AJP FIZIKA 2025 volume XXXI Ne3. section:E

EFFECTIVE TEMPERATURE OF ELECTRONS IN A SYMMETRY - CENTERED
SEMICONDUCTOR QUANTUM WELL
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The heating of electrons in semiconductor quantum wells created from crystals with central symmetry under the
influence of a strong electric field has been studied. The effective temperature approximation was used, and since the analysis
is done for low temperatures of the lattice, electron scattering only from impurity ions and acoustic phonons has been
considered. The dependence of the effective temperature of electrons on the intensity of the electric field and the surface density
of the electrons has been calculated. The obtained theoretical results have been applied to a Si/Si;_, Ge, quantum well. It has
been determined that the dependence of the effective temperature of the strongly degenerate electron gas on the intensity of the
electric field is approximately quadratic.
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1. INTRODUCTION temperature regimes where the energy and momentum
scattering of electrons are dominated by acoustic
Semiconductor structures with one-dimensional  phonons and impurity ions. When performing
confinement on the nanoscale are the main objects of  theoretical studies in a quantum well, it is necessary to
research in modern nanoelectronics. When a strong  choose the form of the confining potential. For this
electric field is applied, electron and hole heating purpose, rectangular [6], parabolic [7], or Poschl-Teller
occurs in these structures. The study of electron heating  potentials [8-10] are often used. In this work, we will
provides valuable information for understanding the  use the modified Pdschl-Teller potential when studying
working principles and efficiency of new-generation  the electron temperature. This potential lies between
devices, as well as for investigating electron-phonon  the rectangular and parabolic potentials and provides a
interactions and energy relaxation in semiconductors.  better approximation of the confining potential [8].
This phenomenon has been studied both theoretically
and experimentally for a long time. Recently, interest 2. BASIC EQUATIONS OF THE PROBLEM
in studying this phenomenon has increased
significantly [1-5]. Let us consider the direction in which the motion
In this work, we investigate the heating of of electrons is confined to be the z-axis. Then, the
electrons in semiconductor quantum wells under the  modified Pdschl-Teller potential and the energy of
influence of an electric field. We focus on low- | electrons in the potential well are given by [11]:

U(z) = % tanh? = a2 4 k?) 1
z) = —tanh®az, & = _—(a @

where m is the effective mass of the conducting ! We consider the case where the electric field
electrons, a is the parameter of the quantum well, and  intensity E is applied in the plane of the two-
k= (ky ,ky) is the 2D wave vector of the electrons.  dimensional electron gas. Let this direction be denoted
We consider the case where the electric field £ is DY the x-axis: k' = E . It is evident that the electric
applied along the x-direction: E = E,. Itis clear thatin ~ current density j, will also be along the x-axis in this

this case, the electric current j, will also be directed ~ CaSe. . .
along the x-axis. | The wave function corresponding to the energy

values in equation (1) is given by [11]:

1
o 2a¢ |2 _
lpkx,ky(r) = [LxL—:Lz] et(kxx+kyY) p=1(tanh az), @)

where L, =L is the size of the system along the |a stationary state, the energy received by the electron
confined direction, while L, and L, are the dimensions  system from the electric field is equal to the energy it
along the unconfined directions, r = (x, y, z) denotes the ~ gives to the phonon system [12]:
position vector of the electron, and P *(tanh az) is the
associated Legendre function. d¢

The de%ree of electron heating (effective 02 (Te)Ez —n (5)1 ' ©)
temperature Te) is found from the balance equation: in
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Here o, (T,) is the conductivity of the 2D electron gas  where t.(n) is the electron momentum relaxation
in a strong electric field, n is the surface density of time, and

electrons, and (%) is the energy lost per second by a n= 1 ( — hzaz) ()
1 ko Te 2m

single electron due to phonon scattering.

The conductivity of the electron gas in a quantum
well with a modified Péschl-Teller potential in weak
electric fields (where electron heating does not occur)
was calculated in [8]. Using a similar approach, we can
calculate the conductivity of the electron gas in a
quantum well under a strong electric field. We consider
the low-temperature regime (lattice temperature
T<10K). In this case, the electrons in the quantum well
are in a strongly degenerate state, and for the
conductivity of the electron gas in an electric field, we

is the reduced chemical potential of the electrons, k, is
the Boltzmann constant, and ¢ is the chemical
potential.

Calculations show that the main scattering
mechanism for the electron's momentum is scattering
from impurity ions. Using the effective temperature
approach, the scattering rate v = t;1(n) of electrons
due to this mechanism in the quantum well is given by:

. 2e mn
obtain: v; = —7in e TCO I (6)
kOTe e .
0,(Te) = nte(m), 4) | Where the functionis J; (y) defined as:
1 dx ° _yxt 2 2
T = |, P Newre (J; e (1 — tanh*t)dt)". )
Here, the notations are as follows: x = g—j{,y Zt= ”ZZ , where g, = (qx,q,) and q, are the

components of the phonon wave vector ¢ = (qx,qy, qz) parallel and perpendicular to the quantum layer,

respectively. n; is the surface density of impurity ions, y is the static dielectric constant, and e(x) is the
dielectric function of the two-dimensional electron gas [8]:

_ 2p) (- 4 1) - SO0
€)= 1+ s [(O0n® (-1 2) - HEE)
where @ (_1 + E) is the trigamma function. " Here, Ny = nL,L, is the total number of electrons in
z the quantum well, hiw, = hv,q is the energy of an
3. CALCULATION OF THE ENERGY acoustic phonon, v, is the speed of sound in the
TRANSFERRED FROM ELECTRONS TO crystal, and (‘%) is the rate of change in the number
THE CRYSTAL LATTICE ef

of phonons due to electron-phonon interaction. To
compute this quantity, we must calculate the matrix
elements of transitions corresponding to phonon
emission and absorption by electrons. Since we are
considering crystals with a center of symmetry, there is

The energy transferred to phonons by a single
electron per unit time is given by:

de aNq . . . .
(a ) Zq( ) ha)q . (9) no piezoelectric potential [13], and the scattering of
t ef electrons by phonons occurs due to the deformation
potential. In this case the electron-phonon interaction is
| given by:
2\ — ﬂ iqr -iqgrt
V) =5 Ziges @ e 7 +b"(@e 7} (10)
. . . o
where N is the number of unit cells in the crystal, E; is _ ( 1)
the deformation potential constant, and b(§) are kg = & T 2q(Ng +3) oy (12)

complex normal coordinates [13]. The matrix elements
in the quantum well are calculated using the wave The method for calculating the phonon number
function of the unexcited electron-phonon system: variation due to electron-phonon interaction is
described in [12, 13]. Calculations carried out in the
— > S case of strong degeneracy of the electron gas (n > 1),
v kx o Ky ) H(qu (Qq) (1) give the following result for the rate of change of the
phonons number:

iy ky Ny

where l/ka,ky(f) is the electron wave function,
Hqu(Qﬁ) is the wave function of the unexcited
phonon system [13]. The total energy of the system is:
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Substituting Eq. (13) into Eq. (9) and integrating over all phonons involved in the interaction yields:

a 4aLE,2m2ky(T,=T) k3
(a_i)l == 1:slh3(;1p Ja@) . (14)
where:
1 VIR 42
Jo) = fydx T [ arer csen(0) |(2) 422 . a9

Substituting Eqgs. (4) and (14) into the energy balance equation (3) and solving for the effective electron
temperature T, , we obtain the dimensionless temperature ratio 6 = %z

E\2
0=1+ (—) , (16)
Eq
where E, is the characteristic electric field:
4em?E (aL)k T kpn
E, = 2 [CRRRE 1) Jo () ] an
X
. I . .

From Egs. (16) and (17), it follows that for Using A= 0.07 eV, we obtain: & = 9 x 108 m™?!
relatively high electric field intensities (E > E,), the  This value of « is used in the subsequent calculations.
dependence of the effective temperature of the strongly For a degenerate electron gas, the coefficients
degenerate electron gas on the field intensity J;(y) and J,(y)are only weakly dependent on the
approaches a quadratic form. lattice temperature. Thus, as it follows from equation

(17), the characteristic electric field E, increases, and

4. APPLICATION OF THEORETICAL RESULTS  the dimensionless temperature of electrons 6
TO Si/Siy_,Ge, QUANTUM WELL decreases with the growth of the lattice temperature.

Fig.1 shows the dependence of the dimensionless

Let us consider the commonly used quantum well  electron temperature 8 on the electric field strength E

width L = 1078 m, which is frequently employed in  for various values of the lattice temperature:

experiments. For silicon (Si) the material parameters T = 4,6,8,10 K. For small lattice temperatures and

are taken as [14]: =2.33_3 3, v, =9- relatively high electric field strengths, the electron

105, y = 11.7, E, = 8 eV. In 5|I|con crystals, the temperature becomes an order of magnitude higher

san ) . i than the lattice temperature.
effective mass of electrons is anisotropic. The The degree of electron heating also depends on the

isoenergetic surfaces near the minimum of the  gjectron surface density 7. Note that in quantum wells,
conduction band are ellipsoids of rotation with the axis 5 the surface density of impurity ions increases, the

of rotation directed along [100]. In Si quantum wells,  gjactron surface density increases as well. For 3D
the confinement direction is typically taken along  gegenerate n-type semiconductors, the electron
[100]. In this direction, the effective mass is my =  yncentration is approximately equal to the ion
0.92 my , while in the dir_ection perpendicular to the  concentration, whereas in 2D systems, typically
layer (in-plane), the effective mass ism, = 0.19mg, p % n, (by a factor of 10-100) [15], although the ratio
where m, is the free electron mass [14]. n/n; changes only slightly. Taking this ratio to be
The depth of the quantum well (A) dependsonthe  ¢constant, we can analyze the dependence of the
composition (i.e., the value of x). For the calculations,  characteristic field E,on n.
we take A= 0.07 eV, which corresponds to a Ge For a degenerate electron gas, the Fermi wave
concentration of x = 0.1 in the Si;_, Ge, layer. The  number depends only on the surface  density:

value of the parameter o in the modified Péschl-Teller ks =Zrn . Additionally, the product J;(y)J,(¥)
potential can be determined from the condition that the ;-\ reases slightly with incr’easing n. As a lresulta the

coefficient in front of the tanh?(az) function is equal characteristic electric  field E, increases  with
to th.e depth of the quantum well. From Eq. (1), We  jycreasing 7, meaning that the degree of electron
have: heating decreases as the electron surface density

hfa? _ A (18)  increases.

my
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Fig.1. Dependence of the dimensionless electron temperature 6 on electric field strength E at different lattice

temperatures.

Using the above parameters, at a lattice ! 5. CONCLUSIONS

temperature T = 4K and a surface electron density =
2x10%m2, ni = 50, for the characteristic field we

obtain: E;=14.5V/cm. Let's estimate the characteristic
field at different values of the surface density of
electrons at the given lattice temperature (T = 4K): for
n=10%m=2: E,=98V/cm ; for n=3Xx
105 m=2: E, =17.8V/cm; forn = 4 x 101 m™2 :
E, =203V /cm.

At electric field intensities exceeding the
characteristic field E,, the dependence of the effective
temperature of a strongly degenerate 2D electron gas in
a quantum well on the field intensity is close to
quadratic. The value of the characteristic field increases
with both the lattice temperature and the electron
surface density. Consequently, at lower lattice
temperatures and electron surface densities, the degree
of electron heating under strong electric fields
increases.
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