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We theoretically investigate germanium-tin alloy as a semiconductor for the design of near
infrared optical modulators in which the Ge;_,Sn, alloy is the active region. We have calculated
the electronic band parameters for heterointerfaces between strained Ge;_,Sn, and relaxed
Si;_,Ge,. Then, a type-I strain-compensated Sig 10Geg.00/Sio.16G€0.84/G€0 04SN0 06 quantum well
heterostructure optimized in terms of compositions and thicknesses is studied by solving
Schrodinger equation without and under applied bias voltage. The strong absorption coefficient
(>1.5 x 10*cm ™) and the shift of the direct transition under large Stark effect at 3V are useful
characteristics for the design of optoelectronic devices based on compressively strained IV-IV
heterostructures at near infrared wavelengths. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862226]

. INTRODUCTION

Germanium, which is a group IV material, has unique
properties associated with the presence of a strong dipole-
allowed direct transition. The energy gap between the top
of the valence band and the conduction has a local minimum
at the I' point, which is only 0.14eV above its fundamental
indirect band edge at room temperature. In addition, due to
the small difference between direct and indirect band gap
energy, Ge appeared to be a promising material for next
generation on-chip light sources and detectors'? and thus
triggered a lot of activities for photonic applications.®”’
Thereby, the main issue is to overcome the inefficient light
emission of an indirect semiconductor. Therefore, several
solutions attempts have been proposed to introduce tensile
strain in Ge thin films such as micromechanical strain®'°
and epitaxial growth of Ge on larger lattice constant buffer
layers. Recently, Kuo and co-workers'' demonstrated that
the direct E transition in Ge can be tuned via quantum con-
finement in much the same way as in direct gap materials,
despite the fact that electrons at the I'-minimum can, in prin-
ciple, relax to the lower-energy indirect valleys at the
L-points of the Brillouin zone (BZ). This breakthrough
opened up important applications in the field of modulators
monolithically integrated to silicon platforms. Another
approach, substitution of o-Sn into Ge lattice to form semi-
conducting GeSn alloy has also been found to result in an
effect similar to that observed in Ge under tensile strain, i.e.,
lowering in energy of the direct valley below the indirect.'?
Also, the recent experimental investigations of Ref. 13
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demonstrated the lowering of E, as a function of the
o-Sn concentration and the expected reduction of the
direct-indirect separation. For small amounts of o-Sn ranging
from 6% to 11%, the alloy is predicted to undergo an indirect
to direct transition."*' Besides the tunable direct gap, GeSn
alloy system has also been predicted to exhibit high electron
and hole mobilities,!’ making it an ideal material platform
for co-integration of optoelectronic and high speed electronic
devices."®! Recently, high-quality binary GeSn and ternary
SiGeSn alloys with high-Sn composition have been success-
fully synthesized,”®*?' making it possible to create new
photonic devices based on the SiGeSn material system,
such as lasers,zz*26 modulators,27 and detectors,zg*30 for
electronic-photonic integrated circuits. Chang and Chang
proposed in a recent paper a polarization-insensitive wave-
guide modulator at 1.55 um using a Ge/SiGeSn multiple-
quantum-well (MQW) structure and analyzed its operation at
room-temperature. 3

For the same aim, and based on our previous work on
SiGe/Ge/SiGe heterostructures,* we propose a simulation of
a silicon-based optical modulator operating at 1.55 um, in
which the Ge active region has been substituted by a GeSn
quantum well (QW). The alloy compositions were chosen to
fulfil three conditions simultaneously: a type-I band align-
ment between Ge;_,Sn, and Sij 16Geg g4, a direct transition
in the GeSn quantum well, and an improved quantum con-
finement in the Ge;_,Sn, conduction and valence bands. In
order to design such device, it is very important to determine
the electronic properties of strained GeSn, such as band gap
energy and bands discontinuities as a function of composi-
tion. In a first step toward the calculation of optical proper-
ties of GeSn quantum-well, we report the band offsets at
Ge;_,Sn,,Si;_,Ge, strained/(001)-oriented relaxed interfaces

© 2014 AIP Publishing LLC
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as well as the effective masses deduced from k-p strained
Hamiltonian. Then, we investigate the Stark effect on the
quantized subbands and the absorption coefficient spectrum.
The effects of the bias voltage at room temperature are
finally presented and discussed.

Il. CALCULATION OF MATERIAL PARAMETERS

Energy-band theory and photoluminescence experi-
ments'>>? have indicated that the band gap of Ge;_Sn,
alloys makes a transition from indirect to direct. This transi-
tion occurs at x = 0.06-0.11."*7'° In this work, we adjusted
the pseudo potential form factors to fit the experimental band
energies of Ge and o-Sn. The electronic band structure is cal-
culated using the empirical pseudo potential (EPM) within
the virtual crystal approximation (VCA) combined with the
bond-orbital model of Harrison.>* Since both Ge and o-Sn
crystallize in the diamond structure, their antisymmetric
form factors are zero. Hence, it remains only the symmetric
form factors for the Ge;_,Sn, alloys, which can be obtained
according to the following expressions:

vg;el,,\»Sn) = (1 —x)Vée +xv§n‘ (1)

For Ge;_,Sn, alloys, the lattice constant has been assumed
to be described by

AGe,_Sn, — (1 - x)aGe + xas, + oGeSnx(1 - x)a (2)

where 0ges, = 0.166 A.

Using this lattice constant, the corresponding reciprocal
lattice vectors and the pseudo potential form factors V5(G)of
Eq. (1), we can calculate the band structures of Ge;_,Sn,
alloys. Moreover, the VCA approximation does not take into
account the effect of compositional disorder and hence the
bowing factors obtained by VCA may deviate from experi-
ments.>>® In order to overcome this shortcoming, we have
added to the VCA a non-periodic potential due to the compo-
sitional disorder.?” By adding this disorder effective potential
to the virtual crystal potential, the expression (1) becomes

1
Véel,YSnl\ = (1 7X)Vée +XV§n *[J[}C(l 7x)]2[V§n - V(S}e]7 (3)
p is then treated as an adjustable parameter.
The final adjusted pseudopotential form factors of Ge
and o-Sn are summarized in Table I. The calculated direct

and indirect band gap energies of relaxed Ge; _,Sn, at I and

TABLE I. Pseudo potential parameters for Ge and o-Sn used in EPM.

Form factors (Ry) Band gap energies (eV)

Material Vs (3) Vs (8) V, (11) E} EL
Ge —0.299088  0.075200 0.001723 0.79* 0.69*
0.8° 0.66°
o-Sn —0.195 —0.008 0.04 0.00* 0.28*
—0.41° 0.14°

“Present work.
"Reference 25.

J. Appl. Phys. 115, 033109 (2014)

L high-symmetry points in the BZ using the EPM under the
VCA are shown in Figure 1(a) and fitted to second order
equation in alloy «-Sn composition x

ED (x) = 0.782 — 1.734x + 0.94:%, 4)

E")(x) = 0.688 — 0.15x — 0.25x. (5)
The unit of the energy is eV. The band gap bowing factors
are br~0.94eV and b ~ —0.25¢eV in Egs. (4) and (5). By
varying x from O to 0.2, the band gap reduction at ['-point
(Eq, r) is more pronounced than that at L-point (E,, 1), caus-
ing Ge;_,Sn, alloy to become a direct band-gap material
when x is 0.057 or larger. At x =0.057, the band gap energy
at I and L points are crossing. Comparison of the calculated
direct and indirect band gap with the experimental data
measured at 300K (Ref. 38) is also shown in Figure 1(a).
This can be observed from a comparison between the full
band structures of Ge;_,Sn, with x=0 and x=0.06 as
shown in Figure 1(b).

In order to perform a simulation of the optoelectronic
characteristics of Ge;_,Sn, near-infrared optical modulators,
material parameters of Ge;_,Sn, such as discontinuities in
valence and conduction bands as well as effective masses are
needed. The band offsets between binary o-Sn containing
alloys and Si or Ge are not known experimentally,” we have
adopted the procedure outlined by Yahyaoui ef al. in Ref. 32
using the parameters taken form Refs. 15 and 22 and listed
in Table II. The conduction and valence-band discontinuities
between the Ge;_,Sn, strained layer and the (001)-oriented
relaxed Si;_,Ge, substrate are calculated thanks to these
data. The results of conduction band offsets are plotted in
Figure 2(a), at I' and L points, respectively. Figure 2(b)
shows the valence band offsets for heavy and light holes. For
a strained Ge;_,Sn, on relaxed Siy;Gepo heterointerface,
the following approximated analytical laws of the conduc-
tion and valence-band discontinuities between strain splitted
valleys are given below in (6), (7), (8), and (9):

AECT (x) =2 —0.353 — 1.0654x + 1.875x%, (6)
AECE(x) =2 —0.1 — 0.1223x + 0.91157x%, (7)
AE, ,,(x) = 0.1158 4 1.3382x — 0.0904x", (8)

AE, ,(x) 22 0.092 + 1.03x — 0.085x>. )

Next, we have calculated the strained band-gap energies versus
the composition x for Ge;_,Sn, strained layer on relaxed
Sip.1Gepo and Ge substrates. The GeSn/Sij ;Gego (001) alloy
may have a direct band gap at Sn-fractions higher than 20% at
room temperatures. Regarding the pseudomorphic Ge;_,Sn,/
Ge, the indirect-to-direct crossover may occur at a Sn-fraction
of 15.3% at 300K. The latter value is consistent with the
experimental crossover found at about 17% in Ref. 21; our
theoretically determined values are plotted in Figure 1(a). The
analytical expressions are quoted as follows:

E{M (x) = 0.828 — 2.34x + 1.96538%,  (10)
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FIG. 1. (a) Composition dependence of energy band gaps at I'- and L-valleys for relaxed and strained Ge; _,Sn,, respectively. For Ge; _,Sn, alloys with Sn
composition x below 0.057, the conduction band minimum is at L-point, and the alloy is an indirect band-gap material. Symbols are experimental data and the
black lines are obtained from EPM calculation. For strained Ge;_,Sn, on relaxed Ge (blue color) and Ge;_,Sn, on relaxed Sij ;Geq o (red color), the crossover
indirect-direct band gaps (Ej and E}.) are at 15.3% and 20%, respectively. (b) Full band E-k dispersion for Ge;_,Sn, with x =0 and x = 0.06. The differences

in band-gaps at I'-point and L-point are highlighted as AE, 1 and AE,; .

EJ™ (x) = 0.8433 — 2.086x + 1.9602x*,  (11)
ELF™(x) = 0.679 — 1.464x +1.0033x%,  (12)
EL ™ (x) = 0.694 — 1.1574x +0.998x%,  (13)

with energies given in eV.

Another key parameter is the effective mass which gov-
erns the electron transport in semiconductor devices.
Unfortunately, experimental effective masses for the dilute
alloys are not known in the literature and thus we need to
employ estimated masses. We shall use the strained
Hamiltonian k-p at the center of the high symmetry point
I'.* The in-plane effective masses for electron, heavy-hole,
and light-hole bands, respectively, can be calculated using

equations outlined in Refs. 39 and 40. The effective mass is
obtained by calculation of the energy E versus wave vector
(k) relation

12 i2
Ei(K) = (1 - y_,«zk2>, (14)

:
2mj

where the effective mass is 7 and y; is the nonparabolicity
parameter for the j band.
One obtains for the strain-dependent hole effective masses

1
L
- 15
i =20 (1>
2F; + A 3
mt = jto0te . 16)
J=ih 2B () +92) F Ao (1 4 272) —e(8y2 — 1)

j=so

TABLE II. Band parameters at 300K for Si, Ge, and o-Sn used for the calculations:'>?? lattice constant a (in 10\), elastic stiffness constants ¢;; and ¢y, (in 10'?
dyn cm~?), Kohn-Luttinger parameters 7, and y,, valence-band averaged energy E, v, spin-orbit splitting Ao, and deformation potentials b, a., and a, (in eV).

a Ci1 Cr2 Ev,av b ac Ay 71 V2
Si 54311 1.675 0.650 —0.47 0.04 2.1 1.98 2.46 4.22 0.39
Ge 5.6579 1.315 0.494 0 0.30 -2.9 —8.24 1.24 13.38 4.24
o—Sn 6.4892 6.9 2.9 0.69 0.80 —2.7 —5.33 1.55 —15 —11.45
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FIG. 2. (a) Conduction-band offsets E.(x)-E.(y) at the minimum I' and L points. (b) Valence band offsets for heavy holes and light holes for the

Ge;_Sn,Si;_,Ge, heterointerfaces. All values are expressed in eV.

1 17

my, T (17

) (6= E)(e+E) + (6= E) (Ao +E) — (6 + E) (Ao + ;) — 2¢%] ;

m/’j’; SN ENEtE)+ (= 0)(E—E)(do+E) — (0 + 1) [(6+E) (Bo + Ej) —267] +depy (6 — Ej) (1%
with

1
Ei—m = — 3 0Eoo1, (19)
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(20)

~ -1

1 1 1 N 9 2

Ei—y= _EAO +Z5Eom —3 _Aé + AgdEqo; +Z (0Eoo1 )2_ ;
21

1.

&= —Eonol = —h(SL — F//) (22)

The effective mass of the conduction electrons at the I'-point
minimum may be written as*!

m 2P (2 1
=l4+—(=+——). 23
mer + 3m <E() + Eo + A()) ( )

0.0350

0.0325

=0.0300

m"/m

0.0275

0.0250

00225 b o .
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As for the matrix element P, the following expression is
used:

P? _ ace?

This reproduces the electron effective mass in pure Ge.
Constant values and the meaning of the parameters used
are summarized in Table II. The effective masses for I" and
L electrons, heavy hole, and light hole, respectively, are
illustrated in Figure 3 for Ge,_,Sn,Si,_,Ge, calculated ver-
sus o-Sn compositions. All results are given in units of the
free electron mass myg. Electron effective masses at L and
I'-points and the hh effective masses of Ge;_,Sn, decrease
slightly with increasing Sn composition, whereas, the lh

c

L/mO

o o
o o
N N
o ©
I |
1 1

o
o
N
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o
N
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FIG. 3. Transverse electron effective masses at I'-point (a) and at L-point (b). Perpendicular heavy holes (c) and light holes (d) effective masses of strained
Ge;_,Sn, on a relaxed Si;_,Ge, substrate as function of «-Sn composition. All results are given in units of the free electron mass n1g,
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effective masses of Ge,_,Sn, increase significantly and then
decrease a bit with increasing x.

lll. SIMULATION AND ABSORPTION SPECTRA

Using the above results, we have simulated the conduc-
tion and valence bands edges of the considered heterostruc-
ture. The proposed stacks are designed in a pragmatic way
for a pseudomorphic growth on relaxed SipoGeq ; assuming
individual layer thickness being smaller than the known criti-
cal thickness and an overall compensation of the strain.*?
Our modeled structure consists of Geg 9451006 QW separated
by two Sip 16Geg g4 barriers, for the strained part of the struc-
ture, the whole is embedded between (001)-oriented relaxed
Sig.10Geg.90. These compositions of GeSn and SiGe are cho-
sen in such a way that they form type-I band alignment,
ensure the direct interband transitions and an improved quan-
tum confinement of electrons and holes. Moreover, the low
solid solubility43 (<1%) of Sn in Ge makes very difficult the
growth of high quality, defect free GeSn. However, recent
advances in non-equilibrium growth techniques** have made
possible to achieve GeSn alloy with substitutional Sn content
exceeding 8%. Nevertheless, increasing Sn % in the alloy
raises concerns regarding thermal stability of the material
and the maximum allowable thermal budget during device
fabrication as pointed out by recent investigations of Ref. 45.

The line-up of various relevant bands of a SiGe/GeSn
QW is illustrated in Figure 4. We show the conduction band
edge at the L-point (£, ) and at the I" point (E. 1), as well as
the valence band edges corresponding to the heavy hole
(E, nn) and light hole (E, 1) bands. The corresponding offsets
for the conduction band at the L (AE.;) and the I' (AE. 1),
and for the heavy hole (AE, ;) and the light hole (AE, ;) are
also shown. The quantum confinement leads to energy
subbands in both conduction and valence bands. The energy
levels of these subbands can be calculated by solving the

J. Appl. Phys. 115, 033109 (2014)

one-dimensional  Schrodinger equation following the
envelope function approximation.** Figure 5 shows simula-
tion of the band diagram, hole and electron wave functions
of the GeposSnggs quantum well. We find that
Ge 94510 06/S10.16Ge0 g4 quantum well on relaxed Si ;Geg o
has type-I alignment. From symmetry, we expect to observe
the interband transition series consisting of hh;-e;, lhi-ey,
hh,-e5, lh,-e,, etc., where hh,, lh,, and e, denote the nth
heavy hole, light hole, and electron states at the I (at the L)
edge, respectively. We find that the hh;-cI"; transition energy
is equal to 0.977 eV. For better comparison, we calculated
the interband absorption spectrum associated with the gener-
ation of an electron-hole pair in the Geg94Sng s quantum
well using the following theoretical method. The theoretical
dispersion of the absorption coefficient is obtained from the
imaginary and real parts of the estimated dielectric constant,
respectively. In the estimation of the free-carrier contribu-
tion, energy-and polarization-dependent momentum matrix
elements*® and line broadening represented by a Gaussian
line shape function were taken into account. The contribu-
tion of free-carrier-transitions to the imaginary part may be
written as

Mep
ho) = M|
o(hw) = SomoL > thZZ| |

XJM(E)F(E + Ey + Ei + Ejj — ho)dE. (25)

[

Here, L. is the thickness of the QW; m, is the reduced hole
effective mass; E,, E.;, and E; are the energy gap; the quan-
tized energies of the i electron and j hole, respectively; and
hao denotes the photon energy. The energies E.; and Ey;, and
the related wave functions, W,;(z) and W¥,;(z), are solutions
of the one-dimensional Schrodinger equations for the QW
subjected to the electric field.*’ The quantity |M,|* is the av-
erage matrix element for the Bloch state*® given by

EC,F
AEQr
.
FIG. 4. Band structures along the con-
Ec . sidered GeSn/SiGe heterostructure.
' [ _I 1 AEC . E.r and E.; are the energies of the
I— ’ bottom of the conduction band at zone
centre (I" point) and of the L valleys,
respectively. E,j, and E,y, are the
energies of the tops of the light-hole
Absorption at zone center and heavy-hole valence bands, respec-
p tively. The GC()_94SI1()>()5/Si()_|6Ge()>g4
quantum  well on  (001)-oriented
relaxed Sij ;Geg o has type-I alignment
at the zone centre. Carriers are con-
fined inside the Ge( 94Sng o6 Well.
E
V, hh _ j_+ i AE\/, n AE
I.___d ____lE V, hh
Relax i .
Sie aG:d strained strained
1-x X SI1—><G|ex Ge Sn
. 1-x X
buffer barrier

Well



033109-7 Yahyaoui et al.

1.6 -

14

2N

1.0}

0.6

Energy (eV)
NN

02}

0.1}

-10 0 10 20 30 40 50 60 70 80
z (nm)

FIG. 5. Band alignment, wave functions, and energy levels for electrons,
light holes (blue color) and heavy holes (red color) for the
Sip.16Ge€0.84/G€0.04510,06/S10.16G€0.84 quantum well strain on relaxed
Sip.10Gep.00- The origin of energy is taken at the bottom of the Ge quantum
well. Note the type-I alignment both for L and I" gaps.

mgEy(Eg + A)

12m, <Eg + %A)

In which m, is the electron effective mass and A is the spin
orbit split-off energy.

In Eq. (25), F(hwo — hw) is the Gaussian line shape
function defined as

M,|* = (26)

F(hwy — hw) = \/Ln_éexp —(hwo — ho)? /52] . @D

with

howo=E+E, +E,+Ejand 6 = (28)

(In2) "/

where 7 is the interband relaxation time. The energy depend-
ence of the energy- and polarization dependent transition
matrix elements*® are given by the following equations:

3 3 Ei + Ej;
M(E) ==(1 20) == (14 ——"—
() 4( +eos"6) 4< +Eei+Ehj+E>
(forelectron to heavy hole transitions), (29)
1 1 Em' + Eh'
M(E) =~ (5 —3cos*0) =~ (5 -3 ————
( ) 4( ) 4( E€i+E1,j+E>
(for electron to light hole transitions), (30)
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where 0 is the angle of the electron wave vector with respect
to the z axis (normal to the well plane). The polarization is
assumed to be parallel to the plane of the layers (TE-mode).

To obtain the absorption coefficient due to electronic tran-
sitions inter conduction and valence bands, described in Eq.
(25), one needs to know the band structures and the
corresponding wave functions. The one band k-p method is
useful technique for analyzing the conduction and the valence
band structures near the band edges. For simplicity, we assume
that the conduction and the valence bands are decoupled, which
is a good approximation for IV-IV semiconductors.*’ By solv-
ing the potential problem numerically for the conduction band
and the valence band, one can get confined state energies and
wave functions for electrons and holes. Then, one can calculate
the absorption coefficient of the type-I Siy ;6Geo 84/Gep.945n0, 06
quantum well strain on relaxed Sig ;0Geg oo buffer. Results of
our computation of the absorption coefficient spectra in this
modeled with 10nm Geg94Sng e Well thick at zero bias are
shown in Figure 6. The peaks observed at the spectrum of
absorption are in part ascribed to the interband transition series
consisting of hh,-L,, lh,-L,, hh,-cI",, Ih,-cI';,, 2D-2D, and
2D-3D. In the inset, the conduction and valence band profiles,
electron and hole confined states and the transitions visible in
the absorption coefficient spectra are also shown. The room
temperature spectrum shows the typical staircase line shape
proportional to the combined density of states in direct-gap
type I QWs. In fact, as demonstrated in Ref. 50, the near-edge
absorption spectrum of GeSn with Ge-rich QWs is dominated
by transitions involving heavy- and light hole valence band
states and conduction band states at the I" point, spatially con-
fined by a type I profile. In the same spatial region, L conduc-
tion band states are also present. They have lower energy with
respect to the conduction band states at the I' point.
Nevertheless, the role of L states in the near-edge absorption
region can be neglected due to the low oscillator strength
related to the k-indirect nature of the I'-L transitions.

Detection wavelength (um)
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FIG. 6. Theoretical absorption coefficient spectra of Geg94Sn0 06/Sio.16
Geg g4 QW at room temperature. The peaks correspond to the hh,-L,, 1h,-L;,
hh,-cI",, lh,-c[,,, 2D-2D, and 2D-3D transitions. In the inset, the conduction
and valence band edge profiles, electron, hole confined states and the transi-
tions visible in the spectra of absorption are also shown.
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Ih,-cI'y and hh,-cI',, Th,-cI'; transitions of a 10 nm-thick Sig 16Geq.g4/10 nm-thick Geg 94Sng 06/10 nm-thick Sip 16Geg g4 strained quantum well embedded in

relaxed Sig.10Geo o0 buffer versus bias voltage.

To understand quantum-confined Stark effect in a
GeSn/SiGe quantum-well structure, we consider the influence
of an applied electric on the energy levels. In our model, the
bias voltage appears as a shift of the Fermi-energy as bias is
taken into account within the Schrodinger equation that has
been corrected by including eF,, where F, is the perpendicular
external electric field. This leads to external field-dependence
solutions of the energies for all subbands and their related
wave functions. The effects of charges (close to the Fermi
level) and bias potential could be included via the simultane-
ous resolution of the Poisson equation®" but this is not done in
the present work. In Figures 7(a) and 7(b), we report the con-
finement as well as the detection energies (and wavelengths)
for the interband transition series consisting hh,-cI'y, lh,-cI'y,
hh,-cI'», and lh,-cI; as a function of an applied voltage. In
fact, the transition energies between the electron and holes
levels decrease with applied voltage varying from O to 3 V.
The calculation proved that the quantum-well thickness is the
dominant parameter (together with strain) in setting the
amount of quantum-detection energies. Accordingly, in the
range of wavelength on which the quantum confined Stark
effect settings will be observed. As known, alloying of Ge
with Sn gives great quantum-confinement energies and leads
to small quantum-confined Stark effect changes in these
energies. For 10nm width Geg94Sngos QW, the large shift
observed in Figure 7 is due to the corresponding overlap inte-
gral between the electron and hole wave functions, after that
the absorption strength will fall off very quickly with bias
voltage and the behavior will become progressively more

similar to that of Ge bulk materials.’? Figure 8 illustrates the
results of our computation of the absorption coefficient spec-
tra for the same heterostructure for bias voltages from zero up
to 3V at room temperature. When the electric field is
increased, two main characteristics of GeSn/SiGe QW are
observed, the hh;-cI'; absorption peak, which coincides with
1.27 um (0.977 V), is shifted toward larger wavelengths and
the absorption edge is gradually attenuated. This shift can be
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FIG. 8. Theoretical absorption coefficient spectra of Geg.94Sn0.06/Sio.16
Gepgq (10-nm GegoqSng s well and 10-nm Sig ;4Geg g4 barrier) quantum
well on a relaxed Sip.;Geg.o buffer at room temperature versus bias
voltage.



033109-9 Yahyaoui et al.

interpreted as a combination of strain and quantum confine-
ment energies. Similarly, we note that the other transitions
occur at a lower wavelength (<1.55 um) at this applied bias
voltage. Furthermore, it is found that, even at low Sn concen-
tration, the absorption coefficients are higher than those in
comparable pure-Ge device designs (Ref. 32 and references
therein). Moreover, an increase of Sn content shifts the absorp-
tion coefficient curve to higher wavelengths compared with
pure Ge.”*** Finally, we find that the GeSn alloy is promising
for sensitive devices application as well as Germanium.

IV. CONCLUSION

In conclusion, we have theoretically studied the group-IV
semiconductor in which the GeSn relaxed alloys has a direct
band gap for 6% o-Sn. Our investigation predicts, at room tem-
perature, a direct band gap for strained GeSn/Ge (001) and
GeSn/Sig ;Geg 9(001) semiconductor structures at a Sn-fraction
higher than 15.3% and 20%, respectively. The active region
has a quantum well structure formed Ge 94Sng o Separated by
Sig.16Geg g4 barriers embedded in relaxed Sip;0Gegoo layer.
These alloy compositions of both active and barriers layers are
determined to yield a type-I band alignment and direct transi-
tions. The absorption spectra as well as the detection energies
dependency on the applied voltage from zero up to 3V have
been instigated at room temperature. We explored some impor-
tant properties of Ge;_,Sn, alloys useful for optoelectronic
applications. Specifically, we have studied band structure and
effective masses of GeSn/SiGe. We have found a direct inter-
band absorption for strain Geg94Sng o6/Sip.16G€p g4 quantum
well on a Siy 10Geg 9o relaxed buffer. The bias voltage shifts the
absorption edge of Ge 94519 0 from 0.977eV to 0.8eV. This
shows the large potential of these structures, for example, to
achieve high performance electro-absorption modulators oper-
ating at 1.55 um.
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