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Spectroscopic ellipsometry was used to investigate the optical response of pseudomorphic

Ge1�xSnx (0� x� 0.17) alloys grown directly on Ge (100) by molecular beam epitaxy. A detailed

compositional study of amplitudes, broadenings, energies, and phase angles associated with critical

points E1, E1þD1, E00, and E2 of GeSn alloys was carried out using a derivative analysis. The

results can be understood in terms of the electronic bandstructure of Ge or relaxed GeSn alloys

with the following differences. First, broadening parameters in pseudomorphic alloys are found to

have lower values compared to relaxed alloys indicating lower dislocation density in our

pseudomorphic alloys relative to relaxed alloys. Second, the amplitudes of E1 and E1þD1 are

enhanced and reduced, respectively, with respect to relaxed GeSn alloys, and the trends are

captured using the k.p method as a biaxial stress induced effect. Third, phase angles are lower than

Ge for all the critical points suggesting reduction of excitonic effects in GeSn with respect to Ge.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892105]

I. INTRODUCTION

The recent availability of high quality GeSn alloys

grown by chemical vapour deposition (CVD)1–3 and molecu-

lar beam epitaxy (MBE)4–8 has made possible the study of

their interesting optical properties which are of scientific and

technological importance. A systematic study of composi-

tional dependence of dielectric function and critical point

energies E0, E1, E1þD1, E00, and E2 is available for relaxed

Ge1�xSnx alloys grown by CVD.2 Large bowing in the com-

positional dependence of energies was determined for all the

critical points in relaxed Ge1�xSnx alloys. One important

result that came out from that study was the possibility that

the Sn concentration xc needed to achieve a direct bandgap

Ge1�xSnx could be as low as �0.06 compared with the theo-

retical estimate of �0.20 at that time. Subsequent theoretical

calculations and recent experimental work support the new

indirect-direct crossover close to xc.
7,9,10 GeSn alloys are

now being pursued for applications in optoelectronics and

nanoelectronics. Optical devices such as photodetectors

and light emitting diodes have been fabricated.11–13 Metal-

oxide-semiconductor field-effect transistors (MOSFETs)

based on GeSn have also been realized.14–16 In particular,

p-MOSFETs with biaxially strained GeSn as the channel

material enhance the mobility with respect to Ge. Although

recent theoretical calculations17 predict that compressively

strained GeSn alloys could be direct bandgap for xc� 0.1,

experimental data18 suggest that xc could be as high as 0.17.

It must be pointed out that range of Sn concentration needed

to accomplish a direct bandgap in compressively strained

GeSn is still subject to further experimental investigation.19

Previous reports on MBE-grown GeSn alloys have

mainly focused on the indirect bandgap and the lowest direct

bandgap.7,20,21 Recently, we reported a preliminary study on

above-band gap optical properties of biaxially strained GeSn

alloys.6 The dielectric function of pseudomorphic alloys

indicated Ge-like bandstructure. The presence of compres-

sive strain causes a blue-shift in E1, E1þD1, E00, and E2 of

pseudomorphic alloys with respect to their relaxed

counterparts.

Critical point analysis of dielectric function gives four

parameters: amplitudes, broadenings, energies, and phase

angles for each transition.22 These parameters contain rich

information about the electronic bandstructure of a material.

Experimental study of energy and broadening parameters in

relaxed GeSn revealed interesting scaling behavior for the

electronic properties in comparison with SiGe. It was found

that the bowing in relaxed GeSn and SiGe alloys scale with

the lattice mismatch and electronegativity mismatch.2 We

would like to investigate the impact of pseudomorphic strain

in GeSn on amplitudes, broadenings, and phase angles in

addition to transition energies. Interesting polarization de-

pendence of amplitude parameters for E1 and E1þD1 critical

points is observed in bulk Ge subject to uniaxial stress

depending on whether the light is polarized parallel or per-

pendicular to applied stress.23 Broadening parameters are

affected by temperature, doping, and the alloying effect.

Broadening parameter for E1 is also found to be sensitive to

the dislocation density in group-IV alloys.24 Pseudomorphic

SiGeC alloys which have lower dislocation density than

relaxed alloys show narrow broadening parameters. Phase

angle is related to the geometrical nature of a critical point

and is also assumed to capture the many body effects.22

Excitonic effects are shown to be important in the electronic

bandstructure calculations of bulk Si, which is representative

for group-IV semiconductors.25 The agreement between the

theoretical and experimental dielectric functions of Si was

much better with the inclusion of excitonic effects. Phase

0021-8979/2014/116(5)/053520/8/$30.00 VC 2014 AIP Publishing LLC116, 053520-1

JOURNAL OF APPLIED PHYSICS 116, 053520 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

137.132.123.69 On: Thu, 07 Aug 2014 00:43:31

http://dx.doi.org/10.1063/1.4892105
http://dx.doi.org/10.1063/1.4892105
http://dx.doi.org/10.1063/1.4892105
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4892105&domain=pdf&date_stamp=2014-08-05


angles for E1 and E1þD1 did not show any stress depend-

ence for Ge (Ref. 23), and they are yet to be reported for

GeSn alloys. Amplitudes have been reported for relaxed

GeSn alloys but only for E1 and E1þD1.

In this paper, we report the compositional dependence of

amplitudes, broadenings, phase, and energies for all four criti-

cal points E1, E1þD1, E00, and E2 in pseudomorphic GeSn

alloys. Spectroscopic ellipsometry was used to determine the

dielectric function of Ge1�xSnx (0� x� 0.17) alloys from 1.3

to 4.7 eV. The experimental results reveal electronic band-

structure very similar to Ge or relaxed GeSn alloys. We find

that the critical point transitions show narrower broadenings

compared to relaxed alloys indicating lower dislocation den-

sity in pseudomorphic alloys with respect to relaxed alloys.

The amplitudes for E1 and E1þD1 in pseudomorphic GeSn

appear to be affected by the presence of biaxial stress.

Amplitude for E1 is enhanced whereas the amplitude for

E1þD1 is reduced with respect to relaxed GeSn alloy, which

is consistent with predictions using the k.p method.

II. GROWTH DETAILS AND STRUCTURAL
CHARACTERIZATION

The growth of Ge1�xSnx (0� x� 0.17) films on Ge

(100) substrates was performed in a solid-source MBE sys-

tem with a base pressure of 3� 10�10 Torr located at the

National University of Singapore (NUS). The details about

GeSn growth are described in Ref. 6. We produced a number

of pseudomorphic GeSn films with thicknesses ranging from

200 nm to 25 nm as x varied from 0.02 to 0.17. As previously

reported for pseudomorphic Ge1�xSnx alloys,4 the critical

thickness to obtain high quality or pseudomorphic alloys

decreases as a function of x.

The samples were investigated for their crystalline qual-

ity, composition, strain, and thickness by high-resolution

x-ray diffractometry (HR-XRD), Rutherford backscattering

(RBS), and cross-sectional transmission electron microscopy

(XTEM). HR-XRD (004) x-2h curves for all samples

showed Pendell€osung fringes indicating coherent epitaxial

films.6 Figure 1(a) shows the (004) x-2h scan and a (�206)

reciprocal space mapping (RSM) for a Ge0.975Sn0.025 alloy.

The presence of pseudomorphic strain in our alloys was

confirmed by RSM, from which the Sn composition x and

in-plane strain ek are determined. We adopted the following

procedure to determine x, which was subsequently used in

the calculation of ek: Out-of-plane lattice constant a? and in-

plane lattice constant ak of Ge1�xSnx are obtained from the

ratio of Ge to GeSn RSM peaks of Q? and Qk, respectively.

Qk and Q? are the reciprocal vectors along [110] and [001]

and are expressed in reciprocal lattice units (rlu). The relaxed

lattice constant26 a of GeSn is calculated from ak and a?
with Ge values for c11 and c12 (Ref. 27) as the starting

values. The experimental a of pseudomorphic GeSn alloys4

follows Vegard’s law ð1� xÞaGe þ xaSn, from which the

preliminary x is extracted. This preliminary x is then used to

re-calculate a from a? to ak, but now with composition

weighted average values of Ge and a-Sn for c11 and c12.

Vegard’s law for a then gives us our value of x. We must

point out that although the use of Ge values for c11 and c12

overestimates x, it only leads to a maximum deviation of

�0.2% for Ge0.83Sn0.17 with respect to its final value. The Sn

composition obtained from XRD was verified by RBS in a

few alloys. Figure 1(b) shows the elemental distribution

obtained from RBS for a Ge0.971Sn0.029 alloy. The XTEM

data shown in Fig. 1(c) for Ge0.971Sn0.029 indicated that the

film is of uniform thickness with a sharp interface between

the film and the substrate. The inset shows a virtually defect-

free interface between GeSn and Ge. The surface quality of

GeSn films was investigated by atomic force microscopy

(AFM), which showed that the root mean square (RMS)

roughness is less than 1 nm for all our samples. Table I

provides a summary of growth and structural parameters for

pseudomorphic GeSn alloys.

III. OPTICAL PROPERTIES

A. Ellipsometric measurements and data processing

Spectroscopic ellipsometry measurements were performed

on a rotating analyzer ellipsometer from J. A. Woollam Co.28

FIG. 1. (a) HRXRD (004) x–2h scan and (�206) RSM of a Ge0.975Sn0.025

alloy. Both Ge and GeSn peaks have the same Qk indicating that the epitaxial

GeSn layer is fully strained to Ge. The wavelength of X-ray radiation used

was 1.538 Å. (b) 2 MeV Heþ RBS random and [100] axial channeled spectra

for a Ge0.971Sn0.029 alloy. (c) Low magnification XTEM image for a

Ge0.971Sn0.029 alloy. The inset shows a sharp interface between Ge0.971Sn0.029

and Ge indicating good crystalline quality of GeSn epitaxially grown on Ge.
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The ellipsometric angles W and D were measured at room

temperature for two angles of incidence (65� and 75�) from

1.3 to 4.7 eV in 10 meV energy steps. A Ge film grown on Ge

substrate was characterized along with the GeSn alloys as a

reference sample. The optical response was modeled as origi-

nating from a three-layer system containing a Ge substrate, a

GeSn film, and a GeO2 oxide layer.2 The dielectric function

of GeO2 oxide is known.29 We determined the dielectric

function of Ge substrate used in growth experiments sepa-

rately and used it in a tabulated form in the model. The com-

plex dielectric function of GeSn film is obtained by a point-

by-point fit of W and D. We followed the procedure described

in Ref. 2 for the extraction of Kramers-Kronig consistent

dielectric function. We note that an isotropic dispersion

model fully accounts for the observed dielectric response of

pseudomorphic GeSn alloys although anisotropic optical

response is expected in the presence of biaxial stress. This is

because the acquired spectroscopic ellipsometry data corre-

spond to the in-plane component of dielectric function for the

experimental conditions used.30,31

B. Dielectric function and critical point analysis

The dielectric function of GeSn alloys is shown in

Fig. 2. The pseudomorphic alloys show sharp features in

the dielectric function which are similar to the features

observed in Ge dielectric function.22 The dielectric func-

tion of alloys is red-shifted with respect to Ge with increas-

ing Sn concentration indicating the alloying effect of Sn on

the electronic bandstructure of pure Ge.2 We determine the

critical point parameters from a second-derivative analysis

of measured dielectric function. Numerical differentiation

of the complex dielectric function is carried out using 17

Savitzky-Golay coefficients for second-order derivatives

with a polynomial of order 5.32,33 We ensured that the

number of smoothing coefficients used did not distort the

line shape. We fitted the derivatives of the experimental

dielectric function using2

d2e
dE2
¼
X

j

Aje
iUj

E� Ej þ iCj½ �2
; (1)

where Aj is the amplitude for transition j, Uj is the phase

angle, Ej is the critical point energy, and Cj is the broaden-

ing parameter. The summation covers the four critical

points E1, E1þD1, E00, and E2. Both the imaginary and real

parts of Eq. (1) are fitted simultaneously by a least-square

procedure which follows the Levenberg-Marquardt algo-

rithm.34 The procedure was first verified on a reference Ge

film grown on a Ge substrate. The critical point parameters

for the Ge film were found to be in excellent agreement

with the bulk Ge values reflecting the accuracy of our

procedure as well as the quality of our Ge film.22 Figures 3

and 4 show the second derivative of complex dielectric

function for Ge0.98Sn0.02 and Ge0.83Sn0.17 alloys. The stand-

ard features in the derivative spectra corresponding to E1,

E1þD1, E00, and E2 are clearly identified. The four parame-

ters associated with each critical point are extracted from a

fit using Eq. (1).

TABLE I. Growth and structural parameters for pseudomorphic Ge1�xSnx

alloys. ak ¼ aGe ¼ 5.658 Å and aSn ¼ 6.491 Å.

x (%) t (nm)

Growth

temperature ( �C)

Growth rate

(nm/min) a? (Å) ek (%)

0 175 170 �1.7 5.658 0

2.0 125 170 �1.7 5.686 �0.3

2.5 200 170 �1.7 5.694 �0.4

3.9 50 170 �1.7 5.715 �0.6

5.9 158 170 �1.7 5.743 �0.9

8.4 104 170 �1.8 5.780 �1.3

10.8 65 150 �1.8 5.816 �1.6

16.6 25 100 �1.9 5.901 �2.5

FIG. 2. (a) Real and (b) Imaginary parts of the complex dielectric function

of Ge1�xSnx alloys and a relaxed Ge film. The legend applies to both plots.

FIG. 3. Numerical second derivatives of real parts of the dielectric function

of Ge0.98Sn0.02 (top) and Ge0.83Sn0.17 (bottom) alloys. Experimental data are

plotted in circles and the model is plotted using solid lines.
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IV. RESULTS AND DISCUSSION

A. E1 and E1 1 D1

The compositional dependence of E1 and E1þD1 is

shown in Figure 5. We have already shown in Ref. 6 that E1

and E1þD1 in pseudomorphic GeSn can be explained in

terms of relaxed GeSn alloys and deformation potential

theory using the expressions35,36

E1ðx;ekÞ¼E1ðxÞþD1ðxÞ=2þEH�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

SþðD1ðxÞ=2Þ2
q

; (2)

ðE1 þ D1Þðx; ekÞ ¼ ðE1 þ D1ÞðxÞ � D1ðxÞ=2þ EH

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

S þ ðD1ðxÞ=2Þ2
q

; (3)

where EH ¼ ð2=
ffiffiffi
3
p
ÞD1

1ð1� c12=c11Þek and ES ¼ �
ffiffiffiffiffiffiffiffiffiffi
ð2=3

p
Þ

D3
3ð1þ 2c12=c11Þek are the energy shifts due to hydrostatic

and shear components of strain, respectively. D1
1¼�5.4 and

D3
3¼ 3.8 are the GeSn hydrostatic deformation and shear

deformation potentials, respectively.6 c12/c1 for GeSn is

obtained by a linear interpolation between Ge and a-Sn.27

The compositional dependence for E1(x), (E1þD1)(x), and

D1ðxÞ is taken from Ref. 2. Equations (2) and (3) describe

experimental E1 and E1þD1 very well, as shown in Fig. 5.

Alternatively, we can also express E1 and E1þD1 purely in

terms of x. The best fit to E1 can be described by a linear

equation

E1 ¼ 2:11� ð2:060:1Þx; (4)

whereas E1þD1 can be described by a quadratic expression

E1 þ D1 ¼ 2:30� ð0:9160:07Þxþ ð1:660:5Þx2: (5)

Both Eqs. (4) and (5) are only valid within 0� x� 17. The

overall agreement of Eqs. (4) and (5) with Eqs. (2) and (3),

respectively, is very good. We note that the coefficients for

pseudomorphic GeSn alloys in Eqs. (4) and (5) are higher

than their counterparts for SiGe.37 This behaviour reminds

us of the analogous behavior for bowing parameter in

relaxed GeSn transitions compared to SiGe.2

The compositional dependence of amplitudes for E1 rep-

resented by AE1
ðx; ekÞ is shown in Fig. 6(a). The amplitude

FIG. 4. Numerical second derivatives of imaginary parts of the dielectric

function of Ge0.98Sn0.02 (top) and Ge0.83Sn0.17 (bottom) alloys. Experimental

data are plotted in circles and the model is plotted using solid lines.

FIG. 5. Compositional dependence of E1 and E1þD1 in Ge1�xSnx alloys.

The solid curves E1 and E1þD1 correspond to Eqs. (2) and (3), respectively,

which take into account the compositional dependence of relaxed alloys and

strain dependence from deformation potential theory. The dotted curves rep-

resent a fit given by Eqs. (4) and (5).

FIG. 6. Compositional dependence of amplitudes for (a) E1 in pseudomor-

phic (black squares) and relaxed (gray circles) Ge1�xSnx alloys. The solid

curves corresponds to linear fits with AE1
ðx; ekÞ ¼ ð8:160:3Þ � ð8:663:5Þx

and AE1
ðx; 0Þ ¼ ð5:960:4Þ � ð7:963:6Þx; and (b) E1þD1 in pseudomorphic

(black squares) and relaxed (gray circles) Ge1�xSnx alloys. The solid curves

corresponds to linear fits with AE1þD1
ðx; ekÞ ¼ ð3:060:4Þ � ð9:864:2Þx and

AE1þD1
ðx; 0Þ ¼ ð3:960:6Þ � ð8:466:3Þx. Amplitudes for relaxed GeSn

alloys are taken from Ref. 2.
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values for relaxed GeSn alloys denoted by AE1
ðx; 0Þ are also

shown for comparison. Both AE1
ðx; ekÞ and AE1

ðx; 0Þ can be

described with a fit linear in x. The ratio
AE1
ðx;ekÞ

AE1
ðx;0Þ is >1 in the

entire range of composition studied. Figure 6(b) shows the

compositional dependence of amplitudes for E1þD1

denoted by AE1þD1
ðx; ekÞ. The amplitudes for relaxed alloys,

AE1þD1
ðx; 0Þ show large scatter compared to the pseudomor-

phic alloys but can also be described by a linear fit, as shown

in Fig. 6(b). The ratio
AE1þD1

ðx;ekÞ
AE1þD1

ðx;0Þ is <1. This results in the

enhancement of the amplitude ratio of E1 to E1þD1,
AE1
ðx;ekÞ

AE1þD1
ðx;ekÞ, in our pseudomorphic alloys which was also

reported in strained Ge for light polarized parallel to com-

pression axis.38 Our GeSn alloys possess in-plane compres-

sive strain and the amplitudes are determined from dielectric

function which corresponds to in-plane component of the

dielectric tensor. We would like to point out that the average

value of
AE1
ðx;0Þ

AE1þD1
ðx;0Þ for relaxed GeSn alloys appears to follow

the Ge experimental and theoretical value �1.6. However,

the corresponding amplitude ratio
AE1
ðx;ekÞ

AE1þD1
ðx;ekÞ for pseudomor-

phic alloys is �3.4:1. This ratio is in good agreement with

the average amplitude ratio of �3.3:1 found in 1.5–1.7 nm

thick pseudomorphic Ge film on Si.39

We use the k.p theory to elucidate whether the presence

of strain in our pseudomorphic alloys can cause this behavior

in the amplitudes of E1 and E1þD1. Theoretical expressions

for the amplitudes of E1 and E1þD1 have been derived for

uniaxially strained Ge along [001] for the two cases: (a) light

polarized parallel to stress and (b) polarization of light

perpendicular to stress.23,40 Since our alloys are under the

influence of biaxial stress, the electric field vector is simulta-

neously polarized both parallel and perpendicular to stress in

the film.31 For such a case, we can take an average of the

amplitudes for each strained transition and express the am-

plitude ratio as

AE1
x; ekð Þ

AE1
x; 0ð Þ ¼ 1þ Es

2D1

; (6)

AE1þD1
x; ekð Þ

AE1þD1
x; 0ð Þ ¼ 1� Es

2D1

: (7)

We observe that the above two expressions explain the trend

observed for the ratio of amplitudes for E1 and E1þD1.

Figure 7 shows the amplitude ratios for the two transitions.

The theory does not fully explain the experimental data. The

agreement with experimental ratio gets better if the direction

of stress were nearly parallel to the polarization of light for

either critical point. This is in contrast to what has been

argued for biaxially strained SiGe and SiGeC alloys where

only the case of light polarized perpendicular to the stress

direction is assumed to be important.36,41 Even in the large

shear approximation where the spin-orbit splitting is ignored

in comparison to Es, although not valid in Ge and GeSn, an

enhancement ratio of 1.7 is expected for
AE1
ðeÞ

AE1þD1
ðeÞ compared to

the observed value of 3.4. A detailed investigation may be

necessary to understand the polarization dependence of

amplitudes for E1 and E1þD1 in pseudomorphic GeSn

alloys.

The compositional dependence of broadenings for E1

and E1þD1 is shown in Figs. 8(a) and 8(b), respectively.

We fitted the experimental data with a quadratic expression

given by

C ¼ CGeð1� xÞ þ CSnx� bxð1� xÞ; (8)

where CGe and CSn are the broadening parameters for Ge and

a-Sn, respectively. b is the bowing parameter. Broadenings

for pseudomorphic GeSn alloys clearly lie below the relaxed

alloys with b reduced by nearly half with respect to relaxed

FIG. 7. Compositional dependence of amplitude ratios for E1 to E1þD1 (a)

AE1
ðx; ekÞ=AE1

ðx; 0Þ (b) AE1þD1
ðx; ekÞ=AE1þD1

ðx; 0Þ. The solid curve corre-

sponds to experimental ratio, whereas the dotted curve corresponds to k.p as

defined in Eqs. (6) and (7).

FIG. 8. Compositional dependence of broadening parameter for (a) E1 in

pseudomorphic Ge1�xSnx alloys. The dotted curve corresponds to relaxed

alloys from Ref. 2. The solid curve is a fit using Eq. (8) with

CGe¼ 0.066 eV, CSn¼ 0.080 eV, and b¼�0.55 6 0.06 eV; and (b) E1þD1

in pseudomorphic Ge1�xSnx alloys. The dotted curve corresponds to relaxed

alloys from Ref. 2. The solid curve is a fit using Eq. (8) with

CGe¼ 0.075 eV, CSn¼ 0.087 eV, and b¼�0.54 6 0.07 eV.
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alloys. The narrower broadenings in all of our alloys could

be attributed to the superior structural quality of the strained

GeSn alloys compared to relaxed GeSn alloys grown on Si.

This behavior is also observed in SiGeC alloys. Relaxed

SiGeC films with higher dislocation density show broader E1

peaks compared to pseudomorphic films. It must be pointed

out that FWHM of (004) x-2h scan in the state of the art

as-grown relaxed GeSn alloys grown on Si by CVD is

approximately six times larger than our pseudomorphic

alloys (<0.1�) with similar film thickness and composition.1

Upon annealing, the FWHM of (004) x-2h peak of CVD

grown GeSn samples becomes comparable to as-grown pseu-

domorphic alloys. We expect the broadenings in annealed

CVD grown GeSn alloys and MBE grown pseudomorphic

alloys to have similar values.

The compositional dependence of phase angle U for E1

or E1þD1 transition is shown in Fig. 9. U is assumed to

capture the excitonic effects in Ge.22 It was found to

decrease with temperature and impurity concentration in Ge

suggesting a decrease in excitonic effects. The phase angles

for all alloys are lower than Ge indicating that the excitonic

effects are reduced in GeSn compared to Ge. We obtain

U� 0.64 6 0.04 radians for the pseudomorphic alloys.

B. E 00 and E2

The compositional dependence of E00 and E2 is shown in

Figs. 10 and 11, respectively. The dotted curves correspond

to the compositional dependence of relaxed alloys. We

observe that both E00 and E2 are blue-shifted with respect to

relaxed alloys under the influence of compressive strain.

Strain analysis has yet to be established for E00 and E2 even

in standard materials such as Ge and SiGe. This is mainly

due to the non-availability of reliable deformation potentials

for these transitions. As a result we will express the energy

shifts due to strain in terms of Sn composition. A quadratic

fit is needed to describe the compositional dependence of E00
and E2. We obtain

E00 ¼ 3:14� ð1:360:1Þxþ ð4:260:8Þx2; (9)

E2 ¼ 4:35� ð0:760:1Þx� ð1:560:8Þx2: (10)

Figures 10 and 11 show the energy shifts caused by strain for

E00 and E2. E00 shows larger strain-induced shifts as compared

to E2. Combining Eqs. (9) and (10) with the compositional

dependence of E00 and E2 in relaxed GeSn alloys, we can

express the energy shifts due to strain as

DE00 ¼ �0:0234xþ 3:7x2; (11)

DE2 ¼ 0:424x� 1:879x2: (12)

Equations (11) and (12) predict the experimental

energy shifts due to strain reasonably well, as shown in

Figs. 10 and 11.

The compositional dependence of amplitude for E2 and

E00 is shown in Fig. 12. The amplitudes for E2 appear to

decrease linearly with Sn composition whereas the ampli-

tudes for E00 essentially retain the same value as that of Ge.

Figure 13 shows the compositional dependence of broaden-

ing parameters for E2 and E00. Broadenings for E2 critical

point are also lower compared to relaxed alloys. The broad-

ening parameters associated with E00 critical point are very

similar to relaxed alloys. The compositional dependence of

phase angles for E2 and E00 is shown in Fig. 14. Phase angles

for E2 appear to decrease linearly as a function of Sn compo-

sition whereas it appears to retain Ge values for E00 in GeSn.

It is interesting to note that all the E00 critical point

FIG. 9. Compositional dependence of the common phase angles for E1 and

E1þD1. The solid constant line, U ¼ 0:6460:04 gives the best fit to GeSn

experimental data.

FIG. 10. (a) Compositional dependence of E
0
0 in Ge1�xSnx alloys. The solid

curve represents the best fit given by Eq. (9). The dotted curve corresponds

to the compositional dependence of relaxed GeSn alloys from Ref. 2; and

(b) Energy shift due to strain for E
0

0 expressed in terms of composition. The

solid curve represents the difference between Eq. (9) and the compositional

dependence in relaxed alloys.

FIG. 11. (a) Compositional dependence of E2 in Ge1�xSnx alloys. The solid

curve represents the best fit given by Eq. (10). The dotted curve corresponds

to the compositional dependence of relaxed GeSn alloys from Ref. 2; and

(b) Energy shift due to strain for E2 expressed in terms of composition. The

solid curve represents the difference between Eq. (10) and the compositional

dependence in relaxed alloys.
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parameters except the energy parameter are virtually same in

both Ge and GeSn.

V. CONCLUSIONS

The optical critical point parameters of pseudomorphic

GeSn alloys grown directly on Ge by MBE were investigated

by spectroscopic ellipsometry. We determined the composi-

tional dependence of amplitudes, broadenings, energies, and

phase angles for critical points E1, E1þD1, E00, and E2. The

results can be understood in terms of Ge-like electronic

bandstructure. Two notable differences are observed

between relaxed and pseudomorphic GeSn alloys.

Pseudomorphic GeSn alloys show narrower broadening

parameters compared to relaxed alloys indicating lower

dislocation density in our pseudomorphic alloys relative to

relaxed alloys. The amplitudes for E1 and E1þD1 in pseudo-

morphic GeSn appear to show stress dependence with trends

described by the k.p theory, but a thorough investigation

may be needed to fully explain the experimental values. All

the critical points show lower phase angles compared to Ge

suggesting reduction of excitonic effects in GeSn.
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