the Eg and Eg + A¢g CP such that [25],

d?e Ag, e

dE?  (E —E, + iTg) /2

2)
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Fig. 10. CP values as a function of strain in Ge layers. (a) The CP associated with the (a) fundamental band edge at E, and SO coupling E¢+ A, (b) the E,
and E, + A; CP at the A-axis, (c) the SO energy A, obtained from the difference in the E; and E, + A, CP, and (d) the E;” CP remaining nearly constant with
applied tensile strain. The error in the CP energy peak after the fitting is of the order of ~ 2 meV for the E, peak, ~ 8 meV for the E; peak, and 25 meV for

the E,’ peak.

Here, ¢ = & +i¢g,is the complex dielectric constant.
Similarly, the E; and E; + A; CPs are fit simultaneously with
the same expression for the two transitions. An additional
fitting parameter A; (not to be confused with the A used to
represent the measured ellipsometric angle in the earlier
section) is introduced in the fitting process to represent the
spin-orbit coupling energy in the A-direction. The E; and E;
+ A; CP transitions are modeled using [25],

d’s A, e'? 3
dE? = (E —E, +ilg,)?’ ®
d%e A el®
Eq{ +A (4)

dE? ~ (E—E;, — A +iTp, )7

The extracted CP energies as a function of tensile strain
using the fitting process shown in Egs. 2, 3, 4 and second-
order derivates in Fig. 9 are summarized in Fig. 10(a)-(d) for
the 5 CPs. The CP associated with the direct gap E, is at the
center of the Brillouin zone at the I'-point, as a 3-dimensional
minima M. The CP near E, has the form (E — E()°° in the
absence of excitonic effects as is expected at room
temperature. The E, transition is observed near the 0.5 eV -
0.8 eV spectral region and is directly linked to the

10

fundamental band edge of Ge usually reported in the
literature occurring between 25> - I'>- regions of the Brillouin
zone. The CP E, determines most of the dielectric dispersion
below the band edge since there are no other CPs below Eo.
The effect of epitaxial tensile strain can be understood as a
perturbation resulting in a red shift of the Eq CP, as seen in
Fig. 10(a). However, such a redshift into the MIR region
moves closer to the end of the measurable range of the VASE
equipment, and results in poor sensitivity for this transition
for Ge samples with high tensile strain. Note that the E¢ and
the band edge can be as low as ~ 0.45 eV for highly tensile
strained samples used in this study, based on k.p estimates.
The Ey transition is thus detectable as a weak artifact only
for the moderately strained samples and the unstrained Ge
sample. Similarly, the Eg + A9 CP associated with the SO
coupling also follows a similar decreasing trend as seen in
Fig. 10(a). Although the number of extractable values of the
Eo + Ao and E( CP is not large as seen in Fig. 10(a), due to
the end of the measurable range in our current VASE setup,
however, certain observations can be made. The SO energy
Ao, i.e., the difference in the Eg + A¢ and Eo CP energies, is
seen to decrease with applied tensile strain in Ge, indicating
that this apparent value of the SO coupling reduces with
tensile strain. Thus, it can be reasonable to expect that at a
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certain tensile strain value beyond ~ 2.5%, the apparent SO
coupling energy Ao will tend to be zero or negative. Due to
the broken degeneracy between the LH and HH bands by the
strain, the Eq CP should be seen as two distinct peaks, Eo(1)
and Eo(2) associated with the transition to HH and LH,
respectively. At room temperature, these CPs would be
broadened and closely spaced resulting in the appearance of
one single CP while being indistinguishable.

The behavior of the Eg and Eg + A9 CP with applied
tensile strain can be visualized in Fig. 11(a) which shows the
split of the three transitions, indicated by arrows. By solving
the strain perturbed Hamiltonian including the hydrostatic
and shear strain deformations of the CB, LH, HH, and SO
bands, the changes in the three transitions can be computed
up to the first-order approximation using [42],

A( E.— ELH) = —AEy 5)

1
- E AES
for the LH band E ,g > with AEy, representing the hydrostatic
deformation of the band and AEs representing the shear
deformation. For the HH band E ,%), the impact of tensile
strain can be expressed using,
1(AEg)?

1
A(EC_EHH) = _AEH + _AES_ -

2 2 A - (©)

Similarly, the SO band transition energy shift can be
calculated using,

1(AE¢)?
ACE.—Ey) = Ag— DE + = .
2 A,

()

The terms AEy, AEg, AEy,, and AE, are computed using the
compliance constants and Ge 300 K material parameters
from Ref. [43]. The deformation potential for the hydrostatic
components (C; + a) and (C; + a’) are assumed to be -10.9
eV and -11.2 eV, respectively. The shear deformation
potentials b and b’ are assumed to be -2.86 eV and -2.44 eV,
respectively [42]. The tensile strain is assumed to be
positive, and the expressions are modified accordingly as
shown in Eq. 5, 6, and 7.

The SO energy A predicted in this measurement is
slightly larger than reported in the literature [42]. The exact
cause of this is unknown and could be a systemic shift in the
measurement and fitting process, but the objective of this
analysis is to highlight the impact of tensile strain on the
relative CP energy trend between samples. The theoretical
CP energies as a function of tensile strain are calculated
using Eq. 5, 6, and 7 (see Fig. 11(b)) and are overlaid with
the measured CP energies for the Ey and Eo + Ag CP seen in
this work. The unstrained SO energy Ao is set at the same as
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the value measured for the unstrained sample SO, i.e., 0.45
eV. Although it is difficult to distinguish if the Eo CP
originates from the Eo(1) or E¢(2) transitions, they have a
general decreasing trend aligning with the theoretical
predictions. Furthermore, the reducing nature of the apparent
SO energy Ay is clear both in the measurements and the
theoretical computations. We refrain from predicting the
exact values of the SO energy A¢ as a function of tensile
strain due to the sparse nature of the extractable CP energies
in our study.

Eo(2)

Eo(1)] | Eo + 4y

N
(&)}

—E(2)

—Eq(1)

——Ep*A,
B E +A,
®E

Energy (eV)
o
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Fig. 11. Understanding the EO CP behavior: (a) the three transitions
possible after the broken degeneracy between the LH and HH bands
due to the tensile strain, and (b) comparing the VASE extracted E, and
E+ Ay CPs as a function of tensile strain, with theoretically predicted
values using band theory calculations.

2.0

The artifacts associated with the E; and E;+ A; CPs are
due to transitions between the top two VBs and the lowest
CB along <111> direction in the Brillouin zone (A-axis).
The E; CP is associated with the transitions between A; CB
and the A4s VB, whereas the E;+ A; CP is associated with
the transition between the A; CB and the As VB. Along this
direction, the VB and CB are nearly parallel, represented by
2-dimensional minima in the band structure. The location
and the dependence of the E; and E|+ A; CP energy on the
tensile strain in Ge are shown in Fig. 10(b). The peak energy
associated with this CP decreases with increasing tensile
strain in Ge. The difference in the two trends is the SO
energy Ai, and a nearly fixed A; ~ 0.25 eV can be observed
even with increasing tensile strain in Ge. The value of the
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axis for the E, CP.

SO energy A; (see Fig. 10c¢) is slightly larger than values
usually reported in the literature of ~ 0.2 eV for Ge. This shift
in the apparent value of the SO energy could be due to a
strain-independent term introducing a constant energy shift.
The exact cause of this deviation is unknown at the time of
writing this manuscript.

Further analysis of the E; and E;+ A peak is possible
based on the red shifting trend seen in Fig. 10(b) to reveal
some interesting mechanisms as the measured data is
compared with the theoretical predictions. The impact of the
SO coupling and the applied tensile strain is shown for the
E| and Ei+ A peak in Fig. 12. The shear and hydrostatic
components of the strain have been separated, AE; and AEp,
respectively. The hydrostatic deformation AE} is calculated

2D}

using [43],
= (-

where ¢ and ¢y, are the elastic constants, € is the strain
applied to the lattice and Di is the hydrostatic deformation
potential for the CB at E;. The typical values of ¢ and ci»
128.5 GPa and 48.3 GPa, respectively, are used in this
analysis [43]. The strain is a fractional number of the order
of 0.01 and the hydrostatic deformation potential Di is -8.7
eV. The shear deformation of the VB can be calculated using
[43],

C12
5out—of—planet

AE,; =
H €11

8)

2¢q,
(1 + )gout—of—plane: (9)
€11

12

where the shear deformation potential for the E; VB is
denoted by D3 having a value of -5.6 eV. The out-of-plane
strain €,y¢— o f—plane €an be computed by knowing the biaxial
relaxation  constant  Rp  where  &,yut—0f—piane
—Rp €n_piane- The applied tensile strain redshifts the E;
peaks as seen in Fig. 10(b). The shifts in E; and E|+A; peak
can be theoretically computed using the following relation
obtained by solving for the eigen energies of the strain
Hamiltonian considering the SO coupling,

A 1

= AE, -5 /A12+ 4 (AE)? ,  (10)
1
5 fAlz + 4 (AE)?

0(Ey)e =

2
Ay
a(El + Al)t = _7_ AEH+_

. (1D
Here, 0(E; ); and d(E; + A;); indicate the difference of CP
energy between the unstrained Ge and £-Ge. The difference
in the two peak energies associated with the “apparent” SO

energy (A; ) can be obtained as,
1 2
> A"+ 4 (AE,)?

Ayp = (Ey + A)e— (Er)e= 5 - (12)
It is evident that the apparent SO energy A,,will be
amplified regardless of the type of strain applied, tensile or
compressive, due to the squared dependence of the shear-
induced energy shift. A simplification can be made by
assuming that the shear-induced energy shift is much smaller
than the SO energy Ay, the expressions can be simplified by
expanding the series to obtain,



Joshi et al.

(E ) =

(AE)?
a(El + Al)t = - AEH + .

This can further be used to obtain the simplified apparent SO
energy A, . for tensile strained Ge,

(AEy) 2
A1 '

A1,t = (B, + Al)t - (E1 )t =AM+ 2 (15)

The quadratic dependence of AE on the sign of the strain
value, creates a shift that is independent of the type of strain,
i.e., tensile or compressive.

To evaluate the validity of the exact equation described
in Eq. 10, 11, 12 and the small shear approximation
expressions in Eq. 13, 14, 15, the model-predicted E; and
Ei+ A energies are overlaid with the extracted VASE data.
Fig. 12(a), (b), (¢), and (d) show the impact of different
shear deformation potentials (-15 eV to -2 eV) on the band
edge movement while comparing it with the VASE-
extracted CP energies. The transitions discussed in Egs. 10,
11, and 12 is schematically illustrated in Fig. 12(e) to show
the E; and E; + A, transition in the presence of SO coupling,
tensile strain, and a small shear approximation. Keeping the
hydrostatic deformation potential D} fixed at -8.7 eV, Fig.
12(a), (b), (c), and (d) vary the shear deformation potential
D3 between -15, -10, -5.6 and -2 eV respectively. The
typically reported value of D3 is -5.6 eV [43] and hence, Fig.
12(c) has a better match between the predicted model values
and the measured E; CP movement, compared to Fig. 12(a)
and (b). A lower value of D3 in Fig. 12(d) agrees better than
-5.6 eV with the E; CP data. A low shear deformation
potential indicates a smaller shear component to the band
movement, and a close agreement can be seen between the
exact equation and the small shear approximation (see Fig.
12¢ and d). It is evident that the low-shear approximation
works best for the measured e-Ge samples are presented in
this work. This seems reasonable as the epitaxial strain
amounts are below 2 % in this study. One can also notice that
a threshold can be identified at ~ 1 % tensile strain where the
shear approximation does not fit well with the data points for
a large shear deformation potential D3 of -10 eV or -15 eV
(see Fig. 12a and b). In the presence of a small shear
deformation, looking at Eq. 12 the apparent value of the SO
splitting A; . will have a negligible dependence on the value
of AE,, which is proportional to the tensile strain €. This
explains the trend seen in Fig. 10(c) which shows a nearly
constant SO energy A; for increasing tensile strain as well as
a parallel decreasing trend for the E; and E,+ A; peaks. The
impact of the hydrostatic and shear deformation on the
various bands in Ge at the E; CP (A axis) in the presence of
biaxial tensile strain is pictorially summarized in Fig. 12 (e)
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for the small shear approximation. In conclusion, we note
that the epitaxial tensile strain applied to Ge thin films does
not cause a large shear deformation of the VBs at the E; CP
(A axis), while maintaining a nearly fixed SO splitting
energy A; with increasing tensile strain.

Lastly, the E,” CP is seen as a broadened peak in Fig. 9
and a near-independence on the applied tensile strain is seen
in Fig. 10 (d). The broadened nature of the E," CP is due to
many different regions in the Brillouin zone contributing to
these high-energy transitions as well as mixing with the E,’
+ A peak. In addition, one can also evaluate the impact of
tensile strain on the ¢, I's, and A fitting parameters.
However, this is further subject to additional fitting and
measurement-related deviations, which can mask any real
physical interpretation.

IV. CONCLUSIONS

Through variable angle spectroscopic ellipsometric
measurements of a series of tunable tensile strained Ge thin
films grown on a composition-controlled InGaAs strain
template, the impact of tensile strain on the optical properties
and CPs transitions of Ge is presented. As the In composition
in the underlying InGaAs strain template is increased, the
direct I'-valley is lowered in energy. The spectra for the
optical constants such as n, k, €, &, and a are measured in
the range of 0.5 eV— 4.1 eV, for unstrained and tensile
strained Ge thin films in the range of tensile strain from 0 —
1.96 %. It is observed that the absorption coefficient, o
gradually increases with tensile strain indicating a shift in the
band edge of Ge. The band edges are determined for the
direct and indirect transitions. It is observed that the indirect
transitions are dominated by L-LH transitions whereas the
direct transitions are contributed from the I'-LH as well as
the I'-HH transitions due to the interplay between the E; and
joint density of states trends. The CPs (Van-Hove
singularities) are obtained from the second derivative spectra
obtained through the VASE measurement of the dielectric
constants, and it is seen that the CPs moved to lower energies
with increasing tensile strain. Increasing tensile strain results
in a reduction in refractive index at CP E; and E| + A; peaks,
and the movement of these peaks to lower energies. In
addition, the movement of the Ei, E,’, and E CP peaks is in
close agreement with the first principles calculated band
structure. Furthermore, the apparent value of the Ey and SO
energy Ao decreases with increasing tensile strain at the I'-
point. The E; and SO energy A, at the A-direction remains
constant indicating a very low shear deformation-related
shift in the band structure. Therefore, this work elucidated
the impact of biaxial tensile strain on the dielectric constants,
optical properties and CPs determined using spectroscopic
ellipsometry of epitaxial Ge thin films as a function of tensile
strain.
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