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Abstract The electronic sub-band structure, potential
profile and charge distribution of delta(é)-doped GaAs/
Aly3Gag7As and Ing s3Gag 47As/InP core—shell nanowires
have been investigated in the effective mass approximation
by varying systematically the position and sheet density of the
o-layer. The one-dimensional electron gas charge distribution
has a maximum at the core but not at the GaAs/Aly 3Gag 7As
or Ing 53Gag 47As/InP interfaces, as in the case of epitaxial
layer heterojunctions, irrespective of the position of the o-
layer. In contrast, carriers can be confined in a quasi-trian-
gular potential well occupying several sub-bands that fall
below the Fermi level at an InP/Ing 53Gag 47As core—shell
heterojunction with a wider bandgap core, resembling the
case of epitaxial layer heterojunctions, or in an InP/InGaAs/
InP multiple core—shell nanowire. We discuss the need for
adjusting the doping level to avoid strong band bending
causing a shift of the charge distribution to the core.
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Introduction

M-V compound semiconductor nanowires (NWs) with a
changing composition in the axial or radial direction such
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as InAs/InP/InAs/InP/InAs axial NW resonant tunneling
diodes (RTDs) (Bjork et al. 2002) or GaAs/AlGaAs core—
shell NW field effect transistors (FETs) (Morral et al. 2008;
Heigoldt et al. 2009) are important for the fabrication of
emerging devices in view of the ongoing downscaling of
integrated circuits (ICs). In particular the ability to obtain
high mobility III-V NWs on Si is important for increasing
the speed of ICs as shown by (Tomioka et al. 2012) who
used delta(d)-doping to obtain a high-performance InGaAs/
InP/InAlAs/InGaAs core—shell NW FET on Si. The band
profile and charge distribution in this InGaAs/InP/InAlAs/
InGaAs core—shell NW FET were calculated in the effec-
tive mass approximation via the self-consistent solution of
the Poisson—Schrodinger equations taking into account a
two-dimensional density of states applicable to quantum
wells. It was shown that the charge is confined in a quasi-
triangular potential well at the interface similar to the case
of epitaxial heterostructures (Heigoldt et al. 2009). The
ability to tailor the charge or carrier density and its spatial
distribution or location is very important and may be
achieved by delta(d)-doping. In the case of a single J-layer
of n-type impurities in an epitaxial layer of GaAs electrons
are confined in a V-shaped electrostatic potential due to the
positively ionized impurities. The two-dimensional elec-
tron gas (2DEG) is confined in the vicinity of the d-layer
which may be deposited at any distance below the surface
of the epitaxial layer by interrupting the growth process.
Delta(d)-doping has been used to tailor the band profile and
charge distribution in AlGaAs/GaAs heterojunctions or
GaAs/InGaAs/GaAs quantum wells (Ke et al. 1996; Zervos
et al. 1998, 1999). However, delta(d)-doping in III-V core—
shell NWs has not been explored in great detail. Delta(d)-
doping was initially proposed by (Zhong et al. 2004) as a
way to improve the carrier mobility in semiconductor NWs
while the transport properties of single d-layers of P (n-
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type) or B (p-type) in Si NWs grown by the vapor-liquid—
solid (VLS) mechanism were investigated by (Park 2008)
who showed that d-doping results into an increase of mobility
and transconductances of NW FETs by a factor of forty. In
contrast, single J-layers in III-V NWs with a uniform com-
position have not been investigated in a similar way to gain an
understanding of the impurity incorporation and re-distribu-
tion mechanisms and its effect on the transport properties
despite the fact that d-doping is promising for the realization
of high-performance nanoscale devices according to (Lucot
et al. 2011). Recently, the electronic sub-band structure and
charge distribution of single d-layers in GaAs NWs were
investigated from a theoretical point of view in cylindrical
coordinates and the effective mass approximation (Zervos
2013). However, there are no investigations on tailoring the
electronic sub-band structure and charge distribution of III-V
core—shell NWs using d-doping which is important for the
realization of optimum performance nanoelectronic devices.
Hence, the electronic properties of delta(d)-doped GaAs/
Alg 3Gag ;As and Ing 53Gag 47As/InP core—shell NWs such as
the energetic position of the one-dimensional sub-bands,
corresponding wavefunctions, charge distribution and
potential profile have been investigated via the self-consistent
solution of the Poisson—Schrdodinger equations in cylindrical
coordinates and the effective mass approximation using a
one-dimensional density of states and by varying systemati-
cally the position and sheet density of the J-layer similar to
the case of epitaxial layer heterostructures (Ke et al. 1996;
Zervos et al. 1998, 1999). We find that the one-dimensional
electron gas (1DEG) charge distribution has a maximum at
the core but not at the GaAs/Aly 3Gag 7As or Ing 53Gag 47As/
InP interface irrespective of the position of the d-layer given
since the Fermi level is pinned below the conduction band
edge at the surface. However, a 1DEG can be confined in a
quasi-triangular potential well occupying several sub-bands
that fall below the Fermi level at an InP/Ing 53Gag 47As core—
shell heterojunction or in a square-like potential in a InP/
Ing 53Gag 47As/InP core—shell NW given that the doping level
is adjusted carefully to avoid strong band bending causing a
shift of the charge distribution to the core.

Theory

Here we will consider the case of infinitely core—shell NWs
in cylindrical coordinates so that the effective mass m" and
permittivity ¢, do not depend on —z or —0. In this case,
electrons are free along —z but are confined in —r and —0
and occupy one-dimensional sub-bands in the conduction
band (CB) forming a one-dimensional electron gas (IDEG)
charge distribution. To determine the energetic position of
the one-dimensional sub-bands, their occupancy, overall
charge distribution and band bending it is necessary to
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solve the Poisson—Schrodinger’s equations in —r and —0 in
a self-consistent fashion. In such a self-consistent calcu-
lation, Schrodinger’s equation is initially solved for a trial
potential V and the charge distribution p is subsequently
determined by multiplying the normalized probability
density, [/|*, by the thermal occupancy of each sub-band
with energy E; using Fermi—Dirac statistics and summing
over all k. The Poisson equation is then solved for this
charge distribution to find a new potential V' and the pro-
cess is repeated until convergence is reached. Therefore,
we consider first Schrodinger’s equation in —r and —0
which is given by,
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where 7 is Planck’s constant divided by 27, m*(r, 0) is the
effective mass of the electron, V(r, 0) is the conduction
band edge potential, y/(r, 0) is the wavefunction and E the
corresponding sub-band energy. We assume that the
potential is circularly symmetric and hence we consider
wavefunctions of the form y(r, 6) = lp(r)ei’”o where
m=0, +1, £2, +£3,... is the angular momentum
quantum number corresponding to quantization in —0.
The potential V(r) is related to the electrostatic potential ¢
(r) via

V(r) = —e¢(r) + AEC (1), (2)

where AEX T 1(r) is a pseudopotential due to the band
offset between materials of different composition in
adjacent shells i and i 4+ 1. Finite differences are used to
express Schrodinger’s equation into a standard matrix
eigenvalue problem, i.e.,

Hmle = Emlpma (3)

where H,, is the Hamiltonian matrix for a specific angular
momentum number m, which is described in detail
elsewhere (Zervos and Feiner 2004). To verify the
correctness of the matrix setup, the ground state energy
and wavefunction were calculated for a core—shell NW
consisting of a 100 A GaAs core surrounded by a 100 A
AlGaAs shell with maGaas = 0.092 My,  MGaps =
0.067 m, and AEc =0.23 eV at the GaAs/AlGaAs
heterointerface by solving the Schrédinger along —r. The
step-like potential was zero everywhere inside the GaAs
core and equal to AEc = 0.23 eV in the AlGaAs shell. The
lowest state E,_;,,-0 = 24 meV was found to be in
excellent agreement with the numerical results of
Harrison (Dots 1081) derived using the shooting method.
The dependence of E,_; -0 on the radius of the GaAs/
AlGaAs NW was also checked and found to be in
agreement with Harrison (Dots 1081), i.e., for a 40 A
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GaAs/100 A AlGaAs NW, E, | =0 = 96 meV. In the case
of an infinitely long nanowire, the wavefunctions take the
form (r, z, 0) = Y(r)e™’e" and are normalized according
to,

R

(2n)? / () Pdr = 1, 4)
0

where R is the radius of the nanowire. The one-dimensional
electron gas (1IDEG) density is given by the expression,

anW’k ) (5)

where summation runs over the sub-bands and for each k
the angular momentum quantum number takes on the
values m = 0, +1, +2, +3,.... Furthermore n; is the
thermal occupancy of the kth sub-band which is given by,
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where kg is Boltzmann’s constant, 7 is the temperature, Ex
is the Fermi level, E; the energy of the bottom of the kth
sub-band and J_,, the Fermi-Dirac integral of order —1/2.
The factor in front of JI_;,, comes from the 1D density of
states (DOS) and the units of n; are those of a line density
(m™"), which when multiplied by the normalized
probability density gives the volume density npgg(7).
The overall charge density p(r) is then given by,

p(r) = e(Np (r) = mpec(r)) (7)

where e is the electron charge and Np(7) is the distribution
of the ionized donor impurities which is assumed to be
known. Using p(r) and the potential V(r) which is related to
the electrostatic potential ¢(r) via V(r) = —edp(r), it is
possible to solve the Poisson equation in cylindrical
coordinates,

¢ 10 p(r)

or2  ror £l

(3)

where ¢, is the permittivity of free space and ¢, is the
relative permittivity. The exact or self-consistent potential
¢o(r) is expressed in terms of the trial potential ¢(r) and a
correction potential d¢(r),

bo(r) = ¢(r) + 06(r) ©)

This is substituted into Poisson’s equation which is solved
to find d¢(r). However, it is necessary to find an expression
for the change in the quantum density 7n,pgg(r) given a small
change d¢. This is required since npgg(r) is also dependent
on the potential ¢, i.e., nipgg(r,¢). A perturbation ¢ — ¢
4+ 0¢ will change the quantum electron density from

n1peG(Q) to nipec(¢P + 6¢),

n1pEG (¢ + 0¢) = nipec(¢) + dnipec (¢, 6¢) (10)

The method of Trellakis et al. (Trellakis et al. 1997) is
adopted who derives an expression for onjpgg(¢p, 0¢)
applicable to quantization in an infinite nanowire of square
cross-section and then using the derivative property of the
Fermi-Dirac integrals simplifies nippg(¢p + d¢) to,

2m*kgT Er — E 0
[2m B Z‘//k S 3/2( F kkT+q ¢>
(11)

Using on1pgg(¢, 0¢) and nipeg(¢p + d¢) in Poisson’s
equation, yields an expression that may be expressed in
matrix form and is effectively a linear system of equations
in the unknown vector d¢. After adding d¢(r, z) onto the
trial potential ¢(r, z) the process of solving the Poisson—
Schrédinger equations is repeated until convergence is
reached, i.e., when the average of the d¢(r, 7) is typically
less than 0.1 meV and charge neutrality is achieved which
was always checked to confirm the validity of the solution.

nipec(¢ + 0¢) =

Results and discussion

We will consider first the case of a modulation-doped
(MD) core—shell GaAs/Aly3Gag;As NW to obtain an
understanding of the single heterojunction and compare to
the case of epitaxial layer GaAs/Aly3Gag;As heterojunc-
tions. In this case, the GaAs and Aly;Gag,As are lattice
matched and the GaAs/Aly3Gag-As heterointerface is of
type I according to (; Pryor and Pistol 2005, 2008). In
addition, we take into account (a) the position of the Fermi
level with respect to the CB edge at the surface which is
pinned at the middle of the gap (b) the dielectric permit-
tivity &g = 13.1 and effective mass of electrons
m, = 0.067 m, in GaAs (c) &g = 13.1 and m, = 0.092 m,,
in Aly;Gag,As and (d) the CB offset at the GaAs/
Al »5Gag 75As interface, i.e., AEc ~ 0.6 AEg = 0.25 eV.

The CB profile of a 25-snm GaAs/20 nm Al 3Gag7As/
5 nm GaAs core—shell NW which is uniformly doped to
5 x 10" cm™ with Si impurities in the Alo3Gag7As shell
is shown as an inset in Fig. 1a. We should note that the
surface shell of GaAs which is grown to prevent oxidation
of the Aly3Gag;As is depleted throughout. The CB profile
has a parabolic U-like shape in the Aly3Gag;As barrier and
the 1DEG charge distribution has a maximum at the core
but not in the immediate vicinity of the Al ;Gag;As/GaAs
interface. The 1DEG charge distribution extends into the
Alp3Gag7As barrier due to the high doping level and
increased band bending which make the CB edge fall
below the Fermi level in the vicinity of the interface. This
is different to the case of epitaxial layer GaAs/AlGaAs
heterojunctions, where the 1DEG charge distribution is
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Fig. 1 CB profile and 1DEG charge distribution of a core—shell
GaAs/Aly3Gag7As  NW  with a  o-layer of 10 nm with
Nop=1x 10%cm™ at the surface; inset shows GaAs/
Al 3Gag7As/GaAs core—shell NW with uniform doping of

confined in a quasi-triangular potential well at the inter-
face and is attributed to the fact that the boundary con-
ditions are different in the case of epitaxial layer
heterojunctions where the Fermi level is pinned below the
conduction band edge at the surface and is also fixed with
respect to the CB edge far from the GaAs/AlGaAs
interface as governed by the doping level in the GaAs
buffer layer. In the case of GaAs/AlGaAs NWs, the Fermi
level is not fixed with respect to the CB edge at » = 0 but
only the electric field is always zero at r = 0 by virtue of
Gauss’s law.

Delta(d)-doping may be used to tailor the potential
profile but not the concentric position of the 1DEG charge
distribution. More specifically, the CB profile of a d-doped
GaAs/Alp3Gag;As core—shell NW is shown in Fig. la
where the d-layer at the surface has a width of 10 nm and a
sheet density of 1 x 10" ¢cm™2. In this case, three sub-
bands fall below the Fermi level and the 1DEG charge
distribution has a maximum at the core. Note that the CB
edge on the right of the GaAs/Aly,5Gag7sAs interface
resides above the Fermi level thereby preventing the 1IDEG
from spreading into the Aly,5Gag;sAs barrier which is
observed in the case of uniform doping as shown in the
inset of Fig. la. Similarly J-doping at the GaAs/
Aly,5Gag75As interface, shown as an inset in Fig. 1b,
resembles the energy band diagram of a GaAs/
Aly25Gag 75As epitaxial layer heterojunction. A total of six
sub-bands are obtained when the J-layer has a width of
4 nm and a sheet density of 4 x 10" cm™> but the 1DEG
charge distribution has a maximum at the core. Finally 6-
doping at the core gives two sub-bands as opposed to six
for d-doping at the GaAs/Aly,5Gag 75As interface but the
1DEG has again a maximum at the core as shown in
Fig. 1b. In all of these cases, the carrier mobility is antic-
ipated to be highest when the d-layer is at the surface and is
lowest when confined to the core. Evidently one may tailor
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Fig. 2 CB profile and 1DEG charge distribution of an Inj 53Gag 47As/
InP/Ing s3Gag47As NW with d-layer of 10 nm and N3p = 1 X 10'8
cm™? in the InP barrier

the carrier density but it is difficult to control the radial
position of the 1DEG and obtain confinement in the
immediate vicinity of  the GaAs/Aly3Gag ;As
heterojunction.

We observe similar trends in the case of Ings3Gag 47As/
InP/Ing 53Gag 47As core—shell NWs. More specifically, the
energy band diagram of a 600 A Ing 53Gag 47As/200 A InP/
100 A Ing 53Gag 47As core—shell NW with a d-layer having
a spread of 10 nm and N3p =5 X 10" em™2 in the InP
barrier is shown in Fig. 2. This is similar to the ¢-doped
InGaAs/InP/InAlAs/InGaAs core—shell NW of (Tomioka
et al. 2012) and the 1DEG charge distribution has a max-
imum at the core but not at the Ing 53Gag 47As/InP hetero-
junction. We also find that the 1DEG charge distribution
remains confined to the core upon reducing the core
diameter and increasing the surface shell thickness keeping
all else equal. In other words, only a small fraction of the
IDEG charge distribution is confined in the surface
Ing 53Gag 47As shell. This is different to the charge distri-
bution obtained using an SCPS solver that is applicable to
quantum wells.
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Fig. 3 CB profile and 1DEG charge distribution of an InP/
Ing 53Gag 47As core-shell heterojunction with a J-layer of 10 nm
and N3p = 5 x 10" ecm™ in the InP core; also shown the three sub-
bands that fall below the Fermi level with wavefunctions confined in
the quasi-triangular potential well which are offset for clarity in the
inset
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Fig. 4 CB profile of a 200 A InP/Ings3Gao47As/200 A InP with
different Ing 53Gag 47As thicknesses of 1, 2, 6, 8, 10 and 15 nm which
is uniformly doped to 1 x 10'® cm™ in the GaAs surface shell; inset
shows 1DEG charge distributions for 6, 8, 10 and 15 nm
Ing 53Gag 47As and equivalent line densities

One may manipulate the concentric position of the
1DEG in a more effective way via the formation of an InP/
Ing 53Gag 47As core—shell heterojunction as shown in Fig. 3
where the core has a larger energy bandgap than the shell.
In this case, the 1DEG is confined in a quasi-triangular
potential well that extends over 200 A and three sub-bands
fall below the Fermi level while their normalized wave-
functions are shown for completeness as an inset in Fig. 3.
This is very similar to the case of epitaxial layer hetero-
junctions and one may adjust the concentric position of the
IDEG by simply increasing the core radius but it is
important to point out that there will be a slight build up of
charge in the core upon increasing the doping level. Fur-
thermore, one may attain even more control over the IDEG
charge distribution and energetic position of the one-
dimensional sub-bands in an InP/Ing s3Gag 47As/InP core—
shell NW. The potential profile for different Ing 53Gag 47As

shell thicknesses and a wuniform distribution of
Np =1 x 10" cm™ in the surface shell is shown in
Fig. 4. The 1DEG is always confined in the Ing 53Gag 47AS
and the potential has a parabolic-like shape in the surface
shell while a flat band condition is reached in the core.
More specifically, we find that a single sub-band is con-
fined in a 10-50 A Ing 53Gag 47As shell but this resides
energetically above the Fermi level so it is not heavily
occupied and the core—shell NW is depleted throughout.
However, for a 60 A Ing 53Gag 47As shell, we find that a
single sub-band falls 59 meV below the Fermi level and
the corresponding 1DEG line density is equal to
1.9 x 10* m™" with a maximum of 3 x 10"" cm™ keep-
ing all else equal. This sub-band drops to 143 meV below
the Fermi level upon increasing the thickness of the
Ing 53Gag 47As shell to 100 A which is also accompanied by
an increase in the 1DEG line density to 3.2 x 10* m™'. In
contrast, we find two sub-bands below the Fermi level
when the thickness of the Ing 53Gag 47As is 150 A, in which
case the 1DEG charge distribution is broader and has a line
density of 6.2 x 108 m~". In all of these cases, the IDEG
is confined to the Ings3Gag47As shell. Increasing the
doping level in the InP surface shell will result into
stronger band bending and a further increase in the IDEG
line density but the doping level and the surface shell
thickness must be carefully controlled to prevent a shift of
the 1DEG maximum to the core. The above findings are
important for the design and realization of high-perfor-
mance nanoelectronic devices such as core-shell NW
FETs.

Conclusion

The electronic properties of delta(d)-doped GaAs/
Alp3Gag,As and Ings3Gag 47As/InP  core—shell hetero-
junctions, such as the energetic position of the one-
dimensional sub-bands, corresponding wavefunctions and
charge distribution, but also the potential profile have been
investigated via the self-consistent solution of the Poisson-
Schrodinger equations in the effective mass approximation
by taking into account a one-dimensional density of states
and varying systematically the position and sheet density of
the o-layer. The 1DEG charge distribution has a maximum
at the core but not in the immediate vicinity of the GaAs/
Aly3Gag ;As or Ing 53Gag 47As/InP interfaces. In contrast a
1DEG can be confined in a quasi-triangular potential well
at the InP/Ing 53Gag 47As core—shell heterojunction with a
larger band gap core, resembling the case of epitaxial layer
heterojunctions or in a square-like potential in InP/
Ing 53Gag 47As/InP core—shell NW but the doping level
must be adjusted carefully to prevent a shift of the 1DEG
charge distribution maximum to the core.
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