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ABSTRACT

OPTICAL CHARACTERIZATION OF GROUP-IV SEMICONDUCTOR
ALLOYS USING SPECTROSCOPIC ELLIPSOMETRY AND HIGH
RESOLUTION X-RAY DIFFRACTION
BY
NALIN S. FERNANDO, B.S., M.S.

Doctor of Philosophy
New Mexico State University
Las Cruces, New Mexico, 2017

Dr. Stefan Zollner, Chair

Germanium is a group IV semiconductor widely used in the semiconductor
optoelectronic industry. It is an indirect band material with the conduction band
minimum at the L point, which is 0.140 eV below the conduction band at the I"
point. However, the band structure of Ge is a strong function of temperature,
strain, alloy composition and dopant concentration. It has been reported that,
at about ~ 2% tensile strain, Ge becomes a direct band gap material, indicating
the possibility of wide spread applications of Ge-based photonic devices. Alloying
Ge with Sn also makes it a direct band gap material, relaxed Ge;_,Sn, alloys
become direct at 6-10% Sn. In addition, Ge;_,_,Si,Sn, ternary alloy with two
compositional degrees of freedom allows decoupling of the lattice constant and

electronic structures simultaneously. Band gap engineering of Ge by controlling
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strain, alloying composition and dopant concentration has attracted the interest
of researchers in materials science. Hence, the knowledge of the compositional,
strain, and temperature dependence of the Ge;_,_,5i;Sn, band structure is criti-
cal for the design of photonic devices with desired interband transition energy.This
dissertation focuses on the optical characterization of the compositional, strain,
and temperature dependence of the optical properties of Ge-Si-Sn alloys on Ge/Si
substrates using spectroscopic ellipsometry. We use high resolution X-ray diffrac-
tion (HRXRD), X-ray reflectivity (XRR) and atomic force microscopy (AFM) to
characterize the strain, composition, thickness, surface roughness of the Ge-Si-Sn
epilayers on Ge/Si substrates.

The temperature dependent thermal expansion coefficient of Ge is larger than
Si. Therefore a Ge film, which is relaxed at the growth temperature (~ 800 K) on
Si substrate, likes to contract more rapidly compared to Si upon cooling down to
lower temperatures, and will experience a temperature dependent biaxial tensile
stress. We predict the strain dependence the E; and E;+A; critical points of
Ge on Si from 80 - 780 K using deformation potential theory and employing a
model for the thermal expansion coefficients of Si and Ge. The predictions are
validated experimentally, using spectroscopic ellipsometry. A pseudomorphically
grown Gej_,_,Si,Sn, layer on Ge also experiences a biaxial stress due to the lat-
tice mismatch between the alloy layer and the Ge substrate. We use elasticity
theory and deformation potential theory to predict the variation of the energy
band structure of pseudomorphic Ge;_,_,Si,Sn, on Ge at the I', L and X symme-
try points in the Brillouin zone as a function of Si (x) and Sn (y) compositions.
The critical Si (x) and Sn (y) compositions needed for an indirect to direct band
gap transition are identified. The effects of the substrate on the band gaps and

indirect-direct transition are investigated when the active Ge;_,_,Si,Sn, is pseu-



domorphically grown on Ge buffered Si substrates and on GaAs. The theoretical
predictions from deformation potential theory are experimentally validated using
spectroscopic ellipsometry for pseudomorphic Ge;_,Sn, on Ge.

The complex pseudodielectric functions of the samples were measured using
spectroscopic ellipsometry in the 0.5-6.6 €V energy range. Temperature dependent
measurements were taken in a UHV cryostat at temperatures from 80-780 K. A
multilayer model consisting of a surface layer/epilayer/substrate was used for the
treatment of the experimental data. The surface layer was modeled as a surface
oxide layer- GeO,, where the accurate optical constants were determined by mul-
tisample spectroscopic ellipsometry analysis of thermally grown GeO,. Critical
point energies and related parameters were obtained by the analyzing second-
derivative spectrum d?e/d*w of the dielectric function. Our experimental results
are in excellent agreement with the theoretical predictions from deformation the-

ory.
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1 Introduction

Germanium is a group IV element in the periodic table, predicted by Dmitri
Mendeleev in 1869, and discovered by Clemens Winkler nearly two decades later
in 1886 [1]. It is the key substrate element used during the early days of the
development of the semiconductor transistors and integrated circuits before it was
overruled by a more abundant and cheaper material silicon [2]. Germanium is one
of the most widely used and thoroughly studied semiconductor materials, next to
silicon in the optoelectronic industry. It is an indirect band gap semiconductor
with a 0.66 eV band gap (L point) at room temperature. The direct transition
band gap of 0.8 eV (1.5 pm) makes Ge an ideal candidate for near-infrared (NIR)
light detectors used for optical communications (1.3-1.55 ym) and NIR photonics
which are important for medical and biological applications [3]. The need for
the participation of phonons for the radiactive electron-hole pair recombinations
to conserve momentum, significantly reduces the rate of the electron transition,
making Ge inefficient for the design of photonic devices such as photodetectors,
LEDs, and lasers [4]. Therefore, the indirect nature of the fundamental band gap
of Ge has limited the large scale integration of Ge optoelectronic devices with the
existing Si technology.

However, the electronic band structure of Ge is a strong function of strain. It
has been reported that at about 2% tensile strain, Ge becomes a direct band gap
material [5], indicating widespread applications of Ge based optoelectronic devices,
photodetectors, LEDs, and lasers. Alloying Ge with Sn also makes Ge a direct
band gap material [6, 7, 8]. Therefore, band gap engineering of Ge by controlling

strain, temperature, alloying with Si, Sn, and doping has attracted great interest



and the knowledge of the compositional, strain, and temperature dependence of
the optical properties is important for the design of highly efficient Ge-based
photonic devices. This dissertation focuses on the optical characterization of the
compositional, strain, and temperature dependence of the optical properties of
Ge-Si-Sn alloys on Ge/Si substrates using spectroscopic ellipsometry and high
resolution X-ray diffraction. The tunable band gaps and the optical properties of
Ge-Si-Sn alloy epilayers on Ge, Si substrates, grown by MBE/CVD are studied as
a function of composition, strain and temperature and compared with theoretical
predictions from deformation potential theory. The compositions, thicknesses,
strain, and surface roughnesses of the alloy epilayers are characterized by X-ray
diffraction (XRD), high resolution X-ray diffraction (HRXRD), X-ray reflectivity
(XRR), and atomic force microscopy (AFM).

The accurate knowledge of the complex dielectric function (e, and €5) of Ge and
surface oxide (GeOsq) on Ge is of great important for the optical characterization
of the Ge-based semiconductors devices. We developed a hybrid dry-wet preclean
method for thermal oxidation of Ge. Thermal GeOy with different thicknesses,
up to 136 nm were produced by annealing Ge wafers in pure O, up to 10 h and
the complex dielectric functions of Ge and GeOy were determined from 0.5 to 6.6
eV using a multisample spectroscopic ellipsometry investigation. In chapter 4, we
discuss the preclean and annealing techniques used for the thermal oxidation of
Ge and the optical constants of the GeOy obtained via multisample analysis of
the spectroscopic ellipsometry data. The accuracy of our optical constants are
discussed and compared with literature data. The optical constants of Ge and
GeO, determined via multisample analysis, as discussed in chapter 4, are used to
model the dielectric functions of Ge related samples in this research.

Strain is an important parameter which can be used to tune the band gaps



in the energy band structure to achieve desired optical properties of a material.
One way to control the strain on Ge is by growing a relaxed Ge epilayer at a
high temperature (~800 K) on a substrate with a different thermal expansion
coefficient, such as Si. The Ge epilayer is fully relaxed at the growth temperature
forming misfit dislocations. As temperature decreases, the Ge layer experiences
a temperature dependent tensile biaxial stress, since the bulk Ge shrinks more
than the Si substrate as temperature decreases. The strain on Ge, generated
due to the thermal expansion mismatch, affects the optical properties of the Ge
film grown on Si. Using spectroscopic ellipsometry, we measured the dielectric
function of bulk Ge and epitaxial Ge on Si grown by ultra high vacuum chemical
vapor deposition from 80 to 780 K and from 0.8 to 6.5 eV to investigate the strain
dependence of the band gaps. The E; and E;+A; band gaps in the Ge epilayers
on Si are redshifted compared to bulk Ge. This redshift can be described with a
model taking into account the thermal expansion coefficients, stress, and strain
determined using continuum elasticity theory, and the strain-induced shifts cal-
culated from deformation potentials. The strain measured using high resolution
X-ray diffraction reciprocal space maps is consistent with the predictions from the
model. We discuss the temperature dependent electronic band structure and crit-
ical points of bulk Ge and Ge on Si in detail in chapter 5. The contribution of the
thermal expansion coefficient and electron-phonon interaction to the temperature
dependence of the band gaps and the effects of the strain, which is a function of
temperature, is investigated.

Another way to control the strain is by alloying Ge with Si and/or Sn and
growing a thin alloy layer pseudomorphically on a lattice mismatched substrate.
We investigate the compositional and strain dependence of the direct and indi-

rect band gaps of pseudomorphic Ge;_,_,Si,Sn, alloys on Ge using deformation



potential theory. Calculations predict an indirect to direct band gap crossover for
pseudomorphic Ge;_,_,Si,Sn, alloys on Ge and no indirect to direct transition
for pseudomorphic Ge;_,Sn, alloys on Ge, for practically approachable Sn com-
positions (y>25%). The predictions for the compositional and strain dependence
of the Ey, E; and E;+A; band gaps were validated for pseudomorphic Ge;_,Sn,,
alloys grown on Ge by molecular beam epitaxy, using Fourier transform infrared
and ultraviolet-visible ellipsometry in the 0.1-6.6 ¢V energy range for Sn contents
up to 11%. The Sn composition, thickness and strain of the epilayers are mea-
sured using high resolution X-ray diffraction techniques. In chapter 6, we discuss
the compositional and strain dependence of the band structure, optical proper-
ties of pseudomorphic Ge;_,_,Si,Sn, alloys on Ge and compare with ellipsometry
results.  Effects of the substrate on the band structure and optical properties
are investigated for Ge;_,_,Si;Sn, pseudomorphically grown on Ge buffered Si
substrate and on GaAs.

Our deformation potential theory calculations in chapter 6 predict that pseu-
domorphic (fully strained) Ge;_,Sn, alloys on Ge will never become a direct band
gap material for practically approachable Sn compositions. However, it will be-
come a direct band gap semiconductor through relaxation of strain by forming
misfit dislocations, for y~6-11%, depending on the amount of Sn and degree of
relaxation [6, 7, 9]. The defects and dislocations, formed during the relaxation,
act as non-radiative recombination centers and negatively affect the performance
of the devices. Therefore, we investigate the optical properties of partially relaxed
Gey_ySny, alloys on Ge up to 18.5% Sn using spectroscopic ellipsometry. The ef-
fects of the strain relaxation on the dielectric function of the Ge;_,Sn,, E;, and

E1+A; band gaps will be discussed in chapter 7.



2 Semiconductor materials

Silicon (Si) is the dominant semiconductor material used in semiconductor
devices since 1960s, yet the first transistor discovered in 1947 was a Germanium
(Ge) device [10]. Therefore, Si is the most throughly studied semiconductor in
literature, almost everything about Si is well known. Germanium, a group IV ele-
ment below Si in the periodic table, forms a diamond crystal structure similar to
Si [11]. It is the principal component used in solid state devices next to Si, playing
a major role in the semiconductor industry. There has been great interest in Ge
for its applicability to its high speed electronic devices due to high carrier mobility
and high optical absorption at telecommunication wavelengths (~ 1620 nm) [12].
Compatibility with the existing Si technology makes Ge an ideal candidate for
the integration of Ge based devices on Si. The understanding of the electronic
band structure and related optical properties is critical in materials science for the
design of Ge-based photonic devices by controlling strain, alloy composition, and
doping concentration. Germanium band structure has been calculated over the
last few decades employing various techniques; using empirical pseudopotentials,
[13] k-p method [14] tight binding approximations, [15, 16] and more recently first
principles density functional theory calculations [17]. Therefore, electronic band
structure, deformation potentials, band gaps, spin-orbit interactions, and symme-
try points of Ge are well known. The electronic band structure of Ge, calculated
using the “full-zone k-p method” by Cardona et al., in Ref. [14] is shown in Fig. 1.
As illustrated in the figure, Ge is an indirect band gap material, the conduction
band minimum is at the L point in the Brillouin zone with an experimentally de-
termined indirect band gap (Eg ) of 0.66 ¢V at room temperature. The conduction

band at the center of the Brillouin zone is 0.14 eV above the L point, the direct
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Figure 1: Band structure of bulk Ge calculated by “full-zone k-p method. [18]
The conduction band minimum is at the L point in the Brillouin zone with an
experimentally determined indirect band gap (Eﬁ) of 0.66 eV. The conduction
band at the center of the Brillouin zone is 0.14 eV above the L point, the direct
band gap at the I' point (Eg) is measured to be 0.8 eV.

band gap at the I' point (Eg) is measured to be 0.8 eV (at room temperature)
[5, 18, 19, 20, 21].

2.1 Interband transitions and critical points

An electron, in the occupied valence band can be excited into an unoccupied
state in the conduction band by absorbing a photon. This process is called an
interband transition. If the conduction band minimum and the valence band
maximum occur at the same point in the Brillouin zone, the crystal momentum k

is conserved (EU(E) — Ec(l;)) and the transition is known as a direct transition,



as illustrated by vertical arrows in the band structure diagram of Ge in Fig. 1.
Optical transitions between two bands with different momentum wave vectors are
also possible with the involvement of a phonon (Ey = Ec + Gphonon), and such
transitions are known as indirect transitions. Usually, the indirect transitions are
weaker than the direct transitions due to the requirement of the involvement of a
phonon.
The probability of a direct electron transition for photon (fw) absorption per
unit time is given by Fermi’s Golden rule [18, 22, 23],
R = 253 {0l Horle) POLEL(R) — Eu(F) — ) 0
ke ke
where 8[E,(k.) — Ey(ky) — hw] is the delta function implementing the condition of
the energy conservation. hw is the energy quantum of the electromagnetic field,
the transition can only occur if the energy of the field is exactly “tuned” to the
transition. The matrix elements of the perturbation Hamiltonian H.z describe
the interaction between the photon and a Bloch electron between the initial and
final states. This term is called the electron-radiation interaction Hamiltonian,

which can be simplified by
e 2
(W Herle)* = (=) AP |Pa? 2)

to obtain:
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where,

A== {expli (7 7) — wi] + exp[i (g 7) — ) (4)

is the vector potential related to the Coulomb gauge (scalar potential ¢=0 and
V - A=0). The electric field E=(-1/c)0A/8% and the magnetic field B=V x A.
¢ is the velocity of light, m and e are the effective mass and the charge of the
electron, respectively.

The transition rate per unit volume in the medium (R) is multiplied by the
energy of each photon to obtain the power loss by the unit volume of the medium
due to absorption (power loss=Rhw), which is equal to the rate of decrease in the
energy of the incident beam. The rate of the energy decrease can be expressed in

terms of the absorption coefficient («v) of the medium using Beer’s law, [18, 24]

dl dl dr\ ¢ . ewl 1 9
Cdt (dx) (dt) B nal_ n? 87T€2w|E(w)| (5)

where I = n?|E(w)|?/87 is the intensity of the incident beam and —dI /dt gives

the rate of decrease of the energy in the incident beam. n and ¢, are the refractive
index and the imaginary part of the dielectric function (¢ = €;+1i€3) of the medium
respectively. Therefore, by combining Eq. (3) and Eq. (5), the transition rate can
be related to the imaginary part of the dielectric function e, of the medium [18]:

mw

o) = (222) S IPPAIER) ~ Blf) — ©)

An expression for the real part of the dielectric function €; can be obtained by



Kramers-Kronig transformation [18, 25, 26]:

47T62 2 |Pvc|2
alw) =1+— Z <mm> R (7)
k

The joint density of states (JODS) between the conduction and valence bands
D, (E.) is defined as the number of energy states per unit volume per unit energy
range, which occur with an energy difference between the conduction and valence
band equal to the photon energy hw. Introducing a constant energy surface S

such that the energy difference E. — FE, is the photon energy hw [18, 27, 28],

Pk = dk,dS = dS d(E.— E) (8)
|vk (Ec - Ev) |
Therefore,
] _ i ds d (Ec - Ev) 5[Ec(l;) B EU(E) B h’w]
P Fe) = s / / / Vi (B — By)| -0

After carrying out the integral over d (F. — E,), the joint density of states

D; (E.,) can be written as,

2 s
D (Ee) = 8773//@ (E.— E,)| 10

Our special interest of JDOS are on those points in the Brillouin zone where the
(E. — E,) are stationary and Vi (E. — E,) vanishes, making large contributions to
JDOS. Van Hove reported these points in the Brillouin zone as critical points and

the corresponding singularities in the JDOS are known as Van Hove singularities



[29].
Assuming that I;O is a critical point (known as a Van Hove singularity) in
three dimensional space, the energy band separation, [EC (E) - F, (E)] can be

expanded in a Taylor series around the critical point EO [18],

3
E, (E) _E, (E) ~ E, (EO) 5 a (i — kor)?, (11)
i=1
. o2 . .
where £, (ko) is the energy gap at the critical point, a; = 92 [Ec (k:o) — FE, <k0>] ,
the summation is taken over three directions x, y and z. Dlepending on the sign
of the coefficient a;, the band separations [Ec (E) — FE, (E)] are increasing or
decreasing when we move away from the critical point. Therefore, critical points
are classified according to the number of negative coefficients a; in Eq. (11). For
example, there will be four types of critical points labeled, Mg, My, My, and M3 in
three dimensional space. Different types of critical points in one, two, and three
dimensional space, with the functional form of the joint density of states D; are
listed in Table 2.1. As shown by the expressions in Eq. (3) and (6), photons with
energy hw = E, — E,, effectively induce electron transitions at the critical points,
making large contributions to the transition probability, and to the JDOS. There-
fore, critical points, usually at high symmetry points in the Brillouin zone, create
additional features in the frequency dependent optical spectra. The corresponding
singularities of the imaginary part of the dielectric function e, near the critical
points in one, two and three dimensions are schematically illustrated in Fig. 2.
As an example, the real (e;) and imaginary (e;) parts of the dielectric func-
tion of bulk Ge, obtained using spectroscopic ellipsometry at room temperature,
are shown in Fig. 3. By comparing the electronic band structure of Ge in Fig.

1 and experimental dielectric function of Ge in Fig. 3, it is possible to iden-
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Table 1: Different types of critical points in one, two and three dimensions with
the corresponding joint density of states D; [18].

Type D;
< Fy E > E,
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Three dimensions M, 0
M, C—(Ey— E)Y?
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Figure 2: Schematic representation of the frequency dependence of the imaginary
part of the dielectric function €; near interband critical points in one, two and
three dimensions [18].

11



40 . : : . ‘ : ; 40

30+ |
L 430
20+
«w 10 {20 mm
ol ]
L {10
101
-20V : - g1 T T | 0

00 10 20 30 40 50 60 70
Photon Energy (eV)

Figure 3: Real (€1, dashed) and imaginary (eo, solid) parts of the dielectric function
of bulk Ge at room temperature obtained using spectroscopic ellipsometry (This
work).

tify the electron transitions in the Brillouin zone corresponding to the particu-
lar critical points which is responsible for the structures (peaks) present in the
optical spectra. Considering the electronic band structure, it can be seen that
the lowest direct transition occurs at the I' point, k= 0, where the condition
[EC (/; = 0) - F, (E = O) = hw} is satisfied, giving rise to the Eq critical point
at 0.8 eV in the dielectric function. For photon energies Aiw < Eg, there is no ab-
sorption and therefore, €5 becomes zero below the lowest direct absorption edge.
Both the conduction and valence bands have extrema at the L. symmetry point,
where the bands are parallel along the [111] direction in the Brillouin zone. The
energy separation between the conduction band and the valence band [E. — E,] is
constant for a large region along the [111] direction. The E; critical point arises

in the JDOS, making a large contribution to the dielectric function at around
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2.2 eV. Since the negative longitudinal mass 1/a;, defined in Eq. (11), is large,
E, critical point is modeled as a two dimensional M, critical point [30]. Large
spin-orbit interactions of the valence band at L point split the E; structure into
the E; and E; + A critical points, where A; (~0.198 eV, 2/3 of the spin-orbit
splitting Ag at the I' point) is the spin-orbit splitting of the valence bands at the
L point. The critical point associated with the electron transition occurring over a
large region of the conduction and valence bands extrema near the X point along
the [100] direction is known as the Ey critical point and appears at 4.5 eV in the
dielectric function. The weaker, broadened peak in ey at ~3.3 eV, labeled as Eg,
arises from the superimposed electron transitions between the valence band and
higher conduction bands at the zone center (I' point). The peak labeled as Ef, at
~5.5 eV involves with the superimposed electron transitions between the valence
band and higher conduction bands at the L point along the [111] direction.

The electronic band structures of group IV semiconductors, Si, a-Sn (di-
amond crystal structure), and III-V semiconductors, like GaP, InP, etc (zinc
blende crystal structure) are similar to the band structure of Ge as shown in
the Fig. 1. They exhibit similar features (critical points) in the dielectric spectra
[31, 32, 33, 34, 35, 36, 37|. Therefore, it is possible to identify the singularities in
the JDOS (critical points) responsible for the structures present in the dielectric
function for these materials, as discussed above. However, it should be noted that,
only the Eg, E{, and E; + A; critical points can be definitely attributed to a par-
ticular type of a critical point (see Table 2.1), other higher energy critical points
are often superimposed with several critical points and contain contributions from

different types of critical points.
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Figure 4: Real (€;, dashed) and imaginary (€5, solid) parts of the complex dielectric
function of bulk Ge measured at temperatures between 80 K and 780 K (This
work).

2.2 Temperature dependence of the critical points

The electronic band structure of Ge is a strong function of temperature [30]
and there is also a close relationship between the band structure and the complex
dielectric function of Ge. Therefore, the optical properties and critical points of
Ge are also temperature dependent. The temperature dependence of the complex
dielectric function (e€; and ;) measured using spectroscopic ellipsometry at tem-
peratures between 80 K and 780 K is shown in Fig. 4. The dielectric function is
shifted to lower energies (red shifted) and broadened critical points are observed
as the temperature increases. The Eg critical point, obtained via second deriva-
tive analysis of the dielectric function (will be discussed in next chapter) versus
temperature is plotted in Fig. 5. The red shift of the Eq transition with increasing

temperature can be clearly observed from the temperature dependence of the E
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Figure 5: Temperature dependence of the Eq critical point, obtained from second
derivative analysis of the dielectric function (explained in the next chapter) of bulk
Ge. The solid line shows the best fit of the data using Eq. (72) with parameters
a=0.963 £0.006 eV, b=0.090+0.006 eV and §p=347+27 K (This work).

critical point in the graph. In general, the temperature dependence of a band gap

can be fitted with the semi-empirical Varshni equation [3§]

2
AE, (T) = B — 1

7 (T+p) (12)

where Eg is the band gap at 0 K and a and § are fitting parameters characteristic
to the given material. Although the Varshni equation describes the temperature
dependence of the band gaps well with a small number of parameters, the the-
oretical basis behind the expression is weak. The expression predicts a linear
temperature dependence in the high temperature regime and a quadratic depen-
dence in the very low temperature regime. However, experiments finds a very

weak temperature dependence of the band gaps at very low temperatures. There-
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fore, Vina and coworkers have introduced a Bose-Einstein type expression for
the temperature dependence of the band gaps, taking into account the average
electron-phonon interactions [30].

The redshift of the band gaps with increasing temperature has two contribu-
tions, from thermal expansion of the crystal and from the renormalization of the
electron energies due to electron-phonon interactions [39].

Investigation of the temperature dependent energy shift and broadening of
the critical points allows to obtain important information about electron-phonon
interactions. The temperature dependent energy shift of the band gap due to the

thermal volume expansion can be written as [40, 41]
T
AFEy, (T) = D/ a (T dT’, (13)
0

where « (T) is the linear thermal expansion coefficient of the material. D is
the hydrostatic deformation potential for the corresponding band gap which is
defined as the logarithmic volume derivative of the band gap, D = 0FE/0InV =
(=VOP/OV) x (—OE/OP). Therefore, the net hydrostatic deformation potential
can be related to the bulk modulus (B) and the pressure coefficient (0E/9P) by
D = Bx0E/OP. The redshift of the band gap energy due to the electron-phonon
interaction is proportional to the Bose-Einstein occupation factor for an (effective)

phonon and often written as [30, 39]
Eoon (T)=d —V [1 +2/ <e%/T - 1)] : (14)

where kf; is the effective phonon energy and k is the Boltzmann constant, b is

the electron-phonon coupling strength, and a’ is the unrenormalized transition
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energy.
Experimentally, one measures the total energy shift (sum of the thermal ex-
pansion and electron-phonon contribution) and also describes it with the same

empirical Bose-Einstein expression [30, 31, 32, 33]

Biowal (T) = a—b[1+2/(e"/" —1)]. (15)

The primed parameters can be obtained from the experiment by subtracting the
thermal expansion contribution in Eq. (70) from the measured energy shifts and

then fitting with Eq. (71).

2.3 Ge band gap engineering via strain and alloying

Germanium is an indirect band gap material, with the conduction band min-
imum at the L point, which is 140 meV below the conduction band minimum
at the I' point (see Fig. 1). As previously discussed, since the indirect electron
transitions have to interact with a phonon to conserve momentum, the rate of
the electron transitions is very low. The direct nature of the fundamental band
gap of a material promises much more efficient electron-hole pair recombination,
which is particularly important for the design of photonic devices, especially for
the development of Ge-based optoelectronic devices. Due to these reasons, the
indirect nature of the fundamental band gap of Ge has limited the large scale in-
tegration of Ge based optoelectronic devices on Si substrate. The electronic band
structure of Ge is a strong function of strain as well as temperature. The energy
position of the conduction band at the I' point rapidly decreases as a function of

the applied stress compared to the L point. Therefore, it has been predicted that,
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Figure 6: Temperature dependence of the linear thermal expansion coefficients of
Si (ag;) and Ge (age) modeled by Eq. (62) taken from ref. [42]. Experimental
data (symbols) were taken from Ref. [44, 45, 46, 47, 48].

at about 1.4% tensile strain, Ge becomes a direct band gap material, indicating a
possibility of widespread applications of Ge-based photonic devices such as lasers
and modulators [5, 20, 21].

One way to control the strain on Ge is by growing a relaxed Ge epilayer at
a high growth temperature (~800 K) on a substrate with a different thermal
expansion coefficient, such as Si. The temperature dependent thermal expansion
coefficient of Ge (ag.) is about two times larger than the thermal expansion
coefficient of Si (ag;), sce Fig. 6 [42]. As temperature decreases, the Ge epilayer
experiences a temperature dependent tensile biaxial stress, since the bulk Ge
shrinks more than the Si substrate with decreasing temperature, as illustrated in
inset of the Fig. 6. The tensile in-plane strain € (T) induced in the Ge epilayer due
to the difference in thermal expansion coefficients of Si and Ge can be calculated,

assuming no strain relaxation occurs while cooling down to lower temperatures
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from the growth temperature T, [12],
Ty
o(T) = [ o (T) = ass (T} (16
T

where ag. (T') and ag; (1) are linear thermal expansion coefficients of Ge and Si.
The linear thermal expansion coefficient a(7") of Si and Ge can be expressed as

[42]
4 (8:/T) exp (6:/T)
« (T) - Zz‘:l Xi [exp (QZ/T) - 1]2

(17)

where x; and 6; are fitting parameters taken from ref. [42].
The Ge epilayer on Si substrate is elastically deformed under biaxial stress.

The compressive out-of-plane strain €, (7') is related to the tensile in-plane strain

ey (T) by

L (T) = 222 (1)) (7) (18)

where the temperature dependence of the elastic moduli ratio Ci5/Cyy (1) was

taken from Ref. [43]

C’12

o (1) = 037492 = 3.7 x 1078 (T — 273.14) . (19)
11

The temperature dependence of the hydrostatic strain ey (7') and the shear

strain g (7') components are [49]

e (T) + 2¢ (T)]
3

[ (1) =1 (D)]

and eg(7T) = (20)

The hydrostatic strain shifts the conduction and valence bands relative to their
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unstrained position, while the shear strain splits the bands removing degeneracies.
The hydrostatic shift AEy (T') and the shear shifts AFEg (T') of the conduction and
valence bands of the biaxially strained Ge can be obtained from the experimental
pressure dependence of the particular band gap, known as deformation potentials.
From the definition of the hydrostatic deformation potential D = JE/0InV =
(VOE/JV'), the energy shift due to the hydrostatic strain can be expressed as [49]

A
AE = D7V = DTre = 3Dey (21)

where the relative volume change AV/V of the material under biaxial stress is
equal to the trace of the strain tensor Tre, which is given by 3ey. The energy shift

due to the splitting of the band for a valley 7, for (001) biaxial stress is [49]

€g 0 0
1
AE = Uyt (e - gTre> A=Um |0 e 0|7 (22)
0 0 265

where U, is the shear deformation for the particular valley 7.

Therefore, strain dependence of the band gaps and related optical properties
can be obtained using deformation potential theory. The strain depndence of the
conduction and valence bands, band gaps and related parameters will be discussed
in more detail in chapter 5 and chapter 6.

Another way of controlling strain in order to tune the Ge band structure is
by alloying Ge with Si and/or Sn and growing a thin alloy layer on a lattice
mismatched substrate. The lattice parameter of Sn (ag,=6.489 A) [50] is about
14% larger than the lattice parameter of Ge (ag,=5.658 A) [51]. Si (ag;=5.431 A)
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[52] is about 4% smaller. The lattice parameter of relaxed Ge;_,_,Si,Sn, alloys
can be calculated using,
agél_x_ySixSny = zas; + yasn + (1 — 2 — y)age
+8GeSn(l — T = y)y + ‘gGeSi(l - Y- x)x (23)

+0sisnzy

where the bowing parameters 6, ; (i, j=Ge, Si, Sn) describe the deviation of the
lattice parameter from the linear interpolation (Vegards’ law) [53, 54]. Although
extensive work has been done to characterize the compositional dependence of the
lattice parameters of Ge;_,Sn, alloys, a large discrepancy exists in the literature
over the values of Oges, [55, 56, 57, 58]. According to most recent findings [57,
58, 59|, the bowing parameter Oges, is very small and Vegard’s law (0ges,=0)
can be used to accurately calculate the lattice parameters of GeSn alloys. The
bowing parameter for lattice constant of Ge;_,Si,, Oges; is -0.026 [60] and that of
Si;_,Sn,, Os;s, was assumed to be zero, justified by the low Si and Sn content.
The calculated lattice parameter of relaxed Ge;_,_,Si,Sn, using Eq. (76) is
shown in Fig. 7, as a function of Si (x) and Ge (y) compositions. Figure 7 shows
that the lattice parameter of relaxed Ge;_,_,Si,Sn, is increasing with Sn compo-
sition y and decreasing with Si content x as expected. Depending on the Si and
Sn compositions, the lattice parameter of relaxed Ge;_,_,5i;Sn, will be larger,
equal (lattice matched) or smaller than the lattice parameter of the Ge substrate.
Under pseudomorphic growth conditions, the Ge substrate acts as a template for
the growth of a thin alloy layer. Ge;_,_,Si,Sn, on Ge experiences a biaxial stress
along the interface due to the lattice mismatch between the ternary alloy layer and

the Ge substrate, creating an in-plane strain parallel to the surface. The in-plane
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Figure 7: Compositional dependence of the lattice parameter of relaxed
Gey_y—ySi,Sn, alloys, calculated using Eq. (76) (this work).
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strain, on the epilayer can be calculated,

ag —agl SizS

o e €1—qg—ySizSny

€ (z,y) = — (24)
AGey_, ySisSny

where ag, is the Ge substrate lattice parameter. The compositional dependence
of the calculated in-plane strain €| (z,y) is shown in Fig. 8. The thick solid line,
y = 0.3z indicates the lattice matched compositions of the Ge;_,_,Si,Sn, on
the Ge substrate. It is consistent with the previously reported value y = 0.27x
[68]. The small discrepancy is caused by the different values used in bowing pa-
rameters in Vegard’s law when calculating the lattice parameters. The electronic
and optical properties of strain free Ge;_,_,Si,Sn, can be tuned along this lat-
tice matched line. The lattice matched line, y = 0.3z, also shows a transition of
Gej_y—ySiSn, on Ge from a positively strained (tensile) region to a negatively
strained (compressive) region.

The ternary alloy layer is tetragonally deformed on the Ge substrate. The
out-of-plane strain €, (z,y) is related to €| (z,y) using the ratio of the elastic
constants C15/C1; by [49]:

012 Gel—z—ySizSny
) €| (7,9). (25)

The compositional dependence of the elastic constants were taken from the liter-

ature [49, 61, 62]

CEedion = pC5 +yCot + (1 —a — y)Ce. (26)
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The biaxial strain has two components: the hydrostatic strain component
ey shifts the energy band positions and the shear strain component eg lifts the
degeneracy of the electronic bands. The compositional dependence of the ey and

the e components are [49]:

[EJ- (‘% y) + 26” (‘7:7 y)}
3

e (,y) = (27)

le1 (,y) — € (z,9)]
5 :

es (z,y) = (28)

In the absence of strain, the heavy hole (v;) and the light hole (v5) bands are
degenerate at the I' point. Spin-orbit interactions lift the heavy hole and light
hole bands with respect to the split-off (SO) band (v3). The shear strain lifts
the degeneracy of the valence band edge, leading to an additional splitting. The
energy positions of the top three valence bands, v;, vy and v3 at the I' point can

be expressed as [49, 63, 64, 65]

Ao 3. 1
By =~ 52+ Shes + 5\/ A2 1 6Agbes + (9bes)? (29)
Ev2 = —3b€5 (30)
Ao 3. 1 /T
Buy = =% + Gbes - 5\/A8 + 640bes + (9bes)” (31)

where b is the biaxial deformation potential for the valence band and Ag is the
spin-orbit splitting of the valence band at the I" point. The compositional depen-
dence of the Ay was obtained by linearly interpolating the three end values of A,
see Table 6.

AGE = g AT+ yAS" + (1 — o — y)AS”. (32)
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Several groups have reported the compositional dependence of the Eg, Effld,
Efnd, E, and E; + A, band gaps of the relaxed Ge,_,_,S%,Sn,. The compo-
sitional dependence of the room temperature band gap EfeSiS" of the relaxed

Gei_y_ySi,Sny alloys can be expressed as [66, 67, 68, 69]:

EFS N w,y) = BP(1 -3 —y) + Ew + By
—b7y (1 — @ —y) = 0 (1 — 2 — y) (33)

SiSn
_bz ry,

where EiGe, E’LSZ and Ef” are the corresponding band gaps of the end compo-
nents, and l)fk” (j, k=Ge, Si, Sn) is the bowing parameter defining the deviation
of the band gap from the linear interpolation. The effects of the ey and €5 on the
energy band positions of the conduction band can be calculated by adding the
deformation potential term to the compositional dependence of the (unstrained)
conduction band. The compositional dependence of the unstrained conduction
band positions can be obtained from the compositional dependence of the corre-
sponding band gaps of the relaxed alloys at the room temperature. The energy
shift of the conduction band at the I' point, AE! and at the L point, AE" due

to the hydrostatic deformation can be calculated using the following expressions

[5, 70, 71, 72]:
I _ o« .
AEC = 3ar2—eH (34)
L
AEL—3=+1T —a € (35)
c —d SHu Fg’ H

L
where ap— and {Ed + §E“ - ar;} are the hydrostatic deformation potentials for

the conduction band at the I" and L points, respectively. The positions of the
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conduction band at the I' point and at the L point were calculated using the
compositional dependence of the corresponding band gaps of the relaxed alloys,
taking into account the bowing parameters (see Table 6).

The shear strain splits the conduction band at the X point into a doublet-
AEéM) and a quadruplet- AEéM). The hydrostatic strain shifts the split-off
bands. The effects of the shear strain and the hydrostatic strain on the conduction

band at the X symmetry point can be expressed as [5, 70, 71, 72]:

X
1
AEXR2) = 2¢458 13 {Ed + 35— argl e

_ _ 1 X
AE’f(M) = —eS:f +3 [:d -+ gﬂu — arg} €H,

A

., is the shear deformation potential for the conduction band minimum

where =
1 X

at A and {Ed + §E“ — ar;} is the hydrostatic deformation potential of the con-

duction band at the X point.

Combining the compositional dependence of the band gaps of the relaxed (un-
strained) ternary alloys, given by Eq. (75), with the energy shift and the splitting
of the conduction and valence bands using deformation potential theory, the com-
positional dependence of the band gaps of the pseudomorphic Ge;_,_,Si,Sn, on
Ge at the I', L and the X symmetry points can be obtained. All the parameters
used for the calculation are listed in Table 6. The compositional and strain de-

pendence of the band structure, indirect-direct crossover, and related parameters

will be discussed in chapter 6.
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3 Sample preparation and characterization techniques

3.1 Chemical vapor deposition (CVD)

The Ge on Si sample discussed in chapter 5, was prepared by the group of
Kouvetakis at Arizona State University using chemical vapor deposition (CVD).
Ge films were deposited on Si(100) wafers using reactant mixtures of tetragermane
(GeyHyp) and Hy. Si substrates were cleaned using a standard cleaning procedure
as described in Ref. [73] and loaded into the reactor for degassing at 500°C which
was maintained at 107'° Torr background pressure. Then, substrates were flashed
at 850°C to remove surface oxide contaminants. Thereafter, deposition of the Ge
layers were started immediately by introducing precursors (mixture of GeyHyo and
H,) into the CVD chamber at 370-425°C temperatures and at a total pressure
of 107" Torr. The growth rate varied between 17 and 30 nm/min depending
on the growth temperature. The growth of the Ge layers was continued until
the desired thickness (~1500 nm) was obtained. After the completion of the
growth, samples were anncaled in situ at 680°C for 3 min to improve the alignment
of crystal mosaics. Atomic force microscopy confirmed the smooth defects free
surface morphology of the Ge layers on Si with RMS roughness of 0.5-0.7 nm and
the thickness was confirmed by the spectroscopic ellipsometry. X-ray diffraction
of (224) reciprocal space maps indicate cubic Ge layers on Si and no residual
compressive strain. Additional information about the sample growth and related

parameters is given in Ref. [73].
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3.2 Molecular beam epitaxy (MBE)

Pseudomorphic and partially relaxed Ge;_,Sn, on Ge, discussed in chapter 6
and chapter 7 were grown by Kolodzey group in the Department of Electrical and
Computer Engineering at the University of Delaware [58, 74]. All Ge;_,Sn, alloy
samples were grown on Ge using a modified EPI 620 MBE system with a base
pressure of 1.3x107® Pa and utilizing Knudsen thermal effusion cells with pyrolytic
Boron Nitride (pBN) crucibles for both Ge and Sn. Intrinsic (001) Ge substrates
were prepared using a wet chemical cleaning based on the procedure outlined in
Hovis et al.,[75] before quickly being loaded into the MBE introduction chamber
and taken to ultra-high vacuum. The substrates were slowly heated to 450°C
overnight, then taken to 650°C for one hour before individually being transferred
into the main MBE growth chamber. Each wafer was flash heated to 850°C for
10 minutes, then cooled to the growth temperature of between 150°C and 250°C
(as measured via thermocouple) prior to opening the Ge and Sn cell shutters for
growth. The growth temperature was varied with Sn content to avoid surface
segregation. The Sn composition was varied by changing the Sn effusion cell
temperature while keeping the Ge cell temperature constant across all growths,
achieving a growth rate of 0.62 to 0.7 nm/min. More details about the substrate
precleaning, sample growth procedures and characterization can be found in Refs.

[58, 74].

3.3 Spectroscopic ellipsometry

The accurate knowledge of optical constants of materials is of great impor-
tance for the design of optoelectronic devices. Spectroscopic ellipsometry is an

optical measurement technique used to characterize the optical properties of ma-
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terials (thin films and bulk). It is a widely used optical metrology technique in
the semiconductor industry. In spectroscopic ellipsometry, the change of the po-
larization state of the light reflected form the surface of a sample is measured.
The reflected light usually becomes elliptically polarized, giving the name of the
technique “ellipsometry”.

Depending on the oscillatory direction of the electric fields, light is classified
into p- and s-polarized light waves. In p-polarization, electric fields of the light
waves oscillate in the plane of incidence. Electric fields oscillate perpendicular
to the plane of incidence in s- polarized light. Due to the difference in dipole
radiation, p- and s- polarized light waves behave differently when light is reflected
by a sample at oblique incidence. The amplitude reflection coefficients, r, and r,,

of the p- and s-polarized light waves are given by Fresnel’s equations [76, 77]

E,,  Nicos0; — N;cosb,
E,,  N,cosb; + N; cos 0,

(37)

Tp:

E.s  Njcosf; — Nycos 6,
E.;,  Ncosb; + N, cosb,

(38)

T =

where N; and N; show the complex refractive index defined by N = n — ik for
the ambient medium and the substrate. 6; and 6; are angle of incidence and

transmission respectively.

3.3.1 Data acquisition

Ellipsometry measures two values, ¥ and A, known as ellipsometric angles,
which represent the amplitude reflection ratio (r,/rs) and the phase difference

(0, — d5) between the p- and s-polarized light waves (see Fig. 9). The ellipsometric
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Figure 9: Schematic overview of the measurement principle of spectroscopic ellip-
sometry. [76]

angles, U and A measured from ellipsometry are defined as [76, 77|

p =tan ¥exp(iA) = % (39)
s

For the simplest system, light reflection at an air/sample interface, assuming
that the sample is a bulk material with infinite thickness, using Eq. (37)- Eq.
(39), it can be shown that the amplitude reflection ratio W is characterized by the
refractive index n and the phase difference A can be described by the extinction
coefficient k of the material. The complex dielectric function of the material €
can be expressed as € = N?, the absorption coefficient @ can be obtained by the
relation o = 47k /X, where X is the wavelength of the light.

The dielectric function, obtained directly from the measured ellipsometric an-
gles ¥ and A is known as the pseudodielectric function (¢) of the material and
calculated from a model assuming a perfectly flat substrate (no surface roughness)
with infinite thickness. If the dielectric constant of the ambient air is 1, the pseu-

dodielectric function of the bulk substrate (€) can be obtained from the measured
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Figure 10: Experimental data (solid) of ellipsometric angles ¥ and A for
Geg1SigSng on Ge buffered Si versus photon energy. The model data (dashed)
obtained, assuming a multilayer system as illustrated in the inset is also shown
(this work).

ellipsometry angles, p = tan ¥ exp(iA) and the angle of incident 6;, [76, 77]

. . . 1—p

(€) = (N?) = sin?0; ll + tan? 0, (m>} (40)

In general, spectroscopic ellipsometry measures the ¥ and A spectra for photon
energy (hw), it is rather difficult to interpret or explain results from directly
measured spectra. Hence, a construction of a model is required for data analysis
and the electronic properties, optical properties and film thickness of the sample
can be extracted from the model. Experimentally obtained ellipsometric angles ¥
and A for Geg;SizSng on Ge buffered Si sample at 65°, 70° and 75° angle of incident

are shown in Fig. 10. The pseudodielectric function of the sample, (assuming a
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diclectric function of GegSizSng obtained from a point-by-point fit. Solid lines
represent the dielectric function of Ge (this work).
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flat infinitely thick substrate) obtained from measured ¥ and A spectra using Eq.
(40) is shown in Fig. 11.

3.3.2 Modeling ellipsometry data

To obtain the electronic and optical properties, film thickness, and surface
roughness of the sample, it is necessary to build an optical model to interpret
the experimentally measured spectra. A multilayer optical model consisting of a
surface layer/Geg; SigSng film/Ge buffer/Si substrate, as shown in the inset of the
Fig. 10 can be used to model experimental ellipsometric angles ¥ and A where
p can be expressed as tan Wexp(iA) = p(Ny, Na, N3, Ny, dy, da, ds, 0p) using the
variables used in the model. Nj, Ny, N3, and N, denote the complex refractive
index of the surface layer, Geg;SizSng thin film, Ge buffer and Si substrate, re-
spectively. dy,ds, ds denote the thicknesses of the surface layer, Geg;SizSng thin
film and Ge buffer. 6 is the angle of incidence. The surface layer with the surface
roughness is modeled as a GeO, layer where the optical constants are known and
available in tabulated form [78, 79]. The optical constants of the Ge buffer and Si
substrate are also well known and published in the literature [80, 81, 82, 83]. The
thickness of the surface layer, d; is inversely proportional to the amplitude of the
E5 peak appearing at around 4 eV. It can also be accurately extracted from the
absorption (A) below the band gap of the material. When the light absorption
in a thin film is very low, optical interference occurs, giving rise to interference
fringes. The thickness interference fringes due to the superimposed optical wave
are clearly seen in the optical spectra shown in Fig. 11 at low photon energies
(between 0.7 and 1.2 eV) where the light absorption is relatively small and the

thickness of the Geg;SizSng thin film (dy) and the Ge buffer (ds) can be extracted
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from the spacing of the interference fringes. Hence, the only unknown parameters
are the optical constants of the Geg;SizSng thin film N,, which can be obtained
from the measured ¥ and A spectra by fitting the model to the experimental
data.

The dielectric functions of Geg;SizSng were described using a parametric os-
cillator model [82], which imposes Kramers-Kronig consistency between the real
and imaginary parts of €. In the first step of the fit, the oxide, Geg;SizSng and Ge
buffer layer thicknesses and all parameters in the parametric oscillator model for
Geg1SizSng were adjusted to obtain a good fit with the experimental data. The
dashed lines in Fig. 10 represent the modeled ellipsometry angles (¥ and A) from
the parametric oscillator model which is nearly indistinguishable from the exper-
imental data. In the second step, all parameters were kept fixed at the values
obtained in the first step, and the data were fitted again at each measured photon
energy by taking the values of €; and ey for Geg;SizSng as adjustable parameters
(known as point-by-point fit) to obtain the final tabulated (non-parametric) dielec-
tric function of Geg;SizSng. This final non-parametric dielectric function, shown
in Fig. 12 is very close to the parametric dielectric function obtained in the first
step, therefore we confirmed that results from the second step, shown were still
Kramers-Kronig consistent. The complex dielectric functions of Geg;SizSng show
features similar to bulk Ge, indicating a diamond crystal structure composed of
tetrahedrally coordinated atoms. The red shifting of the dielectric function along
with the broadening of critical points (with respect to bulk Ge) can be clearly
seen as a result of the alloying and the strain effects of Si and Sn on the Ge band

structure.
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Figure 13: Second derivatives of the real (¢;) and imaginary (e;) part of the
dielectric function of Gegy;SizSng with respect to photon energy near the E; and
Eq1 + Ay critical points. Symbols represent the experimental data and the solid
line shows the best fit with a two dimensional critical point assuming parabolic
bands and constant dipole matrix elements (this work).

3.3.3 Second derivative analysis

The main focus in this thesis was to investigate the compositional, strain, and
temperature dependence of the critical points (CPs) associated with the electronic
band structure. The F; and E; + A; CPs can be described using an expression

for a mixture of a two-dimensional minimum and a saddle point [30]

¢ (hw) =C — Aln (hw — E, —il') e, (41)
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where Aw is the photon energy, A is the amplitude, £, is the CP energy, I' is
the broadening parameter, and ¢ is the excitonic phase angle which describes the
amount of mixing. The contribution of the CPs to the dielectric function can
be enhanced by analyzing the second derivatives of €. The real and imaginary
parts of the tabulated dielectric function obtained by point-by-point fitting were
numerically differentiated and smoothed using ten Savitzky-Golay coefficients for
second-order derivatives with a polynomial degree of three to obtain a good signal
to noise ratio without distorting the line shape [84]. The second derivative spectra
of the dielectric function for the Geg;SizSng were fitted using Eq. (41) and A, Ey,
¢, and I' were treated as fit parameters. The second derivative spectrum of the
Geg1Si3Sng with the best fit of a 2D critical point is shown in Fig. 13. Both E;
and £} 4+ A, were fitted simultancously and the excitonic phase angle ¢ was forced

to take the same value for both CPs.

3.3.4 Temperature dependent measurements inside the cryostat

The temperature dependent measurements of the samples were performed in-
side a commercial, ultra-high vacuum (UHV) cryostat (Janis ST-400) as shown
in Fig. 14. A type-E thermocouple built-in the cold finger, in conjunction with
a Lakeshore 331 temperature controller was used to control the temperature of
the cold finger. Since the built-in thermocouple and the heater in the copper cold
finger are about 10 cm away from the sample holder, we attached another type-E
thermocouple onto the sample surface, between the top surface of the sample and
the metal holding clamp, see Fig. 15, in order to accurately measure the tem-
perature of the sample surface. In order to achieve a better thermal equilibrium

between the sample holder, the sample surface, and the thermocouple, a gold-
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Figure 14: A view of the ellipsometry cryostat mounted on the J.A. Woollam
variable angle-of-incidence ellipsometer.

Figure 15: The sample holder with a sample held by two horizontal metal clamping
strips. The thermocouple is clamped between the front sample surface and the
upper clamping strip in order to measure the temperature of the sample surface
accurately.
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plated coper heat shield was used to cover the sample holder and the cold finger.
The temperature reading of the thermocouple on the front surface of a bulk Ge
sample is 785 K, while the built-in thermocouple next to the heater reads 800 K.
At liquid helium temperature, built-in thermocouple next the heater, reads 77 K
and the thermocouple on surface of the bulk Ge reads 80 K. The temperature
dependent measurements were performed on our samples at a 70° incidence angle
from 0.8 to 6.6 ¢V in the UHV cryostat, shown in Fig. 14, from 80 K to 785 K.
The details of the sample cleaning, measurement procedure inside the cryostat

are explained in chapter 4.

3.4 High resolution X-ray diffraction

X-ray diffraction is a nondestructive technique used to characterize the crystal
structure, crystalline quality, relaxation condition, lattice parameters and thick-
ness of the epilayers on substrates. A PANalytical Empyrean diffractometer, op-
erated at 45 keV and 40 mA, was used for the high resolution X-ray diffrac-
tion (HRXRD) analysis described in this thesis. Our high resolution configura-
tion consists of a two bounce hybrid monochromator (2xGe(220)), which offers
a well-collimated beam of monochromatic Cu Ka; radiation (1.5406 A) and a
three-bounce Ge (220) analyzer in front of the Xe proportional detector. Sym-
metric w — 260 diffraction curves and w — 26/26 reciprocal space maps (RSMs)
were performed for symmetrical (004) and asymmetrical (224) reflections at room
temperature to investigate the pseudomorphic nature, crystalline quality, lattice

parameters, and layer thickness of the samples.
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Figure 16: Schematic representation of w — 20 symmetric scans. An initial plane
wave with wave vector k is irradiated on the sample surface with an angle w(= 6)
and the outgoing scattered waves k" are analyzed under the same angle [85].
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Figure 17: Logarithmic intensity versus diffraction angle for the symmetric (004)
w — 20 reflections of the pseudomorphic Gegz oSngg on Ge. Symbols represent the
experimental data and the solid line shows the model (this work).
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3.4.1 Diffraction from epilayers

In a single w — 260 symmetric scan, an initial plane wave with wave vector k
is irradiated on the sample surface at an angle w(= #) and the outgoing scat-
tered waves k' are analyzed under the same angle. When the scattering vector
Q, (Q K - l?) is equal to a reciprocal lattice vector éhk,z, a diffraction pattern
can be seen for the corresponding (hkl) Bragg reflections as illustrated in Fig. 16.
It allows to scan the Bragg reflections along a line to get the positions of the sub-
strate and the epilayer peaks. The corresponding peak positions can be used to ex-
tract the out-of-plane (perpendicular) lattice parameters (a_ ) of the substrate and
the epilayers using Bragg’s law, 2dp; sin = n\, where dpy = aL/m
for a cubic structure.

Symmetric w—26 diffraction scans were performed for symmetrical (004) reflec-
tions at room temperature. The substrate peak with its known Bragg angle was
used as a reference for analyzing the layer peaks in each sample. Before starting
the measurements, samples were first aligned to the substrate (004) symmetric re-
flection and positions of the epilayer peaks were measured relative to the substrate
peak. A symmetric w — 26 scan of (004) reflections of pseudomorphic Gegs 2Sng g
on Ge is shown in Fig. 17. The measurement showed two peaks, the sharp peak at
the higher angle, corresponding to the Ge substrate, and the broader lower angle
peak, corresponding to the Gegs 2Sng s alloy. The Bragg peaks for Ge,_,Sn, alloys
shifted to smaller angles with increasing Sn composition, indicating an increase in
the perpendicular lattice constant in the presence of compressive strain, which was
attributed to the incorporation of larger Sn atoms in the Ge lattice. The peak sep-
aration 66 is related to the ratio age/a,. Assuming that the epilayer is not tilted

relative to the Ge substrate, which we confirmed by (004) symmetric reciprocal
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space maps (RSMs), a; can be calculated from[86] age/a; = 1 + 06 cot §, where
6 is the Bragg angle of bulk Ge. From the out-of-plane lattice constant a, and
the in-plane lattice constant a = age (pseudomorphic condition), we calculated

the in-plane strain

. a|| — Q)
€| = N Cer gy (42)
a, +2 (C_ﬁ> aj|
and the relaxed lattice constant
rel o CL”
aGel_ySny - E” + 17 (43)

from which the tin content y could be determined using the known compositional
dependence of the lattice parameters of bulk Ge;_,Sn, alloys given by Eq. (76),
known as Vegard’s law. Assuming the bulk Ge elastic constant ratio (Cia/Ch1)
as the starting point, Eq. (42) and Eq. (43) can be solved to obtain the initial Sn
composition in the alloy epilayer. Based on the calculated Sn composition, the
C12/C1(y) for Ge;_,Sn, can be obtained from the compositional dependence of
the elastic constants by using Eq. (79) and the calculation is repeated iteratively
until y is converged.

In addition to the Bragg peaks of the substrate and the epilayer, all sam-
ples showed (004) Pendellosung fringes around the epilayer peak due to the finite
thickness of the Ge;_,Sn,, epilayer, indicating a uniform thickness of a high quality
(coherent) epilayer. The spacing between the fringes can be related to the thick-

ness of the epilayer and can be used to extract the thickness using [58, 86, 87]

A = 2tAf; cos b (44)
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Figure 18: Schematic representation of reciprocal space mapping, where several
w — 20 scans are performed with stepped w to cover an area of the Bragg peaks
for the epilayer and the substrate [85].

where A is the X-ray wavelength, ¢ is the thickness of the epilayer, Af, is the
separation between the epilayer and the first interference fringe and  is the Bragg

angle of the epilayer.

3.4.2 Reciprocal space maps

In reciprocal space maps (RSMs), instead of a single w — 20 scan, several
w — 20 scans are performed with stepped w to cover an area of the Bragg peaks
for the epilayer and the substrate, as illustrated in Fig. 18. Apart from the in-
plane (a)) and out-of-plane (a,) lattice parameters, the pseudomorphic nature,
partial relaxation and the tilt of the epilayer on the substrate can be obtained from
RSMs. As illustrated in Fig. 19, for a fully relaxed epilayer on a substrate, Bragg
reflections of the epilayer lie on a line going through the origin and the substrate
reflection. When the epilayer is pseudomorphically grown (fully strained) on a
substrate, the epilayer Bragg reflections lie on a vertical line going through the

substrate reflections. Bragg reflections of partially relaxed epilayers lie on the
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Tilted epilayer
on substrate

Figure 20: Schematic representation of a tilted epilayer relative to the substrate.
Tilting causes a rotation of the epilayer reflections about the origin in reciprocal
space [85].
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Figure 21: Reciprocal space maps around (224) reflections of (a) fully strained
Gegz 2Sngs and (b) partially (60%) relaxed GegrsSnias on Ge. Solid lines show
the fully strained and fully relaxed conditions (this work).
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relaxation line connecting the fully strained and fully relaxed points. If the epilayer
is tilted relative to the substrate, the the epilayer Bragg reflections are rotated
about the origin, as shown in Fig. 20.

In this research, symmetric (004) RSMs were performed to investigate the
tilt of the epilayers on substrates. Asymmetric (224) grazing exit RSMs were per-
formed to extract the perpendicular and parallel lattice parameters of the epilayers
simultaneously and to evaluate the pseudomorphic nature (or partial relaxation)
of the epilayers on substrates. In the RSM, the intensity of the diffracted beam
is plotted as a function of the reciprocal lattice vectors along the [110] and [001]
(Qq and Q. ) directions, as contours of equal intensity. The Qj and Q, vectors
are related to the reciprocals of the in-plane and out-of-plane lattice constants,
respectively, and are typically given in terms of reciprocal lattice units (rlu) that
are calculated from the angular positions w and 26 using the following equations
[58]:

Q) (rlu) = sinf x sin(f — w) (45)

Q1 (rlu) = sind x cos(f — w) (46)

The @ and @, along the [110] and [001] directions, extracted from the (224)

RSMs are related to the out-of-plane

_ QLsubstrate - Qlepilayer

a| Asubstrate + Agubstrate (47)
QJ_epilayer
and in-plane lattice parameters [88]
Q||substrate - QHepilayer
a| = Osubstrate T Asubstrate- (48)

Q ||epilayer
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The degree of relaxation (R) of the epilayer on substrate can be calculated

using,

(a||epilayer - asubstrate)

relaxed __
epilayer — (substrate

R= (49)

Therefore, using Eqgs. (42), (43), and (76) iteratively, the relaxed lattice param-
eter, alloy composition, strain, and degree of relaxation of the epilayer can be ob-
tained as explained above. Reciprocal space maps around asymmetric (224) reflec-
tions of (a) fully strained Gegs2Sngs and (b) partially (60%) relaxed GegrsSnya s
on Ge are shown in Fig. 21. Solid lines show the fully strained and fully relaxed

conditions.

3.5 X-ray reflectivity

Accurate measurements of thickness, surface and interface roughness and elec-
tron density distribution of epilayers are important since this relates to the struc-
ture of the multilayer sample which is used to model optical constants. X-ray
reflectivity (XRR) is a nondestructive technique used to characterize thicknesses,
interface and surface roughnesses of multilayer samples with a resolution on the
order of a few A. At X-ray wavelengths, the refractive index of most materials is
slightly less than one, thus the X-rays are totally reflected from smooth surfaces
for grazing incidence angles lower than the critical angle 6, of the material. When
the incident angle is larger than the 6. the reflectivity decreases quickly with the
increment of the incident angle. X-ray reflectivity takes advantage of this effect
and measures the intensity of X-rays reflected from the surface as a function of

angle at a given wavelength by running w — 26 scans, yielding the reflectivity
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curve, R(Q), where Q = 4rsinf/X, [89]

1 do 1672
R(Q) = 4L,L,sin6 //AQ (E) ol v Q?

where 4L, L, sinf is the area of the sample illuminated perpendicular to the in-

2

/ Z B(2) ez

(50)

coming beam and the elastic differential cross section (do/d(?),, is given by the
Fourier transform of the scattering length density (SLD) function S known as the

depth profile. Integrating by parts, Eq. (50) yields, [89]

_ 1672 ?

R(Q) ~ O

(51)

/ @e_iszz

oo Az

Considering a simple situation involving a uniform layer (thickness L, SLD ;)
on a substrate (SLD fs) and assuming infinitely smooth surface and interface, the
depth profile 5 (2) of the system is equal to; B for z < -L, g, for -L < z < 0,
and zero for z > 0. The derivative of the depth profile is a pair of § functions,
dB/dz =(B, — Bs) 0 (z + L) + B0 (z). Therefore, Eq. (51) can be solved for the

reflectivity curve [89]

- 1672

R(Q) 187 + (B — Bs)” — 2B (Br, — Bs) cos (LQ)] . (52)
Therefore, the specular reflectivity spectrum R(Q) is a sinusoidal function, decay-
ing with Q™* and the period of the oscillations is related to the thickness of the
layer by, AQ= 27 /L [89].

However, in practice the SLD § at the boundary diffuses and the roughness

at the surface or interface is modeled as a Gaussian function. Therefore, the
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derivative of the depth profile is also a Gaussian [89],

b6 _ B (f—?) (53)

dz o\ 2T 202

and using Eq. (50), Eq. (53) and the convolution theorem the reflectivity is pre-

dicted to be [89]

r(@) = 50 3 - cos20)] e (-4, (54)
where (3; becomes 3, if the roughness occurs at the air/layer interface and f; be-
comes (g if the roughness occurs at the layer/substrate interface. The reflectivity
R(Q) will decay more rapidly with increasing () compared to smooth surfaces and
interfaces.

All the XRR measurements in this work were performed using a PANalytical
high resolution diffractometer operated at 45 keV and 40 mA. A hybrid monochro-
mator (2xGe(220)) which offers a well-collimated beam of monochromatic Cu Koy
radiation (1.5406 A) with a 1/32° divergence slit were used in the incident beam
optics and a Soller slit of 0.04 rad with parallel plate collimator (0.27°) and Xe
proportional detector were used in the diffracted beam path. A Programmable
(pneumatic) Ni beam attenuator was attached to the front of the Xe proportional
detector to avoid overloading the detector at high intensities. With this geome-
try, the spectrum of the reflected intensity versus incidence angle was measured.
The reflectivity spectrum (R) vs Q =(47/A)sinf for a GeO, layer on Ge substrate
is shown in Fig. 22 with the theoretical model curve (solid line). The area cor-
rections (known as foot-print correction) have been made at incident angles (6;)

smaller than the critical angle (6.), where the irradiated area exceeds the sample
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Figure 22: X-ray reflectivity spectrum of a 33 nm thick GeO, layer on Ge (o:
experimental data, line: model). Electron density profile versus depth obtained
from the model for the same sample is shown in the inset (this work).
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Figure 23: Left: Schematic of an AFM detection system, showing the laser beam
(light source), tip, cantilever, and photodiode detector. Right: The force between
the tip of the oscillating cantilever and the surface as a function of the distance
between them [93].

size, assuming that the relative reflectivity must be equal to 1 due to total exter-
nal reflection. A simple layer model GeOy/Ge was used to model the reflectivity
spectrum. The calculated reflectivity was fitted with the experimental data using
the Parratt’s recursion formula [90] implemented in the Motofit package [91] in

IGOR Pro [92] analysis program.

3.6 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful surface analytical tool widely
used in materials science to obtain topographical images, chemical, mechanical,
and magnetic properties of sample surfaces down to molecular/atomic level reso-
lution [94, 95]. A sharp tip attached to a cantilever, scanned across the surface
of the sample as shown in Fig. 23. The interaction between the tip and the sur-
face causes cantilever to deflect towards or away from the surface. A variety of
interactions are present between the surface and the tip, depending on the dis-

tance between them. For an example, if the tip is very close (a few A) to the
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Figure 24: Atomic force microscopy image of the GeggSny; on Ge surface showing
an RMS roughness of 0.8 nm (this work).

sample surface, a very strong repulsive force will occur between the tip and the
surface, due to the overlapping of the electronic orbitals. When the tip is at a
few nanometers away from the surface, the Van der Waals interactions cause an
attractive force between the tip and the surface (see Fig. 23). The deflection of
the cantilever, caused by the forces between the tip and the sample surface, is
monitored by a laser and a photodiode detector array to generate a topographical
image of the surface. Laser and photodiode provide excellent spatial resolution
and high sensitivity in two dimension.

AFM imaging can be performed in different modes: contact mode and (non-
contact) tapping mode. In contact mode imaging, the deflection of the cantilever
is kept fixed during the scan. The scanning is highly influenced by frictional and
adhesive forces. The drawback is that high forces exerted on the surface can

cause damage to the sample, resulting in a distorted image. In tapping mode
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operation, the tip is oscillated and touches the surface only for a short period of
time, avoiding a large lateral force and drag across the sample surface. Tapping
mode provides better image resolution with no surface alternation [93].

A Bruker FastScan Dimension AFM system with a TESPA probe in non-
contact tapping mode was used to characterize the sample surfaces. AFM scans
were performed across a 10x10 pm? area of the samples, the scans were repeated
on multiple areas of a given sample in order to verify the surface morphology.
Figure 24 shows a 10x10 um? area AFM image of a GegoSni; on Ge sample. The
color scale on the right of the figure represents the height of the structures on the
sample surface and the surface morphology of the GeggSny; is described by the

root mean square (RMS) roughness.
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4 Optical constants of germanium and thermally grown germanium
dioxide from 0.5 to 6.6 eV via a multi-sample ellipsometry investi-

gation

Timothy N. Nunley, Nalin S. Fernando, Nuwanjula Samarasingha, Jaime M.
Moya, Cayla M. Nelson, Amber A. Medina, Stefan Zollner
Department of Physics, New Mexico State University, MSC 3D, P.O. Box 30001, Las Cruces,

NM 88003-8001, USA

4.1 Abstract

Thermal GeO5 oxides up to 136 nm thickness were produced by annealing Ge
wafers in pure oxygen at 550°C and 270 kPa pressure for up to ten hours. The
oxidation kinetics followed the Deal-Grove Law. Using multi-sample spectroscopic
ellipsometry of a series of five thermal oxides with different thicknesses, the com-
plex dielectric functions of Ge and GeOy were determined from 0.5 to 6.6 eV, for
thin-film metrology applications in Ge-based microelectronics and photonics. The
dispersion of the GeO, layer was modeled with a simple Tauc-Lorentz oscillator
model, but a more complicated dispersion with eight parametric oscillators was
required for Ge. A reasonable fit to the ellipsometric angles could be obtained by
assuming that all thermal oxides can be described by the same dielectric function,
regardless of thickness, but a slight improvement was achieved by allowing for a
lower density oxide near the surface of the thickest films. The authors compare

their results with literature data for Ge and bulk and thin-film GeO,.
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4.2 Introduction

Optical constants (complex refractive index n, complex dielectric function e,
reflection and absorption coefficients R and «) of materials are of great importance
for optical metrology in the semiconductor industry [96, 97]. A high-performance
complementary-metal-oxide-semiconductor (CMOS) process flow with eleven lay-
ers of metal requires about 75 photolayers and may contain up to 100 thickness
measurements, most of them performed using spectroscopic ellipsometry [98]. This
technique has been described in various books with increasing levels of sophisti-
cation [76, 99, 100, 101].

Since most microelectronic devices are built on a Si wafer, the optical constants
of Si and SiOs are the most important ones and have been determined with greater
accuracy than other materials [82]. They are often referred to as Woollam silicon
and used almost universally for thickness measurements in factories around the
world. For many materials, optical constants have been tabulated by Palik [102]
and Adachi [103]. Optical constants of intrinsic materials are related to their
vibrational and electronic properties [18, 104, 105, 106, 107].

Optical constants are determined using different techniques: Below [108] or
near [109, 110] the band gap of a semiconductor, the absorption coefficient o
and refractive index n are determined using transmission and minimum-deviation
prism [111] measurements, respectively. These techniques (and data resulting
from them) are still the most useful today and have not been replaced by more
modern methods, such as spectroscopic ellipsometry, which is not suitable for
measuring small absorption coefficients below about 10* cm ™" see Refs. [112, 113].
Above the band gap, transmission measurements on thin films can be successful

[114]. Since about 1960, the complex dielectric function above the band gap has
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been determined by reflectance followed by Kramers-Kronig transformation, [115]
but such results are often plagued by systematic errors due to surface overlayers
(including surface roughness) and the limited spectral range of the measurement.

More recently, the optical constants of semiconductors have been determined
by spectroscopic ellipsometry. Early instrument designs suffered from the rotating-
analyzer artifact [30, 116] and could not measure small absorption coefficients
accurately. This accuracy was improved by instruments employing a polariza-
tion modulator [83] or a computer-controller Berek waveplate compensator [82].
Even the most precise spectroscopic ellipsometers are unable to compete with
transmission or minimum-deviation prism measurements to determine the optical
constants below the band gap. We note that transmission measurements must be
performed using two-side polished wafers, while ellipsometry measurements are
better taken on single-side polished wafers, because reflections from a polished
(or insufficiently roughened) back surface interact incoherently with the reflection
from the front surface, thus causing depolarization of the reflected light beam [76].

Ellipsometry measurements on bulk semiconductors are difficult to interpret
because semiconductor wafers are usually covered by native oxides and have a
slightly rough surface. Modeling ellipsometry data from a real semiconductor
surface requires precise knowledge of the optical constants of the substrate (for
example, Ge), the surface layer (native oxide and roughness), and the thickness
of the surface layer. There are too many unknowns in the model to determine all
of them in measurements of a single sample.

Aspnes and Studna [116] addressed this problem for Ge by minimizing the
surface layer thickness with wet chemical etching (using a bromine solution in
methanol, buffered hydrofluoric acid, followed by a water rinse) and thus opti-

mizing the height of the absorption near the Fj critical point at 4.26 eV. They
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achieved an <ey> peak value of 30.6 at 4.26 eV, which is still only a lower bound
for the true value of ey for Ge at this energy because it was not corrected for
the oxide or roughness layer. Cleaving a bulk Ge crystal in ultra high vacuum
[117] or cleaning the surface through ion bombardment [80] followed by annealing
to produce clean 2x8 or 2x1 reconstructed surfaces also introduces uncertainties
because of the distortion of the polarization state by windows [76] and because of
surface roughness, ion bombardment damage, and epioptical effects, which make
the optical constants dependent on surface orientation [118] or surface passivation.

A different approach was taken by Jellison [83]. whose intent of wafer cleaning
was to remove carbon-based surface contamination (with acetone, methanol, and
peroxide, followed by a water rinse), but not the surface oxide itself. The thickness
of the remaining stable native oxide was then determined with an ellipsometric
measurement slightly above the direct band gap, where the absorption of Ge is
small. This is known as the Jellison-Sales method for transparent glasses [119].
It works well, if the optical constants of the surface overlayer are known precisely,
but fails otherwise. Jellison found an ey peak value of 31.8 at 4.24 eV, slightly
higher than the result from Aspnes and Studna [116] because of the native oxide
layer correction.

Finally, Herzinger et al., [82] describe a method to determine the optical con-
stants of semiconductors, if the optical constants of the substrate, those of the
oxide overlayer, and the layer thickness are all unknown. This method requires a
series of samples consisting of the same substrate and the same oxide, where only
the oxide thickness is varied. Ellipsometry measurements of several such samples
with oxide thicknesses ranging from very thin (only native oxide) to as thick as
possible (limited by the rate of oxidation) yield the optical constants of the sub-

strate, those of the oxide, and the thicknesses of all layers. The only assumption

o7



used by this method is that the optical constants of the oxide do not vary with
thickness (or from one sample to another). The validity of this assumption can
be checked by inspecting the goodness of fit for all samples.

This method has only been used for Si so far [82], where uniform and repeatable
thermal oxides with arbitrary thicknesses are easily produced with well established
silicon manufacturing techniques [120]. It has led to universally accepted values
for the optical constants of Si (100) and its thermal oxide [82]. The purpose of
this paper is to use the same method to determine the optical constants of bulk
Ge with a (100) surface orientation and those of thermally grown GeO,. Precise
knowledge of Ge optical constants is important for the development of Ge-based
p-type metal-oxide-semiconductor (PMOS) devices, which have attracted much
attention recently [121]. The optical constants of thin Ge layers may, of course,
be different from those of bulk Ge, but that is beyond the scope of this article.

This article is organized as follows: We first describe our experimental meth-
ods to clean the Ge substrate, prepare thermal GeO, oxides, and ellipsometry
data acquisition and analysis. Next, we present our results for GeOy on Ge in
a three-phase (ambient/oxide/substrate) model, followed by a discussion if this
model can be improved by including a thin interfacial layer between the GeO4y and
the substrate or by allowing the GeO, refractive index to vary between samples.

Finally, we discuss our overall results and compare our findings to previous data.

4.3 Thermal oxidation of Ge

As-received Ge bulk wafers were cleaved into 20x20 mm? pieces. These pieces
were then subjected to an ozone clean in a Novascan PSD Pro series digital UV

ozone system utilizing a Hg vapor lamp. This clean was performed in an oxygen-
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enriched environment, achieved by allowing ultrapure (99.98%) oxygen to flow
through the system for several minutes before sealing the chamber with the Hg
lamp on and the sample on a heating stage held at 150°C for 60 min, followed
by a 30-minute period of incubation with the lamp off and the sample cooling to
room temperature. After the ozone clean, samples were cleaned ultrasonically for
20 min in deionized water, followed by 20 min in isopropanol.

The intent of this hybrid dry/wet clean is to remove carbon-containing surface
contaminants from the wafer and reduce the native oxide thickness, but leave a
thin stable oxide on the wafer [83] as a seed oxide for thermal oxidation. Unlike
Ref. [78], we did not use harsh chemicals (bromine or hydrofluoric acid) before
oxidation to avoid roughening or contaminating the surface. Some elements of
our clean, especially the use of reactive oxygen species, are similar to those of Ref.
[122]. Photoemission studies have shown that exposure to UV light leads to a
predominance of the Ge'™ oxidation state [123].

After cleaning, the samples were placed in an ULVAC-RIKO MILA-5000 in-
frared lamp heating system for rapid thermal annealing. Samples were annealed
in ultrapure oxygen with 170 kPa gauge pressure (270 kPa absolute), as measured
by the gas regulator, at 1 L/min flow at 550°C for several hours, as needed to
achieve the desired oxide thickness [78]. Table 2 lists the annealing times for
several samples as well as their thicknesses and other parameters.

GeOy is hygroscopic and water soluble [124]. Therefore, ellipsometry measure-
ments were performed within a few days after oxidation. Furthermore, thermal
GeQOsy desorbs by reaction with the Ge substrate and diffusion of oxygen vacancies
generated at the Ge/GeO, interface [125]. Higher oxidation temperatures and
lower oxygen pressures promote GeQOy desorption. We selected an oxidation tem-

perature of 550°C, because it allows a suitable thermal oxide growth rate with
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minimal oxide desorption and lowest interface trap density [126, 127, 128]. The
oxidation pressure of 2.7 atm also enhances oxidation and suppresses thermal
oxide desorption, compared to atmospheric pressure [124].

The resulting GeOy/Ge layers were brown, yellow-brown, and light blue in
appearance (with increasing thickness), with reasonably uniform thickness and
occasional spots. Optimizing the clean was crucial to the success of our annealing

experiments. We found that thermal oxidation (see Table 2 and Fig. 25) follows

the Deal-Grove model [120]

>+ Ad=B(t+71), (55)

where d is the oxide thickness (determined from ellipsometry as described below), ¢
the oxidation time, and A, B, and 7 are parameters that depend on the oxidation
conditions, such as temperature, pressure, and gas composition. As shown by
the dashed lines in Fig. 25, the oxide thickness depends nearly quadratically on
oxidation time, i.e., d> ~ B(t+ 7). Including the linear term Ad (solid line)
becomes important for thinner oxides and higher pressures. The oxidation is
much faster at higher pressure.

We characterized our layers using grazing-incidence x-ray reflectance (XRR)
as shown in Fig. 26. These XRR spectra show a double critical angle for the
Ge substrate (1.35 ¢/A? density) and the GeO, layer with a lower density (1.03
eV/A®). The interference fringes (if present) indicate uniform oxide layers with
a well-defined electron density. We could only find such fringes for the thinner
oxide layers, where XRR thickness and ellipsometry thickness agree to within 1 nm
(which could be explained with surface roughness). From fitting the XRR spectra

for thinner oxides, we are able to determine the electron density as a function of

60



2.025 — —r—
- = This Work

[ Deal-Grove /',{ i
0.020 - ----- Quadratic (A=0) P p g ki
—~ 2 @ Huetal ~ i
= I // p=2.7 atm -
= 0015 - J
Nw : ”// :
£ 2010 - L J
C - 2
= - /'/ ]
© i L p=1.0 atm Bi
g 0.005 - // LM
e} PUPSPISE

9.000 “"'/

~ e
“J.UUo

0 2 4 6 8 10 12
Oxidation Time (hr)

Figure 25: Thermal oxide thickness versus oxidation time at atmospheric pressure
(Ref. [78]) and at 2.7 atm (this work). The solid line shows the best fit to Eq.
(55), while the dashed lines assume a quadratic dependence of the thickness on
oxidation time (A=0).
depth, also shown in Fig. 26. Thicker oxide layers do not show interference fringes,
perhaps due to thickness non-uniformity or a density gradient in the oxide.
Symmetric w-20 powder x-ray diffraction scans on a sealed-tube instrument
with 1.8 kW power are similar for all samples and only show background and the
2xGe(002) and Ge (004) substrate peaks. We did not find the amorphous GeO,
diffraction peak at 20=25° seen on rf sputtered GeO, films [129], which were up to
100 times thicker than our thermally grown oxides. Unpolarized Raman spectra
with 532 nm laser excitation are similar for all of our samples and only show first-
and second-order Raman peaks from the Ge substrate and no significant peaks
that might be attributed to GeO,. FTIR ellipsometry and transmission results to

investigate the infrared active phonons of these oxides will be discussed elsewhere.
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Table 2: List of GeO, oxides produced by thermal oxidation of Ge substrates
at 2.7 atm oxygen pressure at 550°C. d is the oxide thickness from ellipsometry,
t the oxidation time, Ad the relative thickness non-uniformity determined from
the ellipsometry depolarization spectra, dxgrgr the thickness determined by x-ray
reflectance (XRR) (samples 4 and 5 were fit with a fixed thickness), and <p> the
electron density determined by XRR. Ellipsometry results are from two models
(uniform and graded) as discussed in Sec. 4.5 (MSE=14) and 4.6 (MSE=6.9).
Probable errors are given in parentheses.

Uniform Graded
No. t d Ad d Ad dxRrRR <p>
(1) (om) (%) (m) (%) (om)  (e/A%)

1 0 2.31(1) NA 2.31(1) NA NA NA

2 1 34.01(3) 8.0(2) 35.32(2) 6.0(1) 33.3 1.03
3 2 52.18(3) 6.0(1) 53.31(2) 6.0(1) 50.2 1.03
4 5 88.62(5) 8.0(2) 92.11(5) 7.0(1) 92.5(f) 1.00
5 10 135.94(6) 1.5(1) 141.69(5) 1.0(1) 142(f) 1.01

Table 3: Deal-Grove parameters A, B, and 7 from Eq. (55) for thermal oxidation
of Ge in pure O, at temperature T and pressure p. Probable errors are given in
parentheses.

T P A B T

(°C) (kPa) (nm)  (nm?/hr) (hr)

550 100 0 132 0 From Ref. [79]
50 270 90(37) 3225(440) 0.22(32) this work
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Figure 26: (a) Grazing-incidence x-ray reflectance spectrum (red: model; blue:
data) and (b) electron density versus depth for sample 2 (33 nm thickness).
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4.4 Ellipsometry measurements and data analysis

We acquired the ellipsometric angles ¢» and A and the depolarization spectra
from 0.5 to 6.6 eV with 0.01 eV steps on a J.A. Woollam vertical variable-angle-of-
incidence rotating-analyzer ellipsometer with a computer-controlled Berek wave-
plate compensator [130]. To reduce experimental errors, all data were obtained by
averaging two-zone measurements with equal and opposite polarizer angles. Data
were acquired for four angles of incidence (¢p=60°, 65°, 70°, and 75°). Larger in-
cidence angles would be desirable to have data near the Brewster regime for bulk
Ge, but such measurements are not practical because of the finite sample size and
nonuniform oxide thickness. The magnitude of the polarizer angle was kept equal
to 1 at each wavelength, but no less than 5°. The time needed to acquire data
for one sample was several hours.

Monochromatic light was produced by an HS-190 double monochromator equipped
with three sets of gratings for the near-infrared (NIR), visible (VIS), and quartz-
ultraviolet (QUV) portion of the spectral range. The linear dispersion of the
monochromator is 2.3 nm/mm in the VIS/QUV and 4.6 nm/mm in the NIR,
leading to spectral bandwidths of no more than 4 and 8 nm, respectively, for a
maximum slit width of 1.7 mm.

For the spectral range from 0.76 to 6.6 eV, we used a UV-enhanced optical
fiber and a 75 W Xe short-arc lamp (Hamamatsu L10873) to produce the incident
monochromatic beam. We also measured from 0.5 to 3.0 eV using an IR-enhanced
optical fiber and a 100 W quartz-tungsten-halogen lamp (Ushio, with a TDK-
Lambda ZUP20-20 power supply), also mounted on the HS-190 monochromator
using a slightly modified reflector insert capable of holding and powering the

tungsten lamp. This IR setup slightly extends the spectral range downward to
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0.5 eV and avoids the strong peaks of the Xe lamp and the opaque region of the
UV fiber from 0.88 to 0.92 eV. Data obtained with both setups were merged and
showed good agreement in the region of spectral overlap. As one might expect,
only the Ge wafer with the thinnest (native) oxide layer showed a slightly unstable
oxide due to ongoing oxidation.

The ellipsometric angles (¢» and A) and the Fresnel reflectance ratio p =
¢ tan ¢ are related to the pseudo-refractive index <n> and the pseudo-dielectric

function <e>=<n>? of the sample through [76, 99]

_ ({n) cos ¢y — cos ¢1) (cos gg + (n) cos ¢,)
P ({n) cos ¢ + cos ¢1) (cos ¢ — (n) cos ¢y)’

(56)

where ¢q is the angle of incidence and ¢ the angle of refraction. For an ideal sam-
ple without surface overlayers, <n> and <e> are equal to the refractive index n
and the dielectric function € = n®. The ellipsometric angles for a sample consisting
of one or more layers on a substrate can be calculated if the optical constants for
all materials are known (or assumed to follow a model) [76, 99, 100, 101].

The complex dielectric function € for an amorphous oxide like thermally grown
GeOs, is usually described by the Tauc-Lorentz model, where the imaginary part

of € as a function of photon energy E is given by [76, 100, 131]

AET (E — E,)?
B |(B? - B})” + T2

€ (E) = (57)

for E > E, and vanishes below ;. The real part is obtained by Kramers-Kronig
transform. This model contains the following parameters: FE, is the Tauc gap,

the onset of absorption. The Lorentz oscillator [132] resonance energy is Ey, its
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amplitude A, and its broadening I'.

In addition, we use two poles [99] (unbroadened Lorentz oscillators)

‘()= (58)
(where the resonance energies are often chosen arbitrarily as 0.01 and 11 eV) to
describe the influence of absorption peaks below or above our spectral range on
the dispersion. For crystalline, tetragonal (rutile) GeO,, the dominant transverse
optical phonon modes for the ordinary (FE,) and extraordinary (As,) beams have
energies of 41 and 65 meV, respectively [133]. Glassy germania [134, 135] also has
a significantly higher IR absorption band located at 111 meV. An IR pole at 0.05
eV was chosen for our model.

Finding a parametric model for semiconductors like Ge with a finite number
of adjustable parameters requires some thought. In principle, the analytical prop-
erties of the complex dielectric function imply that it can be written as a product
defined by its poles and zeroes in the complex plane, which can be approximated
as a sum of Lorentzians. Seven Lorentzians [136] are sufficient to fit € for GaAs
between 1.5 and 5.0 eV, but more terms are needed outside of this range. More
flexibility can be introduced by allowing Lorentzians with a complex amplitude
[132].

A different approach was taken by Aspnes [137], who calculated the absorption
of semiconductors assuming parabolic bands and constant dipole matrix elements.
This critical-point parabolic-band model gives a good description of the derivatives
of the dielectric function, but fails to describe ¢ away from the critical point
singularities, where the nonparabolicity and the lg—dependence of the dipole matrix

element have to be taken into account [138].
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More general models for € can be constructed from the superposition of criti-
cal point structures, which are composed of continuous polynomial sections with
Gaussian broadening [82, 138, 139]. The details of such models are complicated
and not relevant for our work, but they describe the dispersion of the dielectric
function and its derivatives in a Kramers-Kronig-consistent fashion with a rea-
sonable number of parameters (about 40, compared to 1200 values for €). To be
specific, we describe € for Ge with the Herzinger-Johs parametric oscillator model
[139] as implemented in the WVASE32 software package [130]. We also included a
UV pole at 11 eV, but no IR pole because IR lattice absorption is weak for a non-
polar material like Ge [108]. The number of free parameters can be reduced by
keeping some of the shape parameters for Ge the same as those chosen previously
[139] for GaAs.

Quoting from Ref. [132], no attempts are made to give a physical meaning to
the models. We use them primarily to achieve a flexible Kramers-Kronig-consistent
description of the dispersion of real materials with a manageable number of pa-
rameters. In some cases, fit parameters such as energies or broadenings are related
to actual materials properties (such as band gaps), but such agreement is often
accidental and should not be over-interpreted. Only the dispersion of the complex
dielectric function and the layer thicknesses are actual outcomes of our fit, but
none of the oscillator parameters in this analysis.

Once the model has been built, one varies the parameters using the Levenberg-

Marquardt algorithm to minimize the mean-squared error

2

3N d eXpP
1 /)1.110 —p;
MSE = | ——— = 59
3N — M — Ap:%xp ) ( )
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where N is the number of data points (all photon energies, incidence angles, and
samples), M the number of parameters, pSXp the three experimental quantities
(ellipsometric angles ¥ and A and depolarization) at each data point, p?md the

quantities calculated from the model, and Aprp the experimental errors.

4.5 Results for GeO; on Ge with uniform layer fits

The ellipsometric angles and the depolarization for all five Ge/GeOy samples
were acquired from 0.5 to 6.6 eV as described earlier. This results in ten data
sets in the NIR/VIS and VIS/QUYV spectral range. All data were loaded into our
software and fitted simultaneously.

Figures 27 and 28 show the ellipsometric angles and the pseudodielectric func-
tion <e> for the sample with the thinnest oxide layer (about 2 nm native oxide).
Two data sets from 0.5 to 3.0 ¢V and from 0.76 to 6.6 ¢V taken on the same
day, but under slightly different conditions, were merged in these figures. The
differences between the two data sets are no more than 2% of <e>. Most likely,
these differences are due to slight non-uniformity across the wafer surface or due
to changes in surface conditions between the measurements. The depolarization
for this sample is below 0.4% (except at the extreme ends of the spectral range
due to noise) and peaks near 3.5 eV. There is no sign of depolarization due to
backside reflections below the indirect band gap [110] (£;=0.66 eV).

The ellipsometric angle 1 is largest for ¢9=60° and decreases towards larger
incidence angles, see Fig. 27. 1) becomes zero at the Brewster angle (76° for Ge at
2.5 pm). 1) increases gradually towards larger photon energies. The Ey, E) + Ay,
Ey, E5, and E; critical points [30] are clearly visible. A is near 180° in the IR

and drops towards larger photon energies, as the absorption increases. There is a
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Figure 27: Ellipsometric angles ¢» and A (symbols) at four angles of incidence
(60°, 65°, 70°, 75°) for a Ge wafer with native oxide, after the standard clean
described in Sec. 4.3. Two data sets from 0.5 to 3.0 eV and from 0.76 to 6.6 eV

were merged. Lines: Data calculated from our model.

sharp drop near the direct gap Ey=0.8 eV and additional drops at critical points
with higher energies. A also decreases with increasing ¢.

Below the direct gap, A should be 180° in the absence of a surface layer,
because the absorption nearly vanishes. Instead, Ax170° for ¢y=75" below 0.8
eV. For both Ge and GeQs, the refractive index at 2.5 pm (in the transparent
region) is fairly well established as 4.07 (Ge) and 1.57 (GeOs), respectively [102,
111, 140, 141]. Therefore, we are able to calculate that the native oxide thickness
for this sample must be about 23 A. This native oxide thickness is consistent with
our peak value of <ey>=22.6 near 4.2 eV, see Fig. 28, considerably below the
literature peak values [116, 83] of 31—32 for bare Ge. We therefore fix the native
oxide thickness at 23 A for our initial fits of sample 1.

Figures 29, 30, and 31 show the ellipsometric angles and depolarization spectra

for Ge wafers with thermally grown oxides of 34, 89, and 136 nm thickness. For the
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Figure 28: Same data as in Fig. 27 for four angles of incidence, but displayed as
a complex pseudodielectric function with real part <e;> (green) and imaginary
part <ey> (blue). Data from our model are shown in red.

34 nm sample, 1) shows a strong interference fringe near 4.8 eV, while the 89 nm
sample shows two interferences fringes at 2.5 and 6.0 e¢V. The thickest (136 nm)
sample shows three interference fringes. At the same energies as the v fringes, we
also see maxima in the depolarization, which can become quite strong (up to 40%).
We model the depolarization with a constant monochromator bandwidth of 4 nm
and by selecting a thickness nonuniformity (see Table 2) to match the magnitude
of the largest depolarization peak in the UV [142]. Small lateral variations of the
refractive index have the same effect as thickness nonuniformity:.

Even at 6.1 eV, the ¢ interference fringes are still quite strong, indicating that
the absorption coefficient of GeQO, is still small at this energy. The magnitude of
the 9 fringes is significantly influenced by depolarization. For example, for the
same absorption coefficient (3x10" cm ™! at 6.1 eV), the peak value of 1) would

be 76° for an ideal situation (without depolarization), but this peak is reduced to
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Figure 29: Ellipsometric angles (¢, A) and depolarization (symbols) for 34 nm
GeOy on Ge. Our model with a uniform oxide (lines) is nearly indistiguishable
from the experimental data.

63—65° under non-ideal (depolarizing) conditions for our films and experimental
setup. Depolarizing effects therefore make it difficult to place an exact value on
the absorption coefficient of GeO,.

We are finally ready to start the fit, using the Tauc-Lorentz parameters fitted
to the GeOs optical constants [78, 140] and parametric oscillator parameters for
Ge from the WVASE32 software as starting values. The shape parameters for the
Eo, Ey + Ao, Eq, and E; + A; critical points were fixed at the same values as
for GaAs. We also fixed Ay=0.297 eV and the broadenings for Ey (10 meV) and
Eo 4+ Ap (20 meV) based on historical transmission measurements [143].

The material parameters obtained from our best model are given in Tables S-1
and S-2 as supplemental information [144]. The dielectric functions for Ge and

GeOq are shown in Figs. 32 and 33 and also tabulated [144] in Tables S-3 and S-4.
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Figure 30: As Fig. 29, but for a Ge wafer with 89 nm GeO,.
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Figure 31: As Fig. 29, but for a Ge wafer with 136 nm GeOs. The uniform layer
model (lines) matches the maxima of ¢, but not the minima. This is a clear
indication for a gradient in the refractive index of the GeO, film.
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The mean-squared error (MSE) including all five samples in Table 2 was found to
be 14. This means that the average deviation between data and model is about
14 times the experimental errors. Half of the MSE is from the thickest oxide layer
as will be discussed later. Our model gives a near-perfect fit (MSE=0.9) for the
Ge substrate with native oxide, but deviations are larger for the thicker oxides.
The MSE is just slightly larger (MSE=18) for a non-absorbing model for GeOy
using two UV poles. We suspect that the largest sources of deviation for the
thicker oxide samples are the depolarization and errors in the ellipsometric angles
(especially in the UV) due to thickness variations across the samples.

To estimate the accuracy of the GeOy optical constants shown in Fig. 33, we
proceed as follows: The black lines in Fig. 34 show the best fit to all samples with
a uniform Tauc-Lorentz layer for the GeOs oxide. This fit also determines the
thicknesses of all oxides, see Table 2. Next, we only fit the 8 nm oxide with an
uncorrelated all-wavelength inversion of the ellipsometric angles at fixed thickness,
where Kramers-Kronig consistence is not enforced. (This is also known as a point-
by-point fit.) The results of this fit are shown by symbols in Fig. 34. We then
perform the same fit for another sample with 136 nm thickness and also show the
results by symbols. We can see that the differences between the Tauc-Lorentz fit to
all samples (assuming uniform identical oxide layers) and the single-sample point-
by-point fits are quite large (up to 10% for ;). Furthermore, we see oscillations in
the data, which are probably artifacts due to incomplete removal of interference
fringes. Values of €3,<0.1 are probably not reliable, but it appears that there is
some absorption in the oxide above 6 eV. It has been reported [145] that the
absorption coefficient of GeOy depends on the details of preparation. Therefore,
it is possible that poor agreement between data and model in the deep UV are

due to sample-to-sample variations, which we have ignored in our model.
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4.6 Results for GeO; on Ge with non-uniform layer fits

Since the quality of our fit with a three-phase (ambient-film-substrate) model
is only moderate (MSE=14), we discuss how the fit might be improved by adding
more complexity to our model. We focus on the UV spectral region, where the
discrepancy between data and model is largest. (For sample 1, the native oxide,
the differences between the measured ellipsometric angles and the model are much
less than 1°. The differences reach several degrees or even more for thicker oxides,
especially in the UV.) First, we note that adding additional oscillators in the UV
spectral region for GeOy (beyond the Tauc-Lorentz oscillator and poles at 11 and
0.05 eV) does not reduce the overall MSE.

Next, we allow the density of the thickest oxides to vary between the bottom
and top by adding a variable-density layer on top (effective medium layer with
variable thickness and variable void fraction). This reduces the MSE to 8.3 and
somewhat improves the fit in the UV for the thicker oxides. The void fraction
in this layer is quite low (near 20%) and the thickness large, several tens of nm.
This model would also account for surface roughness as a special case (with a 50%
void fraction), which does not appear to be a major factor due to the low void
fraction resulting from the fit. Similar results can be obtained by describing the
oxide as an effective medium, where the void fraction follows a power law with a
large exponent (about 5) and reaches about 30% near the surface. Finally, our
best model (MSE=6.9) adds an additional Gaussian oscillator for GeO, in the
UV, which leads to a kink in the absorption as shown in Fig. 34.

As a generalization of this effective-medium-approximation (EMA) model, we
can also describe the oxides with a graded-layer model, where the complex refrac-

tive index depends on thickness through a power law with a variable exponent.
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The refractive index in such oxide models is typically about 20% lower at the sur-
face than at the substrate/oxide interface and the exponent quite high (indicating
that the low-density region is confined to the top 20% of the film).

We also added an interfacial layer with variable thickness (kept the same for all
samples), which consists of a 50/50 mixture of the bulk and film optical constants
described within the Bruggeman EMA. The rationale for this model is that some
electrons in the bulk Ge might leak out into the oxide (have a finite probability
to be located in the GeOq barrier). It has also been shown theoretically [146] for
the Si/SiO, interface that the first 7-10 A of the oxide have a different structure
and density than thick oxides. Using this intermix model [82], which assumes a
higher electron density near the interface than in a thick oxide, did not improve

our fits and thercfore we discarded this possibility.

4.7 Discussion

Since a three-layer (ambient-oxide-substrate) model with uniform GeO, layers
gives good agreement with our ellipsometry data and cannot be improved much by
introducing more complexity, we consider the results from our uniform three-layer
fit the final results from this work. Results for the complex dielectric function,
complex refractive index, absorption coefficient, and normal-incidence reflectance
for Ge and GeO, as a function of photon energy and wavelength are given in
Tables S-3 and S-4 of the supplemental materials [144],

The complex dielectric function of Ge from our fit together with literature
results [116, 83] and an unpublished data set [130] are shown in Fig. 32. Our
€2 maximum of 31.3 at 4.25 eV is between the results of Ref. [116] and Ref. [83]

and slightly lower than the unpublished Nebraska result [130] of €,=32.3. Since
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Figure 32: Complex dielectric function for Ge from a fit to our ellipsometry results
in comparison with literature data [83, 102, 111, 116, 130].

we determined the oxide thickness for our thinnest sample (native oxide) using
the Jellison-Sales method [119] with measurements below the Ge band gap, we
believe that our results are highly accurate. At 0.5 eV, below the band gap, our
refractive index n=4.07 is identical to minimum-deviation prism results [111, 102].
The maxima and minima of our spectra related to critical points and interband
transitions [30] have been discussed elsewhere [81].

Figure 33 shows the dielectric function for GeOy from our fit in comparison
with prior data [78, 140]. The results for thermal oxides produced by Hu et al. [78]
cover the energy range from 1.5 to 5.5 eV, while Devyatykh et al. [140] measured
bulk crystals from 0.5 to 2.5 ¢V using the minimum-deviation prism method.

Our value of € at 0.5 eV for the oxide film equals 2.4 (corresponding to
n=1.55), which is about 4% lower than prior results [78, 140]. Our values do

not depend much on the details of our Tauc-Lorentz model (such as the strength
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of the IR pole, the Tauc gap, or including a density gradient). Therefore, it is
possible that our GeO, oxides indeed have a lower density (resulting in a lower
refractive index) than films and crystals produced by others, perhaps related to
our fast high-pressure oxidation conditions (see Fig. 25). For the Si/SiOy sys-
tem, it is known that oxides with lower density have a lower refractive index
[147, 148, 149, 150]. Variations of the index of a silicate glass by 5-10% are com-
mon (even without adding heavy metals to increase the index). On the other
hand, Fig. 34 also demonstrates that the accuracy of our GeO, refractive index
measurement is only about 5%, because an oscillator fit may yield a different
result than a direct point-by-point inversion. Pajasova [141] provided accurate
measurements of the refractive index n for bulk glassy GeOs in the transparent
region from 0.4 to 2.5 pm using the minimum-deviation prism measurements. She
found that n decreases from 1.57 at 1 pum to 1.56 at 2.5 um (€;=2.43), quite similar
to our values.

Pajasovas [141] results for e; of GeOy are less accurate, because they were
obtained from Kramers-Kronig transformation of reflectance data, but they clearly
indicate strong absorption peaks at 6.6 and 10.7 eV, outside of our spectral range.
From measurements on RF-sputtered GeOs films with 0.77 to 6 pum thickness
[129], the onset of strong absorption was found to be about 5.95 eV. Below the
main band gap, there is an absorption peak with a magnitude of about 200 cm™*
centered at 5.06 eV, which was found in bulk crystals [145] as well as in thin
films [129]. This peak depends on preparation conditions and disappears after
annealing at high temperatures of bulk specimens or films on fused silica [129].
This below-gap absorption has been attributed to oxygen vacancies [145], which
are also expected in our thermal oxides due to oxide decomposition [124]. In our

absorption coefficient data derived from e for GeO,, we determine a=2x10* cm™
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Figure 33: Complex dielectric function for GeOs from the uniform layer fit to our
ellipsometry results in comparison with literature data |78, 140].

(the threshold of our sensitivity, compare Fig. 34) at 6 eV, considerably larger
than a=0.5x10" cm ' found by transmission measurements on sputtered films.
[129] Tt is common for spectroscopic ellipsometry measurements to overestimate

small absorption coefficients [112, 113].

4.8 Summary

We developed a hybrid dry-wet preclean for thermal oxidation of Ge and pro-
duced thermal oxides on Ge at 550°C and 270 kPa O, pressure, with oxide thick-
nesses ranging from 34 to 136 nm and oxidation times up to 10 hours. Multi-
sample ellipsometry analysis of these oxides determined the dielectric functions of
Ge and GeOy from 0.5 to 6.6 eV. We carefully discuss the accuracy of our results

and compare with prior data.
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Figure 34: To estimate the accuracy of the optical constants for GeO,, we plot
the dielectric function obtained from various methods: From a Tauc-Lorentz fit
to all data assuming uniform oxide density, from fits of single samples (89 nm and
136 nm thickness) with uniform density, and a two-oscillator fit (Tauc-Lorentz
and Gaussian) to all data allowing a density gradient for the thicker oxides.
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5.1 Abstract

Epitaxial Ge layers on a Si substrate experience a tensile biaxial stress due
to the difference between the thermal expansion coefficients of the Ge epilayer
and the Si substrate, which can be measured using asymmetric x-ray diffraction
reciprocal space maps. This stress depends on temperature and affects the band
structure, interband critical points, and optical spectra. This manuscripts reports
careful measurements of the temperature dependence of the dielectric function
and the interband critical point parameters of bulk Ge and Ge epilayers on Si
using spectroscopic ellipsometry from 80 to 780 K and from 0.8 to 6.5 eV. The
authors find a temperature-dependent redshift of the E; and FE; + A; critical
points in Ge on Si (relative to bulk Ge). This redshift can be described well with
a model based on thermal expansion coefficients, continuum elasticity theory,
and the deformation potential theory for interband transitions. The interband

transitions leading to Ej, and Fj critical points have lower symmetry and therefore
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are not affected by the stress.

5.2 Introduction

There is a close relationship between the optical constants, especially the com-
plex dielectric function €, of semiconductors and their electronic band structure
[105]. The dielectric function spectra [83, 116], usually measured by spectroscopic
ellipsometry [76, 77, 151, 152], show distinctive peaks, called interband critical
points (CPs), which are associated with energy differences between the conduc-
tion and valence bands at characteristic points or regions in the Brillouin zone
[105]. For example, the dielectric function of Ge displays two peaks called F;
and F; + A; near 2 eV due to interband optical transitions at the L-point of the
Brillouin zone and along the A-direction [30].

These CPs depend on temperature [30], alloy composition [153, 154, 155], dop-
ing [156, 157, 158], pressure [159, 160], and strain [161, 162] and therefore can be
used for characterization and process control [49, 98]. CP changes can also be ex-
ploited for electronic and optoelectronic applications. For example, tensile biaxial

stress lowers the direct gap of Ge [3] and increases the near-infrared absorption

sufficiently large tensile biaxial stress, Ge epitaxial layers on Si show direct-gap
photoluminescence [164] and optical amplification [165]. By contrast, unstrained
layers of Ge;_,Sn, alloys also exhibit a direct band gap [166, 167] for y>0.07,
which allows fabrication of semiconductor lasers [168].

We previously reported [79] accurate measurements of the Ge dielectric func-
tion from 0.5 to 6.6 €V at room temperature. The subject of the present manuscript

is to discuss the temperature dependence of the CP parameters of Ge between 80
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and 800 K. Especially, we focus on CP differences between bulk Ge and epitaxial
Ge layers grown on Si, which are under tensile biaxial stress because of the thermal

expansion coefficient mismatch between the Ge epilayer and the Si substrate.

5.3 Sample preparation and characterization

Bulk undoped Ge wafers with (100) surface orientation and a resistivity greater
than 40 Qcm were obtained commercially [169] and cleaved into 20x20 mm?
pieces, then cleaned using a hybrid dry/wet process as described elsewhere [79].
The purpose of the clean is to create a thin stable native oxide layer with about
2—3 nm thickness. No strong acids were used to remove the native oxide com-
pletely. For comparison with bulk Ge, we also prepared thick relaxed Ge epitaxial
layers on Si.

Undoped layers of Ge with a thickness of about 1500 nm were deposited on
Si (100) using ultrahigh vacuum chemical vapor deposition (UHV-CVD) [73]. We
used tetragermane (GesHyg) as the precursor, diluted in hydrogen at a 1:20 ratio.
Growth occurred at temperatures between 350 and 400°C at a total pressure of
10™* Torr. The growth rate varied between 17 and 30 nm/min depending on the
growth temperature. After the completion of the growth, samples were annealed
in situ at 680°C for 3 min to improve the alignment of crystal mosaics. Before
ellipsometry measurements, these samples were also cleaned ultrasonically with
water and isopropanol.

The Ge layer thickness was verified by spectroscopic ellipsometry [170] from the
spacing of the interference fringes at low photon energies (between 0.8 and 1.2 eV),
see Fig. 35. Films were smooth and defect-free with a surface roughness of about

0.5 nm as determined using atomic force microscopy. X-ray diffraction studies
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Figure 35: Pseudodielectric function of a Ge epitaxial layer on Si at 300 K (solid:
data; dashed: model). Interference fringes between 0.8 and 1.2 eV allow the
determination of the Ge epilayer thickness (1460 nm). The native oxide thickness
obtained from the fit is 3.1 nm.

show sharp (004) diffraction peaks from the Si substrate and the Ge epilayer, see
Fig. 36 (inset). The full width at half maximum of the Ge (004) rocking curve is
only 120”. Additional information about these samples and their applications for
photodiodes is given in [73].

Using asymmetric (224) grazing exit x-ray reciprocal space maps [86, 87] (see
Fig. 36) we determined the out-of-plane lattice constant to be 5.65241 A. In com-
parison to the bulk Ge lattice constant of 5.658 A, that results in a compressive
out-of-plane strain of €, =—0.11%. We also determined the in-plane lattice con-

stant to be 5.666+2 A, which corresponds to a tensile in-plane strain of €)=0.14%.

Considering the large error bars for these small strains, these results are consistent
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Figure 36: Inset: Logarithmic intensity versus diffraction angle for the symmetric
(004) w-26 x-ray reflections of Ge on Si, showing a strong peak from the Si sub-
strate at w=34.5° and a weaker peak from the Ge epilayer at 33°. Main graph:
High-resolution x-ray diffraction (224) grazing exit reciprocal space map of Ge
on Si. The relaxation line (solid) shows that the Ge epilayer is not fully relaxed
relative to the Si substrate. The residual in-plane strain €| is 0.14+0.04% (tensile)
and the out-of-plane strain e, is —0.114+0.03% (compressive) as a result of the
difference in thermal expansion of Ge and Si.
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with elasticity theory [87]

€1 (T) = —Qg—i (T) €] (T) ~ —0.756” (T) , (60)

where the temperature-dependent ratio of the elastic moduli is [43]

Cl2

o (1) = 037492 = 3.7 1075 K~ (T — 273 K).. (61)
11

The Ge epilayers on Si are under tensile biaxial stress because of the different
thermal expansion coefficients for Si and Ge [171]. For the purposes of our in-
vestigation, we assume that the Ge epilayers are fully relaxed on the Si substrate
at the growth temperature 7, through the formation of misfit dislocations near
the interface between the epilayer and the substrate. Since the thermal expansion
coefficient for bulk Ge is roughly twice that of Si [171], the Ge epilayer wants to
contract much faster than the Si substrate as the sample is cooled down to room
temperature [163]. Assuming no additional misfit dislocation form during the cool-
down step, the thermal expansion mismatch leads to a tensile biaxial stress of the
Ge layer along the wafer surface at room temperature. This stress increases the
in-plane lattice constant and decreases the out-of-plane lattice constant according
to elasticity theory, as found in our x-ray diffraction analysis [86, 87].

Determining the “growth temperature” 7}, in this simple model is not straight-
forward, since growth occurs in several steps at diferent temperatures followed by
in situ annealing [73]. One might argue that the epilayer is anchored to the Si
substrate during the initial stages of growth (near 650 K). One might also expect
that the strain-free condition is reached at a higher temperature during the an-

neal step. Given this ambiguity, we perform different model calculations with 7T
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between 700 K and 850 K, which we consider lower and upper bounds for the

growth temperature.

5.4 Thermal expansion mismatch

To model the biaxial stress in our samples as a function of temperature, we

express the linear thermal expansion coefficient for Si and Ge as [42]

. (0:;/T)% exp (0;/T)
Z fexp (6;/T) — 12 ° (62)

=1

where x; and 0; are parameters taken from [42]. (A good fit to the thermal
expansion coefficients can also be obtained with a model containing only two
adjustable parameters [43].)

The tensile in-plane strain ¢ (T) induced in a Ge epilayer on Si due to the ther-
mal expansion mismatch between Si and Ge can then be calculated [12], assuming

no strain relaxation occurs while cooling down from the growth temperature T:

(1) = [ e (1) = ass (7T, (63

The corresponding out-of-plane strain is given by Eq. (60). Calculated values for
the strain tensor components are shown in Fig. 37 along with values measured by
x-ray diffraction (compare Fig. 36). The agreement of our model with the strain
measured at room temperature is good.

To calculate the CP energies as a function of strain, we introduce the hydro-
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Figure 37: Temperature dependence of the in-plane strain ¢ and the out-of-
plane strain €, in the Ge epilayer caused by the thermal expansion mismatch
between the Si substrate and the Ge layer as shown in the inset. Ge experiences
a temperature dependent biaxial tensile stress which leads to a tensile in-plane
strain calculated using Eq. (63) from the thermal expansion coefficients of Si and
Ge assuming different growth temperatures T. The resulting out-of-plane strain

is compressive (negative). o:

x-ray diffraction (224) grazing exit reciprocal space map at 300 K.
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static and shear strains [49]

en = e +2¢)]/3 and es= [eL —¢]/3. (64)

The hydrostatic and shear shifts [49] AE; and AFEg of the £} and E) + A; CPs

define the hydrostatic and shear deformation potentials D} and D3 by [49]

AEy =V3D'ey and AEs=V6D3es, (65)

resulting in [49]

B} = E}(T)+ = + AEy — \/ (Af + (AEg)” (66)
(Ev+A1)° = E7(T) + % +AFEy + \/(Ai)Q + (AEs)®, (67)

where the superscripts s and 0 denote the CP energies in strained and unstrained
Ge, respectively. The temperature independent quantity A; is the spin-orbit split-
ting of the valence band of unstrained Ge at the L point, taken as our experimental

value of 0.198 eV.

5.5 Ellipsometric measurements and data processing

We measured the pseudodielectric function of our samples at a 70° incidence
angle from 0.8 to 6.6 eV (with 10 meV steps) in a UHV cryostat at tempera-
tures from 80 K to 785 K using an ellipsometer [170] described elsewhere [172]

to investigate the temperature dependence of the CP parameters of Ge on Si in
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comparison with bulk Ge. The samples were attached to a copper cold finger us-
ing metal clamps. A type-E thermocouple in a stainless steel sheeth was attached
to the front surface of the sample to read the temperature of the sample accu-
rately. A gold-coated copper radiation shield covered the sample and cold finger
to minimize heat loss. The sample was heated to 600 K for an hour to allow the
sample to degas, which slightly reduces the (native oxide) surface layer thickness.
Then it was cooled down to 80 K and heated again to 400 K to minimize the
formation of an ice layer on the surface of the sample during measurements at low
temperatures. This achieved a base pressure below 10~° Torr.

The temperature-dependent dielectric functions of bulk Ge and Ge on Si were
obtained in a two-step fitting procedure. Two multilayer models, GeO,-Ge and
GeOq-Ge-Si, were used to fit the experimental data. Dielectric functions for GeOq
and Si at 300 K were taken from the literature [79, 82]. Their temperature de-
pendence does not have a big impact on the analysis. The dielectric functions of
bulk Ge and Ge on Si were described using a parametric oscillator model [79, 82]
which imposes Kramers-Kronig consistency between the real and imaginary parts
of the dielectric function. In the first step of the fit, the oxide layer thickness, the
Ge layer thickness on Si, and all parameters in the parametric oscillator model
were adjusted. In the second step, the thicknesses were kept fixed at the values
obtained in the first step, and the data were fit again by adjusting the values
of € for Ge at each photon energy (known as point-by-point fit) to obtain the
final tabulated dielectric function of Ge (or Ge on Si). We obtained a 1-3 nm
thick GeO, surface oxide layer for both samples when modeling room tempera-
ture experimental data. During measurements between 600 and 800 K, the oxide
thickness is reduced by up to 6 A. For consistency, we did not vary the oxide

thickness during our temperature-dependent point-by-point fits for the purposes

89



0..|....| T BTEE P S a—— o'
10 1.5 20 25 3.0 35 40 45 50 55 6.0
Energy (eV)

Figure 38: Real (€1, dashed) and imaginary (e, solid) parts of the dielectric
function of Ge on Si at temperatures between 80 K and 785 K.

of CP analysis. According to our analysis, the £ (T) and Ey+A; (T') CP energies
are not sensitive to the thickness of the oxide layer, which is consistent with the
literature [173]. Fixing the oxide thickness reduces variations in the magnitude of
the CPs. The dielectric function of Ge on Si at temperatures between 80 and 785
K is shown in Fig. 38.

The dielectric function in the vicinity of the E; and E; + A; CPs can be
described using an expression for a mixture of a two-dimensional minimum and a
saddle point [30]

e(w)=C—Aln(w— E, —il")e", (68)

where w is the photon energy, A the dimensionless amplitude, E, the CP energy,
I' the broadening parameter, and ¢ the excitonic phase angle, which describes
the amount of mixing. The contribution of the CPs to the dielectric function

can be enhanced and the non-resonant background C' (from other CPs) removed
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Figure 39: Second derivatives of the real (e;) and imaginary (e;) parts of the
dielectric function of Ge on Si (solid) and bulk Ge (dotted) with respect to photon
energy near the E; and E;+A; CPs at 80 K. Symbols (o: Ge on Si, O: bulk Ge)
represent the experimental data, the lines the best fit with a two dimensional
minimum critical point using Eq. (68).
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by analyzing second derivatives [30]. The real and imaginary parts of the di-
electric function obtained by point-by-point fitting at different temperatures were
numerically differentiated and smoothed using Savitzky-Golay [84] coefficients for
second-order derivatives with a cubic polynomial. The number of smoothing coef-
ficients depended on temperature: 8, 10, and 12 smoothing coefficients were used
in the temperature ranges below 500 K, 525-600 K, and above 625 K, respec-
tively, to obtain a good signal to noise ratio without distorting the line shape.
The second derivative spectra of the dielectric function of the bulk Ge and Ge on
Si were fit using Eq. (68), with results shown in Fig. 39. Both the F; and E; + A,
structures were fitted simultaneously, and the excitonic phase angle ¢ was forced
to take the same value for both F; and E; + A;. It is quite clear from Fig. 39
that the CPs are red-shifted for Ge on Si compared to bulk Ge due to the biaxial

tensile stress.

5.6 Results and discussion for E; and E; + A,

Our derivative line-shape analysis yields the F; and E; + A; CP parameters
as a function of temperature, which are shown in Fig. 40 (energy), Fig. 41 (ampli-
tude), Fig. 42 (phase angle), and Fig. 43 (broadening). One source of the errors
associated with the CP parameters are random statistical errors coming from the
second derivative analysis. The statistical errors of the energy, amplitude (A),
phase angle (¢) and broadening (I') are on the order of 1 meV, 0.1, 0.2° and 1
meV respectively. These errors are much smaller than the fluctuations observed
in our data. Therefore, there should be some other systematic errors, inherited to
the experimental data and the model, which are difficult to quantify. One such

source of the errors could be the effects of the surface layer. Thickness nonuni-
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formity and the instability of the surface oxide layer during the measurements
at high at temperatures (above 600 K) affect the dielectric function, making the
surface layer correction less accurate in the optical model. Increased noise with in-
creasing temperature due to the black body radiation from the sample also affects
the CP parameters obtained from the second derivative analysis. The influence
of one bad data point can become significant in the second derivative spectrum
and can affect the amplitude and the broadening of the line shape of the CP. The
observed random fluctuations of the CP parameters with increasing temperature
may caused by these factors. Figure 44 shows that the spin-orbit splitting A,
if treated as a fitting parameter, is independent of temperature and fluctuates
between 195 and 200 meV due to random measurement and fitting errors. Our
measured A; is significantly larger than the value of 187 meV reported in [30],
but consistent with measurements by others [30, 174].

Figure 40 clearly demonstrates that the £, and E; + A; CP energies are about
the same for bulk Ge and Ge on Si near 700 K. At lower temperatures, the CPs of
Ge on Si are redshifted (i.e., lower in energy) compared to those of bulk Ge at the
same temperature. The redshift increases towards lower temperatures, because
the biaxial stress increases. There might be a small blueshift above 700 K, which
is on the order of the experimental errors.

The differences of the F; and F; + A; energies between bulk Ge and Ge on
Si as a function of temperature are shown in Fig. 45. This redshift is 15—20
meV at low temperatures and gradually becomes smaller near 700 K. At very
high temperatures, the shift becomes negative. These shifts can be modeled using
the continuum elasticity theory for the biaxial stress due to thermal expansion

mismatch, as explained ecarlier. From the strain tensor shown in Fig. 37, we

93



Energy (eV)

E, bulk Ge

B E,+A, bulk Ge
> E, Geon Si

E,tA, Ge on Si

8'.|..|...|...|...|..|...|.‘.‘-~.'
100 200 300 400 500 600 700 800

Temperature (K)

Figure 40: Temperature dependence of the E; (e,0) and E;+A; (B, 0) energies
of bulk Ge (solid) and Ge on Si (open). The statistical errors of the CP energies
determined from the second derivatives are on the order of 1 meV. Solid lines
show the best fit of the data using Eq. (72) with parameters given in Table 4.
The dash-dotted line shows the results from [30] for comparison.
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Figure 41: Temperature dependence of the dimensionless amplitudes (A) of the
E; (e,0) and E;+A; (M, O) transitions of bulk Ge (solid) and Ge on Si (open).
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Figure 43: Temperature dependence of the E; (e, 0) and E;+A; (B, 0O) broadening
parameter I' defined in Eq. (68) for bulk Ge (solid) and Ge on Si (open). The
dash-dotted line shows the results for E; of bulk Ge from [30] for comparison.
The solid and dashed lines show the best fit to Eq. (73) with parameters in Table
5.
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Figure 44: Temperature dependence of the spin orbit splitting A; of the valence
band for bulk Ge (W) and Ge on Si (o).

calculate the E; redshift

AE, — % T+ ABy — (A 4+ (AEs)? (69)
for an assumed growth temperature 7, between 700 and 850 K. These results,
shown by the lines in Fig. 45, show the correct trend, but the calculated slope of
the temperature shift is smaller than the slope of the measured data. It appears
as if the tensile stress determined from our CP energy differences is 30-50% larger
than the stress calculated from the thermal expansion coefficients.

It is well known that most CPs redshift with increasing temperature [30, 39,
175]. This can easily be seen in Fig. 40. Our measured redshift is smaller than that

obtained in [30]. We trust that our temperature measurements are more accurate,

since we have mounted our thermocouple directly on the sample surface.

96



20 t) rl lililililili!il 1T ! T T T ! T T T ! L | T ! T T 1|

> _
) i
E _
® -
O

O _
o _
D _
o 0' ~
& | —— Tg=700K .
o ---- Tg=850 K = 59 e]
w [ Tg= 770 K ° 5 o |

100 200 300 400 500 600 700 800
Temperature (K)

Figure 45: Energy difference of the E; (o) and E;+A; (O) critical point energies
between bulk Ge and Ge on Si. Lines show the predicted energy difference for
three growth temperatures T, using Eqgs. (89) and (90). e and M represent the
calculated energy difference of the E; and E;+A; critical point energies using the
measured XRD strain at 300 K.
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This redshift has two contributions, from thermal expansion of the crystal
and from the renormalization of the electron energies due to electron-phonon
interactions [39]. The temperature dependent energy shift due to the thermal
volume expansion follows from Eq. (65) and can be written as

T
AEy, (T) = V3D} / a (T dT'. (70)
0
The redshift due to electron-phonon interaction is proportional to the Bose-Finstein

occupation factor for an (effective) phonon and often written as [30, 39]
B (T) =a' =¥ [1+2/(e%/T ~1)] . (71)

where k' is the effective phonon energy, 0’ the electron-phonon coupling strength,
and a’ the unrenormalized transition energy.

Experimentally, one measures the total energy shift (sum of thermal expansion
and electron-phonon contributions), and also describes it with the same empirical

Bose-Einstein expression
Etotal (T) =a—1> [1 + 2/ (eeB/T o 1)} ' (72)

The primed parameters can be obtained from the experiment by subtracting the
thermal expansion contribution in Eq. (70) from the measured energy shifts and
then fitting with Eq. (71).

In Table 4, we list the primed and unprimed Bose-Einstein parameters describ-

ing the temperature shifts for the £y and E; + A; transitions in comparison with
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Table 4: Values of the parameters a, b, and fz obtained by fitting the E; and
E;+A; critical point energy vs temperature to Eq. (72) and the values of the
parameters a’, b’, and 05 which describe the temperature dependence of the E;
and E;4+A; taking into account the effects of the thermal expansion using Eq.
(71). Parameters marked (f) were fixed during the fit.

Bulk Ge a (eV) b (eV) 05 (K)
Ey 2.2954+0.002 0.063£0.004 218+14
Ey+ A 2.49440.002 0.064=£0.001 218 (f)
E; (Ref. [30]) 2.33+0.03 0.124+0.04 360+120
Ej 3.18+0.02 0.05+0.02 313+107
E!, (Ref. [30]) 3.2340.02  0.08+£0.03 4844136
Ey 4.505+0.006 0.05+0.01 217441
Es (Ref. [30)) 4.63£0.05  0.170.06 4994127
Ge on Si

Ey 2.273+£0.001  0.059140.0009 218 (f)
B+ A 2.47240.001 0.05934+0.0002 218 (f)
E; 3.165+0.006  0.051+0.002 313(f)
Ey 4.496+0.003 0.052£0.001 217(f)
Bulk Ge a (eV) b (eV) 0% (K)
E, — AFEy, 2.2751+0.002  0.039+0.005 166+£21
(Ey+Ay) — AE,;,  2.474£0.002  0.040£0.0002 166 (£)
Ey — AEy, 4.488+0.005 0.03£0.01 167+£58
Ge on Si

E, — AFEy, 2.25340.001  0.0363£0.0002 166 (f)
(Ey+Ay) — AE,;  2.452+0.001  0.036620.0002 166 (f)
Ey — AFEy, 4.479+0.002 0.032840.0004 167 (f)
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previous results [30]. Our electron-phonon coupling parameter b and our effective
phonon energy kfp are both smaller than in [30], thus compensating each other.
This difference compared to [30] also affects the unrenormalized band gap parame-
ter a. Since the optical phonon energy of Ge is 37 meV, any temperature 6z lower
than 430 K is physically meaningful. Lower values indicate increasing importance
of acoustic phonons for electron-phonon mediated band gap renormalization.

The broadenings of the £ and E; + A; CPs (see Fig. 43) are very similar for
bulk Ge and Ge on Si. The broadenings for F;+ A, are larger than for E;, because
electrons and holes with higher energy have a larger phase space to scatter into
[176]. Our broadenings are similar to [30].

Similar to Eq. (72), the broadenings can also be fitted with a Bose-Einstein
factor [30]

[(T) =T +To[142/(e"/" —1)]. (73)

The results from a fit to our measured broadenings is shown in Table 5 in com-
parison with literature data [30]. Just like for the energy shifts, we find a smaller
electron-phonon coupling constant I'y and also a smaller effective phonon energy
kp0p than in [30]. A parameter-free theory for the temperature dependence of the
broadenings [176] predicts an effective phonon temperature 65 for the F; broad-
enings between 230 and 390 K and a coupling constant I'y between 20 and 40
meV.

The dimensionless CP amplitudes calculated from Eq. (68) and shown in Fig.
41 are about 5-6 for F, and 3-4 for Ey + A;. Their temperature dependence is
weak. The agreement with [30] is reasonable. The details of the numerical fitting
procedure (especially calulating the Savitzky-Golay derivatives) have a strong

impact on the amplitudes and broadenings, but not so much on the energies. An
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Table 5: Bose-Einstein parameters to describe the critical-point broadenings using
Eq. (73). The phonon energy parameter 65 was fixed to be the same as in Table
4. Parameters marked (f) were fixed during the fit.

Bulk Ge I'y (meV) Ty (meV) 6p (K)
E SESI 142103 218(f)
E; (Ref. [30]) 1249 2543 376(f)
Ey + A 2243 15.1£0.6  218(f)
Ei + A (Ref. [30]) 98 4345 484 (sic)
Ey 38+2 22.1+0.5  217(f)
E5 (Ref. [30]) 8+5 69+3 499(f)
Ge on Si

£y 12.5£1 13.9+0.3  218(f)
B+ A 2542 14.840.5  218(f)
E, 39+2 22.940.4  217(f)

uncorrelated electron model for the amplitudes (ignoring excitonic effects) yields

[30]

44
Ap, = Ap ia, ® Py (B1+A1/3)=3...4, (74)
1

where a is the Ge lattice constant in A and the energies are specified in €V, in
good agreement with our experiments. The difference in the amplitudes for £
and E; + A; might be explained by terms linear in &, , see Refs. [30] and [177].
Excitonic effects might also enhance the strength of the E; amplitudes [178].

In the absence of excitonic effects and surface overlayers, we expect a phase
angle of 90° for a two-dimensional saddle point [179]. Deviations from this value
explained by excitonic effects and other (often questionable) reasons [138]. At
low temperatures, we indeed find the expected phase angle $=90°, but it drops

quickly towards higher energies. This was also observed in [30].
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5.7 Higher-energy critical points E, and E,

For completeness, we also determined the temperature dependence of the Ej
and Fy CP parameters for bulk Ge and Ge on Si. The FE, structure was fitted as
a single CP with 12—18 Savitzky-Golay coefficients, depending on temperature.
Since the Ej structure is influenced by the tails of the £y + A; and Ey CPs, all
four structures had to be fitted simultaneously with 17—21 coefficients. The Ej,
CP is very weak and therefore requires more smoothing (using a larger number
of coefficients). The results are shown in Figs. 46 through 53. The main value
of these results is in helping to find a parametric description for the temperature
dependence of the dielectric function of Ge, which has technological applications
[180].

The E;, CP energy decreases with increasing temperatures for both bulk Ge
and Ge on Si, see Fig. 46. The Bose-Einstein parameters are shown in Table 4.
We find a clear redshift by about 20 meV for the Ge on Si layer compared to
bulk Ge, which is constant between 80 and 500 K. At higher temperatures, the
data become too noisy to determine accurate Ej values. Since this Ej redshift
is independent of temperature, it is therefore also independent of the strain in
the Ge on Si samples. Therefore, the most likely explanation for the redshift is
an artifact of the fitting procedure. The amplitude of the E; CP drops by 50%
towards higher temperatures, see Fig. 47. The E| phase angle remains constant
near 150° up to 600 K, as shown in Fig. 48. The temperature dependence of
the Ej broadenings in Fig. 49 cannot be described with Eq. (73) and this CP is
therefore omitted from Table 5.

The temperature dependence of the Fy CP energy shows the expected behav-

ior, see Fig. 50, without a significant difference between bulk Ge and Ge on Si.
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Figure 46: Temperature dependence of the Ej energies of bulk Ge (solid) and
Ge on Si (open). Solid lines show the best fit of the data using Eq. (72) with

parameters given in Table 4.
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Figure 47: (Color online) Temperature dependence of the amplitudes (A) of the
E; transitions of bulk Ge (solid) and Ge on Si (open).
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Figure 48: Temperature dependence of the excitonic phase angle (¢) defined in
Eq. (68) for the Ej transitions of bulk Ge (solid) and Ge on Si (open).
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Figure 49: Temperature dependence of the Ef, broadening parameter I" defined in

Eq. (68) for bulk Ge (solid) and Ge on Si (open).
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Figure 50: Temperature dependence of the Ey energies of bulk Ge (solid) and
Ge on Si (open). Solid lines show the best fit of the data using Eq. (72) with
parameters given in Table 4.

The Bose-Einstein parameters for the Fy energy are shown in Table 4. The am-
plitude and phase angle drop slightly with increasing temperature, see Figs. 51
and 52. The E5 broadening increases with increasing temperature, see Fig. 53,
and can be described with Eq. (73) using the parameters shown in Table 5. Our

broadenings are slightly smaller than those found in [30].

5.8 Conclusion

Using spectroscopic ellipsometry, we measured the dielectric function of bulk
Ge and epitaxial Ge on Si grown by UHV-CVD from 80 to 780 K and from 0.8
to 6.5 eV. By fitting the Savitzky-Golay derivatives of the spectra to analytical
lineshapes, we determined the temperature-dependent critical-point parameters

(energy, broadening, amplitude, and phase angle) of the £y, Ey + Ay, Ej. and E,
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Figure 51: Temperature dependence of the amplitudes (A) of the E, transitions
of bulk Ge (solid) and Ge on Si (open).
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Figure 52: Temperature dependence of the excitonic phase angle (¢) defined in
Eq. (68) for the E, transitions of bulk Ge (solid) and Ge on Si (open).
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Figure 53: Temperature dependence of the E, broadening parameter I' defined in

Eq. (68) for bulk Ge (solid) and Ge on Si (open). The dash-dotted line shows the
results of bulk Ge from [30] for comparison.

interband transitions.

The E; and E1+A critical points in Ge epilayers on Si are redshifted compared
to bulk Ge because of the temperature-dependent biaxial stress caused by the
thermal expansion mismatch between Si and Ge. This redshift can be described
with a model taking into account the thermal expansion coefficients, stress and
strain determined using continuum elasticity theory, and the strain-induced shifts
calculated from deformation potentials for the E critical point.

This work follows our previous results [79] for the dielectric function of bulk Ge
at 300 K. Future work will focus on the temperature dependence of the dielectric
function for bulk Ge and a detailed analysis of the Fy and Fg+ Ag critical points,

taking into account excitonic effects using the Tanguy model [181].
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6.1 Abstract

The authors report the compositional dependence of the direct and indirect
band gaps of pseudomorphic Ge;_,_,Si,Sn, alloys on Ge with [001] surface orien-
tation determined from deformation potential theory and spectroscopic ellipsome-
try measurements. The effects of alloying Ge with Si and Sn and the strain depen-
dence of the band gaps at the I'; A, and L conduction band minima are discussed.
Deformation potential theory predicts an indirect to direct crossover in pseudo-
morphic Ge;_,_,Si,Sn, alloys on Ge only for very high Sn concentrations between
15 and 20%. No indirect to direct transition in pseudomorphic Ge;_,Sn, alloys
(x=0) on Ge is found for practically approachable Sn compositions (y<25%). The
predictions for the compositional dependence of the Ey, Fq, and E; + A; band
gaps were validated for pseudomorphic Ge;_,Sn,, alloys on Ge using spectroscopic

ellipsometry. The complex pseudodielectric functions of pseudomorphic Ge;_,Sn,,
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alloys grown on Ge by molecular beam epitaxy were determined from Fourier
transform infrared and ultraviolet-visible ellipsometry in the 0.1—6.6 eV energy
range for Sn contents up to 11%, to investigate the compositional dependence of
the band gaps. Critical point energies and related parameters were obtained by
analyzing the second derivative spectra of the dielectric function of the Ge;_,Sn,,
epilayer. Sn composition, thickness, and strain of the Ge;_,Sn, epilayers on Ge
are characterized by high resolution X-ray diffraction. The Ey, F, and E; + A,
band gaps of pseudomorphic Ge;_,Sn, alloys on Ge obtained from ellipsometry

are in good agreement with the theoretical predictions.

6.2 Introduction

The modern optoelectronic industry has been ruled by group IV semiconduc-
tors, mainly by cheap, stable, and widely available Si technology. One of the major
issues with the currently existing Si and group IV semiconductor technology is
that C, Si, and Ge are indirect band gap materials, while Sn is a semi-metal. The
indirect nature of the fundamental band gap precludes the use of group IV semi-
conductor materials in the active layers for the design of optoelectronic devices,
such as laser diodes, LEDs, amplifiers, photodetectors and modulators [182, 183].
Therefore, the need for a truly direct band gap to maximize the performance of
devices, has limited the large scale integration of optoelectronic devices on the
well established Si platform [184].

The Ge band structure is a strong function of strain: it has been predicted
that the 0.140 eV separation of the L and I valleys of the conduction band can
be overcome by introducing a ~2% tensile strain and Ge becomes a direct band

gap material [5, 21]. However, introducing a 2% tensile strain on Ge by thermal
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expansion mismatch or by lattice mismatch is not practical.

The successful use of group I11-V and TI-VI alloy compounds for the design of
optoelectronic devices paved the way to think about a new class of direct band
gap alloy materials, containing Sn and group IV semiconductors. The optical
properties of the group-IV alloy compounds containing C have been thoroughly
studied [49]. The low solubility, large lattice mismatch, and the perturbation
induced in the band structure restricted the applications of alloys containing C
[49, 185]. Tight binding and pseudopotential band structure calculation predicted
that Ge;_,Sn, will become a direct band gap material for Sn contents >20%
[186, 187]. More recent first principle calculations, using density functional the-
ory (DFT) reported lower Sn (6-8%) contents for the indirect-direct band gap
crossover, indicating the possibility of widespread applications of Ge-Sn based
optoelectronic devices, integrated on Si platform [188, 189]. However, the low
solubility of Sn in Ge (less than 1%), unstablity of the a-Sn cubic phase above
13° C, large lattice mismatch between Ge and Sn, and surface segregation of Sn
atoms in Ge at high temperatures make the synthesis of Ge;_,Sn, much more
difficult [190]. Non equilibrium growth techniques, such as molecular beam epi-
taxy (MBE) and chemical vapor deposition (CVD) are needed for the successful
growth of good crystalline quality, epitaxial Ge;_,Sn, alloys on Ge/Si substrates.

He at al., demonstrated the optical properties of Ge;_,Sn, alloys up to 15%
Sn for the first time and reported the tunable band gap (absorption features)
and an indirect-direct transition of Ge;_,Sn, [6]. Over a decade of research,
with the improvements of the CVD and MBE techniques, allowed to grow high
quality epitaxial Ge;_,Sn, alloys up to 20% of Sn on Ge, Ge-buffered Si and Si
substrates [55, 56, 57, 58]. A significant amount of research has been performed

by the Kouvetakis group at Arizona State University to characterize the optical
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properties of Ge;_,Sn, alloys focusing on the design of Ge based photonic devices
[55]. An indirect to direct transition has been reported for relaxed Ge;_,Sn,
on Si at about 6-11% Sn, depending on the growth conditions and the residual
strain on the epilayer [6, 7, 8]. The strain, generated due to the lattice mismatch
between the epilayer and the substrate, is relieved by creating dislocations and
defects above a critical thickness. The defects and dislocations act as non-radiative
recombination centers for the carriers in the medium, degrading the performance
and the ability to control the band gaps of the devices. Therefore, the light
emission of the Ge;_,Sn, devices is too weak for practical applications. Under
pseudomorphic growth, the substrate acts as a template for the growth of the
epilayer. The in-plane (a)) lattice parameter of the alloy is forced to be equal
to the substrate lattice parameter. The pseudomorphic growth is important to
keep low defects densities and no dislocations, which significantly improves the
performance of the devices, by reducing the non-radiative recombinations. Due to
the large lattice mismatch between the substrate and the alloy, it is not possible
to grow a pseudomorphic Ge;_,Sn, on Si, a buffer layer such as Ge, Ge;_,Si, or
Ge;_,Sn, is required for the epitaxial growth.

Initially proposed by Soref et al., incorporation of Si into Ge;_,Sn, minimizes
the lattice mismatch between the Ge/Si substrate and the alloy, improving the
thermal stability [191]. Ternary Ge;_,_,Si,Sn, alloys allow to decouple the lat-
tice parameter and the band structure, creating new opportunities to tune the
band gap above and below the bad gap of Ge (0 to 1 eV), covering a wide range
of operating wavelength of optoelectronic devices. Lattice mismatch and strain
have become an important tool in band gap engineering, controlling the band
gap allows to optimize the performance of the devices. Therefore Ge;_,_,Si,Sn,

may become the first direct band gap material fully integrated on Si technology.
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Novel CVD routes designed and developed by the Kouvetakis group have allowed
to grow high quality Ge;_,_,Si,Sn, on Ge as well as on Si, with no dislocations
propagating into the film [185, 192, 193]. Several groups have performed exper-
iments as well as theoretical calculations to investigate the compositional and
strain dependence of the optical properties [194, 195, 196, 197]. Although exten-
sive experiments have been performed to characterize the optical and structural
properties of Gey_,—,SizSn,, most of them are remain unexplored.

Therefore, more studies are needed to understand and explore the unknown
properties of Ge;_,_,Si,Sn, ternary alloys for the application of direct band op-
toelectronic devices integrated on Si. First principle calculations are complicated,
time consuming, and required sophisticated computing power. The deformation
potential theory, which is based on experimental observations, is considered as
a simple and accurate tool use to investigate the strain dependence of the band
gaps. In this work, we have employed deformation potential theory to investigate
the strain and compositional dependence of the conduction bands valleys at the I,
L, and A symmetry points, and the three top valence bands at I'. Considering the
strain and alloying effects, the direct and indirect band gaps can be investigated

to obtain the critical Si and Sn compositions for indirect-direct transitions.

6.3 Continuum elasticity and deformation potential theory

Several groups have reported the compositional dependence of the various
band gaps of relaxed Ge;_,_,Si,Sn, alloys at room temperature [66, 67, 68, 69,
194, 196, 197] . Eg is the direct band gap at the -point. EF and EiA are the
indirect band gaps between the the valence band (VB) maximum at I' and the

conduction band (CB) minima at the L-point and along A. F; and E; + A; are
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the direct band gaps at or near the L-point split by spin-orbit interactions of the
VB. The compositional dependence of the various room temperature band gaps

of the relaxed (unstrained) Ge;_,_,Si,Sn, alloys can be expressed as

EG61_$_ySizSny (:Evy) — EGe(l —r— y) + ESiZL' + ESny_
_bGeSny(l —r— y) o bGeSiZL'(l —r— y) (75)

SiSn
—0>" "y,

where E7 are the corresponding band gaps of the elements and v* (j, k=Si, Ge,
Sn) the bowing parameters defining the deviation of the band gap from the linear
interpolation. Gaps and bowing parameters are given in Table 6 for the various
gaps.

By definition, we always use the VB maximum as our zero energy level. Under
hydrostatic strain, this choice implies that the absolute deformation potential for
the VB ayp is zero. Theory shows that ayg is small and its sign is not known.
Under shear strain, when the VB splits, we still use the highest VB maximum as
our energy reference level, which leads to an unphysical value of ayg. The actual
value of ayp does not matter for our results, since we only report band gaps and
splittings.

The compositional dependence of the CBs can then be obtained from the de-
pendence of the corresponding band gaps of the alloys. To take into account how
these bands and band gaps are changed in pseudomorphic alloys, we must first
calculate the strain tensor caused by the lattice mismatch using continuum elas-
ticity theory. Then, we calculate band gap shifts and splittings using deformation
potentials.

The lattice parameters of relaxed Ge;_,_,Si,Sn, alloys were calculated using a
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linear interpolation (Vegard’s Law) from the lattice parameters a; of the elements
rel _
Ao, _,SizSn, = Tasi +Yasn + (1 — 2 — y)ace+
Flcesu(l — 2 —y)y + Ocesi(l — 2 — y)x (76)

+0sisn Ty

with small quadratic deviations from linearity described by the bowing parame-
ters ;. Although extensive work has been done to characterize the compositional
dependence of the lattice parameters of Ge;_,Sn, alloys, a large discrepancy ex-
ists in the literature over the values of Ogesn [55, 56, 57, 58]. According to most
recent findings, [57, 58, 59] the bowing parameter Oges, is very small and Veg-
ard’s Law (0gesn=0) can be used to accurately calculate the lattice parameters
of Ge;_,Sn, alloys. The bowing parameter for the lattice constant of Ge;_,5Si,
alloys Ogesi=—0.026 (see Ref. [60]); and fg;s, was assumed to be zero, justified by
the low Si and Sn content.

Depending on composition, the lattice parameter of relaxed Ge;_,_,Si,Sn, will
be larger, equal to (lattice matched to Ge), or smaller than the lattice parameter
of the Ge substrate. Under pseudomorphic growth conditions, Ge;_,_,Si,Sn, on
Ge experiences a biaxial stress along the interface due to the lattice mismatch

between the alloy layer and the Ge substrate, creating an in-plane strain given by

AGe — arel )
E” (L,y) _ e _ Gel_w_ySl;ESny. (77)

AGe;_,_,Si,Sn,

Within continuum elasticity theory and for [001] surface orientation, the pseudo-

morphic alloy layer is tetragonally deformed on the Ge substrate and the out-of-
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plane strain

C Ge—z—ySizSny
) 1 (2. 9) (78)

€L (r,y) =— (0—11

is related to ¢ (z,y) through the ratio of the elastic constants C'5/C1,. For the
elements, the elastic constants C,,,, were taken from the literature [49, 61, 62|, see

Table 6, and scaled linearly with composition
Ol = 5 OS5, + 4O, + (1 — 2 — )l (79

The strain resulting from biaxial stress in the (100) surface has two compo-
nents: The hydrostatic strain e shifts the CB positions and the [001] shear strain
g lifts the degeneracy of the electronic bands. They are related to the in-plane

and out-of-plane strain through [49]

en(z.y) = len(z,y)+2¢ (x,y)]/3 and (80)

es(xy) = [EJ_ (%y) — € (9%9)} /3. (81)

In the absence of shear strain, the heavy (v;) and light hole (vy) bands are
degenerate at the I point. Spin-orbit interactions separate the heavy and light
hole bands from the split-off band (vs). The [001] shear strain lifts the degeneracy

of the VB edge, leading to an additional splitting. The energy positions of the
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Table 6: Deformation potentials, band gaps, and bowing parameters for Ge, Si,

and Sn and their alloys used in the model, in units of eV. Deformation potential
1 1k A

parameters a, b, [Ed + 55“} , Ef, and [Ed + gEu] were taken from Refs. [5,

49, 72, 202]. The band gaps Eg , Ef , EiA and related parameters were taken

from Refs. [9, 68, 66, 67, 203, 204, 205]. The E;, E; + A; band gaps and related

parameters were taken from Refs. [66, 69]. The asterisk indicates that the value of
Ge was used for our calculations. Elastic constants Cj; are in units of GPa from

Ref. [49, 55].

Ge Si Sn baesi baesn  bsisn
a -9.75 —10.12 —-9.75* - - -
b 23 —22 —23* ; S
=4+ -2 —3.6 —3.6* -3.6% - - -
i 9.0 8.6  9.0% - - -
- .
i+ 35| 181 15  1.31% ; ; ;
EY 0.796  4.090 -0.413 0210 246 13.2
EZL 0.655 1.930 0.006 0.0 1.03 0.0
EZA 0.900 1.120 0.900 0.21 0.21 0.0
F 2.120 - 1.270 - 1.650 -
Ei+ Ay 2.310 - 1.770 - 1.050 -
Ag 0.300 0.043 0.800 - - -
Cu 128.5 166.0 69.0 - - -
Cia 48.3 63.9 29.3 - - -
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top three VBs at the I" point can be expressed as [49, 63, 64, 65]

A 3 1 .
By = =% +gbes+ N A + 6Aqbes + (9es)”, (82)
Evz = _3b657 (83)
Ay 3 1
E, = - + 5beS - 5\/A(2) + 6Agbeg + (9565)2- (84)

The sign of the shear strain eg determines whether v, or vs is the highest VB. Note
that the [001] shear deformation potential b for the VB has a negative value. A
is the spin-orbit splitting of the VB at the I' point. Its compositional dependence

was obtained by linearly interpolating the elemental end values, see Table 6:
Ge1—z—ySizSny Si Sn o Ge
Ay = 2AG + YA + (1 — 2 —y)Ag”. (85)

The energy shifts of the CB at the I' and L points due to the hydrostatic

deformation can be calculated using [5, 70, 71, 72]

1 L
AE{ = 3acyg and AECL =3 [Ed + §E1L:| €, (86)

where a and [Ed + %Eu] ' are the hydrostatic deformation potentials for the CB
at the I' and L points, respectively. The [001] shear strain does not split the CB
at ' (because it is non-degenerate) and at the L-point.

At the A-minimum, however, we have to consider both hydrostatic and shear
contributions. The [001] shear strain splits the CB at the six A minima into a

doublet and a quadruplet, in addition to the hydrostatic strain shift. The energies
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can be expressed as [5, 70, 71, 72]

A
AECA2 = 26553 + 3 {Ed + _EU} er and (87)

A
AECA4 = —EsauA +3 [Ed+ —Eu‘| €x, (88)

where Z2 is the [001] shear deformation potential and [Ed + %Eu] ’ the hydro-
static deformation potential of the CB at the A minima.

Combining the compositional dependence of the band gaps of the relaxed (un-
strained) ternary alloys, given by Eq. (75), with the energy shifts and splittings of
the CBs and VBs under strain using deformation potential theory, the composi-
tional dependence of the band gaps of pseudomorphic Ge;_,_,Si;Sn, on Ge at the
I', L, and A CB minima can be obtained. All parameters used for the calculation
are listed in Table 6. Results are shown in Fig. 54.

The band gaps at the I, L, and A minima as a function of Si and Sn com-
positions show a similar qualitative behavior: The band gaps are widening with
increasing Si and narrowing with increasing Sn content, as expected. The thick
solid line, y = 0.3z, indicates the lattice matched compositions of Ge;_,_,Si,Sn,
on Ge, consistent with the previously reported value y = 0.27z (see Ref. [68]).
The small discrepancy is caused by slightly different bowing parameters used in
the calculation of the lattice parameters. This line separates a positively strained
(tensile) region from a negatively strained (compressive) region. A Ge-like band
gap between 0.66 and 0.82 eV can be obtained for unstrained Ge;_,_,Si;Sn, by
varying the Si and Sn content.

A singularity of the band gaps is observed as the sign of the in-plane strain

changes from tensile to compressive. As mentioned earlier, the sign of the in-
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Figure 54: Band structure maps (energy in eV versus composition) of pseudomor-
phic Gej_,_,Si,Sn, alloys (i) on Ge for band gaps at the (a) I', (b) L, and (c)
A CB minima, (ii) grown on a thick Ge buffer on a Si substrate, at the (a) I,
(b) L, and (c¢) A CB minima. The Ge buffer is assumed to have been grown at
770 K. We assume full relaxation of the buffer at the growth temperature, but
no additional relaxation when cooling down to room temperature, resulting in a
tensile biaxial stress of the Ge buffer, and (iii) on GaAs substrate at the (a) T,
(b) L, and (¢) A CB minima.
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plane strain determines whether v; or vy is the highest VB. The light hole vy,
given by Eq. (83), is the highest VB for compressively strained pseudomorphic
Gey_z—ySiySn, alloys on Ge, while the heavy hole vy, given by Eq. (82), becomes
the highest VB under tensile in-plane strain. Also, the A4 quadruplet is lower in
energy compared to the A2 doublet in the compressively strained region, while
tensile strain makes the A2 energy lower. Therefore, the band gap E,A at the A
minimum is associated with the A4 quadruplet under compressive strain, while
the A2 doublet determines EiA in tensile pseudomorphic Ge;_,_,SizSn, on Ge.
Hence, the behavior of the highest VB and the lowest CB at the A minimum with
respect to strain explain the singularity in the predicted band gaps when the sign
of the strain changes.

The smallest band gap, either direct or indirect, of pseudomorphic Ge; ., Si,Sn,
alloys on Ge is shown in Fig. 55. The dashed-dotted curve between 15 and 20% tin
represents an indirect to direct band gap crossover: Above this line, pseudomor-
phic Ge;_,_,Si;Sn, on Ge becomes a direct band gap material. This condition
requires a very large Sn content, which has not yet been achieved experimentally
due to the low solubility of Sn in Ge and Si. The dashed line, y = 0.71x — 0.12,
shows a transition of the smallest band gap from the L valley (Ge like) to the A
valley of the CB (Si like). The smallest band gap is associated with the L-valley
of the CB (Ge like) in the region bounded by the dashed-dotted and dashed lines.

As a special case, we consider pseudomorphic Ge;_,Sn, alloys grown pseudo-
morphically on Ge (r=0), see Fig. 56. This figure shows the position of the top
three VB maxima calculated from Eqs. (82)-(84) and the various band gaps Ej,
EL EA? and EA? from Eqgs. (75) and (86)-(88) versus Sn content We clearly see
that the indirect gap B is lower than the direct gap Eg for y<25%, indicating

that pseudomorphic Ge;_,Sn, alloys on Ge will not become a direct band gap
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material for practically achievable Sn compositions, which is consistent with the
models recently reported [9, 206].

There is strong interest in growing Ge;_,_,Si,Sn, alloys on Ge buffered Si
substrates instead of directly on a Ge substrate [73]. The Ge buffer on Si is under
tensile biaxial stress because of the different thermal expansion coefficients of Si
and Ge, [201] which can be accurately modeled, assuming full relaxation of the
Ge buffer at the growth temperature T}, (of the buffer) and no additional relax-
ation while cooling down [81]. The thermal strain increases the in-plane lattice
parameter of the Ge buffer, which in turn affects the strain of the pseudomorphic
Gei_y—ySizSn, alloy layer grown on top of the Ge buffer. This reduces the com-
pressive strain in the pseudomorphic Ge;_,_,Si,Sn, on the Ge buffer and thus
lowers the critical Si and Sn contents needed to achieve a direct band gap ma-
terial. Increasing the growth temperature of the Ge buffer increases its tensile
strain, which reduces the critical Sn content more, but even the highest possible
growth temperature of the Ge buffer (melting point of Ge, T;=1200 K) reduces
the critical Sn content for the indirect to direct transition by only 1%. In Figs.
54(ii) and 55(b), we show the band gaps of Ge;_,_,Si,Sn, alloys grown pseudmor-
phically on Ge buffered Si substrates, where the Ge buffer was grown at 7,=770
K. For such alloys, the strain-free condition for the alloy composition becomes
y = 0.3z + 0.01.

Similarly, one can also grow Ge;_,_,Si,Sn, alloys pseudomorphically on a bulk
GaAs substrate. Since the GaAs lattice constant is slightly smaller than that of
Ge, growth on GaAs reduces the tensile strain or increases the compressive strain
of Gey_,_,Si;Sn, alloys compared to growth on bulk Ge. For such alloys on GaAs,
the strain-free condition for the alloy composition becomes y = 0.3x — 0.01. In

Figs. 54(iii) and 55(c), we show the band gaps of Ge;_,_,Si,Sn, alloys grown
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pseudomorphically on bulk GaAs. To achieve a direct band gap in pseudomorphic
Gej_yz—ySizSn, alloys on GaAs, a slightly higher tin content is required than for
similar pseudomorphic alloys grown on bulk Ge.

Finally, we also discuss the compositional dependence of the E; and E;+A;
interband transitions in pseudomorphic Ge;_,Sn, alloys (z=0) on Ge. These
transitions occur at the L-point of the Brillouin zone and along the A direction.
They are easily observed in the optical constants of Ge and related materials
using spectroscopic ellipsometry measurements [81]. The strain dependence of

these transitions is given by [49, 69, 198, 200]

A Ap)?
E} = Ef+71+AEH—\/%+(AES)2 (89)

Ay

s 0 (Al)Q

4

+ (AEg)?, (90

where the superscripts s and 0 denote the band gaps of the strained and relaxed
alloys, respectively. The spin-orbit splitting A; of the VB at the L point is taken
as the difference between the F; and E; + A; energies with parameters in Table
6. AFEy and AFEs are the energy shifts due to hydrostatic and shear strain,

respectively, calculated using

AEy =+/3Dley and AEs = V6Dieg, (91)

where Dj=—5.4 eV and Di=-3.8 eV are the hydrostatic and shear deformation
potentials for Ge;_,Sn, alloys taken from Ref. [69] (significantly lower than for
bulk Ge). The sign of Dj affects the intensities of the two critical points [49]

(as discussed below) and therefore we follow the sign convention from Ref. [49].
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The band gaps of the relaxed alloys and other parameters were taken from the
literature and are listed in Table 6. As explained below, our own experimental
values for these deformation potentials are slightly different, but agree within
the errors, and therefore we used the parameters established in Ref. [69] for our

calculations.
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6.4 Pseudomorphic Ge;_,Sn, alloys on Ge: Sample preparation and

characterization

To avoid the complexity of the ternary Ge,,,,Si,Sn, system with too many
compositional parameters to be determined precisely, pseudomorphic Ge;_,Sn,
binary alloy layers on Ge were prepared by molecular beam epitaxy (MBE) to
validate the theory described in the previous section. These epilayers were grown
using a modified EPI 620 MBE system with a base pressure of 1.3x10™® Pa and
utilizing Knudsen thermal effusion cells with pyrolytic BN crucibles for both Ge
and Sn. Intrinsic (001) Ge substrates were prepared by wet chemical cleaning
[75] before quickly being loaded into the MBE introduction chamber and taken to
ultra-high vacuum. The substrates were slowly heated to 450°C overnight, then
taken to 650°C for one hour before individually being transferred into the main
MBE growth chamber. Each wafer was flash heated to 850°C for 10 min, then
cooled to the growth temperature between 150°C and 250°C (as measured via
thermocouple) prior to opening the Ge and Sn cell shutters for growth. The Sn
composition was varied by changing the Sn effusion cell temperature while keeping
the Ge cell temperature constant across all growths, achieving a growth rate of
0.6 to 0.7 nm/min.

A PANalytical Empyrean diffractometer, operated at 45 kV and 40 mA, was
used for the high resolution X-ray diffraction (HRXRD) analysis of Ge;_,Sn, epi-
taxial layers. Our high resolution configuration consists of a two-bounce Ge(220)
hybrid monochromator, which offers a high-intensity well-collimated beam of
monochromatic Cu Ka; radiation (1.5406 A) and a three-bounce Ge (220) an-
alyzer in front of the Xe proportional detector. We acquired symmetric (004)

w — 26 diffraction curves and 260 /w — 26 reciprocal space maps (RSMs) for sym-
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metric (004) and asymmetric (224) grazing exit reflections at room temperature
to investigate the pseudomorphic nature, crystalline quality, lattice parameters,
and thicknesses of the layers.

The optical properties of the Ge;_,Sn, alloys were characterized using spec-
troscopic ellipsometry with a combination of two ellipsometers for different spec-
tral ranges. The ellipsometric angles 1 and A were acquired from 0.5 to 6.6
eV with 0.01 eV steps at four angles of incidence (60°, 65°, 70°, 75°) on a J.A.
Woollam vertical variable angle-of-incidence rotating-analyzer ellipsometer [170]
with a computer-controlled Berek waveplate compensator, as described elsewhere
[172]. To reduce experimental errors, all data were obtained by averaging two-zone
measurements with equal and opposite polarizer angles. In the infrared spectral
range from 250 to 7000 cm ™', we measured on a Woollam FTIR-VASE ellipsome-
ter, which is based on a fixed analyzer (0° and 180°) and polarizer (£45°) and
a rotating compensator, at the same four angles of incidence. In the FTIR ex-

periments, the spectral resolution was set to 16 cm™!

with long signal averaging
(three measurement cycles, each with 15 spectra per compensator revolution, and
20 scans per spectrum) to improve the signal to noise ratio. The ellipsometric
angles (1) and A) and the Fresnel reflectance ratio p = ¢ tan ¢ are related to the
pseudo-refractive index 7 and the pseudo-dielectric function é = 7 of the sample
through

(f.cos g — cos ¢y) (cos g + 1 cos 1)

P= (N.cos ¢ + cos ¢y ) (cos g — ncos ¢y)’ (92)

where ¢ is the angle of incidence and ¢, the angle of refraction.
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Figure 57: Real (dashed) and imaginary (solid) parts of the complex dielectric
function of pseudomorphic Ge;_,Sn, on Ge versus photon energy determined from
ellipsometry.
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Figure 58: Experimental data (solid) and model (dashed) of the ellipsometric
angles ¥ and A for pseudomorphic GegggSng 11 on Ge versus photon energy in the
infrared region obtained by merging data from two instruments.

128



6.5 Ellipsometry data analysis

The dielectric functions € (Aw) of pseudomorphic Ge;_,Sn, alloys on Ge were
obtained by analyzing the ellipsometric angles with a multilayer model (GeOy
/Ge1_ySn, /Ge). €(hw) for GeOy and Ge was used in tabulated form [79]. The
dielectric functions of Ge;_,Sn, were described with a parametric oscillator model
citeHeJ098, which imposes Kramers-Kronig consistency between the real and
imaginary parts of e. In the first step of the fit, the oxide and Ge;_,Sn, layer
thicknesses and all parameters in the parametric oscillator model for Ge;_,Sn,
were adjusted. In the second step, all parameters were kept fixed at the values
obtained in the first step, and the data were fitted again at each measured photon
energy by taking the values of €; and €, for Ge;_,Sn, as adjustable parameters
(known as point-by-point fit) to obtain the final tabulated dielectric function of
Gei—ySn,. We confirmed that the results from the second step, shown in Fig.
57, were still Kramers-Kronig consistent. Redshifting of the dielectric function
and broadened critical points (CPs) with respect to bulk Ge with increasing Sn
percentage indicates the alloying and strain effects of Sn on the Ge band structure.

Our main focus here was to investigate the compositional dependence of the
CPs associated with the Eg, 'y, and E;+ A, optical transitions. The F, and E; +
Ay CPs can be described using an expression for a mixture of a two-dimensional

minimum and a saddle point [30]

¢ (hw)=C — Aln (hw — E, —il) e, (93)

where hw is the photon energy, A the amplitude, £, the CP energy, I' the broad-

ening parameter, and ¢ the excitonic phase angle, which describes the amount of
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mixing. The contribution of the CPs to the dielectric function can be enhanced
by analyzing the second derivatives of €. The real and imaginary parts of the
tabulated dielectric function obtained by point-by-point fitting were numerically
differentiated and smoothed using ten Savitzky-Golay coefficients for second-order
derivatives with a polynomial degree of three to obtain a good signal to noise ratio
without distorting the line shape [84]. The second derivative spectra of the dielec-
tric function for the Ge;_,Sn, were fitted using Eq. (93). Both £y and Ey + A
were fitted simultaneously and the excitonic phase angle ¢ was forced to take the
same value for both CPs.

The poor signal to noise ratio of the ellipsometric angles 1) and A obtained from
FTIR ellipsometry between 0.1 and 0.9 eV makes the second derivative analysis
of the tabulated dielectric function impractical. A different approach has to be
followed to extract the compositional dependence of the Eq band gap: Following
of D’Costa et al., [66] we calculated the second derivatives of the parametric
dielectric function: For a given sample, two data sets from 0.5 to 3 eV and from 0.1
to 0.9 eV, taken on two instruments under slightly different conditions, were fitted
simultaneously using a single model to obtain the parametric dielectric function of
the Ge;_,Sn, alloy layer, assuming two slightly different surface oxide thicknesses.
This parametric dielectric function was then used for the second derivative line

shape analysis and fitted with a three dimensional critical point [66]

€ (hw) = C — Ae' (hw — E, +iT)"/?. (94)
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Figure 59: (a) High-resolution X-ray diffraction (224) grazing exit reciprocal space
map showing contours of equal intensity of a GeggosSng.ogs layer on Ge. The Ge
substrate and the Ge;_,Sn, layer peaks have the same Q) indicating that the
epilayer is fully strained. Inset: Logarithmic intensity versus diffraction angle for
the symmetric (004) w-26 X-ray reflections. (b) Atomic force microscopy image
of the GeSn surface showing an RMS roughness of 1.6 nm.
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6.6 Results and discussion

High resolution X-ray diffraction was used to characterize the crystalline qual-
ity, composition, strain, and thickness of the Ge,_,Sn, epilayers on Ge. w — 26
scans of symmetric (004) reflections showed two peaks, see the inset in Fig. 59(a).
The sharp peak near 33.0° arises from the Ge substrate. The broader peak cor-
responding to the Ge;_,Sn, epilayer is shifted to lower angles (away from the Ge
peak) as the Sn composition increases, as a result of the increased out-of-plane
lattice constant a, of the epilayer due to composition and biaxial compressive
stress. The peak separation 00 is related to the ratio age/a,. Assuming that
the epilayer is not tilted relative to the Ge substrate, which we confirmed by
(004) symmetric reciprocal space maps (RSMs), a, can be calculated from [86]
age/a); = 1406 cot f, where @ is the Bragg angle of bulk Ge. From the out-of-plane
lattice constant a; and the in-plane lattice constant aj = ag. (pseudomorphic

condition), we calculated the in-plane strain

a” — Q|
6” = - Ger_,Sny (95)
a, +2 (C_ﬁ> aj
and the relaxed lattice constant
| aj
agel_ySny = 6” + 17 (96)

from which the tin content y could be determined using Vegard’s Law, see Eq.
(76) and the solid line in Fig. (60). The resulting value y is plotted along the
horizontal axis in our figures showing experimental results and also listed in Table

7.
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Figure 60: Compositional dependence of the lattice parameter of relaxed Ge;_,Sn,,
alloys calculated from Vegard’s Law shown in Eq. (76) (solid) and out-of-plane
lattice parameter a; of pseudomorphic Ge;_,Sn,, alloys on Ge (dashed) from Egs.
(76)-(78). The dotted line shows the Ge lattice constant. Symbols show the in-
plane and out-of-plane lattice constants a; and aj determined from (224) grazing
exit reciprocal space maps and the relaxed lattice constant from Egs. (95)-(96).

All samples showed (004) Pendellosung fringes around the epilayer peak, in-
dicating a uniform thickness of a high quality (coherent) Ge;_,Sn, epilayer. The
spacing between the fringes can be used to extract the thickness of the epilayer
[58, 86, 87], in good agreement with spectroscopic ellipsometry, see Table 7.

Asymmetric (224) grazing exit w — 20/26 RSMs, shown in Fig. 59(a), were
also acquired to extract the reciprocal lattice coordinates @ and @, along the
[110] and [001] directions of the Ge;_,Sn, epilayers and to investigate the degree
of relaxation of the epilayer on Ge. The Ge substrate and the epilayer peaks
have the same Q), indicating that the Ge;_,Sn, epilayer is fully strained to the
Ge substrate. The AFM characterization of the surface roughness for the same

sample is shown in Fig. 59(b). The sample has an RMS roughness of 1.6 nm,
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indicating the reliability of the optical characterization techniques used in this

paper.

The Q) and Q, maxima are related to the out-of-plane [8§]

. QJ_Ge - QJ_GeSn

a, AGe + GGe (97)
QJ_GeSn
and in-plane lattice parameters [88]
Qe — Q|Gesn
aj) = aGe + Aqe, 98
| QHGeSn ( )

which are shown by symbols in Fig. 60. The pseudomorphic condition (a) = age)
is satisfied very well. Overall, the (224) XRD results are consistent with the (004)
XRD results, which we used to determine composition. Therefore, the relaxed
lattice constants calculated from Egs. (95)-(96) shown by symbols agree well with
Vegard’s Law (solid line).

The sign and magnetitude of the in-plane, out-of-plane, hydrostatic, and shear
strain calculated from Egs. (76)-(78) and (80)-(81) are shown by lines in Fig. 61.
Strains determined from the in-plane and out-of-plane lattice parameters mea-
sured by (224) XRD are also shown (symbols). These pseudomorphic Ge;_,Sn,
alloys are described well by continuum elasticity theory with the elastic constants
given by Eq. (79).

The measured Sn composition and thickness from (004) XRD and the in-plane
strain €| and out-of-plane strain €, from (224) RSMs for pseudomorphic Ge;_,Sn,
alloys on Ge samples are summarized in Table 7.

The compositional dependence of the direct and indirect band gaps derived

from the bands (in Fig. 56) is shown in Fig. 62 (lines). The E, band gaps mea-
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Figure 61: Lines show the compositional dependence of the in-plane €|, out-of-
plane €, hydrostatic ey, and shear strain eg for pseudomorphic Ge;_,Sn, alloys
on Ge calculated using Eqs. (77)-(78) and (80)-(81). In-plane (o) and out-of-plane
strain (OJ) results derived from (224) XRD.

sured by FTIR ellipsometry (o) are in excellent agreement with the theoretical
predictions. The slight discrepancy with the values reported in Ref. [200] (4),
where a Ge buffer layer on Si is used to grow Ge;_,Sn,,, may be due to the tensile
strain caused by the thermal expansion mismatch between the Ge buffer and the
Si substrate. The resulting strain affects the lattice parameter of the Ge buffer and
reduces the compressive strain of the pseudomorphic Ge;_,Sn,, epilayer (dotted).

The compositional dependence of the E; and E;+A; energies of pseudomor-
phic Ge;_,Sn, alloys on Ge, predicted from Egs. (89)-(90), is shown in Fig. 63
(dashed). Both are blue shifted compared to relaxed Ge;_,Sn,, alloys (solid); the
blue shift is larger for the E;+A; critical point (CP). Our experimental results
from ellipsometry are shown by symbols and also listed in Table 7. The statistical
errors of the CP energies are on the order of 1 meV. The agreement is good if the

deformation potentials from Ref. [69] are used in the calculation (dashed), but it
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Figure 62: Compositional dependence of the direct (solid) and indirect (dashed)
band gaps of pseudomorphic Ge;_,Sn,, alloys grown on bulk Ge at 300 K, calcu-
lated from Egs. (83) and (86), derived from Fig. 56. The dotted line shows the
direct gap for Ge;_,Sn, grown on a Ge buffer on Si, see Fig. 54(b). O: Direct band
gap of pseudomorphic Ge;_,Sn, on Ge taken from Ref. [199]. +: Direct band gap
of pseudomorphic Ge;_,Sn, grown on relaxed Ge on Si from ellipsometry [200].
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Figure 63: Compositional dependence of the E; (o) and E;+A; () critical point
energies of pseudomorphic Ge;_,Sn, alloys grown on Ge from ellipsometry (deriva-
tive analysis). The statistical errors of the CP energies are on the order of 1 meV.
The solid lines are E; (black) and E;+A; (blue) for relaxed Ge;_,Sn, alloys. The
dashed lines are for E; (black) and E;+A; (blue) of pseudomorphically strained
Ge;_,Sn, alloys grown on Ge calculated using deformation potential theory.
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can be improved slightly with revised values of D{=5.1+0.3 eV and D3=4.540.1
eV. Within the errors, our deformation potentials are the same as those in Ref.
[69].

The small deviation of the E; CP of the 11% Sn sample from the prediction
may be caused by a thickness interference fringe in the pseudo-dielectric function,
which could be removed only partially by our data analysis techniques. It there-
fore influences the second derivative spectrum of the dielectric function used to
determine the CP energies.

Our data analysis also determines the other CP parameters (amplitude, broad-
ening, and phase angle), which are shown in Figs. 64, 65, and 66. Amplitude,
broadening, and excitonic phase angle are in good agreement with the prior exper-
imental data, shown by lines in figures [198]. Broadening of both E; and E;+A,
CPs are increasing with increasing Sn composition due to the increased alloy scat-
tering. The phase angles of all the alloys are lower than the phase angle of Ge,
indicating a reduced excitonic effect with incorporation of Sn in the Ge lattice.
The statistical errors of the critical point parameters energy, amplitude, phase
angle, and broadening are on the order of 0.1 meV, 0.1, 0.1° and 1 meV, respec-
tively. In addition to the factors discussed in the previous chapter, partial removal
of the thickness interference fringes from the multilayer model also distorts the
CP line shapes, affecting the CP parameters obtained from the second derivative
spectrum. Therefore, random fluctuations of our data may be caused by these

systematic errors which are difficult to quantify.
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Figure 64: Compositional dependence of amplitudes (A) for E; and E; + A in
pseudomorphic Ge;_,Sn,, alloys.
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6.7 Conclusion

In summary, the compositional dependence of the band gaps of pseudomor-
phic Ge;_,_,Si;Sn, alloys on Ge was calculated using deformation potential the-
ory. We predict an indirect to direct band gap transition only for very large
Sn compositions. Specifically, no indirect to direct cross-over can be achieved
for pseudomorphic Ge;_,Sn, on Ge with practically approachable Sn (y < 25%)
compositions.

Our predictions were confirmed for Ge;_,Sn, alloys (z=0) using spectroscopic
ellipsometry. The complex pseudodielectric functions of pseudomorphic Ge;_,Sn,,
alloys grown on Ge by MBE were measured using FTIR and UV-visible ellipsom-
etry in the 0.1-6.6 €V energy range for Sn contents up to 11%, to investigate the
compositional dependence of the band gaps. Critical point energies and related
parameters were obtained by analyzing the second derivative spectrum of the di-
electric function. The £}, E; and E; + A; band gaps of pseudomorphic Gej_,Sn,
alloys measured from ellipsometry are in good agreement with the theoretical

predictions from continuume-elasticity theory and deformation potentials.
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7.1 Abstract

Epitaxial layers of Ge;_,Sn, with Sn compositions up to 18.5% were grown
on Ge (100) substrates via solid-source molecular beam epitaxy. Crystallographic
information was determined by high resolution X-ray diffraction, and composition
was verified by Rutherford backscattering. The surface roughness, measured via
atomic force microscopy and variable angle spectroscopic ellipsometry, was found
to scale with the layer thickness and the Sn concentration. X-ray rocking curve
peak broadening, however, was found not to trend with strain relaxation. The
optical response of the Ge;_,Sn, alloys was measured by spectroscopic ellipsom-
etry. With increasing Sn content, the E; and E;4+A; critical points shifted to
lower energies, and closely matched the deformation potential theory calculations

for both pseudomorphic and relaxed Ge;_,Sn, layers. The dielectric functions of
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the high Sn and strain relaxed material was similar to bulk germanium, but with

slightly lower energies.

7.2 Introduction

Semiconducting Ge;_,Sn, alloys have been under active investigation for creat-
ing direct-bandgap CMOS compatible optical devices [183]. Recent experimental
results have shown promising detectors [210] and emitters [211, 212] with Sn con-
centrations up to 12.6% [168]. With the growing interest in group-IV photonics
for telecommunications and infrared imaging [183, 213, 214], the ability to re-
liably produce Silicon-compatible optoelectronic materials using Ge; ,Sn, is an
important area of ongoing research. The large (14.7%) lattice mismatch between
cubic a-Sn (6.489 A) and Ge (5.658 A) results in a Ge;_,Sn, alloy with a bulk
(relaxed) lattice parameter determined by Vegards law [58]. On a Germanium
substrate, the alloy strain increases with Sn content, which inevitably leads to a
critical thickness above which the pseudomorphic Ge;_,Sn, relaxes strain through
mechanisms that may include the formation of misfit dislocations and Sn precipi-
tation. In addition, the higher Sn contents reduce the thermal stability of the alloy,
promoting relaxation and composition segregation [215] at progressively lower pro-
cess temperatures. Multiple theoretical models have predicted Ge;_,Sn, alloys to
transition to a direct bandgap material at Sn compositions above about 6% [66],
and with experimental evidence of a shift to direct bandgap at 6-8% [216]. More
recent theories, however, suggest that pseudomorphic Ge;_,Sn, that is compres-
sively strained to Ge remains indirect in bandgap for any composition, and only
through relaxation will the Ge;_,Sn, become direct at Sn concentrations as low

as 6% Sn, depending on the amount of relaxation [217, 218]. Unfortunately, the
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low thermal stability of Ge;_,Sn, makes the standard method of thermal anneal-
ing to reduce defects introduced from strain relaxation difficult [190]. Therefore,
in order to produce direct bandgap Ge;_,Sn, for optical applications, it will be
necessary to grow relaxed layers of high quality material with minimal thermal
processing. In this paper, we experimentally investigate the properties of both
strained and partially relaxed Ge;_,Sn, layers with up to 18.5% Sn, to determine

the effects of relaxation on material and optical properties.

7.3 Preparation and Growth

The Ge;_,Sn, alloys were grown using a multi-chamber EPI model 620 molec-
ular beam epitaxy (MBE) system utilizing solid source Knudsen thermal effusion
cells. The cells were loaded with triple zone-refined Ge and Sn (6N, United Min-
eral and Chemical Corporation) in pyrolytic Boron Nitride (pBN) crucibles as
described elsewhere [58, 214]. The growth chamber is pumped with both a closed
loop cryopump system (CTI Cryogenics CT-8F, 4000L/s) and a Varian (4001/s)
ion pump, which take the MBE growth chamber to a base pressure of 1.3x107°
Pascal (10~ Torr).

The substrates used for this study were single-side polished 76.2mm diame-
ter undoped (001) oriented Germanium substrates with a resistivity of 40 Qcm.
Because the native oxide of Germanium doesn’t sufficiently passivate the wafer
surface, extreme care must be taken when cleaning the substrates to mitigate
contamination, optimize material quality, and to remove the unwanted surface
GeO prior to growth. The Ge substrate cleaning procedure is based on that out-
lined in Hovis et al., [75]. The wafers are first rinsed in running DI water (18.23

M), then submerged in dilute Hydrofluoric acid HF:H,O (1:20) for five minutes.
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They are again rinsed in DI water and placed in HCl:H,O (1:4) for one minute
to remove any remaining surface oxide. Next the wafers are dipped in H,O, for
thirty seconds then HCl:H,O (1:4) for one minute, repeating these last two steps
so that they are performed three times in total. This process iteratively oxi-
dizes and strips the wafer surface, removing surface contaminants in the process.
Immediately following the last acid step, the wafers are placed in a solution of
NH,OH:H204:H,0 (1:2:20) for 20 seconds to form a final protective oxide (GeOs)
layer. The wafers are removed from the final solution and quickly blown dry with
high-purity nitrogen, and moved into the MBE introduction chamber within 30
seconds. This wafer cleaning technique was tested by growing a 100nm thick Ge
layer on a Ge wafer cleaned using the above procedure, after which atomic force
microscopy (AFM) and secondary ion mass spectrometry (SIMS) were used to
characterize the layer. The SIMS showed low interfacial C and O doses, and the
RMS surface roughness was found to be just 63 pm.

After about 45 minutes when the load lock pressure reached 5.5x107% Pas-
cal, the wafers were transferred to a preparation chamber, and heated to 450 °C
overnight, followed by a one-hour bake at 650 °C. The wafers were then trans-
ferred to the growth chamber and flashed to 850 °C for 10 minutes to remove
the surface oxide before being cooled to growth temperature. This last step was
found necessary to produce a flat surface morphology and to prevent Sn segre-
gation. The substrate growth temperature varied depending on the Sn content
of the Ge;_,Sn, layer to be grown. For the reported samples A through D (less
than 15% Sn) reported here, the substrate temperature was 150 °C (measured by
a thermocouple behind the substrate), while samples E and F (higher Sn) were
grown at 120 °C. In order to grow samples G and H (Sn contents above 18%), the

substrate heater was turned off and the wafer was allowed to cool to 90 °C. at
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which point the effusion cell shutters were opened. Radiative heating from the Ge
and Sn sources slowly increased the substrate temperature to approximately 115
°C over the course of 30 minutes, after which the temperature remained stable for
the remainder of the growth. This relatively low temperature at the beginning of

the growth was found to help mitigate possible Sn segregation.

7.4 Analysis

7.4.1 X-ray diffraction

Crystallographic data were collected via high resolution X-Ray diffraction
(HR-XRD) using a Philips/Panalytical X'Pert MRD system. The incident beam
path consists of a multi-layer parabolic mirror for focusing the beam, and a Bartels
Ge (220) four-crystal monochromator to isolate the Cu Koy X-ray line (A=1.54056
A). This configuration provided a collimated beam with a divergence of 12 arc
seconds incident on the sample, which is mounted on a triple axis goniometer. The
diffracted beam then traveled to a three-crystal Ge analyzer using (220) plane re-
flections to isolate the coherent component of the diffracted beam before reaching
the detector. The thickness of the strained Ge;_,Sn, layers was extracted from
the Pendellosung interference fringes from symmetric (004) rocking curve (w — 26)
scans, while the thickness of the relaxed layers was inferred from the calibrated
MBE growth rate and from Rutherford Backscattering Spectrometry (RBS) data.
Asymmetric (224) Triple-Crystal Reciprocal space measurements (RSMs) showed
the out-of plane ([001] direction) Q.. and the in-plane ([110] direction) Q) recip-
rocal lattice vectors for the Ge;_,Sn, samples. The RSM plots in Fig. 67 show
the diffraction contours of the Ge;_,Sn, layers (lower contour peak in each plot)

relative to the diffraction peak of the substrate (upper contour peak).
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Figure 68: Relaxation (a), RMS surface roughness (b) and Thickness (b) of
the Gej_,Sn, samples plotted against the w peak FWHM (full width at half-
maximum). The calculated correlation R-squared values represent how well the
measured data fits against a linear trend line (shown). As discussed in the text,
the small value of R-Squared in (a) suggests that there is no correlation between
relaxation and FWHM for these samples.

The separation in both Q) and Q between these two peaks represents the rela-
tive lattice mismatch, which are extracted from the RSMs using a semi-automatic
peak search with Panalytical software. The reciprocal lattice vectors can be used

to find the Ge;_,Sn, lattice constants: [219]

o QJ_Ge - QJ_GeSn

a1GeSn = 0 s AGe T AGe (99)
1 GeSn
Q Ge — Q GeSn
A||GeSn = ” Z?”G S” > aGe t+ Age- (100)

where a| gesy, is the lattice constant of the GeSn in the growth direction (out
of plane), ajcesy is the bulk lattice constant parallel [011] to the growth direction
(in plane), and ag. is the lattice constant of the substrate (5.6579 A). In order

to properly account for tetragonal distortion of the Ge;_,Sn, layers, the elastic
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constants of Ge (Cy;= 126 GPa, Cj3=44 GPa) [220] and cubic Sn (Cy;= 72.5
GPa, C1,=29.7 GPa) [58] used to calculate the respective [100] Poisson’s ratios
v=C12/(C11+C12) where v is the [100] Poisson’s ratio and Cy; and Ci5 are elastic
constants, resulting in a vg. of 0.26 and a vg, of 0.29. The Ge;_,Sn, Poisson’s
ratio is interpolated from the composition estimated from growth conditions to
calculate the respective [100] Poissons ratios of the Ge;_,Sn, alloy. [221] Using the
component lattice constants from Eqgs. (99), (100) and the interpolated Poisson’s

ratio, the bulk lattice constant of relaxed Ge;_,Sn, can be calculated:

20Gesn (@ Gesn — A1Gesn)
1+ VGesn

A0GeSn = A1 GeSn T (101)

The lattice constants of Ge;_,Sn, from Egs. (99), (100) and (101) can now be

used to find the strain tensor of the Ge;_,Sn, [222] alloy layer:

a1 GeSn — A0GeSn

€1GeSn = (102)
ApGeSn
A)|GesSn — A0GeSn
€||GeSn = GoGes (103)
eSn

where €, and ¢ are the out-of-plane and in-plane strain, respectively, as seen
in Table 8. The lattice constants can also be used to calculate the relaxation
Reesn=(a||cesn))-ace)/ (20gesn-ace) of the Ge;_,Sn, layer [219, 223]. The broad-
ened elliptical shape of some of the Ge;_,Sn, contour peaks in Fig. 67 is a result of
relaxation, which increases the in-plane lattice constant, causing Q) to decrease
[224]. The Sn concentration x=(aygesn-age)/(asn-ace) is determined from the
GeSn bulk lattice constant using Vegard’s law. The accuracy of using the linear

interpolation for alloy concentration has previously been investigated, and the
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bowing parameter for the alloy lattice constant was very small (under 10~ nm),
and contributed to a compositional variation of less than 0.1% for the alloys in
this series [58, 59, 57]. Channeling RBS was performed on sample G (18.5% Sn),
which verified the accuracy of these composition calculations. In addition, the
RBS channeled backscattered yield ratios (not plotted here) of X min.ce=0.26 and
Xmin,sn=0.24, showed that over 95% of the Sn was substitutional in the lattice8.

Symmetric Triple-Crystal w X-ray rocking curves aligned to the Ge;_,Sn,
layer peak were performed to calculate the full width at half maximum (FWHM)
(see Table 8), measured in arc seconds. The width of this peak is affected by
a number of parameters, including layer thickness, defectivity, mosaic tilt and
surface roughness. Figure 68 is a plot of the FWHM against relaxation, roughness,
and thickness, which shows no correlation between the FWHM and relaxation, but

a definite correlation with roughness and thickness.

7.4.2 Atomic force microscopy

Atomic Force microscopy (AFM) measurements were performed using a Bruker
MultiMode 8 instrument with a Veeco NanoScope V controller. Prior to mea-
surements, the system was calibrated using a Digital Instruments AFM reference
standard. The RMS roughness (see Table 8) was calculated across a 3x3 pum?
area scan. Scans were repeated on multiple areas of a given sample, which veri-
fied uniformity across the sample. The AFM scans for samples A, B, G and H are
shown in Fig. 69. The AFM images revealed a periodic surface roughness, with a
lateral correlation length of approximately 50-90 nm. The effects of composition,

thickness and strain on roughness will be discussed in the next section.
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Figure 69: Atomic force microscopy (AFM) of the samples A, B, G and H (with
Sn contents of 10, 8.4, 18.5, 18.3% respectively). Each image is 3x3 pm?. RMS
roughness for the samples shown (clockwise from top left): 0.69 nm, 3.77 nm, 0.71
nm, 1.0 nm. These images show the periodic roughness of the Ge;_,Sn,, caused
by strain-induced buckling, depends on the Ge;_,Sn, layer thickness.
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Energy (eV)

Figure 70: Real (solid) and imaginary (dashed) parts of the complex dielectric
function of samples B, D and H (with bulk Germanium for reference) determined
from ellipsometry. The dielectric functions were determined by fitting the mea-
sured ellipsometric angles using a four-phase ambient-GeO,-Ge;_,Sn,-Ge model.

7.4.3 Spectroscopic ellipsometry

The optical response of the Ge;_,Sn, alloys was characterized using variable
angle spectroscopic ellipsometry (VASE) [174]. The ellipsometric angles, 1) and
A were acquired from 0.7 to 6.6 ¢V photon energies with 0.01 ¢V steps at three
angles of incidence (65°, 70°, 75°), on a J.A. Woollam V-VASE spectroscopic
ellipsometer, utilizing a computer-controlled Berek waveplate compensator and a
rotating variable-angle analyzer [172]. To reduce experimental errors, all data were
obtained by averaging two measurements with equal and opposite polarizer angles.
The dielectric functions of the Ge; ,Sn, on Ge were obtained by modeling the
ellipsometry data. A multilayer model including GeO,/Ge;_,Sn, /Ge was used for
accurate treatment of the experimental data. The dielectric functions for the GeO,
and Ge were used in tabulated form from published data [79, 81]. The dielectric

functions of Ge;_,Sn, were described using a parametric oscillator model [82]
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Figure 71: Second derivatives of the real (e;) part of the dielectric function of
sample F (17%) with respect to photon energy near the E; and E;+A; critical
points. Symbols represent the experimental data and solid line shows the best
fit with a two dimensional critical point assuming parabolic bands and constant
dipole matrix elements. The statistical error of this model is on the order of one
meV.

that imposes Kramers-Kronig consistency between the real and imaginary parts.
In the first step of the model fitting, the layer thicknesses and the parametric
oscillator parameters for the dielectric function of Ge;_,Sn, were all treated as
adjustable and varied until good agreement with the measured ellipsometric angles
is achieved. In the second fitting step, the values obtained for the thicknesses were
kept fixed as determined in the first step, and the ellipsometric angles were fitted
again by taking the values of the dielectric function of Ge;_,Sn, at each measured
photon energy as adjustable parameters. The dielectric function obtained from
this point-by-point fit is shown in Fig. 70 for alloys with different Sn contents. We
confirmed that it is still Kramers-Kronig consistent. Note the red-shift of critical
points for increasing Sn contents.

Additionally, analyzing the second derivatives can more accurately indicate the

contribution of the critical points to the dielectric function. The real and imag-
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inary parts of the tabulated dielectric function obtained by this point-by-point
fitting were numerically differentiated and smoothed using ten Savitzky-Golay co-
efficients for second-order derivatives with a polynomial of degree three, to obtain
a good signal to noise ratio without distorting the line shape [84]. The second-
order derivative spectra of the dielectric function fitted using an expression for a
2D critical point assuming parabolic bands and constant dipole matrix elements
[30]. The second derivative spectrum of sample F with the best fit of a 2D critical
point is shown in Fig. 71 Both E; and E;+A; structures were fitted simultane-
ously, the excitonic phase angle # was forced to take the same value for both the

E; and E;+A; critical points.

7.5 Discussion

The measurement data from Table 8 show that the extent of relaxation and the
surface roughness of the Ge;_,Sn, films both increase with layer thickness as well
as with the Sn concentration, as would be expected from calculations of critical
thickness versus lattice mismatch [225]. The peak-to-valley roughness modeled
by VASE, although larger than the AFM roughness because the VASE model
includes the thickness of the surface oxide layer [226], follows the same trends as
the roughness calculated from AFM. Similar periodic roughness has previously
been reported for Ge;_,Sn, alloy layers grown by MBE [227, 228, 229, 230]. The
periodic roughness at the epitaxial surface is believed to be an effect of strain-
induced lattice buckling caused by local gradients in the surface energy as reported
by O. Gurdal et al., [227]. Similar surface deformation caused by strain-induced
kinetic roughening is also widely reported for other alloys such as pseudomorphic

Silicon Germanium (Si;_,Ge,) strained to Silicon [231, 232, 233]. H. Lin et al,,
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Figure 72: The lines represent the E; critical point energies for Ge; ,Sn, on Ge as
a function of Sn content as modeled by Deformation Potential Theory (DPT). The
solid line is fully relaxed and the dashed line is pseudomorphically strained. Circles
(blue) represent the E; energies determined from second-order Derivative Analysis
(DA) of the ellipsometry spectral data, with a statistical error on the order of one
meV. Squares (red) represent the expected Ep energy for each sample taking into
account the Sn content and the degree of relaxation determined from asymmetric
x-ray reciprocal space maps. The inset shows the measured E; energy of bulk Ge
(2.116 €V), where the theoretical lines for strained and relaxed Ge; _,Sn, converge.
For some samples, the measured E; energy (circles) is lower than the calculated
energy (squares), indicating that the degree of relaxation might be larger near the
sample surface. The observed red shift is about 20 meV /% Sn.
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Figure 73: Real (solid) and imaginary (dashed) parts of the dielectric function of
samples C (8% relaxed) and D (61% relaxed) with similar Sn contents (12.5% Sn)
but different degrees of relaxation showing a very small red shift of the spectrum
with strain relaxation.

reported comparable strain-induced surface roughness on unintentionally tensile-
strained Ge;_,Sn, [229]. These results suggest that the roughening is moderated
by a strain field that is proportional to both the lattice-mismatch and the layer
thickness. There could also be a contribution from statistical growth kinetics,
where the low growth temperatures reduce the atomic mobility and hinder surface
flattening. The FWHMs of the w rocking curves are indicated in Fig. 68 plotted
against relaxation, thickness and roughness, along with a linear fit for each. The
thickness and roughness trend closely with the FWHM, with a R-squared value
of 0.90 and 0.94 respectively. The relaxation however has a R-squared value of
only 0.003, representing a low correlation between strain and the w x-ray peak
broadening. The data presented in Fig. 68(b) shows the FWHM increasing with

thickness, which agrees with the Hirsch model that correlates the width of the
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rocking curve (w scan) to the dislocation density. The Hirsch model suggests a
broadening of the rocking curve width, as the dislocation density increases for
thicker films due to their increased relaxation [234, 235]. The data presented in
Fig. 68, however, indicates no correlation between relaxation and the w rocking
curve, suggesting that the mechanism of strain relaxation in Ge;_,Sn, alloys may
not involve dislocations in the same manner as other mismatched heteroepitaxial
semiconductors. A likely cause of the w peak broadening is surface roughness,
as the strain-induced deformation of the lattice at the surface can cause atypical
reflections that would contribute to the observed width of the peak [236]. The
complex dielectric functions of samples B, D and H in Fig. 70 show features similar
to bulk Ge, indicating a diamond crystal structure composed of tetrahedrally
coordinated atoms [174] and that the Ge; ,Sn, epilayers are high quality, even
at high Sn compositions and high degrees of relaxation obtained here. As the
Sn concentration increases, the red shifting of the dielectric function along with
the broadened of critical points (with respect to bulk Ge) as Sn concentration
increases are a result of the alloying and the strain effects of Sn on the Ge band
structure.

The compositional dependence of the E; critical points is plotted in Fig. 72
from both VASE (as determined by second-order Derivative Analysis [DA]) and
XRD (predicted from Deformation Potential Theory [DPT] calculations), along
with the DPT predictions for both fully strained and relaxed (dashed and solid
lines, respectively) Ge;_,Sn, [200, 198]. As the strain relaxation measured from
XRD is incorporated into the DP'T predictions of the E; critical point energy,
the measured values of E; from VASE can be used as a comparative measure
of relaxation between the two measurement techniques. The experimental and

theoretical data are in overall good agreement, except for sample A which has

159



a larger discrepancy in energy between the RSM and VASE derived values. The
discrepancy could be related to the larger critical thickness of sample A (due to the
relatively low Sn content of 10%), where the lattice deformations due to increasing
strain cause the Ge;_,Sn, to relax kinetically at the surface [237], as opposed
to the established Matthews and Blakeslee model of equilibrium relaxation in
which mismatched layers are assumed to relax predominantly from the epitaxial
interface [238]. In this kinetic relaxation model, the misfit dislocations would
nucleate throughout the thickness of the layer instead of only at the substrate
interface, creating a strain gradient proportional to lattice mismatch. The effect
of this strain gradient would likely be most pronounced in the low Sn alloys,
as larger critical thicknesses would yield layers that have thicker pseudomorphic
regions [239, 240, 241]. As the light from the ellipsometry measurement has a
penetration depth of a just a few tens of nanometers (based on the absorption
coefficient from the imaginary part of the dielectric function from VASE) for the
material measured, only the strain relaxation near the surface of the film is being
analyzed during VASE. In contrast, HR-XRD is a relatively bulk measurement
of the layer, which accounts for the strain throughout the entire thickness of the
layer. Figure 73 compares the real and imaginary parts of the dielectric function
of two samples (C & D) with similar Sn composition but different (8% and 61%)
relaxations. There is a slight red shift in energy for the relaxed sample, in good
agreement with DPT modeling. The similarity of the features indicates that both
the strained and relaxed samples have similar optical response, with a slight red-
shift for the relaxed layer, but that the strain relaxation mechanism does not affect

the overall quality of the material.
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7.6 Conclusion

We have demonstrated the growth of both pseudomorphic and relaxed Ge;_,Sn,
alloy layers on Ge substrates via solid source MBE, including wafer preparation
and growth conditions, for a range of thicknesses and Sn compositions up to
18.5%. RBS showed very high (>95%) Sn substitutionality, with composition
in good agreement with that calculated from HR-XRD. The width of the XRD
rocking curve did not increase as a function of strain relaxation, indicating that
the Ge;_,Sn, may have a relaxation mechanism that differs from the dislocation
creation that is reported for other common heteroepitaxial semiconductors. AFM
was used to characterize the RMS surface roughness of the Ge;_,Sn,, which was
found to increase with thickness, likely as a result of strain induced buckling of the
lattice at the growth surface. The optical response of the samples was measured
by spectroscopic ellipsometry and indicated a red shift in critical point energies
with increasing Sn content (about 20 meV /% Sn) as well as with strain relaxation,
in good agreement with theory. The ellipsometric measurements also showed the
dielectric functions of all of the Ge;_,Sn, alloys were qualitatively similar to bulk
Ge, suggesting that the high Sn contents and strain relaxation isnt significantly
reducing the crystal quality of the material. All of the characterizations reported
here suggest that the relaxation mechanisms did not significantly degrade the mor-
phology and optical constants of the relaxed Ge;_,Sn, alloy layers compared with
the strained layers. These results suggest that relaxed, high Sn Ge;_,Sn, alloy
layers can be grown by the MBE method to retain much of the crystal quality of
the pseudomorphic, lower Sn content alloy layers, which is a promising finding for

the development of strain-engineered direct bandgap Ge;_,Sn,.

161



Acknowledgements

This work was funded in part by grants from the Air Force (AFOSR award
FA9550-14-1-0207 and award FA9550-13-1-0022), the Army Research Office (ARO
award W911NF-12-1-0380), and by gifts from IBM Corporation and Thorlabs.
Special thanks to T.N. Adam, R. Soref, Y.-K. Yeo, and S.-Q. (Fisher) Yu for

valuable discussions.

162



8 Conclusion

Gej_;—ySiySn, alloys have emerged as a promising material for the design of
Ge based optoelectronic devices (photovoltaic applications, IR detectors, IR lasers
and LEDs) on current Si technology. They allow to tune the absorption edge by
controlling the alloy composition and strain independently. Therefore, the accu-
rate knowledge of the compositoinal and strain dependence of the optical constants
(refractive index, dielectric function, absorption coefficients and reflectivity) are
of great interest to optoelectronic industry. We characterize the compositional,
strain and temperature dependence of the optical properties of Ge-Si-Sn alloys
using spectroscopic ellipsometry and high resolution X-ray diffraction.

Usually, Ge and Ge-based alloys are covered with a native surface oxide and
a roughness layer, which make it more challenging to interpret the ellipsometry
measurements on these semiconductors. In order to accurately characterize the
optical constants of native oxides on Ge, we produced thermal oxides (GeOs) on
Ge, with thicknesses from 34 to 136 nm by thermal oxidation of Ge. Optical
constants of GeO, were determined and tabulated from 0.5 - 6.6 eV, using spec-
troscopic ellipsometry via multisample analysis. Surface oxides layers were also
characterized using X-ray reflectance.

The temperature dependent dielectric functions of bulk Ge and Ge on Si,
grown by CVD were measured from 80 - 780 K, from 0.8 - 6.6 eV, using spec-
troscopic ellipsometry. The temperature dependence of the Ei, E;+A;, Ej and
E, critical points were determined from second derivative analysis. The E; and
E;+A; critical points in the Ge epilayers on Si are redshifted compared to bulk

Ge. A model, taking into account the thermal expansion coefficients, stress, and
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strain determined using continuum elasticity theory, and the strain-induced shifts
calculated from deformation potentials, was developed to explain the temperature
dependent energy shift of the E; and E;+A; critical points.

The compositional dependence of the band gaps of pseudomorphic Ge;_,_,Si,Sn,
alloys on Ge were reported using deformation potential theory. Theory predicts
an indirect to a direct band gap transition of pseudomorphic Ge;_,_,5i;Sn,, alloys
on Ge for very high high Sn compositions, y>15% and no indirect to direct cross
over for pseudomorphic Ge;_,Sn, on Ge for practically approachable Sn (y < 25%)
compositions. The effects of the substrate on the indirect-direct transition were
discussed for bulk Ge, Ge-buffered Si, and GaAs substrates. The predictions of
the deformation potential theory were validated for Ge;_,Sn, alloys (z=0) using
spectroscopic ellipsometry. The complex pscudodielectric functions of pseudo-
morphic Ge;_,Sn,, alloys grown on Ge by MBE were measured using FTIR and
UV-visible ellipsometry in the 0.1-6.6 eV energy range for Sn contents up to 11%,
to investigate the compositional dependence of the band gaps. Critical point en-
ergies and related parameters were obtained by analyzing the second derivative
spectrum of the dielectric function. The Ef, E; and E; + A band gaps of pseudo-
morphic Ge;_,Sn, alloys measured from ellipsometry are in good agreement with
the theoretical predictions.

The effects of strain relaxation of the Ge;_,Sn, on Ge substrate on the opti-
cal properties were investigated up to 18.5% Sn and for thicknesses ranging from
40 - 300 nm. The Sn composition and degree of relaxation of the epilayers were
determined from high-resolution X-ray diffraction reciprocal space maps. Taking
into account the strain relaxation, measured from XRD, the compositional and
strain dependence of the E; critical point were predicted using deformation poten-

tial theory. The optical response of the samples was measured by spectroscopic
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ellipsometry and indicated a red shift in critical point energies with increasing Sn
content (about 20meV /% Sn) as well as with strain relaxation, in good agreement
with theory. The ellipsometric measurements also showed that the dielectric func-
tions of the Ge;_,Sn, alloys were qualitatively similar to bulk Ge, suggesting that
the high Sn contents and strain relaxation do not significantly reduce the crystal

quality of the material.
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