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In this paper questions of optimization of growth conditions in the method of molecular beam epitaxy
for creation of high-efficient quantum dot infrared photodetectors are considered. As a model material
system for theoretical investigations, heterostructures with germanium-silicon quantum dots on the
silicon surface are chosen. For calculations of the dependencies of quantum dots array parameters on
synthesis conditions the kinetic model of growth of differently shaped quantum dots based on the gen-
eral nucleation theory is proposed. The theory is improved by taking into account the change in free

Keywords: . energy of nucleation of an island due to the formation of additional edges of islands and due to the
Molecular beam epitaxy . . . .
Heterostructures dependence of surface energies of facets of quantum dots on the thickness of a 2D wetting layer during

Dark current the Stranski-Krastanow growth. Calculations of noise and signal characteristics of infrared photodetec-
Noise tors based on heterostructures with quantum dots of germanium on silicon are done. Dark current in
Detectivity such structures caused by thermal emission and barrier tunneling of carriers, as well as detectivity of
the photodetector in the approximation of limitation by generation-recombination noises are estimated.
Moreover, the presence of dispersion of quantum dots by size is taken into account in the calculations of
the generation-recombination noises. Results of calculations of the properties of structures with quan-
tum dots and their dependencies on growth parameters, as well as the characteristics of quantum dot
photodetectors are presented. Comparison of the estimated parameters of quantum dots ensembles and

the characteristics of quantum dot photodetectors with experimental data is carried out.
© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Researchers pay great attention to creation of various electronic
devices based on the structures with quantum dots of germanium
onsilicon since early 1990’s, when they were obtained in the exper-
iments [1,2] by the method of molecular beam epitaxy (MBE) for
the first time. There are infrared photodetectors, fast-speed transis-
tors and solar cells among these devices [3-5]. Such a high interest
to the Ge-Si heterostructures with quantum dots is due to the num-
ber of unique properties of these structures caused by the effects
of size quantization [6-8]. These new phenomena appearing in
the structures with quantum dots make them attractive to device
application [9,10].

Infrared photodetectors may be used in the wide range of
various applications: for military and civil needs, in energetics,
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medicine, and industry. Photodetectors are required to have high
operating characteristics (such as sensitivity and detectivity), to
operate at high temperatures, and to have a reasonably low price.
To date, the basic material for creation of infrared photodetectors is
mercury-cadmium telluride (MCT). However, there are some tech-
nological difficulties connected with the synthesis of MCT epitaxial
layers. And now quantum dot infrared photodetectors may become
good alternative to traditional MCT detectors [11-13].

Principles of quantum dot infrared photodetectors operation are
analogous to those of quantum well infrared photodetectors. The
principal difference is only the restriction in all three dimensions
of the charge carrier motion in a quantum dot [14]. It is expected
that due to this restriction quantum dot photodetectors will pro-
vide better characteristics, namely higher operating temperatures,
lower dark currents and higher photoelectric gains [13]. Finally,
that may result in higher response and detectivity [15].

To date, not all the potential advantages of photodetectors with
quantum dots are realized. It may be explained both by low degree
of islands homogeneity in the array, and by non-optimal energy
structure of such detectors. For example, quantum dots may have
additional energy levels located between the ground and excited
states, which are responsible for the absorption of the radiation of
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the given wavelength. Moreover, the excited energy level may be
rather distant from the conduction band and high applied biases are
required. These factors increase dark current and decrease absorp-
tion coefficient. Finally, they lessen detectivity of quantum dot
photodetectors compared with the predicted ultimate character-
istics [11].

The most perspective method of quantum dots creation is
molecular beam epitaxy. This method is based on the effects of self-
organization of semiconductor nanostructures in heteroepitaxial
systems. For various applications it is necessary to create het-
erostructures with quantum dots with different properties. These
properties are defined by such parameters of quantum dots as their
shape, average size, size distribution function and surface density.
So, the important task is to estimate optimum growth conditions
for obtaining heterostructures with given properties.

The aim of this paper was the calculation of noise character-
istics of quantum dot photodetectors, firstly, taking into account
generation-recombination noises, and, secondly, with the respect
to the dispersion of quantum dots in array by sizes, for the fur-
ther optimization of growth conditions in the method of molecular
beam epitaxy for creation of photodetectors with improved detec-
tivity.

2. Methods

Dark current of a photodetector is the current caused by various
sources other than by incident signal flux (for example, background
radiation or thermal generation of carriers). It is well known, that
the dark current of a quantum dot photodetector is mainly caused
by the processes of the thermal generation of carriers and barrier
tunneling in the presence of the electric field. In this case dark
current density may be written as [16]:

Ja= 2q(2wm*KgT/h2)3/2exp(-Ea/KgT)F[1 + (F/vs 21712, (1)

where q is the electron charge, m* is the effective mass of charge
carrier in barrier layer, Kp is the Boltzmann’s constant, T is the tem-
perature, h is the Planck’s constant, E, is the activation energy, F is
the applied electric field, w is the mobility and v; is the maximum
carrier speed.

Activation energy may be written as the sum of two contri-
butions from two different mechanisms of generation of carriers
[17]:

Ea= Eo,mexp(-F/Fo) + Eo,n—aF, (2)

where Egm and Ep, are the activation energies at zero bias for
two different mechanisms of carrier transport — microscopic and
nanoscale [18]. The activation energy Eym is defined as the dif-
ference between the Fermi level and the lowest energy level in
conduction band of barrier layer. This value corresponds to the
processes of the thermal emission. The activation energy Eg p is
equal to ionization energy of a quantum dot. This energy describes
barrier tunneling of carriers. Fy and a are the fitting parameters
characterizing the rate of energy change with applied bias [13].

Due to the inevitable existence of size inhomogeneity between
quantum dots in the ensemble, activation energy of tunneling pro-
cesses changes from one dot to another and it may be described
by the Gaussian distribution with the dispersion o2. The value of
o determines the spread in activation energies Eg ,, caused by size
inhomogeneity of the islands. Taking into account this distribution
an average dark current density of the photodetector can be written
as [13]:

Jja= QUF[1 + (1F/vs?171/2(2rm*KgT/h?)3/2
exp(-(Eo,mexp(-F/Fo) + Eo.n-aF-0g2/2KgT)/Kp
T)erfc(~(Eo,n-02 /2K5T)/0p(2)"/2). 3)

For the calculation of quantum dot array parameters, such as the
average size Lqy, the size dispersion 8L and the surface density of
quantum dots N, the kinetic model of growth of Ge quantum dots on
Si [19-22] was used. This model is based on a generalization of the
classical nucleation theory and allows one to define the dependen-
cies of quantum dots surface density and size distribution function
on growth temperature and deposition rates. For the modelling of
quantum dots growth, first of all, such thermodynamic parame-
ters of the Ge/Si system as change in free energy during transition
from 2D to 3D growth and equilibrium thickness of the wetting
layer were defined [23-25]. Free energy change due to elastic strain
relaxation, formation of the additional edges, increase in the surface
of the facets and decrease of atoms attraction to the substrate were
considered. Moreover, surface energy dependence on the thickness
of the deposited material was taken into account. The change in the
free energy AF(i) during the transition of i atoms from the wetting
layer to an island may be written as a sum of three summands [25]:

AF(i) = Ai%/3-Bli + Ci'/3, (4)

where { = h [ heq - 1 is the wetting layer superstress, h is the Ge
wetting layer thickness, heq is the equilibrium thickness of the wet-
ting layer at which the transition of atoms from the wetting layer
to an island becomes energetically favourable. According to the
Muller-Kern criterion [26], for the wetting layer thicknesses h < heq
layer-by-layer growth takes place. If h < hegq, the 2D to a 3D transi-
tion is observed which results in the reduction of free energy [20]. A,
B, and C are the parameters depending on the growth temperature
and the thermodynamic properties of the materials and character-
izing surface energy increase, elastic strain relaxation, and change
in the free energy due to the formation of the additional edges,
correspondingly.

The equilibrium thickness of the wetting layer heq may be found
by solving the following equation [27]:

[1-Z(@)Ire0?~1/do{ys-[¥(0, 0)-p(0, 00)]
exp(-Boheq/do)-y(0, co)iexp(-heq/kodo) = O, (5)

where Z(¢) is the coefficient of elastic strain relaxation [28-30],
¢ is the contact angle of quantum dot, A is the material’s mod-
ulus of elasticity, gq is the lattices’ mismatch, dy is the height of
one monolayer (ML), ys is the specific surface energy of the sub-
strate, kg is the relaxation coefficient. y(¢, 0) and y(¢, co) are the
specific surface energies of a facet with the contact angle ¢ on
the surface of pure silicon (without the wetting layer) and on the
surface of pure strained germanium (infinite wetting layer thick-
ness)respectively [20,26,31-33], By is the dimensionless parameter
characterizing the rate of specific surface energy change with the
deposited material thickness [34-38].

Then, islands nucleation rate, surface density of quantum dots,
rate of atoms arrival to anisland, the critical thickness of the wetting
layer h. and quantum dots size distribution function are calculated
[21-25].

When considering the contribution of the edges to the free
energy of the atoms in an island, to determine the critical thickness
hc of the transition from two-dimensional to three-dimensional
growth, itis necessary to solve the following equation for the critical
superstress {¢= (hc/ heqg— 1) [25]:

Aheqle/(6(7)'/2doa( L+ 1)F(L)2F(Le) Tine
/¢cPteq]®/?explF(L)] = 1, (6)

where teg= heq | V is the growth time for the wetting layer of the
equilibrium thickness, V is the growth rate, {¢= (h¢/ heq— 1) is the
critical superstress, ic is the critical number of atoms in an island,
at which the function of the free energy AF(i) reaches its maxi-
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mum, F({.) is the nucleation activation barrier AF(i¢) at { = ¢, Tinc
is the characteristic time of atoms incorporation processes at the
boundary of an island, and a is the parameter defined as:

a= 3ic'PAF (i) /2m)'/? /2L 7)

Quantum dots size distribution function f{L) in this case is given
by [39]:

F(L) = ALAF(£c)TingNexp[2AF(§e)Tinc(Lav®~L?)/ e teg(etglo )
—eXp(ZAF(Cc)Tinc(Lavz—Lz )/gczteq(aglo)z)]/Cczteq(aglo)z’ (8)

where oy is the geometrical factor depending on the shape of quan-
tum dot, [y is the mean distance between atoms at the wetting layer
surface, Lqy is the average lateral size of the dots [21-25].

For the description of the GexSi;_x layers deposition on the sili-
con surface it is essential to take into account in the formulae above
the dependences of the thermodynamic parameters on the com-
position x. For this purpose the values of the physical constants for
pure materials (Si, Ge) and the Vegard’s law are used [40].

3. Results and discussion

For calculations of the characteristics of an ensemble of quan-
tum dots we used the following values for the parameters
of the model [20,24,25,34-36,41]: lp=0.395nm, dg=0.145nm,
A=1.27*1012 dyn/cm?, g9 =0.042, ¥y =450 erg/cm?, ¢ =20°, v=10,
D(Tg)=10"%*exp(-1.21 | kgTg) cm?[s, ys=1260erg/cm?, ~(0O,
0)=1450erg/cm?2, (0, co)=1000 erg/cm?, y(¢, 0)=1440erg/cm?,
Y(¢, 00)=920erg/cm?, By=1.02, B, =0.85, kp=0.8, B=1.5*10"°
erg/cm. Square-based pyramidal quantum dots were considered
everywhere in the calculations.

Equation (5) has been solved numerically for the Ge/Si(001)
material system in order to find the equilibrium wetting layer thick-
ness heq for the Stranski-Krastanow growth of quantum dots in this
system [27]. As a result, for the equilibrium wetting layer thickness
with the use of the listed above parameters the value heq=2.5ML
was obtained. This value corresponds to the results of a number of
experiments on growth of quantum dots in the Ge/Si(001) system
[2,27,32,42,43].

Found from solving Eq. (6), the critical thickness of the transition
from 2D to 3D growth becomes larger compared to its estimation
without considering the contribution of additional edge energy. For
example, at the growth temperature Tg = 500 °Cand the germanium
deposition rate V=0.07 ML/s, the critical thickness increases from
4.7 to 5.2 ML when accounting for the energy of edge formation
[25,44].

The omparison of the calculated values of the critical thickness
of 2D-3D transition in the GexSi;_x/Si system for different compo-
sitions at the growth temperature Ty =600 °C and the growth rate
V=0.17 ML/s is represented in Fig. 1. Results of estimations exhibit
good agreement with the experimental data [44].

It is worth mentioning that existing theoretical models try to
explain the indicated phenomena with the help of segregation
effect [45]. In these models the distribution of the concentration
of germanium and silicon atoms over near-surface monolayers due
to the phenomenon of the segregation is determined on the basis
of the equations for the thermal activation exchange of atoms, and
then the elastic stress energy is calculated with allowance for all
the deposited layers. As a condition for achieving the critical thick-
ness of the Stranski-Krastanow transition, the equality of changes
in the energy of the system is chosen as a result of the relaxation of
elastic stresses in the island and increasing the surface energy with
the formation of additional faces [45]. However, these models are
incapable of explaining the observed temperature dependence of
the critical thickness and give good agreement with experiments
only in the range of high growth temperatures [40]. Comparison
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Fig. 2. Dependences of quantum dots size distribution function on the composition
x for the growth temperature Tg =600 °C and corresponding experimental data on
the average sizes of quantum dots (bars) for Ge contents x=1.0, 0.6, 0.4 [46-48].

of the calculated results obtained by these two methods (nucle-
ation and segregation theories) is also presented in Fig. 1. It is
obvious that nucleation theory (this work) describes the experi-
mental results better than segregation theory [45] which does not
take into account change in free energy of island’s nucleation due to
the formation of additional edges of islands and due to the depen-
dence of surface energies of facets of quantum dots on the thickness
of 2D wetting layer.

Further, such parameters of quantum dots ensemble as surface
density and size distribution function for various Ge contents x in
GexSiy_x/Si system were estimated (Fig. 2). The bars in Fig. 2 show
the experimental data on the mean lateral size of quantum dots
[46-48] for the compositions x=1.0, 0.6, and 0.4, the growth rate
V=0.04ML/s and the growth temperature Tz =600°C. In compli-
ance with Fig. 2, with decrease in germanium content from x=1 to
x=0.4 the average size of quantum dots increases approximately
by 3 times, while their surface density decreases approximately by
1 order of magnitude [40].

The calculations of dark current and detectivity were done for
the quantum dots arrays with the average sizes of 10, 15, and
20 nm. Results of the modelling show that with growth temper-
ature increasing quantum dots sizes dispersion decreases and the
detectivity slightly grows. So, greater values of the detectivity may
be achieved in the photodetectors based on the nanoheterostruc-
tures with quantum dots grown at 500 °C and higher temperatures
and corresponding high Ge deposition rates [39].

With the help of the obtained expressions estimations of
the dark current and detectivity for the photosensitive struc-
tures based on silicon with germanium quantum dots were
carried out. For the calculations the following model parameters
were used [9,13,14]: Egm=60meV, Ey,,=300meV, Fy=4kV/cm,
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rent density in the case of background limited performance (for the background
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a=2meV-cm/kV, w=1000 cm?/(V-s), vs=107cm/s, m*=0.56m,,
me=9.1-10~31kg. The dependencies of the dark current on the oper-
ating temperature, applied bias and the value of dispersion in
activation energies of transport processes due to barrier tunneling
were determined.

Figure 3 represents dark current-voltage characteristics of the
photodetector with quantum dots of Ge on Si with the above stated
parameters for different operating temperatures and the value of
energy dispersion o =10 meV, that is approximately 3% from the
full activation energy E, at zero bias.

As it is seen from Fig. 3, for low biases the dark current sharply
grows with the increase of the applied electrical field. For example,
for the temperature T=100 K dark current density increases from
5.9.10713 AJcm? at U=0.05V to 9.4-10"19A/cm? at U=0.5V. Then
(at biases U > 0.5 V), with the increase of applied electrical field the
dark current grows more slowly. Such a behaviour of the curves
is explained by the co-existence of two excitation mechanisms of
dark carriers. Thermal emission processes described by Eg ; activa-
tion energy dominate for the weak electrical fields. With increase
of applied bias the probability of ionization processes due to the
barrier tunneling in strong fields increases [13,18].

Figure 4 shows temperature dependence of dark current density
for quantum dot photodetector based on Ge/Si nanostructures with
the stated above parameters for various applied biases U and energy
dispersion o =10 meV.

In accordance with Fig. 4 the dark current of the photodetector
strongly depends on the operating temperature. At the temper-
atures near 100K dark current density is about 1012 A/cm? for
U=0.05V, while at room temperatures it may reach the value of
1A/cm?. For comparison, the dark current caused by background
irradiation (for the background temperature 77 K) is also shown in

0.00 025 050 0.75 1.00 1.25 1.50
Applied bias voltage U, V

Fig. 5. Dark current-voltage characteristics of quantum dot photodetectors from
the work [9] for various temperatures of the detector: T=90, 110, 120 and 140K.
Theoretical curves corresponds to the results of calculations with respect to the
dispersion of islands by sizes (solid lines) and without taking into account the
inhomogeneity of islands (dash lines).

Fig. 4. The dark current caused by background irradiation I;, was
calculated by the general formula:

I? = 48°nPpAG Af, (9)

where 7 is the quantum efficiency of the photodetector, ®,is the
density of background photon flux, Agis the photosensitive area of
the detector, Afis the bandwidth.

For verification of the model comparison of the calculated values
of the dark current with the experimental results obtained in Refs.
5,9, 14,49-51 were carried out. In Refs. 9 and 49 infrared photode-
tectors based on the heterostructures with germanium quantum
dot layers in silicon matrix are described. The photodetectors stud-
ied were vertical p*-p-p* structures with ten layers of Ge quantum
dots embedded in p-region. The average lateral size of quantum
dots was 15 nm and their surface density was about 3-10''cm=2. Ge
quantum dot layers were separated by Si layers. The photosensitive
area was equal to Ay =10"2cm?.

The calculations of generation-recombination noises at different
applied voltages for the photodetectors described in Refs. 9 and 49
were done. For the estimation of the model parameters comparison
of the calculated dark current-voltage characteristics obtained with
the help of the expression (3) with the experimental data from Ref.
[9] was carried out. During modelling of temperature dependences
of dark current-voltage characteristics, the values of the parameters
a and Fy were fixed as they do not depend on temperature, and the
parameters Eg m and Eg , were varied.

Figure 5 shows experimental and theoretical dark current-
voltage characteristics of the photodetector with quantum dots of
germanium on silicon from Ref. 9 for different temperatures. The-
oretical curves in Fig. 5 correspond to the following parameters
of the model: Eg,=40meV, Ep,=260-370meV, Fy=6.5kV/cm,
a=1meV.cm/kV, cg=10meV.

It is seen from Fig. 5 that by choosing the appropriate values
of activation energies Epm and Epn a satisfactory agreement of
theoretical predictions with the experimental data is achievable.
The behaviour of dark current-voltage characteristics of quantum
dot photodetector with the change of the operating temperature
is mainly determined by the change in the Ep , value that corre-
sponds to the activation energy for the processes of quantum dots
ionization. This behaviour may be caused both by the change in
discrete levels position in quantum dot and the change of effective
ionization energy of quantum dot due to the change in occupa-
tion density of energy levels in quantum dot and barrier level. It is
worth mentioning that the obtained value of activation energy of
ionization processes due to the barrier tunneling Ep , corresponds
well to the energy distance between ground state of the holes and
the edge of barrier silicon layer for this photosensitive structure.
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Fig. 6. Dark current density for the photodetectors from Ref. 51 as a function of
applied bias U at the temperature T=77 K.

This distance was estimated in Ref. 14 with the help of the theo-
retical model described in Ref. 52 and is of 272 meV. It should be
also noted that the obtained values of the parameter Eg , approxi-
mately correspond to the energy distance between ground state of
holes in 15 nm quantum dot and the highest level of valence band
in silicon (barrier layer) which can be estimated as 360 meV [53].
In accordance with Fig. 5 a conclusion can be made that the dark
current model used describes the dependences of the dark current
on voltage well enough.

For comparison, in Fig. 5 the theoretical curves corresponding
to the model which does not take into account the dispersion of
islands by sizes are represented [17]. It seen that the simpler model
predicts significantly smaller values of the dark current. So, the con-
clusion can be made that the homogeneity of islands by sizes is
crucial for the enhancement of the quantum dot photodetectors
parameters and it is necessary to take the dispersion of islands by
sizes into the consideration while modelling the device character-
istics of quantum dot structures.

In Refs. 2, and 51 mid infrared photodetectors based on
boron-doped p-i-p-structures on silicon containing 20 layers of
germanium quantum dots in the intrinsic region are described. In
these works strong dependence of the dark current on doping level
was observed. Figure 6 shows the experimental and calculated dark
current-voltage characteristics for the described structures at dif-
ferent dopant concentrations: 6-10'8 cm=3 (sample A) and 0.6-10'8
cm~3 (sample B).

The following values of the model parameters were used
for the calculations (symbol in brackets denominates the sam-
ple type): Fp=2.5kV/cm, a=1meV-cm/kV, Egm (A)=70meV, Ey
(A)=176 meV, Eg m (B)=30meV, Eg » (B)=244 meV.

It is seen from Fig. 6 that increase in doping level by 10 times
results in growth of the dark current by 4-5 orders of magnitude.
This effect occurs due to the increase in the density of charge car-
riers. Such a behavior of the experimental curves (as well as the
model parameters) is explained by the change in occupation den-
sity of energy levels and Fermi energy level shifting with increase
in dopant concentration [2,51].

5. Conclusions

Thus, in this paper the dark current in the structures with quan-
tum dots of germanium on silicon caused by the thermal emission
and barrier tunneling, as well as the detectivity of the photodetec-
tors based on such structures are calculated in the supposition of
the presence of generation-recombination noises. The presence of
the dispersion of quantum dots by sizes is taken in account in the
calculations of the generation-recombination noises. It is shown
that taking into account the effect of islands array inhomogeneity
is crucial for the proper description of the experimental results.
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