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ABSTRACT

The electronic structure and optical properties of Ge/Si quantum dot (QD) were investigated using he atomistic
tight binding method as implemented in NEMO3D. The thermionic lifetimes that govern the hole current leakage
mechanism in the Ge/Si QD based laser, as a function of the Ge-core size and strain is also calculated by capturing
the bound and extended eigenstates, well below the band edges. We also calculated, the effect of both core size
variation and strain on oscillator strengths, transition energy and transition rates. Finally, the quantitative and
qualitative analysis of leakage current, due to the thermionic emission, and temperature sensitive characteristics
is presented.
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1. INTRODUCTION

A quantum dot (QD) laser is a semiconductor laser in which electrons and holes are injected from 3D contact
regions, where carriers are free, into an active region with QDs, where lasing transition take place and carriers
are confined in all directions. The main motivation behind the idea of a QD laser was to conceive a design
for a low-threshold, single-frequency, and temperature-insensitive laser due to the quantum confinement effect.
Ge/Si core-shell (Type-II heterostructure) QD laser has been proposed due to its capability to use existing Si
based fabrication scheme and exhibiting size dependent stimulated emission.! Recent experimental reports also
suggested in increase in the light emission probability of such laser by increasing radiative lifetimes due to an
extra Si-shell layer around Ge QD acting as an auxiliary quantum well (QW)coupled to the quantum dots by
tunneling via a thin barrier and hence, suppressing the carrier leakage current.2 This structure overcomes the
limitations of carrier collection, lateral transport, and thermalization of the quantum dots. The carrier (hole)
current leakage mechanism in Ge/Si core-shell QD is governed by thermionic lifetime of the confined carrier in the
Ge-core region. Thermionic barrier height is a key parameter that governs the thermionic emission mechanism,
which is calculated by finding the difference between the energy levels. Depending on the core/shell size, the
barrier heights for electrons and holes can be varied independently. This tunability nature of the barrier height
allows the optimization of the structure by minimizing thermal emission, a fundamental operational requirement
for the QD based lasing device.?

Several photoluminescence studies have been carried out extensively on the Ge/Si quantum dots while observ-
ing the electroluminescence of Ge quantum dots at room temperature in the spectral region around 1.31.5 um.
Despite the recent progress in controlling QD parameters such as size and strain during growth, significant QD
size dispersion, as indicated by the measured gain and spontaneous emission spectra, has been observed and need
for the large scale atomistic study has been sought after. Similarly, analysis of core/shell-size and strain effect in
Ge/Si QD laser, using atomistic tight binding simulation, on optical, electronic properties, leakage current, and
temperature sensitivity characteristics on the overall performance is lacking.

In this work, we carry out a computational study of the low-energy electronic states in Ge/Si core-shell
QD laser using a full-band, sp®d®s* model implemented in NEMO3D.* Valence Force Field (VFF) model is
used to determine the strain distribution in the Ge-core/Si-shell QD and strain contribution to the optical
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Figure 1. (Color online) Energy diagram and wave function distribution in the Ge/Si core-shell NC. The offsets shown in
the band edges correspond to the bulk Si and Ge parameters used in the calculations. Confinement will alter the position
of the energy levels. Dashed lines show the e-hole recombination mechanism.

properties. This is particularly important for strained systems such as QD heterostructure since the conduction
band and valence band cannot be decoupled in the presence of large strain fields. Barrier heights and decay
constants,required for the leakage current and threshold current formulation, are determined from the calculated
energy levels and corresponding wavefunctions. In addition, a solution to decrease the threshold current by
modulating the Ge-core size on strain compensated Si-shell is presented.

2. THEORY AND MODEL
2.1 Electronic Properties

Bulk Ge and Si when joined together form a Type-II heterojunction,®in which electrons and holes are spatially
separated between the shell and the core region respectively and hence, the hole life time in the core region
increases due to the minimal electron-hole recombination.® The type-II band lineup between Ge and Si in Ge/Si
QD and the large valence band offset leads to an effective confinement of holes in the Ge region while electrons
are mostly presented in the Si layers. This lead to the enhancement of oscillator strength of the optical interband
transition. Because of the indirect nature of the band gap of Ge/Si system, the overall dot size or Ge core
size should be tuned to observe the photoresponse to the desirable spectral region. Fig.1 shows the bulk band
alignment between Ge and Si and carrier excitation and localization. The electronic states are modeled using
the sp?d®s*, nearest-neighbor, empirical-tight-binding model with spin-orbit(SO) coupling as implemented in
NEMO3D and described in Ref.® The strain effect is calculated using Valence Force Field (VFF) method with
the Keating potential modified to include anharmonic corrections.” The VFF model is a microscopic theory
that includes bond stretching and bond bending, and avoids the potential failure of elastic continuum theory in
the microscopic limit. The strain domain has free boundary conditions in all directions, where as the electronic
domain has closed boundary condition. The energies of the dangling bonds at the surface are shifted by 20 eV
so that the effect of the dangling bonds on the density of states near the bandgap is negligible.®

The eigenvalues and eigenstates are solved using a Lanczos algorithm. This model and implementation
in NEMO3D has proven its reliability in predicting the electronic properties of nano-structures.” One of the
simulated structures with a Ge core diameter of 2 nm is shown in Fig.2. Free-standing spherical Ge/Si core-shell
NCs with core diameters ranging from 1-4 nm are considered. The thickness of the Si shell is maintained at 5
nm around the Ge core region. The strain is applied at the Ge/Si interface. The inter-band optical transition
strengths are calculated using Fermi’s golden rule as the squared magnitude of the momentum matrix elements
summed over the spin degenerate states.



2.2 Optical Properties

Electronic parameters obtained for Ge/Si core-shell structure, a separate confinement heterostructure (SCH)
laser, using tight binding method are used to calculate various optical properties, such as intersubband transition
rate, oscillator strength, overlap integrals, momentum matrix element (MME) and absorption coefficient.

The oscillator strength is a very important physical quantity in the study of the luminescence properties of
any optical device which are related to the electronic dipole-allowed transition. The concentration of oscillator
strength in discrete energy levels of QDs make QDs a promising candidate for electro-optic and nonlinear op-
tical application in the future device technology. It’s amplitude depends on the light polarization directions in
accordance with the coordinate axes i.e. x,y and z, and should be equal due to the symmetric/spherical nature
of the calculated atomic structures. Generally, the oscillator strength OS; is defined as,

OSiy = 1M | (1)

2
mi hw; s
where m}, is the effective mass in the Ge-core region, hw;r = AFE;y = E; — E¢, where E; and E; are the energy

levels of the initial |¢) and final |f) electronic states and ||M;||, in the electric dipole approximation, the dipole
induced MME between the initial (|7)) and final state (|é)) is given by,

”MZfH = (wf(ac,y7z)|e(m,y7z)|z/}f(:v,y7z)> (2)

where (; and [¢f(x,y, 2)) are the wave functions of initial and final states. The required transition rate (T';)
between these states are strongly dependent on the MME as given in Eq.2,
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Uiy = meMifH 6(Ey — B + E) 3)
where e, A,and & are electron charge,surface area, and reduced Plank’s constant, respectively. In a QD laser,
the gain is effected by not only the density of states but also the of the reduction in the optical MME" . This
reduction leads to the inefficient lasing from the ground state due to the reduced overlap between the hole and
electron wave functions. However, recent theoretical studies predicted that the magnitude of the MME could be
engineered in order to optimize the optical gain in QD lasers and optical amplifiers.'?

Similarly, achieving low threshold current is one of the fundamental requirement of QD based SCH laser.
Carrier leakage processes are shown experimentally as one of the factors contribution due to the temperature
sensitivity, and hence low threshold current density at room temperature. This is mainly due to the strong
carrier confinement in the active region, optical confinement due to the abrupt change in the refractive index,
and low carrier leakage. Higher material gain due to the reduction in the hole-leakage process in the Type-IT
SCH was reported earlier.[APL 86, 071116, 2005]. In order to analyze the leakage due to the heavy hole escape
mechanism in the Ge/Si core-shell QD laser, we calculate the thermionic escape times of holes from the Ge-core
region. The thermionic emission lifetime (7*) is determined by the height of the barrier over which the hole
is emitted, and it is approximated using the expression derived by Schneider and von Klitzing.!! The minimal
thermionic carrier escape out of the QW will lead to an increase in the injection efficiency and the temperature
sensitivity. The thermionic leakage current from the edge of the single QW to either side of the barrier is related

to the thermionic emission lifetime (7/") as follows,?

I = —5— (4)

where, N, q, W and T}tlh represents the electron charge, Ge-core size, current density and therimioinc emission
carrier lifetime. The current density (N) is estimated using Boltzman’s Statistics at constant fermi energy level.
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Figure 2. (Color online) Ge/Si core-shell NC (2 nm Ge core and 5nm Si-shell around Ge core). Total number atoms is
41761 (41649 Si atoms and 112 Ge atoms). The lighter gray dots are Si atoms and darker (red) dots are Ge atoms.

where, h is the Plank’s constant, m}, is the effective mass of the hole in the Ge core, kp is Boltzmann’s constant,
and &, is the potential barrier height. The potential barrier height is calculated from the energy difference
between the localized ground and delocalized state of the hole,!?

®, = Ey — E,,. (6)

where, Ej is the ground state hole energy and F,, is the highest energy of the hole state that does not exponentially
decay in the Si shell, i.e. it is delocalized throughout the Ge/Si NC, where the quantum number n varies
depending on the size of the Ge core.

3. RESULTS AND DISCUSSION

The calculated electronic properties, using theory presented in the section 2, is presented and analyzed in this
section. In addition, results from the optical properties calculations is presented, and analyzed for Ge/Si core-
shell SCH laser. At last, the hole leakage current from a single Ge/Si QD, due to the thermal excitation at room
temperature, is presented.

3.1 Electronic Parameters
3.1.1 Energy Gap and Barrier height

Fig. 2 shows one of the simulated structures with a Ge core diameter of 2 nm. Free-standing spherical Ge/Si
core-shell NCs with core diameters ranging from 1-4 nm are considered. The thickness of the Si shell is main-
tained at 5 nm around the Ge core region. Like in the bulk samples, strained Si/Ge QD have higher valence
band offset. However, the residual interfacial strain essentially modifies band offsets. Because of larger lattice
constant, Ge-core region experiences compressive strain, while a tensile strain is induced in Si-shell. As shown
in the Fig.3, strain tend to shift the valence band edge by few meV for increasing core size. Consequently, the
bandgap decreases due to the strain and core size. Size effect and strain effect is prominent in the valence band
maxima while conduction band minima is close to constant. However, conduction band minima remains virtu-
ally constant,as expected, due to the TYPE-II heterojunction between Ge and Si. Hence, shifting of the valence
band, with increasing core size and applied strain, is responsible for the band offset (barrier height) fluctuation.
The barrier height (®;), along with temperature, is one of the key parameters during the thermionic leakage
current using Eq. 4.

In earlier works,'® 14 the barrier height was formulated by calculating the difference between the bulk valence
band edge of Si and Ge. In our approach, the finite barrier height @, is calculated by taking the energy difference
between the ground state energy of the hole and the delocalized state using Eq. 6. In order to correctly identify
the delocalized state, a large number of excited states are calculated and analyzed. Plots of ||? and [|¢,,|? are
shown in the Fig. 4 for a 2 nm Ge core without strain. The energy of |¢,,|? defines the top of the barrier for
thermionic emission of holes.
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Figure 3. (Color online)a)Maximum Valence (E,maxz) and Conduction band edge (Ecmin) and Minimum energy gap
(Eg) without strain b) Minimum Valence and Conduction band edge and Minimum energy gap (E4) with strain, and c)
Comparison between minimum energy gaps with and without strain, as a function of the Ge core size (nm) with a fixed
5 nm Si shell.
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Figure 4. (Color online) Magnitude of the wavefunctions squared plotted for (a) the highest localized state and (b) the
highest delocalized state in the unstrained Si(5 nm)-Ge(2 nm)-Si(5 nm) NC. The values are taken from a two-dimensional
slice through the center of the NC. In this case, n = 8.




Strained

—e-h-2

———e-h-4

| |
2 3 4
Core size (nm) Core size (nm)

Figure 5. (Color online) Magnitude of the modulus squared of the optical matrix element |Myota1|? plotted against (a) the
Ge-core size (b) the energy levels (from the HOMO level). The units for [Miorq|? is given in eV /c, where c is speed of
light.

3.2 Optical Properties

An intersubband transition in the Ge/Si QD based laser has unique properties such as large dipole moment,
relaxation time of nanoseconds, large tunability of the transition wavelength, which are obtained by choosing
suitable parameters,'® such as external field, strain and core-size. With external field set to zero, strain and
core-size are responsible for in the electron and hole energy level fluctuation and wave function localization
characteristics, and consequently, impact the transition energies and oscillator strengths within the active region
of the laser.

3.2.1 Momentum Matrix Elements (MME)

Optical momentum matrix for electron ground state to the highest six hole states are calculated using Eq. 2.
Due to the spherical symmetry of QDs, the light polarization along the x-direction is considered. In order to
understand the qualitative behavior of the MME, as it applies to the gain calculation, we consider the quantity
|MZ, .|, which is the modulus squared of the MME for the electron hole ground sate transition summed over
degenerate spin states. Fig. 5 shows the calculated \Mfoml| with both the Ge-core size and the energy level
variation only for the light polarized along the x-direction. Since the shape of the quantum dots considered here
is spherically symmetric with the aspect ratios of unity, the matrix elements for each light polarized direction(
x,y or z) should be equivalent. As evident from the Fig. 5, [M?2,,,| initially increases with the core size for each
transitions before reaching a peak value beyond which it decreases rapidly. The magnitude of the matrix element
for smaller core size, when the isotropic strain is applied to the Ge/Si heterostructure QDs, increases by the
factor of three because of the increased overlap integral between electrons and holes due to increased quantum
confinement effect. However for the larger core size, the strain has no or minimal effect in the matrix element
mainly due to the increased localization of the holes in the Ge-core region and electrons in the Si-shell region.?

3.2.2 Interband Energies and Transitions

The transition energies is calculated by taking the difference between eigen energies of corresponding electron
and hole states. Photon energies emitted by the ground state electron during the transition to the first few hole
states is plotted in Fig. 6. The strain, as expected, shifts the hole energy states by reducing the required emitted
photon energies. Eventually, when the core-size increases beyond the 3nm, bulk-like behavior becomes dominant
and required transition energies decreases with increasing core-size, in accord with the behavior predicted for
finite potential well system. Similarly, the interband transition rate between electron and hole states is calculated
using the modulus squared of the optical matrix element of electron and hole states transition summed over the
degenerate spin states using the Eq.3 and plotted in Fig.7. Since the shape of the quantum dots considered here
is spherically symmetric and have aspect ratios of unity, the transitions of ground electron to the hole states for
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Figure 6. (Color online) Transition energies (AE), in meV, between GS electron level and first six holes states, as a

function of strain and the Ge core size (nm) with a fixed 5 nm Si shell.
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Figure 7. (Color online) Transition rates between GS electron level and first six holes states, as a function of strain and
the Ge core size (nm) with a fixed 5 nm Si shell.

each light polarized direction should be equivalent. In the transition rates for Ge/Si QD’s with different Ge-core
sizes, when strain is included, is higher than the unstrained counterparts due to the observed shifting of the hole
energy states.

3.2.3 Oscillator Strength

The Oscillator strength for the transitions from ground state electron to the first five hole states are for the Ge-
core size is calculated using Eq.1. Fig.8 shows the oscillator strength, OS;;, for a range of Ge-core size from 1 nm
to 4 nm for light polarized in the x-direction. The oscillator strength mainly depends on two parameters: energy
difference between initial and final state and the momentum matrix element, which reflects the wavefunction
overlapping between states. As can be seen from Fig.8(a), the oscillator strength is increases with the core size
and reaches maxium values at 3 nm and beyond that it reaches a characteristics constant value for both strained
and unstrained conditions. In small Ge-core size, the energy difference(fiw) between electron ground state (EO)
and Hole ground state (HO) is high, the overlapping between the electron and hole wavefunctions is small, i.e.
the momentum matrix element (||M||?) is small. When the Ge-core size increases, the ||M]|? increases, while
the energy difference (fiw) decreases. However, the overall effect remains constant, and hence the OS;; remains
constant. The characteristics is in good agreement with the published results for other materials,6® which
seems to be characteristic of the transition and has approximately the same value for various investigated QD.



-1 -
J0 @ ~ ] 107 ) _
3 - -— =B A - = >
31 <§e\ D10°___ 7 l
10° s O 4 7
S E0-HO 10°-, EO-HT
105 ‘ ‘2 :‘3 | 4 === Unstrained % | é é | 4
=== Strained
102 © 7 1072
Qo1 e e —"" 8 10
6~ -6
107 EO-H2 10
10857 ! | | | 10780
1 2 3 4 1
Core size (nm) Core size (nm)

Figure 8. (Color online) Magnitude of Oscillator strength (OS;¢) as a function of Ge-core size and strain for the electron
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3.2.4 Thermionic Hole Lifetime and Leakage Current

The thermionic lifetime due to the thermionic emission from the Ge/Si QD as SCH laser is calculated for Ge-core
size of 1 to 4 nm, using Eq. 5. Consequently, calculated thermionic lifetime values then used to calculate the
thermal leakage current using Eq. 4. Fig. 9 illustrates the thermionic lifetime and current densities dependence
on the temperature, core size and strain. At 1 nm core size, the lifetimes remain constant at different temperatures
because of it’s dependence on energy barrier height, which is negligible at this core core size. In addition, due to
the small number of Ge atoms, the strain has little impact on lifetime and carrier densities. However at larger
core size, these barrier dependent parameters varies exponentially from low temperature to higher temperature.
Since the energy barrier height increases with the core size,'? the lifetimes, at around room temperature, varies
by several orders of magnitude while varying from 1 nm to 4 nm. In addition, when strain is included in the
barrier height calculation, the thermionic lifetime increases by a order of magnitude, owing it to the valence band
shift.

Similarly, the leakage current density also shows the exponential dependence on increasing core size. Due to
the significantly smaller T;;h ( 1 ps) at room temperature, the leakage current for 2 nm core size, for unstrained
Ge/Si QD, is around 10 mA/cm?. Whereas, when strain is applied, the leakage current decreases by three orders
of magnitude. However, when the temperature increases beyond room temperature, the thermal energy becomes
larger than the energy barrier and hence, leakage current is linear and constant.

4. CONCLUSION

The electronic properties of Ge-core/Si-shell NCs are calculated for a fixed 5nm Si shell and Ge-cores ranging
from 1 nm - 4 nm diameters. Calculations are performed atomistically using a nearest-neighbor, sp3d®s* tight-
binding model as implemented in NEMO3D with and without strain. The electron-hole wavefunctions and wave
vectors are then used to calculate Momentum Matrix Element,Oscillator strength, Transition rates using Fermi’s
Golden rule. The ground state momentum matrix elements, transition energies and transition rates are less
sensitive to the core-size and strain. However, the oscillator strength shows the exponential dependence on the
smaller core sizes (<3 nm) and strain due to the prominent quantum confinement effect.

The calculated thermionic emission and leakage current, at room temperature, shows exponential dependence
with the temperature, core-size and strain. The leakage current reduces by eight order of magnitude when core
size is increased from 2 nm to 4 nm, for both strained and unstrained conditions.
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Figure 9. (Color online) Lifetimes (a,b) and Current Densities (c,d) as a function of core size and temperature for both
unstrained (left) and strained (right) conditions.
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