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Abstract Article Info.

A model of the sensor nanochip based on germanium/silicon heterostructures

(Ge/Si-heterostructures) with Ge quantum dots is suggested. Two-Quasimolecule  Keywords:

Spectrum: Infrared radiation can sense the formation of a single exciton Spatially Indirect Excitons,
quasimolecule. Optical transitions of this state to higher-lying SIE levels lead to Double Quantum Dots,
the emission of radiation in the infrared part of the spectrum, with the energy of Single Exciton,

the emitting radiation being ~70 meV and its normalized intensity ~0.11. Such a Quasimolecules, Sensor
unique type of infrared light can be considered as a strong signature in detection Nanochips.

of single exciton quasimolecules in Ge/Si heterostructures. The sensor nanochip

model to be proposed would should lay the foundation for both the fundamentals  Article history:

and applications, and the process could lead to the next generation of high-efficient Received:May, 03,2025
sensor nanochip. Its successful fabrication would open a way for high performance  Revised: Aug. 10, 2025
exciton optoelectronic devices, highly sensitive, miniaturized, and CMOS-based Accepted:Aug.19, 2025
infrared detectors for the biomedical, environmental and communication Published:Sep.01,2025
applications.

1. Introduction

Currently, nanosystems with reduced dimensionality (in particular, quantum dots
(QDs)) are used in nanotechnology for producing sensor nanochips [1-4]. If the
dimensions of QDs does not exceed values of the order of 100 nm, then the physical
(optical and electrical) properties of these nanosystems are mainly determined by the
energy spectra of quantum-sized states of quasiparticles (electrons and holes) [5,6].
Depending on the size of the QDs, a finite number of quantum-sized energy levels of
quasiparticles arose in single QDs [7,8]. The photoluminescence and absorption spectra
in these nanosystems are formed by quantum transitions between quantum-sized states of
quasiparticles. Moreover, the peaks of the photoluminescence and absorption spectra, as
well as the emission intensity of the nanosystems, have a strong dependence on the size
of the QDs [9]. Photoluminescence and absorption in these nanosystems were
experimentally detected in the visible and infrared ranges [10-12]. Such nanosystems can
be used in sensor nanochips. In these sensor nanochips, it is possible to observe dynamic
processes caused by optical transitions between quantum-sized energy levels of
quasiparticles in single QDs.

In the second type, Ge/Si heterostructures containing germanium QDs, spatial
separation of electrons and holes was experimentally discovered. In this case, Spatially
Indirect Excitons (SIE) appeared in the heterostructure [10-12]. In this case, the Coulomb
interaction causes attraction between the electron and the hole. In the SIE, the electron is
localized above the surface of the QD, and the hole is in the QD [5-13]. In these
nanosystems, a gigantic increase in the binding energy of the SIE (by almost two orders
of magnitude) compared to the binding energy of the exciton in silicon single crystals was
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theoretically shown [5-13]. From experimental studies [10-12], a photoluminescence
signal was detected at room temperature in the infrared region of the spectrum

(0.20 to 1.14) eV 1)

In these nanosystems, the occurrence of SIEs was theoretically predicted [5], and
single exciton quasimolecules were formed [7, 13]. The single exciton quasimolecule
consisted of two interconnected SIEs. The binding energy of this single exciton
quasimolecule was in the infrared region of the spectrum [7, 13].

In this paper, the possibility of detecting a single exciton quasimolecule in a
sensor nanochip model is considered. The sensor nanochip model consists of two
germanium QDs placed in a silicon matrix. In this sensor nanochip, a single exciton
quasimolecule emits in the infrared range.

2. Formation of a Single Exciton and a Single Exciton Quasimolecule

In previous studies [5-7], a model of a nanosystem consisting of a spherical
germanium QD with an average radius a and permittivity €, = 16.3, placed in a silicon
matrix with &= 11.7, was considered. In germanium/silicon heterostructures with
germanium QDs of the second type, the main electron level was in the silicon matrix, and
the main level of holes was in the germanium QD. In this nanosystem, a hole with
effective mass ((mp, ./ my) = 0.39) moved in the valence band of the germanium QD, and
an electron with effective mass ((m,, 1/ m,) = 0.98) moved in the conduction band of the
silicon matrix (m, is free electron mass) [10-12]. The localization of holes in the QD was
due to a significant shift of the upper edge of the valence band (AE,e) = 700 meV) of
germanium QD (relative to the upper edge of the valence band of the silicon matrix) [10—
12]. In the heterostructure, the electrons moved in the silicon matrix, they did not
penetrate the germanium QDs, since a substantial shift of the bottom of the conduction
band (AE, ;)= 340 meV) of the silicon matrix (relative to the bottom of the conduction
band of germanium QDs) was observed on the interface (a QD — a silicon matrix). In this
case, the electron-hole Coulomb interaction energy caused localization of the electron in
a potential well above the QD surface. The appearance of SIE was found on the
germanium/silicon heterostructure [10-12].

It has been shown that SIEs [5-7] and of exciton quasimolecules [7, 13] were formed
in the Ge/Si heterostructure depending on the distance D between the surfaces of the QDs.
If the average distance D between the surfaces of spherical germanium QDs significantly
exceeded the Bohr radius of an electron (a, = 0.63 nm) in a silicon matrix, i.e. at

D > a,, @)

Then SIE-states with energies E,_,;(a) (n and | are the main and azimuthal quantum
numbers of the electron, respectively) are formed above the surface of a single QD [5-7].
The SIE Hamiltonian contained the electron-hole Coulomb interaction energy, the energy
of the polarization interaction between the electron and the hole and the QD surface, and
the centrifugal energy of the electron. The electron moves above the surface of the
germanium guantum dot in an orbital described by a Coulomb variational wave function

/571
r
Prera(r) = Aexp (—u—) 3)

=n"Y2a,,~3/%(2(ub)? + 2ub + 1)"Y/? exp(pb) (4)
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where r is the distance of the electron from the center of the QD, u = u(a) is a variational
parameter, and a,, isthe Bohr radius of 2D-SIE given as
Aex = € (Mg /Mex) (hZ/mer) =2.6nm (%)

where po, = mg 1 my /(Mg + my ;) is the reduced SIE mass.
& =2g,&, /(g1 + €,) is the permittivity of the nanosystem, and b= a/a,,.

Within the framework of the effective mass approximation, the energy spectrum
E;;(a) of quasistationary and stationary SIE-states (n =1, 1), as a function of the average
radius a of the germanium QD, is obtained by the variational method using the wave
functions (Equations 3 and 4) [5-7]. The centrifugal energy of the electron in the SIE
Hamiltonian causes the appearance of quasistationary SIE-states with energies E; ;(a) >
0 in the nanosystem (the position of the bottom of the conduction band of the silicon
matrix is taken as the zero energy level E;,;(a)). Quasistationary and stationary states
with energies E;;(a) <0 forms a zone of surface SIE-states [5-7]. The band of
stationary SIE-states E;;(a) with a width

AEs = Egy = 2h*/ugy (agy)? =82 meV (6)

is located in the bandgap of the silicon matrix (where EZ? is the binding energy of the
two-dimensional SIE). The band of quasistationary SIE-states E; ;(a) with a width

AE,s = EJN% _5 = 248.4 meV @)

is located in the conduction band of the silicon matrix. In this case, the zone of surface
SIE-states contains a finite number of levels (n = 1, | < 3) [5-7]. For the occurrence of
stationary and quasistationary SIE-states with energies E;; (a) in a nanosystem, it is
necessary to absorb a light quantum with an energy of [5-7]

hwex1,1)(@) = Eg(gey = AE¢siy + E1(a) (8)

In this case, a quasistationary SIE-state with energy E;;(a) > 0 appears in the
conduction band and in the bandgap of the silicon matrix, a stationary SIE-state appears
with energy E;; (a) < 0) [5-7]. In Equation (8), the value (Eg( ey - AE¢(siy) = 330
meV (where Eg gy is the bandgap energy of the germanium QD, AEs; is the shift of
the bottom of the conduction band of the silicon matrix relative to the bottom of the
conduction band of germanium QD) [5-7].

It was found that the optical absorption in the nanosystem is caused by electron
interband transitions between quasistationary and stationary states, as well as electron
intraband transitions between stationary states [5-7]. Since the maximum value of the
exciton energy is E;;(a) < EjX%_; = 248.4 meV, then for the occurrence of SIE in a
nanosystem, according to Equation (8), the absorption of a quantum of light with energy
in the infrared range is necessary [5—7] such that

330 meV < hwq,(a) <578.4 meV 9)

Moreover, the energy range (9) is in the energy range (1), in which the SIEs were
experimentally detected in the nanosystem [10-12].

A nanosystem model [7, 13] was studied in which double germanium QD(A) and
QD(B) with radius a were placed in a silicon matrix. Holes h(A) and h(B) were located
at the centers of QD(A) and QD(B). Electrons e(1) and e(2) were localized above the

3
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surfaces QD(A) and QD(B) in the silicon matrix, respectively (m, is the electron mass
in free space). It was assumed that the electrons did not penetrate QDs.

With a decrease in the average distance D between the surfaces of germanium QDs
to a value (of the order of 2a,), i.e. at

D < 2a,, (10)

The distance between SIEs localized above the QD surfaces decreased to a size
comparable to the Bohr electron radius. This caused a significant increase in the
overlapping integral S(a, D) of the electron wave functions. A significant increase in
the energy of the exchange interaction of electrons in this case caused the appearance of
a coupled state of two SIEs in the nanosystem; i.e., an exciton quasimolecule appeared in
the nanosystem.

Within the framework of the adiabatic approximation and the effective mass
approximation, the Hamiltonian of the exciton quasimolecule containing Hamiltonians of
the SIEs were localized above the surfaces QD(A) and QD(B), as well as the Hamiltonian,
which took into account only the energies of the Coulomb interaction of the electron e(1)
with hole h(B), and the electron e(2) with hole h(A), as well as than between electrons
e(1) and e(2), and holes h(A) and h(B). The normalized wave function of the ground
singlet state of the exciton quasimolecule was presented [7, 13] in the form of a symmetric
linear combination of wave functions ¥y (ra1), 7(2)) and ¥ (rac2), 5(1))

‘PS(rA(l):rA(Z)’rB(l)’rB(Z)) =

[2(182(D, a2 [ W1 (rac1), T2)) +¥2(Ta) )] an

where S(D, a) is the overlap integral of single-electron wave functions. The wave function
of the ground singlet state of the exciton quasimolecule, Eq. (11) was written under the
assumption that the spins of the electrons e(1) and e(2) were antiparallel. The wave
functions W1 (74(1),7p(2)) and W, (ra(2),7(1)) (Equation 7) were written as a product of
single-electron wave functions (1) (Tac1)) and @p2) (Tp(2)), aswell as @4¢2)(r4(2)) and
©p1)(Tr(1)), respectively. In equation 10, 7,4 is the distance of the electron e(1) from
the QD(A) center, 17 is the distance of the electron e(2) from the QD(B) center, 7,
is the distance of the electron e(2) from the QD(A) center, and 74y is the distance of
the electron e(1) from the QD(B) center. In this case, the single-electron wave functions
Pa)(Tacy) and @52y (Ta2)), a8 Well as @42y (Taczy) and @pe1)(T5a1)), Were described
by variational functions of the Coulomb type (Equation 3 and 4) [7, 13].

Within the framework of the variational method, at the first approximation, the total
energy (9) of the ground singlet state of the exciton quasimolecule was determined by the
average value of the Hamiltonian of the exciton quasimolecule for states, that were
described by wave functions of the zeroth approximation ‘PS(TA(l),TA(z),7‘3(1),7‘3(2))
(10) [7, 13]

Eo(D,b) = 2 Epoq=0(a) + E»(D, b) (12)
where E,(D,b) is the binding energy of the ground singlet state of the exciton

quasimolecule, and E,_1;-¢(a) is the binding energy of the ground state (n=1, I= 0) of
the SIE localized above the surface of QD [5- 7] (parameter D = D/a,,).
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3. Radiation Intensity of Single Exciton Quasimolecule

The radiation intensity 1(a) caused by the optical transition of electrons from the
ground energy level of single exciton quasimolecule to the ground energy levels of the
SIE is determined the square of the overlap integral of exciton quasimolecule wave

function Wy(74c1)Ta2) Te(1) Ta(2))(11) and of  SIE wave functions ¢y (7 ac))

and ¢, (75(1)), Eq.(3)

I(a) =

e @1(ram) @1(rsw) ¥s(racy Tacy sy T5@) dTamd* ) Arae) drse)|
(13)

SIE wave functions <P1,1(TA(1)) describes the SIE localized above the surface QD(A), and

SIE wave functions <P1,z(7”3(1)) describe the SIE localized above the surface QD(B). In

this case, the wave functions ¢y (7)) and ¢, ,(rsc1)) are described by Equation (3).

After integrating Equation 13, taking into account (3), (4) and (11), an expression was
obtained that describes the radiation intensity

2

(@) ~ m~* u=* exp(—4pb)/ (1 + S%(D, a))(2(ub)? + 2ub + 1)? (14)

4. Numerical Results and Discussion

The binding energy Ej, (5, b) of the of the ground singlet state of the single exciton
quasimolecule was obtained [16, 17] in the Ge/Si heterostructure consisting of double
germanium QDs with mean radius a; = 12.8 nm under the condition

(Ex(D,b)/ E1p(@) ) < 1 (15)

Such Ge/Si heterostructures was investigated in experimental works [7, 13].

The single exciton quasimolecule appeared in the nanosystem at distances D >
D = 2.1 nm between the surfaces of QD [7, 13]. The binding energy E, (D,b) of the
single exciton quasimolecule ground state in a nanosystem with QD germanium of the
mean radius a; = 12.8 nm had a minimum Elgl)(Dl,al) = —6.1 meV (at the distance
D, = 3.1 nm) [7, 13]. In this Ge/Si heterostructure, the SIE binding energy was
Eio(a;) = —64 meV [5-7]. The ground state energy of the single exciton quasimolecule
(Equation 12) in this case was Ey(Dy, @, ) = —134.1 meV [7, 13]. In this case, condition

15 was fulfilled ((E,Sl) (D1, @,)/Eqo(ay) ) = 0.09). A single exciton quasimolecule with

an increase in the distance D between the surfaces of the QD, so that D > DC(Z) = 4.4 nm,
decayed into two SIE [7,13]. In this Ge/Si heterostructure, the binding energy

Elgl)(Dl, a,) = —6.1 meV of the ground singlet state of the single exciton quasimolecule
significantly exceeded the binding energy of biexciton in a silicon single crystal by almost
two orders of magnitude [7, 13].

The energy of the exchange interaction of electrons and holes was the major
contribution to the binding energy of a single exciton quasimolecule in this Ge/Si
heterostructure. This energy significantly exceeded the value of the Coulomb interaction
between electrons and holes (i.e. the ratio < 0.08) [7, 13]. In experimental works [10-12],
in Ge/Si heterostructure, a blurring of the absorption edge was observed in the infrared
wavelength range (1) up to room temperatures. Such blurring of the absorption edge was
caused by interband electron transition in SIE [5-7]. The radiation intensity I(a) (Equation

5
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14) caused by the optical transition of electrons from the ground energy level
Eo(D,,a;) = —134.1 meV of single exciton quasimolecule to the ground energy
levels E;(a;) = —64 meV of the SIE in a nanosystem with QDs germanium of the
mean radius a; = 12.8 nm was ofthe value I(@;) = 0.11. The energy of this transition
IS (=70 meV) in the infrared range of the spectrum.

5. Conclusions

Germanium /silicon heterostructure containing germanium QDs as a model of a
sensor nanochip was proposed. In this model, containing germanium QDs with an average
radius a; = 12.8 nm and a distance D = 3.1 nm between the QDs surfaces, there is a
single exciton quasimolecule. The ground state energy of the single exciton
quasimolecule was Eo(f)l,dl) = —134.1 meV. As a result of the optical transition of
electrons from the ground energy level of this single exciton quasimolecule to the energy
levels of the SIE, radiation with an intensity of 1(a,) =0.11 in the infrared range of the
spectrum (=70 meV) is observed. This radiation allows the detection of single exciton
quasimolecules in sensor nanochips. The author hopes that the development of this model
by experimenters will make it possible to create a new generation of efficient sensor
nanochips based on germanium/silicon heterostructures with germanium QDs.
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