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Abstract

The optical transition characteristics of fully strained Gei1-xSnx films grown on Ge substrate
were investigated by high-resolution X-ray diffraction (HRXRD) and spectroscopic ellip-
sometry (SE). The results showed Sn composition-dependent nonlinear behaviors in in-
terband transition energies. The influence of strain on nonlinear behaviors was identified
by the ratio of bowing parameters. Optical transition energies are largely tuned due to the
strain-induced band structure. The strain in GeSn alloys may be responsible for the fluc-
tuation of interband transition energies. The effect of full strain appears to result in an
opposite trend in the direct and indirect band gap energies. The transition from indirect-
to-direct band gap semiconductor in the present work is determined to be x = 0.103 at 300
K. These results contribute to further exploration into band gap engineering for mid-in-
frared optoelectronic materials.

Keywords: GeSn alloy; fully strained; interband transitions; high-resolution X-ray
diffraction; spectroscopic ellipsometry

1. Introduction

Group VI elements are fascinating in assembling various compounds due to the at-
tractive optical and electronic properties [1-3]. GeSn binary alloys are intriguing com-
pounds and have been applied to optoelectronic devices [4-8]. A spectra range of 1.6 to
2.4 um was obtained in GeSn p-LEDs [7]. And high-speed GeSn resonance cavity-en-
hanced photodetectors present 2 um band communication [8]. GeSn is an important in-
frared-emitting material. Expanding its spectra helps the development of optoelectronic
devices. Although pure Ge is characterized by an indirect energy gap, GeixSnx can be
tuned to be a direct band gap semiconductor with a Sn composition of 3~17% [9-18]. The
comparison between the direct and indirect energy gap determines the direct/indirect
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critical transition energy of indirect—direct (0.477 eV) was estimated by D’Costa et al. [11]
Strain plays an important role in indirect—direct band gap transition as strain tunes the
interband transition energies. Experiments showed that a compressive GeSn film has a

direct band gap with a Sn content up to 17%, which is much larger than that of strain-free
Copyright: © 2026 by the authors.

GeSn[13]. Also, theoretical investigation presented that tensile strain significantly impacts
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e . the band structure of GeSn [19]. The difference between the direct and indirect band gap
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conditions of the Creative Commons  Ge moves to a longer wavelength as the in-plane tensile strain is increased [21]. The inter-
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strain-engineered GeSn in optoelectronic devices has been studied [22-25]. Strain induces
changes in the energy band structure of GeSn. Large lattice mismatch between Ge and Sn
makes it challenging to grow high-quality atomic bonding in GeSn. Both Sn composition
and strain significantly influence the quality, the band gap structure, the optoelectronic
properties, etc.

The interband transition energies are nonlinearly dependent on Sn composition. The
Sn composition-dependent interband transition energies in GeSn alloys may be stated
well by the bowing parameter b [9,11,12], which is important in materials design [11]. The
bowing parameters for the directband gap E, have mostly been reported [9,11,12,15,26~

28]. And researchers have slightly discussed the bowing parameters for other interband
transition energies: E, ,, E,, E, + A,, Ej, E,, respectively [11,12,15,29]. The values of the
bowing parameters are smaller than 3 eV. The physics origination of the bowing parame-
ters for GeSn alloys have been researched by groups. They found that bowing parameters
are affected by atomic size, alloy disorder and electronegativity [11,12,29]. Detailed inves-
tigations of strain on GeSn interband transition energies and nonlinear behavior are still
elusive. For fully strained GeSn films grown at low temperature, there are few reports on
the transition of indirect to direct band gap.

In the present work, we investigate the effects of fully compressive strain on inter-
band transition energies for GeSn films grown on Ge, including direct band gap energies,
indirect band gap energies and other interband transition energies. Our results show that
the influence of strain on interband transition energies may be indicated by the compari-
son of bowing parameters. The crossover concentration x from indirect to direct band gap
for the GeixSnx film has been determined by fitting the results of high-resolution X-ray
diffraction.

2. Theory

Calculating lattice parameters helps to confirm the crystal’s elastic state. The relaxed
cubic lattice constant &, canbe deduced from the measured in-plane lattice constant g,
and measured out-of-plane lattice constant &, according to Equations (1) and (2) [30].

The equations are written as the following formulas:

Cl

—12 = 0.3738+0.1676x - 0.0296x? (1)
C11
C C
a,=(@ +2=223)/1+222)
° . Cll : C11 (2)

The ratio of cubic elastic constants (C,, / C,,) is a compositional dependence for
Ge1xSnx alloys. The lattice constants &, are calculated based on measured lattice con-

stants and the elastic constants.

GeSn alloys are important optical semiconductors and the transition from indirect
band to direct band (IB-DB) is of vital interest. Although the data of spectroscopic ellip-
sometry cannot be supplied to investigate the indirect to direct band gap directly, we may
do the calculations to determine the transition, which may be estimated by comparing the
direct band gap energy to the indirect band gap energy. The band gap energies of strain-
free GeSn alloys can be fitted by the formula [11-13,31]:

E(Ge, Sn,)=E,(1-x)+Egx-bx(1- x) (3)

For the indirect band gap, b is 0.89 eV. And for direct band gap, b is 2.87 eV [31],
which is consistent with that obtained by Gang He [9]. Also, the band edge of the GeSn
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alloy may be shifted by the strain in the film. The conduction band and valence band for
the fully strained GeSn alloys can be determined by the following equations [31]:

E, = E(Ge,_.Sn, )+ AE_ + AE, (4)

AE . =a.(¢, +¢, +¢&, ()

AEv = bv (gxx + gyy + gzz) + bs(gzz - gxx) (6)

Here, E, represents the energy for the direct or indirectband gap. AE_, AE, are

the band edge shift for both the conduction band and valence band induced by the strain.
Exxr €y, represent the in-plane strain &,. &,, represents the out-of-plane strain & .

d. is the conduction band deformation potential. bv , bS are the valence band defor-

mation potentials. The values of the strain are the same as above. These parameters come
from Ref [31]. The values of 4_, bv and bs for Gei1«Snx alloys are the result of linearly

interpolating those of the two end materials, Ge and Sn, individually.

3. Experimental Details

Fully strained Ge1-xSnx films with Sn composition x =0, 0.04, 0.08, and 0.14 were pre-
pared on (004) Ge buffer by molecular beam epitaxy at National Taiwan University. The
detailed grown parameters of the GeSn alloy films were described in our previous work
[32]. Briefly, 30 nm GeSn films are grown on the 30 nm buffer Ge layer, which is deposited
on the substrate Ge(004). The growth temperature is relatively low, set to 200 °C for both
the Ge buffer layer and GeSn alloy films. The detailed strain states, thickness, and micro-
structures of GeSn alloys are determined by HRXRD, which is performed on the beamline
BL14B1 located at the Shanghai Synchrotron Radiation Facility (SSRF) and the Beamline
1W1B at the Beijing Synchrotron Radiation Facility. The wavelength of the X-ray is chosen
to be 1.238 A and 1.54 A, respectively. Optical properties are determined by SE at room
temperature in the laboratory of Nanjing University. For SE measurement, which is car-
ried out on an SE M-2000 produced by J.A. Woollam Co., Inc, 645 M Street, Suite 102 Lin-
coln, NE,, the incident angle is set to 65°. The acquisition of SE data requires the establish-
ment of a hierarchical optical model. In this model, the parameters of each layer in the
sample structure are the film thickness and optical constants. In the experiment, the Tauc-
Lorentz oscillator approach was selected. Using an optical model and standard thin film
equation rules, the SE data can be generated through software calculation. The measure-
ment is in the range of 0.74~5.1 eV with a step size of 0.01 eV.

4. Results
4.1. Fully Strained GeSn Alloys

The X-ray diffraction rocking curves for the GeSn films indicate that all alloy films
are in full strain (epitaxy films) instead of relaxation [32]. Figure 1 shows the results of the
HRXRD for the sample GeossSnois. Two reflections from the Ge substrate and GeossSno.a
film are indicated in Figure 1a. In-plane and out-of-plane lattice parameters were deduced
by the symmetric (004) and asymmetric (115) HRXRD. The diffraction of glancing inci-
dence X-ray from different angles is presented in Figure 1b. The lattice constants of the
film and the substrate are obtained and are consistent with each other. As is well known,
the radius of a Sn atom is larger than that of a Ge atom and the larger lattice mismatch is
up to 14.7% [27]. There may be an expansion in the GeSn alloy compared with crystal Ge
due to Sn doping. The in-plane lattice compressive strain may induce out-of-plane lattice
expansion, based on the elastic theory (tetragonal distortion). The in-plane lattice strain
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and out-of-plane lattice strain for our GeSn alloys are summarized and listed in Table 1.

The in-plane lattice strain is calculated by & = (a” - Agesy) / Gces, and the out-of-

I
plane lattice strain is deduced by &, = (a - aGeSn) / dgesp, - By comparison, we note

that & is larger than &, . ¢ is largely induced by the in-plane compressive Ge-5n

I
bond, while &, ismainly induced by the tensile Ge-Ge bond in the growth direction. The

strain & is less than 0, on the contrary, which may be induced by misfit dislocation at

the GeSn-Ge interface. &, is larger than 0 and increases monotonically with increasing

Sn composition. The Poisson ratio for Gei-«5nx films is nonlinear dependence on Sn com-
position. The tensile Ge-Ge bonds are responsible for strain in the growth direction as the
Sn composition is lower than 50% and Sn-Sn bond segregation exists. The cube roots of
the volume are lower than the lattice constants deduced from Vegard’s law in previous
work [32]. The fully strained structure is compressive in our samples.

The elastic characteristics of the GeSn samples can be investigated by the strain
above. The value &, expresses the Gei~Snx lattice constant using Vegard’s law,

which is consistent with the strain-free lattice parameters d,. The values 4, and

a

vegara fOr GeSn alloys are listed in Table 1. The result indicates that the fully strained

structure for our GeSn samples is within the elastic range.

(a)
Ge(004)

Geg gsSny ml

Intensity (a. u.)

48 49 50 51 52 53
20(deg)

(b)

08}

—0.1°
¥0,20
——0.25°

— 030

Intensity
o o
= >

02}

0.0 :
-37.5 -37.0 -36.5 -36.0 -35.5
20 (deg)

Figure 1. High-resolution X-ray diffraction patterns for GeossSno.14/Ge alloy. (a) (004) symmetric re-
flection. (b) Glancing incidence diffraction at different angles. The dotted line indicates that these

peaks have identical diffraction angles.

Table 1. In-plane, out-of-plane strain and lattice parameters for fully strained Gei-xSnx.

Sn Composition g &, d, Qyegard
x =0.04 -0.63% 0.46% 5.689 5.690
x=0.08 -1.54% 1.03% 5.718 5.723
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x=0.14 -2.11% 1.85% 5.778 5.772

4.2. Ellipsometric Data Processing

The optical properties of GeSn alloys were measured by SE, and the complex dielec-

tric function & + /&, was obtained. Figure 2 presents the complex dielectric functions

for bulk Ge and three Ge1-xSnx samples with Sn concentrations x = 0.04, 0.08 and 0.14. The
spectra focused on the energy range of 0.7-5.0 eV. The dielectric function spectra of GeSn
show corresponding behavior to bulk Ge. The peaks of the real and imaginary parts for
dielectric functions all appear at lower energies. The peak energies exhibit a significant
redshift with increasing Sn content. These dielectric functions were adopted to further
analyze interband transition energies for GeSn alloys.

v . . L
1 2 3 4 5
Photon Energy(eV)

Figure 2. Infrared real and imaginary parts of the dielectric function for bulk Ge and Ge1-xSnxalloys
with Sn concentration x = 0 (solid line), 0.04 (dash line), x = 0.08 (dash dot line), and x = 0.14 (short

dash line). (a)Real part of the dielectric function; (b) Imaginary part of the dielectric function.

To obtain detailed analysis about interband transition energies, we smoothed the ex-
perimental data and calculated the second derivative of the imaginary part of the dielec-
tric functions for Gei~Snx samples, as the raw imaginary spectra exhibited significant
noise and irregular fluctuations. Figure 3 shows the second derivative of the imaginary
part of the dielectric function for the GeossSno.us alloy and the line shape fitted with a two-
dimensional saddle point [33-35]. The transition energies E,,E, + A,, Ej, E, can be de-

duced from the fitting of the second derivative of &, using the Savitzky—Golay method
with Equation (7).
d’s Ae’”
do’* (w-E+ily

The fitting contains four parameters (A amplitude, I" the broadening of the critical

@)

points, E transition energy, and ¢ phase angle) for each point. The transition energies

of the GeixSnx samples were obtained by fitting the second-derivative curves of the
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imaginary parts. Then, the corresponding results presented in Table 2. The errors in en-
ergy estimation originate from dielectric function measurement, as well as the fitting. With
rising Sn content, lattice mismatch between Ge and Sn atoms generates more dislocation
defects within the GeSn alloy, which substantially increases measurement error.

150 |
100 |
50

-50 |
=100

de?/d’E(eV?)

=150
=200 -
=250

15 20 25 30 35 40 45 50
E(eV)

Figure 3. Second derivative of the imaginary part of dielectric function of Gei-Snx (x = 0.14) in solid

line. The circles represent a fit with Equation (7).

Table 2. The transition energies (eV) for fully strained GeixSnx alloys grown on Ge.

Sn Composition E, E +A E, E,
x=0.04 2.00£0.02 225+0.03 3.10+£0.03 4.25+0.04
x=0.08 1.91 +0.02 2.20+0.03 3.06 +£0.04 4.22 +0.05
x=0.14 1.78 + 0.04 2.18 +0.04 3.03 +0.06 4.04 +0.08

4.3. Critical Point Analysis
4.3.1. Direct and Indirect Band Gap Transitions

The direct and indirect band gap energies for strain-free and fully strained GeSn al-
loys have been estimated according to Equations (4)—(6). The calculated band gap energies
decreased with increasing Sn composition. The direct band gap energy in our sample
GeogsSnoas is 0.393 eV, which is slightly larger than 0.328 eV and 0.330 eV in strain-free
GeossSnoas alloy [10,36], while the indirect band gap energy (0.432 eV) is lower than that
(0.473 eV) of strain-free alloy [10]. The full strain may be responsible for the energy differ-
ence. And the influence of the fully strained structure on the direct and indirect band gap
energies is opposite for GeSn alloys. The ratios of fully strained band gap energies to
strain-free ones are 1.08, 1.11, 1.39 and 0.989, 0.937, 0.906 for direct and indirect band gaps
at x =0.04,0.08,0.14, individually.

The Sn composition-dependent direct band gap energy is nonlinear. Figure 4 shows
the nonlinear behavior of the direct band gap energy for fully strained GeSn alloys. The
direct and indirect band gap energies for Ge and Sn are consistent with those reported by
Tseng et al. [31]. It is interesting to know that the bowing parameter of fully strained GeSn
alloys (2.02 eV) is lower than that of the strain-free alloys above, 2.87 eV. And for the in-
direct band gap, the bowing parameters are shown in Figure 5. The value is 1.14 eV for
fully strained alloys, which is higher than that of strain-free alloys, 0.89 eV. The influence
of full strain on bowing parameters for the direct and indirect band gap is just the contrary.
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Figure 4. Sn composition-dependent direct band gap energies indicated by the bowing parameter
at room temperature for fully strained GeSn alloys.

0.7 T T T T

= fully strained GeSn |
b= (1.14+0.04) eV |

0.6
0.5

04}

03}

Ei(eV)

0.2}

011E, (Ge)=0.66eV

00FE, ,(Sn)=0.006eV

=01 L L s
0.0 0.2 0.4 0.6 0.8 10

Sn Concentration

Figure 5. Sn composition-dependent indirect band gap energies indicated by the bowing parameter

at room temperature for fully strained GeSn alloys.

Figure 6 shows the IB-DB transition for fully strained GeSn alloys. The Sn composi-
tion for indirect to direct transition is 6.3% for strain-free GeSn alloys [12] and 17% for
compressively strained GeSn/Ge(001) film with a growth temperature of 150 °C [13]. Com-
pressive strain induces an increase in the Sn composition for IB-DB to about 10.7% (from
6.3% to 17%). According to our result, while the Sn composition for strain-free alloys oc-
curs at 5.5%, fully strained GeSn alloys may return to a direct band gap with a Sn compo-
sition up to 10.3% at room temperature. IB-DB transition energy is 0.487 eV, which is
slightly larger than the result of GeSn films with a residual strain, 0.477 eV [11]. Compared
with strain-free GeSn alloys, the bowing parameters for direct and indirect band gaps ex-
hibit opposite behavior in fully strained samples. Therefore, the Sn composition for IB-DB
transition is higher (from 0.55 to 1.03) than for strain-free GeSn alloys.

T=300K |
x=0.103 1

E,=0.487eV

Energy (eV)
o

00t
-0.2+
pal ©Gey,Sn/Ge
0.0 0.2 0.4 0.6 0.8 1.0

Sn concentration
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Figure 6. (Color online) Indirect band to direct band transition for fully strained GeSn alloys deter-
mined by the fitting at room temperature. The blue line shows the fitting of indirect band gap ener-

gies and the red line shows the fitting of direct band gap energies.

4.3.2. Four Interband Transitions

For GeSn alloys, the critical point energies are observed and decrease with increasing
Sn composition. The transition energies E, for our GeSn alloys at x =0.04, 0.08, and 0.14

are 2.00 eV, 1.91 eV, and 1.78 eV, respectively. The transition energies (1.91 eV and 1.78
eV) are slightly lower than those of strain-free GeSn films (1.99 eV and 1.84 eV) with Sn
compositions of 0.08 and 0.14 [33]. For E, and E, points, the decreased transition ener-

gies for fully strained films are mostly lower than those of the strain-free GeSn alloys from
Candi’s work [33]. A similar trend is not observed at E, + A; and E, critical points. The

results indicate that the effect of fully strained structure varies at different critical points.
Figure 7 shows the fitting of transition energies E, using Equation (3). According to

the fitting of £, from Candi’s GeSn alloys, the value of the bowing parameter is 1.37 eV,
which is close to 1.32 eV for the E, point [29]. The bowing parameter of the transition
energy E, is1.88 eV for fully strained GeSn alloys. Vijay’s result shows that the bowing
parameter of the E, point for strain-free GeSn alloys is 1.65 eV [11]. The comparison

above shows that full strain in alloys increases the value of the bowing parameter of tran-
sition energies E, .

22
(a) J
= strain-free GeSn
20F ]
b= (1.37+0.12) eV
~18}
>
9L
Wostk
141+ E,(Ge)=2.12eV
5 E,(Sn)=1.27eV
! 0.0 0.2 0.4 0.6 0.8 1.0
Sn Concentration
2.2 5 : ; :
(®) = fully strained GeSn
201 b= (1.88+0.05) eV |
181
s
L
ur 16}

E,(Ge)=2.12eV
12+ E,(Sn)=1.27eV

0.0 0.2 0.4 0.6 0.8 1.0
Sn Concentration

Figure 7. Compositional dependence of E, interband transitional energies: (a) strain-free GeSn al-

loys [33] and (b) fully strained GeSn alloys.

Figure 8 shows the compositional dependence of the E, + A, transitions for Ge1-~Snx
alloys. In Figure 8a, the transition energy E, + A, for GeSn alloys is adopted from the

reference [33]. The fits with Equation (3) show bowing parameters of 1.15 eV for strain-
free GeixSnx alloys and 0.53 eV for fully strained Gei~Snx alloys. The strain-free bowing
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parameter (1.15 eV) is slightly higher than the value of 1.05 eV reported in Ref. [11]. Full
strain evidently reduces the bowing parameter of the GeSn alloy.

Figure 8. Compositional dependence of

alloys [33] and (b) fully strained GeSn alloys.

18} E,(Ge)=2.31eV
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20t _
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18l Eq«(Sn)=1.77eV

00 02 0a 06 08 10
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E, + A, interband transitional energies: (a) strain-free GeSn

Figure 9 shows the fitting of transition energies E; using Equation (3). The bowing

parameters are 0.17 eV and 0.09 eV, respectively. These bowing parameters are signifi-
cantly smaller than those at other critical points, indicating that these critical points are

insensitive to structural strain in GeSn alloys.

= strain-free GeSn
b= (0.17+0.09) eV
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E,(Sn)=2.39%eV
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S
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00 02 04 06 08 10
Sn concentration

Figure 9. Compositional dependence of Ej interband transitional energies: (a) strain-free GeSn al-

loys [33] and (b) fully strained GeSn alloys.

In Figure 10, we present the fitting of transition energies E, using Equation (3). The

bowing parameter (0.66 eV) of strain-free GeSn is smaller than that (1.65 eV) of fully
strained GeSn alloys for the E, critical point. The trend for the E, point is different

from the critical points E, + A, E;. The significant difference between the strain-free

and fully strained bowing parameters may arise from the smoothing of experimental data.

441 (a ' ' ' ' B
@ = strain-free GeSn
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Figure 10. Compositional dependence of F, interband transitional energies: (a) strain-free GeSn

alloys [33] and (b) fully strained GeSn alloys.

5. Discussion

To analyze the nonlinear behavior of Sn composition-dependent interband energies,
the bowing parameters of GeSn alloys are summarized in Table 3. Table 3 concerns the
bowing parameters for Ej, E, ,,E,, E, + A, Ey, E, critical points. The average bowing
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parameters are presented to investigate the strain-induced nonlinear behavior. The bow-

ing parameters of the transition energies E , E, ,,

have been indicated above. The bowing parameters of the direct band gap E, for strain-

E, E, + A, E; E, for our samples

free and strained GeSn alloys are reported mostly by researchers [9,11,12,15,26-28]. We
calculated the average bowing parameters for the strained E; point (2.20 eV), which is
lower than that of strain-free GeSn alloys (2.72 eV) from the references above. For the E, ,
point, the average bowing parameter of strained GeSn alloys (1.09 eV) is lower than that
of strain-free alloys (0.86 eV) [11,29]. The difference of bowing parameters between

strained and strain-free alloys (1.60 eV vs. 1.51 eV) is small for the E, point. For the
E, + A, E}, E, points, the transition energies of our GeSn alloys are shown in Table 2.

We referred to the literature and obtained these bowing parameters [11,29]. The strained
and strain-free bowing parameters are 0.82 eV, 0.37 eV, and 1.03 eV and 1.10 eV, 0.33 eV,
and 0.53 eV for E, + A,, E, E,, respectively. The ratios of strained bowing parameters

to strain-free ones are shown in Table 3.

Table 3. Bowing parameters (b) for strained (bs) and strain-free (bs-f) GeSn alloys.

b/eV Eo Eind E1 E1 + A E(; Ez
bs 2.20 1.09 1.60 0.82 0.37 1.03
bs-t 2.72 0.86 151 1.10 0.33 0.53

Ratio 0.81 1.27 1.06 0.75 1.12 1.94

In Table 3, the ratios of the E,, E, ,, E; + A,, E, critical points significantly deviate
from the value of 1. The effect of strain on the bowing parameters for the E,, £ points
is confirmed to be minor since the ratios are close to 1. For the E, E, , critical points, the

band structure is related to the center of the Brillouin zone [37]. The Brillouin zone center
of GeSn exhibits high intrinsic symmetry, which can be broken by the lattice strain in the
crystal. Strain in GeSn alloys disrupts the structural balance and induces fluctuations in
interband transition energies.

6. Conclusions

We have detected the nonlinear behavior of interband transition energies in fully
strained GeSn films grown by molecular beam epitaxy. The bowing parameters for the
direct and indirect band gaps of fully strained GeSn alloys are 2.02 eV and 1.14 eV, respec-
tively. The ratios of strained to strain-free bowing parameters indicate that strain signifi-
cantly affects the critical points’ energies and induced fluctuation. The original balance
may be disturbed by strain in GeSn alloys. The transitional Sn composition of the indirect
to direct band gap for our fully strained GeSn alloys is located at x = 0.103 at room tem-
perature.
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