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ABSTRACT

The near-bandgap optical properties of Geq.xSny alloys were characterized by photovoltage spectroscopy
and spectral ellipsometry measurements. Contributions of Urbach tailing as well as direct and indirect
optical transitions were observed. The compositional dependence of direct bandgaps of strained GeSn
films grown on a Ge buffered Si substrate was studied for up to 15% Sn content. The contribution to the
photovoltage spectra of Geq.xSny alloys (x < 6%) from indirect optical transitions was observed at lower
energies than from direct bandgaps. Using bowing parameters of bl = 3.16—0.5x and bk, =1.93 eV, a
correlation was detected between calculated and measured indirect and direct bandgaps at 82 K. As the
Sn content was increased, the difference between the energies of the indirect and direct bandgaps
decreased, resulting in a smaller contribution of the indirect transitions due to competition with direct
transitions and Urbach tails. Two sublayers with different Sn content, strain values and bandgaps were
observed for samples with x ~12%. The results indicated that strain relaxation in films with thicknesses
exceeding a critical value occurs via formation of a Sn-rich top layer with higher direct bandgap. These
findings have important implications when designing IR photodetectors or solar cells.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

crossover point to higher concentrations of Sn up to 13% [6,8—10].
The energies of the indirect and direct transitions have been

Group IV semiconductors, such as Si, Ge, and their alloys, have
fundamental limitations against application in optoelectronics
owing to their indirect-band nature. In crystalline Ge, the indirect
L-valley is positioned only 136 meV below the I'-valley of the
conduction band gap [1], which suggests “directness” owing to Ge1.
xS alloying [2] or a tensile strain of about 2% [3,4]. Increasing the
Sn content in Geq_4Sny alloys reduces the conduction band because
the edge at the I'-point lowers more rapidly than that at the L-
point, resulting in a crossover from an indirect to a direct bandgap
material at critical Sn compositions in the range 6% < x < 10% [5—7].
Theoretical calculations predict a direct band nature for relaxed
Ge1,Sny films with 6.5% Sn, while compressive strain shifts the
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extracted from photoreflectance spectroscopy [11], spectral ellips-
ometry (SE) [12,13] and photoluminescence (PL) [5,14] measure-
ments. The optical constants of thin films are difficult to determine
near the absorption edge for indirect-band GeSn alloys because of
the inaccuracy of measured data when the absorption coefficient
is <1073 cm™! due to limitations of SE techniques. Absorption and
transmission spectroscopy do not give firmly established bandgap
energies owing to differences in the strength of the direct and in-
direct transitions of about two orders of magnitude, as well as
phonon emission and absorption. In PL spectroscopy of samples
with low Sn content, two emission peaks corresponding to the
indirect and direct transitions have been observed [15]. However,
near the predicted indirect-to-direct crossover, PL spectral peaks
overlap, hampering accurate determination of the bandgap en-
ergies taking into account the filling effect as well as alloy broad-
ening [7]. Whereas absorption, PL spectroscopy and SE techniques
have some limitations for accurate study of the indirect transitions,
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photovoltage (PV) spectroscopy can be applied to reveal features of
the near-bandgap absorption coefficient spectrum of the Ge;_,Sny
alloys.

In this work, we report on PV spectroscopy and SE of indirect
and direct bandgaps measured in strained GeSn thin films grown
on a Ge/Si(001) substrate with different Sn content.

2. Experimental

Ge1.4Sny thin films were grown using a commercially available
ASM Epsilon reduced pressure chemical vapor deposition reactor. A
700 nm thick strain-free Ge buffer layer was first grown on a Si
(001) substrate by a two-step growth method. First, a 150 nm seed
layer was grown at < 400 °C in H; carrier at a GeHy4 partial pressure
of 0.2 Torr then the temperature was increased up to 600 °C. Once
the temperature has stabilized at 600 °C, the remaining ~ 500 nm is
grown and a post growth in situ anneal is done at > 800 °C. The
chamber was then cooled down to <400°C in Hj, and then the
GeH4 and SnCly precursors were introduced into the chamber to
initiate the GeSn film growth. GeH4 and SnCl4 were used as pre-
cursors for Ge and Sn, respectively. Depending on required Sn
content, the growth temperature was kept in the range from 290 °C
to 450 °C. Details of the growth, including the SnCly/GeH,4 flow
ratio, were previously reported [16—20]. All Geq.xSny thin films
were unintentionally doped with a p-type background doping
concentration of 10" cm 3.

X-ray diffraction (XRD) measurements were performed using a
Panalytical X'Pert Pro MRD diffractometer equipped with a 1.6 kW
X-ray tube (vertical line focus) with Cu Koy radiation (A=
1.540598 A) and a symmetric 4 x Ge(220) monochromator. Spec-
troscopic ellipsometry data were collected using a variable-angle
spectroscopic  ellipsometer (WVASE32) over the range
0.496—4.768 eV (260—2500 nm) with a resolution of 10 nm at three
angles of incidence (65°, 70° and 75°). The absorption coefficient
and refractive index data points were obtained by using the Johs-
Herzinger model. Spectral ellipsometry and XRD measurements
were used to calculate the GeSn layer thickness, Sn composition
and strain level. Details of the samples and their properties are
presented in Table 1.

To accurately measure optical transitions in the GeSn layers by
PV spectroscopy, we fabricated a Au—Ge1_,Sn,-Ge-pSi photovoltaic
device. An In/Ga eutectic was scratched into the silicon as a back
contact and a gold grid (finger width 100 um) was evaporated by an
electron beam through a shadow mask onto the GeSn films as a
front contact. Fig. 1 shows a schematic of the Au—Ge;_,Sny-Ge-pSi
device and rectifying current-voltage (J-V) dependencies. The J-V
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10= 3
3 illuminated
— 10°F
< 3
E
€ 10°F
(] 3
= "
=
O 10°f
10°® | Bz 0ol
F In/Ga eutectic back contact
o L " 1 " 1 " 1 n 1

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. 1. J-V curves of the Au—GeSn—Ge-pSi device measured in the dark and under
illumination with quantum energy of 1.5eV at 82 K. Inset: schematic of a fabricated
Au—GeSn—Ge-pSi structure (the photovoltaic device was contacted by a top evapo-
rated Au grid and a back side scratched In/Ga eutectic).

curves were measured in the dark and under illumination, and PV
characterization was carried out with a Picotest 3510A semi-
conductor analyzer equipped with a preamplifier unit. To charac-
terize the photovoltaic response of the devices, samples were
irradiated through the Ge;,Sny layer with excitation energies
ranging from 0.4 to 2.0 eV using illumination from a 250 W halogen
lamp passed through a monochromator. Spectral dependences
were normalized to the constant number of exciting quanta using a
nonselective pyroelectric detector.

3. Experimental results
3.1. X-ray diffraction

/26 scans around symmetrical Ge (004) Bragg reflection were
measured for Ge;,Sny thin films with varying Sn compositions
(Fig. 2a). The Si (004) substrate peak (not shown here) was used as a
reference for analyzing the Ge.,Sny peaks for each sample. As ex-
pected, with increasing Sn composition and incorporation of larger
Sn atoms into the Ge lattice, the Bragg peaks from Ge;_,Sny shifted
to smaller angles due to increases in the out-of-plane lattice

The composition, strain, thickness and measured bandgap by photovoltage spectroscopy for Ge;_Sny thin films as a function of Sn content.

No. Sn (%) Strain (in-plane, %) Ey (eV) from SE egr (eV) eé (eV) GeSn film thickness (nm)
A 0 0 0.805 0.880 0.734 300
B 1 -0.02 0.780 0.775 0.683 327
C 3 -0.24 0.744 0.705 0.638 128
D 4 -05 0.720 0.674 0.629 70
E 5 -0.67 0.700 0.636 0.594 88
F 6 -0.82 No res 0.611 0.566 96
G 8 -0.8 0.675 0.563 — 90
H 10 -1.16 0.605 0.530 — 59
[ — — 0.464

116 —~1.49 0.582 0.543 h 4
] _ _ 0.454 B

11.6 -1.36 0.545 0.535 100
K 13.7 -0.93 0.447

119 -0.67 0.509 0.532 - 150
L 149 -0.81 0.425

11.8 -0.36 0-500 0.505 - 200




42 S.V. Kondratenko et al. / Acta Materialia 171 (2019) 40—47

A (b)
— R,
£ s
=
-
g
—
8
2
(2]
c
2
k= = 4
[ RSM (224)
564 576
a, (A)

[(f) | GegSnyg

564 576 564 576 564 576
a A

Fig. 2. (a) X-ray diffraction w/20 scans around symmetrical Ge (004) Bragg reflections
for Ge;.xSny thin films with different compositions. (b—f) Reciprocal space maps
(RSMs) measured around asymmetrical Ge(-2-24) reflection.

parameter (a, ) as well as compressive strain in the Ge;_,Sny layer
induced by the Ge substrate. However, for samples ] and K, doublet
peaks indicated phase separation, i.e., the Ge;.xSny films consisted
of two regions with different strain and composition. This phe-
nomenon was observed earlier and growth mechanisms have been
proposed to describe the compressive strain influence on the effi-
ciency of Sn incorporation into Ge lattice sites [18,21].

To estimate the strain and calculate the Sn composition, recip-
rocal space maps (RSMs) were measured around the asymmetrical
Ge(-2-24) reflection. As can be seen in Fig. 2b—d, pseudomorphic
growth on the Ge substrate was preserved for Gej_,Sny thin films
with a wide range of Sn compositions. However, as soon as the in-
plane coherency between the Ge;.xSny film and Ge buffer during
the growth was broken, there was a spontaneous change in the
composition and strain in the overgrowth layer (see Fig. 2e and f for
samples ] and K, respectively). The Sn composition and strain state
of the Ge1.,Sny films were calculated from the following equations
(Egs. (1)—(4)) [22—24]:

aSe™ (x) = a%x + a%e(1 — x) + bx(1 — x) (1)

exp 2Ci2(x)\ ,exp
a +<—C11(X))a”

GeSn

aO (X) = 2C (2)
1+ 55

Ciz11(%) = €35 )11% + €55 11 (1 = %) 3)

e = (aﬁxp _ a()GeSn)/ageSn7 (4)

where @' =6.4892 A, a¢ =5.6579A, b=0.00095A, C35=29.3,
3} =69.0, Cf5 =483, Cff =128.5, and a{” and a*” are the out-
and in-plane lattice parameters, respectively, extracted from RSMs.

As can be seen in Table 1, the compressive strain in Geq.xSny thin
films increased as the Sn concentration was increased up to 12%.
However, for samples with x=12%, a spontaneous change in
composition was observed with increasing film thickness > 100 nm.
Sample K (film thickness ~ 150 nm) consisted of a bottom GeggSni2
(~0.7% compressive strain) and top GeggSni4 (~1%) layer. Sample L
(200nm) consisted of a bottom GeggSniz (~0.4% compressive
strain) and top GeggSnys (~0.8%) layer. Thus, the composition of the
top Ge1.xSny layer seemed to depend on the strain relaxation of the
bottom Ge;_xSny layer. This result agrees with previously reported
data [20,21].

3.2. Spectral ellipsometry

For evaluating the optical properties we have first measured SE
spectra by using a variable-angle spectroscopic ellipsometer. Fig. 3
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Fig. 3. Angle dependencies of amplitude component y(a) and the phase difference 4
(b) for sample 1.



S.V. Kondratenko et al. / Acta Materialia 171 (2019) 40—47 43

shows the measured angle dependencies of the amplitude
component (¥) and phase difference (4) for sample I as an example.
To obtain the optical constants of GeSn layer, the experimental y
and 4 spectra were fitted by using the WVASE32® software with
Johs-Herzinger parameterized semiconductor model and a joint of
five oscillators [25]. A four layer structure was built for data pro-
cessing, comprising a Si(001) substrate, Ge buffer layer, GeSn thin
film and surface rough layer (50% air and 50% GeSn, given by the
software). The optical constants for the Ge buffer were fitted and
obtained separately, and further used as baseline for other samples.
With this information, the estimated thickness and optical con-
stants of the GeSn films, i.e., the real and the imaginary parts of the
dielectric function, were obtained for the range 0.496—4.768 eV.
Fig. 4 shows the real (e1) and the imaginary (e;) parts of the pseudo-
dielectric function (¢) for the sample G with GegySng film. The
critical points Ey, associated with the direct transitions in the GeSn
films were extracted by fitting of the second derivative of imaginary
part of dielectric function using a standard line shapes [26]. It
should be noted, that in addition to pseudo-dielectric function, the
point-by-point dielectric function were also applied for modeling
[27]. However, we found that the point-by-point method give poor
signal-to-noise ratio for the spectral region of weak absorption
from 0.5 to 1.0 eV and therefore can't be used for the critical point
Eo determination in the studied GeSn films.

Table 1 summarized the critical points for all investigated the
GeSn samples. As Sn percentage increases, a red shift in the energy
of critical points Eg due to the direct transitions is observed. The
indirect absorption edge was not detected due to the limitations of
SE technique in the spectral regions with low absorption coeffi-
cient. Therefore, in order to measure the near-bandgap optical
transitions in GeSn thin films more accurately, the PV spectroscopy
was applied.

3.3. Photovoltage spectroscopy

Fig. 1 shows J-V curves of the Au—Ge;,Sn,-Ge-pSi device
measured in the dark and under illumination with quantum energy
of 1.5 eV at 82 K. As can be seen, the dark current in the reverse bias
was an order of magnitude lower than in the forward direction. At
the same time, illumination shifted the J-V curve due to PV and
photocurrent generation. The saturation value of the PV signal for
all studied junctions was found to be in the range 0.25—0.50V for
an excitation power of 20 mW/cm? at 80 K. This value provides a
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Fig. 4. Real (¢1) and imaginary part (&) of pseudo-dielectric function obtained from v

and 4 for the Geg,Sng sample. The inset shows numerical second derivative of imag-
inary part of dielectric function.

rough estimate of the potential barrier height for the Au—Geq_xSny-
Ge-pSi diode because the PV signal depends nonlinearly on the
intensity of illumination and saturates at high-intensity illumina-
tion [28]. PV spectroscopy measurements were performed at a low
excitation power of 100pW/cm?. Under these conditions, the
change of barrier height with illumination was expected to be
small. Hence, the PV signal could be assumed to be directly pro-
portional to the absorption coefficient and reflect the main features
of the optical absorption spectrum.

Fig. 5 shows the spectral dependence of representative PV
spectra for Au—Ge1_xSny-Ge-pSi devices with Sn concentrations of
0%, 1%, 3% and 12%. Each spectrum was measured at 82K and
comprised a contribution from electron-hole pairs photoexcited in
the Si substrate starting from 1.17eV, a Ge buffer layer with
threshold energy for indirect transition at 0.72eV, and a PV
component with an absorption edge at lower energy (in the range
hv<eéjnqce) assigned to both the indirect and direct interband
transitions in the GeSn thin films. We also analyzed the PV spec-
trum edge, where the contribution to the measured signal was due
to absorption in the GeSn films alone. The type of interband tran-
sition (indirect or direct) was identified by analyzing the shape of
the Upy(hv) curve in this range. To clarify the contribution of direct
transitions to the PV generation and identify the direct bandgaps,

spectral dependencies were plotted in (hl/UpV)z—hl/ coordinates.

Fig. 6a shows close-ups of the spectral dependencies of (huUpV)2 for
samples with 1%, 4%, 5%, 8%, 10% and 12% (45 nm) over linear re-
gions used for fitting. Extrapolation to the photon energy axis
yielded the direct bandgap, egi,, for the Ge;Sny thin films, as
marked by arrows in Fig. 6a. For example, PV spectra of the diode
with a GeggSny film contained two linear regions with threshold
energies of 880 meV and 775 meV related to direct transitions in
the Ge buffer and GeggSnj, respectively. The results showed that as
the Sn content increased, the direct bandgap shifted toward lower
energy due to changes in the electronic band structure of the GeSn
alloys.

Below the direct bandgap, hv < e4j;, 2 PV signal was observed due
to both indirect transitions and transitions between the tails of
density-of-states in the valence band and conduction band of GeSn
alloys (Urbach tail). In the case of Urbach behavior of the absorption
edge, the spectral dependence of the PV signal can be described by
an exponential function:
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Fig. 5. Spectral dependencies of photovoltage of Au-GeSn-Ge-pSi devices with Sn
concentrations of 0%, 1%, 3% and 12%.
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Fig. 6. Close-up of spectral dependencies plotted (a) in (Up\/hi/)z-hi} coordinates for
samples with 1%, 4%, 5%, 8%, 10% and 12% (45 nm), and (b) in /Upyhv-hv coordinates
for samples with Sn concentrations of 0%, 1%, 4%, 5% and 6%.

Upy = Up exp (ME—U&H") (5)

where Uy is a constant and Ey is the Urbach energy. Thus, Upy de-
creases exponentially as the photon energy decreases in the near-
bandgap region (see Fig. 5, marked area). Linear fitting of In(Upy)
versus the photon energy was used to extract the Urbach energy,
which depends on the structural disorder of a semiconductor. Note
that for semiconductors with a high degree of structural perfection,
Ey lies in the range 10—20 meV, whereas for disordered or amor-
phous semiconductors, Ey is an order of magnitude larger [29]. For
studied GeSn thin films, the derived from the PV spectra analysis
value of Ey varies from 17.5 meV (sample D) to 50.8 meV (sample C)
and doesn't show any correlation with Sn composition or strain.
Probably, it can be influenced by some fluctuations during sample
growth or dislocation density, which require further studies.

In the considered spectral range, hv<eg;,, we also observed a
contribution from phonon-assisted transitions in the indirect-band
GeSn alloys. To highlight the indirect transitions against the

background of Urbach bandtails, \/hvUpy was plotted versus hv.
When the incident photon energy was within the range &;,q < hv <
egir (Fig. 6b), linear regions were observed at the absorption edge
near the indirect bandgap for films with Sn content up to 6%. For
these samples, the low energy edge was attributed to indirect
transitions, whereas the higher energy PV component was associ-
ated with direct transitions in the GeSn alloys. Indirect bandgap
energies, ¢,q, were determined from extrapolation to the photon
energy axis, as marked by the arrow in Fig. 6b for the GeggSnyg
sample. The extracted indirect and direct bandgap energies are
listed in Table 1. It can be seen that the separation difference be-
tween the direct and indirect bandgaps decreased from 92 meV for
x=1% to 42 meV for the strained GegsSns alloys. This decrease
made it impossible to observe a contribution from the phonon-
assisted indirect transitions due to their much lower probabilities
compared with the direct transitions and Urbach tails.

4. Discussion

The near-bandgap optical properties of the Ge;_,Sny alloys were
characterized by PV spectroscopy and SE measurements. The crit-
ical points Ey derived from SE measurements were somewhat
higher than direct bandgaps obtained from PV spectroscopy at 82 K.
Similar differences between theoretical direct bandgaps and
ellipsometry data were discussed previously in Refs. [3,30]. Since SE
technique operates with sufficiently high intensities, the deter-
mined bandgaps may have been increased due to filling of the
states near the bottom of the conduction band and top of the
valence band of Geq.xSny, i.e., a shift of the absorption edge to
higher energies, known as the Burstein-Moss effect [31]. Moreover,
fitting of the SE data did not take into account the compositional
and strain gradient of the Geq_xSny films, as described previously in
Ref. [20]. Thus, SE gives the effective (averaged) optical constants of
films, whereas the spectral dependencies are strongly dependent
on the model used for fitting the experimental data (¢ and 4).
Owing to the limitations of the SE technique near the absorption
edge in spectral regions with low absorption coefficient, the critical
points were shifted to higher energies as compare with direct
bandgaps obtained from PV measurements. Thus, low-temperature
PV spectroscopy was a more sensitive and direct technique for
studying features of the absorption spectra, allowing the contri-
butions of different types of optical transitions in the Ge;_,Sny films
to be distinguished — indirect, direct as well as Urbach tails. PV
spectra are measured at low excitation intensities (~pW/cm?), as
close as possible to equilibrium, which allows elimination of the
shift of the absorption edge due to optical pumping. To minimize
equilibrium filling of states near the bottom of the conduction band
assigned to unintentional n-type doping, the measurement tem-
perature was reduced to 82 K. Being proportional to the number of
the photogenerated electron-hole pairs, i.e. to the absorption co-
efficient, the low-signal PV spectra reflect all critical points of
dielectric function. Moreover, the PV technique is more sensitive to
indirect transitions in comparison with PL measurements that re-
quires sufficient quantum yield or direct transmission measure-
ments limited by low absorptivity of thin film.

It was observed that as the Sn content increased, the absorption
edge shifts toward lower energy due to changes in the electronic
band structure of GeSn alloys. As follows from XRD measurements,
the Geq_xSny films with x up to 12% had a nearly uniform content,
enabling their bandgaps to be determined by PV or SE studies. At
the same time, thick films with a Sn content of 12% were found to be
two-layered. Fig. 7 shows the near-bandgap PV spectra of GeggSny;
films with different thickness (45 nm, 100 nm, 150 nm and 200 nm)
measured at 82K and plotted in (hUUpv)z-hU coordinates. Two
linear regions, indicating the presence of two separate direct
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Fig. 7. Near-bandgap photovoltage spectra of GeSn films with 12% Sn and different
thickness measured at 82 K.

transitions in the Ge;.,Sny films, were observed for these samples.
Note that owing to a strong impact of surface recombination on PV,
the contribution of electron-hole pairs photogenerated in the top
layer was lower in comparison with the PV component attributed
to the bottom layer of Gei.,Sny. As each PV component was a
straight line on the (hl)Upv)z-hV plot, they gave the direct bandgaps
of two sublayers of Geq_xSny with different x. As the thickness
increased, the edge of PV spectra shifted toward lower energy due
to formation of a Sn-rich top layer and strain relaxation. As follows
from XRD measurements, both a decrease of strain and increase of
Sn content were observed for the top layer. The difference in lattice
constants of these sublayers was sufficient to observe double Bragg
peaks from Geq.xSny for samples K and L only. For instance, the PV
spectra of samples L with 200 nm films (see Fig. 7) contained a low
energy PV component with threshold energy near 423 meV asso-
ciated with absorption in the Sn-rich Gegs1Sny49 top layer. The
predicted direct bandgap for the layer with x=14.9% and
compressive strain of —0.809% was found to be near 406 meV,
whereas the strained GeggSnyy (—1.49%) had a direct bandgap of
496 meV at 300 K. The Sn content in the bottom GeggSny; layer was
found to be the same for all samples, while the strain decreased
from —1.49% for sample I to —0.36% for sample L (Table 1). There-
fore, the direct bandgap for the GeggSniy layer decreased from
543 meV to 505 meV due to strain relaxation. Within this range of
strain values, indirect-to-direct transitions are likely to occur for
the GeggSnyy alloys. Previously published calculation of the elec-
tronic band structure using the 8-band k-p method for compres-
sively strained Geg75Sni25 alloys showed that the transitions to a
direct bandgap were expected near exx ~1% [32].

The direct bandgaps were determined from extrapolation to the
photon energy axis, which allowed analysis of the compositional
dependence of the direct bandgap of strained Ge;_,Sny alloys up to
14.9% at 82 K. A red shift of the bandgap was observed as the Sn
concentration increased, in good agreement with previously pub-
lished data [33] and energies calculated from the following widely
used polynomial:

R LI LI LI
€ind,dir — XEg‘Sn +0- X)Eg,Ge = bgesnX(1 = X), (6)

where E} . =0.838eV, Eig, =- 0413eV, EL . =0.734eV and

Eé,Sn =0.006 eV are the direct and indirect bandgaps at 82 K for the

Lr
bGeSn

factor for the indirect (bk.g,,) or direct (bl.s,) bandgap of the Ge;.

crystalline Ge and Sn, correspondingly, and is the bowing

«Sny alloy [7,34]. Besides the bandgaps of Ge and Sn, accurate
determination of the bowing factors is important for prediction of
the indirect and direct bandgaps of Ge1.,Sny over a wide compo-

sition range. Experimentally determined values of bgeSn were re-
ported to be in the range 1.8 eV—2.8eV [35—38], whereas first
principle calculations gave values of 1.9 eV [39], 2.06 eV [40] and
2.55 eV [41]. In order to describe the compositional dependence of
the direct bandgap over a broad range of Sn content, a non-constant
or compositional dependent bowing factor (2.66—5.4x) was pro-
posed [32]. Conversely, the bowing factor for the bandgap at the L-
point of the Brillouin zone is much less studied. Indirect bandgap
bowing of 0.8 eV or 0.17 eV at 10 K was determined experimentally
from PL spectroscopy depending on whether the phonon emission
energy was taken into account [42]. Room temperature PL spec-

troscopy gave b(L:eSn =1.03 eV [7], whereas measurements over a
broader compositional range exceeding 10% led to a non-constant
bowing factor of 1.11-0.78x eV [33]. In contrast, the simulated

value of bk, reported in Ref. [43] was 0.89 eV. This difference is
likely due to difficulties in the experimental determination of the
bowing factor for the bandgap at the L-point for a wide range of x.
Besides the decreasing energy difference between the L- and I'-
valleys as the Sn content increases, optical measurements of indi-
rect bandgaps are complicated by the need to take account of the
energy of phonons involved in the indirect transitions and the
Burstein-Moss effect, which shifts the effective absorption edge to
higher energies [31,43].

To compare calculated indirect and direct bandgaps with
experimentally determined values, we considered the strain-
induced shifts of the conductive band and valence band edges
under the assumption of coherently strained Gej_,Sny alloys and
following the procedure described in detail in Ref. [44]. The direct
(€3f) and indirect (], ) bandgaps in the compressive strained Ge-
xSny were simulated as follows:

el =+ (ab = av) (20 ) 5(er ). 7

efa = eha + (0 —av) (2e) + e1) + bs (o2 ey ®

where £, = —2(Cy2/Cqq)g) (for (001) oriented films), ay, ag"L is the
hydrostatic deformation potential of the valence band and con-
duction band, bg is the shear deformation potential. The hydrostatic
and shear deformation potentials for Ge are given by ay =1.24 eV,

ag =-824¢eV, aﬁ =-1.54eV, bs=-29eV, respectively. Conse-

quently, ay =1.58 eV, ag =-6.00eV, aé. =-214eV, bg=-2.7eV are
the deformation potentials of a-Sn, respectively. Sets of deforma-
tion potentials for Ge and «-Sn were chosen in the same way as
described in Ref. [45]. All deformation potentials and structural
parameters for Gei,Sny alloys were interpolated according to
Vegard's law.

In order to determine the bowing parameter, we have analyzed
the experimental data points derived from PV measurements,
comparing them with calculated bandgaps for fully strained Gep.
xSnx alloys. The procedure involves the calculation of bandgaps
for the relaxed films taking into account the bowing parameter.
Then, the bandgaps of the fully strained Ge;xSnx alloys was
calculated and compared with the experimental data points. As a
result, we have find the value of the bowing parameter by mini-
mizing the standard deviation in the range 0—12% of Sn. Note that
being determined from PV measurements of partially strained
films, a systematic error of about 20% is introduced in the direct
bandgaps for the alloys with Sn content higher than x ~12% due to
strain relaxation. As for bowing parameter for indirect bandgaps,
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the analyzed range 0—6% of Sn covers only the data points deter-
mined for the unrelaxed Geq_xSny.

The best fits with bées“ =3.16—0.5x and béesr1 =1.93 eV for the
direct and indirect bandgaps of fully strained Ge1_,Sny, respectively,
yielded the experimentally determined values presented in Fig. 8.
The crossover point for the relaxed alloys was found to be around
6%. According to the simulations, the crossover point was not
observed for coherently strained Ge;_,Sny over the studied range of
Sn compositions with the given bowing factors. However,

assumption of a composition dependent bé.s,, will make significant
corrections. Specifically, the bandgap values depend strongly on the
bowing factor used for calculation, especially at high Sn content. For

instance, assuming b:.g, =1.03eV and bl.s, =2.46eV [7], the
crossover point is expected near 20% and 7.3% for the coherently

strained and relaxed GeSn, whereas using béeSn:O.26 eV and

béeSn = 2.2 eV shifts this point to 11% and 5.7%, respectively [45].
Therefore, experimental determination of indirect bandgaps over a
broad range is required for accurate specification of the crossover
point of the strained Gej_,Sny.

Our films were slightly relaxed, with strain values increasing
linearly with increasing Sn content up to x = 12%. Further estima-
tions based on strain values derived from XRD analysis showed that
observation of the crossover point was not possible for the studied
range of Sn content due to compressive strain. The experimental
indirect and direct bandgaps of GeSn probed by PV spectroscopy
were in good agreement with data calculated from Eq. (8) over the
composition range 0 < x<6%. We could not distinguish the contri-
bution of indirect transitions against the background for higher x
due to the dominant contribution of direct transitions and Urbach
tailing. Furthermore, interpolation of the experimental values for
the direct and indirect bandgaps gave no evidence in favor of the
observation of crossover up to 12% in the studied films. It is well
known that achievement of a crossover point requires low strain in
Ge1.,Sny alloys, whereas an indirect-to-direct transition is not
possible in the coherently strained Ge;.xSny alloys for the consid-
ered range of Sn content. However, as reported previously [46],
films of thickness beyond a critical value (about 50 nm) plastically
relax via formation of misfit dislocations. For the example of
structures with GeggSniy alloys, presented in Fig. 6b, we observed a

(-
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N ® PV(I), 82K
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—_—~ T A
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Fig. 8. Direct and indirect band gap energies extracted from photovoltage spectra
measured at 82 K. The curves show calculated values of direct and indirect bandgaps
for coherently strained GeSn films with bfes, = 3.16-0.5x and bk, = 193 eV. The
dash lines correspond to bandgaps calculated for relaxed Ge;_,Sny films at 82 K.

shift of the absorption edge to lower energies due to relaxation as
the film thickness increased. According to our experiments, for
films with a Sn content of 12%, an increase in the film thickness led
not only to the relaxation of strain but also formation of a relaxed
top layer of Ge1_xSny film with higher Sn content, and hence smaller
bandgap. This effect is useful for designing tandem solar cells and
broadband IR photodetectors.

5. Conclusions

In summary, the near-bandgap optical properties of strained
Ge1.,Sn, films grown on Ge were characterized by PV spectroscopy
and SE measurements. Contributions of Urbach tailing and direct
and indirect optical transitions were observed. The experimental
direct and indirect bandgaps were compared with calculations
based on a widely used polynomial that assumes variation of the
electronic band structure between Ge and Sn taking into account
the strain-related shifts for the conduction and valence bands. It
was shown that the compositional dependence of the direct
bandgaps of the strained Gej_,Sny films derived from PV mea-
surements at 82 K could be described by a non-constant bowing

factor bl.s, = 3.16—0.5x for the I'-point of the Brillouin zone in the
range from 0% to 12% Sn content. In contrast to SE, low-temperature
PV spectroscopy of GeSn alloys with x up to 6% was able to
distinguish the contribution of indirect optical transitions at lower
energies than direct transitions and determine the bandgaps at the
I'- and L-point. Because of the narrower range of Sn content, use of

a constant bowing factor bf.., = 1.93 eV was found to be sufficient
for good agreement between the experimental and calculated in-
direct bandgaps. As the Sn composition increased for x > 6%, the
difference between the energies of the indirect and direct bandgaps
decreased to such an extent that it became impossible to identify
the indirect bandgap energies against the background contribution
of direct transitions and Urbach tailing. According to the simula-
tions, the crossover point was not achieved using the given bowing
factors for the coherently strained Geq.xSny alloys with the studied
range of Sn compositions. Therefore, experimental determination
of indirect bandgaps over a broader range of Sn up to 15% is
required for more accurate specification of the crossover point of
strained Geq_xSny alloys.

This work shows that the measured indirect and direct bandg-
aps by photovoltage spectroscopy are in good agreement with
theoretically predicted by using conventional deformation poten-
tial. As follows from determined compositional dependencies of the
bandgaps at the I'- and L-points, operating wavelength of Geq_xSny
based direct-bandgap optoelectronic devices can be extended to
the mid-infrared range if the compressive strain and alloy
composition inhomogeneities will be reduced.
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