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College of Nanoscale Science and Engineering, SUNY, Albany, New York 12203

Alexander Reznicek
IBM Research at Albany Nanotech, Albany, New York 12203

Matthew Wormington
Jordan Valley Semiconductors, Austin, Texas 78744

Girish Malladi
College of Nanoscale Science and Engineering, SUNY, Albany, New York 12203

Yihwan Kim and Yi-Chiau Huang
Applied Materials, Sunnyvale, California 94085

Alain C. Diebold
College of Nanoscale Science and Engineering, SUNY, Albany, New York 12203

(Received 3 June 2014; accepted 27 October 2014; published 19 November 2014)
The characterization of the optical properties of pseudomorphic Ge1xSnx/Ge/Si (x ¼ 0 to 0.11)
alloys from the IR to UV is presented. The Ge1xSnx alloys were epitaxially grown on relaxed Ge
grown on Si. Rutherford backscattering (RBS) and RBS ion channeling methods were used to
confirm the Sn composition and substitutional nature of the Sn into the Ge lattice. The
pseudomorphic nature of the Ge1xSnx on Ge is confirmed using high resolution x-ray diffraction
(HRXRD) and transmission electron microscopy. Although HRXRD reciprocal space maps indicated that the Ge1xSnx was pseudomorphic to Ge, the shape of the Bragg peaks indicated that the
sample surface was rough. The rough surface morphology is confirmed using atomic force microscopy. The complex dielectric function is reported in the IR, visible, and UV spectrum in the wavelength range of 0.2–5.06 eV. The E1, E1 þ D1, E2, and E0 critical points are extracted using second
and third derivative line shape fitting and are compared with the elastic theory calculations of
strained Ge1xSnx (x ¼ 0 to 0.11) alloys and fully relaxed Ge1xSnx (x ¼ 0 to 0.11) alloys. The E0
critical point energies are observed to have slightly larger values than those calculated for comC 2014 American
pletely relaxed Ge1xSnx alloys due to the presence of compressive strain. V
Vacuum Society. [http://dx.doi.org/10.1116/1.4901254]

I. INTRODUCTION
The optical and electronic properties of germanium (Ge)
based group IV materials have potential applications in
novel electronic and optoelectronic devices.1–3 Often the viability of these applications requires process based strain engineering or alloying. Germanium’s high hole mobility can
be improved through strain engineering, and its small, indirect band gap can be transformed into a direct band gap material by alloying with other elements including tin (Sn).
Strain free Ge1xSnx alloys formed by substituting Sn into
Ge lattice were found to transform from indirect band gap as
the percentage of Sn increased.4,5 Ge has very small energy
difference of 0.14 eV between the lowest direct band gap
and indirect band gap. The addition of Sn affects the band
structure of Ge, which results in the reduction of the direct
band gap (C-valley) more than the indirect band gap (L-valley).1,6 The large lattice mismatch of about 14.9% between
Ge and Sn and about 19.4% between Si and Sn introduces
strain in the GeSn lattice when it is epitaxially grown on Si
or Ge. This strain also alters the band structure.7,8 Strain free
a)
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and strained Ge1xSnx alloys with a wide range of Sn composition values have been reported in the literature.2,8–12
Theoretical predictions of the compositional dependence of
the crossover to a direct band gap for strain free Ge1xSnx
alloys range from 6.3% (x ¼ 0.063) to more than 21%
(x ¼ 0.21).2,9–12 The different crossover values are due to the
specific band structure calculation method and different
bowing parameters used to estimate band gaps. Recent photoluminescence studies indicate that the transition to direct
band gap occurs between 6% and 8% Ge for strain free
alloys.12,13 Gupta et al. report that the inclusion of alloy disorder in the crystal potential and the effect of room temperature results in a theoretical prediction of 6.5% Ge for
indirect to direct band gap transition for strain free alloys.14
Strain engineering of Ge through alloying with Sn has shown
to have a number of applications in MOS devices including
as a stressor material for mobility enhancement which
increases switching speed.15,16 However, several challenges
including the extremely low Sn solid solubility of about 1%
in Ge, low surface free energy and high surface segregation
of Sn need to be addressed before growth of high quality single crystal GeSn alloys is possible. Recent advances in epitaxial growth techniques have enabled fabrication of
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pseudomorphic GeSn alloys on Ge.15 Gupta et al. also predict that the biaxial stress in pseudomorphic Ge1xSnx/Ge
(001) will not result in the transition to a direct band gap for
x < 0.15, while Ragan and Atwater claim that the indirect to
direct energy transition occurs near x ¼ 0.09 for epitaxial
GeSn alloys coherently grown on Ge (001).14,17 In this paper, characterization of the crystal structure, complex dielectric function, and band gap of pseudomorphic Ge1xSnx
alloys is reported.
Optical measurement of film thickness is a crucial process
monitoring technique during the fabrication of integrated circuits. Film thickness measurement for Ge1xSnx alloys is
complicated by the changes in the complex refractive index
(dielectric function) due to strain. The optical properties of
fully relaxed Ge1xSnx alloys for Sn concentrations up to
x ¼ 0.2 in the range of 0.2–6 eV and for pseudomorphic
Ge1xSnx alloys (x < 0.2) in the range of 1.2–4.7 eV have
been previously reported. 4,6,8,18,19 It is useful to first discuss
the optical properties of Ge and Sn. The dielectric function
of Ge has several sharp features that are due to direct band
transitions known as critical points (CPs).20 CPs occur when
there is nearly constant energy separation between the valence band and the conduction band.20–22 The imaginary part
of the dielectric function (e2) of group IV materials exhibit
Van Hove singularities or critical points M0, M1, M2, and
M3.21,23 The E0 CP is the lowest direct band energy due to
transitions at the C point (C8vþ  C7c ) of Brillouin zone.24
For Ge, the E0 CP is about 0.80 eV, which is slightly above
the lowest indirect gap energy of 0.66 eV (C8vþ  L6c ) and
for Sn, E0 occurs around 0.41 eV (C8vþ  L7v ).6,24 The
spin orbit splitting, D1 for both germanium and tin are large
enough to be observed in the dielectric function. The E1 CP
arises due to the transition from highest valence band to lowest conduction band along the h1; 1; 1i direction.23 E1 CP
occurs at 2.12 and 1.27 eV for Ge and Sn, respectively, with
E1 þ D1 CPs at 2.31 and 1.77 eV.6,22 The spin orbit split
value, which depends on the bands involved in the transition,
exhibits D1 value for Ge as approximately 0.19 eV and for
Sn as 0.5 eV.6 The critical points and spin orbit splits for
Ge1xSnx alloys can be approximated using a quadratic
polynomial and composition dependent bowing parameters.6
Several papers reported the optical properties of strain free
CVD grown GeSn alloys grown on Si.18,19 Recently, the optical properties of fully strained GeSn alloys on Ge grown by
MBE were reported in the visible region.8 The authors are not
aware of a report of the dielectric function of CVD grown
pseudomorphic Ge1xSnx alloys in the IR region. In this paper, we report the optical properties of CVD grown Ge1xSnx
(x < 0.11) alloys pseudomorphic to Ge from the IR to the UV
region (from 0.2 to 5.06 eV). This paper also studies the stress
induced shifts of the E1 critical point using deformation potentials that vary with composition. The structure of the GeSn
alloys is a function of the specific process used to fabricate
the epilayers. This paper describes the results of the characterization of pseudomorphic GeSn alloys that were fabricated on
300 mm wafers using equipment and processes that are compatible with current semiconductor integrated circuit manufacturing. Since changes in processing conditions and
J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014
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substrate can alter the resulting epilayer, the films were thoroughly characterized. The pseudomorphic nature of the films
used in this study was confirmed using high resolution x-ray
diffraction (HRXRD), and the results are also presented. This
article also discusses the absence of interference fringes in x2h HRXRD scans and reciprocal space maps (RSMs), which
is attributed to the surface roughness and defects present at
the Si/Ge interface. This conclusion is supported by the
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) images. In Sec. II, the elastic theory
describing shift in the CP energy with the increase in Sn concentration is discussed. The experimental methods are
described in Sec. III. In Sec. IV, the characterization results of
the Ge1xSnx alloys using AFM, TEM, Rutherford backscattering (RBS), HRXRD and spectroscopic ellipsometry (SE)
are presented. The RBS determination of Sn composition in
the Ge1xSnx alloys is described along with high resolution xray diffraction confirmation. The quality of the crystalline material and the Sn substitution in the Ge lattice is also studied
using HRXRD and RBS analysis. Detailed discussion of the
absence of interference fringes in HRXRD of fully strained
pseudomorphic GeSn layers is also presented. Finally, the
complex dielectric functions derived from the ellipsometric
measurements are also presented. Conclusions are provided in
Sec. V.
II. ELASTIC THEORY MODEL FOR STRESS
INDUCED CHANGES IN THE OPTICAL
PROPERTIES
Prediction of the stress induced shift of CPs of biaxially
strained Ge1xSnx alloys is presented in this section.6,8
Ge1xSnx alloys up to x ¼ 0.2 were shown to no phase separation into GeSn alloy and excess Sn based on HRXRD measurements including 004 x-2h rocking curves presented below.8
The room temperature lattice constant of unstrained, bulk
Ge1xSnx is known to be6
a ðGeð1xÞ SnðxÞ Þ ¼ a0 ðSnÞ x þ a0 ðGeÞ ð1  xÞ
þ hGeSn ð1  xÞ x;

(1)

where hGeSn indicates the bowing parameter, which contributes to the deviation from Vegard’s law. Different bowing
values were published for GeSn alloys. Kouvetakis et al.6
reported hGeSn ¼ 0.166 Å, Chibane and Ferhat25 reported
hGeSn ¼ 0.65 Å, Beeler et al.26 extracted it to be
hGeSn ¼ 0.0468 Å, and Gencarelli et al.27 calculated it out to
be hGeSn ¼ 0.041 Å. Here, we use the bowing value of
0.0468 Å. It is important to note that the bowing parameter
of GeSn alloys has the opposite sign to that observed for
Si1xGex alloys.6
Based on the elastic theory, the in-plane strain component
e? and the perpendicular strain component ejj , i.e., in the
growth direction are given by8,20,22,28
e? ¼

aGe  aGeSn
aGeSn

and

ejj ¼

2S12
2C12
e? ¼ 
e? :
S11 þ S12
C11
(2)

061805-3 Medikonda et al.: Optical properties of pseudomorphic Ge12xSnx (x 5 0 to 0.11) alloys

In this paper, notations for the in-plane direction and the
growth direction follow Zollner’s review of k*p theory of
strain dependence of the optical properties of Si1xGex
alloys. The elastic stiffness constants C11, C12 and the elastic
compliance constants S11, S12 are related by
C11  C12 ¼ (S11  S12)1 and C11 þ 2C12 ¼ (S11 þ 2S12)1.
For Ge1xSnx alloys, these elastic compliance constants are
estimated using Vegard’s law (Table I).
The room temperature CP energies E1 and E1 þ D1 of
strain-free Ge1xSnx alloys depend on the Sn concentration
and follow the quadratic polynomial expression
Ge
Ei ðxÞ ¼ ESn
i x þ Ei ð1  xÞ  bi x ð1  xÞ;

(3)

where bi is again the bowing parameter defining the deviation from the linear interpolation of the Ge and Sn band
gaps. Experimental bi values were reported to be around
2.1–2.8 eV.4,12 The spin orbit splitting, D1 of Ge and Sn can
be observed in ellipsometrically determined dielectric functions. Thus, the spin orbit splitting of Ge1xSnx alloys can
also be observed.
Biaxially strained tetrahedral semiconductors have shown
to exhibit E1 and E1 þ D1 band gaps following the
expressions:8,20,22,28
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2ﬃ
D 1 ð xÞ
D 1 ð xÞ
þ DEH  DE2S þ
;
E1 ð x; eÞ ¼ E1 ð xÞ þ
2
2
(4)
D1 ðxÞ
ðE1 þ D1 Þ ð x; eÞ ¼ ðE1 þ D1 Þð xÞ 
þ DEH
2
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ

2
D1 ð xÞ
2
;
þ DES þ
2

(5)

where D1 is the spin orbit splitting estimated using Vegard’s
law and composition dependent bowing parameter for
Ge1xSnx alloys.6 The predicted stress induced shift of the
E1 þ D1 CP is larger than that predicted for the E1 CP. DEH
and DES are the hydrostatic and shear shifts in the CP energies for biaxially strained Ge1xSnx alloys given by hydrostatic and shear strain components eH and eS , respectively.
D11 and D33 are the hydrostatic and shear deformation
potentials8,28


pﬃﬃﬃ
2 1
C12
p
ﬃﬃ
ﬃ
D1 1 
e? ¼ 3D11 eH ;
DEH ¼
C11
3
ejj þ 2 e?
;
(6)
eH ¼
3
TABLE I. Elastic constants, phonon deformation potentials, and lattice constants for germanium and a-tin at room temperature (Refs. 7, 8, 24, and 29).

Ge
Sn
Ge0.80Sn0.20

C11
(1012 dyn cm2)

C12
(1012 dyn cm2)

D11
(eV)

D33
(eV)

a
(Å)

1.289
0.690
1.1692

0.483
0.293
0.445

8.6
—
5.4

5.9
—
3.8

5.6579
6.4892
5.8316

rﬃﬃﬃ 

pﬃﬃﬃ
2 3
C12
DES ¼ 
D3 1 þ 2
e? ¼ 6D33 eS ;
C11
3
ejj  e?
:
eS ¼
3
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(7)

The hydrostatic and shear deformation potentials D11 and
for Ge1xSnx alloys (x < 0.20) were calculated and
reported as 5.4 and 3.8 eV by D’Costa et al. and were considered invariant of Sn composition change for concentrations
less than 20%.8 Here, the deformation potentials between 0%
and 20% Sn concentrations are determined using linear
interpolation
D33

Dzz ðGe1x Snx Þ ¼ Dzz ðGeÞ


Dzz ðGe0:80 Sn0:20 Þ  Dzz ðGeÞ
 ð xÞ:
þ
0:20
(8)

III. EXPERIMENTAL METHODS
Strained Ge1xSnx (x ¼ 0.04 to 0.11) layers were grown
separately on relaxed Ge buffer layers grown on doublesided polished 300 mm p-type Boron doped (1–10 X cm)
(100) silicon wafers using chemical vapor deposition.
Digermane (Ge2H6) and Tin tetrachloride (SnCl4) were used
as precursors for Ge and Sn. The samples were subjected to
a high temperature hydrogen bake at 1040  C to remove any
contamination on the Si substrate wafer before Ge deposition. The Ge layer was then deposited followed by an in-situ
GeSn deposition. AFM data were profiled over an area of 10
lm  10 lm for surface analysis. The Si-Ge interface and
the Ge-GeSn interfaces were probed using TEM crosssection analysis to detect any dislocations or defects present
at the interfaces.
Jordan Valley’s BEDE Metrix-L (BML) x-ray diffractometer tool was utilized for high resolution x-ray diffraction
analysis on the GeSn samples. The BML tool provides an
x-ray beam of a few millimeters with a 2.2 kW Cu sealed
tube source and a channel-cut collimator. The tool has an
angular resolution of 25" and is capable of handling 300 mm
wafers.
RBS channeling angular scans of GeSn/Ge/Si multilayers
were acquired using 2 MeV Heþ ion beam. The collected
charge limit was set to 1 lC to minimize the radiation damage effects. The charge limit for random configuration was
set to 4 lC with the detector about 7 away from the incoming beam in Ge h100i direction to avoid the channeling
effect of single crystal substrate. The angular yield scans
were obtained in the range of 2 to þ2 from the channel.
The energy spectra of Heþ ions were measured using magnetic spectrometer.
Spectroscopic ellipsometry data was acquired using J. A.
Woollam RC2 in the range of 0.73–5.06 eV and IR-VASE in
the range of 0.2–0.8 eV. The ellipsometric angles W and D
were collected along with depolarization data with a resolution of 0.01 eV using the dual rotation compensator RC2 and
with a resolution of 0.06 eV using IR-VASE. For IR-VASE
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measurements, the samples were backside roughened to
obtain the reflected signal.
Atomic force microscope by Digital Instruments was
used to probe the surface of Ge1xSnx alloys. An area of 100
lm2 is scanned to determine the surface roughness of the
GeSn layer.

IV. RESULTS
A. AFM and TEM Analyses

AFM characterization of surface roughness of the
Ge1xSnx alloy samples determined that the samples were
considerably rougher than the sub-0.2 nm RMS observed for
pseudomorphic Si1xGex/Si.22 A line scan and an area scan
on the GeSn surface of Ge1xSnx/Ge/Si (x ¼ 0.04) sample is
shown in Fig. 1. The AFM scans displayed Zheight of
12.13 nm with a Zrms value of 1.69 nm. AFM scans of the
Ge1xSnx/Ge/Si (x ¼ 0.11) sample shown in Fig. 2 also displayed similar results with Zheight of 13.82 nm and a Zrms
value of 2.05 nm.
TEM imaging of the Si-Ge interface of Ge0.89Sn0.11/Ge/Si
sample is shown in Fig. 3. The TEM images were acquired
on one region of Si-Ge interface and one region of Ge-GeSn
interface. The interface between Si and Ge clearly displays
high density of misfit dislocations which also migrated to the
lower layers of Ge. A thick germanium buffer layer was
intentionally grown so that a defect free germanium lattice is
formed at the surface of the Ge. This enabled growth of high
quality, fully strained pseudomorphic GeSn layers on Ge. A
TEM image of the Ge-GeSn interface in Fig. 4 displays a

FIG. 2. (Color online) AFM image of the GeSn surface of the Ge0.89Sn0.11/
Ge/Si sample showing an average roughness of 2.05 nm.

perfect GeSn lattice grown on Ge lattice with no misfit dislocations, indicating high crystalline quality of the GeSn layer.
B. RBS Analysis

RBS in the ion channeling configuration was used to evaluate the Sn concentration and crystalline quality of the

FIG. 1. (Color online) AFM image of the GeSn surface of the Ge0.96Sn0.04/
Ge/Si sample showing an average roughness of 1.69 nm.
J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014

FIG. 3. TEM image of the Si-Ge interface of the Ge0.89Sn0.11/Ge/Si sample.
Misfit dislocations can be seen at the interface.
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FIG. 5. (Color online) RBS random spectrum for samples Ge1xSnx/Ge/Si
(x ¼ 0, 0.04, and 0.11). (Inset) Sample and beam setup for collecting backscattered ions. The detector is positioned at an angle / ¼ 7 from the incoming beam to collect backscattered ions.
FIG. 4. TEM image of the Ge-GeSn interface of the Ge0.89Sn0.11/Ge/Si sample displaying a defect-free strained GeSn lattice on Ge.

samples. The backscattered ions from host and solute atoms
were collected as a function of crystal alignment, which
determine the lattice quality and position of solute atoms.30
The channeling effects are quite distinguishable in the angular range of 62 . Channeling angular scans in the range of
2 to þ2 were collected separately for germanium and tin
of Ge1xSnx/Ge/Si (x ¼ 0.04, 0.06, 0.08, and 0.11) samples
and are shown in Fig. 6. All the scans depict very low backscattered signal of the h100i channel at 0 , indicating undistorted lattice structure. The Ge and Sn angular scans for
Ge1xSnx/Ge/Si (x ¼ 0.11) sample are compared in Fig. 7(a)
which shows similar signal variation of Ge and Sn with
angle. The angular scans were also collected for the h110i
channel to minimize silicon substrate signal. Figure 7(b)
shows Sn angular scans of Ge1xSnx/Ge/Si (x ¼ 0.11) sample in h100i and h110i directions. The observed channeling
patterns indicate substitution of Sn solute atoms in the Ge
host lattice.
The ratio of aligned to random yield of the backscattered
ions results in a normalized yield (vhlmni). The normalized
yields in the opted channel for specific atoms in an alloy can
determine the position of those atoms in the lattice.30 The

pseudomorphic Ge1xSnx/Ge/Si (0  x  0.11) samples.
RBS channeling measurements were used to detect the presence of interstitial Sn in the GeSn alloy layer.
The measured random spectrum for Ge1xSnx/Ge/Si
(x ¼ 0.0, 0.4, and 0.11) samples is shown in Fig. 5. Silicon
substrate spectra edge can be seen around 0.77 MeV. Large
broad peaks at 1.67 MeV correspond to the germanium
atoms in the Ge and GeSn layer. The width of the peak is
directly proportional to the thickness of the layer. The Ge
peaks cover a broad energy range due to large number of Ge
atoms. The small peaks around 1.82 MeV are the Sn spectra.
Increase in intensity of the tin peak can be observed in the
plot as the tin concentration increases from x ¼ 0.04
to x ¼ 0.11. The composition and depth profiles were
obtained by simulating best fits on these random spectra.
The RBS thickness and composition results for all the
samples Ge1xSnx/Ge/Si (0  x  0.11) are shown in
Table II.
In order to probe for interstitial Sn, axial channeling spectra in the h100i channeling direction were collected for all

TABLE II. Measured Sn concentration, Ge and GeSn layer thickness values, E0, E1, and E1 þ D1 critical points of pseudomorphic Ge(1x)Snx (x ¼ 0.00 to 0.11)
alloys on Ge on Si substrate.
Sn fraction x
No.
1
2
3
4
5
6
7
8
9

Ge thickness (nm)

GeSn thickness (nm)

HRXRD 6 0.005

RBS 6 0.005

SE 6 0.5

RBS 6 10

SE 6 0.05

RBS 6 5

Strain (HRXRD)
% 6 0.02

E0 (eV)
6 0.01

E1 (eV)
6 0.01

E1 þ D1 (eV)
6 0.01

0.00
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11

0.000
0.045
0.055
0.060
0.073
0.080
0.090
0.110
0.110

641
641
641
641
641
641
641
641
641

610
615
600
600
585
595
590
580
590

0
77.5
71.9
70.5
62.8
60.2
59.2
58.3
60.7

0
80
68
68
70
68
70
68
68

0
0.6
0.7
0.9
1.0
1.2
1.3
1.5
1.6

0.8
0.68
0.65
0.63
0.6
0.58
0.55
0.53
0.51

2.1
2.04
2.02
2.02
1.99
1.96
1.95
1.95
1.9

2.32
2.28
2.28
2.25
2.22
2.22
2.2
2.18
2.21
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FIG. 8. (Color online) (a) Normalized yields of Ge and Sn for the top GeSn
layer of Ge0.89Sn0.11/Ge/Si sample in h100i direction. (b) Fraction of solute
Sn atoms displaced from Ge host atoms into the channel estimated from the
normalized yields of Ge and Sn atoms.

FIG. 6. (Color online) Channeling angular scans of (a) germanium and (b)
tin for Ge1xSnx/Ge/Si (x ¼ 0.04, 0.06, 0.08, and 0.11) in h100i direction.

normalized yields of Ge and Sn for the h100i channel were
obtained from aligned channeling spectra yield divided by
the yield of random spectra. Figure 8(a) shows the normalized yields for Ge atoms and Sn atoms in the top GeSn layer
of Ge0.89Sn0.11/Ge/Si sample in the h100i channel. Fraction
of solute atoms (fdsh100i) displaced from host lattice sites into
the h100i channel is estimated by measuring the normalized
ð100Þ
yields from host atoms (vh ) and from solute atoms
h100i
(vs ). The fraction is determined from the formula30


h100i
h100i
 vh
vs
h100i
 :
fds ¼ 
(9)
h100i
1  vh

of 224 planes exposes the in-plane lattice orientation, which
can evaluate strain/relaxation in a material. For perfectly
pseudomorphic layers, the corresponding layer peak appears
at the same relative reciprocal distance as that of the substrate and the shift of the layer peak from the substrate peak
depends on the amount of layer relaxation.31–34 A 224 RSM
of the Ge1xSnx (x ¼ 0.11)/Ge/Si sample is shown in Fig. 9,
indicating all the three peaks—Si substrate, Ge buffer layer,
and GeSn epilayer peaks. The Qx values in the plot clearly
indicate a completely relaxed germanium layer on silicon
and a strained GeSn layer with respect to germanium layer.
Since the GeSn lattice is strained in the direction parallel to
surface, lattice expands in the perpendicular direction, i.e.,
along the growth direction. Figure 10 plots Ge and GeSn

Figure 8(b) plots the fraction (fds) of Sn atoms displaced
from Ge atoms in the h100i channel. The results strongly
suggest that the Sn solute atoms are predominantly located
in Ge substitutional lattice sites.
C. X-ray characterization

High resolution x-ray diffraction was used to characterize
the strain state, composition, and qualitatively analyze the
defects in the GeSn alloy samples. A reciprocal space map

FIG. 7. (Color online) (a) Comparison of channeling angular scans of Ge and
Sn of Ge0.89Sn0.11/Ge/Si sample in h100i direction. (b) Comparison of angular scans of Sn for the same sample in h110i and h100i directions.
J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014

FIG. 9. (Color online) Reciprocal space map of 224 planes of Ge0.89Sn0.11
sample displaying a completely relaxed Ge layer and a pseudomorphic
GeSn layer. The solid line represents the relaxation line for Ge film from Si
substrate.
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FIG. 10. (Color online) Reciprocal space map of (224) planes of Ge1xSnx/Ge/Si samples (x ¼ 0.00 to 0.11) depicting a fully strained GeSn layer in all the
samples.

peaks with Sn concentration varying from 0% to 11%. There
is a clear shift of GeSn peaks away from the Ge peak in the
Qz direction as the Sn concentration increases due to the
increase of GeSn lattice along the growth direction. Figure
11 depicts an 004 RSM for Sn concentrations of 4% and

FIG. 11. (Color online) Reciprocal space map of (004) planes of Ge1xSnx/
Ge/Si samples for tin concentrations of x ¼ 0.04 and x ¼ 0.11.

11%. 004 RSMs quantify the layer tilts present on the substrate by observing the 004 Bragg diffraction angles from
both the substrate and the layer. The layer peak positions of
both Ge and GeSn in the map depict a perfect untilted crystalline lattice. Defects in a lattice structure affect the diffuse
scatter intensity distribution near a reciprocal lattice point
(Relp).31,32,35 Equal peak broadening for the substrate and
layers is observed because of the strain fields that penetrated
into the Si substrate due to defects in the Ge epilayer.31,32
Holy et al. developed x-ray diffraction models for the
mosaic structure and rough interface defects in epitaxial
layers and superlattices using semikinematical approximation and optical coherence approach.35 Comparing the diffuse scatter around the Relps of Ge and GeSn of our
samples, there is indeed an indication of mosaic spread in
the Ge layer and surface roughness for the GeSn layer.
Though the Ge1xSnx layers (0.4  x  0.11) are pseudomorphic to the Ge layer, the absence of interference fringes is
attributed to the defects and roughness present in the sample.
The 004 x–2h coupled line scans for all the samples are
shown in Fig. 12. For a given pseudomorphic material, calculations for concentration of the substituent and the layer
thickness involve rigorous computational analysis; however,
the preliminary values can be estimated from intensity of the
layer peak, interference fringe separation width and angular
separation of the layer peak from the substrate peak.32,33
Due to the absence of interference fringes, calculation of the
layer thickness was difficult, but the composition has been
extracted using angular difference dh between the substrate
and the layer peaks. By comparing the experimental
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Theoretical mismatch is estimated using layer (al) and substrate (as) lattice constants. Here, mismatch between GeSn
and Ge lattice is calculated for various Sn concentrations31–33
mt ¼

al  as
:
as

(13)

The theoretical mismatch values are compared with the experimental values to determine the Sn composition.
Confirming pseudomorphic nature of the GeSn layer on
Ge of all the samples using HRXRD, ellipsometric studies
have been done to determine the optical properties of these
alloys.
D. Ellipsometry

FIG. 12. (Color online) x-2h coupled scans of 004 planes of Ge1xSnx/Ge/Si
samples (x ¼ 0.00 to 0.11) with silicon as the reference peak. Arrows shown
in the plot trace the GeSn peak which can be seen as shifting away from the
Ge peak as the tin concentration increases.

mismatch (m*) to theoretical mismatch (mt) values of various compositions, percentage of tin content was calculated
for these alloys and is within 0.5% error of the expected values. The experimental mismatch between the substrate and
the layer’s interplanar spacing in the growth direction is
given by31–33
m ¼

dh
;
tan h þ tan u

(10)

where h is the Bragg angle of the reference layer and u is
the crystal plane angle. This mismatch in the direction of
growth is related to the parallel mismatch by31–33
m¼

1t 
m
1þt

and

t¼

C12
;
C11 þ C12

(11)

where t is the Poisson ratio in the h001i direction, C11 and
C12 are the elastic stiffness coefficients. For Ge1xSnx
alloys, the stiffness coefficients are calculated by the linear
interpolation of relaxed bulk Ge and Sn values
CðGeð1xÞ Snx Þ ¼ x CSn þ ð1  xÞ CGe :
J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014

(12)

The experimental W and D data and the model fits for
Ge0.96Sn0.04 sample and Ge0.89Sn0.11 sample from the IR
to the UV region at different incident beam angles is
shown in Fig. 13. The complex dielectric functions of the
Ge1xSnx alloys from the IR to the UV region are shown
in Figs. 14 and 15. The Ge layer and the GeSn layers in
the energy range between 0.73 and 5.06 eV are modeled
using
Tauc–Lorentz
oscillators,
which
ensure
Kramers–Kronig consistency between the real and imaginary parts of the dielectric function. A Cauchy function
consistent with germanium dioxide (GeO2) has been
included as a native oxide layer for all the samples. The
dielectric function of Ge determined using the above procedure matches previously observed results of Ge.22
Although D’Costa et al. derived a constant value of deformation potentials for all Ge1xSnx (x  0.20)8 alloys
from the experimental results, the deformation potentials
for CP transitions depend on composition.22 The deformation potentials used to calculate E1 and E1 þ D1 critical
points for the pseudomorphic, stressed alloys are estimated
using linear interpolation between Ge and Ge0.80Sn0.20
alloy. The CP energies are consistent with the theoretical
calculations with slight differences due to the bowing parameters used in the calculation of lattice parameters and
critical points. The imaginary part of the dielectric function shown in Fig. 14(b) clearly shows the E1, E1 þ D1,
and E2 critical point shifts of Ge1xSnx as the Sn concentration increases. The CP shifts of strained Ge1xSnx
alloys differ from those of the unstrained alloys. The E1
and E1 þ D1 CPs in Fig. 14(b) exhibit shift values comparable to the calculated CP energies for strained Ge1xSnx
alloys. By comparing Eqs. (6) and (7), one can see that
elastic theory predicts an increased splitting between E1
and E1 þ D1 with increased strain (stress). Although stress
increases with Sn concentration for pseudomorphic
Ge1xSnx/Ge(001), the splitting of E1 and E1 þ D1 does
not increase as expected. Elastic theory predictions of
the values of E1 and E1 þ D1 were consistent with experimental results for pseudomorphic Si1xGex/Si(001).
The dielectric functions of Ge1xSnx alloys in the IR
region of 0.2–0.8 eV are shown in Fig. 15. Since there is a
thick Ge buffer layer, which absorbs light, the light beam
gets attenuated as it propagates through and traverses back.
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FIG. 13. (Color online) Experimental data and model fits for (a) and (b) Ge0.96Sn0.04 sample from IR to UV region and for (c) and (d) Ge0.89Sn0.11 sample from
IR to UV region. This data was obtained in the IR spectrum using the Woollam IR-SETM and in the visible to near-IR range using RC2TM.

The Ge layer, therefore, is modeled as a graded layer of 11
sublayers with the percentage of variation of optical constants between the Ge/Si interface and the Ge/air interface as
fit parameters. This is likely due to a decrease in the number
of defects with distance from the Ge-Si interface. The optical
properties are determined by executing a point by point fit
and later using Tauc–Lorentz oscillator models to match the
experimental data. A surface roughness layer using an effective medium approximation is also included in all the sample
models. A change in the E0 CP was observed for Ge1xSnx
alloys with the variation of Sn content and is shown in Fig.
15. The direct energy gap E0 due to transitions at the C point
is predicted to decrease with the addition of Sn into Ge.
As mentioned above, Gupta et al. investigated the effects
of biaxial strain on the band structure of Ge1xSnx alloys
using a nonlocal empirical pseudopotential method and predicted both the direct E0 (C) and indirect band gap E0 (L)
energies when a combination of strain and small amounts of
Sn are introduced into Ge.14 The lowest energy gap and the
energy separation between the L and C conduction band
minima (ECL-ECC) were calculated as a function of biaxial
strain and Sn concentration.14 The experimental results
reported in this paper were consistent with the predicted
band gap values calculated by inserting the strain and

composition values from HRXRD measurements in model
estimated by Gupta et al. The imaginary part of the dielectric
function for selected samples is shown in 15(b). The dielectric functions obtained for the pure Ge and Ge1xSnx layers
in our samples is consistent with previously reported IR
measurements for relaxed alloys and transmittance measurements on strained alloys.18,36,37 It is also reported that even
though the anisotropic component of strain reduces the
bandgap by splitting the light-hole and heavy-hole bands,
which are degenerate at Brillouin zone center C for
unstrained alloys, the compressive hydrostatic strain
increases the average energy gap.38 Therefore the strain
induced E0 CP shifts observed are very small and the CP
energies are slightly larger than those of the relaxed
Ge1xSnx alloys.
To further analyze the CP features, double derivative of
the dielectric function in the energy range of 0.73–5.06 eV is
computed by differentiating a polynomial expression fit of
the function. The third order and second order derivatives
for Ge0.94Sn0.06 alloy indicating E0, E1, E1 þ D1, E00 , and E2
critical points are shown in Fig. 16, and a comparison
between elastic theory and experiment is shown in Fig. 17.
The generic standard critical-point line shapes are represented as22,39
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FIG. 14. (Color online) Complex dielectric function of Ge1xSnx alloys for
x ¼ 0.00, 0.04, 0.06, 0.08, and 0.11 from 0.73 to 5.06 eV. (a) Real part (e1)
of dielectric function. (b) Imaginary part (e2) of the dielectric function.
2

d e
¼
dE2

(

i/

nðn  1ÞAe ðE  Ej þ iCÞ
Aei/ ðE  Ej þ iCÞ2 ;

n2

;

n 6¼ 0
n¼0

;

(14)

where A, Ej, C, and U represent the amplitude, threshold
energy, broadening, and excitonic phase angle, respectively.39 In the h111i direction, the upper spin-orbit valence
bands and the lower conduction bands were known to be
nearly parallel in zinc-blende semiconductors.40,41 The
bands would exhibit either a 2D-M0 CP structure if the bands
are parallel along h111i or a 3D-M1 CP structure if the bands
are curved.41 The line shapes of the E1 transitions for Ge and
Sn were found to have a best fit with the 2D critical point
with n ¼ 0.39,41 This is in contrast to Si where the E1 CP is
excitonic in nature.39 The E0 CPs were more likely 3D minimums (n ¼ 1/2) in the electronic joint density of states and
are determined using the third order derivatives using42
3
d 3 ðeE2 Þ X
¼
Aei/ ðE  Ej þ iCÞ4þn=2 :
dE3
j¼1

theory shifts for strained alloys. Figure 17(a) compares the
experimental E0 CPs with the values predicted by Gupta14
and the E0 values of relaxed Ge1xSnx (x ¼ 0 to 0.11) alloys
calculated using Eq. (3) with the bowing parameter determined by Kouvetakis.15 The strained alloy CP energies are
higher than the CPs of relaxed alloys as predicted by Gupta.
Figures 17(b) and 17(c) compare the experimental E1 and
E1 þ D1 CPs of strained alloys with that of the relaxed alloys
calculated using the bowing parameter determined by
Kouvetakis15 and the predicted elastic theory shifts for
strained GeSn alloys. ET-L represents the elastic theory
results calculated using linear interpolation between

(15)

The third order derivative was used for the E0 critical point
because the changes in the shape of the dielectric function in
this energy range were subtle. The third order derivative
enhanced the changes in line shape allowing determination
of the energy of E0.
Figure 17 compares the experimentally determined E0,
E1, and E1 þ D1 CPs with the relaxed and predicted elastic
J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014

FIG. 15. (Color online) Complex dielectric function of Ge1xSnx alloys for
x ¼ 0.00, 0.04, 0.07, and 0.11 from 0.2 to 0.8 eV. (a) Real part (e1) of dielectric function. (b) Imaginary part (e2) of the dielectric function.

FIG. 16. Third order and second order derivatives of imaginary part of the
complex dielectric function Ge0.94Sn0.06 alloy.
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predicted elastic theory results. The E1 þ D1 CPs of strained
GeSn alloys determined in this study also exhibited higher
energies than the CP energies of relaxed alloys, but deviated
from the predicted elastic theory shifts for some samples.
Further study on higher quality GeSn films is required to
determine the cause of deviation of the E1 þ D1 CPs.
V. CONCLUSIONS
The optical properties of biaxially strained pseudomorphic Ge1xSnx alloys (x ¼ 0.00 to 0.11)/Ge on silicon were
reported from the IR to the UV region. The strain and composition values were calculated and reported using HRXRD
analysis and were confirmed using RBS random spectra. The
pseudomorphic nature of the alloys was verified using
HRXRD rocking curves and reciprocal space maps. The
effect of surface roughness and defects on the x-ray diffraction patterns is discussed. The room temperature complex
dielectric function of pseudomorphic Ge1xSnx alloys
(x ¼ 0.00 to 0.11)/Ge on silicon was measured using spectroscopic ellipsometry from 0.2 to 5.06 eV using IR and visible
wavelength ellipsometry. There is a clear shift in E0, E1, and
E1 þ D1 CPs as the Sn concentration increases along with an
increase in spin orbit splitting D1. The room temperature
shift in the energies of E1 and E1 þ D1 CP with stress closely
follows elastic theory predictions and the energies of E0 CP
follow shifts predicted by Gupta et al.
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FIG. 17. (Color online) Comparison between experimental values of the E0
(C), E1, and E1 þ D1 critical point energies for pseudomorphic, biaxially
strained Ge1xSnx alloys (x ¼ 0.00 to 0.11), and elastic theory (ET)
described in Sec. II. ET-C values are the elastic theory results calculated
using constant deformation potentials by D’Costa et al. ET-L values are the
elastic theory results calculated using linear interpolation between deformation potentials of Ge and Sn (x ¼ 0.20).

deformation potentials of Ge and Sn (x ¼ 0.20) and ET-C
values are the elastic theory results calculated using constant
deformation potentials determined by D’Costa et al.8 The E1
CPs of strained GeSn alloys exhibited higher energies than
the CP energies of relaxed alloys and much closer to the
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