
XML-IS

Our reference: PHYSE 11505 P-authorquery-vx

AUTHOR QUERY FORM

Journal: PHYSE

Please e-mail or fax your responses and any corrections to:

Article Number: 11505

E-mail: corrections.esch@elsevier.macipd.com

Fax: +44 1392 285878

Dear Author,

Please check your proof carefully and mark all corrections at the appropriate place in the proof (e.g., by using on-screen annotation in

the PDF file) or compile them in a separate list. Note: if you opt to annotate the file with software other than Adobe Reader then please

also highlight the appropriate place in the PDF file. To ensure fast publication of your paper please return your corrections within 48

hours.

For correction or revision of any artwork, please consult http://www.elsevier.com/artworkinstructions.

Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in the

proof. Click on the Q link to go to the location in the proof.

Location in

article

Query / Remark: click on the Q link to go

Please insert your reply or correction at the corresponding line in the proof

Q1 Please confirm that given name and surname have been identified correctly.

Q2 Please check the e-mail address of the corresponding author, and correct if necessary.

Thank you for your assistance.

Please check this box or indicate your approval
if you have no corrections to make to the PDF file ZQBX



Geometry-induced electron doping in periodic
semiconductor nanostructures
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H I G H L I G H T S

� Influence of nanograting on electro-
nic properties of thin semiconductor
layer is studied.

� Geometry induced doping or G-dop-
ing is introduced.

� G-doping in the system of homo-
junction and heterojunction multi-
ple nanograting layers is analyzed.

� Using of G-doping for high carrier
mobility applications is discussed.

� Methods of growing multiple nano-
grating layers are discussed.
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a b s t r a c t

Recently, new quantum features have been observed and studied in the area of nanostructured layers.
Nanograting on the surface of the thin layer imposes additional boundary conditions on the electron
wave function and induces G-doping or geometry doping. G-doping is equivalent to donor doping from
the point of view of the increase in electron concentration n. However, there are no ionized impurities.
This preserves charge carrier scattering to the intrinsic semiconductor level and increases carrier
mobility with respect to the donor-doped layer. G-doping involves electron confinement to the
nanograting layer. Here, we investigate the system of multiple nanograting layers forming a series of
hetero- or homojunctions. The system includes main and barrier layers. In the case of heterojunctions,
both types of layers were G-doped. In the case of homojunctions, main layers were G-doped and barrier
layers were donor-doped. In such systems, the dependence of n on layer geometry and material
parameters was analysed. Si and GaAs homojunctions and GaAs/AlGaAs, Si/SiGe, GaInP/AlGAs, and InP/
InAlAs heterojunctions were studied. G-doping levels of 1018–1019 cm�3 were obtained in homojunctions
and type II heterojunctions. High G-doping levels were attained only when the difference between band
gap values was low.

& 2014 Published by Elsevier B.V.

1. Introduction

Developments in nanotechnology allow the fabrication of
densely packed, periodic structures [1–4]. Recently, ultra short
period nanopore arrays and nanogratings have been obtained
by block copolymer lithography [1,2]. Another method for nanograting

fabrication is a multi-beam interference lithography. Using these
techniques, gratings with 10-nm (Ref. [3]) and even sub-10 nm pitch
[4] have been fabricated. At the same time, nanograting (NG) has been
shown to dramatically improve thermoelectric [5] and electron
emission properties [6] when the grating pitch becomes comparable
with the electron's de Broglie wavelength. This is due to the special
boundary conditions imposed by NG on the electron wave function.
Supplementary boundary conditions forbid some quantum states, and
the density of quantum states (DOS) is reduced (in all bands). Electrons
rejected from NG-forbidden quantum states have to occupy empty
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states with a higher energy E Fermi energy EF increases, and the
electronic properties of the NG layer change. In the case of semi-
conductor materials, electrons rejected from the valence band (VB)
occupy empty quantum states in the conduction band (CB). Electron
concentration n in the CB increases, which can be termed as
geometry-induced electron doping or G-doping. G-doping is equiva-
lent to donor doping from the point of view of the increase in n and
Fermi energy EF . However, there are no ionized impurities. This
maintains charge carrier scattering to the intrinsic semiconductor
level and increases carrier mobility with respect to the donor-doped
layer of the same electron concentration. G-doping is temperature
independent because it originates from layer geometry and no ionized
impurities are involved.

Other methods of doping without impurities include the well-
known modulation doping and the recently introduced polariza-
tion doping [7]. Both are 2D in nature. However, a 3D approach to
modulation doping was introduced in Ref. [8] to improve the
thermoelelectric characteristics of nanocomposites [9,10]. The
influence of periodic structures on electronic properties has been
studied in related geometries, such as periodic curved surfaces
[11,12], nanotubes [13], cylindrical surfaces with nonconstant
diameter [14], and strain-driven nanostructures [15].

Electron confinement to the NG layer is needed to obtain
G-doping. The layer can be made freestanding, but in practice it
is usually sandwiched between wide bandgap layers. The NG layer
thickness is fundamentally limited by the requirement of having
quantum properties. However, thin layers have low optical absorp-
tion. The layer thickness also limits the lateral charge and heat
transport.

Here, we investigate G-doping in multiple nanograting layers.
Such layers are quasi-3D and have improved optoelectronic [16]
and thermoelectric characteristics with respect to a single layer.
Multiple nanograting layers consist of a replicated structure
including main and barrier layers, forming a series of hetero- or
homojunctions. The main layer is thicker than the barrier layer
and plays a leading role in carrier transport and optical absorption.
The barrier layer forms electron confinement energy regions. It
also contributes to carrier transport and optical absorption. Both
the main and barrier layers have NG geometry.

The objectives of this work are to calculate n and EF in multiple
nanograting layers and to find out how they are dependent
on layer thicknesses and material properties. First, we intro-
duce G-doping in a single nanograting layer (Section 2). Next,
we calculate n and EF in a homojunction multilayer structure
(Section 3). Subsequently, we calculate the same for a heterojunc-
tion multilayer structure (Section 4). Finally, the possibility of
realizing such structures and their advantages for optoelectronic
and thermoelectric devices are discussed (Section 4.4). In Section 5,
our conclusions are summarized briefly. An analysis is made within
the limits of a parabolic band, a wide quantumwell, and degenerate
electron gas approximations. A parabolic band approximation can
be used as we consider only band edges. Wide quantum well is a
good approximation as we regard relatively thick layers with better
optical absorption and lateral transport properties. Degenerate
electron gas approximation is suitable as we consider only high
electron concentrations (high G-doping levels).

2. DOS and electron concentration in a single nanograting
layer

Fig. 1 shows a cross section of a single NG layer. The grating has
depth a and period 2w. To make a comparison, we set the
reference layer as a plain layer with thickness H such that it has
the same cross-section area. Nanograting imposes additional
boundary conditions on the electron wave function and forbids

some quantum states. The DOS in energy ρðEÞ is reduced [17] with
respect to the reference well

ρðEÞ ¼ ρ0ðEÞ=G; ð1Þ
where ρ0ðEÞ is the DOS (number of quantum states within the unit
energy region and in the unit volume) in a reference well, and
G¼ GðH;w; aÞ41 is the geometry factor.

The geometry factor or DOS calculation requires solving the
time-independent Schrödinger equation in NG geometry. Mathe-
matically, there is no difference between DOS reduction and
electromagnetic (TM) mode depression [18,19]. The Helmholtz
equation and Dirichlet boundary conditions are used in both cases.
Unfortunately, there is no exact analytical solution for NG geome-
try. The approximate analytical expression known as Weyl's
formula [20,21] allows the calculation of DOS by using a ratio of
layer surface area and volume. The perturbation method [22] has
been used to find an approximate analytical expression for G in NG
geometry. The DOS for electromagnetic modes in resembling
geometries has been numerically calculated in the literature
related to the Casimir effect [23].

Nanograting reduces the DOS in all bands. Electrons rejected
from NG-forbidden quantum states have to occupy empty quan-
tum states with higher E. In a semiconductor, electrons rejected
from the VB have to occupy empty (and not forbidden by NG)
energy levels in the CB (Fig. 2). Electrons are rejected from low
energy levels and occupy high energy ones. During this process,
the Fermi energy increases from Eð0ÞF to EF . To simplify the
presentation, in Fig. 2, we presume that T¼0 (T is the absolute
temperature) and the energy levels are equidistant on the energy
scale (the geometry-induced energy level shift is also ignored).
We use Eq. (1) to calculate the DOS and investigate the G-dependence
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Fig. 1. Cross section of nanograting layer.

Fig. 2. Energy diagrams of (a) the reference semiconductor quantum well and
(b) the NG layer. The horizontal (green) lines indicate occupied energy levels; the
crossed (red) lines indicate NG-forbidden energy levels. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

A. Tavkhelidze / Physica E ∎ (∎∎∎∎) ∎∎∎–∎∎∎2

Please cite this article as: A. Tavkhelidze, Physica E (2014), http://dx.doi.org/10.1016/j.physe.2014.01.028i

http://dx.doi.org/10.1016/j.physe.2014.01.028
http://dx.doi.org/10.1016/j.physe.2014.01.028
http://dx.doi.org/10.1016/j.physe.2014.01.028
Original Text
a)--

Original Text
b)--



of n and EF . The density of the NG-forbidden quantum states is

ρF ðEÞ ¼ ρ0ðEÞ�ρ0ðEÞ=G¼ ρ0ðEÞ ð1�1=GÞ ð2Þ
To determine the number of rejected electrons nr (per unit

volume), Eq. (2) should be integrated over the electron confine-
ment energy region.

nr ¼
Z
con

dE ρF ðEÞ ¼ ð1�1=GÞ
Z
con

dE ρ0ðEÞ ð3Þ

Here, we assume that electron confinement takes place only in
narrow energy intervals inside which G is energy-independent. In
most cases, the thin layer is grown on a semiconductor substrate,
and the confinement energy regions are band offsets (Fig. 3).

To obtain electron confinement in multiple NG layers, transi-
tional barrier layers are required. We consider cases of wide
bandgap material forming a heterojunction and the same material
forming a homojunction. In the case of the heterojunction, the
confinement regions are band discontinuities (both type-I and
type-II band alignments are considered). In the case of the
homojunction, the confinement regions originate from barrier
layer donor doping.

3. Electronic properties of multiple homojunction NG layer

We begin by calculating n in a homojunction NG layer, which is
relatively straightforward. A homojunction is formed between the
intrinsic main layer and a donor-doped barrier layer. Let us
consider a case in which all layers have a plain geometry (NG is
not yet formed). Fig. 3a shows an energy diagram of such structure
(typically obtained by homoepitaxal growth) [24]. Charge deple-
tion regions form inside both the i-type main layer and the n-type
barrier layer. The band edges curve, shaping the confinement
regions in the main layer VB and in the barrier layer CB. Electrons
with energies EV �ΔEð0ÞconoEoEV are confined to the main layers,
and those with energies EC�ΔEð0ÞconoEoEC are confined to the
barrier layers. Here, we assume that both the main and barrier
layers are relatively thick such that the electron wave functions do
not overlap and we can ignore the mini-band formation.

3.1. Influence of nanograting

Next, we fabricate NG on the surface of all layers simulta-
neously (the fabrication of such structure is discussed later in
this work). NG forbids some energy levels (red lines) and induces
G-doping depending on the geometry factor value. We introduce
the two geometry factors Gm and Gb for the main and barrier
layers, respectively (the layers have different geometry factors
owing to their varying thicknesses).

If Gm41 some electrons are rejected from the VB of the main
layer (Fig. 4). If Gb41 some electrons are rejected from the CB of
the barrier layer and occupy higher energy levels in the same
band. First, let us consider the cases of Gm41 and Gb ¼ 1. When
Gm41, the Fermi level increases in the main layer, which is
equivalent to shifting band edges down on the energy scale. When
Gb ¼ 1, the band edges remain intact in the barrier layer. With the
downward shift in the main layer, the VB confinement region will
shrink, and fewer electrons will be rejected from the CB. This will
continue until the rejected electrons achieve some equilibrium
value. In other words, the downward shift of the band edge
provides negative feedback to the G-doping process. Next, let us
consider the cases of Gm41 and Gb41. Here, the barrier layer
band edges also shift downward, which leads the confinement
energy regions to widen. This increases the number of rejected
electrons in the main layer. In other words, barrier layer G-doping
provides positive feedback to main layer G-doping. Finally, we
have a combination of negative feedback originating from the
main layer and positive feedback originating from the barrier layer.
In the case of overall negative feedback, the G-doping of the two
layers will become saturated, and an equilibrium value of ΔEcon
will be attained (Fig. 4b). The equilibrium value depends on Gm, Gb,
and semiconductor material parameters.

3.2. Electron confinement energy region

To find ΔEcon we first have to calculate the electron concentra-
tion in both the main and barrier layers. Applying Eq. (2) to the
main layer, we find the number of rejected electrons

nr ¼ ð1�1=GmÞ
Z EV �ΔEcon

EV
dE ρ0V ðEÞ; ð4Þ

where ρ0V ðEÞ is the initial (to NG) DOS in the main layer VB. Let us
consider the case in which the number of rejected electrons is
much higher than the initial number of electrons in the CB, nrbn0.
Then, the CB electron concentration will be merely nr . Further, we
use the following well-known expression of the valence band DOS
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Fig. 3. Electron confinement energy ranges in the system of the substrate and
NG layer.

Fig. 4. Homojunction structure energy diagrams: (a) before NG formation, (b) after
NG formation. The horizontal (green) lines indicate occupied energy levels; the
crossed (red) lines indicate NG-forbidden energy levels. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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to calculate nr [25]

ρ0V ðEÞ ¼ 2π�1=2NV ðkBTÞ�3=2ðE�EV Þ1=2 ð5Þ
here, NV is the effective VB density of states. Inserting Eq. (5) in
Eq. (4) and integrating (zero on an energy scale at EV ¼ 0), we find

nr ¼ ð4=3 ffiffiffi
π

p Þ NV ð1�1=GmÞ ðΔEcon=kbTÞ3=2 ð6Þ
Further, we determine the Fermi levels in both layers by using

the corresponding electron concentrations. According to the well-
known expression for degenerate semiconductors [26], the Fermi
level in the main layer can be found by.

EF�EðmÞ
C ¼ kBT ln ðnr=NCÞþ2�3=2ðnr=NCÞ

h i
; ð7Þ

where NC is the effective CB density of states. The CB electron
concentration of the barrier layer does not change during NG
formation because there are no electrons transferred from the VB
to the CB. However, the Fermi level in the barrier layer moves up
on the energy scale owing to the NG-induced reduction in NC

EF�EðbÞC ¼ kBT ln ðGb nd=NCÞþ2�3=2ðGb nd=NCÞ
h i

ð8Þ

here, nd is the initial electron concentration in the barrier layer
(obtained by donor doping). The energy diagram (Fig. 4) shows
that ΔEcon ¼ EðmÞ

C �EðbÞC . Subtracting Eq. (7) from Eq. (8) and insert-
ing the last expression, we find

ðΔEcon=kBTÞ ¼ ln ðGbnd=nrÞþ2�3=2 ðGbnd�nrÞ=NC
� � ð9Þ

Inserting Eq. (6) in Eq. (9) and setting η�ΔEcon=kBT , we get the
following nonlinear equation for η

ηþ3
2
ln ηþ2�3=2 4

3
ffiffiffi
π

p NV

NC

Gm�1
Gm

η3=2

� ln
3
ffiffiffi
π

p
GmGb nd

4NV ðGm�1Þ �2�3=2Gb nd

NC
¼ 0 ð10Þ

Eq. (10) was solved numerically to find ΔEcon by using two
geometry factors and the nd, NC , and NV values for Si and GaAs
materials.

3.3. Electron concentration and Fermi level

The obtained values of ΔEcon were inserted in Eq. (6) to find nr .
Next, we obtained the Fermi level of the main layer by inserting
values of nr in Eq. (7). Formula Eq. (8) was used to find the Fermi
level position in the barrier layer. Table 1 shows the results for
geometry factors Gm¼1.02, Gb ¼ 1:1, and T¼300 K. For barrier
donor-doping levels of 1018–1020 cm�3 and G values rather close
to unity (Gm¼1.02, Gb ¼ 1:1), main layer G-doping levels of 1017–
1018 cm�3 were obtained. We chose these ranges of G-doping
levels because they are frequently used in applications. Higher and
lower G-doping levels can be obtained as well.

Table 1 shows that one-order-higher donor doping nd

(1020 cm�3) is needed in Si with respect to GaAs (1019 cm�3) to
obtain a G-doping level of 2.8�1018 cm�3. It is convenient to

interpret this result using terms of negative and positive feedback.
The negative feedback in the main layer is weaker for Si material
because it has a higher n0 value compared to GaAs. Owing to
this high n0, the band edges shift downward less rapidly with
increasing nr , following the well-known logarithmic dependence
ΔEF ¼ kBT ln ðnr=n0Þ. Because ΔEF being positive in our case, a
higher n0 result in weaker negative feedback. Weaker negative
feedback in the main layer requires weaker positive feedback in
the barrier layer to obtain equilibrium. Positive feedback is weaker
in highly donor-doped barrier layers (because shifting band edges
require more rejected electrons). This explains why a higher nd is
required in the Si barrier layer compared to GaAs.

As Fig. 3 shows, there are potential barriers for electrons in the CB
and holes in the VB of multilayer NG. These affect carrier transport in
the Z direction. However, the barrier height is ΔEcon, which is of the
order of a few kBT , as Table 1 indicates (except for very high levels of
donor doping, kBT ¼26meV for T¼300 K). Charge carriers easily
overcome such obstacles (thermionic emission), and their influence
can be ignored. In the case of high values of ΔEcon, barriers may
block carrier transport in the Z direction. To avoid this, a high level of
G-doping should be obtained not by increasing the donor doping of
barrier layers but by increasing the Gm and Gb values.

During numerical calculations, we kept EðmÞ
F and EðbÞF in proxi-

mity to the corresponding CB edges to stay within the limits of the
degenerate electron gas approximation (so that Eqs. (7) and (8) are
valid). For lower doping levels, other expressions should be used
instead of Eqs. (7) and (8).

4. Electronic properties of multiple heterojunction NGL

Here, we calculate n and EF in heterojunction layers. Fig. 4a
shows an energy diagram of NG layers consisting of relatively thick
main layers and thinner barrier layers. The band edges alignment
is type II. The barrier layer bandgap is wider. The band offsets are
ΔEC and ΔEV . A narrow quantumwell is formed in the barrier layer
VB. We assume that both layers are thick and the sub-band
formation can be ignored.

4.1. Influence of nanograting

When NG is applied, some quantum states become forbidden (red
lines) and G-doping is induced. First, let us consider the cases of Gb41
and Gm ¼ 1. When Gb41 electrons are rejected from the barrier layer
VB. The barrier layer band edges shift downward on the energy scale,
and G-doping is induced. The main layer band edges remain intact
when Gm ¼ 1. Owing to the downward shift, the VB confinement
region shrinks and fewer electrons are rejected. At the same time, a
quantum well forms in the CB of the barrier layer. When Gb41,
the DOS is reduced in this quantum well, and electrons rejected from
the VB have to occupy higher energy levels. This further magnifies
G-doping in the barrier layer. However, the barrier layer doping
process will become saturated because when the VB quantum well
depth drops to zero, no more electrons are rejected. Therefore, the
G-doping in the barrier layer will continue until the rejected electrons
reach some equilibrium value. In other words, the downward shift of
the barrier layer band edges provides negative feedback. The G-doping
in the barrier layer influences the main layer band edges as well. It
forms n7i contacts, and the main layer band edges curve downward
near the interfaces. This curving forms a new quantum well in the VB
of the main layer (Fig. 5b). Next, let us consider the cases of Gb41 and
Gm41. When Gm41, electrons are rejected from the newly formed
quantum well in the VB of the main layer. This induces G-doping in
the main layer and leads to a downward shift of its band edges. The
contract type of n7i changes to n7n. This reduces band edge curving
near the interface in both layers. The quantumwell in the barrier layer
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Table 1
Electron concentration and Fermi levels in the main and barrier layers for Si and
GaAs materials. Energy was measured from the corresponding layer CB edge.

Material nd [cm�3] ΔEcon [meV] nr [cm�3] EðmÞ
F [meV] EðbÞF [meV]

Si 3�1018 45 6�1017 103 58
1�1019 64 1�1018 89 25
3�1019 87 1�1018 77 �10
1�1020 126 2.8�1018 62 �64

GaAs 1�1018 47 3.2�1017 3.4 �44
3�1018 86 8�1017 �29 �115
5�1018 119 1.3�1018 �52 �172
1�1019 197 2.8�1018 �110 �297
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VB deepens, and the barrier layer G-doping is magnified. In other
words, the main layer provides positive feedback to G-doping in the
barrier layer. Finally, we have a combination of negative feedback
originating from the barrier layer and positive feedback originating
from the main layer. In the case of overall negative feedback, the
G-doping of the two layers will become saturated, and some equili-
brium values of EðmÞ

bi and EðbÞbi will be attained (Fig. 5b). These values
depend on Gb, Gm, material parameters, and band offsets.

4.2. Electron confinement energy regions

To obtain the equilibrium values EðmÞ
bi and EðbÞbi , we first have to

find the number of rejected electrons in both layers. Let us use the
condition of continuity of electric displacement ε Θ at the interface
(Ref. [23], p.127) of an isotype heterojunction. Here, ε is the
dielectric constant, and Θ is the electric field. In our case, the
condition of ε Θ continuity gives

ðnm=εmÞ kBTðexpðEðmÞ
bi =kBTÞ�1Þ�EðmÞ

bi

h i
¼ ðnb=εbÞEðbÞbi ð11Þ

here, nm and nb are the CB electron concentrations in the
corresponding layers, and εm and εb are dielectric constants. In
this expression, the exponential term accounts for the electron
accumulation in the main layer near the interface. Using Eq. (6)
and taking into account that the barrier layer VB quantum well
depth is ΔEV �EðmÞ

bi , we obtain the number of electrons rejected
from the barrier layer VB as

nðbÞ
r ¼ ð4=3 ffiffiffi

π
p ÞNðbÞ

V ð1�1=GbÞ ðΔEV �EðbÞbi Þ=kBT
h i3=2

ð12Þ

Repeating the same procedure for the main layer and taking
into account that its quantum well (VB) depth is EðmÞ

bi , we get

nðmÞ
r ¼ ð4=3 ffiffiffi

π
p ÞNðmÞ

V ð1�1=GmÞ EðmÞ
bi =kBT

h i3=2
ð13Þ

In the cases of nmbnðmÞ
0 and nbbnðbÞ

0 , where nðmÞ
0 and nðbÞ

0 are
the initial electron concentrations in the CB, we merely write

nb ¼ nðbÞ
r and nm ¼ nðmÞ

r ð14Þ
Inserting Eqs. (13) and (12) in Eq. (14) and further inserting the

resulting nb and nm in Eq. (11) gives the following nonlinear
equation for EðmÞ

bi and EðbÞbi

α
kBT

EðbÞbi

exp
EðmÞ
bi

kBT
�1

" #
�α

EðmÞ
bi

EðbÞbi

�γ
GmðGb�1Þ
GbðGm�1Þ

ΔEV �EðbÞbi

EðmÞ
bi

 !3=2

¼ 0 ð15Þ

here

α� εb=εm

and

γ �NðbÞ
V =NðmÞ

V

To find the values of EðmÞ
bi and EðbÞbi , one more equation is

required. This can be obtained from the condition of equality of
Fermi levels (zero external bias). Using Eq. (7) for the main and
barrier layers, we have

EF�EðmÞ
c ¼ kBT lnðnðmÞ

r Gm=N
ðmÞ
c Þþ2�3=2ðnðmÞ

r Gm=N
ðmÞ
c Þ

h i
ð16Þ

and

EF�EðbÞc ¼ kBT ln ðnðbÞ
r Gb=N

ðbÞ
c Þþ2�3=2ðnðbÞ

r Gb=N
ðbÞ
c Þ

h i
ð17Þ

Subtracting Eq. (17) from Eq. (16) gives

EðmÞ
c �EðbÞc

kBT
¼ ln

γðGb�1Þ
βðGm�1Þ

ΔEv�EðbÞbi

EðmÞ
bi

 !3=2
2
4

3
5þ

þ
ffiffiffi
2

p

3
ffiffiffi
π

p βθðGb�1Þ
γ

ΔEv�EðbÞbi

kBT

 !3=2

�θðGm�1Þ EðmÞ
bi

kBT

 !3=2
2
4

3
5;

ð18Þ
where β�NðbÞ

C =NðmÞ
C and θ�NðmÞ

V =NðmÞ
V . At the same time, the

energy diagram (Fig. 5b) shows that

EðmÞ
C �EðbÞC ¼ΔEC�EðmÞ

bi �EðmÞ
bi ð19Þ

Inserting Eq. (19) in Eq. (18), we get one more nonlinear
equation for EðmÞ

bi and EðbÞbi

EðmÞ
bi

kBT
þEðbÞbi

kBT
þ

ffiffiffi
2

p

3
ffiffiffi
π

p βθðGb�1Þ
γ

ΔEV �EðbÞbi

kBT

 !3=2

�θðGm�1Þ EðmÞ
bi

kBT

 !3=2
2
4

3
5þ

þ3
2
ln

ΔEV �EðbÞbi

EðmÞ
bi

þ ln
γðGb�1Þ
βðGm�1Þ�

ΔEC
kBT

¼ 0 ð20Þ

Eqs. (20) and (15) result in a system of two nonlinear equations
with the two variables EðmÞ

bi and EðbÞbi . We solved this system
numerically to obtain the values of EðmÞ

bi and EðbÞbi .

4.3. Electron concentration and Fermi energy

The obtained values were inserted in Eqs. (13) and (12) to find
the electron concentrations nðmÞ

r and nðbÞ
r . Table 2 presents the

solutions of a system Eqs. (20) and (15) for type-II band alignment
heterojunctions GaInP/AlGAs, InP/InAlAs, and Si/SiGe. The materi-
als were selected such that the CB offset was not too large
compared to the thermal energy at T¼300 K. The material para-
meters for the compositions Ga0.52In0.48P//Al0.43Ga0.57As, InP/
In0.52Al0.48As, and Si/Si0.9Ge0.1 were collected from Refs. [27–29].
The values of Gm and Gb were varied to obtain G-doping levels of
1018–1019 cm�3. Other material pairs were investigated as well,
and it was found that a high level of G-doping can be obtained
only if the difference in the bandgaps of the main and barrier
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Fig. 5. Energy diagrams of heterojunction structure: (a) before NG formation,
(b) after NG formation. The horizontal (green) lines indicate occupied energy
levels; the crossed (red) lines indicated NG-forbidden energy levels. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

A. Tavkhelidze / Physica E ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 5

Please cite this article as: A. Tavkhelidze, Physica E (2014), http://dx.doi.org/10.1016/j.physe.2014.01.028i

http://dx.doi.org/10.1016/j.physe.2014.01.028
http://dx.doi.org/10.1016/j.physe.2014.01.028
http://dx.doi.org/10.1016/j.physe.2014.01.028
Original Text
a)--

Original Text
b)--

Original Text
Here,

Original Text
(7

Original Text
(16)EF-Ec(m)=kBT[ln(nr(m)Gm/Nc(m))+2-3/2(nr(m)Gm/Nc(m))]

Original Text
(17)EF-Ec(b)=kBT[ln(nr(b)Gb/Nc(b))+2-3/2(nr(b)Gb/Nc(b))]

Original Text
15

Original Text
‐3



layers is low. Table 2 shows that a G-doping level of 1018 cm�3 in
the main layers, together with a G-doping level of 1019 cm�3 in the
barrier layers, can be obtained for type-II heterojunctions. Unlike
in homojunctions, the doping in both the main and barrier layers
is geometry-induced. However, slightly higher Gm and Gb values
are needed to achieve such doping levels.

We also calculated the type-I alignment heterojunction GaAs/
AlxGa1�xAs. In this case, there was no charge accumulation layer in
the CB, and the exponential term was absent in Eq. (15). Numerical
calculations show that it is difficult to obtain substantial G-doping in
the case of type-I alignment. The maximum electron concentration in
the main layer was 1.5�1015 cm�3 for the values of x¼0.05,
Gm¼1.001, and Gb ¼ 1:1. We explain such result by the large
difference between the bandgaps (band offsets add in type-I align-
ment), leading to the large difference in strength between negative
and positive feedback, which complicates the achievement of equili-
brium. Under these conditions, equilibrium can be reached only at
very low values of band offsets, leading to low doping levels.

As Fig. 4 shows, there are potential barriers for electrons in the
CB and holes in the VB of multilayer NG. These barriers affect
carrier transport in the Z direction. However, the barrier height in
the CB is approximately Etb ¼ΔEC�EðmÞ

bi �EðbÞbi (Fig. 5) and corre-
sponds the values shown in Table 2. These values do not exceed a
few kBT . Charge carriers easily overcome such obstacles (ther-
mionic emission), and their influence can be ignored.

4.4. G-doping for high electron mobility applications

The realization of G-doping is attractive from the point of view of
high mobility applications [30]. Let us use a multi-junction solar cell
[31,32] as an example to estimate the improvement of characteristics
due to G-doping. In this device, the window, emitter, and tunnel
junction layer doping level are roughly 1018 cm�3. At this level of
donor doping, ionized impurities reduce electron mobility by a factor
of 4 in GaAs [33] (at T¼300 K) and by a factor of 10 in Si [34]. Most
types of solar cells use transparent conductive oxides [35,36] with
doping levels of 1020–1021 cm�3. At this donor doping level, ionized
impurities reduce electron mobility by a factor of 30–50 in GaAs. Thus,
using G-doping in these layers can dramatically improve the char-
acteristics of solar cells.

Multiple NG layers can be realized by epitaxial growth on the
top of lead grating, previously formed on the substrate. Such
structure has been modeled [37] and fabricated [38] on GaAs
substrate by using an epitaxial growth technique. Layers grown
using this technique has diverse geometry compared to a single
NG layer. They have gratings from both sides, and their interfaces
resemble a sine instead of a square. With an increasing number of
layers, the sine amplitude is reduced until plain layers are finally
achieved. The geometry factor and G-doping level decrease with
the increasing number of layers.

It is challenging to obtain high G values or considerable DOS
reduction in both NG and similar geometries. However, as
Tables 1 and 2 show, the required G-doping values are quite close
to unity (especially for the main layer). Obtaining such values in
multiple NG systems seems to be straightforward.

The above analysis was made with the assumption of G energy
independence Eq. (3). Usually, the electron confinement energy

regions are small (tens or hundreds of meV), and this assumption
is valid. However, the NG layer can be made freestanding or grown
on a substrate with a very wide bandgap. In these cases, the
confinement energy intervals are much wider, and care should be
taken when assuming G energy independence.

5. Conclusions

Geometry-induced electron doping (G-doping) is investigated
in multiple nanograting layers. The layers are composed of main
and barrier layers, forming a series of isotype homo- or hetero-
junctions. The barrier layers are used to form electron confinement
energy regions. Both the main and barrier layers are n-type. In the
case of homojunctions, the barrier layers are donor-doped to
obtain electron confinement and induce G-doping in the main
layers. In the case of heterojunctions, both the main and barrier
layers are G-doped. Such parameters as electron concentration,
Fermi level, and confinement region width are calculated for these
systems. For Si and GaAs homojunctions, a main layer G-doping
level of 1017–1018 cm�3 is obtained at a barrier layer donor doping
of 1018–1020 cm�3 and geometry factor values of Gm¼1.02 and
Gb ¼ 1:1. One-order-higher donor doping is required in Si with
respect to GaAs to obtain the same G-doping level. For high
electron mobility, it is preferable to have high geometry factor
values. For type-II heterojunctions Ga0.52In0.48P/Al0.43Ga0.57As, InP/
In0.52Al0.48As, and Si/Si0.9Ge0.1, a main layer G-doping level of
1018 cm�3 is obtained at a barrier layer G-doping level of 1018–
1020 cm�3 and geometry factor values of Gm¼1.02–1.2 and
Gb¼1.006–1.8. It is found that a high G-doping level could be
attained only when the bandgap difference is low. A G-doping
level of only 1015 cm�3 is obtained for the type-I heterojunction
GaAs/AlGaAs. Such low value is explained by the addition of band
offsets, resulting in large bandgap differences. Electron mobility is
higher in G-doped layers compared to donor-doped layers of the
same doping level. Heterojunction G-doped layers had higher
electron mobility compared to homojunction ones. G-doping
opens prospects for new quasi-3D optoelectronic and thermo-
electric systems. At the same time, G-doping is temperature
independent and can be used to extend the working temperature
ranges of cryogenic and power electronics.
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