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Presents the modeling of transport and radiation characteristics of previously experimentally studied light-
emitting lateral silicon p*—i—n" transistors with an array of self-assembled Ge(Si) nanoislands grown on a silicon
on insulator substrate. The performed modeling made it possible to quantitatively explain experimental results
indicating the possibility to control the spatial distribution of radiation intensity in such light-emitting transistors
by applying a bias voltage to the substrate. It is shown that such a possibility arises due to the control of the
conduction channel for electrons or holes formed at the boundary of the structure with a hidden oxide.
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1. Introduction

Silicon photonics (SP) have been demonstrating a vig-
orous growth in recent years becoming one of the most
promising areas in modern electronics. This is caused
by a high degree of photonic and electronic component
integration offering broad opportunities for developing
various functional devices [1]. The main platform for
formation of SP components currently consists of ,silicon-
on-insulator* (SOI) structures that are used to make all
necessary component in the integrated form such as planar
waveguides, modulators and dividers [2]. One of the key
problem of the current SP development is the integration of
high-performance light sources based on A"'BV direct-band
materials both by bonding [3] and by heteroepitaxial growth
on Si [4].

For obvious reasons, light sources directly on the basis of
silicon are the most promising ones in terms of possible
integration into SP. Low efficiency due to the indirect-
band-gap nature of the bulk silicon band structure is
the main hindrance for the practical use of light-emitting
silicon structures. At the same time, some recent works
demonstrated integrated Si light-emitting diodes (LEDs),
efficiency of which is already sufficient for using in some
SP applications [5-7], in particular, for express testing of the
resulting photonic circuits. Lateral LEDs where differently
doped regions are coplanar and current flows are parallel to
the structure surface are the most promising ones in terms
of possible integration onto a SOI platform [7]. This type of
LEDs is similar in design to a field transistor that is the key
component of modern integrated circuits. Moreover, lateral
LED light may be easily brought into a planar waveguide
formed on the same structure [7]. One of the considerable
drawbacks of LEDs working on interband transitions in bulk
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Si is the strong absorption of light from such diodes in
Si planar waveguides. Consequently, a distance, at which
light of such LEDs may be conveyed through Si planar
waveguides, is 200 yum max [7].

SiGe-heterostructure-based light sources working in
the 1.3—1.55um region, i.e. in the bulk Si transmission
region, are free of this drawback [8-10]. Sources based
on self-assembled Ge(Si)/Si(001) nanoislands are most
compatible with the SOI platform among such sources
because thick buffer layer growth is not required for
formation of such sources and they may be grown directly
in SOI substrates [11]. Development of effective lateral
p—i—n-LEDs on SOI structures with self-forming Ge(Si)
nanoislands was reported recently [12]. High efficiency for
Si-based light sources was achieved due to incorporation of
a photonic crystal into the i-region of LED and, thus, the
emitting power of islands was increased within 1.3—1.55 um
and values comparable with those for integrated Si-lateral
LEDs were achieved [12]. In addition, inhomogeneous
spatial distribution of electroluminescence (EL) intensity
in the formed LEDs with a long base and controllability
of this distribution by applying a control potential to the
SOI substrate were demonstrated [13]. Therefore, the
LEDs may be used as light emitting transistors to offer
new opportunities for light control, in particular for control
of spectral characteristics [13]. Note that the concept
of forming lateral light emitting transistors is currently
well developed primarily for organic semiconductor struc-
tures [14,15], while very few studies address implementation
of such light sources on SOI structures [16].

In [13], an assumption was made that the identified
inhomogeneous spatial distribution of the EL signal along
the i-region of the prepared LEDs with Ge(Si) islands
was associated with spatial localization of holes in the
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Figure 1. a — diagram of light emitting transistor with Ge(Si) islands used for the calculations. Numbers denote: / — coating Si layer;
2 — layer with Ge(Si) islands; 3 — buffer Si layer between the layer with islands and buried SiO,-layer. Color scale shows the type and
level of doping of various regions. The figure also shows the diagram of voltage supply to the structure. b — energy band diagram of the
structure in the growth direction in the center of the i-region (10 um from the contact regions) calculated at lgs = 0.5mA through the

diode and bias of Ug = 0 B.

islands, and the dependence of this distribution on the
magnitude and sign of potential applied to the substrate
is associated with formation of a conductivity channel for
particular type of charge carriers (electrons or holes) at
the interface between silicon and buried oxide layer of the
SOI substrate. This work describes numerical simulation of
light emitting diodes and transistors experimentally studied
in [12,13] to confirm this assumption. Band diagram of
Ge(Si) islands was used to calculate spatial distributions of
charge carriers and electroluminescence intensity depending
on the control voltage on the substrate.  Calculation
data was compared with the experimental data reported
in [12,13]. A mechanism responsible for the variation of
spatial distribution of EL intensity in the prepared light
emitting transistors during polarity inversion and change of
the magnitude of the control voltage applied to the substrate
is discussed.

2. Description of the model to be used

As shown above, transport and emitting properties of
the previously formed pt—i—n" LEDs and light-emitting
transistors (LETs) with self-assembled Ge(Si) nanoislands
were simulated in the work. Technique for forming such
structures and experimental data are described in [12,13].
Diagram of the simulated transistor structures is shown
in Figure 1,a. The structures were grown on a SOI
substrate with a thick (2 um) buried oxide (BOX) layer. The
structures contained buffer and coating Si layers, between
which lattice of 3 to 5 Ge(Si) nanoisland layers separated
by 15nm Si layers was formed. The total thickness of the
structure above the oxide layer was ~ 250 nm. Conductivity
type of the i-region of diodes was defined by residual
acceptors (Na = 101°—10'° cm~2). According to the results
of previous studies [17], boron and phosphorus concen-
tration in doped contact p- and n-regions, respectively,
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was 108 -1020cm™3. The length of the i-region (distance
between the n*- and p'-contact regions) of the LEDs and
LETs addressed in this paper was 20 um.

Numerical simulation of LEDs was performed using
Comsol Multiphysics software package within a two-
dimensional model (Figure 1,a). Simulation involved the
calculation of spatial distributions of charge carriers, currents
and EL intensity. For this, self-consistent solution of
the two-dimensional Poisson equation was found taking
into account electron and hole distribution. Diffusion-
drift approximation was used to describe charge carrier
transport. The nonradiative Shockley—Read—Hall recom-
bination was taken into account for the charge carrier
distribution simulation. Due to indirect type of band
configuration in the given structures, radiative recombination
was expected to have low influence on charge carrier
distribution. For the purpose of calculation, concentration
of residual acceptors in the i-region was assumed equal to
Na = 3-10% ecm™3 (Figure 1,a). Distributions of electron
and hole concentrations over the structure thickness in the
contact n*- and p*-regions corresponded to experimental
dopant distributions in these regions [17].

Model calculations were performed for diodes containing
three Ge(Si) island layers separated by 15nm Si layers (Fi-
gure 1). Layers with islands were at 130—180 nm from the
Si-BOX interface (Figure 1), which corresponded to island
location in the experimentally studied structures [12,13]. For
the purpose of simulation, island sizes were set to 90 nm in
the growth plane and to 7 nm in the vertical direction, which
corresponded to the size of islands in LEDs formed at the
growth temperature of 600 °C [18]. Islands were assumed to
have a form of truncated pyramid, which is close to the real
form of buried Ge(Si) islands in the given structures [18]. It
is known that Ge(Si) islands are a deep potential well for
holes [19] (Figure 1, b). For the purpose of calculations, the
potential well depth was set to 0.3eV, which is a typical
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value for Ge(Si) islands grown at 600°C [20]. In the
absence of current due to type II band discontinuity, a
small barrier for electrons is formed for the Ge-Si heteropair
in the conduction band of the islands [19]. Potential
well for electrons is formed in silicon layers at type II
heterointerface, first, due to the strain in these layers near
the island boundary due to a partial relaxation of elastic
stresses in the islands and, second, due to the Coulomb
potential of holes localized in the islands [19] (Figure 1, 5).
For the purpose of calculations, the potential well depth for
electrons associated with the strain in the Si layers (without
considering the Coulomb potential of holes) was assumed
equal to 40 meV. As shown below, current flow through
the diode affects considerably the magnitude of potential
barriers in the structure conduction band.

The presence of potential barriers in islands and in
their neighborhood affects considerably the charge carrier
transport. Therefore, the i-region of simulated diodes was
divided into three layers in thickness (Figure 1,a): cap Si
(layer 1) layer containing a lattice with islands (layer 2) and
Si layer between islands and BOX (layer 3).

For simulation of the transport properties of silicon layers
(layers 1 and 3), an expression depending on doping
level was used for mobility of electrons and holes in bulk
silicon [21]:

u(N) = po/+/1+1/(a+ No/N), (1)

where for electrons o = 1450 cmz/(V-s), a =0.001,
No =3-10%cm=3, and for holes wy = 470cm?/(V-s),
a=0.0123, No =4- 10 cm—3.

Dependence of electron and hole lifetime on the concen-
tration of charge carriers in silicon was considered using the
following expression [22]

7(N) = 70/(1 + N/No), (2)

where No = 5- 10 cm—3.
parameters.

Simulation of the transport properties of the layer
with Ge(Si)-islands is complicated by the fact that details
of current transport between islands at microscopic level
are not available. It is known that the deep potential
well for holes in islands leads to the hopping type of hole
conductivity in the layer with islands [23]. While electrons
in the Si layers adjacent to islands are scattered at the
potential barriers formed by Ge(Si) islands. Both factors
lead to a considerable decrease in charge carrier mobility
compared with bulk materials. Therefore, mobilities of
electrons and holes in the GeSi layer served as fitting
parameters. Simulation also considered series resistance of
contact regions of the structure.

Due to type II band discontinuity in the structures
with Ge(Si) islands, the main contribution to the Iu-
minescence signal of such structures is made by real-
space indirect radiative recombination of holes localized in
islands and electrons localized in Si layers at the island
heterointerface [19,20]. However, as shown in Figure 1,5,

79 served as one of the fitting

at high hole injection levels, a small potential well for
electrons may be also formed inside the islands. In this
case, space-direct radiative recombination of electrons and
holes in islands may also contribute to the luminescence
of Ge(Si) islands. Therefore, the simulation assumed that
the EL signal intensity of the Ge(Si) islands is proportional
to the product of the concentration of holes localized in
islands and the concentration of electrons localized both
in islands and in the Si layer with islands (layer 2 in
Figure 1,a). Since the charge carrier injection level and the
radiation intensity in the studied LEDs are proportional to
the current [12], the constant current mode lgs = 0.5 mA
was used for comparison with the experimental data in
calculations.

As shown earlier [13], formation of photonic crystals
in light emitting transistors with Ge(Si) islands has no
considerable effect on spatial distribution of island radiation
intensity. Therefore, for simplicity, lateral light emitting
diodes and transistors with Ge(Si) islands not containing
photonic crystals were simulated in this work.

3. Results and discussion

Fitting parameters (series resistance of contact regions,
charge carrier mobility in the layer with Ge(Si) islands,
charge carrier lifetimes in the simulated structure) were
determined by means of fitting to the experimental data
of the calculated dependence of voltage drop between the
source and drain regions of LET (Ugs) on the sign and
magnitude of the control voltage on the substrate (Ug) with
fixed current through the transistor (lgs) (Figure 2). The
calculations showed that holes were localized in the Ge(Si)
islands that served as a deep potential well for them.
Therefore, the hole mobility has a low effect on hole
distribution and transport properties of LET. In further
calculations, hole mobility in the layer with islands was
assumed equal to up = 50 cm?/(V -s). The qualitative form
of Ugs(Ug)i4s—const 18 most affected by the electron mobility
in the layer with Ge(Si) islands and by charge carrier
lifetimes. For quantitative agreement with experimental
data, the sign and charge density at the Si-BOX interface
were also considered.

As was experimentally shown before [13], control voltage
applied to the structure’s substrate affects considerably the
LET conductivity (Figure 2). According to the simulation
(Figures 3 and 4), this is caused by two main current
flow channels in the studied diodes: integrated channel —
on the layer with Ge(Si) islands and induced layer —
at the Si-BOX interface. Relation of contributions of
these channels to the total transistor conductivity depends
heavily on the sign and magnitude of the control voltage
on the substrate. Low conductivity of the cap Si layer
(layer 1 in Figure 1,a) and of the most part of the
buffer Si layer (layer 3 in Figure 1,a) is attributable to
the spatial localization of injected holes in Ge(Si) islands.
Accumulation of holes in islands leads to the occurrence
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Figure 2. Comparison of the experimental (symbols) and
calculated (solid line) dependences of the voltage between the
LET source and drain (Ugs) on the gate voltage (Ug) in the set
source—drain current mode (lgs = 0.5 mA).

of the Coulomb potential that considerably modifies the
energy band positions in the layer with Ge(Si) islands
(Figure 1,b). The presence of this potential leads to an
increase in the potential well depth for electrons in Si layers
in the vicinity of islands (layer 2 in Figure 1,a) and to
the occurrence of a potential well for electrons directly in
islands (Figure 1,b). Electrons ultimately also get to be
localized in the layer with islands, though their localization
potential is still much lower than for holes (Figure 1,5).
Due to the presence of potential barriers both for holes
and electrons, conductivity of the layer with Ge(Si) islands
turns out to be quite low. Therefore, the maximum value
of Ugs in Ugs(Ug)ig=const is expected to be observed if
there is the lowest contribution of the induced channel at
the Si-BOX interface to the LET conductivity. Calculations
showed that, when a built-in surface charge is not available
at the Si-BOX interface, this maximum shall be observed
at a low negative voltage Uy ~ —15V, rather than at zero
voltage on the substrate (Uy = 0V). This is attributable to
the difference in hole and electron mobilities in silicon,
and to the aspects of flow of charge carriers with unlike
signs through the diode structures of interest. However, the
maximum on the experimental Ugs(Ug)iy—const 1S Observed
at higher negative control voltages (Ug ~ —50V) (Figure 2).
This indicates that there is a built-in positive charge at the
Si-BOX interface, and this charge causes the formation of
a conductivity channel for electrons at this interface, when
there is no control voltage (Figure 4). Application of positive
control voltage to the substrate increases the conductivity of
this channel (Figure 4) and, therefore, the total transistor
conductivity (Figure 2).

When a low negative control voltage is applied to
the substrate, the conductivity channel for -electrons
at the Si-BOX interface disappears and the transistor
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conductivity decreases.  According to the calculations,
the experimentally observed maximum on Uds(Ug)| ds=const
at Uy ~ —50V (Figure 2) indicates that there is a positive
charge at the Si-BOX interface with the surface density
Ns = 3.5-10''em~2. At higher negative control voltages,
a conductivity channel for holes is formed at the Si-BOX
interface (Figure 3), which, as with the positive control vol-
tages, causes an increase in the total transistor conductivity
and a decrease in voltage drop between the source and drain
at fixed lgs (Figure 2). But at Uy < —50V, the conductivity
increases due to an increase in the contribution of the
hole component of current to the conductivity resulting
from formation of the conductivity channel for holes at the
Si-BOX interface (Figure 3).

The calculations showed that the best agreement be-
tween the calculated and measured Ugs(Ug)ig—const 1S
achieved at the following fitting parameters: series re-
sistance of contact regions — 600 Ohm; charge carrier
lifetime 79 = 2.5-10"%s; electron and hole mobility in
the region with Ge(Si) islands p = 50 cm?/(V -s); surface
density of the positive charge at the Si-BOX interface
Ns = 3.5- 10" ecm~2. The fitting parameters listed above
provide good quantitative description of the experimen-
tal dependence of the LET transport properties on the
magnitude and sign of Ug across the entire variation
range (Figure 2). Note that high control voltages on the
substrate needed for observing the above-mentioned effects
are associated with large (2um) thickness of the buried
oxide layer in the devices of interest. Low value of 7p is
attributable to the nonradiative carrier recombination at the
structure interfaces (surface and Si-BOX interface), and at
point defects in the structure itself.

The calculated carrier concentration distributions in the
simulated LETs and their dependence on the substrate con-
trol voltage are used to evaluate the radiative recombination
intensity in the simulated devices, spatial distribution of the
radiative recombination and the influence of the substrate
potential on this distribution. Since the electroluminescence
intensity is defined by the radiative recombination intensity
of charge carriers in the structure, the calculation data may
be compared with the experimental data obtained in [13].

The calculations show (Figures 1, b, 3 and 4) that, when
current passes through LET, electrons and holes turn out to
be localized in the layer with islands. High concentration
of one of the charge carrier types may be also observed
near the Si-BOX interface in the conductivity channel for
electrons or holes (depending on the control voltage sign
and magnitude) being formed at this interface (Figures 3
and 4). In the specified induced conductivity channel, unlike
the layer with Ge(Si) islands, increase in the concentration
of one charge carrier type is accompanied with the drop of
concentration of the other carrier type (Figures 3 and 4)
leading to low radiative recombination intensity in this
region at any control voltages. As a result, according to
the calculations, the EL intensity associated with the charge
carrier recombination in the layer with Ge(Si) islands shall
be much higher than the interband EL intensity in Si layers
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Figure 3. Calculated hole concentration distributions in the LET
structure of interest for three values of Uy at I4s = 0.5 mA. Zero
value on the y axis corresponds to the Si-BOX interface.
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Figure 4. Calculated electron concentration distributions in
the LET structure of interest for three values of Ug at I ¢s = 0.5 mA.
Zero value on the y axis corresponds to the Si-BOX interface.

of the LEDs and LETs of interest, and it is just the case
that is observed experimentally [12,13]. Consequently, the
radiative properties of LETs are governed primarily by the
charge carrier (electrons and holes) concentration in the
layer with Ge(Si) islands, concentration distribution along
the diode and dependence on the substrate (gate) control
voltage.

As shown above, distribution and transport of electrons
and holes in the layer with Ge(Si) islands are significantly
affected by the island potential, owing to which a deep
potential well for holes is formed in islands. Potential well
for electrons in the layer with Ge(Si) islands have a smaller
depth, therefore, the spatial distribution of EL intensity in
the simulated LETs is assumed to be primarily defined by
the hole concentration distribution in the layer with Ge(Si)

islands. Figure 5,a shows the calculated distributions of the
numbers of holes localized in each Ge(Si) island along the
length of the i-region of the given structure at three different
values of Uy. According to the calculations, the total (over
the layer thickness) concentration of electrons (located both
in Si and in islands) in the layer with Ge(Si) islands (layer 2
in Figure 1,a) follows the distribution of the number of
holes in islands due to the principle of electroneutrality.

It follows from the above-mentioned simulation of the
LET transport properties that Ge(Si) islands may be filled
with holes either directly by means of injection from
the contact p*-region or as a result of hole diffusion
from the conducting channel at the Si-BOX interface (at
Uy < —50V). At Uy > —50V, Ge(Si) islands are filled
with holes only through hole injection from the p*-contact
directly into the layer with islands (Figure 3). Due to hole
capture into islands and effective hole localization, hole
concentration in the layer with islands decreases quickly
with distance from the pt'-contact, and the maximum
number of holes in islands is observed at the i—p*
junction (Figure 5,a). Therefore, at Ug > —50V, the
EL intensity near the p*-contact is much higher than
near the n'-contact both in the experiment and in the
calculation data (Figure 5,b). For the simulated LETSs
with the positive charge density at the Si-BOX interface of
Ng = 3.5- 10 cm~2 at fixed lg4s = 0.5 mA, the maximum
EL intensity near the p* contact is observed at low negative
gate voltages (Figure 5,b). However, note that LET has
low conductivity at such control voltages (Figure 2), i.e.
its efficiency as a light source will be low at this control
voltage. Decrease in the EL intensity near the p™-contact
at high positive values of Uy (Figure 5, b) is associated with
the increase in the potential barrier for holes at the i—p™
junction, leading to a decrease in the hole injection into the
i-region.

At high negative control voltages (Uy < —50V) at the
Si-BOX interface, the hole conductivity channel is formed.
As shown above, Ge(Si) islands may be filled with holes in
these conditions both through direct hole injection into the
layer with islands from the p*-contact and through hole
diffusion from the conducting channel to islands. Since
the motion of holes along the conductivity channel in the
vicinity of the Si-BOX interface is not hindered by the
processes of capture in Ge(Si) islands (due to the absence of
islands in this structure region), filling of islands with holes
through diffusion from the conductivity channel may occur
along the full length of the i-region from the p*-contact to
the n*-contact (Figures 3 and 5,a). The calculation data
shows that this process is implemented most effectively in
the vicinity of the n*-contact because islands in this region
are filled with holes from the conductivity channel both
through hole diffusion under the action of the concentration
gradient ( that weakly varies along the channel length)
and through the enhancement of the drift component of
the hole current (under the field action) from the channel
into the layer with islands. Consequently, besides the
maximum distribution of the number of holes in islands and,
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accordingly, of the EL intensity near the p*-contact (that
is observed at any control voltages), additional maximum
occurs at Uy = —200V in the vicinity of the n*-contact
(Figure 5,a,b).

Thus, the calculations provide a good quantitative descrip-
tion of the experimental dependences of the EL intensity
at the junction between the i-region and contact regions
from the substrate control voltages (Figure 5,5). They also
allow qualitative reproduction of experimentally measured
spatial distributions of the EL intensity along LET for
various control voltages (Figure 6). As described above,
at Ug > 0V, the EL signal maximum is observed only near
the p*-contact (Figure 6). At the same time, at high
negative values of Uy, EL signal maxima are observed in
the vicinity of both contact regions, with the maximum at
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the n'-contact characterized by higher intensity (blue curves
in Figure 6). High EL intensity near heavily doped regions
is typical of various p—i—n-LEDs and is defined by high
charge carrier concentration in these regions.

4. Conclusion

The study develops a two-dimensional model to describe
transport and luminescent properties of lateral light emitting
pt—i—n*-transistors made on the basis of Si structures
with self-assembled Ge(Si) islands grown on the SOI
substrate.  Considering the spatial localization of holes
in Ge(Si) islands and electrons in the vicinity of islands,
and the presence of charge at the interface between the
structure and buried oxide, main properties of similar light
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sources experimentally studied in previous works [12,13]
were described quantitatively. In particular, the influence of
the magnitude and sign of the control voltage applied to the
SOI substrate on the general EL signal intensity and spatial
distribution of EL intensity along the i-region of the transis-
tor matches well with formation of the induced conductivity
channel for electrons and holes at the interface between the
structure and buried oxide layer. Experimentally observed
maximum EL intensity near the contact p*-region in the
absence of gate control voltage is attributable to the effective
localization of holes injected into the i-region of diodes
in Ge(Si) islands. The developed model may be used to find
the ways to increase the efficiency of Si-based light sources
and enhance the opportunities to control their radiative
properties.
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