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ABSTRACT carriers and ionized donors thereby increasing the electron

Small-signal ac transport of degenerate two-dimensional hot
electrons in PbTe quantum wells is studied here incorporating
deformation potential acoustic, polar optic and ionized
background and remote impurity scatterings in the framework of
heated drifted Fermi-Dirac distribution. The effects of double
delta doping on millimeter and sub-millimeter wave response of
two-dimensional hot electrons in PbTe quantum well is
investigated. The inclusion of delta doping is found to enhance
the two-dimensional electron density which in turn improves the
ac mobility in the PbTe quantum wells thereby providing scope
of getting higher speed devices in future.
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1. INTRODUCTION

Advances in crystal growth techniques such as fine line
lithography, molecular beam epitaxy (MBE) and Metal oxide
chemical vapour deposition (MOCVD) have made possible the
fabrication of quasi-low-dimensional structures such as
Quantum wells (QWs). The possibility of realization of high
speed nano devices using such structures has stimulated active
research in quasi-low-dimensional structures.

A PbTe quantum well is produced when a thin layer of PbTe is
sandwiched between layers of higher band-gap semiconductor
such as PbEuTe [1]. The growth of good quality PbTe quantum
wells by MBE have already been reported in literatures [2, 3].
Such structures are used in fabrication of infrared detectors and
lasers. In QW, the density-of-states and scattering rates of the
carriers are different from those of bulk semiconductors. In
such structures, mobility of the two-dimensional electron gas is
enhanced considerably at low temperature because of
modulation doping technique [4]. The carrier mobility in
quantum wells can further be enhanced by placing an undoped
spacer layer between the doped barrier and undoped channel
layer [5]. The spacer layer increases the separation between the

mobility because of less Coulomb interaction [6, 7].

The transport of charge carriers in a QW device depends on
various factors like doping, carrier or sheet concentration, lattice
temperature, applied field and carrier scattering etc. Due to
structural limitations the maximum carrier density that can be
obtained in conventional homogeneously doped QW is limited.
This carrier density limit in QW can be surpassed in delta doped
heterostructures [8].

The delta doping technique represents the ultimate technological
limit of impurity profiles and this technique has resulted in a
series of novel electronic and photonic devices [9, 10]. When a
semiconductor is delta doped, the ionized donor atoms create a
continuously positive sheet of charge which bends the
conduction band to form a V-shaped potential well [11]. When
the dimension of the V-shaped potential well is comparable to
the de Broglie wavelength of free electrons, the electron
energies for motion perpendicular to the delta doped plane are
quantized into a number of discrete bands and a quasi-two
dimensional electron gas (2DEG) is formed in the V-shaped
potential well. The delta doped quantum wells have the
following advantages. The first advantage arises from those of
the delta-doping technique, including higher mobility, greater
electron density and uniform electron distribution [12]. The
second advantage is the reduction of size of the quantum wells
[12]. Since the spatial distribution of dopants is well controlled
and confined to a single atomic layer, the size of the quantum
well is reduced.

It has been reported that the sheet density in delta doped
structures is nearly doubled with respect to the densities
obtained in modulation doped heterostructures [13,14].
However, most of the work in this area is concentrated in
finding the carrier density and mobility in single sided delta
doping heterostructures. From the available literature, it appears
that there is still a dearth of research activities in the area of
delta doped semiconductors. All these have motivated us to
study the effects of double sided delta doping on the carrier
concentration and the small-signal mobility of the two
dimensional hot electrons in a PbTe quantum well.



In the present work, we investigate the two dimensional electron
densities confined in the quantum wells in delta doped
PbTe/PbEuTe quantum well structures and show that the 2D
electron density can be enhanced due to delta doping in the
barrier PbEuTe layer. We also investigate the ac mobility values
in the delta doped PbTe quantum well in the framework of a
heated drifted Fermi-Dirac distribution function and compared
them with conventional homogeneously doped PbTe QW. The
carrier scattering by longitudinal optic phonon, deformation
potential acoustic phonons, remote and background-ionized
impurities are incorporated in the present calculations.

2. THEORY

Let us consider a PbTe/PbEuTe square QW of infinite barrier
height. The PbEuTe barriers are symmetrically delta-doped at a
distance Ls from the heterojunction interface. A schematic
diagram and a simplified energy band diagram of the double
delta doped quantum well are shown in Figs. 1 and 2.
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Fig 1: A schematic diagram of a delta doped PbTe/PbEuTe
Quantum well
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Fig 2: A simplified Energy band diagram of a delta doped
PbTe/PbEuTe Quantum well

The energy gap of Pbl-xEuxTe is a function of x and is
given by Eg (meV)=199+4480x [1]. For x=0.1, assuming a band
discontinuity AEc=0.55AEg, the conduction band offset between
the well and barrier layer is calculated as 246 meV. The 2D
carrier concentration, QW width and other parameters used here
are such that there is only one subband in the well and the
carriers populate only the lowest subband. The zero order
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approximation for the electronic wave function and potential in
the QW are given by [15].
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The energy balance equation of the QW can be written as
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In the above expressions k; and k, are the dielectric constants in
PbEuTe and PbTe, respectively, K is Boltzmann’s constant, Ag,
is change in band gap, Ny is the carrier concentration in the well

and 1 2D is the donor density.

Inserting the above values in Eq. 4, we derived the expression
for 2D electron density in the delta doped QW which is given as
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The 2D electron density for the homogeneously doped QW is
derived using the procedure adopted in Ref. 15.
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Reduced ionized impurity scattering and improved carrier
concentration in the QW establish a strong electron-electron
interaction. A heated drifted Fermi-Dirac distribution function
for the carriers characterized by an electron temperature 7,, and
a drifted crystal momentum p, [17] is hence assumed for the
carriers. In the presence of an electric field F applied parallel to



the heterojunction interface, the carrier distribution function

f (l; ) is expressed as,

£ = 1, (E) +hf1—df[— ?—gjcosy )

where, k is the two-dimensional wave vector associated with
the kinetic energy E, m* is the electronic effective mass and v is

the angle between the applied electric field /' and the two
dimensional  wave vector K, fo(E) is the Fermi-Dirac

distribution function for the carriers, ﬁ 4 1s the drift crystal

momentum and h is Planck's constant divided by 2m.

Electron scattering by polar optic phonon, screened deformation
potential acoustic phonon, background-ionized and remote
impurities are considered in the calculations. Here we consider
bulk-like phonon to avoid unmanageably complicated
expression of scattering rates without greatly sacrificing the
accuracy of the results [17]. The effects of screening are
insignificant for polar optic phonons in the temperature range of
interest here [17]. Therefore, screening is ignored for LO
phonon scattering. However, the effects of screening are
incorporated for for acoustic and ionized impurity scattering.

An electric field of magnitude F; and the angular frequency ®
superimposed on a moderate dc bias field F) is assumed to act
parallel to the heterojunction interface. The net field is thus
given by:

F=F,+F snot (13)
As the electron temperature and the drift momentum depend on
the field and the scattering processes, they will also have similar

components with the alternating ones generally differing in
phase. Thus

T,=T,+T, sinwt+1); coswt (14)
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Where, T, and p, are the steady state parts, 7;, and p;, are real
and T;; and p; are imaginary parts of T, and p,respectively.

The energy and momentum balance equations obeyed by the
carrier are:

epyFlm +(dE/df) ., =@ (16)
t
and
d
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Where - (dp / dt) and - (dE / dt) , represents, respectively,
the average momentum and energy loss due to scatterings and
(E > depicts the average energy of a carrier with charge e. In

the present model the effects of delta doping is included in the
energy and momentum loss calculations to give more accurate
results

We insert Eqs. 14 and 15 in Eqs. 16 and 17, retain terms up to
the linear in alternating components and equate the steady parts
and the coefficients of sinw? and coswt on the two sides of the
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resulting equations following the procedure adopted in [17]. For
a given electric field F,, we solve for p, and 7. The dc mobility
Wq. and ac mobility . are then expressed as:
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m Fl

The phase lag ¢, the resulting alternating current lags behind
the applied field is expressed as

1 _ P
Pir
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3. RESULTS AND DISCUSSION

Numerical calculations are performed for delta doped square
quantum well of width Lz with the parameters give in Table I.

Table 1. Material Parameters of PbTe

Parameters Values
Electron effective mass m*(Kg) 0.058m,
Longitudinal elastic constant 12.43x10™ (at 77K) &
C;(N.m?) 10.80x10' (at 300K)
Static dielectric constant, i 428 (77K) &

) 380 (300K)

Optic dielectric constant, g 37
Background ionized impurity 6x10°"
concentration, ny(m™)
LO phonon energy 13.6 meV
Lattice Constant a(A) 6.46
Mass density p (g/em’) 2.12
L O Phonon angular frequency 2.064x10"
Acoustic deformation potential 24 eV

The variation of 2D electron sheet density N with quantum well
width L, is shown in Fig. 3. The curve a is for delta doped QW
and it is plotted with Ls=5nm and doping density, n*’=1x10"® m
2. Curve b is for homogeneously doped QW and it is plotted
with Ls=5nm and doping density of 1x10** m™. The 2D electron
sheet density increases with increasing L; and it is found to be
higher for delta doped QW than the homogeneously doped QW.
The high concentration of two dimensional electron gas in delta
doped QW is due to the quantum size effect in the delta doped
region and spatial localization of donor impurities [16]. The
nature of variation can be explained in a manner similar to the
work reported in [15].
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Fig 3: Variation of 2D electron density Ng with quantum
well width L, for x=0.3and Ls=5nm. Curve a is for delta
doped QW with a doping density of 1x10'® m™>. Curve b is
for homogeneous doped QW with a doping density of
1x10%m™
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Fig. 4 shows the variation of ac mobility (,.) with frequency of
the applied electric field for typical biasing field of 0.5x105V/m
at 77K. The curves are obtained with quantum well width L;=10
nm, Lg=5 nm and other parameters values same as those used in
Fig. 3. The ac mobility is found to be higher for the delta doped
QW than the homogeneous doped QW and it is due to more
pronounced increase in ac mobility with enhanced carrier
concentration in the former. The 3dB cut-off frequency is 190
GHz for delta doping and 220GHz for homogeneous doping
thereby reflecting that delta doped QWs are frequency limited
although their performance is better within the operating
frequency limit.
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Fig 4: Variation of p,. with frequency of the applied field at
77K for L;=10nm, Lg=5 nm, N;=6x10>'m, n"°=1x10**m™ and
n?’=1x10'* m™ The curves marked a and b represents the
results for delta doped QW and conventional homogeneously
doped QW, respectively.
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4. CONCLUSION

In this work we have investigated the effects of delta doping on
the carrier concentration and ac mobility of the two dimensional
hot electrons in a square PbTe/PbEuTe QW. Our calculations
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show the basic effect of 2D electron concentration and mobility
enhancement in PbTe QW with delta doping in the barrier
PbEuTe layer. The observed increase in 2D electron
concentration of the PbTe quantum well in delta doped
structures is due to quantum-size effect. The use of delta doping
in the barrier layer leads to enhanced 2D electron density which
in turn enhanced the carrier mobility in the QW thereby
establishing the scope of getting high speed devices with delta
doping. Our results will be best understood when they will
appear in the literature as currently there is no such data
available.
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